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ABSTRACT

SENSORS AND INSTRUMENTATION FOR HYDROPONICS

The hydroponic technique is today well estabished all over the 

world. Improvements in the crop yield can be achieved if a better 

control of the plant nutrients are employed. In order to improve the 

nutrient control more information about the hydroponic system must 

be acquired.

This thesis describes the development of electro-analytical on­

line sensors and instrumentation for data acquisition and control of 

a hydroponic greenhouse system.

A microcomputer controlled Ion Selective Electrode analyser 

(Autoanalyser) has been designed and developed , for the detection 

K , Na , Ca2+ , Cl , NO^ and pH. This system has been tested 

and used successfully at the National Institute of Agricultural 

Engineering , Silsoe.

The Wall Jet Ring Disc Electrode has been automated for bromine 

microtitrations of biochemically interesting species such as 

proteins , aminoacids and peptides. This electrode finds its use in 

hydroponics as a root death detector. It has also been implemented 

as a detector for liquid column chromatography and flow injection

analysis .
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C H A P T E R  1 

I N T R O D U C T I O N

1 .1 H y d r o p o n i c s

T h e  w o r d  h y d r o p o n i c s  w a s  c o i n e d  by W . F . G e r i c k e  (1) in 1930 ,

f r o m  t h e  t w o  G r e e k  w o r d s  h y d r o  ( " w a t e r " )  and p o n o s  ( " l a b o u r " )  

l i t e r a l l y  " w a t e r  w o r k i n g " .  H y d r o p o n i c s  can be d e f i n e d  as the 

s c i e n c e  of g r o w i n g  p l a n t s  w i t h o u t  t h e  use of soil. T h e  h a n g i n g  

g a r d e n s  of B a b y l o n  , t h e  f l o a t i n g  g a r d e n s  of t h e  A z t e c s  of M e x i c o  

and t h o s e  of t h e  C h i n e s e  a r e  t h e  f i r s t  e x a m p l e s  of " h y d r o p o n i c "  

c u l t u r e s .

T h e  e a r l i e s t  s c i e n t i f i c  a p p r o a c h  to n u t r i e n t  u p t a k e  f r o m  w a t e r  

w a s  m a d e  in 1600 by t h e  B e l g i a n  J a n  v a n  H e l m o n t  w h o  s h o w e d  t h a t  

p l a n t s  o b t a i n  m i n e r a l s  f r o m  w a t e r .  In 1804 t h e  F r e n c h m a n  d e  S a s s u r e  

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

f r o m  w a t e r  , s o i l  and air. His c o m p a t r i o t  B o u s s i n g a u l t  p r o v e d  t h i s  

h y p o t h e s i s  in 1851 by g r o w i n g  p l a n t s  u n d e r  c o n t r o l l e d  c o n d i t i o n s  and 

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

V a r i o u s  r e s e a r c h  w o r k e r s  had by t h i s  t i m e  s h o w e d  t h a t  p l a n t s  

c o u l d  be g r o w n  in an i n e r t  m e d i u m  m o i s t e n e d  by a s o l u t i o n  c o n t a i n i n g  

t h e  n e c e s s a r y  m i n e r a l s .  T h e  n e x t  s t e p  w a s  to e l i m i n a t e  t h e  m e d i u m  

and g r o w  t h e  p l a n t s  in a s o l u t i o n  c o n t a i n i n g  t h e s e  m i n e r a l s .  T h i s  

w a s  a c c o m p l i s h e d  by t w o  G e r m a n  s c i e n t i s t s  S a c h s  and K n o p  in 1860. 

T h e i r  i n v e n t i o n  t h e  " n u t r i c u l t u r e "  and s i m i l a r  t e c h n i q u e s  are s t i l l  

in u s e  in p l a n t  p h y s i o l o g y  and p l a n t  n u t r i t i o n  s t u d i e s  t o d a y .

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

m e n t s  in l a r g e  q u a n t i t i e s  . t h e s e  " m a c r o n u t r i e n t s "  ( m a c r o e l e m e n t s )  

are; n i t r o g e n  (N) , p h o s p h o r u s  (P) , s u l p h u r  (S) , p o t a s s i u m  (K) ,



c a l c i u m  (C) a n d  m a g n e s i u m  (Mg), o t h e r  n u t r i e n t s  are r e q u i r e d  in m u c h  

s m a l l e r  q u a n t i t i e s  and a r e  k n o w n  as "m i c r o n u t r i e n t s "  ( t r a c e  e l e ­

m e n t s )  , t h e s e  a r e  ; i r o n  (Fe) , c h l o r i d e  (Cl) , m a n g a n e s e  (Mg) , 

b o r o n  (B) , z i n c  (Zn) , c o p p e r  (Cu) a n d  m o l y b d e n u m  (Mo).

T h e  h y d r o p o n i c  t e c h n i q u e  w a s  n o t  c o m m e r c i a l l y  e x p l o r e d  u n t i l  

a b o u t  1925 , w h e n  t h e  g l a s s h o u s e  i n d u s t r y  e x p r e s s e d  i n t e r e s t  in it. 

T h e  f i r s t  " n u t r i c u l t u r e "  g r e e n h o u s e s  w e r e  b u i l t  in t h e  e a r l y  1 9 3 0 s  , 

and t h e  t e r m  h y d r o p o n i c s  w a s  c o i n e d .  T h e  m a n  b e h i n d  t h i s  w o r k  w a s  Dr 

W . F . G i e r e c k e  at t h e  U n i v e r s i t y  of C a l i f o r n i a .  G i e r e c k e  u s e  h y d r o ­

p o n i c  t e c h n i q u e s  to g r o w  v e g e t a b l e s  s u c h  as b e e t  , p o t a t o e s  

l e t t u c e  and t o m a t o e s .  T h e  t e c h n i q u e  p r o v e d  i t s e l f  d u r i n g  t h e  S e c o n d  

W o r l d  W a r  w h e n  it w a s  u s e d  to g r o w  f r e s h  v e g e t a b l e s  f o r  t r o o p s  

s t a t i o n e d  on n o n - a r a b l e  i s l a n d s  in t h e  P a c i f i c .

A f t e r  W o r l d  W a r  T w o  c o m m e r c i a l  h y d r o p o n i c s  e x p a n d e d  t h r o u g h o u t  

t h e  w o r l d  and by 1350 h y d r o p o n i c s  w e r e  b e i n g  u s e d  u s e d  in I t a l y  , 

S p a i n  , F r a n c e  , G r e a t  B r i t a i n  , G e r m a n y  , S w e d e n  , t h e  U S S R  and 

I s r a e l .

O v e r  t h e  f o r t y  y e a r  p e r i o d  f o r  w h i c h  t h e  h y d r o p o n i c  t e c h n i q u e  

has b e e n  u s e d  c o m m e r c i a l l y  it has p r o v e d  to h a v e  m a n y  a d v a n t a g e s  

c o m p a r e d  to a s o i l  c u l t u r e  , e . g  m o r e  e f f i c i e n t  n u t r i e n t  r e g u l a t i o n  

and u s e  of w a t e r  and f e r t i l i z e r  , h i g h e r  p l a n t i n g  d e n s i t y  , b e t t e r  

y i e l d s  and in a d d i t i o n  it m a y  be u s e d  in n o n - a r a b l e  r e g i o n s .  T a b l e  1 

s h o w s  t h e  c o m p a r a t i v e  y i e l d s  p e r  a c r e  for s o i l  and s o i l l e s s  c u l ­

t u r e s .  The h y d r o p o n i c  t e c h n i q u e  is w e l l  d e s c r i b e d  and r e v i e w e d  in

t h e  l i t e r a t u r e  (2-12).
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Comparative yield per acre in soil and soilless culture

C r o p Soil S o i l l e s s
S o y a 600 lb 1550 lb
B e a n s 5 t o n s 21 t ons

P e a s 1 t o n 9 t o n s
W h e a t 600 l b 4 1 0 0  lb

R i c e 1000 l b 5 0 0 0  lb
O a t s 1000 lb 2 5 0 0  lb
B e e t s 4 t o n s 12 t o n s
P o t a t o e s 8 t o n s 70 t o n s
C a b b a g e 1 3 , 0 0 0  lb 1 8 , 0 0 0  lb
L e t t u c e 9 0 0 0  lb 2 1 , 0 0 0  lb
T o m a t o e s 5 - 1 0  t o n s 6 0 - 3 0 0  t o n s
C u c u m b e r s 7 0 0 0  l b 2 8 , 0 0 0  lb

U L T h e  N u t r i e n t  F i l m T e c h n i q u e

1.2.1 I n t r o d u c t i o n

M a s s  t r a n s f e r  by d i f f u s i o n  is a s l o w  p r o c e s s  in a s t a g n a n t  

s o l u t i o n  , so as the r o o t s  c o n s u m e  t h e  n u t r i e n t s  t h e r e  is a r i s k  

t h a t  t h e  s o l u t i o n  a r o u n d  t h e  r o o t s  w i l l  b e c o m e  d e p l e t e d  of 

n u t r i e n t s .T h i s  m a y  be o v e r c o m e  by s t i r r i n g  or b u b b l i n g  a i r  in the 

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

p e r f o r m  in c o n v e n t i o n a l  h y d r o p o n i c  c o n t a i n e r s .

O n e  a n s w e r  to t h i s  p r o b l e m  is t h e  N u t r i e n t  F i l m  T e c h n i q u e  (NFT). 

T h i s  is a w a t e r  c u l t u r a l  t e c h n i q u e  in w h i c h  p l a n t s  a r e  g r o w n  w i t h  

t h e i r  r o o t  s y s t e m s  in a g u l l y  t h r o u g h  w h i c h  a n u t r i e n t  s o l u t i o n  is 

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

s o l u t i o n  to t h e  r o o t s .
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1 . 2 . 2  H i s t o r y  of NFT

T h i s  t e c h n i q u e  w a s  i n v e n t e d  by A l l a n  C o o p e r  at t h e  G l a s s h o u s e  

C r o p s  R e s e a r c h  I n s t i t u t e  (GCRI) at L i t t l e h a m p t o n  in 1966 (13). 

I n i t i a l l y  t h e  t e c h n i q u e  w a s  u s e d  to s t u d y  t h e  r o o t  g r o w t h  of t o m a t ­

oes in t h i s  c i r c u l a t i n g  s y s t e m  (14) , b u t  s o o n  C o o p e r  r e a l i z e d  the 

c o m m e r c i a l  p o t e n t i a l  of t h e  m e t h o d .  L a r g e  s c a l e  t r i a l s  on a c o m m e r ­

c i a l  b a s i s  s t a r t e d  in 1972 at G C R I  , at F i s o n s  Ltd r e s e a r c h  s t a t i o n  

in F a i r f i e l d  a n d  at a n u r s e r y  in S u s s e x .  By 1973 t h e  N F T  w a s  a t t ­

r a c t i n g  w i d e s p r e a d  a t t e n t i o n  , and s e v e r a l  d e t a i l e d  d e s c r i p t i o n s  

had b e e n  p u b l i s h e d  (15 - 1 7 ) .

In 1978 16 ha ( 1 h a = 1 0 0 0 0  m ^ ) 0 f N F T  w e r e  in u s e  in t h e  UK. Two 

y e a r s  l a t e r  t h i s  f i g u r e  had g r o w n  to 34 ha and l a s t  y e a r  (1982) 46 

ha of N F T  g l a s s h o u s e  w e r e  in p r o d u c t i o n  in t h i s  c o u n t r y .

