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SUMMARY 

In  order  to  optimize  equipment  designs 
w i t h i n   t h e   c o n s t r a i n t s   o f   c u r r e n t  H i - R e 1  
systems,   designers  need to  know component 
performance and r a t i n g s  as a func t ion   o f  
thermal  environment. For c a p a c i t o r s ,  
h i s t o r i c a l l y   t h i s  need  has  been s a t i s f i e d  by 
assuming a worst-case  condition  usually  based 
on l i f e  tests performed  in s t i l l  a i r   w i t h  no 
heat  sink.  This  approach is not  adequate  for 
the  requirements   being  experienced  today.  

Reductions  of  weight and  volume a r e  
r e a l i z e d  when  a s impl i f ied   thermal  model  of t h e  
capac i to r  i s  used in   p lace   o f   wors t -case   da ta .  
This   paper   descr ibes   appl ica t ion   techniques  
for determining  performance and r a t ings   o f  
cased  capaci tors   under  combined AC-DC 
ope ra t ion   a s  a func t ion   of   the   ac tua l   opera t ing  
condi t ions .  Thermal  impedances  between t h e  
case  and external  environment and between  the 
i n t e r n a l  "Hot Spot" and case   a r e   t aken   i n to  
account.  

INTRODUCTION 

When components  such a s   c a p a c i t o r s   a r e  
o u e r a t e d   i n   s e r v i c e   c o n d i t i o n s .   s t r e s s e s  
experienced do n o t   r e l a t e   d i r e c t l y   t o   t h e  
test  condi t ions  upon which r a t i n g s  
cus tomar i ly   based .   Typica l ly ,   capac i tors  
l i f e   t e s t e d   w i t h  a fixed DC vo l tage   appl  
suspended by t h e   l e a d s   i n  s t i l l  or   forced 
a t  a control led  temperature .   Vol tage 
temperature   ra t ings  based on th i s   type   o f  
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lose  s ign i f i cance -  when the re  i s  an~AC  vo l t age  
appl ied  which causes some degree   o f   se l f  
hea t ing  . 

i f e  
a r e  
a r e  
ed , 
a i r  
and 
e s t  

The AC l i f e  t es t  has  been  used  in some 
cases   to   address   this   problem. The most 
conserva t ive  method r e a d i l y   a v a i l a b l e   f o r  
mounting,   suspension  in  f ee a i r  by t h e   l e a d s ,  
has  been used for CLR79' capac i tors .   This  
method is qui te   acceptable   f rom a conse rva t ive  
poin t  of view  because a l l   a p p l i c a t i o n s  employ 
some hea t   s ink ing  or forced a i r  cool ing .  

The problem  addressed  in   this   paper  
appears when the   a t tempt  is made t o   m a i n t a i n  or 
improve  performance  of  standard  circuits  with 
i n c r e a s i n g   c o n s t r a i n t s  on s i z e  and  weight of 
packaged  systems. For example, f i l t e r  

c a p a c i t o r s   a c r o s s   t h e   o u t p u t   o f  DC power 
s u p p l i e s   a r e   u s u a l l y   l i m i t e d   t o   r a t e d  AC 
r ipp le   cu r ren t s   de t e rmined  by f r e e   a i r   l i f e  
tests.  Actual   useage  heat   s inking  provides  
for   removal   o f   hea t   a t  a f a s t e r  rate 
pe rmi t t i ng  a h i g h e r   r i p p l e   c u r r e n t   f o r   t h e  
same in t e rna l   ho t   spo t   t empera tu re . I f  a more 
r e a l i s t i c   r a t i n g  scheme,  based on t he   hea t  
f l ow  cha rac t e r i s t i c s   o f   t he   dev ice ,  were t o  
be  appl ied,   designers   could  take  advantage  of  
their   es t imates   of   the   thermal   environment   to  
op t imize   capac i to r   s e l ec t ion .  An i n c r e a s e   i n  
r ipp le   cu r ren t   pe r   capac i to r   imp l i e s  a 
r educ t ion   i n   t he  number of   capac i tors   o r  an 
increase   in   per formance   a t   the  same volume. 

