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ABOUT THYRISTORS

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
remain 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 SCR is
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
current 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 reaction times,
regenerative action and low resistance once triggered,
thyristors are useful as power controllers and transient
overvoltage protectors, as well as simply turning devices
on and off. Thyristors are used in motor controls,

incandescent lights, home appliances, cameras, office
equipment, programmable logic controls, ground fault
interrupters, dimmer switches, power tools, telecommu-
nication equipment, power supplies, timers, capacitor
discharge ignitors, engine ignition systems, and many
other kinds of equipment.

Although thyristors of all sorts are generally rugged,
there are several points to keep in mind when designing
circuits using them. One of the most important 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 50 percent greater than the maximum rated gate
trigger current. Thyristors may be driven in many
different ways, including directly from transistors or logic
families, power control integrated circuits, by optoiso-
lated triac drivers, programmable unijunction transistors
(PUTs) and SIDACs. These and other design consider-
ations are covered in this manual.

Of interest too, is a new line of Thyristor Surge
Suppressors in the surface mount SMB package covering
surge currents of 50 and 100 amps, with breakover
voltages from 265 to 365 volts. These Thyristor Surge
Protection devices prevent overvoltage damage to sensi-
tive circuits by lightening, induction, and power line
crossing. They are breakover triggered crowbar protectors
with turn off occurring when the surge current falls below
the holding current value.
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SECTION 1
SYMBOLS AND TERMINOLOGY

SYMBOLS

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

Name of Device Symbol

Silicon Controlled G
Rectifier (SCR) Ao—ﬂ/.;o K

Triac MT2 O—H:$0 MTA
G

Thyristor Surge Protective |
Devices & Sidac MT1 © H\] ° M2

Programmable Unijunction G
Transistor (PUT) AO%—O K
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THYRISTOR TERMINOLOGY (The following terms are used in SCR and TRIAC specifications.)

Symbol

di/dt

(di/dt)c

dv/dt

IpRM

laT

IRRM

Itav)

Terminology

CRITICAL RATE OF RISE OF ON-STATE
CURRENT

RATE OF CHANGE OF COMMUTATING
CURRENT (Triacs)

CRITICAL RATE OF RISE OF OFF-STATE
VOLTAGE

PEAK REPETITIVE BLOCKING CURRENT

FORWARD PEAK GATE CURRENT (SCR)
PEAK GATE CURRENT (Triac)

GATE TRIGGER CURRENT

HOLDING CURRENT

LATCHING CURRENT

PEAK REPETITIVE REVERSE BLOCKING

CURRENT

AVERAGE ON-STATE CURRENT (SCR)

Definition

The maximum rate of change of current the device will
withstand after switching from an off-state to an on-state
when using recommended gate drive. In other words, the
maximum value of the rate of rise of on-state current
which a Triac or SCR can withstand without damage.

Is the ability of a Triac to turn off itself when it is driving an
inductive load and a resultant commutating dv/dt condi-
tion associated with the nature of the load.

Also, commonly called static dv/dt. It is the minimum
value of the rate of rise of forward voltage which will
cause switching from the off-state to the on-state with
gate open.

The maximum value of current which will flow at Vprm
and specified temperature when the SCR or Triac is in the
off-state. Frequently referred to as leakage current in the
forward off-state blocking mode.

The maximum peak gate current which may be safely
applied to the device to cause conduction.

The maximum value of gate current required to switch the
device from the off-state to the on-state under specified
conditions. The designer should consider the maximum
gate trigger current as the minimum trigger current value
that must be applied to the device in order to assure its
proper triggering.

The minimum current that must be flowing (MT1 & MT2;
cathode and anode) to keep the device in a regenerative
on-state condition. Below this holding current value the
device will return to a blocking state, off condition.

The minimum current that must be applied through the
main terminals of a Triac (or cathode and anode of an
SCR) in order to turn from the off-state to the on-state
while its IgT is being correctly applied.

The maximum value of current which will flow at Vgry and
specified temperature when the SCR or Triac is in the
reverse mode, off-state. Frequently referred to as leakage
current in the reverse off-state blocking mode.

The maximum average on-state current the device may
safely conduct under stated conditions without incurring
damage.
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THYRISTOR TERMINOLOGY (The following terms are used in SCR and TRIAC specifications.)

Symbol

It RMS)

Itsm

12t

Paav)

Reca

Reua

Reuc

Reum

Terminology

PEAK REPETITIVE ON-STATE CURRENT (SCR)

(also called PEAK DISCHARGE CURRENT)

ON-STATE RMS CURRENT

PEAK NON-REPETITIVE SURGE CURRENT

CIRCUIT FUSING CONSIDERATIONS
(Current squared time)

FORWARD AVERAGE GATE POWER (SCR)
AVERAGE GATE POWER (Triac)

FORWARD PEAK GATE POWER (SCR)
PEAK GATE POWER (Triac)

THERMAL RESISTANCE,
CASE-TO-AMBIENT

THERMAL RESISTANCE,
JUNCTION-TO-AMBIENT

THERMAL RESISTANCE,
JUNCTION-TO-CASE

THERMAL RESISTANCE,
JUNCTION-TO-MOUNTING SURFACE

AMBIENT TEMPERATURE

CASE TEMPERATURE

Definition

Peak discharge current capability of a thyristor useful
when connected to discharge peak current usually from a
capacitor. This is a rarely specified parameter. (See
MCR68 and MCR69 data sheets, for examples where it is
specified.)

The maximum value of on-state rms current that can be
applied to the device through the two main terminals of a
Triac (or cathode and anode if an SCR) on a continuous
basis.

The maximum allowable non-repetitive surge current the
device will withstand at a specified pulse width, usually
specified at 60 Hz.

The maximum forward non-repetitive overcurrent capa-
bility that the device is able to handle without damage.
Usually specified for one-half cycle of 60 Hz operation.

The maximum allowable value of gate power, averaged
over a full cycle, that may be dissipated between the gate
and cathode terminal (SCR), or main terminal 1 if a Triac.

The maximum instantaneous value of gate power
dissipation between gate and cathode terminal for an
SCR or between gate and a main terminal MT1 for a
Triac, for a short pulse duration.

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

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

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

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

The air temperature measured below a device in an
environment of substantially uniform temperature,
cooled only by natural air currents and not materially
affected by radiant and reflective surfaces.

The temperature of the device case under specified
conditions.
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THYRISTOR TERMINOLOGY (The following terms are used in SCR and TRIAC specifications.)

Symbol

Tstg

Vbrm

Vap

Vem

Var

V(Iso)

VRaM

VRRM

Terminology

TURN-ON TIME (SCR)
(Also called Gate Controlled Turn-on Time)

OPERATING JUNCTION TEMPERATURE

TURN-OFF TIME (SCR)

STORAGE TEMPERATURE

PEAK REPETITIVE OFF-STATE FORWARD
VOLTAGE

GATE NON-TRIGGER VOLTAGE

FORWARD PEAK GATE VOLTAGE (SCR)
PEAK GATE VOLTAGE (Triac)

GATE TRIGGER VOLTAGE

RMS ISOLATION VOLTAGE

PEAK REVERSE GATE BLOCKING
VOLTAGE (SCR)

PEAK REPETITIVE REVERSE OFF-STATE
VOLTAGE

Definition

The time interval between a specified point at the
beginning of the gate pulse and the instant when the
device voltage has dropped to a specified low value
during the switching of an SCR from the off state to the
on state by a gate pulse.

The junction temperature of the device at the die level as
a result of ambient and load conditions. In other words,
the junction temperature must be operated within this
range to prevent permanent damage.

The time interval between the instant when the SCR
current has decreased to zero after external switching of
the SCR voltage circuit and the instant when the thyristor
is capable of supporting a specified wave form without
turning on.

The minimum and maximum temperature at which the
device may be stored without harm with no electrical
connections.

The maximum allowed value of repetitive forward voltage
which may be applied and not switch the SCR or Triac on
or do damage to the thyristor.

At the maximum rated operational temperature, and at a
specified main terminal off-state voltage applied, this
parameter specifies the maximum DC voltage that can
be applied to the gate and still not switch the device from
off-state to and on-state.

The maximum peak value of voltage allowed between
the gate and cathode terminals with these terminals
forward biased for an SCR. For a Triac, a bias condition
between the gate and main terminal MT1.

The gate dc voltage required to produce the gate trigger
current.

The dielectric withstanding voltage capability of a
thyristor between the active portion of the device and the
heat sink. Relative humidity is a specified condition.

The maximum allowable peak reverse voltage applied to
the gate on an SCR. Measured at a specified Igg which
is the reverse gate current.

The maximum allowed value of repetitive reverse voltage
which may be applied and not switch the SCR or Triac on
or do damage to the thyristor.
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THYRISTOR TERMINOLOGY (The following terms are used in SCR and TRIAC specifications.)

Symbol

Zoyaw

Zoyo(r)

Terminology

PEAK FORWARD ON-STATE VOLTAGE (SCR)

PEAK ON-STATE VOLTAGE (Triac)

TRANSIENT THERMAL IMPEDANCE,
JUNCTION-TO-AMBIENT

TRANSIENT THERMAL IMPEDANCE,
JUNCTION-TO-CASE

Definition

The maximum voltage drop across the main terminals at
stated conditions when the devices are in the on-state
(i.e., when the thyristor is in conduction). To prevent
heating of the junction, the V1), is measured at a short
pulse width and low duty cycle.

The transient thermal impedance from the semiconduc-
tor junction(s) to the ambient.

The transient thermal impedance from the semiconduc-
tor junction(s) to a stated location on the case.
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Thyristor Surge Protector Devices (TSPD) and Sidac Terminology*

Symbol

Igo

Ip1, Ip2

IPPS

VBo

VeR)

Vbm

Terminology

BREAKOVER CURRENT

OFF-STATE CURRENT (TSPD)

PULSE SURGE SHORT CIRCUIT CURRENT
NON-REPETITIVE (TSPD)

INSTANTANEOUS PEAK POWER
DISSIPATION (TSPD)

SWITCHING RESISTANCE (Sidac)

BREAKOVER VOLTAGE

BREAKDOWN VOLTAGE (TSPD)

OFF-STATE VOLTAGE (TSPD)

ON-STATE VOLTAGE (TSPD)

Definition

The breakover current Igg is the corresponding parame-
ter defining the Vg condition, that is, where breakdown
is occurring.

