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ABSTRACT 

A new kind of capacitor, with large capacitance and high 

energy density, has become available in the last few years. 

These high energy capacitors are based on the double-layer 

technology. They have higher power handling capability and 

energy density compared to electrolytic power capacitors. 

So far, almost no research has been published with respect 

to the use of these capacitors; in addition, the information 

supplied by the manufacturer is not enough to establish an 

accurate mode1 and to understand the operation of the 

capacitors. 

This thesis deals with the selection, identification and 

verification of a simple and accurate model for the double-layer 

capacitors. The model is based on the terminal behavior of the 

double-layer capacitors; therefore, the identification is given 

by a specific and repetitive process based on electricai 

measurements. 
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INTRODUCTION 

The f a s t ,  r e l i a b l e  and e f f i c i e n t  s t o r a g e  and recovery of energy 

i s  an important requirement i n  many power e l e c t r o n i c s  a p p l i c a t i o n s .  

The b a t t e r i e s ,  which have been t h e  t r a d i t i o n a l  s t o r a g e  devices ,  should 

not only be a b l e  t o  s t o r e  l a r g e  amounts of energy, but  a l s o  t o  draw 

t h a t  energy a t  high r a t e s .  However, t h e  f a s t  advance i n  the  

e l e c t r o n i c  devices  and systems has not  been accompanied by t h e  same 

rare of improvement i n  t h e  b a t t e r i e s  ' performance. Further ,  t h e  

b a t t e r y  performance i s  t h e  main o b s t a c l e  i n  many designs and 

a p p l i c a t i o n s .  

The development of a new kind of c a p a c i t o r ,  with l a r g e r  value of 

capac i tance  and h ighe r  energy dens i ty ,  may open a wide range of  

poss ib le  a p p l i c a t i o n s  i n  t h e  power e l e c t r o n i c s  f i e l d ,  not only  a s  an 

energy s to rage  element,  but a l s o  a s  a  f a s t  energy d e l i v e r y  device.  

Severa l  kinds of power capac i to r s  wi th  d i f f e r e n t  cons t ruc t ion  

technologies  have been developed s ince  1989. Most of them a r e  s t i l l  

i n  t h e  l a b o r a t o r y  r e sea rch  s t age .  The PANASONIC power capac i to r  i s  

one of t h e  f i r s t  carbon-based double-layer c a p a c i t o r s  a v a i l a b l e  

cornmercially, and s e v e r a l  pro to types  are a v a i l a b l e  a t  t h e  Univers i ty  

of Toronto f o r  experirnental  t s s t i n g ;  t h e r e f o r e ,  t h i s  device w i l l  be 

t h e  o b j e c t  of  t h i s  r e sea rch .  

The PANASONIC c a p a c i t o r s  a r e b a s e d  on t h e  e l e c t r i c a l d o u b l e - l a y e r  

p r i n c i p l e .  They a r e  a v a i l a b l e  i n  two r a t i n g s ;  470 F and 1500 F. The 

double-layer c a p a c i t o r s  p r e s e n t  s e v e r a l  c h a r a c t e r i s t i c s  which a r e v e r y  

a t t r a c t i v e  t o  t h e  power e l e c t r o n i c s  f i e l d ;  among them a r e  high power, 

energy d e n s i t y  more than  t e n  t imes g r e a t e r  than  t h a t  of t h e  



e l e c t r o l y t i c  c a p a c i t o r s ,  low i n t e r n a 1  r e s i s t a n c e  and very high 

capac i tance .  

Modeling t h e  double- layer  c a p a c i t o r s  with a s i n g l e  r e s i s t i v e  

c a p a c i t i v e  c i r c u i t  is  i n s u f f i c i e n t  t o  d e s c r i b e  t h e  device  behavior.  

Fur themore ,  s o  f a r ,  a lmost  no r e sea rch  regard ing  t h e  use of t h e  

double-layer c a p a c i t o r s  has been publ ished,  and t h e  information 

suppl ied  by t h e  manufacturer i s  not  enough t o  develop a more accu ra t e  

model and t o  understand t h e  ope ra t ion  of t h e  c a p a c i t o r s .  Moreover, 

t h e  f i r s t  experimental  r e s u l t s  have shown i n c o n s i s t e n t  r e s u l t s  t h a t  

suggest  t h e  s tudy  of t hose  devices  is not  a s imple  t a s k .  

T h e  g e n e r a l  o b j e c t i v e  of t h i s  r e sea rch  is  t h e  c h a r a c t e r i z a t i o n  

of  t h e  double- layer  c a p a c i t o r s  through t h e  development of an 

equ iva len t  model t h a t  should be based on t h e  t e r m i n a l  behavior of t h e  

device.  This  o b j e c t i v e  inc ludes  t h e  s e l e c t i o n  of  an adequate model, 

t h e  de te rmina t ion  of  a  procedure f o r  c a l c u l a t i n g  t h e  mode1 parameters,  

and i n  gene ra l ,  t h e  understanding of t h e  double- layer  c a p a c i t o r s  

t e rmina l  performance. The presence of extremely long t r a n s i e n t  

phenomena i n s i d e  t h e  double- layer  c a p a c i t o r s  makes i t  very  d i f f i c u l t  

t o  conduct r e p e a t a b l e  experiments;  t h e r e f o r e ,  t h e  development of a 

s tandard  procedure t o  secu re  t h e  same known i n i t i a l  condi t ions  i n  

every  experirnent i s  r equ i r ed .  

The c h a r a c t e r i z a t i o n  w i l l  be  completed by s tudy ing  t h e  l o s s e s  and 

energy i n s i d e  t h e  double- layer  c a p a c i t o r  and t h e  performance of t h e  

c a p a c i t o r s  connected i n  s e r i e s .  

This  r e sea rch  is  t h e  fundamental s t a r t i n g  p o i n t  f o r  f u t u r e  

research  and one important  r e fe rence  f o r  t h e  u t i l i z a t i o n  of t h e  

double-layer c a p a c i t o r s  i n  power e l e c t r o n i c s  a p p l i c a t i o n s .  

I n  t h e  next s e c t i o n ,  a b r i e f  d e s c r i p t i o n  o f  t h e  main xesearch 



goals is presented. The main objective of the thesis is explained in 

detail, and the contribution of this research is emphasized. In 

addition, other goals that complete the understanding of the double- 

layer capacitors are presented and described, 

1.1.1 Modeling of Double-Layer Capaci  tors 

One of the ways to obtain a better understanding cd the 

performance and characteristics of new systerns or devices is to model 

the system under study. The use of simple and well-known elements to 

represent a more complex device enables any engineer or scientist to 

become familiar in a short time with the properties of the device. In 

addition, the equivalent model ma kes possible the use of convent ional 

mathematical techniques and simulation tools to study the device and 

its applications. 

Modeling the double-layer capacitors using a single resistance 

and a single capacitance is insufficient to represent adequately the 

electrical behavior of the devices. Figure 1.1 shows the comparison 

between the experimental and simulated results of the terminal voltage 

when a simple RC series circuit is used to model the DLC. In this 

experiment a constant current of thirty amperes was used to charge the 

DLC; then, one hundred seconds pass without current application, and 

finally, the capacitor was discharged using a constant current of 

thirty arnperes. 

The deviation between the simulation and experiment demonstrates 

the presence of a more complex response and interna1 transients and 

therefore the inadequacy of this elementary model. 

The main general objective of this research is the developrnent 
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of an equivalent  model f o r  t h e  DLC t h a t  should be based on two 

c r i t e r i a :  F i r s t ,  t h e  mode1 should be  as  simple a s  poss ib le  but 

descr ib ing  t h e  te rminal  behavior,  over a  tirne span of 30 minutes, 

accura te ly  enough f o r  design and  app l i ca t ion  purposes.  Second, the  

model parameters should be ca lcu la ted  based on the  r e s u l t s  of a  s e r i e s  

of measurements a t  t h e  device te rminals  i n  a repea tab le  ana c l e a r  

procedure. Although t h e r e  a r e  equivalent  models based on the  physics 

of t h e  double-layer, those  models a r e  not convenient f o r  t h e  design 

and ana lys i s  of double-layer capac i to r s  app l i ca t ions  i n  power 

e l e c t r o n i c s  a p p l i c a t i o n s .  

An equivalent  model based on measurable e l e c t r i c a l  terminal  

parameters has s e v e r a l  advantages: 

F i r s t ,  t h e  model parameters can be e a s i l y  measured and v e r i f i e d  

severa l  times using a simple experimental setup.  

Second, because t h e  f a s t  advance of the  technology makes almost 

c e r t a i n  the  appearance of new improved devices,  t h e  proposed 

measurable model approach may be extended e a s i l y  t o  f u t u r e  devices 

s i m i l a r  t o  those  s tud ied  here.  

Third, a s  t h e  model uses t y p i c a l  e l e c t r i c a l  devices i n  i t s  

s t r u c t u r e ,  t h a t  model i s  much e a s i e r  t o  understand and analyze by 

engineers .  Therefore,  an accura te  equivalent  model provides t h e  

designer  with t h e  t o o l s  s u f f i c i e n t  t o  i n t e g r a t e  t h e  DLC's i n  f u t u r e  

designs . 

Fourth, t h e  a v a i l a b i l i t y o f  an equivalentmodelmakes i t p o s s i b l e  

t o  use s imulat ion t o o l s  i n  o rde r  t o  a n t i c i p a t e  the  performance of t h e  

double-layer capac i to r s  i n  s p e c i f i c  app l i ca t ions ,  thus  s w i n g  time and 

money . 



1.1.2 Energy Considerations 

The g e n e r a l  u t i l i z a t i o n  of  t h e  doub le - l aye r  c a p a c i t o r s  i n  

commercial a p p l i c a t i o n s  depends on t h e  adequa t e  u t i l i z a t i o n  of  t h e  

energy  by t h e  d e v i c e s .  I n  t h i s  d i r e c t i o n ,  a  s t u d y  of  t h e  e n e r g e t i c  

needs, l o s s e s ,  and e f  f i c i e n c y  i s  iundamental  i n  o r d e r  t o  cornplete t h e  

c h a r a c t e r i z a t i o n .  

The s t u d y  i n c l u d e s  t h e  c a l c u l a t i o n  o f  t h e  l o s s e s  i n  t h e  double- 

l a y e r  c a p a c i t o r  when it  i s  s u b j e c t  t o  cha rge  and d i s c h a r g e  sequences.  

The energy s t u d y  uses t h e  proposed e q u i v a l e n t  mode1 and it  i s  

performed us ing  s i m u l a t i o n  t o o l s .  

In  a d d i t i o n ,  a  s t u d y  of  t h e  e f f i c i e n c y  o f  t h e  c a p a c i t o r ,  based 

on t h e  amount o f  energy  t h a t  can be  t aken  o u t  o f  t h e  c a p a c i t o r  wi th  

r e s p e c t  t o  t h e  ene rgy  s t o r e d  p r ev ious ly ,  is p r e s e n t e d .  Because of t h e  

long  tirne c o n s t a n t  p r e s e n t  i n  t h e  DLC response ,  t h e  d e f i n i t i o n  of  

e f f i c i e n c y  i s  n o t  a s imple  r e l a t i o n ,  and i t  w i l l  be a  f u n c t i o n  of  t h e  

tirne, s o  t h a t  it i s  n e c e s s a r y  t o  def  i n e  a  c y c l e  o f  cha rge  i n  t ime t h a t  

i s  t h e  base  f o r  t h e  e f f i c i e n c y  s tudy .  I n  f a c t ,  t h e  s t u d y  should  be  

de f ined  a s  

a p p l i c a t i o n s  

an  ene rgy  i n t s r c h a n g e  s t u d y  f o r  power e l e c t r o n i c s  

more t h a n  a  t r a d i t i o n a l  e f f i c i e n c y  a n a l y s i s .  

1.1.3 Series Connection 

Because t h e  r a t e d  v o l t a g e  of  t h e  PANASONIC double - layer  

c a p a c i t o r s  i s  o n l y  2 . 3  V.,  t h e  s e r i e s  connec t i on  s t u d y  should be  

i nc luded  a s  one n e c e s s a r y  a c t i o n  i n  o r d e r  t o  reach  t h e  v o l t a g e  needed 

i n  most a p p l i c a t i o n s .  I n  t r a d i t i o n a l c a p a c i t o r  banks,  a  r e s i s t a n c e  o r  

a n o t h e r  e l e c t r o n i c  d e v i c e  i s  p l aced  e x t e r n a l l y  i n  p a r a l l e l  w i th  each 

c a p a c i t o r  i n  o r d e r  t o  ma in t a in  a  v o l t a g e  b a l a n c e  among t h e  c a p a c i t o r s .  

However, due t o  t h e  DLC's h i g h  capac i t ance ,  which l e a d s  t o  long  t h e  



cons t an t s ,  and t o  t h e  f r equen t  c u r r e n t  source a p p l i c a t i o n s  i n  t h e  

power e l e c t r o n i c s  f i e l d ,  t h e  connect ion of  e x t e r n a l  dev ices  t o  ba lance  

t h e  vo l t aqes  i n  each c a p a c i t o r  i s  not u s e f u l .  

Therefore ,  i t  i s  fundamental t o  s t u d y  t h e  performance o f  

c a p a c i t o r s  connected i n  s e r i e s ,  g iv ing  s p e c i a l  a t t e n t i o n  t o  t h e  

vo l t age  d r i f t  when t h e  c a p a c i t o r s  a r e  s u b j e c t  o f  s e v e r a l  charge and 

d ischarge  a c t i o n s  i n  sequence. The performance of  t h e  c a p a c i t o r s  i n  

t h e  s e r i e s  test  w i l l  show i f  i t  i s  necessary  t o  des ign  a more 

complicated systern i n  orde r  t o  ba lance  t h e  v o l t a g e s  and use t h e  

double- layer  c a p a c i t o r s  i n  s e r i e s .  

1.2 TUESIS OUTLnuE 

A f t e r  t h e  b r i e f  i n t r o d u c t i o n  and the c l e a r  d e f i n i t i o n  and 

j u s t i f i c a t i o n  of t h e  t h e s i s  o b j e c t i v e s  p re sen ted  i n  t h e  f i r s t  p a r t  o f  

t h i s  chap te r ,  i t  i s  necessary  t o  d e f i n e  t h e  s t r u c t u r e  of t h e  fo l lowing  

chap te r s .  

Chap te r two  p r e s e n t s  a review of  t h e  double- layer  background and 

double- iayer  c a p a c i t o r  c o n s t r u c t i o n ,  Furthermore, some p o s s i b l e  

a p p l i c a t i o n s  f o r  t h e  double- layer  c a p a c i t o r s  a r e  p re sen ted .  

Chapter t h r e e  i n t roduces  t h e  s e l e c t e d  double- layer  c a p a c i t o r  

equ iva l en t  model. F i r s t ,  t h e  t h e o r e t i c a l  concepts  and p r a c t i c a l  

obse rva t ions  on which t h e  s e l e c t i o n  of  t h e  model was based a r e  

d i scussed .  Then, t h e  d i f f e ~ e n t  s e c t i o n s  and elements  of t h e  mode1 a r e  

def ined  and j u s t i f i e d .  

Chapter f o u r  i n t roduces  t h e  procedure proposed f o r  t h e  

i d e n t i f i c a t i o n  o f  t h e  equ iva l en t  mode1 parameters .  

Chapter f i v e  d e o l s  with  t h e  measurernent o f  t h e  equ iva l en t  model 

parameters .  F i r s t ,  t h e  g e n e r a l  f e a t u r e s  o f  t h e  exper imenta l  s e tup  a r e  



pre sen t ed .  Second, t h e  measurement t echn iques  needed i n  o r d e r  t o  g e t  

t r u s t w o r t h y  and a c c u r a t e  r e s u l t s  a r e  de f ined ;  t h i s  s e c t i o n  i n c l u d e s  

t h e  i n t r o d u c t i o n  o f  t h e  automated test  programs and t h e  necessary  

no rma l i za t i on  procedure .  Th i rd ,  t h e  measurement r e s u l t s  a r e  

p r e sen t ed .  F i n a l l y ,  a  d i s c u s s i o n  o f  t h e  r e s u l t s  is  o f f e r e d ,  

Chapte r  s i x  u se s  t h e  e q u i v a l e n t  rnodel and s i m u l a t i o n  t o o l s  i n  

o r d e r  t o  compare t h e  model performance w i th  t h e  expe r imen ta l  r e s u l t s  

f o r  s e v e r a l  d i f f e r e n t  t e s t s .  The s i m u l a t i o n s  use  t h e  program SAM4 

developed a t  t h e  U n i v e r s i t y  of Toronto.  

Chapter  seven  is a s t u d y  of t h e  l o s s e s  and energy  i n t e r change  

i n s i d e  t h e  c a p a c i t o r .  T h i s  s t udy  uses  t h e  s i m u l a t i o n  so f twa re  PSPICE 

and t h e  v e r i f i e d  e q u i v a l e n t  model. 

Chapte r  e i g h t  p r e s e n t s  t h e  r e s u l t s  o f  an  exper imenta l  s t udy  on 

t h e  DLC s e r i e s  connec t ion .  Voltage d r i f t  among t h e  c a p a c i t o r s ,  t o t a l  

c apac i t ance ,  and t h e  performance i n  s h o r t  and long tests  a r e  t h e  main 

p o i n t s  c o n s i d e r e d  under r e s e a r c h .  

Chapte r  n i n e  conc ludes  wi th  t h e  r e s u l t s  o f  t h e  t h e s i s  and g i v e s  

an  cverview o f  p o s s i b l e  f u t u r e  r e s e a r c h  i n  t h i s  f i e l d .  



BACKGROUND OF DOUBLE-LAYER CAPACITORS 

The e l e c t r i c  double- layer  phenomenon, desc r ibed  i n i t i a l l y  by H. 

von Helmholtz i n  1879, was t h e  s t a r t i n g  p o i n t  t h a t  l ed ,  almost one 

cen tu ry  l a t e r ,  t o  t h e  development of l a r g e  energy d e n s i t y  c a p a c i t o r s .  

The e l e c t r i c  double- layer  c a p a c i t o r  was developed i n i t i a l l y  by Boss i n  

1971; s i n c e  then ,  t h i s  kind of c a p a c i t o r  has been s tud ied  and 

developed by s e v e r a l  co rpora t ions  reaching  capac i t ance  and energy 

d e n s i t y  l e v e l s  which open a  wide range o f  p o s s i b l e  a p p l i c a t i o n s  i n  

power e l e c t r o n i c s ,  not  on ly  a s  energy s t o r a g e  device ,  bu t  rnostly a s  a  

f a s t  energy d e l i v e r y  element.  Although t h e  double- layer  c a p a c i t o r s  

have lower energy d e n s i t y  than b a t t e r i e s ,  t h e y  can r e l e a s e  t h a t  energy 

a t  high power l e v e l  because of t h e i r  low i n t e r n a 1  r e s i s t a n c e .  

E l e c t r i c  double- layer  c a p a c i t o r s  can be cyc led  many times, can 

ope ra t e  over  a  wide temperature  range, and a r e  expected t o  reduce 

t h e i r  c o s t  a s  t h e  rnanufacturing technology improves. On t h e  o t h e r  

hand, t h e  eng inee r ing  information a v a i l a b l e  i s  not  enough t o  encourage 

t h e  massive use of t h e s e  devices  i n  a p p l i c a t i o n s .  

Seve ra l  d i f f e r e n t  names have been g iven  t o  t h e  high energy 

d e n s i t y  c a p a c i t o r s ;  among them a r e :  Supercapac i tors ,  Pseudo- 

c a p a c i t o r s ,  and U l t r a c a p a c i t o r s .  The more g e n e r a l  name of doubie- 

l a y e r  c a p a c i t o r s  (DLCt s )  w i l l  be used du r ing  t h i s  r e p o r t  with 

r e fe rence  t o  t h e  h igh  energy d e n s i t y  c a p a c i t o r s .  

The i n i t i a l  p o i n t  o f  i n t e r e s t  is  t o  o b t a i n  a  good understanding 

of t h e  technology upan which t h e  DLC's a r e  based. This  a spec t  w i l l  be 

intxoduced i n  t h e  nex t  s e c t i o n .  



A double-layer charge d i s t r i b u t i o n  i s  formed when two d i f f e r e n t  

phases,  s o l i d / l i q u i d  i n  t h e  DLC's case ,  a r e  i n  c o n t a c t ,  and charge 

s e p a r a t i o n  occurs  a t  t h e  boundary. The fcrmation of t h e  double- layer  

can be explained i n  t h e  fo l lowing  way: when two phases a r e  brought 

i n t o  con tac t ,  ions ,  which a r e  assumed t o  be p o s i t i v e l y  charged, 

migrate  from one phase, i n  which t h e  escaping tendency i s  l a r g e r ,  t o  

t h e  o t h e r  phase.  Because of t h i s  i o n i c  migra t ion ,  one phase becomes 

p o s i t i v e l y  charged and t h e  o t h e r  n e g a t i v e l y  charged producing a  

double- layer  charge d i s t r i b u t i o n  s t r u c t u r e  [l]. 

The reason f o r  t h i s  chemical process ,  i n  which ions  migra te  from 

one phase t o  t h e  o t h e r ,  i s  t h e  d i f f e r e n c e  i n  t h e  i n n e r  p o t e n t i a l  

between t h e  two phases. When t h e  s u p e r f i c i a l  c o n t a c t  i s  e s t a b l i s h e d ,  

t h e  i n n e r  p o t e n t i a l  d i f f e r e n c e  produces a  f o r c e  which t r a n s f e r s  t h e  

p a r t i c l e s  ac ross  t h e  i n t e r f a c e .  

The double- layercharge  d i s t r i b u t i o n  gene ra t e s  an e l e c t r i c f i e l d ,  

and subsequent ly  an i n t e r f a c e ' s  p o t e n t i a l .  That e l e c t r i c  f i e l d  w i l l  

hinder  f u r t h e r  migrat ion of t h e  ions  a s  it compensates f o r  t h e  i n n e r  

p o t e n t i a l  d i f f e r e n c e  between t h e  phases .  Therefore ,  a f t e r  a  c e r t a i n  

number of i ons  have rnigrated, a  state of  equi l ibr iurn  is  reached. 

The double-layer e f f e c t  behaves l i k e  an e l e c t r i c  c a p a c i t o r  i n  

t h a t  it i s  capable  of s t o r i n g  energy. I f  a  comparison with a p a r a l l e l  

p l a t e  c a p a c i t o r  i s  done, t h e  charge i s  s t o r e d  i n  t h e  double-layer 

formed ac ross  t h e  i n t e r f a c e .  However, i n  t h i s  case ,  t h e  d i s t a n c e  

between t h e  p l a t e s  (phases)  i s  v e r y  sma l l  producing a  dev ice  with high 

s p e c i f i c  capac i tance  [2]. 

Whenthe e l e c t r i c  charge d i s t r i b u t e s  i t s e l f t h r o u g h o u t o n e  of  t h e  

phases,  a s  occurs  i n  t h e  l i q u i d ,  t h e  double- layer  i s  c a l l e d  



"d i f fu sed" .  A s  t h e  s o l i d  s t r u c t u r e  does  no t  a l l o w  much o f  a charge  

d i s t r i b u t i o n ,  t h e  charge  produced i n  t h e  s o l i d  phase  i s  a s u r f a c e  

charge .  The s u r f a c e  charge  a t  t h e  s o l i d  phase g e n e r a t e  a d i p o l e  

o r i e n t a t i o n  which g e n e r a t e s  a n o t h e r  e f f e c t  c a l l e d  flboundff double- 

l a y e r .  Th is  bound double - layer  i s  ex t remely  t h i n ,  p robab ly  one 

molecule  t h i c k ,  and can be  s a i d  t o  form a molecular  c a p a c i t o r .  I n  t h e  

bound double - layer  t h e  charges  n e i t h e r  move no r  s e p a r a t e  from t h e  

s u r f a c e  [Il. The c a p a c i t a n c e s  of t h e  two k inds  of  double - layer  

rnentioned can be  assumed t o  be  i n  s e r i e s ,  and t h e y  w i l l  produce t h e  

c a p a c i t o r  e f f e c t  used i n  t h e  double - layer  c a p a c i t o r s .  

Figure  2 . 1  r e p r e s e n r s  t h e  double- layer  e f f e c t  r e s u l t a n t  i n  t h e  

i n t e r f a c e  between a l i q u i d  and a s o l i d .  

BODND DIFNSED 

SOLID PHASE LIQUID PHASE 

FIGURE 2.1 DOUBLE-LAYER FORMATION 

If an e x t e r n a l  v o l t a g e  i s  a p p l i e d  t o  t h e  double- layer ,  t h e  

p o t e n t i a l  d i f f e r e n c e  between t h e  phases  is i n c r e a s e d  o r  dec rea sed  

depending on t h e  s i g n  o f  t h e  a p p l i e d  v o l t a g e  and t h e  nurnber o f  charges  

needed t o  e s t a b l i s h  t h e  e q u i l i b r i u m i s  modif ied.  The r e l a t i o n  between 

t h e  charge  s t o r e d  i n  t h e  double - layer  and t h e  e s t e r n a l  v o l t a g e  w i l l  



d e f i n e  t h e  capac i t ance  f o r  t h e  double-layer i n t e r f a c e .  

Figure 2 .2  p r e s e n t s  t h e  p o t e n t i a l  c u v e  a t  t h e  i n t e r f a c e  

inc lud ing  t h e  e f f e c t  t h a t  t h e  e x t e r n a l  p o t e n t i a l  a p p l i e d  has on the  

charge s t o r e d  a t  t h e  double- layer .  In  t h e  f i g u r e  as i s  t h e  inner  

p o t e n t i a l  a t  t h e  s o l i d ,  @L is t h e  i n n e r  p o t e n t i a l  a t  t h e  l i q u i d ,  X is 

t h e  p o s i t i o n  and V i s  t h e  e x t e r n a l  vo l t age  a p p l i e d .  A p o s i t i v e  

e x t e r n a l  v o l t a g e  i n c r e a s e s  t h e  space charge a t  t h e  i n t e r f a c e .  Also 

note  i n  t h e  r i g h t  s e c t i o n  of  f i g u r e  2.2 t h e  e f f e c t  o f  t h e  d i f f u s e d  

double- layer  t h a t  produces a curve i n  t h e  p o t e n t i a l  c h a r a c t e r i s t i c .  

FIGURE 2 . 2  POTENTIAL OF THE DOUBLE-LAYER CHARGE 
DISTRIBUT1 ON 

Previous s t u d i e s  i n  i n t e r f a c i a l  e l ec t rochemis t ry  r e p o r t e d  t h a t  

t h e  i n t e r f a c e  can never  be r ep re sen ted  simply by a p a r a l l e l  p l a t e  

c a p a c i t o r  [Il, 121, [3]. The more complex r e p r e s e n t a t i o n  o f  t h e  double- 

l a y e r  c a p a c i t o r  i s  mainly  due  t o  t h e  fol lowing f a c t o r s :  F i r s t ,  a l 1  

double- layer  c a p a c i t o r s  can b e  s e l f  d i scharged  by e l ec t rochemica l  

r e a c t i o n s  t a k i n g  p l a c e  a c r o s s  t h e  i n t e r f a c e .  Second, t h e  charge held 

by t h e  c a p a c i t o r  i s  n o t  a l i n e a r  f u n c t i o n  of  t h e  p o t e n t i a l  a c r o s s  it. 



Thi rd ,  t h e  double - layer  c a p a c i t a n c e  was found t o  depend not  o n l y  on 

t h e  composi t ion o f  t h e  s o l u t i o n  b u t  a l s o  on t h e  c o n c e n t r a t i o n  of t h e  

e l e c t r o l y t e  i n  a  g iven  system [2]. 

The second f a c t o r  i n t roduced  i n  t h e  p r e v i o u s  paragraph 

e s t a b l i s h e s  t h a t  t h e  t o t a l  charge  s t o r e d  i n  t h e  two l a y e r s  i s  n o t  

l i n e a r l y  r e l a t e d  t o  t h e  p o t e n t i a l  d i f f e r e n c e  between t h e  l a y e r s ;  

t h e r e f o r e ,  t h e  c a p a c i t a n c e  of  t h e  double - layer  i s  no t  a  c o n s t a n t  b u t  

depends on t h e  p o t e n t i a l  d i f f e r e n c e .  

The c a p a c i t a n c e  i s  g e n e r a l l y  d e f i n e d  a s  t h e  r a t i o  between t h e  

charge and t h e  v o l t a g e .  Because of t h e  non-constant  c a p a c i t a n c e  i n  

t h e  double - layer  d i s t r i b u t i o n ,  t h e  p r ev ious  d e f i n i t i o n  i s  i n s u f f i c i e n t  

t o  r e p r e s e n t  a p p r o p r i a t e l y  t h e  double- layer  c a p a c i t a n c e ;  t h e r e f o r e ,  a 

more adequa te  d e f i n i t i o n  is used: 

The d i f  f e r e n t i a l  c a p a c i t a n c e  i s  d e f i n e d  a s  t h e  d e r i v a t i v e  

o f  t h e  charge  w i t h  r e s p e c t  t o  t h e  p o t e n t i a l  d i f f e r e n c e  between t h e  

phases:  

The doub le - l aye r  charge  d i s t r i b u t i o n  i s  p h y s i c a l l y  s t u d i e d  

th rough  t h e  s o  c a l l e d  i n t e r f a c i a l  t e n s i o n .  The  i n t e r f a c i a l  t e n s i o n  i s  

developed a t  t h e  c o n t a c t  s u r f a c e  between phases  and it i s  given  by t h e  

f o r c e  p e r  u n i t  o f  l e n g t h  a t  t h e  i n t e r f a c e ;  this q u a n t i t y  i s  a l s o  a  

f u n c t i o n  of  t h e  p o t e n t i a l  d i f f e r e n c e .  Based on t h e  i n t e r f a c i a l  

t e n s i o n  d e f i n i t i o n ,  t h e  curve  o f  i n t e r f a c i a l  t e n s i o n  vs p o t e n t i a l  

d i f f e r e n c e  has  been measured u s ing  d i f f e r e n t  s o l u t e s  and e l e c t r o l y t e s  

i n  t h e  fo rma t ion  of t h e  double - layer  11] , [2J,  141 . Thi s  cu rve  is 

c a l l e d  t h e  e l e c t r o c a p i l l a r i t y  curve  and t h e  r e s u l t s  have been 

concordant  w i t h  t h e  f a c t  t h a t  t h e  c a p i l l a r i t y  cu rve  can  be rnodelled, 



INTERFACIAL TENSION OF A DOUBLE LAVER I 
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FIGURE 2.3 TYPICAL ELECTROCAPILLNUTY CüRVE. 



a t  l e a s t  f o r  p o t e n t i a l  d i f fe rences  c lose  t o  zero v o l t s ,  a s  a  t h i r d  

order  Eunction. Using d i f f e r e n t  non i o n i c  so lu tes ,  the  loca t ion  of 

t h e  curve may be a f fec ted  but not i t s  genera l  shape. 

Figure 2 . 3  represents  the  genera l  form of the  c a p i l l a r i t y  curve 

and t h e  approximate range of vol tage  used i n  the  double-layer 

capac i to r s ,  

Based on the  c a p i l l a r i t y  curve, t h e  so-cal led c a p i l l a r i t y  

equation is  developed. I n  t h e  c a p i l l a r i t y  equation, t h e  i n t e r f a c i a l  

tension ( y )  i s  r e l a t e d  t o  the  e l e c t r i c  p o t e n t i a l  d i f fe rence  across t h e  

phases (E)  and t o  the  surface  charge (a). 

A number of more o r  l e s s  equivalent  de r iva t ions  of the  

e l e c t r o c a p i l l a r i t y  equation have been given [2] . One of t h e  sirnplest 

i s  t h e  Lippmann de r iva t ion  which i s  based on the  supposi t ion t h a t  the  

i n t e r f a c e  i s  analogous t o  a  p a r a l l e l  p l a t e  condenser, so  t h a t  the  

revers ib le  work dG, associa ted  w i t h  changes i n  area  and i n  charge, i s  

given by: 

where q i s  the  t o t a l  charge and A i s  the  d i f fe rence  i n  

p o t e n t i a l .  The second term on t h e  r i g h t  gives t h e  work needed t o  

increase  t h e  charge i n  a  condenser. In tegra t ion  of t h e  l a s t  equation 

keeping y and A@ constants  gives:  

The last equation may now be r e d i f f e r e n t i a t e d  with respect  t o  

d i f f e r e n t  va r i ab les  ( y  and A*): 

~=~dy+qd(b@ (2 .4 )  

It should be noted t h a t  E i n  t h e  e l e c t r o c a p i l l a r i t y  equation 



r e f e r s  t o  t h e  e x t e r n a l l y  measured p o t e n t i a l  d i f f e r e n c e ,  while  A@ i n  

t h e  deduced equat ion  i s  t h e  d i f f e r e n c e  i n  p o t e n t i a l  between the  two 

phases i n  ques t ion .  These two q u a n t i t i e s  a r e  not  t h e  same, but 

g e n e r a l l y  they  d i f f e r  by some cons t an t  involving t h e  na tu re  of t he  

e l e c t r o d e s  and o t h e r  j unc t ions  i n  t h e  system; so  t h a t  changes i n  both  

a r e  equal ,  and dE may be s u b s t i t u t e d  f o r  d (A@). S u b s t i t u t i n g  d(A@)and 

using t h e  charge d e n s i t y  ( O  = q/A) i n s t e a d  of t he  t o t a l  charge (q), 

t h e  l a s t  equat ion  r e p r e s e n t s  t h e  e l e c t r o c a p i l l a r i t y  equat ion:  

where t h e  parameter p i s  t h e  c a l l e d  electrochernical  p o t e n t i a l  

which depends on t h e  s o l u t i o n  composition, and it i s  cons tan t  f o r  t he  

same c a p a c i t o r  m a t e r i a l s .  

A more d e t a i l e d  s t u d y  of t h e  e l e c t r o c a p i l l a r i t y  equat ion  i s  

presented  by Adamson [ 4 3 .  

Using t h e  de f ined  d i f f e r e n t i a l  capaci tance presented  i n  equat ion  

2 . 1  and t h e  c a p i l l a r i t y  equat ion  ( 2 . 5 ) ,  t h e  capac i tance  of  t h e  double- 

l a y e r  i s  r e l a t e d  t o  t h e  i n t e r f a c i a l  t ens ion  through t h e  fol lowing 

equat ion  : 

A s  t h e  c a p i l l a r i t y  curve can be represented  by a t h i r d  order  

equat ion  i n  t h e  region c l o s e  t o  zero v o l t s ,  t h e  d i f f e r e n t i a l  

capac i tance  expected i n  t h i s  reg ion  r e s u l t s  i n  a  l i n e a r  func t ion  of 

t h e  p o t e n t i a l d i f f e r e n c e  af ter  t h e  double d i f f e r e n t i a t i o n  i n d i c a t e d i n  

equat ion  2 . 6 .  Figure 2 . 4  p r e s e n t s  t h e  double-layer charge and double- 

l a y e r  capac i t ance  c a l c u l a t e d  from f i g u r e  2 . 3 .  The reg ion  of  i n t e r e s t  

f o r  t h e  double- layer  c a p a c i t o r s  i s  aga in  ind ica t ed .  



DOUBLE LAYER CHARGE AND CAPACITANCE 
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FIGURE 2 .4  TYPICAL DOUBLE-LAYER CHARGE AND CAPACITANCE CURVE. 



2.2 DOUBLE-LAYER CAPACITORS DEWELOPMENT 

T h e  f i r s t  group of double-layer c a p a c i t o r s ,  developed i n  t h e  

e i g h t i e s ,  was most ly  t h e  r e s u l t  of t h e  i n c r e a s i n g  demand f o r  

min ia tu r i za t ion  of devices  used i n  t h e  backup of  memories and 

microcornputers. In  gene ra l ,  they  had capac i t ance  va lues  lower than 1 

F, and very srnall dimensions a s  w3s d i c t a t e d  by t h e  d e s i r e d  

a p p l i c a t i o n  151. 

Since then,  s e v e r a l  s t u d i e s  have been c a r r i e d  o u t  t o  improve t h e  

capac i to r  c h a r a c t e r i s t i c s  bymodifying t h e  m a t e r i a l  of t h e  p o l a r i z a b l e  

e l ec t rodes ,  pore s i z e  d i s t r i b u t i o n ,  packaging, and e l e c t r o l y t e  

ma te r i a l .  In  t h e  e a r l y  n i n e t i e s ,  t h e  development of  a very high 

capac i tance  and low DC r e s i s t a n c e  c a p a c i t o r  was r e p o r t e d  [ 6 ] .  That 

capac i to r ,  w i t h  g r e a t e r  dimensions, s u i t a b l e  f o r  charging and 

d ischarg ing  a t  high c u r r e n t  l e v e l s ,  and with h ighe r  energy dens i ty ,  

was t h e  base i n  which PANASONIC developed and commercialized a  double- 

l a y e r  c a p a c i t o r  which i s  r a t e d  2 . 3  v o l t s  and 470 F. o r  1500 F. These 

PANASONIC devices  a r e  t h e  o b j e c t s  of  s tudy  i n  t h i s  r e sea rch .  

Recently,  o t h e r  l a r g e  capac i tance  devices  wi th  va lues  up t o  1000 

F. and 5 .5  v o l t s  us ing  s e v e r a l  cel ls  i n  series have been r epor t ed  (71. 

Those devices ,  no t  a v a i l a b l e  comrnercially, show t h e  f a s t  improvement 

i n  t n e  c h a r a c t e r i s t i c s  of t h e  double-layer c a p a c i t o r s ,  and g ive  a  good 

pe r spec t ive  i n t o  t h e  f u t u r e  use of  t h e s e  devices  i n  power 

a p p l i c a t i o n s .  

2 . 3  DOUSLE-LAYER CAPACITOR CONSTRUCTION 

The b a s i c  g e n e r a l  s t r u c t u r e  of t h e  double- layer  c a p a c i t o r  

c o n s i s t s  of  a  p a i r  o f  p o l a r i z a b l e  e l e c t r o d e s .  The e l e c t r o d e s  a r e  



formed by  s o l i d  c o l l o i d s  suspended i n  an  e l e c t r o l y t i c  s o l u t i o n ,  a 

s epa ra to r  between t h e  e l ec t rodes ,  two c o l l e c t o r  e l e c t r o d e s  a s  s o l i d  

contac ts ,  and a p a i r  of l eads  used t o  charge and d ischarge  t h e  

capac i to r  161, [8 J . 

Figure 2 . 5  shows the  b a s i c  s t r u c t u r e  of  a double-layer c e l l .  

ELECTROLYTE 
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FIGURE 2.5 STRUCTURE OF THE 

DOUBLE-LAYER CELL 
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The PANASONIC double-layer c a p a c i t o r  employs aluminum c o i l s  a s  

c o l l e c t o r  e l e c t r o d e s ,  a c t i v a t e d  carbons a s  p o l a r i z a b l e  e l e c t r o d e s ,  

binding m a t e r i a l  i n  t h e  aluminum f o i l s ,  and polypropylene s e p a r a t o r s .  

A mixture of  a c t i v a t e d  carbons with p a r t i c l e  s i z e  of lOpm, t he  organic  

b inder  and t h e  s o l v e n t  were coated on an aluminurn f o i l .  Af te r  removal 

of  t h e  so lven t ,  a p a i r  of aluminum f o i l s  wi th  a c t i v a t e d  carbon l a y e r s  

were wound i n  s p i r a l  with polypropylene s e p a r a t o r s .  The e l e c t r o d e  

wounds were imrnersad i n  an e l e c t r o l y t i c  s o l u t i o n ,  and then,  t h e  f i n a l  

compo~ind was assembled i n  an aluminurn case  t o  form t h e  c a p a c i t o r  161. 

The e l e c t r o l y t i c  s o l u t i o n  i s  a mixture  of tetraethyl-ammonium, 

t e t r a f l u o r o b o r a t e  and propylene carbonate .  Aluminum rods were used a s  

connection t e rmina l s  i n  o rde r  t o  suppor t  h igh  c u r r e n t  and o b t a i n  low 

r e s i s t a n c e  163. 

The reason f o r  using a c t i v a t e d  carbons as p o l a r i z a b l e  e l e c t r o d e s  



is the  high spec i f i c  surface  area and high chernical s t a b i l i t y  of the  

carbon pa r t i c l e s .  A s  was explained, the capacitor  e f f e c t  i s  produced 

by the in te r face  between t w o  d i f f e r e n t  phases, so t h a t  t h e  surface of 

the  carbon pa r t i c l e s  gives the p o s s i b i l i t y  of obtaining greater  value 

of capacitance per volume unit. In addit ion,  the act ivated carbon 

e lect rodes  have features  of low sheet  res is tance and high density of 

carbon pa r t i c l e s ,  which help t o  improve t h e  charac te r i s t i cs  of the  

device. 

Figure 2 . 6  represents the s t ruc tu re  and dimensions i n  centimetres 

o f  the  PANASONXC 470 F double-layer capacitor .  

FIGURE 2.6 CONSTRUCTION OF TEE PANASONIC 
DOUBLE -LAYER CAPACI TOR 



Among t h e  main f e a t u r e s  of t h e  470 F. capac i to r  given by the  

manufacturer a r e  the  following: 

- H i g h  values of capaci tance* 

- Small temperature dependence of t h e  capaci tance value.  

- Small i n t e r n a 1  r e s i s t a n c e  of t h e  device,  

- H i g h  energy dens i ty .  

- Large values of cu r ren t  a r e  supported by t h e  device.  

Table 2 . 1  shows q u a n t i t a t i v e  and s t r u c t u r a l  c h a r a c t e r i s t i c s  of 

the  470 F device given by the manufacturer. 

