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Protace

This book 1a Intended for use as a Loxt In the genior clective course

~

\ . .
"PC’WF:T‘_ Pror‘.esping ', wtectrical ngincering Department., Universtity of

Pittsburgh. The material presented here has beon succeasfully ugsoed s the
course content 'or Lwo Lrimesters. Albhough several availuble books were
. v . .

. - [ A
constdered and tricd as texts, none were found Lo he suitable in the Hight
ot the objectives of Lthe course, and therefore Lhis book han been wreitdoen

'LQ fulf’i 1l the needs ol the course.

There are three objectives in the course "Power Processing (11

" wh ivh‘ / B

are: interestim undergradunt.e students in Lhe power arcie of clectrical!

engincering, providing Lhe student: with tactual information and some oxper-
tence relaling Lo semtconductor power electpronices, and to develop the stu-
. ’
N
. ‘ . Py ] s . ;o . . .
dents® ability® to model physical probtems,  ptudent interest is fostered by

Lthe students's prowingg competence in the semiconductor power area, tfrequent

classroom peterence Lo the current engincering retovance of the Lypes off pro-
. - )
vblems being considered, and by making the prdblems and laboratory sessions
. ) 4
an realisbic as passible,  Also, the arca o semiconductor applications Lo’
power prm-vs:;ing, Lhe subject material off the courne, 1o an arcy off preal ’
1

interest. and cxpansion in Lthe preasent day power industey and ic Lherelove

"rolevant” s Skill in modeling is encouraged in twe ways.  First, the probloms
. * ’
the atudents are required Lo work are framed in Lerms of real circuit elements.
_ ‘ (
The students mugl decide what idealizations can be made.  Seeondly, as the

r

course progresse:, the sophisticatien of Lhe modeling vequired to solve the

problemsg in o roasonable Lime increasces, and hopetul ly Lhe atadents® skill

will Thcrcase as they work Lhe gradually more sophisticated problom:,
¢

’ El{lC- ".- ‘ 4 ' :

Aruitoxt provided by Eic: .
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The author congiders modeling the most Important aspect of Lhe course

[§

‘an reflected by the subject material and organjzation of this book. Two

~

ot the most valuable ptiributes of an englneer are his abllity to assimilale

~ e
new Lovhnglogy, and his ability to apply basic sclenve and technology (new
or old) to new problems. Without these attributes, the englneer ls soon
relegated to the position ot a competent technictan.  One of the most; if not

. 4

the most, powerful tools used to maintaln these attributes is the englncer's:*
skill in modeling physical problems; that, is, to simplity the problem to the
extrome go-thal the basic parameters and operalions become obvious, and then
to replace the necessary complexities until the model sufticiently approaches

e

the real physical problem to give valid engineering answers. The author

therefore feels that Lhe gain in ex&mini?g and modeling the problems in some
detail far outweigh the disadvantage that less material (fewer circults,

-
problems, and applications) can be considered in the given time.
There are scoveral reasons %r stressing modeling in the particular
courge on semiconductor power processing.  The primarvy obJjective in oftering
v .

Lthe course "Power Processing 11" is Lo Interest students in the power arca

of englineering. By incorporating the learning of a fundamental enginecring

-
skill (modeling) into tie course, 1t may be possible to attract more DI’ the

-

: y : .
"uncertain" students who may not want to commit themselves to a specific area

ot electrical engincering. The subject material may then provide sufticient

challenge to intercst these students in power engineering. Also, starting
¢ ' S _
from the students undergraduate background in clectronics, logic, and physics,

‘he students actually experience the extension of their knowledge into an
unfamiliar technologlical area (semiconductor power processing) using the tool

‘of‘modeling as well as using modeling to solve complicated problems. And of

course, cven Lhe simpleslt problems in power processing can only be solved by

S
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"the straightforwerd application of Kirchoff's luws'with utmost difficulty,
Turther [impressing opon the student the value of modsling ds é prablem

" mdiving twol. _ _ : ™

L]

* -\ ‘
@0 not, dee lgne te g@nagffb\empemmmmnmmf&m!hn:puriarmed-byﬂthe gtudents, nor is

& “ypicel" Fformal Jaboratory report mequired of each student. While real-

1ife gitwetions sometimes pequire a "laborato;y report,”" as in the testling
e N '
and evalugtiorr of an item or systenm, the most frequent use of an industrie!

laboratory is as wn aid to finding the answer to a problem. The realistic

Y

leberatory problem associated with any problem is "What laboratory experiment.
should be done?" The student is given the cholce of using Lhe laboratory Lo

‘gather data, vonfirm his theory, check assumptions, as an aid to understand ing
8

device or circult operation, or any combination df these. The students arc notb
: »

permitted to enter the laboratory without a "plan" in wh%ch each student must

"

identity & specifi¢ objective for the laboratory experiment, and a detaited
plen to sarry oul the experimentl The studenits are graded on the basis ot

. how effective their laboratory objective will be in en8bling them to solve the -
\

prablem, and whether their detailed plan has a reasonable agsurance of' cnabling
the students to accomplish their inmwﬁiate.objective." After the laboratory

sesgsion, the students complete their assigned prdblemypresenting "an answer"

-

wtiich e becked up by lsboretory  mxperimenmt and data. ‘This b(po of laboratory

4

"hes proved much more interesting to the students and seems more in keeping L
wlth an emgineering educatinn than simply ”VﬂﬂhIWiné calceulations” or
"Gemomstrating effects."

The ;uthor gratefully acknowledges the continuing financial support of

the Natiopal Science Foundation throughout the design and establishment of the

- course "Power Processing TI." The author also thanks Dr. 1. F. «llami!ton and

\ hY

v

‘The laboretory requires some special memtion. The laboratory problems t:;”\\



"vi

iDr T H %ze, Uhiversity of Eﬂttsburgh for their aid and comments duxing-the

design of the course, and the author is particularly grateful to M;\\Alec H. B.
Waikgr, w@stinghouse Reaearch laobratory, for his.coppinuing asslstance in,
selecting the course material ‘and ac%}ng'as an éxpgrt-ﬁechnical reference to-

the present state of the art. The‘author also ackncwfzdges-the pfeiiminary;
-, )

course design-and notes of Dr. John -Choma, Jr., Sacramento State Collgge,

a

2N RN Dr., Frank E.. Acker
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- Chapter L. Power Diodes v .- - R

Chapter Contents

A*-"Thia ohapﬂir has fhree'equallf importanﬁ purposes; . to aoquain+ the
reader with the oircuit propertiée of power diodes, to review ph*sioal models
of a semiconductor p-n Junction (theso models will algo be’ used in discusaing
the propertiee of the thyristor in chapter 3), and to provide‘some elementary )
examples of mode]ing bC‘the- characteristics of the power diode and the
properties of some diode circuits. ' . ) .

s ) .

The chapter begins with a review of the basiclconduction properties of

2

- singlé-crystal semiconductors and the elettron-hole model of such a ¢rystal,

Next;.the electron-hole model of & p-n Juncﬁion and the voltage-current thar-
acteristies of a signal diode are'reviewed. The voltage-current, cnaracteristics

of a power diode will then be’ compared to that of a signal diode, and thé dif-

.ferences in the characteristics will be qualitatively explained on the basis of

the electron-hole model as applied to the physical constructlon of the dicdes.
Bome very 'simple diode circuits are then analyzed using circuit models oOF approx-
imations of the vq%tage—current_characteristic of & power diode. -

o

The Electron-Hole Model of a Semicahductor*

The semiconductor diode and thyristor are rapidly replacingfgiher nonlinear

or time varying control elements in the power electronics area. While the semi -

" conductor deVvices may not replace all other types oi devices such as selenium

-
w

diodes, high vacuum diode, etc., the1r<hldespread and increasging use Justifies

{

the review of some of the basic properties of a crystalline, somiconducthg

material in oyder to better understand the characterlstics of a semiconductor

device, ‘ Ty -

e ’
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_ The electrioal.propertiss of. crystallinc gergggium‘and silicon, those
semloonductors most uaeful in aleotronios at temperaturea neartroom temperatu

(=3 C)s can be axplained in terms of quanimm meohanice, st,stiatica.l meoha.nioa ’

and ths band theory Qf solids. However, thé mathematics and details of such

»

istics of these materials. Aocordingly, d "ssmi—classical" model of sdhicon- )

ductors built on the nesults of more detailed: physical models is frequently

used, - This model will be referred to as the~"electnon-hola" model. The bases

‘for thig model lie in solid state physics and have s'uffigient c;%mpiei:iﬁy’ that

L d .
we choose not to discuss them here. The inquisitive student may begin to con-

lsider the underlying physical processes by examining the referenees listed at

the end of this chapter. It must’ be realized. that by skipping the "deriVatipn

E

of the electron—hole'model, we gener&te a blird $pot in our understanding iﬁ
that we cannot decide from physical principlés he limitations of ‘our model.
For example, with the electron-hole model above, we would conclude that the

tunnel diode c¢annot work, Therefore, the applicability of the electron-hole
model must be decided on the bases of: | ‘
" .
a) .the successful- application the same model in previous similar

situations i.e., history ) _ T

b) the results predicted by the model agreeing with experiﬁent, i.e.,

empirical test = ‘ ' . '

-
i4

Clearly, in any practical situation, empirical teat has the last and defini-

A

tive word
-

- v
~ : . ~,
. .

The Semiconducting Pure Crystal

" In a single perfect crystal of germanium or- silicon, each: atom is lodated
in a regular array (lattice) composed of all of the atoms that make up the

crystal, Of course the idea of a perfect crystal 'is an idealization because
. _ .

K treatient .are very cumbersamo in explaining the gross electrical character-. -

o8 i

oo
. .



. there will nlwuys be_ some 1mpur1€§ea and hgtticegilams in the cryxtgl

" espa-~
" 'GMIV at the aurMea.

The crystlls unnd in a‘l;eonductor electroniea are
.ot

. \‘,
T »re reaponaible for only second ordeﬁ‘effects in the crystal characteristicé

Genmqnium/and silicon cryatnlize in the "diamomd structure » & three

dmmonaional array in which each: atom.is bound to its four nearest meighbors.

We. 'shull conside’,a two-dimensional schematic diagram of the three dimensional

,‘ crystal Rt . .. ( ) | o ~: | o
- £ ,_._.._._e___,e,{ T o~ e X L& U TE . |

| OWE ATOME O+ O =+ O e o SOYIER SH o
S -. . ‘ ) | R d »e O \ O k ' . . '\ﬁ. . .
e . N t .
Y covaLenT o - 2 CS—NUCEEUS PLUS.

« " BOND / 5 X

- . INNER SHELL
o BUNe 5 +euO v c O = O riEcTRONS.

- ® ]
e
., :

l).

- ‘ , Figure 1 - 1 ¢ ‘ oo
. o .f?" . e - . .
+ Note thet each atom shar®8 its four outer sHell (chemically active) e]ectrons
' ~
» <
<

« with its four nearest neighbors, thereby effectlvely comp]etlng each atom s

.- . outer shell with its preferred number of electrons (elght) This type of -
T4 _
shaged-electron bonding between atoms is ca]led covalent bondlng

]

It by either SQme external exc1t1ng prooess or’ by random chance in the

X\

X <

distributicn of-ememgy among the electrons, an electron recelves suffic1ent

° . A
..\‘

emergy to break the covalent bond (about 0.7 electron volts for germanium and
dbout l 1 eV for silicon at ropm temperature), the electron is no ]onger bOund

. -but is free to drift within the crystal lattice. When the electron begins to

freely drift, itwlawee'behind a vacancy in its-previous covalentlbond

‘Otﬁer
bound electrons of the adjacent atoms may 111 this bond but will leave behind

vwcwncies in the bonds between other nearby atoms.

r s /.




3 . : T .. Lo - o . . " '(‘
. L[ PRIFTING. ELECTRQN L
. v Q s D O *¢ o . ' ST
s SU .. 0 » “ »
s = 0 ¢ ,.,_,'___..,— VACANCY WI-;UCH MAY 35;
! ‘\ (59 ’ ‘ .2
. - . e | ¢ F/LLED BY ANY NE'ARBY
S e N
P . ' o . Figure 1 -~ é | : . K
e e e e A _,___:. —_ - ——— - T ) — —_ »
{
e The vacancy in this model is termed a "hole", As the‘Vacancy is repeatedly .
filled by bound electrons, the vacancy may* propagate from place to place in,
[U 1 ! ‘. "-"-_'
A the crystal This process fe cdalled ."hole drift'” The hole has asgoclated o .
- with.it a positive charge due the net positive charge of the atom of ﬂhich the A
- ¥
e ., hole is a vacancy. Despite "the fact that the electron has a negative charge
.? : \ ‘
- Y and the hole has a positive charge, the two charge carriers do not electro-

NI o statically attract each other because ag the hole and electron drift apart
the .many other electrons and holes in the crys al readjust their positian
- slightly so that the value of df(the electrostatic field" strength) throughout

N the cpystal is Zero on even a microscopic (but not atomic) scale, Thqs the .

-

hole and electrep drift independently.of éach other, Should an electron_and.(A

hole_drift together by chance; they will annihilate each other (recombine)'ﬁith'\
-

,the liberation of an amount of energy equal to the energy originally required
to break the govalent bond, . ’ . ‘

C < Define - e f. . ;S‘

| = - .+ n =  concentration of fiee electrons | L

v - i,e,-number of electrong pot bound . : ) , .
. unit volume of crystal ~ : o

'-p = ‘concentration of -holes . “«




. . . . ' - . . o v » .
A . . .
: ’ N . T -
B\ - ! - . . « - -
moe=p . SR

rbns and ho&ea are. gnnbnmbed*in paire. o

v
-y

e .

It is posaible to- maka the’ concentration of free electrons (n) aifferent
\ y

from tho concentration of holes (p) by growing "impure"\or doped crystala. If

13

o

» orystals are grown of a.mixture of germanium or silicon and a small amount of

T ‘Enﬁthé?‘@lement (1mpur1ty) having Tive électrOns in 1ts outer shell (such as

arsenic or phosphorus), 8 crystal in which n ts greater than p or "n-type

A
L cpystal results. In such a materlql the impurity atom which occupies a nor-
mal lattice site now has one electron which is not bound by a covalént bondl
o ND CONCENTRATION OF "DONOR
. T v O °* IMPURITIES (DONATE ELECTRON\S)

/\ EXTRA" ELEC‘TRON
“ ] ':_. . . . P o

o « ";'_~_~*~\\-,
L n-TYPE IMPURIF‘/

L4 ol T e

_'_.

L A

e E . _ Figure 1 -~ 3 . . . '

oo The energy required to free this “extra" electrom ge that it may drift about in

' the erystal is only on the order of one hindredth of the energy requ{ffgrgo‘

o fbéegkngccqvalent bond.’"At roum'temperature; essentially dll.of these extrs,

7

élcctrons are free, Note that when the electron drifts away trom the atom,

‘the atom'has a boéitive charge. But this pogitive charge cannot drlft about

[N

like a hole because nearby electrons would have to break a covalent bond
[y )/'\

(requiring lots more cnergy) to ﬁill this type of a vacancy,: ana of course, <

the atam 1tgelf. is lpcked in ghe crystal lattice 80 that, it cannot drift . In

3

"DONAT/N G"_

\";'*|< ".



_ a homogoneoua*material, the free elootrons would distribute themsqlves ip

‘ generate a_hole-eléctron pair is required for & nearby elSEtronhtog"slip‘over"

.cahcel-ouﬁﬁthe electrostatic field due to the fixed charéesa

suoh a way as 06 cancel the electroahatio rield produced by the fixed i&nized

impurity atoms. HOwéyer,_in a nonﬁomogeneous matorial (suoh as 8 diode
Junction) thege’ fixed ch&rges may giva rise to macrosoopic ocbservable char e | 'fﬁ
acteristics. L ( o - R
It is also possible to add impuritias to germsnium and silicon crystals
so that the holes will outnumber the free'eleotrons (p-type material) Doping

substances such as boron( aluminum, gallium, and indium have only three elec-

trons in their outer shell,’ . _ o - o .’}miiiw_-a;.m_f

NA=CONCENTRATION . OF

"ACCL “PTOR" IMPURITY " R -
IMPURITY. ATOM B0
M/S\&ING E_LECTRON (c,q/y - . R
/\CCEPT NEARBY ELECTROM)oo‘ ce 9 9

Figwre 1 - b . e - e %

&

Only "about oneihundredth-of the energytrequired to bresk a covalent bond and

¥ 5,

v ES

“and complete the outer shell of the impurity atom. . Such an action generates

a hole which is now freerto dArift within the crystal Again, similar to no

type materialx’almost all of the impurity atoms have their outer shells com- . -
pleted at room temperature. Each impurity atom has a fixed negative charge ”“k

‘associated with it (due to its\"extra" electron'in its outér shell), and in

& homogeneous material; tﬁb‘mobile positive chérges (hbles) move 80 a8 to

& >

Thus we Bee that. in a doped semiconductor, mobile charges (free-eleotrons

and holes) arise from two sources: - o .

a) brokeh covalent bonds yielding eleetron-ﬁole pairs,
b) ionized- impurity atoms yielding free electrons or holes

- - v

depending on the type of impuritya -

. . =

e . . ) Y .o . -

16 ' . | ) ‘f

&




- guppose we have a waterial that is n-type due to doping. The cmcxemratiq?

.arre&nchmoha {n) will be_greater than in the pure material due to thé ionized
E ~impur&mV. . “The. 1noreaped populetian of free e&actrona-inoreaaea the probubility
ghvg D of a ﬂraaqeleetron meoting a . hole and recombining. Thereforo the ooncentrafion

v *ha&ca will be lesa &n an n-type doped ﬁnmerial than in the pure material.
5o \

. © In fact, stayistical meohanica applied tothis problem will give us the result

that the'cancentrafion“of holes times the-éoﬁcantration‘of'electrons is equal

to a number which ig a function of the absolute temperature

. -y
T K .= cqnstant with units of ooncentration2

' omg =

energy to create a hole-electron palr

- , (1.1 eV for 81, 0,7 eV for'Ge) )
) . k = ﬁoltzmann's\constapt‘ oH
- A T ‘ . ) ' =
T = abso%rte temperature . ‘ _ o "

PROVIDED™THE SiMTCONDUCTOR IS IN.A STATE‘OP THERMODYNAMJC EQUILIBRIUM (the.

~

. temperuture is not changlng and no ourrent is flOwing) ’

. Sumkr
o Sumi.ry | . | ,
In summary,. some of the basic properties of the electrpn-hole merl of

4

& semiconductor are: -

a) free-electrons and hd%gs are the MOBILE CHARGE CARRTERS in &
. < . ' ' .
semicaonductor | |
'b) electron-hole pairs may be- generated in the material by break-'
ing éova;eqt bonds (GENERATION) o
'c) free~electrong and holes mdy come‘together.innthe brystai and _
'anpihilate each’ other with the release of energy (RECOMBINATlON)
" d), semiconduetor crystals may be doped thh impurities, yielding

free electrons or holes and FIXED CHARGES in the'crystal
« . . ) ) ' . ’ N f ‘{': . s
1.+ - lattice } - T

&
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‘ N atoma ‘are :lon:lzed ' ) h
‘e {
A ; . \ ‘
; . 1) in the o&se o:t‘ thembdynmic Quilibri\lm, the produot of the .
3 e ' \ =
N ' S concentratgi on. o:t‘ holes ‘antl electro, 13 a function of* _.“
o ) - v y ’ (M/ ) ;
_ ~tempémture (independent Of doping) np = C(T) = Ke “-kT
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_ﬂmduct:lon i:n Bemieanduc'tw,rs

" We next review-the_bagic processes of electriocal coqduction in‘a semi -

o -cpndnpt&r orystal, Suppose two.copﬁér;wires are fagtened to an n-type

bt L . ‘ ~. R :
smumaridliby.uome maballurgical procesns., We tifen graph the electrostatio
potential as & funotion bf distance for this device, assuming the wire-eemih

J.ommﬂuctor Junctions are. npn-pectifying, ohmic contacts

- I
L | ‘n-TYPE — [;,
~orren } sc'wcmvouc TOR Teorperl

COPPE' R*‘SEMIC‘ON QL(C‘TOR v UNCT’IONS
I B

1]
. . !
T MRS ED S Y G G e
r—-— — > mup
. .
r

. Wy, =y P-‘.

- omm s -

L

o
#,

P———
SRR

i

f . -

P---
x

v ' \ Figure 1 - 5 , ‘ .

The diffepehcé in electrostatic potential between the copper and the
" gemiconductor: is a. "contact potential- difference" fesulting'from a difference

in the work functipns“of the two materials, Remember that contact potentials

o

. . .- @ R W
cannot be measured with a voltmeter having leads, since the sum of the con-

S \'tucﬁfpotentials éboﬁt any loop is zero (otherwise ) cufrént‘Would flow, energy.

~

- would be. dissﬂp&ted and the second law of thormodynamlcs would be vnolated),

-We are reassured that the potentla] difference between the two copper leads
® - p

(which cah be connected to an ordinary voltmeter)“is Zero: .« ‘?}7

<l

Conslder the case whexe the sanlconductor with att&ohed wires is connected -
L

to:a'battery.

)
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. 1f we .can neglect the effects of the ohmic voltage drops at the junctions, and

H.

\ since the contact potentia.ls cancel A Eb - I Rw Experiment showg that

I is proportional to V, or that the seniconducting crystal behaves like a ;

1

resistor. The characteristic of resietance ccupled to the fact that conduc-
tioﬁ is by means of electrons proﬂpts us to extend our model in terms Qﬁ.the“
well kfown model of electrical conduction by'electrons in metals.

0 congtruct a model for & resistor using electron conduction, we reason
3 . - . . ¥ B

" thus: . ) . -

7 - : Ll

a) The current must be proportional to the number of charge carriers,

. and their 'velodity. -

ke L ) -

b) Therefore the applicatio? of & voltage to the crystal must change the '
. ) . .

velocity of the charge carriers, change the pumber of charge cgrriers, or -

result inhsome combination of the two poséiple'effects“
* - c) We turn to the theoretical analyses and experimental work of others

and accept as fact in our model that: . - : - i .

As the veltage applied 40 the crystal increases, current at first

L : 1ncreases proportional to voltages This phenqmenon is due to the speed

b . T

at

. ) . . ‘- . _.‘ .
: 20.
. : .=



<

A

applied field =

-of the oarriers 'being"proport‘ipﬂ.' %6 the applied vo].tage'_(actual-ly,

© propertion tb the electric field strength). If the magnitude of the

von;;ge is increaged iuffici&tly, the cur!‘ent will increase abruptly ,

A

~—t
with small increages in voltage‘in~a~very nonlinear way This effect

{avalanch) is amcribed to the increage. in the number of cherge carriers.

d4) Consider the case where Iis prOportional to V. We must haVe the

. .

charge velocity increase proportional to the applied w?alue of 6 (or V/] ngth
"in a homogeneous crystal) - We' rationalize by saying each carrier is acted

upon by & force 1“ q 6 wheye g is the va;Lue of the electronie charge. If.

the charge carrier is an electx on, q =.=-1.6 x 10" 19 coulomb. This :f‘orce
aecelerates the carrier which' soon bumps into the atoms compesing the crystal
}Jese collisions change the direction of motion, go thet ‘on the average, the
carrier has a "drift ve]ocity" or component ot velociiy’ in the ‘direotion of

the applied field that averages to be proportional to the }pagnitucEe of the

’ - ) " : -
_w? T s E. for ilectrons

A . v

u = mobili\ty, 8 constant = +

«h

and ¥ = y Efor holes‘ (by ana]ogy, holes are as good

“ carriers as electrons) The two equations regult from the convention that

©

pis always pos%tive. Also, ”-n ;4 ujp because the mechanism of conduction \

of holes is difi‘erent than “+the mechanism oi‘ conduet ion of e]ectrons.

e) Congider a "filameht" of unit cross sectiona] area of the crystal

SQUARE AWREA,-- ONE
UNIT ON A SIDE

w



k4

; i. ‘ .. - -_; .12

~ The number of electrons crossing this area_per unit time (flux of elec- S

.

' trons due to the bette!& being connected) is equal to the average elec-

b

gj'ne e :_*tron drift. velocity multiplied by'the number of electrons per. unit vol- -

"~ ume of the crystal. Of course, this gives the flux d nsity. If the

A}

totel flux of eléctrons were desired, one would simply integrete the

! 1

flux density over the total crystal area. -
wab . .
13\ ' | f‘jt’ = electron flux dénsity = Y on )

The currégt is the transport of charge per unit time, and is simply the |

'charge of an electron multiplied«by the number of ch&rges crossing the

RS

s ”area per ynit time. 4Again, since we are working in a small filament of

Y

E ~ unit area, we are calculating the current density due to electron drift S
s s | . — . -19 '
. L ' E J = -q n,ny. _ q oy ',‘ X |D CGUI .o,
. % o . . n - o . . y .
- o _ geckll'tnat'$ = -\ EE and eliminating v . _ . _
.: I “ .. J = 4 q u n C ' . . ¢
N n ~ & . * . . -
} * which is ohm' s law at a point _ o _ o ’ oL E
. . e -h _ ) . .
L : : \Jn ;‘trfds - cf’ = conductivity
or o . S ‘ T ;
- g - ' T ’ : ’ “ :
s = . ¢ = . A *
{ ) 3 I, | where & resi_stivitly | S |
: " and . ¢ | &
1 x
_,’ ) g'=-‘q u_n, -

- -

To find the resistance of the crystal we need only mnltiply by the length

_and divide by the total area, or E | . ‘.
. _ s Resistance :{:2 o . _
& . el A= : y ) ’ ..2. .. .-'. R . '(
. f) similarly, in a pgtype.material where p is orders of maghitude larger
" than n, and coneuction is‘by means of holes, "' o
. . T -
; . _ __Jp = q u pE a.nd 3- p . .

» S v

A 3




dtode differant from Py eonﬂhction TR
i ha'hoﬁhetmpen.of eurriers is nignitioaut and . . * ' ' 4
L o, o o T e T % | . . ‘ =
T ' ..-' ,‘ - f ) Y : . B . oy : : .

LA J’#om"Q.("P*‘_N n)g

°rs q(up% u‘ﬁ) o .'-‘."' (( -

o In brief summary: - ) ' oy

: a) the voltage-current characteristic of & homogeneous semiOOnducting
[ U -

hcryetal are the same as that of a resistor (it's Junctions thet cauge the non—“

%

v R B . . ) . \ ¢

linearities), . - . - S RS

- i . / .
e * b) there are both positive (holes) and negdtiwe (free electrons) charge ey

cumriers in a semiconductor. Theee carriers drift under the influence of an -
.'. ) “ - k. “ \) * ' Y e )
v é? field, producing a qurrent, - . ) _ - o

*

S c) the resistivity of & eemiconductor is a functfbn of the concentretion

of the cherge carriers. - ~ : >

+
fe)

N

e Tt is pessible for currents in .semiconductors to arige from diffusion pro-
. . . ~ . v . . ¢ )

cesses in addition to the drift current'previously*considered. Diffusion

W

“ trisea'in nonhomogeneous caSes. _ Suppose that eLnumber of electrons were.
- "ﬁndected" by some unknown process into a semiconducting crystal, analogous "
o o | o . drop of ink being - injected.into a bowl of water. In time| the high )
.:concenmration of-electrons-(or'ink) woul&.decrease ) the particles diffused .
wwwy from the original location due to the fect thet the particles are freely |
?p}_ i. : dmifting, possess random.motions, and have = - high probability of moving in
B s l.directions other thanmtogether.' The eventual diSpersion of the electrons or'

“_ Enit droplet represents a current or flux of the particles away from their e

o - uttgﬁn&l locution. The diffusion of perticles ig described by Fick's Law

| Which stotes that: . - . - . S | | |
P . | / : . _
ey /
- “ Y 2.‘,‘? : . [y g ‘:‘
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¥

-

the net flux

_ of particles is related to the gradient of.thb ooncentra--

tion N by e. conatmt

where D ia the diffudaﬁg oonatant

In one dimnneion :

;:.-_

For electrons,

Ei

n
-For holes
e
J
o . D
Again,

.

ot )

ol

D_ ¥V
=q b p

$

fon)

[T

K F= -’DgradNor = -pVN .

¢

o

RS

# Dy due to the different proceeaee in ‘the motion'of ho&es or:

: electron. Ae a small point,aéide, it® pan be shown that

v

Combining the drift and diffusion currents, the total current consists of

g

D
1]

\

Diffusion currents are important near the Junction Of a diode.-'

i_foun;parts

=2

Jeqtal =

&

a .

>
Je1ecton
drift

! -

Einstein relation o

~ -

. ol

Jh'ole
drift

\
&

-_ b

'Jeleotron‘
diffusion

7

&

b
Jhole

diffuéiOn

and I, the total current (steady state neglecting dieplaoement currents)

I must be'ﬂkasame in any plane at any plece in the semiconductor or its leads'
by. Kirchoff's current 19.w, SH/T = 0.7 However,'the relative importance or magni-
tudes of the four components may vary frdh place to place in the. semiconductor

due to either nonhomegenuities in the erystal or in the concentr&tions of holes

and electronaﬂﬁn;the crystpl.

"

jA Jf“dA =

I

4

. +
electron .
‘drift

Ihole \,*
drift

airf.

Ielectron

~ ¢
N

o

v,

w

Ihole-

aife .

i

q .

~
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Conaider a aingle cryatal of germanium or siliecon in which the doping

- varies with distance in auch a way as td produoe both an.n and & p type
’ A
B mntarial in the same eryatal. ' - ) , . - "_-'
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.Figure 1.~ 8

-

The région where the material changes from p to n-t&pe is called the "junction"

._or'trahsition region, Clearly, ﬁhe crystal is not- homogeneous in the Junction Y
v f
regioh, Next, con31der the crysta] as lying isolated, not connected to any

enefgy spurce, gndhln the” thermodynamiL equilibrium w1th its surrqundings. TFar
from the jUnction region (on the cnge;'of & few thousandphs of aﬁ inoh),.p* =N
‘ in the p~tyne material and n- ND
) oonstantgxlis determined inkthe p~type material(ond wi1l be several'orders_of-

in the n-type material,  Because np = C,

magnitude less than p in the p—type material) and p will‘be determined in the_

-mype materlal (and W111 be several orders of magnlbude legs than n in the n-

type material) e R S -

1
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Y ‘" There is an orders of magnitude change in the concentrations of electrons

4 L

and holes in the Junction region.

The large variation in the concentrétions pf

the chgrge’ carriers gives rise to diffubion chrrents. Holes diffuee from %he

'p-type haterial to the n-typexmaterial and electrons diffu8e.from the n-type .

A

material to the p-type material

.diffusion curtent (Idiff

'nhcairier ocnicentrations never equalize across the junction,‘that is, the dif-

fusion current is n>t a traneient phenomenon..

\

1 l

" The transport of holes and electrons ‘is &

¥ From the petype: material t6 the n-type material The'

‘at

Ea—

A hole, crossing the Junction

from the p to the n-type material finds itself in & region where Qhere are many

electrons. The probabi}ity of the holevrecombining with an eLectron drastically

increases, The result is tnat‘practically all.thé tarriers that diffuse across

¢

the junction recombine. Holes'&re'resupplied to the'p~typé material at its

ohmic contact by a fairly comp]icated prOCess we cheose not to describe at pre-'

»

sent and by a drift process\about to be described

eleétrons.

[N

- A similar argument holds for .



Thuahﬂxm, a dirﬂusién curranﬁ From. hhe-p to the n~type mhmerial hag. been
ﬁaMﬁvu&v dchribtd Yet the totam cuyrent muuﬁ be zero, sinc& the- ery- ’ , ‘g_. .
stul.bs~¢hechmte&lhy 1solated.' Therefora a drift current muat exist tham

exactkm euncelatthe diffuaion current. x . : , N ‘ )

&

I=0= m’r*”-}mﬁ - -
' * T » o oo
We next. consider the source of the 6 field that "drivea" the arift ¢urrent., N SRR

At the Junction region, the concentration of holesn in the p»type materia]

4

‘1§ decreased (refer to Fig. -9) below ‘N due to the high rate’ of diffusion of
holea away from that location, Since the 1onized acceptor atoms have a nege-
L JUR tive charge and the atoms are fixed in the crystal lattice, there is a nega-
ﬁ‘_v_- ttve charge density located in the’ p-type material near the Junction. Similarly .
- zn the n-type slde of the ,junction, the electron- density is 1Uwered and the

W }

fixed chagge due to ND~causes a pogitive charge dengity*to result in the n-typé_

RAE ‘- region. The charge densities and concentrations are shown in Figure 1-10 on a -

lin'earl scale (recall thé.t Fig. 1-9 has a logarithmic carrier densi’t;y scale),
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¢

El'!m ehhrgo densitiea due to the fixed chtrgea give riae to an el@utnoatatic B

ﬂildmhich co.uua el@ctroma to drirh twd tﬁb na—-ﬁip% mnterio.l and hQLea to . \
d‘niﬁ‘. towm the p-t:ype m.ber:[al Beea.uae the e!ectroug‘:atic field Bwe B < }z
mbile charges- out of the :junction region, the concentration Aof mob,ﬂe% - *m;ﬁ:,
riers. Y:m 8u‘ll coupused to currier cancantra.t,irons 1n ‘Lhe bulk c;f t{he p ‘and n- «.

g

type materials., The - regibn of low concmhration of mobile carriers is known as
the "depletion region" or 7'depletion layer.'

o

Next we choose to calcula‘te the electrostatio potential that exists ACTOSE

° R
the depletion region, First we apply Gauss' Teaw € jg"lv * f€ da S

. Then sidce "'jC'olN- * #AO , We can find ‘the potential difference that

exists across the junction, To simplify the calcu]ation we ma.ke the Justif‘i—
~
a.ble a.ssumption (for the desired accuracy of our qua.litaﬁwe analysis) tha.t the
cha.rge density is a consta.nt in thep type region and a different consta.nt in the
-type region (da.shed llnes, Fig 1-10 c), t}mS neg]ec‘ring the Qetails of the
edges of the depletlon region.
.. Consider s filament one_uﬁit on a side witﬁ.’m the crystal (s;) we can con-

sider densities irrespective of the crystal dimensions). Because of the axigl

symmetry, only.variations in the' .x_ dirgction (along the length of the £ilament)

LI . .
LY

IN&‘te that by convention g is used both for charge density and resistiyi‘ty.