The maximum value of current which will flow at specific
voltages (Vpy and Vpo) when the TSPD is clearly in the
off-state. Frequently referred to as leakage current.

The maximum pulse surge capability of the TSPD
(non-repetitive) under double exponential decay wave-
form conditions.

Defines the instantaneous peak power dissipation when
the TSPD (thyristor surge suppressor devices) are
subjected to specified surge current conditions.

The effective switching resistance usually under a
sinusoidal, 60 Hz condition.

It is the peak voltage point where the device switches to
an on-state condition.

VpgR is the voltage where breakdown occurs. Usually
given as a typical value for reference to the Design
Engineer.

The maximum off-state voltage prior to the TSPD going
into a characteristic similar to an avalanche mode. When
a transient or line signal exceeds the Vpy, the device
begins to avalanche, then immediately begins to
conduct.

The maximum voltage drop across the terminals at
stated conditions when the TSPD devices are in the
on-state (i.e., conduction). To prevent overheating, Vt is
measured at a short pulse width and a low duty cycle.

* All of the definitions on this page are for ones that were not already previously defined under Triac and SCR terminology.
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SECTION 2
THEORY OF THYRISTOR OPERATION

Edited and Updated

To successfully apply thyristors, an understanding of
their characteristics, ratings, and limitations is imperative.
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 applica-
tions. 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

1 Four Layer Diode, Silicon
Unilateral Switch (SUS)

Reverse Blocking Triode
Thyristor

Silicon Controlled Rectifier
(SCR)

Reverse Conducting Diode
Thyristor

1 Reverse Conducting Four
Layer Diode

Reverse Conducting Triode

Reverse Conducting SCR

Thyristor

Triac

Bidirectional Triode Thyristor

* 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).

T Not 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
essentially 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
regenerative action occurs. Observe that if current is
injected 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 (o) of the two transistors to exceed unity.
Therefore, because 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 external 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 external circuit impedance. If the initiating
trigger current is removed, the thyristor remains in the on
state, providing 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 structure, 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.
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Sensitive gate thyristors employ a high resistance shunt
or none at all; consequently, their characteristics can be
altered dramatically by use of an external resistance. An
external resistance has a minor effect on most shorted
emitter designs.

ANODE
ANODE
GATE
CATHODE |
@ [P
B1
ANODE ¢'01 ¢ oy IN
ﬁ) lg P[P
I
N
d |
N
GATE
GATEO— P I
N !
)t ©

CATHODE 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 affect-
ing thyristor characteristics. Increased temperatures
make the thyristor easier to turn on and keep on.
Consequently, circuit conditions which determine
turn-on must be designed to operate at the lowest
anticipated junction temperatures, while circuit condi-
tions 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 temperature. It is
incumbent upon the user to properly account for changes
in characteristics caused by the circuit operating condi-
tions 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
junction. 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 Iy is zero, the applied voltage
must reach the breakover voltage of the SCR before
switching occurs. As the value of gate current is
increased, 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 unless 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 breakover
voltage, and are made to switch to the on state by gate
signals high enough to assure complete turn—on indepen-
dent 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.

lga Igs Igp

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

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 regardless
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, but
as a rule, sensitivity is highest in quadrant I and quadrant
IV is generally considerably less sensitive than the others.
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MT2(+)

QUADRANT II QUADRANT |
MT2(+), G(-) MT2(+), G(+)
G(-) G(+)
QUADRANT III QUADRANT IV
MT2(-), G(-) MT2(-), G(+)
MT2(-)

Figure 2.3. Quadrant Definitions for a Triac

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

30 1 | 1
= \\ OFF-STATE VOLTAGE = 12 Vdc
£20 < ALL QUADRANTS —
% ~\\ \
cc
?’; N \

o
E 10 }‘\
— \
E7 N
L \\ \ \\
5 RS
=
© QUADRANT] 2 = >
| | 3// \
3 4 NN
-80 -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 current
gain of the “transistor” elements increase with tempera-
ture, the magnitude of the required gate trigger current
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
current, as well as peak and average power dissipation
ratings. 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 thyristor
as being charge controlled. Accordingly, as the duration
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
applications 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
leakage 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 operates 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 signal during the reverse blocking phase.

\ | L
\ T T T T 1
OFF-STATE VOLTAGE = 12V
\
‘\
\

300
l

—_
o
o

-
o

w
o
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o
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IGTM. PEAK GATE CURRENT (mA)
8
Y
/

-~
/
f

(3]

w

S
[}

05 1 2 5 10 20 50
PULSE WIDTH (us)

100 200

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
sufficient principal current flowing to raise the loop gain
to unity. The principal current level required is the
latching current, Iy. Although triacs show some depen-
dency on the gate current in quadrant II, 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
current level where turn off occurs is called the holding
current, Iy. Like the latching current, the holding current
is affected by temperature and also depends on the gate
impedance.
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Reverse voltage on the gate of an SCR markedly
increases the latch and hold levels. Forward bias on
thyristor gates may significantly lower 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 obvious-
ly 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, t4, and a
rise time, t, as shown in Figure 2.6. The total gate
controlled turn—on time, tg, is usually defined as the time
interval between the 50 percent point of the leading edge
of the gate trigger voltage and 90 percent point of the
principal current. The rise time t; is the time interval
required for the principal current to rise from 10 to 90
percent of its maximum value. A resistive load is usually
specified.

90% POINT
PRINCIPAL
VOLTAGE
10% POINT
T 1
0/
PRINCIPAL /r\%k POINT
CURRENT 7 10% POINT
0 z | —
[ td — tr
<— ton
GATE
CURRENT  Igr .
lgT 50% 50% POINT

(WAVESHAPES FOR A SENSITIVE LOAD)

Figure 2.6. Waveshapes lllustrating Thyristor Turn-On
Time For A Resistive Load

Delay time decreases slightly as the peak off-state
voltage 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 regenerative
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 dynamic
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 of 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
level. Reverse recovery time (ty) is usually measured
from the point where the principal current changes
polarity 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 reapplied and successfully blocked by the SCR.
The gate recovery 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 tg.

Turn—off time depends upon a number of circuit
conditions including on-state current prior to turn—off,
rate of change of current during the forward—to-reverse
transition, 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
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significant effect than any of the other factors. Negative
gate bias will decrease the turn—off time.
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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 accomplished
for most devices at frequencies up to a few kilohertz. 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
junctions 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

becomes a forward current to the second half of the triac.
The current resulting from stored charge causes the
second 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, therefore,
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
below 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
conjunction with the remaining stored charge in the
high—-voltage junction reduces the over—all device capa-
bility to 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 commutating dv/dt (dv/dt[c]). Circuit conditions
and temperature affect dv/dt(c) in a manner similar to the
way tq is 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
commutating 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 terminals is a function of the load impedance and the
RC snubber network, the circuit can be evaluated under
worst—case conditions of operating case temperature and
maximum principal current. The values of resistance and
capacitance in the snubber area then adjusted so that the
rate of rise of commutating dv/dt stress is within the
specified minimum limit under any of the conditions
mentioned above. The value of snubber resistance should
be high enough to limit the snubber capacitance 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 generally preferred.
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Figure 2.8. Inductive Load Waveforms

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 because
turn—off occurs during the zero current crossing. How-
ever, if the principal voltage is dc voltage, the transient
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
capacitance 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 = C dv/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 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
sensitive 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 distur-
bance on the ac line caused by various sources such as
energizing transformers, load switching, solenoid closure,
contractors 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 environ-
ment to provide some form of transient suppression.

For applications in which low-energy, long—duration
transients may be encountered, it is advisable to use
thyristors that have voltage ratings greater than the
highest voltage transient expected in the system. The use
of voltage clipping cells (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
environments, 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
common return directly to the cathode or MTI. In
extreme cases, shielded wire may be required. Another
aid commonly used is to connect a capacitance on the
order of 0.01 to 0.1 UF across the gate and cathode
terminals. This has the added advantage of increasing the
thyristor dv/dt capability, since it forms a capacitance
divider with the anode to gate capacitance. The gate
capacitor also reduces 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
thyristor ratings. The most important and fundamental
ratings are temperature and voltage which are interrelated
to some extent. The voltage ratings are applicable only up
to the maximum temperature ratings of a particular part
number. The temperature rating may be chosen by the
manufacturer to insure satisfactory voltage ratings,
switching speeds, or dv/dt ability.
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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 chose different criteria to
establish ratings. At ON Semiconductors, 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 PD(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.

RoJc = Junction to case thermal resistance

Ppav) = 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 thermal
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 devices
are used and accidental shorting of the load. Non-repeti-
tive overload ratings permit the device to exceed its
maximum operating junction temperature for short peri-
ods of time because this overload rating applies following
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 overload. How-
ever, no type of thyristor is required to block off-stage
voltage at any time during or immediately following 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 approximately one hundred
such current overloads are permitted 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 subcycle. For an SCR,
the multicycle overload current rating, or surge current
rating as it is commonly called, is generally 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 select
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 thyristor in the
event of an equipment fault. Since this use of the rating is
so common, manufacturers simply publish the i%t rating in
place of the subcycle current overload curve because
fuses are commonly rated in terms of i%t. The i%t rating
can be approximated from the single cycle surge rating
(Irsw) by using:

2t = [Prgy X /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
waveform and duty-cycle, a current rating analysis
involving the use of the transient thermal impedance
characteristics 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 dissipator transient thermal impedance characteris-
tic. Then by the superposition of power waveforms in
conjunction with the composite thermal impedance curve,
the overload current rating can be obtained. The exact
calculation procedure is found in the power semiconduc-
tor 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).
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One SCR alone can control only one half cycle of the
waveform. For full wave ac control, two SCRs are
connected in inverse parallel (the anode of each con-
nected 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
conduction angle.

It is important to note that the SCR is a voltage
controlling 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 voltage and
some to rms voltage. Figures 2.11(b) and 2.12(b) show the
various characteristic voltages plotted against the conduc-
tion 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 voltage 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 circuits
are either 115 or 230 volt power, the curves have been
redrawn for these voltages in Figures 2.11(a) and 2.12(a).