RATED VOLTAGE 

RATED CAPACITANCE 

2 - 3  V 

470 F 

l 

LENGTH 

VOLUME 

1 ENERGY DENSITY 1 1.05 Wh/kg o r  1.35 Wh/l 

12.4 cm 

255 cm3 

WEIGHT 330 gm 

Il TECHNoLoGY 
1 SINGLE SPIRAL CELL 

ENERGY STORED 1241 W.sec 

II 1 NON AQUEOUS ELECTROLYTE 

MATERIALS 

l! 1 
TABLE 2.1 

CARBON BASED, 

T h e  da ta  shee t  g i v e n  by t h e  manufacturer i n  r e fe rence  t o  t h e  

double-layer capac i to r s  t h a t  a r e  t h e  objects of t h i s  research  is 

presented i n  Appendix A. 



2 . 4  COMPARISON BETWEEN DOUBLE-LAYER AND ELECTROLYTIC 

POWER CAPACI TORS 

The innova t ion  t h a t  t h e  double - layer  c a p a c i t o r s  rnay r e p r e s e n t  i n  

t h e  e l e c t r o n i c s  f i e l d  may be v i s u a l i z e d  i n  a b e t t e r  way i f  t h e i r  r a t e d  

c h a r a c t e r i s t i c s  a r e  compared w i t h  a c l a s s i c a l  e l e c t r o l y t i c  c a p a c i t o r  

used i n  many power e l e c t r o n i c s  a p p l i c a t i o n s .  Tab le  2 . 2  compare t h e  

manufacturer  i n fo rma t ion  of  t h e  1500 F double - layer  c a p a c i t o r  w i th  an 

e l e c t r o l y t i c  power c a p a c i t o r  of s i m i l a r  p h y s i c a l  d imensions .  

D-L CAPACITOR 1 ELECTROLYTIC W. 

RATED VOLTAGE 1 2 - 3  1 350 

CAPACITANCE 

VOLUME 

- -- 

ENERGY STORED 4 000 W. sec 1294 W. sec 

WEIGHT 

ENERGY DENSITY 

TABLE 2 -2 

The t a b l e  2 .1  shows t h e  n o t o r i o u s  advantages  o f  t h e  D L C ' s  i n  

energy s t o r e d ,  dev i ce  weight ,  volume and rnainly i n  ene rgy  d e n s i t y .  

It should be  e s p e c i a l l y  no ted  t h a t  t h e  energy  d e n s i t y  o f  t h e  

DLC's  i s  seven teen  times h i g h e r  t h a n  t h a t  o f  t h e  e l e c t r o l y t i c  

c a p a c i t o r .  I n  a d d i t i o n ,  an  i n c r e a s e  i n  t h e  ene rgy  d e n s i t y  o f  t h e  

double- layer  c a p a c i t o r s  by a f a c t o r  o f  a t  least  two is  expec t ed  i n  t h e  

near  f u t u r e  191. 

800 gm 

1.39  Wh/kg 

- - 

1000 gm 

0.081 Wh/kg 



The o n l y  r a t i n g  i n  which t h e  e l e c t r o l y t i c  c a p a c i t o r  s u r p a s s e s  t h e  

double - layer  c a p a c i t o r  i s  i n  t h e  r a t e d  v o l t a g e -  No a p p r e c i a b l e  

improvernents i n  t h e  double- la  y e r  c a p a c i t o r  r a t e d  v o l t a g e  a r e  expected . 

That  i s  because  t h e  u se  of h i g h e r  v o l t a g e  i n  t h i s  k ind o f  d ev i ce  would 

produce i r r e v e r s i b l e  chernical r e a c t i o n s ,  i n  p a r t i c u l a r  t h e  

d i s s o c i a t i o n  o f  t h e  e l e c t r o l y t e  s o l u t i o n .  

The l a s t  c o n d i t i o n  makes it  n eces s a ry  t o  s t u d y  i n  d e t a i l  t h e  

double - layer  c a p a c i t o r s  connected i n  s e r i e s .  The connec t ion  o f  

s e v e r a l  doub l e - l a ye r  c a p a c i t o r  c e l l s  i n  series i n s i d e  t h e  same c a s e  

has  a l r e a d y  been r e p o r t e d  [7]. 

2 . 5  DOUBLE-LAYEX CAPACITORS APPLICATIONS 

There  is a  l a r g e  spect rum o f  p o s s i b l e  a p p l i c a t i o n s  f o r  t h e  D L C ' s .  

Most of  them depend on t h e  i n c r e a s e  i n  t h e  knowledge about  t h e  

c h a r a c t e r i s t i c s  and performance of t h e  d e v i c e s .  I n  t h e  n ex t  pages,  

sorne of t h e  p o t e n t i a l  a p p l i c a t i o n s  t h a t  i n  t h e  s h o r t  term a r e  of 

i n t e r e s t  a r e  p r e s e n t e d .  

2.5.1 Electric and Hybrid Vehicle Applications 

The a ve r a ge  power t h a t  must be  s u p p l i e d  by t h e  b a t t e r y  i n  an a l 1  

e l e c t r i c  v e h i c l e  i s  r e l a t i v e l y  low depending on t h e  d r i v i n g  mode and 

g r a d e p l .  However, t h e  peak power p u l s e s  d u r i n g  some p e r i o d s  a r e  rnuch 

h i g h e r  due t o  t h e  sudden a c c e l e r a t i o n  and p a s s i n g  a c t i o n s .  Some 

s t u d i e s  have shown t h a t  t h e  r a t i o  between t h e  peak power and t h e  

average  power c ou ld  be  16:l o r  more 191. If o n l y  a  b a t t e r y  i s  used t o  

s u p p l y  t h e  i n s t a n t  e ne r gy  t o  t h e  v e h i c l e ,  t h e  b a t t e r y  s h o u l d  be r a t e d  

f o r  t h e  peak v a l u e s  i n c r e a s i n g  i t s  weigh t ,  s i z e ,  and c o s t .  

The u se  o f  double - layer  c a p a c i t o r s  g i v e s  t h e  p o s s i b i l i t y  of 



decoupl ing  t h e  peak power requ i rements  from t h e  average  power. I n  

t h i s  d i r e c t i o n ,  t h e  DLC's would meet t h e  peak power requirements  and 

t h e  b a t t e r y  would supply  t h e  average  power. F igure  2 - 7  shows t h e  

p o s s i b l e  use o f  DLC's i n  an e l e c t r i c  v e h i c l e .  

I n  a d d i t i o n ,  a  s t u d y  f o r  t h e  use  of double- layer  c a p a c i t o r s  as 

energy  sou rce  i n  hybr id  v e h i c l e s  i n s t e a d  of a  b a t t e r y  has been 

r e p o r t e d  [IO]. I n  t h i s  s tudy ,  t h e  r a t i n g s  wi th  r ega rd  t o  t h e  energy  

c o n t e n t  and c a p a c i t y  needed t o  u s e  t h e  DLC's i n  hybrid  v e h i c l e s  a r e  

determined.  

T h e  main irnprovement needed t o  f u l f i l l  t h e  requ i rements  f o r  t h i s  

a p p l i c a t i o n  i s  t h e  i n c r e a s e  i n  t h e  energy  d e n s i t y  o f  t h e  c a p a c i t o r ,  up 

t o  a t  l e a s t  5 Wh/kg, i n  o r d e r  t o  l i m i t  t h e  space  occupied by t h e  

double - layer  c a p a c i t o r s  191, [IO]. 

FIGURE 2 . 6  ELECTRIC VEHICLE APPLICATION 

2 . 5 . 2  Elec tr ica l ly  Heated C a t a l y s t  

A c a t a l y s t  can be  used i n  o r d e r  t o  reduce t h e  emiss ions  from 

t r a d i t i o n a l  v e h i c l e s .  It has  been r e p o r t e d  t h a t  much h i g h e r  l e v e l s  of  

emiss ion  occu r  d u r i n g  t h e  eng ine  s t a r t  and i n  t h e  e a r l y  s t a g e s ;  t h a t  



i s ,  when t h e  system i s  s t i l l  c o l d  [ 9 ] .  

Using t h e  energy s t o r e d  i n  t h e  D L C ' s ,  t h e  c a t a l y s t  could be 

hea ted  up j u s t  p r i o r  t o  o r  du r ing  t h e  engine s t a r t .  The l e v e l s  of 

power r e q u i r e d  t o  hea t  t h e  c a t a l y s t  a r e  high bu t  t h e  amount of energy 

i s  r e l a t i v e l y  smal l ,  t h e r e f o r e ,  t h i s  appears  t o  be  a p o t e n t i a l  example 

f o r  t h e  use of double- layer  c a p a c i t o r s .  

2 . 5 . 3  Vehi cl e Accessories 

Some automotive a c c e s s o r i e s ,  such a s  power s t e e r i n g  and power 

b rakes ,  r e q u i r e  i n t e r m i t t e n t  high power l e v e l s  f o r  t h e i r  ope ra t ion .  

Cur ren t ly ,  t h e s e  a c c e s s o r i e s  u t i l i z e  a  h y d r a u l i c a l l y  a c t u a t e d  o r  a 

vacuum a c t u a t e d  d r i v e  and accumulators  f o r  t h e  energy supply.  Double- 

l a y e r  c a p a c i t o r s  would be adequate  t o  supply  t h e  peak power and reduce 

t h e  stress on t h e  b a t t e r y  du r ing  pe r iods  of  g r e a t  demand. 

2.5.4  U n i n t e r r u p t i b l e  Power Supplies 

The o b j e c t i v e  of  an e l e c t r i c  supply  i s  t o  provide  a  wide range 

and v a r i e t y  of  customers w i th  e l e c t r i c a l  energy.  I n  p r a c t i c e ,  it i s  

t o t a l l y  imposs ib le  t o  sa feguard  t h e  e l e c t r i c i t y  supply  network a g a i n s t  

s p o r a d i c  system f a i l u r e s .  

However, t h e r e  a r e  many systems wi th  c r i t i c a l  l o a d s  which should 

have permanent power i n  o r d e r  t o  p r o t e c t  t h e  equipment involved.  I n  

a d d i t i o n ,  t h e  presence  of  s e n s i t i v e  l oads ,  t y p i c a l l y  computers, which 

may be  s e r i o u s l y  a f f e c t e d  by r e l a t i v e l y  srna11 d i s tu rbances ,  makes it 

necessa ry  t o  main ta in  the q u a l i t y  of  t h e  power supply dur ing  

d i s t u r b a n c e s  [ll] . 
Therefore ,  it i s  necessa ry  n o t  o n l y  t o  p rov ide  s tandby power i n  

t h e  even t  o f  supply  f a i f u r e ,  b u t  a l s o  t o  make c e r t a i n  t h a t  t h e  



e l e c t r i c a l  i n p u t  i s  pure ,  c l e a n ,  and con t inuous ,  

U n i n t e r r u p t i b l e  power s u p p l i e s  a r e  des igned  and implemented i n  

o r d e r  t o  f u l f i l l  t h e  p r ev ious  c o n d i t i o n s .  They u s u a l l y  use  a  sou rce  

o f  s t o r e d  energy such a s  a b a t t e r y  which w i l l  g i v e  t h e  energy d u r i n g  

t h e  main power f a i l u r e *  

Many of t h e  power i n t e r r u p t i o n s  o r  d i s t u r b a n c e s  on ly  l a s t  a few 

seconds;  i n  t hose  ca se s ,  t h e  ene rgy  r e q u i r e d  i s  r e l a t i v e l y  srnall b u t  

t h e  power requirements  may be h igh  and t h a t  i n c r e a s e s  t h e  s i ze  and 

cost of t h e  b a t t e r y .  

The D L C ' s  may be an adequa te  and r e l i a b l e  sou rce  of  energy  f o r  

t h e s e  s h o r t  backup power needs . They should  reduce t h e  s i z e ,  i n c r e a s e  

t h e  e f f i c i e n c y ,  and e v e n t u a l l y  reduce t h e  c o s t  of t h e  UPS system. 

2 . 5 . 5  Other Applications 

There a r e  un l imi t ed  p o s s i b l e  a p p l i c a t i o n s  f o r  t h e  double - layer  

c a p a c i t o r s :  i n  medical  equipment, i n  some r n i l i t a r y  a p p l i c a t i o n s ,  i n  

s o l d e r i n g  equipment, i n  i n d u s t r i a l  e l e c t r i c a l  d r i v e s ,  a s  a memory 

backup f o r  cornputers and o t h e r  d i g i t a l  equipment, e t c .  

Not a l 1  of t h e  a p p l i c a t i o n s  mentioned e a r l i e r  r e q u i r e  and a r e  

adequa te  f ~ r  t h e  470 F. PANASONIC c a p a c i t o r *  Some of  them r e q u i r e  

lower l e v e l s  of  energy  and c a p a c i t a n c e  b u t  a l s o  make p o s s i b l e  t h e  use  

o f  s m a l l e r  dev i ce  sizes. I n  t h i s  d i r e c t i o n ,  s e v e r a l  o t h e r  double- 

l a y e r  c a p a c i t o r s  w i th  d i f  f e r e n t  r a t i n g s  and sizes a r e  be ing  developed 

by  s e v e r a l  co rpo ra t i ons  around t h e  world 151, [ 8 ] ,  [IZ] . 



CHAPTER 3 

EQUIVALENT MODEL PROPOSAL 

This  chap t e r  d e a l s  w i th  t h e  s e l e c t i o n  of an e q u i v a l e n t  model 

which s a t i s f i e s  t h e  g e n e r a l  o b j e c t i v e s  of t h e  t h e s i s ;  t h a t  is, based 

on t h e  double- layer  c a p a c i t o r  t e r m i n a l  behav ior  and composed o f  

g e n e r a l  e l e c t r i c a l  components such a s  r e s i s t o r s ,  c a p a c i t o r s  and 

i n d u c t o r s .  

The s e l e c t i o n  of  t h e  e q u i v a l e n t  model i s  based on two c r i t e r i a :  

p h y s i c a l  reasons  r e l a t e d  t o  t h e  double- layer  and t h e  DLC c o n s t r u c t i o n  

and p r a c t i c a l  c o n s i d e r a t i o n s  r e s u l t i n g  from t h e  t e r m i n a l  model 

o b j e c t i v e .  The p h y s i c a l  arguments a r e  in t roduced  i n  t h e  fo l l owing  

s e c t i o n .  

3.1 PHYSICAfi FACTS LEADTNG TO THE MODEL 

3.1.1 T i m e  Behavior of the Doubl e-Layer Capaci  tors 

Chapter one p r e s e n t e d  t h e  f a c t  t h a t  e l e c t r i c a l  charge  i s  s t o r e d  

i n  t h e  double- layer  when e x t e r n a l  v o l t a g e  i s  a p p l i e d .  T h e  f low o f  

charges  a c r o s s  t h e  i n t e r f a c e  i s  n o t  an i n s t an t aneous  p r o c e s s .  It  

depends on t h e  i o n  rnobi l i ty ,  environmental  c o n d i t i o n s  and s e v e r a l  

o t h e r  f a c t o r s .  I n  a d d i t i o n ,  t h e  c r o s s  o f  e l e c t r i c a l  cha rges  i s  

fol lowed by a s e r i e s  o f  charge  d i s t r i b u t i o n  p roces se s ,  and d i p o l e  

o r i e n t a t i o n s  which t a k e  a c o n s i d e r a b l y  long t i m e .  

Based on t h e  l a s t  f a c t o r ,  t h e  capac i t ance  of t h e  

p h y s i c a l l y  r ep re sen t ed  by a  model which c o n s i s t s  o f  an  

of p a r a l l e l  branches  each  one  composed o f  a  r e s i s t o r  

i n  series. The tirne c o n s t a n t  o f  each  branch i s  l onge r  

double - layer  i s  

i n f  i n i t e  number 

and a c a p a c i t o r  

w i th  r e s p e c t  t o  



t h e  p r e v i o u s  one p roduc ing  a general d e v i c e  w i t h  a c o m p l i c a t e  i n t e r n a 1  

b e h a v i o r  . 

Figure  3 .1  p r e s e n t s  t h e  general model f o r  t h e  double - l ayer  

c a p a c l t a n c e .  

FIGURE 3.1 GENERAL DOUBU-LAYER 
CAPACITANCE MODEL 

This model a s  a  r e p r e s e n t a t i o n  o f  t h e  d o u b l e - l a y e r  has  s e v e r a l  

f a c t o r s  f a v o r a b l e  t o  t h e  o b j e c t i v e  of t h i s  r e s e a r c h :  

- Use o f  s i m p l e  e l e c t r i c a l  components t o  d e s c r i b e  t h e  double-  

l a y e r  ( R e s i s t o r s  and C a p a c i t o r s ) .  

- R e p r e s e n t a t i o n  of t h e  doub le - l ayer  a s  a  t e r m i n a l  d e v i c e .  

U n f o r t u n a t e l y ,  t h i s  r e p r e s e n t a t i o n  o f  the DLC is n o t  a d e q u a t e  f o r  

t h e  c h a r a c t e r i z a t i o n  due t o  t h e  f o l l o w i n g  r e a s o n s :  

- The p r e s e n c e  o f  a n  i n f i n i t e  number o r  even  a v e r y  l a r g e  

number o f  b r a n c h e s  makes t h e  model t o o  complex f o r  p r a c t i c a l  u s e  and 

e x c e s s i v e  e f f o r t  is n e c e s s a r y  t o  r e p r e s e n t  t h e  model mathemat ica l ly .  

- T h e  p a r a m e t e r  c a l c u l a t i o n  o f  s o  many b r a n c h e s  based  on 



c u r r e n t  and v o l t a g e  measurements i s  d i f f i c u l t ,  a r b i t r a r y  and 

inaccura t e .  I n  a d d i t i o n ,  phys i ca l  da t a  f o r  t h e  parameters  va lues  of 

t h e  above e q u i v a l e n t  model i s  not a v a i l a b l e ,  

Based on t h e  previous  cons ide ra t ions ,  t h e  s e l e c t e d  model w i l l  use 

t h e  RC s t r u c t u r e  of t h e  model i n  f i g u r e  3 . 1  bu t  w i t h  a  f i n i t e  number 

o f  branches.  The number of branches should be t h e  srnal les t  number 

p o s s i b l e  keeping a  good l e v e l  of accuracy when t h e  c a p a c i t o r  

performance is s imula ted .  

3 . 1 . 2  Dependence o f  t h e  Capaci tance on the Poten t i a l  

D i f f e r e n  ce 

In  chap te r  one, t h e  s tudy  of t h e  phys ic s  of t h e  double-layer 

showed t h a t  t h e  capac i t ance  of t h e  double- layer  is  not  a  cons t an t  bu t  

depends on t h e  p o t e n t i a l  d i f f e r e n c e .  This has t c  be inc luded  i n  t h e  

equ iva len t  model i n  o r d e r  t o  g e t  a c c u r a t e  r e s u l t s .  

The conclus ion  reached i n  Chapter two a f t e r  t h e  phys ica l  s tudy  

of t h e  double- layer  i s  t h a t  t h e  d i f f e r e n t i a l  capac i t ance  i s  l i n e a r l y  

dependent on t h e  p o t e n t i a l .  Therefore ,  t h e  capac i t ance  of t h e  DLC 

model w i l l  i n c l u d e  a  f i x e d  c a p a c i t o r  Co i n  p a r a l l e l  wi th  a  v a r i a b l e  

c a p a c i t o r  ( C L )  l i n e a r l y  dependant on  t h e  v o l t a g e .  

Based on t h e  d i f f e r e n t i a l  capac i tance ,  an i n t e g r a l  capac i tance  

C,may be de f ined  a s  t h e  r a t i o  between t h e  t o t a l  charge d e l i v e r e d  t o  

t h e  c a p a c i t o r  t o  t h e  vo l t age  a c r o s s  t h e  c a p a c i t o r  t e rmina l s .  



Note t h a t  t h i s  d e f i n i t i o n  uses t h e  t o t a l  charge r e f e r r e d  t o  the  

zero vo l t age  cond i t ion  and i t  cannot be c a l c u l a t e d  from a d i f f e r e n t  

i n i t i a l  charge.  The i n t e g r a l  capac i tance  may be c a l c u l a t e d  from the 

d i f f e r e n t i a l  capac i tance  i n  t h e  fol lowing way: 

I n  terms of Co and Cl t h e  i n t e g r a l  capac i tance  can be expressed 

a s :  

Although t h e  i n t e g r a l  capac i tance  appears  t o  be t h e  d e f i n i t i o n  

used i n  t h e  s p e c i f i c a t i o n  of t h e  c a p a c i t o r  va lue  f o r  t h e  PANASONIC 

double-layer c a p a c i t o r ,  t h e  d i f f e r e n t i a l  capac i tance  (Cdt,,) of t h e  DLC 

w i l l  ba t h e  d e f i n i t i o n  used i n  t h e  modeling of  t h e  double-layer 

c a p a c i t o r s .  That i s  because t h e  d i f f e r e n t i a l  capac i t ance  d e f i n e s  t h e  

" instantaneous" capac i tance  of t h e  DLC dur ing  any charge a c t i o n  

independent ly  of t h e  prev ious  charge cyc le s  app l i ed .  

3.1.3 Doubl e-Layer Leakage 

Another c h a r a c t e r i s t i c  of t h e  double-layer mentioned i n  chapter  

one i s  t h e  s e l f  d i scharge  process  p re sen t  i n  t h e  c a p a c i t o r  a s  a  r e s u l t  

of e lec t rochemica l  r e a c t i o n s  occurr ing  ac ross  t h e  i n t e r f a c e  when 

charge sepa ra t ion  i s  p r e s e n t .  This  s e l f -d i scha rge  o r  leakage means 

t h a t  p a r t  of  t h e  charge s t o r e d  i n  t h e  double-layer i s  l o s t  i n t e r n a l l y  

and may not be recovered.  



The leakage e f f e c t  i s  represented  i n  t h e  equ iva len t  model by a 

r e s i s t a n c e  i n  p a r a l l e l  w i t h  t h e  res i s tance-capac i tance  branches 

a l r eady  mentioned i n  t h e  previous two s e c t i o n s .  T h i s  r e s i s t a n c e  from 

now w i l l  be c a l l e d  R!,,. 

3.1.4 Induc t ive  Effect in the Capaci tor  

Although s p e c i f i c  d e t a i l s  of t h e  DLC cons t r i lc t ion  a r e  not 

a v a i l a b l e ,  t h e  gene ra l  cons t ruc t ion  process  explained i n  chap te r  one 

mentioned t h a t  t h e  aluminum f o i l s  a r e  wound i n  s p i r a l .  Thus, i t  is 

p o s s i b l e  t o  have some inductance i n s i d e  t h e  device  which may a f f e c t  

t h e  slew r a t e  performance of t h e  device .  Therefore ,  a  s e r i e s  

inductance i s  included i n  t h e  equ iva len t  model. 

Based on t h e  previous phys ica l  reasoning,  t h e  gene ra l  s t r u c t u r e  

of t he  equ iva len t  model a s  shown i n  f i g u r e  3 . 2  i s  now proposed. 

Fur ther  p r o p e r t i e s  of t h e  proposed rnodel a r e  based on ex tens ive  

experimentat ion and t h e  conclusions of t h i s  experirnentation w i l l  be 

presented  i n  t h e  next  s ec t ion .  

FIGURE 3.2 PROPOSED MODEL STRUCTURE 



3.2 PRACTICAL CONSIDERATIONS 

With t h e  gene ra l  s t r u c t u r e  of t h e  equ iva l en t  model s e l e c t e d ,  t h e  

ques t ion  about  t h e  number of branches needed t o  r e p r e s e n t  a c c u r a t e l y  

t h e  double- layer  c a p a c i t o r  should be answered. For a  p r a c t i c a l m o d e l ,  

t h e  number of  branches should be l i m i t e d  t o  t h e  s m a l l e s t  number 

p o s s i b l e .  The use of t h r e e  branches t o  r ep re sen t  t h e  DLC behavior  is 

proposed, 

Extensive experimental  observat ions  have inf luenced the  s e l e c t i o n  

of t h e  number of branches of  t h e  equ iva l en t  model and i n  t h e  model 

s t r u c t u r e ;  t h e s e  obse rva t ions  a r e  comrnented on next :  

1) Charging a  f u l l y  d i scharged  c a p a c i t o r  ( a l 1  t h e  equ iva l en t  

i n t e r n a l  capac i t ances  with zero  v o l t a g e )  with  c o n t r o l l e d  cons t an t  

c u r r e n t  up t o  t h e  r a t e d  v o l t a g e  and measuring t h e  t i m e  r equ i r ed  t o  

t h i s  charge a l low t o  c a l c u l a t e  an i n t e g r a l  capac i t ance  of t h e  device .  

The i n t e g r a l  capac i t ance  measured h a r d l y  changes i f  c u r r e n t s  i n  t h e  

r a t i o  of I t o  10 a r e  used f o r  charging.  T h i s  result  i n d i c a t e s  t h a t  

t h e  f a s t e s t  branch may be assumed t o  have a  ve ry  s h o r t  t ime c o n s t a n t  

compared t o  f u r t h e r  branches.  The s e l e c t i o n  of  a  much b igger  tirne 

c o n s t a n t  f o r  one branch i n  r e s p e c t  t o  t h e  prev ious  one makes t h e  

i d e n t i f i c a t i o n  and c a l c u l a t i o n  of  t h e  parameters  s impler .  

2 )  Although t h e  i n t e r n a l  tirne behavior  o f  t h e  double- layer  

c a p a c i t o r  may inc lude  processes  with t ime c o n s t a n t s  o f  hours,  t h e  

i n t e r e s t  i n  power e l e c t r o n i c s  i s  r e s t r i c t e d  t o  r e l a t i v e l y  s h o r t  t ime 

o r  high power a p p l i c a t i o n s ;  s o  t h a t  t h e  model s e l e c t e d  should fo l low 

wi th  g r e a t e r  accuracy  t h e  c a p a c i t o r  response t h i r t y  minutes  a f t e r  the 

s t a r t  of a  charge  o r  d i scha rge  process .  

3 )  The p h y s i c a l  model composed by an  i n f i n i t e  number of branches 

with  d i f f e r e n t  t ime c o n s t a n t s  g i v e s  a c l e a r  impression t h a t  r e a c t i o n s  



with time c o n s t a n t s  between a  few seconds and s e v e r a l  hours occur  

i n s i d e  t h e  device .  Observing t h e  t e rmina l  v o l t a g e  a f t e r  a charge 

cyc l e  confirms t h e  prev ious  impression and i n d i c a t e s  t h a t  t h e  charge 

i s  r e d i s t r i b u t e d  among t h e  d i f f e r e n t  branches.  Th i s  d i s t r i b u t i o n  over 

t h e  time of i n t e r e s t  (30  minutes )  should be r ep re sen ted  i n  t h e  model 

by t h e  response of a d d i t i o n a l  branches.  One branch i s  i n s u f f i c i e n t  t o  

match t h e  c a p a c i t o r  behavior  i n  t h i s  wide time span; t h e r e f o r e ,  two 

branches with  d i f f e r e n t  t ime c o n s t a n t  a r e  proposed t o  r e p r e s e n t  t h e  

i n t e r n a l  charge d i s t r i b u t i o n .  The second branch has a  t ime cons t an t  

i n  t h e  o r d e r  of few minutes and t h e  t h i r d  branch has a  t ime cons t an t  

i n  t h e  o r d e r  of t e n s  of minutes .  

4 )  The s e l e c t i o n  of  t h e  t h r e e  v o l t a g e  dependant branches 

i n c r e a s e s  t h e  complexity of t h e  parameter  i d e n t i f i c a t i o n .  I n  

a d d i t i o n ,  e x t e n s i v e  measurements of t h e  i n t e r n a l  charge  d i s t r i b u t i o n  

process  a t  d i f f e r e n t v o l t a g e s  i n d i c a t e  t h a t  t h e  assumption of o n l y  one 

branch vo l t age  dependant does no t  i n t roduces  an a p p r e c i a b l e  e r r o r  i f  

t h e  c a p a c i t o r  v o l t a g e  i s  kept  over  1 . 5  v o l t s .  A s  i n  t h e  power 

a p p l i c a t i o n s  t h e  DLC1s w i l l  no t  be d i scharged  t o  ve ry  low v o l t a g e s  t h e  

dependence of  t h e  capac i t ance  with  t h e  v o l t a g e  i s  as s igned  t o  t h e  

f i r s t  branch only.  

Based on t h e  prev ious  p h y s i c a l a n d  experimentalobservations, t h e  

proposed mode1 c o n s i s t s  o f  t h r e e  branches i n  p a r a l l e l  each one 

composed of t h e  connect ion i n  s e r i e s  of a r e s i s t o r  and a  capac i tox .  

I n  a d d i t i o n ,  t h e  model i n c l u d e s  a l eakage  r e s i s t o r  i n  p a r a l l e l  w i t h  

t h e  t h r e e  branches and a series inductor i n  t h e  i n p u t .  The 

capac i tance  o f  t h e  f i r s t  branch i s  d iv ided  i n  a f i x e d  p a r t  and a  

v o l t a g e  dependant p a r t .  



T h e  first  b r a n c h  h a s  t h e  smallest t i m e  c o n s t a n t .  T h e  t i m e  

c o n s t a n t  w i l l  b e  g i v e n  b y  t h e  c a p a c i t o r  r e s p o n s e  t o  a fast c h a r g e  

p r o c e s s ,  i n  o t h e r  w o r d s  a c h a r g e  a c t i o n  w i t h  h i g h  c u r r e n t .  U s i n g  t h e  

r a t e d  v a l u e s  g i v e n  b y  t h e  m a n u f a c t u r e r ,  t h e  t i m e  c o n s t a n t  e x p e c t e d  f o r  

t h i s  b r a n c h  i s  i n  t h e  o r d e r  of few s e c o n d s .  From t h i s  p o i n t  t h e  f i rs t  

b r a n c h  a n d  i t s  c o m p o n e n t s  ( R  a n d  C )  w i l l  b e  named " i m m e d i a t e "  a n d  

d e n o t e d  w i t h  t h e  l e t t e r  Y '  . T h e  name "irnrnediate" i s  g i v e n  b e c a u s e  

t h i s  b r a n c h  w i l l  r e s p o n d  i r n m e d i a t e l y  t o  t h e  c h a r g e  a c t i o n .  

The  s e c o n d  b r a n c h  h a s  a medium tirne c o n s t a n t ,  T h e  t i m e  c o n s t a n t  

s e l e c t e d  f o r  t h i s  b r a n c h  i s  b e t w e e n  o n e  a n d  f ive m i n u t e s .  T h a t  means  

t h a t  t h e  t i m e  c o n s t a n t  f o r  t h e  s e c o n d  b r a n c h  i s  a t  l e a s t  t e n  t i m e s  

l a r g e r  t h a n  t h e  t i m e  c o n s t a n t  f o r  t h e  i m m e d i a t e  b r a n c h .  From t h i s  

p o i n t  t h e  s e c o n d  b r a n c h  w i l l  b e  named " d e l a y e d "  b r a n c h  a n d  i t s  

e l e m e n t s  d e n o t e d  w i t h  t h e  l e t t e r  ' d l .  

T n e  t h i r d  b r a n c h  w i l l  b e  named " l o n g  t e r m "  b r a n c h  a n d  d e n o t e d  

w i t h  t h e  l e t t e r  '1'. T h i s  b r a n c h  h a s  a t i m e  c o n s t a n t  of m o r e  t h a n  1 0  

m i n u t e s  w h i c h  makes  it much s l o w e r  t h a n  t h e  d e l a y e d  b r a n c h .  

F i g u r e  3 . 3  p r e s e n t s  t h e  d e t a i l e d  p r o p o s e d  mode1 of t h e  c a r b o n -  

b a s e d  d o u b l e - l a y e r  c a p a c i t o r .  

- - 
FIGURE 3.3 DETAïLED PROPOSED MODEL 



CHAPTER 4 

IDENTIFICATION OF EQUIVALENT MODEL 

This chapter  p resen t s  the  p r inc ip les  on which t h e  i d e n t i f i c a t i o n  

of the  equivalent  mode1 parameters i s  based. With t h e  p r i n c i p l e s  

c l e a r l y  defined,  t h e  d e t a i l e d  parameter i d e n t i f i c a t i o n  procedure i s  

explained . 

The measurement procedure i s  based on  a t e s t  f a c i l i t y  t h a t  

c o n s i s t s  of a c o n t r o l l e d  current  source and a vol tage  measurement 

system. T h e  t e s t  f a c i l i t y  and the techniques used i n  t h e  measurernent 

of the  parameters a r e  presented i n  chapter  f i v e .  However, it i s  

convenient t o  i n d i c a t e  now t h a t  t h e  current  source has a  very shor t  

maximum r i s e  time compared w i t h  the  t y p i c a l  charge times f o r  the  

double-layer capac i to r s .  Furthermore, t h e  cur ren t  source can be 

turned on o r  o f f  a t  p rec i se  i n t e r v a l s  i n  time, by mean of the  

c o n t r o l l e r  board timing, o r  by the  i n s t a n t  a t  which t h e  double-layer 

capaci tor  te rminals  reach some pre-fixed value.  

The i d e n t i f i c a t i o n  of nine mode1 parameters using only  two 

measurable v a r i a b l e s  ( te rminal  vol tage and input  c u r r e n t )  has an 

i n f i n i t e  number of poss ib le  so lu t ions ,  and t h e r e f o r e  i s  i n  general  

a r b i t r a r y .  However, based on t h e  j u s t i f i e d  assurnption of th ree  

branches with d i s t i n c t  t i m e  constants  t h e  p r i n c i p l e s  of t h e  parameter 

i d e n t i f i c a t i o n  process a r e  now proposed: 

- T he  double-layer capaci tor  t o  be modeled should be i n  a 

f u l l y  discharged s t a t e ;  t h a t  is,  a l 1  t h e  equivalent  i n t e r n a 1  

capaci tances have zero voltage.  To achieve t h i s  s t a t e  of f u l l  



d i s c h a r g e ,  a  " n o r m a l i z a t i o n "  p r o c e s s  was d e v e l o p e d  a n d  i s  p r e s e n t e d  i n  

c h a p t e r  f i v e .  

- The c a p a c i t a n c e s  t o  b e  a s s i g n e d  t o  t h e  e q u i v a l ê n t  mode1 a r e  

g i v e n  b y t h e  d i f f e r e n t i a l d e f i n i t i o n  p r e s e n t e d  i n  c h a p t e r  t h r e e .  T h i s  

d e f i n i t i o n  g i v e s  t h e  p o s s i b i l i t y  t o  know t h e  i n s t a n t a n e o u s  c a p a c i t a n c e  

o f  t h e  d e v i c e  a t  a n y  moment o f  a n y  t e s t  s e q u e n c e .  

- The i d e n t i f i c a t i o n  of t h e  imrnedia te  b r a n c h  e q u i v a l e n t r n o d e l  

p a r a m e t e r s  i s  based o n  t h e  c h a r g e  o f  t h e  c a p a c i t o r  up t o  t h e  r a t e d  

v o l t a g e  w i t h  h i g h  c u r r e n t  a n d  t h e  c o n t i n u o u s  measurement  o f  t h e  

t e r m i n a l  v o l t a g e .  The  u s e  o f  h i g h  c u r r e n t  r e d u c e s  t h e  e f f e c t  of t h e  

o t h e r  two b r a n c h e s  i n  t h e  rneasurements .  

- When t h e  t e r m i n a l  v o l t a g e  r e a c h e s  t h e  r a t e d  v a l u e ,  t h e  

c u r r e n t  s o u r c e  i s  t u r n e d  o f f  a n d  a n  i n t e r n a l  c h a r g e  d i s t r i b u t i o n  

p r o c e s s  among t h e  d i f f e r e n t  b r a n c h e s  b e g i n s .  C o n t i n u o u s  v o l t a g e  

measu remen t  d u r i n g  t h a t  c h a r g e  d i s t r i b u t i o n  i s  u s e d  t o  i d e n t i f y  t h e  

d e l a y e d  a n d  l o n g  term e q u i v a l e n t  c i r c u i t  p a r a m e t e r s .  

- The  l e a k a g e  r e s i s t a n c e  is i d e n t i f i e d  u s i n g  a c a p a c i t o r  

whose v o l t a g e  i s  e q u a l  a c r o s s  a l 1  t h e  i n t e r n a l  e q u i v a l e n t  

c a p a c i t a n c e s .  I n  o t h e r  words ,  no c h a r g e  d i s t r i b u t i o n  p r o c e s s  i s  

o c c u r r i n g  i n s i d e  t h e  d e v i c e .  Under t h i s  c o n d i t i o n ,  t h e  c h a n g e  i n  

t e r m i n a l  v o l t a g e  i s  o n l y  a r e s u l t  of t h e  e q u i v a l e n t  model  l e a k a g e  

r e s i s t a n c e .  

- T h e  DLC i n p u t  i n d u c t a n c e  i s  c a l c u l a t e d  u s i n g  t h e  s l o p e  o f  

t h e  c u r r e n t  t r a n s i e n t  a t  t h e  i n s t a n t  t h a t  a  f u l l y  c h a r g e d  c a p a c i t o r  i s  

s u d d e n l y  s h o r t - c i r c u i t e d ,  

I n  t h e  a b o v e  p a r a g r a p h s  o n l y  t h e  g e n e r a l  p r i n c i p l e s  u s e d  i n  t h e  

i d e n t i f i c a t i o n  were p r e s e n t e d .  A d e t a i l e d  d e s c r i p t i o n  o f  the 

i d e n t i f i c a t i o n  o f  e a c h  p a r a m e t e r  i s  given i n  t h e  f o l l o w i n g  p a g e s .  



4 . 1  IDENTIFICATION OF � DIA^ BRANCH PARPMETERS 

The immediate branch parameters a r e  measured by applying a  f a s t  

charge t o  t h e  c a p a c i t o r .  T h e  higher  t h e  va lue  of cur ren t  the  lower 

the  charge introduced i n t o  the  delayed and long term branches; 

the re fo re ,  t h e  c u r r e n t  should be a s  high a s  poss ib le ;  however, t he  

devices a v a i l a b l e  f o r  t h e  experimental f a c i l i t y  a r e  l i m i t e d  t o  f i f t y  

amperes. For t h e s e  reasons,  t h e  c u r r e n t  was s e l e c t e d  a s  55  of t h e  

r a t ed  s h o r t  c i r c u i t  c u r r e n t  of t h e  double-layer capac i to r  o r  45 Arnp. 

The ra t ed  s h o r t  c i r c u i t  cu r ren t  i s  defined a s  t h e  r a t i o  between t h e  

r a t ed  vol tage  and t h e  r a t e d  i n t e r n a 1  r e s i s t a n c e  of t h e  capac i to r .  

The r e s i s t a n c e  of the  imrnediate branch i s  determined from t h e  

vol tage  drop produced a t  the  te rminals  when t h e  c u r r e n t  i s  appl ied  t o  

the  capac i to r .  The DLC te rminal  vol tage  i s  measured a t  t he  time t O  

before  t h e  a p p l i c a t i o n  of the  cu r ren t .  A t  some time t l  a f t e r  t h e  t u r n  

on of the  c u r r e n t  source,  t h e  te rminal  vol tage  i s  measured again .  The 

time tl is  equal  t o  t h e  maximum r i s e  t ime of t h e  c u r r e n t  source, which 

i s  a l s o  g r e a t e r  than t h e  d i / d t  of t h e  device; a t  t h i s  time, t h e  

cu r ren t  has reached t h e  des i r ed  value but  t h e  energy s to red  i n  t h e  

equivalent  capaci tance  i s  very  low. Therefore,  t h e  measured vo l t age  

s t e p  (AV) i s  due t o  t h e  equivalent  r e s i s t a n c e  of t h e  imrnediate branch 

and t h e  va lue  of t h e  r e s i s t a n c e  i s  c a l c u l a t e d  using equat ion 4 . 1 .  In 

equation 4 . 1 ,  1 i s  t h e  c o n t r o l l e d  c u r r e n t  appl ied ,  R, is the immediate 

branch r e s i s t a n c e  and AV i s  t h e  d i f f e r e n c e  betwaen t h e  vo l t age  

rneasured a t  tl and t h e  vol tage  measured a t  t O :  

The vo l t age  measured a t  t h e  t h e  tl  is used a s  a  s t a r t i n g  p o i n t  



f o r  t h e  c a p a c i t a n c e  c a l c u l a t i o n .  The f i x e d  p a r t  o f  t h e  i m m e d i a t e  

c a p a c i t a n c e  C i s  m e a s u r e d  b a s e d  on  t h e  d e f i n e d  d i f f e r e n t i a l  

c a p a c i t a n c e  a t  t h e  s t a r t  o f  t h e  c h a r g e  a c t i o n  a c c o r d i n g  t o  t h e  

f o l l o w i n g  e q u a t i o n :  

As t h e  c u r r e n t  m a g n i t u d e  i s  c o n s t a n t ,  t h e  v o l t a g e  d r o p  a c r o s s  t h e  

i m m e d i a t e  r e s i s t a n c e  i s  c o n s t a n t ;  t h e r e f o r e ,  t h e  d v / d t  of t h e  t e r m i n a l  

v o l t a g e  c u r v e  a s  a f u n c t i o n  o f  t h e  t i m e  i s  e q u a l  t o  t h e  d v / d t  of  t h e  

v o l t a g e  c u r v e  a t  t h e  i m m e d i a t e  b r a n c h  c a p a c i t a n c e .  The s l o p e  o f  t h e  

t e r m i n a l  v o l t a g e  v e r s u s  t i m e  c u r v e  i s  m e a s u r e d  a t  t h e  f i r s t  i n s t a n t s  

a f t e r  t h e  c u r r e n t  h a s  b e e n  e s t a b l i s h e d .  T h i s  v a l u e  i s  u s e d  i n  

c o n j u n c t i o n  w i t h  t h e  known v a l u e  of t h e  c u r r e n t  a n d  Ci, i s  d e t e r m i n e d .  

