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List of Main Symbols used in the Text 

This list does not contain all symbols used in the book; it contains the 
majority, however, including the standard thyristor parameters (VRRM, 
VcaR>R etc.) which are used but not always defined in the text. 
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total heat dissipation area 
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heat transfer coefficient for radiation 
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max. possible instantaneous value to which fuse limits 
short-circuit current 
gate current 
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effective length of heatsink (forced convection) 
multiplication factor (electron or hole) 
maximum repetitive peak reverse power dissipation 
thermal resistance from device direct to ambient 
resistance of fuse 
thermal resistance from hottest spot of heatsink to ambient 
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thermal resistance from mounting base to heatsink 
absolute ambient temperature 
absolute temperature of heatsink 
temperature difference (°C) between heatsink -and ambient 
junction temperature 
delay time (turn-on) 
current rise time 
spreading time 
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1 Thyristors and their characteristic properties 

1.1 Terminology 

The term "thyristor" is used in three ways. Firstly, it is a generic term 
and is used to denote 

a bistable semiconductor device, comprising three or more junctions, which 
can be switched from the off-state to the on-state or vice versa 

I.E.C. Definition 

Secondly, it is commonly used for a particular type of thyristor —the 
reverse blocking triode thyristor or scx (in which sense it will be used 
in this book, where it is clear from the context what is meant). I.E.C. 
recommendations allow this use and also (the third use) employment of 
the term to cover any single member of the thyristor family when such 
use does not result in ambiguity or misunderstanding. 

This book is a general treatment of the whole family of thyristors and 
therefore special properties of specific members of the thyristor family 
will be treated separately only when it is absolutely necessary. In such 
cases the device name will normally be used, but if the term "thyristor" 
is used then the context will dispel any ambiguity. 

1.2 Brief Survey of Thyristor Family 

Thyristors form a large family and it will be helpful, at this stage, to 
consider the constituents which, according to their combination, deter-
mine the type of any given thyristor. 

In essence, a thyristor is a PNPN sandwich. If an ohmic connection is 
made to the first P region and the last N region, and no other connection 
is made, the device is a diode thyristor. If an ohmic connection is made, 
in addition, to the intermediate N region (N gate type) or the inter-
mediate Pregion (P gate type), the device is a triode thyristor. If an ohmic 
connection is made to both intermediate regions, the device is a tetrode 
thyristor. All such devices have a forward characteristic of the general 
form shown in Fig. l.l. 
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Frg. I.1. General form of thyristor forward characteristic. 

Table 1.1 

number of 
terminals 

numbers of ~ 
layers 

2 terminals 3 terminals 4 terminals 
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pnpn 
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reverse blocking 
diode thyristor 

reverse blocking 
triode thyristor 
or SCR (silicon 

controlled rectifier) 
also GTO (gate turn 
off) which can be 

turned on or off by 
a gate signal 

reverse blocking 
tetrode thyristor 
or SCS (silicon 

controlled switch) 
which can be 

switched on by 
either gate 

5 
pnpnp 

z 

—~ v 

bi-directional 
switch 

tnac 
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Reverse characteristics are of three types —blocking (as in normal 
diodes), conducting (large reverse currents at reverse voltages comparable 
in magnitude to the forward on-state voltage), and approximate mirror 
image of the forward characteristic (bi-directional thyristor). Reverse 
blocking devices usually have four layers or less whereas reverse con-
ducting and mirror image devices usually have five layers. 

Table 1.1 shows the general form of the thyristor family in terms of 
layers and terminals. 

Normally, when atriode-thyristor has been turned on, it cannot be 
turned off by a gate signal. There is, however, a type which can be turned 
on and off by a gate signal of the appropriate polarity (gate turn-off 
thyristor). 

At this point, it will be worthwhile to consider two devices which, al-
though more strictly transistors than thyristors, have an important role 
in many thyristor triggering techniques. They are the disc and the uni-
junction transistor. 

The disc is a switching device ideal for use with triacs but also effective 
in scR circuits. It is often manufactured by diffusing an n-type impurity 
into both sides of a P type slice. The electrical characteristics are, of 
course, symmetrical. Important characteristics are breakover voltage, 
breakover current and breakback voltage as shown in Fig 1.2. 

symbol 

V 

breakover 
voltage 

working 
voltage 

+i working 
voltage 

breakover current 

Dreakorer 
voltage 

I ~ 

break back 
voltage 

Fig. 1.2. Svnrbol crud nmin churcrcterist/c of dine. 
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Device performance requirements can best be understood by reference 
to the most common triac triggering circuit (Fig. 1.3). In each half-cycle 
of the mains sinewave, the capacitor charges up on time constant Rc. 
When the capacitor voltage exceeds the diac breakover voltage (typically 
32 V) the diac turns on and the capacitor discharges through the triac 
gate —this turns the triac on. If the diac breakover voltages and currents 
in both directions are identical, the triac triggering points will occur at 
the same time after the start of positive half-cycles as they will after the 
start of negative half-cycles. Phase control is obtained by adjustment of 
the potentiometer R. 

/i66f 99 

Fig. 1.3. Diac circuit for triggering trrac. 

If, in Fig. 1.4, terminal 1 is positive with respect to terminal 2, J l is 
reverse biased and J Z forward biased. J l has reverse leakage current IR1 
passing through it. Also, J l receives a component of injected forward 
current from J Z. In passing across J l, this component is subject to multi-
plication so the current from J z = MZa2I where I is the external cur-
rent. 

J~ 

J1

4 

terminal t lI 
nr

nZ

terminal 2 

Fig. 1.4. Schematic of diac crystal. 



The total current at J l, which must equal the external current if con-
tinuity is to be observed, is 

I = IR1 + IMzaz 

that is, 

I= 
I Ri 

1 — Mzaz

IR2 

1— Miai 

in the opposite half cycle. 

When Ma = 1 the current appears to be infinite. In fact, this is the 
switching point and the voltage collapses to maintain reality. When the 
voltage drops below the breakover voltage, the multiplication coefficient 
M falls dramatically; however the current gain a rises with increasing 
current. Breakover occurs at the locus of points where Ma = 1. 

The device gain is corrmr;•ied Uy [i1C ]riijection efficiency of the junctions, 
the basewidth and the minority carrier lifetime. If the current gain is made 
too high, even a low value of M can be sufficient for triggering (attention 
to this is particularly necessary at high temperatures where leakage cur-
rents, minority carrier lifetimes and thus current gains rise dramatically). 
This is illustrated in Fig. 1.5 (a). 

If this is overcompensated by reduction of the gain, timing becomes 
unreliable because very high breakover currents are necessary to achieve 
switching. Fig. 1.5 (b) shows two examples of breakover currents —one 
at 75 °C and the other at 25 °C. 

Gain needs to be just right, which is difficult to achieve as the correct 
value is determined by three parameters. In addition 

(a) capacitive current produced by dV/dt charging of the reverse-biased 
junction can cause premature triggering (this favours a less sensitive 
design) 

(b) a high value of bre.zkback voltage requires a very high current gain 
to force a large drop in M, and therefore voltage, in retaining the 
stable Ma = 1 condition. 
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75°C 25°C 

V 
V 

25°C 75°C collapsing 
voltage 

(a) device too sensitive 

2s°c 

(b) device too insensitive 

Fig. 1.5. Variation of breakover currents and voltages with temperature. 

The unijunction transistor, Fig. 1.6, is used in a variety of thyristor 
triggering circuits. VBB, the voltage between the two bases, sets the 
voltage at the junction of RB, and RBZ. To a first approximation, when 
the voltage between the emitter and Bl exceeds the voltage drop across 
RBt plus the forward voltage drop of the emitter diode, the unijunction 
transistor turns on and a large current flows from emitter to base 1. 
Thus,more accurately, 

Vp = VBB -1- Vo

where VP is the peak point voltage (i.e. the voltage between emitter and 
base 1 at which the device turns on), 
~ is the intrinsic stand-off ratio and lies between 0.51 and 0.82, 
VBB is the base-to-base voltage, 

and VD is the diode forward voltage drop (usually about 0.5 V at 25 °C). 
VP decreases with temperature but this can be compensated by a resistor 
in series with base 2. 
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Fig. 1.6. Unijunction transistor; (a) symbol (b) crystal structure (c) equivalent circuit 
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1.3 Physical Processes in the Thyristor 

1.3.1 JUNCTION DIODE ACTION 

It will be useful, before examining thyristor action, to consider the action 
of a junction diode (see Fig. 1.7). The base can be N type (forming a 
rectifying junction with a heavily doped P layer) or P type (forming a 
rectifying junction with a heavily doped N layer). Junction breakdown 
voltage is determined by the width and doping concentration of the base 
— high concentration produces the abrupt high-field .junction and low 
breakdown voltage of a voltage regulator (zener) diode, while low con-
centration gives low-field junctions and an avalanche breakdown level at 
high voltage. Base resistivities in the range 10-2  to 103 ohm•cmwill pro-
duce breakdown voltages between 10 V and 5000 V. 

highly doped n 

base (p type) 

highly doped p 

base (n type) 

Fig. 1.7. Junction diode schematic. 

Notwithstanding the wide range of base resistivities, the forward voltage 
drop of all silicon rectifiers is approximately the same. This is because 
forward conductivity is not determined primarily by the doping level of 
the base. If the base is P type, tlZe 1V region injects electrons into the base 
and these soon reach a concentration well in excess of the resident holes. 
Thus, when the device is forward biased, the resistivity is determined by 
the injected minority carriers (in this case electrons) and not by the majority 
carriers (in this case holes). The base, in this condition, is said to be con-
ductivity modulated. The injected electrons reach an equilibrium concen-
tration which is determined by the rate of injection and the rate at which 
they recombine with holes in the base; the total number of injected elec-
trons is known as the minority carrier stored charge. 

1.3.2, SIMPLIFIED CHARGE-CONTROLLED CONCEPT OF THYRISTOR ACTION 

A thyristor turns on if the forward breakover voltage is exceeded or if an 
appropriate signal is applied to the gate. It will be convenient to consider 
the physical mechanism of forward breakover first, as it is simpler, and 
then progress to a consideration of what happens when a triggering signal 
is fed to the gate. 
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Forward Breakover 

When the anode is more positive than the cathode (see Fig. 1.8), junctions 
J l and J 3 are forward biased. Region Nl is much more highly doped than 
region P, so, if a high current flows through the thyristor, the junction 
current at J l is mainly electrons which are being injected into Pl. Region 
PZ is much more highly doped than region Nz so at high conduction levels 
the junction current at J 3 is mainly holes which are being injected into NZ. 

J~ 

JZ

~3 

cathode gate 

P~ 

NZ

P, ph 

onode 

Fig. 1.8. Simplifred thyristor crystal showing regions and junctions. 

This tends to bring about a state of conductivity modulation, in which 
the level of conductivity is determined by the density of injected minority 
carriers rather than by the original majority carrier doping levels; in other 
words, Pl may be considered to be modulated to an N region and NZ to 
a P region. 

However, as J Z is initially reverse biased, conductivity modulation of 
Pl and NZ cannot occur until the reverse voltage across J Z reaches the 
avalanche breakdown level. As soon as the avalanche breakdown voltage 
across J z is reached, conductivity modulation occurs in P1 and Nl and 
the device conducts like a single forward-biased junction. This junction 
(JZ) will then be the region in which injected holes and electrons combine. 

Because avalanche .breakdown is always initiated at a discrete point, 
conductivity modulation wilt be also. Thus there will be' a transverse 
gradient of stored charge in the device. Carriers will diffuse down this 
gradient, spreading the conduction gradually over the whole cathode 
region provided the current is high enough. 

Gate Turn-On 

The electrons which flow as gate current, from the cathode Nl to the gate 
lead, modulate Pl in the vicinity of the gate. Electrons drift into the de-
pletion layer of J Z and are accelerated into N2, lowering the potential 
there. This causes J 3 to become more forward biased and thus more 
holes are injected into N2, so Nz becomes locally modulated. An initial 
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"filament" of conduction is thus formed near the gate and spreads, if the 
forward current is high enough, over the remainder of the cathode. 

Holding Current 

When the entire cathode is in conduction and the forward current is 
gradually reduced, the stored charge decreases. At lower current levels 
it becomes more difficult to sustain conductivity modulation. When the 
holding current level is reached, conductivity modulation is no longer 
possible so the device turns off and the four layer structure re-establishes 
itself. 

In fact, regions of the cathode will turn off, one by one, in reverse order 
of easiness to modulate. The last region may have: 
(a) the highest injection efficiency, owing to fluctuations of cathode 

doping, 
(b) the narrowest, or highest-lifetime, bases (Pl and NZ are known, 

respectively as the Pand Nbases) —which are the easiest to modu-
late. 

It is possible to influence the holding current by the test method. For 
instance, if the device is turned on to a low test current there will be in-
sufficient injected charge to establish conduction over the whole cathode; 
in this circumstance it is possible that the most sensitive point may be 
excluded. 

Latching Current 

If athyristor isgate-triggered, the initial "filament" of conduction is near 
the gate. As determination of latching current consists of initiating con-
duction and then removing the gate signal, it really measures the holding 
current of the region near the gate. This may well not be the highest gain 
point of the whole cathode so the latching current can be no lower than, 
and is almost invariably higher than, the holding current. 

The ratio of latching current to holding current gives some indication 
of device uniformity; a ratio of 2 : 1 is quite common. 

Other Parameters 

It is quite easy, by the above rationale, to explain dV/dt, di/dt, turn-on 
time and turn-off time. The stored charge concept demands athree-
dimensional appreciation of the structure. Each thyristor can be regarded 
as thousands of thyristors in parallel. 

10 



1.3.3 CALCULATION OF TURN-ON POINT 

The current through the thyristor is I (see Fig. i.9). ✓2 is reverse biased 
and has a leakage current IR ; J Z also receives electrons injected from the 
cathode Nl. These are subject to recombination en route and the total 
reaching JZ is a fraction ,a l (injection efficiency multiplied by a transport 
factor). When these electrons cross the charge depletion layer of J Z they 
may experience multiplication so the total contribution from J l is 

a I M1I, 

where Ml is the electron multiplication factor. 

~3 ~2 ~, 
I anode cathode I

N~ P1 NZ P~ 

F R F 

Fig. 1.9. Theoretical representation of thyristor. 

A similar contribution of holes is made by J 3, that is, 

azM27, 

where MZ is the hole multiplication factor. 
But the total current through J Z is I, the external current. 
We can therefore write 

I = IR +- a1M1I -~- aZMZ7, 

which simplifies to 

IR 

I =  (1) 
1 — (aiMl -}-- aaMz) 

Gate current makes an extra contribution of a1ld1l c to J 2. If this is 
taken into account 

I —  
IR -}-- a 1 M1Ic 

2 ~) 
1— (a1M1 -{- azM2) 

The device switches on when 

a1M1 ~- a2M2 = 1. 
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Theoretically this suggests that I has risen to infinity but in practice it 
can simply be taken to imply that the off state is no longer valid. 

The base gains (a's) are very current sensitive, a I in particular will rise 
rapidly at high gate currents. 

Complex device geography and extreme non-homogeneity of transient 
(and even D.C.) conduction make it virtually impossible to put accurate 
values' into these formulae. In addition, forward breakdown is usually 
initiated at the side of the crystal (and thus remotely from the cathode), 
so the P base is determined more by lateral geometry than by P basewidth 
(see Fig. 1.10). Finally, when gate current flows, many electrons pass 
wastefully out of the edge of the conduction path (see Fig. 1.10). However, 
the formulae do serve to give a qualitative understanding of thyristor 
action. 

effective 
P base cathode gate 

transverse 
(wasted) Iq

l 
avalanche 
break-down 

anode 

Fig. 1.10. Position of avalanche breakdown and wasted I~. 

1.4 Relation Between Manufacturing Technology and Device Properties 

1.4.1 ALLOYED THYRISTORS 

Fig. 1.11 shows an alloyed thyristor and illustrates some of the refine-
ments which improve performance. Both high-voltage junctions (Jz for 
forward breakover voltage and J 3 for reverse avalanche voltage) are 
diffused, but the cathode is alloyed with gold antimony. The junctions 
are bevelled to reduce the surface field and thus ensure that avalanche 
breakdown occurs in the bulk of the crystal rather than at the edges; 
this improves the blocking voltage capability. 
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I 
cathode 

Au/Sb alloy molybdenum 

i/,~/~,/ / /; 

~3 

gate 

( ultrasonic welded AI 

molybdenum 

anode 

Fig. 1.11. Alloyed thyristor. 

bevel 

AI/Si alloy 

Such devices have given many years of good service and have parti-
cularly reliable contacts. However, they suffer from three main defects: 

(a) non uniformity of the Pbase —this is shown in exaggerated form in 
Fig. 1.11 by variations in alloying depth —which gives a high ratio 
of IL to IH and a wide variation of IH, IL and I~ from device to 
device. 

(b) the structural non-uniformity virtually ensures that gate turn-on 
occurs at a localised point and spreading is slow —leaving the device 
vulnerable to di/dt failure. 

(c) when a rapid transient in the forward direction charges the junction 
capacitance of J2, the charging current is supplied by injection from 
the alloyed cathode —this can lead to premature dY/dt triggering at 
levels as low as 10 V per microsecond. 

1.4.2 SEMI-PLANAR THYRISTORS 

Thyristor design has evolved through the stage of coarse all-diffused pro-
cesses, still retaining many of the alloyed device problems, and is now in 
the phase of complex semi-planar technology. The term "semi-planar" 
indicates that oxide masking is used to control junction geometries but 
not to give protection from surface effects. Thus junction bevelling is still 
desirable at high-voltage levels. 

13 



A semi-planar thyristor design is shown in Fig. 1.12. Uniformity of the 
diffused regions makes gate turn-on possible at more than one point; 
greatest advantage of this can be taken if an extended interface, between 
the cathode perimeter and the gate contact, is provided. However, as the 
interface is lengthened, the gate current, necessary to bring into being the 
required triggering current, is increased. A central gate is a typical com-
promise. 

cathode 
metallisation 

gate 
metallisation_ 

shorted emitter 

Jz 

P,~t

dop~yn 

gate cathode a nulus 
IfiTTiTlI P77; T77?7A 

highly doped n 
P 

emitter shorts 
(p type) 

.field aided 
region 

bevel 

metallisation 
soldered to 
backing discs 
Inot shown! 

bevel (simplified) 

anode Imetallised) 

Fig. 1.11. Semi planar thyristor. 

The P type shorts in the diffused cathode constitute what is called 
"shorted emitter" and provide a means of charging the junction capaci-
tance of J Z without injection from the N type region of the cathode; this 
allows the device to withstand very high dY/dt transients: These shorts 
suppress cathode injection at low currents but not at high currents. dV/dt 
improvement is thus accomulished at the cost of a slight fall in gate 
sensitivity. 

A further design feature is "field-aided turn-on",sometimes called forced 
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field conduction. This is illustrated in Fig. 1.13 by a magnified view of 
the gate-cathode region. The gate initiates conduction in the immediately 
adjacent cathode region; however, this region is not metallised, so the 
initial anode-cathode current has to traverse a relatively high impedance 
region —perhaps of the order of 1 S2. The voltages marked on Fig. 1.13 

