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A study is made of the interre la t ion between e lec t r ica l  and thermal  p rocesses  in t empera tu re -  
l imited t r ans i s to r s .  The resul ts  of theoret ical  analysis  are  compared  with experimental  data. 

One promis ing  way to make power t r ans i s to r s  suitable for  operat ion as switches is to use t empera ture -  
l imited t r ans i s to r s  for  this purpose.  The gis t  of t empera tu re  l imitation is establishment,  through a cr i t ica l  
t he rmis to r  in d i rec t  thermal  contact  with the semiconductor  wafer,  of a feedback between the tempera ture  of 
the s t ruc tu re  and the col lec tor  cu r ren t  of the t r ans i s to r  which will cause the cu r ren t  to decrease  as the s t ruc -  
ture  heats up to its c r i t i ca l  t empera ture  Tcr.  Tempera ture  l imitation makes it feasible to operate power 
t r ans i s to r s  as switches cha rac te r i zed  by a high rel iabil i ty and noncri t ical  with respec t  to cur ren t  overloads.  
The behavior  of a t empera tu re - l imi ted  t r ans i s to r  in this mode of operat ion is determined by a combination of 
e lec t r ica l  and the rmal  p r o c e s s e s ,  which in this kind of device are  fundamentally interrelated.  The object of 
this study is to analyze the in terre la t ion between those p rocesses .  

The s t ruc ture  of a t empera tu re - l imi ted  t r ans i s to r  in the most  genera l  fo rm includes a semiconductor  
(silicon) wafer  whose upper surface  and lower surface  are  in thermal  contact  with, respect ively,  the cr i t ical  
t he rmis to r  and the heat sink. The e lec t r ica l  c i rcu i t  of a t empera tu re - l imi ted  t r ans i s to r  can genera l ly  have any 
configuration. Here will be considered a conventional t r ans i s to r  stage with a common-emi t t e r  connection (Fig. 
1). The cr i t ica l  t he rmi s to r  Rp  is connected in a se r ies  before the input and a d c  voltage Vc is applied to the 
col lector .  Such a mode of operat ion occurs  during a shor t  c i rcui t  ac ross  the load and is most  severe  with r e -  
spect  to the n e c e s s a r y  fast  response  of the thermal  protect ion ( temperature  l imi ter ) .  An analysis  of t empera-  
ture  t r ansducers  indicates that with silicon devices it is appropriate  to use a PTC (positive tempera ture  coef-  
ficient) the rmis to r  Rp  as a cr i t ica l  one. The tempera ture  dependence of its e lect r ical  res i s tance  has been 
descr ibed  in other  studies [1, 2] and can be approximated by the relat ion 

Rp = R0 q- R d {exp [7 (@p-- | - -  1}. (1) 

Passage  of a col lec tor  cur ren t  through the t r ans i s to r  generates  a power P in the silicon wafer  and dis-  
sipation of this power causes  the wafer  to heat up. Owing to the iner t ia  of a PTC thermis tor ,  the instantaneous 
t empera tu re  of the si l icon wafer  can appreciably exceed the cr i t ica l  t empera ture  Tcr  when power P r i ses  
fast  to a high level. Accordingly,  it is of prac t ica l  in te res t  to determine the maximum tempera ture  reached by 
the s t ruc ture  in the tempera ture- l imi ta t ion  mode when a step of power P = const  impinges on the t empera ture -  
l imited t rans is tor .  Solution of this problem involves a composi te  analysis  of e lec t r ica l  and thermal  p rocesses  
in the t rans i s to r .  

The thermal  p r o c e s s e s  will be analyzed under the following assumptions:  the thermal  c i rcui t  of a tem- 
pe ra tu re - l imi t ed  t r ans i s to r  is regarded  as a one-dimensional  stack of diverse  plates in thermal  contact with 
one another,  and the density of the power dissipated in this t r ans i s to r  is uniform over  the upper surface of the 
si l icon wafer.  

The e lec t r ica l  p rocesses  wiU be analyzed under the following assumptions:  voltage u C at the r e v e r s e -  
biased col lec tor  junction is much higher  than the voltage at the forward-b iased  emi t te r  junction, with the 
power dissipated in the t empera tu re - l imi ted  t r ans i s to r  

p = Ucic; (2) 

The e lec t r ica l  p roces se s  within the s t ruc ture  reach the steady state much sooner  than the thermal  pro-  
cesses  do, so that they can be regarded  as quasis teady ones, which makes it permiss ib le  to use the static 
cha rac te r i s t i c s  of a t rans is tor .  

