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Thyristors

Module 6.0

What you’ll learn in Module 6.0

After studying this section, you should
be able to: /

Recognise typical SCR packages:
Describe typical SCR construction:

Understand typical SCR characteristics
diagrams:

Understand safety considerations for
demonstrating SCRs.

Thyristor (SCR) Packages Fig. 6.0.1 Typical SCR Packages

Thyristor is a general name for a number of higbesbswitching devices frequently used in AC
power control and AC/DC switching, including trizensd SCRs (Silicon Controlled Rectifiers). The
SCR is a very common type of thyristor and sevexaimples of common SCR packages are shown
in Figure 6.0.1. Many types are available thatabie to switch loads from a few watts to tens of
kilowatts. The circuit symbol for a SCR is shownRigure 6.0.2 and suggests that the SCR acts
basically as é8ILICON RECTIFIER diode, with the usual anode and cathode connestioumt
with an additionalCONTROL terminal, called the GATE, hence the name Sili€omntrolled
Rectifier.

A trigger voltage applied to the gate whilst th@@da is more positive than the cathode will switch
the SCR on to allow current to flow between anad@ @athode. This current will continue to flow,

even if the trigger voltage is removed, until antaleathode current falls to very nearly zero due t
external influences such as the circuit being dweitt off, or the AC current waveform passing
through zero volts as part of its cycle.
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The Silicon Controlled Rectifier (SCR)
SCRs, unlike normal two layer PN junctio
rectifiers, consist of four layers of silicon i Gate & Cathode
a P-N-P-N structure, as can be seen in

cut-away view of a SCR in Fig 6.0.2. Th

addition of the gate connection to th Ancds
structure enables the rectifier to L (Base Plate)
switched from a non-conducting ‘forwar
blocking' state into a low resistanc
‘forward conducting' state (see also Fi
6.0.3). So a small current applied to tl
gate is able to switch on a very much larc
current (also at a much higher voltage) Fig. 6.0.2 Typical SCR
applied between anode and cathode. Once
the SCR is conducting, it behaves like a
normal silicon rectifier; the gate current may bmoved and the device will remain in a conducting
state.

N type (cathode) 9
P type (gate) E\— 5
N ‘
P tt;gg {anode)

Mounting =
Stud ;

- (case) Anode

Construction & Circuit Symbol

The SCR is made to conduct by applying the triggepulse to the gate terminal while the main
anode and cathode terminals are forward biased. Wirethe device is reverse biased a gating
pulse has no effect. To turn the SCR off, the anode cathode current must be reduced below
a certain critical "holding current" value, (near t o zero).

A common application for SCRs is in the switchirfgh@gh power loads. They are the switching
element in many domestic light dimmers and are alsed as control elements in variable or
regulated power supplies.

SCR Characteristics

Fig. 6.0.3 shows a typical characterist’~

curve for a SCR. It can be seen that lrwo
the reverse blocking region it behav

in a similar way to a diode; all curren
apart from a small leakage current
blocked until the reverse breakdow
region is reached, at which point tF
insulation due to the depletion layers

the junctions breaks down. In mo:
cases, reverse current flowing in th -y
breakdown region would destroy th Reverse
SCR. blocking blocking

When the SCR is forward biase rrgion reglen
however, unlike a normal diode, rath
than current beginning to flow whe
just over 0.6V is applied, no currer
apart from a small leakage curre
flows. This is called the forwarc
blocking mode, which extends to a Fig. 6.0.3 SCR Characteristics

comparatively high voltage called the

'Forward Break over Voltage'. The SCR is normafigrated at voltages considerably less than the
forward break over voltage as any voltage highaen tthe forward break over voltage will cause the
SCR to conduct in an uncontrolled manner; the Sk tsuddenly exhibits a very low forward
resistance, allowing a large current to flow. Ttusrent is 'latched' and will continue to flow unti

Forward
conducting

Latching current\

1aAoyealg plemioy

Holding current-...,_h

5

Gate pulse
applied

Reverse Breakdown
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either the voltage across anode and cathode iseddo zero, or the forward current is reduced to a
very low value, less than the 'Holding Current'vshaon Fig. 6.0.3. However the forward break over
conduction may occur if the SCR is being used tarob an AC (e.g. mains or line supply) voltage
and a sudden voltage spike occurs, especiallycibiiicides with (or close to) the peak value of the
AC. If the SCR is accidentally pushed into the fare break over condition, this can produce a
sudden but short-lived surge of maximum current,ictvhcould prove disastrous to other
components in the circuit. For this reason it isnown to find that SCRs have some method of
spike suppression included, either within the S@Rstruction or as external components usually
called a 'snubber circuit'.

The correct way of triggering the switch on of ®€R is to apply a current to the gate of the SCR
whilst it is operating in the “forward blocking reg’, the SCR is then “triggered” and its forward
resistance falls to a very low value. This produeedatching current”, which, due to the low
forward resistance of the SCR in this mode, alloety large (several amperes) currents to flow in
the “forward conducting region” with hardly any obea in the forward voltage (notice that the
characteristic curve, once the SCR is triggeredrastically vertical). In this region current will
flow, and may vary, but if forward current fallslbe the "holding current” value or the anode to
cathode voltage is reduced to very near 0V, thecdewill return to its forward blocking region,
effectively turning the rectifier off until it isriggered once more. Using the gate to trigger
conduction in this way allows conduction to be col¢d, allowing the SCR to be used in many
AC and DC control systems.

How the SCR Works
The SCR Two Transistor Model
The actual operation of the SCR

can be described by referring t a

Fig. 6.0.4 (a) & (b), which shows 1

simplified diagrams of the SCF P1

structure with the P and N layer | N

and junctions labelled. Tc (55 2 4

understand the operation of ND J3

SCR, the four layers of the SCI

can theoretically be thought of a l

a small circuit comprising two- k p

transistors (one PNP and or (a) Four layer (b) Four layers as  (c) The two transistor
NPN) as shown in Fig. 6.0.4 (b construction two transistors model
Notice that layer P2 forms botl: Fig. 6.0.4 The SCR "Two Transistor Model’

the emitter of Trl and the base of
Tr2, while layer N1 forms the
base of Trl and the collector of Tr2.

The "Off' Condition

Referring to the Fig. 6.0.4(c), with no gate sigapplied and the gate (g) at the same potential as
the cathode (k), any voltage (less than forwardlkbmver voltage) applied between the anode (a)
and cathode (k) so that the anode is positive wagipect to the cathode will not produce a current
through the SCR. Tr2 (the NPN transistor) has Quia@ between base and emitter so will not be
conducting, and as its collector voltage provides base drive for Trl (the PNP transistor), its
base/emitter junction will be reverse biased. Bwo#nsistors are therefore switched off and no
current (apart from a tiny reverse leakage currarill) be flowing between the SCR anode and
cathode, and it is operating in its forward blockragion.
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Triggering the SCR

When the SCR is operating in the forward blockiegion (see the SCR characteristics in Fig.
6.0.3), if the gate and therefore the base of 3e2, Fig 6.0.4(c) is made positive with respechéo t
cathode (also Tr2 emitter) by the application ajading pulse so that a small current, typically a
few YA to several mA depending on SCR type, isciigé into Tr2 base, Tr2 will turn on and its
collector voltage will fall. This will cause curreto flow in the PNP transistor Trl and a rapicris
in voltage at Trl collector and therefore at Tr3dalr2 base emitter junction will become even
more forward biased, rapidly turning on Trl. Thiereases the voltage applied to Tr2 base and
keeps Tr2 and Trl conducting, even if the origgeting pulse or voltage that started the switch on
process is now removed. A large current will nowflogving between the P1 anode (a) and N2
cathode (k) layers.

The resistance between anode and cathode fallsaiozero ohms so that the SCR current is now
limited only by the resistance of any load circilihe action described happens very quickly, as the
switching on of Tr2 by Trl is a form of positiveefdback with each transistor collector supplying
large current changes to the base of the other.

As Trl collector is connected to Tr2 base, theoacbf switching on Trl virtually connects Tr2
base (the gate terminal) to the high positive gatat the anode (a). This ensures that Tr2 and
therefore Trl remain conducting, even when thengatulse is removed. To turn the transistors off,
the voltage across the anode (a) and cathode (k) either have its polarity reversed, as would
happen in an AC circuit at the time when the pesitialf cycle of the AC wave reached 0V before
going negative for the second half of its cycleiora DC circuit the current flowing through the
SCR is switched off. In either of these cases threeat flowing through the SCR will be reduced to
a very low level, below the holding current leveh@wn in Fig. 6.0.3), so the base emitter junctions
no longer have sufficient forward voltage to maimizonduction.
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Demonstrating SCR Operation
Because SCRs are normally used for
controlling high power high voltage loads
this presents considerable risk of elect
shock to users in any experimental
educational environments. The circui
described in the following web pages
Module 6 however, are designed
demonstrate the various control methods u
with SCRs using low voltage (12Ms) AC as
illustrated in Fig. 6.0.5 rather than exposi
the user to the dangers of using mains (li
voltage. Note that the circuits shown in t
module are intended as low voltag
demonstrations only, not as working cont
circuits for mains (line) circuits. For ree
working examples you should cons
application notes produced by S
manufacturers.

The section of the circuit containing the SC
(a C106M SCR), together with a 33R curre
limiting resistor and a 12V 100mA lamp i
constructed on a small piece of Verobos
(protoboard), which can be easily attached to
a breadboard using 'Blu Tack' or similar Fig. 6.0.5 Low Voltage SCR Supply
temporary adhesive, allowing various drive

circuits to be constructed experimentally on thealdboard. The SCR is supplied with AC via a
double pole switch and a 230V to 12V isolating $fanmer (a small medical isolation transformer
is ideal) with a 250mA fuse in the secondary

circuit, all housed in a double insulated box. =

- O~O

A bridge rectifier is contained within a separa | i Losks
insulated enclosure with a 1K8 wire wour 110230V, | “§n -2V,
resistor connected across the output to ens Oy

there is always some load present. This enst SWH1 I_C”“m

that output waveforms of the 12V full wav

rectified output can be reliably displayed on FROM SKTI

oscilloscope. These separate circuits, illustra

in Fig 6.0.6 are simply constructed and compr

a useful set for demonstrating and experiment 1K8
with different types of SCR or power suppl FROM SKT2 0— wiw

operation at a low voltage. . L
Fig. 6.0.6 Low Voltage SCR Supply Circuits
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Module 6.1
Silicon Controlled Rectifiers (SCRs) in DC Circuits

What you’ll learn in Module 6.1 START N
After studying this section, you should R1
be able to: 1K I

Understand SCR operation in DC circuits: T
v 12Vde
e The SCR as a DC switch.

* The SCR as a Crowbar safety DC Motor
device. 12V 40mA

DC Power Switching

Thyristors can be used to control either AC or L _
loads and can be used to switch low voltage lo
current devices as well as very large currents a
mains (line) voltages. A simple example of a
thyristor controlling a DC load, such as a small DC
motor is illustrated in Fig 6.1.1. The motor hese i
connected to a 12V DC supply via a BT151
thyristor, but will not run until the thyristor irmade

to conduct. This is achieved by momentarily
closing the 'start’ switch, which provides a pu$e
current to the gate terminal of the thyristor. The
motor now runs as the thyristor switches on and its
resistance is now very low.