The  s l o p e  of t h e  c u r v e  ( d V / d t )  i s  m e a s u r e d  i n  t h e  f o l l o w i n g  fo rm:  

The t e r m i n a l  v o l t a g e  i s  rneasured c o n t i n u o u s l y .  When t h e  t e r m i n a l  

v o l t a g e  h a s  i n c r e a s e d  a  v a l u e  AV w i t h  r e s p e c t  t o  t h e  v o l t a g e  m e a s u r e d  

a t  tl, t h e  t i m e  t 2  i s  measu red .  The  t i rne  c h a n g e  A t  c o r r e s p o n d i n g  t o  

t h i s  AV i s  e q u a l  t o  t 2 - t l .  I n  t h i s  form t h e  d v / d t  o f  t h e  t e r m i n a l  

v o l t a g e  c u r v e  i n  t i m e  i s  m e a s u r e d  a n d  i t s  v a l u e  i s  u s e d  i n  e q u a t i o n  

4 . 2 .  The s i z e  o f  t h e  v o l t a g e  s t e p  AV is s e l e c t e d  t o  p r o v i d e  g o o d  

r e s o l u t i o n  i n  t h e  c a l c u l a t i o n .  

The  v o l t a g e  d e p e n d a n t  imrnedia te  c a p a c i t a n c e  (CF:) may be 

c a l c u l a t e d  u s i n g  t h e  d e f i n i t i o n  o f  d i f f e r e n t i a l  c a p a c i t a n c e  o r  

i n t e g r a l  c a p a c i t a n c e .  A s  t h e  i n t e g r a l c a p a c i t a n c e  d e f i n i t i o n  d o e s  n o t  

n e e d  t o  m e a s u r e  t h e  d o p e  o f  t h e  t e r m i n a l  v o l t a g e  c u r v e ,  t h i s  me thod  

i s  more a c c u r a t e  a n d  w i l l  b e  imp lemen ted .  The  t i m e  t 3  a t  which  t h e  

c a p a c i t o r  r e a c h e s  t h e  rated v a l u e  i s  m e a s u r e d .  A t  t h i s  t i m e  t h e  



equivalent  i n t e g r a l  capaci tance of the  immediate branch is  given by 

t he  fol lowing r e l a t i o n :  

where tl i s  t h e  time a t  the  s t a r t  of the  charge a l ready mentioned 

i n  t h e  ca lcu la t ions  of R i  and Ci,,, and Ky,, represents  the  te rminal  

vol tage  a t  the  time t n -  

W i t h  the value of t h e  i n t e g r a l  capaci tance ca lcu la ted ,  equat ion 

3 . 4  i s  used t o  r e l a t e  t h e  i n t e g r a l  capaci tance with t h e  d i f f e r e n t i a l  

capaci tance.  Using equat ion 3 . 4  t he  value of Ci: i s  ca lcu la ted :  

Figure 4 . 1  presen t s  a t y p i c a l  c u v e  of vol tage  vs t i m e  f o r  a 

simple charge ac t ion  with cons tant  cu r ren t .  T h i s  f i g u r e  sumrnarizes 

t h e  c a l c u l a t i o n  of  t h e  immediate branch pararnetars. 

4 . 2  IDENTIFICATION OF DELAYED BRANCH PARAMEILlERS 

When t h e  terminal  vol tage  reaches t h e  r a t ed  va lue ,  t h e  c u r r e n t  

source i s  turned o f f  and t h e  r e d i s t r i b u t i o n  of charge between t h e  

imrnediate and the  delayed branch i s  t h e  predominant a c t i o n  i n s i d e  t h e  

c a p a c i t o r .  A t  t h i s  po in t  t h e  c a l c u l a t i o n  of t h e  delayed branch 

parameters begins.  

The assumption made f o r  t h e  c a l c u l a t i o n  is t h a t  the  vo l t age  a t  

t h e  delayed branch is  zero v o l t s  when t h e  cu r ren t  i s  removed; i n  o t h e r  

words, t h e  t i m e  cons tant  of  t h e  delayed branch is much higher than t h e  
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c h a r g e  t i m e  of t h e  imrnedia te  b r a n c h ,  

The e q u i v a l e n t  c i r c u i t  i n  f i g u r e  4 . 2  r e p r e s e n t s  t h e  c a p a c i t o r  

d u r i n g  t h a t  r e d i s t r i b u t i o n  p r o c e s s  

VCi VCd 
I - 

FIGURE 4 . 2  CHARGE REDISTRIBUTION 
EQUWALENT CIRCUIT 

I n  t h i s  f i g u r e ,  C i '  i s  t h e  v a l u e  of t h e  i m m e d i a t e  b r a n c h  

c a p a c i t a n c e  a t  t h e  c o r r e s p o n d i n g  v o l t a g e ,  a n d  R i  i s  t h e  imrnedia te  

b r a n c h  r e s i s t a n c e .  The  i n i t i a l  c u r r e n t  f l o w i n g  t h r o u g h  t h e  c i r c u i t  

when t h e  c u r r e n t  f a l l s  t o  z e r o  a n d  Vcd i s  z e r o  (t4), i s  g i v e n  by: 

I n  a d d i t i o n ,  t h e  f o l l o w i n g  r e l a t i o n b e t w e e n t h e  c a p a c i t o r  c u r r e n t  

a n d  i t s  v o l t a g e  i s  val id  a t  t h i s  i n s t a n t :  

The t i m e  t 4 ,  a c c o r d i n g l y  t o  t h e  c u r r e n t  s û u r c e  c h a r a c t e r i s t i c s ,  

is e q u a l  t o  t h e  t h e  d u r i n g  wh ich  t h e  c u r r e n t  s o u r c e  was t u r n e d  o f f  

p l u s  t h e  maximum fa11 t i m e  o f  t h e  c u r r e n t .  The t e r m i n a l  v o l t a g e  a t  t 4  



i s  measured, and t h e n  t h e  v o l t a g e  i s  c o n t i n u o u s l y  measured u n t i l  it 

has  dropped a  f i x e d  v a l u e  AV. T h i s  p o i n t  d e t e r m i n e s  t h e  i n s t a n t  t 5 .  

With t h e s e  two p o i n t s  o f  t i m e  and v o l t a g e  t h e  v a l u e  o f  dV/dt = AV/At 

i s  de te rmined .  

Assuming Rd >> R i ,  V c i  i s  approx imate ly  e q u a l  t o  t h e  t e r m i n a l  

v o l t a g e ,  T h e r e f o r e ,  measur ing t h e  t e r m i n a l  v o l t a g e  and dVci /d t ,  Rd 

can be c a l c u l a t e d  t h r o u g h  t h e  f o l l o w i n g  e q u a t i o n  deduced from 4 . 5  and 

4 . 6 :  

R d =  V c i  

CI* d V c i / d t  
( 4 . 7 )  

T h e  value  o f  V c i  and C '  used i n  t h e  c a l c u l a t i o n  o f  Rd is t h e  

t e r m i n a l  v o l t a g e  and t h e  immediate branch c a p a c i t a n c e  a t  t h e  medium 

p o i n t  o f  t h e  dV/dt  c a l c u l a t i o n .  (See  f i g u r e  4 . 3 )  

Using t h e  same e q u i v a l e n t  c i r c u i t  shown i n  f i g u r e  4 . 2  a t  some 

i n s t a n t  (t6) where V c d  i s  d i f f e r e n t  from z e r o ,  t h e  v a l u e  o f  Cd can be  

c a l c u l a t e d .  A s  t h e  d e l a y e d  branch was s e l e c t e d  t o  r e p r e s e n t  t h e  

c a p a c i t o r  b e h a v i o r  up t o  f i v e  minu tes  a f t e r  t h e  c h a r g e  a c t i o n ,  t h e  

c a l c u l a t i o n  o f  t h e  d e l a y e d  b ranch  c a p a c i t a n c e  i s  done t h r e e  minutes  

a f t e r  t h e  end of t h e  c h a r g e  a c t i o n  ( t 6  = 180 sec + t 3 ) ,  

A t  t h i s  i n s t a n t  t h e  c u r r e n t  f l o w i n g  from t h e  immediate t o  t h e  

de layed  b ranch  is g i v e n  by: 

F u r t h e m o r e ,  t h e  t o t a l  c h a r g e  e q u i l i b r i u r n  e q u a t i o n  t h a t  

r e p r e s e n t s  t h e  i n t e r c h a n g e  of  c h a r g e  between C i  and C d  is g i v e n  by: 

The i n t e g r a l  c a p a c i t a n c e  v a l u e ,  needed i n  t h e  p r e v i o c s  e q u a t i o n ,  

may b e  e a s i l y  c a l c u l a t e d  from t h e  d i f f e r e n t i a l  c a p a c i t a n c e  a s  



e x p l a i n e d  i n  c h a p t e r  three. The v a l u e  o f  Vcd a t  t = t 6  is c a l c u l a t e d  

frorn f i g u x e  4.2 a s :  

Using  e q u a t i o n s  4.8 t o  4 - 1 0  t h e  v a l u e  o f  Cd i s  c a l c u l a t e d :  

t 4  t 5  

'-7-J 

A t  

FIGURE 4 . 3  dV/dt CALCULATION 

A second p r o p o s a 1  f o r  t h e  d e l a y e d  b ranch  c a p a c i t a n c e  c a l c u l a t i o n  

based  o n l y  i n  t h e  c h a r g e  e q u i l i b r i u m  i s  now p r e s e n t e d .  I n  t h i s  second 

p o s s i b l e  i d e n t i f i c a t i o n ,  t h e  t i m e  c o n s t a n t  f o r  t h e  de layed  b ranch  is 

p r e v i o u s l y  assumed. A f t e r  t h r e e  t i m e  c o n s t a n t s  o f  t h e  de layed  branch,  

t h e  v o l t a g e s  a c r o s s  t h e  imrnediate and d e l a y e d  b r a n c h e s  a r e  p r a c t i c a l l y  

e q u a l ,  and t h e  e q u a t i o n  4 . 9  f o r  t h e  c h a r g e  e q u i l i b r i u m  i s  a p p l i e d  w i t h  

Vcd = V c i .  T h i s  p r o c e d u r e  h a s  t h e  advan tage  t o  Save t h e  c a l c u l a t i o n  

o f  dv/dt which i s  i n  g e n e r a l  i n a c c u r a t e .  On t h e  o t h e r  hand, t h i s  



second proposa l  needs more t i m e  f o r  t he  computation of t h e  parameter 

Cd because t h e  c a l c u l a t i o n  is  done when t h e  vo l t ages  i n  both branches 

a r e  cons idered  equa l ,  

4 . 3  IDENTIFICATION OF LONG TEXM RRANCH P~~ 

The long term branch parameters '  c a l c u l a t i o n  fol lows s i m i l a r  

s t e p s  t o  those  for  t h e  delayed branch. I n  t h i s  case ,  t h e  delayed 

capac i t ance  i s  assumed with  equa l  v o l t a g e  t o  t h e  irnmediate branch and 

t h e  long  term capac i t ance  i s  assumed f u l l y  d i scharged .  To rnake t h e s e  

assurnptions v a l i d ,  t h e  s t a r t  tirne f o r  t h e  c a l c u l a t i o n  of the long t e r m  

branch should be a t  l e a s t  t h r e e  tirnes t h e  delayed branch t i m e  

cons t an t .  This  c r i t e r i o n  a s su re s  t h a t  t h e  delayed vo l t age  i s  wi th in  

958 o f  t h e  irnrnediate branch vo l t age .  

The e q u i v a l e n t  c i r c u i t  f o r  t h e  charge t r a n s f e r  t o  t h e  long term 

branch is shown i n  f i g u r e  4 . 4 .  

+ 
VCi 

R i  

Ci' 

FIGURE 4 . 4  EQUWALENT CIRCUIT FOR CHARGE 
DISTRïBUTION TO Cl 



The s w i t c h  SI iç c l o s e d  a t  t h e  i n s t a n t  t 7  i n  wh ich  t h e  v o l t a g e s  

a t  t h e  i m m e d i a t e  a n d  d e l a y e d  b r a n c h e s  a r e  a l m o s t  e q u a l .  I n  t h i s  

i n s t a n t  mos t  of t h e  c h a r g e  t r a n s f e r e n c e  o c c u r s  b e t w e e n  t h e  i m m e d i a t e  

b r a n c h  a n d  t h e  l o n g  term b r a n c h  b e c a u s e  t h e  v a l u e  of R i  i s  much l o w e r  

t h a n  Rd. T h e r e f o r e ,  R 1  i s  c a l c u l a t e d  u s i n g  e q u a t i o n  4.7 t h r e e  d e l a y e d  

b r a n c h  t i rne  c o n s t a n t s  a f t e r  t h e  i n s t a n t  a t  which  t h e  c u r r e n t  was 

t u r n e d  o f f .  The  c a l c u l a t i o n  o f  t h e  d V / d t  u s e d  i n  e q u a t i o n  4.7  i s  d o n e  

i n  t h e  same f o r m  e x p l a i n e d  f o r  t h e  d e l a y e d  b r a n c h .  

The c a p a c i t a n c e  C l  i s  c a l c u l a t e d  u s i n g  t h e  same p r o c e d u r e  

e x p l a i n e d  f o r  t h e  d e l a y e d  b r a n c h  b u t  now t h e  c a p a c i t a n c e  C '  i n  

e q u a t i o n s  4 .8  t o  4 . 1 1  i s  e q u a l  t o  t h e  c a p a c i t a n c e  o f  t h e  i m m e d i a t e  

b r a n c h  i n  p a r a l l e l  with t h e  c a p a c i t a n c e  o f  t h e  d e l a y e d  branch. The 

i n s t a n t  o f  c a l c u l a t i o n  f o r  C l  i s  t h i r t y  m i n u t e s  a f t e r  t h e  t e r m i n a t i o n  

o f  t h e  c u r r e n t  s o u r c e .  

As was done  f o r  t h e  d e l a y e d  b r a n c h ,  t h e  d v / d t  o f  t h e  t e r m i n a l  

v o l t a g e  v e r s u s  t i m e  c u r v e  i s  rneasured  a n d  t h e  e q u a t i o n s  m e n t i o n e d  f o r  

t h e  c a s e  o f  t h e  d e l a y e d  b r a n c h  are a p p l i e d  t o  t h e  r e s u l t s .  

I n  t h e  c a l c u l a t i o n  o f  t h e  l o n g  t e r m  b r a n c h  c a p a c i t a n c e  it i s  a l s o  

p o s s i b l e  t o  u s e  a  s e c o n d  i d e n t i f i c a t i o n  p r o c e d u r e .  I n  t h i s  method ,  

t h e  tirne c o n s t a n t  f o r  t h e  l o n g  t e r m  b r a n c h  is p r e v i o u s l y  a s sumed  a n d  

t h e  e q u a t i o n  f o r  t h e  c h a r g e  e q u i l i b r i u r n  i s  a p p l i e d  af te r  t h r e e  t i m e s  

t h e  s e l e c t e d  t i m e  c o n s t a n t .  T h i s  me thod  s a v e s  t h e  c a l c u l a t i o n  o f  

dV/d t  t h a t  f o r  t h i s  c a s e  i s  v e r y  d i f f i c u l t  b e c a u s e  t h e  t r a n s i e n t  is 

v e r y  s l o w .  However, t h e  t i m e  n e e d e d  t o  c a l c u l a t e  t h e  p a r a m e t e r  is 

l o n g e r .  

4 . 4  IDENTIFICATION OF LEAKIAGE RESISWCE 

The l e a k a g e  r e s i s t a n c e  is i d e n t i f i e d  by m e a s u r i n g  t h e  d e c r e a s e  



i n  t h e  capac i to r  terminal  vo l t age  over a period of 24 hours.  T h e  

capac i to r  used f o r t h e l e a k a g e  r e s i s t a n c e  determination was previous ly  

normalized t o  2 v o l t s .  Af te r  t h e  normalization, i t  i s  expected t h a t  

a l 1  t h e  i n t e r n a l  capaci tances i n  t h e  equivalent  model a r e  charged t o  

t h e  same vol tage  and t h e  vo l t age  decrease a s  funct ion  of time can be 

a t t r i b u t e d  t o  t h e  equivalent  leakage re s i s t ance .  The dura t ion  of t h e  

t e s t  ( 2 4  hours) i s  much g r e a t e r  than t h e  t i m e  cons tants  of t h e  t h r e e  

equivalent  model branches; t h e r e f o r e ,  the capac i to r  i s  assumed a s  the  

p a r a l l e l  equiva lent  of t h e  t h r e e  branches and t h e  r e s u l t a n t  c i r c u i t  i s  

an RC c i r c u i t .  The a n a l y s i s  of a  simple RC c i r c u i t  g ives :  

whexe C t  i s  t h e  p a r a l l e l  equiva lent  capaci tance,  V c  i s  t h e  

double-layer capac i to r  te rminal  vol tage  and Vo i s  t h e  i n i t i a l  vol tage  

f o r  t h e  discharge,  o r  i n  o t h e r  words the  terminal  vo l t age  a f t e r  t h e  

normalizat ion.  In t h e  previous equat ion the  value of t h e  leakage 

r e s i s t a n c e  i s  assumed t o  be much l a r g e r  than t h e  r e s i s t a n c e  of t h e  

t h r e e  branches. Using t h e  s e r i e s  approximation f o r  t h e  previous 

equat ion with t << Rlea*Ct g ives :  

Defining AVc a s  t h e  decrease  i n  terminal  vol tage  a f t e r  t h e  2 4  

hours t e s t ,  t h e  following r e l a t i o n  is produced 

In  t h e  previous r e l a t i o n  Vo i s  two v o l t s ,  AVc i s  measured a f t e r  

24 hours, C t  i s  known from t h e  previous i d e n t i f i c a t i o n  of t h e  i n t e r n a l  

capaci tances  and A t  is equal  t o  24 hours. 



IDENTIFICATION CAPACI TOR 

The rneasurement of  t h e  c a p a c i t o r  induc tance  will be done with  a DLC 

precharged t o  t h e  r a t e d  v o l t a g e .  The precharged DLC is then  connected 

a s  i s  shown i n  f i g u r e  4 . 5 .  I n  t h i s  f i g u r e  R i s  t h e  t o t a l  loop 

r ê s i s t a n c e  and Vd i s  t h e  on s t a t e  v o l t a g e  drop of a  P N  j unc t ion .  

Then, a  t r i g g e r  p u l s e  of 1 0  msec i s  a p p l i e d  t o  t h e  swi tch  and t h e  

c u r r e n t  waveforrn i n  t h e  c i r c u i t  i s  measured. 

Ut) 
FIGURE 4 . 5  IDENTIFICATION OF 

CAPACITOR INDUCTANCE 
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T h e  v o l t a g e  V c  may be assumed a s  c o n s t a n t  dur ing  t h e  t r a n s i e n t  

because of t h e  long t i m e  c o n s t a n t  involved  i n  i t s  v a r i a t i o n ,  t h e  f i n a l  

c u r r e n t  a f t e r  t h e  t r a n s i e n t  r e s u l t s  i n :  

DLC 

The a n a l y s i s  of t h e  c i r c u i t  g ives :  

The s o l u t i o n  of t h e  prev ious  d i f f e r e n t i a l  equa t ion  is: 

Vd 

- \ 

P 



di 
L- +iR = Vc-Vd (4  .l6) 
dt 

w h e r e  r=  L / R .  If t h e  s l o p e  o f  t h e  c u v e  of i vs t i s  measu red ,  

t h e  f i n a l  v a l u e  o f  1 (I(=)) i s  c a l c u l a t e d ,  a n d  t h e  c u r r e n t  f o r  some 

t i m e  t' d u r i n g  t h e  t r a n s i e n t  i s  known, t h e n  L c o u l d  be c a l c u l a t e d .  

T h i s  m e a s u r e d i n d u c t a n c e  i n c l u d e s  a l 1  t h e  i n d u c t a n c e  i n  t h e  l o o p ;  

t h e r e f o r e ,  t h e  i n d u c t a n c e  o f  t h e  o t h e r  components  s h o u l d  be e s t i m a t e d  

a n d  t h e n  s u b t r a c t e d  f r o m  t h e  t o t a l  i n d u c t a n c e  c a l c u l a t e d .  The r e s u l t  

o f  t h e  i d e n t i f i c a t i o n  i s  o n l y  a n  a p p r o x i m a t i o n .  



CHAPTER 5 

MEASUREMENT OF EQUIVALENT MODEL 

I n  t h i s  c h a p t e r ,  t h e  e x p e r i m e n t a l  t e c h n i q u e s  u s e d  i n  t h e  

measu remen t s  a n d  c a l c u l a t i o n s  a r e  p r e s e n t e d ;  t h e s e  t e c h n i q u e s  a s s u r e  

t h a t  a l 1  t h e  fac tors  t h a t  may a f f e c t  t h e  a c c u r a c y  o f  t h e  measu remen t s  

a r e  c o n t r o l l e d .  I n  a d d i t i o n ,  r e s u l t s  o f  t h e  p a r a m e t e r s  m e a s u r e m e n t s  

a r e  p r e s e n t e d  a n d  a  b r i e f  d i s c u s s i o n  o f  t h e s e  r e s u l t s  is  g i v e n .  

F i r s t ,  it is i m p o r t a n t  t o  i n t r o d u c e  t h e  t e s t  f a c i l i t i e s  u s e d  i n  t h e  

d o u b l e - l a y e r  c a p a c i t o r  t e s t  a n d  i n  t h e  p a r a m e t e r s  m e a s u r e m e n t s .  

5.1 TEST AND MEAStlREME3NT FACTLITXES 

C h a p t e r  4 p r e s e n t e d  t h t  p r o c e d u r e  f o r  t h e  i d e n t i f i c a t i o n  o f  t h e  

e q u i v a l e n t  mode1  p a r a m e t e r s .  The i d e n t i f i c a t i o n  o f  t h e  i rnmedia te  

b r a n c h  p a r a m e t e r s  i s  b a s e d  on  t h e  a p p l i c a t i o n  o f  a  c o n t r o l l e d  c u r r e n t  

s o u r c e .  The m a i n  f u n c t i o n  o f  t h e  e x p e r i m e n t a l  s e t u p  i s  t h e  g e n e r a t i o n  

of t h e  c o n t r o l l e d  c u r r e n t  s o u r c e .  F i g u r e  5 . 1  shows  t h e  e x p e r i m e n t a l  

s e t u p  u s e d  i n  t h e  DLC t e s t  a n d  t h e  f o l l o w i n g  p a g e s  i n c l u d e  a  b r i e f  

e x p l a n a t i o n  o f  t h e  ma in  f u n c t i o n s  o f  e a c h  e l e m e n t  i n  t h e  e x p e r i m e n t a l  

s e t ~ p .  

The  h o s t  c o m p u t e r  i s  a n  I B M  c o m p a t i b l e  s y s t e r n  r u n n i n g  u n d e r  

WINDOWS t h a t  i s  u s e d  t o  f a c i l i t a t e  t h e  u s e r  i n t e r f a c e  d u r i n g  t h e  

t e s t s .  The m a i n  f u n c t i o n s  o f  t h e  c o m p u t e r  are: programming  o f  t h e  

c o n t r o l l e r ,  a d j u s t i n g  o f  t h e  s e t t i n g s  u s e d  i n  t h e  d i f f e r e n t  tests ,  a n d  

d a t a  p r o c e s s i n g .  The  c o m p u t e r  i s  c o n n e c t e d  t h r o u g h  t h e  ser ia l  p o r t  t o  

t h e  c o n t r o l  p r o c e s s o r .  C o n t i n u o u s  i n t e r c h a n g e  o f  d a t a  b e t w e e n  t h e  
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computer and t h e  con t ro l  processor  i s  poss ib le .  

The c o n t r o l  processor ,  a genera l  purpose c o n t r o l l e r  board f o r  

r e a l  tirne c o n t r o l ,  i s  the  p la t form used f o r  the  con t ro l  of t h e  DC/DC 

conver ter ,  and f o r  t h e  d i f f e r e n t  t e s t s  of t h e  DLC's. T h e  board i s  

based on t h e  rnicrocontrol ler  MC68332, which uses t h e  68020 CPU. 

Beside having the  t y p i c a l  mic rocon t ro l l e r  f e a t u r e s ,  t he  M68332 

inc ludes  a  t ime processing u n i t ,  which has many independently timed 

pu l se  channels .  Those channels a r e  used t o  con t ro l  the  s t a t e  of t h e  

DC/DC conver ter  switches.  

The use of t h e  microcont ro l le r  mounted i n  a  business  computer 

card  rnakes i t  poss ib le  t o  use t h e  systern connected t o  a  terminal  o r  

host  computer. Therefore,  the  processor  i s  programmed i n  C language 

on t h e  h o s t  computer, compiled, and then the r e s u l t a n t  f i l e  i s  

t r a n s f e r r e d  t o  t h e  con t ro l  board. Eight analog inputs  and e i g h t  

analog ou tpu t s  a r e  a v a i l a b l e  f o r  t h e  s i g n a l  feedback andmonitoring a s  

wel l  as  a 16-bi t  p a r a l l e l  port. 

The main t a sks  of the  c o n t r o l  processor  a re :  con t ro l  of t h e  

c u r r e n t  source,  t iming of the  charge cycles ,  da ta  a c q u i s i t i o n ,  and 

c o n t r o i  and execution of t h e  prograrns f o r  normalization and parameter 

c a l c u l a t i o n .  The d e t a i l s  a r e  presented  i n  t h e  n e x t  sec t ion .  

The con t ro l l ed  cu r ren t  source i s  generated by t h e  four  quadrant 

DC/DC conver ter ,  t h e  R-L output  circui t ,  and t h e  c o n t r o l l e r .  The 

DC/DC conver t e r  i s  a  power circuit  capable of opera t ing  i n  any of t h e  

four  quadrants  of t h e  Vo vs Io.  Four quadrant operatior,  i s  necessary 

i n  t h e  DLC s tudy  t o  guarantee r egenera t ion  and reversa1  of t h e  supply 

t o  t h e  load  c i r c u i t .  The conver ter  can provide a  charge and discharge 

c u r r e n t  between -45 and 45 Amp i n  s t e p s  of 0 . 1  Amp. 

The c u r r e n t  source i s  c o n t r o l l e d  through t h e  switching of t h e  



power swi tches  a t  a frequency of 4 KHz. The va lue  of  t h e  inductance 

i n  conjunct ion  w i t h  t h e  supply v o l t a g e  and t h e  switching frequency of 

t h e  dev ices  produces a r i p p l e  i n  t h e  c u r r e n t .  The c u r r e n t  r i p p l e  is  

5 Amp peak t o  peak bu t  t h e  average va lue  is p r e c i s e l y  c o n t r o l l e d .  The 

r e s i s t a n c e  R and t h e  inductance L i n  conjunct ion  determine t h e  tirne 

cons tan t  o f  t h e  system. This  t i m e  c o n s t a n t  i s  needed i n  t h e  design of 

t h e  p r o p o r t i o n a l  i n t e g r a l  c o n t r o l  ( s e e  Appendix 6 ) .  

The d a t a  a c q u i s i t i o n  i s  governed by t h e  c o n t r o l  processor ;  t h e  

analog feedback s i g n a l s ,  c u r r e n t  and vo l t age ,  a r e  sampled with a 

per iod  of  2 msec. The feedback s i g n a l s  have a range of -5 t o  +5 v o l t s  

and t h e  ana log  t o  d i g i t a l  conve r t e r  i n  t h e  c o n t r o l l e r  has a r e s o l u t i o n  

of 11 b i t s  p l u s  t h e  s ign  b i t .  A d a t a  c o l l e c t i o n  system, programmed i n  

PASCAL and run on t h e  PC, i s  used t o  s t o r e  t h e  measured v o l t a g e  i n  a 

f i l e  t h a t  may be  used l a t e r  f o r  d a t a  process ing .  

The swirch ing  frequency of t h e  DC/DC conver t e r  i s  h igher  than t h e  

sampling frequency of t h e  da t a  a c q u i s i t i o n  u n i t .  Therefore ,  t h e  

sampling theorem i s  not  f u l f i l l e d  and t h e  sampled c u r r e n t  may n o t  be 

r e p r e s e n t a t i v e  of t h e  average c u r r e n t  i n  t h e  system. That  f a c t o r  

makes it necessary  t o  p r e - f i l t e r  t h e  c u r r e n t  s i g n a l  £rom t h e  sensor  

before  t h e  use of  t h a t  s i g n a l  i n  t h e  d i g i t a l  system. 

The a n t i - a l i a s i n g  f i l t e r  should be designed i n  o r d e r  t o  a t t e n u a t e  

t h e  r i p p l e  f requency ( 4  KHz) and t o  keep without  apprec i ab le  

a t t e n u a t i o n  t h e  sampling frequency (500 Hz).  A second o r d e r  f i l t e r  

was des igned  t o  accomplish t h a t .  The frequency response of t h e  

designed f i l t e r  i s  shown i n  f i g u r e  5.2 .  D e t a i l s  about  t h e  s t r u c t u r e  

and design of t h e  f i l t e r  a r e  p r e s e n t e d  i n  Appendix B. 
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T h i s  s e c t i o n  i n t r o d u c e s  t h e  d i f f e r e n t  t e c h n i q u e s  implemented  i n  

o r d e r  t o  c o n t r o l  t h e  fac tors  t h a t  may a f f e c t  t h e  measu remen t s  if t h e y  

a r e  n o t  c o n t r o l l e d  caref u l l y .  The d e v e l o p m e n t  o f  t e c h n i q u e s  t o  g o v e r n  

t h e s e  f a c t o r s  i s  n e c e s s a r y  t o  g e t  r e p e a t a b l e  r e s u l t s  i n  t h e  

e x p e r i m e n t s .  T h e s e  f a c t o r s  a r e :  

- C o n t r o l  of t h e  c h a r g e  f e d  i n t o  t h e  c a p a c i t o r .  

- A u t o m a t i c  m e a s u r e m e n t s .  

- I n i t i a l  c h a r g e  p r e s e n t  i n s i d e  t h e  c a p a c i t o r .  

I n  t h e  f o l l o w i n g  p a g e s  e a c h  o n e  o f  t h e s e  f a c t o r s  a n d  t h e  

c o r r e s p o n d i n g  t e c h n i q u e s  u s e d  i n  t h e i r  c o n t r o l  a r e  a n a l y z e d  i n  d e t a i l .  

5 . 2 . 1  Control  of the Charge in the Capaci t o r  

The c a p a c i t a n c e  i s  g i v e n  b y  a r e l a t i o n  b e t w e e n  t h e  c h a r g e  

d e l i v e r e d  t o  t h e  c a p a c i t o r  a n d  t h e  v o l t a g e  a c r o s s  i t s  t e r m i n a l s ;  

t h e r e f o r e ,  t h e  a c c u r a c y  i n  t h e  c a p a c i t a n c e  measu remen t s  d e p e n d s  on  t h e  

c o n t r o l  o f  t h e  c h a r g e  i n t r o d u c e d  i n  t h e  c a p a c i t o r  a n d  t h e  a d e q u a t e  

s e n s i n g  o f  t h e  v o l t a g e .  

The  t es t  o f  t h e  c a p a c i t o r s  i s  b a s e d  o n  t h e  a p p l i c a t i o n  o f  

c o n s t a n t  c u r r e n t  i n t o  t h e  d e v i c e .  The t o t a l  c h a r g e  u n d e r  t h i s  

c o n d i t i o n  i s  g i v e n  by t h e  f o l l o w i n g  i n t e g r a l :  

I n  t h e  p r e v i o u s  r e l a t i o n  two factors  are  i n v o l v e d  i n  t h e  c h a r g e  

c o n t r o l ;  t h e  e x a c t n e s s  of t h e  c u r r e n t  m a g n i t u d e  (1), a n d  t h e  p r e c i s e  

t i m i n g  o f  t h e  c u r r e n t  s o u r c e .  Those  two factors s h o u l d  b e  e x a c t l y  

c o n t r o l l e d  d u r i n g  t h e  e x p e r i r n e n t s .  



A s  was expla ined  i n  t h e  previous sec t ion ,  t h e  t e s t  f a c i l i t y  

produces a c o n t r o l l e d  c u r r e n t  with an average va lue  p r e c i s e l y  f ixed  

according t o  t h e  c o n t r o l  i n p u t .  The c o n t r o l l e r  uses  a propor t iona l  

i n t e g r a l  c o n t r o l  of t h e  c u r r e n t  t o  g e t  high accuracy i n  t h e  magnitude 

of t h e  c u r r e n t  source.  

In  a d d i t i o n ,  t h e  response of t h e  c o n t r o l l e r  should be f a s t  enough 

t o  neg lec t  t h e  e f f e c t  of t h e  waveform when t h e  c u r r e n t  i s  r i s i n g  o r  

f a l l i n g  t o  t h e  d e s i r e d  value.  The c o n t r o l l e r  a d j u s t s  t h e  cu r ren t  i n  

such a way t o  reach t h e  des i r ed  value i n  l e s s  than 2 0  rnsec; 

fur thermore,  t h e  c u r r e n t  rises o r  f a l l s  rnonotonously. T h i s  t r a n s i e n t  

time i s  smal l  enough compared t o  t h e  time of a t y p i c a l  DLC charge 

a c t i o n  t h a t  i s  i n  t h e  o r d e r  of seconds, and the  c u r r e n t  waveformmay 

be cons idered  a s  a s t e p  t o  t h e  d e s i r e d  value.  

The second f a c t o r  involved i n  t h e  c o n t r o l  of t h e  charge i s  t h e  

t iming of t h ê  c u r r e n t  source .  The c u r r e n t  source i s  p r e c i s e l y  timed 

i n s i d e  t h e  c o n t r o l  processor  i n  o rde r  t o  know e x a c t l y  how much tirne 

c u r r e n t  was app l i ed  t o  t h e  capac i to r ,  and t h i s  al lows accu ra t e  

c a l c u l a t i o n  cf t h e  t o t a l  charge d e l i v e r e d  t o  t h e  c a p a c i t o r .  

Therefore ,  t h e  two f a c t o r s  involved i n  t h e  t o t a l  charge de l ive red  

t o  t h e  c a p a c i t o r  a r e  c a r e f u l l y  c o n t r o l l e d  during t h e  experiments.  

5.2.2 Automated Measurement Procedures 

The second parameter,  bes ide  t h e  charge,  which i s  important i n  

t h e  rneasurement of t h e  capac i tance  i s  t h e  c a p a c i t o r  vo l t age .  A s  t h e  

t i m e  c o n s t a n t s  f o r  t h e  delayed and long t ime branches a r e  i n  t h e  order  

of minutes,  t h e  process  of  rneasuring t h e  parameters t a k e s  cons iderable  

t i m e .  I n  a d d i t i o n ,  a s  was mentioned before ,  i t  i s  necessary t o  

c o n t r o l  t h e  c u r r e n t  source  t iming,  sample t h e  t e rmina l  vo l t age  w i t h  a 



f i x e d  f requency  of  up t o  70 t imes p e r  second, and i n  some cases  

synchronize t h e  c u r r e n t  source  with  t h e  t e rmina l  v o l t a g e  measurements 

i n  o r d e r  t o  çet a c c u r a t e l y  t h e  charge in t roduced  i n t o  t h e  c a p a c i t o r .  

Therefore ,  measurernents f u l l y  automated i n  t h e  s h o r t  and long t ime a r e  

needed t o  produce r e p e a t a b l e  results. 

The automated measuxement procedures  a l l ow t h e  p o s s i b i l i t y  of 

making a l 1  t h e  measurements a c c u r a t e l y ,  us ing t h e  maximum r e s o l u t i o n  

of  t h e  d i g i t a l  system, and e l i m i n a t i n g  t h e  human p a r t i c i p a t i o n  and i t s  

inaccuracy,  I n  t h i s  form, t h e  autornated measurements save  t ime and 

reduce t h e  s o u r c e s  of  e r r o r .  

Two automated measurements systems were developed: 

- Data Acqu i s i t i on  System. 

- Automated Parameter Ca lcu la t ion .  

DATA ACQUISITION SYSTEM 

The d a t a  a c q u i s i t i o n  s y s t e m i s  an  automated rneasurementprocedure 

t h a t  samples t h e  double- layer  c a p a c i t o r  v o l t a g e  i n  synchroniza t ion  

with  t h e  c u r r e n t  source  t iming and produces a  f i l e  wi th  t h e  t o t a l  time 

t h a t  t h e  c u r r e n t  has been a p p l i e d  a long  with t h e  correspondent  

t e rmina l  v o l t a g e .  This  system a s s u r e s  t h a t  t h e  charge in t roduced  i n t o  

t h e  c a p a c i t o r  and t h e  v o i t a g e  a r e  measured s imultaneously.  The 

sarnpling f r equency  i s  up t o  100 samples p e r  second and t h e  system 

a l lows  t h e  read v a l u e s  t o  b e  saved i n  a f i l e  f a c i l i t a t i n g  t h e  use of 

a n a l y t i c  and g r a p h i c a l  t o o l s  with  t h e  c o l l e c t e d  d a t a .  

The d a t a  a c q u i s i t i o n  system c o n s i s t s  o f  two independent p a r t s :  

t h e  f i r s t  is a computer program t h a t  enab le s  t h e  d a t a  c o l l e c t i o n  

process ,  c o l l e c t s  t h e  da t a ,  and s t o r e s  it  i n  a f i l e .  T h i s  program was 

w r i t t e n  i n  PASCAL. The second p a r t  c o n s i s t s  of t h e  i n c l u s i o n  of a  



rou t ine  i n  t h e  c o n t r o l  board which can respond t o  t h e  s i g n a l  rece ived  

from t h e  PC and send, with a d e s i r e d  frequency, t h e  read d a t a  back t o  

t h e  PC. 

AUTOMATED CALCULATION OF PARAMETERS 

The automated process  of  parameter  c a l c u l a t i o n  has a s  i t s  

o b j e c t i v e  t h e  c a l c u l a t i o n  of t h e  e q u i v a l e n t  model parameters d i r e c t l y  

i n s i d e  of t h e  rnicroprocessor based c o n t r o l b o a r d .  The a v a i l a b i l i t y  of 

t h i s  program al lows one t o  make use of t h e  maximum r e s o l u t i o n  

a v a i l a b l e  i n  t h e  d i g i t a l  c o n t r o l  system, and g ives  cons is tency  i n  t h e  

sequence of s t e p s  and t iming of  t h e  parameter c a l c u l a t i o n .  This  

program c a l c u l a t e s  t he  parameters  of  t h e  immediate, delayed and long 

term branches 

The main p r o p e r t i e s  of t h e  parameter  c a l c u l a t i o n  program a r e  t h e  

fol lowing:  

- A f u l l y  discharged DLC should be used i n  t h e  

i d e n t i f i c a t i o n .  

- Takes approximately t h i r t y  f i v e  minutes t o  c a l c u l a t e  t h e  

immediate, delayed and long term parameters -  

- I n d i c a t e s  t h e  r e s u l t s  on t h e  computer sc reen  i f  a monitor 

program i s  being used. 

D e t a i l s  about t h e  methodology used i n  i d e n t i f y i n g  the e q u i v a l e n t  

model parameters were presented  i n  c h a p t e r  4 .  Figure 5 . 3  sumarizes 

t h e  sequence of s t e p s  followed by t h e  automated parameter measurement 

program. The l i s t  of t h e  automatic  c a l c u l a t i o n  prograrn i s  inc luded  i n  

t h e  gene ra l  double-layer c a p a c i t o r  test program (CAP1. C)  presen ted  i n  

appendix C. 
9 



V(tn) refers to terminal voltage 
at tn 

I refers to axternal curent 
source value 

del V = terminal voltage 
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FIGURE 5.3 AUTOMATIC PARAMETERS MEASUREMENT F L O W  CHART. 



5 . 2 . 3  Double-Layer Capaci tor I n i t i a l  Condi t ions  

One problen found experimentally when repeated experiments were 

appl ied  t o  t h e  capac i to r  was the  e f f e c t  of t h e  charge present  i n  the  

capaci tor  a t  t h e  s t a r t  of the  t e s t .  I n  t h e  f i r s t  s e t  of experiments, 

t h e  capac i to r  under t e s t  was discharged by applying a s h o r t  c i r c u i t  

across  i t s  te rminals  f o r  severa l  hours. However, the  r e s u l t s  were not 

c o n s i s t e n t .  

Then, a s tudy of t h e  charge remaining i n  t h e  capaci tor  a f t e r  

severa l  hours of s h o r t  c i r c u i t  was performed. That t e s t  revealed t h a t  

even a f t e r  twenty-four hours of shor t  c i r c u i t ,  t he re  i s  enough charge 

s to red  i n  t h e  c a p a c i t o r  t o  increase  the  terminal  vol tage up t o  204 of 

t h e  i n i t i a l  vol tage .  Short  c i r c u i t  condit ion f o r  about one month i s  

n e c e s s a r y t o  fully discharge t h e  capaci tor;  t h i s  makes experiments i n  

an acceptable time frame almost impossible. 

The rernaining charge i n s i d e  the  capaci tor  i s  responsib le  f o r  t h e  

d i f fe rences  i n  experimental r e s u l t s .  Therefore,  it i s  necessary t o  

develop a procedure t o  f u l l y  discharge t h e  DLC i n  a  s h o r t e r  time. A 

capaci tor  f u l l y  discharged i s  defined as one w i t h  vol tage  lower than 

18 of the  r a t e d  vo l t age  i n  a l 1  the  in te rna1  capaci tances . 