9ote field aided 
~~~~~~~~~~~~~~/. ~— region ~ 

X

cathode 

n~ 

v, 

nZ

OV 

toov 

~ to anode 

initial oonduelion path 

Fig. 1.13. Field-aided turn-on. 

rnexoe.~ 

represent the very early stage of turn-on, when only a small region is 
conducting and its forward voltage is, say, 100 V. If there were no trans-
verse current across Pl, point X would be at 50 V and J l would be for-
ward biased to the 50 V level. However, this cannot be and, in fact, the 
voltage drop across the field-aided N region initiates transverse base cur-
rent which forces conduction back to the metallisation. From there, 
spreading proceeds at the normal speed. Although the area of conduction 
may still be small, the benefit is crucial during the first few microseconds 
when di/dt dissipation can be most damaging. In addition to this, the 
higher the di/dt impressed on the device, the faster the conduction spreads. 

An important problem arises, however, in such devices. The field-aided 
voltage raises the potential of Pl near the gate contact and, at high di/dt 
levels, this potential can exceed the gate voltage (see Fig. 1.14). Gate 
current is therefore reversed through the external circuit and the negative 
gate effect is produced; this negative gate effect can turn off regions of the 
cathode where conduction has just been established and prevent the turn-
on of other regions. Field-aided voltages may be 50 V at 200 A/~,s turn-
on rate to a steady-state current of 100 A and much higher (perhaps 
200 V) at a turn-on di/dt of 1000 A/~.s to a steady-state current of 1000 A. 
If very high di/dt is anticipated, the gate circuit must be protected against 
field-aided voltages by means of a fast diode; high-voltage triggering can 
often be the most effective means of protection. 

15 



at 

Fig. 1.14. Negative gate e~Ect. 

This negative gate anti-spreading effect has been eliminated by further 
developments; these include Regenerative Gate, Amplifying Gate and 
Accelerated Cathode Excitation. While each mechanism is slightly dif-
ferent, they all have in common the basic principle of diverting part of 
the anode-cathode current to trigger other areas and thus speed-up the 
spread of conduction. Fig. 1.15 shows the regenerative gate device. The 
external gate lead is placed near a very pronounced field-aided region and 
the gate-cathode interface is short, so the trigger sensitivity will be high. 
The auxiliary gate contact can pick up a voltage of, say, 25 or 50 volts 
and distribute it around the cathode perimeter. Auxiliary gate drive can 
be at a very high level (many amps) to ensure that the secondary con-
duction regious are driven hard on; it also makes the initial area of con-
duction greater — so reducing turn-on time. This method, like the field-
aided mechanism, only operates at high di/dt, ceases when conduction 
reaches the cathode metallisation and produces high positive voltages at 
the gate connection (against which the external circuitry must be pro-
tected). 

All of the anode-cathode current diversion techniques provide higher 
di/dt operation than field-aided turn-on, but they are all more expensive. 
However, a di/dt. rating of 100 to 200 A/µs is adequate in most applica-
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Fig. 1.15. Regenerative gate thyristor. 
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tions; the complicated technology required to provide ratings of 1000 A/µs 
will, almost certainly, be limited to specialised applications. 
The above technology can also, of course, be adapted to improve di/dt 
performance with VBo triggering. However, since the maximum possible 
breakover voltage is much higher than the minimum guaranteed crest 
working voltage, the VBo turn=on dissipation is higher than the turn-on 
dissipation for gate triggering, and so the VBo di/dt ratings will be lower 
than those for gate triggering. (As VBo turn-on occurs by means of the 
avalanche mechanism, it is very fast. Such speed makes the task of 
spreading the area of conduction rapidly enough very difficult and makes 
it likely that VBo di/dt ratings will always be lower.) 

1.4.3 HIGH POWER THYRISTORS 

As might be expected, the development of high-power thyristors has pro-
ceeded very rapidly in recent years; 500 A devices are now freely available 
and soon 1000 A types will be just as common. Nevertheless, the high-
power field still has many basic problems. It is not easy to manufacture 
silicon ingots of the required quality and diameter. Moreover, these 
thyristors have such large cathodes that it may take 0.5 ms for conduction 
to become fully established - so there can be no question of anything but 
low-frequency operation unless the cathode structure is made very com-
plex. 
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Silicon is very brittle and has an expansion coefficient much lower than 
the copper base; thus there is always risk of strain and fracture when the 
crystal is soldered to the base (even via expansion-matching intermediaries 
such as tungsten discs). So, although soldering gives a more intimate 
thermal contact, it has had to be abandoned on large thyristors in favour 
of pressure contacts. These give good thermal contact and allow for ex-
pansion as the surfaces can slide against each other to some extent. The 
internal structure of pressure contact thyristors is quite complex —threaded 
bushes, spring washers, soft discs (often made of silver) to act as pressure 
pads, nuts and insulating sleeves for the gate lead. All surfaces must be 
flat, and specially elongated top caps may be necessary to accomodate 
everything. 

Recently there has been a significant advance, with the introduction 
of the "Press Pack" or "Hockey Puck" encapsulation.- This is much 
simpler and cheaper and is supplied with little pressure on its contacts 
— pressure is applied externally when the device is clamped to the heat-
sink. The Hockey Puck device can be clamped with either anode or 
cathode to the heatsink; thus many stack arrangements can be simplified. 
It can also be mounted with a heatsink on both sides; this makes a great 
improvement in the thermal resistance and mean rating of the thyristor 
(but has little effect on the surge rating, unfortunately, which is largely 
determined by the crystal properties). 

New bevelling techniques and improved processing have made possible 
the manufacture of high crest-working voltage thyristors. Minority 
carrier lifetime needs to be very great if the forward voltage is to be 
acceptable because the crystal may be more than 1 mm thick. Turn-off 
times are very great and transit times are long, as also are turn-on times. 
The di/dt and surge capabilities are much inferior to those of the lower 
voltage types. 

1.4.4 PAST-SWITCHING THYRISTORS 

By contrast, the high-speed thyristors are devices in which voltage ratings 
have been sacrificed in favour of turn-off or turn-on speeds. 

Short turn-off times are achieved by "gold killing". Gold in silicon 
reduces minority carrier lifetime but, unfortunately, also increases leakage 
currents. The faster the device, the higher the leakage current — so the 
lower the crest-working voltage. At present, at current ratings of about 

t 
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SO A, 600 V types which turn off in less than 6µs and 1200 V types which 
turn off in less than 20 µs are practicable. 

Pulse modulator thyristors usually operate at only a few thousand 
pulses per second and their design is optimised for rapid turn-on. Both 
N and P bases are minimised to reduce transit time, and doping levels 
are low so that conductivity modulation can be achieved with the mini-
mum of injected charge. Spreading velocity can be as high as 0.2 mm per 
microsecond (0.1 mm per microsecond is normal for thyristors) and 800 V 
devices can turn on completely in 0.25 µs; dildt ratings well in excess of 
1000 A/µs are available. (If saturable reactors are used to delay the main 
current pulse until after the thyristor voltage has collapsed, thereby mini-
misingthe peak power loss, then a di/dt performance of 3000 to 4000 A/µs 
is possible.) 

1.4. S TRIACS 

Unidirectional thyristors are basically d.c. controllers because they con-
duct in one direction only; if they are used for a.c., two are required 
connected in inverse parallel. The triac is equivalent to such an inverse-
parallel arrangement —but in a single crystal and triggered by only one 
gate (which accepts both positive and negative trigger signals). This means 
that a single heatsink can be used and triggering circuits can be greatly 
simplified. Fig. 1.16 shows the main static characteristic. 
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Fig. 1.16. Static characteristic of triac. 
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Triggering Modes 

A triac can conduct in either direction. When Main Terminal 2 of the 
crystal is positive with respect to Main Terminal 1, the triac is said to 
be operating in the "first quadrant" (see Fig. 1.16); when the polarity is 
reversed, the operating mode is said to be "third quadrant". 

In either quadrant, triggering may be positive or negative. To illustrate 
the four triggering modes, an appropriate cross-section of the triac crystal 
is shown (either through the p region or the n region of the gate) and 
reverse or forward bias at junctions is shown by the letters R and F. 
Polarity of gate triggering signals is shown by plus and minus signs. A 
triac crystal and a key to the cross-sections, is given in Fig. 1.17. 

metallisation over 
each raised face 
but not in trough 

Fig. 1.17. Practical triac structure and key to cross-sections. 
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First quadrant positive triggering is shown in Fig. 1.18. The gate-catho-
de junction pin3 is forward biased and electrons from n3 are collected by 
the n l region. These lower the n l region potential, providing more for-
ward bias for the p2n1 junction. Holes from p2 reach the n l region and 
are collected by p~ and the triac switches on (as a normal thyristor). 
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Fig. 1.18. First quadrant positive. 
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Negative triggering in the first quadrant is shown in Fig. 1.19. Forward 
bias is applied at the junction p,n4. Electrons from n4 are collected by 
the n l  region and lower the potential there. Thus the p z n l  junction be-
comes more forward biased. Holes from p2 reach the n l  region and are 
collected by p,. The triac then switches on. 

a 

- -- - electron flow 

— hole flow 

Fig. 1.19. First quadrant negative. 
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Fig. 1.20 shows third quadrant positive triggering. The gate-cathode 
junction pin3 is forward biased. Electrons reach n l, which becomes more 
negative. Hole current from pl to nl increases and the holes in nl are 
collected by p2; this hole flow causes nZ to emit electrons and these are 
collected by nl. Current flows down the left-hand side of the crystal (as 
viewed in Fig. 1.20) which then switches on. Current then rapidly spreads 
from the gate region to the main anode and cathode regions 

o.n 

the 
right-hand side whose pl and nZ regions are contiguous with those 
of the gate area. 

o+ + 

---- electron flow F

— hole flow 

0 

a, 

a--

Fig. 1.20. Third quadrant positive. 
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Third quadrant negative triggering is shown in Fig. 1.21. The junction 
pin4 is forward biased and electrons reach n,, lowering the potential 
there. Hole flow from pl to n, increases and the holes in n, are collected 
by pZ. Electrons are emitted from n2, as a result of hole flow, and are 
collected by n l . Current flows down the left-hand side of the crystal and, 
if sufficient current can flow in the main circuit, the triac switches on fully 
(as a thyristor with a remote gate). 

Triac triggering mechanisms are contrived by means of complex sur-
face and bulk geometrical arrangements and sometimes depend on trans-
verse current flow through regions of carefully optimised geometry and 
resistance. Especially careful optimisation is required for the third qua-
drant positive, and this is more feasible with large crystals such as the 
BTX94. 
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Quadrant-to-quadrant commutation may suffer if triggering sensitivity 
is optimized; when one half of the triac is conducting, injected charge 
drifts into regions of the other half and is available to turn the other half 
on if commutation is too rapid. This effect becomes worse when the load 
is inductive. Prevention of this unwanted switching is difficult because 
overlapping of the two halves is essential to some triggering mechanisms. 
However, the problem can be overcome by careful design and has in the 
case of the BTX 94, which operates successfully with inductive loads. 

1.4.6 THE GATE-CONTROLLED SWITCH (GCS) 

This device, sometimes called the gate turn-off switch, is unique among 
thyristors in that it can be turned off as well as on by a gate signal; a 
positive gate signal turns it on and a negative gate signal turns it off. 

Fig. 1.22 shows a thyristor in the on state. The P base has been modu-
lated by electrons injected from the cathode (the excess of electrons over 
holes in the base is the minority carrier stored charge) and the N base is 
similarly modulated by a stored charge of holes. Gate and cathode form 
a diode and a reversal of bias at this junction, from forward to reverse, 
produces the familiar extraction of stored charge as shown in Fig. 1.23. 
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Fig. 1.22. Thyristor in forward conduction. 
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Fig. 1.23. Diode turn-oJJ' waveform. 
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Thus, a negative signal at the gate extracts the stored charge in the P base. 
.Extraction takes place first in the region immediately adjacent to the gate 
so the thyristor turns off near the gate while being on in other regions. 
Charge in the N base cannot be extracted directly and gradually recom-

bines with majority carriers; therefore the N base lags the P base as shown 
in Fig. 1.24. 

cathode gate 

n, 

Py 

anode 

Fig. 1.24. Stored charge during turn-oJfperiod. 

The area of conduction is gradually "pinched" by continued negative 
gate current. At first the effect is small, as the external anode-cathode 
circuit "fights" the gate signal by increasing the current density through 
the remaining "on" region. However, as the turn-off process continues, 
the increasing current density through the decreasing device area causes 
the anode-cathode impedance to rise and the main current to fall. Even-
tually conduction ceases. 

This "pinch-off" effect is the opposite of turn-on behaviour, where a 
small region of conduction spreads gradually outwards over the cathode, 
and carries the same danger of high currents in very small areas (di/dt 
effects in turn-on); in fact, gate turn-off is more dangerous because it is 
slower and therefore generates more losses. 

Turn-off speed is charge controlled —the quicker the P base charge is 
removed (i.e. the higher the turn-off gate current) the quicker the device 
turns off and the lower the losses. Owing to the tendency of the external 
circuit to fight the turn-off process (especially with indwctive loads) high 
gate currents would appear to be particularly desirable. FIowever, there 
is another effect to be taken into account. The demodulated cathode 
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junction, J1 (see Fig. 1.25), is reverse biased near the gate to the extent 
of the applied gate voltage. This junction normally has a low voltage-
breakdown (between 10 and 20 volts) and if it goes into breakdown the 
thyristor will not turn off, conduction being sustained as shown in Fig. 
1.26. 

oomoee tout gate f-V ) 

diode still an and /// / /////~ / //l 
in forward bias n~ ,diode off and in reverse bias I-Vgl 

Jt

still modulated p base_. 
Ilow resistance) ~ I 

I ~ ~ 
R\

2 
e 

Pr . - _demodulated p base 

Ip Basel (high resistonce) 

~ I I~ 
~ i 

I I 

l 

~ ~ I~~\ 

I I ~ 1~\\~ ~ I ill.~~ 

nz

In base) 

cathode bias lower neorer 
the conducting region 

Fig.. 1.25. Gate-cathode during turn-oJf. 
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Fig. 1.26. Sustained conduction mode. 
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The bulk of gate-cathode current flows through the lower impedance 
cathode region. Junction Jl, remote from the gate, remains forward 
biased —sustaining conduction by injecting electrons into the P base. A 
small current flows across the high-impedance demodulated P base. The 
reverse cathode breakdown voltage must not, of course, be exceeded 
during turn-off .— this limits the turn-off gate current and it must be 
remembered that, although the external impedance of the gate circuit may 
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be low, the internal (device) gate impedance is quite high. Fixing of the 
maximum turn-off gate current effectively limits the peak anode-cathode 
current; the maximum gate current turns off progressively higher anode 
currents progressively more slowly. When the turn-off time is long, e.g. 
10 ~.s or more, the dissipation in the gradual pinch-off becomes unaccept- 
ably high. 

The design of a practical device centres around the avoidance of reverse 
cathode breakdown and sustained conduction. Fig. 1.27 shows how turn-
off time varies with negative gate current. 

turn-off 
time 

sustained 
conduction 

Fig. 1.27. Turn-off speed performance. 

-Is 

To ensure that a moderate gate voltage will produce a high turn-off 
gate current, it is essential that the P base impedance be fairly low. The 
cathode can be a long thin strip so that a long gate strip at its side has a 
]ow impedance path to collect the relatively small stored charge in its 
vicinity. Better still is a gate strip on each side of the cathode which leads 
to what is probably the best technique of all — interdigitated patterns of 
gate and cathode. 

A wide, highly-doped P base ensures that the amount of stored charge 
is small and that this stored charge is extracted through an impedance 
which would otherwise be high. 

A thyristor is only just in the "on" state when the sum of the N base 
and P base current gains is unity. So the gain of a practical gate controlled 
switch must remain as close to unity as possible. Ideally, as the stored 
charge in the N base is inaccessible and diffuses out when the device is 
almost off (and at high voltage), producing high losses, the N base gain 
and stored charge should be minimised. Preferential gold killing of the 
N base can be useful but the gain would normally be quite low since the 
base consists of the original lightly doped silicon into which all the other 
regions are diffused; it must be wide to support high blocking voltages 
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and this reduces the transport factor. The high doping of the P base also 
minimises P base gain and thus stored charge. Deliberately reduced 
injection efficiency of the cathode, or more commonly the anode, may 
also be employed. 

In Fig. 1.28 a practical gate-controlled switch crystal is shown. It is not 
unduly surprising that, with optimising of turn-off performance, the turn-
on performance has suffered somewhat. The gate-controlled switch (ccs) 
is, of course, insensitive and slow to turn on (when turn-on is initiated, 
spreading across the cathode is slow as there is no large gradient of stored 
charge). Forward voltage drop is much higher than that of a conventional 
thyristor and the forward surge capability is not good (though superior 
to that of a transistor). These characteristics must be taken into account 
when the decision whether to use a acs or one of the alternatives (tran-
sistors or thyristors with commutation circuits —these commutation cir-
cuits may be thyristor circuits or commutation capacitors and inductors) 
is being made. 
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Fig. 1.28. GCS Crystal design. 
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The complex geometries of Gcs are not conducive to large high-current 
contacts so there may be times when an arrangement in which one con-
ventional thyristor switching another is dictated by high-current require-
ments. However, the Gcs, with its rapid turn-off performance, will operate 
at higher switching frequencies than atwo-thyristor arrangement and 
offers the advantage of circuit elegance. 

A Gcs provides a memory when in the "on" state; this may be useful 
in some circuits. Although slower to turn off than a transistor, it is much 
better at withstanding voltage and current transients. 

1.4.7 SulvtrsnxY 

Finally, the compromises in device technology necessary for the achieve-
ment of specialised performance are summarised in Table 1.2. 

Table 1.2 Summary of performance compromises 

parameter required penalty 

low turn-off time high VF ~ lower dildt rating 
higher turn-on losses 

high leakage ~ lower j'RWM 

lower VDWM 

low gate sensitivity 

low turn-on losses 

accompanied by 
high di/dt 

thinner n-base lower VRWM 

IOWOr VDWM 

lower Vf  high turn-off 
low dv/dt ~ for pulse-modulator types 
low T~ max. 

(this is for extreme optimisation 
of dildt only) 

low turn-off plus 
low turn-on 

lower VRwM 

lower T'DwM 

1.5 EncapsWation 

Reliable performance of diodes and thyristors is achieved by protection 
of the crystal against chemical, thermal and mechanical causes of de-
terioration. 
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Ingress of dust and moisture must be prevented and chemical links with 
the device environment must not be permitted to exist. For this purpose 
the crystal is covered with silicon rubber or a laquer with chemical pro-
tective_ properties and capable of withstanding high electrical fields. 
Assembly during manufacture is carried out in an environment which is 
dust-free and moisture free and filled with an inert gas. A hermetically 
sealed envelope isolates the crystal assembly from the outside environ-
ment. Encapsulation parts are fixed together so that the hermetic seal 
survives .varying electrical, mechanical and thermal loads and forces. 
Finally, a means of collecting anything left in the assembly (like a "getter" 
in a vacuum tube) is provided. 

In order to limit the mechanical forces caused by differences in thermal 
expansion coefficients in adjacent materials, the crystal is placed between 
expansion matching discs —the forces (reduced in magnitude) then exist 
between the expansion matching discs and the contacts rather than the 
crystal and the contacts. Tungsten or molybdenum are chosen for these 
discs —not only for their coefficients of expansion but for their excellent 
mechanical, thermal and electrical properties. 

An envelope protects the whole assembly and ensures that no mecha-
nical forces are applied directly to the crystal. The envelope conducts 
both electrical and heat energy so the natural choice of material is copper. 
There must be no high resistances in the connections and the envelope 
shape must be conducive to good electrical and heat transfer (in some 
cases this means a flat base). Finally, the envelope isolates the anode from 
the cathode; it must do this successfully even in the most adverse circum-
stances. 

Recently, plastic envelopes have been developed which do the above 
things quite well and considerably more cheaply. 

Fig. 1.29 shows a number of the most common types of encapsulation. 
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Fig. 1.29. Common encapsulations. 
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2 Thyristor Turn-on Methods 

Z.1 Introduction 

As shown in Chapter 1, the turn-on point of a thyristor can be described 

by means of the relation 

i 

I R -f- a iMil c
I-

1 — (a1M1 + azM2) 

When I becomes infinite (which happens when a, M, + 
thyristor turns on. 

a 

,~ 

a2M2 = 1), the 

Fig. 2.1. Dependency of base gain (a) on base current. 

Because the base gains (a, and aZ) are very current-dependent (see Fig. 
2.1), an increase of the base current can bring about turn-on. Base-cur-
rent increase can be caused by increase of leakage current resulting from 
a rise in junction temperature, a higher off-state voltage, a higher rate-
of-rise of off-state voltage, or the connection of an external current-
source to the gate. Of these methods, gate triggering is the one usually 
employed; VBo triggering may sometimes occur and, in any case, it is 
made use of as a means of protection when avalanche thyristors are con-
nected in series. Measures are taken to suppress the other two influences. 

In this chapter we shall briefly survey the non-preferred triggering 
methods and then proceed to a detailed examination of gate triggering. 
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2.2 Turn-on by Leakage Current 

As the junction temperature rises, so also does the leakage current. Even-
tually, if junction temperature continued to rise, leakage current would 
become great enough to initiate forward conduction (i.e. leakage current 
carrier energy becomes great enough to dislodge further carriers in the 
junctions until a type of avalanche breakdown occurs). At a certain 
critical temperature (above T; max) the thyristor will not support a large 
voltage at all. 

2.3 Turn-on by Excessive dV/dt 

Any p-n junction has capacitance —the larger the junction area the larger 
the capacitance. If a voltage ramp is applied across the anode-to-cathode 
of a p-n-p-n device, a charging current i will flow in the device to charge 
the device capacitance according to the relation 

dV 
i=C—. 

dt 

When i becomes great enough, the density of moving current carriers in 
the device induces switch-on. 

2.4 Turn-on by Exceeding the Breakover Voltage 

When the breakover voltage across a thyristor is exceeded, the thyristor 
turns on. This effect is not normally used as a triggering method (and 
most circuit designs attempt to avoid its occurrence) although there are 
circumstances in which it can become an advantage. For instance, when 
avalanche thyristors are connected in series it is inherent in the design 
that they should break over in this way and thus not be destroyed by 
voltage overload. In addition to this, the fall time of the forward voltage 
is considerably less (about 1/20th) when the thyristor is triggered by the 
exceeding of VBo than it is when the device is gate-triggered; this is 
shown in Fig. 2.2 for thyristors type BTX92 and BTX95. It must be re-
membered, however, that although a thyristor switches faster with Vso 
turn-on the permitted di/dt is lower. 

In Fig. 2.3, the idealised main current and voltage waveforms are shown. 
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Fig. 2.2. Turn-on behaviour of two thyristors when triggering is effected by exceeding 
VBo (a), and by gate-triggering (b). 
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Fig. 2.3. Main current and voltage waveforms of thyristor under test. 

2.5 Turn-on by Gate Triggering 

Gate triggering is the usual method of turning a thyristor on. A variety 
of methods of gate triggering are in use and it is with these, and their 
relative merits, that a designer will be most intimately concerned. 
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2.5.1 THE GATE CHARACTERISTIC 

This characteristic (Fig. 2.4) is often misinterpreted so the following ex-
planation is put forward to show how the graph is built up. 

To a first approximation, the gate-to-cathode junction of a thyristor 
acts as a p-n diode. Thus, when the current is plotted horizontally, the 
forward characteristic will be as shown in Fig. 2.5. 

75 

~~v 
m 

to 

5 

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 

quo 
~~~~1\~~~~~~~~~~ ~~~~~~~~~~~~~ 
~~~~\I~~~~~~~i~~■ ~~~~~~~~~~~~~ 

~~11~~\~~~~~~~~~~~~~~~~~~~~~\~~ 
~~1~~~1\p.SW ~~~~~~~~~~~~~~~~~~~~ 
~~~~~\IS-07 ~~~~~~~~~~~~~~~~~~~~ 

~11~~~■1\~~~~~~~~~~~~~~~~~~~~~~~ 
~11~~~■\\~~~\~~~~~~~~~~~~~~~~~~ 
~I~~~~~~►\~~~~~~~~~~~~~~~~~~~~~~ 

I1~~~~~~~~~~~\~~~~~~~~~~~\~~~~~ 
1~~~~~~~~~~~\\~\~~~~\~~\~~~~~ 
l~~~~~~~~~~~~~~■i! ~~~~ 

!i~~~~~ ■~~~~~~~~~~~~~~~~~~~~ 
?i~~~~~~~~~~~~~~~~~~~~Y~~~~~~~■ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~l~ 00 2 Igo (A1 3 

Frg. 2.4. The thyrtstor gate characteristic. 

~gote 

Igat 

Fig. 2.5. For ward characteristic of gate. 
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Spread in Characteristics 

As there is always a spread in forward characteristics of gate junctions 
(more than for normal diode junctions) one must, for a given thyristor 
type, draw a number of curves (Fig. 2.6) to cover all individual variations. 
For convenience, we draw only the two extreme curves (Fig. 2.7) — know-
ing that all of the others lie between them. 

~ Iyec 

Fig. 2.6. Typical curves for a given type of thyristor. 
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Fig. 2.7. The boundary curves. 
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Maximum Dissipation 

Let us consider, for the moment, a typical thyristor with gate-to-cathode 
ratings and characteristics as follows: 

Ratings 
Reverse peak voltage (VRGM) max. 5 V 
Average power dissipation (P~Ay) max. 0.5 W 
Peak power dissipation (PAM) max. 5 W 

Characteristics 
Voltage to trigger all devices (T'cr) 
Voltage not to trigger any device (1'cn) 
Current to trigger all devices (Icr) 

> 3.5 V 
< 0.25 V 
> 65 mA 

(The voltages given are measured at the device terminals; they are not 
the open-circuit voltages of the gate trigger input circuits.) 

7V  ~.o~' 

~,i ~' I 
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Fig. 2.8. Average gate forward characteristic. 

Assuming that the gate forward characteristic is about average for the 
type, we will represent it by a chain dot line as shown in Fig. 2.8. If we 
take an arbitrary point (Point A) on this line, we can check its suitability 
as a triggering point by multiplying the corresponding current and voltage 
and comparing this product with the appropriate power rating. In the 
case of Point A, the voltage is 7 V and the current is 2 A so the power 
dissipated is 14 W. This is clearly in excess, not only of the continuous 
power rating (0.5 W), but of the peak power rating (5 W) as well. How-
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ever, a point closer to the origin can be found at which the voltage/current 
product is 5 W. If this point were found for each curve in Fig. 2.6, the 
line joining these points would be a hyperbola (see Fig. 2.9). This line is 
obviously the ultimate power curve as 5 W is the peak power rating. If 
the 5 W curve is used, the duty cycle must not exceed 

average power rating 0.5 
 — = 0.1. 

peak power rating 5 
Continuous steady operation would demand that the 0.5 W curve be used. 
In between these two curves is a region suitable for pulsed operation. 

Thus, voltages and currents permitted for triggering lie within the area 
bounded by three curves (Fig. 2.10). 

Fig. 2.9. The ultimate power curve. 
2. 

vg

Fig. 2.10. Triggering area. 

I g ate 
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Triggering Circuit 

Fig. 2.11 shows a typical triggering circuit. For maximum triggering cer-
tainty, the load line (for R) should touch the 5 W curve as shown in 
Fig. 2.12. 

Fig. 2.11. Typical triggering circuit. 

I9aie 

Fig. 2.12. Load line for marimwn triggering certainty. 

Minimum Triggering Level 

At the other end of the scale, the level below which triggering becomes 
uncertain is determined by the minimum number of carriers needed in 
the gate-cathode junction to bring the thyristor into conduction by rege-
nerative action. This minimum current decreases with increasing tem-
perature. Fig. 2.13 shows this region. In Fig. 2.14 an expanded view of 
the region is given to illustrate the current-temperature dependency. Fig. 
2.15 shows minimum gate voltage. Clearly, if triggering is to be guaran-
teed, the load line must not encroach into the region shown in Figs 2.14 
and 2.15 (bearing in mind that the region varies with temperature). 

We have now established the characteristic shown in Fig. 2.4. 
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Fig. 2.13. Minimum triggering level. 

Fig. 2.15. Minimum gate voltage. 

Fig. 2.14. Magnified view showing 
current-temperature dependency. 

min.gate vol age 
to trigger all devices 

-55°C 

100 200 [gm.ImAl 
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Z.$.2 GATE-CATHODE IMPEDANCE AND BIAS 

Gate-cathode Resistance 

An external resistance between gate and cathode bypasses some current 
round the gate junction; thus a higher anode current is required to initiate 
and maintain conduction. Low-current high-sensitivity thyristors can be 
triggered by such a low current through the gate junction that a specified 
external gate-cathode resistance is necessary to prevent triggering by 
thermally-generated leakage current. This resistance also bypasses some 
of the internal anode current caused by rapid rate-of-change of anode 
voltage (high dV/dt), and raises the breakover voltage. Latching and 
holding currents are also affected by the presence of this resistance and 
turn-off time is reduced because the external resistance assists in recovery 
of stored charge, raises holding current and raises the amount of anode 
current required to initiate re-triggering. 

Gate-cathode Capacitance 

A low shunt capacitive reactance can, at high frequencies, reduce the 
sensitivity of a thyristor to dV/dt of anode voltage just as a resistor can, 
but it maintains higher sensitivity to d.c. and low-frequency gate signals. 
This may be particularly useful if high-frequency noise is present in either 
the anode or the gate circuit. 

At the triggering point, however, gate voltage must increase as anode 
current increases, so a capacitor between gate and cathode will tend to 
retard the triggering process and the di/dt of anode current. In addition, 
when the thyristor is on, the capacitor is charged to the gate-cathode 
voltage so, when the anode current is removed, the capacitor can still 
supply triggering current for a while and may prevent commutation. A 
compromise in the size of the capacitor will therefore be necessary to 
suit the prevailing circumstances and requirements. (Generally, we do not 
recommend a capacitor in this position.) 

Gate-Cathode Inductance 

Inductive reactance between gate and cathode reduces sensitivity to slowly 
changing anode current or gate source current whilst maintaining sensiti-
vity to rapid changes. However, this effect is not often desired. 
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Positive Gate Bias 

Positive gate current, if flowing when reverse voltage is applied to the 
anode, increases reverse blocking (leakage) current substantially; so the 
thyristor dissipates additional power. This situation should be avoided 
or, if it is impossible to do so, one must either make allowance for the 
additional power or limit it to a negligible value. 

If derating curves are given for this effect, the temperature derating 
(dT) must be found and subtracted from the maximum allowable stud 
temperature (found from the device derating curve); if the device is lead-
mounted, dT must be subtracted from the value found from the ambient 
temperature curve. Derating becomes negligible if the gate voltage is less 
than 0.25 volts or dT is 1 °C or less. 

A diode clamping circuit can be connected to the gate, to atte~.uate 
positive gate signals when the anode is negative. A fast series diode in 
the gate lead may be necessary to protect the gate circuit when the thy-
ristor turns on with high di/dt. This is explained in Chapter 1, Paragraph 
1.4.2 and illustrated in Fig. 1.14. 

Negative Gate Bias 

The gate should never be allowed to become more negative with respect 
to cathode than the specification permits. This can be arranged by means 
of a diode clamping circuit which can simply be a diode connected be-
tween cathode and gate. 

If the clamping between cathode and gate is removed while the thyristor 
is on, considerable negative gate current.may flow. As this current would 
be limited only by the impedance of the gate circuit, it could be large 
enough for the allowable gate dissipation to be exceeded; this, in turn, 
could lead to failure of the thyristor. 

Negative gate bias, when the anode is positive, tends to increase the 
forward breakover voltage and the dV/dt capability; this effect is greater 
in small junction-area devices than it is in those with a large junction 
area. 

2.6 di/dt and Switching Losses 

When a thyristor is turned on, power is switched and losses occur during 
the time taken for the forward voltage to drop from the blocking value 
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to the conducting value; thus turn-on time is a vital factor in the con-
sideration ofdissipation losses. A limiting factor, however, in any attempts 
to reduce turn-on time, is the maximum allowable di/dt in the forward 
direction; if this maximum value is exceeded, local heating of the crystal 
will occur, and may result in breakdown of the thyristor. 

Where high di/dt is encountered, a fast diode in series with the gate 
may be necessary to protect the gate circuit (see Chapter 1). 

Fig. 2.16 shows the three important stages of turn-on — td, t, and t;

~t~~,~sto, ~ Im„„:e 
90 

10% 

f — to — ~i~ i t ti i~— i s

Fig. 2.16. The three stages of thyristor tarn-on. 

2.6.1 CURRENT RISE TIME, t~ 

Most of the switching losses occur during the time (t~) taken by the for-
ward current to rise from 10 % to 90 % of its maximum value; this time 
is determined by the maximum rate at which plasma can spread in the 
crystal and is given by: 

t1 t2
t~ 2 

V a~ 
+ 

az 
_ 1 ~, 

where 
t~ is the forward current rise time from 10 % to 90 jo, 
t, and t2 are the base transit times, 
a, and aZ are the current gain factors (base gains, see 2.1). 

2.6.2 SPREADING TIME, i s

The spreading time is the time, after t„ taken for the entire crystal to 
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become conducting. It, of course, depends on the spreading velocity, V, 
which is given by 

D 
V=1c~—, 

t~ 

where D is the diffusion constant, and t~ has the same meaning as in the 
previous paragraph; the constant k is about 1.5. 

Fig. 2.17 shows td and t, plotted against gate current for a BTW23 
thyristor. 

4 

td 
IVsI 

3 

2 

t~ 

100 

t, 
INsI 
0.5 

0.4 

0.3 

0.2 

0.1 

0 
200 300 400 500 I~ 600 

Fig. 2.17. t,. and t,; plotted against I 9 for the BTW23. 

2.6.3 CALCULATION OF SWITCHING LOSSES 

Fig. 2.18 shows a theoretical approximation of the turn-on phenomenon. 
In time tI, the forward voltage drops from V3 to VZ and the forward 
current rises from zero to I. Thus the energy dissil>ated in the tI interval 
is 

1 ~I 

ELI = ~, ~ V f (t) h(t) dt, 

0 

where T = t,. 
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Ot t--~ tZ ilf t3 

0~2-1ps 5-100 ps depends on 
commutation freq. 

Fig. 2.18. Theoretical approximation of turn-on. 

Insertion of a numerical value for t~ (assuming a linear lime function) 
gives 

Et l = lie Ya Itl (Ws), 
if VZ is neglected because Ya » VZ. (The final tl is retained for use in 
the overall expression.) 

During the t2 interval, the energy dissipated is 

1 rz 

Etz = ~ ~ Vh(t) I k(t) dt, 

tl 

where T = t2. 
By a similar method to that used for the tl interval 

E:2 = ~ (VZ — Vl) I t2 (Ws). 

During the t3 interval, the energy (steady state) dissipated is 

Eta = Vll t3 Ws. 

So the total switching power losses, including steady-state to"sses, are: 

I {1/e Y3t1 --~ ~ (Yz — Vi) tz -I— Vita}
Ptota~ — T (W)~ 

where T is the total "on" period (t~ -}- tz -{- ta). 
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In Fig. 2.19, switching power dissipation ~s given as a function of fre-
quency, with 

I = 10 A steady state, 
V3 = 400 V. 
V2 =2V, 
V1=1.2V 
t l = 2 ~.s 
t2 = 50 ~,s 

where f is the switching frequency. 

co 
switching 

power 
Iwl 

30 

20 

steaey-state loss 

70 

0 2 4 6 6 10 
frequency 

IkHzl 

Fig. 2.19. Switching loss as a function of'frequency. 

Clearly, switching losses become more important as switching fre-
quencyincreases. When 1/(2f) < tl ;- t2 it is better to use two smaller thy-
ristors in parallel or to choose a thyristor with a greater spreading velo-
city. 

Fig. 2.20 shows examples of thyristor turn-on and in Fig. 2.21 a dia-
gram for calculation of turn-on losses in the thyristor Type BTW23 is 
given. 
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Current Waveform 
t = 0.5 µs/div. 

/eM = 200A 

V rmr = 1000 V 

Voltage Waveform 
t = 0.2 µs/div. 

Fig. 2.20 (a). Turn-on waveforms (at 25 °CJ for type BTW24 thyristor. 
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Current Waveform 
t = 0.5 µs/div. 

1TM = 100A 
VTM = 1000 V 

Voltage Waveform 
r = 0.2 us/div. 

Fig. 2.20 (6J. Turn-on H~nreforms (nt 25 °C) for t~•pe BTW92 th,yristor. 
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3 Thyristor Turn-off Methods 

3.1 Introduction 

A thyristor will turn off in either of two general circumstances — if the 
main current drops below the holding value (sometimes known as 
"natural turn off") or if the anode-cathode voltage is reversed. It is 
important to remember, however, that the thyristor will turn on again 
if the reapplied forward voltage occurs before a minimum time period 
has elapsed; this is, because the charge carriers in the thyristor at the 
time of turn-off take a finite time to recombine. 

Anode-cathode voltage reversal, or commutation, is contrived by two 
main methods —natural commutation and forced commutation (which 
can be effected by the mains or by means of special circuits). 

3.2 Turn-off Time and Reverse Recovery 

Turn-off time is that period between the point at which forward current 
reverses and the earliest point at which the thyristor can block reapplied 

main 
Curren 

anode-cathode 
voltage 

90%____ 

70W. 
-90°b 

tt L2 L3tGt5 tb t, to 

Fig. 3.1. Turn-off waveforms and times. 

):66}5°.1 
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forward voltage (t3 to t, in Fig. 3.1). Reverse recovery time is the period 
during which reverse recovery current flows (t3 to t6 in Fig. 3.1); it is 
the period between the point at which forward current ceases and the 
earliest point at which the reverse recovery current has dropped to 10 
of its peak value. 