Fig. 6.1.1 DC Control Using a Thyristor
Video available on line

When the start switch returns to its normally og&ate, there is no longer any gate current but the
thyristor continues to conduct, and in a DC circuaiirrent will continue to flow and the motor
continues to run. Any further operations of thetssavitch now have no effect. The thyristor will
only switch off if current flow reduces to a valboelow the thyristor's holding current threshold.

This is achieved by shorting out the thyristor bgmentarily closing the 'stop’ switch. The circuit
current now flows through the stop switch rathemthhrough the thyristor, which instantly turns
off, as the SCR current is now reduced to less tharholding current value. Stopping the motor
could also be achieved by using a normally closeitck in series with the thyristor, which when
pressed, would also temporarily prevent currentv fibrough the thyristor long enough for the
thyristor to turn off.

Although this simple circuit works, as can be seethe video accompanying Fig. 6.1.1 it is not
difficult to imagine simpler ways of switching a allhmotor on and off. However the principle is
useful in situations such as using a computer taroba DC motor. The small current produced by
the computer's output is used to trigger a thyrigsually via aropto coupled devicéo provide
electrical isolation). The thyristor can then sypifle motor or other device with whatever higher
value of current is required. The use of a thyristmuld, with some appropriate extra circuitry,oals
allow for remote switching of a circuit or devigaggered for example by a radio signal.
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Fig. SCR Crowbar Circuits
Another DC operation using thyristors is tt

'‘Crowbar' circuit, used as an over volta

protection device. The circuit is called svde
crowbar, as its action is about as subtle a c—o—0 Voltage )
swift blow with a crowbar. Such circuits ma Fuse Regulator I

often be found preventing power supp o1 ?S‘ SCR

circuits from outputting a higher than norm. | 5¢ gynny BZY85/6V2 BT151

voltage under fault conditions. (from ) B

The basic idea is that if, for example a fault rectifierfiten) 1 R1

a DC power supply line causes the output u_?:;F" 100R

rise above its specified voltage value, tr ov
‘'over voltage' is sensed and causes a norm G O
non conducting SCR connected between - mn

power supply output and ground to switch « 6.1.2 Crowbar Over Voltage Protection

very rapidly. This can have different

protective actions, the simplest of which, as thated in Fig. 6.1.2 is to blow a fuse and so gwitc
off the power completely, requiring the attentidnacservice technician to get the circuit working
again. This is often chosen as the safest optidheasause of the original over voltage should be
examined and eliminated before the circuit is addwo work again.

In Fig. 6.1.2 the output of a regulated 5V DC sypplsensed by D1, a 6.2V Zener diode, the anode
of which is held at a voltage close to 0V by R1isThOQ2 resistor ensures that if the 5V supply
line rises above its specified limit, sufficientr@nt flows through the Zener diode to provide
enough current at the SCR gate to switch on the.SI&Re must also be taken to ensure that the
SCR is not triggered accidentally by any fast \g#tespikes appearing on the 5V line, due for
example to other switching devices in the circeiinlg supplied. C1 is therefore connected between
the gate and cathode of the SCR to reduce the tamipliof any very short interference pulses,
provided they do not exist long enough to chargedC4d high enough level to trigger the SCR.

The reason for using a thyristor to blow the fusthat fuses do not blow immediately; they operate
by blowing when excessive current flows for longegh so that the fusible element heats up and
melts. This may take long enough for the excessdltage to have already destroyed a number of
semiconductor components. The thyristor howeverahasry fast switch on time (about 2us for the

BT151) so that during the short time between ther @oltage occurring and the fuse blowing, the

entire power supply output current will be flowitigrough the thyristor, rather than through the

circuit being supplied.

Although circuits similar to Fig. 6.1.2 are widealged, relying on fuses to protect complex low
voltage semiconductor circuits may not provide alg protection. However an improved circuit
that can prevent over voltage situations withowwihg fuses, and which depends only on the
almost instant action of semiconductors is desdribeour Power Supplies Module 2.2 Series
Voltage Regulators
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Module 6.2
SCRs in AC Circuits

What you’ll learn in Module 6.2

able to:

SCRs
» Half wave and full wave control
* Basic resistive control.
* Phase control.

* Level control.

After studying this section, you should be

Describe methods for AC power control using

Basic Resistive Control
Thyristors are generally used in AC power control
circuits such as lighting dimmers, AC motor speed
controls, heaters etc. where mains (line) voltages
used for loads of many watts, or often kilowattse T
aim of AC Control is to trigger the SCR part way
through eachAC cycle so that the load current
through the SCR is switched off for part of the AC
cycle, so restricting the average current flowing
through the SCR, and hence the average power
delivered to the load.

* Pulse triggering. l
 Synchronous or zero crossing 1}:‘:{
switching.
Understand circuit operation for different I SCR
methods of SCR triggering. 230V 12v - C106M
AC Ac VR1 R3
Describe safety isolation methods for medium 5K L1 33R
and high voltage devices. Wiw
: . . R2 Lamp
The simplest way of achieving this i 560R 12V
illustrated in Fig.6.2.1, where the thyristor 100mA
switched on by applying a low voltage sir

wave (derived from the AC input by
simple resistor network containing a
variable potentiometgito the gate terminal of the SCR. Note that beedhe gate input wave is
derived from the AC flowing through the SCR, it Mgbnsist only of rectified half wave pulses.
The effect of this input wave is that tB€R will switch ononly as the gate waveform reaches the
SCR firing potential, which happens part way thtowgach positive half cycle of the AC wave.
Once the thyristor is switched on it continues ¢oduct until the AC wave reduces to just above
zero volts, when the current flowing between anadd cathode falls to a value less than the
'holding current' threshold (shown in Thyristor Mibel 6.0 Fig. 6.0.3)The thyristor then remains in
a non-conducting state during the negative halfecg€the AC wave as it is now reverse biased (in
reverse blocking mode) during the remainder of Al cycle. When the next positive half cycle
starts the thyristor remains in a non-conductirdgestntil the trigger waveform at the gate terminal
reaches its firing potential once more.

D B .
the gate waveform. As shown i oV ' '
Fig. 6.2.2. the smaller the gat ! !
signal amplitude, the later the SC ~_ ~_-
switches on.  Changing the Firing
amplitude of the trigger Wavefompntential.\ — L

therefore controls the switch-oi ov—L ) 7 )| i )
time of the SCR.

Fig. 6.2.1 Basic Resistive Control Circuit

The time or phase angle at whic
the SCR will be triggered can b
varied by changing the amplitude ¢

Fig. 6.2.2 SCR Resistive Triggering
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Note however that as a thyristor is basically difiec diode it only conducts during half of the AC
cycle, a single SCR can therefore only deliver 5if%he available AC power. Also, in using this
very basic form of control, the current flow thréuthe SCR is only controllable over half of the
positive half cycle, that is a quarter of the W cycle. It can be seen that once the switch-ore ti
reaches the peak amplitude of the AC wave it cabradjusted further, as the peak amplitude of
the trigger waveform will no longer reach the SCRegfiring potential and so will not trigger the
SCR after this point.

It can also be seen on line from both the animats
the video in Fig 6.2.3, that when using the simpkastive
method, control is not very linear; initially theurcent
through the SCR changes only by a relatively sma

conduction ceases. Look carefully at the inset shgwhe
lamp in the video; it only begins to visibly dimsjuas the
switching time is close to the peak value of the w&ve.

Fig. 6.2.3 AC Control Using Resistors
Video Available on line

Full Wave SCR Control

The basic SCR operation describt AN
above can be considerably improve ;
with some simple modifications RN

R1

Perhaps the greatest drawback of t 10K

simple resistive control is that th p
range of adjustment could only cove,
25% of the whole AC wave. This iy, i
due to the diode action of the SC

only conducting during the positive
going half of the AC wave.

-
R
-
g
L
2

i‘

To allow conduction during the
negative going half of the AC wave a
the AC can be rectified usingfall
wave rectifier as shown in Fig.
6.2.4(a). As both halves of the AC
wave will now be positive going, the range of athjusnt is now improved to nearly 50%. An
alternative is to use a second SCR connected irpardllel as shown in Fig. 6.2.4(b) so that one
SCR conducts during positive half cycles, and tteloSCR during negative half cycles. However
this parallel arrangement of SCRs can also be médasimply by using a single Triac instead of
two SCRs.

Fig. 6.2.4 Full Wave SCR Control Methods
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SCR Phase Control

To achieve control over virtually £250mA
100% of the AC wave, phas
control simply replaces one of th
resistors in the resistive contrc
circuit with a capacitor. This now
converts the resistor network into
variable low pass filter that willz3ov g
shift the phase of the AC wav
applied to the gate. Details of how

low pass filter works can be foun

here but basically, the values of ( e
and R are chosen so that adjustm:e
of R1 will provide a phase shif
from 0° to nearly 90°. To be
effective, the variation of R1 need.
to give sufficient change in the
behaviour of the load device (in this
case a 12volt 100mA lamp).

I
C_,_i

Fig. 6.2.5 SCR Phase Control Demo Circuit

As well as shifting the phase of the gate wavefoowever, the RC filter will also be altering the
amplitude of the gate waveform, so the amplitudthefgate waveform also needs to be kept above
the firing potential of the SCR type chosen, foitsking to take place. From these conditions it can
be seen that calculation of suitable values fomR @ to provide appropriate control, depend on
both phase and amplitude so can get quite complearefore some practical experimentation with
R and C values is also most likely to be necessary.

The video in Fig. 6.2.6 available on line shows
working circuit using the component values shown
Fig. 6.2.5. Watching the brightness of the la
together with the changing waveform shown in f
inset image, it can be seen that using phase dattes
give much improved control over almost the whda
180° of every half cycle, compared to the simj
resistive control.
Fig. 6.2.6 SCR Phase Control
Video available on line

SCR Level Control
Another way of switching on the SCR at tty/ \ \ \ \
appropriate part of the AC cycle is to apply a L ¥ oV

voltage to the gate during the time the SCR
required to conduct. The DC applied to the gaté v
therefore be a variable width pulse having a velte Vg
level sufficient to cause the SCR to conduct. The __
pulses must be synchronised with the rectified AC Fig. 6.2.7 SCR Level Control
wave so that they always start and end at the @orre Animation available on line
time relative to the AC waveform.

