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CHAPTER I 

INTRODUCTION 

In almost every segment of industry today 9 it is desirable to be 

able to control large amounts of power with control devices which them­

selves require relatively small amounts of power" Since a large pro­

portion of the industrial apparatus in use is at least partially electri­

cal in nature~ electrical and electronic devices which can effect a 

large power gain (ratio of power controlled to control signal power 

required) are in great demando Devices being used today in this mode 

would include 9 among others, electromagnetic relays~ thyratrons, and 

magnetic amplifiers. 

The rapid expansion of the semiconductor industry has produced 

many new devices~ one of which is particularly suited fer efficient 

power eontroL This device is called ·tl:Je silicon controlled rectifier. 

Its closest analogy among electron tube devices is the thyratron. The 

controlled rectifier differs from ordinary silicon rectifiers in that it 

can block voltages in the forward direction which are below a certain 

value in magnitude. This magnitude is controlled by the current flowing 

into the third terminal of the device~ which is called the gate. Thus, 

the device possesses characteristics similar to those of a thyratron. 

Tb.at is 9 in the forward direction it has both an "off" condition (very 

high impedance) and an "on" condition (very low impedance). This gives 

the device the qualifications of an electronic switch. 
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Since an electromagnetic relay is 9 basicr~lly ~ a switch which is 

actuated by some type of electrical signal, it seems reasonable to in­

vestigate the use of silicon controlled rectifiers in roles usually 

filled by relays. Sorr~ of the advantages and disadvantages of such 

operation become obvious with study of the device. Most notable among 

the advantages held by the silicon controlled rectifier are its rapid 

switching speed 9 very high power gain 11 and its lack of mechanical vi­

bration problems. Its most obvious disadvantage is the electrical con= 

nection 1 through the device itself~ between the control circuit and the 

controlled or pmver circuit. The feasibility of using the device as a 

relay in any gi·ven application must be determined by considering the 

switching requirements and the eircui t conditions of that particular 

application. It will be shown that ·there are some relay applications 

where the silicon controlled rectifier cannot be used. 

It is the purpose of this thesis to investigate the use of silicon 

controlled rectifiers to perform functions which have in the past been 

performed by electromagnetic relays. In order to restrict the scope of 

the thesis v only two general types of relay circuits 1j~ill be consideredo 

These two types will 9 however, include a multitude of presently used 

applications for electromagnetic relayso It is hoped that the approach 

is general enough to es·te,blish the silicon controlled rectifier as being 

quite useful as a relayo 



CHAPI'ER II 

'l'HE DEITICE AND ITS CHA.RJ\.CTERIS'I'IC:3 

The ·ba:'":ic crystalline structure of a silicon controlled rectifier 

and its symbol are shm1m in Figure L It consists of four layers of 

doped silicon~ alternating p-type and n~·type 9 vii th ohmic connections as 

shm~n. 

Anode 

p 

N 

Gate Gate 
N Ca.th ode 

(a-) (b) 

F:tgure L (a) C:l:yste1.lline Strueture of' a Silicon C::mtrolled Rectifier. 
(b) Symliol of a Silicon c6ntrolled Hectifiero 

The des;relopment of the device as shown followed the development of 

the two terminal P·-n-p=n switch, which was f:irst extensively described by 

l Moll, rranenbaum 9 Goldey\> and Holonyak; '11he hio terminal device~ which 

ha.s many applications of i·ts own 9 does not have the gate oormection in-, 

dicated above. 

lJ o Lo Moll., Mo Tane:ribawn~ J. M. Goldey v and N. Holonyaki "P=N=P=N 
Trans1lstor Switches 11 :1 I'roceediDt:;;s -~t tra IRE~ Volo 44i September 1956~ 
pp. 11'74=1182. 

3 
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It seems best to approach an analysis of the silicon controlled 

rectifier by first analyzing the behavior of the two terminal device. 

If it is connected as shown in Figure 2~ then its characteristic is 

found to be that sho1"Jn in Figure 3. J 1 ~ J 2 ~ and J 3 represent the p=n 

N P N 1-------

+ 

Figure 2o Two Terminal Device with .Applied Bias. 

V 

Va ---

\ 

\ 

\ 
\ 

Io ~ 
I 

Figure 3. Oharacterist.ic of the Device in Figure 2 .. 



I 
junctions in tbe device. The analysis is facilitated by thinking of 

the structure as being two transisters (one p- n- p type and one n-p-n 

type) having a common collector junction at J 2 and emitter junctions 

at J1 and J 3 0 respectively. Then 9 with the polarity shown for V, J 2 

is reverse biased while the emitter junctions are forward biased. For 

reverse bias conditions at J 2 » the curr ent at J 2 is 

5 

( l) 

where o(1~ is the fraction of the current at Ji which is collected at 

J2 (essentially 0 the alpha of the "first transistor") and '1(2n is the 

fraction of tbe current at J3 which is collected at J 2 (the alpha of 

the "second transistor"). Mp and Mn are, respectively, the avalanche 

multiplication factors for holes and electrons2• !co is the normal 

current which would flow through J 2 if it were reverse biased and iso-

lated. 

