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ABSTRACT 

In logic circuitry, the use of relays, switches, or contacts 

for control can give incorrect information due to contact bounce • 
. : I •' 

This analysis is of a buffer ~ed to isolate a digital circuit, from 

external noise whlle allowing remote control. The 8llaly'sis is· made 

by breaking the circuit operation into three parts -- Delay, Switch-
~ ......... -· ... ~ . . . 

ing, and Recovery --with a fourth part to describe the effect of 

,noise, on the input lines. , . These four parts describe the limits on 

the input pulse width.and pulse. rate for various conditions and give 

the output pulse which could be expected~ Experimental data are 
. I . 

used to verity the analysis and give an indication of the possible . . . . 

i1 

variations in the circuits due to component chailges. The ~alysis is 

not a worst•case calculation and_does not describe the change of 
I _, •• • ' 

circuit operation due to, component Vf1.riations, 1>"-t is a ·method of . . ' . . 
. . . . . 

analysis. of an unusual and somewhat unconventional sllicon controlled 

rectifier 'circuit •. 
' ·.• . . ' 
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CHAPTER I 

· INTRODUCTION 

Statement of the Problem. In logic circuitry, the use of re-

lays, switches, or contacts for control can give incorrect informa

tion due to the contact bounce. A circuit· xDa.y generate two or more 

outputs for a given input, triggering" the extra times on the contact 
. . . 

bounce. Logic circuitry may also be triggered with pick-up noise 

when long lines ar~ used for remote control. · Because of this, special 

circuits are '\Uie<i"'to'serre as buffers between the circui't;r;y being 

controlled and the contact closure. The buffer circuit to be des-

cr1bed is insensitive to contact bounce or noise pickup on long 

· l_ines and therefore ~oes not require· special shielding. 

General Description of the Circuit. This b~fer, shown 1n 

Figure 1, page 2, operates ·from contact closures to give a pulse out

put. The· silicon Controlled Rectifier (SCR) is connected common-gate 

with the input applied to the cathode and a transformer anode load. 

.The transformer acts as a-differentiater and gives ·a pulse on the 

output winding. The operation of the circuit beg~s as an input is 

supplied by the closure of the contacts, s1 •. This closure completes 

· . a circuit composed of the capacitor, c1; the timing resistor, 1\ri and 

... SJJ.Y line resistance, R:t· The closure of s1 Starts the capacitor to 

disChargeo When the capacitor discharges to a given voltage level, 

~>-the:·scR switches to its conductive state·. This discharges the capaci-
... ·. ~··· . 

tor, c2, through the transformer, Tl, producing an output to the load, 

., 

.(. 

ii 

.. 
. I 
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FIGURE 1 Sch~matic Of An hput ':sutter 
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Rx. The circuit remains in this state with c1 and c
2 

continuing to 

. discharge through the contacts., s1 ., lmtil they are opened. .When this 

occurs., the circuit begins to recover to its original state. The 

SCR will change. from its conducting to its blocking state when the 

current in its anode drops below the hold current and the gate voltage 

is not positive with respect to the cathode. 

The circuit is . protected against contact bolmce and line noise 
. ~ . 

by the RC network on the input. This insures a single output pulse 

. tor each input closure • 

. Method of Analysis. From the description of the circuit., it 

.is easilY seen. that ·the~ circuit operation can be divided into three 

periods. The first period is the Delay and is defined as the time 

from the contact closure of ~.until ~e SCR begins to switch. The 

· second ·period., or Swi telling period., covers the time between· the switch-

ing of the SCR and the opening of the contacts. The third and last 

· · . period is the Recovery period and starts as the contacts open. This 

peri9d ends either when the circuit is at its original state or the 

contacts close again. For the circuit to operate properly 1 the SCR 

must be allowed to switch to its blocking state. 

The analysis is divided into·these.three states and each is 

calculated· .separately~ Exper1,mental data ·were taken and compared to 

·the calculated data. A fourth section is used for the Noise calcula-

tiona. · 



CHAPl'ER II 

THE DELAY 

The delay is defined as the time from the closure of.s1 to when 

.the SCR starts to conduc.t.· ~e SCR Will begin conducting when. the 

cathode becomes more negative than the gate. The.closure of s1 is a 

reference point for the calculation and is t = t . 
' 0 

For calculations of the delay, the portion of the complete cir-

cuit shown in Fism:-e 21 page 5, can be used. 

For conduction to begin, ·the gate to cathode voltage must be 

some val:ue, V g' set by the particular SCR ~osen. The voltage on the 

gate when the SCR begins ·to conduct is set by ~~ CRJ_, RG, and the 

input. gate current. If the. gate current. and the current through RG 

are small compared to the current through the bias resistors, ~~ and 

the voltage, VD,. acro~s the diode, CR:L, :is a constant voltage when it 
·v. 

is conducting, then voltage on the gate, vb, is Vb = .X - VD. 
' 2 

The delay,. then, is from the closure of s1 (t
0

) to t 1 (V1+Vg=V:b). 
' ' ' 

At t
0 

the voltage on the capacitor is v1 = E1 •. · 

The circuit can now be redrawn as a simple ·:ac network to deter-

mine the delay as shown in Figure 3a, page 5. 

Using the Thev-enin' s Equivalent, the circuit, at the closure of 
.... · ..... :.····· 

~, becomes as shown in Figur~ 3b, page 5· 
' 

The equation def~ing the voltage vl is 
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FIGURE 2 Active· Portion~~ the Circuit-During the Delay Period 
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FIGURE 3 (a) Simple RC Circuit 
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(b) Thevenin' s Equivalent Used 1n Calculations of 
Delay 
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II-l. 

With c1 initially charged to V P' th~ equation ·becomes 

v1 • vP [exp -t ¥a + <ail\t> (1 - exp ~t ·¥a >] 
. . cl. (~ + Rx+Ra) . . . , . cl. <Rrr _+ R:r+~) 

II-2 

·Figure 4, page 7, Shows three sets of curves pl.otted on the 

same time base. The first is a pl.ot of equation II-2 with R:r chang

ing and vl. normaliz.ed to vp. .These are calculated with 1\r = 4700 

ohms, and c1 = 4.7 1-Lf. The . second is ~ comparison between the ex

perimental e.J:ld actual delay times versus R:r for a 2N886A SCR. · The 

third set of. ~.~~-1:1 -~ identical to the second except a TSW6J.S SCR 

is used.· 

.. _·, ... _ .... 
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CHAPTER III 

SWITCHING 

The switching portion begins as the gate to cathode voltage 1 

VGC 1 becomes positive and gate current begins to flow. The gate 

current is amplified in the SCR causing it to conduct heavily 1 appear-
.. ·.· .. ·· 

ing like a very small impedance :f'rom gate to cathode and :f'rom anode to 

cathode.. The capacitor, c2, is discharged through the transformer 

:primary, generating a pulse in the load. The switching portion con

tinues with c1 and c2 discharging until· SJ. is opened. 