OV

The animation in Fig. 6.2.7 illustrates the basktimd of triggering an SCR using level control.
The SCR is triggered (switched on) for a periodrdpeach rectified AC half cycle by a voltagg V
applied to the SCR gate. The SCR turns off at titead each half cycle as the voltage across the
SCR falls to near zero, which also coincides wité é€nd of the trigger pulse;VThe DC pulses
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may be generated digitally, using a computer ougpuy using a discrete component circuit such
as that shown below in Fig 6.2.8, which usésb8 timer based monostablEhis circuit offers a
simple and inexpensive method of demonstrating SP&ation using only low voltages. Two
power supplies are used, the shaded area of RA & the AC demonstration power supply
described inSCR_Module 6.0 which isolates the demonstration circuit from tin@ins (line)
supply. The control section of the circuit mustdupplied with a DC voltage of between 5V and
12V. This can be from either a separate DC poweplsu(e.g. a 'Wall Wart'), a dedicaté@
regulated supplyor a battery. The control section of the cir¢black) is also isolated from the AC
section (red) by two optocouplers, IC1 and IC3.&mse this circuit is already isolated from mains
voltage by T1, it would seem unnecessary to uscargl method of isolation in IC1, However the
main function of IC1 is not isolation in this cabei to act as a zero crossing detector.

F1 F250mA o1
R7
o1 18K
230V, SCR
AGC C106M
o D1 R3
T1 1N4148 33R
Isolation (or similar)
Transformer O Lamp
BVA 12V
+5Y 0 +12V DC . /@ 100mA
C2 10nF
ov
0
R4 } R8
97K 10K
c1
2.2yF T
i

Y= Svidiv
X= Bms/div

DC Gnd rrry

Fig. 6.2.8 SCR Level Triggering Circuit

Y= 8Vidiv
X= 5Sms/div

2%

Fig. 6.2.9 SCR Level Triggering Waveforms

Y= 8vidiv
X= dms/div

SCR Circuit Gnd

g SR

P - S
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Level Triggering Demonstration Circuit

The circuit in Fig. 6.2.8 switches on the SCR diln@ chosen by the setting of VR1 during each
positive AC half cycle from the low voltage powerpply (waveform A). The SCR switches off
again as the rectified AC voltage reduces to nean at the end of each half cycle. The control
circuit is based around a 555 timer IC operatingnonostable modeand two4N25 opto couplers

As well as isolating the 555 circuitry from the amsing AC, IC1 (4N25) provides a synchronising
pulse (waveform B in Fig. 6.2.9). This is achiewstbiasing IC1 ircommon collector modso that
its output transistor conducts for most of the fudlve AC input, producing a high (5V) voltage at
pin 4, but turns off as the AC wave approaches fdgducing a OV output at pin 4 of IC1. These
pulses are used to trigger the 555 monostable @C&)e start of each half cycle.

Each time IC2 is triggered its output on pin 3 gb&gh for a time set by thigme constantreated

by variable resistor VR1 and the timing capacitdr Motice that VR1 is also connectedparallel
with a 27K resistor R4. The purpose of this is thiave a more accurate time constant than is
possible using only the preferred values of VR1 @dd It would also be possible to fit a preset
resistor in place of R4 to obtain the exact durafar the high level trigger pulse produced by IC2.

Notice that the trigger pulse produced by IC2 (Warra C in Fig. 6.2.9) goes high immediately a
synchronising pulse is received, which would tura SCR on at the start of the half cycle. Also
when the trigger pulse returns low this would neitsh off the SCR, it would continue to conduct
until the end of the half cycle; this is not whatneeded. However, waveform C is inverted by the
action of the optocoupler IC3, because its outparidistor is connected gcommon emitter mode
Therefore the SCR is triggered during the lattetgoeof the rectified AC half cycle, (waveform D
in Fig. 6.2.9). Notice that waveform D does notkdike the inverse of waveform C because, as
soon as the SCR is triggered the gate input (tegetith the anode and cathode) follows the shape
of the rectified AC wave from the moment of triggerto the time it reaches 0V.

Note that the level triggering circuit describedenand
shown in operation on line in the video in Fig..6®@is
not particularly meant to represent a practicatustr
for high voltage control, but as a demonstratioecei
allowing the control of an SCR to be studied. Th
module therefore provides the opportunity to stud
SCR triggering modes in more depth, using the Ig
voltage AC power supply described 8CR Module

6.0 and constructing the trigger circuits on breadbioa
In practice however, there are some drawbacksved le
triggering, which can be overcome by using Pul
Triggering.

Fig. 6.2.10 SCR Level Triggering Video

SCR Pulse Triggering _ Video Available on line
Using level triggering as described above has the

drawback of creating gate current throughout thegeriod of the SCR. This creates unnecessary
gate current and in high power application cantadtkat generated at junction 2 of the SCR,
which in turn may reduce long term reliability.

A moadification to the circuit shown in Fig. 6.2 8illustrated in Fig. 6.2.11. This circuit genesae
single narrow pulse (about 4ps in duration) togeeigthe SCR at the chosen firing angle, the SCR
then continues to conduct until the forward curffaiis to less than the holding current value at
around OV so greatly reducing the average gateurr
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T2
1:1 Pulse
Transformer
RS9
4TR

DC Gn
Fig. 6.2.11 SCR Pulse Triggering Circuit

How the Pulse Triggering Circuit Works

The portion of Fig. 6.2.11 shown in pale grey woirkthe same way as already described for Fig
6.2.8; the output of IC2 (the monostable) consiétsariable width positive pulses (waveform A
shown in Fig. 6.2.12) where the falling edge ofhea@alse defines the firing angle of the SCR.
(Note that in the level triggering circuit this weform is inverted before being applied to the gate,
so that the falling edge becomes a rising edgedger the SCR). In Fig 6.2.11 before the output of
IC2 is inverted, it idifferentiatedby C3 and R5 to produce a series of narrow 4pgiy®and
negative going pulses corresponding to the risimdy falling edges of waveform A. These narrow
pulses are fed to thedmmon collector (emitter followedriver transistor Trl via R6. Diode D2 at
Trl emitter removes the positive going pulses fafa@am a small residue due to the forward
junction potential of the diode).

The negative going pulseg
(waveform B) at Trl emitter are Y= 5Vidiv
inverted by the 11  pulsciiass
transformer T2 by connecting T
secondary in anti-phase to the
primary (notice the phase indicatd
dots next to the primary an
secondary windings) so produci
positive going trigger pulses for th
SCR. T2 also acts as the isolator
between the low voltage DC control Fig. 6.2.12 SCR Pulse Triggering Waveforms
circuit and the higher voltage AC

SCR.

Fig. 6.2.12 waveform C shows the SCR cathode wanefthe fast rising edge corresponding to the
timing of the trigger pulse delivered to the gata R8 current limiting resistor; this reduces the
current delivered by each trigger pulse to aroud@A.

Y= 5V/div
X= bms/div
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Both the level triggering and pulse triggering uaits provide reliable triggering and adjustment
over nearly the whole 360° of the 50Hz AC wave. Soadjustment of the monostable time
constant may be necessary for 60Hz operation. Theupply voltage level is not critical, between
about 5V and 12V.

Synchronous (Zero Crossing) Switching

A problem exists however with all the contre!

methods described above. The AC outf Full wave (A) 17V
waveform when the SCR is switched (crectified AC WWWM
during each positive half cycle of the A o
wave, has a very fast rise time, as the curr Isclator

through the SCR suddenly switches fro Output G YYYYYYYYYYY ov
zero to the instantaneous value of the / 7o oy
y AEEEEEEEEE

wave. When used with a 230V AC supp arcesing
this sudden change can be around 325V (sync puises
peak value of the AC wave). The wavefor

—— 5V
may also be a sharp triangular spike if t 3;?;:'"; ®_!

o

SCR switches on after the peak value of t o
wave has occurred. In any case the / Trigger
voltage waveform produced by the SC Pulses
action will be rich inharmonics that can ©s
generate a serious level of electromagne

interference (e.m.i.) causing problems n ® [\{17\!

HEN | o

ov

only to other connected circuitry; th Gate/Cathode
interference can also radiate to other nea

o

electronics as radio frequency interferen ~ SCRtriggers atfirst SCR switches off
fi the h . q d i zero crossing point at next zero crossing

(r. |) as the harmonics produced can exte after pulse point after pulse

well into the radio frequency bands. Fig. 6.2.13 SCR Zero Crossing Waveforms

To avoid these problems alternative control methodsy be used. One such method, called
'‘Synchronous or Zero Crossing Switching' is to oallpw thyristors to switch when the mains
waveform is at, or very close to zero volts. Thgitor is then switched on for a number of cycles
and then switched off again (as the AC voltage gms$isrough 0V) for another number of cycles.
The ratio of on to off cycles can then be altee@rovide a variation of average power supplied to
the load. Fig. 6.2.13 illustrates a theoretical hodt for achieving zero crossover switching. A
practical demonstration circuit is shown in Fig2.&4 and the actual waveforms obtained from the
circuit are shown in Fig. 6.2.15.

Waveform A in Fig. 6.2.15 shows the 18Vpp 100Hz gfavm applied to the zero crossing circuit
from thefull wave rectified AC power supplgnd bridge rectifier (shaded grey in Fig. 6.2.14).

Waveform B is a series of 5V pulses, derived fr@fh bptocoupler. As the optocoupler transistor is
turned on for most of the positive half cycle o thC input, this makes the emitter high apart from
a narrow pulse as the emitter falls from 5V to GA¢letime the AC input falls to OV. These pulses
are therefore synchronised to the zero voltaget pdiwaveform A.

However, as positive going trigger pulses are ng¢adrigger the SCR, the pulses at B are inverted
by Trl to create waveform C.
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Waveform D is the output of a free running 555 llstaoscillator IC2, which produces square
pulses at a pulse repetition frequency of about @hid a variable duty cycle adjustable by VR1.
This waveform is used to control the ratio of tmeamd off times of the SCR. As the SCR will be
high (on) for a number of 100Hz half cycles, thew (off) for a number of half cycles. The mark to
space ratio of the square wave produced by IC2jgstable by VR1 to produce an on time of
between about 20% and 90% of the periodic timehefdstable output. The operation of IC2 is
described in more detail @scillators Module 4.4.

The outputs of Trl (waveform C) and IC2 (waveforindde applied to the two inputs of the AND
gate (IC3). The output of IC3 goes to logic 1 onlyen both inputs are at logic 1. This produces a
series of narrow positive going trigger pulses (@&favm E) to trigger the SCR only at the start of
those half cycles whilst waveform D is high. Thigder pulses produced are applied to T2, a 1:1
isolating pulse transformer via the emitter follovaeiver transistor Tr2. The secondary winding of
T2 applies the trigger pulses to the gate of th® $@ a current limiter resistor R11 and diode D3.
The gate waveform (waveform F) is practically idegit to the output waveform at the SCR
cathode as there is only a small voltage differdreteveen the gate and cathode of the SCR.