3.2.1 TURN-OFF TIME 

As we have seen, if forward voltage is applied to a thyristor too soon after 
the main current has ceased to flow, the thyristor will turn on. The reason 
for this can be understood in terms of the physical mechanism of thyristor 
action as outlined in Chapter 1. 

The turn-off time (t3 to t, in Fig. 3.1) is not constant and increases 
with: 

(a) increase in junction temperature 
(b) increase in forward current amplitude (t~ to tz) 
(c) increase in rate of reduction of forward current (tZ to t4) 
(d) decrease in peak reverse current (t4) 
(e) decrease in reverse voltage (after tb) 
(f) increase in the rate of rise of forward blocking voltage (t, to t8) 
(g) increase in forward blocking voltage 
(h) increase in external gate impedance 
(j) increase in positive gate bias. 

Thus the turn-off time is specified for defined operating conditions. Cir-
cuit turn-off time is the turn-off time that the circuit presents to the thy-
ristor; it must, of course, be greater than the thyristor turn-off time. 

3.2.2 REVERSE RECOVERY 

Reverse recovery time, in typical thyristors, is of the order of a few micro-
seconds. This time increases with increase of forward current and also 
increases as the forward current decay rate decreases. 

Reverse recovery current can cause high values of turn-on current in 
full-wave rectifier circuits (where thyristors are used as rectifying elements) 
and in certain inverter circuits. When reverse recovery current ceases .
(which it can do suddenly), large voltage transients and radio frequency 
interference can occur. It should be remembered, too, that if thyristors 
are connected in series, the reverse voltage distribution can be seriously 
affected by mismatch of reverse recovery times. 
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3.3 Natural Co taticn 

fhe thyristor main current can be interrupted by means of a switch (either 
in series or parallel with the thyristor). The switch must be operated for 
at least the device turn-off time and it must be remembered that opening 
of a parallel swixh and closing of a series switch imposes high dY/dt 
on the thyristor. Natural commutation is the name given to this type of 
turn-off. 

It is rare, in practice, for a mechanical switch to be suitable for this 
type of commutation; thus a variety of suitable static switching circuits 
have been devised. 

3.4 Forced Commutation 

If, as is usually the case, natural commutation is unsuitable for the ap-
plication in hand, forced commutation must be used. In forced commu-
tation, current is forced through the thyristor in the reverse direction. 
The advantage of forced commutation, which makes it generally prefer-
able to natural commutation, is that it reduces turn-off time. 

Forced commutation can be subdivided into two main categories —self 
commutation and commutation by external means. 

3.4.1 FORCED COMMUTATION BY SELF COMMUTATION 

In self-commutation circuits the thyristor will automatically turn off at a 
predetermined time after application of the trigger pulse. The thyristor 
conduction period is determined by a property of the commutation cir-
cuit, such as the resonant cycle of an LC-circuit, or the volt.second capa-
bility of a saturable core reactor. The energy needed for commutation is 
delivered by a capacitor included in the commutation circuit. 

LC circuit in Series with the Thyristor 

When the thyristor is triggered, the resulting main current excites the 
resonant circuit. After half a resonant cycle, the LC circuit starts to 
reverse the anode current and turns the thyristor off. Thus the thyristor 
conduction interval is half a resonant cycle. It is essential, for proper 
commutation, that the resonant circuit be less than critically damped. 
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Fig. 3.2 shows the circuit diagram and Fig. 3.3 gives the relevant wave-
forms. 

T 

R i.awap. 

R 
 I ~ ,a:~o. 

Fig. 3.2. Self commutation with LC circuit in series with thyristor. 
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I I 

dv 
d~ 

CRi.apage 

Fig. 3.3. Waveforms for LC series self commutation (Fig. 3.2J. 

LC Circuit in Parallel with the Thyristor 

Initially C charges to the supply voltage E. When the thyristor is triggered, 
the load current I R flows through R but at the same time C discharges 
through the thyristor in the forward direction. When it has discharged 
(i.e. after one resonant half-cycle of the LC circuit), it begins to charge 
in the opposite direction and, when this charging current is greater than 
the thyristor forward current, the thyristor turns off. 

See Fig. 3.4 for the circuit diagram and Fig. 3.5 for the waveforms. 
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Fig. 3.4. Self commutation circuit with parallel LC network. 
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Fig. 3.5. Waveforms for LC parallel self commutation (Fig. 3.4). 

Capacitor and Saturable Core Reactor in Parallel with the Thyristor 

The circuit chosen (Fig. 3.6) to demonstrate this type of self commuta-
tion is that known as the Morgan chopper; it is not the only possible 
arrangement but it serves well to illustrate the method. 

Initially, C is charged to the battery voltage and the reactor is saturated 
positively. When the thyristor is triggered, the voltage across the capacitor 
is applied to LZ —pulling the core out of positive saturation. Between tl
and t2 (Fig. 3.7), the load current flows through RL and, of course, the 
capacitor is discharging. When t2 is reached, the core goes into negative 
saturation and the inductance of LZ changes from a high (unsaturated) 
value to a low saturated value. Because of the low value of LZ, C proceeds 
to discharge and then to charge very rapidly in the opposite polarity 
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Fig. 3.6. Self comnuitation circuit using capacitor and saturable reactor. 
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Fig. 3.7. Waveforms for the capacitor and saturable reactor circuit (Fig. 3.6J. 

(between tZ and t3); this charging current reaches maximum then, as it 
decreases, the voltage across LZ reverses and the core comes out of satu-
ration. The inductance rises again to a high value and C continues to 
discharge slowly (t3 to t4). At t4 the core goes into positive saturation 

and the capacitor forces current through the thyristor, in the reverse 
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direction, via the low inductance of LZ ; this reverse current turns off the 
thyristor. Capacitor C then charges to the battery voltage and the circuit 
waits far the next trigger pulse. 

3.4.2 FORCED COMMUTATION BY EXTERNAL MEANS 

A.C. Line Commutation 

If the supply is an alternating voltage, the thyristor can conduct only 
during the positive half cycle. 
Fig. 3.8 shows a circuit arrangement and Fig. 3.9 shows the waveforms. 

It is important to ensure that the duration of a half cycle is greater than 
the thyristor turn-off time. 

a<. ~, 
•~vwr 

R 

)256i1a 

Fig. 3.8. A.C. line commutation. 

It 

~z~cair 
di 
ac 

Fig. 3.9. A.C. line commutation waveforms (Fig. 3.8). 
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Commutation by a Second Load Carrying Thyristor 

If THZ is conducting, C will be charged with the polarity shown in Fig. 
3.10. When THl is triggered, Cis switched across THz via TH,. The dis-
charge current of C opposes the main current in THZ and turns THz off 
Fig. 3.11 shows the waveforms. 

T 

E 

_i 

R 

-'`J  TH1 

R2 

~TH1 

Fig. 3.10. Commutation by a second load-carrying thyristor. 

I9ace~ 

IRt 

d ~~  

ITn'~T~, p 
Iyate Z

II

Fig. 3.11. Waveforms for commutation by a second load-carrying thyristor (Fig. 3.IOJ. 

Commutation by an Auxiliary Thyristor 

The circuit in Fig. 3.10 could be used for this purpose if only one of the 
thyristors carried the load current and the other simply acted as an 
auxiliary turn-off thyristor; the auxiliary thyristor would have an anode 
resistor of, say, ten times the value of the load resistor 
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Another circuit is that shown in Fig. 3.12. THE must be triggered first 
to charge C to the polarity shown; when C is charged, the current through 
THZ drops below the holding value and THZ turns off. When THI is 
triggered, current flows in two paths —load current through R and com-
mutation current through L and D to C. The charge on C becomes rever-

T 

E 

~_ 

C _ 

TH2 
~C../ 

TH1 

L 

D 

Fig. 3.12. Commutation by an auxiliary thyristor. 
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Fig. 3.13. Waveforms for commutation by an auxiliary thyristor (Fig. 3.12). 
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sed and C remains isolated by D until THZ is triggered and C is thus con-
nected across THl —turning it off. Waveforms are given in Fig. 3.13. 

A circuit which has an outstanding ability to commutate reliably is the 
Jones chopper (Fig. 3.14). Initially C is discharged. When TH, is trigger-
ed, current is induced in LZ by the close coupling with L1 and C becomes 
charged in the polarity shown. When THZ is triggered, TH, becomes 
reverse biased and turns off; C then becomes charged in the opposite 
polarity. The next time TH, is triggered, C discharges through Lz and 
THI -thus its polarity is reversed and ready for the next trigger pulse. 

T 

•E 

Fig. 3.14. The Jones Chopper. 

Better turn-off times can be obtained with this circuit than with the 
previous one; however, higher voltages appear across the thyristors 
Waveforms are shown in Fig. 3.15. 

Commutation by an External Pulse Source 

Fig. 3.16 shows a suitable circuit for this type of commutation. It is im-
portant that the transformer is so designed that it will not saturate in the 
conditions it will meet in this circuit; at the same time, as the secondary 
is in series with the load, it must be capable of carrying the load current 
with a small voltage drop compared with the supply voltage. 
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Fig. 3.15. Waveforms for the 
Jones Chopper circuit (Fig. 3.14) 

When THI is triggered, the main current flows through the pulse trans-
former and the load. A positive pulse is now needed at the thyristor catho-
de to turn it off; this is supplied by the external pulse generator via the 
pulse transformer. Cis charged to only about one volt when the thyristor 
is on and, for the duration of the turn-off pulse, it can be assumed to 
present zero impedance. Thus the pulse at the cathode reverses the thy-
ristor voltage for the required turn-off time and supplies the reverse reco-
very current. Waveforms are shown in Fig. 3.17. 

It is possible to dispense with Cif a saturable-core transformer is used. 
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Fig. 3.16. Commutation by an external pulse source. 

I gate 

IR
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dt ''' 
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pulse 

Ivms. 

F 
1 f 

Fig. 3.17. Waveforms for external pulse commutation circuit (Fig. 3.16). 

3.5 Application of Turn-off Methods 

Table 3.1 outlines the areas in which the various methods of thyristor 
turn-off are most suitable. 
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It should be mentioned that triacs, because of their relatively low dV/dt 
capability, are generally not very suitable for use with forced commuta-
tion methods. Mains commutation, in which reversal of the mains supply 
voltage turns the triac off, is the usual method used. Triacs have been 
used with this type of commutation in a variety of applications including 
control of inductive loads, temperature control, closed-loop single and 
three-phase power control and static a.c. switches. 

Very inductive loads, however, especially d.c. inductive loads, do give 
severe post-conduction dV/dt problems with triacs; with such loads it is 
necessary to provide a safeguard to ensure reliable commutation. Fig. 3.18 
gives a good illustration of the problem. When the d.c. output voltage 
drops to zero, the load inductance forces current through the rectifier 

commutation 
~~ interval 

I 

Fig. 3.18. 7Yiac control of transformer supplying rectifier with inductive load. 
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diodes —this effectively shorts the transformer secondary for some time 
after the zero transitions of the mains voltage and applies a reverse voltage 
to the triac (turning it off). Because of transformer leakage inductance, 
the triac does not turn off immediately but continues to conduct over the 
commutation interval. During this interval, a high current decay-rate 
((di/dt)~am) results because the leakage inductance is small and the secon-
dary effective short makes fairly heavy demands on the primary. The high 
(di/dt)aam gives a high rate of voltage rise ((d V/dt)o). As the current decays 
rapidly, the peak reverse recovery current, fR, is fairly large; at turn-off, 
fR is abruptly transferred to the transient suppression elements C and 
R so the voltage across the triac rises stepwise to pRR (C uncharged 
initially). Owing to the high value of both (di/dt)aa,,, and (dV/dt)o, loss 
of control follows unless measures are taken to prevent it. 

A saturable choke in series with the transformer primary provides a 
satisfactory solution (Fig. 3.19). Saturation should occur at a fraction of 

t̀

Commutation 
interval 

reduced 
Idi/dt)r~ 

i 
reduced 
ldvtdtlp / 

~ / 
/ 

i 
~ _ i 

  Ls
unsaturated 

} 

Fig. 3.I9. Insertion of saturable choke to ensure commutation. 

65 



the rated load current so that the loss in rectifier output voltage (hatched 
Vo areas) is minimised. At low currents, the high inductance "softens" 
commutation and thus eliminates transients. The choke delays voltage 
rise and thus provides a quiescent period of a few tens of microseconds, 
during the commutation interval, during which the triac can recover. 
There is no difficulty in designing the choke so that (di/dt)~am and (d V/dt)o
are sufficiently reduced for control to be reliable. 

3.6 Calculation of Switclring Losses 

Turn-off switching losses can be obtained directly from switching loss 
diagrams; Figs 3.20 and 3.21 show, respectively, switching loss diagrams 
for a slow and a fast thyristor. 

An example is given on each diagram to make the method clear. 
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Fig. 3.20. Turn-o(f losses diagram (BTW23f . 
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4 Protective Measures 

4.1 Cooling 

4.1. l INTRODUCTION 

Power devices are mounted on heatsinks to remove internally generated 
heat. Use of a suitable heatsink enables the power device to be operated 
at heavy loads without the maximum permissible junction temperature 
being exceeded. When large power dissipation levels are involved, forced 
air or water circulation may become necessary to provide sufficient 
cooling. 

The heatsink has a relatively large thermal time constant, so it will 
be effective in limiting the junction temperature to the rated level only 
during long load cycles (several minutes duration). For short load cycles 
(from about 1 s to subcycle surge conditions) the rise in temperature of 
the heatsink will be negligible. Under such conditions, the peak junction 
temperature will be determined by the thermal time constant of the device 
itself (a few seconds), or even by the heat storage capacity of the junction 
area alone (thermal time constant a few milliseconds), depending on how 
long the load is applied. 

For effective heatsink design it is necessary to have the following data: 
maximum rated junction temperature, thermal resistance of the device, 
thermal resistance from the device to the heatsink (obtained from the 
data sheets *), power dissipation, and ambient temperature (dictated by 
the application). 

Heat transfer direct from the case of the device to ambient can consti-
ture an important factor in heatsink design, since it materially reduces 
the power flow via the heatsink path. The graphs given in this section 
allow for the effect of the envelope thermal resistance, thus ensuring op-
timum heatsink design. 

4.1.2 HEAT TRANSFER THEORY 

At temperature equilibrium, the total energy supplied per second is equal 

* Where data sheets are mentioned, the reader is referred to our Data Handbook 
System. 
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to the total energy removed per second. The equation for heat trans-
mission is, therefore: 

P ~,,h~a~d T (4.1) 

where P =power dissipation of the device 
~,, =heatsink efficiency 
h~ =total heat transfer coefficient, 
a~ =total heat dissipation area, 
~1 T =temperature difference. 

Total Heat Transfer Coefficient 

Heat transfer can take place by free or forced convection, and by radia-
tion. The following heat transfer coefficients may be distinguished: 

h~, the transfer coefficient for free (natural) convection; 
hf, the transfer coefficient for forced convection; 
h„ the transfer coefficient for radiation. 

The total heat transfer coefficient, hi equals h~ ~- h~ for free convection 
and hr  -~ !r, for forced convection. 

Heat Transfer by Free Com~ectlon 

The term free convection applies when the movement of air is due ex-
clusively to local temperature differences in the vicinity of the heatsink. 
The heat transfer coefficient h~, expressed in terms of W/m2 deg C, can 
be found from the following expression: 

h~ = 1.4 (dTh-a/1~)'ia./v.fa = A.fp.fa, (4.2)* 

where 4T~,_o =temperature difference in degC between heatsink and 
ambient, 

1~ =effective length of heatsink in m, see Table 4.1, 
fp =position correction factor, see Table 4.2, 
f o =altitude correction factor, see Fig. 4.1. 

The factor A = 1.4 (dT„_Q/1~)'~4 can be found graphically from Fig. 4.2. 

* See Ref. I 
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Fig. 4.1. Altitude correction factor 
f a vs altitude. 

Table 4.1 Effective length l~ of heatsink (free convection) 

shape 

rectangular 

circular 

position 

vertical 
horizontal 

S vertical 
horizontal 

effective length l~ 

height (max. 0.6 m) 
length times width 

length plus width 

7z/4 times diameter i 
half diameter 

Table 4.2 Position correction factor f P (free convection) 

position 

horizontal 

vertical 
i 
s r 

A 
W 

(m2degC)

10 

5 

z 

side correction factor f p

top 1.29 
bottom 0.63 

combined effect 0.96 
either 1 
combined effect 1 

i 
GT5 _a=150 100 70 50 30 20 10 51deyC1` 

1  
10-2

7~ 

0-1 t c lml 

Fig. 4.2. Factor A vs heat-

sink effective length L~. 



Heat Transfer by Forced Convection 

In the case of forced convection, circulation of the ambient air is caused 
by blowers or fans. The transfer coefficient hf, expressed in W/m2 degC, 
can be found from the equation: 

hf  = {0.055 ya/(~113/~3\1/4l , ( v3//f 11/4 , Fay (4.3a) 

which, if 
/ I J J 

0.055 ya/(Fi3/P3)T/4 = B and (v3/Ir)1/"' = C, 

may be written: 

hr = BCfa. (4.3b) 

In these expressions: 

ya =thermal conductivity of air (W/m3deg C), 
,u =kinematic viscosity of air (kg/ms), 

P =specific density of air (kg/m3), 
v =air velocity in the vicinity of the heat sink (m/s), 
if  =effective length of heatsink at forced convection (m). 

The value of 1 f  depends only on the shape of the heatsink. Fora rectangu-
lar sink, If is the length in the direction of the air flow. For a circular heat-
sink If equals n/4 times the diameter. The factors B and C have been 
plotted in Figs 4.3 and 4.4 respectively. 

6 6.0 

m degC ( mfi ) 5.6 

5.6 

5.4 

5.2 

5.0 
0 20 40 60 T°mel°CI 80 

Fig. 4.3. Factor B vs ambient temperature, Tome• 

The effectiveness of the heatsink can be increased by painting its 
surface a dull colour. At air velocities exceeding 3 m/s heat removal by 
forced convection will, however, be predominant, and the effect of sur-
face coating can then be ignored. 
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Fig. 4.4. Factor C vs heatsink effective length, Lf. 

Heat Transfer by Radiation 

Apart from being transferred by conduction and convection, heat can be 
radiated. The transmission coefficient for this type of heat transfer, hr, 
expressed in terms of W/m2deg C, can be found from the equation: 

h_ Q (Th4 — Tamb4) 
g J r =  D' E,/ i r  —

d Th_a
(4.4) 

where o = Stefan-Boltzmann constant (7.51 x 10_ a W/m~ • °K4), 
T,, =absolute temperature of the heatsink (°K), 
Tomb =absolute ambient temperature (°K), 
s =emissivity coefficient, see Table 4.3, 
f r =radiation form factor, see Fig. 4.5. 

The factor D can be found from the graph plotted in Fig. 4.6. 

1.0 
f. 

0.6 

06 

0.4 

0.2 

,~s. ,o 

0 0 4 6 8 b 10 
a 

Fig.4.5. Radiation form factor f r vs ratio b/a for each of the facing sides of the heat-
sinks; the other sides radiate in free space. 
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Fig. 4.6. Factor D vs temperature difference from heatsink to ambient, dTh_a. 

Table 4.3 Emissivity coefficient e " 

surface emissivity coefficient e 

aluminium, polished 
aluminium, oxidized 
aluminium, anodised 
copper, polished 
copper, oxidized 
brass, polished 
brass, oxidized 
aluminium paint 
oil paint (all colours) 
lacquer (all colours) 
varnish 

0.05 
0.20 
0.90 
0.03 
0.60 
0.10 
0.60 
0.25 to 0. %0 
0.92 to 0.46 
0.80 to 0.95 
0.90 

' The emissivity coefficient a is unity for an ideal black surface. All painted surfaces, 
even white, have approximately the same emissivity, regardless of colour. Glossy 
paint has a slightly lower emissivity than a matt painted surface. Emissivity is lowest 
for polished surfaces but will substantially increase as the surface oxidizes. In cases 
where the heatsink carries a protective coating, emissivity will be determined by the 
coating and not by the metal. 
Note that about 20 % of the heat is lost by radiation (convection accounting for the 
remaining 80%). 
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Heatsink Efficiency 

Calculations of heat transfer such as those above, which are based on the 
assumption that the entire surface of the heatsink has the same tempera-
ture as the hottest spot, are optimistic and should be corrected for the 
lower rate of heat transfer occurring at the cooler extremities. 

Since the heatsink material has a finite thermal conductivity, the surface 
temperature will decrease as the distance to the heat source (i.e. the 
power device) increases, owing to surface cooling effects. Consequent-
ly, apractical heatsink will have an efficiency ~,,, defined as the ratio of 
the heat actually transferred by the heatsink to the heat that would be 
transferred if its entire surface were at the temperature of the hottest spot. 

A hypothetical circular heatsink, exhibiting no temperature difference 
over the surface, would have by definition 100 % efficiency. The radius 
in m of such a hypothetical circular heatsink is given by: 

rn = (Ystl2ht)1~2, (4.5) 

where ys =thermal conductivity of the heatsink (W/m3deg C), 
t =thickness of the heatsink (m), 
ht =total heat transfer coefficient (W/mZdeg C). 

Fig. 4.7 is a plot of rh versus h~ for aluminium and copper heatsinks of 
0.002 m and 0.003 m thickness. The thermal conductivity y of various 
materials is given in Table 4.4. 

Table 4.4 Thermal conductivity y of several metals 

material 

Y 

copper 
380 

aluminium 
210 

brass 
110 

iron 
44 

unit 
W/m3 degC 

To find the efficiency of a practical heatsink, we introduce dimensions 
r, and rs 'in Fig. 4.8 and find the heat input radius to be 

The heatsink surface is defined by rs, which equals the external radius 
for a circular sink. For a rectangular heatsink of length 1 and width w 
(provided 1/w ^~ 1): 
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Fig. 4.7. Radius of hypothetical heatsink rn vs total heat transfer coefficient h t. 
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Fig. 4.8. Practical heatsink dimensions. 

Knowing the ratios p = rh/r i and q = rs/r, one can find ~7i;, the efficiency 
of a practical heatsink, by reference to Fig. 4.9. Optimum design should 
yield a figure of about 0.5. An efficiency appreciably lower than 0.5 
indicates that the material used is too thin. One as high as 0.9 suggests 
that the material is too thick, so the sink will be unnecessarily expen-
sive. 
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Fig. 4.9. Hentsink efficiency pn vs ratios p anrt y. 

Thermal Resistance of the Heatsink 

Eq. (4.1) can be rewritten 

Rtn n-a = 4 T~P = 1 ~~hhrar> 

where Rah h _~ is the thermal resistance 
the hottest spot of the heatsink. 

For free convection 

(4.8) 

that exists between ambient and 

Rah n-a = 1~~7n ~h~ -~ h.) ar, (4.9) 

and for forced convection: 

Rrh n-a = 1/~In (hf -}- h,) a~. (4.10) 

Since there is some loss of heat direct to ambient from the envelope and 
connecting leads to the device, only part of the power dissipation will 
be removed by the heatsink. This implies that Rah h _~ can safely be 
increased to some extent, i.e. that a smaller heatsink will provide ade-
quate cooling (cf. Sub-Section 4.1.3). 

4.1.3 EFFECT OF HEAT REMOVAL FROM THE DEVICE ENVELOPE 

In heatsink design, then, an economy can be made by taking into account 
the heat lost by the device via its leads and envelope. This more direct 
path to ambient lies in parallel with that through the heatsink, and its 
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effect is thus to help the crystal get rid of its generated heat. Accordingly, 
in Fig. 4.10, the simple heat flow diagram a has been developed into a 
more accurate version b by shunting an additional thermal resistance 
RT,, d_d, representing the more direct path from device to ambient, across 
the thermal resistance R,,, h~ from heatsink to ambient and the thermal 
resistance RT,, ,„b_,, from mounting base to heat sink. 

Actual values of R,,, d_a can be found on reference to curves of the 
type shown in Fig. 4.11, both for free and forced cooling. 

lal 

function 
heot~ _ T~ 
input 

1 Ptae 
Htn i-mb 

Ren mb-n 

Htn n a 

Tamp 

Ib) 
function 

ambient ambient 

Fig. 4.l0. Diagrammatic representatiolr of heat flow (a) neglecting heat removal by 
device envelope (b) heat removal by device envelope accounted for. 
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The values quoted by the manufacturer for the thermal resistance from 
heatsink to ambient always take into account the heat removal from the 
envelope direct to ambient. 

4.1.4 Heatsink NOMOGRAMS 

In heatsink nomograms (Fig. 4.13) R~,, ,,~, values are plotted along the 
ordinate which accounts for the loss of heat from the envelope and leads 
direct to ambient, so enabling the designer to dimension heatsinks with 
the utmost economy. Individually, the nomograms relate to particular 
types of heatsinks, distinction being made between free and forced con-
vection. In the case of free convection, the air flow along the heatsink 
is caused by the temperature difference between heatsink and ambient. 
The higher the power dissipation, the higher will be the temperature dif-
ference and hence the heat transfer coefficient. When, on the other hand, 
the air movement is forced by blowers, the power dissipation rate does 
not greatly affect the heat transfer coefncient and a fixed point on the 
power scale may be used as a reference. 

Flat Heatsinks 

The use of the nomogram for flat heatsinks shown in Fig. 4.12 may be 
explained as follows, distinction being made between free convection and 
forced cooling. 

Free Convection. Assume that the type of thyristor and its envelope, the 
power dissipation and the calculated maximum value of the thermal 
resistance from heatsink to ambient are known. Draw a straight line 
from the point on line 2 that corresponds to the free convection point 
of the thyristor used, through the thermal resistance value on scale 3, to 
the vertical line 4. Then move horizontally to the free convection line. 
The intersection of the vertical through this point with the horizontal 
through the power dissipation value on scale 1 gives the required heat 
sink area (interpolate between the values of the lines 6). 

Example. An example has been plotted in Fig. 4.12 for a thyristor of 
encapsulation 14 to 17HEX, dissipating 17.5 W at T„n6 = 73 °C. Accord-
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Fig. 4.12. Nomogram for finding data on ffat heatsinks of blackened 3mm thick alumi-
nium (vertical). 

ing to the data sheets, a thermal resistance from heatsink to ambient 
of 3 deg C/W is required. The nomogram shows that the heatsink area 
should be 125 cm2. 

Forced Cooling. Assume that the type of thyristor and its envelope, the 
calculated maximum value of the thermal resistance from heatsink to 
ambient and the velocity of the cooling air stream are known. Draw a 
straight line from the point on line 2 that corresponds to both the air 
velocity and the type of thyristor through the thermal resistance value 
on scale 3, to the vertical line 4. Then move horizontally through the 
appropriate line for the air velocity (lines 5) and from there vertically to 
the intersection with the horizontal line through the arrow "forced cool-
ing" at scale 1. This intersection gives the required heatsink area (inter-
polate between the values of the lines 6). 
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Example. In the nomogram an example has been plotted for a BTW23 
(27HEX envelope) thyristor, for which a required thermal resistance from 
mounting base to ambient of 1.1 deg C/W has been calculated and which 
will be cooled with a forced velocity of 3 m/s. Since the thermal resistance 
from mounting base to heatsink is 0.1 deg C/W, the thermal resistance 
from heatsink to ambient should be 1 deg C/W. The nomogram shows 
that in this case the required heatsink area is 100 cm2. 

Unless the heatsink is mounted vertically, the position correction 
factor f„ given in Table 4.2, should be taken into account. 

Influence of ambient temperature. It should be kept in mind that the 
nomograms are for an ambient temperature of 30 °C, but for other 
ambient temperatures no correction need be made except where the 
removal of heat takes place mainly by radiation. This is the case with, 
for example, painted heatsinks (high emissivity) at free convection. For 
these heatsinks, therefore, at an ambient temperature of, say, 10 °C the 
values found in the nomogram are too high; the correct Rt,,,,~, value is 
5 % lower. Similarly, at an ambient temperature of, for example, 60 °C 
the nomogram values are too low and should be increased by 10 %. 
(Interpolate for intermediate temperatures). 

Conversely, when the nomograms are used to ascertain the surface area 
of the heatsink for a given required value of Rt,, ,,~, the latter should be 
decreased accordingly for ambient temperatures in excess of 30 °C or 
increased for ambient temperatures below this value if removal of heat 
takes place mainly by radiation. 