A relative power curve has been added to Figure 2.12
for constant impedance loads such as heaters. (Incandes-
cent lamps and motors do not follow this curve precisely
since their relative impedance changes with applied
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
150° provides 97 per cent of full power. Thus, the control
circuit can provide 94 per cent of full power control with
a pulse phase variation of only 120°. Thus, it becomes
pointless in many cases to try to obtain conduction 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
resistor 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 SCR is thus accomplished with a short,
high current pulse. Commonly used trigger devices are
programmable unijunction transistors, silicon bilateral
switches, SIDACs, optically coupled thyristors, and
power control integrated circuits. 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 half cycle.

If the relaxation oscillator is to be operated from a pure
dc source, the capacitor voltage—time characteristic is
shown in Figure 2.14. This shows the capacitor voltage as
it rises all the way to the supply voltage through several
time constants. Figure 2.14(b) shows the charge charac-
teristic in the first time constant greatly expanded. It is
this portion of the capacitor charge characteristic which is
most often used in SCR and Triac control circuits.

Generally, a design starting point is selection of a
capacitance value which will reliably trigger the thyristor
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 completely specified,
experimental determination is often the best method.

Low—current loads and strongly inductive circuits
sometimes cause triggering difficulty because the gate
current pulse goes away before the principal thyristor
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
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

twio = 2.3 RC where ty19 = time for current to decay to
10% of the peak.
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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 2.14 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

0.9
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CAPACITOR VOLTAGE AS
FRACTION OF SUPPLY VOLTAGE
o
o
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Figure 2.13(a). Capacitor Charging From dc Source

normalized 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 T. It may
most easily be calculated from the equation
t=2RCf. Where: R =resistance in Ohms

C = capacitance in Farads
f = frequency in Hertz.
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Figure 2.13(b). Expanded Scale
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To use the curves when starting the capacitor charge from can be prevented by selecting a lower value resistor and
zero each half cycle, a line is drawn horizontally across larger capacitor. The available current can be determined
the curves at the relative voltage level of the trigger from Figure 2.14(a). The vertical line drawn from the
breakdown compared to the rms sine wave voltage. The T conduction angle of 30° intersects the applied voltage
is determined for maximum and minimum conduction curve at 0.707. The instantaneous current at breakover is
angles and the limits of R may be found from the equation then
for . o ' ' I = (0.707 x 115-8)/110 k = 733 yA.
An example will again clarify the picture. Consider the
same problem as the previous example, except that the When the conduction angle is greater than 90°,
capacitor charging source is the 115 Vac, 60 Hz power triggering takes place before the peak of the sine wave. If
line. the current thru the SBS does not exceed the switching
The ratio of the trigger diode breakover voltage to the current at the moment of breakover, triggering may still
RMS charging voltage is then take place but not at the predicted time because of the
8/115 = 69.6 x 10-3. additional delay for the rising line voltage to drive the
SBS current up to the switching level. Usually long
A line drawn at 0.0696 on the ordinate of Figure 2.14(c) conduction angles are associated with low value timing
shows that for a conduction angle of 30°, T =12, and for a resistors making this problem less likely. The SBS current
conduction angle of 150°, t = 0.8. Therefore, since at the moment of breakover can be determined by the
R = 7/(2CF) same method described for the trailing edge.
Rmax = 12 _ 100 k ohms, It is adv'is‘able to use a shunt gate—cathode resistor
2(1.0 x 10 6)60 across sensitive gate SCR’s to provide a path for leakage
currents and to insure that firing of the SCR causes
Rmin = 0.8 6667 ohms. tl'lrn—'on of tl‘le trigger device and discharge of the gate
2(1 x 106 )60 circult capacitor.

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

The timing resistor must be capable of supplying the The triac is a three—terminal ac semiconductor switch
highest switching current allowed by the SBS specifica- which is triggered into conduction when a low-energy
tion at the switching voltage. signal is applied to its gate. Unlike the silicon controlled

When the conduction angle is less than 90°, triggering rectifier or SCR, the triac will conduct current in either
takes place along the back of the power line sine wave and direction when turned on. The triac also differs from the
maximum firing current thru the SBS is at the start of SBS SCR in that either a positive or negative gate signal will
breakover. If this current does not equal or exceed “Is” the trigger the triac into conduction. The triac may be thought
SBS will fail to trigger and phase control will be lost. This of as two complementary SCRs in parallel.
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The triac offers the circuit designer an economical and
versatile means of accurately controlling ac power. It has
several advantages over conventional ~mechanical
switches. Since the triac has a positive “on” and a zero
current “off” characteristic, it does not suffer from the
contact bounce or arcing inherent in mechanical switches.
The switching action of the triac is very fast compared to
conventional relays, giving more accurate control. A triac
can be triggered by dc, ac, rectified ac or pulses. Because
of the low energy required for triggering a triac, the
control circuit can use any of many low—cost solid—state
devices such as transistors, bilateral switches, sensitive—
gate SCRs and triacs, optically coupled drivers and
integrated circuits.

CHARACTERISTICS OF THE TRIAC

Figure 2.15(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
unilateral 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 confusion, it has become standard practice to
specify all currents and voltages using MT1 as the
reference point.

The basic structure of a triac is shown in Figure 2.15(b).
This drawing shows why the symbol adopted for the triac
consists of two complementary SCRs with a common
gate. The triac is a five-layer device with the region
between MT1 and MT2 being 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
ability 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 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 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 2.16 where, as previously stated, MT1 is used as
the reference point. The first quadrant, Q-I, is the region
where MT2 is positive with respect to MT1 and quadrant
III is the opposite case. Several of the terms used in
characterizing the triac are shown on the figure. Vpry 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 Vpgryv 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 minimum
value of current necessary to maintain conduction. When
the current goes below Iy, the triac ceases to conduct and
reverse to the blocking state. Ipry is the leakage current
of the triac with Vpry applied from MT2 to MT1 and is
several orders of magnitude smaller than the current
rating of the device. The figure shows the characteristic 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 Vprm by the application 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 positive
gate current. Quadrant II; MT2(+), G(-), positive
voltage and negative gate current. Quadrant III;
MT2(-), G(-), negative voltage and negative gate
current. Quadrant IV; MT2(-), G(+), negative voltage
and positive gate current.

Present triacs are most sensitive in quadrants I and III,
slightly less so in quadrant II, 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 current
and voltage means that at the time the current falls below
Iy 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 conduction 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.
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Figure 2.16. Triac Voltage-Current Characteristic

METHODS OF CONTROL

AC SWITCH

A useful application of triac is as a direct replacement
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 MT?2 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 condition
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 2.17 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
conduction angle.

It is important to 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 disadvan-
tage 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 controlled by providing bursts of complete sine
waves to the load as shown in Figure 2.18. 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 2.19 shows methods of using the triac as an
on-off switch. These circuits are useful in applications
where simplicity and reliability are important. As pre-
viously stated, there is no arcing with the triac, which can
be very important in some applications. The circuits are
for resistive loads as shown and require the addition of a
dv/dt network across the triac for inductive loads.
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Figure 2.19(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 (toy), 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. S1 can be a very—low—current switch because it carries
only the triac gate current.

Figure 2.19(b) shows a triac switch with the same
characteristics as the circuit in Figure 2.19(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 2.19(c) is a modification of
Figure 2.19(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 2.19(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 2.19(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.

A

DELAY ANGLE j \
\
CONDUCTION ANGLE

Figure 2.17. Sine Wave Showing Principles
of Phase Control

VOLTAGE APPLIED TO LOAD

\—

ZERO POINT SWITCHING TECHNIQUES

Zero—point switches are highly desirable in many
applications because they do not generate electro—mag-
netic 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 2.20. 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 characteristic is primarily inertial rather than fric-
tional. Modulation can be on a random basis with an
on—off control, or on a proportioning basis with the proper
type of proportioning control.

In order for zero—point switching to be effective, 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 2.21.
The slaving circuit fires only on the half cycle after the
firing of the master SCR. This guarantees that only
complete cycles of power will be applied to the load. The
gate signal to the master SCR receives all the control; a
convenient control method is to replace the switch with a
low—power transistor, which can be controlled by bridge—
sensing circuits, manually controlled potentiometers, or
various other techniques.

LOAD
Q Q Q Q Q Q VOLTAGE
S_
HALF POWER TO LOAD
LINE
Q Q Q Q Q Q Q Q VOLTAGE
S_
FULL POWER TO LOAD

Figure 2.18. Sine Wave Showing Principles of
Zero-Point Switching
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Figure 2.19. Triac Switches
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Figure 2.20. Load Voltage and Line Voltage for
25% Duty Cycle

A basic SCR is very effective and trouble free.
However, it can dissipate considerable power. This must
be taken into account in designing the circuit and its
packaging.

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 2.21. Other
considerations being equal, the easier slaving will some-
times make the triac circuit more desirable than the SCR
circuit.

Besides slaving circuit power dissipation, there is
another consideration which should be carefully checked
when using high—power zero—point switching. Since this
is on—off switching, it abruptly applies the full load to the
power line every time the circuit turns on. This may cause
a temporary drop in voltage which can lead to erratic
operation of other electrical equipment on the line (light
dimming, TV picture shrinkage, etc.). For this reason,
loads with high cycling rates should not be powered from
the same supply lines as lights and other voltage—sensitive
devices. On the other hand, if the load cycling rate is slow,
say once per half minute, the loading flicker may not be
objectionable on lighting circuits.

A note of caution is in order here. The full-wave
zero—point switching control illustrated in Figure 2.21
should not be used as a half-wave control by removing
the slave SCR. When the slave SCR in Figure 2.21 is
removed, the master SCR has positive gate current
flowing over approximately 1/4 of a cycle while the SCR
itself is in the reverse—blocking state. This occurs during
the negative half cycle of the line voltage. When this
condition exists, Q1 will have a high leakage current with
full voltage applied and will therefore be dissipating high
power. This will cause excessive heating of the SCR and
may lead to its failure. If it is desirable to use such a
circuit as a half-wave control, then some means of
clamping the gate signal during the negative half cycle
must be devised to inhibit gate current while the SCR is
reverse blocking. The circuits shown in Figures 2.23 and
2.24 do not have this disadvantage and may be used as
half-wave controls.
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Figure 2.24. Zero-Point Switch

OPERATION

The zero—point switches shown in Figure 2.23 and 2.24
are used to insure that the control SCR turns on at the start
of each positive alternation. In Figure 2.23 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 currents,
normally require smaller values for R1 and R2 and the
result can be high power dissipation in these resistors. The
circuit of Figure 2.24 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 actually oscillates
near the zero crossing point and provides a series of pulses
to assure zero—point switching.