The active portion of' the circuit during this period is shown 

.in Figure 5a1 page 9. In Figure 51 the SCR is replaced by a battery-

resistor combination :f'rom anode to cathode and from gate to cathode. 

The diode is also replaced with a resistor-battery combination. Dur

ing the time the trans:f'o:nner is active the voltage across c1 will 

not change. appreciably if' the value of' c1 > > c2• Under ~ese condi

tions, the DC voltages across ~/21 ~~ RGC, and RG will not change. 

The load presented to the transformer 1 if' Ra. is much greater than 

the other three .resistances, will be approximately ~+RGC+~/2 = Rz• 
·These approximations were made to simplify the equations necessary 

to describe the circuit. Further simpli:f'ying the circuit by replac-

ing the tran~:f'ormer with a ~ix-terminal black box1 whose equat_ions 

are developed 1n Appendix c, and the input resistanc~s Ra, Rr~ and 

1\r with their Thevenin' s EqUivalent as in Chapter II, gives the cir

cuit. shown 1n Figure 5b1 page 9. This figure iil.so shows the currents 

:I 

' j! 



9 

+ 

!'·,· ' ·-~ • •••• ':v· '·.· 

(a) 
.. ' 

11. 

i2. 
vP ,.. 

+ C2r:-
Rx I i4 .· 
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FIGURE. 5 .,.:(a) _Aqtiye :Portion df. the Circuit During Switching 
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with their directions which are used in the following calculations. 

The actual ana.J.ysis concerns the voltage pulse amplitude and. 

.wave shape across the load, Rx· This is obtained by calculating the 

current. in the primary of the transformer; i 1 ; from it, calculating 

the current in. ~e tran.sformer. secondary 1 i 2 ; and finally multiplying 

the secondary current times the load to get the output voltage. 

Initially, the voltage across Ci is v1 = Vp/2-VD-VGC and the voltage 

across c
2 

is v
2 

= Vp• The. primary c~ent can be found by writing 

the loop equations for 11, i 4, and i
5

• .Writing these directly in 

LaP:Lace form· yieid.S.: 

III-1 

III-2 

III-3 

were A is the Laplace transform of the transformer input impedancee 

SUbstituting as follows: 

noting that vp1~ v2 = o, and solving for 11 gives: 
. ·:;Y 



EA 1 s - c2s 

0 11. + ....!... 
c2s 

~ 
0 s 

I 1 a 

1 1 CS + RAc+R:m+A - c2s 2 
1 1 

- c2s 11. + cs 2 . 

R:m 0 

A ~ 2 1\:8 
. ll,S 1 J + 2 ll."Rg8 + c + c + cc· s 2 . 1 1 2 

0 

0 

1 
R:m + cs 

1 

ll 

III-4 

III-5 

To find the waveform of' ~ 1 s~bsti tutions are made using the circuit 

values.. These are liSted below With. the value f'or. A :from Appendix C 

and the values of' the · Theven~ Equivalent. A line x:esistan.ce 1 11_1 of' 

200 ohms· is used. 

Vp= 28 volts 

VAC = 0.67 volts 

. RAC = 13 ohms VCG a 0.29 volts 



~ r= 94o ohms 

Rz :a 1710 ohms 

v2 = 28 volts 

vl = 13.01 volts 

Rx = 100~ ohms VE = 1.15 volts 

~ = 3320 ohms EA = 26.18 volts 
6 . 

c1 = 4.7(10f farads . . ~ = 11.86 volts 

c2 = 47(10)-9 farads . EA-&B.= ~4.32 volts 

A= s3 + 5.3233(lo)6 s2·+ o.46857(lot12 s + o.8Q896(lo)15 
14ol.3 [s2 +.1.4834(10) s + 8.0191(10)9] . . 

. . 

12 

When the above values are put into equation III-5 and the terms col-

lected, the ·equation becomes·:.· 

20.o66(lo)3[s+413.8l][s+212.77][s+5.3865(lo)3][S+l.4887(lo}6] 
I a · 1 . s [s5+5~3420(lo)6s4+527.63(lo)9s3+45.938(lo)15s2+252.06(lo)18s 

. +54.675(10}21] . III-6 

or wr1 tten w1 th the roots of the denominator . 

2o.o66(lo)3[s+413.8l][s+212.77]·[s+5.3865(10)~] [s+l.4887(lo)~ 
I 1a . . 

· ~S+5.2430(lo)6][s+5.6170(lo}3][S+226.21][s2+93.122(lo)3s 

--+8.2072(10)9] III-7 

Although the .value of 11 can be found,· it is not necessary, f~r i 2 

can be found using 11• The Laplace transform of i 2 is I2 and is found 

by multiplYing 11 b.1 the transfer.function of. the transformer I2 • 

12 .· -107.075 [5+2.2375(10)6] .· .. 

.•. · Ii' • [s+5.1756(lo)3] [s+771.4B(lo)6] 

I
.1 

III-8 

- - -... 
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Mul tiply1ng1 I 2 becomes 

·· · ( -107.0'7)[2o.o66(1o)3] [s+2.2375(1o)6J [s+413.81] [s+212·.·77] ' 
I 2 = . . · . · x· 

. [s+5.1756(1o)3] [s+771.1K3(1o)6] [S+5.6170(1o)3] [S+226.21] 

[s+5.3865(1o)3][S+1.1K387(10)~ 
x . m~ 

· [s+5.2430(1o)6]~2+93.12(1o)3s+B.2072(1o)9] 
Expanding by partial fractions I 2 becomes 

I = -1.1726(10)-3 ~· 0.61429(10)-3 + 0.10541(10)-6 + 0.51015(10)-3 
2 8+5.2430(10)6 5+5.6170(10)3 8+226.21 ' 5+5.1756(10)3 

·~ 2.7909(1o(3 _ 2.74o6(1or~Cs+46.561(1o)3] ~ · 
. . 6 ' 2 2 

S+771.1K3(1o) [s+46.561(1o)3] ~ [77.713(1o) 3] 

III-J.O 

Taking the·inverse Lap1a~e transfo~1 i 2 is 

i 2• 641 •. 29(1o)6exp [;;.6170(10)3t] + lo5;41(1o)9exp G226.21t] 

+ 510.15(1~)-=6~~ ~.l756(1o)3t] ~, 2.7~9(1o)-3exp Gm.JK3(1o)6t] 

- [2.74o6(10)-3cos 77.713(10)3t · 

+ 22.203(10)-3sin,77.7l3(10)3t] exp [-46.561(1o)3t] 

-1.1726 (10)-.3~~·c-5~2.430(l0)6t] III-11 

The output vo1 te.ge is . e 2 . .. -i~. · .. The calculated wavefo~ for e 2 is 



shown in Figure. 6, page 151 with the ac'j:;ual circuit waveform. It can 

eas~ be seen that initially the tvo waveforms are not alike. Taking 

the difference to be an error in the transformer equations due to the 

simplifying· assumptions made, the difference between the experimental 

. and calculated waveforms for a step-function into the transformer can 

be added to the calculated waveshape of e 2 . for the circuit·o The 

difference to. be added is shown in Figure 13, page 40, in Appendix c.· 

A new camParison_is·shown in Figure 71 page 16, with this difference 

added to the calculated vaJ.ues of e 2• 

~' 

. t ~ . . 