Die-Cast and Extruded Heatsinks 

When, instead of flat heatsinks, die-cast or extruded types are to be used, 
the designer is referred to other graphs, as for example those given in 
Fig. 4.13 for die-cast heatsinks and those given in Fig. 4.14 for an ex-
truded one. These curves are not to be considered as nomograms since 
they depend on the type of thyristor used. 
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Fig. 4.13. Graph of Rr„ ,,_Q for die-cast heatsink type 56256 
(top) free convection; (bottom) forced cooling. 
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(topJ bright; (bottom) blackened. 

82 



4.1.5 USE OF Heatslrik COMPOUNbS 

Heatsink compound or vacuum grease is often inserted between the 
mounting base of the power device and its heatsink, to reduce the thermal 
resistance from mounting base to heatsink. Measurements show that this 
thermal resistance decreases by a factor of about 3 when, for example, a 
thin film of heatsink compound Dow Corning 340 is used and by a factor 
of about 1.5 when Dow Corning 280-300 vacuum grease is applied. How-
ever, the temperature difference between the mounting base and heatsink 
will not decrease by the same factor owing to the parallel path to ambient 
via the device envelope. When the thermal resistance drops, the mounting 
base temperature will also drop. As a result, the thermal radiation from 
the envelope decreases, causing an increased power flow via the heatsink. 
The heatsink temperature will therefore be higher and the temperature 
drop from mounting base to heatsink will be larger than would be the 
case in the absence of a thermal resistance directly from the envelope to 
ambient. 
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high-vacuum grease 
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Fig. 4.15. Effect of high-vacuum grease or heatsink compound on mounting base and 
heatsink temperadures. 

Fig. 4.1 S illustrates the effect of compound or grease on the temperature 
levels of mounting base and heatsink, at a given ambient temperature. 
The use of compound or grease has additional value in preventing cor-
rosion of the surfaces in contact. 

4.1.6 CHOICE OF PRACTICAL Heatslrik 

Let us assume that we require a heatsink for a BTW92 avalanche 
thyristor which is to be used in a single-phase full-wave rectifier circuit. 
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We have the following information (assuming no switching losses): 

conduction angle 
average forward current 
ambient temperature 

a = 
ITAV = 

Tnmb — 

180° 
9 A (per thyristor) 
65 °C 

From the left hand part of the graph in Fig. 4.16 it follows that at 
IrAv = 9 A and a = 180° the average forward power -~ average leak-
age power = 15.5 W per thyristor. 
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Fig. 4.16. BTW92 curves for heatsink calculation. 

125 

From the right hand part of the graph we can find the thermal resistance 
required for Plot = 15.5 W at Tomb = 65 °C 

Rih mb—a N 3 °C/W. 

The contact thermal resistance Rrh mb—h 0.2 °C/W Hence the heat-
sink thermal resistance should be: 

Rth h~ = Rrh mb-a — Rrh mb-h = 3 — 0.2 °C/W = 2.8 °C/W. 

The applicable heatsink(s) may then be found in the section xEATSINxs 
In 011r Data AaridbOOk -SEMICONDUCTORS AND INTEGRATED CIRCUITS. 
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4.1.7 WATER COOLING 

A water-cooled heatsink must allow heat to be carried away by coaling 
water at the same rate as it is generated in the thyristor crystal. Between 
the crystal and the cooling water, there exists a heat conduction path 
which has a certain thermal resistance. The crystal junction temperature 
must not rise above a certain specified maximum value (usually 125 °~C). 

However, the heatsink-to-water thermal drop depends on inlet water 

temperature and heat transfer rate. In turn, the heat transfer rate depends 
on the heatsink configuration, the flow rate and the water passage size. 
In addition to this, while too large a water passage merely results in a 
waste of cooling water, too small a passage can cause a pressure drop 
across the heatsink which may well exceed the capability of the water 
supply system. 

This being so, the usual design procedure is to fix some of the variables 
and proceed by a series of trial-and-error steps. 

The first, and most useful, variable to fix is the heatsink configuration. 
An efficient and easily constructed type is shown in Fig. 4.17. Three holes 
are drilled into the edges of the block to form a roughly "U" shaped water 
passage round the thyristor mounting base. 

Fig. 4.17. Water-cooled heatsink 
(Type 36311). 
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Another variable that we can fix at the outset is the cooling water inlet 
temperature. It is common to assume a value of 30 °C for this. 

Now it remains only to determine water-passage size and water-flow 
rate. This can be done by means of the following steps. 

1. Find the thyristor power dissipation P and the maximum allowable 
mounting-base temperature Tmb max from the device specification sheet. 
If Tmb max is not given but maximum power dissipation, junction-to-
mounting base thermal resistance and maximum junction temperature 
(usually 125 °C) are, Tmb max can be found from 

Tmb max = Tf max — P•Rrhj—mb l °C~ 

In general, other power losses are negligible (those due to forward and 
reverse leakage currents, gate current and switching) but at high frequen-
cies the switching losses become important. 

2. Find the water 

/

film temperature Tf  from: 

Tf = Tmb max — P  lR[h mb—h + Rih h—}'~ ~°C~• 

Obtain the mounting base-to-heatsink thermal resistance Rah mb-h from 
the thyristor data and the heatsink thermal resistance R,h h _f from: 

s 
Rth h-s —  deg C/W), 

yd L„, 

where s =- mean thickness of heatsink material betwc~~i mounting 
base and cooling water (m), 

y =thermal conductivity of heatsink material (W/(m degC)), 
d =water passage diameter (m) (choose a value for this), 
Lw =water passage length (m). 

If the value chosen for d is very small, the flow-rate needed may be too 
high for the water system and the passage may be susceptible to clogging; 
if d is too large, the heatsink can become too thick for the thyristor to 
engage enough threads in the nut. 

3. Find the film drop B from: 
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where Tf  =water film temperature calculated in Step 2, 
Tw =water temperature at heatsink inlet, 
dTW/2 =average rise in water temperature (assume 5 °C to start 

with). 

4. Determine the heat transfer rate H. This is the ratio of the power 
dissipation P and the heat transfer area F: 

H = P~F (W~m~). 

The heat transfer area is: 

F = ~ d Lw (m~), 

where d is the water passage diameter. 

5. Determine the required water velocity Vw, from the graph in Fig. 
4.18, using d, B and H. As the water viscosity changes with temperature, 
a correction is needed for water inlet temperatures other than 30 °C. 

icFF6  icF ~cF  E 
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Fig. 4.18. Film drop B vs. heat transfer rate H for various values of water velocity and 
water passage diameter. For correction factor a see Fig. 4.19. 
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Thus H/x, rather than H, is plotted horizontally in Fig. 4.18 — a being 
the correction factor (see Fig. 4.19). 

1s 

1.0 

o.s  0 50 100 w 

Fig. 4./9. Correction factor a vs. water 

inlet temperature Tw (compare Fig. 4.18). 
,150 

6. Determine the water flow rate Q and the pressure drop. The water 
flow rate is given by: 

Q = 4.71 x 104 v„, d~ (litres/min), 

where i'w and d are expressed in m/s and m respectively. 
The water pressure drop depends on the total effective length Lr of the 

cooling system, which is given by: 

where LW =water passage length, 
LQ =equivalent length of each square elbow in the water passage 

(Fig. 4.20), 
L,, =connecting hose length. 

if we neglect the pressure loss across the fittings, we can now find the 
pressure drop from Fig. 4.21 using the value of Q and Lr just obtained. 
Should this pressure drop exceed the capability of the water supply, restart 
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Fig. 4.10. L~quivalent length LQ of square 

no3 elbow vs. diameter d of water passage. 



the design at Step 2-taking a larger water passage diameter. Industrial 
water supplies can deliver a few hundreds of m3/hour at pressures up to 
about 100 m water column; a city water system should be able to supply 
0.5 m3/hour to 1 m3/hour at pressures ranging between about 20 m water 
column and 30 m water column. If the required pressure drop is smaller 
than the capability of the water supply, ahand-operated valve should be 
installed to reduce the water flow rate. 

Q 
(L/mint 

10 
eFF 

6F~ 

10
10'3 10-Z 10-~ 1 p(kg/cmz pe m) 10 

Fig. 4.21. Water flow rate Q vs. pressure drop p for 8 mm, 6 mm and 4 mm inner tube 
diameter (note p = PC/Lt; L~ = 1 m). 

7. Check the rise dTw in water temperature. The rise in water tempera-
ture at the heatsink outlet is: 

dT„, = 8.64 x 10-4 P/Q (°C), 
where P is expressed in watts and Q in m3/hour. 

Check that dTWl2 is smaller than the value assumed in Step 3. If it is 
not, re-start the design at that step, taking a larger value for dTWl2. 

Practical Example 

If we already have a heatsink and its data sheet and we have the published 
data on the thyristor, the problem is simply to discover the necessary 
water flow-rate and pressure. 

Suppose, for instance, we wish to cool a thyristor Type BTX41 which 
is delivering an average current of 250 A. We have, for this purpose, our 
heatsink Type 56311. 
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BTX41 data sheets give us the following information: 
dissipation at 250 A 400 W 
thermal resistance (R~,,~~_mb~) 0.12 °C/W 
max. allowable junction temperature 110 °C. 

From this we can obtain the maximum allowable mounting base tem-
perature as follows: 

Tmb = T, — P•Riti ~ j _rn6~ = 110 — (400 x 0.12) ,. 60 °C. 

Maximumthermalresistance between mounting base and water (Rtncmn-w>) 
assuming, in this case, a maximum water inlet temperature of 40 °C, is 

T,„b — T„, 60 — 40 _ _ ° 
Rnc~mn-w~ — 

P 400 — 5 
W. 

With this figure, we find from the first graph given in the heatsink 56311 
data (Rth(mb-w) against water flow rate) that a water flow rate of about 
3.75 litres per minute is required. Using this figure in the second graph 
(pressure drop against water flow rate), we find that a pressure of about 
0.26 atmospheres is required. 

4.1.8 ALLOWANCE FOR SWITCHING LOSSES 

When a heatsink is being calculated, it can be important that switching 
losses are not neglected; at high operating frequencies, switching losses 
form a significant part of the total dissipation. 

In Chapters 2 and 3, a method of calculating the turn-on and turn-off 
switching losses is given. When these have been calculated, it is only 
necessary to add them to the forward conduction dissipation in order to 
obtain the correct value of device dissipation for heatsink calculations. 

4.Z Voltage Transient Suppression 

4.2.1 VOLTAGE TRANSIENTS AND THYRISTOR RATINGS 

Semiconductors, in their early years of development, carried a reputation 
for great sensitivity to overvoltage conditions; their limited voltage ra-
tings, in those days, served only to accentuate this shortcoming when 
comparisons were made with vacuum or gas-filled tubes. However, this 
problem has now virtually disappeared and semiconductor devices can 
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be produced with voltage capabilities of several thousand volts peak. 
Nevertheless, there is still a need to protect thyristors against voltage 
transients because the transient may have a high enough dV/dt to turn 
on the thyristor. 

Some thyristors are easily damaged by low-energy voltage transients 
above their peak voltage ratings, others (avalanche types) can dissipate 
quite large amounts of transient energy in the blocking condition without 
sustaining damage and yet others (some bidirectional types) may switch 
non self-destructively into conduction under the influence of excess 
voltage. All of these may require some form of transient suppression —the 
type and extent of this will be determined by the individual case. 

4.2.2. VOLTAGE TRANSIENT SOURCES 

There are three major sources of the type of transients which afflict thy-
ristor circuits: 

(a) the mains supply (lightning and other major disturbances), 
(b) the mains and load contactor (opening and closing), 
(c) the rectifying and load circuit (commutation). 

The transients must be suppressed (they can also be allowed for in com-
ponent ratings to some extent) by additional components or removed at 
source in order to ensure reliable circuit operation. 

4.2.3. VOLTAGE TRANSIENT SUPPRESSION METHODS 

Three types of circuit are commonly employed to suppress voltage tran-
sients — an RC series network across the thyristor stack, an RC series 
network across individual thyristors and a series choke between the stack 
and the mains contactor. 

In some cases only one type of suppression circuit will be required but 
in others two or even all three will be necessary. 

4.2.4. INPUT FILTER 

Most of the mains-borne and contactor transients can be removed or 
reduced to a safe level by a suitable shunt capacitance across the input 
terminals of the thyristor array. Although in some applications individual 
suppression circuits for the thyristors may be required, these circuits have 
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little effect on the input filter, and the two types of circuit can be con-
sidered separately. 

The complete input filter circuit for asingle-phase system with a solid 
neutral connection is shown in Fig. 4.22 where L, and R1 represent the 
line source impedance plus any additional series choke and its associated 
loss component. Capacitor CI is the shunt suppression component, resis-
tor RZ is a series damping resistor, and R3 provides a discharge path for 
Cl. 

Li Rt SA 

L O 

ti

N 

t0 
thyristOf 

R3 

Fig. 4.21. Input filter for single-phase system. 

The line impedance is largely inductive, so at frequencies above a few 
kilohertz 

wL1R1 > 1. 

When the thyristors are in their non-conducting state and the mains 
contactor S,, is closed, a series resonant circuit is formed of L1 and C, 
with series damping (R, + RZ). If the loss components of this circuit 
are small, the circuit will ring and the voltage appearing across capacitor 
Cl will exceed the supply voltage, as shown in Fig. 4.23. 

If resistor R, is zero or very small, most of this ring voltage will appear 
across the bridge input and may result in the forward breakover of a 
thyristor, although the presence of capacitor Cl may have effectively 
slowed down the rate of rise of voltage to a safe value of dV/dt for the 
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thyristor. It is therefore most important to ensure that the combined value 
of R1 and RZ is large enough to provide sufficient circuit damping. 

Unfortunately, too large a value of resistor RZ reduces the effectiveness 
of capacitor C,, and it is not easy to make R1 large. It is clearly not pos-
sible to make R1 a physical resistance as the power losses would be too 
large, but it is sometimes possible to make this the series loss component 
of a choke which has negligible loss at 50 Hz but a useful loss at higher 
frequencies. Because of these difficulties, a compromise has to be made 
between acceptable damping and filtering efficiency. 

In many cases, the supply impedance will only be known to lie between 
broad limits so that no accurate design will be possible. Alternatively, a 
series choke may be used to swamp the supply inductance and provide 
a better defined input circuit. The final choice will probably be dictated 
by economic considerations, and in low-power systems the choke is quite 
often omitted. 

The design procedure is summarised in sub-section 4.2.9. Two design 
abacs are given, for single-phase and three-phase systems, for values of 
inductance and shunt capacitance that have been proved practicable. It 
has also been proved in practice that for reliable operation of thyristors 
at least 600 V types should be used for single-phase (220-240 V) supplies, 
and 1200 V types for single-phase line-to-line or three-phase (380-440V) 
supplies. 

4.2.5 INDIVIDUAL DEVICE SUPPRESSION 

The input circuits which have been described so far for transient and 
dV/dt suppression rely for their operation upon the neutral side of the 
supply being connected when the line contact is made. In many practical 
circuits this will not necessarily be the case, as the mains will be connected 
through atwo-pole conf~ctor whose contacts will never close at exactly 
the same instant, and in any case contact bounce is likely to give rise to 
random transients following the initial make. 

In these cases, a large voltage transient can be applied to a particular 
thyristor through the circuit stray capacitance to earth of the load. Al-
though the capacitance current that would follow thyristor turn-on would 
not sustain thyristor conduction, this initial charging current may be 
immediately followed by the closing of the neutral contact so that full 
conduction into the load can follow. 

Spurious turn-on by this process requires a certain sequence of events 
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in the contactor to occur near the supply-voltage crest. Such a sequence 
of events may occur, say, once every 100 operations; but if it can happen 
and the consequences of this are the destruction or premature ageing of 
thyristors, or perhaps some undesirable rotation of a motor, preventive 
measures must be taken. 

It has been found that a series combination of capacitance and resis-
tance connected across each thyristor effects a complete cure and reduces 
initial dV/dt in all known cases to a safe level. This arrangement alone 
will not be sufficient to attenuate input voltage transients, so that both 
suppression circuits will normally be required except where the neutral 
is not switched. 

Circuit Condition with Open-circuit Neutral 

The circuit diagram of ahalf-controlled bridge fitted with an input filter 
and individual device suppression is shown in Fig. 4.24. If the contactor 
contact SB closes before SA and remains closed, then the input sup-
pression circuit Ll, R1 and Cl operates to protect the thyristors from 
large values of dV/dt or mains-borne voltage transients. 

On the other hand, if SA closes first, a circuit exists from line to earth, 
through the load and its stray capacitance, which may result in a high 
value of dV/dt across the thyristors. The following conditions exist. 

If the line terminal is positive to earth, diode D1 conducts and current 
flows to charge the stray capacitance CS. Capacitor Cl will normally be 
much greater than CS, so that both a.c. bridge terminals will remain at 
about the same potential, and the voltage across diode DZ will therefore 
also be small. As no load current can flow and the load impedance is low, 

SA 

L ~—T

R2 

SB 

N ~~~ 

Fig. 4.24. Single-phase half-controlled bridge with input filter and individual device sup-
pression circuits. 
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the voltage drop across the load will only be that due to the charging 
current for CS. There will therefore only be a small voltage drop across 
the two thyristors. 

If the line terminal is negative to earth when SA is closed, the diodes 
D1 and DZ are reverse-biased, and nearly all the mains voltage appears 
across the two thyristors in the forward direction. The rate of change 
of forward applied voltage can be as high as 1000 V/µs if the 
switch is closed when the mains supply is near to its crest voltage. 
If capacitors CZ and C3 are connected across the two thyristors, the rate 
of rise of voltage across either thyristor can be reduced to an acceptable 
level. Some series resistance, R3 and R4, must also be included to limit 
the peak capacitor discharge current when the thyristors are triggered 
into conduction. High peak currents could damage the thyristors by ex-
ceeding the rated value of di/dt during the switch-on period. A practical 
upper limit of capacitance is about 1.0 ~.F, and a 10-47 S2 resistor will, 
in most cases, limit the peak discharge current to a safe level. A lower 
limit is difficult to define on the basis of dV/dt protection alone, but a 
minimum value of 0.1 µF is probably a good compromise. 

dV/dt with Individual Device Suppression 

Before proceeding further, we will consider the effects of these compo-
nents on the normal operation of the circuit with the neutral contact 
making first, or with a solid neutral connection. 

If the line is positive when S,, (Fig. 4.24) is closed, diode D1 will con-
duct and, as the load has a very low impedance compared with the for-
ward leakage of the other components of the thyristor bridge, nearly all 
the mains voltage appears across thyristor THZ. Because of the low volt-
age drop across the load, the voltage difference between the d.c. terminals 
of the bridge will b~'small so that very little voltage appears in reverse 
across the other thyristor THI. If the line terminal is negative when SA is 
closed, exactly the same conditions exist except that the roles of the diode 
and thyristor pairs are reversed. 

The input suppression circuit Ll, Rl and Cl will reduce the rate of rise 
of voltage across the a.c. terminals of the bridge as already described. 
Now the rate of rise of voltage applied to the thyristors .will be further 
reduced by the combined effects of the series impedance of the bridge 
diode and load as a series element, and CZ and R3 or CZ and R4 as a 
shunt element. 
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The non-linear characteristic of the bridge diodes as a part of this 
second filter modifies the voltage rise characteristic across the thyristors, 
making the rate of rise of voltage more nearly linear as shown in Fig. 4.25. 
The upper line shows the almost exponential voltage waveform across 
the bridge a.c. terminals, while the lower line shows the rate of rise of 
voltage across the thyristor itself to be very nearly linear. In this case the 
component values were as follows: 

L1 =160µH; C1 =4µF; R1 =5.652 

C2 =C,=0.22µF; R3 =R,=10 S2. 

It will be seen that the initial rate of rise of voltage with input sup-
pression only is about 7.5 V/µs, while with additional device suppression 
it is about 4.0 V/µs — an improvement of nearly 2 : 1. Apart from the 
additional protection provided by individual device suppression when 
double-pole switching is used, a significant improvement is obtained in 
normal operation which would otherwise require a fourfold increase in 
either the input choke inductance or capacitance value. 

With the neutral open-circuit but with the circuit otherwise unchanged, 
the maximum rate of rise of voltage across a thyristor is shown in Fig. 
4.26, where the vertical scale is 200 V/division and the horizontal scale 

Fig. 4.25. Observed d V/dt waveform in single phase thyristor bridge. 
Upper trace— voltage across a.c. terminals of bridge. 
Lower trace— voltage rise across thyristor. 
(Vertical scale 200 V/div.: horizontal scale 20 µs/div.) 
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Fig. 4.26. Observed dV/dt waveform in single-phase thyristor bridge with open-circuit 
neutral. (Vertical scale 200 V/di v.: horizontal scale 10 µs/div.J 

10 µs/division, giving a dV/dt value of 4.5 V/µs. It is interesting to note 
that the maximum voltage reached with the neutral open-circuit is only 
about 250 V, compared with the 340 V shown in Fig. 4.25, because of the 
additional voltage drop across the impedance to earth. 

The rate of rise of voltage across the thyristors with individual sup-
pression and an open-circuit neutral is very little affected by the series 
line choke. Removing the choke altogether and leaving about 50 µH of 
series line inductance only increases the dV/dt value only to about 5 V/µs. 
This is to be expected as the additional series impedance provided by 
diodes and load is considerably greater than that of the series choke. 
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Fig. 4.27. Three-phase half-
controlled bridge with input 
filter and individual device 

=66,40 suppression. 

97 



Individual thyristor suppression is shown applied to a three-phase half-
controlled bridge in Fig. 4.27. The circuit functions in the same way as 
the single-phase system. 

Peak Current in Suppression Capacitor Circuit 

When the mains contactor SA and SB is closed, the suppression capacitors 
CZ and C3 in Fig. 4.23 will charge through the series line choke Ll, their 
individual damping resistors R3 and R4, and the load circuit. The peak 
charging current will be limited by all these series circuit elements to a 
moderate value, even when the mains circuit is made near the crest voltage 
of the supply. 

When a thyristor is triggered, however, the only impedance in the 
capacitor discharge circuit is that of the series resistor and the thyristor 
itself. To avoid damage to the thyristor during its turn-on interval, the 
rate of rise of current must stay within the rated maximum value. The 
worst case will exist when the thyristor is triggered at the mid-point of 
the cycle, at which time the suppression capacitor will be charged to its 
maximum voltage. Under these conditions, measurements show that the 
peak discharge current is about 18 A .(which is less than expected because 
the thyristor is not a perfect switch and does not turn on immediately) 
for a circuit where CZ and C3 are 0.22 µF, R3 and R4 are 10 SZ and the 
supply voltage is 240 V. The mean power dissipation in the series resistor 
R3 and R4 under these conditions is about 0.4 W. A 0.5 W carbon resistor 
was used for these measurements. 

In the three-phase case (Fig. 4.27) where the peak voltage across each 
thyristor is increased by a factor of ~/3, the peak current will be increased 
in the same ratio to about 30 A. The resistor mean power dissipation will 
be increased by a factor of 3 to about 1.2 W. In both cases, the pulse of 
current is roughly triangular in shape with a duration of less than 10 µs, 
and will be within the permitted rating of most thyristors. 

4.2.6 SUPPRESSION OF CONTACTOR TRANSIENTS 

Magnetically-operated mechanical mains contactors all suffer from con-
tact surface imperfections and contact bounce effects to some extent, 
although some types will obviously be superior to others. It is not the 
intention here to discuss the characteristics of particular contactors, but 
rather to indicate the nature of the problem and the electrical effects 
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which may be produced by some contactors. It should be remembered 
that it is not the near-ideal operation of a new contactor which is being 
considered. but the operation of an old contactor in need of service though 
still functioning well enough to have escaped the attention of the works 
maintenance electrician. 

To obtain some qualitative measure of the effects of contactor opera-
tion, we made transient voltage waveform measurements across a thyristor 
in ahalf-controlled bridge circuit. The individual device suppression com-
ponents were omitted but the input transient suppression components 
were retained. So as not to confuse the results by double contact opera-
tion, the neutral was left open-circuit. 

Fig. 4.28 shows typical contact bounce effects with higher-frequency 
transients before and after each major bounce period. The vertical scale 
is 200 V/division, the horizontal scale 1 ms/division. 

Fig. 4.28. Contact bounce e,/fects with higher frequency transients before and after each 
major bounce period. 

(Vertical scale 200 V/di v.: horizontal scale 1 ms/di v.) 

If one of the major bounce periods is expanded a picture like that of 
Fig. 4.29 is obtained, where the time scale is 50 µs/division. The early 
part of this waveform may be expanded still further, when it appears as 
shown in Fig. 4.30 with a time scale of 20 ~.s/division. 

Examination of the leading edge of a single transient reveals that the 
rate of rise of voltage is of the order of 1000 V/~.s, as shown in the 
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Fig 4.29. Expansion of major bounce period. 
(Vertical scale 200 V/div.: horizontal scale 50 µs/di v.) 

Fig. 4..30. Early part of waveform in Fig. 4.29. 
(Vertical scale 200 V/di v.: horizontal scale 20 µs/div.) 
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Fig. 4.31. Leading edge of single transient from Fig. 4.30. 
(Vertical scale 400 V/dir.: horizontal scale 0.5 µs/div.) 

Fig. 4.32. Contact bounce effects with RC filter across each thyristor. Compare with 
Fig. 4.28 which has same scale. 

(Vertical scale 200 V/div.: horizontal scale I ms/div.) 
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Fig. 4.33. Contact bounce effects as in Fig. 4.32 but with improved suppression filter. 
(Vertical scale 200 V/div.: horizontal scale 500 µs/div.) 

greatly expanded waveform of Fig. 4.31. Here the vertical scale has been 
reduced in sensitivity to 400 V/division, and the horizontal scale is 
0.5 ~.s/division (representing the limit of writing speed of the storage 
oscilloscope which was used). 

Repetitive transients of this type represent a serious hazard to the cor-
rect operation of thyristor equipment, and should be reduced to more 
reasonable proportions by suitable filters. 

Fortunately, the addition of a simple RC filter across each thyristor 
provides an adequate solution. The waveform of Fig. 4.32 (1 ms/division) 
should be compared with Fig. 4.28. It shows the effect of the additional 
filter components. A rather larger value of capacitance or a larger dis-
charge resistance value gives even better results, as shown in Fig. 4.33 
(500 µs/div). The main discharge path for the capacitors Cz or C3 in 
Fig. 4.24 is resistor RZ, the discharge resistor for the mains transient 
suppression capacitor. 

If RZ is 33 kS2, and CZ and C3 are 0.22 ~,F, the discharge time-constant 
is 7 ms. This corresponds approximately with the constants of the circuit 
used to obtain the waveform of Fig. 4.33. The maximum rate of rise of 
voltage in this case was about 5 V/µs as described in the section on indi-
vidual device suppression. 
It should be noted that our all-diffused thyristor types have greatly 
improved dV/dt capabilities (> 200 V/~.$). 

102 



4.2.7 SERIES LINE CHOKES 

The use of series chokes has already been referred to in connection with 
the reduction of voltage transients and dV/dt, and some indications of 
the effects of the choke Q-factor are given in Sub-Sect. 4.2.9. A series 
choke may also be used to limit peak prospective fault currents to assist 
in the fuse protection of thyristors and rectifier diodes. The design of 
chokes will depend very much upon whether the choke is required to 
perform all or only some of these functions. 

If the choke is required in conjunction with fuse protection, it must 
retain its design inductance to very large values of current. For this rea-
son, it is usually an air-cored component of quite large physical dimen-
sions. On the other hand, if the choke is only required to reduce the dV/dt 
across non-conducting thyristors, the current up to which the design 
inductance must be maintained may be quite small, and ferrite-cored 
chokes may be adequate provided that the windings are capable of car-
rying the full-load current. Between these two extremes, there is a place 
for moderate-sized iron-cored a.c. chokes designed to retain their in-
ductance at normal load currents, and so provide full transient and 
dV/dt protection but only partial fault current limitation. 

The final choice of choke construction and inductance will depend upon 
a number of factors such as the degree of transient and fuse protection 
required, and the size and cost of the equipment, which will in turn have 
a bearing upon the space available for suppression chokes, and the pro-
portion of the overall cost which can be allocated for protection equip-
ment. All these factors and others have to be weighed up by the designer 
of the equipment, who will know the seriousness of an occasional device 
forward breakover, or in the worst case an occasional device failure. 