Leningrad Institute of P rec i s ion  Mechanics and Optics. Translated f rom Inzhenerno-Fizicheski i  Zhurnal, 
Vol. 38, No. 3, pp. 457-464, March, 1980. Original ar t ic le  submitted December  18, 1978. 

0022-0841/80/3803-0267507.50 �9 1980 Plenum Publishing Corporat ion 267 



l 
Fig. 1. T r a n s i s t o r  s tage  with a 
c o m m o n - e m i t t e r  eonnection: PTC 
t h e r m i s t o r  Rp,  r e s i s t o r  R, tern-  
p e r a t u r e - l i m i t e d  t r a n s i s t o r  T. 

The dependence of the d i s s ipa ted  power  on the PTC r e s i s t a n c e  p ( r p )  is known, this dependence being 
de t e rmined  by the t r a n s i s t o r  c i rcu i t  connection, and i ts  t rend can be es tab l i shed  e i ther  by  expe r imen t  or  by  
calculat ion.  When the base  c i rcu i t  of the t r a n s i s t o r  s tage  in Fig. 1 is supplied f r o m  a source  of ba se  cu r r en t  
i b = Uin/rp ,  th is  base  c u r r e n t  being r e l a t ed  to the co l l ec to r  c u r r e n t  by the equali ty i e = flib, then the re la t ion  
p ( r p )  can be e x p r e s s e d  as 

p (rp) = Uc[~Uin/rp. (3) 

In a t r a n s i s t o r  without t e m p e r a t u r e  l imi ta t ion  the d i s s ipa ted  power  p depends only on the e l ec t r i ca l  op- 
e ra t ing  p a r a m e t e r s .  In o rde r  to ca lcu la te  the t e m p e r a t u r e  r i s e  ~ ( t )  of the s t ruc tu re  (in the plane of power  
genera t ion)  fo r  any f o r m  of the power  as a function of t ime  p (t) ,  the re fore ,  it is  sufficient  to de t e rmine  the 
t r ans i en t  t h e r m a l  r e s i s t a n c e  of the t r a n s i s t o r  rT( t}  n u m e r i c a l l y  equal to the t e m p e r a t u r e  r i s e  of the s t r u c -  
tu re  due to a unit s tep of power.  Then 

t 

(t) : p (0) r~ (t) + S rT (t - -  ~) p' ([) d[. (4)  
0 

In a t e m p e r a t u r e - l i m i t e d  t r a n s i s t o r  p (t) depends not only on the e l ec t r i ca l  operat ing p a r a m e t e r s  but 
also on the t e m p e r a t u r e  of the PTC t h e r m i s t o r .  F o r  calculat ing the t h e r m a l  modes  of t e m p e r a t u r e - l i m i t e d  

t r a n s i s t o r s ,  t he re fo re ,  one mus t  not only know the t r ans i en t  t h e r m a l  r e s i s t a n c e  r T ( t  ) of the t r a n s i s t o r  p r o p e r  
but a lso  have avai lable  a fami ly  of t r ans i en t  t h e r m a l  r e s i s t a n c e s  in var ious  c r o s s  sec t ions  of the PTC t h e r m -  
i s t o r  rTp (x ,  t) numer i ca l l y  equal to the t e m p e r a t u r e  r i s e s  in cor responding  c r o s s  sect ions  of the t h e r m i s t o r  
due to a unit s tep  of power  in the t r a n s i s t o r .  It will be  demons t r a t ed  he re  that  de te rmin ing  the t r ans ien t  
t h e r m a l  r e s i s t a n c e  rTP(X, t) of a PTC t h e r m i s t o r  r educes  to de te rmin ing  the t h e r m a l  r e s i s t a n c e  r T ( t )  and 
the t r a n s f e r  function, with r e s p e c t  to t e m p e r a t u r e ,  of the PTC t h e r m i s t o r  y p ( x ,  t ) .  This t r a n s f e r  function 
r e p r e s e n t s  the r e s pons e  of a PTC t h e r m i s t o r  to a unit s tep of t e m p e r a t u r e  in the plane of the upper  su r face  of 
the s i l icon wafer .  The genera l  equation for  the t e m p e r a t u r e  r i s e  of a PTC t h e r m i s t o r  is 