.. 
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CHAPTER IV 

THE RECOVERY PERIOD 

. ' ' . .. . . ... . .... ~: .... - .. . . 

The recovery period is defined as the period of time from the 

opening of s
1 

to ~en it is closed again •. For operation. of the cir

cuit1 enough time must be allowed for the SCR to revert to its block

ing state ~d c2 ~o charge to 90'fo of Vp• Maximum recovery· period1 

then1 is the time. from the opening of s1 until the SCR recovers to 

its blocking state and c2 recovers to appl"9ximately 90~ of VP. The 

SCR recovers when the anode ·current drops below a minimum value called 

the hold current and the gate is not positive with ~spect to the 

cathode. 

The active part of the circuit is shown in Figure 81 page 19. 

Here again1 the SCR is represented with a battery and resistance for 

the drop from anode to cathode •. The gate current is assumed to have 

a negligible effect on the.circuit operation1 except that it sets a 

minimum voltage to which c
1 

.c~. discharge. The resistance in the 

anode I ~~ is chosen to liinit the anode. c~ent after c2 is discharged 

to less than the hold current required.by the SCR. Because of this 1 

the recovery of the · SCR~ is obtained by ~e charging of. Ci until the 
··-.... ' . 

gate-cathode voltage is zero.. During this time the voltage across .c2 
. . 

will follow the voltage across c1 •·. This charging of c1 is through~ 

and 1\r with a minimlml current being· supplied through the SCR. If the 

voltage across .c
1 

is initially V = (Vr/2 - VCG - VD) 1\.r - no line 
o . -1\.r + RaT2 ... 

- -...... 



l.8 

resistance - the maximum recovery period will be the time required for 

c1 to· charge through ~ and ~ from V 
0 

to Vp/2 pl.us the time for c2 to 

charge from Vp/2 to appr~ximatel.y .9Vp• The •9Vp_ vol.tage is enough to 

give au ad~quate output signal on recl.osure of s1. The time required 
. ~~ 

for c1 to charge to Vp/2 from its V0 is: "tA = (Ra+l\r) C1 _l.n Vp.-v?;2 • 

The time :required for c2 to charge to 0.9Vp trom Vp/2 is: 

~ = (~+~) 02 l.n vp-vp/2 • 
· vp-0·9Vp 

The maximum recovery time is: tmax = t A+~ 

. using 
' ' ••. ~ •·••· ... . . .1 • 

~ = 4700 ohms · 

R.r a 750 ohms 

~ = (10)5 ohms 

.Ri = 80 ohms· 

~ = 3320 ohms 

VP = 28 volts 

VCG = .39 volts 

vD·, = • 60 volts 

V
0 

= 4.05 volts 

cl = 4.7 (10)-6 farads 

c
2 

= 47 (10)-9 farads 

-~ becomes .,,. \ '. 

~ ~ {4700 ~r750)(4.7){10)•6 J.n~~=i4~6 

( . ·80)(''' )( )_q 28-14 + ~oo,ooO+ ,.7 10 • ln28-. 9(2a) 

= 25.65(10)-3 l.n 1.71.5+4.7(10)·3 ln 5.0 = 21.86. m sec. 

, This is the maximum time which must . be aJ.lowed be~en cl.osures of s1 

to ·generate proper output pulses. Experimental data taken using six 
. . 

sample each of two different SCR' s give average T of 20.18 ~sec. . max 

and 20.26 ~ec. 

The maximum recovery time required can be shortened by always 

having some line resistance which will give a divide voltag~ With Ra· 

.. 
I 

' 

-· ---... 
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FIGURE 8 Active Portion c>f' the Circuit During Recovery 
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CHAPTER V 

NOISE 

Noise on the input lines c.an be divided into two areas, con-

tact bounce and .pick-up. The contact bounce has the effect of length

ening the .initial delay time. ·This requires a slightly longer closure 

time to cover this additional time. Contact bouncing for three milli-

seconds or less can be tolerated by the· circuit •. 

Pick-up noise could fire the circuit, but the capacitor, c1 , 
:··;· .·.:: ..... 

and the resistor, 1\r, form a low frequency filter section. This R-C 

network requires a voltage of Vp/2 across the capacitor for the SCR 

·to· trigger. The voltage, v1 , across the capacitor for an input to 

the buffer of V sin wt is 
X 

This assumes ·that. the inpu~ lines have an impedance greater than 20Ra. 

Normalizing with respect to VP and setting v1/vp = 1/2, the capacitor 

voltage becomes: 
vx 

·5 = v p 

A plot of the ratio 3£. versus frequency is show 1n Figure 9, page 21. 
Vp 

The noise input required to trigger the . SCR varies from approximately 
. ~ . . . . . . . •· -~. _ ... , ,., ; . . ·:.. !' ... .• . . 

.• 5Vp at 1 cps to 2.1VP at 1000 cps. . 
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CHAPTER VI 

CONCLUSIONS 
.. ..-"· 

Genera.J.. · The purpose o:f thi~ thesis was to make an analysis 

o:f an Input Bu:f':fer o:f unusual design. This was done to show a method 

o:f calculation which would. be usable for worse-case analysis or :for · 

modifications o:f the circuit for new applications. For this reason, 

the calculations were kept simple . to allow :fairly swift recalculation 

without requiring the use o:f a computer. TJ:lese simplifications show 

up principally in the switching calculations and produce a mini.m.Um 

circuit output. For example, the uncorrected, calculated output wave

form, shown.i.il Figure 6, page 151 does not have as great a peak ampli

tude nor as :fast a rise time as the actual output. Corrections could 

be made to the analysis, especie.D.r in the transformer equivalent, that 

would give a more accurate comparison with experimental data. These 
-

would complicate th~ equations and impair the practical advantag~ o:f 

the analysis. With this in mind, the comparison between calculated 
. . 

. ' 

and experimental data will,be discussed :for each o:f the principal 

chapters •. 

Delay. The calculated and experimental data averages agree 

very well, although the calculated delay is always greater. This 

could· be due to a difference in the gate to· cathode voltage or a 

. variation in the .actual value o:f c1 , the 4. 714 capacitor. 

Recovery. The experimental.·data agreed very well with the cal

culated maximum. The experimental. data is listed in Table rv 1 page 44~ 
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Noise. The curve shown in Figure 9, page 21, was checked at 

onl.y four places due to the lack of 'low impedance~ high voltage signal 

generators. ·The_ four checks indicated a very good ·agreement between 

the calculated and experimental dat~. 

Switching. These calculations are not in very good agreement 

with the experimental data~· . Figure 6, page 15~) shows the output wave-, 

fo~ the equations giveo The total volt-millisec area of the curve is 

very close to that of the experimental curve, but the peak amplitude 

is less and the·rise-time is not as fast. The calculated output wave 

could be corrected using the error in the transformer equations from 

Ap:pendix c. ibis :1,~;~ shown in Figure 71 page 16,- and gives the proper 

rise-time and good agreement on amplitude, but. the pulse width is 

greater than the actual output. 