*
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Fig 1.1 T y p i c a l  l a y o u t  of a N F T  g l a s s h o u s e  s y s t e m

1 . 2 . 3  L a y o u t

A b a s i c  N F T  s y s t e m  is s h o w n  in fig 1.1. T h e  p l a n t s  g r o w  in 

g e n t l y  s l o p i n g  g u l l i e s .  A p u m p  f e e d s  n u t r i e n t  s o l u t i o n  to t h e  h i g h  

e n d  of the g u l l y  ( f r o m  w h e r e  it f l o w s  by g r a v i t y  o v e r  t h e  r o o t s  of 

t h e  p l a n t s  d o w n  to a c a t c h m e n t  t r o u g h .  T h i s  t r o u g h  is a l s o  s l o p i n g  

in a d i r e c t i o n  w h i c h  a l l o w s  f l o w  to t h e  s t o r a g e  tank. It is t h i s  

t a n k  t h a t  s u p p l i e s  t h e  p u m p  w i t h  s o l u t i o n  , t h u s  c l o s i n g  t h e  l o op. 

A f l o a t  v a l v e  r e g u l a t e s  the l i q u i d  l e v e l  in t h e  s t o r a g e  t a n k  , and 

t h e  c o r r e c t  l e v e l  of n u t r i e n t s  is m a i n t a i n e d  by a c o n t r o l  s y s t e m .

1 . 2.4 C o n t r o l  and M e a s u r e m e n t

In its s i m p l e s t  f o r m  t h e  c o n t r o l  i n v o l v e s  a m a n u a l  m e a s u r e m e n t  

of pH and c o n d u c t i v i t y  . and t h e  g r o w e r  t h e n  u s e s  t a b l e s  or his 

" g r e e n  f i n g e r s "  to a s s e s s  t h e  n e e d  for a c i d  and n u t r i e n t s .  T h e  G C R I  

r e c o m m e n d s  l a b o r a t o r y  a n a l y s i s  of t h e  m a c r o  n u t r i e n t s  e v e r y  1-2

w e e k s  a n d  t r a c e  e l e m e n t s  at i n t e r v a l s  of 2-4 w e e k s  .



T h e  a u t o m a t i c  n u t r i e n t  c o n t r o l  s y s t e m  u s e d  by m o s t  g r o w e r s

t o d a y  c o n s i s t s  of t w o  c o n t r o l l e r s  , o n e  for t h e  pH and a n o t h e r  for 

t h e  c o n d u c t i v i t y .  B o t h  c o n t r o l l e r s  w o r k  on a s e t - p o i n t  b a s i s  

g e n e r a l l y  on a h o u r l y  b a s i s  , i . e  if t h e  s e n s o r  i n p u t  is a b o v e  or 

b e l o w  a set p o i n t  t h e  c o n t r o l l e r  r e a c t s .

C o n d u c t i v i t y  d e p e n d s  on a l l  i o n s  in s o l u t i o n  so it d o e s  n o t  

y i e l d  a n y  i n f o r m a t i o n  a b o u t  t h e  c o n c e n t r a t i o n  of i n d i v i d u a l  

n u t r i e n t s .  T h e  m a i n s  w a t e r  w h i c h  is u s e d  to m a k e  up t h e  n u t r i e n t

2+ f
s o l u t i o n  has a b a c k g r o u n d  c o n d u c t i v i t y  , m a i n l y  f r o m  Ca , Na and

C l ” . So t h e  d e s i r e d  c o n d u c t i v i t y  m u s t  be set to X + ( d e s i r e d  v a l u e )  

w h e r e  X is t h e  b a c k g r o u n d  c o n d u c t i v i t y .  X is n o t  a c o n s t a n t  , as it 

w i l l  d e p e n d  on h o w  m u c h  m a i n s  w a t e r  is fed in and t h e  a c c u m u l a t i o n  

of t h e  b a c k g r o u n d  s p e c i e s .  A t y p i c a l  s o l u t i o n  v o l u m e  f o r  a 1 ha 

g r e e n h o u s e  is 5 0 , 0 0 0  1 a n d  on a h o t  s u m m m e r ’s d a y  an e q u i v a l e n t  

a m o u n t  of w a t e r  m a y  be l o s t  by t r a n s p i r a t i o n  and e v a p o r a t i o n .  T h i s  

l e a d s  to a f a s t  b u i l d  up o f  u n d e s i r e d  c h e m i c a l s  in t h e  s y s t e m  and a 

c o r r e s p o n d i n g  i n c r e a s e  in X , w i t h  the c o n s e q u e n c e  t h a t  the c o n t r o l ­

l e r  d o e s  n o t  r e a c t  w h e n  t h e  p l a n t s  n e e d  n u t r i e n t s  m o s t .  S o m e  of t h e  

i o n s  in t h e  b a c k g r o u n d  m a y  a l s o  be t o x i c  at h i g h  l e v e l s  , a n d  the 

s y s t e m  m u s t  t h e n  be d r a i n e d  and f i l l e d  w i t h  n e w  s o l u t i o n .

G o o d  pH c o n t r o l  is e s s e n t i a l  f o r  a h e a l h t y  c r o p  g r o w t h .  T h e  

r e c o m m e n d e d  r a n g e  is pH 5 . 5 - 6 . 5 .  G r o w e r s  f a v o u r  a p h o s p h o r i c - n i t r i c  

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

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

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

on t h e  crop. V a l u e s  b e l o w  pH 5 can be v e r y  d e t r i m e n t a l  to the 

p l a n t s  and , i n d e e d  , the c i r c u l a t i n g  pump. At t h e  o t h e r  e n d  of the 

s c a l e  t h e  a v a i l a b i l i t y  of m a n y  t r a c e  e l e m e n t s  w i l l  d e c r e a s e  at
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p H > 6 . 5  b e c a u s e  of c o m p l e x a t i o n  or p r e c i p i t a t i o n .  At p H > 7  p h o s p h a t e s  

( m o n o h y d r o g e n  p h o s p h a t e s )  m a y  p r e c i p i t a t e  . and s u c h  p r e c i p i t a t e s  

m a y  c o a t  t h e  r o o t s  and p r e v e n t  a e r a t i o n  , w h i c h  if p r o l o n g e d  m a y  

l e a d  to r o o t  d e a t h .

M a n y  r e s e a r c h  w o r k e r s  h a v e  c o m p l a i n e d  a b o u t  t h e  i n a d e q u a c y  of 

t h e  p r e s e n t  c o n t r o l  s y s t e m s  (18,19) , and a t t e m p s  h a v e  b e e n  m a d e  to 

d e v e l o p  b e t t e r  s y s t e m s .  At t h e  G r a s s l a n d  R e s e a r c h  I n s t i t u t e  (GRI) , 

H e a r l e y  , a s o p h i s t i c a t e d  c o n t r o l  s y s t e m  w a s  d e v e l o p e d  as far b a c k  

as 1969 (20) (fig 1.2 ) , b u t  it has o n l y  b e e n  u s e d  in r e s e a r c h  

p r o b a b l y  b e c a u s e  of the v e r y  h i g h  c o s t  of the i n s t r u m e n t a t i o n .

W e a v i n g  a n d  H u n t e r  (21) a s s e s s e d  Ion S e l e c t i v e  E l e c t r o d e s  for 

t h e  m o n i t o r i n g  of n u t r i e n t s  in s o l u t i o n .  T h e y  f o u n d  t h a t  , d e s p i t e  

f o l l o w i n g  t h e  m a n u f a c t u r e r s  r e c o m m e n d a t i o n s  , Ion S e l e c t i v e  E l e c ­

t r o d e s  w e r e  n o t  s u i t a b l e  f o r  o n - l i n e  c o n t r o l  d u e  to i n s t a b i l i t y

*

♦

#
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Fig 1.2 T h e  N F T  n u t r i e n t  c o n t r o l  s y s t e m  at G CRI

1 . 2 . 5  A d v a n t a g e s  and D i s a d v a n t a g e s  of N F T  

T h e  N F T  has m a n y  a d v a n t a g e s  o v e r  c o n v e n t i o n a l  s y s t e m s  of c r o p  

p r o d u c t i o n  (22). In p a r t i c u l a r  it g i v e s  b e t t e r  p o s s i b i l t i e s  for 

c o n t r o l l i n g  t h e  r o o t  e n v i r o n m e n t .  W a t e r i n g  is a l s o  s i m p l i f i e d  and 

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

N u t r i e n t  c o n c e n t r a t i o n s  m a y  a l s o  be m a t c h e d  to the v a r y i n g  n e e d s  of 

t h e  p l a n t s  t r o u g h o u t  t h e i r  l i f e t i m e s  ( 2 3 , 2 4 ) .  T h e  r o o t  t e m p e r a t u r e  

m a y  be r a i s e d  by h e a t i n g  the s o l u t i o n  , w h i c h  at t i m e s  p r o m o t e s  

g r o w t h  (25 , 2 6 ) .  H e a t i n g  t h e  s o l u t i o n  a l s o  l e a d s  to a s a v i n g  in

e n e r g y  b e c a u s e  the t e m p e r a t u r e  in t h e  g r e e n h o u s e  m a y  be l o w e r e d



9

*

*

*

%

♦

*

b u t  g o o d  g r o w t h  is s t i l l  m a i n t a i n e d  by t h e  w a r m  r o o t  e n v i r o n m e n t .  

P e s t i c i d e s  m a y  be a d d e d  to t h e  s o l u t i o n  and s p r e a d  e v e n l y  o v e r  the 

c r o p  (27). O t h e r  i m p o r t a n t  a d v a n t a g e s  i n c l u d e  h i g h e r  c r o p  d e n s i t i e s  

and c o n s e q u e n t l y  h i g h e r  y i e l d s  p e r  m 2 (28,29) and a l o n g e r  c r o p p i n g  

p e r i o d  ( M a r c h - D e c e m b e r ) .

A d i s a d v a n t a g e  of N F T  is t h a t  it r e q u i r e s  a c e r t a i n  e x p e r t i s e  , 

m a i n l y  in c h e m i s t r y .  T h e  i n i t i a l  c a p i t a l  c o s t  is a l s o  h i g h e r  c o m ­

p a r e d  to t r a d i t i o n a l  m e t h o d s  , and t h e  c r o p  is m o r e  p r o n e  to t h e  

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

t h e  g l a s s h o u s e  , b u t  v e r y  f e w  c a s e s  of m a s s  f a i l i u r e  h a v e  b e e n  

r e p o r t e d .

1.3 A R C  R e s e a r c h  P r o j e c t

T h e  a i m  of t h i s  p r o j e c t  w a s  to d e s i g n  and d e v e l o p  a r o b u s t  and 

r e l i a b l e  set of m i c r o p r o c e s s o r  c o n t r o l l e d  s e n s o r s  for d a t a  a c q u i s i ­

t i o n  and c o n t r o l  of NFT.

F i r s t l y  an Ion S e l e c t i v e  E l e c t r o d e  A u t o a n a l y s e r  w a s  d e s i g n e d

a n d  d e v e l o p e d .  T h i s  i n s t r u m e n t  m e a s u r e s  the c o n c e n t r a t i o n  of; N a + ,

+ 2 + + — —
K , Ca , H , NO^ and Cl . T h e  A u t o a n a l y s e r  is v e r y  u s e r

f r i e n d l y  n e e d i n g  o n l y  a f e w  c o m m a n d s  to s t a r t  it. It is a l s o  s e l f ­

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

An A u t o t i t r a t o r  w a s  d e s i g n e d  and d e v e l o p e d  w h i c h  d e t e c t s  a n y  

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

c i e s  are p r o t e i n s  , a m i n o  a c i d s  , p e p t i d e s  , e n z y m e s  etc. T h i s  

i n s t r u m e n t  has p r o v e d  to be u s e f u l  in t h e  d e t e c t i o n  of r o o t  d i s e a s e .  