Rewriting (1) 9 

I ::: Ico ( 2) 

I - Mp ~m 111n o<.2.11 I - o<r 
where ""rv which can be called the total alpha, is (Mpcx,..., + Mno<..;z.11) . 

Since at voltages which are appreciably less than tbe breakdown voltage 

of the center junctionp ~ and Mn are both essentially unity , then with 

this condition prevailing 0 r:I., = ~,,.., -i- o<~Yi · The high impedance region of 

tbe characteristic (Figure 3) results when the total alpha is les s than 

2Avalanche multiplication is a result of the strong electric field 
across p=n junctions . Electrons or holes moving in thi s f ield interact 
with valence electrons to produce electron- hole pairs. In a manner 
somewhat analogous to multiplication in a photo-multiplier tube, the 
process is cumulative and near the critical voltage for the junction, the 
current begins to increase quite rapidly . Mp and Mn are essentially a 
measure of the magnitude of the avalanche effact at voltages below the 
actual avalanche breakdown voltage . 
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unity. For this situation v the current that flows is of the order of 

magnitude of Ico• 

When o(1 is increased until it reaches unity 9 then equation ( 2) is 

obviously invalid. When this condi tion prevails 9 the current which 

flows is essentially limited by the external circuit. Two phenomena 

are responsible for the breakdown action. The first of these phenomena 

is the i ncrease of the multiplication factors as V approaches V0 • As 

the voltage is i ncreased 9 Mp and Mn are no longer unity and as they 

increase v the current begins to i ncrease. Here the second phenomena 

begins to take effect. It is well known to transistor technology that 

in a certain region of operation 9 alpha increases with current. Thus 

the slight increase in current due to the increase in multiplication 

factors causes an increase in both o<1n and o<:i.n• Eventually, the con-

dition <l..r= 1 is reached and a region of differential negative resis -

tance is traversed by the device. The l ow impedance region of the charac-

teristic is reached when o<.;,,, -t ~;1.,,, > 1. (At these low voltages 9 Mp and 

Mn are again approximately unity}. This is the "on" region of the device. 

In this state 9 the center junction J2 is actually forward biased due to 

the saturation of the two center layers with carriers. 3 

If some method of increasing the current independently of the 

voltage could be found 9 the "on" region could be reached without de­

pending on multiplication effects . 4 This 9 of course 9 is the purpose of 

the gate terminal. A current flowing into the gate can increase ~~n 

independently of V and I until switching occurs. 

3Moll et al . 9 pp. 1174-11?? . 

4r. M. Mackintoshv "The Electrical Characteristics of Silicon P-N-P-N 
Triodes" 9 Proceedings of the IRE 9 Vol . 46 » June 1958 9 p. 1229. 
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The addition of the third terminal will result in a set of device 

V-I characteristics as shown in Figure 4. Each characteristic corres-

ponds to a certain value of gate current 9 Ig• Thus as I is increased, 
g 

the voltage at which switching occurs is reduced. 

r ""o j 

V 

I 

Figure 4. Characteristics of the Three Terminal Device. 

The V=I characteristics of the device show the nature of several of 

the important parameters of the device. Several of these will be men-

tioned and discussed ·briefly. 

Referring again to Figure 3 9 the slope of the characteristic in the 

11 off" region can be called R-off. 'l'hi s represents the off h11pedance of 

the device. In practiee 9 it can be made very hi.gh~ of the order of 109 

or 1olO ohms. In almost any practical application, this i.s large enough 

to be negligible. 

'I'he breakover current, 109 is closely related to R-off. This is 

usually quite small~ in the neighborhood of one microampere. 'I'hus, R-off 

and I 0 can be classed as parameters which can be made to bave insig-
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nificant effect on circuit operation. 

Other parameters can be controlled by the construction geometry of 

the device. V 09 the breakover voltage 9 is such. a. parameter. It the 

low-current alphas of the device are of the order of 0.1 to 0.2 9 then 

V0 is essentially the breakdown voltage Vb of the center junction J 2• 

In any case 9 the alphas determine the relation. between V0 and Vb~ Thus, 

V0 can be varied over a wide range. 

The "off" ca.paci tance ( anode to cathode) of the device is the series 

combination of the capacities associated with J1 p J2p and J 3• These 

capacitances are functions of impurity gradients 9 applied voltage 9 and 

area 9 and therefore can be controlled to some extent in manufacture. 

The "on" resistance of the device (the slope of the "on" region of 

tb.e characteristic) is usually lowj of the order of 0.1 to one ohm. 

Obviouslyp it is the resistancie of three forward biased junctions in 

series. This low resistan®e in the on state constitutes one of the 

major advantages of the device over a thyratron. 

Ip the turn=on current 9 1.s determined by the current at which the 

quantity (o\"1 + v<211 ) reaches unity o Al though the mechanisms which af= 

feet I1 a.re not well enough understood to make exact analysis possible, 

it can be empirically controlled.5 

The parameters discussed above are all applicable to the two 

terminal device. In essence 9 they are also meaningful for the three 

terminal device when modification of device characteristics due to gate 

current is considered. In very general terms 9 as gate current is in­

creased9 R=off decreases 9 10 increases» V0 decreases» "on" resistance 

is unchanged 9 and I 1 decreases. 