·. A subsequent digital circuit designed to trigger on the calcu

lated output shown in Figure 6, page ·15, would have no trouble in 

triggering 'liSil:ig the-' actuB.J..' waveform .. 

Summary. From the_ tables and figures, typical operation can 

be described. This:Input Buf'fer_is capable ·of being ~riggered thirty 

times per second with long lines having a maximum resistance of 1000 

ohms. The minimum. closure time required under . these condi tiona would 

be 8 msec. The outpUt which could be expected would have a peak 

voltage of' at l.east 10 volts and haif'-amplitude width of' approxilllately 
. . . . 

20 1-Lsec. The rise-time of' the output would be approxii:natel.y o. 75 
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APPENDIX A 

Description of Test Equipment 

·.General. Th~ Input Buffer ~quires a power supply and a Driver 

for operation• To .monitor the circuit operation, a digital voltmeter, 

an electronic counter, and an oscilloscope were usedo The Driver was 

built for this thesis to tht:t' schematic shown in Figure 10, page 28. · 

~e rest are commercial test equipment as listed below: 

Power Supi>J:,y ·. Power Design Inc~ Model 4005 

. Ele~t~~ic.•c~~t~;:· . Hewlett-Packard Model 5233L 
··• ~ 

Digital Voltmeter Hewlett-Packard MOdel 344oA 

Oscilloscope Tektronix TYPe· 513 

Tektronix Plug-In Type CA. 

The iriput resistance was varied using a General Radio TYPe 1432-K 

Decade Resistance Boxo 

Nois·e. During the tests to. determine the susceptibility of 

the circuit to noise, the Driver was disconnected and a signal genera

tor was connected to the in~t of the Buffer through a 30 · microf~~ad 

capacitor .... The sigo.al generator used was a Hewlett-Packard Test 
' 

Oscillator Model 650Ao · 



28 Volts 

19. 
~ . 
' 

........ 

GND 

2.43 
lW. 

l4v 

10.2K 

unless otherwise noted, all resistors are in (10)3 ohms, capacitors in (10)-6 farads, diodes are 
FD2001 and transistors are 2Nl613. 

FIGURE 10 Driver Schematic 



29 

APPENDIX B 

Calculation and Experimental Data for the Delay 

Calculations. The equation I-2 can be written in the· form 

. ~~ c ;p·· [~=t ~ ~(~ ~· exp=i> J 
where ll; = R:r and A·= c1 (1\rt+~~ ) · 

~+~ ~+~ 

Normalizing, the equation becomes 

A 
Solving for the normalized voltage at the times t a 2 and t = A for . 

varying values of R;r ·gives the dat_a to plot the Delay. These values 

are shown in Table I, page 30. 

The experimental data was taken .on two types of SCR' s using 

siX samples each. One type is a Transitron TSW61S; the other is a 

. Solid State Products Inc.· 2N886A. The measured delay. for various ~ 
' . . 

using the twelve SCR's is shown With.their averages in Table II, page 
-. . ' 

3l. 

.. . ~- .... 
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TABLE I 

CALCULATED POINTS USED TO PLOT DELAY CURVES 

A 

11: A v1/Vp at t = 2 V1/Vp at t =A 
(ohms) (milliseconds) 