This  paper  presents  an  approach  to 
thermal   ra t ing  which takes   in to   account   the  
use  environment.  

THERMAL MODEL 

The model to  be employed is designed  to  
take   in to   account   the   ho t   spot   concept   in  
which temperature i s  d i r e c t l y   r e l a t e d   t o  
r e l i a b i l i t y .  A d i s t r i b u t e d   i n t e r n a l   h e a t  
source  of  magnitude  equal  to  the power inpu t  
i s  assumed. The hot   spot   temperature  is 
assumed t o   i n c r e a s e   l i n e a r l y   w i t h  power 
diss ipat ion  for   any  f ixed  mounting/cool ing 
conf igu ra t ion .  

There  are two regions  of   thermal   gradient  
which  must  be  considered: 

I.  I n t e r n a l ,  ATI = T where  the 
in t e rna l   t empera tu re  T~~ risce, AT , i s  
de f ined   a s   t he   d i f f e rence  beiween 
the   ho t   spot   t empera ture ,  
the  case  temperature ,  

THS,  and 
TC 

11. External  (mounting),  ATC = TC .-TA 

AT , is def ined  as t h e   d i f f e r e n c e  
where the   ca se -   t empera tu re  rise, 

befween the   case   t empera ture ,  
and the  mounting 3 s u r f ace  
temperature,  

TC , 
TA- 

. S p e c i f i c a l l y  w e  assume t h a t   t h e  
temperature r i s e  across   bo th   o f   these   reg ions  
is propor t iona l   to   the   hea t   (power)   f low 
through them: 
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Region I  AT^ = eI P (1 )  

Regi.on I1  AT^ = eM P ( 2 )  

where BI  and eM are   t he   r e spec t ive   ne t   t he rma l  
impedances  for  the two reg ions  and P is the 
t o t a l   d i s s i p a t e d  power. 

The hot  spot  temperature is then   wr i t t en  
as :  

T~~ = T + ATC  +ATI 
A ( 3 )  

( 4 )  = T + P t e M  + e,)  
A 

Equation ( 4 )  is a r e l a t i o n s h i p  which  can 
be   u sed   t o   ca l cu la t e   (p red ic t )  THS fo r  a 
s p e c i f i c   a p p l i c a t i o n   g i v e n  a mounting  surface 
temperature TA and t h e   d i s s i p a t e d  power, P. 
This  can  be  compared t o  a "rated" maximum T 
to   be  developed  through  tes t ing.  e and €I can HS 

be es t imated  by c a l c u l a t i o n  and can%e   ve r l f i ed  I 

by infrared  scan  temperature  measurements.  

It  should  be  noted  that   the   case  temperature  
and the  mounting  surface  temperature   are  
i m p l i c i t l y  assumed to   be   un i form  over   the i r  
respec t ive   reg ions .   This  i s  reasonable   s ince  
these  regions  normally  have  high  thermal 
conduc t iv i ty  and  do no t   con t r ibu te  
apprecc iab ly   to   the   t empera ture  r i s e  a s  do t h e  
in te rmedia te   reg ions .  

APPLICAITON OF THE MODEL 

In   t he   app l i ca i ton   o f   equa t ion  ( 4 )  t h e r e  
a r e  two parameters   re la ted  to   the  capaci , tor  
design and consequent ly   involved   in   the   ra t i .ng  
o f   t he   capac i to r ;   t hese   a r e  T (rnax) and e . 
Two other   parameters   a re   r5fa ted   to   t f ie  
app l i ca t ion  and must be  determined by the 
system  designer;   they  are  TA and €IM. The f i f t h  
parameter P determines  the  actual   hot   spot  
tempera ture   in  a g iven   ope ra t ing   s i t ua t ion .  