5Moll et al. 9 pp. 1178-1179" 
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The speed of the device 9 both in turning on and in turning off, 

is quite important in some applications, Turn on tin:e is dependent on 

both gate and anode circuit conditions, It can be reduced by using 

higher gate currents, but increases when anode current is increased. 

It can easily be made as small as one or two microseconds. 

Turn off time , while quite sensitive to circuit parameters 9 is 

ordinarily considerably greater than turn on time. This is primarily 

due to the fact that a finite time is required for the carriers in the 

vicinity of the center junction J 2 to redistribute so that ~2 changes 

from forward bias to reverse bias conditions. Circuit variables which 

are important in determining turn off time are the magnitude of the for-

ward current immediately prior to turn off and the rate of rise of 

reapplied forward voltage. 6 The device is turned off by reducing the 

anode current below I1 ~ by removing the supply voltage 9 by temporarily 

applyi ng a reverse voltage to the device , or by applying sufficient 

negative gate current bias a The latter method is possible only at 

relatively low values of anode current for most devices presently in 

manufacture a 

Like those of any semiconductor device , the parameters of the sil-

icon controlled rectifier are temperature sensitivea Temperature con-

siderations are not treated in this thesi s 9 except for the mentioning of 

necessary heat dissipat ion methodsa 

The actual devices used for research for this thesis were Texas 

Instruments types TI 131 and TI 132a Both types are rated at three 

amperes average rectified forward current , the difference between the 

6no Ka Bisson and Ra Fo Dyer p "A Silicon Controlled Rectifier--Its 
Characteristic s and Rat i ngs==I I " 9 Unpublished paper presented at A. I. Ea E. 
Winter General Meeting p New York 9 Na Y. 9 1960 9 Po 5 a 



t11rn types being the peak inverse voltage ratingso These two types 

and others in the same current category cover a peak inverse voltage 

rating range of 50 to 400 volts. Since the magnitude of the supply 

voltage ,1:rill specify the necessary peak inverse voltage rating in any 

circuit~ no mention of tbe unit type ii/ill be made in what followso 

10 

The external appearance of the device is shoi:rm in Figure 5 o The 

stud and bulk of the exterior housing are connected electrically and 

thermally to the anode of the device crystalline structureo A heat sink 

is necessary when the device is operated at currents wh:l.ch are of the 

order of magnitude of its ratingo As is the case frequently with power 

transistors 9 the heat sink will limit the minimum space required for the 

device in most circuit structureso 

--G~te 

I I I I I I 0 

AMode_/ e~thode -

Figure 5o External Appearance of the Deviceo 

Other ratings and specifications of the device which are most 

pertinent in the circuits to tallow are given belowo These are presented 

only to provide numerical figures for manipulation and should not neces= 

sarily be interpreted as limits of manuf'acturing technique. 
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Maximum ratings: 

Maximum Forward d-c Gate Current •••••..•••• 100 ma. 

Gate Peak Inverse Voltage • • • . • • • • • • . • • • , 5 v. 

Specifications at 250 Centigrade: 

Maximum Forward Voltage Drop at Three Amperes d-c . .. . 2 v. 

Ma.xiroum d=c Reverse Current at Rated Pea.k Inverse 
Voltage o o o o o o o o o o o o o o o o ,, • -1 ma. 

Typical Gate Current Required to Turn Device on with 
50 Volts Anode Source Voltage ••••••••••••• 5 ma. 

Typical Forward Current Required to Hold Device in On 
Condition with Ge:te Open • • • • • • • • • • 5 ma. 

The above specified typical gate current required to turn the device 

on with 50 volts anode source voltage is much greater than that required 

by most units. Tests were conducted on severa.l units and it was found 

that~ while there was wide variation in device sensitivities 9 the least 

sensitive unit tested would turn on with approximately one milliampere 

gate current and a 50 volt anode supply. Thus a more appropriate 

"typical'' figure for this specification would be 0.5 milliamperes. 

Another useful result of basic tests made on the devices will now 

be presented. It was found that by connecting a resistor between the 

cathode and gate terminals of the device, the B.llode break-over voltage 

for any value of gate current is increased. In other words, the sen-

sitivity of the device is decreased. This decrease in sensitivity is 

greatest for small values of resistance between gate and cathode~ so 

that when the gate is shorted to the cathode 9 the device will not turn 

on until the avalanche breakdown voltage of the center junction is 

reached. This phenomena is quite easily explained by examining the 

theory of operation of the deviceo This resistor shunts the junction 

J'3 v and part of the current through the device flows around J 3 through 
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the resistoro Thus the increase ino<in as anode current increases is 

not as great as when no resistor is connected between gate 0Ild. cathode. 

Such a method of controlling device sensitivity is quite useful for 

adapting a circuit to operate from a particular level of control signal. 

Tests on the device also revealed the tact that the device will 

fire below the "normal" breakover voltage for a given gate bias condition 

when the rate of rise of the anode voltage is very large. That is, the 

actual breakover voltage is inversely related to the slope of the ap­

plied anode voltageo This is probably due to the large initial current 

surge through the junction capacities of the deviceo The effect of the 

slope of the applied anode voltage varies greet ly from unit to unit. 