0 3.53 0.607 0.~68 

50 3.76 0.611 0.374 

100 3.99 0.615 0.381 

200 .1~.43 0.623 0.394 

300 4.85 0.630 o.4o6 

4oo 5 .. 26 . 0.637 0.417 

500 5.65 0.644 0.429 

600 6.03 0.651 0.439 

800 6 .. 74 0.663 0.460 

·1000 7.4o 0.676 0.479 

. -....... 
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TABLE II 

MEASURED DELAYS AND AVERAGES FOR VARIOUS R:r 

.. 

~~~~ tl 2· s;m=e :! : ~:£= b j . Average : 

. ' 

0 . 2.56 2.59 2. 57 2.54 2.58 . 2.64 ' 2.58 ' 

50 2.80 2.83 2.79 '2.80 2.80 2.87 2.82 
. 100 3.01 ·3~05 3.01 3.02 . 3.02 3.09 3.03 

200 ,3.46 3.52 3.45 '3.47 3.46 . 3. 55 3.48 
300 3.91 3.97 3.90 3.92 3.92 4.02 . 3.94 

2N886A 4oo . 4.37 .. 4.44 .. 4.37 4.39 4.38 4.50 4.41 
500 4.86 4.92 4.85 . 4.87 4.87 4.99 4.89 
600 5 .. 35 5 .. 42 . 5.35 5.37 5.36 5.50 5·39 
Boo 6.38 6.44 6.37 . 6.42 6.4o 6.58 6.43 

1000 7.49· 7·56 7.47 7.52 1· 50 7.74 7o53 

0 2.69 2.57 2.68 2.60 2. 57 2.71 2.64 
50 2.93 2.79 2.90 2.82 2.78. 2.93 2.86. 

'100 3.16 3.01 3.13 3.04 J.OO 3.16 3.08 
200' 3.61 3.45 . 3.60 3.49 3.44 3.63 3.52 
300 4.09 3.90 4.07 3o95 3.90 4.10 4.00 

TSW6lS 4oo 4.57 4.37 4.56 . 4.43' 4.37 .4.59 4.47 
500 5·0'7 4 .. 85 5.06 4.91 4.84 5 .. 09 4.97 
600 5·59 5.35 5.56 5.42 5.34 5.60 5.45 
.800 . 6.68 6.37 6.64 6.1!8 6 .. 38 6.70 6.54 

1000 7 .. 81 7 .. 47 7.78 7.60 7il!8 '7.85. 7.67 

All·de1ay_me~~~~~ts_ are. in milliseconds .. 



APPENDIX C 

Development Of The Transformer Equations 

The following equations for a three winding transformer were 
.. 1 

·developed using the same method used on two winding transformers. 

The schematic diagram for a three winding transformer is shown in 

Figure 11, page 33. 

The primary inductance i_s L1 ; the. secondary L2; and the ter

nary L3 •. There are three m~tual inductances - 1\
2 

between primary and 
..... • ..... · .. 

secondary windings; ~3 between secondary and ternary windings; and 

Ml3 between primar,r and ternary windings. The resistances of the 

winding are ~~ R2, R
3 

for the primary', _secondary and ternary wind

ings. To ~eep the c~culations s_imple, the capacitance between wind

ings will be ignored. . Also, the core loss and ·nonlinearity of the . . . 

magnetic circuit will be neglected. The transformer has the relative 

polarity of_~e windin~s marked with dots. Increasing_current into a 

dotted terminal 1n one winding will produce an induced voltage in the 
. . 

o1;}ler windings, with· the dotted terminal positive with respect to the 

undotted. Considering the voltages and currents as defined, the vol-

tage equations around the three loops are: 

lwalter c. Johnson, Transmission Lines and Networks, (New York: 
McGraw-Hill Book Company, Inc., .1950) pp. 262-bb; Drs. Jacob M11Jman 
and Herbert Taub, PW.se and Digital Circuits, (New York: .McGraw-Hill 
Book Company 1 Inc. 1 1956)pp. 253-56. · .\ 
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-· ' . ~,... . ............ ' . .. 

FIGURE ll: Schematic Circuit .of the Transformer 
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dil . di2· di3 
e2 ~ Ml2 dt + R2i2 + L2~ + M23 dt 

dil. di2· . di3 
8 3 = Ml3 dt + M23 dt + R3i3 + L3 dt 

Multiplying and dividing the current ~erm 12 ~ the equations by an 

arbitrary co~stant, a, and the current term i
3 

by another arbitrary 

constant, b~ the following equations are obtained: 

. dil n . ie n d 12 . d ~ 
ae2 = sl\2~ + a""R2(a) + al.2 Cit (a-) + abM23 ,dt(b ) 

be3 = 1>M.t3 :l. + a~3 ~t (:2) + b~3 (~3) + b2y,3 ~t (~3 ) . 

Letting e
2 

= -i
2
· R then ae

2 
~ -a~ (i2 ) 

X ·X a 
. i . 

also e
3 

= -i
3
Rz then be

3 
= -b~z (~), then the above equations become; 

. . dil d i2 ' d i3 ' 
e1 = ilRl + ~ dt + a.l\2 Cit (;:- ) + bM13 dt (b) 

' . dil 2 . 12 2_ d i2 d ~ 
O = al\2 dt + a (R2 + Rx) a + a-r.2 dt (a) + abM23 dt (b ) 

di 1 d i2 2 . i 3 2_ d i3 
0 = bM13dt + ab~3 dt(a) .+ b (R3 + Rz) b + ·b-r.3 dt (b ) 

In Laplace ~(e1 ) = ~1 (R
1 

+ ~1s) + ~2 (!2
>s + bl\3 (~)s 

2_ 2-n . 2_ I2 -- I3 
0 = 8Ml2 sr1 + (a~2 + a ~ + a~2s) (;:-) + ab~3 (b)S 

·, 

....... ~--
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Il = J:: (el) al\25 b~3$ 

0 a~2+a,+a~25 ab~3 
'0 •. · ·.-. oabM 5 

23 b~3+b~z+b~35 
. - 6 

I2 .. 
-= }\+L15 <f (el) .~35 a -..;.:._, .. 

a.l\25 0 abM
23

5 

bl\35 . 0 b~3+b~z+b~35 
6 

I3 
b= R1+L15 a.l\25 c:( (el} 

a.l\25 a~2+a,+a~25 o· 

b~35 ab~35 0 

6 

where 6 = 

}\+~15 a.l\25 b~35 

~25 . a~2+a'ta~25 abM235 

~35 . abM235 b~3+b~z+b~35 
Removing c:l ( e1 ) from the matrix, the currents can be wr1 tten as follows 

I1 =cf!(e1 } a2.fi2+a2~+a~25 abfM2
3 

. 

I .. 
2 . 

- = -r;f(e ) , . a l 

abM
23

5 b~3+b~z+b~35 

_ab~35 > . 

b2 (R
3
+Rz+L

3
5) 

- --



2 a (R2+Rx+L2S) 

abM
23

s 

Before solving the matrix equations, the following values will be sub-

stituted for the .r~s~stanc.e1 inductance, and mutUal inductance. of the . 

transformer_ as described in Appendix G1 page 47. 

1\2 = 73-5 mh ~ = 80 ohms 

L2 = 218mh 1\3 = 26.5 mh_ R2 = 225 ohms 

L3 = 27. 3 mh . M23 :. 73. 5 mh R
3 

= 80 ohms 
. . .... "··· .. . . . N 

The values used for a and b will be the turns ratios, a = ~ = 1/3; 
N . . 

b = ~ = 1. A value of 1000 ohms for Rx and 1710 ohms for Rz will_ be 
' 3 . usect: -~ The input to the transformer will be. carried . as of ( el). Making 

these substitutions,. the determinate for 6 becomes: 

80+26. 9(16) -3s .. 24.5(lo)-3s 26.5(lo)-3s 

6 = 24. 5(1o) :.3s 136.1+23.l(lo)-3s · 24.5(lo)-3s 

26. 5(lo(3s· 24.5(10)-3s 1.790+27. 3(l.o) -3s 

Expanding 6 becomes: 

6 = 80+26. 9(1.0) -3s[(l.36.l.+23.l.(l.O) -3s) (1.790+27. 3(l.o)3s)-(24.5(l.o )3)2s 2] 

. -24. 5(l.of 3s[24. 5(l.o)3s(l790+~ .3(lo)3s)-(24. 5) (26. 5)(1o) -6s 2] 

+26.5(10)-3S[(24~5)2(lo)-6s2-26.5(l.o)~3s(l36.l.+23.l(l.o)3s)] 
or 

. ·~:.~-: .;~ ·,:. . ·~·' .•.' .• 

Using this. value· and repeating the pro7ess I1 becomes: 

•• ~ # -- ... 