: R1
F
I_Eéﬁl:ﬂ.ﬂ bl
[ |
230V |
AC i
0"
T1
230 o 12V i
Isolation (or similar)
Transformer
__ 100maA
+5V,,

o |
IC3 ‘IE)

T4HCTOB
| L.©

1C2 NE555 1K 14 (part)
A D3
1N4148
R11
27K
11 T2
il 3 100nF ,,g ki
1
100nF
ov
o

Fig. 6.2.14 SCR Zero Crossing Control Circuit
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Safety Note:

Generally 0.25watt resistors are OK for this desigut if the circuit is operated for
prolonged time with no AC supply but with the DQoply still on, there is agssibility tha
R11 (47R 0.25W) can overheat, as under these comgliit will be passing increased curi
due to waveform E being a higher current versiorthef astable output (waveform D).
avoid overheating, R5 could be replaced by a higlatageversion, or preferably both £
and DC supplies should always be turned off whercticuit is not operating!

SCR Zero Crossing Circuit Operation
This demonstration circuit again uses the low \ga@tél 2\kus) full wave rectified AC supply
described in Thyristors Module 6.0 and shaded gréyg. 6.2.14.

Fig. 6.2.14. uses two different methods of isolaémd demonstrates how the zero crossing control
method may be achieved using standard componénts.nbt meant to represent any particular
commercially available solution, nor is it meantépresent the best available method. The purpose
of the SCR gate drive circuits discussed in thiddal® is to provide useful demonstrations of
commonly used drive techniques and a low voltage&r@mment for relevant experimentation.

y = Svidiv
x = 20ms/div

y = Svidiv
x = 20ms/div

y = 5v/div
x = 20ms/div

Fig. 6.2.15 Waveforms for
Fig. 6.2.14 Circuit
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They can be inexpensively built og
standard breadboard or strip board
shown in Fig. 6.2.16 to serve as use
demonstrations, or as student projed
Low voltages are used in these projeq
to maintain a safer environment, b
learnabout-electronics.org does not cla
or suggest that any electronic circuit
totally safe, choosing to build and/or us
the circuits and methods described
this site is done entirely at your own risk

The video in Fig 6.2.17 shows the effe
of zero crossing control when used
dim a lamp. Notice the pronounce
flicker produced as the SCR switches
and off at low frequencies, showing th
this solution, whilst removing oné
problem of SCR control (interferencq
produces another - the low switchi
speed and associated flicker. Howe
while this may be a problem for lightin
applications, it is not a problem fo
applications with slowly changing value
such as heating control. Zero crossi
can therefore be effective in controllin
temperature by varying the averag
power supplied to a heating eleme
Also, because of the absence of f
changing voltage spikes in zero crossi
control, it is more suited to use wit

inductive loads than drive circuits that Fig. 6.2.16 SCR Zero Crossing
switch during the AC cycle. Breadboard Circuit

“F“‘Il“‘lﬁll-i}‘-l' .
1=iiiilhnvilhlil‘-q
] ¥ -

-
=

weO? A\

i o

Fig. 6.2.17 Zero Crossing Dimmer
Video Available on line
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Module 6.3
Triacs & Diacs

What you’ll learn in Module 6.3

After studying this section, you should be able to:

Recognise typical triac packages:

Understand a typical triac characteristics diagram. ._

Understand the function of quadrants in triggering triacs:

MT1

Understand the basic principles of opto triacs.

Understand the operation of diacs. / _ﬁ Wﬂu

Understand methods and limitations for out of circuit *i/'

testing of thyristors.

Safety considerations for using medium and high voltage Fig. 6.3.1 Triac Packages
devices.

The Triac

Fig. 6.3.1 shows some typical triac packages tagetiith the circuit symbol for a triac. The triac i

a bi-directional thyristor, similar in operation two SCRs connected in reverse parallel but using a
common gate connection. Therefore the triac camlwcinand be controlled during both positive
and negative half cycles of the mains waveformteld of having positive anode and negative
cathode connections however, the triac's main gtcarrying connections are normally labelled
MT1 and MT2 signifying Main Terminals 1 and 2 (atlgh other letters may be used) as either
terminal can be positive or negative. The triac lsartriggered into conduction by a pulse of current
applied to the gate terminal (G). Once triggereal tiiac will continue to conduct until the main
current reduces below the current holding threshlade to zero.

Fig. 6.3.2 illustrates the main characteristics of the triac.

Vgo is the maximum forward or reverse voltage +|
that the triac can tolerate before it breaks over into
uncontrolled conduction. Peak Breakover
Vprw is the maximum repetitive peak voltage Repetetive Volta/ge
(usually the maximum peak voltage of the applied Voltage
AC wave) that can be reliably tolerated. Latching Current 1, Voen Vao
Ver is a range of gate voltages that will trigger Holding Current |, —%
conduction.

. o . . —V L= - -— +v
I_ is the minimum current that will cause the triac to A Ver
latch and continue conducting after the gate Gate
triggering voltage is removed. Triggered
I is the minimum holding current below which a
conducting triac will cease conduction.

-l

Fig. 6.3.2 Triac Characteristics
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Triac Quadrants

Because the gating current or pulse us~~
to trigger the triac may be applied whils
the MT2 terminal is either positive o
negative, and the gating current or pul
may also be either positive or negativ

there are four different ways to trigger tt QUADRANT II QUADRANT |

triac. These are usqally' described MT2 + G - MT2+G +

"Quadrants” as shown in Fig. 6.3.3 (Megative trigger pulse | (Positive trigger pulse
. . . applied during the applied during the

Most triacs can be triggered in any of tt positive half cycle) positive half cycle)

four quadrants, and two of the fot

possible quadrants are needed to trig

condltJ.ctlonhdIL;rlng Ithe t\;vcih(poAsglve an QUADRANT Il QUADRANT IV

negative) half cycles of the wave MT2 - G - MT2-G +

Quadrants I, and lll or quadrants Il, ar
Il are the favoured methods ¢ applied during the applied during the
triggering, as quadrant IV is much les negative half cycle) | negative half cycle)
sensitive to triggering because of the w Deprecated
the diac is constructed.

{Negative trigger pulse |(Positive trigger pulse

Fig. 6.3.3 Triac Quadrants

So if quadrant IV is used with any of the otheethguadrants, the positive and negative half cycles
would need different values of trigger currentatiy an unnecessary complication. Also if a triac
is triggered in quadrant 1V, its capability of héind any fast current changesl/¢t) is reduced,
making the triac more susceptible to damage froentsvsuch as random high current spikes and
the inevitable high inrush currents when filamemhps are switched on.

An important aim in many modern designs is to cangmdentially damaging over voltage spikes,
and to reduce the tendency for the triac to reg&igluring the switched off portion of a cycle. §hi
happens during each AC cycle between the time wihercurrent drops below the holding current
of the thyristor and before the next trigger pulsihough not normally a problem when the triac is
driving a resistive load such as an incandescanp,lavhen used with inductive loads such as
motors the load voltage and load current will quiitely not be “in phase” with each other, so the
voltage can actually be near its peak value whenctirrent drops to zero, (as descrilhentg
causing a large and rapid change in voltage athessiac that may cause the triac to instantly re-
trigger and so switch on again so that controbss. |

Standard triacs have been used for AC control fanynyears, but over that time the range of
different triac designs has increased enormoustyddvh triac designs such a® HIGH-COM (3
guadrant, high commutation) triackom NXP/WeEn and Snubberless, triacs from ST
Microelectronics have many advantages such as improved performadese, false triggering,
usability with both resistive and inductive loadsdamproved switch off capabilities without the
need for additional circuitry such as snubbers. idathl input conditioning is also a feature of
some designs, including gate pulse conditioninghsag zero crossing detectors and logic level
inputs etc.

As many control functions are now carried out usmgroprocessors and/or logic circuits, there are
also many triacs that accept logic signals forgergng rather than relying solely on traditional

phase control techniques. One such triac is th@8&@&ensitive Gate triac from ON Semiconductor,
which is used in the low voltage demonstrationuitrin Thyristors Module 6.4.
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Opto Triacs

The materials used in the manufacture of TriacsZ@Rs, like any semiconductor device, are light
sensitive. Their conduction is changed by the meseof light; that's why they are normally

packaged in little chunks of black plastic. Howevkan LED is included within the package, it can

turn on the high voltage device output in respdnsevery small input current through the LED.

50R
(N
Lamp 230% 1 A, -
1
g DC Mains (Line) [} B
; voltace E E
Input

output E E

e o

Simple Opto-Triac Lamp Control Typical Opto-Triac IC
Fig 6.3.4. The Opto Triac

This is the principle used in Opto-Triacs and OBfORs, illustrated in Fig. 6.3.4, which are readily
available in integrated circuit (IC) form and da meed very complex circuitry to make them work.
Simply provide a small pulse at the right time Honminate the built in LED and the power is
switched on. The main advantage of these optiaailyvated devices is the excellent insulation
(typically several thousand volts) between the lmower and high power circuits. This provides
safe isolation between a low voltage control ciramd high voltage high current output. Although
the output current of opto triacs is usually lirdit® tens of milliamps, they provide useful inteda
when the output is used to trigger a high poweactftom a low voltage opto triac.

The Diac

The diac is a bi-directional trigger diode (see.i8.5) Diac Circuit
that has been used for many years as the

triggering component for standard triacs. It blo Symbol

current flow when a voltage applied across it issl
than its break over potentialgy (see Fig.6.3.6), bu
conducts heavily when the applied voltage is edoa
Veo. However, unlike other diodes that conduct in on
direction only, the diac has similar break overtagé
in both positive or negative directions. Once thé A
voltage applied to the diac reaches eithega¥dr -Vgo, a positive or negative current pulse is
produced. The break over potential for diacs iscglfy around 30 to 40 volts. This action makes
diacs particularly useful in triggering triacs it€Acontrol circuits because of its ability to triggkee
triac during either the positive or the negativéf bgcle of the mains (line) waveform. Its circuit
symbol (shown in Fig. 6.3.5) is similar to thateoTriac, but without the gate terminal.

_H_

?:ig. 6.3.5 DB3 Diac & Circuit Symbol
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The Diac characteristics illustrated in Fin.
6.3.6 show that at voltages belowsd/the
diac has a high resistance, (the characteri 10mA Lot
curve is nearly horizontal indicating the

there is only a small leakage current of a fe¢
MA flowing, but once +Yo or -Vgo IS
reached, the diac exhibits a negati
resistance. Normally, Ohm's law states tt

i

an increase in current through a compon } +V
with a fixed value of resistance, causes —
increase in voltage across that compone Aav E
however the opposite effect is happeni v +V,,(30V, )

here, the diac is exhibiting negativ
resistance at break-over, where the curr
increases sharply, although the voltage
actually reducing. -

The negative resistance mode lasts for a  Fig. 6.3.6 Typical Diac Characteristics.

period of about 2us, by which time the

forward voltage has dropped to about 5V and the digoassing a current of 10mA. This action is
fairly (though not exactly) symmetrical in eithdret positive (+V) or negative regions of the
characteristics.