The basic circuit is that shown in Figure 2.23.
Operation begins when switch S1 is closed. If the positive
alternation 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 2.24 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.
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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 receive a full cycle of line voltage whenever the
control signal is applied. The duty cycle of the control
signal therefore determines the average amount of power
supplied 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
advantages 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 advantage is that a large pulse of gate current is
available at the zero—crossing point. This means that it is
not necessary to select sensitive-gate SCRs for control-
ling power. The second advantage is that this current
pulse is reduced to zero within one alternation. This has a
couple 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
dissipation 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 2.25 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
therefore 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 an be
either dc or a power pulse. If the control signal is
synchronized 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

Cl1 is being charged, D1 reverse—biases the base—emitter
junction of Q3, thereby holding it off. The charging time
constant, R1, Cl1, 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
becomes reverse biased and the base-emitter of Q3
becomes forward biased. For the values shown, this
occurs approximately 6° before the end of the half cycle
conduction of Q1. The base current is derived from the
energy stored in CI. 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
somewhat 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 a magnitude greater than 50 mA when the anode-
cathode voltage of Q2 reaches plus 10 volts. This circuit
completely discharges C1 during the half cycle that Q2 is
on. This eliminates the possibility of Q2 being slaved for
additional 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
requirements of the load to be driven; the 8 ampere, 200 V
SCRs shown will handle a 1000 watt load.

10K
1000 W MAX 2 Wé Ri
¥ 1N4004
O—
120 VAC L5uF
60 Hz ClT 50y
a Q3
2N6397 3 COQ‘;EOL MPS
3638
INPUT SIGNAL | 2N6397

*1000 WATT LOAD. SEE TEXT.

Figure 2.25. SCR Slave Circuit
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SECTION 3
THYRISTOR DRIVERS AND TRIGGERING

Edited and Updated

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 microse-
conds. 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) Programmable unijunction transistors (PUTs)

4) 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
considerations 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 (é_\l/ =0 (i.e., oip + 0p = 1, where o1
and oy 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 o1 + 0 = 1 and
still stay in the blocking state. The condition of turn—on is
actually o + o > 1.

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

1.0 | |
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Figure 3.1. Typical Variation of Transistor o with
Emitter Current Density

0.2
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Using the two transistor analysis, the anode current, Ia,

can be expressed as a function of gate current, Ig, as:
a2lg t+1cst +1cs2

A T-oy -0

Definitions and derivations are given in Appendix L
Note that the anode current, I, will increase to infinity as
o1 + o = 1. This analysis is based upon the assumption
that no majority carrier current flows out of the gate
circuit. When no such assumption is made, the condition
for turn—on is given by:

I (1)

1 -
S @

A %

which corresponds to oy + 02 >1 (see Appendix I).
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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 P, “base” region to be swept out by the collector
junction, J,, and thrown into the N base. The increase of
majority carrier electrons in region Nj decreases the
potential in region Ny, so that holes from P; are injected
across the junction J, into the Nj “base” region to be
swept across Jp, and thrown into the P, “base” region.
The increase in the potential of region P, causes more
electrons to be injected into P, thereby repeating the
cycle. Since o increases with the emitter current, an
increase of regeneration takes place until o + o > 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 Ny side
of J», and a hole build—up on the P; side. When the inert
impurity charges are compensated for by injected
majority carriers, the junction J, becomes forward
biased. The collector emits holes back to J; and electrons
to Jz 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:
where W; = base width
W2,

t, = =1

3
1 2D; @

D; = 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
sustain increasing regeneration. If the gate is triggered
with a current pulse, shorter pulse widths require higher
currents 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 Ig is above a threshold level.
When the charge required for turn—on 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 trigger
on the device. Region B shows increasing charge required
as the current gets higher and the pulse width smaller.
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Figure 3.3(a). Typical Variation of Minimum Gate
Current Required to Trigger
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The charge characteristic curves can be explained
qualitatively by the variation of current amplification
(oT) with respect to emitter current. A typical variation
of o1 and o for a thyristor is shown in Figure 3.4(a).
From Figure 3.4(a), it can be deduced that the total
current amplification factor, o o1 + Op, 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
correspond to the emitter (or anode) currents for which
the slope of the ar curve is steepest (Figure 3.4(b)). In
region A the rate that ot builds up with respect to changes
of Ig (or I4) 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 I4) for which the slope of o, as
well as o itself, is small. It takes a large change in Ig (or
Ia) in order to build up or. In this region, a lot of the

turn—on the device should be large enough to flood the
gate to cathode junction nearly instantaneously with a
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Figure 3.3(c). Variation of Charge versus Minimum
Pulse Width

charge supplied through the gate is lost by recombination.
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 regardless of how
long the pulse width becomes. At this point, the slope of
o 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 II.

In region B, as the gate current level gets higher and the
pulse width smaller, there are two effects that contribute
to an increasing charge requirement to trigger—on the
device: (1) the decreasing slope of ot 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 (tn; + tpp) or less, (where N is a
positive real number, ty; = transit time of base Ny, and tpy =
transit time of base P2) the amount of current required to

charge which corresponds to Ig (or Ip) high enough to
give o > 1.
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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
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Figure 3.5. Gate Circuit of Capacitance Charge
Triggering
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Figure 3.4(b). Typical Variation of o versus

Emitter Current

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.
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Figure 3.6. Gate Current Waveform in Capacitance

Charge Triggering
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Consider the gate current waveform in Figure 3.6; the
triggering pulse width is made large enough such that
T> >tg; the threshold trigger current is shown as Iy, All
of the charge supplied at a transient current level less than
Iinr 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. Varia-
tion of gate spreading resistance measured by the method
of Time Domain Reflectometry is plotted in Figure 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

_ AV
pk Rs + r/G
Ipk. Smaller Ipk in turn yields large r'g, so that r'g is
dependent on the value of capacitance used in capaci-
tance charge triggering. This reasoning is confirmed by
measuring the fall time of the gate trigger voltage and
calculating the transient gate spreading resistance, 1'g,

given by | ; the smaller AV, the smaller

from:Rg + rg = Results are plotted in

tf

22C"
Figure 3.9. As expected, r'g increases with increasing
values of capacitance used. Referring back to Figure 3.6,
for the same amount of charge (C AV), the larger the (Rg +
'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 capacitance increased the charge
by less than 3:1.
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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 II, there are three components
of charge involved in gate triggering: (1) Qy, charge lost in
recombination, (2) Qg charge drained out through the
built-in gate—cathode shunt resistance, (3) Qy, net charge
for triggering. All of them are temperature dependent.
Since the temperature coefficient of voltage across a p—n
junction is small, Qg 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, Qi
decreases with increasing temperature because at a
constant current the o of the device in the blocking state
increases with temperature;’ in other words, to attain oy =
1 at an elevated temperature, less anode current, hence
gate current [see equation (3) of Appendix IJ, is needed;
therefore, Q decreases. The input charge, being equal to
the sum of Qy, Q; and Qg; 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
(Figure 3.10). At higher temperatures, the rate of decrease
is less; also for different pulse widths the rates of decrease
of Qjy are different; for large pulse widths the recombina-
tion 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 temperature at
high pulse widths. These effects are analyzed in
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Appendix II [equation (7), page 235]. 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

6)

where
M
A%

Multiplication factor

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 o
increases (the current amplification factor o = YoM
where y = Emitter efficiency, § = Base transport
factor, and 8 = Factor of recombination).

The larger the V, the larger is o 1. 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 is
blocking prior to turn—on; this reflects that the exponent,
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 affects
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 providing
an external conduction path such as a gate—to—cathode
resistor. All ON Semiconductor 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 characteristics
can be produced by use of an external shunt. Shunting
does not produce as much of a change in characteristics 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 external 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. 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 normalized and are
referred to the open gate value.
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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
compared 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 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 propagate across the entire junction.

LAER | T | Ty CATHODE
NO. 4 E GATE
NO.3 © | ®
NO. 2 ® | ©
NO. 1 E) NN
P n~ ~
N A
P A

Figure 3.14. Construction of Typical SCR

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
microseconds. The propagation of conduction across the
entire junction requires a considerably longer time. The
time required for propagation or equalization of conduc-
tion 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.
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Let us superimpose a current curve (b) on the anode—to—
cathode voltage versus time curve to better understand
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
temperature 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 melting 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 percentage of the
power per pulse is dissipated during the fall-time interval,
it is 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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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 manufac-
turer’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 informa-

tion is not useful, however, for determining the limitations
of the device before the entire junction is in conduction,
because they are based on measurements made with the
entire junction in conduction.

At present, there is no known technique for making a
reasonably accurate measurement of junction temperature
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 destructive
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 applying 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 capabilities of the device,
and we may reduce the stress on the device by doing so.
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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 conduction, 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 conduction 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 Ly. 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 Lj and the
device capacitance C but still may exceed the triac’s
critical commutating dv/dt rating which is about 50 V/us.
It is 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
network not only limits the voltage rise during commuta-
tion 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 Rs, Cs, Rr and Ly, 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 factor of the load. A given load
fixes Ry, and Lj; however, the circuit designer can vary Rg
and Cs. Commutating dV/dt can be lowered by increasing
Cs while Rg can be increased to decrease resonant “over
ringing” of the tuned circuit.
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BASIC CIRCUIT ANALYSIS

Figure 3.20 shows an equivalent circuit used for
analysis, in which the triac has been replaced by an ideal
switch. When the triac is in the blocking or non—conduct-
ing state, represented by the open switch, the circuit is a
standard RLC series network driven by an ac voltage
source. The following differential equation can be
obtained by summing the voltage drops around the circuit;

(R + Rg) i) + LI | %)

at Cs = Vpsin(wt + ¢)

@)

in which i(t) is the instantaneous current after the switch
opens, qc(t) is the instantaneous charge on the capacitor, Vi
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 equa-
tion becomes a standard second-order differential equation
with constant coefficients.

With the imposition of the boundary conditions that
i(0) = 0 and q¢(0) = 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
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 V2 — V1

d — to —ty

where V7 and t; are the voltage and time at the 10% point
and V3 and tp 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 Cs.