The ratio of breakover voltage for a slowly increasing anode voltage 

to that for a step anode voltage (rise time of the order of ten .milli= 

microseconds} was found to vary from slightly over unity to approx­

imately teno In any case, the use of the device in any circuit must 

obviously preclude the presence of excessive sharp transients at the 

anodeo 



CHAPTER III 

GENERAL CONSIDERATIONS FOR U.SE AS A RELAY 

In considering the usefulness of the device as a relay, tbe circuit 

requirements can be divided into ti!ilo categorieso Basically, the "contRcts" 

of the relay are connected into a circu.i t such that their closure de= 

1i11e:rs either (1) d=c (unidirectional) power or (2) a=c power to a load. 

The reason for making this particular category division is more or less 

obvious after the device characteristics have been studied. If the 

voltage across the device is alternating in polarityv then there is 

usually no problem involved in turning the device off unless the fre­

quency of the voltage is high. If» however, the polarity of the voltage 

across the device is always the same 9 some method must be developed to 

turn the device off at the appropriate time. 

It should be emphasized that there are some applications for elec­

tromagnetic relays for which silicon controlled rectifiers are not suit­

able. Some of these applications will be mentioned and briefly explained. 

When no voltage (or very small voltage) is present across the open 

contacts of a relay» the silicon controlled rectifier obviously cannot 

perform the function of the re.layo This is due to the fact that a certain 

minim.um voltage at the anode of the device is necessary for turn on, 

even with the maximum permissable gate current bias. For both d-c and 

a-c app)icationsi tests indicated that it is impractical to use the de­

vice where the off voltage is less than 3 or 4 voltso 

For the silicon controlled rectifier to be used as a relayv a 

13 
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voltage drop across the device in the on condition of approximately a 

volt must be tolerable in the circuito This will ordinarily be intolera­

ble only in low voltage 9 high current circuits~ if the full current 

capacity of the device is being utilizedo 

The circuit in which a silicon controlled rectifier is to be used 

as a relay must be free from sharp positive transients at the anode of 

the device 9 for reasons discussed in the previous chapter. 

Obviously$ in some electromagnetic relay applications 9 one function 

of the relay is to prov-ide electrical isolation from the control signal 

sourceo In some applications it is feasible to achieve isolation by 

using transformer coupling into the gate circuit of the silicon con­

trolled rectifier for the control signaL This 9 of course, is the case 

when the control signal is of the pulse or alternating current typeo 

When the control signal is a d-c or very slo111ly varying type of signal 9 

there is no practical way to isolate electrically the signal source and 

the controlled circuito 

Another necessary condition for use of the silicon controlled rec= 

tifier as a relay is the minimum current which must flow through the ''con­

tacts" while the device is in the on conditiono The current must always 

be greater than I 19 the holding current of the device 9 or the device will 

revert to the off conditiono 

To justif'y its consideration as a relay I the silicon contra lled 

rectifier must certainly have definite advantages to offset the mentioned 

limitations" It does~ of co1.1rse 9 have several advantages 9 and these will 

be briefly discussedo 

In some types of operation~ the silicon controlled rectifier has a 

power gain of the order of several hundred thousando This is much larger 

than the power gain possible vJith electromagnetic relays" 
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A tremendous advantage in many situations is the switching speed of 

the silicon controlled rectifiero While electromagnetic relays are con­

sidered high-speed when they operate or release in one millisecond, it 

was indicated in the previous chapter that the silicon controlled rec­

tifier switches in a few microsecondso 

In a circuit using d=c power, it is possible to "close the contacts11 

of the silicon controlled rectifier with a brief pulse at the gate, with 

the "contacts" remaining closed until the device is turned off in some 

manner by another signalo Analogous operation with electromagnetic 

relays (latching relays) requires specially constructed, complex units. 

Of course~ the silicon controlled rectifier has the inherent ad­

vantages of an electronic switch over a mechanical one such as the 

contacts of an electro.magnetic relayo These include the elimination of 

mechanical acceleration problems~ of contact sticking~ bounce, and wear, 

and of arcing as contacts make or break under high voltage conditionso 

Consequently~ the silicon controlled rectifier will have a much longer 

life expectancy than electromagnetic relays in most applications. 



CHAPTER IV 

CIRCUITS USING A=C POWER 

The silicon controlled rectifier can be used as a relay in a cir­

cuit where closure of the contacts effects the delivery of a-c power to 

a load. As used here, "a=c" refers in general to the situation in which 

the polarity of the supply voltage changes sign in a repetitive, cyclic 

fashion. Although sinusoidal power with no d=c superimposed is the only 

specific case considered here, it is felt that the analysis presented 

will point out the important factors to be considered in using the cir= 

cuits for any type of a=c waveform. 