136.1+23.1(10)-38 

24.5 10 - 36 
t:.· 
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I
1 

= o('<e1 >·!I36;1+(23.l)(lo) - 36} ~790+24. 3(10) - 36} -(24. 5)
2

(10) .:68~ 
l:l 

I =r:f{e.) 243.62(1o)3+45.065(S)+30.38(1of
6

6
2 

· · . 
1 1 . 19.490(lo)6+10.l59(lo)36+0.ll5415

2
+21.680(lof963 

Dividing to give unit .values for 82 in the numerator and 63 in the 

denominator, I 1 becomes: 

. ·- . 2 6 9 
I ·- 1 4o13(10--)3 p( ) 6 +1.4834(10) 6+8.0191(10) . 
1 - • . · ()(. el 3 6 2 12 15 

. ,,,,., .. . 8 +5.3233(10) 6 +.46857(10) 8+.89896(10) 

The input' current can be written as Il = ee ( e1) I A with A as the pri

mary impedance or 

A= .83+5.3233(10)662+0.4685J(10)128+0.89896(10)
1

5 

14o1.3[62+L ~34(10 )66+8.0191(10 )9] 

Factoring the numerator and denominator • of I1 · 

14ol.3.£ (e1 ) [s+5386. 5] [8+1·~.4887(10) 6] 
I = . •· .. 
1 

[S+l962.3][6+5.2334(lo)
6
][8+87539] 

The output .current into the .load Rx is .the waveform desired. This 

· can be found ·by m~tiplying·the primary current (I1 ) by the trans

fer· function (I2) •· This .:tunctio~ is determined as follows: 
I . 
1. 

I2 
~26 abM236 

-£ <el> · b~38 b2{R
3
+Rz+t

3
8 

a 

~ 
= b. 

2 ·· ab~36 . £ (el) 
a (R2+~+L26) 
abM

23
8 b2 (R

3
+Rz+t

3
8) 

/:l. 
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Multiplying by a 1 and dividing like terms 

I2 aM:J.2S ab~3s 
I . -a 

·. b2(R
3

+Rz +L
3
s) ·1 = · bM:J_3S 

a2(R2+Rx+L2s). abM23s 

~b~3s b2(R3+Rz+~3s) 

Expanding1 collecting terms and dividing like term& 

Substituting the ·values for the constal:;lts1 m:ultiplying1 and collect-

ing terms 

I 2 : -[58 •. 80(lof6s+l3lo57]s 

Il =· ~.54915(10)-6s2+423.66S+2.1928(10)6 

The final form of the transfer function is found br factoring the ·de

nominator and dividing for unity values ot, s. 

I -1o7.o8[s+2.2375(1o)~ 
2 . . 

Il =. (S+5175.6)[S+771.1!8(10)6J 

Using this I 2 becomes · 

. I2 
·I2 =I Il 

. 1 . . . . . 

= -101 .• o8[s+2. 2375(lo)6}(14ol.3)ol'(e1 ) (8+5386. 5)[s+l.1!887(lo)6] 

· (S+5175•6)[s+77i~ 1!8(10 )6}+1962,. 3)[5+5. 2334(10 >6J<s+87539) 

.. · ... ~ : -~o.,l5004(lo)6~(e1 )[s+2.2375(lo)6}+5386. 5)[s+l.1!887(lo)6} 
' ' -- . . .. . - . - . -- ---- -=-- - ===: --== - ==- --==- --- ____ , 

· (St5175_~,6)[s+771;1!8(10)~1962.3)[s+5.2334(lo)6}+87539) 

..... --.... 
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{:J 10 Let e1 by a 10 volt step1 then 0(, (e1 ) = S . Making the· partial 

. . 1 . 

fraction expansion, _I2 becomes: 
' ' ' 

1
L9512(1o(3 _.· o.81683(1of3 +·13.2B6(1o(3 ·· + o.Q8252(1o(3 · 

I 2 = 8+711.48(10)6 8+5.2334(10)6 8+87539 . 8+5175.6 . 

- l5. 1J()2(10 ( 3 . 

8+1962.3 

Taking the Inverse Laplace, i 2 is as follows: 

·i2 = 1.9512(10)·3~~[-77L48(10)6t]-o~:81683(10)-3ex[-5.2334(10)6t] 
+13.286(10) -,3exp( -87.539t)+0.98252(10) -3exp( -5l75.6t) 

"::i5.4o2(10)-3exp(-1962.3t) 

· .. Figure 121 page 4o, ·is a comparison of experimental and calculated 

waveforms of e2 •. The difference in the two waveforms is shown in 
. . . . \ 

Figure 131 page 4l.1 and represents the ~;ToJ:"::i'in the Transformer cal-

culations. This error is primarily due to ignoring the winding 

. capacitance. in the calculations. The points used to plot these two 

figures are tabulated in Table In, page 42. 
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Time 
(~) 

0 
1 
2 
3 
4 
5 
6 
7 
8 

-.. 9 
10 
12 
14 
16. 
18. 
20 
25 
30. 
35 

TABLE III 

': Data f'or Comparison of' Calculated and Measured 
Transf'ormer.Outpcit Voltage and Error 

e2 

Calculate 

0.001 
2.242 
3.4o 
4.141 
4.981 
5.723 
6.384 
7~041 
7.63o' 
8.149 
8.642 
9.470 

10.139'' 
10.74o. 
11.390 
11.616 . 
12.308: 
12.696 
12.935 . 

e . 
2 

Measured 

o.oo 
5.60 
9.60 

11.60 
12.4o 
13.00 
13.20 
13.4o 

. 13.60 . 
13.70 

.13.70 
13.50 

. 13.45 
13.43 
'13. 42 

: 13~4o 
13.35 
13.30 

.13.20 

Error. 

o.oo 
3.36 
6.37 
7.46 
7.42 
7.28 
6.82 
6.36 
5.97 
5.55 
5.06 

. 4.03 
3.31 
2.69 
2.03 
1.78 
1.04 
0.61 
0.27. 

. . . . 

All values .. in :·Y01:t~ .unlt:lfJS. otherwise noted. 

1: 

---
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APPENDIX D 

C~culations· and Experimental. Data for the SWitching 

The current waveform of 11 was found to make initial and· final 

condition checks. Starting with equation III-7: 

20066(S+413 •. 81) (S+212. 77) (S+53865)~+1. 4887(10 )6] 
I • . . . .. . 
1 

s[s+5. 243(lo) 6Jc s+5617 )( s+226. 21 >[s2 +93122s+8. 2672 (lo )9] · 

Making the ~ial. fraction expansion, I1 becomes 

I = 259.12(10).-6 .+ 7.4272(10(6 ,;. 2.7891(10(3 
1 S · · S+226.21 S+5•243(l0)6· 

,, 

_ 155.82iio)~6 + 2.6778(10)-3(s+46561) + 72.319(1o)-3(77713J 
S+5 l7 . (5+46561)2+(77713)2 (S+46561)2+(77713)2 

. Taking the inverse Laplace transform to ·obtain i 1 , 

i 1 . = 259.12(10)-6+7.4272(10)-6exp(-226.21t)-2.789l(io)-3e~.243(l0)6~ 

-155~82(lo):..6eJq)(-5Gl7t)+~.6778(10)-3exp(-4656lt)cos77713t 

+72.319(10)-6exp(-46561t)sin77713t. 

At the time the SCR switches, the current flow 'in the transformer 

primary should be zero. Substituting t=O in the equation for 11 

gives ~ = 0.584(10)-6 ma. When the SCR has been switched_for a 

very long time ( t · = o.co) the. current becomes 

~ • (VP-VE-V AC)/(~+RAC+~+J\rrans.) 

= 259.12(1o>-6 ma. 
Substituting the value t = -.o. for time 1n' the equation gives 

- - --... 
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-6 
i1 = 259._12(10) _. ma. · These checks both agree well within round off 

error. 

The calculated and experimental data used to plot the wave-
. ' . .. . . 

forms shown in Figures 6 ~n page i~~- and : ·-7 on page .16 :is shown in 

table rv. 

TABLE rv 

Calculated and Experimental Values of .Output Voltage 

44 

Experimental Calculated Points Transformer Corrected 
Time Data··· · From Eg III-II -Error (App. C) Calculated 
(~s) (Volts) (Volts) (Volts)* Points (Volts) 