W h e n  r o o t  c e l l s  d i e  and t h e  c e l l  m e m b r a n e s  d i s i n t e g r a t e  , the o r g a n ­

ic m a t t e r  in t h e  c e l l  e n t e r s  t h e  s o l u t i o n  , t h u s  i n c r e a s i n g  t h e  

l e v e l  of o r g a n i c s  . The A u t o t i t r a t o r  u s e s  t h e  W a l l - J e t  R i n g - D i s c
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E l e c t r o d e  w h i c h  is t h e  b e s t  e l e c t r o d e  for o n - l i n e  m e a s u r e m e n t s  of 

t h i s  t y p e  , a n d  m a y  a l s o  be u s e  as a d e t e c t o r  in l i q u i d  c h r o m a t o ­

g r a p h y  .

F i n a l l y  a P a c k e d - B e d  W a l l - J e t  E l e c t r o d e  (PBWJE) w a s  d e s i g n e d  

and d e v e l o p e d .  T h i s  e l e c t r o d e  has an u p s t r e a m  v i t r e o u s  c a r b o n  p a c k e d  

bed e l e c t r o d e  w h i c h  g e n e r a t e s  b r o m i n e  t h a t  is d e t e c t e d  on t h e  d o w n ­

s t r e a m  W a l l - J e t  E l e c t r o d e .  T h e  P B W J E  has a h i g h e r  t h e o r e t i c a l  

s e n s i t i v i t y  t h a n  t h e  W a l l - J e t  R i n g - D i s c  E l e c t r o d e  w h e n  it is u s e d  in 

t h e  A u t o t i t r a t o r . T h i s  s y s t e m  n e e d s  f u r t h e r  d e v e l o p m e n t  to b e c o m e  a 

u s e r - f r i e n d l y  s e n s o r .  It d o e s  h o w e v e r  s h o w  g r e a t  p r o m i s e  as a v e r y  

s e n s i t i v e  d e t e c t o r .

V

4

%
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C H A P T E R  2 

T H E O R Y

2.1 ION S E L E C T I V E  E L E C T R O D E S

2 . 1 . 1  I n t r o d u c t i o n

T h e  p u r p o s e  of t h i s  t h e o r e t i c a l  o u t l i n e  is to m a k e  t h e  r e a d e r  

f a m i l i a r  w i t h  t h e  p r i n c i p l e s  of o p e r a t i o n  of Ion S e l e c t i v e  E l e c ­

t r o d e s  (IS E s ) .  For a d e e p e r  t h e o r e t i c a l  d i s c u s s i o n  t h e  r e a d e r  is 

r e f e r r e d  to t h e  a b u n d a n t  l i t e r a t u r e  in t h i s  a r e a  (30 - 3 9 ) .

2 . 1 . 2  T h e  N e r n s t  and N i c o l s k v - E i s e n m a n  E q u a t i o n s  

T h e  e l e c t r o c h e m i c a l  p o t e n t i a l ,  g e n e r a t e d  by t h e  m e m b r a n e ,  b e t w e ­

en t h e  i n t e r n a l  f i l l i n g  s o l u t i o n  and t h e  s a m p l e  s o l u t i o n  in f i g u r e

2 . 1.1 , is d e s c r i b e d  by t h e  w e l l  k n o w n  N e r n s t  e q u a t i o n  (40)

em = ea 4 RT ln (v
n A F

[ 2 . 1 . 1]

NNER 
FILLING

REFERENCE 
HALF CELL

SOLUTION

ELECTRODE 
BODY

ION SELECTIVE 
MEMBRANE

1 REFERENCE 
ELECTROLYTE 
ELECTRODE 
BODY

DIAPHRAGM

ION SELECTIVE REFERENCE 
ELECTRODE ELECTRODE

Fig 2.1.1 S c h e m a t i c  f i g u r e  of m e m b r a n e  e l e c t r o d e  c e l l

w h e r e E m  = P o t e n t i a l  d i f f e r e n c e  b e t w e e n  i n t e r n a l  
f i l l i n g  s o l u t i o n  and s a m p l e  s o l u t i o n
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E A = C o n s t a n t  p o t e n t i a l  d i f f e r e n c e  i n c l u d i n g  
t h e  b o u n d a r y  p o t e n t i a l  d i f f e r e n c e  b e ­
t w e e n  t h e  i n t e r n a l  f i l l i n g  s o l u t i o n  and 
t h e  m e m b r a n e .

= A c t i v i t y  of i o n  A in s a m p l e  s o l u t i o n  

R = U n i v e r s a l  g a s  c o n s t a n t  

T = A b s o l u t e  t e m p e r a t u r e  

F = F a r a d a y ’s c o n s t a n t  

n A = C h a r g e  of i o n  A

T h e  s i g n  in e q u a t i o n  [ 2 . 1 . 1 ]  d e p e n d s  on n A , i . e  it is p o s i t i v e  

w h e n  A is a c a t i o n .  T h e  N e r n s t  e q u a t i o n  is a p p l i c a b l e  if t h e  ISE 

o n l y  r e s p o n d s  to t h e  i o n  A , or , i f  t h e  i o n  A is t h e  o n l y  o n e  

p r e s e n t  in t h e  s o l u t i o n .  N i c o l s k y  (41) a n d  E i s e n m a n  (42) i n d e p e n d e n ­

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

i n t e r f e r i n g  i o n s  a r e  p r e s e n t .  T h i s  e q u a t i o n  is a p p l i c a b l e  to a l m o s t  

a l l  ISEs.

v t k A B a B V > )  [ 2 . 1 . 2 ]

\ F
w h e r e  k = S e l e c t i v i t y  c o e f f i c i e n t

a p = A c t i v i t y  o f  i n t e r f e r i n g  i o n  B 

n 0 = C h a r g e  o f  i n t e r f e r i n g  i o n  B

k A0 is an e m p i r i c a l  w e i g h t i n g  f a c t o r  f o r  t h e  i n t e r f e r e n c e  of 

t h e  d i f f e r e n t  i o n s  i n s i d e  t h e  s u m m a t i o n  on t h e  r i g h t  h a n d  s i d e  of 

e q u a t i o n  [ 2 . 1 . 2 ] .  An i d e a l  ISE has a k A p =0. k Ap is n o t  a c o n s t a n t  

f o r  a l l  a c t i v i t i e s  of A and B , a l t h o u g h  it is s o m e t i m e s  a c o n s t a n t  

f o r  a g i v e n  r a t i o  of t h e  a c t i v i t i e s  of A a n d  B (43). T h e  k Ap 

d e p e n d s  on t h e  m e t h o d  by w h i c h  it is d e t e r m i n e d .  M a n y  m e t h o d s  h a v e

b e e n  d e s c r i b e d  (46) , and s e v e r a l  w o r k e r s  h a v e  t r i e d  to i n t e r p r e t
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t h e  m e a n i n g  of t h e  s e l e c t i v i t y  c o e f f i c i e n t  ( 4 4 , 4 5 ) .

T h e  e l e c t r o m o t i v e  f o r c e  (EMF) f r o m  t h e  ISE s y s t e m  in fig 2.1.1 

f o r  t h e  i o n  A , w h e n  i n t e r f e r i n g  i o n s  a r e  p r e s e n t  , is a c c o r d i n g l y  

w r i t t e n  ;

E A = * RT I n  (aA *Z k A 8 a B n A / n B) C 2 . 1 . 3 ]

n A F

w h e r e  E? is s u b d i v i d e d  i n t o  
A

E
0
A

[ 2 . 1 . 4 ]

w h e r e  E R = R e f e r e n c e  p o t e n t i a l ; t h e  c o n s t a n t  p o t e n t i a l  d i f f e r e n c e  
b e t w e e n  t h e  i n n e r  r e f e r e n c e  e l e c t r o d e s  and t h e i r  
m e t a l l i c  c o n d u c t o r s .

E = L i q u i d  j u n c t i o n  p o t e n t i a l ; t h e  p o t e n t i a l  g e n e r a t e d
at t h e  r e f e r e n c e / s a m p l e  i n t e r f a c e  by c h a r g e  s e p a r a t i o n

F r o m  e q u a t i o n  [ 2 . 1 . 3 ]  w e  see t h a t  a M  c h a n g e  in t h e  a c t i v i t y

of i o n  A c o r r e s p o n d s  to a b o u t  250 p V / n . .  If t h e  a n a l y s t  w i s h e s  to
A

m e a s u r e  t h e  c o n c e n t r a t i o n  of i o n  A , c ^  , r a t h e r  t h a n  t h e  a c t i v i t y  , 

he m u s t  c o r r e c t  his r e a d i n g  w i t h ,  *y , t h e  a c t i v i t y  c o e f f i c i e n t  

a c c o r d i n g  to

C A “ V T A [ 2 - ’ -5]

D e b y e - H u c k e l  t h e o r y  g i v e s  a f a i r  a p p r o x i m a t i o n  of t h e  m e a n

a c t i v i t y  c o e f f i c i e n t  , *y ,for an i o n  a n d  its c o u n t e r  ion;

l o g  1 = A ] n  n | / T  [ 2 . 1 . 6 ]* u b ITi
w h e r e  I is the i o n i c  s t r e n g t h ;

I = 0 . 5 1  c n 2 [ 2 . 1 . 7 ]m m
and A = - 0 . 5 0 9

B = 0 . 3 2 8  3 25 C°

n + ,n_ = C h a r g e  of t h e  i o n s



14

0

t

*

0

*

a , C  = C o n s t a n t s

c m  = C o n c e n t r a t i o n  of i o n  m

n = C h a r g e  of i o n  m  m 3

Fig 2 . 1 . 2  s h o w s  t h e  *y r e l a t i o n  to t h e  l o g a r i t h m  of I for

C a C l  . y2 o

0.5

- 0

T h e  e r r o r s  in c o n c e n t r a t i o n  b e c o m e  u n a c c e p t a b l e  w h e n  I a p p ­

r o a c h e s  a v a l u e  of 0 . 0 0 1 .  Fig 2 . 1 . 2  a l s o  s h o w s  t h e  s i n g l e  i o n  

a c t i v i t i e s  , w h i c h  as s u c h  a r e  i m m e a s u r a b l e  and a r e  d e f i n e d  as

(47, 4 8 )

log*r+ -"4 I°2_f±
nJ

T h e  f is o b t a i n e d  by i n v e r t i n g  t h e  |n + /n

2 . 1 . 2  a l s o  i n d i c a t e s  t h a t  t h e  D e b y e - H u c k e l  t h e o r y  

w h e n  t h e  i o n s  h a v e  d i f f e r e n t  v a l e n c y  , e.g C a C l 2 

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

l i t e r a t u r e  (49 - 5 4 ) .