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 oscilloscope, then
make the final selection of Rg and Cg experimentally.
Additional comments about circuit values for SCRs and
Triacs are made in Chapter 6.
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USING SENSITIVE GATE SCRs

In applications of sensitive gate SCRs such as the ON
Semiconductor 2N6237, the gate—cathode resistor, Rgx
(Figure 3.21) is an important factor. Its value affects, in
varying degrees, such parameters as IgT, Vprwm, dv/dt, Ig,
leakage current, and noise immunity.
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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 is N-type silicon base
material. Prior to the advent of the all-diffused SCR, the
next step 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. However, a resistive rather than semiconductor
junction would form where the molten alloy terminated at
the surface. This formed an internal Rgx, looking in at the
gate—cathode terminals, that reduced the “sensitivity” of the
SCR.

Modern practice is to produce the gate—cathode junction
by masking and diffusing, a much more controllable
process. It produces a very clean junction over the entire
junction area with no unwanted resistive paths. Good
dv/dt performance by larger SCRs, however, requires
resistive paths distributed over the junction area. These
are diffused in as emitter shorts and naturally desensitize
the device. Smaller SCRs may rely on an external Rgx
because the lateral resistance in the gate layer is small
enough to prevent leakage and dV/dt induced currents
from forward biasing the cathode and triggering the SCR.

Figure 3.22(a) shows the construction of a sensitive
gate SCR and the path taken by leakage current flowing
out through Rgk. Large SCRs (Figure 3.22(b)) keep the
path length small by bringing the gate layer up to contact
the cathode metal. This allows the current to siphon out
all-round the cathode area.

When the chip dimensions are small there is little
penalty in placing the resistor outside the package. This
gives the circuit designer considerable freedom in tailor-
ing the electrical properties of the SCR. This is a great
advantage when low trigger or holding current is needed.
Still, there are trade—offs in the maximum allowable
junction temperature and dV/dt immunity that go with
larger resistor values. Verifying that the design is adequate
to prevent circuit upset by heat or noise is important. The
rated value for Rgx is usually 1 K Ohm. Lower values
improve blocking and turn—off capability.

K DIFFUSED EMITTER
CATHODE SHORTS
: M z R 0
METAL |
N " N " I
DIFFUSED
N BASE N
P DIFFUSED P
/ /
A 777222V 77722V
CASE CASE
(a). SIMPLE (b). SHORTED EMITTER
CONSTRUCTION CONSTRUCTION

Figure 3.22. Sensitive Gate SCR Construction

The sensitive gate SCR, therefore, is an all-diffused
design with no emitter shorts. It has a very high
impedance 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,
because thermally generated leakage currents flowing
from the anode into the gate junction are sufficient to
turn on the SCR. The value for Rgx is usually one
kilohm and its presence and value affects many other
parameters.

FORWARD BLOCKING VOLTAGE AND
CURRENT, Vpgry AND Iprm

The 2N6237 family is specified to have an Ipry, or
anode—to—cathode leakage current, of less than 200 HA at
maximum operating junction temperature and rated
VprwM- This leakage current increases if Rgk 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 tempera-
ture, Ty, and forward voltage Vak (Figure 3.23a).
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Figure 3.23(a) is a plot of Vak, forward voltage, versus
Rgk taken at the maximum rated operating junction
temperature of 110°C. With each device the leakage
current, Iax, is set for a Vag of 200 V, then Vak reduced
and Rgx varied to re—establish the same leakage current.
The plot shows that the leakage current is not strongly
voltage dependent or, conversely, Rgx 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
Ty, junction temperature, versus Rgk taken at Vpry, the
maximum forward blocking voltage shows this dependence.
For each device (2N6329 again) the leakage current, Iax,
was measured at the maximum operating junction tempera-
ture of 110°C, then the junction temperature was reduced
and Rgx varied to re—establish that same leakage current.
The plot shows that the leakage current is strongly depen-
dent on junction temperature. Conversely Rgx may be
increased for derated temperature.

A conservative rule of thumb is that leakage doubles
every 10°C. If all the current flows out through Rgg,
triggering will not occur until the voltage across Rgk
reaches Vgt. This implies an allowed doubling of the
resistor for every 10° reduction in maximum junction
temperature. However, this rule should be applied with
caution. Static dV/dt may require a smaller resistor than
expected. Also the leakage current does not always follow
the 10° rule below 70°C because of surface effects.

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.”

200
\ 2N6239 ]
180 \ Ty=110°C
Iak CONSTANT —
2
2 160
3 \
P \
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=< 140 \
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100
0 1K 2K 3K
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Figure 3.23(a). Vak versus Rgk (Typical) for Constant
Leakage Current
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Figure 3.23(b). T, versus Rgk (Typical) for Constant
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Figure 3.23(d). Static dv/dt as a function of
Gate-Cathode Resistance on two devices
with different sensitivity.
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RATE-OF-RISE OF ANODE VOLTAGE, dv/dt

An SCR’s junctions exhibit capacitance due to the
separation of charge when the device is in a blocking
state. If an SCR is subjected to forward dv/dt, this
capacitance can couple sufficient current into the SCR’s
gate to turn it on, as shown in Figure 3.23(c). Rgk acts as
a diversionary path for the dv/dt current. (In larger SCRs,
where the lateral gate resistance of the device limits the
influence of Rgk, this path is provided by the resistive
emitter shorts mentioned previously.) The gate—cathode
resistor, then, might be expected to have some effect on
the dv/dt performance of the SCR. Figure 3.23(d)
confirms this behavior. The static dV/dt for two MCR706
devices varies over several powers of ten with changes in
the gate—cathode resistance. Selection of the external
resistor allows the designer to trade dynamic performance
with the amount of drive current provided to the
resistor—-SCR combination. The sensitive—gate device
with low Rgk provides performance approaching that of
an equivalent non-sensitive SCR. This strong dependence
does not exist with conventional shorted emitter SCRs
because of their internal resistor. The conventional SCR
cannot be made more sensitive, but the sensitive—gate
device attributes can be reliably set with the resistor to
any desired point along the sensitivity range. Low values
of resistance make the dV/dt performance more uniform
and predictable. The curves for two devices with different
sensitivity diverge at high values of resistance because the
device response becomes more dependent on its sensitiv-
ity. The resistor is the most important factor determining
the static dV/dt capability of the product. Reverse biasing
the gate also improves dV/dt. A 2N6241 improved by a
factor of 50 with a 1 volt bias.

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 temperature
(for the 2N6236 series it is 500 LA maximum at —40°C).
The current flowing through Rgx 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
2N6237 series, for example.

lat
—>

Var 10 Rak A¢ I
i

Figure 3.24. SCR and Rgk “Gate” Currents

Iror
—>

GATE CURRENT, IgT(min)

SCR manufacturers sometimes get requests for a
sensitive—gate SCR specified with an Ig(min), that is, the
maximum gate current that will not fire the device. This
requirement conflicts with the basic function of a
sensitive gate SCR, which is to fire at zero or very low
gate current, IGT(max)- Production of devices with a
measurable 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 Rgxk.
The Vg of the SCR at the temperature in question can be
estimated from Figure 3.25, an Ohm’s Law calculation
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.

GATE TRIGGER VOLTAGE, Vgt

The gate—cathode junction is a p—n silicon junction. So
the gate trigger voltage follows the diode law and has
roughly the same temperature coefficient as a silicon
diode, —-2mV/C. Figure 3.25 is a plot of Vgr versus
temperature for typical sensitive gate SCRs. They are
prone to triggering by noise coupled through the gate
circuit because of their low trigger voltage. The smallest
noise voltage margin occurs at maximum temperature and
with the most sensitive devices.
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HOLDING CURRENT, Iy

The holding current of an SCR is the minimum anode
current required to maintain the device in the on state. It is
usually specified as a maximum for a series of devices
(for instance, 5 mA maximum at 25°C for the 2N6237
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.

Note that the gate—cathode resistor determines the
holding current when it is less than 100 Ohms. SCR
sensitivity is the determining factor when the resistor
exceeds 1 meg Ohm. This allows the designer to set the
holding current over a wide range of possible values using
the resistor. Values typical of those in conventional
non-sensitive devices occur when the external resistor is
similar to their internal gate—cathode shorting resistance.
The holding current uniformity also improves when the
resistor is small.
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Rgk, GATE-CATHODE RESISTANCE, KQ
Figure 3.26. 2N5064 Holding Current

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. A gate cathode
network consisting of a resistor and parallel capacitor also
helps. The resistor provides a static short and is helpful
with noise signals of any frequency. For example, with a

1,000 Ohm resistor, between 100 LA to 1 mA of noise
current is necessary to generate enough voltage to fire the
device. Adding a capacitor sized between 0.01 and 0.1 uF
creates a noise filter and improves dV/dt by shunting
dV/dt displacement current out through the gate terminal.
These components must be placed as close as possible to
the gate and cathode terminals to prevent lead inductance
from making them ineffective. The use of the capacitor
also requires the gate drive circuit to supply enough
current to fire the SCR without excessive time delay. This
is particularly important in applications with rapidly
rising (di/dt>50 A/us) anode current where a fast rise
high amplitude gate pulse helps to prevent di/dt damage
to the SCR.

Reverse gate voltage can cause unwanted turn—off of
the SCR. Then the SCR works like a gate turn—off
thyristor. Turn—off by the gate signal is more probable
with small SCRs because of the short distance between
the cathode and gate regions. Whether turn—off occurs or
not depends on many variables. Even if turn—off does not
occur, the effect of high reverse gate current is to move
the conduction away from the gate, reducing the effective
cathode area and surge capability. Suppressing the reverse
gate voltage is particularly important when the gate pulse
duration is less than 1 microsecond. Then the part triggers by
charge instead of current so halving of the gate pulse width
requires double the gate current. Capacitance coupled
gate drive circuits differentiate the gate pulse
(Figure 3.27) leading to a reverse gate spike. The reverse
gate voltage rating should not be exceeded to prevent
avalanche damage.

This discussion has shown that the use of Rgg, the
gate—cathode resistor, has many implications. Clear
understanding of its need and its influence on the
performance of the sensitive gate SCR will enable the
designer to have better control of his circuit designs using

this versatile part.