Internally Triggered Triac (Quadrac)

There are far fewer types of diac available from
component suppliers than there are triacs. Also i MT1
is easier to select the ideal diac for triggering ¢
particular triac when it is already built in to the

MT2

package. Such is the case with the "Quadrac” « T mTz
Internally Triggered Triac illustrated in Fig. MT1
6.3.7. These devices also reduce componenfid 6.3.7. The Internally Triggered Triac
count and PCB space. (Quadrac)

Sensitive Gate Triacs

Triacs that depend on a diac for triggering haverawback for many modern low voltage
applications. The voltage required for the diaptoduce a trigger pulse must be at least as equal
to, or greater than it's break over potentiagd)/and this is about 30V or more. However there are
triacs available - Sensitive Gate Triacs - that lbartriggered by much lower voltages, within the
range of TTL, HTL, CMOS and OP AMP devices as wal microprocessor outputs. A
demonstration circuit for driving a sensitive gatac is shown inrhyristor Module 6.4
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Testing Thyristors, Triacs and Diacs.

There are many pages on the Internet that offehaalst for testing SCRs and triacs using a multi
meter. They basically involve checking the resistamf the device being tested to ascertain
whether or not it is open circuit. Measuring theiseance between anode and cathode of a SCR or
between the two main terminals of a triac, shonttidate a very high resistance when measured in
either direction by swapping round the meter probes

In both tests the meter should register out of earesistances (usually indicated by the display
showing "1” or “OL") also called infinity or infit@ resistance. Similar resistance tests can beedarr
out by measuring the resistance, again in bothctlmes, between the gate of an SCR and its
cathode, or the gate and MT1 on a triac, and shiodidate a much lower resistance, but not zero
ohms.

If any of these four tests produce a reading ob zdrms it may be assumed that the component is
faulty; however if the results show no faults tbidy means the component is PROBABLY OK.
Resistance tests on these high voltage componentmy of limited use and can only be relied on
as a simple guide; they do not show that the dewitiebe triggered at the correct voltage, or that
the holding current is correct. SCRs and Triacaalgwperate at mains (line) voltage and when
they fail the results can be dramatic. At leastviloéent blowing of a fuse will be the usual resoit

a short circuit SCR or triac. It is quite possibtevever, for these devices to be faulty and nowsho
any fault symptoms on an ohmmeter test. They mayms®K at the low voltages used in test
meters, but still fail under mains voltage condifoHigh voltage components such as SCRs and
triacs may also be damaged by unseen voltage spil@ger current events.

The normal method of testing in equipment using SGRtriacs would be the checking of voltages
and waveforms if the circuit was operating, or $imison of a suspect part when damage (e.g.
blown fuses) is apparent. In many cases componenp®wer supplies or high voltage control
circuitry of manufactured equipment will be desiguh"safety critical components” and must only
be replaced using manufacturers recommended methndscomponents. It is common for
manufacturers to specify complete "service kits"sefreral semiconductor devices and possibly
other associated components, all of which mustepéced, since the failure of one power control
device can easily damage other components in athkatyis not always obvious at the time of
repair.

ANY WORK ON MAINS POWERED CIRCUITS MUST BE DONE WIT H THE MAINS
SUPPLY FULLY DISCONNECTED. ALSO ANY CHARGE STORING COMPONENTS
(e.g. CAPACITORS) SHOULD BE DISCHARGED UNLESS THIS IS ABSOLUTELY
UNAVOIDABLE.

If you have not been trained in the safe working pactices that are essential for work on these
types of circuit DON'T DO IT! These circuits can Kkill!
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Module 6.4
Triac Circuits

What you’ll learn in Module 6.4

After studying this section, you should be
able to:

Describe Phase Control in triac circuits:
Describe Hysteresis in basic triac control circuits:

Understand how hysteresis may be minimised in
triac circuits:

Understand timer-based circuits for triggering
sensitive gate triacs.

Basic Diac-Triac Dimmer Circuit

A basic power control circuit using a triac andadia shown in Fig. 6.4.1. The capacitor C1 is
charged via the variable resistance comprising RILR2, in either a positive or negative direction
alternately by the AC input voltage. Current pulsesated by the diac each time the capacitor
voltage (\&) reaches either the positive or negative break petential of the diac (+/-36) are
used to trigger a triac.

The time (or phase angle) at which this happens' — Load |-+
depend on how quickly the voltage across 1

charging capacitor C1 in Fig. 6.4.1 charges ups Ti R1
controlled by the variable resistor R2 and creae 3k3

variable 'Phase Control' methodsimilar to that
described in SCR Module 6.2 for SCR triggering. T /@9

AC mains waveform is effectively delayed or pha R2
shifted by the RC circuit so that the diac is tegegd /) 250K

by a discharge of current from the capacitor Cb i @r .
the triac gate. The triac then conducts for t 230V, Diac Triac
remainder of the mains half cycle, and when thenme ? /I
voltage passes through zero it turns off. Some ti H

into the next (negative) half cycle, the voltage@h
reaches break over voltage in the opposite polanty - C1
the diac again conducts, providing an appropri 0.1uF
trigger pulse to turn on the triac. By varying thant
in the waveform at which the triac is triggerecthis
way, the amount of power delivered to the load loan
varied.

&

Fig.6.4.1 Basic Triac Phase
Control Circuit

Phase Shift Control

Using a basic design such as that shown in Fid Gadljustment of the power output is possible by
varying the amount of phase shift produced by tBepRase shift network R (comprising R1 and
R2) and C1. As R2 is adjusted the total resistéRg¢avill vary between 3.3K ohms when R2 is at
zero ohms, and 253.3K when R2 is at maximum resistand producing a phase shift of almost
90°.

The value of C1 is chosen so that when it is clthtgeto at least the break over voltage of the diac
(Vo) it can supply enough current for the diac togeigthe triac without being totally discharged.
However, as the phase shift of the AC waveformsgf@1 increases towards 90°, the amplitude of
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the phase shifted wave will decrease, (as candelsecomparing Figs. 6.4.2. and 6.4.3) but its

minimum amplitude must still be equal to or gredlan \so.

The value of R1 is chosen to give only a few degdgohase shift when R2 is adjusted to its
minimum resistance (zero ohms), and the maximumevaf R2 is selected so that together with
R1, the amount of phase shift produced is as ¢098° as possible without letting the peak to

peak voltage of the waveformcVall below +Vgo and -\ko.

+VF‘K
Capacitor
Voltage V_
+VEG
ov \
_VEG i
_VF'K

a

+V

PK]

-V

PK

Capacitor
Voltage V,_

i

angle

Conduction u\

VL =0V

Fig.6.4.2 Waveforms at Maximum Power (R, at Minimum Resistance)

Typical waveforms for the triac phase control cireu Fig.6.4.1 are shown in Fig. 6.4.2 and Fig.
6.4.3. Figure 6.4.2 shows the supply voltage @nd the phase shifted voltage-j\appearing
across the capacitor C1 when R2 is set at minimagistance. Note that there is very little
difference between §/and \t. The blue waveform () is approximately the same amplitude as V
(shown in green), and the phase shift is not muehtgr than 0°. Hover the PC mouse over Fig
6.4.2a (or "touch” on a touch screen) to view ffexeon the output waveform.

In Fig. 6.4.2b the triac output waveform (purpkejpdded and shows that the triac is triggered early
in the positive half cycle at the point where ¥ +Vgo (the diac positive break over voltage,) which
will be approximately +30V, depending on the diged: At this point capacitor C will discharge
current into the diac, causing a positive triggasp at the triac gate. The triac switches on hed t
output waveform is then practically identical te upply voltage ¥ (apart from the very small
voltage drop across the triac) untig Xeturns to OV at the end of the positive half eyohen,

because the current through the triac is now leams the triac’s holding current, the triac switches

off.

A short time later, the triac switches on again wkige = -Vgo (the diac negative break over
voltage,) at about -30V, C discharges current @@ and the triac switches on once more. The
result is that the output waveform is practicaltlg same as the input waveform apart from two
short periods of time around the time the wavefpasses through zero volts. This therefore
applies maximum power to the load, which will bdigtinguishable to applying full mains (line)

potential to the load.
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+VF‘I( +VF‘I(
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Fig.6.4.3 Waveforms at Minimum Power (R, at Maximum Resistance)

Fig. 6.4.3 shows the phase control waveforms rejat Fig. 6.4.1 with R2 at maximum resistance
(250KQ). Here the RC network (R1+R2)C has caused a pétafieof nearly 90° but reduced the
amplitude of Vc so that it is still just enoughdause the peaks of the wave to reach VBO so that
the triac can still be triggered. Looking at theépat wave (Fig. 6.4.3 b) it can be seen that when t
capacitor voltage VC coincides with -VBO close lte &nd of a negative half cycle of VS the triac
is triggered and the triac output voltage takeshgpinstantaneous value of VS. As VS is already
close to zero volts, the triac switches off againts current drops below the holding current (1)
zero. The triac remains in its off condition untilis triggered once more as VC coincides with
+VBO, so starting another very short, but this tipeesitive pulse at the end of the positive half
cycle. The triac output is therefore at its minimoomdition.

Hysteresis Problems

There is however a problem with this bas’ X

triggering circuit, although it is widely used i Load

many domestic lamp dimmers. The proble R1

occurs because when C1 is partially discharg 3K3 R4

into the diac there will be some charge remaini R3 H H15K

on C1 and when ¥ passes through zero ar 11% 1W
begins to charge C1 in the opposite polarity, tl I R2

remaining charge will oppose the build up of tl fb | 250K

opposite polarity charge on C1. Therefo 544y D1 D3

triggering during the next half cycle will be © #° Triac
delayed, causing unequal conduction ang| —>H—P Diac
especially during the initial turn on cycles of tf H_/I
mains waveform. This hysteresis effect cause

difference between the amount of conducti D2 4L C1 D4
occurring in the positive and negative half cycle TD.1pF

which also means that the AC wave at the tr Note- C1 and Diodes D1 fo Da
output will not be centred on zero volts, but w should be rated at 400V or more
effectively have a varying and unwanted DC . L .
component. Fig 6.4.4. Eliminating Hysteresis in

Triac Dimmers

This hysteresis effect can be eliminated howew&nguthe circuit from a detailegpplication note
from Littelfuse shown in Fig. 6.4.4. Here the capacitor C1 isyfdischarged every timedpasses
through zero. If the charge on the top plate ofg}dositive and point X is at zero volts, C1 will
discharge to OV via D3 and R4. If the charge ongiegative when X = 0V, C1 will be discharged
via D1 and R3.
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When point X is either positive or negative C1 aatrive charged via D1 or D3 as the voltages at
the bottom of R3 and R4 will be held within abolH+6V of zero due to the forward conducting
voltage of either D2 (during the positive half @)cbr D4 (during the negative half cycle). C1 is
therefore always charged via R1 and R2.