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

[2.1.8]

| q u o t i e n t .  Fig 

is n o t  a p p l i c a b l e  

D e b y e - H u c k e l  and 

r e p o r t e d  in t h e

b e t w e e n  t h e  r e f e r -
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e n c e  e l e c t r o l y t e  and t h e  s a m p l e  s o l u t i o n  to a v o i d  p o l l u t i o n  of t h e  

f o r m e r  by t h e  l a t t e r .  A p o t e n t i a l  is g e n e r a t e d  at t h e  s a l t  b r i d g e -  

s a m p l e  s o l u t i o n  i n t e r f a c e  w h i c h  d e p e n d s  on b o t h  e l e c t r o l y t e s .  T h i s  

p o t e n t i a l  d e r i v e s  f r o m  ion d i f f u s i o n  a c r o s s  t h e  i n t e r f a c e .  M o s t  

i o n s  h a v e  d i f f e r e n t  m o b i l i t i e s  and w i l l  t h e r e f o r e  d i f f u s e  at d i f f ­

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

e r e n c e  in m o b i l i t y  b e t w e e e n  t h e  c a t i o n s  and a n i o n s  in t h e  t w o  s o l u ­

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

j u n c t i o n  w h i c h  is c a l l e d  t h e  l i q u i d  j u n c t i o n  p o t e n t i a l  , a n d  is 

d e s c r i b e d  by t h e  H e n d e r s o n  e q u a t i o n  ;

E
D

- E n  u m m
r  2 
En u m m

(c*m
(c*m

c ‘ ' ) m---*—
c* * ) m

RT f E n 2 u c ‘ 1

---- ln-1---- =------- }•
F l En u c * 'J

[ 2 . 1 . 9 ]

w h e r e  u = A b s o l u t e  m o b i l i t y  of i o n  m  m
c ' = C o n c e n t r a t i o n  o f  i o n  m  m
c * * = C o n c e n t r a t i o n  of i o n  m  in r e f e r e n c e  
m  e l e c t r o l y t e

If w e  u s e  a 1:1 e l e c t r o l y t e  as t h e  s a l t  b r i d g e  s o l u t i o n  a n d  t h e  

s a m p l e  s o l u t i o n  is v e r y  d i l u t e  , e q u a t i o n  [ 2 . 1 . 9 ]  c a n  be a p p r o x i ­

m a t e d  to;

E = c o n s t  - 5 9 . 1 6  (u -u ) l o g ( a . )  [ 2 . 1 . 1 0 ]
D i— c — — a-TT-;------- l(u +u )

w h e r e  u ’ ‘ = A b s o l u t e  m o b i l i t y  of c a t i o n  in r e f e r e n c e  
c s o l u t i o n

u ^ ' ' = A b s o l u t e  m o b i l i t y  of a n i o n  in r e f e r e n c e  
s o l u t i o n

The E D is s u p e r i m p o s e d  on t h e  i n t r i n s i c  ISE r e s p o n s e  , and m a y

g i v e  r i s e  to a n o m a l o u s  r e s u l t s  if not t a k e n  i n t o  c o n s i d e r a t i o n .
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V a l u e s  of Eg a r e  0 f t e n  d i f f i c u l t  to c a l c u l a t e  b e c a u s e  of t h e  l a c k  of 

i n f o r m a t i o n  a b o u t  t h e  a b s o l u t e  m o b i l i t i e s  of t h e  i o n s  in q u e s t i o n .

W e  c a n  see t h a t  E n is r e d u c e d  to a c o n s t a n t  if u ’ ’=u 
*  D c a

In fig 2 . 1 . 3  t h e  l i q u i d  j u n c t i o n  p o t e n t i a l  is p l o t t e d  a g a i n s t  

t h e  l o g a r i t h m  o f  t h e  a c t i v i t y  of d i f f e r e n t  p r i m a r y  i o n s  and d i f ­

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

. . .
W e  o b s e r v e  a l i n e a r  r e g i o n  at l o w  a c t i v i t i e s  f o l l o w e d  by a n o n ­

l i n e a r  r e g i o n .  T h e  c o m m e n c e m e n t  of t h e  n o n - l i n e a r  r e g i o n  d e p e n d s  on 

t h e  s t r e n g t h  of t h e  s a l t  b r i d g e  e l e c t r o l y t e  , s t r o n g e r  e l e c t r o l y t e s  

g i v e  m o r e  l i n e a r i t y .  T h e  l i n e a r  r e g i o n  is l e s s  i n c l i n e d  and t h e  n o n ­

l i n e a r  r e g i o n  is l e s s  c u r v e d  if t h e  c a t i o n  and a n i o n  in t h e  s a l t  

b r i d g e  h a v e  t h e  s a m e  a b s o l u t e  m o b i l i t y .  T h e  s o l u t i o n  to t h e  Eg 

p r o b l e m  is to u s e  a s t r o n g  s a l t  b r i d g e  e l e c t r o l y t e  , w i t h  i o n s  of 

t h e  s a m e  a b s o l u t e  m o b i l i t y  , f o r  e x a m p l e  a 3 M K C 1  s o l u t i o n .

Fig 2 . 1 . 3  L i q u i d  j u n c t i o n  p o t e n t i a l  f o r  d i f f e r e n t  K C 1  s a l t  b r i d g e  
e l e c t r o l y t e  c o n c e n t r a t i o n s  p l o t t e d  v e r s u s  a v a r i a t i o n  in 
t h e  p r i m a r y  ion. C u r v e  A s h o w s  the Eg f o r  [ K C 1 ] = 0 . 1  M 
and C a t N O ^ ^ .  C u r v e  B s h o w s  t h e  E Q f o r  [KC1] = 0.1 M and 
N a N O ^ .  C u r v e  C s h o w s  t h e  Eg f o r  [ K C 1 ] = 3  M and C a f N O ^ J g .  
C u r v e  0 s h o w s  t h e  E Q f o r  [ K C 1 ] = 3  M and N a N 0 3 .



2 . 1 . 3  E l e c t r o d e  R e s p o n s e

Fig 2 . 1 . 4  s h o w s  a t y p i c a l  E M F  r e s p o n s e  c u r v e  f o r  an ISE c e l l  

if t h e  p r i m a r y  i o n  a c t i v i t y  is c h a n g e d  in a c o n s t a n t  b a c k g r o u n d  of 

i n t e r f e r i n g  i o n s .  W e  can d e d u c e  t h e  ancj t h e  d e t e c t i o n  l i m i t  

for the ISE in t h a t  b a c k g r o u n d  e l e c t r o l y t e  f r o m  s u c h  p l o t s .  T h e  

c u r v a t u r e  at l o w  l o g t a ^ )  c o m e s  f r o m  t h e  s u m m i n g  t e r m  in t h e  

N i c o l s k y - E i s e n m a n  e q u a t i o n  [ 2 . 1 . 2 ]  , w h i c h  at l o w  a c t i v i t i e s  of 

p r i m a r y  i o n  s t a r t s  to p l a y  a m o r e  d o m i n a t i n g  r o l e .  U l t i m a t e l y  the 

E M F  r e s p o n s e  is a l m o s t  e n t i r e l y  d u e  to t h e  i n t e r f e r i n g  i o n s  and t h u s  

y i e l d s  a h o r i z o n t a l  s t r a i g h t  l i n e  , b e c a u s e  t h e i r  a c t i v i t i e s  are 

c o n s t a n t .  -----------------------------------------------------------

Fig 2 . 1 . 4  T y p i c a l  EMF r e s p o n s e  c u r v e  for an ISE c e l l  in an 
i n t e r f e r i n g  b a c k g r o u n d  e l c t r o l y t e
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T h e  k AB m a y  be c a l c u l a t e d  in s e v e r a l  w a y s .  T h e  s i m p l e s t  o n e  is 

to e x t r a p o l a t e  t h e  i n t e r s e c t i o n  of t h e  two s t r a i g h t  l i n e s .  At t h e  

p o i n t  of i n t e r s e c t i o n  t h e  ISE r e s p o n d s  e q u a l l y  to b o t h  i o n s  , i.e

a A = k A B a B n A ^ n Ei f r o m  w h i c h  k AQ is d e r i v e d .  A n o t h e r  m e t h o d  d o e s  not 

r e l y  on t h e  l i n e a r i t y  of the i n t e r f e r e n t  d o m i n a t i n g  r e g i o n .  I n s t e a d  

it d e r i v e s  a m a t h e m a t i c a l  r e l a t i o n s h i p  at t h e  p o i n t  of i n t e r s e c t i o n  

in t h e  p r e v i o u s  m e t h o d .  At t h i s  p o i n t  w e  can w r i t e

E = E° + RT In ( a . + k _ a ^ n A / n B) = 
---- -—  A AB B
V

E? + RT In ( 2 a. )
A ----- z------ A

V
if no i o n  B w a s  p r e s e n t  w e  w r i t e

E = E a  + RT In ( a A ) 

n A F

C2.1.11]

[2.1.12]

If w e  n o w  s u b t r a c t  [ 2 . 1 . 1 1 ]  f r o m  [ 2 . 1 . 1 2 ]  w e  g e t

A E  = RT ( I n  (2a A ) -  I n  (a A ))= RT I n  2 * 18 m V  [ 2 . 1 . 1 3 ]

" a f V

By f i n d i n g  , on the g r a p h  , w h e r e  the d i f f e r e n c e  b e t w e e n  the

e x p e r i m e n t a l  a n d  t h e  e x t r a p o l a t e d  l i n e  is e q u a l  to 18/n. m V  t h e
A

s e l e c t i v i t y  c o e f f i c i e n t  c a n  be c a l c u l a t e d .  A l e a s t  m e a n  s q u a r e

o
c u r v e  f i t t i n g  p r o c e d u r e  f o r  f i n d i n g  k._ as w e l l  as E has b e e n

A d

s u g g e s t e d  (55).

I U P A C ' s  d e t e c t i o n  l i m i t  (56) is d e f i n e d  in t h e  s a m e  w a y  as k._AB

w a s  d e t e r m i n e d  in t h e  s e c o n d  m e t h o d  , i.e t h e  a c t i v i t y  of A w h i c h  

c o r r e s p o n d s  to a d e v i a t i o n  of 1 8 / n A mv f r o m  t h e  e x t r a p o l a t e d  N e r n s t -

ian slope.
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2 . 1 . 4  T y p e s  of ISEs

ISEs c a n  be c a t e g o r i s e d  a c c o r d i n g  to t h e  n a t u r e  of t h e i r  m e m ­

b r a n e s .  T h e  t h r e e  t y p e s  u s e d  in t h i s  w o r k  a r e  s h o w n  in fig 2 . 1 . 5  , 

i . e  g l a s s  e l e c t r o d e s  , l i q u i d  i o n - e x c h a n g e  m e m b r a n e  e l e c t r o d e s  and 

s o l i d  s t a t e  m e m b r a n e  e l e c t r o d e s .  T h e s e  t y p e s  of e l e c t r o d e s  are 

d e s c r i b e d  in t h e  f o l l o w i n g  s e c t i o n .

Fig 2 . 1 . 5  a) Ion E x c h a n g e  L i q u i d  m e m b r a n e  ISE b) S o l i d  
S t a t e  m e m b r a n e  ISE c) G l a s s  m e m b r a n e  ISE

2 . 1 . 4 . 1  G l a s s  E l e c t r o d e s

W h e n  a g l a s s  m e m b r a n e  is i m m e r s e d  in an a q u e o u s  s o l u t i o n  it

a b s o r b s  w a t e r  and a h y d r a t e d  l a y e r  is f o r m e d  on t h e  s u r f a c e .  T h e

t h i c k n e s s  of t h i s  l a y e r  , 1 0 - 1 0  ^ p m  f d e p e n d s  on t h e  g l a s s  a n d  t h e

e l e c t r o l y t e .  M o n o v a l e n t  c a t i o n s  on t h e  g l a s s  s u r f a c e  , u s u a l l y  N a + 

. +
or Li , a r e  e x c h a n g e d  w i t h  t h e  m e a s u r e d  i o n  , t h u s  f o r m i n g  p a r t  of 

an i o n  e x c h a n g e  e q u i l i b r i u m .  T h e  g l a s s  can be d e s c r i b e d  as a c a t i o n  

e x c h a n g e r  w i t h  t h e  n u m b e r  of s i t e s  d e t e r m i n e d  by t h e  s t r u c t u r e  of 

t h e  h y d r a t e d  l a y e r .  T h e  p o t e n t i a l  at t h i s  b o u n d a r y  v a r i e s  w i t h  the

a c t i v i t y  of t h e  m e a s u r e d  jlon a c c o r d i n g  to N e r n s t  e q u a t i o n . W h e n
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t h e r e  is c o m p e t i t i o n  f o r  t h e  i o n  e x c h a n g e  s i t e s  by d i f f e r e n t  i o n s  

t h e  r e s p o n s e  b e c o m e s  m o r e  c o m p l i c a t e d .  E i s e n m a n  (57) h a s  d e v e l o p e d  

? t h e o r y  w h i c h  has b e e n  s u c c e s s f u l  in e x p l a i n i n g  t h e  s e l e c t i v i t y  of 

a g l a s s  in t e r m s  o f  t h e  r a t i o  o f  m o b i l i t i e s  o f  the c o m p e t i n g  i o n s  

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

t h e  ion e x c h a n g e  p r o c e s s  .