% (charge ‘density) has units of voulomb/meter3 while @ {resistivity) has units |
ohm meter. ‘

\

N . . 0 9
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neqd bjcons‘id%red a.nd ve have only to e.mlyze ‘a one dimensianal problem.
" Starthag o.t X 'w A (Fig. 1 - 11) 1n the p-tsype mﬁerial o.nd work:lng tmva.rd the_ o

~type material, at first no charge is. enclossd in the Gausaia.n aurfwe, then- . E a

‘ -_u Qonﬂ'bmt Gh&!‘gﬁ donsity iﬂ encomtered andjg d v _mgAx + C (unit AI'Q& 30 ) - M,.__
GAUSSIAN ‘ —

7520 | | QL -
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The n,am in a line&r :f‘unotion of dﬂ.pfhmee (x), and €he porbential is s, pera -

‘ '*Mlm !‘mmtion of e{m“ (x) The potential ﬁwmnce LYY beﬁweam hhe p

) md n-rt;ype m.tbrials ie the ccntact pomential ’between theae aiasimila.m mteria.lls . L
i ) A!Lm, the ‘area of th g herge. demsity versus diatance for ‘the p-type material R
S (Figz 1 lllb) nust mmtly :aqm hhe mu \ot @m «dhame density versus distance
| for the n-type material Otherwise ani? -field WOuld &xist outside the deple-
gf_ L ti@m region eauaing aleotron drift far from the junction which does not agree

: . | with ObSerVGd facts or our model if pursued with sufficlent detail,
i{ : . «  Next coneider a‘eattery applied to the device. We have seen that.in the'
| Ccame of zero current thrOugh the device, the current is made up of a diffusion
, &nd a drf&t comp0nent that cancel or balance’ each other. App]ying gn external  ‘

A

. L voltage source will upset the balance and a net current will flow If we can
: | RS sume that egssentially all of any voltage applied to the device appears across
the Junction,'the analysis is greatly simplified Such an assumption is usually

*Justified in signal type diodes becauge the distance between the junction and

. ohnme @@ntacts is small, the.curreﬁt deﬂEity sufficiently Jow, and fhe-resist-
b

. ivity of the, material is sufficienily small that the bulk of the semicondudtor

mnterials far from the transition region has a negligihle effect on the* elec-'

S ’ !
. trfcal characteristics of the device.

| 6. Figuxe 1-12 shows the differences in" junction charge, é?—field and poten- -- y
tial betWeen the cases of zero current (ze?o applled voltage) &nd férward con—'

i'c ' dmetiem (forward voltage bias). The depletfbn layer changes its length depend-

ent on ﬁhe applied voltage. The forward bias voltage B reducesnthe'érift com-

ponent of current in the jJunction region because f,is reduced.. The charge dig-

'tributions in the copper—semiconductor Junctions are simple inventions to make

lthe contact potentt&ls c&ncel around the loop when Fb is zero. The physical
/}nmemnils of the metal semicondUQtor Junctiens are outsidexxhe scope of the pre-
- sent course, We_haVe adopted the following commonly used assumptions: c

I : .~|}.~: .
h e s . N . L ”,

e




FORWARD
v BIAS .

o aims

RN

“




| s) m«m ﬁm*om 1n ‘hha 'wima and the n amd :p-'type mata&-ialn ou'taide 'the

e e — r _‘____~

S s e e ey i e -=

Lo d@n&hib: :."lnu n«a neglig:tble omntmpad to E;h !pheee AR drapa a.re | o
ST Lo
W&POM%M for Arift ourrm‘ba outs!me tha :iunotion region (in the wire' .

_AL e ot e i n o ————

e e e e e ol e o e e =t e gt s At e L m a8 ix ey i+ + minn e emenon

Tor exdhpla) but" dg not aignifioantly onﬁtributa to ‘the: groan T~V ohar-
o

L}

acteristios of the. daviee,‘ P

:ﬁ \ o ‘ b) Thu.métalssemioonduetof~contact‘potentidl'differencesrdo hotibignif-
3?: L . icantly change ae a anction of current Nété that t@e@é-pq&en@f&l drops
.'X\ . . “ o .

P are not insignificaht compared.to Vapo but 1f fhey?are not a function of 7
I v P o R

o - 'current the change in wnB due to the connection of a battery is approx— : S
P . N . - _ . . : ’

o imately equal to the battery voltage. _ . - \ C
:.“.', . , .. i ' B -« « ‘ '
; 1 . . ' . . ' . ' .
T . .. The charge, field,,and potential distribution in the diode under ST i
. v . . . Lo ' ;' . . . . ‘ ﬁ I
. . reverse bias conditions are shown in Figure 1 - 13. oo E
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L ghonldr 1nnre&aa .and the d¢ fusion current (from p to n-type material) shot'ﬂd

'A“e the rwarua vol‘tmgs :ls inore&sed,, mwmm of tha depl\ation region " sz

e e - B O S

imunmm u.nd bhu»mmmudt of the ﬂ‘.hema abruwm (&3;5) w:whin the deplstion " o

| nasg:nm innneaaaa, ‘Me; driﬂt current (rnom the.n tq- the pur;ypwe mterial)

* .‘ . ' ’ . -.-“:-‘\
atbaw abnutL 'hhe a&nm Mna aaz ¥, the: ﬂmm*-hiam omse: oY elge. decrease ' :

LY

| Consider whether or not is is poanible fbr the drift current to exceed

[

the previously discussed dif‘fusion current; Although the situatio_n is con- o L

fuaing at small reverge bias because“‘the arffugion and mobilit constants'
| 3 y ‘

f8r holes and electrons are different), the model is easily understood at

large reverse bias. The drift current_in the Junction region arises i‘}*omf the
° s b . [

drifting under the. influence. of .the Ef’—'fiéld of mobile cafriers that have dif-

-.f\xsed into the junctien area. At la.rge ‘reverse’ blas, all of the holes that

o ! 3
[ .

diffuse into the ,Junction region from the p-type material and all of 'the free -

. electrons that diffuse into the. junction region from the n-type material’ are =

turned. back by the fxigh field. Thu§ it would seem the drift current cannot

{.

)

exceed: the diffusion current, and the net current should. be zero for reverse

.

b.ia,s;_ - B ™ ™
| We have neglected a.n importé.nt fact, .‘ In ‘considering the cases of fofWa.rci
and zero.-bi&oS, the concentr.a.tidn_ of cé.lrriers in the junction rggién .exceedéd

the coneentra.t}ion.‘of minority carriers (p in the n-type ‘ma.teriﬂa]..- and n in thé
p~type. mterialy)) an: gshown: in F.igure-‘]l.—.9. Fo'r large reverse bias, “the .r.:oncen-h -

q

Lrat“ion of mobile: carriers. in. the ,junotion is further reduc ed (1*tg 1L-14) dues
-l A . . ¢ .

to: the- large: &-field :7 ‘the- junction region. o . .

-

\\\\\\\
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‘ ; " _.i o ,f{. | f‘ Figure 1- lh '-._ .'A;/(

The concentration of mebile ce.rriers in’ the Junction region becomes 80° sme.ll " S«
that the minority carriera also diffuse intc t;e-Junction region (nere labeled .
?baok diffusion"). ‘The mthority oarriera are of sych polarity hs o be carried irfﬁ

; | y the drift the remgining way across the Junction, giving . rise to a reverse

current.h" - _ - | . |
: . = T e ’ . | .
]Ireverse Idiff;forward _ o Idiff.forward :
' electrons =~ holes L
e "t Taier vack * Tagervack . -
~ o . . electrons: : : holes \
tolgetrs A Larist __
electrons A "//_ holes

Because the concentr&tion of minority carriers is érgers of magnitude less

than the concentratiOn of majority carriers, fé expect that the reverse current
l

: should be orders pf magnitudé smaller than the forward current for the same,

oy R




Algoy. chnnging the magnitude, of the reverse«blas voltage under conditions of*

-~ !. }wrgq_rqyerse.biaa should not-qhange,the.m&gn;tude of the reyerse curranﬁ, sipce
the current. is iimited by "pack diffusion” and the voltage change does nob. have
mhnh;effaét-ohfthe,concenhnatmoanﬁ&diénh mtvthﬂ:edgae-of‘theTBuhohioﬁ,regiona
These 'predictions_ aré correct. "'Careful application of the electron-hole model
of the Junétién_plus.s?me aﬁpl¥catién of dtatistical mechanics would all?w.us
to dérive the ideal dlode' equation which is & good approximation to the V - I

. oharacieristics of a sighﬁl diode dvéf its normal opeigﬁihg r&ngé. |

- I= 1'. (e VAT ) . A '

AVALANCH ‘ B

REGION : - "IDEAL DIODE EQUATION

© I*MI. ¢ | . | a ' )

M | L L o)
-] - —— _
) Vg ‘. : oo . |1

- L DIODE I-V CHARACTERISTIC

Figure 1 - 15

The.idéal diode-equation-is a valid approximatién to the V-1 chafacteristic
of any diode pro&ided: o : ' -
| %a). éhmic drops are negligible
b) .most of the current is conducted thféugh,the Junction rather than at
thgmsurface_of_ﬁhe'crystal ("1eakage currgnps" around the junctibp‘are
cﬁused.by'contaﬁinants and impgrfecfioné‘in the crystal lattdfe WhiCh of'ten
exists at the surface of the crystal).

N magnitudeaof forward and reverse voltage bias apglied to the device terminala.

e




B P AL L Ot S B T CE SRR e S o, o o]
[N > . : EAE o - S . o B . B .

“. ' . - . .
. . ) . i A N . . : '
a L z * . ) .
Ay ’ . B -

. .

-n.- . »
’ ¢ . o e, - T
N ., <. N . -, ~ e28 “w a * . .
Ve . . . ) . .
. . ‘.‘.‘

e ] . (%]

c)  "normal diffusion-drift procesges account for the carrier trqnéport Ty

acrosa theljunction.-;ﬂ
o Notice thé ideal diode equation is not a good approximatién for voltages near

<

tne zalue of the breakdown voltage (V. ) for the diode. ("aval&nch" region

Fig. 1 - 15).‘ Thg avalanch region ocburs (from the point of yiew of our mq?el)
whan the re{}ersg bias'voltage‘a_ becomes 80 1arge; a,ndd’the m;.gnitudq of.there-field
80 l?pge,that mobile carriers gain s¢ much kinetip,energyvbgtween collisions .. :
s . that they can breakkcovalent bonds in the junctien region (refer to Figﬂfl-13).

. When a carrier (hole or electron) brettks a coValént b0nd " two additional car-

riers result which are also accelerated by thef}field apd bresk more covalent

o

bonds. Thisg process is ﬁnown as the - avalanch process" and is responsible for * \
drastically increasing the concentration of mobile cerriers of* the Junction *
. . .. . \
region, resulting in a sharp increase in current. « Current in the avalanch
B : _ t\'_ A
,region is frequently approximated by the relation,
<

: ' | T=1I X _ n varies -between 2 and 4 depending N
i . o ) l_(v‘/ )qr . N 3 | . -
LRI 7 sy s V s .t..pse Srystal material. o . o
b B o T T T S,

The avalanch equation is an empirical relation, fitted to the V- I curve in t the

. avalanch region. The'avalanch equation has not been derived from fundamental \

€

crystal properties. .
While avalanch is not necessarily destructive to the diode, unless the
diode has been specifically constructgd to work in the avalanch regioﬁ, excess-
ive reverse voitage and subséquenﬁ avalanch leads to diode failure. fhe large
simultaﬁeous current and voltage in. the avalanch region means that the'deviée

ig dissipating energy at a rate far exceeding the rate.of dissipation in the
;deal diode region. Unleés some special circuit or construétiqn provision has

] 5

been .made,. the temperature at the junction may rise above the melting point of

' @ . .
the crystal. When the crystal (or some small area of the junction) melts, it

- A
38 |




the ]aads or crysfal vapor

29

[

loeea ita reotifylng ploperttes _ Evan if ghgtﬁnment is dinterrupted bofore

es, the device has been ruined because the vecti-

fvﬁng properties do not re ppear upon cooling, The molten section does not

-

(%

recrystallize with the g e struoture that existed before melting, and 1he

‘device exhibits propevties similar to thét of a resistor after cooling.

B;iefly considering the traﬁsient behaviour of the diode, there are two
predomfhant phenomena, The fixed charges in the depletion layer act as a
sfored charge, dependent on terminal véltage, similar to the stored charge on
a parallel plate capac%ior Thus the depletion layer acts as a papacitor whose
value depends on the applied voltage. Similar devices are used for high frgquengy
tuning circuits‘(varaptor diodés).“ For-siéﬁgl diodes, the cgpacitanﬂe value s

usually on the order of some tens of plcofarods. Also, when the ﬂoltuge across

the junction changes, the length of’ the depletion region' changes, and Lherefore

4

the Qistribution of mobiiehcharge carriers ch&hgés. Dﬁring Lhe time the distribu-

tion.of mobile carriers is changing toward a new steady-staté, the molion of the

<

." . . N . . ‘
carriers gives rise to cutrents. Because thege currenis are assoolated with the

. . . . .
presence or absence of mobile carriers near the junction (i.e. "storage" of

caﬁriers) the effects oi‘%hese charges can be agsociated with anqthev capaci-~

tance (in addition to the depléTfénicupacitunce) which is both time and voltage

¢ ) . N )

varying.

]

¢ Summarizing:

a) Phere is a balance of diffusion currents across a p-n Junction,
b) The fixed charge densitics-in' the depletion rogion aie approximately
equal to the doping densities,

c) The fixed charge densities in the depletion region are directly related
[ 3

(thfoughfh&uss'\raﬁ) to the value of‘éﬁin Lhe junction reglon and the

termingl voltage across the device,
' ?
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d5 The ideal dlode equation I =1 '(e

to the churaoteristica of a aignal diods pé%ﬁ

1) ohmic uropn are negligible, -

e) Awalanching 18 related to the value of the fdeld 1 the Junction

region and hence to V

v

with the p-h junction.

QV/kT .

2) there is negligible "leakage current,"
3) the voltage is below the breakdown volt&ge.

&

'
N

?

-1) 18 a good approximation

: r“.

'f) There are voltage dependent and time varying capacitanees asaociated

teo
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‘The two most preminaht ratings for & power diqde are the maximum or peak

_reverle voItage the diodt cam maintain ghort of avaﬂhnch and the mecLmam

steady etate forward current, Bec&use the cogt of a diode increases for - °

increuaing.peak reverse voltage for cohgtant forward current reting, and

“the cost increases for increasing forward chrrent rating for constant peek

reverse voltage- rating, and alao because the power dissipated in a diode
\

X

increases as the current rating increaees, diodee are normally chosen to-

qperate near their maximumuratinga. Any safety factor" applied to the

b ‘) . .
ratings will depend on the 'specific !l!racteristics of the circuit in which

the diode is to be used and the quality control of the manufacturer of the

diode,

Except for any required gsafety factor, a diode will normally be operated

' at the maximum voltages and steady state ourrent the device can. tolcrate.

Therefore, the aésumptions made in the case of signal diodes must be re-
examined for the case of power diodes.
8) I-R drOps _
If the\fgrﬁardccurrent is the maximum pogsiblé steady state
valee? the currenﬁ‘density in‘the cryStai is also as.high as passible,
The currenf‘and current-deheity ere limited by the maximum allowable
Junction tenberaﬁure specified by the menufecturer such that long
term degradation of the diode does not result (about 190° ¢ for s,.)
i because diodgﬁﬁemperature is in part a function of forward current.
wThe large current density gives rise to noggnegligible ((Ompared
‘a§’Ze) voltage drops &cross

to the total forward VOltage across the

the p and n-type gemicon‘uctor material outside the Junction region,

and sacross the metal=semiconductor junctions, Furthermore, because
— _ .. !

o 4




\ 3R

of the high concentration of mobile carriers diffusidg across the

Junction, the concentration of mobile earriers in the orystal far

from the Junéiion s increaged. The higher than thfrmodynamic
‘.equilibﬁiUm concentrallon of carriers outside tﬂe_ddnction area

reduces the registivity of the crystal ("eonductivity modulation"),

Thus “the diovde "ehmic.drops" which eanhet be neglected at high cur-"

rents?var; as a fﬁnction of current in a nonlinear way.

.

N b) Leakage currents i L RIU .

Surfece leakage currents around the junction are not negligible °
¢compared to Io in high power diodes. The leakage- currents becoﬁe _
siggificant compared to‘IO in power diodes due to the largeiiields

raf tﬁe Junction %Pen the diode is.opereted at maximum reverse volt -
'age, the increased circumference of the leakage paey/bf larger diodes,
and because of differences in the geometry of eignal and power diodes
. - arising from the_needato dissipate more heat add pass larger currents

in power diodes. - ;.

e
The steady state equivalerit circuit of a power diode would look like

LEAKAGE IJ\NWW\,_I

IDEAL.JUNCT

IR DRORS

-~
-

-~

" In .additi_en’ to the leakage and "FR" resistances, I 1is larger in powér diodes

than in signal diodes because the-Junstion area increases as the current rating

~

increases (keeping current density about the same), and I is proportional to
the junction area. Io plus the leakage current is frequently specified by
; _ \

the manufacturer for peak reverse current and maximum temperatdre. A typical

Y

specification might be: % ©

N




Eumnt at Max. " Oycle Surge

‘TompiamdiBhted PR V. . 60 H, 7 -

a | .

o MA @ 290°C ~ RO0eA ,

:\: N ._ ) ) '. ¢ : N

Jn , Avmsdtimun eurrent surge foruuzgﬂven h&mezisvamlo»fnqquenhly apecified. The

“ - only limit on transient forwurd current is the melting or fusing: of the ;

diode or its leads. Therefore, a current and a time corresponding toa ., :

e . *eommoﬂly u éd ﬁavéforﬁ'(usﬁiilyha 60 Hi sine ﬁavé) is speéifieé.as.a transienﬁk "
surge 11mﬁ.t | . & o 'Q" |

The Power ‘diode transient behavior dapends not only on the conductivitv

modulationieffect, but on the diode capacitanbe (voltage and time varying)
which incrbases roughly proportional to the Junction area and.therefqre
..also propqrtional to the current rating, It is instructive to consider a

square wave voltage transient applied to a diode-resistor circuit (Flg. 1-16).

1
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Figure 1 - 16
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Reverae bias voltage E has been applied for a long time. A

atéady-ataté reverse emrrent Id + T leakage flows.
t ) = ’ ) \

»

“The voltage applied to the cireuit suddenly reverses polarity.

s

Current rises as the new mobile carrier:diktribution comes to
steady-state and the resistivity of the crystal far from the

Junction decreages due to the high level of minority.carrier

4 ey

concentration. Note that itlia nonsensical to talk about the
. . N .

"regsistance" of the diode.

&

- \
The steady state in the forward bias condition has been achieved.

£

The applied voltage polarity agalin reverses. Becéuse the voltage
across the depletion layer cannot change instantaneously due to

the depletion capacitance,'a'curh!ﬂ;gréater than the steady-

state forward current may result,

L
e L

‘Carriers are being swept¥out of the new depleﬁion region;and

‘the bulk of the crystal, - The motion of the "extra' mobile

-charges (existing yet from the ‘forward bias condition) causes

currents to flow until the éxcess'carriers are recombined anq'
8 new steady state is rcached.L’The diviéion between region
3 and 4 is arbitrarily set. Time period 3 is called the

"gtorage time" and persists from the time the voltage V is

-~
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‘reverse value (in accordance with standard definitions regarding

| ’ . RS l - A
reversed until the current has decreased to 90 per cent of its peak

-

.« | pulse waveforms). The steady state reverse-bias conditions are

reached "late" in po& o (

1In awmnary, the differences bet\veeh power and signal diodes “are reason-

ably predictable sin terms of t

power' diodea\opgmte at near._

and peak reverse voltages.

Power diodes have significant "ohmic" [R dreps

he;eleotron-hole model g:lven the fact that Y

pbsaible steady-gtate current densities

which are conductivity modulated. leakage currents are significant compared

to IO at maximum reverse voltages, I0 and the diode capacitance increase as

the cyrrent rating and ,junct-drm,arca.,d;ncr;nbiiaa. Finally, it is necessary

to bear in mind that the "capacitances" and ohmic "resistances" are cugrept,
: '

9

time, and voltage dependent and are not easily. represented in an equi\"raient

clrcuit,
e

F R e

[
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. Dicdes in Series and Parallel

Bnmehimas 1t_i§ desired to use semieQnduotor diodes in circuits thre
the yoltages'and currents are outside -the rating range oé commercially avail-
ablei diodes. In such cases, diodes may be connected in series to increase the
voltage rating of the racbifier»anﬁ/or.parallél to increase the current hand-
ling capability of the rectifier.
B Congider two diodqgﬂ(samg rating, pamé type number) connected in series,
i The T-V characéeristics ;f the two dioées ﬁall generally not be identizgit
In the forward direction, both diodes canduct the same.amount of current, and
~ some small different voltage appears across each diode, Clearly the current - -
rating of the diodé pair is the same as the current rating of one of the Jiodes.
In the reverse direction, the same-current flows in each diode, and each diode'
mupports(g different reverse vollage. * The ratio of the voltages across the

k] A A
diodqs will depend on how similar the diode characteristics are, a3 shown in

Figure 1-17. The voltage rating of the diode paif musi be larger than the rating
0f one diode, because part\of'the total aéplied voliage will appear across the
other diode. However, the voltage rating of the diode-pair mugt be‘lo§s thﬁp‘*
twice the voltage rating of a single diode because the voltages do not divide

~

-- e;ghly. ) ‘ c Q_

17




- junction diode equation I = I (eq VD/kT 1). - ‘

Y o MAX. REVERSE T
| T | -

Note: The direction of V p1° VDE and Ippre chosgen to agree with the con-

ventional way of expressing the I-V characteristics of a diode and the ideal
-0 " TFigure 1-17 .

Thus the series fonnectidn of diodes requires éither careful méﬁching of
the diode I-V cha}écterisfics or some additional circuitr& to make the voltage
divide more evenly. A simplé énd pqmmonly used solution to this problem is to
connect & registor across each diode. Although a different value of resistor

~~"

could be placed across édch,diode to achieve some optimum voltage division, B~

more practical approach-is to place the game. value of resistor .across each diode,

- eliminating the problem of matching resigtor values to individual diode char-

| aeterigtics, ahd making replacement of defective units simple. Figure 1-18

shows the effect of placiné regsistors across the diodes of Figure 1-17.

s 15

N v " - ' .



Wi

e

" Voa

'_'-Ioa; o -

o Voi: +Vpa +Ep=0 . . (
L2 T ny*To/xInx "Ip2 :
_/ ,.n
, v
\ e |
L ' Figure 1 - 18 _
) ‘1-.~ v : 'k‘ !
S | 19 > '
v ) ' .
“ERIC S ‘




I

In addition to thé steady state voltage distribution-along a string of
series-éonnected dlodes, some provision must usually be made for transient
valtage changes. SUCh:mransients might be caused by switching loads, lightning,
or the initial appli?ation of voltage to the dibde circuit, Agsume a voltage
transient of sucn a'polarity as to.increase the reverse bias i1s applied to a

eriel string of diodes: At first all of the diodes pass a ohanging current

v

which depends upon the transient amplitude, the pircuit ‘load, and to some .

extent, the diodes. The change in current is relatively independent of the

diodes due to junction capacitance and carrier storage effects which allow:

- large currents to flow until a new steady-state distribution of carriers is

‘achieved in the diode, . Because'of minute differences among the diodes, some
diodes will approach a'new steady -state distribution of carriers before other
diodes. Thesge-'"faster acting" diodes in the string then attempt to control

and block the current associated with the voltage transient. Thus the "faster
acting" diodes will receive reverse voltages éréater than their fair share

(the total applied voltage divided by the number of diodes) The voltage
across one of the''faster acting" diodes may well exceed the peak reverse
voltage rating of the diode and cause the diode to faii.j If the diode fails
by "shorting out", a common occurrence, the voltage on the other diodes of the
string-increases oausingnother diodes to fail until something .fuses, disruptiné

-

the curreéent.

¢
Diode strings are commonly protectedifrom voltage transients by shunting a
capaCitor around eaoh diode (Fiéﬁre‘l-l9) The capac1tors ‘can be thought of
as bypassing abrupt voltage transients around the diode string, dividing the
voltage transient equally among the diodes by a capacitance divider action,

and limiting the. rate of change'Of_voltage across the "facot acting" diodes.

ov

L




RS

The magnitude of expected transients must be estimated in order to choose the
capacttor valtage rating as well as the PRV of the diodes, and the entire clr-

cuit mumt be conaidered 1n'cﬁoosing the value of capacitance necessary to limit

1

thé-rate of change of voltaéé acrosa the fastest acting diode.

>

7 i

e ¥

| . Rg"-gﬂ. ~c -
FOR STEADY-STATE - FOR TRANSIENT
' VOLTAGE DIVISION. | VOLTAGE DIVISION

R% | i o A~ C'

Tooam

" 4 . .
. [} . \

. . . .
Figure 1l - 19
. : ¢

Diodes are frequently paralleled (Fig. 1-20) to achieve higher currént
capabilities than\present'ratings of' single cqmmerical diodes would permit.
A small resistance_is éometimes'placedlin series with each diode to assure
the #ven division of the steady state current. Transient phenomens are noi)
as important in the case of parallel diodes as in the case of series diodes.
anh of the diodes can withstandltﬁe peqk reverse voltage, and since each
. ‘diode can @ithétand large transient surge currentsp the transient case where

some diodes conduct better than others is usually not of practical importance.

it
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Modeling a*Simg%g Diode Circuit

-

We next consider in some g6tail gﬁé\an&lyéi_ of a simple circuit that

-

1

includes a diods. The emphqgis in the analysis will'bé on bhe'brdéess.of

. modeling a simplified circuit to approximate the real, ‘physical circuit.
: In-engineering; a rigorous solution of'a problem in all possible detail

~and exactitude is never aeaired. The most elementary real problems would

»

take months or would be unsolvable if-the ultimate in accuracy and physical
/ L

. ’/ ‘o . L . .. - N . -
reasoning were required, where even conduction in & copper wire poses formid-

able problems of quantum mechanics, heat flol, surface phenomena, insulation
propirtieq, etc. The degree to which a redl interconnection of electrical
devifes may be simplified (modeled) depends on the question the analysis hopes

to answer. Also, 'since and approximete answer is desired rather than "THR

AN
AN

'TRUTH," it may be pertfectly reasonable as well as desirable to change assump-

tions, simplifications, and models inithe middle of a problem as lllustrated

by the following problemu

A 1NK590 diode’is connected in series with a 2.4 ohm resistor ‘and a

240 volt, 60 Hz source (Figure 1-21). It is given that:

() the internsl impedance of the source is much less than 2.4 ohms ,

(v) the resistor behaves as a pure resistance at 6O [z (has negli-
gible distributed inductance and capacitance),
(¢) ond the connecting wires and their physical conncetions have

resistanées negligibly small compared with 2.4 Q.

IN4590
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Quesation: ﬁow muoﬁ:power is diesipated Sy ﬁhe ﬁiode? We want to
N choose an appropriate ﬁeatwalnk on whiéh‘ _to_mo_unt. the diode. - a‘
golution: The §akt tﬁat the‘answ?r is to be used to choosé a heat~
sink gives us some idea of the accuracy of the solution that will be required.
Cértainly an error of a factor of 2 Qoulq be too large, cauaiﬁg a severe
"overdesign" in the éhoiéé'o£ t£e heat,sini. Similarly, provided somé exotit
application such as.a space-satellite requiring a careful dissipation budget’
Saae e 18 -not contemp1g§ed,ra.calculqtion-§Q ;1thin 1% would be . ridiculously accurate B
for the problem‘.'The desired dccuracy.ﬁill depend on the cost of the heat-
sink as a function of its céoling\poqpr, but é first-shot aim ét an accuracy
of 10-204% does not seem unreasonable. |
In forming A plan of a;tack-of the problem, we notiée that neither the
voltagé across nor the current thrbugh the diode is sinusoidal. Therefore,

hdd

the power dissipated will not be ,
P= erms Irms cos &

which 1s valid only for sinusoidal waveforms. We must go back to the funda- ~
9 -

.mental definition of electrical power, which is

P=:-,_'—[Tei At

where e = voltage between terminals = VD
I‘= I
i = current
T = time duration :of one cycle
IP = power dissipated in the device

Recall that by a simple change of variable,
§ = wt where T cokresponds

to 8= 27 and w is the angular frequency, yields the equally valld

poWer formula

. , | S W :
| P= %) ed o6

by




"Thus to bdbve“the p;-klam, We must rind'bhe woltagm acrébs the'ﬂidﬁa;ahd

-_-_.,___..___.-._ s mm e - [ —
. A

.. &*hb cnrmynt bhrohgh ﬂhb diOde as‘funmtions of ﬁmme or 0 m%:tiply the two »

'functioma together, and 1nbegrate over one cyclm.

T

AAn examingtion of a manufacturer g data ‘sheet concernipg a lNhSQO diode ) o

¢; “f:5i¥yields‘hhe fdllmW&ngxﬂata andnqpacificatimna' S n ) o i ‘ _'f-;
%3i  ..- Max repetitiVe peak reverse volts . e -‘;',f;be volts |
;i:' A Max pe@k réverse VOlts:for one half wave,,60 Hz sinusoidéi'bulggk | {;25 vélts
£ ‘“.\3 ) Max- allqwable blocking directavoltage T IR f'ﬁn‘ ‘hbo volts

. i

~Max - average reverse current at PRV (repetitive), lSOA forward I

AN .

current,juncfion temperaﬁpre at 110 C -9.0 m A

Max forward voltage drop, 150 amps average curnﬁnt,‘llooc .

'»:_  | S junét on temp . . _ . +1.35 volts Co.
| M&x forward full cycle average’current ’_ -"‘ ' o 150 A | .
'Max 1/2 cycle 60 Hz, peak surge currenL o 3000 A
: o ¥ o (Wthinghouse data sheet 54-166) °

N .
AN . N *

First we note,that no data dre given concerning junction capacitance
and carrier storage times. Since 60 Hz is mentioned in.the given specifica- .

-;L . tions, and the circuit we are considering'does not seem to be an "exotic"

appllcatlon of a dlode, a reas onablo Jnfercnce is that the dlode»capaoitive\\\\
. effects are not_significant on & time scale of 60 Hz (W1t m sec). Although -
we could search further ?6r’informatiop from people experienced in working

‘guch. pnpblems the manufacturer,'or adwagped texts and publicationsy we chooqo

~ r

PR _ here to aggume that suoh capacitaﬂ&es W1Ll be negligible (on the hint that no

r\.‘l .

speolflcatlons or data are mentloned on the data shcet) subJe<L Lo laboratory
~ S

s fx~ .1Ver1f10ation. We shall have to/ca ulate vo]tage and current waveforms to
‘solve the problem anyway We bhal et up an experimont (alfteéer Lhe caltulation

“shcws uS'what'shoula“be'examined),_and:if the observed waveforms drastically -

RS ) . . . L3 .
. . Y
VAN




.and the given diode specifications,

differ rrom the calnulated waveform in #uch & way thaﬁ could be attributed

to diode cap&citances, we ahall/bave i:o sophie‘:atou our calculag,ipns.

We do not have the V-I characteristic og the diode. We could request

| additional infbrmation from a manﬁfacturer, (We would reqeive families of

¥<I characteristics as functions of temperature. We mightvalso rbceiva

1]

toleranoes for the V-I characteri§tica ) However, we may be, able tor arrive

.
B -

. at, some reasonable conclusiéns using our knowledge of‘the diode inwgeneral

X

Consider the half eycle in which the diode is forward biased and con-

_ ducting. A maximum voltage of 1.35 v appears across the diode ‘which. is

small compared to the source voltage 2&005 Therefore, to a reasonably good

14
approximation, the ditode voltage is negligible and .JT-ra;
| | I= tooJz sin w‘t from ot-o b ‘ot"lto

+

During the next half cycle, the maximum reverse current is 9 mA., IR can be

at most .009 x 2.4 VOl’cs whioh is small compared to 2&0*’3 volts. ‘I‘herefore

the diode voltage will approximately equal the source voltage for the hadf
b :
¢ycle the diode is reverse biaged.

Yo = 2u+¢>a37i- sin @t

Now if we can make some reasonable approximations about the forward voltage
. 4 g
drop (with our known fgrward purrent) and the reverse current (with known.

o

reverse voltage) waveforms, we shall be able to calculate the power disSipated
in the diode. However, we no&e a glaring logical inconsistency. Our perfeotly

valid approximations concerning negligible forward voltage drop and negligible

reverse current are equivaglent to replacing the diode by an ideal &wjtch

s
(Fig. 1 - 22).

) : -’ Y
wt= 180"t oﬁ’_,._fa‘o '

| %
4 L o



we distiﬁguish between negligible quahtiﬁieé and zero.' The principle is

- qnw ror Nﬁ"wtcaco'

- N

i
Ly

v . Figure_l -22.

The switch ig a lossless element and we now propOSe to Qalculate the power

i,

}

lost in the switoh' of course, the.argument is hot ihconsistent ;provided -

'

kY

emphasized by considering a trivial problen. : .

. o Digression ‘
N - ‘ : v ' %
© (onsider a™dimple series circuit consisting of an A-C source,

.

a resistor, and an ldeal inductor (1ig. ?—23).
4 - . . . ’-Q. . )
( - ——A\\/\/ =~
» . ) ' l :
100 Vemg o tooo. )
o "Figure 1 - 23 N ‘

What is the circuit current, and what power 15 dissipated in the
. circuit?
& ' . L
ThQS'simple_problem_caq be worked by inspection to better

than 1% accuracy if one realizes fhat the 1 ohm resistor imped-

ance is negllglble compared to the 100 ohm inductor impedanve "

. 100 volts
I~ 00 ohms ~ | amp
" P= LR~ | watt '

' Despite the Ract that the resistor has negligible effect on

-dqﬁermining-hhe circult gurrent and can be neglected in deter-

Y ! ) . ;. LY

mining T, the resistance is not zero and determines the power
Y ' IR o SN s
. S SRR | C>7

»

CLOSED #om-oS<asteimes |

"
.
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. ‘dissipated in the circuit. ' Similarly in the diode circutt,

!