OPTIONAL /'*
REVERSE
GATE |_
SUPPRESSOR
DIODE

Figure 3.27. Capacitance Coupled Gate Drive
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DRIVERS: PROGRAMMABLE UNIJUNCTION
TRANSISTORS

The programmable unijunction transistor (PUT) is a
four layer device similar to an SCR. However, gating is
with respect to the anode instead of the cathode. An
external resistive voltage divider accurately sets the
triggering voltage and allows its adjustment. The PUT
finds limited application as a phase control element and is
most often used in long duration or low battery drain timer
circuits where its high sensitivity permits the use of large
timing resistors and small capacitors. Like an SCR, the
PUT is a conductivity modulated device capable of
providing high current output pulses.

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 3.28. 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
blocking state to its on state.

A
ANODE
(A)
G
GATE
@)
(K)
CATHODE K
Figure 3.28(a). Figure 3.28(b).
PUT Symbol Transistor Equivalent

The PUT is a complementary SCR when its anode is
connected like an SCR’s cathode and the circuit bias

voltages are reversed. Negative resistance terminology
describes the device characteristics because of the
traditional application circuit. An external reference
voltage must be maintained at the gate terminal. A typical
relaxation type oscillator circuit is shown in
Figure 3.29(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 3.29(b). The
peak and valley points are stable operating points at 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.

In characterizing the PUT, it is convenient to speak of
the Thevenin equivalent circuit for the external gate
voltage (Vs) 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 = R1 R2/(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.

CHARACTERISTICS OF THE PUT

Table 3.1 is a list of typical characteristics of ON
Semiconductor’s 2N6027/2N6028 of programmable uni-
junction transistors. The test circuits and test conditions
shown are essentially the same as for the data sheet
characteristics. The data presented here defines the static
curve shown in Figure 3.29(b) for a 10 V gate reference (Vs)
with various gate 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.
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Table 3.1. Typical PUT Characteristics

Symbol Test Circuit Figure Test Conditions 2N6027 2N6028 Unit
Ip 3.30 Rg=1mQ 1.25 0.08 UHA
Rg =10 kQ 4 0.70 UHA
Vi 3.30 Rg =1 MQ 18 18 UHA
Rg = 10 kQ 150 150 UA
Vag (See Figure 3.31)
lcao Vg =40V (See Figure 3.32)
laks Vg=40V 5 5 nA
Vg Curve Tracer Used Ir =50 mA 0.8 0.8 \Y
Vo 3.33 1 1 Y
t 3.34 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 (Vs) because of leakage from
the bias network to the charging network. With currents
less than 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 Vs temperature, and Rg. Typical curves on the data
sheet indicate this dependence and must be consulted
for most applications.

The test circuit in Figure 3.30 is a sawtooth oscillator
which uses a 0.01 puF timing capacitor, a 20 V supply, an
adjustable charging current, and equal biasing resistors
(R). The two biasing resistors were chosen to given an
equivalent Rg of 1 MQ and 10 kQ. 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 current source. A variable gate voltage
supply was used to control this current.

VALLEY POINT CURRENT, (ly)

The wvalley point is indicated graphically in
Figure 3.28. With currents slightly less than Iy, the
device is in an unstable negative resistance state. A
voltage minimum occurs at Iy 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 Iy at the valley point voltage (Vy). For this
reason, minimum values for Iy are given on the data sheet
for Rg = 10 k€. With Rg = 1 M£2, a reasonable “low”” is 2
UA for all devices.

When the device is used in the latching mode, the anode
current must be greater than Iy. Maximum values for Iy
are given with Rg = 1 MQ. All devices have a reasonable
“high”” of 400 LA Iy with Rg = 10 kQ
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PEAK POINT VOLTAGE, (Vp)

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

Vp=VT + Vg,

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 Vg, because Ip flows
out of the gate just prior to triggering. This makes VT =
Vag + Ip Rg. A change in Rg will affect both Vog 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 VT will increase.
These second order effects are difficult to predict and
measure. Allowing V1 to be 0.5 V as a first order
approximation gives sufficiently accurate results for most
applications.

The peak point voltage was tested using the circuit in
Figure 3.30 and a scope with 10 MQ input impedance

[ Ip, Iy °]
AAA"
Rs
) !r||l G_, s
- + I_ 2N5270
Vg D

across the PUT. A Tektronix, Type W plug—in was used to
determine this parameter.

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 3.31. The voltage decreases as current
decreases, and the change in voltage with temperature is
greater at low currents. At 10 nA the temperature
coefficient 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 compen-
sate the effect of this diode.

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.

NOTES: 1) VARIOUS SENSE RESISTORS (Rs) ARE USED TO
KEEP THE SENSE VOLTAGE NEAR 1 Vdc.
2) THE GATE SUPPLY (Vg) IS ADJUSTED FROM
ABOUT -0.5V TO +20 V.

20V

PUT
UNDER
TEST

O Vp

0.01 yF =

¢—O OUTPUT PULSE

03

R=2Rg
Vg=10V

Figure 3.30. Test Circuit for Ip, Vp and Iy

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 3.32. Leakage at 25°C is approxi-
mately 1 nA and the current appears to double for about
every 10°C rise in temperature.

FORWARD VOLTAGE, (V)

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.
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PEAK OUTPUT VOLTAGE, (Vo)

The peak output voltage is not only a function of Vp, Vg
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 3.33 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.

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 fast scope and measuring between
0.6 V and 6 V on the leading edge of the output pulse.

MINIMUM AND MAXIMUM FREQUENCY

In actual tests with devices whose parameters are
known, it is possible to establish minimum and maximum
values of timing resistors that will guarantee oscillation.
The circuit under discussion is a conventional RC
relaxation 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 Iy. It is possible to use stray
capacitance but the results are generally unpredictable.
The minimum value of timing resistance is obtained using
the following rule of thumb:

R(min) = 2(V1 — Vv)/lv

where the valley voltage (Vv) is often negligible.

To obtain minimum frequency, it is desirable to use
high values of capacitance (10 [F) and to select devices
and bias conditions to obtain low Ip It is important that
the capacitor leakage be quite low. Glass and mylar
dielectrics are often used for these applications. The
maximum 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 2N6028, offers the largest
dynamic frequency range. Allowing for capacitance and
bias changes, the approximate frequency range of a PUT
is from 0.003 Hz to 2.5 kHz.
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Figure 3.31. Voltage Drop of 2N6027 Series
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Figure 3.35. Uncompensated Oscillator

TEMPERATURE COMPENSATION

The PUT with its external bias network exhibits a
relatively small frequency change with temperature. The
uncompensated RC oscillator shown in Figure 3.35 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 tempera-
ture coefficient of Vag predominated and caused a
consistent 2% increase in frequency. At 10 kHz, the
frequency 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 not
been characterized, it is obvious that temperature com-
pensation is more practical with relatively low frequency
oscillators.

Various methods of compensation are shown in
Figure 3.36. In the low cost diode—resistor combination of
3.36(a), the diode current is kept small to cause its
temperature coefficient to increase. In 3.36(b), the bias
current through the two diodes must be large enough so
that their total coefficient compensates for Vag. The
transistor approach in 3.36(c) can be the most accurate
since its temperature coefficient can be varied indepen-
dently of bias current.

100k<R<1M

(a) DIODE-RESISTOR

E

(c) TRANSISTOR
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4'%A%%
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(b) DUAL-DIODE

Figure 3.36. Temperature Compensation Techniques
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SECTION 4
THE SIDAC, A NEW HIGH VOLTAGE BILATERAL TRIGGER

Edited and Updated

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.

SIDAC’s are available in the large MKP3V series and
economical, easy to insert, small MKP1V series axial lead
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-— -~ - -
-~
== fe Vo) ~ Vs
S~ s - Igoy

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

packages. Breakdown voltages ranging from 104 to 280 V
are available. The MKP3V devices feature bigger chips
and provide much greater surge capability along with
somewhat higher RMS current ratings.

The high-voltage and current ratings of SIDACs make
them ideal for high energy applications where other
trigger 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(pp), the device will switch on to the
forward on-voltage Vtp of typically 1.1 V and can
conduct as much as the specified repetitive peak on-state
current Itry of 20 A (10 us pulse, 1 kHz repetition
frequency).

Figure 4.1(b). Actual MKP1V130 V-l Characteristic.
Horizontal: 50 V/Division. Vertical: 20 mA/Division.
(0,0) at Center. R_ = 14 k Ohm.
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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/Rp, 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 vs are the instantaneous open circuit voltages of
the AC generator and iy through i5 are the corresponding
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
intersection of the load line with the SIDAC characteris-
tic. Initially the SIDAC blocks, and only a small leakage

(V7 1)

RL

RL< |Rs| iy

Vi V2

N

~
\\

7

SLOPE =

V3 V4 V5

RL

(Vorr, lorr)

current flows at times 1 through 4. The SIDAC does not
turn-on until the load line supplies the breakover current
(Ioy) at the breakover voltage (V(B0))-

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, I1)
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 (Iy). At that time, the SIDAC switches to
the point (Vosr, logr) and once again only a small leakage
current flows through the device.

vy, ..., V5= INSTANTANEOUS OPEN
CIRCUIT VOLTAGES
ATTIMET, ..., 5

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

< (VB0: B0)

V)

Figure 4.3. Load Line for Figure 4.2. (1/2 Cycle Shown.)
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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
between (V(Bo), IBo)) and (Vs, Is) result as the
generator voltage increases from vy to v4. The voltage

RL> |Rs|
Rs = SIDAC SWITCHING RESISTANCE

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, Is). The load line
illustrated in Figure 4.4 also results in incomplete
turn-off. When the current drops below Iy, the
operating point switches to (Vosf, lofr) as shown on the
device characteristic.

(Vs Is)

(Vorr, lorr)
(VBo. Igo)

Vi Vo V3 V4

Figure 4.4. High Resistance Load Line with Incomplete Switching

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
specified as Vpp and Igp. Consequently operation of the
SIDAC in the state between fully on and fully off is
undesirable because of increased power dissipation, poor
efficiency, 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 current
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 (Rp + 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 oscilla-
tor application. The wide span between Igo and Iy makes
the SIDAC easy to use. Long oscillation periods can be
achieved with economical capacitor sizes because of the
low device [(0).

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 Ryax and Rpip.

For a given time delay, capacitor size and cost is
minimized by selecting the largest allowable timing
resistor. Rpax should be determined at the lowest
temperature of operation because I(go) increases then.
The load line corresponding to Ryax passes through the
point (V(Bo), I(B0o)) 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
values for the timing resistor. Ry, should be deter-
mined at the highest operating temperature because Iy
is lower then. The load line determined by R and Vj,
should pass below Iy on the device characteristic or the
SIDAC will stick in the on-state after firing once. If is
typically more than 2 orders of magnitude greater than
Igo. This makes the SIDAC well suited for operation
over a wide temperature span.
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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 commuted 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, holding
current magnitude, and the current wave parameters.