M 1 A X
pH e l e c t r o d e s  can u s u a l l y  s p a n  an a c t i v i t y  r a n g e  1 0 - 1 0  h H

T h e  r e s p o n s e  l i m i t  for t h e  b e s t  s o d i u m  g l a s s  m e m b r a n e s  a p p e a r  n o t  to

be l i m i t e d  by t h e  m e m b r a n e  g l a s s  in t h e  m e a s u r a b l e  r a n g e  b u t  by t h e

p u r i t y  of a v a i l a b l e  w a t e r  (58). It is v e r y  d i f f i c u l t  to p r e p a r e

- 8 +
w a t e r  c o n t a i n i n g  l e s s  t h a n  5 * 1 0  M Na (59). T h e  pH r a n g e  is 

u s u a l l y  r e s t r i c t e d  for N a + g l a s s  e l e c t r o d e s .

2 . 1 . 4 . 2  L i q u i d  Ion E x c h a n g e  E l e c t r o d e s

T h e  t h e o r e t i c a l  d e s c r i p t i o n  of ion e x c h a n g e  e l e c t r o d e s  is q u i t e

i n t r i c a t e .  E i s e n m a n  (60) h a s  d e r i v e d  t h e o r e t i c a l  e x p r e s s i o n s  for

the m e m b r a n e  p o t e n t i a l  and k U n f o r t u n a t e l y  t h e s e  e q u a t i o n s  are
AH

o n l y  s o l u b l e  in s i m p l e  c a s e s  w h i c h  do n o t  c o r r e s p o n d  to r e a l  ISE 

s i t u a t i o n s .

B r i e f l y  , k d e p e n d s  on t h e  e q u i l i b r i u m  b e t w e e n  t h e  p r i m a r y

ion A + a n d  t h e  i n t e r f e r e n t  B + w i t h  t h e  i o n  e x c h a n g e r  S in t h e

m e m b r a n e  , a n d  t h e i r  d i s t r i b u t i o n  c o e f f i c i e n t s  k + a n d  k 0 +. S c h e m a -
A B

t i c a l l y

B + (s a m p l e ) + A S ( m e m b r a n e )* A + (s a m p l e )+ B S ( m e m b r a n e ) [ 2 . 1 . 1 4 ]

and

K
AB 8—

A*

w h e r e

[ 2 . 1 . 1 5 ]

KA B ,KAS = constants for AB respectivly AS
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T h i s  t r e a t m e n t  a l l o w s  at l e a s t  a r a n k i n g  of t h e  d i f f e r e n t

i n t e r f e r e n t s  in t h e  c o r r e c t  o r d e r .  We e x p e c t  l a r g e  v a l u e s  f o r  l a r g e

*  l i p o p h i l i c  o r g a n i c  i o n s  (R / r + ) ancj s m a l l  v a l u e s  for i o n s  s t r o n g l y

h y d r a t e d  in t h e  a q u e o u s  p h a s e .  For a c a t i o n - e x c h a n g e  m e m b r a n e  t h i s

s e q u e n c e  is u s u a l l y  f o u n d  (61)

R + > C s + > R b * > K + > N a + > L i + [ 2 . 1 . 1 6 ]

a n a l o g o u s l y  for a n i o n  e x c h a n g e r s

R " > C 1 0 4 “ > r > N 0 3 " > B r " > C l ~ > F "  [ 2 . 1 . 1 7 ]

T h e  u s e f u l  a c t i v i t y  s p a n  f o r  i o n  e x c h a n g e  t y p e  ISEs is l i m i t e d  
ifc

by a n u m b e r  of f a c t o r s .  T h e  u p p e r  l i m i t  is o f t e n  d e t e r m i n e d  by t h e  

c o n c e n t r a t i o n  o f  t h e  t a r g e t  i o n  in t h e  f i l l i n g  s o l u t i o n  , if t h e  

d e t e r m i n a n d  a c t i v i t y  is l a r g e r  t h a n  t h i s  a c t i v i t y  . an a n o m a l o u s  and 

* n o n - N e r n s t i a n  r e s p o n s e  m a y  o c c u r .  T h e  l o w e r  l i m i t  is o f t e n  c a u s e d  by

t h e  s m a l l  s o l u b i l i t y  of t h e  l i g a n d  i n t o  t h e  a q u e o u s  p h a s e  , t h u s  

r a i s i n g  t h e  a c t i v i t y  of t h e  p r i m a r y  i o n  in t h e  s a m p l e  s o l u t i o n .  The 

^  l o w e r  pH l i m i t  is d e t e r m i n e d  by t h e  o n s e t  o f  p r o t o n a t i o n  o f  the

l i g a n d s .  F o r  c a t i o n s  t h e  u p p e r  l i m i t  is t h e  o n s e t  of c o m p l e x a t i o n  ,

+ ♦ . . .  
e . g  C a O H  , M g O H  e t c  , w h e r e a s  f o r  an a n i o n  ISE t h e  u p p e r  l i m i t  is

t  set by h y d r o x y l  i n t e r f e r e n c e .  G e n e r a l l y  ion e x c h a n g e  e l e c t r o d e s  are

- 6
u s e f u l  in t h e  r a n g e  1 -10 M in t h e  a p p l i c a b l e  pH r a n g e .

2 . 1 . 4 . 3  S o l i d  S t a t e  E l e c t r o d e s  

a .
^  S o l i d  s t a t e  e l e c t r o d e s  d e t e c t  i o n s  in t h e  i n s o l u b l e  s a l t s

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

a c t i n g  w i t h  t h e  i o n i c  s i t e s .

W h e n  i m m e r s e d  in t h e  s a m p l e  s o l u t i o n  i n t e r f a c i a l  p o t e n t i a l s  

s i m i l a r  to t h o s e  f o u n d  in g l a s s  e l e c t r o d e s  a r e  d e v e l o p e d  w h i c h  are 

a s s o c i a t e d  w i t h  t h e  i o n - e x c h a n g e  p r o c e s s e s  on t h e  m e m b r a n e  s u r f a c e .
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B a i l e y  (62) g i v e s  a g o o d  a c c o u n t  of t h i s  t h e o r y .

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

f o r  i n t e r f e r i n g  i o n  B n ” r e l a t i v e  to t h e  p r i m a r y  i o n  A is d e t e r m i n e d  

by t h e  s o l u b i l i t y  p r o d u c t s  K and K (63 , 5 4 )  , i . e

K AB " K AgA“  1 /n 
K (A g B )n

[ 2 . 1 . 1 8 ]

H e n c e  t h e  s e l e c t i v i t y  s e q u e n c e  is t h e  s a m e  for a l l  m e m b r a n e s  of 

t h i s  t y p e  ;

S ~ 2 > > r > B r " - S N " > C l [ 2 . 1 . 1 9 ]

T h e  l o w e r  r e s p o n s e  l i m i t  is set by t h e  s o l u b i l i t y  o f  t h e  m e m ­

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

p o n e n t s .  T h e  u p p e r  l i m i t  is a l s o  set by t h e  d i s s o l u t i o n  of the

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

2 -
t a t e ( I )  s p e c i e s  , i . e  A g C l ^  , A g C l ^  , w h e n  i m m e r s e d  in s t r o n g  Cl

s o l u t i o n s .  T h e  pH r a n g e  for s i l v e r - c h l o r i d e  ISEs is l i m i t e d  by

h y d r o x i d e  i n t e r f e r e n c e  a n d  at p H < 2  s i l v e r  s a l t  m e m b r a n e s  are

a t t a c k e d  by h y d r o g e n  i o n s .  G e n e r a l l y  t h e  u s e f u l  a c t i v i t y  r a n g e  is 

-5
1-10 M , in t h e  pH r a n g e  2-11 , f o r  s i l v e r  h a l i d e  e l e c t r o d e s .

*
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2.2 H v d r o d v n a m i c  V o l t a m m e t r y

2.2.1 I n t r o d u c t i o n

V o l t a m m e t r y  is t h a t  p a r t  of e l e c t r o c h e m i s t r y  w h i c h  d e s c r i b e s  

t h e  v o l t a g e  c u r r e n t  r e l a t i o n s h i p s  d u e  to o x i d a t i o n  or r e d u c t i o n  of 

i o n s  or m o l e c u l e s  in s o l u t i o n  at e l e c t r o d e  s u r f a c e s  . T h e  c u r r e n t  

p r o d u c e d  is p r o p o r t i o n a l  to t h e  r a t e  of the r e a c t i o n  at t h e  e l e c ­

t r o d e  s u r f a c e  .

T h e  c o u r s e  of t h e  r e a c t i o n  m a y  be d i v i d e d  i n t o  t h r e e  s t ^ p s ;

1 )  T r a n s f e r  of t h e  r e a c t a n t s  f r o m  t h e  b u l k  of 
s o l u t i o n  to t h e  e l e c t r o d e  s u r f a c e

2 )  T h e  e l e c t r o c h e m i c a l  r e a c t i o n  at t h e  e l e c t r o d e  
s u r f a c e

3 )  T h e  f o r m a t i o n  of p r o d u c t s  a n d  t h e i r  d e p o s i t i o n  
on t h e  s u r f a c e  or t h e i r  r e m o v a l  f r o m  the s u r f a c e  
t o  t h e  b u l k  of t h e  s o l u t i o n

In e l e c t r o a n a l y t i c a l  c h e m i s t r y  it is d e s i r e d  to m a k e  t h e  f i r s t  

s t e p  t h e  r a t e  l i m i t i n g  s t e p  . T h i s  e n a b l e s  us to c o n t r o l  t h e  r e a c ­

t i o n  r a t e  , and if t h e  m a s s  t r a n s f e r  r a t e  is k n o w n  t h e  c o n c e n t r a t i o n  

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

e l e c t r o d e  c u r r e n t  . ___

Fig 2.2.1 T h e  c o n c e n t r a t i o n  p r o f i l e  c l o s e  to 
t h e  e l e c t r o d e  s u r f a c e
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N e r n s t  s u g g e s t e d  t h a t  t h e r e  e x i s t s  a t h i n  l a y e r  of s t a t i o n a r y  

s o l u t i o n  c l o s e  to t h e  e l e c t r o d e  s u r f a c e  , and w i t h i n  t h a t  l a y e r  

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

p r o c e s s e s  d o m i n a t e  . Fig 2.2 . 1  i l l u s t r a t e s  t h e  N e r n s t  d i f f u s i o n  

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

T h e  f l u x  of r e a c t a n t  to t h e  e l e c t r o d e  c a n  be c a l c u l a t e d  f r o m  

F i c k ’s f i r s t  l a w

j = D / 3 C ( x ) ) C 2 . 2 . 1 ]
V dx / x = 0

If t h i s  is t h e  r a t e  l i m i t i n g  s t e p  , it is p r o p o r t i o n a l  to t h e  

c u r r e n t

i = j n F A = n F A D  / 3 C ( x ) \  [ 2 . 2 . 2 ]
l 3x / x = 0

w h e r e  x = N o r m a l  d i s t a n c e  f r o m  t h e  e l e c t r o d e  s u r f a c e  

D = D i f f u s i o n  c o e f f i c i e n t

n = N u m b e r  o f  e l e c t r o n s  i n v o l v e d  in t h e  r e a c t i o n  

A = A r e a  o f  t h e  e l e c t r o d e  

F = F a r a d a y ' s  c o n s t a n t

T h e n  , a c c o r d i n g  to N e r n s t  , t h e  c o n c e n t r a t i o n  g r a d i e n t  is 

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

w h e r e  C = B u l k  c o n c e n t r a t i o n  of r e a c t i n g  s p e c i e s

C Q = C o n c e n t r a t i o n  of r e a c t i n g  s p e c i e s  at 
e l e c t r o d e  s u r f a c e

[ 2 . 2 . 3 ]

If w e  c o m b i n e  [ 2 . 2 . 2 ]  and [ 2 . 2 . 3 ]  w e  g e t

i = n F A D C

5
N

[2.2.4]

This equation forms the basis for voltametric analysis 
problem is to find an expression for the Nerastian diffusion

T h e
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layer thickness 6
N

2 . 2 . 2  C o n t r o l l e d  H v d r o d v n a m i c  E l e c t r o d e s  

T h e  N e r n s t i a n  d i f f u s i o n  l a y e r  t h i c k n e s s  , , a n d  t h e  d i f f u ­

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

s y s t e m s  . T h e  m o s t  u s e d  o n e s  a r e  l i s t e d  in T a b l e  2 . 1 . 1 .