In  add i t ion ,  f o r  t h e  leakage r e s i s t a n c e  and input  inductance 

measurement and f o r  f u t u r e  app l i ca t ions  w i t h  DLC's, it i s  necessary t o  

precharge t h e  c a p a c i t o r s  t o  a  p r e d e t e d n e d  and f ixed  voltage.  T h e  

precharge of t h e  c a p a c i t o r  implies  t h e  charge of a l 1  t h e  branches i n  

t h e  equivalent  mode1 t o  t h e  same voltage.  Therefore,  it is a l s o  

necessary t o  develop a procedure t o  equal ize  t h e  double-layer 

capac i to r  vo l t age  t o  any des i red  l eve l .  An equalized vol tage  is 

defined a s  a DLC t e rmina l  vol tage  t h a t  changes l e s s  than 1% of t h e  

r a t e d  vol tage  i n  24 hours i f  t h e  leakage e f f e c t  mentioned i n  chapter  



t h r e e  i s  compensated. 

The d ischarge  o r  precharge procedures a r e  c a l l e d  "Normalization 

Process" and a r e  explained i n  t h e  following pages. 

NORMALIZATION PROCESS 

Repeatable measurements of the  capaci tor  p r o p e r t i e s  a r e  only 

poss ib le  i f  t h e  vol tage  across  a l 1  in te rna1  capaci tances  of t h e  

proposed model i s  the  same and i f  a l 1  the  t e s t s  a r e  applied t o  

capac i to r s  w i t h  t h e  same i n i t i a l  condit ions.  The previous r e s u l t s  

about t h e  charge rernaining i n  t h e  capaci tor  showed t h e  d i f f i c u l t i e s  i n  

reaching the  f u l l y  discharged condit ion i n  t h e  c a p a c i t o r s .  

F i r s t ,  it i s  important t o  understand the  reason behind those  

d i f fe rences  i n  t h e  r e s u l t s .  The general  equivalent  model of a  double- 

l aye r  capaci tance,  p r e s e n t e d i n  chapter  th ree ,  c o n s i s t s  of an  i n f i n i t e  

number of p a r a l l e l  RC branches w i t h  d i f f e r e n t  t i m e  cons tan t s  between 

a  few seconds and s e v e r a l  hours. Using t h i s  rnodel, t h e  behavior of 

the  capac i to r  under discharge i s  explained: When t h e  capac i to r  i s  

discharged, e i t h e r  using a  s h o r t  c i r c u i t  o r  applying a negative 

cur ren t ,  only t h e  charge s t o r e d  i n  the  f a s t  branches i s  rernoved. T h e  

terminal  vol tage  f a l l s  t o  zero bu t  l a r g e  amounts of charge a r e  s t i l l  

i n s i d e  the  c a p a c i t o r .  This  charge w i l l  r e d i s t r i b u t e  i t s e l f  throughout 

the  capaci tor ,  t h u s  inc reas ing  t h e  terminal  vo l t age .  The charge 

d i s t r i b u t i o n  process  t a k e s  hours o r  even s e v e r a l  days. It i s  c l e a r  

t h a t  t h e  longer  t h e  s h o r t  c i r c u i t  t h e ,  t h e  l a r g e r  t h e  amount of 

charge removed. This f a c t  expla ins  t h e  apprec iable  d i f  f erences i n  

r e s u l t s  i f  t h e  d ischarge  method and i n i t i a l  vo l t age  a r e  not  

cont ro l led .  

The goal  t o  be reached i s  t o  take  a  capac i to r  wi th  any i n i t i a l  



charge, and t o  precharge o r  d ischarge  it completely i n  t h e  s h o r t e s t  

tirne poss ib le .  From t h i s  po in t ,  t h e  d e s c r i p t i o n  of the  normalization 

process  w i l l  d i scuss  t o  t h e  capac i to r  discharge;  the  precharge fol lows 

s i m i l a r  s t e p s  but s h i f t i n g  t h e  vol tage  reference  t o  t h e  des i r ed  

precharge vol tage .  Several  p r i n c i p l e s  a r e  used i n  t h e  proposed 

normalizat ion process t o  f u l f i l l  t h e  previous goal:  

- U t i l i z a t i o n  of negat ive c a p a c i t o r  terminal  vol tage  but  

l i m i t e d  only  t o  155 of t h e  r a t e d  vo l t age  because the  capac i to r s  a r e  

asymmetrical and the  use of high negat ive vol tages  may produce damage 

i n  the  devices .  

- The s e l e c t i o n  and j u s t i f i c a t i o n  of the  normalizat ion 

process  s e l e c t e d  based on t h e  t h r e e  branch equivalent  mode1 presented 

i n  chapter  t h r e e .  

- According t o  t h e  two p o i n t s  mentioned before,  t h e  

normalizat ion involves t h e  in t roduc t ion  of charge producing a negat ive 

vol tage  i n  t h e  imrnediate branch t o  a c c e l e r a t e  the  i n t e r n a l  charge 

r e d i s t r i b u t i o n  process .  

- In  genera l  t h e  norrnalization process c o n s i s t s  of t h e  

a p p l i c a t i o n  of a  discharge c u r r e n t ,  followed by a  wait  time i n  which 

t h e  i n t e r n a l  charge r e d i s t r i b u t i o n  process  increases  t h e  te rminal  

vol tage .  T h i s  discharge cyc le  i s  repeated  seve ra l  tirnes u n t i l  t h e  

t o t a l  charge i n  t h e  capac i to r  i s  approximately equal  t o  t h e  zero 

vol tage  charge. 

A f t e r t h e  s e l e c t i o n  of t h e  generalnormalizationprocess, s e v e r a l  

s p e c i f i c  dec i s ions  were made t o  optirnize t h e  procedure. T h e s e  

decis ions  a r e  based on experimental r e s u l t s ,  and they r e f e r  t o  t h e  

cu r ren t  l e v e l s ,  vol tage  s e t  po in t s ,  and nwnber of cycles .  The 

dec is ions  a r e  t h e  following: 



- The r e s u l t s  o f  t h e  p a r a m e t e r  i d e n t i f i c a t i o n  p r o c e s s ,  t o  b e  

p r e s e n t e d  l a t e r  i n  t h i s  c h a p t e r ,  i n d i c a t e  t h a t  t h e  c a p a c i t a n c e  o f  t h e  

d e l a y e d  a n d  l o n g  t e r m  b r a n c h e s  t o g e t h e r  a r e  s i m i l a r  i n  m a g n i t u d e  t o  

t h e  f i x e d  c a p a c i t a n c e  o f  t h e  i m m e d i a t e  b r a n c h .  Us ing  t h i s  

o b s e r v a t i o n ,  i f  t h e  DLC v o l t a g e  b e f o r e  t h e  n o r m a l i z a t i o n  p r o c e s s  i s  

l o w e r  t h a n  10% o f  t h e  r a t e d  v a l u e ,  t h e  n o r m a l i z a t i o n  c o n s i s t s  s i m p l y  

i n  d i s c h a r g i n g  t h e  c a p a c i t o r  t o  a n e g a t i v e  v o l t a g e  e q u a l  t o  t h e  o n e  

b e f o r e  t h e  n o r m a l i z a t i o n .  T h e r e f o r e ,  t h e  o p p o s i t e  c h a r g e  i n t r o d u c e d  

i n  t h e  i m m e d i a t e  b r a n c h  i s  compensa t ed  by t h e  c h a r g e  s t i l l  p r e s e n t  i n  

t h e  o t h e r  two b r a n c h e s  a n d  t h e  t o t a l  c h a r g e  i s  a p p r o x i m a t e l y  t h e  z e r o  

v o l t a g e  c h a r g e .  T h i s  c o n c l u s i o n  i s  v a l i d  o n l y  i n  t h e  d i s c h a r g e  

p r o c e s s  as  i n  t h e  p r e c h a r g e  t h e  i m m e d i a t e  b r a n c h  c a p a c i t a n c e  d e p e n d s  

o n  t h e  d e s i r e d  v o l t a g e .  

- When t h e  n o r m a l i z a t i o n  p r o c e s s  b e g i n s ,  t h e  c u r r e n t  i s  made 

h i g h  t o  remove t h e  c h a r g e  £ a s t e r .  I n  s u b s e q u e n t  d i s c h a r g e  c y c l e s ,  t h e  

c u r r e n t  i s  d e c r e a s e d  t o  r e d u c e  t h e  effect  o f  t h e  immed ia t e  r e s i s t a n c e  

v o l t a g e  d r o p  a n d  o p t i m i z e  t h e  amount  o f  c h a r g e  removed. The d i s c h a r g e  

c u r r e n t  i n  t h e  f i r s t  t h r e e  d i s c h a r g e  c y c l e s  i s  30 Arnp, 10 Amp, 5 Amp; 

i n  a l 1  t h e  s u b s e q u e n t  c y c l e s  a d i s c h a r g e  c u r r e n t  o f  2 Amp i s  u s e d .  

m'Ru= VOLTAGE 

FIGURE 5 .4  DISCHARGE CYCLES DURING NORMALIZATION. 



- The n e g a t i v e t e r m i n a l v o l t a g e  reached during each d ischarge  

c y c l e  (-0.3 v o l t s  f o r  t h e  f i r s t  c y c l s )  i s  decreased i n  magnitude f o r  

subsequent c y c l e s ,  S imi l a r ly ,  t h e  vo l t age  up t o  which t h e  c a p a c i t o r  

v o l t a g e  i n c r e a s e s  by t h e  i n t e r n a l  charge d i s t r i b u t i o n  i s  negat ive  and 

i s  i nc reased  i n  magnitude f o r  subsequent cyc le s .  These two cond i t ions  

reduce t h e  t ime between d i scha rge  cyc le s  and a c c e l e r a t e  t h e  

normal iza t ion  p rocess ,  Figure 5 .4  p r e s e n t s  a  t y p i c a l  vo l t age  vs  t ime 

curve during t h e  normal iza t ion  process  i n  which t h e  c u r r e n t  used i n  

each d ischarge  c y c l e  and t h e  v o l t a g e  set p o i n t s  a r e  ind ica t ed .  

- The normal iza t ion  procedure should be appl ied  f o r  90 

minutes t o  a  s i n g l e  c a p a c i t o r  i n  t h e  f i r s t  day; then,  t h e  procedure i s  

repea ted  24  hours  l a t e r  f o r  another  60 minutes t o  remove t h e  charge 

i n i t i a l l y  s t o r e d  i n  t h e  long t e r m  branch, 24 hours l a t e r ,  t h e  

t e rmina l  v o l t a g e  and t h e  i n t e r n a l  equ iva len t  capac i tances  w i l l  be 

equa l i zed  t o  approximately zero v o l t s .  

The normal iza t ion  programwas t e s t e d  s e v e r a l t i m e s  with d i f f e r e n t  

i n i t i a l  v o l t a g e s  and f o r  d i f f e r e n t  c a p a c i t o r s .  The results i n d i c a t e  

t h a t  a program run of 90 minutes could remove between 80 and 90% of 

t h e  i n i t i a l  charge s t o r e d  i n  a  c a p a c i t o r  with i n i t i a l  t e rmina l  v o l t a g e  

c l o s e  t o  t h e  r a t e d  va lue ,  24 hours a f t e r  t h e  second normalizat ion 

a c t i o n ,  t h e  c a p a c i t o r  v o l t a g e  i s  lower than  20 m i l l i v o l t s  and t h i s  

v o l t a g e  does not  grow more than 5 m i l l i v o l t s  i n  t h e  fol lowing days.  

Capac i tors  wi th  low i n i t i a l  vo l t age  were n o m a l i z e d  i n  24  hours, a f t e r  

t h e  a p p l i c a t i o n  of  a s i n g l e  d ischarge .  

Figure 5.5  p r e s e n t s  t h e  s i m p l i f i e d  flow c h a r t  f o r  t h e  d ischarge  

normal iza t ion  program. The precharge normal iza t ion  program fo l lows  

s i m i l a r  s t e p s  except  f o r  t h e  a l t e r n a t i v e  procedure f o r  i n i t i a l  low 

v o l t a g e  t h a t  can no t  be implemented, 
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Withthe techniques neededto get repeatable measurernents clearfy 

established, the next section presents the identification and 

measurement of the equivalent model parameters. 

5.3 MERSIREMENT OF PARAMETERS 

With the clear definition of the procedure for the parameter 

calculation and the development of the automated parameter measurement 

program, the parameters values may now be measured. The following 

table sumrnarizes the average results of the parameters measurements: 

1 PARAMETERS 1 PANASONIC 470 F 1 PANASONIC 1500 B 

Ri 

C i 0  

Cil 

~d 

Cd 

The parameters were measured for ten different 470 F capacitors 

and six 1500 F capacitors and the differences among the measured 

parameters were lower than 108. 

Figure 5.6 presents the equivalent model with the parameter 

values for the 470 F double-layer capacitor. 

Cl 

2.5 mfl 

270 F 

190 F/V 

0.9 a 

100 F 

1.5 mQ 

900 F 

600 F/V 

0.4 Q 

200 F 

TABLE 5.1 

220 F 330 F 



Vc i  I 

FIGURE 5 . 6  MEASURED EQUIVALENT MODEL FOR THE 470 F 
DOUBLE-LAYER CAPACITOR 

The next s t e p  i s  a s tudy of the cons is tency  of t h e  automatic 

parameter c a l c u l a t i o n  program. In  t h i s  d i r e c t i o n ,  t h e  program was r u n  

f ive  tirnes t o  t h e  same norrnalized DLC and t h e  r e s u l t s  were compared. 

Table 5 . 2  s u m a r i z e s  the r e s u l t s .  

PARAMETER 

Ri 

Ci0 

Cil 

~d 

Cd 

R1 

Cl 

MAXIMUM VALUE 

2.353 m0 

2 8 1  F 

205 F/V 

0.925 a 

109  F 

5.252 0 

238 F 

TABLE 

MINIMUM VALUE 

2 .251  mQ 

269 F 

189 F/V 

0 . 8 4 2  a 

102 F 

4.951 P 

222 F 

5 . 2  

ERROR ( % )  

4 . 4 3  % 

3.94 5 

8 .51 % 

9.22 & 

6 .67  % 

6.05 & 

6.96 8 



The per  cent  e r r o r  among t h e  f i v e  measurements was ca lcula ted  a s  

t h e  maximum value  minus the  m i n i m u m  value divided by t h e  average value 

of each parameter.  

The r e s u l t s  show t h e  consistency i n  the  r e s u l t s  of the  automatic 

parameters measurement system with an e r r o r  under 104 f o r  a l 1  the  

rneasurements. 

The measured average leakage r e s i s t a n c e  f o r  t h e  470 F DLC was 9 

Ka* 

The t o t a l  measured loop inductance i s  about 167 nH. The 

inductance of t h e  loop without the  capac i to r  i s  est imated t o  be a t  

l e a s t  1 0 0  nH. That g ives  a n  est imated capac i to r  inductance lower than 

67 nH f o r  the  470 F DLC. Although t h i s  value i s  only an 

approximation, i t  i s  small  enough t o  assume a neg lec tab le  capaci tor  

inductance f o r  most i f  not a l 1  power e l e c t r o n i c s  app l i ca t ions .  

5 . 4  DISCUSSION OF MEAStlREME3NTS 

There a r e  s e v e r a l  important observat ions t h a t  r e s u l t  from the  

parameters c a l c u l a t i o n s ;  among them a r e  the  fol lowing:  

- The capaci tance  of t h e  imrnediate branch increases  w i t h  an 

inc rease  i n  te rminal  vol tage;  the re fo re ,  most of t h e  energy i s  s tored  

i n  t h e  higher vo l t age  l e v e l s .  This observat ion i s  an advantage i n  

power e l e c t r o n i c s  because t h e  capac i to r  w i l l  provide most of the  

energy without t h e  n e c e s s i t y  t o  discharge it t o  very  low voltages.  

- The capaci tance  of t h e  delayed and long term branches 

toge the r  i s  approximately equal  t o  t h e  fixed capaci tance of the  

immediate branch. This i s  a  considerable amount of energy t h a t  can 

not be removed quickly  from t h e  capac i to r .  This  r e l a t i o n  between t h e  

capaci tance of t h e  d i f f e r e n t  branches i s  an important f a c t o r  t h a t  was 



u s e d  i n  t h e  n o r m a l i z a t i o n  prograrn,  

- The t i m e  c o n s t a n t  o f  t h e  i m m e d i a t e  b r a n c h  d e p e n d s  on t h e  

v o l t a g e  a n d  i t s  r a n g e  i s  be tween  0 . 5  sec a n d  2 sec, The t i m e  c o n s t a n t  

of t h e  d e l a y e d  b r a n c h  i s  a b o u t  90 sec; t h e r e f o r e ,  it i s  c o n s i d e r a b l y  

h i g h e r  t h a n  t h e  imrnedia te  b r a n c h  t i m e  c o n s t a n t  a n d  t h e  e s s ü r n p t i o n s  o f  

i n d e p e n d e n t  t i m e  b e h a v i o r  a r e  c o r r e c t .  

- The l o n g  terrn b r a n c h  p a r a m e t e r s  were c a l c u l a t e d  f i v e  

m i n u t e s  a f t e r  t h e  c h a r g e  a c t i o n ,  t h a t  i s  more t h a n  t h r e e  t i m e s  t h e  

d e l a y e d  b r a n c h  time c o n s t a n t .  The l o n g  term b r a n c h  tirne c o n s t a n t  was 

a b o u t  1265  sec; t h e r e f o r e ,  a g a i n  t h i s  v a l u e  i s  c o n s i d e r a b l y  h i g h e r  

t h a n  t h e  t i m e  c o n s t a n t  f o r  t h e  d e l a y e d  b r a n c h  a n d  t h e  a s s u m p t i o n  i s  

c o r r e c t .  

- The i n t e g r a l  c a p a c i t a n c e  a p p e a r s  t o  b e  t h e  d e f i n i t i o n  u s e d  

b y  t h e  m a n u f a c t u r e r  i n  t h e  DLC r a t i n g .  However, a h i g h e r  v a l u e  o f  

c a p a c i t a n c e  i s  o b t a i n e d  a t  p o t e n t i a l s  over 1.5  v o l t s  which  i s  t h e  

r a n g e  o f  i n t e r e s t  i n  power e l e c t r o n i c s .  

- A l t h o u g h  t h e r e  a r e  d i f f e r e n c e s  i n  t h e  p a r a m e t e r  v a l u e s  

among t h e  t e n  c a p a c i t o r s  a v a i l a b l e ,  t h o s e  d i f f e r e n c e s  a r e  l o w e r  t h a n  

1 0 %  with r e s p e c t  t o  t h e  e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  i n  t a b l e  5 .1 .  

I n  o t h e r  words ,  t h e  470 F DLC may b e  rnodeled w i t h  t h e  v a l u e s  o f  t a b l e  

5 . 1  w i t h o u t  a n  a p p r e c i a b l e  e r r o r .  

I n  t h e  n e x t  c h a p t e r  t h e  m a t h e m a t i c a l  e q u a t i o n s  d i r e c t i n g  t h e  

b e h a v i o r  o f  t h e  e q u i v a l e n t  mode1 are i n t r o d u c e d  i n  a  s i m u l a t i o n  

program a n d  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  s i r n u l a t o r  are v e r i f i e d  w i t h  

t h e  e x p e r i m e n t a l  d a t a  a v a i l a b l e .  



EQUIVALENT MODEL VERIFICATION 

The purpose of t h i s  chapter  i s  t o  provide  a comparison between 

t h e  experimental  r e s u l t s  and t h e  r e s u l t s  of  s imula t ions  using t h e  

proposed equ iva len t  model. The chapter  i nc ludes  the  development of a  

s imula t ion  rou t ine ,  t h e  v a l i d a t i o n  of t h e  p r i n c i p a l  assumptions used 

i n  t h e  model development, and t h e  v e r i f i c a t i o n  of t h e  model accuracy 

under d i f f e r e n t  t e s t s .  

The sof tware  t o  be used i s  t h e  program SAM4 developed a t  t h e  

Power Group of  t h e  E l e c t r i c a l  and Computer Engineering Department a t  

t h e  Un ive r s i ty  of Toronto.  In  t h i s  s imula t ion  t o o l ,  t h e  system t o  be 

s imula ted  i s  represented  b y t h e  d i f f e r e n t i a l e q u a t i o n s  t h a t  govern t h e  

response of t h e  system. The program s o l v e s  t h e  d i f f e r e n t i a l  equat ions  

using t h e  Runge-Kunta method. In  a d d i t i o n ,  t h e  program g ives  a  

g r a p h i c a l  and t a b u l a r  ou tpu t  of t h e  s t a t e  v a r i a b l e s  and any o t h e r  

v a r i a b l e  p rev ious ly  def ined .  

Based on t h e  model of  t h e  double- layer  c a p a c i t o r  presented  

previous ly ,  t h e  program SAM4 was chosen f o r  t h e  fol lowing reasons:  

- Easy r e p r e s e n t a t i o n  of  t h e  e q u i v a l e n t  mode1 i n  d i f f e r e n t i a l  

equat ions .  

- The program al lows t h e  use r  t o  s top  t h e  s imula t ion  t a s k  a t  

any p o i n t ,  change t h e  parameters,  and cont inue  t h e  s imula t ion .  This  

f e a t u r e  rnakes it p o s s i b l e  t o  s imula te  changes i n  t h e  cond i t ions  of t h e  

device  dur ing  t h e  tes t .  

- Good g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  output  s imulated 

v a r i a b l e s .  

Easy g r a p h i c a l  r e p r e s e n t a t i o n  of  s e v e r a l  ou tput  v a r i a b l e s  



simultaneously.  

- The program can s t o r e  t h e  output  v a r i a b l e s  i n  a f i l e  

coherent  w i t h t h e  da t a  a c q u i s i t i o n  p r e v i o u s l y d e s c r i b e d .  I n  t h i s  way, 

t h e  experimental  and s imula ted  r e s u l t s  may be e a s i l y  represented  i n  

t h e  same graph. 

T h e  e q u i v a l e n t m o d e l u s e d  f o r  s imula t ions  has one d i f f e r e n c e  w i t h  

r e spec t  t o  t h e  complete mode1 c a l c u l a t e d  i n  chapter  5 .  The c a l c u l a t e d  

inductance a t  t h e  i n p u t  of t h e  double-layer c a p a c i t o r  i s  neglec ted  

under c u r r e n t  l e v e l s  of  t e n s  o f  arnperes such a s  t h e  set of experiments 

s imula ted  i n  t h i s  chap te r .  

Therefore ,  t h e  e q u i v a l e n t m o d e l t o  be s imulated c o n s i s t s  of t h r e e  

p a r a l l e l  RC branches i n  s e r i e s  and a  p a r a l l e l  leakage r e s i s t a n c e .  The 

immediate branch c a p a c i t o r  v a l u e  i s  l i n e a r l y  dependant on t h e  vo l t age  

a c r o s s  its terrninals .  

Vci vcd V c l  

- 

FIGURE 6.1 EQUINALENT MODEL FOR SIMULATIONS . 

- - 



F i g u r e  6 . 1  shows  t h e  e q u i v a l e n t  model  u s e d  f o r  t h e  s i m u l a t i o n .  

Based  on  t h i s  e q u i v a l e n t  c i r c u i t ,  t h e  d i f f e r e n t i a l  e q u a t i o n s  t h a t  

d e f i n e  t h e  s y s t e m  w i l l  b e  c a l c u l a t e d  n e x t .  

The c u r r e n t  s o u r c e  i s  a n  i d e a l  DC s o u r c e  a n d  t h e  v a l u e s  o f  t h e  

d i f f e r e n t  mode1 p a r a m e t e r s  are  t h e  o n e s  c a l c u l a t e d  i n  c h a p t e r  5 for 

t h e  470 F d o u b l e - l a y e r  c a p a c i t o r .  The  t h r e e  s t a t e  v a r i a b l e s  u s e d  t o  

f o r m u l a t e  t h e  d i f f e r e n t i a l  e q u a t i o n s  a r e  t h e  v o l t a g e s  i n  e a c h  o n e  of 

t h e  e q u i v a l e n t  c a p a c i t o r s  (VCi, VCd a n d  VC1) . The d e t e r m i n a t i o n  o f  t h e  

d i f f e r e n t i a l  e q u a t i o n s  i s  b a s e d  on  t h e  r e l a t i o n  f o r  t h e  d i f f e r e n t i a l  

c a p a c i t a n c e  p r e s e n t e d  i n  c h a p t e r  t h r e e :  

Where n  r e p r e s e n t s  e a c h  o n e  of t h e  e q u i v a l e n t  model  b r a n c h e s .  

From e q u a t i o n  6 . 1 ,  t h e  r e l a t i o n  b e t w e e n  t h e  c h a n g e  i n  t h e  c a p a c i t o r  

v o l t a g e  and t h e  c u r r e n t  f l o w i n g  t h r o u g h  it is d e d u c e d :  

I n  t h e  imrnedia te  b r a n c h ,  t h e  v a l u e  o f  C i  d e p e n d s  on  t h e  s ta te  

v a r i a b l e  VCn as  was e x p l a i n e d  i n  c h a p t e r  t h r e e :  

I n  a d d i t i o n ,  t h e  c u r r e n t s  f l o w i n g  t h r o u g h  e a c h  b r a n c h  a r e  r e l a t e d  

t o  t h e  t e r m i n a l  v o l t a g e  o f  t h e  c a p a c i t o r  (Vt) t h r o u g h  t h e  f o l l o w i n g  

e q u a t i o n  : 

vt - vc, 
1, = ( 6 . 4 )  

Rn 

U s i n g  t h e  e q u a t i o n s  6.2,  6.3 a n d  6.4 f o r  e a c h  b r a n c h  t o  e l i m i n a t e  

t h e  b r a n c h  c u r r e n t  t h a t  i s  n o t  known, t h e  d i f f e r e n t i a l  e q u a t i o n s  are 



determined: 

dVcd - Vt- VC, - -  
dt 

(6.6) 
Rd* Cd 

Fina l ly ,  a  r e l a t i o n  between t h e  t e rmina l  vo l t age  (Vt), not 

c o n t r o l l e d  i n  t h e  experimental  se tup ,  and t h e  c o n t r o l l e d  v a r i a b l e  (1s) 

should be  determined: 

The l a s t  f o u r  equat ions  w i l l  r e p r e s e n t  mathematical ly  t h e  

equ iva len t  model of t h e  DLC. Appendix C p r e s e n t s  t h e  main program 

CAPASAM.PAS, used f o r  t h e  c a p a c i t o r  performance s imula t ion .  

In  t h e  s e l e c t i o n  of t h e  double-layer c a p a c i t o r  model s e v e r a l  

assumptions based on phys ics  f a c t s  o r  experimental  r e s u l t s  were made. 

This  s e c t i o n  p r e s e n t s  t h e  v e r i f i c a t i o n  o f  t h e  two p r i n c i p a l  

assumptions i n  t h e  equ iva len t  model: t h e  l i n e a r  dependence of t h e  

immediate branch capac i tance  on t h e  vo l t age  and t h e  d i s t i n c t  time 

cons t an t  of  t h e  d i f f e r e n t  branches.  



6 . 2 . 1  Experimen t a 1  Dependen ce of the Capa ci t a n  ce on 

the Voltaae 

Whereas t h e  p h y s i c s  of  t h e  d o u b l e - l a y e r  i n d i c a t e s  t h a t  a  l i n e a r  

r e l a t i o n  between t h e  c a p a c i t a n c e  and t h e  v o l t a g e  e x i s t s  a t  l e a s t  i n  

some r e g i o n  o f  v o l t a g e ,  t h i s  r e l a t i o n  s h o u l d  b e  conf i rmed 

exper i rnen ta l ly  i n  t h e  o p e r a t i n g  r a n g e  o f  t h e  c a p a c i t o r .  The imrnediate 

branch d i f f e r e n t i a l  c a p a c i t a n c e  of a double - l ayer  c a p a c i t o r  was 

c a l c u l a t e d  from t h e  e x p e r i m e n t a l  d a t a  between z e r o  v o l t s  and t h e  r a t e d  

v o l t a g e .  F i g u r e  6.2  shows t h e  measured c u r v e  o f  d i f f e r e n t i a l  

c a p a c i t a n c e  v s  v o l t a g e .  

I n  t h i s  f i g u r e ,  t h e  i n c r e a s e  i n  t h e  c a p a c i t a n c e  v a l u e  a s  t h e  

v o l t a g e  i s  i n c r e a s e d  i s  confirrned. Although i n  f a c t  t h e  c u r v e  i s  n o t  

a  p e r f e c t l y  s t r a i g h t  l i n e ,  t h e  assumpt ion o f  a s t r a i g h t  U n e  a s  i s  

shown i s  a  good approx imat ion  o f  t h e  r e l a t i o n  between C i  and Vci .  

6.2.2 Dis t i nc t  T i m e  Behavior o f  the Branches 

Figure  6.3  shows t h e  s i m u l a t i o n  o f  a s i m p l e  c h a r g e  and self 

charge  d i s t r i b u t i o n  a c t i o n .  I n  t h e  f i g u r e ,  t h e  v o l t a g e s  i n  each  o f  

t h e  t h r e e  e q u i v a l e n t  c a p a c i t o r s  have been i n c l u d e d .  The p o i n t  A shows 

t h e  i n s t a n t  a t  which t h e  c u r r e n t  s o u r c e  i s  t u r n e d  o f f  and t h e  de layed  

branch b e g i n s  t o  b e  c a l c u l a t e d .  A t  t h i s  p o i n t ,  t h e  v o l t a g e  i n  t h e  

de layed  b ranch  is  lower  t h a n  20% o f  t h e  r a t e d  v o l t a g e ,  which means t h e  

energy  s t o r e d  i n  t h i s  b ranch  i s  lower  t h a n  4 %  o f  t h e  maximum e n e r g y  i n  

t h e  branch.  T h i s  r e s u l t  v a l i d a t e s  t h e  assurnption o f  no c h a r g e  a t  t h e  

s t a r t  o f  t h e  d e l a y e d  b ranch  c a l c u l a t i o n  used i n  t h e  p a r a m e t e r s  

i d e n t i f i c a t i o n .  

P o i n t  B shows t h e  p o i n t  o f  t h e  d e l a y e d  c a p a c i t a n c e  c a l c u l a t i o n .  

P o i n t  C shows t h e  s t a r t  o f  t h e  l o n g  t e r m  branch c a l c u l a t i o n .  Note i n  
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t h i s  po in t  t h e  almost equal ized  vo l t age  i n  t h e  immediate and delayed 

branches and t h e  low voltage present  i n  the  long t e m  branch a t  t h i s  

p o i n t .  Those two observat ions c o n f i r m t h e  v a l i d i t y  of t h e  suppos i t ion  

of independent t i m e  behavior of t h e  long  term branch with r e spec t  t o  

t h e  delayed one. 

Figures 6.4  t o  6 . 9  r ep resen t  t h e  comparison between the  

experimental and simulated r e s u l t s  f o r  f i v e  d i f f e r e n t  t es t s .  

Figure 6.4 shows t h e  te rminal  vol tage  during the  charge a c t i o n  

w i t h  cons tant  cu r ren t  and t h e  f i r s t  minutes of  t he  i n t e r n a l  charge 

d i s t r i b u t i o n  process .  This graphic  p resen t s  t h e  first t h r e e  minutes 

of the  c a p a c i t o r  response t o  a  charge ac t ion .  In o t h e r  words, t h e  

f i g u r e  compares t h e  experimental r e s u l t s  with the  s imula t ion  during 

t h e  time t h a t  t h e  immediate and delayed branches predorninate i n  the  

capac i to r  behavior.  The experimental and simulated r e s u l t s  a r e  i n  a 

very good agreement with each o t h e r .  

Figure 6.5 shows a more ex tens ive  r ep resen ta t ion  of t h e  i n t e r n a l  

charge d i s t r i b u t i o n  process.  Again a cons tant  cu r ren t  of 30 amperes 

was appl ied  t o  a  normalized capac i to r  bu t  now t h e  graphic i n d i c a t e s  up 

t o  30 minutes a f t e r  the  charge a c t i o n  app l i ca t ion .  This  comparison 

g ives  t h e  p o s s i b i l i t y  of eva lua t ing  t h e  long term branch of t h e  

equivalent  model. A small  d i f f e r e n c e  i n  t h e  s imulated and experimental  

r e s u l t s  e x i s t s  mainly i n  t h e  i n t e r v a l  between t h e  delayed and long 

term branches; however, t h e  d i f f e r e n c e  i s  always l e s s  than two per  

c e n t  of t h e  r a t e d  vol tage  

t h e  f i t  between t h e  curves 

which i s  an  acceptable  value. Also note,  

i n  t h e  two p o i n t s  given by t h e  i n s t a n t s  of  



parameter  c a l c u l a t i o n s .  

F igure  6 . 6  is a r e p r e s e n t a t i o n  of t h e  double- layer  c a p a c i t o r  

t e r m i n a l  v o l t a g e  dur ing  a charge a c t i o n  wi th  very low c u r r e n t  . As t h e  

parameters  of t h e  e q u i v a l e n t  model were c a l c u l a t e d  u s ing  45 amperes, 

it i s  important  t o  v e r i f y  how a c c u r a t e  t h e  model i s  with  lower charge 

c u r r e n t .  Th i s  curve  pemits  t o  conclude t h a t  t h e  model i s  a c c u r a t e  

i n d e p e n d e n t l y o f t h e  magnitud of t h e  c u r r e n t  app l i ed  t o  t h e  c a p a c i t o r .  

F igure  6 . 7  i s  a complete r e p r e s e n t a t i o n  of t h e  charge and 

d i s cha rge  c y c l e  i n  a DLC. This  curve  a s s u r e s  t h a t  t h e  model i s  

e q u a l l y  adequa te  f o r  d i s cha rge  a c t i o n s .  I t  i s  impor tan t  t o  r e c a l l  

t h a t  t h e  d i f f e r e n c e s  i n  t h e  parameter  va lues  among DLCfs a r e  up t o  1 0 %  

of t h e  average  v a l u e s  shown i n  t a b l e  5.1.  A s  t h e  average  v a l u e s  of 

t h a t  t a b l e  are  used in a l 1  t h e  s imu la t i ons ,  some curves  f i t  b e t t e r  

t han  o t h e r ;  however, i n  a l 1  t h e  s imu la t i ons ,  t h e  r e s u l t s  are  under t h e  

a c c e p t a b l e  l i m i t s  ( e r r o r  < 2 % ) .  

Figure  6 .8  p r e s e n t s  a  more complex charging c y c l e  in which t h e  

c a p a c i t o r  is charged u n t i l  t h e  r a t e d  v o l t a g e .  Then, t h i r t y  seconds 

p a s s  wi thout  any c u r r e n t  a p p l i c a t i o n .  A f t e r  t h a t ,  t h e  c a p a c i t o r  i s  

discharged  until t h e  v o l t a g e  a c r o s s  t h e  imrnediate and delayed branches  

a r e  a t  approximately  equa l .  F i n a l l y ,  t h e  c u r r e n t  i s  t u rned  off aga in  

and t h e  change i n  t e rmina l  v o l t a g e  t h e r e a f t e r  is v e r y  low s i n c e  t h a t  

change i s  given o n l y  by t h e  long  term branch. Again t h e  exper i rnental  

and s imula ted  r e s u l t s  a r e  ve ry  c l o s e .  

F igure  6.9  p r e s e n t s  t h e  c a p a c i t o r  response t o  a charge  up t o  one 

v o l t  and t h e  f i r s t  t e n  minutes o f  t h e  s e l f  d i s cha rge  p roces s .  I n  t h i s  

case t h e  d i f f e r e n c e s  between t h e  exper i rnental  and s i rnulated r e s u l t s  

are g r e a t e r  than  i n  t h e  prev ious  s imu la t i ons .  These d i f f e r e n c e s  a r e  

due t o  t h e  s i m p l i f i c a t i o n  o f  t h e  e q u i v a l e n t  model s p e c i f i c a l l y  t h e  



assurnption of only one branche vol tage  dependent. Note t h a t  t h e  

experimentally measured vo l t age  decrease f a s t e r  during t h e  f i r s t  

seconds of the  self-charge d i s t r i b u t i o n  but t h e  f i n a l  sirnulated 

vol tage  i s  lower than t h e  experimental one. This i n d i c a t e s  t h a t  t h e  

t i m e  constant  of the  delayed branch a t  t h i s  vol tage  is srnaller; 

the re fo re ,  t h e  delayed capaci tance  i s  lower. The t r â d e  o f f  between 

mode1 s i m p l i c i t y  and accuracy i s  now evident;  however, i n  most of  t h e  

DLC app l i ca t ions ,  the  devices a r e  not discharged t o  very low vol tages  

and t h e  mentioned e r r o r  has l e s s  e f f e c t .  Furthermore, even f o r  this 

small charge vol tage  t h e  e r r o r  i n  t h e  simulat ion i s  lower than 5% of 

the  r a t e d  vol tage .  T h i s  i s  s t i l l  an acceptable value. 
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ENERGY CONSIDERATIONS 

One of t h e  most important a s p e c t s  i n  t h e  des ign  of power 

e l e c t r o n i c s  systems is t h e  adequate use of t he  energy. The l o s s e s  i n  

t h e  e l e c t r o n i c  devices  r e p r e s e n t  energy t h a t  can not  be t r a n s f e r r e d  t o  

t h e  load  and as  a  r e s u l t s  is not  u s e f u l  i n  p r a c t i c e .  Therefore ,  it is 

necessary t o  s tudy  t h e  l o s s e s  and energy e f f i c i e n c y  i n s i d e  t h e  double- 

l a y e r  c a p a c i t o r  t o  cornplete t h e  device  c h a r a c t e r i z a t i o n .  

The energy s tudy  w i l l b e  performed using t h e  s imula t ion  sof tware 

PSPICE. The s imula t ion  uses t h e  equ iva len t  model def ined ,  c a l c u l a t e d  

and v e r i f i e d  p rev ious ly .  D i f f e ren t  charge and d i scha rge  a c t i o n s  a r e  

app l i ed  t o  t h e  model and t h e  r e s u l t s  are used t o  c a l c u l a t e  power and 

energy. The s tudy  i s  d iv ided  i n  t h r e e  p a r t s ;  f i r s t ,  t h e  l o s s e s  i n  the  

capac i to r  equ iva len t  model are c a l c u l a t e d  when a normal charge a c t i o n  

i s  appl ied ;  second, t h e  energy s t o r e d  i n  t h e  c a p a c i t o r  i s  c a l c u l a t e d  

and some observa t ions  about t h e  r e s u l t s  a r e  d iscussed;  f i n a l l y ,  a  

f a c t o r  of energy u t i l i z a t i o n  i n  a f u l l  charge c y c l e  i s  determined. 

CAPACI TOR 

A s  was concluded i n  prev ious  chap te r s ,  t h e  DLC p r e s e n t s  an 

apprec iab le  i n t e r n a l  r e s i s t a n c e  given by t h e  m a t e r i a l s  used i n  t h e  

device cons t ruc t ion .  T h i s  r e s i s t a n c e  produces l o s s e s  eve ry  tirne t h a t  

charge i s  f ed  i n t o  t h e  c a p a c i t o r .  Even a f t e r  t h e  charge a c t i o n s ,  when 

the i n t e r n a l  charge d i s t r i b u t i o n  process  i s  t ak ing  p lace ,  t h e  flow of 

charges  i n s i d e  t h e  capacitor produces additional l o s s e s .  

The l o s s e s  are s t u d i e d  by applying a charge a c t i o n  wi th  cons t an t  

c u r r e n t  t o  the DLC model. The l o s s e s  i n  each branch a r e  c a l c u l a t e d  a s  



t h e  p r o d u c t  o f  t h e  v o l t a g e  a n d  t h e  c u r r e n t  i n  t h e  e q u i v a l e n t  

r e s i s t a n c e  o f  t h e  c o r r e s p o n d e n t  b r a n c h .  

The  c h a r g e  a c t i o n  c o n t i n u e s  u n t i l ,  t h e  c a p a c i t o r  r e a c h e s  t h e  r a t e d  

v o l t a g e .  Then,  t h e  c u r r e n t  i s  removed b u t  t h e  l o s s e s  a r e  c a l c u l a t e d  

f o r  a few more s e c o n d s  i n  o r d e r  t o  o b s e r v e  t h e  l o s s e s  d u r i n g  t h e  

i n t e r n a l  c h a r g e  d i s t r i b u t i o n  p r o c e s s ,  

F i g u r e  7 . 1  shows t h e  l o s s e s  i n  e a c h  b r a n c h  o f  t h e  e q u i v a l e n t  

c i r c u i t  d u r i n g  t h e  c h a r g e  a c t i o n .  A s  was e x p e c t e d ,  a t  t h e  s t a r t  o f  

t h e  c h a r g e  a c t i o n  t h e  l o s s e s  o c c u r  m o s t l y  i n  t h e  immediate b r a n c h  

b e c a u s e  t h e  r e s i s t a n c e  i n  t h a t  b r a n c h  i s  much l o w e r  t h a n  i n  t h e  o t h e r  

two a n d  t h e  c u r r e n t  f l o w s  p r i m a r i l y  t h r o u g h  t h a t  b r a n c h .  

As t h e  t e r m i n a l  v o l t a g e  i s  i n c r e a s e d ,  more  c u r r e n t  f l o w s  t h r o u g h  

t h e  o t h e r  two b r a n c h e s ,  e s p e c i a l l y  t h r o u g h  t h e  d e l a y e d  b r a n c h ,  t h u s  

r e d u c i n g  t h e  l o s s e s  i n  t h e  imrnedia te  b r a n c h .  T h e r e f o r e ,  t h e  l o s s e s  i n  

t h e  s e c o n d  a n d  t h i r d  b r a n c h  a r e  i n c r e a s e d  p r o p o r t i o n a l l y  t o  t h e  

t e r m i n a l  v o l t a g e ,  a n d  t h e  l o s s e s  i n  t h e  i m m e d i a t e  b r a n c h  a r e  r e d u c e d .  