T (max) may be  estimated  from  knowledge 
of mare r i a l s  and i n t e r n a l   c o n s t r u c t i o n ;  i t  
would  be  the maximum T cons i s t an t   w i th  a 
minimum r e l i a b i l i t y   s t a n % r d .  As a s t a r t i n g  
poin t  T (max) should  be  l imited  to   values  
below  any mel t ing   po in ts  or other   temperatures  
where physical   changes  such  as   crystal  
s t r u c t u r e   m o d i f i c a t i o n s   t a k e   p l a c e ,  I t  should 
be  assumed t h a t  any  such c r i t i c a l   t e m p e r a t u r e s  
r e l a t e d   t o   s t r u c t u r a l  or f u n c t i o n a l   m a t e r i a l s  
of   the   capac i tor  must  not  be  exceeded. 
Equation ( 4 )  may be  used to c a l c u l a t e   t h e  
nominal THS fo r  a given  operat ing  condi t ion  to  
de t e rmine   accep tab i l i t y .  The abso lu te  
accuracy of t h i s   c a l c u l a t i o n  w i l l  depend on the  
accuracy  of   the  determinat ion  of   the  remaining 
parameters.  
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el, the   o the r   pa rame te r   r e l a t ed   t o   t he  
capacitor, must  be ca lcu la ted   f rom a d e t a i l e d  
thermal model  of  the  capacitor.  where 
u n c e r t a i n t i e s  ar ise ,  assumptions  should  bias 
t h e   v a l u e   o f  BI  toward  the  high  s ide  in   order  
t o   keep   t he   e s t ima te   conse rva t ive   fo r   wors t  
ca se  THS. U n c e r t a i n t i e s   i n  OI  can come from 
v a r i a t l o n s   i n   i n t e r n a l   g e o m e t r y  which a r e   t o  
some exten t   p red ic tab le   based  on d i f f e rences  
i n  nominal  capacitances and v o l t a g e   r a t i n g s  
wi th in   the   genera l   fami ly .  More than  one 8 
cou ld   be   r equ i r ed   t o   r ep resen t   a l l   t he  I 

c a p a c i t o r s   a v a i l a b l e   i n  a g iven   case   s ize   for  
a family.   Another  important  consideration i s  
the   cont r ibu t ion   of   the   l eads   to  e,. The 
l eads  w i l l  remove hea t  and w i l l  lower t h e  
e f f e c t i v e  BI  depending upon t h e   e f f i c i e n i c y  
of   the   hea t   s ink ing   of   the   l eads .  A 
conservat ive  approach would be to   ignore  the 
l e a d s   i n   t h e  model  and consider   only  heat  
removal  through  the  case.  

e and TA represent   the  outs ide  thermal  
wor ld   to   the   capac i tor  and are   determined by 
the  system  design.  BM may be ca l cu la t ed  
through  cons idera t ions   o f   mater ia l  
p r o p e r t i e s  and geometry  for  the  mounting 
i n t e r f a c e .  T may be  calculated  from known 
system  param&ers or measured on working 
models   as   par t   o f  a general  thermal  mapping. 
8 may b e   v e r i f i e d   e a s i l y  by measurements  of 
T and T a t   s p e c i f i c   o p e r a t i n g   c o n d i t i o n s .  

M 

M 
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P mus t   then   be   l imi ted   in   ac tua l   se rv ice  
t o  a value  which w i l l  g ive  a conserva t ive  
predict ion  f rom  equat ion ( 4 )  of T below 
( l e s s   t h a n )   t h e   e s t a b l i s h e d  THS(max?? 

U l t i m a t e l y ,   e s t a b l i s h e d   r e l i a b i l i t y  (ER) 
s p e c i f i c a i t o n s   s h o u l d   r e l a t e   f a i l u r e   r a t e s  
t o  T wi th  a s p e c i f i e d   t o l e r a n c e  on e . 
With ?ea t   s ink ing   con t ro l l ed   fo r  AC tests 
r e s u l t s  would  be much more meaningful 
independant   of   considerat ions  for  €I I' 