4.2.8 GENERAL RECOMMENDATIONS 

Because of the very wide range of applications to which thyristor control 
circuits can be put, it is difficult to give any definite recommendations 
about the amount of suppression required for a particular circuit. It is 
much easier to design suppression circuits to give complete protection 
regardless of cost than it is to design to an adequate level of protection 
at minimum cost. It is necessary, therefore, to assess each application 
individually, and when in doubt about the protection required, use the 
full suppression circuits. 
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The commonly used thyristor control circuits are listed in Table 4.5 
together with the type of protection that will generally be required. If 
information is available about the types of transients likely to be en-
countered, then it may be possible to dispense with some of the suppres-
sion components shown in the circuit diagrams related to the table, Figs 
4.34 to 41. As can be seen from Table 4.5 the amount of suppression 
required depends on the type of load. If the load is mainly resistive and 
of constant impedance (such as some types of furnace), and if avalanche 
thyristors are used, it is possible in almost all cases to use the thyristor 
circuit without any suppression components at all. The factors that should 
be considered when the degree of protection necessary is being decided 
are listed below. 
1. In the event of spurious thyristor triggering, will the current that flows 

be limited by the load to a safe value for the load, thyristors, and recti-
fier diodes ? 

2. Will this current cause any other damage by, for instance, rotation or 
movement of machinery (which may even constitute a hazard to per-
sonnel) ? 

3. Will the voltage or current transients damage the thyristors and recti-
fier diodes, or shorten their lives? 

On the basis of these factors, the knowledge of the type of transients likely 
to be encountered, and the degree of risk of a device failure that is accept-
able, acompromise between the number of suppression components and 
the cost can be reached. 
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Rt 

L1 ~O~ 
~• 

240V/440V ~ 

J~ 
N/L2 ~O 

C1 

Fig. 4.34. Single-phase a.c, controller with transient suppression. 

Line-to-neutral (240 V) 
R1 = 10 S2, 2 W. C1 = 0.22 µF, 250 V a.c. working. 

Line-to-line (440 VJ 
R1 = 10 Sl, 6 W. C1 = 0.22 µF, 440 V a.c. working. 

moan 

Fig. 4.35. Single-phase half-controlled bridge (ohmic or moderately inductive load). 
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load 

Fig. 4.36. Single-pha.•e half-controlled bridge (highly inductive IoadsJ. 

Components list to Fig. 4.35 and 4.36 (All components 10 %tolerance)* 

Nominal suply voltge 240 V r.m.s. 

R1 = 8.2 S2, 2 W Cl = 5µF, 280 V a.c. L1 = 250 µH 
R3 = 33 kS2, 2 W C3 = 1.5 µF, 280 V a.c. LZ = 50 µH 

Thyristors (alloy-diffused types): 

]0-20A range 20-30A range 30 to 70 A range 

R Z = 33 S2, 1 W 33 S2, 2 W 33 S2, 2 W 
CZ = 0.1 µF, 1000 V d.c. 0.15 µF, 1000 V d.c. 0.22 µF, 1000 V d.c. 

Nominal suply voltge 415 V r.m.s. 

R1 = 12 S2, 10 W Cl = 2x10 µF, 280 V a.c. in series L1 = 500 µH 
R3 = 47 kit, 5.5 W C3 = 2 x 5µF, 280 V a.c. in series L2 = 100 µH 

Thyristors (alloy-diffused types): 

10.20 A range 

R 2 = 47 f2, 2W 
CZ = 0.1 µF, 1500 V d.c. 

30-70 A range 

47 i2, 5.5 W 
0.22 µF, 1500 V d.c. 

' For information on filter designs using all-diffused thyristors, referent® is made to 
our publication AN146 (ordering code 9399 250 64601). 
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Fig. 4.37. Single-phase fully-con-
trolled bridge (A-B is parallel 
connection to bridge working i~: 
opposition) . 

Components list to Fig. 4.37 (All components 10 % tolerance)* 

Nominal supply voltage 240 V r.m.s. 

R1 = 8.2 S2, 2 W Cl = 5µF, 280 V a.c. LZ = 250 µH 
R3 = 33 kS2, 2 W C3 = 1.5 µF, 280 V a.c. L1 = 250 µH (d.c. choke) 

Thyristors (alloy-diffused types): 

10-20 A range 

RZ = 82 S2, 1 W 
CZ = 0.1 µF, 1000 V d.c. 

20-30 A range 30 to 70 A range 

68 S2, 2 W 
0.15 µF, 1000 V d.c. 

56 S2, 2 W 
0.22 µF, 1000 V d.c. 

Nominal supply voltage 415 V r.m.s. 

R1 = 12 12, 10 W; Cl = 1 x 10 µF, 280 V a.c. in series; L1 = 500 µH 
R3 = 47 kS2, 5.5 W; C3 = 2 x 5µF, 280 V a.c. in series; L Z = 500 µH (d.c. choke) 

Thyristors (alloy-diffused types) 

10-20 A range 

RZ =100 S2, 2W 
CZ = 0.1 µF, 1500 V d.c. 

' wee footnote page 107. 
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30-70 A range 

100 S2, 2 W 
0.1 µF, 1500 V d.c. 



R1 C1 

Fig. 4.38. Three-phase half-controlled controller with transient suppression. 
R 1 = 100 S2, 6 W ; C1 0.22 µF, 440 V a.c. working. 

Fig. 4.39. Three-phase fully-controlled controller with transient suppression. 
R1 = 10052, 6 W; C1 = 0.22 ,u F, 440 V a.c. working. 
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Fig. 4.40. Three phase half-controlled bridge. 

Components list to Fig. 4.40 (All components 10 %tolerance)* 

Nominal supply voltage 415 V r.m.s. 

R 1 = 8.2 S2, 10 W 
R3 = 33 kit, 2 W 

Thyristors (alloy-diffused types): 

10-20 A range 

R2 = 47 S2, 2 W 
Cl = 5µF, 280 V a.c. 
C2 = 0.1 µF, 1500 V d.c. 
C3 = 1.5 µF, 280 V a.c. 

' See footnote page 10'7 

11~ 

L1 — 250 µH 
LZ = 50 µH 

30-70 A range 100-250 A range 

33 f2, 5.5 W 
10 µF, 280 V a.c. 

0.22 µF, 1500 V d.c. 
5 µF, 280 V a.c. 

22 S2, 10 W 
10 µF, 280 V a.c. 

0.47 µF, 1500 V d.c. 
5 µF, 280 V a.c. 



R1 

r+C3 - ' ~C3: 

R3 C1 R3 CI 

T IT  a

Fig. 4.41. Three-phase fully-controlled bridge (A-B is parallel connection to bridge work 
ing in opposition). 

Components list to Fig. 4.41 (All components 10% tolerance)" 

Nominal supply voltage 415 V r.m.s. 

R1 =8.2 S2, lOW 
R3 = 33 kS2, 2 W 

Thyristors (alloy-diffused types): 

10-20 A range 

Rz = 82 S2, 2 W 
Cl = 5 ~F, 280 V a.c. 
Cz = 0.1 µF, 1500 V d.c. 
C3 = 1.5 µF, 280 V a.c. 

* Seo footnote page 107 

L i = 250 ~.H 
Lz = 250 µH (d.c. choke) 

30-70 A range 100-250 A range 

82 S2, 2 W 
10 µF, 280 V a.c. 

0.1 µF, 1500 V d.c. 
5 µF, 280 V a.c. 

56 SZ, 5.5 W 
10 µF, 280 V a.c. 

0.22 µF, 1500 V d.c. 
5 µF, 280 V a.c. 
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4.2.9 CIRCUIT ANALYSIS AND DESIGN PROCEDURE 

Single-Phase Circuits 

The input suppression circuit has to be designed to limit dV/dt at switch-
on, and to have an acceptable voltage overshoot and a known ability to 
absorb random supply voltage transients. 

The circuit analysis will be described under the following subsections 
1. dV/dt as a function of damping factor, 
2. voltage overshoot as a function of damping factor, 
3. filter output voltage as a function of choke quality factor, 
4. dV/dt as a function of choke quality factor, 
5. transient suppression as a function of transient amplitude and dura-

tion. 
From the results of this analysis, it is possible to formulate certain broad 
conclusions. Design abacs are given from which suitable component 
values can be selected. 

dV/dt as a Function of Damping Factor. In the equivalent circuit of Fig. 
4.42, the a.c. supply has been replaced by a battery of voltage V, where in 
practice V is the crest supply voltage Vwnr• 

If the output voltage immediately after closing of switch S is Vo, it 
can be shown that: 

d Vo co„ 

dt 
V f i/(1 — ~2)  .sin j co„t . ~/(1 — alZ) ~- 2~~ exp (—~co„t)1, 

(4.11) 

where co„ = 1 / ~/(LC), the damping factor ~ = R/(2t~„L), and ~ =arc sin ~. 
The time t~ at which this expression has a maximum value is given by: 

t~ — 

112 

~/2 — 3 arc sin ~ 

co„ j/(1 — X12) 
(4.12) 

Fig. 4.42. Equivalent circuit of 
input transient suppression fetter. 



It can be shown that t~ takes negative values for ~ ~ 0.5, so only the 
interval 0 ~ ~ G 0.5 need be considered. The solutions of Eq. 4.12 for 
times t~ between 0 and atl(2cu„) are shown graphically in Fig. 4.43. 

0 

01 

]Z66]]5 

0-2 
damping 

factor 0 3 

04 

O S• 
0 01 02 03 04 06 06 07 O6 

t~ 

09 n 
2W~ 

Fig. 4.43. Solutions of Eq. 4.12 for range 0 G 7) G 0.5. 

To find the maximum value of d Vo/dt, the value of t = t~ 
4.12 is substituted into Eq. 4.11 which gives: 

d Vo

( dt )max 

for 0 < 7J < 0.5. 

ma>t. 

2V 

V CQ7n 
. exp ~(-- 3 arc sin 771 

L \2 / 

from Eq. 

~/(1 — 77Z) 
(4.13) 

J(LC) 