When t h e  c u r r e n t  i s  removed,  t h e  l o s s e s  are r e d u c e d  s u d d e n l y ;  

t h a t  r e d u c t i o n  i s  more  a p p r e c i a b l e  i n  t h e  i m m e d i a t e  b r a n c h .  However, 

some l o s s e s  s t i l l  o c c u r  a s  a  r e s u l t  o f  t h e  i n t e r n a l  c h a r g e  

r e d i s t r i b u t i o n  p r o c e s s .  T h o s e  l o s s e s  a r e  h i g h e r  i n  t h e  d e l a y e d  a n d  

l o n g  t e r m  b r a n c h e s  b e c a u s e  o f  t h e  h i g h e r  r e s i s t a n c e s  i n  t h o s e  

b r a n c h e s .  

Note  t h a t  t h e r e  is a s e c t i o n  of t h e  c h a r g e  c y c l e  i n  which  t h e  

l o s s e s  i n  t h e  delayed b r a n c h  are  c o m p a r a b l e  a n d  even greater t h a n  the 

l o s s e s  i n  t h e  i m m e d i a t e  b r a n c h .  If t h e  c a p a c i t o r  is  i n i t i a l l y  

d i s c h a r g e d ,  t h i s  i n t e r v a l  i s  a t  the end o f  t h e  c h a r g e  c y c l e  b e c a u s e  
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t h e  d i f f e r e n c e  i n  p o t e n t i a l  between t h e  imrnediate and delayed branch 

i s  g r e a t e r  i n  t h a t  i n t e r v a l .  Also note  t h a t  t h e  l o s s e s  i n  t h e  long 

term branch a r e  about  40% of t h e  l o s s e s  i n  t h e  immediate branch a t  t h e  

end of the charge c y c l e -  The importance of t h e  long terrn branch l o s s e s  

is higher  dur ing  t h e  s e l f  charge d i s t r i b u t i o n  p rocess .  On t h e  o t h e r  

hand, t h e  l o s s e s  i n  t h e  leakage r e s i s t a n c e  axe ve ry  low and may be 

neglected i n  most c a s e s -  

If t h e  c a p a c i t o r  has i n i t i a l l y  some charge s t o r e d  i n  t h e  delayed 

and long term branches,  t h e  curve of t h e  l o s s e s  w i l l  have 

modi f ica t ions  bu t  s t i l l  t h e  t h r e e  branches w i l l  have apprec iab le  

in f luence  du r ing  sorne p a r t  of t h e  charge a c t i o n .  Figure 7 . 2  presen t  

t h e  l o s s e s  f o r  t h e  same kind of charge a c t i o n  b u t  t h i s  time t h e  

delayed and long term branches have been precharged t o  509 of t h e  

r a t e d  vol tage ;  t h e  maximum l o s s e s  i n  t h e  delayed and long term branch 

havs been reduced bu t  now t he  l o s s e s  i n  chose branches a r e  higher  i n  

t h e  beginning of  t h e  charge a c t i o n .  In  conclusion,  t h e  t h r e e  branches 

should be always considered i n  any energy s tudy  even i n  high power 

a p p l i c a t i o n s .  

The obse rva t ion  mentioned i n  t h e  l a s t  two paragraphs g ive  t h e  

i n d i c a t i o n  t h a t ,  i f  t h e  s p e c i f i c  a p p l i c a t i o n  of t h e  double-layer 

c a p a c i t o r s  i s  l i m i t e d  t o  some range of vo l t age ,  t hen  it i s  convenient 

t o  precharge t h e  DLC t o  the middle p o i n t  o f  t h e  range  of vo l t age  t o  be 

used. I n  t h i s  form, t h e  average d i f f e r e n c e  of v o l t a g e  of t h e  delayed 

and long term branches with r e s p e c t  t o  t h e  irnmediate branch i s  reduced 

and the l o s s e s  i n  t h e  delayed and long term branch a r e  lower. 

It i s  c l e a r  t h a t  t h e  c u r r e n t  l e v e l  a f f e c t s  t h e  t o t a l  l o s s e s  i n  

t h e  capac i to r .  However, t h i s  effect occurs  rnainly i n  t h e  irnmediate 

branch because t h e  c u r r e n t  i n  t h e  delayed and long term branches i s  
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g i v e n  b y  t h e  t e r m i n a l  v o l t a g e  of t h e  c a p a c i t o r  a n d  n o t  f o r  t h e  

e x t e r n a l  c u r r e n t  s o u r c e .  

F i g u r e  7 .3  r e p r e s e n t s  t h e  t o t a l  l o s s e s  d u r i n g  t h e  c h a r g e  a c t i o n  

of a n o r m a l i z e d  c a p a c i t o r .  I t  c a n  b e  s e e n  t h a t  t h e  l o s s e s  u n d e r  t h e s e  

c o n d i t i o n s  a r e  h i g h e r  a t  t h e  e n d  of t h e  c h a r g e  p r o c e s s .  

A l s o  it  i s  c o n v e n i e n t  t o  compare  t h e  losses i n  t h e  DLC w i t h  t h e  

losses i n  t h e  e l e c t r o l y t i c  power  c a p a c i t o r  p r e s e n t e d  i n  c h a p t e r  one .  

I n  a  d o u b l e - l a y e r  c a p a c i t o r  c h a r g e d  w i t h  30 Amp t h e  maximum l o s s e s  a r e  

l o w e r  t h a n  8 W. The e l e c t r o l y t i c  c a p a c i t o r ,  u s e d  f o r  co rnpa r i son  i n  

t a b l e  1.1, h a s  a r a t e d  i n t e r n a 1  series r e s i s t a n c e  o f  0 . 0 4 4  L I  ; t h i s  

v a l u e  g i v e s  a b o u t  30 W i n  l o s s e s  i f  t h e  d e v i c e  i s  c h a r g e d  w i t h  t h e  

same c u r r e n t  u s e d  i n  t h e  DLC s i m u l a t i o n .  T h a t  i s  a b o u t  4 tirnes t h e  

maximum l o s s e s  i n  t h e  DLC c h a r g e  c y c l e ,  

The  e n e r g y  d e l i v e r e d  t o  t h e  DLC i s  i n i t i a l l y  s t o r e d  i n  t h e  

imrnediate  b r a n c h ,  a n d  t h e n  i s  t r a n s f e r r e d  t o  t h e  d e l a y e d  a n d  l o n g  t e r m  

b r a n c h e s .  However, t h e  e n e r g y  t h a t  may b e  removed q u i c k l y  f r o m  t h e  

c a p a c i t o r  i s  l i m i t e d  t o  t h e  e n e r g y  s t o r e d  i n  t h e  i m e d i a t e  b r a n c h .  

T h e r e f o r e ,  i t  i s  i m p o r t a n t  t o  know t h e  amount  o f  e n e r g y  a n d  t h e  e n e r g y  

d i s t r i b u t i o n  i n  t h e  imrnedia te  b r a n c h .  

The e n e r g y  i n t r o d u c e d  i n  t h e  c a p a c i t o r  i s  g i v e n  by t h e  i n t e g r a l  

o f  t h e  power d u r i n g  t h e  t i m e  o f  c h a r g e  a n d  i s  d e f i n e d  by t h e  f o l l o w i n g  

e x p r e s s i o n  : 



If  the  charge current  i s  constant ,  equat ion 7.2 r e s u l t s  in :  

E=J vC( t) l d t  (7 . 3 )  

O 

From the  d e f i n i t i o n  of d i f f e r e n t i a l  capaci tance t h e  following 

r e l a t i o n  f o r  t h e  immediate branch i s  deduced: 

dQ , Idt 
C ( V c i )  =- -- => I d t = C ( V c i )  dVci  ( 7 . 4 )  

dVci dVcr 

And the  terminal  vol tage v= f o r  a constant  charge current  i s  

r e l a t e d  t o  t h e  immediate branch capaci tance vol tage  Vci by t h e  

following r e l a t i o n :  

Subs t i tu t ing  equation 7 . 4  and 7 . 5  i n t o  7.3 the  t o t a l  energy 

supplied t o  t h e  capac i to r  a s  funct ion of t h e  irnmediate capaci tance 

vol tage  i s  calcula ted:  

Vci Vci 

The second term i n  the  l a s t  equation represents  t h e  energy 

d i s s i p a t e d  i n  t h e  i n t e r n a 1  res i s t ance  and t h e  f i r s t  term t h e  energy 

s t o r e d  i n  the  capac i to r .  

Solving t h e  f î r s t  i n t e g r a l  i n  equation 7 . 6  f o r  an a r b i t r a r y  

vol tage  Vci w i t h  C(Vci)= Cio+CilfVci g ives  t h e  following equation: 

The l a s t  equation i s  used t o  c a l c u l a t e  t h e  energy s t o r e d  i n  t h e  
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imrnediate branch capac i t ance  a t  any v o l t a g e  V C i .  

Figure 7 . 4  p r e s e n t s  t h e  curve of energy  v s  v o l t a g e  f o r  t h e  DLC. 

I n  t h i s  f i g u r e ,  t h e  curve  of  energy f o r  a c a p a c i t o r  wi th  cons t an t  

capac i t ance  of  470 F ( r a t e d  va lue )  has been inc luded .  Two impor tan t  

conclusion r e s u l t  from t h i s  f i g u r e :  f i r s t ,  t h e  r e a l  energy s t o r e d  i n  

t h e  double- layer  c a p a c i t o r  a t  2 .5  v o l t s  i s  25% higher  than  t h e  

t h e o r e t i c a l  energy  c a l c u l a t e d  using t h e  r a t e d  capac i t ance .  Second, 

t h e  energy i s  s t o r e d  mainly a t  t h e  h igher  v o l t a g e  l e v e l s  of t h e  DLC. 

This  i s  an impor t an t  conc lus ion  because i f  t h e  c a p a c i t o r  i s  discharged  

up t o  50% of  t h e  i n i t i a l  vo l t age ,  t h e  energy  t h a t  i s  removed from the 

c a p a c i t o r  i s  81.72% from t h e  t o t a l  imrnediate branch energy and no t  t h e  

75% t h a t  i s  c a l c u l a t e d  us ing  t h e  cons t an t  470 F model. 

The d e f i n i t i o n  o f  e f f i c i e n c y  f o r  t h i s  kind of device  i n  which 

t h e  c o n s t a n t s  i n  t h e  o r d e r  of hours a r e  p r e s e n t  i s  not  s imple .  The 

c a p a c i t o r  may be charged and immediately d i scha rged  o r  sorne t ime may 

e l a p s e  between t h e  charge  and d i scha rge  a c t i o n s ;  i n  a d d i t i o n ,  t h e  

c a p a c i t o r  rnay be i n i t i a l l y  discharged o r  may have some charge i n  t h e  

delayed and long  t e rm branches.  Therefore ,  t h e  e f f i c i e n c y  i s  a  

f u n c t i o n  of  t h e  t i m e  and t h i s  f a c t o r  should  be  cons idered .  

A d e f i n i t i o n  o f  e f f i c i e n c y  f o r  high c u r r e n t  charge and d i scha rge  

p roces ses  i s  now proposed. Aîthough t h e  s t u d y  does no t  go deep i n  t h e  

c o n s i d e r a t i o n  of a l 1  p o s s i b l e  f a c t o r s  a f f e c t i n g  t h e  dev ices  

e f f i c i e n c y ,  t h i s  d e f i n i t i o n  provides  a  b a s i c  in format ion  f o r  power 

e l e c t r o n i c s  a p p l i c a t i o n s .  

The energy  i n t e r c h a n g e  cyc l e  c o n s i s t s  o f  t h r e e  p a r t s :  F i r s t ,  t h e  

DLC i s  precharged t o  1.5  v o l t s  us ing  a  c o n s t a n t  c u r r e n t  u n t i l  t h e  



t e r m i n a l  v o l t a g e  r e a c h e s  2 . 5  v o l t s .  Second ,  a  t i m e  delay, which  i s  

t a k e n  as  a p a r a m e t e r ,  p a s s e s  w i t h o u t  a n y  c u r r e n t  a p p l i c a t i o n .  T h i r d ,  

a f t e r  t h e  d e l a y  t i m e ,  t h e  c a p a c i t o r  i s  d i s c h a r g e d  up t o  1.5  v o l t s  w i t h  

a c u r r e n t  v a l u e  e q u a l  t o  t h e  o n e  u s e d  i n  t h e  c h a r g e .  The r a t i o  

be tween  t h e  e n e r g y  t a k e n  o u t  o f  t h e  c a p a c i t o r  and  t h e  e n e r g y  

p r e v i o u s l y  i n t r o d u c e d  r e p r e s e n t s  t h e  e n e r g y  u t i l i z a t i o n  f o r  t h i s  

s p e c i f i c  d e l a y .  T h i s  d e f i n i t i o n  i s  u s e d  t o  s t u d y  t h e  h i g h  power 

e n e r g y  u t i l i z a t i o n  o f  t h e  c a p a c i t o r s  i n  t h e  r a n g e  o f  a p p l i c a t i o n  f o r  

power e l e c t r o n i c s .  

I t  i s  c l e a r  t h a t  t h e  e n e r g y  u t i l i z a t i o n  f a c t o r  c a l c u l a t e d  u s i n g  

t h i s  d e f i n i t i o n  i s  n o t  g i v e n  o n l y  by t h e  l o s s e s  i n s i d e  t h e  c a p a c i t o r ,  

b u t  t h e  d e f i n i t i o n  i n d i c a t e s  t h e  p e r c e n t a g e  of e n e r g y  t h a t  may b e  u s e d  

i n  a  f a s t  d i s c h a r g e  a c t i o n .  The e n e r g y  i n t e r c h a n g e  a l s o  d e p e n d s  o n  

o t h e r  f a c t o r s  s u c h  a s  c h a n g e s  i n  t h e  i n i t i a l  c h a r g e  s t o r e d  i n  t h e  

c a p a c i t o r  a n d  r a n g e  of c h a r g e  v o l t a g e  s w e p t  i n  t h e  c h a r g e  a c t i o n ,  

t h o s e  f a c t o r s  are  n o t  s t u d i e d  i n  t h i s  r e s e a r c h .  

F i g u r e  7 . 5  r e p r e s e n t s  t h e  g r a p h i c a l  e x p l a n a t i o n  o f  t h e  e n e r g y  

i n t e r c h a n g e  d e f i n i t i o n .  F i g u r e  7 . 6  shows  t h e  c a l c u l a t e d  e n e r g y  

i n t e r c h a n g e  a s  a  f u n c t i o n  o f  t h e  d e l a y  for th ree  d i f f e r e n t  c h a r g i n g  

c u r r e n t s .  A s  was e x p e c t e d ,  f o r  h i g h e r  c u r r e n t  t h e  e n e r g y  i n t e r c h a n g e  

i s  l o w e r  b e c a u s e  o f  t h e  i n c r e a s e  i n  t h e  immediate b r a n c h  l o s s e s .  A l s o  

n o t e  t h e  r e d u c t i o n  i n  t h e  e n e r g y  i n t e r c h a n g e  as  t h e  t i m e  d e l a y  i s  

i n c r e a s e d ;  t h i s  r e d u c t i o n  i s  b e c a u s e  o f  t h e  e n e r g y  t r a n s f e r r e d  t o  t h e  

d e l a y e d  a n d  l o n g  term b r a n c h e s .  



30 AMP a 
O 

I 
t 
t 

Energy Interchange Factor = (Ein / E o u t  ) *IO0 

FIGURE 7 . 5  ENERGY INTERCHANGE DEFINXTION 



ENERGY INTERCHANGE FACTOR 

1 ! 

I I 
I 

., 
, . 1 

l 
I 

I 
- 
I 

4 

i 1 

O 200 400 600 800 1 O00 
TlME DELAY (SEC) 

FIGURE 7 . 6  ENERGY 'LNTERCZfANGE FACTOR VS T3ME DELAY. 



CHAPTER 8 

SERIES CONNECTION PERFORMANCE 

Tho low r a t e d  v o l t a g e  of  t h e  PANASONIC double- layer  c a p a c i t o r s  

makes t h e  s e r i e s  connect ion one necessary  s t e p  i n  o r d e r  t o  reach 

h igher  v o l t a g e s .  The use of c a p a c i t o r s  i n  s e r i e s  extends t h e  p o s s i b l e  

a p p l i c a t i o n s  of t h e  D L C ' s  and i t  a l s o  produces a  more v e r s a t i l e  

e n e r g e t i c  device .  

The s e r i e s  connect ion s tudy  w i l l  g ive  conclusions about how f a r  

a p a r t  t h e  p r a c t i c a l  response and t h e  equ iva len t  model parameter va lues  

of s e v e r a l  s i m i l a r  devices  a r e .  Ten c a p a c i t o r s  r a t e d  470 F a r e  

connected i n  series and s e v e r a l  tests a r e  app l i ed  t o  them. 

The r e s u l t s  presented  i n  t h i s  c h a p t e r  make it p o s s i b l e  t o  dec ide  

how simple i s  t h e  u t i l i z a t i o n  of  double- layer  c a p a c i t o r s  connected i n  

s e r i e s  and what d i f f e r e n c e s  i n  t h e  performance among c a p a c i t o r s  a r e  

expected when t h e  c a p a c i t o r s  a r e  connected i n  s e r i e s .  

The s t u d y  inc ludes  f o u r  d i f f e r e n t  t e s t s .  Each one should r e v e a l  

t h e  r e l a t i v e  d i f f e r e n c e s  among some o f  t h e  equ iva len t  model parameters  

of t h e  t e n  D L C ' s .  

8.1 F U T  CHARGE mST 

This  tes t  has a s  i t s  o b j e c t i v e  t h e  s tudy  of  t h e  d i f f e r e n c e s  i n  

t h e  parameters  of t h e  imrnediate branch among t h e  t e n  c a p a c i t o r s  

connected i n  s e r i e s .  A s  t h e  immediate branch has a  tirne cons tan t  i n  

t h e  o r d e r  of  a  f e w  seconds, t h e  response of  t h i s  branch i s  observed 

through t h e  a p p l i c a t i o n  of a  high charg ing  c u r r e n t .  A c u r r e n t  o f  30 

amperes i s  a p ~ l i e d t o  t e n  normalizeddouble- layer  c a p a c i t o r s  connected 

i n  series and t h e  v o l t a g e  i n  each c a p a c i t o r  i s  sensed f r equen t ly .  I n  



t h i s  way, the  vol tage  d r i f t  among the  ten  capac i to r s  can be observed. 

The charging process continues u n t i l  t he  terminal  vol tage  ac ross  any 

capaci tor  reaches the  ra ted  value. T h i s  t e s t  permits one t o  observe 

t h e  vol tage d i f fe rences  across  a l 1  range of vol tages .  

Figure 8 . 1  shows t h e  p l o t  of t h e  vol tage  i n  each capac i to r  a s  a 

funct ion of the  time. The f i g u r e  shows t h a t  t h e  d i f fe rence  between 

t h e  capaci tor  with the  h ighes t  and t h e  lowest vol tage  i s  l e s s  than 1 0  

per cent  of the  ra ted  vol tage  a t  any i n s t a n t  of the  charging a c t i o n .  

T h i s  r e s u l t  was expected from the r e s u l t s  presented i n  chapter  f i v e  

t h a t  presented d i f fe rences  amongst capaci tors  lower than 109 i n  the  

equivalent  mode1 parameter values.  A voltage d i f fe rence  lower than 

108 i s  an acceptable r e s u l t  t h a t  gives t h e  impression t h a t  the  

capaci tors  can be connected i n  s e r i e s  without any ex te rna l  device and 

without important d isequi l ibr ium i n  the  vol tages .  However, it i s  

important t o  v e r i f y  i f  the  d i f fe rences  i n  t h e  parameter values of the  

o the r  two branches produce an increase  i n  the  vol tage d r i f t  among 

capaci tors  when severa l  charge and discharge ac t ions  a r e  appl ied  t o  

t h e  capaci tors .  

I n  order  t o  observe t h e  poss ib le  d i f fe rences  amongst the  

parameter values o f  t h e  delayed branch, t e n  consecutive cycles  of 

charge and discharge between -10% of t h e  ra ted  vol tage  and t h e  r a t e d  

voltage a r e  appl ied  t o  t e n  normalized double-layer capac i to r s  

connected i n  s e r i e s .  A s  t h e  delayed branch has a time cons tant  of 

approximately 90 seconds, i t s  e f f e c t  i s  observable i n  the  t e n  charge 

and discharge cycles .  The t o t a l  dura t ion  of the  t e s t  i s  more than 5 

minutes 
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Table  8.1 r e p r e s e n t s  t h e  vo l t age  ac ros s  each c a p a c i t o r  a t  each 

p o s i t i v e  and nega t ive  peak and t h e  p e r c e n t i l e  d i f f e r e n c e  of vo l t age  

between t h e  c a p a c i t o r  wi th  t h e  h ighes t  and t h e  lowes t  vo l t age .  The 

percentage  i s  c a l c u l a t e d  us ing  t h e  DLC r a t e d  v o l t a g e  as  a base  through 

the  fo l lowing  r e l a t i o n :  

That t a b l e  ï e a d s  t o  two important conc lus ions :  f i r s t ,  t h e  

d i f f e r e n c e  i n  v o l t a g e  amongst t h e  c a p a c i t o r s  i s  no t  increased  

apprec i ab ly  i n  t h e  subsequent  cyc l e s .  Second, t h e  d i f f e r e n c e  i n  

vo l t ages  a r e  always lower than  10% of t he  r a t e d  v o l t a g e .  

I n  o t h e r  words, a f t e r  1 0  complete cyc l e s  of charge  and discharge  

t h e  c a p a c i t o r s  a r e  s t i l l  behaving very c l o s e  i n  t h e i r  response t o  t h e  

charging a c t i o n .  

This  s tudy  has a s  i t s  purpose t h e  s tudy  of t h e  d i f f e r e n c e s  i n  t h e  

long term parameters  o f  t h e  double-layer c a p a c i t o r s .  Five hundred 

charge and d i scha rge  c y c l e s  wi th  45 amperes a r e  a p p l i e d  t o  t e n  

normalized c a p a c i t o r s  and t h e  d i f f e r e n c e  i n  t h e  v o l t a g e  amongst t h e  

ten c a p a c i t o r s  i s  measured. Table  8 .2  p r e s e n t s  t h e  r e s u l t s  of t h i s  

t e s t  a t  f i v e  d i f f e r e n t  i n s t a n t s  of t h e  experirnent. The t a b l e  p r e s e n t s  

t h e  v o l t a g e s  of  t h e  teri c a p a c i t o r s  measured each hour  a f t e r  t h e  s t a r t  

of t h e  e x p r i m e n t ;  i n  a d d i t i o n ,  t h e  l a s t  column i n d i c a t e s  t h e  DLC 

v o l t a g e s  a f t e r  500 c y c l e s .  The t o t a l  d u r a t i o n  of t h e  experiment is 5 

hours and 37 minutes.  

Again t h e  r e s u l t s  are favourable  a s  t h e  d i f f e r e n c e  i n  vo l t age  

among t h e  c a p a c i t o r s  n o t  o n l y  is  n o t  i nc reased  i n  a d d i t i o n a l  cyc l e s  
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2.19 
-0.14 
2.24 

-0.18 

CAP9 
0.00 
2.14 

-0.26 
2.15 

-0.28 
2.15 

-0.29 
2.15 

-0.30 
2.11 

-0.28 
2.10 

-0.24 
2.13 

-0.27 
2.10 

-0.26 
2.09 
-0.26 
2.12 

-0.24 

CAP10 
o. O0 
2.14 

-0.24 
2.14 

-0.24 
2.15 
-0.26 
2.16 

-0.25 
2.12 

-0.23 
2.12 

-0.17 
2.14 

-0.21 
2.13 

-0.19 
2.12 

-0.20 
2.13 

-0.24 

%OF DRIFT 
0.00 
4.35 
3.48 
3.91 
3.48 
3.91 
3.48 

-- 

3.91 
391 
3.48 
3.91 
3.91 
4.35 
3.91 
4.35 
4.35 
4.78 
6.09 
5.22 
5.65 
3.48 



but  in f a c t  i s  reduced. In o the r  words, the  experiment leads  one t o  

conclude t h a t  the  d i f ferences  i n  t h e  parameters values of the  f i r s t  

two branches a r e  balanced by t h e  d i f fe rences  i n  the  parameters of the  

long term branch. 

CAPACITOR 

NUMBER 

1 HOUR 2 HOUR 3 HOUR 4 HOUR 500  

CYCLES 

T h e  t h r e e  previous experiments have s tudied  t h e  vol tage d r i f t  

amongst capac i to r s  i n  t h e  shor t ,  medium and long term. During no 

i n s t a n t  of t h e  almost s i x  continuous hours of charge and discharge d id  

t h e  d i f fe rences  reach values t h a t  would i n d i c a t e  appreciable 

d i sequ i l ib r iwn  i n  t h e  performance of  t h e  d i f f e r e n t  capac i to r s .  



However, those experiments were appl ied  t o  normalized double-layer 

capaci tors ,  the  next sec t ion  present  t h e  r e s u l t s  of  experiments w i t h  

non-normalized capaci tors .  

8 . 4  SERIES CONNECTION OF NON-NORMALIZED CAPACITORS 

The f a s t  charge experiment and t h e  ten  cycle  experiment were 

repeated w i t h  no normalized capaci tors ;  t h a t  is, with capac i to r s  t h a t  

have d i f fe rences  i n  t h e i r  i n i t i a l  vol tage.  The d i f fe rences  i n  i n i t i a l  

vol tage amongst capaci tors  were l imi ted  t o  2 0 %  of t h e  ra ted  vol tage .  

Figure 8 . 2  presents  the  r e s u l t s  of t h e  f a s t  charge t e s t .  This 

f i g u r e  ind ica tes  t h a t  t h e  i n i t i a l  d i f fe rences  arnongst vol tages  has not 

been increased during t h e  charge cycle .  

The r e s u l t s  of t h e  t en  cycles  of charge and discharge a l s o  

confirms t h a t  the  d i f fe rences  amongstvoltages i n  t h e  following cycles  

have not increased.  

SELF-CHARGE 

The th ree  previous s e r i e s  t e s t  showed t h a t  t h e  d i f fe rence  i n  

voltage amongst any p a i r  of capac i to r s  i s  lower than 105 under 

d i f f e r e n t  number of charge a c t i o n s .  However, it i s  important t o  

v e r i f y  i f  the  same r e s u l t s  a r e  produced i n  t h a  s e l f  charge 

d i s t r i b u t i o n  process i n t e r n a l  t o  the  DLC. 

Ten normalized capac i to r s  a r e  charged t o  a vol tage  of 2.2  v o l t s ,  

and t h e  vol tage  i n  each one is  measured f requent ly  during severa l  

minutes a f t e r  the  charging ac t ion .  A s  was expected, t h e  vol tage  f e l l  

down a s  a r e s u l t  of t h e  i n t e r n a l  d i s t r i b u t i o n  of t h e  charge. Table 

8.3 i n d i c z t e s  t h e  vol tage  i n  each capac i to r  a t  severa l  i n s t a n t s  a f t e r  

t h e  charge. 



NON NORMALIZED CAPACITORS 
FIRST CHARGE 1 = 30 Amp. 

1 I l 1 7 I 
15 20 25 30 35 40 45 50 

TIME (SEC) 

- CAPACITOR VOLTAGES 

FIGURE 8.2 VOLTAGE DRIE'T AMONG NON-NORMALIZED CAPACITORS IN SERXES. 



This t a b l e  i n d i c a t e s  t h a t  no h i g h e r  d i f f e r e n c e s  i n  v o l t a g e  are 

CAP # 

1084 

1226 

1100 

1156 

11 92 

1066 

1193 

1090 

1074 

1 1 5 1  

produced d u r i n g  t h e  s e l f  charge  d i s t r i b u t i o n  p r o c e s s  . I n  f a c t ,  t h e  

h ighes t  d i f f e r e n c e  i n  v o l t a g e  i s  s t i l l  less t h a n  108  o f  t h e  r a t e d  

15 min 

1,562 

1.608 

1,597 

1.585 

1 .531  

1.572 

1.557 

1.550 

1.560 

1.534 

v o l t a g e .  

I n  conc lu s ion ,  no i n d i c a t i o n  of a p p r e c i a b l e  d i f f e r e n c e s  amongst 

30 min 

1.452 

1.506 

1.493 

1.480 

1.412 

1 . 4 5 1  

1.448 

1.426 

1,437 

1.459 

TABLE 

c a p a c i t o r s  connec ted  i n  series were observed  i n  s e v e r a l  d i f f e r e n t  

exper iments .  Those exper iments  invo lved  s h o r t ,  medium and l ong  t ime 

45 min 

1 .421  

1 .480  

1.465 

1 . 4 4 6  

1.374 

1 .413  

1 .398  

1,379 

1 .405  

1,406 

8 -3 

t e s t s  a s  w e l l  a s  t h e  i n t e r n a 1  charge  r e d i s t r i b u t i o n  p r o c e s s .  

75 min 

1.378 

1 .438  

1 .419  

1.395 

1 .316  

1.353 

1.310 

1 .337  

1 .351  

1.318 

120 m i n  

1.298 

1.323 

1.307 

1.313 

1.286 

1,299 

1 .259  

1 .265  

1.280 

1 . 2 7 1  



CHAPTER 9 

CONCLUSIONS 

The c h a r a c t e r i z a t i o n  of  t h e  PANASONICdouble-layer capac i to r swas  

performed and t h e  t h e s i s  o b j e c t i v e s  were s a t i s f i e d .  The following 

conclusions can be s t a t e d :  

- the double-layercapacitors presentseveraladvantages w i t h  

r e spec t  t o  t h e  t r a d i t i o n a l  e l e c t r o l y t i c  c a p a c i t o r s ,  t hus  making these  

devices  a t t r a c t i v e  i n  t h e  power e l e c t r o n i c s  f i e l d .  

- The phys ics  of t h e  double l a y e r ,  which i s  based on t h e  

double-layer c a p a c i t o r  e f f e c t ,  j u s t i f i e s  t h e  s e l e c t i o n  of a more 

cornplex equ iva len t  model i n s t e a d  of a  simple capac i tance- res i s tance  

s e r i e s  element. 

- An equ iva len t  mode1 cornposed of c a p a c i t o r s ,  r e s i s t o r s  and 

induc to r s  and based on t h e  physics  of t h e  double- layer  and i n  

experimental  cons ide ra t ions  may be used t o  r ep resen t  t h e  double-layer 

capac i to r .  This  mode1 i s  composed of t h r e e  RC branches connected i n  

p a r a l l e l ,  one leakage r e s i s t a n c e  and one i n p u t  inductance .  

- The equ iva len t  model parameters a r e  i d e n t i f i e d  throughout 

t h e  measurement of  t h e  two e l e c t r i c a l  a c c e s s i b l e  v a r i a b l e s  of t h e  

double-layer c a p a c i t o r :  t e rmina l  vo l t age  and c u r r e n t .  Therefore ,  t h e  

equ iva len t  rnodel i s  based o n  t h e  te rmina l  behavior of  t h e  capac i to r  

and rnay be e a s i l y  r e c a l c u l a t e d  any t i m e .  

- The double-layer c a p a c i t o r t i m e  behavior  c a n b e  represented  

by independent s e c t i o n s  i n  t h e  equiva len t  rnodel. Based on t h e  above 

Eact, a  r epea tab le  and unambiguous procedure f o r  t h e  parameters 

i d e n t i f i c a t i o n  was proposed and automatized. 

- The phys ics  o f  t h e  double-layer sugges t s  t h a t  t h e  



capac i tance  of t he  device  is vo l t age  dependant. To keep t h e  model 

simple,  on ly  t h e  imrnediate branch i s  vol tage  dependant and i t s  value 

i s  inc reased  l i n e a r l y  with an inc rease  i n  t h e  te rmina l  vo l t age .  

- The delayed and long  term capac i tances ,  whose energy may 

not be used i n  high power a p p l i c a t i o n s ,  have t o g e t h e r  a value 

comparable w i t h  t h e  f i x e d  capac i tance  of t h e  imrnediate. 

- The equ iva len t  mode1 was v e r i f i e d  using s imula t ion  t o o l s  

and was found t o  be i n  agreement w i t h  experimental  r e s u l t s .  An e r r o r  

under 3 3  of t h e  r a t e d  vo l t age  f o r  up t o  30 minutes s imula t ions  was 

found. However, i t  i s  necessary t o  emphasize t h a t  t h e  model i s  

designed f o r  power e l e c t r o n i c s  a p p l i c a t i o n s  and i t  fol lows w i t h  

g r e a t e r  accuracy t h e  c a p a c i t o r  response f o r  a vo l t age  h igher  than 50% 

of t h e  r a t e d  va lue  and f o r  up t o  30 minutes.  For lower vo l t ages  or a 

longer  t ime, t he  d i f f e r e n c e s  between experimental  and s imulated 

response i n c r e a s e s .  

- The d i f f e r e n c e s  i n  t h e  parameter values  among s e v e r a l  

double-layer c a p a c i t o r s  a r e  lower than  10% of t h e  average parameter 

va lue .  Therefore ,  good cons i s t ency  i n  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  

e x i s t s  between s i m i l a r  dev ices .  

- The l o s s e s  i n  t h s  t h r e e  RC branches of the equ iva len t  mode1 

should be considered i n  any energy s t u d y  because i n  a complete charge 

cyc le  the t h r e e  l o s s e s  have an apprec i ab le  e f f e c t .  

- The t o t a l  energy t h a t  may be  stored i n  t h e  immediate branch 

of t h e  double-layer c a p a c i t o r  is higher  than t h e  i n d i c a t i o n  given by 

t h e  r a t e d  capac i tance  va lue .  Ln a d d i t i o n ,  because of t h e  l i n e a r  

i n c r e a s e  of t h e  capac i tance  wi th  t h e  vo l t age  most of t h e  energy is 

s t o r e d  a t  t h e  h igher  v o l t a g e  l e v e l s .  

- An in te rchange  of energy d e f i n i t i o n  was proposed. This 



d e f i n i t i o n  i s  a  func t ion  o f  t h e  t i m e  and i n d i c a t e s  t h e  r a t i o  o f  t h e  

energy  in t roduced  i n  t h e  c a p a c i t o r  t h a t  rnay be used i n  high power 

a p p l i c a t i o n s .  

- The s e r i e s  connec t ion  of double- layer  c a p a c i t o r s  was 

s t u d i e d  through t h e  connect ion of  t e n  c e l l s  t o  ob t a in  a  2 3  v o l t s ,  47 

F c a p a c i t o r .  T h e  v o l t a g e  d r i f t  amongst c a p a c i t o r s  was lower than  103 

of t h e  r a t e d  vo l t age  a t  any i n s t a n t  o f  t h e  500 charge and d i s cha rge  

c y c l e s .  

- If t h e  double- layer  c a p a c i t o r s  connected i n  s e r i e s  have 

s m a l l d i f f e r e n c e s  i n  t h e i r  i n i t i a l  v o l t a g e s ,  t hose  d i f f e r e n c e s  are not  

a p p r e c i a b l y  i nc reased  i n  s u c c e s s i v e  charge and d i s cha rge  c y c l e s .  

- The energy in t e r change  f a c t o r  decreases  a s  t h e  d e l a y  

between t h e  charge and t h e  d i s c h a r g e  i s  increased  because of  t h e  

charge  r e d i s t r i b u t i o n  i n s i d e  t h e  c a p a c i t o r .  

The double- layer  c a p a c i t o r s  have been c h a r a c t e r i z e d  wi th  an 

a c c u r a t e  b u t  s t i l l  s imple  t e r m i n a l  model. The model appears  t o  be 

adequa te  f o r  most o f  t h e  power e l e c t r o n i c s  a p p l i c a t i o n s .  Fu r the r  

s t u d i e s  shoii ld be  d i r e c t e d  t o  t h e  des ign  o f  s p e c i f i c  a p p l i c a t i o n s  

u s ing  the double- layer  c a p a c i t o r s .  Another f i e l d  of  i n t e r e s t  may be 

a  more deep s t u d y  of  t h e  e f f i c i e n c y  i n s i d e  t h e  dev i ce s .  However, a 

more adequa te  energy s tudy  depends on t h e  s p e c i f i c  a p p l i c a t i o n  because 

o f  t h e  many f a c t o r s  involved i n  t h e  DLC e f f i c i e n c y .  

If for some s p e c i f i c  a p p l i c a t i o n  t h e  developed mode1 r e s u l t s  a r e  

i n s u f f i c i e n t ,  it may be extended t o  a  g r e a t e r  number of  branches  

and /o r  c a p a c i t a n c e  dependency on t h e  v o l t a g e  f o r  a l 1  t h e  branches .  

However, t h i s  focus  w i l l  r e s u l t  i n  a much more complex mode1 and a  

more complicated and i n e x a c t  parameter  i d e n t i f i c a t i o n  procedure .  
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SOFTWARE AND HARDWARE DESIGN DETAILS 

B. 1 FILTER DESIGN 

Chapter four  presented t h e  t e s t  f a c i l i t y  used i n  the double-layer 

capac i to r  t e s t .  The cur ren t  waveforrn is a t r i a n g u l a r  wave w i t h  a 

frequency of 4 kHz. T h i s  frequency i s  equal  t o  t h e  switching 

frequency used i n  t h e  DC/DC converter .  However, t h e  time needed t o  

read t h e  analog inputs  rnakes i t  impossible t o  use t h e  same frequency 

f o r  t h e  sarnpling process.  The analog t o  d i g i t a l  sampling frequency 

used is  500 Hz. Therefore, t h e  analog t o  d i g i t a l  conversion does not  

s a t i s f y  t h e  sampling theorern and the  c u r r e n t  va lue  sampled rnay not  

represent  t h e  average c u t r e n t  i n  the  system. This  f a c t o r  makes i t  

necessary t o  use an a n t i - a l i a s i n g  f i l t e r  i n  t h e  s i g n a l  measured a t  t h e  

sensor  before t h e  sampling and d i g i t a l  conversion process.  

The f i l t e r  should be designed t o  a t t e n u a t e  t h e  r i p p l e  frequency 

( 4  kHz) and t o  l i m i t  t h e  a t t enua t ion  of t h e  sampling frequency (500  

Hz) . The s t r u c t u r e  of t h e  second order  f i l t e r  i s  shown i n  t h e  f i g u r e  

B . 1 .  

FIGURE B. 1 FI LTER SCHEMATIC 



The n a t u r a l  frequency of t h a t  c i r c u i t  i s  given by: 

And the  damping constant  i s  given by: 

The damping of the  f i l t e r  should be s e l e c t e d  i n  s u c h  way t h a t  the  

gain a t  t h e  sampling frequency i s  one and t h e  a t t enua t ion  a t  4  kHz i s  

a s  l a r g e  a s  poss ib le .  Figure 5 . 2  presented the  Bode p l o t  f o r  the  

f i l t e r  response with f o  = 500 Hz and d  = a.45. I n  t h a t  f i g u r e  it can 

be seen t h a t  a t  500 Hz the  gain i s  c lose  t o  O DB and t h e  a t t enua t ion  

a t  4  kHz is D B .  

Using the  equations f o r  t h e  damping and taking R I  = R 2  = 33  KO 

C2 can be ca lcula ted:  C2= 4 . 3 4  ni?. 

Using the  equation of oo and t h e  values previous ly  defined,  t h e  

value of Cl can be ca lcula ted:  Cl = 2 1 . 4 4  ni?. 

The commercial values used a r e  C 2  = 4.7  nF and C l =  20 nF. 

Figure B.2 shows t h e  cuxrent  waveform before  and a f t e r  t h e  

f  i l t e r .  

I n  a DC/DC converter ,  t h e  average DC output  vol tage  i s  con t ro l l ed  

by t h e  switch on and switch o f f  i n t e r v a l  dura t ions .  T h e  method used 

f o r  c o n t r o l l i n g  the  output  vol tage  i s  switching a t  cons tant  frequency, 

and a d j u s t i n g  t h e  dura t ion  of t h e  on s t a t e  t o  c o n t r o l  t h e  average 

output  vol tage .  Figure B.3 shows t h e  basic pulse  width modulation 

opera t ion  f o r  t w a  d i f f e r e n t  output  vol tages .  There can be seen t h a t  a  

c o n t r o l  s i g n a l  propor t ional  t o  t h e  des i red  average output  should be 



TIME BASE = 4 msec/div VOLTAGE BASE = 1.2 V / d i v  



used as  an inpu t .  

FIGURE B.3 PULSE WIDTH MODIJLATION 

The c o n t r o l  board,  used i n  t h e  DLC t e s t s ,  gives t h e  p o s s i b i l i t y  

of doing a  PWM c o n t r o l  g iv ing  a s  i n p u t  on ly  the  c o n t r o l  s i g n a l .  A s  a  

c u r r e n t  c o n t r o l  i s  t h e  goal ,  t h e  c u r r e n t  f lowing through t h e  c i r c u i t  

is  measured and compared with a  r e fe rence .  Using a  p ropor t iona l  

i n t e g r a l  c o n t r o l ,  t h e  c o n t r o l  s i g n a l  i s  generated and used t o  produce 

t h e  PWM s i g n a l s .  

I n  a p r o p o r t i o n a l - i n t e g r a l  c o n t r o l l e r ,  t h e  c o n t r o l  s i g n a l  i s  

generated a s  t h e  a d d i t i o n  of two d i f f e r e n t  terms; t h e  f i r s t  one i s  

c a l l e d  t h e  ga in ,  and it i s  p ropor t iona l  t o  t h e  e r r o r  s i g n a l .  The 

second one i s  t h e  t ime r e l a t e d  term which i s  p ropor t iona l  t o  t h e  

i n t e g r a l  of t h e  e r r o r  over  a  f i x e d  t ime. Therefore,  t h e  equat ion  of 

a P I  c o n t r o l l e r  i s  given by: 



where  TI i s  t h e  t i m e  c o n s t a n t  o f  t h e  s y s t e m  a n d  Kp i s  a c o n s t a n t .  