0 o.o 0.002 0 -0.002 
1 11.0 3.139 4.37 7-51 
2 16.0 4.664 8.27 12.93 
3 . 16.0 5..662 9.70 15.36 
4 15.5 6.697 9.64 16.27 
5 15o0 ···· ····: .. 7.560 9.47 17.03 
6 14.0 8.304 8.86 17.16 
7 13.2. 8.898 8.27 17.17 
8 .12.5 9-371 . 1·11 17.14 
9 12.0 9.700 7.22 16.92 

10 11.0. 9.922 6.58 16.50 
12 9.0 10.129 5.24 15.37 
14 8.0 9.860 4.31 14.17 
16 7.0 ' 9.361 3.50 12.86 
18 6.0 8.639 2.64 11.28 
20 5.0 7.924 2.31 10.23" 
25 3.5 4.942 1.35 6.29 
30 2. 5. ···-·- 2.538 0.79 3.33 
35 1.5 0.395 0.35. r",0.75 

*ErrOr voltage was.~justed for·a 13 volt step. 

I· 

- - ---



APPENDIX E 

Experimental Recovery Data 

The data shown in T~ble V .is the maximum time requ;i.red f'rom 

the opening of' sl for c2 to charge to o. 9 vp. Data was taken by 

decreasing the pulse to pulse time until the following pulse occurred 
. . 

wl:len- the voltage across c2 reached o. 9 vp. The Recovery time was 
. - ... ......_ 

measured as the time. s1_ was open. 

TABLE V 

Maximum Recovery Time 

SAMPLE ·TSW6lS -2N886A 

----------------------------------------------------------------------
l 
2 

·3 
4 
5 
6 

Avg '·'· .. 

All times in milliseconds. 

20.21 
20.26 
20.15 
19.98 
20.23 
20.24 
20.18 

20.23 
20.30 
20.25 
20.24 
20.30 
20.21 
20.26 



APPENDIX F 

Noise Date - Experimental and Calculated 

FiSure 8~ page 19, is plotted from the data in Table VI. This 

·Table also includes the four points· of experim~ntal data shown in 

this figure. Only four points are shown due.to lack of test equip

ment with capability to drive low impedance loads at fairly high 

voltages. The data has been normalized to VP = 28 volts • 

Frequency T c-ps T 

1 
2 
3 
4 

.. 5 
6 
7 
8 
9 

10 
20 
30 
4o 
50 
60 
70 

. 80 
90 

100 
200 
300: 
4oo 
500 
600 
700 
Boo 
900 

1000 

. TABLE VI 

Noise Amplitude Required to ~sfire 

Calculated Peak InpUt 

., 

o. 505 
. o. 508 
0.512 
0.516 
o. 521 
0.524 
0.529 
0.533 
·o. 536 
0.54o 
0.575 
0.612 
0.645 
0.676 
0.706 
0.735 
0.762 
0.789 

. 0.815 
1.039 
l.222 
1.385 

.· 1. 535 
1.656 

. 1.775 
1.888 
2.000-

- ~.095 

EXJ)eriment Peak Inp~t 

0.50 

0.50 

0.536 



APPENDIX G 

Data Sheets 

General~ ~is Appendix contains the commercial information on 

the SCR1 the Diode,· and the transformer.· Some calculations arid experi

mental work are included here where parameters·. not. specified by the 

data sheet were needed for the analysis.· Only three items are includ-

ed here as they are ·the only ones which are dif'ficul t to define. Each 

will be listed separately. 

Transformer •... T1l+s .. transformer def+zled by a Data Sheet • 

. Measurement where made us~g a General. Radio Impedance Bridge Type 

1650-A and the information on inductance and resistance is listed in 

Table VII on page 1,8. 

The mutual inductances were calculated from experimental data 

with. the winding connected aiding and opposing. The Primary, Secon-

dary 1 and Trinary winding are listed as shown in Figure 11 on page 

331 in Appendix C. 

Silicon Controlled Rectifier. Two SCR's were used in the r.al

culations. The data sheets for the TSW61S are shown on pages 501 

511 521 and 53; for the 2N886A on pages 541 ~51 561 and ~. The 

values for RAC and VAC were calculated ~rom Figure 3 of the TSW61S 

data sheets; for RGC _and v00 from Figure ll. 

Diode·~. ·.The· 'd.iode. \isea.' is .a special version of the ·l.N66J.. 

·.This diode is screened to meet. the. folloWing conditions over and 

· above the data sheet requirements: 

- -~ 



Wi.Ddi.Dg 

InductaJlce 

Winding 

Resistuce 

Mutual 

TABLE VII 

Transformer Parameter 

........ }:'J..-.,, ... ::. ·:. ,.. ' ., ..... 

•, 

~+L~+~~-· 

L1+i.~~·; 

L2+L3+2Z\3 

L2+L3.;.2Z\3 

~+L3t.21\3 

26.9 mh 

2l8mh 

80 ohms 

225 ohms 

80 ohms 

395 mh 

99.9 mh 

109 mh 

·;t.6 mh 

... 394 mla 

Il!lductance ~ +L3 -21\3 99.0 mh 

. ''~·:·· .. ,,:, ... 7~~~(+) 73.l,mh(-) 

...... ~3 .... : .... '.· 26~ 3( +).. 'Z(. 4(-) 

Value Used 

26.9 mh 

218 mh 

27-3 mh 

80 ohms 

225 ohms 

80 ohms 

73.5 mh 

26.5 mh 

73·5 mh 

48 

M13 74~8mh(+) 73.1mb(-) 
------~~~~~~~~~~~----------~------=~-~~·~=--~--
The ( +) and (-) indicate values calcula~ed frOm the. aid111lg Glld 
opposing c01mections respectively. 
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Forward Voltage Drop ·1.6 VDC Maximum at 20 ma 

Reverse Current 5.0 ~ amp maximum at 24o VDC 

Reverse Recovery 0.3 ~ sec maximum 
. '.' ·:·.; :: . 

The ·data sheet. for this diode is on page 58 • 

. · 
~ .· . 

•,. 
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'type& 

0 

/ 

. -':...~~~· DIFFUSED ·"'UNCTION PNPN 2N864 2N887 
2NS66 2N888 
2NS66~2N889 CONTROLLED SV\IITCH 

. HIGH SENSITIVITY SERIES 
I 

Available for the first time in the miniature T0-18 
cas~, these units offer the same high sensitivity and 

- . clos~ characteristics control introduced by SSPI in 
pioneering PNPN devices for control and logic 
applications. ··~ 

The Silicon Controlled Switch (CS) is a three junc
tion semiconductor device with thyratron-like charac-

. teristics. It will block in both its forward and reverse 
direction until turned on by a low level positive pulse 
to its gate. When "on", its forward direction has a 

. very low impedance. 

The precise firing characteristics of these devices 
make them ideal for timing and time delay circuits, 
voltage limit detectors, high gain static switching, 
logic circuits, and related applications. 

With the high surge capability of this series, squib 
firing systems requiring pulse currents up to 5 am
peres can be greatly miniaturized without sacrificing 
design margin. In addition, the low 1 mA holding cur
rent level is particularly useful in many program
ming,·control and logic circuits. 

Designed to meet the requirements of MIL-S-19500, 