t.6 

16 

1~4 

1.2 

V 

~ 

a 

I 

I 

min value 
EVQ

~~~ ~~'

JILC) 

08  

n~ 

°f

/ 

1

dt ',

i 
~i

II
0 0~ 02 03 04 OS 06 07 OB 

Fig. 4.44. Solutions of Eq. 4.13 for range 0 ~ 7) ~ 1.0. 

0.9 t0 
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For the special case ~ 0.5: 

( dt )max 

2 ~co„V V
L 

V  
/ LC) ~l( } 

The solutions of Eq. 4.13 for a range of values of ~ are shown graphically 
in Fig. 4.44, from which it may be seen that the minimum value of 
(dVa/dt) max. occurs when ~ ^~ 0.265. Under these conditions: 

Cda  o 

max 

—0.81 V(L f = 0.81 V i 
v(LC) 

}. 

Voltage Overshoot as a Function of Damping Factor. It can be shown that 
the instantaneous output voltage from the equivalent circuit of Fig. 4.42 
is given by: 

v — V r 1
—cos {w„t . ~/(1— ~/Z) + ~} ex w t 1. 

The value of vo has a maximum value when: 

Substituting Eq. 4.15 in Eq. 4.14 gives: 

1 
Vocmax) = V r 1 + y(1 _ 

X72) 
.exp {(~ — arc sin yl) 

(4.14) 

(4.15) 

This peak voltage VD may be expressed as a percentage overshoot of the 
applied voltage V: 

1 
V, _ .exp (n —arc sin ~)  ~  x 100 

v(1 — ~2) v(1 — ~Z) } 

The values of Vp for a range of values of ~ are shown graphically in 
Fig. 4.45. 
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Fig. 4.45. Percentage overshoot Vp for range 0 < ~ G 1.0. 

It should be remembered that the total input series inductance must 
be used when the value of damping resistance is being calculated. This 
will include the leakage inductance of any input transformer as well as 
line and series choke inductance. 

Filter Output Voltage as a Function of Choke Quality Factor. If the series 
choke or supply impedance shown in Fig. 4.22 as a series loss component 
R1 is not negligible compared with RZ, further calculations are necessary. 
To simplify the result, we shall consider only the case when the circuit 
is critically damped, that is, when ~ = 0.5. In this case: 

_ ~R> ~- Rz) 

~ 2coL1

It can be shown by normal circuit analysis methods that the instantaneous 
output voltage is given by 

vo = V ~ 
Q 

-{- 1 ~ ~1 — exp (—wt)~, (4.16) 

where: 

1 coL 1
w =  and Q = 

v~L~C~) R2 . 

115 



that is, Q is the quality factor of the series choke. Eq. 4.16 has been eva-
luated for a range of values of Q from Q = 1 to Q = oo. The results 
are shown graphically in Fig. 4.46. 

~o 
V 

,o 

09 

OB 

07 

06 

O6 

OG 

03 

0.2 

Od 

0 

0.8 
L 

0=4 

D.2 

Q=m 

D.t 

--- '~~— -------7-e ~.0~632 

~/' 

~)~ 

2 3 

mt=tNiLC) 

L 

Fig. 4.46. Solutions of Eq. 4.16 for Q = 1, 2, 4, 8 and oo. 

It will be seen that for chokes with a Q-factor of more than 8, there 
is very little change in voltage rise or maximum dV/dt, but if the Q-factor 
of the choke is less than 2 the shape of the curve is modified considerably. 

This graph also indicates the need for a clear definition of dV/dt, as 
the maximum value does not always occur at t = 0; it is internationally 
agreed to take the 63.2 % point. This level is indicated on Fig. 4.46 and 
shows a factor of 2 improvement between similar circuits where the Q-
factor of the choke is either high or unity. It may therefore be possible 
to introduce useful circuit economies by intentionally introducing high-
frequency loss into the series choke, and thereby reducing the size of the 
shunt capacitor or inductance of the choke that is required to achieve a 
given value of mean dV/dt. 
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dV/dt as a Function of Choke Quality Factor. Differentiating Eq. 4.16 
gives: 

d Vo

dt 

cut— 1 
= coV (  Q  + 11 exp (—cut). 

For values of Q > 2, the maximum real value of this expression occurs 
at time cut = 0. When Q = 1, the maximum dVo/dt is at cut = 1. 

dV~ /dt(V/µs1 

Fig. 4.47. Values of d Vo/dt for a 
critically-damped circuit with a 
crest supply vdltage of 340 V, 
inductance of S00 µH and a 4µF 
capacitor. 
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In the general case for Q ~ 2: 

( dt /max — 
CJV~1— ~~, 

and for the particular case Q = 1: 

( d Vo 1 
dt /max 

= 0.368 wV. 

Values of (d Vo/dt)max. for a crest supply voltage of 340 V, an inductance 
of 500 µH, and a capacitor of 4µF, all with the circuit critically damped, 
are shown graphically in Fig. 4.47. There are no values for Q ~ 1 as 
in such cases the circuit would become overdamped, and the boundary 
condition would not be valid. This graph clearly shows the advantage 
to be gained from the use of a choke with high losses, and also that for 
Q > 5, say, the losses may to a first approximation be neglected and the 
analysis will be valid, at least for circuits with component values of this 
order of magnitude. 

So far the maximum value of dV/dt has been considered. Alternatively 
the rate of rise of voltage in terms of the apparent time-constant of the 
circuit may be specified; that is, from the time taken for the output voltage 
to reach 63.2 % of its final value. The same circuit constants yield a second 
set of values for (dVo/dt)A,, as shown in Fig. 4.47. Here the difference 
between the two methods of defining dV/dt shows up most when the coil 
Q-factor is high. The choice of definition wiil depend upon the method 
used to specify the maximum permissible dV/dt value for the thyristor. 

Some measured results are shown in Fig. 4.48 all for iron-cored chokes 
rated at the full line current. Curve A may be compared with theoretical 
curves X and Y. From an examination of these curves, the difficulties 
associated with a theoretical approach to this problem will become appa-
rent. For example, it appears that the 780 µH choke (A) has a Q-factor 
of about 2 at a frequency determined by a 1.0 µF capacitor, and a Q-
factor of about 5 when the capacitor is increased to 6.0 µF. Since the 
chokes were designed for use at 50 Hz this performance is to be expected, 
and in fact can be put to good use as relatively smaller capacitors can be 
used for a given value of dV/dt. On the other hand, unless a considerable 
amount of information is available about choke loss at high frequency, 
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Fig. 4.48. Measured values of (dV/dt)max for iron cored chokes rated at full line cur-
rent (unbroken line) with theoretical values (broken lines) for comparison. 

Curve Inductance (µH) Resistance (S2) Rating (A) Q factor 
A* 780 22 36 —
X 780 22 — 2 
Y 780 22 5 

* circuit approximately critically damped 

it is difficult to predict the performance of a particular circuit with any 
accuracy. 

It is possible, and in some cases desirable, to use air-cored chokes, the 
performance of which can be obtained more accurately; but the high-
frequency losses will be lower, requiring a larger capacitor. Thus both the 
capacitor and choke will almost certainly be more expensive. 

Transient Suppression as a Function of Transient Amplitude and Duration. 
The bridge input inductance-capacitance filter serves two purposes. It 
reduces dV/dt on switch-on, and reduces the amplitude of random voltage 
transients which may occur on the mains. 

If the maximum rate of rise of output voltage from the filter is known 
in terms of crest applied voltage, the time taken to reach a certain voltage 
level may be calculated. The relationship between peak transient voltage, 
transient duration, and output voltage may therefore be established. 
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For a given critically-damped filter circuit: 

Cda~)max—wV~1— ~l, 

1 
where w = v( ) , 

L, C, 

Q is the Q-factor of the series choke, and V is the crest voltage Vwm• 
For most input circuits, Q~> ], therefore: 

Cda o 

max 

If a transient of amplitude V and duration z is applied, the maximum 
output voltage is given by: 

( dt~ )max 

^~ w V. 

= cuV or Vo = c>JVa. 

In practice, it will be necessary to keep the value of Vo below a certain 
maximum value such that the crest supply voltage plus V„ is always less 
than the forward breakover voltage of the thyristors. Fora 240 Vsingle-
phase supply, it is normally satisfactory to use 600 V thyristors (which 
have a forward blocking capability of 700 V). With a 10 %rise in supply 
voltage, the crest supply becomes 375 V, so that the maximum possible 
transient is 225 V. For safety, the maximum permissible transient voltage 
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Fig. 4.49. Maximum possible transient peak 
vobage-time product for single-phase circuits 
using 600 V thyristors. 

Curve /nductance Capacitance Q factor 
(µH) (µFJ 

A 50 4 x 

B 200 4 00 
C 500 4 x 

D 500 4 5 



input to the bridge is taken as 200 V; that is, Vo~1118X~ ~ 200 V. Thus: 

wVi 5  200, or if w is known: Vi ~ 200/w. 

It is therefore possible to calculate, for any particular single-phase circuit, 
the maximum permissible peak voltage-time product. Some typical results 
are shown in Fig. 4.49. 

Three-Phase Circuits 

All that has been said in the preceding part of this section concerning 
single-phase systems applies equally to three-phase systems, particularly 
when the suppression network is connected between each line and a 
common neutral. Usually, in a three-phase system, a higher voltage ex-
cursion is permissible. The crest voltage of 440 V supply + 10 % is 685 V, 
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Fig.4.50. Maximumpermissible 
transientpeak voltage-time pro-
duct for three-phase 440 !~ 
circuits using 1200 V thyristors. 
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Inductance Capacitance Q factor 

(µHJ (µF) 

A 50 4 co 
B 200 4 co 
C 500 4 00 
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so that if 1200 V thyristors are used a transient of up to 500 V may be 
permitted. Thus 

Vi < 500/w. 

Some typical solutions are shown in Fig. 4.50. 
When a neutral is not available, the input suppression circuits may be 

connected from line-to-line, and to some extent are equivalent to the 
single-phase line-to-line circuit. A complete analysis of this system has not 
been carried out, but measured results correspond very closely with those 
obtained from the single-phase line-to-line analysis. It is recommended, 
however, that the suppression circuits should be connected line-to-neutral 
whenever possible. 

4.3 Fusing 

4.3.1 INTRODUCTION 

Because of their low heat capacity, semiconductor devices are sensitive 
to overloads containing sufncient energy to damage the junction. Power 
circuits using semiconductor devices therefore require careful fusing to 
achieve the most economical design consistent with adequate protection. 

A distinction should be drawn between fuses for short-term overloads 
and those for long-term overloads. In a short-term overload, a rapid surge 
of current occurs of such a high value that (with no fuse) the semicon-
ductor device breaks down within one half-cycle, that is, within 10 ms. 
With along-term overload, the current exceeds the permitted continuous 
limiting value but does not cause a breakdown of the device until after 
10 ms, and in some cases not until after seconds or even minutes. Pro-
tection against short-term overloads is generally provided by special fuses 
having an ultra-fast fusing characteristic. For protection against long-
term excess current, there are suitable fuses available although the usual 
method is to t~se a fast-operating overload contactor. Protection can also 
be provided by electronic means to prevent triggering of thyristors after 
an overload has occurred. 

When a circuit has been fused for both short-term and long-term over-
loads, it is described as having complete protection. In some cases, this 
protection can be provided by a single fuse. This is particularly so when 
the semiconductor devices are used with currents below the nominal 
rating, and correspondingly weaker fuses can be used. 
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4.3.2 GENERAL CONSIDERATIONS OF FUSING 

Construction 

The body of a fuse generally consists of a glazed, metal-capped ceramic 
tube. Large contact blades or helical lugs provide good electrical contact, 
while at the same time serving to dissipate heat. The fusing elements, 
preferably made of pure silver, are embedded in a quenching material 
— for example, specially treated quartz sand —which provides good heat 
transfer and rapid quenching of the partial arc that occurs on fusing. 

The fusing elements, according to the rated voltage of the fuse, have 
one or more constrictions arranged one after the other, the number and 
form of which greatly affect the fusing characteristic and interrupting 
capacity of the fuse. This applies particularly to ultra-fast fuses where 
the constrictions attain relatively high temperatures even at the rated 
current. 

Characteristics of Short-circuit Current 

For calculation of the current characteristic when ashort-circuit occurs, 
the equivalent circuit shown in Fig. 4.51 is used. In the figure, R repre-
sents the total resistance in the short-circuited line, and L represents the 
total inductance. The current characteristic can be calculated from the 
expression 

is° = Isc<M~ {sin (wt -{- ~ — ¢) —sin (y~ — ~¢) exp (—u~t~tan ~) } (4.17) 

where is~ is the instantaneous value of short-circuit current surge, Isc(M) 
is the peak value of the transient short-circuit current, and ~ is the angle 
between zero voltage and the occurrence of the short-circuit which is taken 
to be at time t = 0. 

Normally ashort-circuited line is highly inductive, and the phase angle 
can be taken as 90° without any great error. Therefore the maximum 

ISM 

Fig. 4.51. Equivalent circuit for short-circuited line. 
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1-0 2.0 3~0 Wt LO 

Fig. 4.52. Characteristics of short-circuit current for various values of ~. 

possible value of short-circuit current is obtained if the short-circuit 
occurs when the supply voltage passes zero. This can be shown by substi-
tuting ~ = 90° in Eq. 4.17, and if values of 0, 45, 90 and 135° are taken 
for y,, the characteristics for is°/IS~cM~ shown in Fig. 4.52 are obtained. 

These curves show that the maximum possible peak value of is~/IS~cM> 
occurs for ~ = 0, the corresponding value of IsccM~ being denoted by 
IS~cM~max. By differentiating Eq. 4.17 with respect to wt and y~, we can 
show that for any value of ~ the value IS°cM ~ maxis obtained when the 
short-circuit occurs at zero voltage, that is, when ~ = 0. For ~ = 90° 

IS~cM~max 
— 2. 

IaccM) 

When the angle ¢decreases, the value of the ratio decreases to 1 at 
~=0. 

The ratio IS~cM~max/IS~cM ~ is plotted against angle ¢ in Fig. 4.53. In 
practice, values of about 1.6 are obtained for this ratio, corresponding 
to a phase angle of approximately 80°. 
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Fig. 4.53. Ratio of maximum possible peak-value to nominal peak value of short-circuit 
current, plotted against load phase angle. 

It can be seen from Fig. 4.52 that the peak value of the ratio is not 
determined by the initial slope of the curve. If Eq. 4.17 is differentiated 
with respect to wt, the initial slope of the curve is given by: 

sin ~ 
initial slope = Isc(M) 

sin ~ 

This shows that independently of the value of ¢, the maximum initial 
slope occurs for ~ = 90~; that is, at the supply voltage crest. 

In short, the maximum possible peak value of short-circuit current 
IS~~M~max is obtained when the short-circuit occurs as the supply voltage 
passes zero. The maximum initial rate of rise of the short-circuit current 
occurs when the short-circuit occurs at the supply voltage crest. 

Short-circuited Line with Fuse 

If a fuse is incorporated in the circuit of Fig. 4.51 and ashort-circuit is 
applied, the fusing element will melt as soon as a given energy —the 
melting energy — is attained. Two processes occur within the fuse. Initially 
the fusing element melts, and the time taken for this part of the process 
is called the melting time. Then an arc is established across the fuse gap, 
and the duration of this is called the arcing time. The sum of the melting 
and arcing times is called the clearing time of the fuse. 
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1 
Melting Time. With ashort-circuit, the energy is applied to the fuse so 
quickly that the heat dissipation can be neglected, and it can be assumed 
that all the energy is used to melt the fusing element. The value of the 
current at the instant the required melting energy is reached (bringing 
about the end of the melting time and introducing the arcing time) is of 
particular interest. This current value If~~M> represents the maximum 
possible instantaneous value to which the fuse limits the short-circuit 
current. It is assumed that the short-circuit occurs at the "most unfavour-
able" time, that is, when ~ = 90°, so that the initial rise in the short-
circuit current is the steepest, the time to attain the required melting ener-
gy is a minimum, and so the corresponding peak value of the current must 
be the maximum. Under these conditions, and assuming the line to be 
purely inductive (~ = 90°), Eq. 4.17 simplifies to 

iSe = Is~tnr> sin cot. (4.18) 

This equation represents a special case when ~ _ ~, and shows that in 
this case there is no transient — so no excessive increase in current occurs. 

Often the value to which the fuse limits the short-circuit current in the 
most favourable case is small compared with the peak value IS~~M~. This 
means that up to the fusing value, the rise of the short-circuit current 
can be considered linear. The initial slope is obtained by differentiating 
Eq. 4.18 at t = 0, giving: 

initial slope = u~Is°~M~. (4.19) 

The time taken for the current to reach the fusing value is obtained by 
integrating Eq. 4.19 

ts° = cols~«r>t 

and solving for t. 

(4.20) 

The melting energy of a fuse Smelt is assumed to be constant and is gi-
ven by: 

tl 

Emeu — I Rf„is° zdt = Rf„ f 1~c2 dt, (4.21) 

ro to

where R f „ is the resistance of the fusing element and R f „ the mean value, 
to is the time at which the short-circuit occurs (usually taken as zero), 
and tl the time at which the fusing element melts. 
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If the melting energy and Rf„ are combined to form one constant K. 
Eq. 4.21 becomes 

~1 
K = I iscz dt. 

~o 
(4.22) 

This integral is known as the melting IZt value of the fuse. 
If the expression for is~ from Eq. 4.20 is substituted in Eq. 4.22 and. 

the integral evaluated, then 

~Zlsc(M)2 
t13 

K-  
3 

(since to = 0) from which the melting time tl can be obtained as: 

3K ~ I- 

Isc M 
tl — [ z 

w ( > 
z 

and the fusing peak current value as 

Iru(M> _ [3KwIs~(M~]#. (4.23) 

The relationship between a given fuse (characterised by the fuse constant 
K) and the value to which the short-circuit current is limited by the fuse 

I.ru(M~ is shown by Eq. 4.23. To enable suitable fuses to be selected, manu-
facturers issue data from which the fusing current, as a function of the 
1r.m.s. value of the short-circuit current, can be read off directly for each 
type of fuse. 

The preceding calculations were based on the assumption that the 
fusing current was small compared with the peak value of the short-
circuit current. This is usually so, although cases can occur where the 
difference between the two current values is small. It can then no longer 
be assumed that the. current rises- linearly to the fusing value. The fact 
that the maximum initial rate of rise occurs for ~ = 90° is no longer 
significant, and the maximum mean rate of rise of the short-circuit cur-
rent - surge determines the value of the fusing current. The "most un= 
favourable" condition for ashort-circuit is shifted from y, = 90° to a 
somewhat lower value. 
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Arcing Time. As soon as sufficient energy is applied to the fusing element, 
it melts. The melting process begins at the constrictions, and the arc 
generated causes the quenching material to sinter. The resistance of the 
sintered spiral which is formed increases very rapidly, and after a few 
milliseconds has already reached such a high value that the current be-
comes practically zero, and the circuit is interrupted. 

1, 

time 

Fig. 4.54. /dealised flow of short-circuit current through a fuse when the fuse blows. 

Fig. 4.54 is an idealised representation of the flow of current through 
a fuse. The clearing -time of the fuse (tz — to) can only be determined 
experimentally, as it depends on the construction of the fuse and the 
rating of the circuit (particularly the applied voltage). The same is true 
of the area under the curve which represents the quenching integral over 
the time t, to tZ. 

During the melting time to to t l, magnetic energy is stored in the 
inductance of the mains transformer or generator and the leads. The total 
magnetic energy Emo9 at time t l is: 

E,,,a9 = ~ Ll fucM)2 ~ 

where L, the total inductance in the circuit, is taken to be independent 
of the current and therefore constant. The arc can only be quenched when 
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the magnetic energy has been dissipated, either as heat and light in the 
arc itself, or returned to the mains. The magnitude of the magnetic energy 
depends on the inductance and the square of the fusing current, whereas 
the time for the dissipation of the energy depends on the resistance of 
the inductive elements and the supply voltage, as well as on the inductance 
and fusing current. 

During the dissipation process, a voltage arises from the inductance 
because of the change of current. The voltage across the fuse is therefore 
the difference between the supply voltage and the voltage from the in-
ductance. Even if the supply voltage is zero or negative, the arc can be 
maintained by the voltage from the inductance. 

By analogy with Eq. 4.22, an integral of the arcing current can be eva-
luated over the arcing time of the fuse to give the quenching IZt value of 
the fuse. Unlike the melting IZt value, the quenching IZtvalue has no 
constant but depends on a number of factors. 

The addition of the melting and quenching IZ t values gives the total 
Izt value of the fuse. This value is an important characteristic of the fuse. 
It depends on the maximum possible short-circuit current and the voltage 
of the circuit in which the fuse is placed, and can be obtained from the 
data for the fuse. 

4.3.3 CHARACTERISTICS OF A FUSE 

Rated Current 

There are two methods of determining, for a particular installation, the 
current value on which the choice of fuse is based. These methods are 
— selecting the fuse to suit the thyristors and selecting the fuse to suit 
the operating current. 

When the fuse is selected to suit the operating current, the value used 
is the r.m.s. value of the current flowing through the fuse during normal 
working. 

When the fuse is selected to suit the thyristor, the value used is the 
r.m.s. current rating of the thyristor which may be obtained from the 
data. This method of selection is considered in more detail in the next 
sub. section. 
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Rated Voltage 

Every fuse is given a voltage rating by the manufacturer. This always 
refers to a.c. voltage (sometimes the peak value but usually the r.m.s. 
value). When selecting a fuse, always ensure that the rated voltage of 
the fuse is the same as, or greater than, the operating voltage. 

When fuses are used in d.c. circuits, the operating voltage should be 
lower by a specified amount than the voltage rating of the fuse. Manu-
facturers provide data on this derating, and typical values, as recommend-
ed by English Electric, are shown in Table 4.6. 

Table 4.6 berating of Fuses for DC Applications 

rated voltage 
(for a.c. operation) 

(V) 

maximum voltage 
for d.c. operation 

(V) 

150 115 
300 200 
450 200 
1000 400 
2000 1250 
3000 1500 

Fusing Peak Current 

The fusing peak current.value If „~„s~ is the maximum possible value to 
which the fuse limits the short-circuit current. No definite value for I.rucM~ 
can be given for a particular type of fuse, as it depends to a large extent 
on the maximum possible short-circuit current in the installation. Once 
this value for a particular installation has been determined, the corre-
sponding Ir„cM> value can be found from the manufacturer's data. 

The Ir„cM> value should be compared with the surge current rating of 
the thyristors. Since the fusing current characteristic is approximately a 
triangle of height Iru<M~ (as shown in Fig. 4.54), while the surge current 
rating is the peak of a half-sinewave, no direct comparison is possible. 
However, it has been found in practice that the surge current rating of 

the thyristors is maintained when the If „~M ~ value of the fuse is equal to 

or less than 1.4 times the ITsnr rating of the thyristors. 
When the thyristors in a particular installation are supplied from the 
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secondary winding of a transformer, the rated secondary current and per-
centageimpedance ofthe transformer are required before the short-circuit 
current can be calculated. If these values are not known or cannot be 
calculated from the transformer characteristics, they must be determined 
experimentally. 
When the rated secondary current and percentage impedance of the 

transformer are known, the r.m.s. value of the short-circuit current can 
be calculated from: 

100 
Isc(r.m.s.) — Isec(r.m.s.) • — ~ 

Zp~ 

where Isec(r.m.s.> is the r.m.s. value of the transformer rated secondary 
current, and Zp~ is the percentage impedance of the transformer. 

The peak value of the short-circuit current is 

Isc(M) = V 2 ' Isc(r.m.s.)~ 

and the most unfavourable value occurring in practice is: 

IS~(M)max = 1.6 x ~/2 • ISM<r.m.s.r 

as mentioned in Sub-Section 4.3.2. 

IZt Value 

For a particular type of fuse, the IZt value can only be found fora par-
ticular installation from the manufacturer's data. The IZt value of the 
fuse must be lower than the IZt rating of the thyristor to be protected. 

Fusing-time (current/time) Characteristic 

The fusing-time characteristic applies only to the overload range that is, 
for times equal to or greater than 10 ms. From this characteristic, the 
time between the occurrence of the overload and the blowing of the fuse 
can be found. The fusing-time characteristic is based on the assumption 
that the fuse carries the nominal current before an overload occurs. If 
the calculations are made on the basis that thz fuse does not carry cur-
rent initially, a different characteristic is obtained. 

Protection against overload is given when the fusing-time characteristic 
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for the total overload range is lower than the corresponding limiting-
current characteristic of the thyristor. 

Rated Interrupting Capacity 

The rated interrupting capacity of a fuse is specified either as a current 
value or as an output value. Nominal interrupting current is usually the 
r.m.s. value of the maximum permissible short-circuit current Isc(..m.s.>, 
but in exceptional cases the peak value IS~(M)max is used instead. 

The fuse will operate satisfactorily when the rated interrupting capacity 
is higher than the corresponding value of the installation. 

Arc Voltage 

An arc voltage can occur when the fuse blows, and care must be taken 
to ensure that the maximum possible arc voltage does not lead to a 
switching voltage which exceeds the permissible blocking voltage of the 
thyristor. The maximum possible arc voltage depends on the operating 
voltage, an example being given in Fig. 4.55, and can be found, for a 
particular type of fuse, from the manufacturer's data. 
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7000 
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FiR. 4.55. Dependence of arc voltage in a short circuit on peak applied voltage, for a fuse 
with 1000 V rating. 
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4.3.4 THYRISTOR CHARACTERISTICS THAT DETERMINE FUSE SELECTION 

Rated Current 

For the selection of a fuse (as stated in the previous section) the r.m.s. 
current of the installation, or of the thyristors, must be known. Most 
thyristors have a maximum r.m.s. current specified in the data, which 
usually applies over a wide range of form factors, or the r.m:s. value 
can be calculated from the given mean value. When a fuse is selected on 
the maximum r.m.s. current of an installation, it is necessary to know 
the form factor. The form factors for the commonly used configurations 
are listed in Table 4.7. 

Table 4.7 Form Factors 

configuration form factor ") 

half-wave 
bridge 
two-phase halfwave 
three-phase bridge 

three-phase halfwave 
double star with interphase transformer 
six-phase half-wave 

1.57 
1.57 
1.57 
1.73 
1.76 
1.76 
2.45 

* The form factor is for conversion of mean current value to the r.m.s. value; that is, 
7oc~.m.s.~ =form factorxlo~av~• 

IZt Value 

The IZt value is a measure of the heat capacity of the semiconductor 
element, and is usually specified. As the influence of heat dissipation for 
times less than 10 ms is slight, it is sufficient to give one IZt value, generally 
referred to a time of 10 ms. This is a minimum value, and for increasing 
time the IZt value increases. 

To provide adequate protection against short-circuits, the IZt value of 
the fuse should be lower than that of the thyristor. 

Surge Current Characteristic Curve 

The surge current characteristic is usually given for a range from 1 ms 
to 1 s. In the 1 to 10 ms range, it is normal to use the IZt value for cal-
culation. Even after the thyristor has been protected against short-cir-
cuits, it may still be that the surge current characteristic curve is below 
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that of the fuse in the range, say, 30 ms to 1 s. It may be more convenient 
in this range to limit the current by other methods. However, if a fuse is 
required to protect in all circumstances, the fuse current/time character-
istic must be below that of the thyristor. 

Maximum Surge Current 

One of the absolute maximum ratings given for thyristors is the maxi-
mum surge current ITSM• This is the peak value of a single 50 Hz half-
sinewave when the device is in specified conditions. It has been found in 
practice that protection against short-circuits will be provided if the IrucM> 
value is equal to or less than 1.4 times the Irsmr rating of the thyristor. 
However, this may give a conservative value, and calculations based on 
the IZ t value have proved satisfactory. 

Transient Reverse Voltage 

The maximum non-repetitive peak reverse voltage, VRSM~ given for most 
thyristors must only be maintained for very short times. In semiconductor 
devices with controlled breakdown, the breakdown voltage may be ex-
ceeded. Calculations on this problem involve complicated power con-
siderations that go beyond the scope of this book. It is sufficient to say 
that the arc voltage should not exceed the non-repetitive peak reverse 
voltage of the thyristor or diode. 

4.3.5 A IVIETHOD OF FUSE SELECTION 

It was stated earlier that the 72t value of a fuse varies with the applied 
voltage and the peak value of the short-circuit current. The thyristor data 
usually specify the value of Izt at 10 ms. It is possible to draw a curve, 
using the fuse manufacturer's data at a given IZt value, of applied voltage 
plotted against short-circuit current for various types of fuse. 

As an example of the use of such curves, consider a rectifier bridge 
operating on a single-phase 220 V mains supply taking a supply current 
of 12 A. The r.m.s. current IFc,.m.s.> for each rectifier is 9 A. The peak 
applied voltage is taken as 350 V to allow a safety factor. From the 
curves in Fig. 4.56, if the 15 A fuse is selected for use in the supply line, 
the peak current must be limited to 400 A for protection against short-
circuits. If this regulation is unacceptable, the 10 A fuse can be used in 
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series with each rectifier. The short-circuit current now must be limited 
to 2000 A, with improved regulation. 

It is still necessary to ensure that the arc voltage of the fuse is less than 
the non-repetitive peak reverse voltage of the rectifiers, but the curves of 
Fig. 4.56 simplify the calculations for short-circuit protection. 

A 
0 
0 

0 

i 

600 "` ' ' 

v 

SA 
fus• 

f0A 
fuse 

200 
ISA 

. 

fuse 

~. 2 3 5 7 . ,. l 5 ] .,, 2 3 5 7 .,.,. 2 3 5 7. 

peak short-circuit cur ent (kA) 

000 

Fig. 4.56. Relationship between peak short-circuit current and peak applied voltage for 
fuses of different ratings. 
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5 Thyristor Control Techniques 

5.1 General 

Since their introduction, thyristors have been steadily replacing earlier 
devices in all conventional areas of power control. At first, the high cost 
of the early thyristors restricted them to applications where conventional 
techniques were unsuitable; however, now that prices have fallen so much, 
there is rarely any good reason not to use thyristors in power control 
applications —the advantages they offer over earlier devices, but at a 
comparable price, make their choice almost inevitable. 

There are two main techniques of controlling thyristors — on-off trig-
gering and phase control. In on-off triggering, the thyristor is allowed to 
conduct for a certain number of positive half-cycles and then it is kept 
off for a series of positive half-cycles. Thus, by varying the ratio of "on 
time" to "off time", we vary the average power supplied to the load. In 
phase control, the thyristor is triggered into conduction at a point after 
the start of each positive half-cycle. Control is achieved by variation of 
the point, in the positive half-cycle, at which the thyristor is triggered. 

5.2 Basic Thyristor Triggering 

As we saw in Chapter 2, a thyristor can be triggered into conduction when 
a voltage of the appropriate polarity is applied across the main terminals 
and a suitable current is supplied to the gate. If the voltage across the 
main terminals is sinusoidal and the trigger pulse is supplied a little after 
the start of the positive half cycle, the voltage across the thyristor is as 
shown in Fig. 5.1(a). We can bring about this action by means of the 
circuit shown in Fig. 5.1(b). Greater stability of triggering point is 
achieved by the connection of a diode as shown in Fig. 5.1(c). 

Even greater triggering stability can be attained if certain other devices 
are used in ,place of the diode. For instance, a diac can be used (see Fig. 
5.2(a), which shows a trigger circuit suitable for both thyristors and 
triacs). Also, an SCS can be used (see Fig. 5.2(b)) but this is more suitable 
for triggering thyristors than triacs. If it is required to use an SCS for 
triac triggering, transformer coupling can be employed as shown in Fig. 
5.2(c). 
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When there is a back e.m.f. across the load (for example, if the load is 
a motor), a wide trigger pulse is necessary to ensure triggering. It may be 
expensive to provide a transformer capable of passing a wide enough 
pulse so, for such cases, a good solution is to use a series of narrow pulses 
instead of a single wide one. 

Nevertheless, an inductive load still imposes minimum limits on trigger-
p ulse width. 

trigger pulse 
occurs here 

load 

—~ 

O 

load 

Fig. 5.1. (a) Voltage across thyristor, 

(b) Basic trigger circuit, 
(c) More stable trigger circuit. 
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,~,.~„ 

Fig. 5.2: (a) Diac trigger circuit, 
(b) SCS trigger circuit, 
(c) Triac trigger circuit with SCS. 
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5.3 On-Off Control 

5.3.1 SIMPLE ON-OFF CONTROL 

R1 R2 

220V 
SOHz 

R7 

TH 

0 

~ heuafe "` 
L _ —_—_,___J 

RA~ 

O 03 

OA 

TH2 

4 

A 

TR1 = BC107 

TH1 =BTX68-600R 
THz =BTX68-600R 
TH3 =BTX94-600 

D3 = 

Da = 

R ~ z = 220 S2, I /2 W 
56 S2, 1 /2 W" 

82 nF, 400 V d.c. 
D1 = BY123 
Dz = BZX79-C6V2 

-BA 148 
BA 148 

Ras = 
C4 = 

T1 = 220 V; secondary current 100 mA a.c. 

RA =Reed relay 12 V,15 mA, type 310/A1, 
catalogue no. 3522 247 68870 

F =Fuse 220 V a.c., SO mA 

Fig. 5.3. On-o.Q'temperature control system (power circuit shown by heavy IinesJ. Alter-
native power circuit using BTX94 triac (between points A and BJ is shown below. 
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Often, a circuit is required to respond in a straightforward on/off way 
to maintain a physical variable at a constant value by regulating the flow 
of power to some form of energy converter. A typical example occurs in 
temperature control. 

Fig. 5.3 shows an on/off temperature control circuit which uses an 
FCL101 level detector. The PTC thermistor R11 senses the temperature 
and establishes the voltage at the level detector input terminal (Terminal 
9). A rise in temperature raises this voltage until the triggering level of 
the FCL101.is reached; the );CL101 then switches its output (Terminal 
8) to high level —causing TR, to conduct. Reed relay RA cuts out and 
switches off gate current to THl and THz — so no more power is fed to 

the heater until the temperature drops sufficiently to reverse the process. 
Fig. 5.4 shows the heater waveforms. 

TRr turns on 
here

\
y i , 

V V . 

power fid 
to heater 

TRH turns off 
here 

no power fed power fed 
to heater ~~ to heater _ 

\ mdns not dwaloped 
across heater 

Fig. 5.4. Voltage across heater (heavy line). 

5.3.2 ASYNCHRONOUS CONTROL 

In asynchronous control, the thyristor(s) may be triggered at a point in 
the mains voltage other than the zero voltage crossover point. Asyn-
chronous,control circuits are usually relatively cheap but liable to pro-
duce radio frequency interference. The circuit of Fig. 5.3 is typical. 

5.3.3 SYNCHRONOUS CONTROL 

A step change in current, caused by the closing of any switch (mechanical 
or semiconductor), can give rise to radio frequency interference. However, 
if the switch is closed at the moment the supply voltage passes through 
zero there is no step rise in current and thus no radio frequency inter-
ference. Control systems where the switching is synchronised with zero 
passages of the supply voltage are known as synchronous control systems. 
They have the further advantage that, as the thyristors conduct over 
complete half cycles, the power factor is very good. 
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load 

RL 
zzon 

RA1 

Fig. 5.5. Trigger circuit ~"or triac switching using a reed relay. Alternative load control 
section employing thyristors in anti-parallel is shown dotted. All resistors 5%, 0.25 W. 

The circuit shown in Fig. 5.5 is typical and can be used with inductive 
loads. When Via„t, rises to a certain level, SCSI turns on and effectively 
shorts RA/1 —thus de-energising it. Contact RA I is opened and gate 
drive removed from the thyristors (or triac). While V~o„t~ is below the 
level required for triggering of SCSI, RA/1 is energised, RA I is made 
and gate drive is supplied to the thyristors (or triac) which supply power 
to the load. 

Fig. 5.6 shows another typical synchronous control circuit (waveforms 
see Fig. 5.7). When SCSI is off the PA 60 oscillates, feeding pulses 
via the transformer to trigger the thyristors. If V~o„t~ is increased suffi-
ciently to turn SCSI on, the voltage across the PA 60 is reduced to 
about one volt and oscillation ceases —thus no trigger pulses are fed to 
the thyristors. Synchronised switching occurs because, although V~d„t~ 
may be removed during ahalf-cycle, the SCS does not cease conduction 
until the end of the half-cycle; so trigger pulses are not applied to the 
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all resistors 5% 0.25W ~R3 
unless otherwise specified 
if VAR=24V R3.22K 
if VcprrR l2V R3 =tOK VcOHiR 
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L  ~-0 
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Fig. 5.6. Thyristor pulse triggering circuit with PA60 power amplifier. All resistors S%, 
0.25 W unless otherwise specified. 
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Fig. 5.7. Voltage waveforms of the circuit of Fig. 5.6 (forward on-state voltage of SCS 
assumed zero). 

thyristors until the supply voltage passes zero. Similarly, although the 
SCS may be turned on during ahalf-cycle, the thyristors will continue 
to conduct until the supply voltage passes zero at the end of the half-
cycle. 

5.3.4 TIME RATIO CONTROL 

More demanding applications often require the use of a continuously 
variable duty cycle of energy delivery —thus any change in the controlled 
variable is counteracted immediately. Such systems are known as time 
ratio control systems. A typical circuit is shown in Fig. 5.8. 
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Operational amplifier TAA521 and the immediately associated cir-
cuitry form asquare-wave generator, the duty-cycle of which is varied 
by changes in the resistance of the sensors (the thermistors RZ and R3). 
The synchroniser (using an input synchronised with the mains supply—
input II on terminal 13) ensures that the 10 kHz trigger pulses start to 
be fed to TH,, whilst THl is in anode reverse bias conditions, so that 
THl can start to conduct as soon as its anode voltage goes positive. THZ
is slave-triggered, i.e. the associated circuitry ensures that THz will only 
trigger in half-cycles immediately following half-cycles in which TH, has 
conducted. The synchroniser will only pass trigger pulses while the out-
put from the TAA 521 is positive — so the thyristors only conduct during 
this period. Waveforms showing the overall operation of the circuit are 
given in Fig. 5.9. 

synchronizer 
input Dt 

synchronizer 
input 

TH1- 
III goring poises 

(10 kHz) 

TH1-anode 
roltage 

IIIII 

/r t l ~' 
7H2 conducting 

5.4 Phase Control 

pos. 

neg 

=4V 
I 

_ 
j'i 

I 

IIIII IIBI 

~ ~ 
~ 

~~~~~~ 

Fig. 5.9. Time ratio control waveforms. 

5.4.1 CONTROLLED RECTIFICATION 

The a.c./d.c. converter using thyristors, which is often referred to as a 
controlled rectifier, can take a number of different forms. One of the 
most widely used configurations is the half-controlled bridge which can 
be used on both single-phase and three-phase supplies. In ahalf-controlled 
bridge, the thyristors can be connected in either arm of the bridge and, 
in practice, the construction of the stack (thyristors, diodes and associated 
heat-sinks) influences the thyristor connections. 
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It is often convenient to supply direct current to highly-inductive loads, 
such as motor field supplies or magnetic clutches, from the a.c. mains. 
It is essential that the thyristor current is commutated at the end of each 
half-;:ycle; this is usually ensured by use of a separate flywheel diode, or 
by flywheel-diode action within the bridge. 

For certain applications, it is necessary to regenerate power from the 
load back into the supply. This power is usually in the form of inductive 
or mechanical energy, and in both these cases fully-controlled bridges 
are used. A further advantage of the three-phase fully-controlled bridge 
is that the output ripple frequency is six times the supply frequency. 

Single-phase Half=controlled Bridge 

The circuit of a single-phase half-controlled bridge is shown in Fig. 5.10. 

Fig. S./0. Srngle-phase half-controlled bridge. 

This configuration is the most commonly used arrangement for the 
control of d.c. power, and the mode of operation with a resistive load is 
the simplest for all the a.c./d.c. converters. The wave-forms of the load 
voltage and current in relation to the supply voltage with a resistive load 
are shown in Fig. 5.11. 

When the voltage at A is positive with respect to B (that is, vae is 
positive), and when thyristor THZ is triggered, the load current flows 
through THZ and diode D,. Thyristor THz is turned off when the voltage 
VAB is negative. During the next half-cycle when B is positive with respect 
to A, thyristor TH, and diode DZ conduct the load current. 

In practice, the controlled arms of the bridge can be connected in two 
configurations, as shown in Fig. 5.12. For resistive loads, both these con-
figurations operate in the same manner. For complex loads, however, a 
parallel path is available for the current generated by the load inductance 
during the off periods of the thyristors (but see following material on 
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Fig. 5.11. Waveforms for single-phase half-controlled bridge with resistive load. 

Fig. 5.12. Possible configurations of single phase half-controlled bridge. 
(a) thyristors in parallel arms, 
(b) thyristors in series arms. 
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$ywheel diodes). The operation of the bridge with a complex load will 
be considered for the configuration where the thyristors are in parallel 
arms of the bridge (Fig. 5.12a). 

The waveforms of load voltage and current in relation to the supply 
voltage with a complex load are shown in Fig. 5.13. At the end of each 
half-cycle of the supply voltage, current flow is maintained in the load 
circuit by the inductance of the load. The thyristor which has been con-
ducting, say TH2, continues to conduct, but current transfers from diode 
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n n n 
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I 
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DZ
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THZ
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devices 

Fig. 5.13. Waveforms for single phase half-controlled bridge with complex load. 
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D1 to DZ so that the load inductive back e.m.f. drives current through the 
bridge without including the reverse supply voltage. During this part of 
the cycle, the load current decays exponentially, and is unaffected by the 
supply voltage. When the other thyristor THl is triggered, thyristor THZ
is reverse biased by the supply voltage and turns off. Current now flows 
from the supply through diode DZ and thyristor THl into the load. Thy-
ristor THZ is triggered in the next half-cycle, and the sequence repeated. 

The load current can be controlled by alteration of the trigger angles 
of the thyristors, and in most respects the circuit operates satisfactorily. 
There is, however, one limitation with this circuit; it may not be possible 
to turn off the load current simply by not triggering the thyristors. 

If the trigger pulses are removed immediately after one thyristor has 
been triggered, this thyristor will continue to conduct as usual for the 
rest of the half-cycle of the supply. The other thyristor will not receive 
trigger pulses, and so will not turn on. However, if the load is highly 
inductive, with atime-constant much greater than one half-cycle of the 
supply, the first thyristor will still be conducting at the end of this period, 
and will remain turned on for the following forward half-cycle. The cir-
cuit will continue to operate in this way indefinitely, with one thyristor 
conducting on complete alternate half-cycles and acting as a flywheel 
diode during the other half-cycles, until the mains supply is interrupted. 
In other words, the trigger circuit will have lost control of the load cur= 
rent. 

This limitation can be overcome by arranging never to remove the 
trigger pulses completely, but to leave an "end stop" pulse at about 170° 
in each half-cycle to ensure that each thyristor is always commutated at 
the end of the half-cycle. 

An expression for the mean output voltage of the bridge with resistive, 
complex, and purely inductive loads can be derived in terms of the supply 
voltage, in a way similar to that for the a.c./d.c. converters, and is 

~/2 . V, 
Vo~Av>~a) —  (1 -}- cos a). 

Single phase Half-controlled Bridge with Flywheel Diode 

If a flywheel diode is added to the half-controlled bridge, as shown in 
Fig. 5.14, the load current is transferred to the flywheel diode at the end 
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Fig. 5.1 S. Waveforms for single-phase half-controlled bridge with flywheel diode for coin-' 
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of each half-cycle of the supply. The load current waveforms fora com-
plex load, shown in Fig. 5.15, are similar to those of the half-controlled 
bridge without a flywheel diode, but the exponential decay part of the 
load current is carried by the flywheel diode in this case. The addition 
of the flywheel diode ensures that each thyristor turns off at the end of 
each half-cycle, so that there is no risk of conduction carrying over into 
the next half-cycle. Load current, therefore, is always under the control 
of the trigger circuit, and there is no need to provide "end stop" pulses. 

Circuit efficiency and component utilisation are improved, as only the 
current drawn from the supply flows through the bridge thyristors and 
diodes. The load recirculating current is returned through the flywheel 
diode only, which has a much lower forward voltage drop than the series 
combination of the thyristors and diodes in the bridge. Total circuit losses 
during the part of the cycle when the load current recirculates are there-
fore reduced to less than a third. 

If the thyristors are triggered at the start of each half-cycle, no flywheel 
diode current flows, and the bridge must be rated to deliver the full load 
current. However, if the bridge is never to be run at maximum current 
except, perhaps, to establish the current initially, some reduction in the 
current ratings of the bridge thyristors and diodes is possible. For example, 
the maximum output voltage required may be only 100 V from a 230 V 
(205 V mean) supply. In this case, the load current will be almost half 
that possible with the bridge fully conducting, and only half this load 
current will flow through the bridge, the remainder being recirculated 
through the flywheel diode. By designing the bridge and flywheel diode 
stack for a particular application, a designer can often reduce component 
costs considerably by taking these current distribution factors into ac-
count. Generally, however, the forward current rating of the flywheel 
diode can be assumed to be 75 % of the nominal output current of the 
bridge. 

The expression for the mean output voltage of the half-controlled 
bridge with flywheel diode is: 

v2 YS 
VocAv~(a) — (1 -+- cos a) 

as in the previous case where no flywheel diode was used. 
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Single phase Fully Controlled Bridge 

Fig. 5.16 shows asingle-phase fully controlled bridge; no flywheel diode 
is used. The expression for Vo~Av~(a) for the various types of load is: 

resistive  
~l2 ' VS
  (1 -}- cos a) 

n 

2 ~/2 • V, B B 
complex (a > ~)    sin — •sin a -~-- —

~ 2 2 
(discontinuous load current) 

2 ~/2 • VS
complex (a < ~)   cos a 

(continuous load current) 

purely inductive  

n 

2 ~l2 • VS
cos a. 

Fig. 5.16. Single-phase fully-controlled bridge. 

Waveforms for the complex load case are given in Fig. 5.17. During for-
ward conduction, voltage and current waveforms are similar to those of 
the half-controlled bridge. However, during the reverse half-cycle, the 
load current cannot recirculate through a flywheel diode or bridge diode 
but must continue to flow through the same thyristors and the supply 
impedance. Load current is therefore forced by the reverse supply voltage 
to decay more rapidly between forward conduction periods than would 
be the case in ahalf-controlled bridge. 
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Three-phase Half-controlled Bridge 

Fig. 5.18 shows a typical three-phase half-controlled bridge with a resist-
ive load; the waveforms are given in Fig. 5.19. We shall assume a con-
trol range of 180° for the trigger pulses; thus, for convenience, the wave-
forms in Fig. 5.19 are divided into two groups —high trigger angle (there-
fore low conduction angle and low power) on the left and low trigger 
angle on the right. 

For simplicity, we shall consider only the waveforms associated with 
the red-phase thyristor THR and the red-phase diode D R . At high trigger 
angles, if THR is triggered at a,, THR can only conduct into the blue 
phase because the yellow phase is more positive than THR anode. The 

R 
Y 

B 

~ THR~ THY~ THB

~OR 
O

DY 
O

DB

li6ll)6 

Fig. S.IB. Three-phase half-controlled bridge. 

thyristor will conduct until the blue phase voltage becomes more positive 
than the red phase voltage. At low trigger angles THR is triggered at aZ
and conducts into the yellow phase. At point x in Fig. 5.19 (b), the blue 
phase voltage becomes more negative than the yellow and the current 
in THR then commutates from the yellow-phase diode DY to the blue-
phase diode DB. At point y, TH,. is triggered and conducts into the blue-
phase —thus commutating the current in THR. 