T a b l e  2.1.1

T h e  m o s t  c o m m o n  h y d r o d y n a m i c  v o l t a m m e t r y  e l e c t r o d e  s y s t e m s

E l e c t r o d e  | G e o m e t r y  | L i m i t i n g  c u r r e n t | R e f

W a l l  Jet 1 . 7 3 n F R 3 / V / 2 D 2 / V 5 / , 2 V f 3 M C 6;

R o t a t i n g  D i s c

T
n c , n C A n 2/3 - 1 / 6  1/2. 0 . 6 2 n F A D  u u> C

62

63

P l a n a r 0 . 6 8 n F A L ~ 1 / 2 D 2 / 3 u " 1 / 6 V f " 1 / 2 C 62

C o n i c a l 0 . 7 7 n F A L 1 / 2 D 2 / 3 u ' 1 / 6 V f 1 / 2 C 65

T u b u l a r

S p h e r i c a l

■ez> 2 . 0 1 n F R 2 / 3 L 2 / 3 D 2 / 3 V f 1 / 3 C

~ O - *
4TTrnFDC + k n r D 2 / o f 1 / 2 C

66

67

n = n u m b e r  of e l e c t r o n s  in t h e  r e a c t i o n ;F = F a r a d a y 's c o n s t a n t ;  
A = E l e c t r o d e  a r e a ;D = D i f f u s i o n  c o e f f . ; u = K i n e m a t i c  v i s c o s i t y ; u > = R o t a t i o n  

s p e e d ; V^.=Flow r a t e ; L = E l e c t r o d e  l e n g t h ;R = R a d i u s ;a = N o z z l e  d i a m e t e r ;  
k = E m p i n c a l  c o n s t a n t ; f = S t i r r i n g  f r e q u e n c y

T h e  r o t a t i n g  d i s c  e l e c t r o d e  (RDE) is a w e l l  e s t a b l i s h e d  e l e c -

t r o a n a l y t i c a l  t e c h n i q u e  f o r  b a t c h  a n a l y s i s  .The R D E ' s  a d v a n t a g e s  are

1 ) W e l l  b e h a v e d  h y d r o d y n a m i c s

2 ) U n i f o r m  d i f f u s i o n  l a y e r



26

♦

%

%

to

3 )  W o r k i n g  e l e c t r o d e  is e a s i l y  m a i n t a i n e d

4 )  W i d e  o p e r a t i n g  r a n g e  u s i n g  p l a t i n u m  or 
g l a s s y  c a r b o n  e l e c t r o d e s

O u t  of t h e  h y d r o d y n a m i c  e l e c t r o d e  s y s t e m s  in T a b l e  2.2.1 

c o n c l u d e  t h a t  t h e  w a l l - j e t  e l e c t r o d e  (WJE) is t h e  b e s t  s u i t e d  

o n - l i n e  a n a l y s i s  . We b a s e  o u r  j u d g e m e n t  on t h e  f o l l o w i n g ;

1 )  U l t r a  l o w  d e a d  v o l u m e  , <1 pi

2 )  W o r k i n g  e l e c t r o d e  is e a s i l y  m a i n t a i n e d

3 )  H i g h  s e n s i t i v i t y

4 )  W i d e  o p e r a t i n g  r a n g e  u s i n g  p l a t i n u m  e l e c t r o d e s  
or g l a s s y  c a r b o n  e l e c t r o d e s

w e

for

Fig 2 . 2 . 2  a ) T h e  ROE and W J E  s y s t e m  b ) F l o w  p a t t e r n  b )C o o r d i n a t e s
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Fig 2 . 2 . 2  i l l u s t r a t e s  t h e  RDE and t h e  W J D  and t h e i r  h y d r o ­

d y n a m i c s  . T h e  m a j o r  d i f f e r e n c e  b e t w e e n  t h e  t w o  e l e c t r o d e s  is t h a t  

t h e  R D E  has a u n i f o r m  d i f f u s i o n  l a y e r  w h e r e a s  t h e  W J E  has a p a r a ­

b o l i c  s h a p e d  d i f f u s i o n  l a y e r  w h i c h  is z e r o  at the c e n t r e  of t h e  jet 

and t h e n  i n c r e a s e s  in p r o p o r t i o n  to r ' .

2 . 2 . 3  R i n g - D i s c  E l e c t r o d e s

A v e r y  u s e f u l  e x t e n s i o n  to t h e  W J E  and the RDE is to add a 

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

t y p i c a l  r i n g  d i s c  e l e c t r o d e  is i l l u s t r a t e d  in fig 2 . 2 . 3 .

Fig 2 . 2 . 3  A t y p i c a l  W a l l - J e t  R i n g - D i s c  E l e c t r o d e

T h i s  e l e c t r o d e  c o n f i g u r a t i o n  a l l o w s  us to s t u d y  t h e  e l e c t r o ­

c h e m i c a l  r e a c t i o n s  at t h e  d i s c  on t h e  d o w n s t r e a m  r i n g  e l e c t r o d e  

A l b e r y  and B r e t t  (68) h a v e  d e v e l o p e d  a g e n e r a l  r i n g  d i s c  t h e o r y  , 

w h i c h  t h e y  a p p l y  on t h e  W a l l - J e t  R i n g - D i s c  E l e c t r o d e  ( W J R D E ) .  T h e y  

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

[2.2.5]
T h e y  f i n d  t h a t  t h i s  c u r r e n t  is r e l a t e d  to t h e  l i m i t i n g  r i n g  

c u r r e n t  by a g e o m e t r i c a l  f a c t o r  p

c2-2-61
T h i s  is the s a m e  e x p r e s s i o n  as for t h e  R o t a t i n g  R i n g  D i s c  

E l e c t r o d e  (RRDE). T h e y  m o v e  on to d e r i v e  a f o r m u l a  f o r  t h e  c o l l e c ­

t i o n  e f f i c i e n c y  and a r r i v e  at t h e  s a m e  e q u a t i o n  as for t h e  R R D E  (69)

i . co i , n 2/3 - 5 / 1 2  3 /4 - 1 / 2  3/4
i 0 L -1 .59 k n F D  u a r i C

b u t  w i t h  r e d e f i n e d  a  and p v a l u e s  , l i s t e d  in T a b l e  2 . 2 . 2
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T a b l e  2.2.2

RRD E  and W J R D E  a  and 0 v a l u e s

E l e c t r o d e  | a I P
n

RRDE | l r 2 / r , ) 3 -t I (r3 / r 1 )3 - ( r 2 / r 1 )3

W J R D E  |
< w 9 / 8 -i

| (r 3 /r 1 ) - ( r 2 / r 1 )
_j

*•

The c o l l e c t i o n  e f f i c i e n c y  , N , is t h e n  c a l c u l a t e d  f r o m  ao
c o m m o n  e q u a t i o n  for R R D E ' s  and W J D E ' s  ;

2/3
N =1-F(a/P)*p [1-F(«)]-(1*a+p)[1-F{(a/p)(1*a+p)}] [2.2.7]o

w h e r e

F ( 9 ) = 3 1/2l n ( 1 + 6 1 / 3 )3 + 3 t a n " 1/^ ^ 1 7 3 - ^  + 1 [2.2.8]
4IT 1+0 2 IT \ j/2 )

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

tions. In this t e c h n i q u e  Br^ is g e n e r a t e d  on the d i s c  and m a y  r e a c t  

w i t h  b r o m i n a t a b l e  s p e c i e s  d u r i n g  its p a s s a g e  f r o m  the d i s c  to the

r i n g  , thus d i m i n i s h i n g  the r i n g  c u r r e n t .  The r e a c t i o n  s c h e m e  is

D isc 2Br — > B r 2 ♦ 2e

S o l u t i o n B r 2 + p — > P r o d u c t s

%
Ring 8 r 2 ♦ 2e~ — > 2Br"

The r ing c u r r e n t  as a f u n c t i o n  of the d i s c  c u r r e n t  is s h o w n  in 

fig 2.2.4. I n i t i a l l y  no r i n g  c u r r e n t  is seen b e c a u s e  a l l  Br^ is 

^  c o n s u m e d  by the r e a c t i n g  s p e c i e s  P b e f o r e  it r e a c h e s  the ring. Then

the b r o m i n e  d o m i n a t e d  r e g i o n  s p r e a d s  a c r o s s  the r i n g  e l e c t r o d e  

g i v i n g  r ise to the c u r v e d  trace. F i n a l l y  the b r o m i n e  d o m i n a t e d  

r e g i o n  c o v e r s  the ring and the ring c u r r e n t  b e c o m e s  a l i n e a r  f u n c ­

tion of the d i s c  c u r r e n t .  All the e x p r e s s i o n s  d e r i v e d  for m i c r o ­

t i t r a t i o n s  on the RRDE h old for the W J R D E  w i t h  the r e d e f i n e d  a and 0

values. F r o m  t h e i r  p a p e r  , the e q u a t i o n  for the l i n e a r  p art of the
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t i t r a t i o n  c u r v e  is

i R " N o |iD l ' P 2 / 3 | i pl [2.2.9]

w h e r e  i is the l i m i t i n g  c u r r e n t  of P on the d i s c  if it w e r e  

e l e c t r o a c t i v e .  The l i n e a r  r e g i o n  sta r t s  at the i n t e r s e c t i o n  of the 

l i n e  N ‘ and e q u a t i o n  [2.2.9]

( H a )
(1*a*0)1/3

| 7 - F { a ( 1+ a + p ) } [2 .2 .10]

Fig 2.2.4 R i n g - d i s c  b r o m i n e  t i t r a t i o n  c u r v e . T h e  i n s e t s  s h o w  
h o w  the g e n e r a t e d  b r o m i n e  s p r e a d s  out o v e r  the 
e l e c t r o d e  surface.