EXAMPLE:  CLR79  TANTALUM CASED TANTALUM 

The example  chosen is of i n t e r e s t   b e c a u s e  
these   capac i to r s  are being  used  to  replace 
s i l v e r   c a s e d  w e t  s l u g  and so l id   t an ta lum 
capac i tors   where   r ipp le   cur ren ts   a re  
s i g n i f i c a n t .  The CLR79 type  has   an  inherrant  
r i pp le   cu r ren t   capab i l i t y   f a r   exceed ing  
e i the r   o f   t he   p rev ious   des igns .  The ques t ion  
immedia te ly   a r i ses  as t o  how  much r i p p l e  
cu r ren t  a given CLR79 can   t ake   i n  a given 
thermal  environment,   i .e.   given (eM, Ta) .  
This  question  can  be  approached by us lng  
equat ion  ( 4 )  t o   e s t a b l i s h  a maximum power 
from  which a maximum r ipp le   cu r ren t   can   be  
ca l cu la t ed .   S ince   i n t e rna l   des igns   va ry  
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among s u p p l i e r s   t h e   u s e r  must  be  concerned  with 
determining BI and THs fo r  a l l  s t y l e s  from a l l  
manufacturers.  

I n t e r n a l  Thermal  Impedance - 
I 

n 

Manufacturers   dataL  includes  s tandard 
power ra t ings   for   each   case   s ize   based  on  a 
50°C i n t e r n a l   t e m p e r a t u r e   r i s e  (AT 1. The 
r a t i n g s   r e l a t e   t o   o p e r a t i o n   i n  85°C will a i r .  
An e s t ima te   o f  €II can be   ob ta ined   d i r ec t ly   f rom 
these   r a t ings   fo r   each   ca se   s i ze .  

SPRAGUE 
RATED  POWER  CALCULATED 

(WATTS ) ef (co/w) 

1.0 50 .O 
1.50  33.3 
1.75  28.6 
1.95  25.6 

CASE SIZE 

T1 (C). 
T2 (F)  
T3 (T) 
T4 (F)  

Maximum Hot Spot  Temperature - THS(max) 

An est imate   of  T (max)  can  be made by 
consider ing  equat ion H?3) as  it  appl ies   to  
s t a n d a r d   r i p p l e   c u r r e n t   l i f e   t e s t   c o n d i t i o n s  
fo r  which c h a r a c t e r i s t i c s   a r e  known.  The f r e e  
a i r   t e m p e r a t u r e  (T = 85°C) takes   the   p lace   o f  
a mounting surfack  temperature  and the  case 
t empera tu re   r i s e ,  ATC i s  determined by t h e  
power d iss ipa ted   across   the   in te r face   be tween 
the   case  and ambient a i r .   I n t e rna l   t empera tu re  
r i s e ,  AT , i s  assumed to be 5OoC, the  maximu 
permi t ted .   Curves   a re   g iven   in  t h e  r e f e rences  
which yield  the  followi.ng  values  of ATC a t  
r a t ed  maximum r i p p l e   c u r r e n t s   f o r  two capac l to r  
types   in   each   of   the   four   case   s izes :  

T 

CAPACITOR 
TYPE 

3.6uF,125V 
lOuF, 50V 
41uF, 50V 
100uF, 25V 
25uF, 125V 
56uF, 15V 
300uF, 30V 
1200uF, 6V 

AT AT  STD 40 
kH2 CURRENT (C") 

120 
125 

Mean = 61 . Z 0 C  
Standard 
Deviation = 
6.7OC 

63 
63 

to   be   conserva t ive  we sele!? 60°C ( t h e  lower 
Since  our   es t imate  of T (max) is in tended  

one  sigma l i m i t )   f o r  AT (max). More ex tens ive  
da t a  would r e s u l t  iz a b e t t e r   e s t i m a t e .  
Applying  equation ( 3 )  t o   t he   wors t   ca se  we 
have : 

T (max) = TA  +AT (max) + ATI(max) HS C (5 )  

= 85°C + 60°C + 50°C = 195OC (6 )  

We have  es tabl ished a new r a t i n g  
parameter which can   be   dera ted   in   accordance  
with a rule   determined by s y s t e m   r e l i a b i l i t y  
requirements.  A t y p i c a l   r u l e  s ta tes  THS(max) 
must be  derated 3OoC for   nominal   operat ing 
condi t ions  and 15OC for   wors t   case  
condi t ions .  Thus: 

OPERATING  CONDITION THS(max) 