At full power output, each thyristor conducts for 120°; however, a 
trigger-angle range of 180° is needed to achieve this. The total length of 
each block represents the required range of trigger pulse —the unshaded 
part is the trigger angle and the shaded part is the conduction angle. 
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5.4.2 AC CONTROL 

Two typical single-phase a.c./a.c. converters are shown in Fig. 5.20. That 
shown in Fig. 5.20(a) is simpler and needs individual gate signals. 

The circuit in Fig. 5.20(b) uses one thyristor for both the positive and 
negative half-cycles of the supply waveform, and so ensures the optimum 
utilisation of the thyristor current capacity (reduced form factor). How-
ever, the reduction in efficiency caused by the sum of the voltage drops 
across the diodes and thyristor may be a drawback in certain low-voltage 
applications: Thyristor turn-off is sometimes a problem because the anode 
voltage never drops below zero, and for this reason the circuit is used only 
where circuit values and thyristor turn-off times are accurately known. 
Also, since the thyristor must carry all the current, the manageable power 
level will be lower for a given thyristor type in this circuit than in the 
other circuit. 

In both these circuits, it is desirable that the thyristor working-voltage 
rating should be at least equal to the crest value of the supply voltage. 
In practice, values of twice this figure are used to prevent transients 
causing the thyristor to conduct by means of furward breakover. 

Single phase Thyristor AC/AC Converter with Resistive Load 

The behaviour of the a.c./a.c. converter with a resistive load is the simplest 
to analyse. Waveforms for an inverse-parallel thyristor configuration with 
a resistive load are shown in Fig. 5.21. Thyristor TH, is triggered at angle 
a, and applies the instantaneous supply voltage to the load. It will conduct 
for the remainder of the positive half-cycle, turning off when the anode 
voltage becomes zero at 180°. Thyristor THZ is triggered at angle 
(180 + a)°, and ci~nducts for a time equal to that of TH,, turning off 
when its anode voltage becomes zero at 360°. Thyristor THl is triggered 
again at (360 -~- a)°, and the sequence repeated. Current pulses, alterna-
ting in polarity and forming part of a sinewave, are fed to the load. The 
duration of each pulse is the conduction angle y, that is (180— a)°, 
and the output power can therefore be controlled by variation of the 
trigger angle a. 

As the thyristors are connected in the inverse-parallel configuration the 
forward voltage across one thyristor forms the reverse voltage for the 
other, as can be seen from the voltage waveforms in Fig. 5.21. 
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Fig. 5.21. Waveforms for inverse parallel configuration with resistive load. 

The various values of thyristor current and their relationships can be 
calculated in terms of the supply voltage. These expressions are listed in 
Table 5.1, together with the output voltage and power as a function of 
trigger angle. Curves of these expressions are plotted in the universal 
analysis charts of Fig. 5.22. 

Because of the generation of harmonics in the a.c. load, the power 
factor presented to the a.c. supply will be lower than unity except when 
the trigger angle is zero, when ideally a purely sinusoidal current flows. 
The power factor presented to the supply FP~;,,,(a) is the ratio of active 
input power (assumed equal to the active output power) to the apparent 
input power. Active output power (no reactive components) is the r.m.s. 
output power, which is listed in Table 5.1. 

Apparent input power is: 

P+n~ann~(a) = V,Is~ 

and IS is obtained by dividing Vo~f.,„.S.)(a), listed in Table 5.1, by R~. 
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Table 5.1. Thyristor Currents, Form Factors and Output jor Inverse-parallel 
and Back-to-Back Configurations with Resistive Load 

quantity symbol expression 

thyristor mean current 
at trigger angle a 

max. value of mean cur-
rent (at a = 0) 

mean current referred to 
maximum value 

thyristor r.m.s. current 
at trigger angle a 

r.m.s. current referred to 
maximum value 

thyristor current form 
factor (r.m.s. to mean) 

thyristor current peak-
to-mean factor 

thyristor current peak-
to-r.m.s. factor 

r.m.s. output voltage 

r.m.s. output current 

r.)n.s. output power 

IT(AV) (a) 

IT(Av>max 

IT<Av>(a) 
IT(Av>max 

IT(r. m.s.)(a) 

IT(r. m.s.)(a) 

IT(r.m.s.)maX 

FT(()(a) 

FT(M/AV)(a) 

FT(M/rs.m.)(a) 

Vo(r.m.s.)(a) 

lo(r.m.s.)(a) 

Po(r. m.s.)(a) 

VS
 (1 +COS a) 
~2 . ~tRL

v2 . VS
~rR~ 

1 +cos a 
2 

V, L r(n — a + -} sin 2a)1 r/Z 

v2 . R IL ~ J 
((n — a -{- }sin 2a)~ 1/z 

IL n 

l  7r(7L —
1 -i- cos a 

2n n 

1+cosa 
OGac 2

2n sin a n 

1 +cosa 2 5a5~ 

ll1/2 

a+}sn2a)1 

L~ — a + ~} sin 2a, 

4n i/z 
OGaG 2

rr 4~c t/z ~ 
sinaL~—a~-~sin2a, 2~

a
~~ 

LV, 
(n— a -f- ~} s)n gal i/z 

L ~ J 
RVi  (n — a ~ ~} sin gal 1/z 

s VR 
(n — a -}- }sin 2a) 

c 

TI)ese expressions are plotted as the curves in Fig. 5.22. 
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Thus 

/ 1/2 Po(r.ms.)(a) _ r~ — a + ~ sin 2a~ 

Ptninvv)(a) ~ 

This expression is also plotted in Fig. 5.22. 
The expressions do not apply to the uncontrolled bridge configuration 

of Fig. 5.20(b), but new expressions will not be given as this configuration 
is not generally used in practice. 

Single phase Triac A.C./A.C. Converter with Motor Load 

For the control of power to low-inductance loads (heating elements, 
lamps and squirrel-cage fan motors), a triac can be used; Fig. 5.23 shows 
a triac used in conjunction with a silicon controlled switch. 

zzo ci 
to ~01NF 

240V 1250V~.1 
BY 179 

L1 

250NH 

Fig. 5.23. AC fan motor control circuit. (All resistors 1/4 W unless otherwise shown. 
Cl and C3 are Cat.No. 2222 276 00009 capacitors.) 

The mains is rectified, clipped by a zener diode, and fed to a resistive 
voltage divider which provides a reference and synchronising voltage for 
the anode gate of the SCS. Additionally, the zener stabilised voltage is 
fed to the RC timing circuit -giving further stability. At the end of a 
half-cycle, CZ discharges -ensuring that initial charge on CZ is always 
zero at the start of a half-cycle and thus eliminating hysteresis. 

When the voltage across Cz exceeds the anode gate voltage, the SCS 
conducts and feeds a current pulse via the transformer to the triac gate. 

162 



The triac then conducts for the remainder of the half-cycle. Rate of rise 
of capacitor voltage, and thus the point of turn-on of the triac, may be 
varied by means of the variable resistor. 

Choke Ll and Capacitor C, limit the steepness of current transients 
and help to suppress RFI. The RC network across the triac protects it 
against voltage transients. 

5.5 Choppers and Inverters 

S.S.I CHOPPERS 

A chopper is a switch between a d.c. source and a load. Average load 
voltage is controlled by variation of the duty cycle of the chopper. 

We shall consider the thyristor chopper in its most basic form first — a 
single thyristor chopper. Fig. $.24 shows the circuit and waveforms. 

TH1 

E~ 
~ 

~IoaE IVp 
V~. 

f qtr «~ -►time 
tom - +aen. 

Fig. 5.24. (a) Basic chopper (bJ output waveform. 

Clearly, while the thyristor is conducting, the output voltage is equal 
to the supply voltage and during the intervening periods the output volt-
age is zero. Thus 

where tP is the conduction period 
to is the repetition period 
E is the supply voltage 

and Va(Av> is the average output voltage. 
Switching of the thyristor can be effected by three methods —oscillating 
the load, providing an auxiliary thyristor, and varying the frequency of 
the trigger pulses. 
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A two-thyristor chopper and the relevant waveforms are shown in Fig. 
5.25. This circuit uses forced commutation — TH, is the load-current 
carrying thyristor and THZ is the auxiliary thyristor which turns TH, 
off by current reversal. Output is varied by variation of the instant t4 

at which TH, is made to conduct. 
Before t,, TH, is conducting and C, is charged to the supply voltage 

(lower plate positive). Period t, to t3 is a commutation period; at t,, THZ
is triggered and allows C, to force reverse current through TH, —turning 
it off. Also at t,, because THZ is triggered, the voltage on the lower plate 
of the capacitor is fed straight to the output —effectively doubling the 
output voltage for an instant, but C, immediately starts to discharge and 
recharge in the opposite direction (over t, to t3). 

At t3, THZ turns off and the voltage across C, remains constant at a 
value equal to the supply voltage. Chopper output is zero so load in-
ductance LZ forces free-wheeling diode DZ into conduction to maintain 
the load current. 

At t4 the voltage across C, is resonantly reversed by turn-on of TH, ; 

diode D, prevents discharge of C,. The circuit then waits for retriggering 
of THZ which starts the next cycle. 

Fig. 5.26 shows aforced-commutation three-thyristor chopper and the 
associated waveforms. Commutation is provided by the additional thy-
ristor and thus is not influenced by load conditions. TH, passes current 
to the load, THZ commutates the voltage on C, and TH3 turnsTH, off. 
As any thyristor can be triggered first, the circuit starts reliably. 

Before t,, TH, is conducting. At t,, THZ is triggered and the voltage on 
C, reverses resonantly (t, to t2 is half a resonant period). At t2 THZ
turns off by self commutation; because TH3 is not yet triggered, C, starts 
to discharge through R, so vp decreases exponentially. 

At t3, TH3 is triggered and TH, is turned off by the voltage on C,. 
Load current, I,,, is transferred from TH, to TH3 so C, discharges 
linearly. 

Between t, and t5, a steady-state condition exists because C, cannot 
discharge further. At t4, TH3 turns off for lack of forward current; it is 
not subjected to reverse voltage until TH, is again triggered at t 5. TH, 
continues to conduct, feeding the supply voltage to the load, until TH3
is again triggered. 

As conduction of TH, is not necessary for commutation, the chopper 
will continue to function even if this thyristor is not triggered. While the 
load is connected, the commutation capacitor loses part of its charge 
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through TH3 so a residual output voltage exists. Apart from transients, 
thyristor voltages do not exceed the supply voltage. 

In Chapter 3, descriptions are given of the Morgan (saturated core) 
and Jones choppers; also described there is a simple series-commutated 
chopper. 

S.S.2 INVERTER (DC-AC) 

Fig. 5.27 shows a basic parallel inverter and the trigger pulses. When 
thyristor A is triggered, current flows from the positive supply through 
the left-hand half of the transformer primary. By auto-transformation, 
the right-hand half of the transformer primary develops a similar voltage 

load 

thyristor A 

thyristor B ~~—
  Z 

trigger pulses 

Fig. 5.27. Basic parallel inverter. 

~Z66I]~ 
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to the left-hand half (in series as shown in Fig. 5.27) so the capacitor 
becomes charged to twice the supply voltage. When thyristor B is trig-
gered, the voltage across the capacitor opposes current flow through thy-
ristor A —turning it off; also the polarities on the transformer primary 
are reversed. When thyristor A is triggered again the cycle repeats. If 
each trigger pulse to A is arranged to occur halfway between two trigger 
pulses to B, as shown in Fig. 5.27, a good symmetrical output is obtained. 

In this basic circuit, load changes can effect commutation. Consider-
able improvement with inductive loads is gained if freewheeling diodes 
are connected as shown in Fig. 5.28 (this also improves voltage regula-
tion); further improvement is gained if diodes are connected in series 
with the primary to prevent ringing by disconnecting the load from the 
commutating energy (again, in the manner shown in Fig. 5.28). 

Toad 

improvement 2 
Iseries diodes) 

Improvement 1 
IfraawMelirg 

diodes 1 

Improvement 2 
(series diodes) 

rzsnu 

Frg. 5.28. Improvements to parallel inverter. 

A series inverter and waveforms are shown in Fig. 5.29. When thyristor A 
is triggered, an oscillation current flows through L and the load trans-
former to charge C; this continues until the voltage across C is great 
enough to turn thyristor A off. Shortly after this, thyristor B is triggered 
and C discharges oscillatory through the load transformer, L and thyristor 
B, until this oscillation current reserves, turning off thyristor B. Then the 
cycle repeats. 

Commutation isload-dependent because the load impedance is reflected 
into the path of the charge and discharge current of C; however this is 
usual with series inverters. 
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Fig. 5.29. Series inverter and waveforms. 
d V = overswing. 

Fig. 5.30 shows a bridge inverter. When thyristors A and B' are triggered, 
C charges to the supply voltage and applies its terminal voltage to the 
primary of the load transformer. When thyristors B and A' are triggered, 
the voltage across C is switched across thyristors A and B' to turn them 
off. Then thyristors B and A' charge C in the reverse direction (applying 
the other half-cycle to the load transformer). 

As with the parallel inverter, freewheeling diodes and voltage limiting 
improve commutation. 

This circuit can easily be adapted to three-phase applications. 
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Fig. 5.30. Bridge inverter. 
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6 Series and Parallel Operation 

6.1 Introduction 

There are still some applications for which no single existing thyristor has 
adequate voltage or current ratings; if the voltage demands are too great 
a series-connected arrangement of thyristors is necessary, while if the 
current demands are excessive aparallel-connected arrangement is re-
quired. 

Inevitably, thyristor characteristics vary slightly from one device to 
another and the resulting "spreads" in characteristics make it necessary 
for measures to be taken to ensure correct voltage and current sharing. 
It is with the nature of such measures that this chapter is mainly concern-
ed. 

6.2 Series Operation 

6.2.1 GENERAL 

With series-connected thyristors, the design precautions are primarily 
aimed at equalising the voltages (both forward and reverse) across indi-
vidual thyristors. 

If, for instance, we have three thyristors in series (as in Fig. 6.1) and 
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Fig. 6.1. Possible operating states of a series chain consisting of three thyristors without 
equalization networks. 
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apply a high voltage across the network thus formed, we find that in the 
eight possible operating states individual devices can have widely differing 
voltages "'across them. Indeed, a single device can at times experience 
virtually the entire applied network voltage. Thus precautions are needed 
to prevent this occurring and these can conveniently take the form of 
equalising resistors and capacitors connected across the thyristors. 

States III and IV (Fig. 6.1), of course, provide no problems as the 
voltages across individual devices are small. In all of the other states 
(dynamic states II and V and static states I and VI) a high voltage can 
occur across an individual device and may exceed its maximum rating. 

As well as providing a means of voltage equalisation, it is wise to 
incorporate measures for limiting di/dt and dV/dt to safe levels. We shall 
consider these too in this chapter. Because of the need for device selection 
for QS, td and V,~ and the need for large suppression elements when non-
avalanche thyristors are used, avalanche thyristors are usually preferable 
to non-avalanche thyristors. For completeness, however, we shall con-
sider calculations for both types. 

6.2.2 STATIC VOLTAGE SHARING 

As we have seen in Fig. 6.1, static voltage sharing must be achieved in 
both the off-state and the reverse blocking state (states I and VI respecti-
vely). Fig. 6.2 shows two thyristors in series — if a d.c. voltage is applied 
across the combination, either in the forward or the reverse direction, the 
voltage distribution will not be equal because of the unavoidable spreads 
in off-state, and reverse-blocking, characteristics. We shall now consider 
the remedy for both normal and controlled-avalanche thyristors. 

ewe 

THZ THE

break -down or 
avalanche 

region 
l~r 

break -down or 
break-over 

region 
  THZ

Fig. 6.2. Unequal ofj--state and reverse-voltage sharing across two thyristors connected 
in series owing to their spread in reverse and o~=state characteristics. 
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Normal (or Non Controlled-Avalanche) Thyristors 

If a resistor is connected in parallel with each thyristor it is possible to 
obtain such a voltage distribution that the highest voltage across a thyristor 
does not exceed the maximum allowable value. 

Before starting the calculation, check that the off-state and reverse 
blocking characteristics are similar. (They usually are, as also are the 
respective leakage currents.) If they are not, calculate Rp separately for 
off-state and reverse blocking and use the lower of the two values. The 
most unfavourable case occurs when one ideal thyristor (no leakage cur-
rent) is connected in series with n — 1 thyristors which have the maxi-
mum leakage current (see Fig. 6.3). Furthermore, owing to the tolerances 
in Rp, the ideal thyristor can have a parallel resistor with the value 
(1 + ~)Rp and the other n— 1 thyristors can have parallel resistors of 

Z 

VRWt=~DWt'~Wt 

V~ 

T 

iHn 
(LRo

IL max 

TH2 

CSRp 

~1 ~VRWM=~DWM'~WM IL=0 ~ ~I~'~Rv 

ID ~ O IIR=IL 

b) Most unfavouroble case 

Fig. 6.3. Determination of the off state and reverse voltage sharing resistor Rp. 

In this case, the voltage (V,) across the ideal thyristor (THT) will be 

(I -1- ~) Rv 

(1 + ~) Rp + (n —1) aRo (I — ~) Rpl(aRo + (I — ~) Rp) 

173 



where ~ x 100 is the %tolerance of the parallel resistor R p, 
a = IRP/ILmaz is the ratio between the current through Rp (at VK,) 

and the maximum leakage current (at VW) of the 
thyristors 

Vw~ is the total crest working voltage across the chain. 
n is the number of thyristors in the chain. 

Because V, must not exceed the crest working voltage rating (VwM) 
of .the thyristor, we can write 

n > 1 
+ VR.t — Vf,.,,s 

1 
-{- a 

(1— ~) (6.2) 
VwM a (1— ~) 

The necessary //parall(R~el resistor is then given by 

VWM ~ RP ll + N) (ILmaz + IRp)• 

We can also see that 

I RP ' RP (1— N) — ILmaz aRP, 

which yields 

VWM 

// ,q / /R~ 
Rp 

\ Itmax ll + F') (1 '}" a/(1 — N)) 

If we neglect ~2, we find 

VwM 1— Ig 
(6.3) 

RP \ ILmaz 1 + a (1 + Y) ' 

RP dissipation will be (see 6.2.4 for derivation) 

2 

PRP 

_ 
a 

VWM 
(6.4) 

Rp

where a = (VRMS/VwM)Z (In rectifier circuits a = 0.5). 
For safety, the maximum leakage current (ILmaz) chosen for calculation 

purposes is that at the specified maximum junction temperature (this 
eliminates the effect of different thyristor temperatures resulting from 
unequal forward voltage drops). A practical value for a lies between 3 
and 8. (The higher a, the lower the number of series thyristors required 
for a particular voltage but the greater the loss in RP.) 
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Controlled Avalanche Thyristors 

In contrast to controlled-avalanche diodes, controlled-avalanche thy-
ristors still need parallel resistors to equalise off-state voltage distribu-
tion. The off-state leakage current of the chain can equal the breakover 
current of one of the thyristors which causes it to switch on. 

Calculation of the necessary parallel resistor Rp is similar to that for 
conventional thyristors, except that a lower value of I B or a higher value 
of VnwM may have to be taken into account. vRWM may be exceeded 
without any resulting damage because the other thyristors in the chain 
limit the reverse avalanche current to a safe value. 

1 a=oa 
n=o_os 

n_oa n=o.os n=o.o+ ~ p=a.o~ 
-e 

.y 

—6 

—5 

—4 

—3 

1 ~60 150 +~<0 +~30 +~20 4H10~05 0~1 015 0~2 025 
A _1.«p.nl ye   fl-01 

«(t-al t. «n.01 

Fig. 6.4. Factors A and B as a function of a with B (toterattce of RpJ as parameter. 

Simple calculation of Rp can be effected by means of the following 
abbreviations of equations 6.2 and 6.3 respectively. 

-f- 
VWM 

VwM .~Rp 

\ ILmax 

(6:2a) 

(6.3a) 
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where 

A = 

and 

all—~) 

1—~ 
B—

l+a( 1 +~) 
Fig. 6.4 shows A and B as a function of a with ~ as parameter. 

6.2.3 DYNAMIC VOLTAGE SHARING 

Dynamic voltage sharing must be accomplished in the presence of tran-
sients in both forward (off-state) and reverse directions. Such transients 
can be internally or externally generated. External causes are: 
1. "switch-off" of an unloaded rectifier transformer on the primary side. 
2. "switch-on" of a rectifier transformer — especially a step-down type. 
3. "switch-off" of the inductive load of a rectifier on the secondary side 

of the transformer. 
4. stroke of lightning on the mains. 
5. switching in the supply circuit. 
6. blowing of a fuse. 

Internal causes are 
1. hole storage effect. 
2. stray capacitance. 
3. unequal switching on of thyristors —caused by differences in turn-on 

times. 
External transients can be suppressed by the methods detailed in 

Chapter 4. Unequal switching on of thyristors can be minimised by the 
use of a trigger pulse of fast risetime and high amplitude (but even so 
the effect will not be negligible). The remaining transients are less harmful 
and can be dealt with by the provision of a capacitive path in parallel with 
each individual thyristor. 

Before a thyristor can regain the reverse voltage blocking capability 
after conduction, the charge present in the thyristor at the time of com-
mutation must be removed. This charge is removed at a rate (di/dt) de-
termined by the commutating inductance of the circuit. Fig. 6.5 shows 
the manner in which this charge extraction occurs. 
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Fig. 6.5. Reverse recovery of a thyristor. 

In a network of two thyristors in series, the "worst case" condition 
arises when one thyristor (THl) is a fast device (having a value of recover-
ed charge Qmin) and the other (THZ) is slow (recovered charge Qmax) 
see Fig. 6.6. 

At time tl, TH1 has recovered while THZ still has some stored charge 
(d Q which equals Qmax — Qmin) remaining. THl assumes its reverse 
voltage capability and tries to take up the full voltage VRWr. Additionally, 
it reduces the recovery current iR for THZ so that it will be even longer 
before THZ can take up reverse voltage. Thus a low impedance path for 
recovery current must be made available to THZ. This is achieved by the 
provision of a parallel capacitor Cp across each thyristor (avalanche de-
vices do not need this as they have a low impedance in the avalanche 
region —though they may still have a parallel capacitor for other rea-
sons). 

efiec 

reverse 
current 

Iq 

time 
z 

Fig. 6.6. Idealized reverse recovery of two different thyristors. 
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Furthermore, in the blocking state (I, IIa, Va and VI in Fig. 6.1) thy-
ristors have their own individual capacitance (different for individual de-
vices). Also, thyristors and their associated heatsinks have a certain 
capacitance CQ to earth. These capacitances contribute to unequal voltage 
distribution in the presence of a transient. Thus we have further need for 
parallel equalising capacitors. 

~, 

Fig. 6.7. Series connection of n thyristors with parallel capacitor Cp and earth capaci-
tance Ce. 

Conventional Thyristors 

Fig. 6.7 shows n thyristors in series and the parallel capacitors connected 
across them. If THl is fast and the other n — 1 are equally slow, at time t 
the situation is that shown in Fig. 6.8. 

Reverse recovery current continues to flow through Cp —charging it 
to a voltage Yl '. This voltage is, of course, a function of the remaining 
charge d Q. Thus 

i 
dQ 

vl '  
C, 

N 
v;

TH1 DD 

(6.5) 

Fig. 6.8. Simplification of Fig. 6.7 at time tl < t < tZ, when only Thl has recovered. 
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After all thyristors have recovered, there will still be an unequal voltage 
distribution across them because of the earth capacitance Ce. When a 
voltage V~ is applied as shown in Fig. 6.7, the voltage Vl " across THl
will be (assuming the devices have infinite leakage resistance) 

C„ 

' Co ~ - C„ 
where C„ is the substitutional capacitance from Point 1 to Point n (earth). 
If Cp is small with respect to C,,, a large part of Vt is developed across 
TH, (Fig. 6.9). The earth capacitance Ce can be determined from Fig. 
6.10. 

vt

Fig. 6.9. Substitution of the capacitances between point 1 and point n by C,,. 
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Fig. 6.10. Earth capacitance Ce of standard heatsinks as a function of the distance to earth. 
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The peak voltage caused by CQ occurs across the thyristor at the "hot" 
end of the chain, while the voltage resulting from the spread in reverse 
recovery charge occurs across the fastest thyristor. So the most unfavour-
able condition occurs if the fastest device is located at the "hot" end of 
the chain. 

When reverse voltage is applied to the chain, a reverse recovery current 
flows. If THl is the fastest device and THZ to THn are equally slow, when 
THl has recovered, the reverse recovery current for the remaining devices 
can only flow through the CP which is parallel to TH, ; thus CP will be 
charged until the other thyristors have recovered. When the other thy-
ristors have recovered, the voltage across THl will be Vl ' (Eq. 6.5). Then 
the remaining part of the commutation voltage VRw ;nust be distributed 
across all thyristors. The part of this voltage which is picked up by THl
is Vl " (Eq. 6.6a), which we can express 

C 

CPT Cn 

The total voltage across TH1 is the sum of the two partial voltages, i.e. 

C n / 

V1 — 
Vli 

~ V1 — V 1 ~ \VRW[ 
C P + C n

If we substitute Eq. 6.5 in Eq. 6.7 and make 

C n
b_ , 

CP ~ Cn 

we obtain 

Vi ' ). (6.7) 

d 
Vl = ~ (1 — b) ~- VRw: b. 

P 

But V1 must not exceed the repetitive peak reverse voltage rating, 
of the thyristor so 

do 
VRRM ~ V, — C ll — b) I VR wt b. 

P 

From Fig. 6.11 we can obtain CP. 
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(6:8a) 

(6.9) 

VRRM> 

(6. l0a) 
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Fig. 6.11. b C„/(C„ -}- CP) as a function of the number n of devices connected in 

series, with the ratio between parallel capacitor and earth capacitance Cp/Ce as parameter. 

As can be seen from Fig. 6.11, Eq. 6.8a will be 

1 
b= —

n 
(6.8b) 

for high values of CplCe. 
So, to a first approximation, Equation 6.10a can be written 

4Q (n— 1) 

11 VRRM — VRWt 

The value of Cp necessary for sharing externally generated transients may 
now be calculated. Transient voltage Vtt (off-state or reverse VRrt = 
VDtt = Vtt) exceeds the total crest working voltage VWt (off-state or 
reverse VRwt = VDwt = Vwt) by Vtt — Vwt• This last value (Vtt — Vwt) 
has to be distributed across the thyristors in such a way that the thyristor 
at the "hot" end of the chain experiences a part equal to b (Vtt — Vwt) 
as given by Eq. 6.6a. If the best thyristor is located at the "hot" end of 
the chain, it already has an ofd state or reverse voltage which is maxi-
mum VwM (VRwM = VDwM = VwM)• The total transient voltage across 
a thyristor may not e/ xceed VRM (VRRM = VDRM — VRM)e so 

/ 
VRM — VWM i b l Vit — VWi) \6.11) 

(see Fig. 6.12). 
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Fig. 6.12. Distribution of transient voltages across a series chain of thyristors. 

We can now, by means of this relation, find the necessary value of b 
for a certain transient voltage Vet (both off-state and reverse). Then, by 
means of Fig. 6.11, we can find the required value of Cp. 

Now we may consider measures for sharing turn-on transients. Fig. 
6.13 shows a typical thyristor turn-on characteristic. Turn-on time to„ is 
the sum of the delay time td and the rise time t~ (to„ = td + t,). Of course, 
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Fig. 6.1.x. Typical turn-on characteristic for a thyristor. 
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Fig. 6.14. Half--wave rectifier circuit with two thyristors connected in series - one with 
a fast and the other with a slow turn-on. 
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to„ is liable to differ from one sample to another; Fig. 6.14 shows two 
thyristors, with maximum spread in ton, connected in series in a half-wave 
rectifier circuit. The waveforms are shown in Fig. 6.15. It can be seen 
that a transient appears across the slower thyristor and may exceed its 
voltage rating. There are two standard methods of overcoming this pro-
blem — a parallel capacitor and an inductance in series with the load. 