f 

#p (x, t) = r (0) Up (x, t) + S YP Ix, t - -  [) r  ([) d[. (5) 
0 

Consider ing that  ~(0) = 0 and ~(t) = P r T ( t ) ,  we obtain 

t 

e p(X, t) = P S Yi, (x, t = ~) d(~)  d~ 
0 

and f r o m  here  
t 

rTp(X, t ) =  Op(X, t) f P =- yp(X, t - -~)  rT(~)d~. (6) 
0 

a r e  de t e rmined  by  the design of the device  and can be es tab l i shed  e i ther  by ca l -  R e l a t i o n s  r T ( t )  and r T p ( t )  
eulat ion o r  by  exper iment .  

We will  now cons ider  the s t e ady - s t a t e  opera t ion  of a t e m p e r a t u r e - l i m i t e d  t r a n s i s t o r .  The power  d i s s i -  
pated in the t r a n s i s t o r  will be  e x p r e s s e d  in t e r m s  of its s t e a d y - s t a t e  t h e r m a l  r e s i s t a n c e  RT and the t e m p e r a -  
ture  r i s e  of the PTC t h e r m i s t o r  |  the l a t t e r  in the s teady s ta te  equal to the t e m p e r a t u r e  r i s e  of the t r a n s i s -  
to r  O in the plane of power  generat ion:  P = |  T. On the other  hand, the same  power  can be r e p r e -  
sented as  a function of the e l ec t r i ca l  r e s i s t a n c e  of the P T C  t h e r m i s t o r  Rp and the l a t t e r  i s  in turn  a 
function of i ts  t e m p e r a t u r e  r i s e  |  P = P [Rp( |  We thus a r r i v e  at the equation which de t e rmines  the 
s t e a d y - s t a t e  t e m p e r a t u r e  r i s e  of the s t ruc tu re  in the t e m p e r a t u r e - l i m i t a t i o n  mode 

ep/R~ = P [Rp(0~]. (7) 
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As an example, let us calculate the s teady-s ta te  pe r formance  of a t empera tu re - l imi ted  t rans i s to r  in a 
c ommon-emi t t e r  c i rcu i t  (Fig. 1). Insert ing the relat ion P (Rp) f rom express ion  (3) into the r ight-hand side 
of Eq. (7) yields 

op _ Uc~Uin (s)  
R T Rp(O~ 

With the aid of the tempera ture  dependence (1) of the e lec t r ica l  res i s tance  of the PTC thermis tor ,  we can r e -  
duee Eq. (8) to 

Op Pc 

RT 1 + Rd {exp [y (0p __ 0cr)] __ l} (9) 
R0 

The quantity P0 = UcflUin/R0 r ep re sen t s  the power step acting on the "cold" device under conditions preceding 
the tempera ture  limitation (~p _< |  

We can now calculate the s teady-s ta te  pe r fo rmance  of a t empera tu re - l imi ted  t rans i s to r  with the 
p a r a m e t e r s  RT = 10~ Tcr  = 75~ R 0 = 42 ~2, R d = l  .,2, and y = 0.21 (~ -t on which impinges a step of 
power P0 = 1000 W. Let the ambient t empera ture  T o be equal to the cr i t ica l  t empera ture  so that Oct  = Tcr  - 
T o = 0 in one case ,  andequa l to  zero  so that |  = Tcr  in the other case.  In the f i rs t  case | = 46~ T = 
T p = O p +  T 0= 121~ and P = 4 . 6  W. In the second case |  116~ T = T p =  116~ and P = 11.6W. This 
example i l lus t ra tes  that, despite the ra ther  large step of power P0, the s teady-s ta te  tempera ture  of the s t ruc -  
ture T = Tp  in the . tempera ture - l imi ta t ion  mode remains  far  below the maximum allowable 150~ while the 
s teady-s ta te  dissipated power P is below the initial level P0. 