The l a s t  e q u a t i o n  may b e  p r e s e n t e d  as  a  t r a n s f e r  f u n c t i o n :  

1 =kp(l+- 
e T r S  '1 (B.4) 

A s  t h e  c o n t r o l  i s  imp lemen ted  u s i n g  a d i g i t a l  s y s t e m ,  t h e  

t r a n s f e r  f u n c t i o n  s h o u l d  b e  a d j  u s t e d  u s i n g  a d i g i t a l  t r a n s f o r m a t i o n .  

Here, t h e  b i l i n e a r  t r a n s f o r m a t i o n  i s  u s e d :  

whe re  T s  r e p r e s e n t s  t h e  s a m p l i n g  f r e q u e n c y o f t h e  d i g i t a l s y s t e m .  

S u b s t i t u t i n g  e q u a t i o n  8.5 i n  8 . 4  t h e  f o l l o w i n g  r e l a t i o n  r e s u l t s :  

T r a n s f o r m i n g  from t h e  2 dornain t o  t h e  t i m e  domain t h e  e q u a t i o n  

8.6 r e s u l t s  i n :  

The l a s t  e q u a t i o n  c o u l d  b e  w r i t t e n  i n  t h e  f o l l o w i n g  form: 

I n  t h e  l a s t  e q u a t i o n  K1 a n d  K2 a r e  g i v e n  by :  

Ts 
( 1 - 1  

K2= 2Tr ( B .  9 )  
(l+- Ts 1 

2 Tr 

Ts Kl=kp(l+-) ( B .  10) 
2 Tr 

I n  t h e  h a r d w a r e  s e t u p  m e n t i o n e d  earl ier  T r  = 15 rnsec. I n  

a d d i t i o n ,  t h e  s a rnp l ing  p e r i o d  u s e d  i n  t h e  s e t u p  i s  2 msec.  



S u b s t i t u t i n g  t h e  v a l u e s  of T s  and  T r  i n  e q u a t i o n  B , 9 ,  K 2  r e s u l t s  i n :  

K2 = 0,875 = EOO, ( 4 . 1 2  s y s t e m )  

The  v a l u e  o f  K1 i s  c h o s e n  e x p e r i m e n t a l l y  t o  g e t  a  rnonoton ic  

c u r r e n t  change .  The  b e s t  p e r f o r m a n c e  was o b s e r v e d  w i t h :  

K1 = 0 . 6 4  = A3D 

B. 3 DATA ACQUISITION SOFTWARE 

The d a t a  a c q u i s i t i o n  p r e s e n t e d  i n  c h a p t e r  f ive  i s  a n  a u t o m a t e d  

sys te rn  o f  v o l t a g e  measu remen t  needed  t o  g e t  r e p e a t a b l e  and a c c u r a t e  

r e s u l t s .  The two c o n s t i t u e n t  p a r t s  o f  t h e  s y s t e m  a r e  d i s c u s s e d  i n  

d e t a i l  i n  t h e  f o l l o w i n g  p a g e s :  

B . 3 . 1  PC Data Co l l ec t ion  Prooram 

The PC d a t a  c o l l e c t i o n  p rog ram h a s  t h r e e  b a s i c  f u n c t i o n s :  

- Send,  u s i n g  t h e  s e r i a l  p o r t ,  a  mark  t o  s t a r t  t h e  

i n t e r c h a n g e  of d a t a .  

- C o l l e c t  t h e  d a t a  s e n t  b y  t h e  c o n t r o l l e r  b o a r d  a n d  s a v e  it  

i n  a s t r u c t u r e d  way. 

- Send, u s i n g  t h e  ser ia l  p o r t ,  a mark t o  s t o p  t h e  i n t e r c h a n g e  

o f  d a t a .  

I n  o r d e r  t o  f u l f i l  t h o s e  r e q u i r e m e n t s ,  a  p r o g r a m  i n  PASCAL was 

d e v e l o p e d .  The p r o g r a m  b e g i n s  b y  o p e n i n g  t h e  f i l e  i n  w h i c h  t h e  d a t a  i s  

g o i n g  t o  b e  s a v e d ;  s e c o n d ,  it i n i t i a l i z e s  t h e  s e r i a l  p o r t  o f  t h e  PC 

a n d  e n a b l e s  it t o  i n t e r f a c e  w i t h  t h e  c o n t r o l l e r  b o a r d  (GPC); t h i r d ,  

t h e  p rog ram s tar ts  t h e  d a t a  c o l l e c t i o n  b y  s e n d i n g  t h e  A S C I I  c o d e  f o r  

t h e  l e t te r  ' d '  w h i c h  s h o u l d  b e  u n d e r s t o o d  f o r  t h e  GPC; t h e n ,  t h e  

PASCAL s o f t w a r e  s ta r t s  t o  c o l l e c t  t h e  ASCII c o d e s  r e c e i v e d  f r o m  t h e  

GPC, c h e c k s  t h e  r e c e i v e d  v a l u e  f o r  e r r o r s  a n d  i f  it i s  correct, saves 
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t h e  d a t a  i n  t h e  o u t p u t  f i l e .  F i n a l l y ,  t h e  p rog ram s e n d s  t h e  A S C I I  c o d e  

f o r  t h e  l e t t e r  l n '  t o  s t o p  t h e  d a t a  t r a n s m i s s i o n .  

F i g u r e  8.4 is a f l o w  c h a r t  f o r  t h e  PC d a t a  c o l l e c t i o n  program.  

B. 3.2 Data Transmission Routine 

The GPC s h o u l d  be a b l e  t o  p e r f o r m  t h e  f o l l o w i n g  a c t i o n s :  

- Detect a n d  u n d e r s t a n d  t h e  A S C I I  c o d e  f o r  t h e  l e t t e r  'dl a s  

t h e  s i g n a l  t o  s t a r t  t h e  d a t a  t r a n s m i s s i o n .  

- Detect a n d  u n d e r s t a n d  t h e  A S C I I  c o d e  f o r  t h e  l e t te r  ' n '  a s  

t h e  s i g n a l  t o  s t o p  t h e  d a t a  c o l l e c t i o n .  

- C o n v e r t  t h e  p e r  u n i t  v a l u e s ,  used f o r  t h e  i n t e r n a 1  

p r o c e s s i n g  o f  t h e  GPC, t o  t h e  e q u i v a l e n t  r e a l  v a l u e s  o f  t h e  r e a d i n g .  

- Send  t h e  A S C I I  v a l u e ,  wh ich  c o r r e s p o n d s  t o  t h e  r e a d  v a l u e ,  

t o  the PC e v e r y  t i m e  t h a t  t h e  s y n c h r o n i z i n g  p r o c e s s  i n d i c a t e s  it .  

- S y n c h r o n i z e  t h e  t r a n s m i s s i o n  d a t a  t o  s e n d  d a t a  w i t h  a f i x e d  

f r e q u e n c y .  

The  f irst  two p o i n t s  were done  t h r o u g h  t h e  m o d i f i c a t i o n  o f  t h e  

g e n e r a l  k e y b o a r d  i n t e r f a c e  r o u t i n e .  The o r i g i n a l  r o u t i n e  key-io.c set 

t h e  f l a g  k e y f l g  t o  t h e  hex  v a l u e  AA e a c h  t i m e  t h a t  a v a l i d  i n p u t  is 

i n t r o d u c e d  t h r o u g h  t h e  keyboa rd .  The keyboa rd  s e q u e n c e  s h o u l d  f o l l o w  

a s p e c i f i c  s e q u e n c e  a n d  s h o u l d  b e  c o n f i r m e d  by t h e  l e t t e r  'Y' i n  o r d e r  

t o  b e  v a l i d .  

In t h e  new v e r s i o n ,  wh ich  i s  named keyl - io .  c, when t h e  i n p u t  

received t h r o u g h  the ser ia l  p o r t  i s  t h e  l e t t e r  'd', t h e  r o u t i n e  d o e s  

n o t  wait f o r  c o n f i r m a t i o n ,  i n s t e a d ,  t h e  v a r i a b l e  k b f l g  i s  i r nmed ia t a ly  

set t o  a d i f f e r e n t  v a l u e  t o  i n d i c a t e  t h e  s t a r t  of t r a n s m i s s i o n .  

I n  s i m i l a r  way, when t h e  le t te r  r e c e i v e d  i s  a n  ' n  ' , t h e  v a r i a b l e  

k b f l g  i s  r e t u r n e d  t o  t h e  v a l u e  HEX 55 t h a t  means d o  n o t h i n g .  
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The o t h e r  funct ions were done through a rout ine which i s  included 

i n  the  main program. The flow c h a r t  of t h i s  subroutine i s  included i n  

f i g u r e  B.  5.  

B. 4 SERIES CONNECTION HARDWARE AND SOFTWARE: 

MODIFICATIONS 

In the  s e r i e s  connection t e n  double-layes capaci tors  a r e  charged 

simultaneously; therefore ,  sensing t h e  vol tage i n  a l 1  t h e  capac i to r s  

i s  necessary t o  avoid over vol tage  i n  any of them. The vol tages  can 

be rneasured using independent sensors  and each output  can be taken 

h t o  a d i f f e r e n t  input  of t h e  c o n t r o l l e r  board. However, t h e  lirnit i n  

the  number of analog inputs  of t h e  c o n t r o l l e r  board and t h e  inadequate 

use of t e n  vol tage sensors  makes it necessary t o  develop a more 

e labora ted  system f o r  voltage sensing.  

An analog vol tage  rnultiplexer was designed and implernented t o  

sense consecutively the  vol tage  ac ross  each capaci tor  and mul t ip lex  

those vol tages  i n  a s i n g l e  analog output .  The mult iplexer  i s  based on 

high r e s i s t a n c e  values f o r  i s o l a t i o n ,  d i f f e r e n t i a l  ampl i f i e r s  and 

analog switches. 

The  rnultiplexer should f u l f i l l  sorne requirements: 

- Recognition of t h e  s i g n a l s  coming from the  p a r a l l e l  p o r t  of  

the  c o n t r o l  board a s  c o n t r o l l i n g  s i g n a l s .  

- Good r e j e c t i o n  of t h e  noise  introduced b y  t h e  switching 

p â t t ~ r n  occurr ing a t  t h e  DC/DC converter .  

- High accuracy i n  t h e  measurement. 

The system is composed of a high irnpedance a t t e n u a t o r  t o  reduce 

the  vo l t age  t o  t h e  l e v e l s  used i n  t h e  e lec t ron ics ,  t e n  d i f f e r e n t i a l  
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a m p l i f i e r s ,  one f o r  each c a p a c i t o r ,  and a group of t e n  analog switches 

w i t h  an output  open collecter t o  ob ta in  t h e  mul t ip l exe r  e f f e c t  when 

they  a r e  connected d i r e c t l y .  

The f i g u r e  8.6 shows t h e  rnul t iplexer  system. 

The a t t e n u a t o r  and t h e  fol lowing d i f f e r e n t i a l  a m p l i f i e r  should 

be p e r f e c t l y  c a l i b r a t e d  t o  g e t  good accuracy i n  t h e  s enso r .  Therefore,  

it  i s  necessary  t o  use high p r e c i s i o n  r e s i s t o r s  and t o  c a l i b r a t e  

c a r e f u l l y  t h e  system. 

I n  a d d i t i o n ,  high r e s i s t a n c e  va lues  a t  t h e  a t t e n u a t o r  a r e  

necessary t o  g e t  high i n p u t  impedance. 

The presence of a  new vo l t age  sensing system rnakes i t  necessary 

t o  make some mod i f i ca t ions  i n  t h e  c o n t r o l  program. The f i l e  Si2RCAPA.C 

was developed to perform t h e  t e s t  of t h e  s e r i e s  c a p a c i t o r s .  This  

program i s  based i n  t h e  i n i t i a l  CAP1.C used f o r  t h e  gene ra l  DLC test  

bu t  some modi f ica t ion  should be mentioned: 

- The p a r a l l e l  p o r t ,  which was n o t  used i n  C A P L C ,  i s  now 

used. Ten l i n e s  of t h e  p a r a l l e l  p o r t  a r e  a c t i v a t e d  i n  sequence each 

one during 2 msec, and t h o s e  l i n e s  a c t i v a t e  t h e  analog switches of t h e  

mul t ip l exe r .  

- The charge and d ischarge  a c t i o n s  axe s t a r t e d  and stopped 

when any of t h e  t e n  c a p a c i t o r s  reach t h e  l i m i t  vo l t age .  I n  o t h e r  

words, a  new p a i r  of v a r i a b l e s  r ep resen t ing  t h e  h ighes t  and lowest 

vo l t age  a r e  implemented. 

- The subrou t ine  used t o  send t h e  d a t a  i n  response t o  t h e  

d a t a  a c q u i s i t i o n  program sends t h e  t e n  DLC v o l t a g e s  each per iod .  

- The program w i l l  not  i nc lude  t h e  normalizat ion and 

automatic  parameter c a l c u l a t i o n  rou t ines .  

Appendix C i nc lude  t h e  l i s t  of t h e  s e r i a l  c a p a c i t o r  test.  



APPENDIX C 

LIST OF PROGRAMS 

C. 1 GENERAL W A C I T O R  TEST PROGRAM 

cap1 .c  * /  
1/2 /96  R.Boner t  */  
1/8 /96  L , Z u b i e t a  * /  
program 
u l t r a  c a p a c i t o r  t e s t i n g  
u s e s  44 chopper  (4qch.  c) , fsw 4 kHz, Tsa 2 msec 
w i t h  VSI module : s w i t c h e s  S1,S4 and S5,S2 used 

s w i t c h  names TPU channe l s  
10 20 -> s l  s 5  -> ch2 ch6 
11 2 1  94 s 2  ch3 ch7 
ch  O s w i t c h  p e r i o d  
ch  1 i n t e r r u p t  p e r i o d  
ch  2 , 3  h 6,7 g a t i n g  channe l s  
c h  8-D DI0 o u t  

d a t a  1/0 : 
i n  : i f d b  c u r r e n t  feedback ch7 

vcap t o t a l  c a p a c i t o r  v o l t a g e  ch6 
vcap*lO ( f o r  model accuracy)  ch5 

o u t  : i r e f  ch9 
pwcon ch8 
i f d b  ch7  
vcap c h 6  

program o p e r a t i o n  : 
t h e r e  a r e  f i v e  b a s i c  modes s e l e c t e d  by keyb Mxxx 
1 c a p a c i t o r  t e s  t i n g  ( d e f a u l t )  
2 1  chopper t e s t  pw c o n t r o l ,  man & s i n e  
22 chopper test  c u r r e n t  l o o p  (20ms), man & s i n e  
3 c a p a c i t o r  d i s c h a r g e  o r  n o r m a l i z a t i o n  
4 c a p a c i t o r  c h a r g e  n o r m a l i z a t i o n  u n t i l  r e a c h  d e s i r e d  v o l t a g e  
5 model p a r a m e t e r s  c a l c u l a t i o n  

keyb c o n t r o l s  : 
Mxx mode s e l e c t i o n  1 ,21,22,3 ,4  o r  S.  
G g a t i n g  o n / o f f  G 1 1  = on, Gx = o f f  
R r u n  i n v e r t e r  ( s w i t c h  s i g n a l  DI0 c h  8  = 1) 
S s t o p  D I 0  ch8 = O and g a t i n g  o f f  

i n  chopper t e s t  mode 
P pw c o n t r o l  i n  ?i +IO0 t o  -100, keyb i n p u t  
a, f a u t o m a t i c  c o n t r o l  o f  pw, s i n e  f = 0.1 . .  100Hz 

a  0 . .  1004, pw = p + s i n e  
i n  t e s t  mode 22 c u r r e n t  c o n t r o l  
p , a , f  p r o v i d e  t h e  p e r  u n i t  c u r r e n t  r e f e r e n c e  

pa ramete r  i n p u t  f o r  c h a r g e  c o n t r o l  : 
v ?x v-1.y y seleçts paramete r  t o  be set 

?O vxxx-xx i b a s e  i n  A 



vxxx.xx icharge  i n  A 
vxxx.xx i d i s cha rge  i n  A 
vxxx.xx vbase i n  V 
vxxx. xx vmax i n  V 
vxxx.xx vmin i n  V (nega t i ve )  
vxxx.xx capac i t o r  vo l t age  d e s i r e d  i n  mode 4 
vxxx.xx number of cyc l e s  
vxxx.xx pause i n  s e c  
vxxx.xx charge tirne i n  sec 

i n  c a p a c i t o r  test mode 
gXX O i r e f  = O ,  ga t ing  o f f  

10 charge t o  vmax 
20 d i scha rge  t o  vmin 
30 timed charge, max vmax 
40 timed discharge,  min m i n  
50 cyc led  charging vmax,vmin 
60 charge t o  vmax a f t e r  pause de l ay  

i n  mode 3 and 4 ( d i s ) c h a r g e  cyc l e  and c u r r e n t s  p re f ixed ,  run 1 o r  2  hours 
i n  mode 5 use  a  norrnalized capac i t o r ,  values  a r e  p re f ixed  

+/ 
/* hardware memory map * /  
/*  t a b l e  s i n e  func t ion  0-360 */  

/ *  ======================= GLOBAL VARIABLES ======================= 
/ *  ---- * /  

v a r i a b l e s  f o r  da t a  t r a n s f e r  and i n t e r r u p t  r ou t i ne s  ---- * /  
unsigned s h o r t  ka, loopf lg ;  
unsigned s h o r t  i l p c n t ;  
s igned i n t  i nO , in l , i n2 , i n3 , i n4 ,  in5 , in6 ,  in7 ,  

out3,out4,out5,out6,out7,out8,out9; 
unsigned inr swlocnt,  swl lcn t ;  

/*  ---------------- va r i ab l e s  f o r  t a b l e  look up --------------- * /  
unsigned i n t  tabpos; 
s igned  s h o r t  t ab re s ;  

/*  i n t e r r u p t  TPU ch I f o r  t r a n s f e r  of  pwm d a t a  f o r  nex t  
i n t e r v a l  t iming of sarnpling and 1/0 through QSPI analog 
i n p u t  l a s t  cycle ,  analog o u t p u t  and te legrams i n  nex t  cyc l e .  
ana log  I / O  d a t a  format: 
f o r  fxp 1 .0  p.u.  -> s igned  s h o r t  v a r  = *pRXDF >> 3; 
w r i t e  fxp t o  ch# *pTXD# = ( s igned  s h o r t  v a r  fxp)  >> 1; 

i f  program QSMs870 is used, then  : 
analog i n  : ch 7, .  -6,. . 5 , .  .4 , .  . 3 , .  - 2 , .  .1,. . O  

*pRXD Fr . .Cr . -9 ,  . - 6, . . 4 ,  . A.. 1, . . O  
analog o u t  : ch 7. .6 . .5 . ,4 . .3 , .9 . .8  

*pTXD E..D..B..A..7.,5..8 
* /  

i l p c n t  = i l p c n t  + 1; 
swi t ch  ( i l p c n t )  
( 



case  4 : 
tepsa4 ( )  ; 
*pSPCRl = Ox901A; 
break; 

/ *  s t a r t  QSM s i n g l e  sho t  */  

case  6 : / *  s t a r t  QSM aga in  t o  provide d a t a  * /  
*pSPCRl = Ox901A; / *  sampled i n  t he  l a s t  0 .5  m e c  * /  
break;  

c a s e  8 : / *  Tloop 2 m e c  * /  
/ *  ---------------------- pwm d a t a  t r a n s f e r  ------------------- * / 

*pCH2p46 = swlocnt;  / *  swi tch  d a t a  next  pe r  * /  
*pCH3p46 = swl l cn t ;  / *  coheren t  w r i t e  * /  
+pCH6p46 = swl l cn t ;  
*pCH7p46 = swlocnt;  

/ *  ------------------------- analog i npu t s  -------------------- 
i n7  = *pRXDF >> 3; 

* / 
/*  ch7 i f d b  */  

i n 6  = *pRXDC >> 3; / *  ch6 vcap t o t a l  +/ 
i n 5  = *pRXD9 >> 3; / *  ch5 10*vcap * /  

/ *  ------------------------- analog output-s ------------------- * /  
*pTXD5 = out9 >> 1; / *  i r e f  o u t  t o  ch 9 * /  
*pTXD8 = out8 >> 1; / *  pwcon ou t  t o  ch 8 * /  
*pTXDE = out7 >> 1; / *  i f d b  o u t  t o  ch 7 */  
*pTXDD = out6 >> 1; /*  vcap o u t  t o  ch 6 +/ 
*pTXDB = out5 >> 1; /*  ichpu ch 5 * /  

/*  ..................... s e t  s t a r t  f l a g  a lgo r i t hm loop -------- * /  
l o o p f l g  = O x l l l l ;  
i l p c n t  = 0; 
break; 

1 /*  end swi tch  i l p c n t  */  
ka = *pCISR; *pCISR = QxFFFD; / *  c l e a r  int ch1 * /  
tepsa4 ( )  ; 

1 /*  end dio-samp * /  

/*  -------------------- f o r  keyboard i n p u t  -------------------- */  
s t a t i c  unsigned c h a r  l e t t e r ;  
s t a t i c  unsigned cha r  kb f lg  = 0x55; 
s t a t i c  s igned  i n t  va l ,  v a l f ;  
s t a t i c  unsigned s h o r t  k b s t a t ;  
s t a t i c  unsigned s h o r t  parou t ;  

/ f  -------------------------- for  loop ---a-------------------- */ 
s t a t i c  unsigned i n t  d o ,  f s a l 0 ;  
s t a t i c  unsigned s h o r t  TEflg; 

/ *  -------------------- v a r i a b l e s  spec.  program ----------------• / 
s t a t i c  unsigned int swpercnt,  swotcnt, fsmax, pwlcn t ,ph i l ,  ph i i nc r ,  

modesel, f s e l , n e x t f s e l , g s t c n t ,  cnt31, cnt55,cnt56; 
static s igned  i n t  pwcon, vavl ,  vav2, vav3, ams, amax, x1,aux; 

/*  .................... for cur-ent control --a---------------- */  
s t a t i c  unsigned i n t  kscu, ksc; 
s t a t i c  s igned i n t  if&, SLUcu, SLLcu, uncu, uOcu,encu,eOcu, klcu,  k2cur 

LPcu, LNcu; 



/ *  -------------------- f o r  p a r a m e t e r s  i n p u t  ------------------ */  
s t a t i c  uns igned i n t  param, nbcyc, pause ,  paucnt ,  chrgt ime,  c h t c n t ,  c n t p ;  
s t a t i c  s i g n e d  i n t  i r e f ,  i b a s e ,  i c h r g ,  i d i s c h r g ,  vbase,  vmax, MUn, i chpu ,  

i d i s p u ,  vmaxpu, vminpu, vdes,  vdespu; 

/ *  --------------------- for no ,mal i za t ion  -------------------- */ 
s t a t i c  uns igned i n t  c i c l o , c i c l o l ;  
s t a t i c  s i g n e d  i n t  f a c t o r , v l i m ,  vcap,vcapo; 

/ *  ---------------- f o r  s e r i a l  d a t a  a d q u i s i c i o n  --------------- */  
s t a t i c  uns igned i n t  cont,tirnmer,sent,datcol; 
s t a t i c  s i g n e d  i n t  serl,  s e r 2 ,  s e r 3 ,  s e r 4 f i e r 5 ,  vcaps;  

/ +  -------------------- f o r  mode1 c a l c u l a t i o n  ----------------- * /  
s t a t i c  uns igned i n t  cntmod, model, scrmod, elem; 
s t a t i c  s i g n e d  i n t  modo ,  vmodl,vmod2, r l ,  r2 ,  r3 ,  C O ,  c l ,  c2, c3, cv, cv2, 

r b l ,  rb2,  rb3 ,  r b 4 ,  rb5 ,  rb6 ,  rb7,  f a c l ,  env; 
s t a t i c  uns igned c h a r  c h l ,  ch2;  

/ *  ------------------ SET UP - START INFRASTRUCTURE ----------- * /  
*pPfpar  = OxOOFO; / *  s e t  p i n  3-0 up a s  p o r t  F * /  
*pDdrf = Ox000F; /*  p i n  3-0 o u t  */  

/ *  IRQ 7-4 s t i l l  o p e r a t i v e  * /  

/ *  ------------- s e t u p  p a r a l l e l  p o r t  M68230 on GPC-board ------ * /  
pp-setup ( 1 ; /*  PA out,PB in,PC o u t  f o x  PLD * /  

/ *  ---- program o f  PLD U14 c o n t r o l s  o f  ch2. .D s e e  chopper ----- * /  
* p P o r t f  = 0x01; / *  g a t i n g  o f f ,  OxOD -> g a t i n g  on * /  
*pPCDR = 0x99; 

/ *  ------------------- i n i t i a l i z e  and s t a r t  QSM --------------- */  
qsms870 ( )  ; / *  Ts=180+byte*9.5, byte>=9 * /  

/ *  ------ i n i t  D/A o u t p u t  d a t a , r u n  one c y c l e  t o  set f l a g  ------ */  
*pTXDE = 0; *pTXDD = 0; *pTXDB = 0; 
*pTXD8 = 0; *pTXD7 = 0; *pTXDS = 0; 
*pTXDA = 0; 
*pSPCRl = Ox901À; 

/+  ---------- s t a r t  QSM, Ts = 427usec  < Tsa = 500 u s e c  -------- */  
f s a l 0  = 50; / *  a l g o r i t h m  frequency/ lO * /  
TEf lg  = *pSPSR; /*  tes t  end o f  QSM c y c l e  */  
w h i l e  ( ( T E f l g  & 0x80) == O ) 

( TEf lg  = *pSPSR;) 

/ *  --------------- PWM & CONTROL INITIALIZATION --------------- */  
swpercn t  = 1048; /*  4194 = 1 kHz = fsw 

2097 = 2 kHz, 1048 = 4 kHz 
1398 = 3 kHz, 466 = 9 kHz */  

fsmax = 100; /* i n  Hz fmax < f s w / l 5  */  
amax = OxOEAO; /* <- e s t i m a t e  f o r  4 kHz 

3 kHz 0xOF09 
9 kHz OxODEB 
1 kHz OxOFAD */ 

p h i 1  = 0; /*  p h i  p e r  u n i t  = OxFFFF due t o  
t a b l e  s t r u c t u r e  */ 

x l  = (Ox00041852*2) >> 16; /* x l  = 0.2% pu */ 

p h i i n c r  = ( ( {swpercnt*4*xl)  >> 1 2 )  * fsmax) >> 8; 
/* s t a r t  f r equency  0.2 3 o f  fmax 



p h i i n c r  = p h i i n c r  * 8; 
i n c r  = OxFFFF * Tsw * f s i n e  * /  

/ *  Tsa/Tsw = 8 * /  

x l  = (OxO028F333*1) >> 16; / *  x l  = 1% pu * /  
ams = (amax x l )  >> 12; / *  s t a r t  ampl i tude  1% o f  amax * /  
swotcnt  = 26; / *  7 u s e c  s w i t c h  o v e r  tirne * /  

/ *  -------------- i n i t i a l  chopper  PWM c a l c u l a t i o n  ------------- * /  
vav l  = arns; vav2 = ams; vav3 = ams; 

pwlcnt  = ( s w p e r c n t  + ( OxOFFF + v a v l )  ) >>13; 
/ *  ( swpercn t  * ( l + v a v 1 ) / 2 )  >> 12 * /  

swlocn t  = ( ( p w l c n t  - s w o t c n t )  <C 1 6 )  
+ ( (swpercnt-pwlcnt+swotcnt) >> 1) ; 

s w l l c n t  = ( ( p w l c n t  + s w o t c n t )  << 16) 
+ ( (swpercnt-pwlcnt-swotcnt) >> 1) ; 

/ *  --------------------- TPU SET UP M D  INIT ------------------ 
*pTMCR = OxOOCl; 

* /  
/ *  0.24 usec ;  i n t  I D  $1, p r e s c  = 1 

-> 16.777216 MHz/4 */  
*pTICR = 0x0640; / *  i n t  6, i n t v  $ 4 ~  -> $100 o f f s e t  * /  

/ *  CAUTION 332Bug t r a p  a t  $108 ! * /  

/ *  d e s c r i p t i o n  o f  c h a n n e l  f m c t i o n s  : 
ch O SPWM mode 2 l i n k s  
ch  1 SPWM mode O or 1 s y n c  t o  ch  O 
ch 2 , 3  & 6,7 SPWM mode 1 
ch 4 , s  D I 0  se t  t o  z e r o  ! 
ch 8..D DI0 

"/ 

/ *  ---------- ch0 SPWM mode 2 , s w i t c h  i n t e r v a l  t i m i n g  -------- */  
*pCHOprO = 0x0092; /*  f low, TCRl * /  
*pCHOp46 = ( ( s w p e r c n t  >> 1) << 1 6 )  + swpercnt ;  

/* h igh t ime  = swpercn t /2  * /  
*pCHOpt8 = Ox660E; /*  L s t  L c n t ,  dummy a d r  */  
*pCHOprA = 0; / *  delay, o n l y  on s t a r t  * /  

/ +  - ----- ---- ch1  SPWM mode 1 , QSM a l g o r i t h m  t i m i n g  ---------- * /  
*pCHlprO = 0x0092; /*  f low, TCRI */  

/ *  Tch4 = Tch5 */ 
*pCHlp46 = ( 0x00640000 + (swpercnt-200) ) ; 

/ *  h igh t ime  25 usec ,  d e l  -50 u s e c  
check whe the r  i n t  f i n i s h e s  b e f o r e  
ch0 r i s i n g  edge */ 

*pCHlpr8 = 0x0200; /* a d r  1, adr 2 ch O */  

/*  ---------- ch2 = s w i t c h  10, SPWM mode 1 l i n k e d  ------------- */  
*pCHSprO = 0x0092; /*  f low, TCRl * /  
*pCH2p46 = s w l o c n t ;  /* c o h e r e n t  w r i t e  , pw, d e l  */  
*pCH2pr8 = 0x0200; /*  a d r l ,  a d r 2  o f  c h  O */ 

/*  ---------- ch3 = s w i t c h  11, SPWM mode 1 l i n k e d  ------------- * /  
*pCH3prO = 0x0092; /* f  low, TCRl +/ 
*pCH3p46 = s w l l c n t ;  /* c o h e r e n t  w r i t e ,  pw, d e l  */  
*pCH3pr8 = 0x0200; /*  a d r l ,  a d r 2  o f  c h  O */ 

/ * ------ ---- ch6 = s w i t c h  30, SPWM mode 1 l i n k e d  ------------- */ 
*pCH6prO = 0x0092; /*  f low, T C R l  */ 
*pCH6p46 = swl f  c n t ;  /* c o h e r e n t  w r i t e  , pw, d e l  */ 



*pCH6pr8 = 0x0200; / *  a d r l ,  a d r 2  of ch O * /  

/*  ---------- ch7 = s w i t c h  31, SPWM mode 1 l i n k e d  ------------- */  
*pCH7prO = 0x0092; / *  f low, TCRl */  
*pCH7p46 = swlocn t ;  /*  c o h e r e n t  write, pw, d e l  * /  
*pCH7pr8 = 0x0200; /*  a d r l ,  a d r 2  o f  ch  O * /  

/ *  ----------- ch 4 ,5  9..D D I O ,  no pa ramete r  r e g .  ----------- * /  

/ *  -------- channe l  f u n c t i o n  r e g i s t e r s  group ch  F. .8 ---------- * /  
*pCFSRO = 0x0088; / *  ch  DrC D I 0  * /  
*pCFSRl = 0x8888; / *  ch  B,.8 D I 0  */  
*pCPRO = 0x0555; / *  ch  D..8 low p r i  * /  
*pHSQRO = OxOAAA; / *  ch  D. . 8  upd on HSR * /  

/ +  -------- channe l  f u n c t i o n  r e g i s t e r s  group ch  7 . . 0  ---------- * /  
*pCFSR2 = 0x7788; / *  ch  7 , 6  SPWM 5 , 4  D I 0  * /  
*pCFSR3 = 0x7777; / *  ch 3 . .0  SPWM * /  
*pCPRl = OxFSFF; / *  ch  7 , 6  3 . . 0  h i  p r i o  * /  
*pHSQRl = OxSA56; / *  ch7,6  3..1 m 1,chO m2 * /  

/ *  ------------------- init d i s c r e t  o u t p u t s  ------------------- */  
*pHSRRO = 0x0002; / *  S t o p  i n v e r t e r ,  ch8 D I 0  low, 

g a t i n g  must b e  set o f f  * /  

/ *  set ch5,4 low no g a t i n g ,  
c a u t i o n  ch5 i n v  * /  

*pHSRRO = OxOFFF; /*  i n i t , s t a r t  ch D,.8 * /  

/ *  ------------------- set up int -> ---------------------- * / 
k a  = *pCISR; 
*pCISR = OxFFFD; / *  c l e a r  i n t  b i t  c h 1  * /  
*pCIER = 0x0002; / *  e n a b l e  ch1  i n t  * /  
asm(It move, w #$2500, SR " )  ; /*  i n t  ch1  o f f s e t  0x41*4 = 0x104 * /  

/ *  ------------------ OTHER INITIALIZATIONS ------------------- * /  
l o o p f l g  = 0x8888; i l p c n t  = 0; /*  i n t e r r u p t  l o o p  * /  
modesel  = 1; /*  c a p a c i t o r  t e s t  mode*/ 

c n t p  = O; £ s e l  = O; c i c l o  = O ;  c i c l o l  = O ;  c o n t  = 0;  
cntmod = O; mode1 = O ;  scrmod = O ;  elem = 0; 

/*  a l 1  t h e  s w i t c h  v a r i a b l e s  */ 
param = 1; t i m r n e r  = 1; 
s e n t  = I; d a t c o l  = 1; / *  s y n c h r o n i z a t i o n  v a r i a b l e s  * /  

/* --------------- i n i t  P I  r e g u l a t o r  h i g h  res ----------------- */  
uOcu = O ;  uncu = O ;  eOcu = O ;  encu = 0; 
k l c u  = Ox049D; - /*  g a i n  i ~ * ~ r ,  T r  0.015, TS 2 msec */  
k2cu = OxOD90; 
kscu = 0; 
SLUcu = 0x02000000; SLLcu = OxFE000000; 
LPcu = amax << 12; /*  o l d  OxOF80000; 96% */ 
LNci: = (-arnax) << 12; /*  o l d  OxFF800000; -54% */ 

/+ i n i t  p a r a m e t e r s  non dangerous ,  i n  c a s e  i n p u t  f o r g o t t e n  ! */ 

/* ---- --- --- PROGRAM LOOP 
ml0 = 2; 

*/ 
/*  LOOP */ 

w h i l e  (mlo = 2)  



w h i l e  ( l o o p f l g  == 0x8888) ( ) /*  t e s t  f o r  end o f  i n t  * /  
l o o p f l g  = 0x8888; 
t e p l a 4  ( ) ; / *  loop l e n g t h  i n d i c a t o r  * /  

TEflq  = *pSPSR; / *  test end of  QSI  c y c l e  +/ 
i f  ( (TEflg  & 0x80) == O ) 
( l e t t e r  = 'El; ) / *  e x i t  t o  moni tor  */  
+pSPSR = Ox7F; 

param = 1; 
i f  (valCo)  

I 
c n t p  = - l * v a l f ;  / *  s t a r t  i n p u t  from param v a l f  * /  
p a r o u t  = Ox30+cntp; /*  ASCII code f o r  v a l f  * /  
k b s t a t  = +pSCSR; / *  tes t  p o r t  s t a t u s  * /  
i f  ( k b s t a t  & 0x0100) ( *pSCDR = p a r o u t ;  ) 

1 
else 

f 
s w i t c h  ( c n t p )  

c a s e  O : /*  i b a s e  i n p u t  * /  
*pSCDR = '1'; 
i b a s e  = val*lO+valf ;  
c n t p  = c n t p  + 1; 

b r e a k ;  

c a s e  1 : / *  i charge  i n p u t  * /  
*pSCDR = ' 2 ' ;  
i c h r g  = (va l* lO+va l f )  << 16; 
i c h p u  = ( i c h r g / i b a s e )  >> 4 ;  
c n t p  = c n t p  + 1; 

b r e a k ;  

c a s e  2 : / *  i d i s c h a r g e  i n p u t  * /  
*pSCDR = ' 3 ' ;  
i d i s c h r g  = ( v a l * l O + v a l f )  << 16; 
i d i s p u  = ( i d i s c h r g / i b a s e )  >> 4; 
c n t p  = c n t p  + 1; 

break ;  

c a s e  3 : /*  v b a s e  i n p u t  * /  
*pSCDR = ' 4 '  ; 
vbase  = va l f lO+va l f ;  
c n t p  = c n t p  + 1; 

break ;  

c a s e  4 : /+ v max i n p u t  */  
*pSCDR = '5'; 
vmax = (val*lO+valf )  << 16; 
vmaxpu = (vmax/vbase) >> 4;  
c n t p  = c n t p  + 1; 

break ;  

case 5 : /* v min ( n e g a t i v e )  i n p u t  */  
*pSCDR = ' 6' ; 
vmin = (val*lO+valf )  C< 16; 
vminpu = (-l*vmin/vbase) >> 4 ;  



Cntp = c n t p  + 1; 
b r e a k ;  

c a s e  6 : / *  v d e s i r e d  i n p u t  (mode 4 )  +/ 
*pSCDR = ' 7 ' ;  
vdes  = ( v a l f l O + v a l f )  << 16; 
vdespu = ( v d e s / v b a s e )  >> 4 ;  
c n t p  = c n t p  + 1; 

b r e a k ;  

c a s e  7 : / *  number o f  c y c l e s  i n p u t  * /  
*pSCDR = ' 8 ' ;  
nbcyc  = v a l ;  
c n t p  = c n t p  + 1; 

b r e a k ;  

c a s e  8 : / *  pause  tirne i n p u t  +/ 
*pSCDR = ' 9 ' ;  
p a u s e  = va l* lO+va l f ;  
p a u c n t  = pause*f sa lO;  
c n t p  = c n t p  + 1; 

b r e a k ;  

c a s e  9 : / *  t i m e  o f  ( d i s ) c h a r g e  i n p u t  */  
*pSCDR = ' O 1 ;  
chrgt i rne  = v a l * l O + v a l f ;  
c h t c n t  = chrg t ime*fsa lO;  
c n t p  = 0; 

b r e a k ;  
1 / *  end s w i t c h  c n t p  +/ 

1 / *  end else * /  
1 /*  end pa ramete r  i n p u t  * /  

/ *  -----------a----- MODE 1 CAPACITOR TEST OPTIONS ------------ * /  
i f  (modesel==l)  /*  do  i f  mode=l * /  
I 

s w i t c h  ( f s e l )  
I 

/ *  i n p u t  fsel g i v e s  k ind  of  test  */  

c a s e  O : / *  g a t i n g  de layed  o f f  +/ 
i r e f  = 0; 
£ s e l  = 800; 
n e x t f s e l  = 210; 
g s t c n t  = 30; 

break ;  

/*  -------------------- cha rge  to m a x  ------------------------ */  
c a s e  10 : / *  c h a r g e  w i t h  i c h a r g e  */  

* p P o r t f  = OxOD; 
i r e f  = i chpu ;  
fsel = 11; 

break ;  

c a s e  11 : 
i f  (vcap > vmaxpu) 

/* t e r m i n a t e  a t  v max */  

iref = 0; 
g s t c n t  = 30; 
f s e l  = 800; 
n e x t f s e l  = 210; 
1 

b r e a k ;  



/ *  -------------------- charge  t o  dn ------------------------ +/ 
c a s e  20 : / *  d i s c h a r g e  t o  i d i s c h a r g e  */  

*pPor t f  = QxOD; 
i r e f  = - i d i s p u ;  
fsel = 21; 

b reak ;  

c a s e  2 1  : 
i f  (vcap < vminpu) 

( 

/+ t e r m i n a t e  a t  v min * /  

i r e f  = O ;  
g s t c n t  = 30; 
f s e l  = 800; 
n e x t f s e l  = 210; 

b reak ;  
1 

/ *  ---------------- charge  d u r i n g  f i x e d  t h e  ------------------ * /  
c a s e  30 : / *  charge  w i t h  i c h a r g e  * /  

*pPor t f  = OxOD; 
i r e f  = i c h p u ;  
cn t31  = c h t c n t ;  
f s e l  = 31; 

b reak ;  

c a s e  3 1  : / *  t e r m i n a t e  a t  chgt ime o r  vmax * /  
c n t 3 1  = cnt31-1;  
i f  ( ( v c a p  > vmaxpu) 1 ( ( c n t 3 1 = = 0 ) )  

( 
i r e f  = 0; 
g s t c n t  = 30; 
f s e l  = 800; 
n e x t f s e l  = 210; 
1 

break ;  

/ *  ---------------- d i s c h a r g e  d u r i n g  fixed t i m e  --------------- * /  
c a s e  40 : /*  d i s c h a r g e  w i t h  i d i s c h a r g e  * /  

*pPor t f  = OxOD; 
i r e f  = - i d i s p u ;  
c n t 3 1  = c h t c n t ;  
f s e l  = 41; 

b reak ;  

c a s e  4 1  : / *  t e r m i n a t e  a t  chgtime o r  vmin * /  
c n t 3 1  = cnt31-1;  
i f  ( ( v c a p  < vminpu)l  1 ( cn t31==0) )  

{ 
i r e f  = 0; 
g s t c n t  = 30; 
f s e l  = 800; 
n e x t f s e l  = 210; 

break;  
1 

/*  ------------------ c y c l i n g  between vmax, vmin --------------- 
c a s e  50 : 