Figure 6 shows the basic circuit, as well as the analogous circuit 

using an electromagnetic relay. The apparent relative simplicity of the 

electromagnetic relay circuit is deceiving. To actuate the electromag= 

netic relay from a control device operating on light, heat 9 pressure 9 or 

some other physical quantity~ it will be necessary to use auxiliary cir­

cuitry~ such as a vacuum tube amplifier. For the silicon controlled 

rectifier circuit~ power is delivered to the load when the terminals A 

and Bare connected through any resistance from zero to a maximum value 

to be explained later. In no instance is this connection required to car­

ry more than the maximum allowable gate current of the silicon controlled 

rectifier (in this case& 100 ma.). Thus, the connection can be rela­

tively poor electrically~ such as that made by a bimetallic heat sensing 

element. 

The purpose of the diodes is to conduct a turn on signal through 

16 
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/_oa. d 

A B 

c~) {b) 

Figure 6. (a) Circuit Using Silicon Controlled Rectifierso (b) Circuit 
Using Electromagnetic Relayo 

R1 to the appropriate silicon controlled rectifier gate at the proper 

tirneo The sole purpose of R9 is to limit gate current to a safe value. 

'l'hus 9 the minimum value of RV 9 assuming zero resistance in the control 

device i is {2 Es/ 0.1 ohms where E8 is the R. M. s. value of the sup-

ply voltage. Actually~ RV can in some instances be the resistance of the 

control device 1 provided this is large enough. In general 9 the series 

combination of Rv and the control device resistance determines the mag-

ni tude of the gate current which flows. 

Examination of the circuit shows that as the instantaneous voltage 

at the anode of one of' the controlled rectifiers is increasing during the 

positive half-cyc1ei the gate current for that device is also increasing 
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proportionally. When the condition is reached vi1here the anode voltage 

present is the critical (breakover) value for tre gate current flowing 

at the same instant of time» the device turns on. Ideally, this occurs 

at the im,tant when the anode voltage first goes positive. In practice, 

it occurs a finite time later. If the total series resistance of R' and 

the resistance of the control device is small (near the minimum permis-

sible value), then the device ·will turn on in negligible time after the 

anode goes positiveo As this total resistance is increasedi a value is 

reached for which the delay of turn on of the device is significant. 

Figure 7 shows a typical load voltage waveform for such a situation. 

/\ 

..::..~--

\ 
\ 

' \ . 

,,_/ 

Figure 7. Load Voltage Waveform when Total Resistance 
to Gate Current is Too Large. 

This waveform also points out the fact that for unmatched silicon con-

trolled rectifiers & the delay in turn o.n is not the same for both half-

cycles. Of course, when the total resistance is large enough 9 neither 

device will turn on, and no power is delivered to the load. 

1l'he max:im1.ll11 feasible value of the total of R~ and the oo ntrol devioe 

resistance is a function of i.ndiv·idual device characteristics ( in effect i 

device sensitivity)" Using two devices selecited at random, a mechanical 
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switch for the control device~ 117 volts R. M. s. supply voltage, and a 

variable resistance for RV, it was found that R9 could be increased to 

approximately lOODOOO ohms before appreciable waveform degeneration was 

noticed. Here, "appreciable" degeneration was considered to be that for 

which the notch in the waveform was of the order of 8 to 10 electrical 

degrees. 

It should be noted that the control device can be a device which 

changes from a very large resistance to a smaller resistance in response 

to a change in some physical Quantity. The large resistance must be 

great enough so that neither silicon controlled rectifier turns on. The 

smaller resistance should be less than the maximum value discussed in the 

preceding paragraph. If the change in resistance is slow, then during 

the transition period, the load voltage waveform will be a portion of 

a sinusoid, as the delay in turn on of the controlled rectifiers follows 

the resistance decrease. Whether such a situation is desirable depends 

upon the particular application. If R. M. S. power in the load is the 

only concern, then this type of circuit would provide a crude form of 

continuous control rather than strict on=off switching. 

This type of operation was executed successfully using a thermistor 

as the control device in place of the mechanical switch. As the ther­

mistor was heated from 25° C~ to 180° C. 9 its resistance decreased from 

approximately 100~000 ohms to approximately 2~000 ohms. This factor of 

resistance change of 50 was sufficient to change the circuit from the 

off condition to essentially the on condition. That is i when tbs total 

resistance to gate current flow was approximately 2,000 ohms, there was 

essentially a perfect sinusoidal voltage waveform across the load. 

It is well to note that the peak voltage (i/2 x 11? v.) divided by 

the .maximum thermistor resistance (100,000 ohms) is well over 1 .ma. 
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This current at the gate would be sufficient for turn-on for most of the 

units if the resistance from gate to cathode is very high. This prob­

lem was solved by shunting each diode with a 100 ohm resistor, thus 

decreasing the sensitivity of both silicon controlled rectifiers in the 

manner described in Chapter 2. The merits of this method are somewhat 

li.mitedi however 1 since the series total of the diode-shunting resistors, 

the control device resistance, and RV shunts the off or blocking resis­

tance of either device. Therefore, the maximum value of control device 

resistance should be very large compared to the load resistance when this 

method is used. 

If maximum sensitivity is reQuired (in effect, if a high-impedance 

control device is to be used) 9 then units should be selected far high 

sensitivity. Of course, when the control device goes from essentially 

infinite to essentially zero resistance~ such considerations are not 

necessary. 