)the’nngligible forwand voltage drop and reverae current are . -~3i
o not zero and power is diaaipated
_Next We_consgider pl.mnib.le us.aumpti.ons we might make regarding forward - i

#oltage aﬁd reverse'current From the reviaw of a. diode, we Know that as

ii’ "7 the forward current 1ncraasea the forward voltage.at first rises rapidly
5 _ S, © and then more ﬂlOle according to I = I (e /kT-l), and continuea to rige
:;;. f faqter;than tge ldeal formula would predict due io'bUlk resistance effects,
" A sketéh'of the forward voltage might look like: b |
‘ s | . ! ’
o 4 |
. . - ‘} o r
) o -~ mmma=) L35 VOLTS | SN
oo g* > @ o
. . — JOOVEK /\hliKS
Y
b ! ,.&
- > &

o° - 180°

Figure 1 - 2k
L .

&

V), might not reach the maximum velue of 1.35 volts due to variations

.
[} ¥ ’ <&

in diodes and since the maximum'gurrent i8 not being drawn. “However, we

include a small safety factor in the'ca_lculation and assume that 1.35 volts
. c-l - / . .
will be the peak forward voltage. Our knowledge of the diode characteristic

tells us. that the voltage will be near the peskiwalue throughout most of the
et . ¥ v L1 ) .
cycle. 8ince we are calculating ij I d6, we also note that the valué of

*

) ) -

Cir
) &




vD near 0° and 180° will be.lesahimportadt than near Qoﬁ‘gince T will be:
amall at O?pand 180°. Therefore a reasonable apprmximation that would
greatly simplify the problem and would still seem to_érovide reagonable

D

Brrora in such an assumption would. be more gensitive to a poor cholece of
. . B N i

ACCUrACY ﬁould be to.assume V_ * constant = 1,35 volts for OO<B<1800.

VD max than to the waveshapes near the beginning and end of the half cycle,

Similay arguments involving the leakage resistance of Lhe diode apply for

the reverse current (Fig. 1 - 2%); and we approximate the reverse vurrgem/

IO * constant = -9 m Ay
{ o
180" 360 - o
~Yo Y ~240VE VOLTS

/1 ©0* 3¢ 0

AV ; ' ™ O
. _ L. 2 J'-9 mA

Figure 1 - 29

>

We now perform thc intopration, breaking Lhe integral into two parts,

kg-—-—-j V, T 49-—;,,[] VpTd6 + o VoL a8 T

-

P= {:} \.“[‘r(' 35’)(!0011‘7.) sinrﬁ d&

T .
+~f,v_ (~0.009)(240J2 ) sin 649 ]
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L ’
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iy

4

Note that we can neglect the power dissipatéd in the 180° <0<360° half

- aycle comparéd to the power diss}pated-in'tﬁsroo 0<180° half cycle. Thus

most of ‘the power is disSipated whén the diode is forward biased.

F”*’ 135J3 (2)
f 2

'Gl watfls

Although the aPproximations we have made seem reasonab’ weé have hot

\

used the actual diode characteristic. We have a qualitative fdeling that the

answer is suffioiently accurate (20%), but there is no way to tell for sure

without further data. A laboratory experiment in which the power dissipated,

L

and the crifical (in the light of the calculation) forward voltage drop across

Y
4

the dicde waveform are measured is in order. '
The-solviné of tﬁe simple diode—resistor'circuit have brought out some

imnortant points:regarding modeling. N |

(a) Tt is absolutely eSsential,to have some idea of the desired accuracy

&

of a solition. The time and effort required to solve a problem

',// generally/(ncrease drastically as the required accuracy increases.

(b) The primary motivation in making assumptions with respect to a
given problem is to simplify the '‘path to the'solution, saving
time and effort. Assumptions are made on the bases of given data
(and associated inferences such as the absence of diode capacitance

“ .
.data in the example), similarity of the problem to other success -

60



(¢)

(d)

(e)

fully solved problems which include assumptions (diode capacitance

‘omlculations. are almost never included in 60 Hz problems ), and

observing the relative.magnitudes of variables as they are calcu-

. lated during the solution of the problem. - ? . .

It is not Pee@gaary to atigk fo the same set of assumptions through-
out a problem: It is important to note tﬁe reason each agsumétion
is made so thgt agsumptions may be changed at appropriate steps 1n
{;he golution, : .
In any real siivuation, tne i)roblem is now solved until the\validlty
of each asgumpltlc. les dt;lll(‘hSl-Y‘&t'ed or exp?_t-.iment.a,l ly .(-rte<:iaed.

~ ’ .

As the problem is modeled and solved, the crilical quanities to bo .

measured in the laboratory. become. apparent.  Without some careful

conglderation beforchand, the laboratory tesl muy be aimless or,

lead to the vague conclusion "it doesn't worky: instead of .illuminat-

&

ing a weak point in the analysis.

As a final comment, somelimes it ig necessary to make an assumplion

solely for the purpose ot simplifying the problem and without any reul basis.

A

Such assumptions may lead Lo a belter understanding of Lhe problem and assist

in finding & path Loward the solution. However, cach such assumption must be

«~veritied and checked and possibly refined or else the answer is not really a

solutlon to the problem.  An "it might be" anmswer is not sufticient In any

practical problem.

»
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Ex.

. 2

" Exercises

Plot the resistivity ofég,dilicon crystal ad a function of "’

doping density ND for the range of ND = 0 to ND E 1020 atoms/cmB.

Tt is given that Hn = 1200 ém?/volt sec, and ﬁp = 250 cma/volﬁ“sac.

. Assuming & very abrupt Juhction (the transition f;;g\n to p

type material occurs in 8 length of the crystal that is negligible)

in a silicon diode. NA in the p-type material is 2 x 10]7 atoms/cm3
and N_ in the n-type material is 4 x'10'6'atoms/cm3. Plot the value

D
of the depletioh layer Capacitance~9/$ as a function of ¥, the

electrostatic potential across the depletion region Also find the

3Q
ingrementa] capaoitance /80 as a function*of w




s -Qhoblnm 1. | '

\

‘reectifier circuit,

Several high power diodes are to be used in a centehta-ppgd_. transformer

Transformer outpwl. 710 v = phase voltage.
.- ‘ rms .
a . .. .#".. L
¥ ’ ’
’(1%9 = cenler tap voltage)

Diode characteristics

PRV 600 volts

K

Max forward current 70 .amps rms

Max junction temp ]_9OOC

. Max reverse lesakage current at max junction temperature 30 m A

-

Additional data .

Of the available supply of diodes, the reverse

\

varies from 25-30 n A.

In the forward direction, the diodes behave

N .

geries wﬁ@h 0.1 ohm resistors.
v \

6'3_

°

current (Tj

ideal p-n Junctlons in

‘fl 1



(8), "8ince the applied reverse voltage exceeds the PRV for a dlode, B
. s ¢ . N - 0
-3-1t is~neeeaaary to use-two-diodes 1n-aeriea,. dn- or@er that T

matched diodes do not have to be selected 8 reeistOr is shunted v
A e .
acroas-eaohqdiode. Fstimate a maximum R such that. the peak oA

voltage gcross any diode is less than %50 volbs..

< (v) Ebtimate the‘DOWQr dissipated'by each diode.

¢
PO .

P (c) e = 50 amps T is the value of R, (engineering accuracy)?_

(d) What w0uld be the avergge Value of I_?

R4 I .. i et ’
ST . - ' \
o : ' (e)' _Will the transfonmer winding resistance and leakage inductanee be
. 'negligib]e?
. Problem 2
Consider a 34:1nﬁdge'iectifi¢r circuit. - ) o _ :

TRANSFORMER T

- 'SECONDARY, . S ,\ - W
- _ : 3 t; X _ |
B @ ‘N; ‘ £ ) *
- - N E : , .
| S N e ud
‘ " 'oo AMP&’ IOO VO‘-TS "D"C"
' RN

Loao L AAMAMAA——]

f The circuit is to delivér 100 amps direcp current to a resistive load
of 1 ohm. -You are asked to find the minimum RMS current';ating of the dio&es
(allow a 20% safety factor)and the minimum voltage rating of the diodes
(allow a safety factor of 2.2 x peak voltage in case of transients). |

- In addition,.heat-SJnk\dat&_(power dissib&tion,in ihe diodes) is fre-
quentiy given in terms of average current--so caléulaﬁe the average curreﬁ£
through each diode.“ )

\

Finally, spetify the KVA rating of, the transformer (a single 3¢ tranéformer)j 

. N

~
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Lab Pnoblnm 1 ' o

2}

v

"SGMiCOﬂdUQtor Dtodea or "The Bigger, the Better"? - L

You will be assigned two different diodes. One diode will be an
. : . . A

instrument diode hﬂving a voltage rating of less than 100 volts and‘a cur-

' rentrrating-ofza'fhw-milliaﬁpenos. The other diode will be a "pawer" diode

having a voltage rating of over 100 volts and q\current rating of several

"u#
amperes. You are to inveqtlgate the electrlca] differences between the two

diodes. You will notl have time to investigate all possible diffarenceq, SO

choose a combination of experiments you . <onsider important and lnteﬂésijng

- . ¥

lab Problem 2 - )
Design the diode-resistor=capacitor network requiredsfor the‘fb]]owing
high-voliage  laboratory supply. \5
-4 o 'l :
H—v ‘ ! ’ R
RELAY e - by
¢ o. ) UT

The supply is to be rated at 10,000 volts, 100 m A.- 1t is to be used with
- o - A
various load resisbances. The rectifier will consist of a series string

)

of diodes and their associated c 1rcu1try (resistors and \\Pacitorp) The |
L

diodes must be protected from transients caused by opening the high vollage
relay. The relay can cloge during any.p&rt of a cycle, You may select ithe

diode type from those available in the laboratory (a list of diode numbers

is available), however, .only 240 volts rms and a limited numbcr of* diodes
; ;

yl ~

is available (you mey not have enough diodes to construct the entire string).

1
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. Chpter comtents’ S

L ' oo .o

fl B - L. . R,

Tho primnry purpose of this’ chapter is to acquhint the reader with the
ntumie ‘antl #yhumic chsmncteristies of the thyriator or SOR The BCR is IS
mbdeled as & series of diodes to &ain ingight into the. static V-1 character-

istic. Thé triggering qharacteristics,are explained in terms‘of a tWO ‘tran- . S

.., e

Il

- gistor medel of the SCR, The transiént turn on-turn off characteristics are

than rationalized in terMs of the combination of the two models Common
.methods of triggering are ‘congidered and an example of a Lrigger circuit
using a unijunction traHSJstor ig presented Finally, some D.C. turn-off: .

, . .
circuits are nre:ented and a‘particular turn-off circuil 1s analyzed us an

- example. . e : o t | L -

The Thyristor or SCR

The thyristor or SCR"is é throe'#erminal semivondUQtor devioé. The'name'
"thyris£or' comes from the fact that the thyristor is a t?ansigﬁnglike device
(haV1ng three Leads and made of a SGmICOndU(tOF) having properties sim1lar to
that‘of a,gos Ehngtpon electron tube (which can be triggered to change from
an ossentially open cichit-deVice to an essentially short circuitvdevicewin
a matter of microéeconds). SCR is the most commonly ugsed name of ‘the device,

&8

standing for silicon (or semiconductor) controlled rectifier. The term SCR

"is also a descriptive term since SCR's are made of thé semiconducting material

silioon, and SCR's possesses rectifier-like properties which can be controlled -

-to a certain extent uging the third terminal. The clectronic schematic symbol

for an SCR and the names of the termina1s¢1@ shown in figure 2-~1 along with the

t

V-T charac{er1siic of the anodo—cathode term1na]s The V-1 charavteri"tio is

div1ded into thzee regions for future, reference &b the device operation is

modeled.

b7



o - ANODECURRENI . ity
Reoion 2
: o e
CATHODE \_’N{woon_-carw_._._@;
;:\ o lnnu;ﬁbnv "_ T ;1
o Next we consider a simple circuit to show the basic usefulness of the’ |
i “SCR-(Fig. 2‘-'2a). ' L ITi | .
| L . 7 %
—L- Vecr'
E —ief . R, .
\ a S | _ ‘b R E Vicn'
Figure 2 - 2 _ :
Figure 2 - 2b shows the load charééteristié superimposed on the SCR V-I char- f '
L S
.acteristfc. When the circu}t is firét connec%@d,.the SCR<1isg 1in Qheh"forward ‘
blocking" state, the cﬁrrent I‘ﬁasfseme sﬁﬁll (compared: to E/R) value, anq.phe\
cirduit sta@e is represented by position 1 inh figure 2 - 2b. 1If a gate‘cuffent
Ig’ which is largejepdugh.(élthpugh hossibly hundreds of tiﬁes.sm;iler than the
SCR rated forward cPrrent)ﬁaﬁd of sufficiently long ‘duration (usvally in terms
" of micrqseconds) is abplied to the BCR, the SCR will v
by
b e e e L ‘ . N -
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%?:ﬁs-%."',,ffﬁ«‘—;'{“i‘)- T el . 59 " , ' " ' o
gfjif v ‘"trmggerﬁﬂm intm ‘the "Torwarﬂ condgptmng" staﬁe mﬁpresented by pogition 2 in
&.— ::‘ ‘ . N . - N

" flgure 2 - 2b, In an SCR the gate no Longer has any conLrQJ over the cireuit \\ .

' | aparu%ionx and the SCR will remain fh the forward conducting state unugl the-

-

hattery is disconnected

PR | o«

We can summarime ﬁhe groas {(wonmeshat oversimpllfied) chqracteriqtjns of
the SCR. | | o | e |
. .. (a)_ The SCR blocks current in the reversge diredtion (region 3, Fig. 2-1).
. ‘ -

L4
‘4 N

(b) The SCR acts as a owﬂ,ch that can be tyyned on by the gate in the

e forward direction {Fig. 2-2). . B
% T - .
(¢) Once the SCR is turned on (forWaﬂghbonductlng) it cannot be turned

- . \

of f unless some external rircujt redﬂces the forward currént. to

- v 7

-

Zero. . ‘o
. “” v
%m«v -,
An exam1natlon of the ratings of commereially avallable CR' s shows
N‘O
blocking voltages in excess of a<ﬂﬂ&uqand volts and averago (urrents on Lhe

L

order of hundreds of amps. (leafﬁy, SCR's are Lap&bﬂq o& ounxroLling large

N amounts of power. The‘&ddltlgnal fa<t that SCR'S are Tasl aciding (compared to
mechanical sw1tches), small and rugged (compared to gza Labeé), and do nol.require
power to keep them "turned on" (as Lransistors ICqUIro) mdﬁos SCR'S particularly

Tattractive in the area of power control. ‘There ape other rolated semiconductor

L

devices such as gate conlrolled switches that can be turned of'f as well as on

- by, the gate, trm&cs which oan be trjggered on in boLh f)rwiéﬁ and reverse direc-
. I'd - ;) -. .
tloqs and many more semiconductor swntch1ng~dev10es. AL pr&gEnt, these devices
S ;
; N . . / ..
do not have the power handling caphbility of SCR's, but are valuable devices at

-

o

lbwer power levels. Since-these devices can be mode Lled Witlh relatively simple

L3

extensions of the SCR mddel we w1ll not consider Lhem in any detail in this .

' \
baok . . ’ - ’ . )

SCR Construction : . : *

The SCR is made with a single crystal of silicon having four layers gf

4

. differently doped <rystal (Fig. 2-3). The reason for partially <u1t¢ng away .
Q. : ' W
69 ' ° . ‘o
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" one 1ayér.t6"make‘£hé'édﬁé—éonnééﬁion'in the cénter will become clear when we . o

disougs ~turn—on t(&baienta. R

W eATE |- CA‘T'HODE . |
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| ANODE | ' ;yproan HIGH POWER
e | SR SCR CONFIGURATTONS

up'/ .

Figure 2 - 3 R .

- ~_ Starting from‘the anode, the anode lead is copnected‘tp'a fairly heavily doped
L _ ‘8 : | :

(on the 6rder of 10 19 acceptor atoms/cc) p-type material.\_yext is a compara-
tively thick, lightly doped (on the order of 10t 1 donor atoms/co) layer of
n-type material. The next layer, (to which the gate is connected) 1is p-type.
_material doped with anointermediate density of. impurity atoms Finally, the
last layep,,to which the cathode lead is connected, is a heavily doped n-type

meterinl, The thickness of the crystal is exaggerated in figure 23 to show

o s ®

the n and p—type layers. The crystal is normally & thin disk or rectangle which

_is soldered or tightly pressed (by a powerful spring) against the SLR base in

. . _ ¥y,
CRE order to encourage the conduction of heat generated.in the crystal to the out-

side heat-sink (Fig. 2-4).

bl

4
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The SCR as g Scries of Diodes
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[h order to gain some insight into the behavior of Lhe SCR, consider a

filament of the crystal as modeled In figure 2-95. Then, as provious ly in the

ccase of Lhe diode, after understanding the operation ot a unit arca of Lhe

rystal, we need only mulliply the appropriate quantities (such as current

apacity and ugpacitive ef'fects) proportjonal'lo Lthe arca of Lhe crystal,

ANODE - . . CATHODE -

‘ : JUNCTIONS

“

Figure 2 - 4% . LY
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numbers with each of the t,ree p-n junktions in the SCR.

As a flrst approximat1on we may try to think of each p-n jgnotion as

«diode (Fig: 2—63 Such .a model would xationally dxplain -the SCR forward and

~current (reverse blocking, region 3 of Fig. 2—1).

reven%e blogking characterigtics (rqgions 1 and 3 respectively of Fig. 2'- 1).

¢

» |
T —t crEoE.
- ) - K ¥ A

Figure 2 - 6 | , I .

. . . .o
i
.

r
Py

Wheﬁ.the anode potential is positive wlth regpect to the cathode, junction 2

blotks the current (forw&fd blocking, region 1 of Fig. 2 - 1). When the cathode

pbtcntial ig positive with respect,lo the anode, Jjunctions 1 and 3 biéck the

A}

In order to further improve our underst&nding of SCR operation, we shall

" plot the pvtcntial as a function ot distance in the filament. Such a plot will

)
require the charge density and resulting éf -iield Just as in the case of Lhe

:didde. To simplify the plots, the metal-$emicgnductor Jjunctions at the device
leads will be ignored. We first attempt tQ p]ot-the potential distribﬁtﬁon tor
the case of thermodynamic equiljbriwn.' B

'Eigure 2 - a forms Lh% first bgsis for the qualitative plot. We have a
"rough idesa" of the relative doping densities, and we know the n-type laycr
between junctions 1 and 2 is thicker Lhan the other layers.- The doping density
is plotted on a Logarlthhiv scale. Next (2 - 7b) the charge dénsi{y”tx) is
estimatéd on a linear scale. AJihough the lengths of Lhe depletion regioés

are unknown, the @ (x) times &x arcas {on cach side of a junction) must be equal

1
A

72
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"

- ‘a8 in the case of the diode. Nole that considerable d;suérbron-of the charge
_ density‘ amplitudes and dep{étioﬁ layer widihs is nece‘ssa.r\y} to diépla.y these
| parmeters on a single grap’h'; since 'the charge densities may vary by more, Lhe;n
five orders of magnitude. Using the "square" charge densily assumption , we

. - - i .
. apply Gauss' law to find the;E-field,fx mjgd_x on & per unit area hasis. .The

{x .valueg are triangles (Fig. 2 - f]c') Just as in the diode casc. Integrating

to find

v

plot <onsdsti ng of sections of parabolas and- having an inflectlon point al each

F e

the potential, - ffxdx = ¢, we get a potential as a function of distance
;B _ . _

o

?

Juuetion (l'f{fg. 2 '~ d). "

»® . +




CONCENTRATION: _".
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+ NOTE - WIDTH AND
- AMPLITUDES EXAGGERATED

~=] VOLT

THERMODYNAMIC BQUILIBRIUM
Pigure 2 - 7
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T In p]otting the potenciaLWﬁ ag & function of dlatanoe, we can make use of the

S

‘additional inform&bion from solid state physics that Lhe contact potenigal -
diffarenée for strongty n and p-type matoridls is very noarly equal t.6 the
ionization Lnergy jn ele<1rmns volta for Lhe <ovalenp bonds In the oryeba]
(th&t is, about 1.1 volts for silicon) Thus the electrostatic potential

'}b dif'Cerence ffom anode to (&fhodu should be about L. L voftg Con)av.»potential

R

difleren<es between layers that dre hot ‘8o NE&Vily doped gTouLd be lesg, so

in figure 2 - 7d the poLenEial differences across Junctlons\} and # aro’dratn

a8

__\smélle? than the potentlal differénce across Juﬁ(tion 3. While it is not, /pos -

RN gible to dibplay a roabonab]y aucurate charge denqity p]ot (whlrh also distorts 1

0.‘-. " i \ .

' tﬁmzdk'andﬂp plots) due to the large varigtlions in € and the necessity of making .
equal charge-distance areas on each $ide ol a junction to tind the deptetion.

.oy

region dimensions, such "fudged up" plots as Tigure 2-7 may help us Loward a

better qualitative understanding of the depletion reglon sizes, voltage drops
. N )

across Junctiong,.and E:-1ictd magnitudes in Lhe SCR. Such an understanding
will help us in unraveling some of the details of GCR operation, and of course,

unless we are-awarce cnf/4111 details wo can't make reagonable assumptions or
‘ x

-

models when using the device 'in a circuit.

-

Consider the torward-blocking case (rig. 2 —'ﬁ). The anode is made

posilive with respect to the cathode, and junctions ! and 3 should be slightly '

- v

forward biased while junction é’should be reverse binsed. Wv apply arguments
similar to those used in mdde}ing a diode. We assume, since only a smqll cur - o
rent will flow, that the.IR drops in the crystal éro n<gilﬁlblc Also, sfnce b
only a small (ocmpared to rated) current flows, Lhe clectrostatic potential
difforences acrosslthe ﬁérward biased juncltions cannot be very dilterent from

Lhe potential difforences in the case of thermodynamic coqui Librium. . Therefore,
‘ .

the appliecd anvde-cathode: voltage must add to the potential diftference across

junction number 2. We now skeleh bhe charge density, C'—fleld, and potential

throughout the crystal knowing:

we .w o
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(e) & ;E-,'-and-"* in all places excepl’ Jur‘xcti-on' 2 appears a.pprmﬂmute_].y
A{; , - the same as in figure 2-7, —

‘(b) "The potential difference across junction 2 i1s incrwascd by the

EO

voltlage applied to the device terminalg,
—. . - ’
' (¢) We know how g, C, and "“ must be related from our experience in

skelching figure‘247; that is, charge dengity will remain the

-

same, the length of the depletion layer must jncreaSe,C:'(x) will
be a triangle, and‘*iiill be parabolic with an inflection point

at junction 2.

Sunmarizing our underétandiﬁg of' Lthe Torward blocking mode; a model con-

8

gisling of two forward blased diodes and onc reversce biased diode vieldg-a
V-1 characteristic similar Lo thal of a forwvard bLlockling SCR. A reverse satur- -

alion current will £1oW $n the model as in the real device., At sufrjbicntty
. t N o>
: 1
- high torwvard voltage (lagge anode to cathode vollage) the & -field at Junction

2 will become so large that avalanch occeurs, accounting [for the abrupt increase

I

in, current at  high torward voltage (al maximum forward voltuge, region 1,

. : Fig. é~l). We also see, as a conse?fence of' the sketvh‘ofufigupe 2*8, ph&L*tL;-'
~ lightly doped ntlype region betlween junotions L and 2 is ronpunslbie ;nr the
SCR'sYanLiLy {.o Q}OFR large forwa;d voltages. Thc.itght doping yields a Widé
deplctiuﬁ layér“and a smaller pe&kég~field for the same voliuge difference Lhan '

would occur for heavier doping. Thus avalanch ig dliscouraged by light doping.

Of course, the ideal diode behaviour i1s modilicd by surface leakage effects
caraund the junction as in the case of a power diode.
T
The reverse blocking mode . (anode negatlive with respect Lo the cathode) is

1
1 s

on Ly sllght]yfcomplicated by the fact that, both Junctions 1 and 3 are revérse
; " Pl )
v . '
biased, and we might ask-how the applicd voltage divides across Lhese two Jjune-
tiops. Junclion =z is slightly forward btased and has o polential drop sldghtiy
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tess than in the thermodynemic equilibyium cage., Im sketching Tigure 2 - 9,

we expect that a3 the manode is gradually made more negative with respect, to

" the cathode, the 'Wditional" voltage is first taken up by function 3 becauzes

the reverse biased diode having the smaller reverse saturation ®
current will be the diode limiting the current and will have ‘ \\\\;
the largest voltage drop.“ Junction 3 will have the smaller reverse

- ;
saturation current because; [ : '

k]

its~p=rrlayers are more heavily doped (compare N, between
junctions 2 and/;/to N, between Junctiaons 1 and 2, Fig. 2-7).
Recall that the reverse saturation current depends on the con-

. vehtration of holes in the n-layer and clectronrs in the p-layer,

——

and the move heavily doped the materiafls arc, Lhe smaller will

be the relevant concentrations.

s -~ {

~

As the reverse voltage incredses, the maximum value ot the E-field at Junction
3 increases Lo 'the poinl where avalanch occurs. The junction does’noq melt
because Junclion L now limits the current. Turther voliage increases cause

the potential drop across Jjunction ] to incrcasc ag ils depletion layer widens

_whil%_ybé potential drop across Jjunction 3 Wemains approximately constant at .

its avalanch breakdown voltage. This is the situalion sketched in figure 2:9;
Again we.sce that it is the lightly doped,.thiék, n—lé&er that ls responsible:
for the high voltage rathng (compared to transistors) oi‘i{szCR, and the mo&el
ylelds the reverse characteristic of a diode which agrees with observed SCR
hﬁ&racteristius ig the reverse blqcking mode.

Finally we consider the forward conductling ﬁod§ (reglon 2,.Fig. 1),
The“only-yéy this mode can b? explained -In terms of the geries of diodes mugel‘,

is that all three junctions must be forward biased ' Such a phenomenon could

3

. . - T —— ' ’
not ocvur in the series connection of threc independent diodes. llowever, we
- 3 - . \ .
shall briefly consider what might be observed if the junctions were forward
Y - . '
, .79
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‘ biaseﬂ, keeping in mind that we don't know how to get 1nto or maintain guch v\r

a staée
P ﬂﬁ; potentlal vs. diatance diagram'ahould be similar to that of the

thefm%éynamic equilibrium case excdpt for slightly smaller Junction potential A

~differences and IR drops due to the large (in eomparison to blocking currents)

forward currents (Fig. 2-10). We would expect the largest IR drop in the
crystal to be acrosgs the 1jghtly doped thick,n-type layqr between Juncttons
1 qnq 2. Not only is this layer the thickest but is has the highest resistivity

due to its light doping.

.

I-R DROP

.

Figure 2 - 10 i

As the applied voltage iﬁgreaées, the forward drop across the junctions

1 and 3 should decrease, and the current should increase as in the case of a

forward biased diode. As Jjunction 1 allows more carriers to diffuse into thé\‘

n-type layer between—3unctions 1 and 2, the carrier density in. the n-type layer
increages. This increase in carrier density .should décrease the resistivité of
the'material, ﬁgrticularly in the lightly doped n-type regign. Therefore, the
IR drop should ggg-incregsg pgqbortion&l to the éurrent.h This model agrees
with the observed behavior of the forward voltagé_&rop as a function of current

for an SCR (Fig. 2-11). Of course there is also.s forward
Y ’ .



Typical data for 50-100 amp sci‘a

. Flgure 2 - 11 !

-

. drop due to the potential differences across the Junctions. ‘'The forwand velt-

}'age drop shonld be less than for two diodes in series because the potential

drop across junction 2-s8ubtracts from the drops across L and 3.

- Summarizing, the three diode model of an SCR is not satisfactory in

explgining the forward conducting mode bectuse junction 2 must be "forward

biased" while & very large reverse current passes through the junction, If

only the problem of junction 2 could be "golten over" the shape of the V-I

characteristic for forward conducilog could be explained in terms of junctions
1 and 3va/é the conduct1v1ty modulat1on of the n-type layer between junctions
1 and 2. We have no means of ggtt1ng into or remalnjng in the forward conduc -
tingamode ancording to our model, Therefore, we must search for a more sophis—

ticated model in which the junctions are not so independent. '\ !

[y -
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. sistor model which must also be reverse biased. wé'then "break" the SCR into
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The qu.Trqqsigtoﬁ Modol of an SCR- o ' S _. ©

Ag a next ytaep in urderstanding 8CR Opératioh,WQ'consider modeliﬁg the

-

SCR as some interconnection.of three layer devices since three iLs inter-

L'd .
mediate between two (diodes) and four (the SCR). The simplest three-layed

' !
device with which we have a reasonable degree of familiarity is the ordinarpy

bipélar transistor. The tr&nsistop'normhlly fas one Jjunction feverse biasad-
(collector) so we still cannot model the fofwgrd conducting mode. However,"
we pursue the model of trunsisﬁors for the forward blocking state since we may . -«
gain éome insight in gettlng from the'forward blocking to the forward conduct, -

ing modv,ﬁnd we can do something with the gate terminal (which was ignored in'

the diode model). Gince Junction 2 is the only reverse biased anction in.the
forsard blocking SCR, anvtion & must correspond to thé collectors of the tran- |

a pnp and an npn trangistor as shown in figure 2 - 12.

Betore maLhnmativ;lly analyzing the tWO\Lransistor model, we consider the
physical properties the circuit should have. . This "physical reasoning" 'stép
allows some measure of checking the yalidlty 6f the mathematical results. 1In
the forward blocking mode, the anode 1s at a large positive potential (téns-
hundreds-a thousand volts) with respect to the cathode. Our transisto; model
will not be good for many hundreds of volts or larger because the high magnjtudé
of the forward bLocking voltage depends on the thlck n-layer in the SCR's, and ,
transistors do nol possess such a layer. ln'the forward blocking mode, Ié
(wig. 2 - 12) Iy zerH, and TA'and TK are very small compared to the device

current rating. 1L musi be truc that transistors 1 and 2 are both in the

"cut-off" region of transistor operation because:
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aiF' V(a)-llf both transistors were conducting, IA ‘and Ix would not. be ;.:
e ' oY
_small Therefore at leagt one of the transistors must be ° :
: . . . - ,J. . . '§ . - © A
) L " -+ eut off," ., " . f o R : ‘ Lo
I (v) Tf transiatorx? is assumed dut-off, IB2 mUSt.be small, L9
- is Limited aﬂvly by transistor 1, therefore t‘k‘ansistor 1 is

I
A : 4L

. -‘also cut-qff "

o .
. . IS . -

M

. te) 1f trans;stop L is assumeﬂ cut -ofif, IC2 must be small. 182 . )

S is limited only py trnsistor 2, therefore transistor 2 is

also cut—off: : o o

rl

If a cunrent pulse Iéfis introduced into the gate 1ead;-transistor/2

¢ . [ 4

c2

to conduct which further increases IBQ which increases 102, e

begins to conduct and I increasesl This in turn causes transistor 1
tc. The two

N

'y ' .
", transistors dre connected in a positive feedback ltop, &nd eventually (in

- micPoseconds) arrive at a fully-on (saturated) state so that I,
’ . S, v e

blocked. It is this "turn on" or "triggering" mechanism that we wish to

is no longer

AN

furthé'ﬁ“"explox‘e. .

The.basic transistor current relations are:

o ._...’..' . -‘_.,._‘ ) | .. .v 4 ' t . . ’ N
L” N P - Icl. == 9‘:Izl I'Icoi . Ch
. Ic' -+ Ia(, 7[5'-0i Cz ‘.‘-

. Icz"" ""OQ'I;A + Icoz. (@A

C - Tn+Ilea+le=0 " (20,

1)
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Applying thede baﬁsic, relations to the final circuit of figure 2 - 12 ylelds

. ‘\ . " ’ d . N
the following equationsg. . tge

, . 5 Transistor 2 . /\

@ N Ica +lgp ~ Ix =0 R -~‘(Z'i.,_
®  La=oal,*Les (T

| | ' 'l‘rans\il\g{orl .
@  L+lg-Ie-I,=0 - (%

N @D L lea -l I, (T

We choose. Lo sol.vg: for the anode current ]'A in terms of the‘gate current

: ]’g—-" First we, '?xgtexmtir:al.j!_y. eliminate J’BQ'

<

Substitute J inty 3 .

Gy L.+ I,-Ic=0"

Substitute J into 4-

@ . Ig +ICZ~IK = _aIIA_"ICOl,

Next we eliminate T ., by’ substituting equationg into equation by

» o +° - S A . P, )
Ig + sl Leon =1y o Ia-Teos
The terms containing IK are collected for convenience in ellninating, 1

g SR | K
Rearranging h2, 4: | o ) - ’
I "'(“l")Ik*“ Ia= ~Leoi~Icoa

Substitute 1,3 into ly 244.

hY

.v- | - I +(“3~’)(IA*I3)*“IA Ico: Icoz

1,2,3,4 may be solved for Ly in terms of 1 . ¢ -
R A N Tar ot Iaz-Low-Teon
| | I (ox +o\,_-[)g.. 19 "'Icoc"Icoa. -
IA =" — I.I‘I "'Icq"'Zcoa. .

o, *aa;--l_
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. v This is a very strange result! It atates that wﬁeﬁ.tge an§de is
positive ﬁithrrespeCt to éhe cathode and the SCR is in the forward blocking
mode, the current flows out of the anode lend. ihua the 8CR deljivers enérgy}
to the external c;rcuit as if it were a battery, Of course, the result of -
the c@lculation seems absurd only if it is assumed that a, and¢;2 have values
near one. Experience with transistors shows that near the cut-off region,
a decreases. To make sense of our result, we must consider the variation of

- & with collector current in a transistor.

:
Digressfbh "
Let us brimfly consider the basic Operatlon of a transistor
according to the electron—hole model. The two Junctions are spaced
_closely together (Fig. 2-13) so that the mobile charge carriers that~
diffuse across the "emitter" Junct*on can further diffuse across the
central "base" négion and be_collected by the high olectric.field

at the "collector" Junction.

DEPLETION LAYERS

LI LIS B
it c ¢
E ZniTtTan _p : :": : P COLLECTOR
| EMITTER JUNCTION COLLECTOR JUNCTION
B | sask.