We next consider  the t ransient  pe r fo rmance  of a t empera tu re - l imi ted  t rans is tor .  Knowing the t empera-  
ture dependence p p ( T p )  of the e lec t r ica l  res i s t iv i ty  of the PTC the rmis to r  and knowing the thickness l p as 
well as the c r o s s - s e c t i o n a l a r e a  a p  of the PTC thermis tor ,  we can wri te  for its total res is tance,  which de- 
pends on the space distr ibution of its t empera tu re  Tp(x ,  t) ,  

= op ad . i lo1 

With the aid of relat ion (10), the dependence of the power on the e lec t r ica l  res i s tance  of the PTC thermis to r  
P i r p )  can be t r ans fo rmed  to the dependence p [Tpix ,  t) ]. This dependence obviously determines  the inverse 
relat ion Tp(x ,  t) = f [p (t)] for  the absolute t empera tu re  and the relat ion ~p i  x, t) =~  [p it)] for the tempera-  
ture r i se  above the initial t empera tu re  of the PTC thermis tor .  With ~p(  x, t) now represented  according to 
relat ion (4), where r T ( t  ) is  rep laced  by rTp(x ,  t), the integral  equation for the power with the argument  in 
an implici t  fo rm becomes  

t 

p (0) rTp (x, t) + j' rTp(x, t - -  ~) p' (~) d~ = q~ [p (t)]. (11) 
0 

After  determining the function p(t)  f rom express ion (11), we calculate the tempera ture  r i se  of the silicon 
wafer  according to relat ion (4). 

Another approach is analogous to the one taken for  calculating the s teady-s ta te  performance.  The t r ans -  
fo rm of power dissipated in the s t ruc ture  will be expressed  in t e rms  of the t r ans fo rm of t empera ture  r i se  
@p(x, s) and the t rans ient  thermal  res i s t ance  RTp(X, s) of the PTC thermis tor ,  namely,  

P(s )  ": Op(X, S)/RTp(X , S). (12) 

On the other  hand, the t r ans fo rm of power can be expressed  as the Laplace integral  of the function on the 
r ight-hand side of Eq. (7) 

P (st = ~ {p [rp (~}~]} = ~ {p [t}p (x, t)]}. (13) 

Equating the t r ans fo rms  of power (12) and (13), then applying the multiplication theorem for  t ransforms,  we 
obtain an in tegra l  equation for  the tempera ture  r i se  of the PTC thermis to r  

t 

~p (x, t) = .f rTp (x, t - -  ~) p [~p (x, ~)1 d~. (14) 
0 

Considering that the t r ans fo rm of power (12) can be analogously expressed  in t e rms  of the t rans form of tem- 
pera tu re  r i se  | of the sil icon wafer  and the t ransient  thermal  res is tance  RT(S) of the t r ans i s to r  proper ,  
we can find the quantity | as 
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Fig. 2. Const ruc t ion  of a t e m p e r a t u r e - l i m i t e d  t r ans i s t o r :  
1) PTC t h e r m i s t o r  (ba r ium t i tana te) ;  2) insulat ing p la te  
(be ry l l ium oxide);  3) adhes ive  l a y e r  (epoxide);  4) s i l i -  
con wafer ;  5) t he rma l  compensa to r  (molybdenuum);  6) 
copper  case ;  7) a luminum rad ia to r .  

Fig. 3. T r a n s i s t o r  s t age  connected into a Darl ington 
c i rcui t :  PTC t h e r m i s t o r  Rp;  r e s i s t o r s  R 1 and R2; t e m -  
p e r a t u r e - l i m i t e d  t r a n s i s t o r  Tl; auxi l ia ry  t r a n s i s t o r  T 2. 

e(s)= e p(x, s) RT (s). (15) 
R rp(X, s~ 

An inve r se  t r an s fo rm a t i on  of the quanti ty (15) yields  ~(t) .  