As the magnitude of the supply voltage is decreased, it is evident 

that an operating condition is eventually reached where the gate current 

necessary for turn-on near the beginning of the positive half cycle is 

large. This places a limit on the minimum feasible supply voltage for the 

circuit. Tests using randomly selected units indicated that this min­

imum is of the order of 5 volts R. M. s. If a low-resistance control 

device and high-sensitivity units are used, then the minimum supply 

could probably be reduced to 2 or 3 volts. 



CHAPI'ER V 

CIRCUITS USING D-.C POWER 

The circuits to be considered here utilize the silicon controlled 

rectifier as a relay which controls the delivery of d-c pm~er to a load. 

It is assumed that the source voltage is essentially free of a=c com­

ponentso If a-c components are present, they must be small in amplitude 

relative to the d-c voltage, and relatively low in fre~uency, so as not 

to cause the difficulties associated with sharp rises in anode voltage. 

As was previously mentioned 9 the principal problem involved in using 

the silicon controlled rectifier to switch d-c power is that of providing 

a method for turning ·the device off. One method has been developed 

which is 9 for most situations, generally superior to other methods. 

This method is called the shunt capacitor method. Basically, it in­

volves charging a capacitor to almost the full supply voltage in such a 

manner that it can be connected from the anode to the cathode of the 

controlled rectifier, negative side to anode and positive side to cathode. 

The circuit for accomplishing this is shown in Figure 8. The action of 

the circuit is explained as follows: When SCRl is in the on condition 9 

its anode is only slightly above ground potential due to the small vol­

tage drop across the device itself. Thus 9 the capacitor C charges to a 

voltage slightly less than the supply voltage, of the polarity shown, 

through the resistance R1 • When the switch Sis closed, C is connected 

directly across SCRl so tha·~ the anode is momentarily made negative with 

respect to the cathode. If C is large enough, the anode of SCRl will 
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R, 

5CR/ s 

Figure 8. Basic Shunt Capacitor Turn-off Circuit. 

be reverse biased long enough to effect turn-off of the device • 

. Of course~ if a mechanical svlitch is used for S, nothing has been 

gained by using the silicon controlled rectifier to switch the load power. 

The obvious solution to this dilemma is to use another silicon controlled 

rectifier as the switch s. Then a low-power signal can be used to turn 

the load power off as well as to turn it on. 

One essential portion of a practical circuit was omitted from Figure 

8. It. is necessary to limit the reverse surge current through SCRl in 

some manner. An inductance-resistance parallel combination of 10 micro­

henrys and 100 ohms, in series with C~ is satisfactory for this purpose. 

The practical circuit is shown in Figure 9. Obviously~ SCR2 can 

be turned off by turning SCRl on again. In general, the resistor R1 is 

a part of the swi tchi.ng circuitry. However? when it is desirable to 

switch power from one load to another (such as switching to a "du.mrny" 

load), R1 can be an auxiliary load. Such a s1dtching arrangement would 

correspond to a single pole, double throw relay. 
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When R1 is functionally only a part of the switching circuitry, 

three factors usuAlly ·will determine the size resistor chosen. The first 

is the fact that since C charges through RP R1 determines the time re­

quired for C to charge to its maximum voltage. In other words~ the size 

of R1 specifies the minimwu time SCRl must be on before turn-off is pos­

sible. For example 9 if C ~ l microfarad and R1 = 1000 ohms 9 then the 

minimum 11 0n time" for SCRl is of the order of R1C:;;: (103)(10-6) = 10-3 

seconds. This assumes 9 of course, that a capacitance of 1 microfarad is 

necessary to make turn-off possible. 

The second fa::tor affecting the selection of R1 is the power dis­

sipated when no power is delivered to the principal load. Obviously, 

the larger R1 is 9 the less will be the po1iver dissipated with SCR2 on 

and SCRl off. 

The third factor places a definite maximum on the size of R1 • This 

is the value of holding current necessary for SCR2 to remain in the on 

condition. From the specifications given in Chapter 2, this current is 

typically 5 ma. 9 so that the condition R1 <Es/0.005 ohms mu,st be satis­

fied. 

In selecting the size of capacitor to use for C~ the problem usual­

ly is to find the minimwn necessary value of c. It is usually desirable 

to keep C reasonably small so that it will charge rapidly through R1 • 

To determine how large C must be is 9 at best, a rather complex problem. 

However, by making a fe-w justifiable simplifications 9 an analysis was 

developed by the author which makes possible the determination of the 

necessary size of C well within an order of magni tudeo Whr::;t follows is 

an explanation of this analysis. 

To determine what simplifications are possible~ it is desirable to 

examine in greater detail the physical mechanism for turn-off. As 
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Figure 9. Practical D-C Relay Circuit. 
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Figure 10. Approximate Equivalent Circuit for Turn-off. 
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previously stated, when the silicon con·lirolled rectifier is in the on 

statej each of the three junctions is in a condition of forward bias, and 

the center p and n layers are heavily saturated with holes and electrons, 

respectively. When a reverse voltage is applied, the holes and electrons 

in the vicinity of the two end junctions (J1 and J3) will diffuse to 

these junctions and result in a reverse current in the external circuit. 