* /  
/*  p a u s e  b e f o r e  s tar t  */  

i r e f  = 0; 
cnt55 = p a u c n t ;  
cnt55 = 1; /*  o n l y  i f  want no pause  a t  s t a r t  */ 
f s e l  = 800; 
g s t c n t  = 30; 



n e x t f s e l  = 59; 
cn t56  = nbcyc; 

break;  

case 59 : / *  pause  d e l a y  * /  
cn t55  = cnt55-1; 
i f  ( c n t 5 5  = = O )  f s e l  = 58; } 

break ;  

c a s e  58 : 
*pPoxtf = OxOD; 
s e n t  = 7; 
i r e f  = ichpu;  
f s e l  = 51; 

b reak ;  

c a s e  51 : 
i f  (vcap > vmaxpu) 

( 
i r e f  = 0; 
g s t c n t  = 30; 
cnt55 = paucnt ;  
cnt55 = 1; 
f s e l  = 800; 
n e x t f s e l  = 52; 

b reak ;  
1 

c a s e  52 : 
c n t 5 5  = cnt55-1; 

/ *  charge  w i t h  i c h a r g e  * /  

/ *  t e r m i n a t e  a t  v  max * /  

/*  o n l y  i f  want no pause  * /  

/*  pause  d e l a y  * /  

if ( c n t 5 5  ==O) ( f s e l  = 53; ) . . 
break;  

c a s e  53 : 
*pPortf  = OxOD; 
iref = - i d i s p u ;  
f s e l  = 54; 

break;  

c a s e  54 : 
i f  (vcap < vminpu) 

{ 
iref = O ;  
g s t c n t  = 30; 
cn t55  = paucnt ;  
cnt55 = 1; 
f s e l  = 800; 
n e x t f s e l  = 55; 
1 

break;  

c a s e  55 : 
cnt5S = cnt55-1; 

/*  d i s c h a r g e  w i t h  i d i s c h a r g e  * /  

/ *  t e r m i n a t e  a t  v min * /  

/*  o n l y  i f  want no pause  */ 

/*  pause  d e l a y  */  

if ( c n t 5 5  =O) ( fsel = 56; } 
break ;  

c a s e  56 : /* c y c l e  r e p e t i t i o n  nbcyc t imes  */ 
c n t 5 6  = cnt56-1; 
i f  ( c n t 5 6  =O1 i £ s e l  = 210; 1 
else ( fsel = 59; c n t 5 5  = 1;) 

break; 



/ *  -------- c h a r g e  t o  vmax a f t e r  d e l a y  ( f o r  d a t a  a c q )  --------- 
c a s e  60 : 

* /  
/ *  d e l a y  o f  paucn t  b e f o r e  cha rge  */  

i r e f  = 0; 
c n t 5 5  = paucn t ;  
f s e l  = 800; 
g s t c n t  = 30; 
n e x t f s e l  = 61; 

b reak ;  

c a s e  6 1  : / *  pause  d e l a y  * /  
c n t 5 5  = cnt55-1;  
i f  ( c n t 5 5  = = O )  { f s e l  = 62;)  . - 

break ;  

c a s e  62 : 
* p P o r t f  = OxOD; 
s e n t  = 7; 
i r e f  = i c h p u ;  
f s e l  = 63; 

b r e a k ;  

c a s e  63 : 
i f  (vcap  > vmaxpu) 

I 
i r e f  = 0; 
g s t c n t  = 30; 
f s e l  = 800; 
n e x t f s e l  = 210; 

b reak ;  
1 

c a s e  800 : 
g s t c n t  = g s t c n t - 1 ;  
i f  (gs tcnt==O) 
I 
* p P o r t f  = 0x01; 
f s e l  = n e x t f s e l ;  
1 

break ;  

c a s e  210 : 
break ;  
1 

/ *  cha rge  w i t h  i c h a r g e  +/  

/*  t e r m i n a t e  a t  v max * /  

/ *  g a t i n g  d e l a y e d  o f f  * /  

/*  do n o t h i n g  */  

/ *  end s w i t c h  f s e l  */  
/ *  end mode=l */  

/ *  --a--------------- MODE 21 OR 22 CHOPPER TEST -------------- */  
i f  ( (modesel==21)  1 1  (modesel==22))  
t 

p h i l  = p h i 1  + p h i i n c r ;  /*  p h i  360 deg.  -> FFFF */  
t abpos  = p h i l ;  / *  r e a d  from t a b l e  */ 
asm( " move, 1 t a b p o s ,  DO '' ) ; 
asm( " TBLS. W s i n t a b ,  DO Ir ) ; 
asm( " m0ve.w f i 0 , t a b r e s  " ) ; 
vav2 = (ams * t a b r e s )  >> 12; 
v a v l  = vav3+vav2; /*  c a l c  based  i n  p,  a ,  f i n p u t s  */ 
i f  ( v a v l  > amax) /*  v a v l  must  be l i m i t e d  t o  a v o i d  */  

( v a v l  = amax; ) /*  m a l f u n c t i o n  o f  t h e  p m  */ 
if ( v a v l  < (-amax) ) 

{ v a v l  = (-amax); } 
i f  (modesel=21) /* v a v l  -> pwcon i n  mode 2 1  */ 

{ pwcon=vavl; iref-O; ) 



(d ffl 
a, v) 
& (d 



c i c l o  = 6; 
1 

break; 

case  6: / *  -2 amps u n t i l  -180 mv * /  
i f  (vcap > vl im) 
( 

*pPortf  = OxOD; /+ g a t i n g  on */  
i r e f  = (-1* ( îO<<l6)  / i b a s e )  >>4; 
vlim = ( - I*  ( l 8<< l6 )  / (lO*vbase) ) >>4; 
c i c l o  = 5; 

1 
break; 

case  99 : / *  i f  vczpo<250mv d i s c h  t o  -vcapo * /  
+pPor t f  = OxOD; 
i r e f  = ( - l*  (20<<16) / i b a s e )  >>4; 
v l im = ( - l . l*vcapo)  ; 
c i c l o  = 98; 

break; 

c a se  98 : / *  t e rmina t e  a t  -vcapo * /  
i f  (vcap < vl im) 
( 

*pPor t f  = 0x01; 
i r e f  = 0; 
vl im = 0; 
modesel=l; 

1 
break; 
1 / *  end swi tch  c i c l o  * /  

1 /*  end mode = 3 * /  

/ +  ----- --------- W A C I T O R  CHARGE TO FIXED VOLTAGE ----------- * /  
i f  (modesel==4 ) 
( 

switch ( c i c l o l )  / *  g i v e s  charge process  s e c t i o n  */  
{ 

case  O :  /*  30 amps u n t i l  vdes+300 rnv +/ 
+pPor t f  = OxOD; 
iref = ( f a c t o r +  (3OO<<l6) / i b a s e )  >>4; 
vLim = ((factor*(30<<16)/(10*vbaae))>>41+vdespu; 
c i c l o l  = 1; 

break; 

case  1: /*  s e l f  charge u n t i l  vdes+100 mv */  
i f  ( fac tor*vcap  > fac tor*v l im)  
I 

*pPor t f  = 0x01; 
i r e f  = 0;  
v l im  = ( ( f a c t o r *  (1<<l6)  / (vbase)  ) >>4) +vdespu; 
c i c l o l  = 2; 

1 
break; 

c a s e  2 :  /*  10 amps u n t i l  vdes+240 mv * /  
i f  ( fac tor*vcap  < fac tor*v l im)  
I 

*pPortf  = OxOD; 
i r e f  = ( f a c t o r *  (lOO<<l6) / i b a s e )  >>4; 
v l im  = ( ( f a c t o r t  (24<<16) / (10*vbase) ) >>4) +vdespu; 
c i c l o l  = 3; 



1 
break; 

case  3 :  / *  s e l f  charge u n t i l  vdes+l20 mv +/  
i f  ( f a c t o r f v c a p  > f a c t o r f v l i m )  
( 

+pPor t f  = 0x01; 
i r e f  = 0; 
vlim = ( ( f a c t o r *  ( lZ<<l6)  / (vbase+lO) ) > > 4 )  +vdespu; 
c i c l o l  = 4 ;  

1 
break; 

case  4 :  / *  5 amps u n t i l  vdes+200 mv * /  
i f  ( fac tor*vcap  < fac tor*v l im)  
I 

*pPortf  = OxOD; 
i r e f  = ( f a c t o r *  (SO<<l6) / ibasp)  > > 4 ;  
vlim = ( ( f a c t o r *  (ZO<<l6) / (lO*vbase) ) > > 4 )  +vdespu; 
c i c l o l  = 5; 

1 
break; 

c a se  5: / *  s e l f  charge u n t i l  vdes+l40 mv "/ 
i f  ( fac tor*vcap  > fac tor*v l im)  
{ 

*pPortf  = 0x01; 
i r e f  = 0; 
vlim = ( ( f a c t o r *  (14<<l6)  / (vbase*lO) ) >>4) +vdespu; 
c i c l o l  = 6; 

1 
break; 

case  6: / *  2 amps u n t i l  vdes+l80mv */ 
i f  ( fac tor*vcap  < fac tor*v l im)  
{ 

*pPortf  = OxOD;  
i r e f  = ( f a c t o r *  (2O<<l6) / i b a s e )  >>4;  
vlim = ( ( f a c t o r *  ( î8<<16)  / (lO*vbase) ) >>4)  +vdespu; 
c i c l o l  = 5; 

break; 
1 

1 
/ *  end switch c i c l o l  * /  
/ *  end mode = 4 */ 

/*  ---------------- AUTOMATIC MODEL OBTENTION ----------------- */ 
i f  (modesel==5 ) 
{ 

cntmod = cntmod+l; 
switch (model) 
( 

case  O : /+  read i n i t  v o l t  and i=45  A */  
cntmod=O ; 
modo = -in5; 
*pPortf  = OxOD; 
iref = ( (45O<<l6) / i ba se )  >>4; 
model. = 1; 

break; 

c a se  1 : /*  wai t  f o r  t z a n s i e n t ,  c a l c  Ri */ 
i f  (cntmod=lO) 
( 



vrnodl = vcap; 
r i  = ( ( ( - in5 - vmod0) << l6 )  / i r e f )  >>4; 
mode1 = 2; 
cntmod = 0; 
1 

break;  

c a s e  2 : / *  a f t e r  dV = 0.05 v o l t s  c a l c  Ci0 * /  
mod2 = vcap; 
i f  ((vmod2-vmodl)>40) 
{ 
CO = ( ( ( (cntmod*iref)  /500) << l6 )  / (vmod2 - m o d l )  ) >>4;  
mode1 = 3; 
1 

break;  

c a s e  3 : / *  when vol=2v c a l c  C i l  +/ 
i f  (vcap> ( (20*4095/vbase) +(vmodl-modo) ) ) 

{ 
vmod2 = vcap; 
c l  = ((((cntrnod*iref)/500)<<12)/(vmod2 - vmod1))-CO; 
c l  = clf1638/  (vmod2 - vrnodl) ; 
model = 4 ;  
1 

break;  

c a s e  4 : / *  s t o p  c u r e n t  a t  vmax */ 
i f  (vcap>vmaxpu) 
( 
i ref  = 0; 
*pPortf  = 0x01; 
cntmod = 0; 
model = 5; 
1 

break;  

c a s e  5 : /*  wai t  t r a n s i e n t ,  s t a r t  c a l c  Rd * /  
i f  (cntmod==lO ) 
( 
vmodO = vcap; 
cntmod = 0; 
model = 6; 
1 

break;  

c a s e  6 : /*  a f t e r  dv  = 0.05 v o l t s  c a l c  Rd */ 
vrnodl = vcap; 
i f  ( (modo-vmodl) N O )  
{ 
c v  = CO + ((cl*(modO+vrnodl))/1638); 
f a c l =  (cv* (vmodO-vmodl) ) >>12; 
r2  = ( ( ( ( (vmodO+vmodl) *cntmod) /S00) <<l3) / f a c l )  >>2; 
model = 7;  
1 

break; 

c a s e  7 : /*  a f t e r  3 min s t a r t  c a l c  of  Cd * /  
if (cntnod=90000) 
{ 
vmodl = vcap; 
model = 8; 
1 



break; 

case 8 : /*  after dV = 0.05 volts calc Cd */  
vmod2 = vcap; 
if ( (vmodl-vmod2) > 40) 
( 
cv = CO + ( (cl* (vmod2+vmodl) ) /l638) ; 
facl=( ( (cv* (vmodl-vmod2) ) / (cntmod-90000) ) *SOO) >>12; 
facl= (Eacl*r2) >>12; 
facl= ( (vmodl+vmodZ) >>l) -facl; 
cv = CO + ((cl*vmod0)/1638); 
cv2 = CO + ((cl*vmod1)/1638); 
c2 = (vmodO*cv) - (vmodlfcv2) ; 
c2 = c2/iacl; 
model = 9; 
1 

break; 

case 9 : / *  after 3 min start calc rl * /  
if (cntmod==150000) 
( 
modo = vcap; 
model = 10; 
1 

break; 

case 10 : /*  after dV = 0.05 volts calc rl */  
vmodl = vcap; 
if ((modo-vmod1)>40) 
{ 
cv = CO + ((cl*(vmodO+vmodl))/1638); 
facl= (cv* (modo-vmodl) ) >>12; 
r3 = ( ( ( (vmodO+vmodl) * (cntmod-150000) /5OO) <<Il) /facl) ; 
mode1 = 11; 
1 

break; 

case 11 : / *  after 30 min calc Cl */  
if (cntmod==900000) 
{ 
vmodl = vcap; 
cv = CO + ( (cl*vmodO) /l638) ; 
cv2 = CO + ((cl*vmod1)/1638); 
c3 = (vmodO*cv)-(vmodl*cv2) ; 
c3 = c3/vmodl; 
model = 90; 
env = rl*10000; 
ch1 = 'RI; 
ch2 = '1'; 
1 

break; 

case 90 : /* send parameters to screen */  
kbstat = *pSCSR; 
if (kbstat & 0x0100) 
( 
switch (scrmod) 
I 
case O: /* calculate param in real values */ 

rbl= env/4095; 
rb2= rb1/1000; 
rb3= rbl- (rb2*1000) ; 





elem = 3; 
c h l =  ' R 1  ; 
c h 2 = ' 2 ' ;  

b reak ;  
c a s e  3 :  

e n v  = c2+10; 
elem = 4 ;  
c h l = ' C 1 ;  
ch2='Z1 ; 

break ;  
c a s e  4 :  

e n v  = r3*100; 
elem = 5; 
ch l= 'R1  ; 
ch.?='3';  

break; 
c a s e  5: 

env  = c3*10; 
e lem = 6; 
ch l= 'C1  ; 
c h 2 = ' 3 '  ; 

break;  
c a s e  6: 

elem = 0; 
modesel =l; 
mode1 = 0; 
cntmod = 0; 

break;  
1 / *  end s w i t c h  elem */  

break; 
1 / *  end swi tch  scrmod * /  

1 / *  end i f  p o r t  s t a t u s  */ 
break;  

1 / *  end swi tch  mode1 */  
1 /*  end mode = 5 +/ 

/ *  ------------ MODE 1, 22, 3, 4  OR S CURRENT CONTROL --------- 
vcap = i n 6 ;  

* /  
/ *  cap v o l t  i n p u t  t o  vcap * /  

o u t 7  = i n 7 ;  / *  i f d b  o u t p u t  ch  7 */  
o u t 6  = vcap; / *  vcap o u t p u t  ch  6 * /  
out9 = i r e f ;  / *  i r e £  o u t p u t  ch  9 * /  
o u t 8  = pwcon; / *  pwcon o u t p u t  ch  8 * /  

i f  ( (modesel==l)  1 1 (modesel===22) 1 1 (modesel==3) 
1 1 (modesel==4) 1 1 (modesel==5) ) 

I 
i f d b  = în7; /*  c u r r e n t  r e g u l a t o r  */  
encu = i ref  - i fdb;  
aux = encu - ( (k2cu+eOcu)  >> 1 2 ) ;  
eOcu = encu; 
aux = (k lcu*aux)  ; /*  begin 8.24 s e c t i o n  */  
ksc  = kscu; 
whi le  ( f  (aux < SLUcu) 6& ( a u x  > SLLcu)) & &  (ksc > 0 ) )  
{ aux = (aux << 1); k s c  = k s c  - 1; } 
uncu = uOcu + aux; 
i f  (uncu > LPcu) { uncu = LPcu; ) 
i f  (uncu < LNcu) { uncu = LNcu; } 
UOCU = uncu; /*  end a . 2 4  s e c t i o n  */ 
pwcon = (uncu >> 12)  ; 

1 



/ *  upda te  chopper  pu l sewid th ,  f (pwcon)  pwcon must be  l i m i t e d  t o  
+/- amax t o  a v o i d  m a l f u n c t i o n  o f  p u l s e  wid th  modula tor  */  

pwlcnt  = ( swpercn t  * ( OxOFFF + pwcon))  >>13; 

s w l o c n t  = ( ( p w l c n t  - s w o t c n t )  << 16)  
+ ( (swpercnt-pwlcnt+swotcnt) >> 1) ; 

s w l l c n t  = ( ( p w l c n t  + s w o t c n t )  << 1 6 )  
+ ( (swpercnt-pwlcnt-swotcnt) >> 1) ; 

/*  ------------------- DATA ADQUISITION RESPONSE -------------- * /  
i f  ( ( d a t c o l = = 7 )  & &  {sen t==7)  ) / *  s y n c h r o n i z e  d a t a  c o l l e c t i o n  * /  

/+ w i t h  c u r r e n t  s o u r c e  * /  
timmer = t immer+l;  
i f  ( t i m r n e r  > 500) / *  1 samp p e r  second (500 * 2ms) * /  
I 

k b s t a t  = *pSCSR; / *  r ead  p o r t  s t a t u s  */  
if ( k b s t a t  & 0x0100) 
( 

s w i t c h  ( c o n t )  
( 

c a s e  O : /*  c a l c u l a t e  r e a l  v a l u e  * /  
i f  (vcap<O) / *  send s i g n  */  
I 
vcaps=-l*vcap;  
*pSCDR = '- 1 ; 

1 
e l s e  
( 
vcaps=vcap ; 
*pSCDR = '+ ' ;  
J 
s e r l  = vbase*10*vcaps/4096; 
s e r 2  = se r1 /100 ;  
s e r 3  = ser l  - ( se r2*100)  ; 
ses4 = s e r 3 / 1 0 ;  
s e t 5  = s e r 3  - (10*se r4 )  ; 
c o n t  = 1; / *  o n l y  v a l i d  i f  t r u n c a t e  r e s u l t  * /  

break ;  
c a s e  1: / *  send  ASCII code LSB f i r s t  */  

*pSCDR = Ox30+serS; 
c o n t  = 2; 

b reak ;  
c a s e  2 :  

*?SCDR = Ox30+ser4; 
c o n t  = 3; 

b reak ;  
c a s e  3:  

*pSCDR = Ox30+ser2; 
c o n t  = 4; 

b reak ;  
case 4: / *  reset timmer and c y c l e  * /  

timmer = timmer - 500; 
c o n t  = 0; 

b reak ;  
1 / *  end s w i t c h  * /  

1 / *  end i f  k b s t a t  */ 
1 / *  end i f  timmer */ 

1 /*  end d a t a  t r a n s m i s i o n  */ 

/* ----------------a------- KEYBOARD INTERFACE ---------------- +/ 
* keyboard i n t e r f a c e ,  i n p u t  i n  s u c c e s i v e  l o o p  c y c l e s  keyboard 



i n p u t ,  req.  t ime < 40 useç, p l a c i n g  a t  end of  loop, means 
update  of v a r i a b l e s  i n  nex t  loop; i t  avoids  cumulat ive e x t r a  
loop  t i m e  f o r  keybl-io r o u t i n e  and update  procedure 

+/ 

i f  ( ( k b f l g  == OxAA) I I  (kb f lg  == 0x11))  { kbf lg  = 0x55; 1 
keybl i o  (Gkbflg, &letter ,  &val ,  & v a l f )  ; 
i f  ( k 6 f l g  == 0x33) 

( d a t c o l  = 7; )  / *  d a t a  c o l e c t i o n  s t a r t  * /  
i f  ( k b f l g  == 0x11) 

( d a t c o l  = 1; s e n t  = 1;) /*  d a t a  c o l l e c t i o n  s t o p  * /  
i f  ( k b f l g  == OxAA) / *  kbf lg  given by keybl-io * /  
I 

switch ( l e t t e r )  
( 

/ *  l e t t e r  p ressed  i n  keyboard * /  

/ *  ---------------- parameter i n p u t  s e l e c t i o n  ----------------- +/ 
c a s e  ' v t  : 
param = 7; 
break;  

/ *  ----------------- kind of cap t e s t  input ------------------- * /  
c a s e  ' g ' :  
uOcu = O ;  uncu = O ;  eOcu = O; encu = 0; 
f s e l  = va l ;  / *  l e t t e r  g  t o  t e s t  v a l  s e l e c t s  * /  
break; 

/ *  -------------------- mode se l ec t i on  ---------------de------- */ 
c a s e  ' M g :  
uOcu = O ;  uncu = O; eOcu = O ;  encu = 0; 
modesel = va l ;  
i f  (val==4 ) / *  mode 4 s e t u p  * /  
( 

c i c l o l  = 0; 
i f  (vcap < vdespu) 
f a c t o r =  1; 
e l s e  i f  (vcap > vdespu) 
f a c t o r  = -1; 
e l s e  f a c t o r  = 0; 

1 
e l s e  i f  (val==3)  / *  mode 3 s e t u p  +/ 
( 

c i c l o  = 0; 
vl im = ( (Z%<l6) / (lO*vbase) ) >>4; 
vcapo = vcap; 
i f  ( ( v c a p  < vlirn) & &  (vcap > O ) )  { c i c l o  = 9 9 ; )  

1 
break; 

/ +  -------mm------- pw i n p u t  f o r  modes 2 1  and 22 -------------- */  

case ' p l :  / *  i n p u t  i n  xxx.x 3 o f  pwmax */  
i f  ( v a l  > 100) { v a l  = 100; ) 
if ( v a l  < (-100) ) ( v a l  = (-100) ; ) 
x l  = ( (Ox0028F333*val) + (OxO0041852*valf) ) >> 16; 
vav3 = ( x l  * amax ) >> 12; 
break; 

/*  ------------------- s i n e  frequency c o n t r o l  ----------------- */  
c a s e  ' f l :  /*  i n p u t  i n  xxx.x S o f  fsmax */ 
i f  ( v a l  > 100) ( v a l  = 100; ) 
if ( v a l  < ( - 1 0 0 ) )  { v a l  = (-100); } 
x l  = ( (Ox0028F333*val) + (OxO0041852*valf) ) >> 16; 



p h i i n c r  = (  ( ( s w p e r c n t * 4 * x l )  >> 1 2 )  *fsmax) >> 5; 
/*  s h i f t  5  because  T s a / T s w  = 8 */  

break ;  

/ +  -------------------- s i n e  a m p l i t u d e  c o n t r o l  ---------------- +/  
c a s e  ' a t :  / *  i n p u t  i n  xxx.x 7 of  amax * /  
i f  ( v a l  > 100)  { v a l  = 100; ) 
i f  ( v a l  < (-100) ) { v a l  = ( - 1 0 0 ) ;  } 
x l  = ( (Ox0028F333*val) + (OxO0041852*valf) ) >> 16; 
ams = ( x l  * amax ) >> 12; 
b reak ;  

c a s e  ' S r :  
*pHSRRO = 0x0002; 
* p P o r t f  = 0x01; 
b r e a k ;  

/ *  S t o p  ch8 DI0 low * /  
/ *  g a t i n g  o f f , n o  i n v  * /  

c a s e  ' G t :  
* p P o r t f  = 0x01; / *  g a t i n g  o f f , n o  i n v  */ 
i f  ( v a l  == 11) 
( * p ~ o r t f  = 0 x 0 ~ ;  /*  g a t i n g  on * /  
break ;  

1 /+ end s w i t c h  l e t t e r  * /  
1 /*  end keyb i n p u t  * /  

/*  S t o p  ch8 DI0 low * /  
/ *  g a t i n g  o f f , n o  inv * /  

/ *  program 
up t o  10  u l t r a  c a p a c i t o r  connec ted  i n  series t e s t i n g  
uses 44 chopper  ( 4 q ~ h . c ) ~  f s w  4 kHz, Tsa 500 u s e c  
w i t h  VSI module : s w i t c h e s  S l ,S4  and S5,S2 u s e d  

s w i t c h  names TPU channels 
10 20 -> s l  s5 -> ch2 ch6 
11 2 1  s 4  s 2  ch3 ch7 
ch O s w i t c h  p e r i o d  
c h  1 i n t e r r u p t  p e r i o d  



ch 2 , 3  & 6,7  g a t i n g  channe l s  
ch  8-D DI0 o u t  

d a t a  I/O : 
i n  : i f d b  c u r r e n t  feedback ch7 

vcap ( n )  m u l t i p l e x e d  c a p a c i t o r  v o l t a g e  ch6 

o u t  : i r e f  ch9 
pwcon ch8 
i f d b  ch7 
h i g h e r v c a p  ch6 

program o p e r a t i o n  : 
t h e r e  a r e  t h r e e  b a s i c  modes s e l e c t e d  by keyb Mxxx 
1 c a p a c i t o r  t e s t i n g  ( d e f a u l t )  
21 chopper  tes t  pw c o n t r o l ,  man & s i n e  
22 chopper test c u r r e n t  loop  (20ms), man & s i n e  

keyb c o n t r o l s  : 
Mxx mode s e l e c t i o n  1 ,21,22.  
G g a t i n g  on /o f f  G 1 1  = on, Gx = o f f  
R run i n v e z t e r  ( s w i t c h  s i g n a l  DI0 ch 8 = 1) 
S s t o p  D I 0  ch8 = O and g a t i n g  o f f  

i n  chopper  test  mode 
P pw c o n t r o l  i n  5 +IO0 t o  -100, keyb i n p u t  
a, f a u t o m a t i c  c o n t r o l  o f  pw, s i n e  f  = 0.1..100Hz 

a  0..1008, pw = p + s i n e  
i n  test  mode 22 c u r r e n t  c o n t r o l  
p , a , f  p r o v i d e  t h e  p e r  u n i t  c u r r e n t  r e f e r e n c e  

pa ramete r  
v  ?x  

?O 
? 1  
?2 
?3 
? 4  
? 5 
? 6 
?7 
? 8 
? 9 

i n p u t  f o r  
v-1.y y  
VXXX . XX 
VXXX . XX 
VXXX. xx 
VXXX . XX 
VXXX . XX 
VXXX . XX 
VXXX . XX 
VXXX . XX 

VLXX . XX 
VXXX . XX 

charge  c o n t r o l  : 
selects paramete r  t o  b e  set  
i b a s e  i n  A 
i c h a r g e  i n  A 
i d i s c h a r g e  i n  A 
vbase  i n  V 
vmax i n  V 
vmin i n  V ( n e g a t i v e )  
number o f  c a p a c i t o r s  i n  series 
number o f  c y c l e s  = xxx.xx 
pause  i n  sec 
charge  t h e  i n  s e c  

i n  c a p a c i t o r  t e s t  mode 
gXX O i r e f  =O, g a t i n g  o f f  

10 charge  t o  vmax 
20 d i s c h a r g e  t o  vmin 
30 t imed charge ,  max vmax 
40 t imed d i s c h a r g e ,  min vmin 
50 c y c l e d  c h a r g i n g  vmax,vmin 
60 charge  t o  vmax a f t e r  pause  d e l a y  

*/  

/*  hardware nemory map */ 
/+ table  s i n e  i u n c t i o n  0-360 */ 

/* ----- variables f o r  d a t a  t r a n s f e r  t o  i n t e r r u p t  r o u t i n e s  ---- */ 



unsigned short ka, loopflg; 
unsigned short ilpcnt, multil, multi2; 
signed int inO,inl,in2,in3,in4,in5,in6,in7, 

out3,out4,out5, out6,out7,out8,out9; 
unsigned int swlocnt,swllcnt; 

/ *  ---------------- variables for table look up --------------- * /  
unsigned int tabpos; 
signed short tabres; 

extern void pp-setup ( ) , qsms870 ( 1, keybl-io ( ; 

/ *  interrupt TPU ch 1 for transfer of pwm data for next 
interval timing of sampling and I/O through QSPI analog 
input last cycle, analog output and telegrams in next cycle. 
analog 1/0 data format: 
for fxp 1.0 p.u. -> signed short var = *pRXDF >> 3; 
write fxp to ch *pTXDE = (signed short var fxp) > 1; 

if program QSMs870 is used, then : 
analog in : ch 7, ..6,..5,..4, ..3,..2, ..î,..O 

*pRXD Fr . * C r .  -9,. -6,. . 4 r .  .2, ..L. -0 
analog out : ch 7..6..5..4..3..9..8 

*pTXD E..D..B..A..7..5..8 
* /  

ilpcnt = ilpcnt + 1; 
switch (ilpcnt) 
{ 

case 4 : 
*pSPCRl = Ox90l.A; 
break; 

/* start QSM single shot */ 

case 6 : /*  start QSM again to provide data 
*pSPCR1 = Ox901A; sampled the last 0.5 msec */ 
break; 

case 8 : /*  Tloop 2 msec */  
*pPADR = 0x00; /* Parallel port reset overlap */  
*pPCDR = 0x00; 

/ *  ---------------------- pwm data transfer ------------de----- */  
*pCH2p46 = swlocnt; /*  switch data next per */  
*pCH3p46 = swllcnt; /* coherent write */  
*pCH6p46 = swllcnt; 
*pCH7p46 = swlocnt; 

in6 = *pRXDC >> 3; /* ch6 vcap total */  
i n 5  = *pRXD9 >> 3; 
in4 = *pRXD6 >> 3; 
i n 3  = *pRXD4 >> 3; 



/ +  ------------------------- ana log  ou tpu t s  ------------------- * /  
*pTXDS = out9  >> 1; /+ i r e f  o u t  t o  ch 9 */  
*pTXD8 = out8  >> 1; / *  pwcon o u t  t o  ch 8 * /  
+pTXDE = ou t7  >> 1; / *  i f d b  o u t  t o  ch 7 */  
*pTXDD = ou t6  >> 1; /+ vcap o u t  t o  ch 6 +/ 
*pTXDB = o u t 5  >> 1; / *  vcap2 ch 5 * /  
*pTXDA = out4 >> 1; 
*pTXD7 = o u t 3  >> 1; 

*pPADR = m u l t i l ;  
*pPCDR = rnulti2; 

/ *  P a r a l l e l  p o r t  s e l e c t i o n  * /  

/ *  ..................... set s t a r t  f l a g  a l g o r i t h m  loop  -------- * /  
l o o p f l g  = O x l l l l ;  
i l p c n t  = 0; 
break;  

1 /*  end sw i t ch  i l p c n t  * /  
ka = *pCISR; *pCISR = OxFFFD; / *  c l e a r  i n t  ch1 * /  

/ *  end dio-samp */  

/ *  .................... for keyboard input .................... "/ 
s t a t i c  unsigned cha r  l e t t e r ;  
s t a t i c  unsigned c h a r  k b f l g  = 0x55; 
s t a t i c  s igned i n t  v a l ,  v a l f ,  con t ;  
s t a t i c  unsigned s h o r t  k b s t a t ,  cond; 
s t a t i c  unsigned s h o r t  pa rou t ;  

/ *  -------------------- v a r i a b l e s  spec .  program ----------------* / 
s t a t i c  unsigned i n t  swpercnt,  swotcnt ,  fsmax, pwlcnt,  p h i l ,  p h i i n c r ,  m l ,  m2, 

cntdio ,modesel ,  cn tp ,  f s e l ,  n e x t f s e l ,  g s t c n t ,  cnt31,  
cnt41,  cnt55,  cnt56,  kscu, k sc , c i c lo ,  c i c l o l ,  
nbcyc, pause,  paucn t ,  chrgt ime,  ch t cn t ,  c a p n u ;  

s t a t i c  s igned  i n t  pwcon, vav1, vav2, vav3 , ams , arnax, x1 , x2 , x3 , x4 , x5 , aux, aux l ,  
aux2, i r e f ,  i f d b ,  SLUcu,çLLcu, ban, uncu,uOcu, encu, eOcu, 
klcu,  k2cu, LPcu, LNcuAbase, i ch rg ,  i d i s c h r g ,  vbase,  m a x ,  
vmin, vcap, ichpu,  i d i s p u ,  vmaxpu, vminpu, vlirn, vdes, vdespu, 
s e r l ,  s e r 2 ,  s e r 3 ,  ser4, s e r s ,  f a c t o r ,  vcaps,  vcapo, vcapd; 

/ *  -------Tm----------- fo r  model o b t e n t i o n  -------------------* / 
s t a t i c  unsigned i n t  cntmod,model, scrmod, elem,vt; 
s t a t i c  s igned  i n t  vmod0, vmod1,vmod2, r l ,  r2,  r3 ,  CO,  cl, c2, c3, 

r b l f r b 2 , r b 3 , r b 4 ,  rb5, rb6,  rb7,  f a c l ,  env; 
s t a t i c  unsigned cha r  c h l ,  ch2; 

s t a t i c  unsigned s h o r t  m u l t i ,  numser, n, i, timmer; 
s t a t i c  s igned  i n t  v o l t  [ l 6 ]  ; 

/ *  ------------------ SET UP - START INFRASTRUCTURE ----------- * /  

/ *  set  p i n  3-0 up as p o r t  F */  
/* p i n  3-0 o u t  */ 
/ *  IRQ 7-4 s t i l l  o p e r a t i v e  */ 



/ *  ------------- s e t u p  p a r a l l e l  p o r t  M68230 on GPC-board ------ * /  
pp-setup ( 1  ; / *  PA o u t ,  PB i n ,  PC o u t  f o r  PLD * /  

/ *  ---- program o f  PLD U14 c o n t r o l s  o f  ch2..D s e e  chopper ----- * /  
*pPor t f  = 0x01; / *  g a t i n g  o f f ,  OxOD -> g a t i n g  on * /  
*pPCDR = 0x99; 

/ *  ------------------- i n i t i a l i z e  and s t a r t  QSM --------------- * /  
qsrns870 ( )  ; / *  Ts=180+bytef9.5,  byte>=9 * /  

/ *  ------ i n i t  D/A o u t p u t  d a t a , r u n  one  c y c l e  t o  set f l a g  ------ * /  
*pTXDE = 0; *pTXDD = 0; *pTXDB = 0; 
*pTXD8 = 0; +pTXD7 = 0; *pTXDS = 0; 
*pTXDA = 0; 
*pSPCR1 = Ox901A; 

/ *  ---------- s t a r t  QSM, Ts = 427usec < Tsa = 500 u s e c  -------- * /  
f sa lO  = 50; / *  a l g o r i t h m  frequency/ lO * /  
TEflg = *pSPSR; / *  t e s t  end o f  QSM c y c l e  */  
whi le  ( ( T E f l g  & 0x80) == O ) 

{ TEflg  = *pSPSR;) 

/ *  0.24 usec;  i n t  I D  $1, p r e s c  = 1 
-> 16.777216 m2/4 * /  

/ *  i n t  6, i n t v  S4x -> $100 o f f s e t  * /  
/ *  CAUTION 332Bug t r a p  a t  $108 ! * /  

/ *  d e s c r i p t i o n  o f  c h a n n e l  f u n c t i o n s  : 
ch O SPWM mode 2 links 
ch 1 SPWM mode O o r  1 s y n c  t o  ch  O 
ch 2 , 3  & 6 ,7  SPWM mode 1 
ch 4,s D I 0  se t  t o  z e r o  ! 
ch  8 .  . D  D I 0  * /  

/ *  ---- v a l u e s  f o r  s e t u p  o f  t i m i n g  p a t t e r n  : PWM & c o n t r o l  ---- * /  
swpercnt  = 1048; /*  4194 = 1 kHz = fsw 

2097 = 2 kHz, 1048 = 4 kHz 
1398 = 3 kHz, 466 = 9 kHz 
9 kHz very l i m i t e d  pw r a n g e  */  

fsmax = 100; /*  i n  Hz fmax < isw/15 * /  
amax = OxOEAO; /*  <- e s t i m a t e  f o r  4 kHz 

3 kHz 0xOF09 
9 kHz OxODEB 
1 kHz OxOFAD * /  

p h i l  = 0; /*  p h i  p e r  u n i t  = OxFFFF d u e  to 
t a b l e  s t r u c t u r e  */ 

x l  = (Ox00041852*2) >> 16; 
p h i i n c r  = ( ( (swpercnt*4*xl)  >> 1 2 )  *fsmax) >> 8; 

/*  s t a r t  f r equency  0 .2  %- o f  fmax 
i n c r  = OxFFFF Tsw * £ s i n e  */  

p h i i n c r  = p h i i n c r  * 2; / *  Tsa/Tsw = 2 * /  

x2 = (Ox0028F333*1) >> 16; 
a m  = (amax * x2)  >> 12; /* start ampl i tude  1%- of  amax */  

swotcn t  = 26; /*  7 u s e c  s w i t c h  o v e r  tirne */  

/*  pw i d e a l ,  pwo u p p e r  sw, p w l  l o w e r  sw, phases  1 ,2 ,3  
i n i t  a v e r a g e  voltage v a v  0.2 S 
phase  1 a t  z e r o  c r o s s i n g  */ 

v a v l  = a m  ; vav2 = a m ;  vav3 = a m ;  



pwlcnt = ( swpercn t  * ( OxOFFF + v a v l ) )  >>13; 
/*  ( swpercn t  ( l + v a v l )  / 2 )  >> 12 * /  

swlocnt  = ( ( p w l c n t  - swotcn t )  << 1 6 )  
+ ( (swpercnt-pwlcnt+swotcnt) >> 1) ; 

s w l l c n t  = ( ( p w l c n t  t swotcn t )  << 16)  
+ ( (swpercnt-pwlcnt-swotcnt) >> 1) ; 

/ *  s e t  up pa ramete r  r e g i s t e r s  * /  

/ *  ch0 SPWM mode 2 , s w i t c h  i n t e r v a l  t i m i n g  */  
*pCHOprO = 0x0092; / *  f low, TCRl */  
*pCHOp46 = ( ( s w p e r c n t  >> 1) << 16)  + swpercnt ;  

/ *  c o h e r e n t  write, hight ime = swpercn t /2  * /  
*pCHOpr8 = Ox660E; / *  L s t  L c n t ,  dummy a d r  * /  
*pCHOprA = 0; / *  delay,  o n l y  on s t a r t  * /  

/ *  ch1 SPWM mode 1 , QSM a l g o r i t h m  t i m i n g  * /  
*pCHlprO = 0x0092; / *  f low, TCRI */ 

/ *  Tch4 = Tch5 +/ 
*pCHlp46 = ( 0:~00640000 + (swpercnt-200) ) ; 

/ *  c o h e r e n t  write, hight ime 25 usec ,  d e l  -50 usec  
check whether  i n t  f i n i s h e s  b e f o r e  ch0 r i s i n g  edge * /  

*pCHlpr8 = 0x0200; /*  a d r  1, a d r  2 ch O * /  

/ *  ch2 = s w i t c h  Io ,  SPWM mode 1 l i n k e d  * /  
*pCH2prO = 0x0092; / *  f low, TCRl * /  
*pCH2p46 = swlocn t ;  /*  coheren t  write , pw, d e l  * /  
+pCH2pr8 = 0x0200; /*  a d r l ,  ad r2  o f  ch  O */  

/ *  ch3 = s w i t c h  11, SPWM mode 1 l i n k e d  * /  
*pCH3prO = 0x0092; / *  f low, TCRl * /  
*pCH3p46 = s w l l c n t ;  / *  coheren t  write, px, d e l  */  
*pCH3pr8 = 0x0200; / *  a d r l ,  ad r2  o f  ch  O +/ 

/ *  ch6 = s w i t c h  30, SPWM mode 1 l i n k e d  */  
*pCH6prO = 0x0092; /*  f low, TCRl * /  
*pCH6p46 = s w l l c n t ;  / *  coheren t  write , pw, d e l  * /  
*pCH6pr8 = 0x0200; / *  a d r l ,  ad r2  o f  ch  O * /  

/ *  ch7 = s w i t c h  31, SPWM mode 1 l i n k e d  */  
*pCH7prO = 0x0092; / *  f low, TCRl */ 
*pCH7p46 = swlocnt ;  / *  coheren t  write, pw, d e l  * /  
*pCH7pr8 = 0x0200; /*  a d r l ,  a d r 2  of ch  O */  

/ *  ch  4,5 9..D DIO, no parameter  r eg .  */ 

/*  channel  Eunct ion r e g i s t e r s  group ch  F. . 8  */ 
*pCFSRO = 0x0088; /*  ch  D,C D I 0  */ 
*pCFSRl = 0x8883; /*  ch B..8 D I 0  */  
*pCPRO = 0x0555; /* ch D .  .8 low p r i  */ 
*pHSQRO = OxOAAA; /*  ch  D. .8 upd on HSR */ 

/*  channel  f u n c t i o n  r e g i s t e r s  group c h  7. - 0  */ 
*pCFSR2 = 0x7788; /* c h  7 ,6  SPWM 5,4 D I 0  * /  
*pCFSR3 = 0x7777; /* ch 3..0 SPWM */  
*pCPRl = OxF5FF; /*  c h  7,6 3. . O  hi p r i o  */  
*pHSQRl = Ox5AS6; /*  ch7,6 3 .  .l m 1, ch0 m2 */ 

*pHSRRO = 0x0002; /* Stop i n v e r t e r ,  ch8 D I 0  low, 
g a t i n g  must be set o f f  */ 