The r e su l t s  of ca lcula t ions  by this method, per ta in ing  to the t r ans ien t  p r o c e s s e s  in a t e m p e r a t u r e -  
l imi ted  t r a n s i s t o r ,  have been c o m p a r e d  with expe r imen ta l  data. The t e s t  object  was  a t e m p e r a t u r e - l i m i t e d  
t r a n s i s t o r  of a cons t ruc t ion  as  shown in Fig. 2. So as to avoid e r r o r s  due to heating of the PTC t h e r m i s t o r  by  
the input cu r r en t ,  the t es t  device  was connected into a Darl ington c i rcu i t  (Fig. 3). Since the purpose  of the 
e x p e r i m e n t  was to val ida te  the p roposed  method of ca lcula t ion r a t h e r  than developing r ecommenda t ions  for  
opt imal  design of t e m p e r a t u r e - l i m i t e d  t r a n s i s t o r s ,  all  r e la t ions  in the fundamental  equations were ,  as a rule,  
de t e rmined  exper imenta l ly .  These re la t ions  w e r e  then e i ther  approx imated  by suff icient ly accura te  analyt ical  
exp re s s ions  o r  used  d i rec t ly  in n u m e r i c a l  integrat ion.  This made it poss ib le  to avoid labor ious  calculat ions 
ba sed  on e l e c t r o t h e r m o p h y s i c a l  equations and inevi table  e r r o r s  of theore t i ca l  a ssumpt ions .  

The t r ans i en t  t he rm a l  r e s i s t a n c e  r T ( t )  of the t r a n s i s t o r  was m e a s u r e d  by the well-known expe r imen ta l  
method,  using the fo rward  voltage drop  a c r o s s  the e m i t t e r  junction as the hea t - s ens i t i ve  p a r a m e t e r  at a con-  
s tant  m e a s u r i n g  cur ren t .  

E x p e r i m e n t a l  de te rmina t ion  of r T p ( x ,  t) is f raught  with g r e a t  difficult ies.  F o r  this reason ,  the t r a n -  
s i e n t t h e r m a l r e s i s t a n o e  r T p ( x , t ) o f  the PTC t h e r m i s t o r  was  ca lcula ted  by  n u m e r i c a l  in tegra t ion of Eq. (6).  
Use was made of the exper imen ta l ly  de t e rmined  r T ( t )  re la t ion  together  with the calcula ted y p ( x ,  t) func- 
tion. F o r  calcula t ing the la t t e r ,  the s y s t e m  of equations of heat  conduction was solved fo r  p la tes  1 and 2, with 
p la te  3 r e g a r d e d  as a t he rm a l  contact  r e s i s t ance ,  inasmuch as the t h e r m a l  capac i ty  of the insulat ing l aye r  2 
between the s i l icon wafe r  and the PTC t h e r m i s t o r  was apprec iab ly  higher  than that  of the PTC t h e r m i s t o r ,  
va lues  of function y p  (x, t) a l m o s t  did not v a r y  along the x coordinate .  There fo re ,  the t r a n s f e r  function y p  (t) 
was  ca lcula ted  with r e s p e c t  to the m e a n - o v e r - t h e - v o l u m e  t e m p e r a t u r e  of the PTC the rmi s to r .  The r T p ( t )  
re la t ion  ove r  the 0 -< t -< 10 see range,  obtained as a r e s u l t  of n u m e r i c a l  integrat ion,  was subsequent ly  ap-  
p rox ima ted  as 

rTp(t) -= bit + c [ 1 - -  exp ( - -  b~t)], (16)  

w i t h  b I = 0 . 0 8 ~  b 2 = 0 .55  see -1, and  c = I ~  

The t e m p e r a t u r e  dependence of the e l ec t r i ca l  r e s i s t a n c e  of the PTC t h e r m i s t o r ,  es tab l i shed  exper i -  
menta l ly ,  was approx imated  by Eq. (1) with R 0 = 42 ~, Rd = 1 ~2, and y = 0.2 (~ -1. This re la t ion  was then 
used  in numer i ca l  in tegra t ion  d i rec t ly ,  without p r i o r  convers ion  according  to express ion  (10). This was jus t i -  
fied by the fac t  that  during the heating p r o c e s s  the t e m p e r a t u r e  a lmos t  did not v a r y  a c r o s s  the th ickness  of 
the PTC t h e r m i s t o r ,  owing to the l a rge  t h e r m a l  capac i ty  of the insulat ing l aye r  2. 
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Fig. 4. Dissipated power p (W) as a function 
of t ime t (see) ,  calculated (dash lines) and 
measured  (solid lines) for  var ious values of 
P0: 1) 300 W; 2) 120; 3) 50, 

The dependence of the power dissipated in the t empera tu re - l imi ted  t r ans i s to r  on the e lec t r ica l  r e s i s -  
tance of the  PTC the rmis to r ,  establ ished experimental ly,  was approximated as a l inear function p(rp) = 
P0[1 - k ( rp  -R0) ] ,  withk = 0.003 (~2) -1. The dependence of the tempera ture  r i se  of the PTC thermis to r  on the 
dissipated power,  established with the aid of relat ion (1), could then be reduced to the relation 