Pigure 2 -y13
As the mobile carriers traverse the base region; some carriers will recom-
bine. At low levels of minority mobile cagrier concentration, the probability
of recombination is pr?portioﬂ;l to-the carrier density. u-expresséé the
fraction of mobile carriers diffusing from the emit£er that survive in the
“‘basé region and are collected at the collector Junction. a can be aecreased

@ .y

by mahing the bage region 1dnger and by reducing the

&6 - S

R
>0
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"liretime" of & carrier by-adding certain impurities which Aisturb
the. crystal laxtjce in'; complicated way 80 B8 to inoresse the Probv-
oo ;&bility of recombination. The 4 for transistor 1 (with the long

| -type layer) usually ranges from less than 0.1 to about 0.4 depend-

ing on the particular SCR being modeied and temperature.

To explain or model the variation of"a with collector current,
the action of lattice disturbances ("tf;ps" or "recombination centers") A

is examined. Each lattice flaw which migbt be due to a physical imper-x,”
. . 2

fection-or certain impurities,iﬁ the lattice creates an inhbmogenuity
in the electric field at that point. For example, in the p-type material
of an ﬁpn transistor the iﬁﬁomogenuity may attract and hold or delay'f‘
at that site ("trap") an e]eotrqn " Now the electron's charge and the
.o . original imhomogenuity attract a hole. The eleetron and hole recombine,
leaving the trap ready to collect another electron. The trapping-
recombination effect takés place in addition to the reoombination due
to the random coming together of holes and electrons and thus increases
-the rete of recombination.’ As the density of electrons in’ the p-type
material increases, implying an increase in the currént density in a
trangistor, the traps become saturated. That is, most of the traps
have electrons waiting Lo be recombined. Thus at larger current densi-
ties' (not due to increased drift but due to increased éarrier concen-
a tr;tion), trapping becom s less significant as a recombination mechanism.
This means-that the pate'of recombination does not inérease in proportion
to thé current denéity and that a higher fraction of the carriers will
reach the ool]ector, resulting in an increase in a fl Trapping is
probably important in both the emitter depletion layer and the "base

regions of our model. F1gUre 2-14 illustrates a variation of the a's’ .
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with current and temperature. At higher temperatures, therse are
more carriers because more covdlent bands are iénized and therefore
b . ’ .

a higher percentage of the tr'aps are saturated,

'.o—-—

H

™N

o-85

) . 0.8~
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Figure 2 - 14 -

Thus we see that the a's of the transistors in the model are less: than

5 q.nq”also Gi (by positive.
9 - T

ond. [f Ig is applied and gradually increased, O
feedback action) increasé due to the increasing current den%iﬁy in the tran-

) sistors. Rvenutally as Ig is inc‘reased, oy + %y apgroache—;s one e.nd IA
appz;oa.(:hes + ®. Thé physical s;iqnj.ficance of‘. IA approaching “ is" that the
SCR is no longer blocking so that current can fl'ow freely, and'.,t_ha’ﬁ th‘e éate
current Ig can be r‘emoved since 1t is no loné;er important ir.l determinin.g IA'
Once the current density in the SCR is sufficiently high, the device triggeré

{ .

and sté.ys conducting until the current density is lowered by external circuitfy

o ~ until @, + a, <1, The value of the anode current that will maintain a, + ;12 >1
«‘_i‘. ~4 T o7 with zero gate current is defined as the "latehing current”. The "holding ,,

™. current" is defined as the value of the anode cufrent_in a particular circuit

. ”
" P « : . -




GO RN A | ) TR AR LR L AT R

EANR LU N ERUEE RIS 1o LR AR SR S TO R JFA VT Q0 A NIRRTl CENE R
ot ) [ ! o R AN oo ot

v o v oy T AV
e R

(A

at a glven temperature at ﬁhichdthe conducting trénsistor will switeh back

- \ to the blockiﬁg state. Note that in the Jholding current” definition some

»

- gate current may be flowing (but not enough tor keep the a g rngn). ' *\\h
. NS . -

- It is possible to -trigger the SCR by means other than & current pulse

R 4
, into the gate terminal. All that is necgssary is to increase the current

density at 1unctions'l and/or»3'so that the. 6 g increase sufficiently | This
can be done bv‘heating the SCR, shining & bright light on a Junction and |
creating electron hole pairs by photoionization, applying -a veltage pulse to
the anode-cathode terminal and using the capacitive effect currents og the

| SCR to trigger the device, 6r irradiating £hé QCR with X-ra§8, gamma Féys,’a

neutrons, etc, |
We -have now gained some insight. into the turn-on mechanism using the vwo

transistor model, .Obviously such a model is no longer valid in-the forward
conducting mode because Jﬁnction 2 is no‘longar biésedtlike a transistor col-

B

lector junction. We choose & h&f}—he&fted "fudge" by.” saying that we alSO have

R S

described a mechanism to maintain the SCR in the forwapd vonducting state since _-
the current density is high and it Jun@tion 2 began to block the trigger con-

- ditions ( “ + iD 1) would be fulfil]ed Hence once triggered (and the anode

current 1s not limited to a Value leqatthan the holding ‘current) the SCR cannot
,"" spontaneously rptu ta the foerrd blOCking state.e We vhoqse to §§op.the., '

modeling process at this point because we have succeeded to-a_reﬁarﬁﬁblé degree
g “t . X : Ty
£ - in. explainihg. the groww V-I characterintjv’of the SCR &nd because'furbher o I
modeling is difficult\ To mode 1 the forWard oonductlng mode of the SCR, ﬁe

-

R would have to cazeTully consider and balanoe difﬂusxon and drift effects not o A

onl.y at the threé unct,ions but alf‘o the bulk mé.termfl b@twee!’nction 1 and' : g
. %

14

3. WG ‘alsd know that oonductiv1§y modulation would modlfy the drift parts of

\

) the model’, Turther, to, model the trlggerlng process, we would have to take - . 2\
.I . ¢ - . -~ , k h ! B o
into consideration ap.least-twq_mmdels of reeomblnation. While moTé detalléd v
v n . » v ) ’ . " 5 ’ . '. L4
1 : 'L' ‘( . v ,
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modela wouldtQartajnlv be 1ns€,bo1tvs and even abaolu\e]y necessary it we . '

’ were designing SCR's,’ e modeling process can go on ‘forever. If In the
o . - A

application of an SCR we 1iqd our prcsonl mode I's Lnsufflalent we will oither

/
exPend our models or else have Lo go doepmr Into e]ectron—hole modaling. ' %
. IR '

We next Lonstder the stati( V-1 (haﬁacterlstlc of the gate-cathode ter- -

-

minals ‘In.the case that no vonne(tion is made ‘at the anode, on the basis

k] \
' of bur three diode mogel of the SCR, we would expect aﬁ%atq-cathode V-1

l
-

characteristic similar to the dashed curve in figure 2-15&.

o

-SHlClON2L715 A i}
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Il- . ‘ i ' \ N
\3 “ 8 [ \ '.I" ‘.1 h
e . e
| ._\
: vl : S 1 " :
3 . FPigure 2 - 1Y t
‘< _ S )
. N \ . ) o - '-. M ¢ \‘ . 1y
' : The aq¢tual V-1 vhaructcrisbiv is shown by Lhc solid LUPVC%IU figu&e 2 - 15a. ‘-
. ) ’ . . i
I The dlliexence° bctwcen Lhe daJhod and the uOLid curv.e ar% rather e331ly ‘ '
EEE N '\ , - -
. explained in termg of our modeu. Surfaoe lenkage ] ,l&llows more current v
¢ N 5 o " - , l.' . . .
v . . . . EE .
“to flow in'the_zrevkrse directlﬂn_than would be expeutcd i¢ the® case of an
' idéa] diode. In.fact, su<h ]edkago palhs are (pchallv provided in many SCR's

v - ('Uhorted emiLLer " GOR! q) Yor roaSMn ‘rglated Lo the traisient characteristics

.o . (ﬁ@’be discussed later)‘of'thc SCR. In tlie forwird direction, the -bulk resist-

. ~
e N \

‘." N .‘. Wt . . . ‘x ., . ' . .‘ . ) . ) . . . )
.+ +ance of -the p-type gate layd%fwhlvh is much, less heavily doped than the n-type
| N N . L) 13 \\ - ) )
{ . S TR - ' L )
ek F . . . . . P )
. . o . “ Y v e N 3, ‘l:‘ ¥ v g H / | »
.;. - Q&Lhoqeﬂbéybr,amgLYVo congidered. ''Therefore at "high" forward voltages or .
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ourrents, the gate- ¢athpde terminals appear, more like a vesisto& mhen a diode.

TR et e et Sy * A o,

e - In the case that the diode is forward blocking, again our model predicis
that as the gate voltage' is slowly varied, the V—I characteristic should be

nbout the game as jn the cagé of no obdnection to the anodevuntil the gate

5 ?

current begins to be 80 1arge that triggering is imminent (Fig. 2 - ]6)
. g
. ' - i‘v‘r_ £ 4
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Figure 2 ~f16

Once the SCR has been triéﬁered the gate Characterlstic changes redically,
.= ». acting like a"me due to the cuzrent passing through the Juncfion from

t¥e anode circu In fact, the-gate V-1 characterigtic will deﬁend to some

~ . ”
' ‘extent on the anode ciréhit (bigure 2 - 17). . .
* - ) ' ) ‘ﬁg: o ‘ * -
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' The gate V;I characteristic under conditions of révefge blocking is left as

a problem (Lab problem 2 - 2) for the student. | -

SCR Transient Characteristics . ' f*f

If an SCR,.resiétor, and battery are connected in gseries as ghown in
figure 2 —'l8a; and the SéR is triggered by a step of current into the gate;
gome time will elapse “efore the circuit current and the voltage'across the
SCR reach steady state. While the time required to reach steady state depends
upbn tﬁe pértiuclar SCﬁ in the circuit, timés Qﬁ the order of 10 ¥ sec - 50 W sec

are common. ‘- The total time to reach steady state is frequently subdivided into

\

three shorter times (Fig. 2 - 18d), important from designdconsideratipns and

related to distinct physical processes.

'Y D

<The "delay time",7)”., can be related analytically and'experimentally)to
the time required- for. the mObile-carriers.to.cross.the SCR regions- correspond-

iﬁg to the bases in the two transistor model. Thusij can be ¢onsidered the

tiﬁe”requiredffbr the current densitlies at the transistor emitter junctions to

H

change and begin increasing the trans;stof alphas. The "risetime,"J”., is d

Pl

the time required for the positive feedback process:of the circuit in the two

transistor models to increase the current densities such that a *+ @, = 1.

The clhange in current or voltage (0.1 to 0.9 of maximim) used to define rise-

time is in accordance with generally accepted conventions regar&ing pulse
wevelforms. - TQQ rise-time decreases &s the -gate triggepiné current increases

because large gate currents help to build up the current dengity at the Jjunc-
. [ K N S-
- | ,
tions faster. The sum of the delay and risetimes is freqﬁently denoted ag the

"turn-on time." Clearly ‘the turn-on time will vary with gate current "drive"

. t

and from SCR to SCR. Turn-on times are\typically on the order of several micfo-

seconds.

L ‘ S g’ze

<
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" rent wére gradually increhsed.' The gate cyrrent can then be ‘reduced to a '

8

.

The remaining. time until steady state is reached is called the "spreading

_ ije",??s. Our models for triggering and forward.conduction were made on the

basis of examining a filament of the crystal. ;Not-alL filaments are Lriggered
simultaneously simply because some filaments are nearer the gate than others,

Figure 2 - 19 illustrates the "spreading" of the forward conducting state in

r 4., .
-

the crystal. ' . '
€ crys a- ) : | " VOATE.
PGATE - C f
—CONODUCTING
CONDUCTI NG SLOCKINOG
BLOCKING : /
—~CATHODE . CATHODE

- N ‘ i . \\
. ‘ \ | |
c’ Figure 2 - 19 \\ ' l)i

h)

While at. the cond of the risetime only a sm&ll area of the crystal is Conduct—

lng, all of the crydtal area 1q conducting at the end oi the spreading time.

N

. Note that the anode currcnt is 90% of its maximum value at, the end -of

the risetime, yet only a small area of the crystalsis conduuting. Under such

1

conditions, the current density in the conductlng axea may be very large, heat-

5 L]

- Jng the area to h)gh enough tempexatures 1o’ damage Lhe Jungtion() In order to

| prevent such damage, a max1mum di /dt is usuu]ly SpO(liLGd ior an LR, allow-

&

-

ing the conductlng ares to spread fast enough to accommodatc the incrca51ng

current. The reason for p]aclné\the gate in the céntez of some SCR crystals

! ! .

(Plg o - 19b) is that the <onduct1ng area has only“%o;spread about half as

“t'.

far as in edge trlggered SCR s (blg 2 - 19&) The dl /dt limitation can bc

reduced as waell as the' thrn on'Lime;by "drivihg théﬂgate hard." 1If a large

H

current is Lntrj?uced in the gate.Ibad'Quring the Tirst fey microséconds of
. : ' o . . CR ' -
triggering, the'initial triggered area will be larger than if the gate cur-

TN
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lowef value until the anode curfent rises to & value tﬁat wili maintain the
SCR in the conducting state ("latching current"). Figure 2 - 20 shows an
"ideal" gate current waveform that sllows the largest possible dIA/dt, has
& minimum turn-on time, and has a duration long enough to insure theySCR will

Y .
stay on for the given anode current waveform.

. .
> \ R

I A : . . 1
3 N - MAX ALLOW&D Iﬂ : ‘
) “IDEAL"
[
\* . = ’
SAPPRIYIMATION TO IDEAL ° ,
. AN " . . . .
- .
~ MIN. Ty | THAT WILL TRIGOER
———— ] TNE SkcR
> 7, . ) ’ ) of >
IA * . "
-
. " ,
-
t . “
Figufg % - 20 S

) 8 c - ) . .
Such an~"ide§l"\aneform is difficult to achieve, and various éppfox”matjoné v
to such a waveform are pronaeed by practical triggéy ciﬁcuits.~ In géneral, it‘
is ver& desirable to apply a ggte_current waveform w?osg rise£ime is smaller
then the SCR turn-on time. ' &'{ - J
" We now consider é "turn-of'f" transient. ]fﬂthe vbltage.wavéfo;m shown in-

figure 2 - 21 is applied to thé SCR, the forward blogkjng mode wi kvl bo rostorod

s
Since a gf;at .variety of voltage (and <urrent) wavoform% -can restore the for-

[]
\ ) * »

o5

a%



86
ward blocking mode, we will examine the edsential features of this particular -

~waveform.and hope that we can apply our‘ﬁppwledge to other situations.

e n R
* . MAX dVax /d¢ THAT CAN — —
88 APPLIBD WITNOUVT
ARETRIGOEBRING '
FORWARD COND. RORWARD B lgy.i\ .
. | T ¢
yaff'_‘*~ "":};ff i .
|
) 9N o -
p— e e
ot

Figuré 2 -2l

Figure 2 - 21 shows a large reversé voltage applied to-the SCR in}érder
to turn off tﬁe SCR. When the reverse voltage is first applied, a reverse )
current flowé, primarily due‘£o the motion of the mobile charge carriers in
the base regions of thg tWO—trgﬁsistor model. Some &ompongnt of Lh% currénp
is also due to the changing widths of the‘Juhction depletion regions. 11" &
forward voltage wés applied while the curyent was still flowing, the curreﬁt
" densities and therefore @'s would still be large enough that the SCR would A
| re-trigger, and thusg the forward blocking mode could Aot be reachedf Also,

due to the oapacitanceé of the depletion layers, the rate of increasc of

o B N &

IS



' ”‘requtred fO? the stored mobile charges to recombine plus the time for the SCR

'“voltage must'be Iimgﬁed or elge the currents tlewing into the Junodion . .

: oapacitanoes will raise the a s, and the 8CR will re-trigger ~The timef}

to recover 11-,8 forward bloeking capability (due to the av /dt ]imit) is known
_as the "turn-off time",‘g’ e The turn-off time depends to & ]arge extent on

the circult in which the SCR is used as well as-: the SCR, hGWever, "typical"

»

turn-off times dre- frequently presented 1n the SCR data sheets, ”Turn*oft time

becomes a very important concept in high freqpency SCR cireuits. Beoause‘the

turn-off time is usually more,than an Order of magnitude longer ‘than the turn-

on t!me, the turn-off time usually determ;nes the maxipum repetition rate for

. w o
S 3

triggeriqg an SCR.

‘8CR Trigger' Circuits

' We %alx ‘eady mentioned an _"idea.l" tr}gering current, waveform Before L .'_‘

~

a circuit dsed to trlgger an SCR can be designed in detaily the SCR gate spec

1f1cat10ns must ‘be considered. While the turn-on and spreadiﬁg times are

usualﬁy ‘specified in a relatlvely straight-forward way, the magnlfudes of the

voltages and currents that may 'be applied to the gate &re,related in a wore

-
'

complicated way . Thempertlnent gate specifloations are:
(a) Speoiflcations to protect the device from damage such as peak fon;

-~ ward voltage VgK'pgak forward current Ig% peak 1nstantaneous power .

'VgK Igf'an%ﬂmaiimum average gate poper'(VSK ig) av33

(v) Specifications giving the minimum gate currents and voltages required

t

to t;igger the SCR.ﬂ These specifications mre temperature dependent;
1 . ) . - 2.
The gate spedifications are further complicated-by the fact that there is a K
smgniflcant varlatlon of the gate V- I characteristics and the minimum gate _

.voltages and currents requ1red to trigger the SCR (b) for individual SCR's of

the’same type (number designation)-

4

5)?' . - _ . Mv ' . . ;X
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'l‘he gate specifications may be giv@h as 1ndiv1dual nulnerica.l ;'a.tinga,_ ‘ . "

may be sumnarized in & aho.rt, or ma.y \{e gi’ven as‘ combination of thp two.

First we conaider the f‘aqt the.t _\r & given type of SCR, there is a

¢

S Va.i'iaticm in the V-T characteristsics 3 in&ividu,al units. An individual SCR's °© O

[I—

S EXTRENME V-1
/ / : / CURVES
f /L CURVES FOR

| mmonAL acn’a

. : ¢,
,-4"” " .

: ; r . Vek

FigureQ-'22. ,-. _ : T _ | :

'
- +
.

‘t
fal
R e
AN
;
AR 3

W

.;‘_.:_ \ o _ o

We further define t Q region }f SCR triggering jpy denot!% the ma.ximum ‘

permissible va.lues éf :t‘o ",a.rd vdltage a.nd current .a.nd the ma,ximum insta.ntaneous
-t

'

power. As a“help:f‘ul note, we a.lso show (dotted line, Fig 2 - 23) the ma.ximum

.,‘
4

‘average poweri N N - o E
. . "‘.AI R . " . ‘_. ] . ) I. . '..

ot e . . . -

W - . ‘;_.-.' . j\ N . . . ) . . . "
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Finally, we'congider the fact that some currents Ig and gate voltages

-

VgK are too small to trigger the SCR. 'There is cogsiderable variation of
_ - _ _ . . :
the minimum triggering quanitities ameng the individuals of a given type of
SCR (a specific JAN serial number or mahufacturer‘s code catalog humber)ﬁ

Because we want the inférﬁation for design purposes, we must choose the ggxi_

mum value for the series of SCR's of the minimum current required to trigger
o - - ) ) \F'\ . d .

or minimum.foitage required to-trigger the SCR. - Thus all of the SCR's of a

" given .type can be triggered ﬁith'a voltage or current greater than_the
[RY . 4 .

- - N

specified amount. " These values: are frequently'given at several temperatdrés

1]

"because the SCR's are "easier" to triggeriat higher temperatures. The clear

area of figure 2 - 2k is the triggering region for a givén type SCR. The
| _8 .S 88 g reg g1y ype .
actual V-I characteristic lies somewhere in this region, the voltages and
currents are large enough to trigger any SCR of the given type, and the volt -
. 7 . '

age, curredt; and power levels are sﬂfficiently low that the devite will not,
' o

\

MAX AvERAaE (7 "
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There is an infinite variety.of-triggering circuité fdr SCRs, and there

o single "pest -one" for all ?applications. 'l‘he design of the triggering

cuit must include not only thé logic for the: desired control of the SGR

o «'\is
but .also the characteristics of the anode circuit : For exe.mple, the simple o \_‘.
. ~- _7 .circu.it of figure 2-25 is intendcd to close the relay a specified time a.fter |
S ~ switch "S" ig- closed.” The tri‘ggér‘ circuit wi-ll usu&lly be chosen ag an
integral part of the timing circuit thUS minimizing the number of components, N
. T and the triggerlng pulse must laét long enough for the current in the induc- |

'

.tive anode circuit to exceed the latching current.

' ‘ , ) o
RELAY cOIL =
H - /‘-—— ) I . T’-M' ~O _ ‘\ .. . o “ N o
= | Awd | - . . o
S . , '[ S ‘| rRissmrive] - oo |
N -~ o DL AS _ - Ty )
. ) | F'.igure 2 - 25 . _ . o o o o < “oe
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Lﬁff“"*" WQwahaJl eensiéer-& varie%y~ef triggering»cireuita, not an an-attempt to- >ﬁ"”““f”fﬁ

‘compile ""dictionary" of . circuits but s a apur ta: tho 1magiﬂation. . o “..E

P e . e e e e

. HIGN GAIN |
 DIFPER Muwwu
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a Figure 2 - 26 \ - ‘:> o o
Figure 2 - 26 a and b illustrates two circuits that control thé current

through a load ré%isfor R, by sensing the magnitiude of the input‘letage. In

- ‘ . L
both céses, the load current flows in the‘posit;ve héff—cycle'of the -source ‘ | __':5
v oﬁly‘after ﬁhe soufce voltmge_has.exCeeded some pfesqt mhgﬁitude. Obviously,
'thése t;igger circuits operate over the eleotrival angle of 0°«< e<90O of the
source sinusoidal vo]tage.. If the SCR has: not triggered by,the ?}me the volt—
age applied to the gate ‘has reached 1ts maximum value, the SCR cannot be

a

,trlggered without decrea31ng the value of R,
S\
R ’v\\J/F . \

The electrlcal angie ‘&% which trlggering occurs (assuming & sine WaVe 1nput)

P oalled ‘the "firing &ngle" The flring circuit of figure 2 .- 26a is an
'inexpensive circuit havlng.a far.from 1deal. triggering wgvéfofm. .The triggef
 .yo1tagg riSeszsiowly, uhduiy limiting the ma&iyum perﬁissiblg value of
dIA/dt. 'Aléo, tﬁe_voltage_at which triggering 6ccurs ﬁill depend of the |
individudl SCR dhd its temperatufef The diode D is required to prevent

excessive gate currents when the SCR is reverse biocking (fememper the gate

R /1 3

s
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2 - & few millivolts, the higb gain ( N'los

the amplifier switches td‘its'maximum positive output voltage. Thus a "step"

of vo]tage is aUpplied to the power amplifier that "drives" the SCR gate

tude that is independent of source VOltage, steep triggering wavefront, and

?e&adependence ofAthe firing angle on temperature."HoweVer, the amplifier

P

circuit is clearly more expensive.

Sémetimes it is preferable td vary the phase of the controlling aneform

~ ~ . rather than vary the level at which the Lrigger circuit is activated.

// Junction will be in a avalanch stabe whsp/the reverse VOltage‘exceeds 10-20

N volts). Figure 2 ; 26b shows a more elaborate voltage aensing circuit using‘

_( . & high gain differential amp]ifier (frequently an operational amplifier")
~As 1ong as the battery voltagé g exceeds the supply voltage V by more than

or more)~am|}ifier will be saturated

This cirouit has advantages over the previous circuit of a gate driVe ampli-

at its'maxipum negativé-output~VOltage.J'When Vkekceedh E b§ 8 few millivolta;.

particularly'convenient'phase éhifting circuit; having the virtue of an output

§

;\ voltagékmagnitude’that is independent of thephase shift, is tzg'"thyratron
phase. shifter The circuit (Fig. 2—27) was originally invented to work with

" gas thyratron tubes, but the circuit works almost as well with SCR 8.

g
CENTER-TAPPED TRANSFORMER

C

IL
A}

Plgure 2 - 27
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T

afiqfé" Thta*circuit tq'mbstfeasily analyzed by conntructing ite phasor diagram I
s o ia aaaumed that the transforMQr is lightly loaded 80 that 1ta leakage reactance . ;l
7, and resistance has no- significant—effect.- Then‘;; 5 a;) andj;- all have the - -~£f§£
Sanm phase angle, !:nmting that ‘the cUrrent through & pure capacitance leads |
tha capacitor voltage by 90 ; and further assuming that the output current .

~ (drawn by an external circuit connected to terminals A and B) is negligible |

compared to the current in resistor ‘R, the phasor right triangle with hypo-

tenuse Vl- + . V2 is constructed
‘ 'k —r - - : L Y : ’ - ’ »:
-)Yl + V2 + IR f Vo = 0 by Kirchoff | ' ,
The locus of all points B for different R's ‘must be 8 semicircle having radius
- — ',
|V fy ‘Vé|by elementary geometry. .Thus the phase of V ut = VBA cen be varied

relative to the phasge of?? from 0 to 180 R and V will have the same
(
amplitude (the radius of the semicircle) regardless of the phase” shift It

is possible to have phase shifts in'the range 180°° «4 <36O by interchanging

- N
~
!
.

the/gositions of the;capacitor-and‘resistor. _ .o
' . The gradnally rising sine wave out of a phase shifter makes & poor SCﬁ :
,‘gate pulse. ‘WhiTe a large variety of ways to ‘sharﬁen'the wavefront“ of the - )
gate pulsge exist, such‘gs the circuit of figure 2 - 26b or schemes usinglmono-
. stable multivibrators, there is & class Of semiconduc%or devices specifically
| designed for this purpose that may be’ applicable. These devices (called ‘f
"breakover diodes 'y “éhockley diodes s DIAC s, etc.) have the property that for
‘low voltage levels (O-25V), they block the current If higher voltages are
.1mpressed acrogs the diode, they"break down" in a féy microseconds. The volt-
\age 8Cross the"diode rapidly-decreases; and large currents (on the order of | ' | >
amps).may flow. Figure 2 : 28 shows.p.circuit using a "DIAC" (G E) to modify

the wave front of a sine wave.

. . : . N

[ '_'Ib.?; - o
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‘base-to-base voltage, The constant of proportionality Wz" is called ‘the

ST - MW S [ Y N . il T A - N B L .- 3 o . 2 " 13 T B . . -y S -4'~ A Y
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Another device that deuems spec'ial‘ mention in- regard to SCR triggering =
") R

This device- can be used in eircuits to provide time delays, integrators, osC

circuits is the uni;]unction tra.nsistor" (also called a "double—baSe diod

lators, and level detectors._ In additipn, the output anefoI'Ins of relative]y

simple Unijunction circuits;m reasonable approximations to the -"1deal" trig- \)

gering waveform for the SCR. fhe uniJunction ‘bransistor (UJT) is a three

terminal device whose genera] ized V I characteristios are shovm in figure 2 -.29..

TYPICAL L0AD LINE -
INCREASING Veiga -
CURVES FOR CONSTANT

MUTS '

] ] R
Vor , VYma Ve s,
Figure & - 29- R : \

Note that the characterigtics usually presented for a UJT are the emitter- -

~ base 1 characteristics. _ The peak emitter-base voltages are ‘proportional to the .

¢

"intrinsic standoff ratio" and ‘isually has a value near 0.5-0.6. Once the -

. K

emitter-base voltege has exceeded the peak value, large emitter currents may

“ flow. . . _ e

4 [
- .

~Tn order to gain some ingight into the UJT characteristics, We .consider

the phvsmal eleetron-hole model (Fig. 2 - 30). The bar of material between base

* -

terminals_is a lightly doped, n-type semieonductor. with no eonnection made .

‘to the emitter terminal, the bar acts as a resistor, usually having a resistance

velue on the order of thousands of ohms . ’.l‘he'emitter 'tergni_.nal. is connected to

a p-type "dot" near tf middle of the bar.



. | ~o emiTTER
CONNECTION -

\ :
o J (
“FIRED"
. Figyre 2 - 30 - : -
When a fixed pot.entie.l differe.nce is applied to taminals*m a.nd B2 + '

(BQ posit1Ve), the potential distribution along the resistive bar appears .

If (afber ‘having teken into account the metal—semicon-

’

as in figure 2 - 30b

ductor.contact potentiars) the potential difference Von is smaller than *j’
)

theip-n Junction will be reverse biased, and QnLy & small 1eakage current will

”

is increased, eventuallyﬁ%he p-n'junetion

A

flow. _As the potential difference V
~ o o _ ._EB'.

e e/




- .

' the n-type baz, they are. swept toward BL by the Arift field Gue 4o the -

_ldecrease the resistivity (conductivity medulation due to increased oarrier

electrostatic f]cld or have recombined

N PR T T N T
s e L DT : e \
. . - o ’ .
' . N L . oo .
' . * ~ “ T T . '
. ¥ . .

-~rr\~ﬂillcbéeéme“ferwdrd:tiased«““ﬁs hcies*diffuaeFfrom“the“pstyps'material:intQ?ffTW. T

. .

_potent;qi differenoe Ve #t -applied to the. bar.~ The mobile carriers then oo

'y

4

density) of the bar between E and Bl. This increases the current flow'trrough

'E, reducing the resistivity of the bar between E and BL, increasing the current

--_‘I', etc. EVentually (microseconds), the external circuit limits the current

E

'flow, and the-potential differen&'ltetween E and Bl is small The "Resistence“

or E Bl ~ of the emitter-base terminqls is’ typically on the order of a fey

IE s T

tens of ohms after the UJT has fired. If the emitter~base 1.Yoltagg is decreased !

-

until the p-n junction 1s”reverse blased the initial state (fig. 2- -30b) wi]l

be restored after the carriers between [ and Bl have been gyept out" by the

-

-

~ ) _
As an exampie of a UJT triggering circuit we coqsider a clrcuit that

could be (and has been) Used #8 a light dimmer (Fig 2- 31)

L& s 4

. R : t
110V AC
N
/ - P .
A o Figure 2 -3 S T I, :
T lf. N f‘?’ 0
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Ty

'l‘he chrrent through tha }oad .‘cesiz@tor (Rﬁ) ca.n be varied by adjusting

’ ¥

the value of the vesigtor urn, To emalyze the circuit we first c%nsider S

\./ -
triggered This voltage 13 a full we.vew rectified sine mwe a8, in figure a
2 - 329..- TW SCR is triggered ohce dhring each half oyole,, the voltage i
aoross the BCR should appear as in f‘igure 2 - 32b . We agsume perfect on+off . '
action of the diodes and the 3CR fOr simpli-city m 'surv'es to lower the :‘ v I’{.
.voltag%yBB across-the {YJT to its~normal work’mg volte.ge (around hO V) RBa
_and RBl are chosen on the basis of the UJ‘l‘ specifications 80 88 to 1limit the:
.}
current ‘when the uJT fs conducting
. S
Vax ACROSS. THE scn
- ASSUMINGYNO TRIGGERING
- |
2
SCR TRIGGERS EACH NALF-CYCLE
VOLTAGE DROPPED ACROSS R,
:P ‘Ar . . L . .
c" E - ' . . ) ¢ K ~ [
- Vgm . ACROSS UNIVUNCTION .

Vo CAPAC/TOR. VOLTAGK *

VOLTAGE ?smk;s APPYIRD T

cl L J r ScR Mrf! )

T ) Figﬁreg - 32

e, Toes

L) - . .
. - o .
& . - v
. . N . . : * e
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AN '.L‘he resiatn.nces Rmnndjm are uaua.l‘;’ mtmh less the

¥ i \
Um‘ between temimlsh B and- Bl. ‘l‘hua “the UJ'J.‘ base, ,o-b&se voltage \VBB

eﬂenﬁi&lj gqm tQ the volizace raerusa x and c. c_ined . The. eapacitbr ; A

s volta.ge v eontinues to increase during %ach ha.lf cycle ag long as V B VQ,.-
- ‘s
R ﬁmventually, the c&pacitor voltage reaches the value ? 'cand the unidunc-

' tion i‘ires. ia assumed to bp O 6 in figure 2 - 32c. When the UJT i es,
. . ¥

)

h current pulse into the gate of the SCR.. If the capacitor and the UJT peak

N\
P

voltgge are large enougp the SCR wi]lﬂbetriggered ~ The gate current ahﬁ

Kl

. BN acteristics, the value of RB and of ‘course, C.' Once the SCR has been tﬁig-_

I
N
. A ', w

A
s 4

1.9ﬁ T, durlng,the remainlng part of the ha lf- cyc]e. At th@ end‘of ‘the half—oycle,
R ! ' ' o

B the SCR anode current goes to zero since the source. Voltagé goes to zero.

T 0 Tw . -

o ) Y [/

s "41 The SCR turns off,and the'circuit is prepared to repeat the»cycle. This .
. .
B example, outlinedvln the' crudest of models, shows one of. the many'w%m UJT'
¢

Koy

)._‘. ) . ’ '& te ¥ v -~

. “and the student who is seriously interested in electronics, logic circuits,
. A £ . i N

t or analog computing circuits is encouraged to further study this devrce.

3

U o It is frequently desirable to provide dnrect current isolation between

v
L the gate of an SCR and_the_trlgger\circuit. *Anpulse_transformer connected to

T

. N . . .
- . . . ’ ¢

v A SRR . . . . .

,bion. . . ’ . : >
l- . . - . ) N \ . .
ot ,\/‘ ) N ’ i v
- N i R
¢ : . - s . ) e

. ' -
) . [N
. L N

s ) drop across _the conducting SCR Therefore the © pacitor does not charge up,‘

the capa.citor disch&rges through the emitter terminal of the UJTdending a .,

'q.hpulse duration are determined by the umr characteristics, ‘the SCR-gate char- _

gered the voltage across the triggering circuit is Just the forward volt@ge T

are utilized in trigger circuits. The UTT is a particularly versatile device,

%»the:gate.(Eigtjé_—-33)ris one commonly used method providing the'desired_isgla—
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.-?e In the cases where the size anﬂ weight of the pulse tranaformer are critioal

a picket fence gatervoltage—wavesh&p&tmay be ehoawn The nicket fence. .
. . : ‘\,_ a

oo (Fag o Bha) 15 an approxmmation to 8 desi%able triggering waveform such as

B o e - S ] . - , ‘.__.--
% - R . . N PN -
shown‘in fthre 2 3. LT e L P

o7 .Vn(" W | S
v -“ . '. - ? ¥ < . “,
_ . . . o . R . o
iy - Rnonn . S
AN - v . ° "'—i_'.i
N i ¢ @ :&‘ ""

‘..l . - = _ J» 2

e . . . ' ’ ' . ‘ . ; : l + . n ’ : -

%@“l . .. The, size ‘and weight of 8 pulse transformer are relafed to theﬁvolt-time .