Rated 
Nominal 
Worst case  

195'C 
165°C 
18O0C 

Typical   case 

Let  us  consider a spec i f i c   capac i to r   s ay  
M39006(22-0216. Th i s   capac i to r ' s   cha rac t e r -  
i s t i c s   a r e  25uF,  125Vdc, T32ca,se, 1200 mA 
( rms) .   Manufac turer ' s   da ta   Ind ica tes  a 
maximum e q u i v a l e n t   s e r i e s   r e s i s t a n c e  (ESR)  
of  approximately  .6 R a t  40 kHz i n   t h e  
internal   temperature   range  of  160 t o  200°C 
(obta ined  by ex t r apo la t ion  of ESR vs 
temperature for the  case  where no  power i s  
d i s s i p a t e d ) .  We assume: 

TA = 70aC,  mounting  surface  temperature 

eM = 20"C/watt,  mounting  thermal 
impedance.  Using  our  estimate  above  for  the 
T3 case we then  apply  equat ion  (4)  and 

where P i s  diss ipated  power,  I is c u r r e n t ,  
and ESR is t h e   e q u i v a l e n t   s e r i e s   r e s i s t a n c e .  

The r e s u l t s   f o r   t h e   v a r i o u s   o p e r a t i n g  
condi t ions   a re :  

THS (max) P I 
OPERATING CONDITION (C") (WATTS) (Arms) 

Rated 195  2.57 2.01 
Derated  worst   case 180 2.26 1.94 
Derated  nominal 165  1.35 1.80 

The r e s u l t s   g i v e n  compare t o   t h e   s t a n d a r d  
r a t i n g   o f  1200 mA ( rms)   as   fo l lows:   the  new 
cur ren t   ra t ing   based   on  T (max) i s  nominally 
equ iva len t   t o   bu t   s l i gh tp?  more conserva t ive  
t h a n   t h e   s t a n d a r d   r a t i n g   w i t h   r e s p e c t   t o  
s t r e s s   a t   t h e   w o r s t   c a s e   o p e r a t i n g   c o n d i t i o n .  
Derated  currents  based on de ra t ed  T (max) 
which  correspond  to  conservative  esrSmates 
of  power d i s s i p a t i o n  s t i l l  exceed   the   f ree  
a i r   r a t e d   c u r r e n t .  
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The resu l t s   o f   the   example  are given  for  
i l l u s t r a t i v e   p u r p o s e s   t o  show t h e   r e l a t i v e  
merits o f   t h i s   app roach   i n   p rov id ing   t he  
c i r cu i t   des igne r   w i th   g rea t e r   f r eedom  o f  
se lec t ion .   This   t echnique  w i l l  permit 
i d e n t i f i c a t i o n  and e l i m i n a t i o n   o f   s i t u a t i o n s  
where  over  design  has  been  necessary  to  provide 
r e q u i r e d   c i r c u i t   p e r f o r m a n c e   a n d   r e l i a b i l i t y .  

CONCLUSIONS 

There i s  a d i s t i n c t  need t o   s p e c i f y  more 
c lose ly   t he  power d i s s i p a t i n g   c a p a b i l i t i e s   o f  
c a p a c i t o r s   f o r  AC a p p l i c a t i o n s .   L i f e   t e s t  
conditions  should  be  modified so a s   t o   r e l a t e  
b e t t e r   t o  use cond i t ions .  The t y p i c a l   l i f e  
t e s t   c o n d i t i o n  where capaci tors   are   suspended 
i n   f r e e  a i r  i s  d i f f i c u l t   t o   r e l a t e   t o  any use  
condi t ion   except   to   the   ex ten t   tha t  i t  may be 
considered  "worst  case". Known h e a t   s i n k s  
should  be  used so t h a t   t h e   i n t e r n a l  

c h a r a c t e r i s t i c s  of   the  capaci tors   could  be 
v e r i f i e d  more accu ra t e ly .  The c o r r e l a t i o n  

w i t h   & l u r e   r a t e   a n d ,  
o f ,  T (max), maximum hot   spot   temperature  

el ,  i n t e rna l   t he rma l  
impedance w i l l  enable   sys tem  des igners   to  
make very   s ign i f icant   improvements   in   space  
eff ic iency  ands  system  performance.  
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