RsL
A‘/\s}v RsL < |Rs|
!_ N TYPICAL:
L “R“L‘ RgL = 2.7 k OHM
L HGH ¢ _10WATT
é s= 3k OHM
@ v LOW
RgL = TURN-ON SPEED
UP RESISTOR
Rg = SIDAC SWITCHING
P RESISTANCE

Figure 4.5. Inductive Load Phase Control

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(goy 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-effec-
tive 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.

The operating cost of the lamp is also reduced
because of the lower power to the lamp; however, a
higher wattage 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 condi-
tions. Consequently, practical conduction angles will
run between 110° and 130° with corresponding power
reductions of 10% to 30%.

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

Oon = SIN™T (V(go)/VpK)

where Vpx = Maximum Instantaneous Line Voltage

(Ig-Rp) + V
00FF = 180 — SIN~1 (%)

where OoN, OorF = Switching Angles in degrees
V1 =1V = Main Terminal Voltage at IT = Ig

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

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 maximum 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 92.

7
O A

ViN

ZZ SIDAC

Figure 4.6. SIDAC Circuit
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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 large
MKP3V device is recommended if the SIDAC is not to be
replaced along with the bulb.

Since the MKP3V series of SIDACs have relatively
tight V(go) 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 illustrated 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

ViN %H 1
O .

I

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 PL.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
constant (Figure 4.10). Once the capacitor voltage
reaches the SIDAC breakover voltage, the device will
fire, dumping the charged capacitor. By placing the
load in the discharge path, power control can be
obtained; a typical load could be a transformer-coupled
xeon flasher, as shown in Figure 4.12.

SIDAC AS AN

ovp
T Z

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

Vigo)

Ve

Vin > Vgo)

B VIN ~ V(BO)
MAX = I(BO)
v v t = RClIn I
IN ~ VTM BO
R = [
MIN IH ViN

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 lighting for
these reasons.

Figure 4.13 illustrates how SIDAC’s can be used in
sodium vapor lamp starters. In these circuits, the SIDAC
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.

In these circuits, an inductive ballast is required to
provide 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
minutes of operation. Initially, before the lamp begins to
conduct, the lamp impedance is high and the full line
voltage appears across it. This allows C to charge to the
breakover voltage of the SIDAC, which then turns on
discharging the capacitor through a step-up transformer
generating the high voltage pulse. When the arc strikes,
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
the circuit should take into account the resulting steady
state power dissipation.

VN T | HV (L
o I T

Figure 4.11. Typical Capacitor Discharge SIDAC Circuit

P oW
| D XEON TUBE
g RS-272-1145

4 kV PULSE TRANSFORMER
RS-272-1146

Figure 4.12. Xeon Flasher Using a SIDAC
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! ©)
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(a). Conventional HV Transformer

LYY Y Y\
Lg

(b). H.V. Auto-Transformer

@

(c). Tapped Ballast Auto Transformer

Figure 4.13. Sodium Vapor Lamp Starter Circuits

Figure 4.14 illustrates a solid state fluorescent lamp
starter using the SIDAC. In this circuit the ballast is
identical 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
current flowing through the ballast inductor thereby
generating the high-voltage pulse necessary for starting.
The mechanical glow-tube starter is the circuit component
most likely to cause unreliable starting.
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Figure 4.14. Fluorescent Starter Using SIDAC

The heating of the filaments causes thermonic emission
of electrons from them. These electrons are accelerated
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
mercury 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.

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

If Lp 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 filament
current after starting. These factors cause short tube
operating life and poor efficiency because of filament
power losses. The impractical circuit must be modified 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
breakover 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
O
FLUORESCENT STARTER
COATING
COATED (ARGON GAS) =
}/ FILAMENT {
MERCURY DROPLETS
o o o o_\*o B
A VAC o
BALLAST
INDUCTOR

Figure 4.15. Fluorescent Lamp with Glow Tube Starter

http://onsemi.com

56



| CHOKE |
A
——AN—Y YN
| Rg Ls | L)
I
A
VAC
™M
.

Vmax = Q VAC /2

VsTtarT < VMAX

Figure 4.16. Impractical Starter Circuit
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Figure 4.17. Starting Voltage Across Fluorescent Tube 100 V/DIV
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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
discharge currents through the tube.

SIDAC’s can also be used with auto-transformer ballasts.
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
impedance Z. The impedance Z could be a saturable
reactor and or positive temperature coefficient thermistor.
These components help to insure stability of the system
comprised 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
possible methods for generation of the necessary high-
voltage required in fluorescent starting. The circuits 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.
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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-O-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, MI 49443

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

Thermistors are useful in delaying the turn-on or
insuring the turn-off of SIDAC devices. Table 4.1 shows
possible sources of thermistor devices.

Other high voltage nominal current trigger applications
are:

e Gas or oil igniters

e Electric fences

e HV electrostatic air filters

e 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 approxi-
mated by an exponential or quasi-exponential current
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 Ity 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 topology
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 transistor
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 QS5 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).
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Figure 4.19. SIDAC Surge Tester
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Figure 4.20. Exponential Surge Current Capability of
the MKP3V SIDAC. Pulse Width versus Peak Current

http://onsemi.com
59



SECTION 5
SCR CHARACTERISTICS

Edited and Updated
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 in example — reliable high frequency
inverters and converter designs (<20 kHz) require a known
and controlled circuit-commutated turn—off time (tq). Unfor-
tunately, 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 tq. Moreover, it provides data
and curves that illustrate the effect on t; 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
represented 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 (o) 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 current (anode current i) limited by the external
circuit impedance, is reduced below the holding current
(In). 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 t,

Once the anode current in the SCR ceases, a period of
time must elapse before the SCR can again block a
forward 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 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 (reverse) 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 junctions 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 condition and a forward voltage
can, after this time, be applied without the SCR switching
back to the conduction state.

ANODE
ANODE T
P
J1
N
GATE 2
o—| P
3
GATE N
CATHODE l
CATHODE
P-N-P-N STRUCTURE
ANODE
ANODE
Igy =lco
: v
N
N e
o— P |7 -
GATE
N
CATHODE CATHODE
TWO TRANSISTOR MODEL

Figure 5.1. Two Transistor Analogy of an SCR
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ty MEASUREMENT

When measuring SCR turn—off time, ty, it is first
necessary to establish a forward current for a period of
time long enough to ensure carrier equilibrium. This must
be specified, since Ity 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.

tqy 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
configuration is relevent and, in fact, is the basis for the
design, as described in the following paragraphs.

ty 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

- I difdt
4'/
/ 50% Iy —»X\J

Synchronized Pulse Generator establishes system timing;
a Constant 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 ITy.

ty TEST FIXTURE CHARACTERISTICS

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

A CMOS Gate is used as the Line Synchronized Pulse
Generator, configured 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
(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, (approxi-
mately 5%) which is important in minimizing temperature
effects. The repetitive nature of this test permits easy oscillo-
scope 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.
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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 ty Test Circuit

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 s
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
Ul 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 Darling-
ton Q3, connected as a constant current source driving a
PNP tri-Darlington (Darlington Q4, Bipolar Q5). By vary-
ing the base voltage of Q3 (with Current Control potentiom-
eter R4), the collector current of Q3 and thus the base
voltage of Q4 will also vary. The PNP output transistor 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 potentiometer RS, sets the
maximum output current and R4, the Current Control, is a
front panel, multiturn potentiometer.

CONSTANT
CURRENT
GENERATOR

LINE SYNC
PULSE
GENERATOR

dv di
t CIRCUIT t CIRCUIT

ler = I i

CONSTANT
CURRENT

difdt

Vy
dv/dt

Figure 5.4. Block Diagram of the t, Test Fixture
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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, followed by PNP transistor Q9, whose
output provides the gate drive for the three parallel
connected N-channel power MOSFET transistors
Q10-Q12 (waveforms H of Figure 5.6). These three
FETs (MTM15N06), are rated at 15 A continuous drain
current and 40 A pulsed current and thus can readily
divert the maximum 60 A constant current that the
Fixture can generate. The results of this diversion from
the DUT is described by waveforms E, H and I of
Figure 5.6, with the di/dt of of ITy dictated by the series
inductance L1. For all subsequent testing, the inductor
was a shorting bar, resulting in very little inductance
and consequently, the highest di/dt (limited primarily
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 tq
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
capacitor is allowed to charge through resistor R1 to the
supply voltage +Vy. 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
advanced 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 t; 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 function
of — V3 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 standard
recovery SCRes, its selection — fast recovery rectifiers 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 2N6508 SCR. Although the di/dt’s were the
same, the reverse recovery current Iry and t; 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 (ITy, di/dt, Irng, 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 I; in the
dv/dt circuit must meet certain criteria: I; should be
greater than the SCR holding current so that when the
DUT does indicate tq limitation, it latches up, thus
suppressing the dv/dt ramp voltage; and, for fast SCRs
(low tq), I1 should be large enough to ensure measurement
repeatability. Typical values of Iy 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 t,

Examples of the effects of Iy on tq are listed in
Table 5.1IT 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 I; 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 furnishes
up to 60 A peak pulsed current, primarily due to the line
synchronized operation of the system. Power supplies
+V1 and -V, for this exercise, were external supplies,
since they are variable, but they can be incorporated in the
system. The reverse blocking voltage to the DUT is
supplied by — V3 and is typically set for about —10 V to
-20V, being limited to the breakdown voltage of the
diverting power MOSFETS (Vpss = 60 V). The +12 V
unregulated supply can be as high as +20 V when
unloaded; therefore, -V, (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, —V; must be capable of handling the peak
60 A, diverting current, if so required.