) B integrai of the pu13e waveform the traﬁsformer must deliver to & given imped— . .f;;
.§f;: - ance. This statement is based on the.faot tpat iron dore (even exotic ferrous

< >

;Af-- o 'rmaterials) have a maximum useful flux density "B ¢ "for 8. given application.'

l‘ e The flux g is roughly equal to the Plux density times the area of the iron “i 3

AT core. e o | - _.n . . S B

ht . . ' . v, T 5 L. * v ) )

"»«‘;.: : ‘. ) ) . . ‘: . Y . ' ¢ =, B\‘.‘A o~ n ) - 3 . |

oo The vbl&age e appearing across the ‘transformer terminals is related to the flux
by Faraday s low " e

fn R B
‘\u,\\‘xmd ‘szw,\a, 114




~:I:ntegmsuz:ingi,_____,'_____________ s e qfri R

| fed --wm -r¢)~’ nA(B. B)

VSIS Y SRS

As the volt~time integral of a pulee increases, ‘the maximum Bé - Bl beingﬂdwww

1imited by the characteristics of" the iron core; n A must ihcreaae. If n

2ol

”

S increasee,'mOre turns of thicker ¥ire (keeping winding resistance the same)

X N imply 8 1arger, heavier transformer. A1803 A increaéing implies 8 1arger
f%:u'_'v transformer. Obviously the volt-time integral of v ‘one . spike of the picket 7
L ~ . }_

) fenoe ig very much smaller than the . volt-time area of the entire gate pulse. - _“;t?w

The transformer flux recdvgrs or*ie reeet" between the spikes of‘the picketf

- v

Sy v fence, Hence a smaller, 1ighter pulee transformer may be utilized with the
P I, - e ___.-.______s-_,;,. R th
¢ ‘ pichet ~Fence wavefOrm than with a single gate QS;SG. e _‘g__ T
. .1" - ' . X
The triggering circuits preeented in this Iy

apter havevnot been presented"

N

Ih suffi ient detail to represent A%re than thebgerm ‘of an idea“ EVen the

- - 1 -

o ' UJT circuit which was primarily intended to. introduce the student to the - -

:;; characteristics of-a UJT, was modeled in only the crudest terms. A much mere — e
?1 ,-'__ . careful modeling'would be required‘to.design euch a circuit.' ' The basit¢ ieeas'-- B
_i«; h, this section on triggering circuits is intended to conVey are: .

'gf’k - a), The deSigner of a triggergpircuit must interpret‘the gate date v

? R . carefully, ) fe o X S o )

. ¥ . . . . ' .
(4] - x :
. . . <,
3 )

b) the characteristicg of the anode circuit as weil as the gate
| circuit must be considered ' _ . e - -~

P4 -

Te) . the trigger clrcuit may.contain a sigﬁificant portion (or all)ofﬁ

R ~the logic circuitry and sensing circuitsgused to control the SCR. - o 5
, % . ¢ - . " B

d) the trigger circuit to be used must be selected from the infinite;

L LIRY "

variety of possib]e trigger circuits on the bagis of the epecific ) N

¢ -

application
e A reaily 1ntelligent choice ‘of & trigger ‘circuit ruquires experience, crea-

AR v £

iJT"' _-fctivity,,and mpst important° a'careful evaluation-of the "deeirable features

of the-cireuit; For example, using B nicket -fence triggering waveform . involves;

. . . . SRR : . ¥ . L.

- . R v ' U 5 . . - .

U D LU S SR __._..__.___:,_..... - N SR
URTI SR o TN P - N e N AR B v

™ R ‘.'. .
Tt .*‘l- FI i




Once the SCR hae been triggered the ga,te loaes control over the devioe .o |

S

In order to. turn the son off éhe andde current muet be reduced below the 1a.tch-
1ng current (reducing current density a.nd the‘ i 'e 80 that el cbt 1) or by

ma.king the anode negative with reepect to the cathode (inetituting reverse

block:ing a.fter the current traneient due to carrier storage a.nd Junetion

LN

- capacitance hae passed) When the SCR anode circuit ie connectecf to an AC

. \ u

source, the alternations of the voltage during eech ha.lf cycle serve to tugn. -';_ \

off” the SCR. If t:he SCR is connected to a BC source oxy i? the SCR musi’ be __ \ ;‘:’

. turned off during a ‘half cycle of an AC  sourcey some eort of "turn-off éircuit'" o
' g ; ) o - P . ,

. | must be lemployed. “ | : | ) : » SR ._ B e ,
L ‘ "The "ci rcuite that” reduce the &node current to a value belcw the la.tching ﬁ
: \ RS u‘currentke;re‘ eaid to "starve" the S_CR.- 'N& simple "eta.rva.tion“modé"" turnoff )
L circuits are?shown din _fi-gure 5. 35, | o - i - 4 L T 0
N . e ' ¢ : o )

>

i
1

1

® Ny
¥
N k% w ¢
» R~
\ ‘g : (8 . ' .
) ) . N .
. 4 " . v v 3
- v e ) T . . e ’
. | . _ . . . < - -
v o . ' . .
¢ & Y . N . \ 6
Ca . oo . . .
v ) ‘. ) . ) .o - - A T 2 oy o CIN
. - R . R Y @ : . ) . N
s Y < . ' . v . .
R t _ Ce ¥, : . N : N
- K & . N » . .. a N . N - <
. : '~ o . - Figure 2 - 35 o

Opening the switch of figure 2 < 35a obvious'ly reduces the anode current to

c'-'
‘-\‘

. zero, Closing the switcm in ﬁ'gure 2 - 35b bypa.sdes the loed current around

&'

‘the SCR, After the SCR he.s turned off, the swi-tch is opened. These circuite. ’

”»

T ‘Dj




_apélseldsm~used~sxeept~ut~iew-pewcr¥&eve&sL(1e8s~than»soms-hunsisdsfcf-watts ;-~w_m5'

capability) whers switching transistors tske“the placé of-the switcﬁss._‘

Bl L AL germanium tranmistcr would be-gneﬁerred over-g silioen trsaqister for the -

Mo %circuit of 2= '35b since - gerMsnium transistors have & lower’ collector—emittsr

! A
A . . o . ‘.;\«‘

ﬁv?_ | - voltage drop when ﬂriVQn "on . _ .

C Applying a reverse VOltags to the SCR Untii it has turned off requires o _;E

~

: circuitry more complicated than.the switch used in the starvaﬁion made turn-
of f. Such circuits are turned "commutating circuits" because they are used

DR ) switch" the SCR anode current. The commutatifg. circuit may be an 1nt38ral R

Rl

'part of the SCR application circuit. (as in the” case of the phase controlled
(;ectifier-inverter of chapter 3) or it may exist as an SCR appendage,»function— : fi
T ing only to turn the SCR off - There is e large Variety of" commutating circuits

including a) underdsmped 1c circuits (Fig. 2 - 36a) which are said t0 be self-

1
[ ) N & - +
f: \ . commutating because no other mwitch device is necessary, b) capacitor com- «

. \ 1B
. mutated circuits (Fig. 2 - 36b) where a, charged capacitor is .switched 8Cro8s the ‘
_conducting SCR (The switch is ususlly another SCR), c) combinations of uhe“

. N . t. : ) -
two schemes as in figure 2 --36c, d) external pulsed circuité such as shown
8 T _‘ o . ' > ) ) .

in figure 2 - 36d, and so on in endless variety.
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- o For the ao.ke of mpleT we - eensiéep a- p&rtrieular eemut&tie& eire\ut -----~--f}7
-'.(Fig. 2 - 37) This pdfticular circuit is aymmetric, hgwever, th@ cireuit

can. be. mnde‘aagymmmtric by chaosing SCR2 of a. much amaller current capacity et

than SCRl and ohoosing the resistor conneotad to SORa to have a much’ highar

resistance value than the resistor connedted tQ SCR

:

\ . - 0_’L1!"_ ;
—_E it

—— .
- - n %
‘ e} C.. g
- SRR < e
© . Figure 2 - 37 ' Sl S S

. ' C . < R L
e T . N t. R
N . . s

- The purpose of" the circuit of. figure 2 - 37 is t o'shift the flow of current N  }

3 2
_froﬁ one resistor to the other by'alternately triggering the SCR'suh The SCR's
do not hgve to be triggered periodically, ‘but may. be,triggered at any time e
intervals that are 1ong compared to RC. - The desired eurrent waveforms are - A

shown in figure 2 - 38. - ' .
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We shbll define the ihittal conditions or thil cireuit as SOR conduct- .rg

~~ing, SCR2 forwtrd bloéking) tnd~tslumn thii’nituution hes - exilted for some T

long tf&e period. A traneient will be initisted by trisgerins SCR2 The

‘expacted stendy state 1'~s:2? eonducting, senl forwurd blockinc. 'The deoiaion e

to aqhoose .thesé initial .co itions and the expected steady state come from

) examining thoscirouit and knowing the purpoee of'the'circuit. We had five
possible steady states: 1) both SCR's conducting, 2) both SCR's blocking,
3) BCR, conducts while SCR2 blocks, b): SCR2 cOnducte while SCR blocks,

5) the circult might oscillate, Knowing “%the funotion of the oircuit, we
eliminate possibiiities 1, 2, and 5 as circuit‘melfunctione nt best. By

examfﬁing the circuit and observing its bpsic symmetry we suppose that states

-3 und h represent likely steedy states. Ve arbitrarily choose 3-&5 the condin

tion.of the circuit and will examine the transient involved,in getting to

Hstate L, The identificetion of initiel and steudy states Ay seem~ridiculous1y

trivfal in this simple circuit, however, such 8 process aids in understanding
apd modeling the circuit. We are "lucky" that the problem is so trivial, for _

msny circuits exist having hundreds of possible steady states &nd simplifying -

\

~ the problem by choosing the appropriete states. is no-eaay task.

, Let us’ further assume. that E- is much larger than the forwsrd voltege dcop.
across an SCR when it is conducting, and’ that the SCR current when the SCR is
forward'blocking is very'small compared yith‘E/R. Such assumptions ggx permit
us.to‘trest the SCR's as'perfedt‘switches during some part of'the.time under

consideration. We start with the initial conditions (Fig. 2 - 39). o .

oo .

- — ; *1_"0 E C - .
. . | $3 § a™=nR; | .
s & : e
T o |
N - S \‘ - % \
Ax Fiéure 2 ~ 39 - 5
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is condudtgggxn_

Initially, a current - /R 13 flowing throwh Ry since ‘SCR,

. 'The only current through R2 would be the blocking current. of SCRE which is o A
I . ' S
: negligible (by-assumption) The capaqator is ohargpd to tha 'voltage B with L L

the pbluﬂw shobn in figure 2 ) 39» Next: an-tﬁggexing pulse is sent to the -

[4

AT R R

S L
gate of SCR2 which turns ¢n in a few microaeconds " Note that before turn-on,
<f"the forward blocking voltage on SCR2 was B = V ‘. w‘hen-SCR2 turns on;_Vé is

applie&‘ to sqﬁl_(mg,g Tho),_turnim.gff .SCRE. | - o N ‘

o
.
7
\\\ -
.
-

4 R' | :f" k‘ - I'AI+

e -

\ -. . | 9CRy T

Q - *«IA'
— . TRIGEERED
; - .  Figure. 2 - hO _ . -
P ¢, partially dischargoa through SCRl and Rl as the mobi le carriers ih SCRl are "

8

.'being swept out of - the semiconductor and reoomblning then SCR, no longer LN

¢

1
‘accepts current,-the voltage aCrOSS capacitor C continues’ to change with time

. constant R,C.~ If the rate of change of voltage /dt is below that value that _
.1‘ . . % . . ) " H . d V
_ ’ N . - —.8CR ‘ «
‘ will retrigger SCR1 (known form the SCR data sheet = - — ), and if thg

' ddpacito£~is large enough - that the ‘SCR éurreht ceases before fhe Voltage A

polarity across the SCR - 1s in the forward direction, the SCR1 will be able to

block thn forward voltage, and steady state will be- reached in about 5 time =
E constants (R1C =7) is shown in figure 2 - hl

(e N T >

f.
b
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Now, usmg Klrohofi"s voltage and ourrent Jaws, We can plot all the significant

w .

VOltages and currents in the - circuit (Fig 2 - _’42)-
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That the sapacitor is sufficienﬂ!y large to turn on the SCR (absorb the

reverss current during turnoff) 18 usually determined by triai and error..

A..
dt

in series with each SCR It is assumed that R is 'Y known load We have. sonh;en:

'Pinsldy,the turn on” may have o0 be. Limited by placing sodb ipdthanae.gi'.

sidered in this example one of the simplest turn-off eircuits.' eferqnee'S

at the end of this chapter is especially recommended for suggegtiong of a

variety of turn-off cirquits.. .

P S

S P | | SR ‘ SR i _ T .

_ aid in remembering and understanding the circuit characteristics of" the SCR

7)3nce the SCR has been modeled not only do the published data- and specifica-

' of view, but to impart some idea of the kinds of things‘that are typically

| -impOrtant concept in modeling non linear circuits is presented which is, &

-'steady~state reached at the end of 8 transient depends on the initial circuit -

gy U DR S . - . . . B N

In this chapter, several models of the SCR have been presented as an

P g

v

“tions of. the SCR become more intelligible, but device behavior not normally

specified on the available data sheets can be anticipated Triggering cireuits ‘

\

have been presented and discussed not from 8 detailed design or analysis point 1552

considered in choosing or designing sdch circuits. The unijunction transistor qf-
. has been presented in some detail because it is & commonly used" dévice in R

N

IOgic and. trigger circuits for SCR's. The UJT's characteﬁistics are drastic-‘. Jt_:

-‘ally different from those of the transistor, and few students are familiar

;;with the deviCe. Finally, in the analysis of an SCR turn-off circuit ‘an .

single cirCuit may have a variety of possible steady—states, and the particular -

o

v

.‘gconditions and the disturbing (or triggering) signal, In this oontext,_ witdhes

rlthat are time dependent voltage dependent or current dependent are considered
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Tem i - N i . . Y 3
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G&ven thut tub doping denaitiea B an/SCR étarting at'the anode are’ig a

i

""anode 3 _;317 1019 atdma/ec, .-TMﬂ”_ﬁﬁif-.": s_g}.
P g | _ T
.-\- R ¢ ) ND L] 10 | - .'._;( ", .A». .

emte N, = 1017éjdf T

C : =109 - S
. cathode Qb ~:}Q"'%- o T e

and thdt the SCR.is for ard bloeking with VAK 500~volta, find the S
: v : <

width of the depletioﬁ egion fbr the blocking Junction (2)9 and the

gate—cathode Junction (3) o o iV S ’ :¢

“’, . . ) . (R - . L ) ,

. . . D Tw ‘-'-_4 o . ..,.. cl e .
2. fEstimate the dielecmric~strength‘of §ilicon knowing that if: the SCR.of =~ . - 7

T  exercise 1, when the:SCR is reverse blocking 500 volts, the gate-to- v

..- [ ) - Nt . ) S t s » - e . . ! . » . . . .c‘ ‘\'
w cathode voltage is 1l volts as measured by an FET VOM (input impedance. S <
i .- - Dor . . I . _ o L
; 107 o . o X :

3. show that tHe rate of change of Voltageiacross the-SCRfof figufe 2 - h2 T -_'7

{ ) during "recovery" is 2E/(RC) N g ‘ : .

: E Y “, ’ fa — : ’
rmmmml o - _,f o o ;-

. The following 6LrCUit is a commonly used SCR- "turn off" cirquit in %hich ‘ e
SCR2 is triggered in order to turn of't SCR You are. asked to plot the appro:- ‘

) priate f;1tage an?»current Waveforms that describe the intended operatlon of ' ;'Ji_fi

) ) thig circdit and answer the fohlow1ng questions. T : Cx : i, - )

é{ | i ) f*“a) Does theé circuit design depend on the value of R in ways other .

ff?j??lf;. K than selécting the current capabilipies of bhe‘two SCR's? X L ” .ﬂ;

- o ;
IR




\

qs' aimultaneously witb'sCRl What eould'he the adenmage ofwsuoh a

scheme? e - s_, S “an7

S T T e . S U Qe VA S DU DU VU L

c) WL the Cﬁrduiﬁ °P°r&t° properly th@ firat time the»@ource ig’ 'f?-:;ﬁ"
. s _;_ .

- T applied or muat sdme agditienal circui%ry'be added tQ aatdblieh

the proper steady state"?

7.

. +

o

" d .-'.

S De SOURCE
. _ ;7 ¥,
\ N - o Vo |
Problem? . o EESRS S | )
X .- - The follgwing circuit is proposed as an’ CR'£urn-:ff cir&uiti. SGRé-ié .
D "';.t'riggered in order to. turn off SCR]. Tater scR]b is trigsered to turn.off o
e SCR2 You are*&sked to plot Ehe appropriate voltage and'furrént aneforms ' “ :
" that deseribe the cireuit operatlon and answer the following questions, - ';
a) How wlll the diod@-VOJtage rating be related to the oC ﬂnpply ]
; *h voltage? o x .mf_‘ N _ : - - .oe .' o ;
. | “ | S) How should the- circuit be modeled if the time periad betWQen '
CLoee - | SCR firings 1 very long} ‘ : ] o M - « .
o e) Will the, circuit o_beré-ﬁe properly the IfifS'bl_{‘:imé the source 1 : L
;ii‘,. ;;, T cén:ected or is.some adﬁiﬁidﬁhl_cir&uitry féQUirBd?- -' o \
122 t |
ﬂ | o L




LaboratOry Problem 1 N

. : . . -_ L ' . .Q
3

“We are specifically interested in SCR triggering circuits. It is

'desired to control the current through 8 ]oad rssistancd RI’ representing &

v.---,_.

150 watt light bulb (120V). The SCR- controller is to he used to vary the

'"e;mness- of the 1ight from no light at all to full "]ighting power EAn_“

Y Y

nation of Several encyclopediag of electronicWCirouits produces the
¢ .

following "fﬁght Dimmer ‘oircuit, R }

4

£

110 AC LINE

'f'.M‘rCD ‘ ; +c

YOu are to design a working circuit. It is not necessary to minimize cost

The data sheets for the available diodes, SCR's, and UJT 8 can be obtained

. . at the laboratory. You are specifically asked to present 8 "typical" firing
;g'c' .'3'angle.vs-rBSistance R, curve, and a light bulb current vs R, curve. There
\ . . . ‘ .

wflf \C " are two small difficulties you must consider.: If you construct the. above cir-.

,; o cuit it will be difficult to make oscilloscope measurements in the triggering T
%ﬁaf' EE circuit beeause of* grounding problems (all available seopes" have one input , "
%@ff_ o terminal grounded), and the value- of R will change as a function of current ,' -

L




‘Laboratoryxﬁroblem g’

e - FA—

Some types of“ta%ggoring eiﬁcuﬁts QQntinue to supply'pulses to the "

Lfﬁ;;kﬁ\ N SCR evon’dhen ‘the SFR is reVerse blooking i Suoh pulqes add to the . aVerage
'i";jﬁi;,“ et e A et S : e o e
. -“qgowggidissfbgted in—the SCR‘gaﬁe cireuiha Furthermore, tha gaba oharmtterw‘M~-
! : \"'«o

1stics mav seriously afrect the triggering circuit. Thérefore it is desired

bo determine the" gate V -I characteriotiés while the SCR is revorae blocking.h.

. N . .
..‘

Will tho gate qparaoteristios depend on the anode—oathode voltagof WALY the

a

K R . IR EA
. o
: &

vonnection of a resistor between the gate and chthode tqrminals signiﬂioantly .

A X
affect tha,h}ocking oapability of the SCR? Try to relate your angwers to SCR

CoooN

#

models . Data shoets for a 100 amp, 500 volt SCR are av&ilable at the 1abor- BT

< , - . . v

L

o atory. ' . _ . . C )
o ' W : : . ' F ' . - ' S . E
. - Ve . he . ., -
PR : ' ¢ < a : - L i
'.: - . LR . . N ! : - " - . ¥ \; L - ’ . * . . [ .;:
L References - . C o R . Ty o -
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:1 '..';pwere thia chtpﬁarn :lnﬁrdduoea two u.der 1dm Firat is the uderuluega" bf'

-'repeated aemln ani! seuin tha: ateedy stp.‘te, -and aecond u the idea. of

| "itera.tivo modeling" where the mpdel is aueeeeaively rerined unt_:ll the enwera

cha.pter are a diecueéien o:t‘ Kfrchoti"sv Luva as a‘bplied to e switching circuit

-.'I‘he' Li‘nef- Voltgge ' COumute.te'd Inverter )

"uveruge nluea ot veﬂ.tne Mad ement i\n pre‘b&em where the s&me oycle iq

yielded by the model hewe the required accuracy. Secondary ob;]ectives oi‘ t%g

i J l

a reviqw of t}%& modeling idéus presented in Cha.bter 1, a,nd modeling a circuit

&

conta.ining an SCR.

. - [
- L Y

‘While "inverter" is frequently used ee‘a generic neme'for power conversion "”fﬁ
circuits, we adopt the following connnonly used definiti‘ons- - & o . ' ("_' . ;
: Rectifier . = . ‘changes AC to DC ‘i o S _‘.-t ; 5@
° | Inverter - - changes DC to AC N “W"""‘ “‘ “° e '?Tf
Converter - .chengee DC to DC at a different voltege B f-, . )

-A converter could be me.de by conhecting a rectifier te e.n inverter. These are

“

not univereally a.ccepted definitions but are sufficiently common and 1ogica1
that their meaning will usua.lly be clear in context.

Iine-volta.ge commuta.ted inverter circuit is shown in figure 3 -1, The
phra.se "ine- ~voltage ccmmuteted" implies that the AC line volta.ge in scxme way

turns off or s'witches the current from one SCR to the other. The ci—rcuit is

intended _to trensfer ehergy from the battery to the AC line. The circuit ma.y ;
eiso be ueedx! to transi‘er energ‘y from the AC {ine to the battery (an efficibnt
bettery charger) N and when. 80 uaed is known as a "phe.se-controlled rectifier"
y because the charging current depends on the pha.ae of the SCR triggering ig-na.ls.'
T e
3 l ;w‘}&;mhww.ﬁ\gt,m{&w\\wﬁmmm,{. - e ""‘“x- i :‘ *ww}&iﬁ




aﬁd 180 (of nn‘e wltege »t) epert. & ﬂ'he phu.se ef the

trigger&ng signel may~be varied rrom O LBO with reapect to: the line voltage

"@?fi phdse.‘ﬂxnowing the‘purpose of the 3!rcq;§, we now begin anzanalyeis of the

. R
e circuit operatlon. RN

¢

¥ WP SRD Y

%3

M Y4 . -

s

Modeling the Circuit - #

- Figure 3 -1 ° - BRI

r- -
e . - oo -, <

Desplte the fact that the circuit contains only & few elements, the cir-

+

thefcircuit

1

sistent with assumptions can be easily identified.-

‘cult operation is not obvious.

The assumptions or models are spelled out 80 thet results incon- ‘

We begin'anelysis-by-modeling or idealizing

. & Lt
' S ¢
RL & . " o
- .
u

rif_ The particular voltdge and current values are not sbeCified,;so we choosef-

o work at volteges lerge compared to the forward voltage drop across the con=«

-\ -

. ducting SCR and currents large compared t0 the blocking (forward or reverse)

current of the SCR.

[

RMS” vOltages between the transformer t&p and one side of

100 volts or. larger end currents of lO amps RMS or -more. will easily meet our

)

requirements and give sume "feeling" of the magnitudes and sizes of components.

a

. _Much smeller voltages oy currents would suggest translstor circuitry instead ¢

switch,

SCR_circuitry.

’ .Nﬁh. I
et

Our first assumptiOn is that each SCR can be modeled as an ideal

&

>
B3

‘.-9-.

A3
DA
o




\’J !'\I e S \
i) “a\ 1'
"” @v

0

‘.

n = numbar g; turns o:r wire { o .

Q o indumn nngnetie it‘lux

I= ourrem‘t ‘iﬁ *lnductor winding

W ] - -

e

g | L‘,_'t.he' :-voltage a.emca the induetor 'termina.‘.ls ia equa’l to ~L a% o ) - -
v - . . - . : \_?' . . . .
since: L IR SN ol

v l:y .Earé.da._y .

bﬁt;’? = I I/n by aaslmption . . 3 S )

_aﬁd.g§, = Q. g% 5y L.and n éonstant _ :‘ S i“_. - '=' i'_ i[%

sévatore, X T T

| R ;/e = - I,?r— by aubstitution._ T i - : L ‘f:

| ’ 3. 'We assune the -internal resist&nce of the ba.ttery is negligible (zero) Co

’ NOrm,lly, the iR drop due to Y bp.t’bery :Lnternal resismnoe is small ccxmpa.red i

. --,,to the ba.tb,t\‘?r.y emi‘ '.l‘he intarnal resistanee af e 1&ead-acid autcmwbile ba.ttery
- for example is only a I‘ew thousandths o:t‘ an ohm for e voltage of 6 volts and an

L -'ampere hour capa,city of 106 A, hr. At the reconmended charge.-discha.rg_e ra.'be of | .

i . 10 -Ws, t_:he ini;erha.l iR _drop}c‘_ha.nges -the temiml vsiltag:e b'y 'ieés thm} %% o

‘h ‘' We assume an ’1dea.l"tra.nsfonner with negligible lea.kage reactance and wind-.

ing resiatance. Ebca.m:lno.tion of tmns:t‘ormer design methods suggests that the

R impedanee due to lea.kage reé.cta.nce a.nd winding resistance combined ia usua.lly

o - oy L qe - . . [N .
s . [ . ' ’ [ T :
1 : *




.1(."

. negligible and the tmqi‘,‘o!ﬂer 1ron ‘d(;)enn’b uu‘bmte,, we can’ uas the 1desl tran -

e e e e e e B -.:-;\.\ _..__,.J,..sv_.,T-wu.___,._ e RN i
T e ;fomer rQl&tion' ‘v “e "'..\"'T' 2 ':,'_.o'.‘ T O N TP R IR ‘

1

N,‘l, I"' N‘_h_ +. N.B i 3 - f} JI by aac\mpt:wn direptly rrom
B ; Amperés Tay o o S o

-;li" : .4  .. ;. J"’ .a? ;5 r’ #‘? ‘- .% : ._;  j {}.pg:{‘ _T  j _»{.

whereg the current dirqctions are deﬁnad as in Tigure 3 2.

| lat ez I - R
: ¢ Figure 3.3 e

. - L . ) .
e ) .. . - N L . .

' : - . K ) ¢ : . g -
5, Tinally, we agsume that the AC line is "stiff",_that is, has negligible' "

L ¢ . gource.impedance. : . ' oo o

N . ' ¢ . B R
! . . T e . . _;gl

Now that the elements he.ve been 1dga.11zed, we begin to a,ne.lyze the modeled
¢ f¥‘
circuit;’ ‘We first label the voltages and currents of interest for ease in dis- §§§

‘. « . »

N o - o -

Sw

-

T e e v,

Figure3-3 Coo T e S D e




0 - T - ' . S K .

‘ ‘Kirghoff's euprent equation ' . . | | :

'.I‘hele oquatiam a.re mt sufficiﬂent to so!lve the cimuit. ‘WO':mua% ’hv{e
e.ﬂdit:hona]; information as $o the switc”h behavior. Not only must we i‘ind o. &p.y

‘of exprese*ing the electrico.l ch&racter:lstics o:t‘ the aw:l.toh ’whioh a.re:

..‘ ) W ..." B o] ,.open * e _ '” thing, 1‘8 - o o - , N - . R
ee S élob-ed"ev'as N "=_. o} " | "'u any’thing, S - I
T;. s & o “'I\I ‘.\- . Cor ’ el ; . ' l‘ ' . R . 'I . Lt . )
R - .but we must know when each switch is 'open'or c’lo‘li_ed.'. Mmi'ning*the' circuit of
w0 .. figure 3 \1, sane f&ct;\‘become clear. 0’_ B o Ty
7. . or. SOR2 is reveme blocking L S o
‘ . _ . ﬂ : > o or S(‘,'Ft3 is reverue blocking T AN B "
o ; ’ £
Also, conai\dering the .loop ccmposed of eg, e3, 82, and 33, it ia cler thet . '
82 and 8 c*nnot simulta.neously be cloaed because one. of the SCR's (depending
on the pol ity of ey +. e3) will be reverse biased a.nd will therefore turn off. :
Furthermore, 1f the inductance is assumed la.rge enough to ma.inta.in a. nea.rly con-
atant curren through the battery (recsll there is no R in the circuit there- '
fore di/dt = E and a. la.rge L :lmplies ‘8 ismall di/&t), md _S3 cp.nnot
-‘ ."‘@ . - ’ . .' . . yoeL ./-‘ retgme! "“""““’:;"'“‘l' \\:‘m&*‘l : ‘ "-‘.!.ﬂ ) . ! | . ' O




o g e

thah bha inductmee ia urgé ' exiduah {'.6 provent the ourrent i.b frcm deca.yihg to

zero. We' hqu eqma uerpsa another poaaibly nimplifying qnaumption._'

SR N 00 S0 L S DU R DT YIRS TN SUINR V- 0 S R RGN O PSE  WUEDNASO Sp et

3
LS . ) .' P P L T

6 Asamne 1 ie a.ppraximutely qonata.nt beoause R 1a 1o.rga.

3 . w v [

N '(,-

A 3

'l‘he remining tmo awitch"ﬁtos, 82 ol’oaed with 83 open o.nd Se Opan with 83

closcd, seem reaaonable. Oncer a switch has cloaod, the 1nductor will a.asume L

whate\rez‘ volta.ge 18 neceuary to keep the current flowing (ﬁith va.],ue Ib)

through the witoh Therefore the switch wi;ll rema.in clond rega.rdlass of e

) BRI

voltage e, a.nd* ey until the other switeh 1s. closed. Then it must open. When

can & switch be clgsed? SR, (assumed open) is forward blocking throughout thé &

r - firat 180- of e, + _63- , . ‘

i % Y = A - @y+Qy L o

N ’ ¢ ' . V,a _ . > & &

.‘ y v " *‘ Vo.lta_'.gé across 8§, 1f Sé' isb- .

R open and, 83 is closed. : CE

s Therefore 82 ce.n be closed only within 0° <8< 1806 From 180 <9< 360 Cals

. * - fﬁ

SCRQ i8 reverse bloeking- and ca.lnnot_t; triggered Similarly, ican be closed ~ o

e onllwithin 180° <0< 360°. ‘ |
>'"\ ¢ | . We are now in a position to- begin plotting volta.ge and current wa.Veforms

" The waveforms will be: _considered for three different '-'firing angles" () at

0 .

which’ SCR,a.‘ié triggered, name}y-hso, 90~, an d 1350' Firing angles of 0 a.nd

o | 180° will not be considered Yecause e, + 63 will not be 1&!‘88 compared to the
% !  forward voltége drop acroep- the_ SCR and SCR turn_.-off vill be more complicated.

| ‘ Thus at 0° and 180° firing angles, modeling the’ sci_z as & svitch would be unreal~
( R | istie, We begin (fig. 3 - 4) by plotting the currents using equatiér;é (b), (_f),,
' .the:switéh,i.ng seqx':'éhcg,'_. @nd the constant curfent io= Ib' whose value is not “
;kv | . yet known. | 'Sﬁitch 2 is cloged '..firing angle o, I.b flows thrpu‘gh Bp until By

e . : L
. W Rk b el L LT, '
] .

-1
- or R . ’ ..




\i:q cl\ond Q\t cln 0+ 180° _Notm tho.t ‘the 1ine current o;‘ the trms!’omor (13'.)

- ﬁm *o. W V!We vmla m vblhge‘h .. d:lm vo.ve. , 'l‘his momn the centerbup

aide 9& yhu_tranafbﬁmer doeu not leok unvﬁhtng lxke a llnonr “m",;_w"_hmw;_;h

Aot e hln b e

eyt s e sy

N Next we cbnnider ‘bhe vol'buge wa.verome  Using équatiorm (d) and (e) and

N ,lmowd.ng thzt e' @r e” !:I aem when ﬁhe oapropriabe Mtch 1\3 cloapd, ve plot )
U g 3
., eo' " We oam pioh e, - hm aolving equatioms (d) a.nd (e) to. elimina.te eos

o
[

ea-ko3'='e - @

w7 %y o
e JG{’ R - | | @
= and Wins vhen -e ® and 6, 83 are zero, We note that thé abmre equa.tion i just. >
’\ - : L M b
A the Ktlrchoff volta.ge sum a.round the loop comin:lng the two switches and the
i » a
ir . ®  centertap tranaformer winding
o © * *  We have yet to determine ‘the values of Ib’ e Eb Consider first the
_detemination of Eb From equation (c), we can relate the voltages Eb and e .
-'l:'.. . t;O'eo. Further, we can use the fact that e .= -L g—% for eL In terms of t_he
. polarities -assigned in figure 3 - 3: ' ‘ : . R .
o . - : ‘diia W S “
- ) ) < . o B S ',;\C" - ‘ : ) ’ ‘ ) . ) .- . o &
per S e and ‘ B
: . | L iy, |

S AR " TR
| -Obviously it; é‘anno.t be absolutely constant regardlee_:s éf'hcw' large I, might lb.é.
% However, it will not disturb any of our analysis if we-alloﬁ'ib to fluctuate by
,sqme-sn.iall amount (éuch,;as a fraction of a..'pezifcent of the ve.l'u'e‘ .’(b). We 'é;‘a.n _ ]
rearrenge tﬁe above- equation 'and integ.raﬁe. |

/ (e° Eb)dt""'L] d‘"b‘ "‘LAA‘,

Changing variables

‘ .

5, (e -Ey)ab=-L aiy.

Consider the form of e in figure 3 - 4 for the firing angle a = 45°, Dpivide
B the cycle into two parts-- ’+5 <f<: 135 s and 135 <e< 360 plus O <B< us Tn

the region hs <6< 135 R Ai is cha.nging from its original value, ib to a new - .
: 45 _ .

o181 L g




I

' .or - . M . .