2.2.4 E x t e n s i o n  of the Rin g  D isc T i t r a t i o n  

A s u b s e q u e n t  p a p e r  by A l b e r y ,S v a n b e r g  and W ood 

e x t e n s i o n  of the o r i g i n a l  t i t r a t i o n  t h e o r y  (71).

m o d i f i e d  e q u a t i o n  for the b r o m i n e  r ing c u r r e n t

2/3
 ̂ i R , B I " No i 0 . B "  ^ , P

where iQ p = 2mFTTr 1 2Dp [P]/6p

T h e o r y

(70) p r e s e n t s  an 

They d e r i v e  a

[2 .2 . 11]
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m = N u m b e r  of m o l e s  of Br., c o n s u m e d  by P

D p = D i f f u s i o n  c o e f f i c i e n t  f o r  P 

[ P ] = C o n c  of P

5 p = D i f f u s i o n  l a y e r  t h i c k n e s s

T h e  t i t r a t i o n  c u r r e n t  ip p c o r r e s p o n d s  to t h e  l i m i t i n g  c u r r e n t  

t h a t  w o u l d  be o b s e r v e d  if a l l  t h e  b r o m i n a t e d  g r o u p s  on P w e r e

e l e c t r o a c t i v e .  T h e i r  a r g u m e n t  s h o w s  t h a t  i n  t h e  t i t r a t i o n  t e r m  ,

ip p , o n e  m u s t  u s e  t h e  t h e  d i f f u s i o n  c o e f f i c i e n t  , 0 p , f o r  P in 

p l a c e  of t h e  b r o m i n e  d i f f u s i o n  c o e f f i c i e n t .  T h i s  r e s u l t  is p e r h a p s

n o t  s u r p r i s i n g  s i n c e  it is t h e  i n c o m i n g  f l u x  o f  s l o w  m o v i n g  P t h a t

is b e i n g  t i t r a t e d  by t h e  b r o m i n e .

*

♦
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2.3 C o n t r o l  T h e o r y

2.3.1 I n t r o d u c t i o n

A d e f i n i t i o n  of e n g i n e e r i n g  is (72) " E n g i n e e r i n g  is c o n c e r n e d  

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

n a t u r e  f o r  t h e  b e n e f i t  of m a n k i n d " .  C o n t r o l  e n g i n e e r i n g  f a l l s  f u l l y

u n d e r  t h i s  d e f i n i t i o n  ; in o r d e r  to c o n t r o l  a s y s t e m  w e  m u s t  u n d e r ­

s t a n d  its m e c h a n i s m .

W h a t  is a s y s t e m  ? In c o n t r o l  t h e o r y  w e  d e f i n e  a s y s t e m  as a

c o l l e c t i o n  of i n t e r a c t i n g  c o m p o n e n t s  s e p a r a t e d  f r o m  its e n v i r o n m e n t

by an i m a g i n a r y  b o u n d a r y .  T h e s e  c o m p o n e n t s  w i l l  o f t e n  be d i s c r e t e  

p h y s i c a l  e l e m e n t s  of h a r d w a r e  b u t  m a y  a l s o  be f u n c t i o n a l  p a r t s  

t h e r e o f .  T h e r e  is an i n t e r a c t i o n  b e t w e e n  t h e  s y s t e m  and i t s  s u r ­

r o u n d i n g  e n v i r o n m e n t  a c r o s s  t h e  b o u n d a r y .  S i g n a l s  g o i n g  i n t o  the 

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

o u t p u t s .  A c o n t r o l  s y s t e m  m a y  h a v e  m a n y  s y s t e m  i n p u t s / o u t p u t s . A 

t y p i c a l  m u l t i  i n p u t - o u t p u t  s y s t e m  is a c a r  and its d r i v e r .  The 

b o u n d a r y  is t h e  b o d y w o r k  , i n p u t s  a r e  t r a f f i c  l i g h t s  , p o l i c e  c ars 

e t c  , o u t p u t s  a r e  t h e  s p e e d  , d i r e c t i o n  etc.

2 . 3 , 2  S y s t e m  A n a l y s i s  and M o d e l l i n g

In o r d e r  to u n d e r s t a n d  t h e  s y s t e m  w e  m u s t  a n a l y s e  it. F r o m  the 

r e s u l t  of t h e  a n a l y s i s  w e  c a n  m o d e l  t h e  s y s t e m  and i n t r o d u c e  c o n t r o l  

e l e m e n t s  to a c h i e v e  o u r  a i m  ; to c o n t r o l  t h e  s y s t e m .

H a v i n g  d e f i n e d  t h e  b o u n d a r y  of t h e  s y s t e m  it is u s e f u l  to t h i n k  

of t h e  c o m p o n e n t s  in the s y s t e m  as " b l o c k s " .  T h e s e  b l o c k s  g i v e  a 

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

c a l l e d  a b l o c k  d i a g r a m .  Fig 2 . 3.1 i l l u s t r a t e s  the c a r - d r i v e r  c o n t r o l  

s y s t e m  in a b l o c k  d i a g r a m .  T h e  l i n e s  r e p r e s e n t  s i g n a l  f l o w  p a t h s
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a n d  t h e  a r r o w s  s h o w s  t h e  d i r e c t i o n  of t h e  s i g n a l s .  S i g n a l  s u b t r a c -  

t _ i o n / a d d i t i o n  is i n d i c a t e d  by a c r o s s e d  c i r c l e  w i t h  the s i g n  of the 

o p e r a t i o n  in t h e  c o r r e s p o n d i n g  q u a d r a n t .

F i g  2 . 3.1 B l o c k  d i a g r a m  of t h e  c a r - d r i v e r  s y s t e m  

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

p a r t s  o f  t h e  s y s t e m  , b u t  f o r  a n a l y s i s  w e  m u s t  add s o m e  s o r t  of 

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

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

d y n a m i c  t h e  e q u a t i o n s  r e l a t i n g  t h e  o u t p u t s  to t h e  i n p u t s  of the 

b l o c k s  w i l l  in g e n e r a l  be d i f f e r e n t i a l  e q u a t i o n s .  T a k e  t h e  c a p a c i t o r  

r e s i t o r  n e t w o r k  in fig 2 . 3 . 2  f o r  e x a m p l e ;

R
■vWW

^  C VOUT(c)

F i g  2 . 3 . 2  I n p u t - o u t p u t  r e l a t i o n s h i p  of r e s i s t o r  c a p a c i t o r  n e t w o r k  

K i r c h o f f ’s l a w  g i v e s

n t ) = v . (t ) - v 0 ( t u c  d V 0 [ 3 . 2 . 1 ]
R dt

r e a r r a n g e d

V . (t ) = R C d_V 
dt

+
o- V It) o [ 3 . 2 . 2 ]



T h i s  is an i n p u t  (V^) t o u t p u t  (VQ ) r e l a t i o n s h i p .  F o r  i d e a l  

s y s t e m s  t h e  m a t h e m a t i c a l  m o d e l  is o f t e n  l i n e a r  , and if it is p o s s i ­

b l e  to r e p r e s e n t  t h e  s y s t e m  by l i n e a r  d i f f o r e n t i a l  e q u a t i o n s  the 

a n a l y s i s  is v e r y  m u c h  s i m p l i f i e d .

A s y s t e m  is l i n e a r  i f  it o b e y s  t h e  p r i n c i p l e  of s u p e r p o s i t i o n .  

T h i s  r e q u i r e s  t h a t  t h e  i n d e p e n d e n t  i n p u t s  I ^ (t ) and I (t) p r o d u c e  

o u t p u t s  0 1 (t ) and 0 ^ (t ) , and t h e  s i m u l t a n e o u s  a p p l i c a t i o n  of 

I j t t J + I g t t )  w i l l  p r o d u c e  O j t t l + O g t t ) .  A l t h o u g h  no r e a l  s y s t e m  is 

l i n e a r  t h e r e  is o f t e n  a l i n e a r  o p e r a t i n g  r a n g e  , or if t h e  s y s t e m  is 

i n h e r e n t l y  n o n - l i n e a r  b u t  t h e  p e r t u b a t i o n s  f r o m  t h e  c h o o s e n  set- 

p o i n t  a r e  s m a l l  it m a y  be t r e a t e d  as a l i n e a r  s y s t e m  u s i n g  l i n e a r  

a p p r o x i m a t i o n s .

2 . 3 . 3  T h e  L a P l a c e  T r a n s f o r m  T e c h n i q u e

T h e  L a P l a c e  t r a n s f o r m  t e c h n i q u e  is v e r y  u s e f u l  f o r  s o l v i n g  

d i f f e r e n t i a l  e q u a t i o n s .  T h e  L a P l a c e  t r a n s f o r m  t h e o r y  is o u t l i n e d  in 

A p p e n d i x  I.

In t h e  L a P l a c e  t e c h n i q u e  t h e  e q u a t i o n  is t r a n s f e r r e d  t o  L a P l a c e  

s p a c e  by c h a n g i n g  t h e  t i m e  v a r i a b l e  t for the c o m p l e x  v a r i a b l e  

s=o+jui , t h e  L a P l a c e  o p e r a t o r .  T h e  t r a n s f o r m  g i v e s  an a l g e b r a i c  

e q u a t i o n  , w h i c h  m a y  be s o l v e d  in t e r m s  o f  s. F i n a l l y  the t i m e  

d o m a i n  s o l u t i o n  is a c h i e v e d  by i n v e r t i n g  t h e  L a P l a c e  t r a n s f o r m .  

L a r g e  t a b l e s  e x i s t  for L a P l a c e  t r a n s f o r m a t i o n  to and f r o m  L a P l a c e  

s p a c e .

T h e  t r a n s f o r m a t i o n  of a l i n e a r  s y s t e m  is t h e  r a t i o  of the 

t r a n s f o r m e d  i n p u t  to t h e  t r a n s f o r m e d  o u t p u t  w h e n  a l l  i n i t i a l  c o n d i ­

t i o n s  a r e  z e r o .  C o n v e n t i o n a l l y  t h e  s y m b o l  G(s) is u s e d  for the

s y s t e m  t r a n s f o r m .  R e - e x a m i n i n g  the e x a m p l e  in fig 2 . 3 . 2  , t h e  l i n e a r
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i n p u t / o u t p u t  d i f f e r e n t i a l  e q u a t i o n  is

V i ( t ) = R C  d V  (t) + V (t) [ 2 . 3 . 2 ]
—  o o
dt

T a b l e  1 in A p p e n d i x  I g i v o s

V . (s ) = R C s V  (s) + V is) [ 2 . 3 . 3 ]i o o
T h u s  t h e  t r a n s f e r  f u n c t i o n  is

G ( s ) = V  (sj= 1 [ 2 . 3 . 4 ]
V ° ( s )  1+RCs

It is s e e n  t h a t  t h e  t r a n s f e r  f u n c t i o n  is a p r o p e r t y  of t h e  

s y s t e m  and d e s c r i b e s  its d y n a m i c  c h a r a c t e r i s t i c s  , b u t  is n o t  i n ­

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

f o r  t h e  g e n e r a l  c a s e  t a k e s  the form;

G (s )= P (s ) [ 2 . 3 . 5 ]
Q (s)

w h e r e  Pis) and Q(s) are p o l y n o m i a l s  in s. A p h y s i c a l l y  r e a l i z a b l e  

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

r a t o r .  T h e  e q u a t i o n  o b t a i n e d  as Q ( s ) = 0  is c a l l e d  t h e  c h a r a c t e r i s t i c  

e q u a t i o n  , w h o s e  r o o t s  a r e  r e f e r r e d  to as p o l e s  b e c a u s e  G(s)=«* at 

t h e s e  v a l u e s .  T h e  n u m b e r  of r o o t s  , i . e  t h e  o r d e r  of Q(s) is t e r m e d  

t h e  o r d e r  of t h e  s y s t e m .  T h e  r o o t s  o f  Pis) a r e  c a l l e d  z e r o s  b e c a u s e  

G ( s ) = 0  at t h e s e  v a l u e s .  T h i s  n o t a t i o n  s i m p l i f i e s  t h e  m a t h e m a t i c a l  