After these carriers in the vicinity of J 1 and J3 have been removed~ the 

reverse current will decrease to a very small value as J 1 and J3 assume 

a blocking state as reverse biased junctions. However, there still exists 

a high concentration of carriers near the center junction (J2 ). Turn­

off is not complete until these concentrations have been reduced to a 

low value. These concentrations decrease by the process of recombination 

in a manner which is essentially independent of external bias conditions.7 

The turn-off time thus consists of two parts. The first part is the 

time for J 1 and J3 to reach the blocking state, and the second part is the 

additional time reQuired for the carrier concentrations near J 2 to reduce 

to a low value. One simplification of the problem will be that the first 

part of the turn-off time is small compared to the second portion. This 

is reasonable since it has been found that the transition from peak for­

ward to peak reverse current occurs in less than one microsecond.a Thus 

C will be determined in terms of a turn-off time t 0 which is considered 

to be the second part discussed above. 

The time constant of the surge-limiting R-L circuit is 10-5/102 = 

10-7 secondso This is very small compared to typical turn-off times (of 

the order of 10-5 second~. Therefore, for the analysis, the R=L parallel 
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combination of 100 obms and 10 microhenrys voill be considered a short 

circuito The resulting approxi.m..~te equivalent circuit is shown in Figure 

lOo The silicon controlled rectifier has been replaced by a resistance 

R9 which is the approximate slope of the V-I characteristic for reverse 

voltageo This is consistent with the assumption that J 1 and J 3 assume 

the blocking state immediatelyo The initial voltage on the capacitor is 

considered to be the same as the supply voltage 9 E8 o Thisi of course 1 

is a slight simplification in that it neglects the voltage drop across 

SCRl in the on stateo This drop will obviously be significant only for 

very small supply voltageso 

Using loop current analysis as indicated, the loop equations are: 

B. 

ID) _ O - -l, (/'\ 

The Laplace Transf'orm technique 1Nill be usedo After rearranging, 

the transformed equations are~ 

A" o 

B' o 

C 9 o 

where Ik represents the transform of iko The voltage across Rg is 
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RV(i1 - 13). Solving the above system of linear equations and simpli-

tying~ 

transform9 the voltage across SCRl is 

\I, = E. [ R' 
G C.R./ 'S R.' + f?L 

(1 + _R_'_j e-~p~ J 
R.' + R.£. 

A sketch of VscRl as a function of time is shown in Figure 11. At t = O, 

when the switch is closed, VsCRl = -E8 • Obviously, VscRl = O when 

R' (1 + 
,:,I -c r __ T\-'----) G .e,. C 

R'-tRt.. 
( 3) 

From the previous discussion, it can be seen that the voltage across the 

device should be negative for a time of t 0 , the turn-off time. There-

fore~ when VscRl ~ O, t = t 0 o Solving equation (3) for C and setting 

e -

Subject to the simplifications me.de, this is the minimum value of capaci-

tance necessary to accomplish turn-offo 

Since R' >?RL for most applications, Rp ..: RL and 
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Then the formula for C becomes 

C == c,, (4) 

-RL (-o.b?t.) 

As an experimental test of the validity of this result, the circuit 

was connected with a load resistor of 70 ohms and a supply voltage of 

135 vol ts. Rg was determined from a curve tracer to be approximately 

1.5 x 106 ohmB for the particular unit used. C was increased until it 

was large enough to effect tu~n-off when S (a mechanical switch) was 

closed. For the unit used~ the critical value of C was approximately 

0.25 microfarads. From equation (4)~ this corresponds to a turn-off 

time of 

. -(, 
/7-./ x /0 sectinds 

According to the specifications for the device~ this would be a very typ-

ical figure for turn-off time for these circuit conditions. (Specifi-

cations state that turn-off time is of the order of ten times the turn-on 

time.) 

Of course, in order to accurately determine the minimum necessary 

value of capacitance~ the exact turn-off time of the device to be used 

with the given cJrcui t conditions must be known. In Chapter 2 9 it was 

indicated that forward current immediately prior to turn=off and the rate 

of rise of reapplied forward voltage are important in determining t 0 • 

These two factors together with the device geometry will largely determine 

the magnitude of t 0 • Since device geometry will vary slightly from unit 

to unit~ the longest expected turn-off time for a given set of circuit 

parameters of any device in the group to be used should be used to cal-

culate c. Similarly 9 the minimwn expected value of reverse resistance 
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Figure llo VSCRl as a Function of Timeo 
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(R 9 ) should be used. Finally 9 a safety factor of something like 1.5 to 

account for errors due to simplifications made in the analysis would 

seem advisableo 

Examination of the circuit operation poin.ts out that care must be 

taken not to allow both units (SCRl and SCR2) to reach the on condition 

at the same time o 'When such a condition exists, the circuit is in a 

"helpless" state; that is, th ere is no way either device can be turned 

off unless special provision has been made. Such a condition can result 

from either of two causes. One is a simultaneous positive signal at 

both gates. The other is a simultaneous transient at the anode of both 

devices which would turn the off device on and prevent the on device from 

turning offo The latter situation might, for instance, arise when the 

supply voltage is first connected into the circuit. For this reason, it 

is advisable to arrange some scheme to gradually increase t_he supply vol-

tage to its final value. As an alteFriative, a small inductor could be 

inserted in series with each device at the anode to limit the current 

surge through the capacity of the device. 
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Should both devices be in the on condition, either can be turned off 