RN
PP

. ,;h,;g\ o gy
PRy WA ER Yo S S Y




7~_fF§}Pe 1b335 mhéﬂgq;;riﬁyﬁund\amqunt:bf mhia,bhange depeﬂds on the value of "L
| !?AA,»g : ’br’s‘ ,,4”,, LT o Tl
’Duriﬂg‘ﬁhé'ﬁéit ﬁaft AL 6yéle, 6*Bglih'ﬁh&ngeﬁ ""¥""“t“'“‘f“‘“" el
B 1”4 1uumﬁud—&tuw*'- N C /A ” 'zw’.

Ifaweuare 1nwaqs$audynamate,“ayciwbupmoeeag, mAilmmnntaqqm&iﬁéig, bringing i

back to s original valueat the'bgginning ‘of“the cydle. This i obvichs - - ..
¢ . & B A
frem the definition of a cyclic proeess,_that is" a S S
Deftnition- In a cyclic procesgj f(e) : f(e + 2n) “for . .y and. all variables.
1 -

Cot In our‘set of equations, there iF only one value of B bhat will S&tiﬂfy the

'  cyclic requirement We could find such a valus for each o and determine the -

voltage waveform of 8y, xb is not determinable by any obvious means. Should
§ . ‘
Eb be . different from the value isuch that Ai2 = dnil,\the current‘would “"rotchet" . o
; . SRR -
" A
toward plms or minus infinity. We would no longer have 8 cyclic procéss or .a

AN

' -steady gtate. In actutlity, : ‘steady state and a cyclic proeess would be. attained_

B 4

Af we\ponsidered the iR and other voltage: drops“in the circuit that increase-with

LA

e
K.
fs
¥

current The circuit, current value is determlned by these drops and the value of S T

Eb' We suspect that if Eb has in fact the value oalculated above ignoring iR

ES

dreps, I. will be gero when iR drops -are considered

b

'Average'VQltages.and'Currenbs

- »

Before'considering'resistaﬁcés-énd_stray inductances all over the cireuit,

; '\ we Pause to consider a shortcut, both.coheeptuél.ahd.effortﬂiée. Reconsider

L LN P

‘equation (c), that is:

;* - %o = ?L ¥ Eb

\

- where e is known to a first approximation. Knowing that the average voltage

across an inductor in a ¢yclic prbcésé must be zero.(see the following digression),
@ . ' , - .

we avefage the~equa£ion-®ver a cycle, _ : \

A L




% . ‘b
° ;?ﬁf"' é!..¢f€;> jf%i;/r ('¢3¢,**15f¢,1’¢f¢5?
1r"rtwpuh!7’
dQ +2ﬂ'f§Eb dQ :

zﬁ-fede 'Eb o

Furthermore, because of the repetitive nature of e, during a cycle (refor to

<

figure 3 < !+), : “'NOO‘ a(-H.O.'

n-/e,c( = ,/;*' €, mex .sInQdQ 'Lie,dé

~

' w>i180°

.._L.__.'.‘ coaQ/ =,
This simple eﬁpression gives %he same value of Eb that would have been found
by requiring A}l to eqpal-Aie'

Digression
In a cyclic process, all ideal inductors, linear or nonlinear,

must have a zeré cyglic Average voltage acfdas their terminals. Con-
sider for example an iron-core inductor (a more compiicatéd case than

an air-core inductor). First we topolbgicaliy.“pull out" the ﬁinding

resistance (Fig. 3 - 5), ‘
| R winvpine
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By I‘;araday'a law, e = - n@_
L at -’ |

with the value of the current and the history of the cere. The ¢-I

The iron core has a f{lux ¢ associated

@

curve of the ifron is shown in figure 3 - 6,

K

Figure 3 - 6 '

Suppose at the begihniing of a cycle, ¢= ¢;l and current 1, is flowing.

1

During the cycle, the fltx undergoes some excursion and stops at flux

€

value '¢;2' ~In a cyclic process, all variablies must return to the same
value a_t the end of the cycle as at the beginniﬁg. In the éxample of
figures3 - 5, O if ¢ ¢ ¢,1,' 12 # il' If the process is cyclic,
e = e ¢ = ¢,,land i) = i

Iy L2 i 1 1 2"
Thus

[e.dt=-n[dé=<nw,-4)=0

and, dividing by the period of a cycle;

: +[eL dt a-g_- = O , . | = average value of e

or changing -variables;

/ amr ' ' '
E‘-Y-T ‘fo eL d 8 = O = average value of e

Thus the cycli(; average of eL must be zero. Wriling Kirchoff's voltage
law for the giveri loops

e. = iR + e .
in L

Averaging over a cycle: : ' O
amr

E'?r[zg,-;; de =;$r[?%d9+z’ir[e da

.
T35
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or 1 to be

Note that It ls not neceasary for the average value of €

oqudl Lo zere. Thus the winding res:tsL&nce,xnus%ba negligible or brought
_ ot . '
outside the terminals of the. "ldeal" inductor to use the "zero cycliv

average of the voltage! shorleut, and the argument ts only valid when Lhe -

. -4 .
clreuit variables desertbe’a repetitive cycle (steady state).

The batlery voltage and the voltage Wy are plotted th tigure 3 - 7,

w
T . 4 T
ballery chargce no-vncrgy _ poﬁer delivered Lo line

Lrangtor

Prygrure 3 - Y

: o
Modeling the civeuil -jf ‘ ) ¢

¢

IH chn be ecaloulated uging Lﬂv'uumv artitice used in s¢parating the winding
resislance ffrom Lhe ideal inductor., We move the forward voltage drop across ﬁhe
SCR - (about 1 vélt) around the cirenit loop to Lhe battery. (fig, 3 - 8). ‘The

battlery internal resistancee the inductor winding resistance, the rusistanée of
onc side ol the centertypped transformer winding resistance, and the transformer

Line-side winding resistance arc all lumped in o single resibtor next Lo the |
¢ :

battery. Note that the transtormer leakage reactance ig ignored because ib

di
is constant throughout most of the cyele so that Lleak&ge —a%u‘will be negli-
gible excepl during the SCR swilching.
-
~ ’ t

R N i A
v

T3

st
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Ep = Ey, ‘
1

"T SCR DROP

3

= + 3 +
R Rtpansformer . Rinductance Rbattery

L - ‘ . _ “loo . s el
- 8

Figure 3

ot -~

. ) .
¥ " A . o . - o

Because the current I, is constant, the iR drop is also constant.! Nothing

b
chgnges the analysis we have made so far. :We_merely apply Kirchoff's and

{

Ohm's law to the loop containing the battery E%b'
E, - SCR drop - Ebb\\? IR

S  SCR drop - B,
b . R -

. .
> . L S .
Obviously e, and Eb are no. longer physically measurable quantities because of

the fictional R.

Modeling the Circuit - #3 . _ :
. '-,‘ »

It is a common occurrence in inverter and phase controlled rectifier cir-
cuits that the'tranaformer lef3§ge reactance is not negligible. This leakage
reactance limits the rate of *change qf current in the SCR's (a very favorable

*. % effect) and delays the actual turn-on‘ﬁimé of the géR's an amounﬁk'tcomhutation
anéle) in addition to the firing angle @ The leskage reactance of concern 1is

. - ‘ R ‘
associated with the center-tapped side of the transformer. The leskage react -

e ance is "pulled ouﬁﬁ of the ideal tfansformer as a pair of lumped inductors

‘\)(;~f£F%S+*3f‘~9)- | : I o
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Because Ib is still assumed nearly constant, the leakage indictances
- i

" have no effect wheqever one switch is open and the olther switch is closed

(Ld¥/d£ N 0). WC_musi revise somé of our original thinking regarding the

possible slales of the switches. When SCR. is closed, the current -i

2 2

Increases gradually, ils rate of change limited by the leakage inductance.

While~i? increases, 13 must gradually decreasé, its rate of decrease limited
- - ‘

by the leakage inductance. Thus, during switching, both SCR's are conducting,

We express our concept more precisely:

' e - S t = i — K

lb cons 3 _L2,
differentiating with respect to time -

di. :diﬂ

B

~

assuming the lwo leskage inductances have the same value, the vqQltage magnitudes

across each inductance will be the same since.
€os = L/,.k %f . Lenz's Law
+ Faraday

. diy
Seg = Llcck ?{'
| o e“ - - 6‘3 ’

ST
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during the time both d. and s, are closed

. 2 3 . /S
,e‘ ,. e’ - e!‘ - e“ . f by Kir(-.‘ho‘r:s‘, ‘
since @ =By
TCam Cegy . T ’
and thereforeh By 'Lam o W

je Codtn =L yqny Cla oy~ Lrgen)-

We tongider the meaning of these equations by gra;phing €59 § o2 12, and

13 during e switching operation. , We pjot - o instead of 12 to sh'v; the for-
- . 4 &

ward current through SCR, (Frig. 3 - 10)3 Aﬁsumqfinitiall& SCR3_18 condueting
(33 closed) and at firing angle @, SCR, is triggered (SQ closed). When 8,

closes, the current -12 increases while 13 decreases as the current is trans-

. | . Coy T . o /*\/
ferred from S, to S,.. _Initially, iQ(tl)_ = 0, After Bwitlch_ing 12 - Ib

3 2

The voltage across the leakage inductor is e
t2

(t2)

o+ The switching time (t2 - tl)

must last until & [ e, dt = I . When the switching time (£2 - t1) is

L, b
expressed as an angle v, it is known as the commutation angle. 'Ilhe value of

the angle y depends on the firing angle @ hechuse €5 is small for a 's, pear 0°

or 180° (giving larger Ys) and increases to a maximum 8t a= 90O ( giving the

smallesty ).

“®
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The voltages dropped across the leakage inductances sUbtraQt from éo'and‘

LN

thus modify the value of the battery voltage. We correct figures 3 -4 and

1

A

3 - 7 tehing into account the leakage inductances in figure 3 - 12. The .
analysis betweerr switching times remsins precisély Qheosame;ﬁ The model we have -

now anslyzed is shown in figure 3 - 1l. _ ¢

* - ¢
W . ‘ +
Al M 3
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ES CR ¥ 1 vol*’& forwe.rd drop acrons a cd&éucting SCR. -
R = lumped equivelent resista.nce composed of tmnsformer and inductor
wihding resistances and the battery internal resistance . ,
.r.. ¢ ’ . ' - . T .
A Lle ok - %.leakage'inductange of the centertmped side of the transformer .
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i
.x. ’\) | . - 4,\- . .\:. 4
ERIC . - o 1 1,



Y TTorE T Sy
T SN oy
H . . Vel g \..‘-.-A nrer o e
S 3 gL e
S R A
. y A

L . PHASE CONTAOLLED w0
' INVERTER

X . -

Figure 3 # 12

| o | T1:




"
-
\
14

133

Let Qs reviuw the assumptions made in devising model #1 of the oircuit

1), All thmugh the analysis we have assumed large currents compared to the

'8CR blocking ourrent and large voltugea compared to the SCR forward voltage

drop during conduction. We have relaxed the requirement that the BCR forward

‘voltage drop be negligible in model #2. 2) We have taken into account all

winding resistances. Tt is also not necessary that I, be a linear inductor
(avoided in the "averaging trick"). 3) We have accounted for the internal
registance of the battery. 4) We have 8180 consideted thd tramsformer wind-
ing resistance and the leakage inductance on the center-tapped gide in model
#3. We have ﬁot considered the leskage reactance on the line side. 5) We
still require the line to be "stiff" so that voltage harmonics ("u;essing up
the sine waveshape") do not occur because of the non-sinusoidal current,

6) We atill require I, to be large enough that ib can be considered constant,

N

. : ) :
We could further relax the assumptions using more detailed circuit models, how-
L \

éver, we stop at this point having shown the methods of refining the model and

because further refinements are more complicated’ (but certainly possible).

Summarx

In analyzing the line voltage commutated inverter or phase controlled
. ~ !
rectifier we have used the method of "iterative modeling". The circuit was

simplified to a pqinﬁ where it could be understood and analyzed with reasonable
facilfty. ‘This was ﬁhe most difficult step. 1If the circuit had been over
éimplified it wouldn't work, and another model would have had to be invented.
The modql wes then refined by steps 6r iterated until tﬁe model and its solutions
gave sufficiently accurate and valid results.
The iterated modeling technique is an important amd powerful analysis

technique. Each model brings an increased understanding of the circuit opera-
tion ang the importance and roles of the circuit components as the solution is

approached in & step-by-step logical manner. Such understanding is extremely

iy

‘ X

[ ]



| L3k

valuable in design and aynthesis of circuits as well as analyéia. In &ddition,
ng required sophistication of the model or the next step in the analysis can
be indica}ed by numericeal calculation of given or estimated circuit parameters
or by laboratory experiment. Thus tﬂe an&lysis is only as compliéated ng is
necegsary for the givén purpose. " In each step, the preceding analysis gives
the engiﬁeer a basis from which to work and extend his knowledge in that each
model can be checkéd and compared to physical reasoning, If an error is made,
one need only go back to the ﬁrevious models and try again, therefore, past
efforts are not lost in the case of an error.

Tn contrast, the approach of including all possible circuit elements in
the clircuit model and writing Kirchoff's loop and node equations all over the
place has serious disadvantages. S;Lh 8 method is an all-or-nothing methoq.

I the equations became so complicaled the engineer cannot solve them, there is
no obvious next step. 1If an error is made, one must Begin again and examine

) . \
each step becauge there are few or no physical reasoning checks along the why

///;F manipulating the many equations. After (and if) an answer{ié found, some

sort of simplified modeling is still necessary to assure the correctness of the
answer, and finally, more elements than necessary may have been included in the
circult model, adding unnecessary complexity to the solution.

The "shortcul'" of averaging voltages over a full cycle, presented in the
circuit analysis, allows one to eliminate the inductors and tna?sformers
(exercise 2) from the voltage‘loop equations. A similar "shortcut" for current
equations and capacitors exists (exerciée'l). In the particular problem solv?d
in this chapter, the averaging schemé enabled us to avoid solving differential

equations consisting of Kirchoff loop equations where the coefficients varied

as a function of time (the switches),
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. Exercises

| \
1. Prove that the average cyclic current through a capacitor must be zero.
What about the cage where surface leakage currents exist around the

cspacitor plates (capmcitor current "leskage ")?
3 . v f
2. Ohow that the Faraday voltage at & transformbr terminals must have a ~
. ' Zero "qyclié average regardlesg of core loss¢s.and nonlinear transformer. -

: e
loads (like diodes, etc.), Calculabg the {rerage primary current in the

[ 4
following circuit. Assume the iron core dbes not saturate.

PRIMARY . T *
100 Vome foc 1000 ~ 3 108
) Yems N r ~ |
80 Hx TURNS|[C TuRNe
) o p g )
. ::'! “ »

- _"é
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Problem 1

Determine the maximum power diésipated in each SCR of the phage-controllea

rectifier diagrammed below so that appropriate heat sinks for the SCR's may

¢
'- ‘ ' 2OV
be ¢
e chosen n, GO'\H; N,=N =
(YYY ‘ YYY YN
n‘ /M >

Winding resistance of inductance [, = 2.0 \

Total winding resistance of the center-tapped winding

Ny

= 38,

Total leskage inductance of the center-tapped winding = 10 mh.

Problem 2

Consider a 3 phhse halt-wave controlled rectifiler
! /A ‘
S
. VN .
! Vo

Assume 1, so large that L is constant throughout a cycle,

L
The transformerzleakdge réactance is not negligible resulti

mutation angle ¥ (about 59,
' -

p1> lpas
‘Plot VO, Vv

ID3 on the same graph as a function of t

NE and Vﬁ.as functions of time. y

Explain your:reasoning,‘show a and Y.

a) Plot I

_751(; ,;

RS X . . YL Lo o

ng in

s

ime.

a com- ~~

for firing
angle «
<n/2
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: ) { .
b) Plot TR (current through the load resistor R) as a function of firing

~ . angle a. from O<a<w ,

3;. o . As we can see how to "invent" a hridge rectifier (single phase) from -

- examining a half wave reéctifier, _ ' ’ )
Lo . —_— " _3

o v : _ ,
. - 80 we can see how the "Graetz Circuit" was invented for three phase (maybe).
bof s 4 '

: R X AVSK
— x

a) What is the firing order (sequence in which the thyristors are

¢ triggered) of the thyristors?
" b) It is claimed that In = 0 and that the neutral wire can be removed.
Is this true? 1f so, what.does e look like (neglect leakage react-

- ance for simplicity)?

Lab Problem 1

A phase controlled rectifier is.being designed (circuit below). A working
" model could be thrown together in the laboratory to check Lhe design using a
"110/220 V center-tapped 1 KVA pdwer transformer, an assortment of available

3CR's, a large variable inductor and assorted resistors. Your specific problem

-

concerns the SCR. triggering circuit, How precisely must the SCR triggering

pulses be spaced, that is, if SCR2 is triggercd 1750 after SCR, instead of 1800?

1

whaf happens? How about 1700 or 1500? Beeause precige irigger circuits tend. . |

5‘,-9 . ’ -

I

to cogt more than sloppy trigger-circuits, you ] 4 7

egmmie t oo at o .



must determine the specific effects such & "disymmetry" in the firing angles of -
the SCR's will cause so that you could make an intélligent selection of trigger-

circuits for a speci¥fic application.

clency changes, and component rating changes that would be daused by an unsym-

metric triggering of the é;?js.

transformer design be'improVEd or changed from that of an ordinary power trans-

former if the transformer is to serve in a phase-controlled rectifier?

[

100Y

138

.4 | KVA POWER TRANSFORMER

\

¥

100V ARAP

100Y

Iab Problem 2

The following inverter circuit is useful at high frequencies where the
physical size of I, is not so formidable. The circuit operates best for .small
values of R. The basic idea i% that SCR

through R has ended, C is charged. Then SCR2 is triggered. C discharges through

L

occur at the "frequency

gate pulées.

Plot the important current and voltage waveforms that descrigs\fhis circuit

tt
.

» fR giving a current pulse in the other direction.

1

or more precisely, the répetition rate of the SCR,

assuming a "negligibly small" R. Answer the following questions.

<

8&) How small is "small R"?

b) Whatndoeﬂ&

c) What happéns if SCR

d) Does the magnitude of the output current depend on the triggering

repetition rate?

2

"operates-best" mean?

fires while SCR, is still conducting?

1

’.4‘3 - -

Show the critical waveform changes, effi-

As an additional question, how should the

is triggered. When the current pulse”

The alternating current pulses
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e) What is the highest frequency at which. circuit can operate for a

given set of values of L, C, and R? What ig ultimately the limit-

ing factor on inere? ﬁ{eq'uency?-
- > »

SCR,

1O W
DC SOVRCE

Experimen?;lly verify the correctness of your analysis.

Poantaes Bt
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Chapter U Thermal Chachferiatics of Materials

Intreduction

L)
w

'The basic principles of heat transfer are reviewed in this chapter with
special emphasis on heat-gink considerations. Iour different kinds of model-"
éxamples are presented. 1In deriving an electrical model of a heat flow problem,

" %

we consider "modeling by analogy''. Considering the steady state and trensient’

hodt-flow and temperature distribution in a material, we use a "lumped parameter.

model” of a distributed or continuous system in which the magerial is artificially

- broken up in to many pieces which are considered as individual units. We use

the "superposition of models" in a linear system when considering the transient
thermal behavior of a materisl whgpe a model’ for heat conduction is superposed

' ) o
on a model of heat capacity. Finally, a vesy "specilalized model" of the thermal

characteristics of an SCR under conditions of a particular (but common) current

waveform is condidered.

Steady-state Constant Heat Flow Rt
9 .

The heat generated in a semicondqcting device such as a diode or SCR must
travel from the crystal through some bonding material, through tﬁe cagse of the
device,poséibly through a mechanical fastener system, thfough a chasgis and/
or'heat-sink, and is fiﬁally dispersed in sbme(environment. The temperature of.
the crystal depends on the thermal properties of thése'"components" of the syatem

and on the ambient temperature of the environment. "We frequently have a choice

of' the size and type of heat-sink or chagsis ami the type of fastener syétem that

is to be used in a practical situation. [n order to be able to make an intelli-
gent choice of these "thermal system" components, we consider in some detail the

thermal properties of these components and the way they are commonly specified.

150
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We begin by reviewing the simplest case, that is, steady state, constant,

unidireetional heat Tlow by conduction thrdugh a homogeneous material, Recall

%

frem the eleméntary physics of.heat flow that- the ‘rate of flow of ‘heat energy

‘" pasging through-a homogeneous material (steady state or not) is proportional to

3

the raEF of change of temperature with distance (Fig. b - l).

*

ar - T

“ H = -kAd'—x- . . ’. - T &
H = -power or heat flow (Watta)
A = area . (m?)
2 T = température (¢) .
x = distance in the direction (m)

of the heat flow

A4

.,cor_lsta.nt ="thermal conductivity"
(watts/m°C)

o
i}

H is assumed uniform over A.

&

© L © . CFigure b - 1

"H' is constant and hes the same value for any x such that O0< x <I, because:

the flow of heat is in the x-édiréctj.dn (no heat is flowing up, down, or

to the si\des because. of the uniform distribution of H and T over the

. area A), and
iXi the steady state, the -ﬁempera.turé dist¥#ibution and values do not change

s ‘ ‘(fox constant H) thus no heat -is "us&d" to change the temperature of
the material as a function of time. . J
. Z .
Tt is a trivial matter to integrate, the h%t conduction equation under the given

v

conditions.” Jd

S . . SRR F-3




S R o -
Hdg==kaar- . 7
Integrating both sidea of the equation~ - T

Hf dA = '-\<Af AT' ;f T
HL = -KA(Ti- n) N

Rearranging the terms by algebra,

(KA)H+T T" e

In a physical eituation where fhe dimensions and thermal characteristics do-

Mo

not change as & function of time (we already assumed they do not change as

<

functions .of temperature - an excelleht first hpPru&imation), the constant

(KK) is redefined as "8", the "thermal impedance" (for reasons mdre apparent

-
‘. L

later), thus:

R ’ ’ OC/ [N
+ = . A e
H.Oh '1‘2 Tl\‘ -,.. in . watt

Consider several slabs Qf materlal having different k's dnd L's in intimate:

*

with its k and I which may be different ‘than the 8's of thé other slabs.  _ .

@ b.c_d MATERIALS

T T % Ta Ty TEMPERATURES AT
BOUNDARIES

r(perfect) contact with each other (Fig. h - 2). Each slab has a 6 associated . : . .

LE 2



© Consider the first slab "a",
T M TmT
| The next slab "b",:yipﬁhs & similar eguation,
TQ’ yielding ' b
H@y + HEy + T3 = T,.
For the slab "¢",
HO: +T4 = T3,

yielding

For the #lab ",
(/
HOy +Tg=Tg,

ylelding

-

or

H(Ba+6y+0: +04) =T, -~ Ty

HO o> HOY +HE +T, =T,

N
S

"Vhiéh may be bimultaﬁeously Qplﬁpd with the'prevtous equation to sliminate °’

— R, oy

-

( HO + HOy +HO +HOy +Ty-=T, elc.,

We note that the equation relating power and témperatuﬁftdifferénce for ™
: . o N

the geries of. four slabs of heat conducting material is similar to the equatieon

We are encouraged (being electrical engineers) to make an electrical analogue to {

the heat flow system,

relating current to potential difference for a series of resistors (Fig. - 3):

‘l
b
2



. slonal problem we have

'\_,k‘-_‘.' (o

R o SRR
: RS SR

H = heat flow . o I = current flow

T = temperature . i V = electric potential 3
- ] .. \".“" : 'y I

6 = thermal reglhbance ->- 'R = electric resistance

Figure 4 - 3 o . .

The neaéon;for calling 6 the "thermal resistance" is now apparent. The case

of three dimensional heat flow is slightly more complicated than the one dimen-

~.

\considered, however, if we \hoose areas in tﬁe three

dimensional problem which are normal to the heat f%pw direction, we can intui-
o

iively see -that the same general form of solution, 1i.e.

Pgog+ .T2 = ll,

&

&

wkll_akways result over any temperature range fér any material tbat can be gaid
to have & constant thermal conductivity K" | ‘ -

The notion Qf thermal ?esistthe can be used in almost all praéQ}cal°semi- (
conductor spower dissipation-heat flow problems for the elements of thellhermal

gsystem frgm the cryStaI:where the héat is generated to the heat-sink. The heat-

sink, however, is & very complicated element-ofﬁﬁhe system which transfers heat

. to the enﬁironmbnt by means of conVect{On, radiation! and conduction. Commonly

. H -
uged, commercially available, convection cooling (and forced air flow) heat-sinks
are specified ih‘two ways, Algﬁgphical curve of temperature difference betwéen
the moﬁnting surface of ﬁhe semiqonduétor's case and the ambient ﬁif témperatﬁre

versus ‘''cooling power" may be prqéqn@ed as shown in figure 4 - 4. These curves

!

\’:)‘l
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for the various heat-sink sizes and configurations are the result of umpirical_
test. The "natural oconvection" characteristics of figure 4 - 4 could be roughly
approximated by a Btraight line (dashed line, Fig. 4 - 4). The alope of the
straight line (E—-——Jg) is known as the "thermal resistance of the heat -sink",
Thus, despite the fact that the heat-sink cools by means other than" conduction,

it can be said to have an emperically measured thermal resistance,

ASove ng)

¥%-a

SEMICONDUCTOR SURFACE 3

TEMPERATURE ~ °C

' *
100 WATTS

POWER DIS3IPATED OR
“COOLING POWER"

Figure 4 - L

The féct that in géneral, an object placed in air transfers heat by conduction,
convection and radiation approximately proportional to the témperature differ-
ence of the object and the ambientzﬁr temperatures is called "Newton's law of
cooling". |

As an example of using thérmal impedances, consider a stud~mounted SCR on.
an anodized aluminum heat-siﬁk. T@e thermal impedances for the components of-

the thermal system are obtainable from mgnutacturers' data sheets or could be

measured in the laboratory.. The question ig, "What is the maximum power the

SCR can be permitted to dissipate?"

-
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‘Glven: ‘ . T o S < o

('%r' 0 Maximum allowable Junction temperaturs (TJ) - 100°‘(V3I | | e
. Maximum ambient tngeratﬁre (T,) ~ 25 °c o | o '_ “'
-f}---' : : qj‘;‘junction o ﬁountigg'stud = 1 5 waatt T e e - %j?

| -23 - stud to heat-qink whcn the stud is fastened with the maximnm =

-

&“, permissable stud torque (dry threads)

= 0,35 c/watt ary. .
o ‘
= 0,25 C/watt using "Jjoint compound"
: o . ' , . ‘
= 3.0 C/watt _using insulating | A

mica washer with joint compound.

§, - heat sink - 1.7°C/watt

We shall consider the. case where thi;iCR is mounted "dry".

':}J(iéa’-*5€§g;**€9h.) ;,'T.._ 1E; ' | ; N - B
H("5+C!35+'-7)“100f25" R - -
H= L85 ary 2l waATTs - -

Unless the SCR and heat-sink mounting instructions are followed with care,

the fated thermal impedan?es will nothbe attained. Mounting é sﬂud—mounted.SCR
will usually involve a torque wrenéh. Presé-f;tted SCR's require &.élosé aﬁhef-
énce to_dimen310pg1 tolerancaes ( I .005 is typical). Other types of SCR's
/ . reduirg.ggés%al meunt ing hardware such as the GE FFE?ETPEK or IR "Hockey ;uks".
| Any surface fini;h of the heét-sink such as ahodlzihg or paint should bg removed
,.directly under the SCR, and no burrs .oy knicks'MAj?be permitted under the mount-
ing surfaces. Heat—sinki’cqoled by natural convection are designed to have
their fins placed vertically. If the heat-gink is mounted horizontélly'or near
other objects that might restrict the air flow or heat the air, the heat-sink

. C must be de-rated. If several semiconducting devices are to be mounted on the




R R LR ST Y e L
.F-l‘ . N 3\ .‘\_. . ."' N Doy

AT

same he(t-sink 80 as to unintntn uni form aumiconductor temperatures, the devices

‘cannot ba. equally apaoad nince 48 the air warmms Bnd rises along the heat-sink

fins the top of the heat-gink will not be.coolsed as effectively'as the bottom.
Heat-aink;‘are made of a variety of alloya, the particu]ar material depeqda
ing on the application. Copper is frequently chogen Where the size (volume) of
the heat-sink 1is important, g;gnesium may be “chosen wheré weight is a criticaJ
facto;. 'Aluminum is usually chosen when cost is important. Aluminum heat-sinks
are available with clean surfaces or with an anodized surface, Anodizing
increases the therﬁal\emissivipy of the heat-sink‘with & thin coating on the
aluminum, Painting an aluminum heat-sink with an oil base paint (any color)
has about the same effect és anodizing bn eﬁissivity, howéver, the paint layer

acts-asg an insulator in terms of thermal conduction. - If the heal-sink gets-rid‘

of heat by a convection process, paint-is inferior to a black anodized ooating.

If the heat-sink primarily radiates (es .in g vacuum), paint may be used effect -

"

ively. Commercially available heal-sinks freguently have clean, Bright, sur-
faces. It is frequently cheaper in terms of dollars cost/watt disgipation to

use a.larger unfinished heat-sink than a smaller, more expensive, anodized heat -

sink;

Transient leatl F'low

The fact that the-temperatlure of a device that is dissipating power takes
some time to reach steady state becomes iqportant ig fast pulse circuits (where

"fast" means pulse times shofter than the time required tor the device to achieve

-thermal equilibrium) and in cyelic processes where the power dissipated’ varies

as a function of time within the cycle. Consider figure 4 - % in which the power

dissipated as . function of time is typical ror the SCR's in “the inverter cir-

K

cuits of the previous chapter.. Juch a curve would result in the case o{'#phstant
. g

fprward current through the SCR for half 'a cycle followed by & half cycle of

~
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negligible power dissipation while the SCR is blocking.

L.

- PRAK POWER | o

=P

POWER DISSIPATED ,

1 . —

o~ GALC. FROM PK. POWER -~

—]

Ta - CALC. FROM AV POWER;

—l

Q - w—
. & PEAK JUNCTION

~ TEMR

z [N W

4

-~

b3

3

‘ »= ¢
TN T ——
2 | ! PERIOD
Figure b - 5

3

If the device were operated for a long time at the peak power level, a device
Junction temperature '1‘p could be reached for a given thermal system. If the
repepition rate of the circuit is increased so that the period of a cycle was
very short compared to th% time requifed for the system to reach thermal steady-
gtate, the Juﬁgtion'tpmperaturg would be T& as calculated from ?he averaée power
dissipéted during a period. For time periodé in between thesgiiong and short
extremes, tﬁe peék Jﬁnction temperature lies in between Tp and'Ta. 'In many |
practical situations, knowing Just whe?e between Tp and Ta‘the actual peak
Junction temperature wiil,lie makes a signifiéanf difference in the choice of

an SCR or the components of its heat-dissipation system. /

I3y
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The reas6tn that some time 1s required for the thermal system to reach equil-

. ¢ »
ibrium or steady-state is related to thé "heal capacitance" of the system.. We

know from basic physics tHat 1f we apply thermal energy uniformly to a piece

of material (a "slab") that is thermmlly imolmted from the surrounding world,

the temperature of the material will increase in proportion to the energy

supplied (Fig. 4 - 6).

AE
.—.—}.

APPLIED
TO SLAB

r

Ly~ )
THICKNESS o

Jand m

The gquantity cm

‘e g A dx

AR =
n =

m =

AT =

dx =

Figure.h - 6

= ch dx = ¢ where "C"

fH dt = cm AT

energy supplied

power supplicd

time ‘

specific heal - depemds on material

mass of slab

resulling temperatlure change,
¥

density of material

aren of slab

slab thickness

is known as Lgﬁ "Heal capacity" of

the slab. Nole that the temperature is uniform throughout the slab (steady- -

state or else k, the Lhernmlwconductiujty_is intinite). The heat capacitance

has an analogy in the electrical system. Comparing the analogous quantities:

-

H = heal
~ T o=
é-)—{“ ’:- 0 =
kA

' Thermal

flow //

Lemperature

Lhermal resistance

- P

—>

—-P

hlectrical
I = c¢urrent flow
Vv = clectrieal polential,

R = clectrical resistance
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C = themml C:&paoita.nce |, === " ¢ & electrical capacitance

yiT: S LR et U o glhosy fi% in - S | __;
Lo As-fndtecar ~ —>  aQ=fIdtecav

]
1

C amedfue - avedfrar

>

Nb%e that], the eQUations are analogoua term by term. We hagve not only shown that

eleLtrioal oapacitance is analogous to heat capacity, but that electric charge

] .

-  ﬁ*_ y Q is'analogouq to thermal energy E.” Clearly, analogous does not mean "equal -to"! -

To mggg;.a rpal material both the specific heat and the thermal conductivity
‘-‘mqsb be cgngidered. We must find a way to add together or superpose these two
models. In the case that the slaﬁ is very thin softhat the thermal capacitance
v and résisténce are "small" such that .the temperature variation across the

slab is small compared to the required temperature accur&cy, we make a first

approximation as follows. Represent the thin slab as a three layer sandwich

/I// The end materials have zero

helit capacity and have thermal con:-
ductivity "k". |

as shown in figure W~ 7.

~

S ov/, arsa,’ | | .
. reprebents material The middle material has

of thickngss ax -.infinite thermal conductivity and .
has specific heat c, ‘

oy 4 ' .
SIS .. . . Figure k- 7

~ t \.

T,, and T
J-, 2, | 3

different. -Regarding-héét capacity; a8 heat energy is'applied to the siab, the

.The rationale of .sueh & model depéndé upon T not being very

L]

1empelatures change, and Tl will change in a different manner than T3. If Ty .

and T3 are nearly the same, T will be some sort of'"average temperature" of

.2

t

.]ERJ(j T ? | o L 1 6O |
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the whole slab and will to a first approximation describe the variation of all
three temperatures as functions of time as energy is added to‘or removed from
the slab. Also, regarding the thermal resistance model, if the temperatures

are nearly the same; the temperature distribution in the slab can be modeled

by two straight lines (i‘rom'Tl - T2 and T2 - T3) to & reasonable accuracy.

Furthermore, if T, is nearly the same as '1‘1 and T, the slab must be cloee to

2 3’
its steady-state condition for the amount of heal flow through the slab, and
and thusg the bhefmal reaigtance model which has been‘considered for steady;
state is valid.