1 in P o ( l + k R d ) - - p ( t )  @~er' (17) 
op (t) = v P0kRd 

Insert ing r T p ( t  ) f rom (16) and "gp(t) f rom (17) into Eq. (11), then applying the differentiation theorem for 
the convolution of two functions, we now obtain an equation for the power dissipated in a t empera ture - l imi ted  
t r ans i s to r  

PokRd -~- - -  - -  p ( t )  1 + - - 1 - -  b-L-~ p(~)d~ . (18) c cb2 / c . 
o 

Results  of numer icaUy solving Eq. (18) for various values of the acting power P0 are  shown in Fig. 4 
(dashedlines) .  Onthe same d i a g r a m a r e  also shown experimental  curves  (solid lines) which have been plotted 
according to the following procedure .  The t empera tu re - l imi ted  t rans i s to r  was hit by a step of power P0 = 
UCIC0 vary ing  with the col lec tor  cu r ren t  IC0 , inasmuch as the c o U e e t o r - e m i t t e r  voltage was held constant 
(Uc = eonst) ,  The var ia t ion  of the col lec tor  cu r ren t  i C (t) and thus also the variat ion of the power p(t) = 
Ucic( t )  were r ecorded  with a loop oseil lograph. 

According to the graphs in Fig. 4, the agreement  between theoret icaUy and experimental ly established 
relat ions is ent i re ly  sa t i s fac tory ,  not only with r e spec t  to the trend but also with r e spec t  to the o rde rs  of 
magnitude. This conf i rms the co r r ec tnes s  of the proposed method and of the assumptions made here. 

N O T A T I O N  

t, instantaneous t ime; x, space coordinate in a c ro s s  section of the PTC the rmis to r ;  F(x, s)=~ff (x, l)! Laplace 
integral  t r ans fo rm of function f(x, t) ; T 0, ambient tempera ture ;  T, s teady-s ta te  tempera ture  of the t rans is tor  
in the plane of power generation; Tp, s teady-s ta te  t empera ture  of the PTC thermis tor ;  Tcr,  cr i t ical  t emper -  
a ture  of the PTC the rmis to r ;  | = T -  T 0, s teady-s ta te  tempera ture  r i se  of the t r ans i s to r  in the plane of 
power generat ion;  O 1) = Tp - T 0, s teady-s ta te  t empera tu re  r i se  of the PTC thermis tor ;  |  = Tcr  - To, 
cr i t ica l  t empera ture  r i se  of the PTC thermis tor ;  "9, instantaneous tempera ture  r i se  of the t rans is tor  in the 
plane of power generat ion;  ,91), instantaneous t empera tu re  r i se  of the PTC thermis to r ;  P, s teady-s ta te  d i s s i -  
pated power; p, instantaneous dissipated power; Po, step of dissipated power corresponding to #p(x ,  t) -< | 
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RT and r T, s t e a d y - s t a t e  and the t r ans i en t  t h e r m a l  r e s i s t a n c e  of the t r a n s i t o r  in the plane of power  gen e ra -  
tion; R T p  and r T p ,  s t e a d y - s t a t e  and the t r ans i en t  t h e r m a l  r e s i s t a n c e  of the PTC t h e r m i s t o r ;  yp ,  t r a n s f e r  
function of the PTC t h e r m i s t o r  with r e s p e c t  to t empe ra tu r e ;  UC and u C, dc and the ins tantaneous co l lec tor  
voltage in the t r a n s i s t o r  c i rcui t ;  Uin and uin,  dc and the ins tantaneous input vol tage to the t r a n s i s t o r  s tage;  
Ic0,  de co l l ec to r  c u r r e n t  in the t r a n s i s t o r  co r respond ing  to ~ (x, t) <_ |  i c ,  ins tantaneous co l l ec to r  c u r -  
rent ;  i b,  ins tantaneous  base  cur ren t ;  R p  and r p ,  s t e a d y - s t a t e  and the ins tantaneous e l ec t r i ca l  r e s i s t a n c e  of 
the PTC t h e r m i s t o r ;  y,  R0, Rd, p a r a m e t e r s  of the r e s i s t a n c e - t e m p e r a t u r e  c h a r a c t e r i s t i c  of the PTC t h e r m i s -  
tor ;  pp ,  e l ec t r i c a l  r e s i s t i v i t y  of the PTC t h e r m i s t o r ;  a p ,  c r o s s - s e c t i o n a l  a r e a  of the PTC t h e r m i s t o r ;  l p ,  
th ickness  of the PTC t h e r m i s t o r  in the x di rect ion;  and fl, a,  k, c, b 1, b 2, coeff ic ients .  