Note that in practical control circuits using Thsgars, Triacs and Diacs, large voltages are switche
very rapidly. This can give rise to serious RF iifgeence, and steps must be taken in circuit design
to minimise this. Also as mains (line) voltage regent in the circuit there must be some form of
safe isolation between the low voltage control congnts (e.g. the Diac and phase shift circuits)
and the mains ‘live” components, e.g. the triac laad. This can easily be achieved by "Opto-
coupling" a low voltage control circuit to the higbltage power control part of the circuit, and/or
using isolating components such specially designesk transformers as described in SCR Module
6.2

Triggering a Sensitive Gate Triac

F1 D1 . TRIAC @
F250mA 1N4001 MT2 60734 Fieiiery i
y\ |
O-T - MTi

230y } RE
AC 33R
o wiw
™
230 tc-_12\-" Lam
Isolation 12v
Transformer| 100m
BYA
ov | —
C4 10nF
Ij'—”; s
T3
1:1 Pulse
2N3904
ol Transformer
Sl Res
Thresh Out
Disch Thig

Vo Gnd

L
Fan R10
IC2 555 D2 47R
1M4148

DC Gnd e

Fig. 6.4.5 Triggering a Sensitive Gate Triac

The circuit in Fig. 6.4.5 demonstrates a Iq
voltage dimmer control by triggering
SN6073A sensitive gate triac in quadrants |l &
lll. Control is achieved over practically 180°
both positive and negative half cycles of t
wave as shown in the circuit waveforms F and
in Fig. 6.4.7.

Fig. 6.4.5 uses a variation on the low voltal
triggering techniqgues demonstrated for S(
triggering in Thyristor Module 6.2 but this tim
driving a sensitive gate triac, which is triggerg
from a low voltage analogue circuit comprisi
a transistor zero crossing detector (Trl), whi
switches off each time waveform A falls close t0 fiq, 6.4.6 Triggering a Sensitive Gate Triac
0V, producing a series of positive pulses at its
collector (waveform B), coinciding with the AC
wave zero crossing points.

--. Bdam Anddd Bak
P1e3 TiaaY GRNAT GNAST LNaN

Video available on line
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These pulses are then inverted by an inverting ifiBpl(Tr2) to produce negative going

synchronising pulses (waveform C) are used to érggvariable delay monostable (555 timer IC1)
to produce variable width square pulses having éthmMand therefore time delay) controlled by
VR1. The square pulses produced by IC2 are comaitioby a differentiator C5/R8 to produce
narrow positive and negative going pulses (wavefbjm

These pulses are amplified by a current amplienifter follower) Tr3 and the unwanted positive
part of the waveform is removed by D2. The resgltiegative going pulses drive the triac gate via
an isolating pulse transformer T2 (waveform E). Tiele trigger circuit is fed from a 12V AC
source derived from an isolating transformer T1e Tnidge rectifier BR1 supplies a 100Hz half
wave waveform for the zero crossover detector, i/ DC stabilised supply via D1 and IC1,
eliminating the need for a second low voltage D@pby Fig 6.4.7 also shows the triac output
waveforms at maximum power (F) and minimum powex (G

Fig. 6.4.7 Sensitive Gate
Triac Triggering and
Output Waveforms

"/\/\/ S EEREMN

/—' OV (AC) oV _,:-,_?",_.._ /_— /-—
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Module 6.5

Thyristor Protection

What you'll leam in Module 6.5 Thyristor Protection o _
Thyristors usually operate in high voltage, highrent
conditions. In controlling AC supplies the SCRs or
triacs may be affected by, and damaged by a vaoiety
Recognise over voltage & over current randomly occurring over voltage and/or over current
conditions in SCRs: conditions. Therefore circuits using thyristors Iwil
normally use a variety of safety devices to protect
circuits being controlled by a SCR or triac from
« Voltage surges. damage. In addition, as thyristor action can abese
electrical interference, measures may also needeto
taken to minimise this.

After studying this section, you should
be able to:

« High voltage spikes.

» Causes of high current.

Identify typical components for preventing

A number of these safety features are described in
over voltage and over current.

Semiconductors Module 5.%5n addition to these, two
Understand potential hazards in protection more commonly used components, the MOV (metal
methods oxide varistor) and the PPTC (polymer positive
temperature coefficient) resistor are describedveel

Describe methods for improving safety in
protection methods.

Over Voltage

The mains (line) supply can cause a number of over

voltage conditions; these may be sudden voltage

spikes, as shown in waveform (a) in Fig. 6.5.1. @

which although they may be very short in duration {"\[ [ [W[m [b
can comprise very high voltages and large amounts

of electrical energy. These voltage spikes may be

due to natural causes such as lightning discharges b

or locally sourced events such as the switching of

inductive loads e.g. electric motors. Voltage spike

can be many times a thyristor's maximum peak

voltage and so potentially damage the thyristor.

Even when the voltage spike is not large enough to

cause permanent damage, if it exceeds the breakKig. 6.5.1 Over Voltage Spikes and Surge
over voltage of the thyristor, this could caus¢oit

switch on prematurely.

Another type of over voltage event that could hapjsea voltage surge, see waveform (b) in Fig.
6.5.1 when a higher than normal voltage lasts Iptigen a voltage spike, and can be caused by
faults on the supply grid.
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The Metal Oxide Varistor (MOV)
A common safety component used to protect maimse)(i
driven thyristor circuits from either of these oveoltage
conditions is a resistive voltage-clamping devioehsas the
MOV (Metal Oxide Varistor), illustrated along witts circuit
symbol in Fig. 6.5.2, which acts as a non-lineagister,
meaning that the relationship between current asithge in
the MOV is not linear, but changes at different legup
voltages.

As shown in Fig. 6.5.3, a MOV looks very similar &
ceramic disc capacitorand has some similarities i
construction. The MOV has two parallel disc shapéates
just like a small ceramic capacitor, but the cecamaterial |
between the plates of a MOV is impregnated witly grains = %%
of a metal oxide such as zinc oxide (ZnO) and (incim < m

smaller amounts) another metallic oxide such deitobalt . . :
' ; Fig. 6.5.2 Metal Oxide Varist
oxide (CoO) or manganese oxide (MnO). '9 etal Uxiae varistor

This has the effect that the junctions betweenwtetypes of
metal oxide grains used produce many tiny diodes &ne
randomly oriented and so combine to form many sesi®d petal Oxide
parallel forward and reverse biased diode netwdrksrefore Grains in
when a low voltage is applied to the conductinggdaonly a Ceramic
very small current (the reverse leakage currerthefdiodes)

flows, but above a certain critical voltage, caltbd Varistor

Voltage, the diode junctions within the ceramic enal break

down allowing a large current to flow.

Metal
Plates

Epoxy Resin
Coating

Wire
Connectors

Therefore the MOV has a very high resistance belbes
varistor voltage and a very low resistance aboveTlhtis
voltage is specified for any particular MOV as thdtage at
which a current of 1mA flows through the MOV.

Typical voltage/current characteristics for a MOM shown ~ F19- 6.5.3 MOV Consiruction

in Fig. 6.5.4 where the MOV described by these attaristics
has a varistor voltage of 300V. Therefore betwegd0V and
+300V there is no perceptible change in currerdicating that
the MOV has a resistance approaching infinity, authigher
voltages (in either polarity) than the 'Varistor Iége'
specification, a large current flows with hardlyyafurther o iinearmov °
change in voltage. The MOV in this region therefbes a very Resistance\ 1-

low resistance. T
-300  -200

Iy (MA)
1000 -

100

ristor
Voltage,

. . . 100 200 300
To protect a thyristor, a MOV would be chosen watlvaristor V, (V)
voltage higher than the maximum operating voltdgd, lower

than the break-over voltage of the thyristor. 100 —

MQV Capacitance \ -1000 -
Because the structure of a MOV is similar to tha@eramiC ' Linear Resistance
capacitor, the capacitance of a MOV has a sigmifiedfect in g 654 MOV Characteristics
slowing the response time of its operation. It hasre

capacitance than a zener diode for example, whah e an advantage or disadvantage. In
protecting DC circuits the capacitance of the slovesponse time of a MOV can be useful in
reducing the amplitude of short duration over \gdtapikes. In high frequency applications such as
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data line protection, the extra capacitance of aMMfoross the lines could severely limit its ability
to pass high frequency data.

MOV Hazards

However, although MOVs are useful in controllingeovoltage events,
their use does have some problems. When a voltaige sr surge
occurs, the high voltage will also produce a higirent through the
temporarily low (but not quite zero) resistance M@V the time that
the over voltage condition exists. This means thaing that time,
there will also be a high current through the MQWerefore voltage
current and time are all involved, so the spikeldanore properly be
described as an energy spike, with the amount efggninvolved
measured in joules rather than simply in voltsMOVs are rated in
joules as well as in volts.

Fig. 6.5.5 MOV Destroyed
by Fire

In protecting against these high-energy eventsvit®/ must dissipate a large amount of energy in
a very short time. This causes a large amount af teebe generated in the MOV, and if this heat
cannot be dissipated quickly enough, or the ovéiage continues for more than a very short time,
the MOV can go into thermal runaway, where theanase in temperature causes an increase in
current, which in turn causes a further increaseemperature, leading to so much current that the
MOV is rapidly destroyed, creating a fire risk, d6g. 6.5.5. Even supposing the MOV is totally
destroyed without catching fire, but becomes opmsuit, there is then the situation that the citcui

it was protecting is now unprotected against the oeer voltage event.

A MOV is very effective in eliminating short spik@s voltage, provided that the voltage does not
go too high or last too long, but cannot be exmbttedeal with events such as direct or nearby
lightning strikes, nor will they survive prolongeger voltage conditions due to power surges.

Extra Protection for MOVs

To minimise the fire risk in MOVs, they must in tube
protected by at least a second safety device. mhisbe a fuse, L\ 2
which will blow to cut off current to the circuihithe event of F

too much current flowing. Fuses can either act icliately in

the case of fast blow fuses, typically marked F2&0for

example on a 250mA fast blow fuse, see examplen(®)g. T’# \
LT8O

6.5.6 or after a short time of over current, ofteetessary to

but a typical anti-surge fuse is shown in exampie big. 6.5.6.

terminals, denoting 'time delay'. 'T“ngr:rm””l g_r'f”'fl-"
requires the attention of a service technician,just to replace the fuse but to diagnose the fault

avoid the fuse blowing due to normal current surgeswitch - ™ /
on of the equipment. Anti-surge fuses can varyanstruction, b c

Note the spring device inside the fuse and therlétlt before '

the indicated current rating embossed on one of é¢hd h

Fuses are a simple ‘one off over-current protealievice; once iy, 6.5.6 MOV Protection

a fuse inside a piece of electronic equipment [failgenerally

that caused the over-current. This human intergarprovides an extra layer of protection in what
could be a dangerous condition.