TS and TB'béing "nearly thelsame":

Because of the variety of “temperature scales available (Celsius, Farhenheit,

We must define what we mean by Tl’

Kelvin, Rankine) and the particular definition relaling to freezing and boiling

water of the commonly used Celsius-(centigrade) scale, a per-cent type Qefini— _
n T, - T ' " L .
tion such as ——3_T——l < .0% 1s not very meaningful, We could compare the
3 .

temperature difference across a slab to the accuracy we require, for example, we

13

’, H " 1 20 H > - L2
could require "P, - Ty<g 3 ¢" where g is some tactor relating the error to the

3
temperaluro distribution in the slab, but it is not obvious how B is to be
determined. Thus it appears thal before Lhe accuracy question can be resolved,
the temperature distribution must be found.

In tigure U4 - 8, the equations describing’ the behavior of the thermal model

and the analogue of Lhe thermal model are developed side-by-side,

161}
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L!wc:?w PO * . ' - N
AtA A4 . ) : ! ", i
& A},; ~— © WHERE Rs= %%,, -
C= cpAax
” )‘ ! . »
o KA END MATERIALS
H;'-"“m(_T&-";) Io'“*(V‘ \,l)
Hp=-£8. (-%) L= -%(Vs-Va)
. CENTER MATERIAL (USING CONSERVATION OF
ENERCY | . CHAROK ) '
AE-(H. H,_)At-c;AAth . aQ=(I,-I)at=CaV, "’
Figure 4 - 8- |

If we are given sofficignt boundary conditions, such ag Tl and T3 as functions
of time, the othdr parametersu(such'as Hys Hys T2) may be found as functions
of timé using the equations shown in figure 4 - 8,

We again raise the question of accuracy of the model. Suppose that during

v

some transient process the temper&ture distrlbution in a homogeneous material S
\

is given by the solid curve in figure 4 - 9. _- _ NG

~

1¢2
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Figure'h - 9 ‘\“"-
The temperature distribution throughout the material might be estimated using

the model of figure 4 - 8 as the upper of the dashed curves in figure 4 - 9,

‘Such a, curve might be sufficiently accurate for the purpose at hand. Suppose

further that such a ﬁemperature'distribution is either not sufficiently accurate
or that we can't yet tell if the estimated distribution is sufficigntly accurate.

We can divide the material into two thinner slabs élong the plane AA'. Because

| the model is more accurate for each of the new slabs (the temperature differ-

ence écross~the slabs is reduced), the total temperature distribution of the

two slab system is mére‘accufame (the lower dashed curve of figure 4t - 9), Con-
sidering the electric analogy (Figurelh - 10), ﬁe recoghize that this subdividing
technique.is exactly the same as that used in making lumped parameter models of

transmission lines and in. designing delay lines.

~
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Figure 4 - 10
/

A% the material is subdivided iﬁtd thihner and thinner slabs, the accuracy
increases and so does the work intolved in solving ‘the model. 1In the 1limit as
the ﬁuMber of slabs approaches infinity, the calculated temperatures distribu-
tiontépproaqhes the actual temperatgre distribution to withtn an infinitesimal
crror ¢ ( the fundamental ides of integral cdlculus),f A method.of approaching
avdes;EFd accuracy in thé temperature distribﬁtion woulﬁ be to successively
doubhe the number of slabs. When the general shape of the temperature distribu-
tion curve no longer changes significantly and when the, changes in temperature
of the various locations of interest no longer change significantly‘bétween
doublings, the required accuracy has been achieved. - This is the samé idea
as used in determining how many terms‘of a mathematical series are significant.
- "Obviously,rit will not take very many auch doublings of the number of
slabs until the problem becomes pa%kfully complicated to solve. We could utilize
~a digital computer to perform the galculation or we could utilize the idea of.
allowing the number of_slabs to approach itfinity: The déblicatidn of ca}cﬁlus

should give us the exact answer in a single equation provided that sufficient

boundary conditions are known. We explore the calculus approach for two reasons.-

16y
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If we know how much work will be involved in determining the exact solutibn,
we yill'be able to intelligently decide where to cut off our many-gslab models.

. . »
Also, ‘the technique we ghall use to solve the problem exactly (separation of
_ .
“ X . \ ~
variables) is a general and often ugsed technique that is worth reviewing. (The

"separation of variables" technique of solving partial differéntial equations 1is

also commonly ueed in determing Lhe chara(teristics of transmlasisp lines and

-\

waveguides, solving boundary value problems in field theory, and sep&rating the

F

mime dependent and distance dependent portions of bchrgedlnger 8 wave equation

»

4

in quantum mechanics.: v ’;ﬁ
We bgéin the exact analysis by considering gheue#ectricai enalogy of
-t ‘{d N

figure 4 - 8. 1In figure 4 - 11, we consider a'Sékﬁjgn_of the electrical analogy

C b SN
and shift our oyigin so that an "I shaped seétion néed only be considered
. “ . "' w ' \
instead of a "T" section in-Writing-thérlodﬁﬂ':uatrons\ $
| A ccwa/panso/

(L rax)

v-(wu;
> X
\, ax e
r--‘%u €= f— where L= THICKNESS OF MATERIAL
'v(x)_ = voltage al position x . .
i(x) = current at position x - - * . | (
v(x + Ax) = voltage at posigrbn X+ AX
i(x + Ax) = current -at positi(‘)n X +AX d

Figure U -1

-
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Writing Ohm's law for the elementary réaistOr;

v(xran)~vig) =~ _rmr.i("x.‘). | | (-
Writing Kirchoff's current. law for the node ,- -
% ("‘o"‘d'x) ' ' :
t('x-ra'x)“tf'z.)“-ﬂo‘x.%‘: . N ¢4

_ Note the use of the partial derivative ’—- The partial is 1ndicated because
the letage v is & function of distance and time, but tne current into the

capacitor at position x + 8x depénd§ only on the time rate of change of volt-

A

_age at that positipn.- E -

”

‘Taking the limit as Ax approaches Zero (implying the number of slabs approxi-
mﬁilng the materna] whose total thickness is L 18 approaching infinity)

equatlons L and 2 become-

._v-‘ - ‘ - - ‘
&,_,:b(_umg_)_laz) a_%_.z). s | &

-»Z&Qb(ﬂﬂ%—u‘i’-) 3fe) =¢3;3§_-ﬂ‘1 o«

" the position x instead of x and x + Ax, we can dispense with the parentheses

Notice the §§£~l~ term in equation It results from the fact that (x + Bx)

approaches a%%#l as Ox appr&ches zero, '

Now that the quantities of interest in equations 3 and 4 are related at

denoting locations. Thus equations 3 and 4 may be rewritten:

3

jL:Z:uu — l | | - | .
) 0% ri ’ ' (&
" and '
.i%az R ‘E T - ﬂ~ (ZB
\ e

'
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‘Po solve this pair of simultaneous partial differential equations, we

*1

first eliminate one of the variables by substitu@n so that we have a result-

ing parttal differentinl eqhation of one variabl We choose to eliminate i’

> -
and solve for v since if v is known as a function'ﬁf x at any instant ot time,

1 can be found from equation 5 by a simple matter og:kaking,d'derivative To
-

-~ eliminate 1, first take the partial derivative of equation 5 with respect to x.

TI‘ a'x.. | - (7

Equation 6 may be substituted into equation 7, eliminating 3%‘ and ylielding

S - 2 N :
S - ¥HR=redy ¢
We attempt to sélvé equation 8 by a technique kpown as the separaiion of
variabdes. v is known to be a function of both distance x and time t. 1f we
can somehow separate v into a time variable g(t) (i;aependent of x) and a dis-
't&ACe variable f (x) (indepehdent of t) we would have two "regular" differential

equations (as opposed to a partial differential equation) which we know how to

solve. We begin by assuming a product solution, i.e., lhat v(x,t) = f(x) g(t).

3

In Inglish, this statement reéds, voltage which is a function of distance and

1 1

time is equal to a function "f" of distance multiplied by another function "g
4 3
of time, We begin with a product solution because of our prerlcnco in solv1ng

_similar quations. in transmission lines problems. If the product solution

doesn't Work, we will try other mathematical operations such as v(x,t) = f(x) + g(t)

I(x)/ g(t) ete.

We must take several partial derivatives betore we can sub-

-~

stitute the product solution into equation 8.

£S

L V() =F(x)g(t) (9
¢ . _
izg%x;_‘l.;(x)!#l) QJE?%'&.;.U..Q((-)M
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Subatituting into equation 8;-

. - L A ' §
c gty el < frg pex)
Reartaﬁging by %1gébra;,

R = reghyRyt) G0

. T

. m equation 10, t{hewariables have been separated, that is, the left side of

. : : '
the equation is a function only of x, and the right side of the equation is a

function only of t. * In equation 9, a ¢hange in x results in a change 1in f(x).

It does not change g(t) because f(x) and g(t) are assumed independent. In

equation 10, the only way that a change in x and f(x) would not change g(t) would
_ . : -

. . . . 2
be 1f cach side of the equation were equal to a constant, K. . Rewriting equation

—r

!

]_O: 5 .
L 9t - Le? = | j[‘t‘ji - .
i SE = K = reghy 38 -
or . ‘ . o .
2E0%) - 12 - 11
Ay at = K | (
and ' : '
’Téigzg) . K=, | (
In cquations 11 and 12, since the variables have separated resulting in two /

éqhations containing one variable each, we may use the total derivative symbols .

%E-'and g; instead of the partial derivative symbo&§ %EI and'sg- . | l/
- Equations 11 and 12 may now be solved with the aid of & reference on diff-
. ' » 1 ,32p
ferential eq2§tlons (ref 3). K?.must be a #§§1 éumber since =) and :
are real numbers.in a real, physical situation, .Solviﬁg equation 12:
K o=0 - R
_gf%{r,e g=°o b
g(t)= A efkV/re)t " (3

3

7(;5 .o T

L

()
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«
.

2 .
The constant K~ must be ndgative or zero. If K2 $ére positive, g would approach

infinity as time increased, thus v wolld also approach infinity as t increased.

o ~ .
This is physically ridiculous, thereﬂbre; : "
K <. 0
" We now proceed to solve equation 11, knowing that K < o.
. 2. o
2 .,
dx

¢
IR

I.f.K'2 # O, the solution is

A L : ) N
. f = ax + b L B

4 " »._ X . . (I+

where & and'pfﬁyefconétants to be determined by the initial, fipal, or boundary

conditions of the prohlem

2 e
If K- <O (K'purely imaginary), the solution is

« i

£ (K)I"’"&S'in IK'X + b cos lK'x (IJ‘

whére again a and b are canstants to be determined by initial, final, or boundary

g

conditions .of the problem. 1t is now a1so obvious why K2 was chogen as the con-

séan&«ih equationé 1) and 12 instead éf R.~ The value of K2 mﬁst also be deter-."
‘.mihed'fro; bopndary conditions and will in general be found to have many valugs.

The temperature distribution acqordjng to equat{on 15 in a real problem may be

expressable as s sum of sine and cosine waveformé (é FFourier series) giving an

2 . 2 |
infinite nupber of lKls and K s. Fach K will give another'solution to

Ve

CV(x,t) = £(x) g(t) = equation 13 multiplied by ecquation 14 or 15, and all such

: : )
gsolutiops are valid. Because we have a lincar system (a resistor-capacitor net -

work thatrdoesn'tuconbgin nonlinq@r'ﬂevices liﬁd diodes or SCRs), the principle

i
LY

of' superposition is Valid,'aﬁd the total SQLutibnfmay,be composed by summing

all possible individual solutionsx Fxpressed mathematically,

L]

T TGy S L S '
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| .
V,t) "‘E Fia (%) G ()

This procedure is illustrated in the following exemple. The basic derivation
we have completed is valid for all one'dimen&ional! hbmogeneoue material, heat

flow “problema, The form of the solution would be different in a ayclindrical

~

or spherical geometry, but the.method would remain the same,

Example
We wish to find the temperature distribution as a functiow
of time in a bar of homogeneous material. Originally the bar is

at QSOC as ls the large.heat sink at the right eénd of the bar,

100°¢C €
;/ o , / /
78 7
/A /
AL time L = Oy the large thermal reservoir ( a large block of

Figure b -\12

copper for example) is brought in contact with the left end of

the bar. The temperature of the reservoir and heat-sink do not

change significantly with time, If no significant amount

of heat is lost from the bar due to radiation or convection (in a

real problem, we would(have to estimate these quantities), the heat

rlol is one dimensional from the regervoir to the heat-sink and
' /

v o /
our previous analysis can be used, /

/S
Stating the initial, final, and boundary conditiong:

o
tnitially, T = 25 C th(oughout the bar; ffng%;y,

in’été@ﬂy state the temperature is linearly,distributed

-

- The f

B

o i /
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over the length of the bar as shown in f;ggre 4 - 13,
190°

T

-

- O

Figure 4 - 13

]
This distribution follows as a direct result of the steady-

. atate heat flow. equation in figure 4 -1, ~ . 7 - ) .
\'_ . H=-kA 5,{ H = cona¥: , STRADY STATK
- adTe-Hdx > T--Hx+8 “
b AT %20, T=/00°® |
' AT r=l, Te25° . v ‘
25 “,‘HAL*IOO‘

B : Al .28

L Next we form Lhe products f(x) g(t)
: - s oW

| V(%t)= (Qox +bo )A€ et
4

~ s »

o o "'};‘ Axr(ansin|Klx+ b coslk'l'x)e
Y ‘ -
| For the final steady state, the sum terms disappear becausc

Cop,2
}Jt
v the éK /rn) terms approach zero (remember KE is negative) as i
approacheq'infinity. We can now determine the constants of the

- first terﬁl(K? 0) of the series using the final conditions,
T(Y_,OO):CO'L*do (Aoao=C0,A0bo=d0),

Initially, T (x,t) was equal to ESOC throughout the bar. .Therefore

K- o -
~ zs-—¥x+loo+z A“\.(n.“.amlkl‘x4-6,‘..603'#(!‘!)C .

' or, lumping A times a 5 and A - simes b together, at t = O
2 D

K o K. K

. | -
ZE 275" " TCpn sinIKI% + dya COSIKIZ)
<o

771
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Y.

We use the standard technié_ue of de‘firning a temperature cyclic _
in x and which uses the left side of the above equation as part
‘o;‘ the cycle. Then the right side of/the équat'ion ‘becomes &
Fourier series. The. answer will be valid only over that par-

~— tion of the cycle that the left side of the equation defines

the temperature.

ANY WAVEFORM THAT
18 cycLIc ' ‘

— T 3 -75

~

. Figure PR TA

v

A Note that |K| = O has already been used. Therefore the wa\;e-

form we choose tT define a cycle (L<x <kt ) must have a zero

average valud® so that no de level will appear in the Fourier

series. 'The wavei‘brm chosen hasg a symmetry such that no sine
a ) ‘

terms appear in its Fourier series. Also, we can now determine

the possible values of K2

. ‘When x = UI,, the first cosinle argument is 2T,
‘4 , . .
K = ﬁ-rl' = g for the first tern
and o ' . 2
K = —-—-2— ——
Ly,

17,




! ! rra(&m\i*fw LR ‘\ ,l\j"‘ s {\i‘ ~ o //‘ \
v , s, A
4|‘ . . s /,"
} For the second term of the geries B _
' |K | = twice as much as the first term = "/L ' ‘,/‘
. 2 ’;
2 .
N / K . = L : etC. i/
2 K
- I" \- . /"
The Fourier series for the waveform shown in figurd )+ - 15 is P
well known. | ’ /'I '
. ;
" ‘v.A ' . V . I/' '
-éi‘.. "4 . x
v=-8Y (cosx+§cossx +ly cos s+ f5cos7at: )
Figure 4 - 15 ) _
AN / - ' -
Translating this so.l.xftion into tg'rms of our problem gives
. \ . /
. K% -00
g (Cpr sin|k/x + cl,(; coslk/x ) =
ﬂZlJ(cos(ﬁ-)'x + -'—cos(}{’)x +5e castfﬂ')fx
+4§'C0~9<£_’) d+ -0 ), SR
. ' | / . ,
\ - / .
The va]ues of"“K are: i:‘ :
2
Ikl KY | |
H. r/ 4L * N\
g!! i-;E
= & -¥1
aLl
- etc. | .
We have yel Lo de}ier_-minc the thermal o.'qui-valcnts of rg@ . "
po= Ry analogous to - "
N ’ IL- ) ' % .
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.)ubstitut’mg into the full expression for T (x, t) =
.-T('z t) = -—{—7. +/00 ~“ E
- 88 (cos fi%) chct, -é—.(cosi—’f!)e%‘*
+i5( cos &%) é"ﬁt‘f + ;é.(cgsq%*)é'%lt PO

'Fjgure I} - 16 shows the temperature distribution in the bar at

vgyfgg; times according to the above eqqgtion

INCREASING t

* .Figure b - 16.

It must be remembefeé that the solution of the previous example is only

‘
i

"exact" in the sense tﬂét its accuracy is limited only by the accuracy of the

model (one directional Jheat flow, no radiasion or convection, perfect heat

sOurcerand sink)?provided a su?ficieﬁt number of terms of the solution are con-

sidered. The method of analysis chosen should also depend upon whether or not

the more laborious model will in fact give more accurate angwers.

~
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Transient Thermal Impedance

)

It is useful to devise another madel of the thérﬁal system that is valid
only for a particular power dissivated versus time curve. Such ? model has
the advantage of extreme éimplicity. For éxample, an SCR may be used asg a
"static switch" in which a current is turned on for a short period of time,
Assgme the current waveform and the power dissipated in the SCR are as shown
in figure & - 17a and b. The SCR Junction temperature is given as a function
of time in figure k - 17c.  The transient thermal imped;nce "e," is commdniy

det'ined as the ratio of the maximum temperature rise to the power dissipated

or

. . ?, :‘;ec( Tmax B .Tambient)’ .
F ) -
a
0 J b» — 1
B, - -
“J _ Pdl'osipot«l "Vf.m.r.g x T
.' , . ~ | k)

~)

/

{ . Figure 4 - L7
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The transient thermal 1mpedancé defined in this way changes as &

Mmnction of" the time "t" the pqwer pulse is applied 1f v 1is very short,
1/

Ho is small ; As 1 becomes long, 0 approaches the steady -state thermal

¢
.reslstanoe., Figure b - 18 shows & tvploal plot of e ve t-for a square pulse

of power dissipated in an SCR. Because we still have a linear system, the
change in temperature is proportional to the amplitude of the power applied

in the same time interval so that to a first approximation 6 is not dependent

upon P,

Q ' STEADY-STATE €
e JCR RATED FORWARD
CURRENT ~ JOA
LY
0.00/ SEC. Lo 10 s8¢
Figure 4 - 18
oummalry

In this chapter, we have revieygd two basic thermal properties of materials,
ﬁamaly, thermal conductivity and heat capacity. Thermal resistance was intro-
duced as a convenience in.solvipg'heat flow problems related to SCR heat sink-
ing. Ih addition;’on_thé'baéis of emrical evidence, 1t ﬁas found tﬁat heat
sipks which cool by processes of cpnvectibh and radiation could also be said
to have v thermal resistancé.

Thermal capacitance became a useful concept in the consideration of tran-
sient temperature distribuﬁiohé-iﬂ phermal conduction problems. A material
cohduc}ing heat was modgled by superimposing the models for speady—state heat

conductivity and thermal capacitance ( called a "lumped parameter model"

w

™
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because 1t‘§as composed of bloéks of "ideal" ﬁnterials). 1t was then arguecd
that the accuracy of the transient model increased as the thickness of the
_ material being modeled decreased. Accordingly, thick materials were subdivided - -
‘intb la;ger numbers of thin slabs. The electf{cal.analpgy.(devéloped alongside

as an aid to gaining insight into the thermal behavior of materials) to the -
thermal model suégested a standard mathematical approach in which the thickness

of each slab could be made to approaéh zero and an exact transient solution to
transient heat conduction problems_could bé found. An exizple one dimension

-heat flow by conduction problem was presented to indicate the amount of effort
involved in calculating an "exacl" solution. 1t was-intimated that in a three
.dimensional heat flow problem, the difficulties and etf'fort involved would dragtic-
ally increase. This required effort gave rise to the notion of transient thermal
impedapce, a simple‘embirioal relation belween power djssipated in the device

and tempe}&ture rise for a spéciric dissipation waveform,

This chapter has introduced two more kinds™ of modeling. Modeling by analogy,

as coxemplified by the electrical analogues of the Lhérm&l properties, and super-
position ot models of different linear phenomen&,“&s exemplified by the develop-

ment. of the lumped parameter model of transient heat flow. 1t must be remembered

that superposition is only valid in linear systems (in which output is propor-

tional to input).

'777 ' . | %
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Exercises

L. Two blocks of aluminum, A and B, are thermally insulated from their
surroundings and each other. Block A weigha .5 times as much Bs block B.
Block A 1s at a temperature of 100°C while block Blis at a -temperature 6f
QOOC. If the two blocks are brought together (touch) while they are still
insulutea froh their surroupdings, what will be the ateédy—atate tempera -

»
ture of block A? '

2. Two clectrical leads (1l copper wire) extend into a vacuum Dewar (thermos

bottile) as shown in the figure below. The upper ends of the copper wires
~are al room temperature. The lower epds of the wire are in liquid nitrogen.
How much liguid nitrogen (in liters of liquid N,) evaporates per minute due

- "to the presence of the wires? /N m TERMINAL BLOCK
WIRES JOCM. LONEG l
: o,

VACUUM BOTTLE
Problem 1

[n the design ot electronic instrumentation for use in the deep oceany it
is frequently necessary Lo protect the electronics from the high pressures
' # .
- occurring in the ocean depths (5,000 - 15,000 psi). One exceptionally strong

A )

instrument package for these purposeé is a hollow glass sphere., The sphere

is composed of two hollow hemispheres., The high pressures force the two hemi-

-

{

-spheres together, glightly deforming the glass into a perfect seal.

4

K

i_ﬁ
X glass thickness = % inch
Y
.sphere diameter (outside
% measurement) = 12 inches

p—y

rve -
i N
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2 -

- A

If.Yhe'electfpﬁics package ingide the sphere dissipates 100 watts, and
the outer surface of the sphere is at the ambient ‘temperature of the deep

o

o L ' .
ocean (0 C) what is the temperature at the inside surface of.the sphere?
. ' - . P N »
Assume the heat flow is uniform over the surface of the sphere. What is the

maximum thermal gradient (in OC/cm) in the glass? K
. . ER T

If the thermal gradient in the glass becomes t00 large, the thermal stregses
cagused by the thermhnl grédient will cause the glass to crack. ‘Of course, the .
glass can sustain muchﬁlarger thermal gradients when it is under pressure, 'but - o

there still is likely lo, be some maximum allowable value. Recall- that in tran-
e / ¢ : ot w&\ .
sient effects, very\large theNgal gradients can exist before steady state is .

.,
»

established. 1If .the electronics inside the élaqslsphere is brought up to pawer

slowly, the transient thermal gradients can be minimized. How slowly shoulg§

the electronics in the sphere be brought up‘%o full power so as not to put undue
’ . (¥
A * . -
thermal stress.on the glass sphere? (Please answer in terms of seconds).
Fxplain your reasoning! T

¢

Thermal conductivity ot glass = 0.002'calorie§/sec through a plate

| 0. ' -
1 em thick of area 1 em with a tempcratlure dit'ference of lo(.: >
across the plate ¢ K
Specific heat of glass = 0.117 calories/gram s

Densily of glass = 4.0 grams/cmjk(rf. llandbook of Chem. &-Phys. ).
. " ll '

o t
- i .
. . ‘ ‘ ) LI
’ -
Problem 2 ' |

. ’
. ‘ _.‘

A power transistor (a heal source)_is located at the center of an aluminum

disk. The outer edge of the disk._is in intimate contact with a salt-water

™

cooled surface such thal temperalure measurements al the edge of "Lhe disk show . . -

' ' o . . Lt
a constant temperature of O C (within experimental accuracy of’ - 1/200) for the

fhermhl power range under consideration. The lransistor is mounted tightly on

" the gluminum disk and has an "et'fective" diameler of 2 em. That is, the plate "

N T . -

~~g
\,
&
Ny
!
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"can be said" to have & uniform temperature in a 2 cm circle directly under

P A

the transistor é

WATER cao:.eo o A
SURFACE - o%Cc -

AR WA S R R A D B AR AR ey AR, &

“Brek k
‘D’AMO \g;!,
10CM .
A 7 A ° : -FRANSISTOR

EprsK THICKNESS - =+
1.0 cM ‘

i

As a first try at analyzing the thermal properties of this system, we

shali represent, the thermal characteristios of the disk by our familiar resistor-

T - ‘ T ooy ' e
capacitor ana%og. : R - - R o _—
R -ﬁ*~“¢\0/\ﬁl\ﬁv-T-J\AV\A/VA/V7-- '
=" _.  'CENTER -~ “T~C ' .~ EBDGE

“ : , . ! \«_ \
N §~‘ \ -
w2 o i

Knowing that: B

Lhermal oonductivity of aluminum :

~ - bl

S 0 50 92% through ‘a plate 1l com thick wdth areas 1 sq. cm for a

tempemature differen’ce of 2% Co

o ) N . Y h "‘ : ) ; ’ * . '
specific: Reat of aliminum . . . 'i_ - B
- "= 0.2185 cal/gram’C C
’ ) v R , Bl . ™
_density of aluminum =.2.7h grams/ce N" . "
- : o O e N A - 9
and that 1 cal = 4.186 Joules . g -
& ¥ N 1Y - A ‘ :
1) Ca}culate the appropriate values of* R and C for our analog% T ’
2) Oalculate a new R and ¢ if the thickness of the disk-is only 0.50 cm,
, ¢ . Ca - L3 -
. 4 o | N
: = \ A 1' . h'wr ' ' v : )
* e, TR0 A
t'!. A = - \ . < "

™
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3) Aasuming a JUnction-to-case therma] impedunce for the transistor of 1 Q/watt

. and a case’ to. disk impedance “of O. h C/watee find the steady-state temperature

of the Jjunction .if the tr&nsistor dtssip&teb 20 watts.

\':k\\

-\

h) PFind the temperature distributiop in Lhe disk to within ~l/2 € 1 second

after the transistor is "turned'on."

)
N

Laborabory Problem 1 - . )

We have a number (about a dozen) of 35 amp, 500 volt SCR's mounted on heat -
sinks for student, use in the laboratory Several of these SCR's \have falled
recently for unknown reasons. A Lursory inspeotion of the SCR's shows that they

are not mounted on their heat-ginks in accordance with Lhe manufacturer 8 spec- ’

b

fications. We must, decide- whether remounting the SCR's 1s worth our tropb.[e.T
. ' ‘ . .
Determine the maximum ggtings of the SCR as presently attached to its heat-sink.

Please do not destroy anﬁ;qore SCRs.

Py o

-

laboratory Problem 2 ' _ «

A 35 amp, 500 volt SCR is to Be used in & single pu%ée generating éircuit
is shown in the following figure. In order that we can relate the maximuﬂ
current. T to the firihg angle, dehermine the transient thermﬁl impedanwé'of tﬁe
SCR-heat-gink system for 0°< a< 900 | |

! .

| .

| .
|

o

5 o
1oV | = N :
Ac : I=0 AFPeER
LINE _ o ?{VE PULSE . / '>_ ,
R o o N t
, . > e X . '
) CURRENT WAVEFORM
. . y ,
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sttlngh01rse klectric Corp., Youngwood Pa.,1963 ik ,
This refelenoe gives 8 brief revfew of the thermal properties materials
" and "cooling power curves" for typical heat-sinks for both natural and’-
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3

fhtrodqption L S y

- - .
¥y -

173"

Moton Drive

e

. In this ch pter, we congider a simple but afficient mofon controller.

L]

The methods uge 1n dqtermining the ateady-state behavlor of the ctrcuit,are~

the same as” used in Chapter_S,_but thé-qnalyaia-is slightly more complicated

by the motor and mechanical load propertieﬁ.f The calculation of a "turn-on '

or speed-ohange &ransnent 1s ‘consifered- for thelgase of Y non-Linear load ,

charactepistiu. .The non-linear syqtem'equatlons are solved by an iteration o

¥

teohnique, and the model of " uasifsteady state" 1n which some’ system quantitiesgm

1

can be‘assumed‘to be in steady—st&te while other quantlties are‘qonsiﬁered a8

undergoing a transient.is introduced,

Frgpeswheeling Diode Circult
Frge: uit

The circuit under consideration

id to "chép the direct voltage into

is shown in figure 5-1,

3

hY

SHUNT Fi

This circuit ig

EXCITED

MECHAN.ICAL
LOAD.
(PROPELLER)

s

-
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17Th
*hat portion of the circuit enclosed in dashed lines can be recognized as the

tutn -off circuit for SCR,. The b&sic"idea of the circuit is that SCRl acts

P

" as o simple switch. TIf the switch is closed for a long time, the motor will

reach the maximim steady-state speed determined by the battery voltage, the

motox characteristics and the mechanical load characteristics., If the switch

. rem&ins open,'the motor doesn't turn the propeller., If the switch is alter-

«

nateiy open and closed in a,cyclic manner, the motor will run at some speed

. v

in between zero and maximum.

th cir(uit is basically an efficlent circuit since. except for winding

' resistance and the forward conducting characteristics of the 3CR and dlode,

there are no dissipative elements in the circuit. The 1nductance L (including
the armatlure inductance of the motor)'MaLntains the armature current through

diode D when SCR is not conducting. Thus ‘the motor to¥QUe (proportional to
. A \~
the armpture current) is smooth in time rather than pulsatlng, a very desirable

h

* prenturc. This circuit is most often used with a series wound motor rather than

o shunt wound motor. In such a case, L x the series‘field indUctance is suf-

ficiently large that an additional external 1nductor is not usually necessary.

}\ llowever, the shunt motor is slightly easier to analyze in the circuit and $0

the series motor problem is left as a home prdblem at the end of the chapter.

At

~
“
l

Modeang the Circuit #1 - Steady-state

o
The sch and 1ts turn-off circuit is modeled as =a simple switch as shOWn"
in flgrré 5 - 2. In actual problems it hay be.necessary to consider whether .

or not the capacitor dcliVers gignificant energy to the motor during the dis~
ry ¢ f .
charge part oi its cycle, however, this additional consideration adds difficulty

I

wiihout belng particularly instructive. Therefore, for the sake of brevity

_ (the calculailon is not all that hard) we shall assume the turnxoff circuit hes'
b

;o sxgnificant etfect on the operation of the circuit other than to tUrn-off

L N ~
~ v

T * N t " - . .'.
~ e - . S . .
. : - -
. . \ e ! . : Lo
» - . .o 4 . ) 1 - .
. o ‘QSQ‘ - a o - e ‘ v v . "
. v X S s : ) ' !
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BCR,- Likewise, we neglect the forward conducting voltage drops acrosg the

SCR and diode in all the models of this problem, and we assume no reverse or

blocking leakage current,

______/"{L s | - I‘z'fywx_‘:z_
Es| —
—— - Vo y < -
A @

Figure 5 - 2
n
~

As a first try at analyzing the circuit, we make some agssumptions known

to be incorrect, but helpful.. Assume L& is so large that11b can be considered

constant and assume the inductor yinding resistance and the motor armature
. B . . ‘ -

resistance are negligibly small. These assumptions will be relaxed in succeed-
ing models. Also, if the switch is opened and closed frequently enough, the

inertia of ‘the motor rotor and propeller will tend to keep w, the angular fre-

~

quency of the shaft rotation, constant. The motor armature voltage "E ", which
is _equal to ‘the términaliyoltage Ve if the ﬁ§Uqh drop and armature w&ndlng

resistanoe are negligibl is proportional to the field flux mn;tiplied by the

-&ngular frequency of rotation, i.e.

,( oo . Ve T K ¢uw ' (1)

- -

where k = constanl of proportiohality. "Assume

B that the flux”for the shunt machine is constant thus neglecling ay re
. . ,

reactlon and aqsumlng a constant field Lurrent We also know the armature

. curreht is prqportlonal tg the motor torque multiplied by the flux, .

o :

2] - 1 ‘ .
) k Ma | | )

where T = rotor torque. ‘v

2

n - B NG
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b J . _,, ’

Note that k' 1s not*necessarily 'ual'to X because in linea izing the non-
) ; eq ! X

linear motor characteristicd)neglecting 1osses, and peglecting armature rea ion
.F\ .

A

(aalling ¢ constant), we have neglgcted motor characterigtics ‘that are nojpnegli-
gible. Acgonﬁngly,k,and k' are determined by a- “beat fit" approximation to
empirical motor data. Usually, k. and k' differ by Only a few percent for common

motors exceeding a few horsepower.

' ' o
-
. AR

The motor load is indicated a opeller, To a first approximation, we

then expect the torque requ

the square of the angular velocit

where a proportionality constant
If the motor is properly "matched" to the propeller using a mechanical matching
device (gearbox), the motor will deliveér its rated torque at the rated motor .

spced so that

Trated . B o,
: w rated.
\ _’\ .

Digression-Common Motor Loeads

The steady-state torque-speéd characteristics of many common

. motor loads are casily derivable from the elementary principles of’
mechanics Providéd the losses of the load areé negligible, 1 it is
' ¢
usually pOSSlb]e to avoid an analysis of the load mechanism in detail v

and ‘congider only the b&sic intent of the load device,, Such estihates

B are more valid for large pover capability systems (abovc 15 hp.) then

for low power capability systems (fractional horsepower systems)

bec&use at low power levels, ifis upually not practical to spend the
N ' . . - oo

Sk . '\ .
. . " ]
- L} A L3

Lo a
¢ . . . Y
v
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money requir'ed to manufacturs 8 "-19\;'-} 8! device.

(K
(Y

A series of el eritary exampl:ss of torque-speed o}n.racteriatl'c ¢
' ' ¢ ' . ) .- e./ _'»

@5 ANGLE SHARY ROTATES WN

LIETING SLEVATOR AMOUNT dx

e

v
s

2

'

7. MOTOR PRODUCING TORQUE “T"

v ‘ - J

v B . *
d4  The elementary work done in rafsing the

ey A

elevator %-‘.work delivered by motor. - \
: '* Fdx = Td 6 )
[ : . )
/,"'l ) ) *
Powér "P" = rate of doing work:
RPN b a8 ': '
P-»FE—'FV—Tdt,—Tw
\ E TP = F(\L)‘a. constant ‘depending on the gear
W , )
* ratio and drive winch size.