/ *  se t  ch5,4 low no g a t i n g ,  c a u t i o n  ch5 i n v  * /  
*pHSRR1 = 0x0600; 

/ *  se t  up i n t  -> c h 1  low-high (dio-samp) * /  
ka  = *pCISR; *pCISR = OxFFFD; / *  c l e a r  i n t  b i t  c h 1  * /  
*pCIER = 0x0002; /*  e n a b l e  c h 1  i n t  */  
asm("  move. w #$2500,SR I l )  ; 

/ *  i n t  v e c  c h 1  o f f s e t  0x41 * 4  = 0x104 * /  

/ *  i n t i a l i z e / s t a r t  c h a n n e l  f u n c t i o n  r e g  ch  F. . 8  * /  
*pHSRRO = OxOFFF; /*  i n i t  ch D..8 * /  

/ *  i n t i a l i z e / s t a r t  channe l  f u n c t i o n  r e g  ch  7 . . 0  * /  
"pHSRR1 = OxAFAA; /*  i n i t  ch7. .0 * /  

/ *  o t h e r  i n i t i a l i z a t i o n s  */  
l o o p f l g  = 0x8888; i l p c n t  = 0; /*  i n t e r r u p t  l o o p  * /  
c n t d i o  = O ;  c n t p  =O;  f s e l  = 0; 
modesel  = 21; / *  chopper  c o n t r o l  b y  keyb * /  
c i c l o  = O ;  c i c l o l  = O; v t  = 1; 
c o n t  = 0; cntmod = O; mode1 = O;  scrmod = 0; elem=O; 
capnum = 0; r n u l t i = l ;  mul t i l=O;  mul t i2=0 ;  numser-2; 
n=O; vdes= l ;  timrner=l; 

/ *  i n i t  PI  r e g u l a t o r  h i g h  res * /  
uOru = O ;  uncu = O ;  eOcu = O ;  encu = 0; 
k l c u  = Ox083D; / *  g a i n  12*Tr, T r  0.015, Ts 2 msec */  
k2cu = OxOF8C; / *  use p i c o  t o  d e t  c o n s t  */  
kscu = 0; 
SLUcu = 0x02000000; SLLcu = OxFE000000; 
LPcu = amax << 12; / *  o l d  OxOF80000; 963 * /  
LNcu = (-arnax) << 12; / *  o l d  OxFF000000; -543  */  

/*  i n i t  p a r a m e t e r s  non dangerous ,  i n  c a s e  i n p u t  f o r g o t t e n  ! * /  

/*  -------------------------- PROGRAM LOOP ======================== * /  
d o  = 2; / *  LOOP * /  
w h i l e  ( d o  == 2 )  
{ 

w h i l e  ( l o o p f l g  = 0x8888) ( } /*  tes t  f o r  end o f  i n t  */  
l o o p f l g  = 0x8888; 

TEf lg  = *pSPSR; / *  t e s t  end o f  QSI c y c l e  */  
i f  ( ( T E f l g  & 0x80) == O ) 
( l e t te r  = 'E l ;  ) / *  e x i t  t o  rnoni tor  * /  
*pSPSR = Ox7F; 

/ *  --------------------- GATING CONTROL ----------------------- * /  
if ( ( k b f l g  - OxAA) & &  ( l e t t e r  = ' R I )  ) 
( *pHSRRO = O x O O O l ; }  /* Run ch0 D I 0  h i g h  */ 
if ( ( k b f l g  - OxAA) & &  ( le t te r  = ' S i  ) ) 

{ 
*pHSRRO = 0x0001; / *  S t o p  ch8 D I 0  low */ 
* p P o r t f  = 0x01; /*  g a t i n g  o f f , n o  i n v  */ 

1 



if ( (kbflg == OxAA) 6 h  (letter == 'G') ) 
I 

*pPortf = 0x01; /*  gating off,no inv * /  
if (val == 11) 
{ *pPortf = OxOD;) / *  gating on * /  

1 

/ *  ---------------------- MULTIPLEXED INPUT --------------------- * /  
rnulti = multi << 1; 
if (multi == numser) {multi = 1; ) 
multil = (multi & OxOOFF); 
multi2 = (multi & OxFF00) >>8; 
out7 = in7; / *  output ch 7 */  
out9 = i ref;  / *  output ch 9 * /  
out8 = pwcon; / *  output ch 8 * /  
if (n< (vdes-1) ) 
(volt[n]=in6;n=n+l;) 
else 
{ 
volt [n] =in6; 
n=O ; 
vcap=in6 ; 
out6=vcap; 
for (i=O;i<vdes;i++) 
(if (volt[i]>vcap) { vcap=volt[i]; } }  
vcapd = in6; 
fûr (i=O;i<vdes ;i++) 
{if (volt[i]<vcapd) { vcapd=volt[i]; ) )  

1 

( 
cntp = -valf; 
parout = Ox30+cntp; 
kbstat = *pSCSR; 
if (kbstat & 0x0100) { *pSCDR = parout; ) 

1 
else 

I 
switch (cntp) 
{ 
case O : /*  i base input */  

*pSCDR = '1'; 
ibase = val+lO+valf; 
cntp = cntp + 1; 

break; 

case 1 : /*  i charge input */  
*pSCDR = '2'; 
ichrg = (val*lO+valf) << 16; 
ichpu = (ichrg/ibase) >> 4; 
cntp = cntp + 1; 

break; 

case 2 : /*  i discharge input */  
*pSCDR = ' 3 ' ;  
idischrg = (val*lO+valf) << 16; 
idispu = (idischrg/ibase) >> 4; 



c n t p  = c n t p  + 1; 
break ;  

c a s e  3 : /*  v b a s e  i n p u t  * /  
*pSCDR = '4 ' ; 
vbase  = va l* lO+va l f ;  
c n t p  = c n t p  + 1; 

break;  

c a s e  4  : / *  v rnax i n p u t  */  
*pSCDR = '5'; 
vmax = [ v a l * l O + v a l f )  << 16; 
vmaxpu = (vmax/vbase) >> 4; 
c n t p  = c n t p  + 1; 

break ;  

c a s e  5 : / *  v min ( n e g a t i v e )  input * /  
*pSCDR = ' 6 ' ;  
vmin = ( v a l * l O + v a l f j  << 16; 
vminpu = (- l*vmin/vbase) >> 4 ;  
cntp  = c n t p  + 1; 

break ;  

c a s e  6 : / *  nurnber of cap.  i n  series * /  
*pSCDR = ' 7 ' ;  
vdes = v a l ;  
numser = 1 << vdes;  
c n t p  = c n t p  + 1; 

break ;  

c a s e  7 : 
*pSCDR = ' 8 ' ;  
nbcyc = v a l ;  
c n t p  = c n t p  + 1; 

break; 

/ *  number of c y c l e s  i n p u t  * /  

case 8 : / *  pause  t i m e  i n p u t  */ 
*pSCDR = '9'; 
pause  = val*lO+valf ;  
paucn t  = pause*fsalO;  
c n t p  = c n t p  + 1; 

break ;  

case 9 : /*  t i m e  of  ( d i s ) c h a r g e  i n p u t  */ 
*pSCDR = ' 0 ' ;  
c h r g t i m e  = v a l f l O + v a l f ;  
c h t c n t  = chrgt ime*fsalO;  
c n t p  = 0; 

b reak ;  
1 /*  end s w i t c h  c n t p  */  

1 

/*  ----------------- MODE 1 CAPACITOR TEST OPTIONS ------------ */ 
if (modesel==l)  
I 

i f  ((kbflg = OxAA) && ( le t te r  = ' g ' ) )  
( f s e l  = v a l ;  } 
switch ( £ s e l )  

i 
case O : /*  g a t i n g  de layed  off */  



iref = 0; 
f s e l  = 800; 
n e x t i s e l  = 210; 
g s t c n t  = 30; 

b reak ;  

c a s e  1 0  : 
* p P o r t f  = OxOD; 
i r e f  = i chpu ;  
f s e l  = 11; 

break;  

c a s e  11 : 
i f  (vcap  > vmaxpu) 

{ 
i r e f  = 0; 
g s t c n t  = 30; 
f s e l  = 800; 
n e x t f s e l  = 210; 

break;  
1 

c a s e  20 : 
* p P o r t i  = OxOD; 
iref = - i d i s p u ;  
f s e l  = 21; 

break;  

/ *  c h a r g e  t o  vmax * /  

/ *  t e r m i n a t e  a t  v max +/ 

/ *  d i s c h a r g e  t o  vmin * /  

c a s e  2 1  : / *  t e r m i n a t e  a t  v min +/ 
i f  (vcapd < vminpu) 

i r e f  = 0; 
g s t c n t  = 30; 
f s e l  = 800; 
nextfsel = 210; 
1 

break;  

c a s e  30 : /*  t imed c h a r g e  * /  
* p P o r t f  = OxOD; 
i ~ e f  = i c h p u ;  
c n t 3 1  = c h t c n t ;  
f s e l  = 31; 

break;  

case 3 1  : /*  t e r m i n a t e  a t  chgt ime o r  v max */  
c n t 3 1  = cnt31-1; 
i f  ( ( v c a p  > vmaxpu) I I  ( cn t31==0j )  

{ 
iref = 0; 
g s t c n t  = 30; 
f s e l  = 800; 
n e x t f s e l  = 210; 
1 

break ;  

case 40 : /* timed d i s c h a r g e  */  
* p P o r t f  = OxOD; 
iref = - i d i s p u ;  
c n t 4 1  = c h t c n t ;  
f s e l  = 41; 

b reak ;  



case 41  : / *  t e x m i n a t e  a t  chg t ime  o r  m i n * /  
c n t 4 1  = cnt41-1;  
i f  ( (vcapd < vminpu) 1 1 (cnt4 l==O) ) 

{ 
i r e f  = 0; 
g s t c n t  = 30; 
f s e l  = 800; 
n e x t f s e l  = 210; 

b r e a k ;  
1 

c a s e  50 : 
i r e f  = i c h p u ;  
* p P o r t f  = OxOD; 
c n t 5 5  = 30000; 
f s e l  = 51; 
c n t 5 6  = nbcyc; 

b r e a k ;  

/ *  c y c l i n g  between vmax,vmin * /  

c a s e  59 : / *  p a u s e  d e l a y  * /  
c n t 5 5  = cnt55-1;  
i f  ( c n t 5 5  ==O)  { f s e l  = 58; ) 

break; 

c a s e  58 : /*  c h a r g e  t o  v  rnax */  
* p P o r t f  = OxOD; 
i ref  = i chpu ;  
f s e l  = 51; 

b r e a k ;  

c a s e  5 1  : / *  t e r m i n a t e  a t  v  ma:< * /  
if (vcap  > vrnaxpu) 

( 
i r e f  = 0; 
t immer = 600; 
g s t c n t  = 30; 
c n t 5 5  = paucn t ;  
c n t 5 5  = 1; 
f s e l  = 800; 
n e x t f s e l  = 52; 

b r e a k ;  
1 

case 52 : / *  p a u s e  d e l a y  */ 
c n t 5 5  = cnt55-1; 
i f  ( c n t 5 5  ==O)  { f s e l  = 53; } 

b r e a k ;  

c a s e  53 : 
*pPor t f  = OxOD; 
i r e f  = - i d i s p u ;  
f s e l  = 54; 

b reak ;  

case 54 : 
i f  (vcapd < vminpu) 

I 

/ *  d i s c h a r g e  t o  m i n  */  

/*  t e r m i n a t e  a t  v min */ 

i ref  = O ;  
g s t c n t  = 30; 
cct55 = paucn t ;  
c n t 5 5  = 1; 
fsel = 800; 



n e x t f s e l  = 55; 
1 

break;  

c a s e  55 : / *  pause  d e l a y  +/ 
c n t 5 5  = cnt55-1; 
i f  ( c n t 5 5  ==O) ( f s e l  = 56; ) 

break ;  

c a s e  56 : / *  c y c l e  r e p e t i t i o n  +/  
c n t 5 6  = cnt56-1;  
i f  ( c n t 5 6  == 0)  ( f s e l  = 210; ) 
e l s e  ( f s e l  = 58; ) 

break ;  

c a s e  60 : /*  c h a r g e  t o  v rnax a f t e r  d e l a y  * /  
i r e f  = 0; 
c n t 5 5  = paucn t ;  
f s e l  = 800; 
g s t c n t  = 30; 
n e x t f s e l  = 61; 

b reak ;  

c a s e  61  : / *  pause  d e l a y  * /  
c n t 5 5  = cnt55-1;  
i f  ( c n t 5 5  ==O)  { f s e l  = 62 ; )  

break ;  

c a s e  62 : / *  c h a r g e  t o  v max */  
* p P o r t f  = OxOD; 
i r e f  = i c h p u ;  
f s e l  = 63; 

break ;  

c a s e  63 : / *  t e r m i n a t e  a t  v max * /  
i f  (vcap  > vmaxpu) 

I 
i r e £  = 0; 
g s t c n t  = 30;  
f s e l  = 800; 
n e x t f s e l  = 210; 
1 

break; 

c a s e  800 : / *  g a t i n g  d e l a y e d  o f f  */  
g s t c n t  = gs tcn t -1 ;  
i f  (gs t cn t=O)  
I 
+ p P o r t f  = 0x01; 
f s e l  = n e x t f s e l ;  

b reak ;  

c a s e  210 : 
break; 

/ *  do n o t h i n g  */ 

/*  end s w i t c h  fsel  */  

/*  ------------------ MODE 21 OR 22 CHOPPER TEST -------------- */  
i f  ( (rnodesel=21) 1 1 (modesel==22) 
( 

if ( ( k b f l g  == O-) hh ( le t ter  - ' p l ) )  



I / *  i n p u t  i n  xxx.x 3 of  pwmax * /  
i f  ( v a l  > 100) ( v a l  = 100; 1 
if ( v a l  < (-100) ) ( v a l  = ( -100);  ) 
x l  = ( (Ox0028F333+val) + (Ox00041852+valf) ) >> 16; 
vav3 = ( x l  * amax ) >> 12;  

1 
/' ------------------- s i n e  f requency c o n t r o l  ----------------- +/ 

i f  ( ( k b f l g  == OxAA) & &  ( l e t t e r  == ' f '  ) ) 
( / *  i n p u t  i n  xxx.x 3 of  fsmax * /  

i f  ( v a l  > 100) ( v a l  = LOO; ) 
if ( v a l  < (-130) ) { v a l  = (-100);  ) 
x l  = ( (Ox0028F333*val) + (OxO0041852*valf) ) >> 16; 
p h i i n c r  = (  ( (swpercnt*4*xl) >> 1 2 )  *fsmax) >> 7 ;  

1 
/ *  -------------------- s i n e  ampli tude c o n t r o l  ---------------- +/  

i f  ( ( k b f l g  == OxAA) & &  ( l e t t e r  == ' a 1  1 1 . . 

( / *  i n p u t  i n  xxx.x 5 of  amax * /  
i f  ( v a l  > 100) ( v a l  = 100; 1 
if ( v a l  < ( -100)  ) ( v a l  = ( - i 0 0 ) ;  ) 
x l  = ( (Ox0028F333*val) + (OxO0041852*valf) ) >> 16; 
ams = ( x l  * amax ) >> 12; 

1 
/ +  ---------------- g e t t i n g  s i n e  func t ions  from t a b l e  --------- * /  

p h i 1  = p h i 1  + p h i i n c r ;  /* p h i  360 deg.  -> FFFF * /  
tabpos = p h i l ;  
asm( move .l tabpos,  DO " ) ; 
asm( " TBLS. W S i n t a b ,  DO " ) ; 
asm( m0ve.w DO, t a b r e s "  ) ;  
vav2 = (arns * t a b r e s )  >> 12; 
vav l  = vav3+vav2; 
i f  ( v a v l  > amax) { vavl  = amax; ) 
if ( v a v l  < (-amax) ) ( vavl  = (-amax) ; ) 

( pwcon = vavl ;  i r e f  = 0; 1 
( i r e f  = vavl ;  pwcon = 0; ) 

/* vavl -> pwcon i n  mode 21 
must be l i m i t e d  t o  avoid 
mal func t ion  of  t h e  pwm */  

/*  vavl  -> i r e f  could be +/- 
1 p . ~ .  , b u t  f o r  test purposes 
vav l  i s  used * /  

/ *  ------------ MODE 1, OR 22 CURRENT CONTROL --------- * /  

i f d b  = i n7 ;  /*  c u r r e n t  r e g u l a t o r  */  
encu = i r e f  - ifdb; 
aux = encu - ( ( k2cufe0cu) >> 12) ; 
eOcu = encu; 
aux = (klcu*aux) ; /*  begin  8.24 s e c t i o n  */  
ksc  = kscu; 
whi le  ( ( ( a u x  < SLUcu) & &  (aux > SLLcu)) & &  ( k s c  > O ) )  
( aux = (aux << 1); k s c  = ksc  - 1; } 
uncu = uOcu + aux; 
i f  (uncu > LPcu) { uncu = LPcu; } 
i f  (uncu < LNcu) { uncu = LNcu; } 
uOcu = uncu; /* end 8.24 s e c t i o n  */ 
pwcon = (uncu >> 12) ; 



pwlcn t  = (swpercnt  * ( OxOFFF + pwcon)) >>13; 

s w l o c n t  = ( ( p w l c n t  - s w o t c n t )  << 1 6 )  
+ ( (swpercnt-pwlcnt+swotcnt) >> 1) ; 

s w l l c n t  = ( ( p w l c n t  + s w o t c n t )  << 16)  
+ ( (swpercnt-pwlcnt-swotcnt) >> 1) ; 

/ *  -------------------- MODE SELECTION ------------------------ * /  
i f  ( ( k b f l g  == OxAA) & &  ( le t te r  == 'Mr) ) 
( / *  modesel 1 -> cap t e s t i n g  

21 -> man chopper c o n t r o l  pw 
22  -> man c u r r e n t  l o o p  t e s t  

for 21,22 cmd = keyb + s i n e ( a , f )  * /  
if ( ( v a l = = l ) l l  ( v a l = = 2 1 ) I  1 ( v a l = = 2 2 ) )  (modesel  = v a l ; )  

/ *  ------------------- DATA ADQUISITION RESPONSE -------------- * /  
i f  ( k b f l g  == 0x33) 
( 
/ * t i r m e r  = t immer+l;*/  
i f  (timmer > 500) 
I 

cond = *pSCSR; 
i f  (cond & 0x0100) 
( 

s w i t c h  ( c o n t )  
( 

c a s e  O : 
i f  (capnurn<vdes ) 
{ 
vcaps=vol  t [capnum] ; 
i f  (vcaps<O) 
( 

else 
I 
*pSCDR = '+ '  ; 

ser l  = vbase*lO*vcaps/4096; 
s e r 2  = ser1/100;  
s e r 3  = set1 - (ser2*100)  ; 
ser4 = se r3 /10 ;  
sers = s e r 3  - ( lO*ser4)  ; 
capnum=capnum+l; 
cont = 1; 
1 
else 
( 
timmer = t h e r - 5 0 0 ;  
capnum = 0; 
1 



b r e a k ;  
case 1: 

*pSCDR = O x 3 0 + s e r 5 ;  
cont  = 2; 

b r e a k ;  
case 2: 

*pSCDR = Ox30-tser4;  
c o n t  = 3;  

b r e a k ;  
case 3 :  

*pSCDR = O x 3 0 + s e r 2 ;  
c o n t  = 0; 

b r e a k ;  
1 

1 
1 
1 

/ *  ----------------------- PROGRAM EXIT ----------------------- * /  
i f  ( l e t t e r  == ' E r  ) 
( 

ml0 = O ;  
l e t t e r  = OxEE; 
*pHSRRO = 0 x 0 0 0 1 ;  / *  S t o p  ch8 D I 0  l o w  * /  
* p P o r t f  = 0 x 0 1 ;  / *  g a t i n g  o f f , n o  i n v  * /  ) 

/ *  ------------------------ KEYBOARD INTERFACE ---------------- * /  
/ *  k e y b o a r d  i n t e r f a c e ,  i n p u t  i n  s u c c e s i v e  l o o p  c y c l e s  k e y b o a r d  

i n p u t ,  req. t i m e  < 40  u s e c ,  p l a c i n g  a t  e n d  o f  l o o p ,  m e a n s  
u p d a t e  o f  v a r i a b l e s  i n  n e x t  l o o p ;  i t  avoids c u m u l a t i v e  e x t r a  
l o o p  t i m e  f o r  k e y b l i o  r o u t i n e  a n d !  u p d a t e  p r o c e d u r e  +/ 

i f  ( k b f l g  == OxAA) ( k b f l g  = 0 x 5 5 ;  ) 
k e y b l  i o  ( L k b f l g ,  h l e t t e r ,  hval,&vaif) ; - 

1 / *  e n d  p r o g r a m  LOOP d o  == 2 */  

C. 3 PASCAL PROGRAM FOR DATA ACQUISI TION 

{CAPAI.PAS} 
{LUIS E. ZUBIETA 2 1 / 0 5 / 1 9 9 6 )  
[GENERAL DATA ADQUISICION PROGRAM SINCHRONZZED BY THE GPC üNIT. 
THE PROGRAM WAS DEVELOPED TO BE USED WITH THE GPC BOARD. 
THE GPC SOETWARE SHOULD USE KEYBl 10.0 I N  ORDER TO RECOGNIZE THE INTERFASE} 
{THE COMMUNICATION PROTOCOLE I S  THE FOLLOWING: 
THE PC SENDS A ' d '  A S C I I  TO START THE DATA COLLECTION. 
THE GPC SENDS EACH SECOND 4 A S C I I  VALUES; FIRST THE SIGN (+ OR - )  AND THEN 
THREE A S C I I  NUMEKtCAL DIGITS)  

( S M  2 0 0 0 , 0 ,  O} 
(SR-, S-, 1-, D i ,  F+,V-,B-,N-,L+) 
PROGRAM CAPA.2; 
USES CRT, DOS; 



CONST 
SEGMENTO:INTEGER=O; 
DATOS=$02 F8 ; 
IER=$02F9; 
LCR=$02 FB ; 
MCR=$OSFC; 
LSR=$02FD; 
MDM=$ O2FE; 
INT=$21; 
PARAMETROS=$E7 ; 
LONBUF=12 8 ; 

VAR 
CARTOT, ENTRADA, SALI DA: WORD; 
DATA: T EXT ; 
SEC, CADENA: INTEGER; 
RXD, SIGN: INTEGER; 
VOLT : REAL;  
BUFFER:ARRAY [ 1. . LONBUF] OF CHAR; 
BUFFS:ARRAY[1. .4] OF CHAR; 
NUMERC: STRING [ 3 ]  ; 
VECTOR: POINTER; 
REGS : REGISTERS ; 

THIS PROCEDURE STORE THE DATA I N  THE FILE CAPA.DAT 
********************************+***********************+************** 
PROCEDURE ALMA; 

1 

BEGIN 
VOLT:= SIGN*RXD/100; 
WRITE ( DATA, VOLT : 2 : 2 ) ; 
WRITE (DATA, ' , ' ) ; 
WRITELN (DATA, SEC) ; 

END; 

(******+**************************************************************** 
THIS PROCEDURE OBTATNS, USING THE SERZAL PORT, THE DATA 

FROM THE GFC 
*********************************************+************************* 
PROCEDURE RECEPCION; INTERRUPT; 

1 

BEGIN 
INLINE ( $  FB) ; 
I F  (CARTOT < LONBUF) THEN 
BEGIN 

BUFFER[ENTRADA] :=CHAR (PORT [DATOS] ) ; 
I F  (ENTRADA < LONBUF) THEN INC ( ENTRADA, 1) 
ELSE ENTRADA := 1; 
INC ( CARTOT ,1) ; 

END; 
INLINE ($  FA) ; 
PORT [ $ 2 0 ]  :=$20; 

END; 

{*********************************************************************** 
THIS  PROCEDURE CONVERTS THE DATA COLLECTED I N  THE NUMERICAL 

REPRESENTATION 
*********************************************************************** 
PROCEDURE GENERATION; 

1 

VAR 
DUDA: INTEGER; 
BEGIN 



REPEAT 
1 F (CARTOT > O )  THEN 
BEGIN 

BUFF2 [CADENA] : = BUFFER [SALIDA] ; 
I F  (SALIDA < LONBUF) THW I N C  (SALIDA, 1) 
ELSE SALIDA:=l ;  
DEC (CARTOT, 1) ; 
I F  ( (CADENA = 1) AND (BUFFZ [CADENA] = ' t t  ) ) THEN S I G N : = l  
ELSE I F  ((CADENA = 1) AND (BUFFS[CADENA] = ' - ' )  ) THEN SIGN:=-1  
ELSE I F  (CADENA = 1) THEN CADENA:=O; 
I F  CADENA<>4 THEN I N C  (CADENA, 1) 
ELS E 
BEGIN 

CADENA: =l; 
NUMERO:=BUFFZ [ 4 ]  +BUFF2 ( 3 1  i B U F F 2  [SI ; 
WRITE (NUMERO, ' ' ) ; 
VAL (NUMERO, N D ,  DUDA) ; 
I F  DUDAOO THEN WRITELN ( ' ERROR I N  COMUNICATION ' ) ; 
w; 

END ; 
END; 
UNTIL (KEYPRESSED) 

END; 

(*********************************************************************** 
T H I S  PROCEDURE READJUST THE CONDITIONS O F  THE S E R I A L  INTERRUPTION 

WHEN THE PROGRAM I S  ENDED 
* * * * * * * * * * * * i * * * * * * * * * * * * * * * * * * f * * * * * * * . r t * * * * * * * * * * * * * * * * * + * * * * * * * * * * * * * *  

PROCEDURE RECUPERAR; 
1 

VAR 
B : BYTE; 
BEGIN 

B:=PORT[INT] ; 
B:=B OR $ 1 0 ;  
PORT [ I N T ]  :=B; 
B:=PORT [LCRJ ; 
B:=B AND $ 7 F ;  
PORT [LCR] : =B; 
PORT [ I E R ]  :=$O; 
PORT [MCR] :=$O ; 
PORT[$20]  :=$20 ;  
SETINTVEC ($OB, E C T O R )  ; 
MSDOS (REGS) ; 

END; 

{*+********************************************************************* 
T H I S  PROCEDURE P R E P m  THE S E R I A L  PORT TO RECEIVE 

THE DATA FROM THE GPC 
........................................................................ 
PROCEDURE PREPARATION; 
VAR 
B: BYTE; 
BEGIN 

WITH REGS DO 
BEGIN 

DX: =l; 
AH:=O; 
AL: =PARAMETROS ; 
FLAGS :=O; 
INTR(S14,  REGS) ; 

END; 
SEGMENT0 : =DSEG; 





THE EQUIVALENT MODEL USES THREE RC LEGS CONNECTED IN PARALEL AND ONE 
PARALLEL LEAKAGE RESISTANCE. THE FIRST LEG CALLED IMMEDIATE 
HAS CAPACITANCE VALUE AS FUNCTION OF THE TERMINAI, VOLTAGE) 

unit capade f ; 
interface 
uses samtype; 

( samtype defines only types, those are : 
dimlr = axray[l..20] of double; 
dimli = array[l..20) of integer; 
name = stringE301; 
dimlst = array[l..30] of name; 1 

const om = 376.99111848; 
pi3 = 1.0471976; 

va r inv,ouv : t e x t ;  
con: real; 

nt ist, ier, ierr,ml,rnî,m55 : integer; 
x, h, hrnax, M n ,  tol : double; 
z , y  : dirnlr; 
errsam : integer; 

~ 1 ~ ~ 2 ~ ~ 3 ,  R ~ , R ~ ~ ~ , C O , C ~ , C ~ , C ~ , C ~ , I S ~  1 c l f  I C ~ J C ~ ~ I C ~ ~  
Vcl,Vc2,Vc3,Vcapa, IB,VB : double; 
res : double; 

procedure fcn (n: integer; var zpr:dimlr; z:dimlr; x: double) ; 

procedure rh(n: integer; var y: dim1r;var x, h: double; 
to1:double;ist:integer; var ier:integer); 

procedure capainit; 

procedure calstep (pva1:dimlr; pari:dimli; setflg: boolean; 
var yy:dimlr; var xx:double); 

proceduxe datasave; 

{ *************************************************************** 
implementation 

1 

procedure fcn; IDIFFERENTIAL EQWATIONS REPRESENTING THE MODEL} 
begin 

Vcapa:= res*(Is + z[lJ/RI +z[S]/R2 + z [ 3 ] / ~ 3 )  
/(l.O/RI + 1.0jR2 + 1.O/R3 + l.O/EUea); 



Ic3:= (Vcapa-z [3 ]  / ~ 3 ;  
end; 

( *****+*********************************************************  
procedure  c a p a i n i t ;  (VARIABLES INITIXIZATION) 

1 

begin  

{ **********  read  i n t e g r a t i o n  r o u t i n e  v a r ,  ************  
h := I.OE-5; hmax := 1.OE-3; hmin := 1.OE-6; 

) 

toi := 1.OE-3; i s t  := 1; con := 0; 

( *********  i n i t i a l i z e  i n t e g r a t i o n  r o u t i n e  v a r .  *******  
n:= 3; 

1 

ier := 0; ierr:= 0; h:= M n ;  x:= 0.0;  
f o r  m l : =  1 t o  12 do z [ m l j : =  0.0;  

Ib:= 50.0; ( b a s e  c u r r e n t  ) 

( ******  i n i t i a l i z e  spec .  v a r i a b l e s , p a r a m e t e r s  ******+* 1 

( no ass ignment  o f  v a r i a b l e  pa ramete r s  r e q u i r e d  a s  t h e  
pa ramete r s  a r e  a s s i g n e d  i n  t h e  SBR SAM b e f o r e  t h e  f i r s t  
c a l c u l a t i o n  t a k e s  p l a c e  ( p a f l g  t r u e  -> s e t f l g  t r u e )  ) 

( t h e  f i r s t  p l o t  p o i n t  i s  se t  t o  0.0 f o r  a l 1  v a r i a b l e s ,  
t h i s  i s  f i x e d  i n  SBR SAM and shou ld  n o t  be  a l t e r e d  t o  
e n s u r e  a  Save s t a r t  up; i f  t h e  f i r s t  s t e p  i s  k e p t  m a l 1  
i t  does  n o t  m a t t e r  and u s u a l l y  t h e  i n i t i a l  s t e p  f o r  the 
Runge Kut ta  Rout ine  s t a r t s  wi th  hmin } 

end; 

( ***+************************************************************ 
procedure  da tasave ;  

1 

beg in  
con:= con+l;  
write (ouv, x:10:6] ; 
write (ouv , '  , I ) ;  

w r i t e l n  (ouv, vcapa : 10 : 6) ; 
end; 

( ............................................................... 1 
procedure  c a l s t e p ;  (VARIABLES ACTUALIZATION AND CALCULATIONS) 

p rocedure  a s s i g n p a r ;  {VARIABLES ACTUALIZATION) 
beg in  

Is:= p v a l [ l ]  ; 
CO:= p v a l [ 2 j ;  C l : =  p v a l [ 3 ] ;  CS:= pva1[4] ;  C3:=pva1[5]; 
R I : =  p v a l [ 6 ] ;  W : =  p v a l [ 7 ] ;  R3:= p v a l [ 8 ] ;  
Riea:= p v a l [ 9 ] ;  
hmax:= pva l [ IO]  ; res:= p v a l [ l l ]  ; 
z [ l ] : = z [ l ] * r e s ;  { t h e  i n p u t  res r e s e t s  t h e  s i m u l a t i o n )  
z [ 2 ]  : = z [ î ]  * r e s ;  
2131 : = z [ 3 j e r e s ;  

end; 

beg in  
i f  s e t f l g  t h e n  a s s i g n p a r ;  
i f  x>=con t h e n  d a t a s a v e ;  (SAVE VARIABLES IN EXT FILE)  
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( *+**** solution m a t h e m a t i c a l  problem,  n e x t  s t e p  ***** 1 
rkm(n,  z , x ,  hl t o l ,  ist, i e r )  ; 

yy[l] := 1s/Ib; yy[2] := Vcapa; yy[3] := z[l] ; 
YYMI := 2[21; yy[5] := 2 [ 3 ] ;  
yy[6] := Icl/Ib; yy[7] := IcZ/Ib; y y [ 8 ]  := Ic3/Ib; 

end; 
end; 

END. 
{ **+**+************+*********************************************  1 

C. 5 PROGRAM FOR ENERGY AND LOSSES SIMULATIONS 

* SIMULATION PROGRAM FOR CAPACITOR LOSSES AND ENERGY INTERCHANGE 
FACTOR, RUNS UNDER PSPICE* 
* CAPACITOR CHMGE USING I = 3 0  AMP * 

Ci 7 O ACAP 2 8 0  IC=O 
Cd 8 O 1 0 0  IC=O 
C l  9 O 150 IC=O 
R i  10  7 2.5m 
Rd 1 0  8 0 . 9  
R1 1 0  9 5 
R l e a  10  O 5 0 0 0  
I l  O 10  PULSE 
12 O 10  PULSE 
E l  11 O VALUE 
R9 1 1  O 1 0 0 0  
.MODEL ACAP CAP 
.PARAM DELAY=37 
.STEP PARAM DELAY 
.TRAN O. 1s 1 1 0 0  O 
. PROBE 
. END 

( O  -30  {DELAY) l m s  lrns (35-DELAY/100} 1 1 0 0 )  
( O  3 0  O lms l m s  37 1 1 0 0 )  
= (LIMIT ( V ( 1 0 ) ,  0 , 3 )  } 

37 1037 1 0 0  
I UfC 



APPENDIX D 

ADDITIONAL PRACTICAL CONSIDERATIONS 

A t  t h i s  s t a g e  t h e  charac te r i za t ion  of t h e  double-layer capaci tors  

has been completed and the  ob jec t ives  have been reached. However, i n  

each s p e c i f i c  app l i ca t ion ,  a d d i t i o n a l  po in t s  of i n t e r e s t  a r e  always 

present  and may be s tudied .  

I n  t h i s  appendix some of these  a d d i t i o n a l  f a c t o r s  w i l l  be b r i e f l y  

s tudied  through a few add i t iona l  experimental and simulated analyses.  

The s t u d i e s  t o  be presented i n  t h e  fol lowing pages w i l l  not be a  

complete and d e t a i l e d  research i n  each aspect ,  but they  w i l l  give a 

s t a r t i n g  p o i n t  i f  i n  fu tu re  research it i s  found necessary t o  extend 

t h e  a n a l y s i s  of those aspects .  

D .1 CIiRRENT RIPPUZ EFZECT 

In a l 1  t h e  previous analyses and s imula t ions ,  t h e  cur ren t  appl ied  

t o  t h e  c a p a c i t o r  o r  bank of capac i to r s  was assumed t o  be a  p e r f e c t  DC 

cur ren t .  However, i n  the  experimental se tup  used and i n  severa l  r e a l  

app l i ca t ions ,  t h e  current  is not cons tant .  

T h e  DC/DC converter  used i n  t h e  s e t u p  has a current  con t ro l  which 

t r i e s  t o  keep t h e  current  c lose  t o  t h e  des i red  value through the 

switching of  t h e  devices present  i n  t h e  converter .  However, t h e  

switching i n t e r v a l  and t h e  f i n i t e  inductance present  i n  t h e  loop 

produce a  r i p p l e  i n  the  r e a l  cu r ren t  waveform a t  t h e  output .  The 

e f f e c t  of t h e  r i p p l e  present  i n  t h e  c u r r e n t  appl ied  t o  t h e  capaci tor  

i s  s tud ied  using t h e  PSPICE simulat ion software.  In t h e  simulation, 

t h e  cur ren t  i s  considered as  a t r i a n g u l a r  waveform with f i v e  amperes 

peak t o  peak p lus  a  DC value equal  t o  t h e  r a t e d  cur ren t  i n  t h e  



c i r c u i t .  

Two a s p e c t s  a r e  s t u d i e d :  t h e  d i f f e r e n c e s  i n  t h e  t e r m i n a l  v o l t a g e  

and t h e  d i f f e r e n c e s  i n  l o s s e s  u n d e r  t h e  i d e a l  and  t h e  new c o n d i t i o n .  

Appendix C p r e s e n t s  t h e  program f o r  P S P I C E  used  i n  t h e  

s i m u l a t i o n s .  F i g u r e  D .  1 r e p r e s e n t s  t h e  t e r m i n a l  v o l t a g e  f o r  t h e  

c o n s t a n t  c u r r e n t  and  f o r  t h e  r i p p l e  i n p u t  c u r r e n t ,  

T h e r e  i s  no a p p r e c i a b l e  d i f f e r e n c e  i n  t h e  v a l u e s  o f  t h e  t e r m i n a l  

v o l t a g e  f o r  t h e  c o n s t a n t  c u r r e n t  and  t h e  r i p p l e  c u r r e n t .  The o n l y  

d i f f e r e n c e  o b s e r v e d  i s  t h e  p r e s e n c e  o f  a  r i p p l e  i n  t h e  t e r m i n a l  

v o l t a g e .  T h a t  r i p p l e  f o l l o w s  t h e  r i p p l e  i n  t h e  a p p l i e d  c u r r e n t ,  and  

it  i s  due  t o  t h e  change i n  t h e  v o l t a g e  d ï o p p e d  a c r o s s  t h e  e q u i v a l e n t  

r e s i s t a n c e .  

The p r e v i o u s  r e s u l t  g i v e s  t h e  c o n c l u s i o n  t h a t  none o f  t h e  

e x p e r i m e n t a l  r e s u l t s  of c h a r g e  a c t i o n s  a n d  mode1 c a l c u l a t i o n s  a r e  

a f f e c t e d  f o r  s rna l l  d i f f e r e n c e s  i n  t h e  waveform of  t h e  i n p u t  c u r r e n t  a s  

l o n g  a s  t h e  a v e r a g e  c u r r e n t  v a l u e  i s  e q u a l  t o  t h e  assumed c o n s t a n t  

c u r r e n t .  

The second  f a c t o r  t o  b e  s t u d i e d  1s t h e  change  i n  t h e  l o s s e s  o f  

t h e  c a p a c i t o r  u n d e r  t e s t .  The t o t a l  e n e r g y  d i s s i p a t e d  i n  l o s s e s  a f t e r  

two s e c o n d s  o f  c h a r g e  i s  t h e  c o m p a r a t i v e  tes t ,  

F i g u r e  D.2 r e p r e s e n t s  t h e  t o t a l  e n e r g y  d i s s i p a t e d  i n  l o s s e s  f o r  

t h e  c o n s t a n t  c u r r e n t  and t h e  r i p p l e  c u r r e n t .  

Based on t h e  p r e v i o i l s  f i g u r e ,  it c a n  be conc luded  t h a t  t h e  r i p p l e  

i n  t h e  c u r r e n t  a p p l i e d  t o  t h e  c a p a c i t o r  i n c r e a s e s  t h e  t o t a l  l o s s e s  i n  

t h e  d e v i c e .  T h a t  effect may b e  e x p l a i n e d  b a s e d  on  t h e  F o u r i e r  

d e c o m p o s i t i o n  o f  t h e  i n p u t  c u r r e n t  waveform which c o n t a i n s  t h e  a v e r a g e  

v a l u e  ( i d e a l  c o n s t a n t  c u r r e n t )  p l u s  some harmonics  s i n u s o i d a l  

w a v e f o m s  g i v e n  b y  t h e  s w i t c h i n g  f r e q u e n c y .  Those harmonics  p r o d u c e  
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a d d i t i o n a l  l o s s e s  i n  the  i n t e r n a 1  r e s i s t a n c e  of t h e  capaci tor .  

I n  t h e  experimental se tup  t h e  increase  i n  t h e  t o t a l  energy 

d i s s ipa ted  i n s i d e  t h e  capaci tor  was lower than 0.5% of the  i d e a l  

value. That e f f e c t  i s  very small and may be neglected i n  most of t h e  

cases.  However, t h i s  value may increase  i f  t h e  peak t o  peak value of 

t h e  r i p p l e  is increased.  

The c a l c u l a t i o n  of the  equivalent  model i n  chapters  four  and f i v e  

was done a t  an ambient temperature of approxirnately 20' C. I n  order  

t o  g e t  a  genera l  idea  about t h e  inf luence  t h a t  t h e  temperature of the  

device has o n  t h e  ca lcu la ted  parameters, t h e  equivalent  model was 

ca lcu la ted  again i n  a capac i to r  t h a t  was kept a t  a  temperature of -5O 

C f o r  t h r e e  days. 

Table D.1 i n d i c a t e s  t h e  r e s u l t s  of t h i s  experiment. 

1 7.056 ohms. II 

1' 
1 '1 

TABLE D. 1 

The above t a b l e  i n d i c a t e s  t h a t  t h e  values of capaci tance a r e  not 
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appreciably affected by the capacitor temperature; however, the 

resistance of the different equivalent mode1 branches are increased 

twenty per cent approximately compared to those cafculated at 200 C. 

The final test was done in order to get an idea about the 

increase in the double-layer capacitor temperature when it is in 

continuous charge and discharge actions. The initial temperature of 

a DLC was measured and the device was charged and discharged 

continuously. During the charge process the case temperature and the 

terminal temperature was measured every thirty minutes to check the 

effect of the energy dissipated on the device temperature. 

Figure D.3 presents the curve of the temperature as a function 

of the time for the experiment. 

In this figure, the temperature in the capacitor case increases 

during the first ninety minutes of the charge test until it reaches 

approximately fourteen degrees celsius over the ambient temperature. 

After that, the temperature keeps approximately the same difference 

with respect to the ambient temperature. 

The response of the terminal temperature is similar; that is, an 

important increase in the temperature for the first 90 minutes until 

approximately thirty degrees celsius over the ambient and then mal1 

variations with respect to the ambient temperature. 
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