Polymer based positive temperature coefficient (BPrEsistors (example c in Fig. 6.5.6) are also
available to provide over-current protection, thesenponents act thermally in rapid response to
the extra heat caused by the over current, bugansof failing permanently like ordinary fusesythe
can reset themselves after the over-current stiuidtas ended.
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These devices, also called Multifuses or

Pol_yfuses (Manufactur(_ars names), are basici L O_O( O_? -
resistors made by using a polymer mater 1 AT
impregnated with carbon granules. In PPT : PPTC
their resistance remains low at norm : Protected
temperatures, as the carbon granules in con [ MOV Circuit
with each other form low resistance chai !
across the device, but when a specified h N 0—ch — |
temperature is reached, due to high curr

flow, the polymer expands to a point wher MOV MOV
the carbon granules are separated and

resistance though the device rapidly increa: E i *

to a very much higher value, cutting off curre
flow almost completely until the PPTC i,

allowed to cool once more Fig. 6.5.7 PPTC Over Current Protection

Then the carbon granules reconnect and the lovstaesie pathways return once more. These
thermal cut off devices may be used in series thighsupply, to protect the whole circuit, as shown
in Fig. 6.5.7 or may be combined within the MOVligd a TMOV or thermally protected MOV) in
which case the thermal protection only appliesh® MOV itself. The time to trip (TtT) taken for
the PPTC resistor to 'trip' into its high resiserstate will typically be in a range from one
millisecond to around 10 seconds. The trip timediay given device will be approximate, as it will
also depend on external factors such as fault cuared ambient temperature.

Gas Discharge Tubes (GDTS)

MOVs are efficient at suppressing voltage spikesoug
few hundred volts but for over voltage spikes amdjss
induced by distant lightning strikes it is neceggaruse 7
devices such as Gas Discharge Tubes (GDTs). These
surge arresters (illustrated in Fig. 6.5.8) are lsma
ceramic or glass tubes filled with an inert gassreein

two electrodes, which has an almost infinite resisé

up to its particular breakdown or spark-over vadtagut s AL
above this limit will conduct heavily. -

N LA RN RARRY AT
mm
GDTs are available over a range of breakdown ve#fag Fig. 6.5.8 Gas Discharge Tube (GDT)
from around 75volts up to several thousands ofsyolt

depending on the gas used, its pressure and tis&cphglimensions of the tube.

Snubber Circuits

Another method for reducing the impact of voltagé&ass on SCR
operation is to use a RC snubber circuit acrosS®R or triac as |

shown in Fig. 6.5.9. In this simple circuit the r@mt choice of RC

time constant can reduce the amplitude of voltag&es by R
diverting the energy produced by the high voltage eurrent into /y_

charging the capacitor over the time duration ef der voltage,

by partly charging the capacitor (and thereforeucsny the

amplitude of the voltage across the circuit duting charge) then

releasing the stored energy back to the circué ebntrolled rate
via the resistor. Fig. 6.5.9 SCR Snubber

" %
c "_Tc

The overall effect being to substantially reduce #mplitude of any random over voltage spikes.
More information on snubber circuits is availad hyristor Module 6.RC Snubber Circuits.
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Module 6.6
Opto Coupled Devices

What you’ll learn in Module 6.6

After studying this section, you should be
able to:

Describe typical uses for Opto Triacs:
» Electrical isolation.
* Switching capability.

* Typical construction.

* Electrical isolation.
» Switching AC and DC loads.
* Typical parameters.

Describe typical safety features used in solid
state relays (SSRs):

* Reverse Polarity Protection.

« Over Voltage Protection.

» Transient Voltage Suppression.
* Snubber circuits.

* Zero voltage crossing.

Describe Basic measures for testing IC based
Optocoupled devices.

* Basic tests.

» Safety considerations for medium and
high voltage devices.

Describe typical features of Solid State Relays:

Opto Triacs and Solid State Relays.

Devices that are used in the control of high
voltage/high power equipment need to have good
electrical insulation between their high voltage
output and low voltage input. Relying on a layer of
silicon oxide, a few atoms thick to provide the
required insulation is not really an option in such
conditions. When faults occur (and they are more
likely to do so in high power circuits) the resuttn

be catastrophic, not only to the circuit components
but also to the users of such equipment. Physical
isolation (meaning that there is nelectrical
connection at all between the input and output) is
what is needed. Fortunately there are readily
available solutions to this problem. Many high
power circuits today are controlled by low voltage,
low current circuits such as microprocessors, using
opto electronic devices such as Opto-Triacs,
Opto—Thyristors and Solid State Relays to isolate
the low and high power circuits.

The control device must be able to handle the high
voltages, including very high voltage spikes that
may occur in either AC or DC output circuits due to
back emffrom inductive loads and voltage spikes
that may be randomly present on the mains (line)
power supply. Also high values of surge current
(much higher than the normal 'running current’} tha
occur for example when loads such as motors or
incandescent lamps are switched on, can require
that the control device must be rated to handlgesur
currents up to 40 or 50 times higher than normal
“running” current. The control device chosen must
also ensure electrical isolation between the input
and output circuits. In addition to these critetlese

circuit around the control device must also provéddéeguards against dangerous situations. For
example, adequateeat sinkdor the solid-state devices used. Also speciay Vast acting fuses or
circuit breakers are needed to prevent damagestseimiconductors due to current overloads.

In this group of optocouplers, photo-triacs, ph8©Rs or photo-diode/MOSFET combinations
replace the photodiodes and phototransist~<

described inOpto Coupled Devices Module, &

and are also readily available in integrat [T~ Bl [T 6]
circuit (I.C.) form for switching relatively low } EE }

power AC or DC loads. High power solid sta E E E E
relays (SSRs) illustrated in Fig. 6.6.2 use I E

such as those shown in Fig. 6.6.1 with ex
“built in” circuitry to handle high voltage, higl

current loads safely and reliably.

4 B 4]

Opto-Triac IC Opto-SCRIC
Fig. 6.6.1 Opto Triac & Opto SCR
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Solid State Relays

Opto triacs and Opto SCRs are used for switchingldetls but
solid state relays using power MOSFET transistoas ¢an switch
AC or DC are also available. Low power solid stastays,

consisting basically of an opto triac circuit, suak the type
illustrated in Fig. 6.6.1 can be used as conveationtegrated
circuits, mounted on a printed circuit board. Atigively these
low power optocouplers can be enclosed within &olated case
along with high power triacs or SCRs and extra tgal
components, such as heat sinks and pulse suppre
components, in larger rack mounted Solid State yRe(&SRSs)
with just four or five screw type heavy duty terals that can be
treated as mains (line) power switches and camcephany types
of electromechanical relays.

Fig. 6.6.2 Typical High

Power SSR
One of the most important feature -
of SSRs is for the optocoupling t N Channel enhancement mode
provide complete electrica — power MDHSFETS
isolation between its low powe My
. . . . Low Voltage 3] ACorDC
input circuit and its high powel pg inpyt A ;;-Q I% Output
output circuit. When the outpu See Fig5.5.4
switch is 'open’ (i.e. the MOSFET . SR é Cmn’;’;"ﬂns
are turned off) the SSR has photovoiltaic g
nearly infinite resistance across it unit 4‘
output terminals, and amlmost 27 |
zero resistance when ‘closed' (i.e. Fig. 6.6.3 MOSFET Solid State Relay

MOSFETSs conducting heavily).

Even so, some power will be dissipated by the senductor switch when in either 'on' or 'off'
state with either AC or DC currents. For this reasolequate heat sinks are required to prevent
overheating.

A typical circuit of a basic MOSFET SSR is shownFigure 6.6.3. A current of about 20mA
through the LED is sufficient to activate the MOSBEthat take the place of mechanical relay
contacts. The (infra red) light from the LED fatla the Photovoltaic unit that comprises a number
of photodiodes. Because a single photodiode wlif produce a very low voltage, the diodes in the
photovoltaic unit are arranged in a series/paraltedy to produce sufficient voltage to turn on the
MOSFETS.

Figure 6.6.4 represents
basic example of a MOSFE"
SSR, showing how the
outputs can be arranged 1
allow the SSR to switch
either AC or DC loads. A
number of similar SSRs art
available to meet differen
AC and DC output voltage
and current requirements,
typical example is the Fig. 6.6.4 Using a MOSFET Relay chip for

PVT412 SSR from switching A.C. or D.C.

International Rectifier (now

part of Infineon Technologies) manufactured in salveersions as a 6 pin DIL package and

][] =]
ol
rl
BT =
3
g
5
=

L E}_
3‘ 5 4 Lﬂali +
|- DC Supply

[ 9] [=]
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capable of replacing a single pole mechanical riedegwitch AC or DC voltages up to 400V (peak)
with currents up to 140mA AC or 210mA DC. Otherpshiare available that act as double pole,
Normally Closed (NC), Normally Open (NO), and Chaoger relays with a wide variety of extra
facilities. SSRs are also manufactured in a rafigeitput voltages and current ratings, with a range
of package types ranging from small surface moomponents through complex multi pin chips
and large heavy current examples for rack mountiredectrical control cabinets. More information
on SSRs can be found by searching for Solid Stai@y® on manufacturers websites such as
Infineon Technologiesr at semiconductor suppliers suchR&s Components

SSR Safety Features

SSRs consist basically of an optocoupler drivinghedhigh power switching device such as a
power triac, MOSFETS or a SCR, but as their purpes® switch high power electrical loads,
often in safety critical situations SSRs are maciuied with a wide variety of features, designed to
allow for safe and reliable operation. Some of ¢he® illustrated in the circuit shown in Fig 6:6.5

—Q o

Reverse Polarity Protection. If the input t I(-lﬁﬁenl R1 HRS Fuse T
terminals are connected in the wror Limiter
polarity, diode D1 conducts and reduces t o .
voltage at the bottom of R1 to about 0.7 £ (,_,_ N !IJ * RS AC
thereby saving the optocoupler LED fro1= | 14 Supply
damage. Note that the diode and the curr £ | * ; RC
limiting resistor R1 power ratings must £ 3 & E— Ve C1T snubber
able to withstand the reverse polarity curre 8 (b1 Diode
at maximum input voltage without damag HF‘? []R"
otherwise a suitably rated input fuse may l \
inserted between the input positive termir ¢ Ll oaD o
and the current limiting resistor. Reverse  Over Power Triac

Polarity Current on Heatsink

Protection Protection
Fig. 6.6.5 Solid State Relay Safety Features

Over Current Protection. It is common for SSRs to be able to work from ageaof DC input
voltages, for example 5v to 24V. These higher @t can cause the current through the
optocoupler LED to rise higher than its requiredkimaum, in this case the over current protection
circuit operates to maintain a suitable currenelelirough the LED. R2 is a low value resistor for
current sensing; it's value is chosen so that undemal operating conditions Trl is biased just
below its cut-off threshold, but if the currentabgh the optocoupler input LED increases due to an
excessive input voltage, the extra current throBghwill cause Trl to conduct, diverting some of
the LED current through Trl reducing the voltage¢hat bottom of R1 and the current though the
LED to a safe level.