- .

" T = aF, a constant

The ghunt-excited ﬁ enerator \ N
- . Lt " ey . L

" Sy - P :,..n R - . Y
: , ——— i ,
Py ”AM . Gen_érat,or equ%ions ,7
' N ;, 4 ' R . E = kéw
\ . p .

/' \‘ T o= k'6I |
6_. ’ ~ . E - R - k¢w0 R
- * . I . R W¢

y oL 2
SEPARATELY . Kk

.EKCITED MIELD SR
. T = 0w, a linear rrethion‘ -
]
¢
4 ' f ’
>
;-
* y ’ . )
b , 87
" 1]
AY
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Y ',r ‘0 Y y ‘/ v »
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control volume

: \k of fluid

coéngider a control volume of fluid

the propeller and having a high velocity

/1;; having a negligible velocity when entering
ﬁzza "v" when exiting the propeller.
Change in kinetic energy " paggp"of control volume = % mv2
v2 is proportional to
-3szE = CLE
The power '"P" delivered by the propeil@r is the. rate of change of
energy with time |

At

- of the control volume,

b ' N pe &E Ghere at is the time required to change the energy

At is inverqely:pfoportionai to w since more control volumes per

unit time pass through the fan as w is increased.

2
. Cw
Since P = Tw = aw,

T = g m2, a quadratic relation.
{

[
A - ¢

We make our first try at finding the steady-state ‘speed, curLent, and

voltage using-the same "averaging over the cyclé" technique used in the inverter

*

circuits, thereby eliminating the inductor in our equations,
) 5 . " . *

< ( -
N A (4)
- 2 0 2n .
1 . 21 2n 1. )
57 Jon @ = 5w [T ¢ & ﬂfova o (5)
s | - |
he L R \ B
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Since va_llggroportional to speed (equation 1), and we have assumed a constant
.speed; v is constant.

Therefore,
1 en o
5 f Ya " Ve
o :

The v, term is only slightly more difficult to evaluate, Referring back to

figure 5 - 2: when the switch is closed,'vD =-E%; when the switch is epen,
T i . 14 .

Ig flows thrdugh the diode which must be conducting and v.. = 0, Define 9on

D
" (figure 5 - 3) as the interval the switch is closéd, 'eoff as the interval
¥
’ Oon : . '
the switch is open, and g = ] as the fraction of the time the switch
ff on
is closed.

Figure 5 - 3 ' s

189
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Since

9.., +9°” = 21T ’

AT , ,
%) V90 glra, Eb Gon = 9Es

'Substituting into equation 5 yields

9Ey =% | © -

Knowing the armature voltage Vg2 We find the speed using equation 1.

w‘-‘-‘%* Ep B \\ ' (7)

Knowing @ allows us to determine the value of Ia us’ g the motor torque

équation (egquation 2) and-the load characteristic (eqdﬁtion 3).
' Y T . ’

- x o .a ’
L=%4" or I,= %S;;,‘-E;., . e

O ——————

‘Modeling the Circuit #2 - Steady-state .

*

s -

As the first "refin;ment" of the calculation we choose to-iﬁcludevghe

]
'

effects of the winding_resiétaﬁpe of the inductor and the motor arpature-

reéistance. The motér bruéﬁ voitage Qroé and the SCR and digde'forward moltége
drops could also be included at thiswpéinﬁ. We redraw the circult model as

shown in figure 5 - 4, DNote thgt the motof-drmatufe resis?anye ﬁas been incInded
with the winding resistance in one 1umped-"ﬁﬁ Jﬁét;as the armature inductance‘wés

— .

included in "L".
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Figure 5 -~ L . s

We retain the assumptions of constant current Ja and-constant speedw .

c - .
/ We could rewrite -Kirchoff's voltage law around the diode-inductor-resistor-.

motor loop and average as before, arriving at new (and slightly more complicated)

general expressions for Voo Ia and & If we were interested in Va? w , and Ia
' r o _
for only a few specific values of g, another approach would be well worth con- N

o~

sidering.
We have already calculated a first approximation of vé, w> and [& using

médel #1... We could make a next appfoxim&tion by using Ia as previously calcu-

lated to determine the I R voltage drop (& constant because Ia is constant).
‘ a .

Subtracting this dbop from the aygrﬁge value of vd yields a new vaer.pf va.

2 : . "
E"'IT/G Vpd® ~IaR =9Ep~IaR = Vay. ot

The new value of Vv  (now noted as v can be used to determiﬂé,a new: wy and
: a

al )

‘-
then a new %a ig TLese in turn can be used again to recalculate.again new

values of Vg? 0> and Ia. When the variables no longer change significantly, w

the answer hes been found.- Such calculations are frequently performed in a

LY > .

"tabular menner for convenience: _ )
. K - -

| 3 ¥

b
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This method of calculation is called an "iterated" calculation and is a frk
. \

quently used method in digital computer calculations. However, in many pqac— l
“tical problems, sufficient accuracy may be attained after only one or twog
iterations; and if only a few values are required, the iterated calculatibn

may be a significant "short cut" even for hand calculations tompared to sblv—
A i

ing the more complicated problem4in general terms, A

‘ ) &
Modeling the Circuit #3 - Steady-state Yy

Ny

As the next refinement we shall let Ia vary within the!eyéle proviaed Ia
does not go to zero (although it may approach zero arbitrdrily closely). 1In

this way we avoid having to bresk the time interval into more than two 'pieces",

bl

Lorresponding to the switch open and closed. We retain the assumption of con-
M

stant speed (?ue to the "large" inertia of the motor-propeller system). We

first question"the validity of our previous apalysis.

> L}

Returning to the cirouit models 1 and 2, - since speed is constant, tQ\

. determination of Ve (table) has the sage validity. Since speed is proportional ;
to v, (equation l),lthe*determination of w is also still yalid (equation 7). _g
However, the torque relations (equations 2 and 3) are only valid if inertia is

ignored, and we have postulated that w is constant only because of inertia, Ia

AT .
varying. We must re-examine the torque relations. “
' - 102

‘ : . l‘ 5 _. )
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De fine J = moment of* inertia of the armature, gearbox (1f any), and

propeller. [umping the moment of inertia of the armature in with the pro- .

peller allows us to define a motor torque T as applied to the.afmatpre by f -
. the electramagnetic field interactions in the motor. Thus the torque rela- !,‘ﬂ
v
tions become (refer to figure 5 - 5H).’ , ~[[?
. . [
. . {
T = k'¢ 1T as before, .
a . ;
and .
¢ o pde iy 2 | : TR
I J at | a w. | ) (9) »
. d ’_I] .. ’
. . ] , :" ' s
3 J 3 o
retor '
T ‘AW *=TORQUVE
S W > . DELIVERED TO
. Figure H - 9 - - PROPELLER
(/ ,Vk2€§§§fliminate the tordque T from the cquations yiolding
I o - dw g =
| Y k Y [& = J I +, oW
Nole thal it we average over a-cycle, Lhe Jgf) torft must disappear, since

?

. . : :
averg#ing over 4 cycle e “

S ¥ Oy |
. ?%chﬁyfiggecit = fELT J o g“ﬁ’ = E%r-ul(}l)?."'Cd7o:)

o

and 6o W, must be equal to zero in a steady-state cyclic. process,

Therefore,

-~

"f#~1;u¢uv’ =

™

" or ' ' B ‘
;. ’ - 'Iq.¢v3 = %‘. o (LO)".

»

which is very similar to equation 8.

-
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_ Digression ’
c L * o
* _ Note that we could nol Mhve argued that J d_%) 1s negligible

v because w is consgtant. W is constant because J is 80 large, there-
fore J g——tg;n\av be S,Lgntfiéani, despite g‘t“ being "smell”., Also, if J g—:’
- weres negligible, Ia would be constant which contradicts the assumption
of ]a varying.. Since we are using this arghment to- determine ]_&, assunl‘:'
. “ . . ) ’
w
. oo _ingJ g-f negligible wouldlbe a contradictory and therefore invalid assémp-—
. 4 _
Lion.
b
ot .
. ! R '.
We have shown thal model 1 retains its validity if the average ygdue of
. armature cfyrent Ia. - is .substituted for the previously constant value of .
’ «
t, - Furthermore, Since ‘ ' ‘ ‘
. T ~
1t o 1 N PR
= vy dt - R3 foxa_dt, -
_ that ts,. © cn T : )'A
R T Ly , all. the
avg R avg 3
. ’ . .
arguments pimodel #2 are also valid. Thus we begin miodel #3 knowing
v , w, and I ‘.
. Q 8 avg
‘ .
. We must yet find the Instantancous values of l&.
Writling Kirchott's voltage low around the diode-inductor-resistor-motor
loop of _f'j.gure"i - 4 yields _ ' ) g\,&‘
. d I a/ ) . 'v‘{fj ~ _ .
v. = I, == + R 1 +oov_. -
D Sooat a a _ (l.l)
Y I?,q'ﬁat,ion 11 is really two equations: - o N
‘ switch ope vy ¢ O '
, . . d ].'a . ) )
0 + R 1 + v = 0 . .
o - . T. st & a. - (12) -
\ _ . .
| ' where v is known from model #2, i
and ' ' : A, .
‘ g




* d

Switch yloqed, YD = B | ié5

arT
a

\ N P at v Rl (Eb'— 'v’) =0 o (13)

‘ v

, o :
. where B will be larger than v still known from model #.

+*

- We still algo have

\

E ' ‘
Iy avg ™ number known from model #2 for the chosen value of g

\‘ _ -y S (14)

A

We must find a way to "golve' equations 12 and 13. As we e’\ll see, equation

- 14 will provide a numerical check of the solution of I

<

The solution of equation 12 is

. R-
A\ —Ef
I = —= + Ce ’
a R
t .
where C is a constant.yet ty be determined. . .

The solution of equation 13 is R

5 -~V -
T = —M + 0" e L

a R

t

where (' is another constant yet to be determined.
a

Changing the variable t into 0 (refer to tigure 5 - 3) knowing that g; = %

A v

where t = time the switch is opeh plué the time tho,swi&ch is closed, we have:

switch open, 6, < 0 < 2n

‘i‘a_a %‘_-*Ce_“ée . / | . (15)

r
and

switch oflosed, 0O <‘b <'el

To= - LE.%:JE—.) +C'e-3'£?9. N e

" ’
The inductor prevents 1 from changing instantaneously, therefore 1 is &
o a . : a

Ay

continuous function of time. At 01, when the switch opens we musti have
, S 1

t7)

o

_ Ia'(equation %) = L, (equation 16) at 0,

Also, becau;L we are in the steady—sﬁate of & cyclic process,

\

- 7 . ‘
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. I.(0) = I (O +27r) | .
or, ' .
La (620, e /G) ""Ia.(e’;?ﬂ' eqn. 1.5') (18)

‘>olvlng these equatlions, we ‘Hrst, subgtitute: equations l‘) and 16 into

»

.%;.@.Ce—a% Ee‘ - E “'v;- +C"e—1“§'el '

or, rearranging the terms b’y algebra,

#e’%ée'*c -Cc.. .

equat lon 17.

(19)
Next we substitute (—3quation.§ 15 and 16 into equa.'t‘i'on 18. ‘ e
- iy -YR/L
-(Ep-Va)+C =Ya s Ce i
or, rearvanging the terms, ‘ ] _ . _ - W

-

\‘ gkb- = C'-'CC—ZL& - | ' (20)

Equations 19 and 20 can be solved £ov (¢ and. C' yilelding

. _ _ Ey (e*£6 - -
°T Bt , e

and

.. C %(’+(c e:,_),)) - )

.

-~

The valucs of ¢ and ¢' may be substituted back into equations 15 and 16. We

~

have found la. as & tunction ot Lime. Tor a given time duration of a cycle Tand

a value-of the conduction angle Oon = 01, we could plot [a as &8 function of

® as in figure Y - 6. ‘The average value of L, &s calculated by averaging 1

~

from equations 15 and 10 should be compared with the average value of 1
(cquation Lk) dr determined trom model #2, checking the calculation.
T . . t

»



187

P
=0 o=, l’lh217'
Figurg 5 -6

Modeling the Circuif # - Steady-state

. Ya .
* As the next and final refinement of Lhe steady-stale model that we shall

congider, we allaw the motor angular spéded w to vary within the switching cycle,
Again, we question the validitly of our previaous models. , Returning <to model #1
which neglects all resistances, butl.letting wvary, we sece that the average

.voltage'across the motor armature is still known,

"VD average = Va average

Referring to equation 1, that is
Ve T k ¢uy
! v, 18 no longer constant since wvaries,
However, knowing the average armature voltage allows us to determine the average
i
&peed: _ ,
: amrl Vs dO '.%»qvct"osc zk-"%/o WOdoe = kéwc{nregc
. ° . .

Thus .

197 N
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However, in determining the vurrent; we have some difficulty, from equation 9,

-
A ]

I
K'$Ip = o @ +J%§- -
we see the current depondq on w { 1t we gry to average Lhi relation, we

have k¢i%'/ I._ O”k’¢I¢.¢.vcrog¢ )
T e an [

/ :{(Urmsf,

Thus the average current 1% is proportional Lo the mean-square of the speed w

(¢

that is,

1

There is no way to determine the rms or the mean square of -w if we only know

the average value ot . ‘The rqlatiunship between these quantities depends on

n

S the specillce wavetorm involved (recall that for a sifie wave, v = 707 v R
X , rms peak

v < o for a full wave rectified sine wave, v =, 707 v .,V = ,636v .
aug >t ‘ > “rms Tor peak’ aug 3_ peak)

Because Lhe average currenl cannat be determined, the methods used in

I3

model #4 cannol Le used.  There is no way to "adjust” v and w unless the average
current is known.  We shall have. to apply the techniques used- in model #3, namely:

write the system ditferential cquations, Impose the conditions of continuity of -

A

current and/or speed, requive the variables to have the same values at the begin-
\ .

ning and cnd of a steady-state cycle; and then solve the resulting equations at

' f

t

the appropriate instants of time (or 0).

< As a matter of convenience, we rewrite the system equations:

Vo= k¢ | | L _ X (1)
T= k'dr‘. ' m : (2)
T = QIQL- 4-c£(i)z =

switch open
L)

L%%.l--J-RI‘ +Y, =0 . “(12)
switeh elosed

L r"+RI,_"'(Eb Va)=0Q . (13)

A

19y
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xn.&s continpous at awitchinﬁ times’-a = 9 | s

1
and 0= 0, 2n 2 | . (23) ‘.
;a has the same value at 6 = 0, 6 =2m (2h)
and/or '
o is continuéug at switching times 6 = 0]} .
end’ 0 = O, 2 | - - (25)
w has the same valhé'at = 0,9 = 2m, : - (26)

\
14

-We choose to solve for Ia as & function ot time,. Eliminating the torque
T in equations 2 and 9,

K'$I, = %% o, ' ’ - (27)

t

Using equation 1 to eliminate v, from equations 12 and 13 gives:

Y

switch open ‘ ~
d Iu . L - ]
L 5% + R Ia + k ¢ w= 0, and | (28)
switch closed >
' d Ia .
L= v RT - (Eb - k¢w ) = 0. ‘ (29)
. .t

1f we now substitute equation 27 into equations 28 and 29 in order to
eliminate \w, we would oome up with a set of fairly compiicated non-linear |
(squared terms) differentiel equations. For example, simulteneous solution

of eQuations 27 and 28 yields: ‘

LT Rl - g (leY - 20T, dha 4 1en

.- 'ﬁl‘t: “% =0 R '(130)

-

A N
Such complicated differential equations are frequently solved on an analog
computer although a digital computer could alsé be uded. Obviously équation

29 will yield an even more complicated expression. The analog computer can

L)

simulate both expressions (30,and 29 ahd 27 solved together) with the- appropriatle

-
>

switching functions. The solution, even using the computer,'will be time and

effort consuming. It is worth noting that if we had approached this problem by
- " , .

199
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writing down the system cquatians and solving as indicated In model #4, the
’ dlliutlvely "easy" solutions of models #1, 2, and 3 would not have been dis~

covered except by u greal expenditure of time and effort, even though those

modals may be valid in the particular physical situation being considered.

The starting Transient - Cyelic lteration

. -
« 1

Assume the motor is to be started hy cyclicly opening and closing the

’, r

swltch (glill representing the SCR circuit as a switch.ag shown in figure 5 - 2).

The starting current transient is importarit because the peak current determines

' . '
the peak torque applied to the motor rotor (whose windings could be damaged by

excessive torque) and because Lhe motor circuit protection equipment (such as
’ . _
overcurrent relays) must be set to accommodate the peak current. large armature

currents could also damage the motor commutator or if of sufficiently long dura-

’ tion, cause damaging lqcal.hqating in various circuit clements. Therefore we
choose Lo analyze the starting current transient ld(t)'

Ixperience in starting DC motors tells us that the circuil resistance
plays a non-negligible role in limiting the starting current. Hence our an&lyéis

must consider the circuit resistance the variation of Ia’ and indirectly, thg

]

vardglion of w, Wé mizht be tempted to write the system equations and solve
- - ’ ’ {
. them 'starting Crom the initial conditions L, = 0, w= 0. Regall from model #4

that- the resulting differential equation is very complicated and now the problem

$

is even worse. In model #4, we had only to determine-la during a single steady-
Yy :
state cycle. In the present transient problem, we must find Id during each

cycle of a transient lasting possibl& many thousands of switching cycles. While-

e d ,

it is possible that such a detailed calculation is necessary in certain specific

cascs, we consider someé of the situations in whi¢h the transien solution can
: ; "

o
3

be simplified.

? Suppose w could be considered constant #hroughout a switching cycle due

L4

. ¢ . _ .
to the inertia of the rotor and propeller (as in model #3). Suclk an assumption

. . ‘_')‘f
O ‘ ' 3 “~ ')(’

- . . - 2
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would be walid in the case that the change in @ during a cycle and trom cycle

to cytle is snua.l..l cofnpa ed to the value of w., (learly, such an approximation

is ques'tilonable at the starting instanlt when ®= 0, but the accuracy of a

solutd Sir~based on su‘ch an assumption grows as ¢ increases. Ass_umtﬁg w censtant
£ during & cycle, we rewrite the ‘system equatiohs in dii‘fe.rential (instead of

derivative) form. ”

Pquation 27 becaﬂfs

(OL-a@Mat = a0 6.

Eyuation 28 becomes

‘RI *k‘w)étm AI‘ open . (32)
L\ Equatiox; 29 becomes - .
@—kdg-kl..)g_gud = al. closad (33)
Figure 5 - 7 shgys that
ﬂt = Atcrcn “"A't._qloscd N ‘ .
and *

AI = AI',,.,..m +* AT, elosed

Note that in wr Ltmg equations 31 and 32 we have tautly assumed that the clr-

o

cult time constnat ],/R is so large thal the cxpohential variation of armature
current with time in a cycle can be approximated by a straight line as shown

in figure 5 « 7. If this is not the case, the differential equations of model
: {

#3 (constant solved to give re accurate 4 AT
#3 (constan w ) can be solved to give a more accurate Ia. oven and 1a cloged
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S At w. TIME FOR ONE SWITCHING CYCLE .
,;. ' Figure 5 -7 |

~—

The solution to thenproblem can be approximat%d by an iterated solution -
of equations 33, 32, and 31 as follows ’ t |
At t=0,1 =0, %=0, . .
Solve equation 33 for. AIa closed
\ .

Next solve equation 32 for AIa open still using the same value of

[a and ¥ as used in solving'equatioﬁ

Find Al = AI closed +, £ Al open
a a a
a negative number
\ a Using T = I previous cycle (0 for first time) + AT, solve

equation 31 for Aw,’

Define a new w = w previous cycle + Aw for the next cycle and

L] . <

. .
repeat the process until AIa and Aw approach zero.

guch a procedure is particularly suitable for digital cgmpdter calcdlation.‘
The iteration Q?ocedure must be repeated until steédy-gtate Ia and w are
rééchedf possibly involving thousands of cycles. Thus agssuming w constant
during a cycle haé made the probleﬁtmuch easier to solve élthough still‘not.

&

h tractable for hand calculation.

202




The Starting Transient - Quasi-fleady-state -

4

In the case that the time required for the Wotor to vegch steady-state

Bpeed is very long compared to L/R and the awitching time At ( note, we can't

"

spea.k‘ of a mecha.nﬁ'al time constant becauseyof the nonlinear dependence of

n I . .
ik -

. torque on ® }, we can make—a further simplification. - We assume th?t_ the

7

'electr.i cal circuit is at the steadv-lstat,e behavwr the (h“uut would have for®

-a particular value of w The model in which)ihe steady- qtate is considered

=

to vary slowly in time is sm to e in a "quasi-steady-state'". In the quasi-

- steady-state, we cait again average Lhe voltage across the inductor. Rel‘errlngl

to figure 5 - h,
- ‘I K
Up =Ldls +I.R +7g,

. ’ I {
or gince v, k¢»u) : ’ - s

?fo=L43f+I.,R+k¢w o

Avaruging,

# (Vo d6 = /L?ﬁ‘de-f IngG*'i.,l-,. k¢wd9

since w lu Constant” . /

Vpivg=gEy= O  + RIiavy *+ kéow, .
or | _ - “ &
| ngb = RI._ iv’. tké® . - | ' (34)

Averaging the mechanical torzlu'é“ “egquation,

k‘.l'.“Jg-Q-#-nth o, a ' ')

5[ K4 do =¢,,-/./5F49 +2,L,/«w 46

Since w V&I‘l es only slowly within a cycle, w g ls again assumed constant and
N . .

T r

.

a .
k ‘I—% t 4.»/5 ¥ Q’G) avey. (35)

L : /

o CZny 'Y

.
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Nlthough we could take equations 34 and 3‘{;0.11(1 solve 'l,hcm‘ by an lteratlive
» ¢ . B

[
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technique using one lteration per switching cycle, we thoose a differert and § R
: ‘ _ .

raster tochnigque.  The average for one cycle of a steady-state. variable isg -

Y

a

)
KF

Ax

"

' ®
the same as Lhe average over two, three, or any number of cycles. Therefore
.’ ! : ]

we det'ine a new Lime interval AT long compared ‘to 1/R but’ short compared to

K “l.l‘xe Lime required for the transient Lo end. A’rmust algo contain an integer

N

number of switching cycles, but that number may be hundreds of switching cycles,

-

We then solve the followlng equi\.'t..i.ons by- {teration

k]
|

’ RI“V . :m \E‘ —k*w (31*) ¢
ve- T |
: ‘ .
A ={KLlg oy~ 0t Wave) AT (36)
' For example, at’to 0,0 0
solve 30 for l D . .
o ave

then solve 36 for Aw ,» g ’

and repeat., e
A Lable provides a convendent way Lo carry out the computation {'{';'f
AT | t=ZAT (AW . W=EAW |Taavy.

' ' — 7] Ep
AT, | ATs ,
, ’,
87 | am AT A‘.&é = AWy AW, €k -kpaow, =T,
. - , . a }
AT, | ATe+AT+4T} 341.5“‘4“" xah| AW +AL, ﬂgt-.kf(Aw,queL,
-~ 2 s o ¢ s & .

ete. ¢ o R
.. £

suclf asystem may reuire only 5 or 10 itcrations Lo achieve the

and is khus amenable Lo hand /c&lculation.

uem

’

calculation may have Lhe form shown in figure 5 - 8,

<04

%lesi red accuracy

The current wavetform from such a
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.Figure 5 - 8

’

The size of the current "wiggles" could be estimated by taking the known average

¢

" .« 7 values of Iy and © and substituting them into quation 32 to estimate nIa open’
- oy

' If the physical parameters such as the size of L, R. J, and & permit such

p assumptions, we have simplified the transient calculations by & factar-of .many

A

- Wn thousands.

y . . R \ .
P A

o ‘ : ’ “ - ‘
: - Sumary ' . .
o In this chaptef; we modeled a nonlinear system in a manner similar to that
a « ' ¢ .

- of éhapters 1 and 3 in o¥der to find the steady-state behavior. Ag the model
v - .was refined step by step the difficﬁlty in solving the problem drastically

increased step by step, once again demonstrating tﬂe disadvantages of analyzing

w
»

a problem starting from the detailed s&stém equations. If we had begun with a

ol ¥

i very refined model (such as model #4) we might never have been able to golve &

| o possibly simple problem.

. —~presented using the basic idea of a steady—étate cyclic process; i.e.,

od

A fdirly detailed analydis of the steady-state was

AR . . . -
Cf(8) = f (8 + 27, Thus we were able to "skip" to the steady-state instead
. . \ . N N .

of-foliowing the véfiables through .a starting transient to geg to the steady-

A

¢

state.

"‘,2_(_)5 | - 3

{4
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1n considering the turn-on Lrauqtenl of the system, while everytlhing
i

uppeared significant at first, welwép!vable to usc the steady-state modelsg

3 a logical framework- which we retiéced to simplify the 5foblem. ' Thug the
- L ' ~ L3 . v
steady-state refinements were nol, yasted, bul on the contrary were extremely

helpful in determining the methods of simplifying the problem }p addition to

3 .
providing the fimml values for tRe variables undergoing a transient.. The
) ¢ ' .

2

‘steady—stgge models and the cyc?ic process idea allowed us to make an easy step

in our considerations to a differant kind of ﬁodel, the‘quasi—steady~state.model,

'

of the circuit behavior. ln.bérn, the quasi-steady-state model shortened eno}~

- mously the amount of calculations required to solve the nenlinear differential

' N

cquations associated with the system. Although in some specific problems, the

srmplit&pd/;olul1ons may nut be valjd and there may be nQ, esc&pe from the tcdious

a

_'ngénd time consumlnp solution of the doiailed system oquations, the procedure qud

- :
her;&zg%hidy—state model * refined sbeady—state'models-*detailéd transient model »

e

- éimg}ified’transiént modcel) is a powerful#eneral technigue useq in solving

transient problems. .

.

Exercises

» “

- Lhe steady-state torquc—speed'charactcristic o’ Lthe bump_knowing:

) (&) . 1l = 20 feet . , -

(b) pump efficiency “°§é%

** (c) the pump delivers 20 gal‘of water/min when operated at 1800 rpm

@puu'r
v Y H .,I o *
/ - i
3 — M ’ . .
= U 206
/

' ' : o
(1). A centrifugal water pump. is used to dra&n a pit containing water. Determine

N3
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(2) For the problem‘éonsidered in this chapter, datermine the equations or
. ‘ . e
equations to be Wby iterative means ylelding L and w.a&s funcllions

of time for the case that L is so large that it limits the current and

‘speed transient. rather than the system's mechancial inertid. %

] R -"

Problem 1 ’

-

- . A deep sea submersible is driven by a direcfi‘ current. motor (battery' power
supply) directly coupled to the main drive propellep. The battery voltage is
200 volls. The motor is rated at 10 hp, 200 volts, 900 rpm, ‘The motor is shunt

4 field exclted b_y’dirovt-;@‘onnectlon Lo the battery. ‘The propeller has a torque

- .
(- ) 3]
- aw  where o ls the angular velocity of

gspeed characteristic such that L.
' e prop

the propeller. - N T . . .
| An GCR system‘ is (‘hosron to r_‘.cglilul,o Lhe Eroph(-zllen :.:'peedl. (‘.lea.rl.yz registor
A vom.‘vuls W(‘)ullk(,i"be wasteful .ot batlery cnergy ‘and su&m-rs.ib.l.e c’ru:i.s'%,np; L ime
] - . . ) a.
valued around $2,000/hr ( since the batteby would need'more {requent charging).

'the clreuit shéwn below: [} J .
.. - ' ‘ 2 | Lo ARMATUARE
— , | INDUCTANCE -
SW—— . 3
taseguese QVP t \‘ K s CV? -
] : ' b, .
L ' .',VL &
h v ' - SWUNT FIELD
L
[N

oo o1t

he. SCR's are triggered such that L-}CR1 ig "on" for 2 msc(:., then SCR? JSS trig-

g ered and _SCRl

Calculate the speed of the propeller, I&, Ib" Vb’ _Vm assuming (he maters .

is triggered L msec later (on - 2'mscc, off 1 msec),

I's

1.

are ordinary D'Arsonval megers. (lLhey read "average")

” .Asa first cut at ‘the problem,- you may assume © i& constant

f




Problem 2

, SCR, ‘ SERIES FIELD
eI DT
‘ }MVI‘ .

' AMATVAS.

. T ; |
line o sery| * Qp MOTOR
; Diesg

v -
E = 200 volts
. )
;‘SGRi triggered 1 msec after SCB2
) e ‘ SCR2 triggefed 2 msec after‘SCRl ' -
; | Motor nameplaté - P ( )

.

¢~ 200 volls, 10 hp,
1800 rpm , efficiency = 85% at rated load,
SOOCfrise contirfuous service

Puring & disasterous rainstorm and flood, the motor drives a centrifugal ﬁump
. » t : - . o .
used to drain a leaking cellar, ‘The pump will wear out if the waler intake

-

should go to zero. Therefore the pump'speéd_md t be matched to the rate that

" water leaks into the cellar. Note, with a cengrifugal pump, this rate of dis-
i charge is proportional te the speed. Since the kinetic energy associated with .

’ 1

\ : ¢« P .
the water flow ig proportional to the dischgrge velocity squared, the torque "r"

) 2 Vo .
. is proportional tow . The pump requires 10 hp at %800 rpn.

Some meagured constants Ofriye system arc:

Rseries f£1d +-am :_O'2O$?
3 N = L8 h’\: '
[serles fld 0.2 gnry
K CJ=0.25kgm | <
_ﬁl) In the steady-state, find the average values of lline, lanmature, Viiode’
- and the_speed.u,(in rpm). o o
208 ‘
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— ) ' ' o
() Assuming the YCR's and the Diode can handle the current,.determine I&(t)
* and w(t) for the starting transient, i.e.,, at t = 0, w= 0, E = 200 volts,"

and the SCR's switch as before. Outline your method'in detall and carry,
' -~ .

1t  through. ‘
v, g T /
' . ,‘ .’ V
(3) Could the starting current amplitude be reduced by leaving SCR_, turned on :

-

for 2 msec instead of only one? ' c

\ | | \ | .

‘ Laboratory Problem 1 ; ' ¢
There are & number of”compound wound DU motors in the laboratory.

Using the circuit below as & speed controller, you are to determine:

<

_/’ . a) the tbrque—sﬁiedﬂvharacteristics ot the motor for all

posgible constant speed "settings" of the controller.

»

\ : “ - - .

under no-load conditions.
|

“ b) the. time required for the system to reach steady $late

- [

. - . .
Since the machines.in the laboratory will only be avallable to you for a
(<Y . - I ‘ ! . .
shart time, it is suggested that you may not have sufticient time to construct

: N . .
Lthe clrcuit and make ihe required measurements directly.

' .-l “ O ' coN)'zNSAT:NG FIELD "
.‘ _A D ) .- | : ) " - ‘

SNUNT
' / FIg1L.D
- . .
- ( s y
~ . ' "
- ) ‘ fed
5 . :
. . duy .
¥ .
e o - Vo
{ & 1
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laboratory Problem 2 v

The'cxfcuit below is uged to control the speed of a-ghunt-wound DC motor.

The motor ls mechanically connected to a ma%ched mL(hani(al load whose torque

©

{

9
is proportional to sﬁeed You are required to determine

(n) the volta§e.and curfent ratings of the SCR's and diode

(b) .the size of ¢, Li; and I,
(¢) the basic scheme for a logic.circuit to kyigger the SCR'g. 'The
logic c¢lrcuit does not have to be‘designed in detail, but. the

vompoﬁents’must be specified sufficiently and realistic l]«

.of your spécification. The logic circuit should have pfov_ d.on
9 : ' ’
" for starting. the motor under load.

-
[ 4 >

zgiua
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Nielseﬁ, Kaj L., Methods in Numerical Analysis,.-Macmillen (., New York,

1956. | | |
This reference outlines many useful techniques for solving systems

<of equations and differential -equations by numerical te(hnLQUOb adapt -
able .for hand or oomputer analysis,, ‘ -

“ ¥

Fitzgerald, A. E. and Kingsley, Charles Jr. !.Eledtgic M@chines, lst Ed.,

McGr@w—Hlll New York, 19)?

This ls a general text regarding the behavior ot AC and DC mthlnes.

The” firét edition is’ particularly good in descrlblng and-calculating
the nonlinear .properties of rotating machines as well as the underlying

physics ‘of operation, ]

nev N\« . .
DC LINE ™

~
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3 Appendix R

The following is a. suggested rouéh guide for a tlme sphedule of presenta-

‘tion ot m;terial, allowing sufficient ti?e for detalled discussion of.one
‘ "wroblem' and one labofatory problem" per chapter in a small class (1525 -
students ). . |
. Chapter L ' ' 3 wéeks
2 3 weeks“
/ .
3 2 wecks
. L . 2 weeks ‘
. . | 5 ' 3 weeks

In the case of smaller classes, a longer tLerm, or partieularLy'able stu~
dents, further topics may be-considered. The following are.oltered as sug-
( 4

gestions.

6) The Parallel Capacilor Commutated Inverter with an Inductive load

'This problem, discussed in some detail in Principles of

& . I[nverter Circuils by ‘Bedtord and Hoft, is particularly suit-
B AL ¥ : - .

&

“able for modeling-&n an analog or_ hybrid computer.
¥ AN v

*7) The problem of praducing an approximate sine wave by summing” the
< outputs of several squarc-wave inverters with diftfering amplitudes
and phases but the same repetilion rate is a.useful’oxample ot

designing a. circuit (chocsiqg-the phases and amplltudes) on Lhé

( ' basis of a simpliied model of operation, The problem éan be

- 2 . . -

- generalized into designing the 3 phase, ‘harmonic neutralized inver-

- - ter. BSuch problems are mogs! instructive if the Lhird and fifth

A

-* harmonics are abdent from the desired ontput sine wave. Again,

- ~

Principles of Inverter Circuits by Bedford and HOft is an excel-
lert. beginning reference for the problem. An additional helpful
o N : t . ‘

“
[N

; ‘>f . - h * ‘31 1
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v

reference is Kernick, Roofy and Heiprich," Static Inverter with Neutraliza-

tionjof Harmonics", AIEE Transactions, Pt. II, Vol., 81 (May, 1962), pp. 59-

68.-

/
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