these units are subjected to extensive temperature 
storage and cycling, as well as 100% acceptance test
ing, as a regular part of the manufacturing procedure. 

AI3SOI.UTE 

;Anode Voltage 
Type (DC or Peak AC) 

±Volts (Note 1) 

2N884 15 
·2N885 30 
2N886 60 
2N887 100 
2N888 150 
2N889 200 

JEDEC T0-18 CASE 

• Operating D.C. current range 1-200mA 

• Peak pulse current to 10 amps 

• 20 p.A maximum gate current ~o "flre" 

• Firing voltage .52±.08V 

• Voltage ratings to 200V 

• Rise time typically 0.1 p.sec. 

• Low "on" voltage, 1.5V max. at 200mA 
' ' 

MAXIMUM RATINGS 

Continuous D.C. Forward Current, 
75"C Ambient 200mA 
~oo·c Case 350 rnA 

Peak recurrent Forward Current (Note 2) up to 10 amps 
Surge current, 0.05 seconds 5amps 
Peak Gate current 250mA 
Average Gate current 25mA 
Reverse Gate voltage 5 volts 
Reverse Gate current 3mA 
Operating and Storage temperature range . -65 to + 15o•c 

NOTE 1. With the sate biased off, the forward "breakover" voltage will oc:c:ur at a value In eJCc:en of the rated anode voltese within the rated 
· ope retina temperature range. See Bulletin 0420·01 for apeclflc: dealsn date on bluing. 

NOTE.2~ Llmltlns value ba .. d on pulat width, repetition rate, and operetlnl temperature. See Curve 6, 
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TESTS AT 25'C AMBIENT UNLESS OTHERWISE SHOWN 
-

TEST SYMBOL MIN. TYPICAL MAX. UNITS CONDITIONS 

"' 

"OFF" CHARACTERISTIC 

Anode cut·off current, 25'C . IAGO - 0.3 1 pA V •c = +Rating 
Vnc = -o.sv 

I 
VA('= +Rating, 125'C 125'C I AGO - 5 20 pA Vnc = -0.5V 

Reverse anode cut·off current. 25'C . IAor - 0.3 1 ' pA V •o = -Rating 

125~C IAor - 5 20 pA V,.n = -Rating, 125'C 

Cathode cut-off current I coo - 0.5 10 pA Yeo= 2V 

"TURN ON" CHARACTERISTIC \ ., 
. Gate current to "fire•.o lor - 5 20 pA 

VAc = +5V 
· Gate voltage to "fire!' Vocr .44 .52 .60 v 

Anode "on" voltage v .. a ... 0.7 1.1 1.5 v 1,. = 200 mA 

Anode "firing" current (Note 1) l .. r - 100 - pA V,.o = +5V 

Anode "drop-out" current l .. d. 0.1 0.6 1.0 mA lo =-50 pA 
.. --·- ··-· . -

· ·SWITCHING TIME 

Delay time ld - 0.3 - psec lor= 20 mA 

Rise time t, - 0.1 - psec 1,. •• = 500 mA 

Gate time tci hold (Note 2) ton - 0.2 - psec 
.-
Gate time to recover (Note 3) loa - 10 - psec {In= -1 mA 

1 .... = 500 mA 
-----

Nota 1: For a maxlmuin limit of 50 p.A on this parameter, add suffix "/A" to type designation. For example, 2N885/A. 

Note 2: Duration of gate trigger-on pulse inust exceed ton for CS to remain In the "on" a tate. 

Note 3: Anode voltage must be held at zero or a negatiVe value for a time exceeding tna for CS to remain In the "_off" a tote. 

GATE BIAS CONSIDERATIONS 

The CS-is a very high gain device and should not be 
operated or tested with the gate open or floating. For 

·operation up to 125•c junction tempe1·ature, a resistor 
· .between ·gate and cathode, (See Fig. 1) will provide 

. adequate bias •. ~uggested 'values ai;e 3.1tK ohms up to 
125•c, 12K ohms up to lOO~C, and 27K ohms up to 
'l.o·c. 

;_. 

ce 

-v . 

For maximum firing sensitivity as well as operation 
up to 15o•c junction temperature, negative gate bias
ing is recommended. Figures 2 and 3 show two pos· 
sible arrangements • 
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Note 1: Curv11 6 & 7 epply for repetition ret•• ebove 6b cpa. Below 60 cpa uae DC retlns. 

MliiCHANICAL DATA 

GATE 

NOTE: Anode Internally connected to caae. 

CASE: Welded hermetic aeel. Glen to metel metchea a .. la between 
case and leeda. 

FINISH: High dielectric alllcone pelnt. 

LEADS: Gold plated. 

ANODE WEIGHT: Approx. 1 gm. 

LEAD SOLDERING: Leads may be aoldered to within ~" of b .. e. Heat 
a Inking not required If tempereture·tlme expoaure Ia len 
then 230"C for 10 .. conda. 
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0.3 ;tsec. Maximum Recovery Time 50 to 200 VOLTS PIV 

1 00 mA average rectified forward current 

Ruggedized to meet stringent military requirements 

Designed for • fast recovery • higher conductance 

• low capacitance 
1· 

ACTUAL 
SIZE 

mechanical data 

maximum 

Hard glass hermetically sealed case with gold-to-gold contact. Unit weight is 0.195 gram. 

0 _020 i0.300 MAX. ~1.000 MIN.--1 

1;!:0.0021 I ...1 I 
__!_--{][]~ ~ I -

t I t 
CATHODE 0.12S MAX. WITHOUT SlEEVE 

END 0.150 MAX. WITH SlEEVE 

All DIMENSIONS IN INCHES ' 

ratings 

Peak Inverse Voltage at -65 to+ 150"C .................. PIV 
Average Rectified Forward Current at +25"C .............. lo 
Average Rectified Forward Current at+ 150"C ............. Ia 
Recurrent Peak Forward Current at +25"C ................ i1 
Operating Temperature, Ambient ......................... · TA 
Altitude .......................................... · ..... 

DIFFUSION SILICON 

1N659. 

50 
100 
30 

320 

EQUAL COEFFICIENT 
OF EXPANSION 

1N660 1N661 

100 200 
100 100 
30 30. 

320 320. 
-65 to+150 

100,000 

v 
mA 
mA 
mA 
·c 
It 

specifications 

Minimum Breakdown Voltage at+ 100"C ............... :. Vz 60 120 240 v 
Maximum Reverse Curre~t at PIV at +25"C .............. Lib 5 5 10 ~o~A 
Maximum Reverse Current at PIV at + 100"C ............. Lib 25 50 100 ~o~A 

Maximum Voltage Drop at Ia = 6mA at 25"C ............. Eb 1 1 1 v 
Maximum Reverse'Recovery Time• ....................... 0.3 0.3 0.3 ~o~sec 

Typical Capacitance at -10V at 1 me ................... c 2.7 2.7 2.7 l'l'fd 

• Recover6 time to 400K when switched lrom 30 mA lorward current to -35V. Measurement made with a Hauman ND-1 standard pulse recovery test set ap-
proved y JETEC-14 and described in JAN-256. 

LICENSED U!IIDER BELL SYSTEM PATENTS 
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IN ORDER TO SUPrL V THE BEST PRODUfTS POSSIBLE, TEXAS INSTRU· 
MENTS RESERVES THE RIGHT TO MAKE CHANGES AT ANY TIME. 
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