by momentarily shorting the anode to ground, with the gate open. Ob­

viously, all that has been said presupposes that tbe breakover voltage 

vvi th no gate current for both SCRl and SCR2 is greater than E8 • 

In general terms, the control signal requirements for this circuit 

are a positive signal at G1 to deliver power to the load, and a positive 

signal at G2 to turn off load power. The signal may be a pulse or a d-c 

signal. If pulse operation is used, the pulse should, of coUJ:'se, be 

longer than the turn-on time (usually of the order of 1 to 2 microseconds). 

In both cases, provision must be ma.de to limit gate current to a safe 

value and to prevent positive signals from appearing at both gates simul­

taneously. As always, the sensitivity of either device can be modified 

by connecting a resistor from gate to cathode. 

One of the most familiar examples of relay operation is that of a 

relay operated by a light signal actuating some type of photosensitive 

device. Figure 12 shows one way in which such a circuit can be synthe­

sized using silicon controlled rectifiers. It is analogous to an elec­

tromagnetic relay circuit in which the relay contacts close, delivering 

d-c power to a load, when light intensity changes from a low to a high 

value. The photosensitive device used was a type 1N2175 n-p=n diffused 

silicon photo=duo-diode. This device is non-polarized, has a typical 

dark current at 50 volts of 0.01 microamperes and has a typical light 

current at 10 volts of 200 microamperes. The transistors are type 

2N338 n-p-n switching transistors which have a maximum collector voltage 

of 45 volts. The circuit is designed so that with normal light intensity, 

T1 is practically e.t cut-off and T2 is saturated (conducting heavily). 

This in turn means that SCR2 is turned on and SCRl is turned off. When 

the light intensity is increased sufficiently, T1 is driven to saturation 
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Figure 120 Circuit for Switching Power to a Load with a Light Signal. 
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which in turn causes T2 to approach cut-off. Thus power is delivered to 

the load when the light intensity is great enough. Obviously, if the gate 

connections are reversed, power will be delivered to the load when the 

light intensity is low • 

. This circuit was found to operate quite satisfactorily. Since the 

photo-duo-diode could be replaced by any of many other types of signal 



devicess the circuit represents a general circuit for controlling the 

switching of the silicon controlled rectifiers. There will generally 
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be little difficulty in supplying power for the transistors. If the main 

supply voltage is higher than the voltage rating of the transistors, 

several schemes can be used. Since the current required by the transis­

tors will normally be about two orders of magnitude less than the load 

currenti a simple two resistor bleeder divider network across the main 

supply voltage ,'llill usually suffice. When the regulation of the supply 

voltage is poor, a Zener reference diode can be u.sed to advantage. 

Examination of the basic shunt capacitor turn-off circuit reveals 

that the circuit could be made free-running by proper coupling from one 

controlled rectifier to the other. In this way, d-c power can be switched 

to and from a load at variable repetition rates and duty cycles which are 

dependent on the time constants of the circuit. Such operation was 

executed successfullyi and it was found that several different coupling 

schemes could be used. However 1 since this type of operation digresses 

from the .main thesis objectives, it was not explored extensively. 



CHAPTER VI 

SUMMARY 

This thesis ·was principally concerned with investigation of the use 

of silicon controlled rectifiers to perform some of the functions for 

v,hich electromagnetic relays have commonly been used. The problem was 

divided into two broad categories on the basis of whether a-c or d-c 

power was to be delivered to a load. 

To facilitate the understanding of the operation of the silicon 

controlled rectifier, a brief discussion of its theory of operation, 

important parameters~ and typical characteristics was presentedo Several 

basic tests were performed to determine the actual typical characteris­

tics of the devices to be used in the thesis reseaTch. 'rhe aspects 

most pertinent to the use of the device as a relay were stressed, 

'I'he limitations of the device in relay applications were mentioned 

and explained, Its several advantages over conventional electromagnetic 

relays were pointed out. 

The basic circuit for utilizing silicon controlled rectifiers to 

switch a-c power was tested and found to operate satisfactorily when 

suitable values of circuit parameters vrnre used. Pertinent design con­

siderations were given, 

The shunt capacitor turn-off method 1Nas considered to be most satis­

factory for use of the silicon controlled rectifier to switch d-c power. 

'.The bulk of the analysis of this circuit was the determination of the 

minimwn necessery value of capacitance to effect turn-off' for a given 
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set of circuit conditions. The circuit was made to operate quite satis­

factorilyj and a transistorized light-sensitive circuit was used to demon­

strate the development of control signal circuitry. 

While the devices used for this research are intended for relatively 

high power s1Ni tching 9 other uni ts are available for use where the power 

levels are much smaller. Thus the analysis presented in the thesis would 

be useful for many types of low power relay applications~ such as use 

in logic circuits. 
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