To ascertain the correct value of the parallel capacitor, we shall again 
consider a series chain of n thyristors. The worst case occurs when all 
thyristors except one turn on simultaneously at supply voltage maximum 
(the slow thyristor TH, fires after a delay dto„). Fig. 6.16 shows the equi-
valent circuit; the voltage across THl will vary as shown in Fig. 6.17 
(this is an approximation which is sufficiently accurate for the small time 
interval dt on). The general expression for the voltage rise across THl is 

t 
v = V C 1—exp — -11 (6.12a) 

t 

From Fig. 6.17 we obtain 

vDRM — VOWM i \ V DWt — 

R~ 
♦0---~—I 

Vpy.~Sinylt 

O 

Fig 6.16. Equivalent circuit when THl is off'and all other thyristors (THZ to THn) are on. 

vDWM/ j 1 — exp I dt~n ~~, (6.12b) 
` \ RLC, /1 

THi TH3 
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f'ig. 6.17. Voltage across the slow thyristor TH1 in Fig. 6.16. 



which yields 

Cp ~ 
dton 

(6.13) 
RL In (VDWT — VDWM)I (VDWt — VDRM) 

Usually this gives a very large value of Cp which is unacceptable because 
of the high switch-on currents. However, most rectifier circuits contain 
some inductance and an equivalent circuit can be drawn as shown in 
Fig. 6.18. The voltage waveform across TH, is shown in Fig. 6.19. (Again 
the short time interval dtp„ makes simplifications possible — RL = 0 and 
VDwt is constant —and this approximation errs on the side of safety. 
An exact calculation would be long and unmanageable.) 

RL FL 

Vp~ytSinWt TH1 TH3 

O 

Fig. 6.18. Equivalent circuit when THl is o,(f and all other thyristors are on. 

simplification: R~ .0 

nk~ 

Fig. 6.19. Voltage across the slow thyristor TH1 in Fig. 6.18. 

Voltage rises across THl according to the relation 

v = V cos wt. (6.14a) 

185 



From Fig. 6.19 we obtain 

VDRM i VDWt — \ V DWt — VDWM~ COS LJ 4ion• 

where 

wZ = 1 

~' LCp

From these we obtain 

(6.14b) 

z 
ton 

L~L 

~ C~ [arC COS \VDWt — VDRM~II VDWi — ~DWMI~~ 

16.15 

If Cp is chosen according to Eqs. 6.10 and 6.11, the minimum required 
value of L' L can be determined. Already in the circuit are the self-
inductance of the transformer and the self-inductance of the load; if 
~L is greater than the combined value of these two, an extra inductor 
will have to be added. A resistor, RS (see Fig. 6.20), must be connected 
in series with Cp to limit the discharge rate of Cp at turn-on and thus 
prevent di/dt damage to the thyristors. RS can be obtained from 

di/dt(Co) 
=VDRM 

exp ~  t ~, (6.16) Rstf ~ R,Cp

where tf ' is the idealised fall-time of the thyristor anode voltage. 
In addition, the current rise introduced by commutation (di/dt~~o„,)) 

must be attended to; it is given by 

dl/dt~cam) 
VDwr t 

LS . t f ' . 
(6.17) 

The sum of these two di/dt values must not exceed the device rating. Thus 

di/dtmaX ~ di/dt«p) + di/dt~~o„,). 

Substituting Eqs. 6.16 and 6.17 in 6.18a we obtain 

(6.18a) 

di/dt,~ax ~ 
VDwt t -~ VDRM 

exp ~  t ~, (6.18b) 
LS tf ' Rstf ' R,Cp

di/dt~~o,„) is maximum at t = tr ', while di/dt«p) is maximum at t = 0. 

186 



It is desirable for di/dt,„aX to occur at t = tf ' because at that moment a 
larger area of crystal will be in conduction and therefore the turn-on 
dissipation will be minimised. This condition is obtained if 

dl dt ~  
VDWt VDRM tJ '  VDRM 

/ maa i + eXp ~  ~ ~   (6.19) 
Ls Rstr ' RsCp Rstf ' 

From this a minimum value of RS can be calculated: 

Cdi/dtmaX—  
1' Rwt 1 R, min tf' ~ exp (  tf 1. (6.20) 
LS /I VDRM \ RS min Cp/ 

The maximum allowable value for RS is governed by reverse recovery. 
When reverse recovery current starts to fall, the circuit inductances react 
to maintain PR. This current can only pass through RS - giving a voltage 
drop across it equal to VRS which must not exceed the VRRM rating of the 
thyristor. Thus 

VRRM i VRs — 1RRs

and 

(6.21 a) 

VRRM 
(6.21 b) RS max ~ - . 

ZR 

At the end of the reverse recovery interval an RCL circuit is energised 
and oscillations may occur which impose excessive voltages across the 
thyristors. To prevent this, we must ensure that the system is (over-)critic-
ally damped i.e. 

4~L 
R52 >  (6.22) 

C, 

We must now find the value of the rate-of--rise of off-state voltage which 
occurs when the above values of Cp, RS and L' L are used. 

If we assume a mechanical switch to be in series with the chain and 
that this switch closes when the supply voltage is at maximum (VDwt), 
the voltage across the chain rises (independently of the margin of damping 
and thus independently of C,) at a rate 

nRs
d V/dt~t~t> = VDwt ~ L (6.23) 
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Because RS is small compared with the leakage resistance of the thyristors 
and R„ dV/dt~,o~~ will be distributed equally across the thyristors. Thus 

RS
dV/dt~Tn~ = Vows ~ L . (6.24) 

This value must not exceed the maximum allowable value; thus 

RS
d V/dtmex > VDWt ~, L . (6.25) 

Another way of limiting the voltages across individual thyristors to an 
acceptable level is to connect controlled-avalanche diodes back-to-back 
across each thyristor. It is still necessary, however, to connect a series 
RC network across each thyristor to limit di/dt and dV/dt. Fig. 6.20 
shows all the components used; their functions are as follows: 

R2 C7 RZ  C2 Rp C2 

—~—IF---~ HI---~ r—II—
~, 

from the TH TH TH 
mains 

v — t=r~v=
R3 R3 R3 

 ~~ 
C1 Rf 

to tha 
load 

Fig. 6.20. The components used with series-connected thyristors. 

L1 is the line inductance already present. To limit di/dt, it can be en-
larged by the insertion of an additional choke. 

Cl limits dV/dt and transient commutation overvoltage across the string. 
R1 has to be inserted in the L1C1 oscillatory circuit to give sufficient 

damping and to limit the discharge current of Cl and associated di/dt-
value through the thyristors when string is turned-on. 

R3 serves as a shunt path for the leakage current through the thyristors 
and equalizes the static voltage distribution. 

CZ equalizes the spread of junction and earth capacitance, and reverse 
recovery charge (dynamic voltage sharing). 

RZ acts similarly to R1, limiting the discharge current of CZ and, there-
fore, the turn-on di/dt through the individual thyristors. 

The components R2, R3 and CZ are always necessary for series operation 
of thyristors, whereas L,, R1 and Cl may be needed for certain circuit 
configurations and loads. 
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Clearly, the design procedure we have just been through is lengthy and 
involved; the design procedure with controlled-avalanche thyristors is 
much simpler and it is to this that we will now turn our attention. 

Controlled-Avalanche Thyristors 

When controlled-avalanche thyristors are used, reverse-recovery current 
can continue flowing through the fastest thyristor. However, the dissi-
pation capability is still limited so the necessary avalanche power rating 
must be determined in order that suitable thyristors can be chosen. A 
method of determining the avalanche power rating necessary for the thy-
ristors is given in the following analysis. 

In Fig. 6.6, the idealised reverse-recovery of two different thyristors is 
shown. At tl the fast thyristor THl attains its nominal reverse-blocking 
capability and at tz THz does the same. During the time dt = tz — t~, 
the difference in charge ~ Q must be compensated. A current iR flows in 
the avalanche region of the fastest device so we may express the energy 

rZ

E — ~ ZR(t) v(BR)R dt, 

tl 

which, because 

~2 

d Q = f iR(t) dt, 
,, 

we may write 

E = dQV(BR)R' 

(6.26) 

(6.27) 

For maximum energy, add 15 % to the maximum reverse-avalanche 
voltage at room temperature (This will include temperature effect and 
influence of dynamic resistance in the avalanche region). 
Time t l is obtained from 

SCmin = 

1R1t1 

2 

1 /~2Qmin~ 
(6.28) 

2 di/dt 
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and t2 from 

tR2t2 

Lomax = 
2 

1 2 Qmax 

2 ~ di/dt 

dissipation 
P 

nveree 
current 

~R 

DL 

(6.29) 

Fig. 6.21. Reverse-recovery current and avalanche power as a junction of time. 

The dissipation P is a function of time (see Fig. 6.21 —the solid line). A 

square pulse of amplitude P and duration i (the dotted line) will give the 
same rise in temperature. 

P is given by 

P — v(BR)R tR' 

From Eq. 6.29 

Lomax = 

tR2t2 

2 

1R2 
2 

2di/dt 

.•. iR2 = {~ l2Qmax di/dt). 
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As iR = iR2, the peak avalanche power will be 

P — V(BR)R v~2Qmaz di/dt) 

and this must be dissipated during the time 

dt ~2 + ~~Qmin~Qmax)~~ 
z— , 

9 

which may also be written 

(6.32) 

(6.33) 

2/3 _ 1/2 3/2 

Z 
_ 2  4 Qmax 3 Qmax Qmin — Qmin 

6.34 ) 
— ~ di/dt 9Qmax 

Calculation with this expression is awkward; it is easier to use a graph 
(see Fig. 6.22) of 

s 
/~di/dt~ — ~~ 

/

Qmin
.

V Qmax Lomax 

~m 
4 ma. 

10 

OS 

neea+.i 

OS t  d~/dt 1 D 

(6.35) 

Fig. 6.22. Qmin/Qmax as a function of z ~(di/dt)/Qmax derived from Eq. 635. 

Q 
3/2 

note that t ~  
di/dt _ 4 V2f 

1 — 3/4 Q 
min _ l ~4 ~SG min 1 ~ \t 

Qmax 9 L Qmax Qmax/I /I
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If the avalanche power capacity required is greater than the published 
value of any otherwise suitable and available thyristor, a parallel capaci-
tor C, must be used to accomodate the excess power. This may be cal-
culated as follows. 

Thyristor data will give a certain permissible duration, i', for P. The 
charge (4 Q') which must be absorbed by Cp can be calculated from 

Q~min — Qmin — 4 Q~ (6.36) 

after Q'm;n has been calculated, at the existing value of Qmax, from 
Eq. 6.35. 
An amount 

4 Q~~ = Qmax — Q~min (6.37) 

will be supplied by a current iR in the avalanche region. Cp can now be 
found from 

V(BR)R = 

d 
Qr 

P 

Cp —  
4 Q 

V(BR)R 

(6.38) 

If the fastest thyristor has a minimum value of V(BR)R, d Q' will be small 
and thus dQ" will be relatively large; this gives rise to a large value of t 
so it is important to determine at this stage whether the expected power 
pulse is still within the thyristor ratings. 

We will now, briefly, consider the effects of external transients (both 
forward and reverse). A reverse transient will be distributed across all 
thyristors in the series chain; if the chain cannot handle this energy the 
limitation measures must be made more stringent. An off-state transient 
(forward) can either turn on the chain and dissipate its energy in the load 
or (if this is not permissible) be distributed across the thyristors, without 
exceeding their minimum breakover voltage V(Bv)min, by means of capa-
citors Cp. In this latter case the calculation is similar to that for non-
avalanche devices (see Eq. 6.39 and Fig. 6.12). 

V(BO)min — VDWMmax i b (Vtt — VDWi)• (6.39) 

Sharing of turn-on transients is not necessary because, when the slower 
devices reach an off-state voltage which exceeds their V(BD), they will be 
forced to turn on. However, it is still necessary to ensure that the per-
missible di/dt values for V(BO) are not exceeded (calculation method is 
the same as that for non controlled-avalanche thyristors). 
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6.2.4 PRACTICAL CONSIDERATIONS 

In general, practical experience has shown that 

a. Controlled-avalanche thyristors are almost essential, 

b. Off-state voltage sharing must be obtained by means of parallel resis-
tors. 

c. Calculation of the necessary parallel capacitor must be based on off-
state transient sharing (mains-born and transformer-switching tran-
sients) and increase of reverse commutation capability during com-
mutation. 

d. A resistor must be connected in series with the capacitor to limit di/dt 
and dV/dt to safe values. (Note: if a thyristor is turned on by excessive 
VBo or dV/dt, a smaller fall-time tf is obtained —leading to higher 
di/dt —than with gate triggering. Additionally, in this case, the di/dt 
rating is lower.) 

PRP 
R P 

where VRMS is the maximum r.m.s. voltage across the thyristor. VRMSZ
can be calculated from VWM for various circuit configurations if a form 
factor a is known. Then 

Dissipation in the Parallel Resistor 

The dissipation in the parallel resistor Rp is given by 
z VRMS 

2 VRMS 
a= 

z VwM 

Substituting this in Eq. ti.40 gives 

PRp =a 
Rp

We now need to know a for typical configurations. 
In a thyristor rectifier circuit the highest r.m.s. value of blocking voltage 

occurs when the conduction angle is zero, i.e. the voltage is a complete 
sine wave (Fig. 6.23). Then 

(6.40) 

(6.41) 

(6.42) 
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1 zn 

a =   r sine x dx 
2~ J 

0 

1 x sing x ~" 1 

2~ [2 4 Jo 2~c ''~ — 0.5. 

~R 

Fig. 6.23. Maximum blocking voltage in any thyristor rectifier circuit. 

(6.43) 

In square-wave inverter or chopper circuits, a is equal to the ofl=state 
duty cycle (see Fig. 6.24). Thus 

a = 
~t  

. (6.44) 
T 
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t, 
T 

Fig. 6.24. Off-state voltage in square-wave inverter or chopper circuits. 



However, if a very slow switching action is used calculation must be done 
as for a continuous d.c. blocking voltage. Then 

a = 1. (6.45) 

If a sawtooth wave is applied to the series chain (Fig. 6.25), then 

l T t  z 

a T I( tl l dt 

o \ J

1 t3 tl I 
t13 

tl 
(6.46) 

~3 t~~~o T 3 t,~ 3 T T 

.~ 
how 

Fig. 6.25. sawtooth wave applied to a series chain of thvrrstors. 

Triggering 

When a thyristor is turned on there is first a delay time (td), then a fall 
time (tf), then a spreading time (tS), and finally the normal-working time. 
With fast rise of trigger pulse (dl9ldt) and high I9 peak, the thyristor 
switches on quickly (i.e. td is small); however, although td can be mini-
mised by this means, tf  is very little influenced by trigger pulse character-
istics. 

For series operation, high fast-rising trigger pulses are needed to mini-
mise td and ensure that turn-on points are as nearly coincident as possible 
(thus it becomes unlikely that Vso will be reached across the slowest 
device). If avalanche types are used, this is not so important but it cannot 
be neglected because di/dt damage can result from VBo turn-on. 
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Similarly with parallel operation —turn-on points must be as closely 
synchronised as possible because a slow device may have insufficient 
voltage across it, when parallel devices are already conducting, to turn on. 

Fusing 

Chapter 4 deals with fusing in detail; however, at this point it is as well 
to bear in mind that fusing is usually needed for the protection of thy-
ristors in series and parallel connections. Fast-acting fuses should be 
provided to cope with overloads which would otherwise destroy a thy-
ristor within one half-cycle (lesser overloads, which would not break down 
a thyristor until more than 10 ms had elapsed, are usually dealt with by 
means of overload contactors). 

The IZ t rating for the fuse must, of course, be less than that for the 
thyristor it is protecting. 

6.2.5 WORKED EXAMPLE 

Let us assume that we have a controllable three-phase bridge rectifier 
which gives a d.c. output of 11 kV at 90 A. The transformer is rated at 
1100 kVA and the short-circuit voltage is 10 %. 

Rate of change of current during commutation can be assumed to be 

di/dt ti 0.3 A/µs. 

At the maximum junction temperature T; maX = 125 'C, the following 
spread in reverse recovery charge occurs in the controlled avalanche thy-
ristor: 

Qmin = 5 ~C~ Ymax = 20 (d.C. 

Maximum crest-working voltage, VWt, across the series chain is 

VW~ = 1.05 Vo x 1.15 
= 13.3 kV 

where the factor 1.15 is provided to allow for the unloaded transformer 
voltage and fluctuations in the mains. 

For this thyristor 

VRWM = VDWM — VWM — 1200 V. 
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Thus (from Eq. 6.2) the number of thyristors required in series (assuming 
a = 3 and ~ = 0.05) is 

n > 1 
Vwr — VwM A

i  
VWM 

13 300 — 1200 
= 1 + x 1.46 

1200 

= 14.7 
son = 15. 

We find, from data sheets, that 

IL max = ID = IR = 13 mA. 

Thus (from Eq. 6.3) we can find Rp as follows 

VWM 
Rp ~ B 

limax 

1200 
= x 0.229 

0.013 

= 21200 S2, 
so a value of Rp = 18 kSZ ~ 5 %would be suitable. 

Dissipation in Rp (from Eq. 6.42) at a = 0.5 is 
2 

VwM 
PRo = a  

R P 

12002
= 0.5 

18 x 102

=40 W. 

The necessary value of Cp can now be obtained. 
First, from Eq. 6.32, we find 

P = V(BR)R vl2Qmax di/dt) 

= 1300 ~/(2 x 20 x 0.3) 

= 4.5 kW. 
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From Data sheets 

Qmin 5

Qmax 20 

= 0.25. 

From Eq. 6.35 and using values found from Fig. 6.22, 

~ ~~dl/dt\ ~Qmin~ — 

Qmax Jt — 

~/~ 

Qmax 

L~ max 
.•.z=0.49 

di/dt) 

20 
= 0.49 

0.3 

= 4µs. 

0.49 

At 4µs and T;  max, PaRM max = 12.5 kW (extrapolated from 9 kW at 
10 µs). Thus no parallel capacitor is required for the reverse recovery 
charge. 

However, a parallel capacitor is required to ensure optimum transient 
distribution; it must have a much higher value than CQ, the earth capa-
citance of the thyristor and heatsink. If we assume a value of at least 
20 pF (see Fig. 6.10) for Ce, C, is given by (see Fig. 6.11) 

C, ~ 3330 CP

= 3330 x 20 

= 67 nF. 

Now Eq. 6.8b is valid for this case and the maximum allowable input 
transient can be calculated b((y means of Eq. 6.39 as follows 

VBO min — VDWM max i b \Vt[ — VDWtJ 

1 
. • . 1300 — 1200 ~ 15 (V[, — 13 300) 

•'• vrr ~ 14.8 kV. 
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If higher transients are expected, additional measures must be taken (e.g. 
filters across the transformer windings). 

As the thyristors can be turned on by excessive VBo, much shorter 
fall times may occur than would normally be expected with gate turn-on; 
tf  can be as little as 50 ns. Thus RS should be calculated from 

R -.s 
di/dt . tf

1300 

Vao 

50 x 0.05 

= 520 S2. 

The next higher standard value is 560 S2. If dV/dt is not limited sufficiently 
with this relatively high value of RS, a separate RC filter must be con-
nected across the whole chain to keep dV/dt down to a safe level. 
On the basis of these calculations we can draw the circuit of Fig. 6.26. 

t hyristor 
string 

dV/dt limiting I 1
filter 

I 

L.T .J 

transformer 

r' ~ ~~ 
Vtt limiting 

J  filter 
1 (Vtt<14.6KV) 

LT .~ 

TH1 

TFi 15 

I
Rs =560!1 

RP=16Kfy 

~Cp=68KpF 

diode string 

Fig. 6.26. Rectifier layout of the worked example. (There are several other methods for 
the Vtt and dV/dt filters). 
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6.3 Parallel Operation 

6.3.1 GENERAL 

When thyristors are connected in parallel, it Is essential that current is 
shared equally between the parallel paths. Techniques of achieving equal 
current distribution fall broadly into three categories 
a. selection of devices with matched forward conduction characteristics 
b. current and temperature derating 
c. forced current sharing by external means. 
Of these, the latter two are the most important as they are the easiest to 
use in practice. We shall consider the first one briefly and then devote 
most of our time to the latter two. 

6.3.2 SELECTION OF MATCHED FORWARD CHARACTERISTICS 

Matching of forward conduction characteristics poses problems for both 
the manufacturer and the user; for the latter it may be extremely difficult 
to replace devices in a bank consisting of many matched paralleled thy-
ristors. 

In order that current will be shared reliably under both normal and 
fault conditions, matching must be carried out for forward voltage at 
two quite different current levels. Voltage unbalance can occur (and 
destroy the effect of matching) if resistances and inductances of the 
parallel paths are not equal — so special care must be taken with these. 
Also, temperature differences between individual devices must be elimi-
nated. (This is often done quite effectively by mounting the devices close 
together on a common heatsink.) 

6.3.3 CURRENT AND TEMPERATURE DEBATING 

There is, inevitably, a spread in the forward conduction characteristics 
in any unmatched batch of thyristors of a given type. Thus, if they are 
connected in parallel, the best thyristor (lowest forward voltage drop) 
will take most current. By this means, the forward dissipation rating of 
the best thyristor may be exceeded and the device may well be destroyed. 
However, this danger is avoided if the total current taken from the 
paralleled thyristors is decreased to a value at which (taking account of 
the sharing) the best device is not overloaded. The published maximum 

I 
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value of the worst sarn~~le is used to estimate the maximum allowable 
current through the paralleled thyristors, because this gives a calculation 
error on the safe side. This method is known as current derating. 

For calculation simplicity, we can assume the thyristor forward cha-
racteristic to be like that of a normal diode, i.e. 

V,,, = Va + IR. 

Fig. 6.27 shows histograms of spreads in forward characteristics for a 

of sample 
batch 

60• 
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37 
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30 

26 
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7 
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V 

60 
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GO VasO at 260n 
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20 
20 

1 

10- II 8 

2 
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29 3c 3'9 V 

Fig. 6.27. Histograms of spreads in forward characteristics. 
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certain thyristor —first at 10 A forward current, then at 250 A forward 
current. 

Dissipation of a thyristor is giver. by 

z 
p = tAv Vo ~ ir.m.s. r. 

So, in a six-phase rectifier circuit, the dissipation is 

i iZ
P6 = 

6 
V~ -E- 

6 
r (6.47) 

The worst sample (see Fig. 6.27) has Vzso = 3.9 V and V, o = 1.5 V. 
From these values we will now calculate Vo and r; thus 

25. Vlo — 10. Viso 
Vo = 

and 

240 

= 1.4 V 

r — 
Viso — Vio 

240 

= 0.01 52.. 

The maximum rated forward current (i) is 100 A so, from Eq. 6.47, the 
maximum forward dissipation is 40 W. 

From the histogram, we can see that the best device has Vzso = 1.9 V 
and V, o = 1.0 V —and thus Vo = 0.96 Vand r = 0.00375 S2. If we had 
used these values for a maximum dissipation of 40 W, the peak forward 
current would be about 155 A; this is 55 %above that allowable for the 
worst device. Similar calculations, for thyristors having characteristics 
which lie between the best and worst ones, provide the maximum allow-
able current values given in Table 6.1. 
It is now possible to calculate the maximum allowable currents for various 
combinations of thyristors from the batch considered in Fig. 6.27. These 
are 'given in Fig. 6.28 and Table 6.2. In Table 6.2, Column A applies 
if the thyristors used come from all four groups, Column B applies if the 
thyristors come from Groups 2, 3 and 4, Column C applies if the thyristors 
come from Groups 3 and 4 and Column D applies if the thyristors come 
only from Group 4. 
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Table 61 Allowable forward current 

1'zso percent of nominal 
maximum current 

(V) 

1.9 155 
2.15 144 
2.4 135 
2.65 127 
2.9 120 
3.15 114 
3.4 109 
3.65 104 
3.9 100 

best sample 
average sample of group I 

average sample of group II 

average sample of group III 

average sample of group IV 
worst sample 

Table 6.2 Allowable forward current for combinations of thyristors 

group percentage of nominal current 

A B C D 

I 144 —
II 90 127 —
III 57 86 114 —
IV 37 61 83 100 

zoo 

l°oi l 
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,o 

50 

I 

i best thyristor 

I 
maz forward 

dissipation 40W'I~~ 
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~ ,`~uc 
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I I
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Fig. 6.28. Maximum allowable 
current per thyristor for various 
forward characteristics. 
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Fig. 6.29 shows the current derating factor as a function of the number 
of thyristors in parallel with the chance of overloading the best thyristor 
as parameter. The two dashed lines are the curves for chances of 0.1 
and 0.01 %and the full line represents the recommended derating 

0.35 
d = 0.65 + 

n 

d 

to 

1.9 

11
~~ 
11
1~ 
11
~~ 1 ~p=01 

).6 1 1 
% 

P=0~0 

1 1
~ i 

~i~ 
i 

1 
~ 

1
~ i 

i~ i~ 
i 

1 ~ ~ 
.J 

r ~ 
/ 

\` I 
7.7 

~~`~~ 

d=0 66. 
`~ 

10 
n 

100 

Fig. 6.29. berating factors for 2 to SO thyristors in parallel, for 0.1 %and 0.01 %chance 
p of overloading the best thyristor. 

If this derating factor is used, the chance of exceeding the maximum cur-
rent value (indicated in Table 6.2) in the best thyristor is 0.1 %. A rather 
more severe derating is required, of course, if an overload chance of only 
0.01 % is required (i.e. d = 0.55 x 0.45/n). 

Sometimes, temperature derating rather than current derating may be 

used. If the base-to-ambient thermal resistance is made very low for all 

the parallel thyristors, it is possible to keep the junction temperature of 

the best thyristor below the maximum permitted level. By this means, the 
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maximum total current can reach the maximum rated current per thy-
ristor times the number of thyristors in parallel without damaging any 
thyristor. Thus a saving can be effected by elimination of the need for 
extra thyristors. However, the larger heatsink(s) or increased forced-air 
cooling required may not be acceptable. 

6.3.4 FORCED CURRENT SHARING 

Forced current sharing, brought about by additional circuit components, 
can eliminate the need for current derating. There are two principal 
methods of achieving such sharing — a resistor in series with each thy-
ristor, and a system of current balancing inductors. 

Fig. 6.30 shows the circuit connection for the resistive method and 
illustrates the method of operation by showing the effect of the series 
resistors (which are of equal value) on the forward characteristics of the 
thyristors. 

forward current 

I TAV~ 

1 TAV~ 

e Icoc 

ITAv1 

Itot 

forward 
chmacteristics 

/  ~__/__ 

an 'R 

IITAV~ 

I TAVZ 

forward 
characteristics with 
equalising resistor 

R added 

'—common voltage 
drop 

forward voltage 

V~ azcsxer.a 

Fig. 6.30. Effect o/'series resistors on forward 
characteristics. 
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As can be seen in Fig. 6.30, the equal resistors in each diode branch 
reduce the effect of the spread in forward characteristics. Resistor tole-
rances must be low (usually ~ 5 %). 

This method obviously increases power losses and affects both system 
efficiency and load regulation. If fuses are installed in the branches their 
resistances must be subtracted from the calculated values of the series 
resistors; all other resistances in the thyristor circuit must be minimised 
(or at least equalised). 

Fig. 6.31. Current balancing by inductors for (a) two thyristors, (b) four thyristors. 
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Current sharing by means of balancing inductors is to be preferred to 
the resistor method because it gives rise to little power loss. Furthermore, 
these inductors will equalise spreads in turn-on delay times. Fig. 6.31 
shows first the basic connection (for two thyristors only) and then a 
suitable connection scheme for four thyristors. 

The operating principle can best be understood by reference to Fig. 
6.31(a). If THE has the "better" forward characteristic, and/or it turns 
on faster than TH2, the resulting current I l sets up a voltage, across L1
and LZ as shown ;this voltage opposes I i and encourages I Z —thus tending 
to equalise I l and I 2. When the conduction period ends, one current 
decreases first — producing a voltage which tends to equalise I l and I Z. 

We recommend that the value of inductance (in mH) of each winding be 

20 000 
L  —

I wsunp~Y 
where I is the repetitive peak current (in A). 

Such a balancing reactor should have high saturation-flux density and 
low residual-flux density — to give maximum change in flux each cycle. 
Also, the core must not saturate during the conduction period. 

Postscript 

The aim of this book has been to present theory of operation, design 
principles, and control techniques for thyristors; some information on 
manufacturing technology has also been included. 

Applications, (designed and developed in our own application labora-
tories), as a basis for practical circuits for our customers are described in 
separate publications. 
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