The reapplied forward blocking voltage power supply
+V{, may be as high as the DUT Vprm which
conceivably can be 600 V, 1,000 V or greater and, since
this supply is on most of the time, must be able to supply
the required Ij. Due to the sometimes high power
requirements, + V7 test conditions may have to be reduced
for extremely fast SCRs.
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PARAMETERS AFFECTING t

To see how the various circuit parameters can affect tg,
one condition at a time is varied while the others are held
constant. The parameters to be investigated are a) forward
current magnitude (Ity), b) forward current duration,
c) rate of change of turn—off current (di/dt), d) reverse—
current magnitude (Irm), €) reverse voltage (Vrm), ) 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, is con-

densed 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
serialized 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
typical conditions that might be found in circuit opera-
tion. Columns B through J in Table 5.1, are in order of
increasing 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.
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Figure 5.6. t; Test Fixture System Waveforms
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Figure 5.7. The Effects of Blocking Diode D1 on t; of a 2N6508 SCR
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Table 5.1. Parameters Affecting t

Device A B C D E F G H 1
2N6508 Rgk=1k
25A dv/dt = 15 V/us
600V ltm=25A Rgk = 100 Rgk = 100
lrm=14A dv/dt = 2.4 V/us dv/dt =2.4 V/us | Rgk =100
dl/dt =-100 A/HS ITM =1A ITM =2A dV/dt =24 V/},lS RGK =100
ITm duration = 275 ps lrm=1.8A Irm = 50 mA Irm = 50 mA Rgk = 100 Rgk = oo dv/dt = 2.4 V/us
IgT =30 mA di/dt = 32 Alus di/dt = 0.5 us di/dt = 0.45 Alus dv/dt = 2.4 V/us dv/dt=2.4Vjus |Iy=37A Rgk = 100 IgT =90 mA
typ tq =68 us typtqg=42pus typtq=45us typtqg =49 us typ tq =60 us typ tq =64 us typ tq =64 us typ tq =65 us typ tq =68 us
2N6399 Rgk=1k
12A dv/dt = 90 V/us
ltm=12A Rgk = 100 Rgk = 100 Rgk = 100
Irm=11A dv/dt = 2.5 V/us dv/dt=2.5V/us | Rgk =100 dv/dt = 2.5 V/us Rgk = o0
di/dt =-100 A/},lS ITM =1A ITM =1A dV/dt =25 V/},lS ITM =18 A dV/dt =25 V/},lS
ITm duration = 275 us Irm = 50 mA IrRMm=27A Irm = 50 mA Irm = 50 mA Irm = 50 mA
IgT =30 mA di/dt = -0.5 A/us | di/dt = 56 A/us di/dt = 32 A/us di/dt = 0.3 Alus di/dt = 0.35 A/lus | Rgk = 100 IgT =90 mA
typ tq =48 us typ tq =30 us typtg=31pus typtqg =32 pus typ tq =33 us typ tq=35.5us typtg=45us typ tq =48 us
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Table 5.1. Continued

Device A B Cc D E F G H |
C106B lgT =1 mA
4A Rak = 1k
dv/dt = 5 V/us
Itm = 4A
Irv = 4A ltm=2A ltM=6A ltM=6A dv/dt = 1.4 V/us IgT =90 mA
di/dt = 50 A/us lrnm=25A Irm = -1 Alus Irm=0.1 A Itm=2A -Vo =35V Irm=0.15A dv/dt = 1.4 V/us dv/dt = 1.4 V/us
It duration = 275 us di/dt = -30 A/us di/dt = -1 A/us di/dt = -1 A/us Irnm=0.2A Irm=0.2A -Vo =4V Irm=0.15A IrRm=2A
Vpx =50 V Vpx =50 V Vpx = 150 V Vpx =50 V difdt=—1.4Alus | difdt=-1.4Aus |di/dt=-14A/us |di/dt=14Aus |didt=-1.4Alus
typtyg =28 us typtg=25us typtg =26 us typtg =26 us typtg =26 us typtg =27 us typtg =27 us typtg=27us typtg=27us
2N6240 Rgk=1k
4A dv/dt = 40 V/us Rgk = 100
ltm=4A dv/dt = 1.3 V/us Rgk = 100 dv/dt = 1.75 V/us Rgk = oo
lrRm=4A ltm=1A dv/dt = 1.75 V/us Rgk = 100 Rgk = 100 dv/dt = 1.75 V/us
di/dt = 50 A/us Irm = 50 mA tm=1A dv/dt = 1.75 V/us ltm=6A Rgk = 100 rm=1A
ITm duration = 275 us di/dt = -0.5 Alus Irm = 50 mA Irm = 50 mA Irm = 50 mA Irm = 50 mA Irm = 50 mA
lgT=1mA IgT =90 mA di/dt = -0.5 A/us | di/dt = -0.5 A/us di/dt = -0.5 Alus di/dt = -0.5 Alus | Rgk = 100 di/dt = -0.5 Alus
Vpx =50V Vpx = 150 V IgT =90 mA IgT =90 mA IgT =90 mA IgT =90 mA IgT =900 mA IgT =90 mA IgT =90 mA
typty = 44.8us typtg = 26 us typtyg = 26.2us [typtg = 27.7 us typty = 28.6us typtg = 30 us typtg = 32.7us [typtg = 37.2us |typtg = 41.4 us
MCR100-6 Rgk=1k
0.8A dv/dt = 160 V/us
ltm=0.8 A dv/dt = 30 V/us
lav = 0.8 A dv/dt = 30 V/us dv/dt=30V/us | lpy=1.12A
di/dt = 12A/MS ltm=0.25 A dV/dt=30V/MS -Vo =9V -Vo=1V ltm=1.12A Irm = 40 mA
Vpx = 50 V lqm = 40 MA Ir = 40 mA lam = 20 MA Ir = 40 mA IR = 40 MA di/dt = -0.8 Alus
ITm duration = 275 us di/dt = -0.6 A/us | di/dt =-0.8 A/us | di/dt = -0.4 A/us di/dt = -0.8 Alus di/dt = -0.8 Alus | Vpx =100V
typty = 144 us typtg = 127 us typtg = 13.5us [typty = 13.7us typtg = 139 us typtyg = 144us [typty = 144 us
2N5064 Rgk=1k
0.8A dv/dt = 30 V/us
ltm=0.8 A Vpx = 100 V
lav = 0.8 A dv/dt = 5 V/us dv/dt = 5 V/us dv/dt = 5 V/us
di/dt=12A/u.S ltm=0.2A dV/dt=5V/MS ltm=1.12A Irm = 40 mA Irm = 40 mA Itm=1.12A
It duration = 275 us Irm = 50 mA Irm = 50 mA Irm = 50 mA -Vo =9V -Vo=1V Irm = 50 mA
Vpx = 50 V di/dt = -0.6 Alus | di/dt = -0.8 Alus | di/dt = 0.8 Alus di/dt = —0.45 Alus | di/dt = —0.8 Alus | di/dt = —0.8 A
typty = 28.9 us typtq = 27/us typtq = 30/us typty = 31us typtq = 31.2us typtg = 31.4us |typty = 31.7us
2N5061 dv/dt = 10 V/us
0.8A ltm=0.8 A
Irm=0.8A dv/dt = 3.5 V/us
di/dt = 18 Alus dv/dt = 3.5 V/us ltm=1.12A dv/dt = 3.58/us
It duration = 275 us ltm=0.25 A dv/dt = -3.5 V/MS Irm = 40 mA ltm=1.12A -Vo =4V Vo =1V
Rgk=1k Irm = 40 mA Irm = 40 mA di/dt = -0.8 AJus Irm = 40 mA IrRm =20 mA Irm = 40 mA
Vpx = 30V di/dt=-0.7 Alus | di/dt = -0.8 Alus | Vpy = 60 V difdt=-07 Alus | difdt=-0.2A/us | di/dt=-0.8 Ajus
typtg = 31.7us typtg = 19.1us | typty = 19/us typtg = 19.8us |typty = 20.2us typtg = 30 us typtg = 30.2us




Table 5.2 is a condensed summary of Table 5.1 and
shows what happens to the tq of the different devices when
a parameter is varied in one direction or the other.

THE EFFECT OF CHANGING PARAMETERS
ON t
q

From Tables 5.1 and 5.2, it is clear that some
parameters affect ty more than others. The following
discussion describes the effect on ty of the various
parameters.

FORWARD CURRENT MAGNITUDE (l1y)

Of the parameters that were investigated, forward—cur-
rent magnitude and the di/dt rate have the strongest effect
on tq. Varying the Ity magnitude over a realistic range of
Itm conditions can change the measured tq by about 30%.
The change in tq is attributed to varying current densities
(stored charge) present in the SCR’s junctions as the Ity
magnitude is changed. Thus, if a large SCR must have a
short tq when a low Iy is present, a large gate trigger
pulse (IgT magnitude) would be advantageous. 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 Iy did
not fully extend the turned on region.

In general, the SCR will exhibit longer tq times with
increasing Ity. Increasing temperature also increases the
tq time.

di/dt RATE

Varying the turn—off rate of change of anode current
di/dt does have some effect on the tq of SCRs. Although
the increase in tq versus increasing di/dt was nominal for
the SCRs illustrated, the percentage change for the fast
SCRs was fairly high (about 30-40%).

REVERSE CURRENT MAGNITUDE (Igym)

The reverse current is actually due to the stored
charge clearing out of the SCR’s junctions when a
negative voltage is applied to the SCR anode. Iry is
very closely related to the di/dt rate; an increasing di/dt
rate causing an increase of Iry and a decreasing di/dt
rate causing a lower Irp.

1st  2nd
Parameter Changed Device Columns (us) (us)
IgT Increase 2N6508 Al 68 68
2N6399 AG 48 48
2N6240 Al 448 41.4
C106F HI 27 27
Decrease Rgk 2N6508 AH 68 65
1 kto 100 ohms 2N6399 AG 48 45
2N6240 Gl 414 327
Increase Rgk 2N6508 EF 60 64
1kto « 2N6399 DF 32 35.5
2N6240 CH 26.2 37.2
Vpx C106F DC 26 26
2N6240 BC 26.2 26
MCR100-6 FG 144 14.4
2N5064 DG 31 31.7
2N5061 DE 20.2 19.8
Decrease dv/dt Rate 2N6508 EH 65 60
C106F HJ 29 27
2N6240 DF 30 27.7
Increase Ity 2N6508 EG 60 64
2N6399 DE 32 33
C106F EH 26 27
2N6240 DC 26.2 27.7
DE 27.7 28.6
CE 26.2 28.6
MCR100-6 CF 135 14.4
2N5064 CD 30.7 31
2N5061 BE 19.1 20.7

Table 5.2. The Effects of Changing Parameters on t,

By using different series inductors and changing the
negative