Transient Voltage Suppression (TVS) DiodeSSRs used in control situations can be liable to
damage caused by sudden and short lived (i.e.i¢r@ghwoltage spikes, which can be caused by
external events such dmck emf pulsesvhen switching inductive loads; also remote ligihgn
discharges and other electromagnetic or electrosthscharges are high risk occurrences for
semiconductor devices. Such voltage spikes mayebge short in duration but can be hundreds or
thousands of volts in amplitude, and although tineent they create may be very small, the stress
caused by such voltages can cause total failutteeisemiconductor devices used in SSRs. One way
to reduce these dangerous events is the use afisignt voltage suppressor (TVS) diode connected
in parallel with sensitive devices such as the omipler as shown in Fig. 6.6.5.
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Fig. 6.6.6 illustrates the action of the TVS diodad

shows a sine wave output superimposed on the T Reverse e

diode characteristics. The bi-directional TVS dioc Breakdown

works rather like two back to bacKener diodes U?\:,mﬁe

where above a certain reverse voltage, currn N (Vo) V. )
breakdown occurs and the diode conducts heavily. Ve Ir -— Vewo
the TVS diode in this case is bi-directional, bid@akn

occurs in both forward and reverse conditions. Fohvard
In use, a TVS diode must have a breakdown voltz / Errec;lr:c':jaown
higher than the@eak voltage of the AC waywhich is _ Spike Voltage
1414 X \ews SO a TVS diode with a breakdow:<emeved - Vea)

voltage about 1.5 times greater than the RMS velte _

of the sine wave is normally used. Fig. 6.6.6 Transient Voltage Suppression

A voltage spike exceeding this limit causes thaldito conduct heavily, limiting its voltage to the
breakdown voltage of the diode. A notable diffeeebetween a Zener and a TVS diode is that the
TVS diode has a more rugged junction area, to euiple the sudden heavy current rush during
spike events. Once the spike is over however, tbdedstops conducting (apart from a small
reverse leakage current) and has no further efie¢he output wave until any further spikes occur.
TVS diodes are also available in single directidgpks that may also be used in the input side of
the optocoupler in SSRs using a DC input if thexehigh risk of spikes occurring. However,
because the DC input is usually fed from a smootb&power supply, this would normally be
expected to minimise the risk, therefore the useM# diodes across the input components is rarely
considered necessary.

RC Snubber Circuits. These circuits provide a method of

reducing the damaging effect of spikes occurringttom AC

mains supply, or the very large and fast voltaganges that /! R ; R
c

can occur when an inductive load is switched onofir
(Commutated). With older types of triacs or SCRis tRC
network (R5 and C1) is connected across the outad or Tc
SCR as shown in Fig. 6.6.5 and Fig 6.6.7. Its &ffeto slow ..—T

the rapid increase or decrease of voltage duriagstike. The
use of a snubber circuit can also reduce the riadigsference  Fig-6.6.7 RC Snubber Circuits
caused by the triac or SCR switching. By choosirgpigable

time constant for R5/C1 the capacitor will not héivee to charge as the spike voltage rises, before
the voltage is reducing once more and dischardiegcapacitor. In this way the amplitude of any
fast voltage spikes is reduced. Typical valuesRarvould be about 39 to 100for R5 and 22 to
47nF for C1. The capacitor would also need to beulse type having a very high maximum
working voltage, much higher than the peak valuthefoutput wave, to allow for the added stress
caused by any voltage spikes. The design of snubitmerts is more complex however, than simply
choosing typical R and C values, and must takeantmunt a number of factors that will be unique
to the circuit or component the snubber is probgctind to the loads the circuit may be driving. A
useful application noteon snubber design ancbmponent calculators provided on line by
HIQUEL (High Quality Electronics)

Alternistors

Alternatively there are modern Triacs available,iokhcan also be called “Alternistors” or
"Alternistor Triacs™ that are much less prone tmage or random false triggering caused by fast
transient voltages. Several semiconductor manuia&have their own range of devices, such as
the “Snubberless,” range from ST Microelectronicsor the "Hi-Comyy~ range from WeEn
Semiconductorsthat are able to handle the voltage spikes as alithe fast dV/dt events
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encountered during commutation (switch off) witlductive loads. The internal design of these
triacs is different to the original types, makifgetn much better at handling the fast high voltage
changes that can happen as inductive loads arehaditoff, due to the phase difference between
current and voltage in inductors. In this casesipossible that when the triac switches off as the
mains (line) current passes through zero volts, nfaéns voltage across the triac can be at its
maximum value. While such events in original tridesigns could cause problems with

uncontrolled re-triggering, this has been greatjuced in modern designs.

Zero Voltage Crossing.Some SSRs include

'Zero Crossing' or 'Synchronous Switchin Centrol
circuits, which reduce the possibility c Voliage
introducing fast changing 'spikes' onto ti

mains (line) supply by ensuring that the ’\

output will only switch on as the main ©Output

voltage cycle passes through zero volts. nv
shown in Fig. 6.6.8 if the control voltag U U U

. ) . Switch on Triac swiches off
requests a switch on at a time during t  during cycle only when voltage
voltage cycle when the AC voltage is ni causes spike passes zero
passing through 0V, the switching action ASYNCHRONOUS SWITCHING

delayed until the voltage next crosses 0V
end of the present half cycle. The ze Control
voltage crossing circuit does not play any p:  Voltage
in switching the output off however; this i
controlled by the action of the triac or SCI
which once turned on will only turn off whel  Output

the output load current falls below the triac oV
SCR's specified holding current, which it wi U U U

Switch on Triac swiches off
do as the current waveform passes throl  gelayed until only when voltage

Zero. autput = OV passes zero
SYNCHRONOUS (ZERO CROSSING) SWITCHING

Fig. 6.6.8 SSR Zero Crossing Action

The above descriptions of safety features are detéo introduce users of SSRs to some of the
necessary safety constraints when choosing the $i§R for any particular operation. However this
list is not offered as a comprehensive guide, iiig@oirtance or non-importance of any of these
factors will depend very much on the intended Udb@® SSR. It is advisable therefore, especially
when considering the safe operation of circuit@litain advice specific to the intended project,
many manufacturers or national and internationf@tgagencies can readily give qualified advice
on the suitability of SSRs for particular uses. Yava also encouraged to further study by following
some of the recommended links at the bottom of Bage
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Solid State and Mechanical Switching Compared

Solid State Relays (SSRs) have a number of advesitager electromechanical relays, some of
which are obvious advantages and some that woudlispeited by adherents to (and manufacturers
of) electromechanical relays. Which type of repetter for a particular application however,
depends more on the application rather than thee afpelay. This should therefore be carefully
considered when reading the following lists.

Advantages of SSRs against electromechanical relays.
1. Because SSRs have no inductive coils or movamgacts they do not generate
electromagnetic interference.

2. SSRs do not cause any potentially dangerousgarci
3. SSRs are silent in operation.

4. SSRs are not subject to mechanical wear, s@uaiéntially perform many more switching
operations than electromechanical relays (howetseretype may be designed to perform
more operations than is required during the lifetiofi the equipment they are used in).

5. SSRs do not suffer from contact bounce.
SSRs have a faster switching time than electcbar@cal relays.

7. For switching AC, Zero Crossing SSRs are avhl#at only switch on at, or close to the
time when the AC waveform passes through zero vediseducing the occurrence of
voltage spikes that occur if a circuit is switcledwhen the AC voltage is at a maximum.

8. SSRs can be physically smaller than compargpkstof electromechanical relays.

Disadvantages of SSRs against electromechanical relays.
1. When SSRs are switched on there is a measuesditance between the output terminals,
therefore SSRs produce some heat as well as gealtap in their ‘on’ condition.

2. When SSRs are in their ‘off’ state, there i atsmall reverse leakage current flowing in
the output. Unlike electromechanical relays, SSRegteserefore neither totally ‘on’ or ‘off’.
Therefore they may not be permitted for use underessafety regulations.

3. Because SSRs are able to switch on very quigkimilliseconds) random interference
spikes in their input circuits or sudden fast vgpitahanges at their outputs can cause
unwanted switching of some SCRs or triacs.

4. Failure of an SSR will usually cause a shoduwtr(switch on) whereas failure in an
electromechanical relay will usually cause an ogesuit (switch off). Because of this,
using SSRs may cause some concern in safety tatisgeems.

Further information
Solid State Relays vs Electromechanical Relaysplidation Notes Solid State Patronise USA

How to choose the right relay - National Instrunsent

Tech tips on relays-Crydom Inc.
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Module 6.7

Thyristor Quiz

Try this quiz based on thyristors. Hopefully iBk easy. Submit your answers but don't be
disappointed if you get answers wrong. All the mfation you need is in Module 6 on the

learnabout-electronics website. Find the right arsand learn about thyristors as you go.

1.
What is the value indicated by point X in Fig. 6.71?

a) The holding currentl
b) The break over currergd.
c¢) The latching current |

Vo +V

d) The forward conducting current! e Forward .
blocking blocking
2. . _ _ region i pulse
What is the function of a crowbar protection applied
circuit? ]
Fig.6.7.1

a) To provide over voltage protection. I,

b) To isolate a high voltage triac from a low

voltage control circuit.

c) To prevent thermal runaway.

d) To prevent a power supply output short circuit.
3. T
Referring to Fig. 6.7.2, what is the maximum achieable R1

conduction angle using this circuit?
a) 90 degrees.
230V
b) 180 degrees. 0 { VR1
c) 270 degrees.

R3
d) 360 degrees. I

Th1

R2
Lamp

Fig. 6.7.2

4.
Which of the following advantages and disadvantagesgescribes a zero crossing SCR circuit?

a) Usable with AC motors but unsuitable for heaters

b) Reduces low frequency flicker but increases mé&rference.
c¢) Suitable for incandescent lamps but not for atise loads.
d) Produces low frequency flicker but reduces Rerfarence.

5.
Which quadrants are used when triggering a triac wih a negative going trigger pulse in both
the positive and negative half cycles of the AC wa®?

a)landll

b) Il 'and 1lI
c) llland IV
d)land IV
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6.
Referring to Fig. 6.7.3, what is the purpose of daes D1 Load
to D4 in this circuit? [‘] R1
a) A Bridge rectifier to provide a DC voltage to R3 H 33 ]1’2":(
drive the diac. A v
. . . R2
b) Transient pulse suppression diodes to protect t N H’EEOK
triac. 2360
AC D1 D3
c) Steering diodes to eliminate hysteresis. PP piac TS
d) A bridge rectifier to enable the circuit to iy 4H—/I
during both AC half cycles. - 1 1 D4
To.1pF
Fig.6.7.3
7

What is the function of a Metal Oxide Varistor (MOV) in the protection of thyristor power
supplies?

a) Protection against voltage spikes.

b) Protection against high current surges.
c) Protection against high inrush currents.
d) Protection against thermal runaway.

8.
Under which of the following conditions will a triac cease conducting?
a) When IGT falls to zero.

b) When the current between MT2 and MT1 falls belbw
¢) When the current between MT2 and MT1 falls belbiw
d) When VDRM falls below VBO

9.
Which of the following statements is untrue?

a) Solid State Relays are likely to be safer itufaimode than Electromagnetic Relays.
b) Solid State Relays can switch faster than Eetaignetic Relays.

c) Solid State Relays have a higher 'ON' resistémae Electromagnetic Relays.

d) Solid State Relays have a lower 'OFF' resistmene Electromagnetic Relays.

10.
What is the function of a TVS diode when used in high power SSR?

a) To trigger the power Triac.

b) To clip interference spikes.

c) To counteract CTR variations.

d) To provide over current protection.
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