. 
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C A L C U L A T I O N  O F  A T R A N S I E N T  I N  A 

N E T W O R K  W I T H  A T H E R M I S T O R  

I .  M.  T r u s h i n  a n d  V. I .  A n t o n o v  

TWO-POLE 

UDC 536.63:621.316.825.621.3.011.1 

An analy t ica l  e x p r e s s i o n  is  de r ived  which d e s c r i b e s  the va r i a t ion  of the t h e r m i s t o r  t e m p e r a -  
tu re  dur ing a r e l a y - e f f e c t  t r ans i en t  p r o c e s s  following an ins tantaneous change in the supply 
vol tage in an R -  RT two-pole  network.  

T h e r m i s t o r s ,  a widely known c l a s s  of semiconduc to r  devices ,  can be success fu l ly  used in var ious  r e l ay  
and pulse  devices  ut i l izing the e l e c t r o t h e r m a l  r e l ay  effect.  This effect  takes  place when a dc voltage is ap-  
pl ied to the input of two-pole  network containing a t h e r m i s t o r  and a l inea r  r e s i s t o r  [1-5] .  

The t r a n s i e n t  p r o c e s s  in such a network will be  desc r ibed  by  the wel l -known di f ferent ia l  equation [1] 

Cv dTT__ = EZR| exp (B/T)  __ H (T - -  Ta). (1) 
dt [R| exp (B/T)  + R ]  z 

This equat ion can be  eas i ly  reduced  to quad ra tu re s  by sepa ra t ion  of va r i ab l e s ,  but the resul t ing  e x p r e s -  
sion in t e r m s  of e l e m e n t a r y  function is  not in tegrable .  F o r  this r eason ,  s e v e r a l  methods of s implifying the 
fundamental  equation (1) have been developed so as  to yield a solution. These  include l inear iza t ion  of the dif- 
fe ren t ia l  equat ion (1),  a s suming  sma l l  deviat ions of t h e r m a l  and e l ec t r i c a l  p a r a m e t e r s  in the network,  the 
method of p i e c e w i s e - l i n e a r  approx imat ion  [3 ], r e p l a c e m e n t  of the t h e r m i s t o r  with an equivalent  two-pole 
ne twork  [4], g raph ica l  in tegra t ion  [5], etc.  However ,  these  methods  e i the r  a r e  appl icable to only a na r ro w  
t e m p e r a t u r e  range  or  r equ i re  spec ia l  g raph  plott ing without being un ive r sa l  and convenient.  

In this study, based  on a se t  of a s sumpt ions  about the c h a r a c t e r i s t i c s  of e l e c t r o t h e r m a l  p r o c e s s e s  in a 
t h e r m i s t o r ,  an a t tempt  will be  made  to s impl i fy  Eq. (1) and to solve i t  in an analyt ical  form.  

F o r  the cons t ruc t ion  of a workable  phys ica l  model  desc r ib ing  the p r o c e s s e s  of charge  t r a n s f e r  in a 
t h e r m i s t o r ,  we will ut i l ize the fact  that  the c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  of a t h e r m i s t o r  has a typical ,  for  
it, r ange  of negat ive  r e s i s t ance .  The phys ica l  p r o c e s s e s  occu r r ing  in semiconduc tor  devices  with such a 
c h a r a c t e r i s t i c  a r e  convenient ly de sc r ibed  with the aid of models  which ut i l ize concepts  per ta in ing  to a so -  
ca l led  hot gas  of cha rge  c a r r i e r s  [6 I. 

Le t  us examine  the p r o c e s s  of c u r r e n t  flow in a t h e r m i s t o r  on the ba s i s  of these  concepts .  After  a vol-  
tage has been applied to the input of a four -po le  network containing a t h e r m i s t o r  and a l inear  r e s i s t o r ,  the 
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