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

in f i g  2 . 3 . 3  w h i c h  w e  c a n  b r e a k  d o w n  t o  a b l o c k  d i a g a m  in f i g  2 . 3 . 4

Fig 2 . 3 . 3  D o u b l e  c a p a c i t o r  r e s i s t o r  n e t w o r k
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V IN(t)

Sr

Fig 2 . 3 . 4  B l o c k  d i a g r a m  of r e s i s t o r  c a p a c i t o r  n e t w o r k

T a k i n g  t h e  L a P l a c e  t r a n s f o r m  o f  t h e  b l o c k s  in fig 2 . 3 . 4  g i v e s  

t h e  r e s u l t  s h o w n  in f i g  2 . 3 . 5

*
Qj(s)

Sr

la

Fig 2 . 3 . 5  L a P l a c e  t r a n s f o r m e d  b l o c k  d i a g r a m

w h e r e  (s ) = ( 1 + R 1 s ) 1 f r o m  e q u a t i o n  [ 2 . 3 . 4 ]  and

G 2 *s )= R 2 C 2 * 1 + R 2 C 2 S * ’ W e  n o t ^ ce t h a t  P 1 <s )= , t h u s  w e  m a y  w r i t e

G (s ) =JLoiiL! [ 2 . 3 . 7 ]
P * (s)

and

G 1 ls)--P (s) [ 2 . 3 . 8 ]
Q j l s )

m u l t i p l y i n g  [ 2 . 3 . 7 ]  by [ 2 . 3 . 8 ]  g i v e s  ;

G (s )* G _ (s ) = P ?j_s2. [ 2 . 3 . 9 ]
Q * (s)

Qj( s )  d e s c r i b e s  t h e  i n p u t  to t h e  s y s t e m  and P 2 (s ) d e s c r i b e s  the 

o u t p u t  of the s y s t e m  , t h u s  w e  can w r i t e

R 2  ̂ 2 s
G ( s ) = G  ( s )*G (s)= ----------------------- = P 2 (s) [ 2 . 3 . 1 0 ]

(1*R1C1)(1+R2C2)

The b l o c k  d i a g r a m  is t h e r e f o r e  s i m p l i f i e d  to j u s t  o n e  b l o c k

f i g  2.3 . 6 .
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?i(s)
6 2(3)6 2(5)

Fig 2 . 3 . 6  S i m p l i f i e d  b l o c k  d i a g r a m  

T h i s  s i m p l i f i c a t i o n  a p p l i e s  to a l l  l i n e a r  t r a n s f e r  f u n c t i o n s  

a n d  j u s t i f i e s  t h e i r  g r e a t  u s a g e  in m o d e l l i n g  of c o m p l e x  s y s t e m s .

2 . 3 . 4  F e e d b a c k  C o n t r o l  S y s t e m s

In o r d e r  to c o n t r o l  t h e  s y s t e m  ,i.e to m a k e  a c e r t a i n  i n p u t  

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

b a c k  to t h e  i n p u t  . w h e r e  it is s u b t r a c t e d  f r o m  t h e  i n p u t  s i g n a l .  

T h i s  o p e r a t i o n  is c a l l e d  n e g a t i v e  f e e d - b a c k  c o n t r o l .  Fig 2 . 3 . 7  is a 

s c h e m a t i c  i l l u s t r a t i o n  of a f e e d - b a c k  c o n t r o l  s y s t e m

C o n t r o l l e r  Pr o c e s s  o u t p u t

COMPARI SON REASUREMENT

Fig 2 . 3 . 7  A s c h e m a t i c  c l o s e d  l o o p  f e e d - b a c k  s y s t e m  

The r e s u l t i n g  s i g n a l  f r o m  the f e e d - b a c k  is c a l l e d  t h e  e r r o r -  

s i g n a l  E(s). T h e  c l o s e d  l o o p  s y s t e m  , w h e n  p e r f o r m i n g  c o r r e c t l y  

. o p e r a t e s  so t h a t  t h e  e r r o r  w i l l  be r e d u c e d  to a m i n i m u m .  Fig 2 . 3 . 8

i l l u s t r a t e s  a g e n e r a l  n e g a t i v e  f e e d - b a c k  s y s t e m  ,
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Fig 2 . 3 . 8  A g e n e r a l  n e g a t i v e  f e e d - b a c k  s y s t e m  

w h e r e  R(s) is t h e  c h o s e n  v a l u e  ;* t h e  set p o i n t .  E(s) is t h e  e r r o r  

s i g n a l  and G(s) is t h e  t r a n s f e r  f u n c t i o n  of t h e  o p e n  l o o p  p a t h  , 

H(s) is t h e  n e g a t i v e  f e e d - b a c k  t r a n s f e r  f u n c t i o n  and C(s) is the 

o u t p u t .  T h e  o u t p u t  f r o m  t h e  f e e d - b a c k  s y s t e m  is;

C ( s ) = E ( s ) G ( s )  [ 2 . 3 . 1 1 ]

but

E (s )= R (s ) - H (s )C (s ) [ 2 . 3 . 1 2 ]

i n s e r t i n g  [ 2 . 3 . 1 2 ]  in [ 2 . 3 . 1 1 ]  g i v e s  ;

C ( s ) = G ( s ) { R ( s )  - H (s )H (s )} [ 2 . 3 . 1 3 ]

r e a r r a n g i n g  [ 2 . 3 . 1 3 ]  g i v e s  ;

C (s )= G (s )R (s ) [ 2 . 3 . 1 4 ]
1+G(s)H(s )

T h e  a c t i v a t i n g  e r r o r  s i g n a l  is

E (s )= R(s) [ 2 . 3 . 1 5 ]
1+G(s)H(s)

It is n o w  c l e a r  t h a t  t h e  m a g n i t u d e  of 1 + G ( s ) H ( s )  m u s t  be l a r g e r  

t h a n  u n i t y  in o r d e r  to r e d u c e  t h e  e r r o r .

O n e  of the g r e a t e s t  a d v a n t a g e s  of f e e d - b a c k  is its a b i l i t y  to 

r e d u c e  t h e  s y s t e m ’s s e n s i t i v i t y  to u n w a n t e d  c h a n g e s  in s y s t e m  p a r a ­

m e t e r s  . R e c a l l i n g  the t r a n s f e r  f u n c t i o n  for the c l o s e d  l o op, e q u a ­
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t i o n  [ 2 . 3 . 1 4 ] ,  and a s s u m i n g  G ( s ) H ( s ) > > 1  f o r  a l l  f r e q u e n c i e s  of 

i n t e r e s t ,  w e  o b t a i n

C (s )= R (s ) [ 2 . 3 . 1 5 ]
H (s )

i . e  t h e  o u t p u t  C(s) is o n l y  a f f e c t e d  by t h e  f e e d - b a c k  t r a n s f e r  

f u n c t i o n  H(s). V a r i a t i o n s  in the p r o c e s s  p a r a m e t e r s  G(s) , w h i c h  are 

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

b a c k .  A t y p i c a l  n e g a t i v e  f e e d - b a c k  s y s t e m  is an i n v e r t i n g  o p e r a t i o ­

n a l  a m p l i f i e r ,  fig 2 . 3 . 9  .

Fig 2 . 3 . 9  a ) I n v e r t i n g  o p e r a t i o n a l  a m p l i f i e r  b ) 8 1 o c k  d i a g r a m  
o f  t h e  a m p l i f i e r  c i r c u i t

c
An o p e r a t i o n a l  a m p l i f i e r  has an o p e n - l o o p  g a i n  of a b o u t  10 

and an i n p u t  i m p e d a n c e  of a b o u t  1 0 ^  Q so no c u r r e n t  w i l l  f l o w  i n t o  

t h e  a m p l i f i e r .  U s i n g  the f e e d - b a c k  t h e o r y  and K i r c h o f f ' s  s e c o n d  l a w  

at t h e  s u m m i n g  p o i n t  S w e  o b t a i n

e. -e + e -e 
in s o u t  s

R.l
= 0

b u t  e . = e G = > e = e . / G
o u t  s s o u t

[ 2 . 3 . 1 6 ]

[ 2 . 3 . 1 7 ]
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i n s e r t i n g  [ 2 . 3 . 1 7 ]  in [ 2 . 3 . 1 6 ]

e. - e  + e . - e 
in o u t  o u t  o u t

--------------  ---------- :----- = 0 [ 2 . 3 . 1 8 ]

R. GR. R r G R r 
l i f  f

R e a r r a n g i n g  g i v e s

e = G = G(s) [ 2 . 3 . 1 9 ]
e ° “ ’ 1 - G C R . / R J  1+ G (s )H (s ) 
in i f

T h u s  t h e  o p e n - l o o p  g a i n  G is t h e  p r o c e s s  t r a n s f e r  f u n c t i o n  G(s) 

a n d  t h e  f e e d - b a c k  t r a n s f e r  f u n c t i o n  H(s ) .  T h e  s e n s i t i v i t y  of

t h e  s y s t e m  t r a n s f e r  f u n c t i o n  T ( s )= C ( s )/ R (s ) to c h a n g e s  in G(s) c a n  

be e x p r e s s e d  as

S= 3 T / T  = _ 1_____________________GJ_sJ____________ = 1 [ 2 . 3 . 2 0 ]
3 G / G  ( U G ( s ) H ( s ) )c G ( s ) / ( 1 + G ( s ) H ( s )  ) 1 + G ( s ) H ( s )

A p p l y i n g  e q u a t i o n  [ 2 . 3 . 2 0 ]  in [ 2 . 3 . 1 9 ]

S = ________ 1 _____1 [ 2 . 3 . 2 1 ]
1— G ( R . / R )  1 - 1 0 5

l f

A t y p i c a l  v a l u e  for R. is 1 kQ a n d  f o r  R^. is 10 kQ , w h i c h

. . .  -5
g i v e s  t h e  m a g n i t u d e  of t h e  s e n s i t i v i t y  S = 10 . S i n c e  f o r  an o p e n -

l o o p  s y s t e m  t h e  s e n s i t i v i t y  S is 1 , t h e  f e e d - b a c k  has i m p r o v e d  the 

p e r f o r m a n c e  1 0 0 , 0 0 0  t i m e s .

A n o t h e r  i m p o r t a n t  b e n e f i t  f r o m  f e e d - b a c k  is its i m m u n i t y  to 

n o i s e .  C o n s i d e r  t h e  s y s t e m  in fig 2 . 3 . 1 0  , i l l u s t r a t i n g  a p H - s t a t

Fig 2 . 3 . 1 0  B l o c k  d i a g r a m  of a nois'y p H - s t a t
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T h e  p H - e l e c t r o d e  is e x p o s e d  to n o i s e  ( e l e c t r i c a l  , c h e m i c a l  

etc) N(s). P(s) is t h e  pH s e t - p o i n t .  T h e  t r a n s f o r m a t i o n  to t r a n s f e r  

f u n c t i o n s  is s h o w n  in fig 2 . 3 . 1 1

Fig 2 . 3 . 1 1  T r a n s f e r  f u n c t i o n  b l o c k  d i a g r a m  of t h e  p H - s t a t

T h e  e f f e c t  of t h e  n o i s e  N(s) on t h e  o u t p u t  is

C (s )= C P ( s ) - ( H ( s ) - N ( s ) ) ] G ( s )  N (s ) [ 2 . 3 . 2 2 ]
1 + [ P ( s ) - ( H ( s ) - N ( s ) ) ] 6 ( s ) H ( s )

w h i c h  is a p p r o x i m a t e l y

C (s ) = N (s ) [ 2 . 3 . 2 3 ]
H (s )

T h e r e f o r e  t h e  d e s i g n e r  m u s t  o b t a i n  a m a x i m u m  v a l u e  of H(s) to 

m a x i m i z e  t h e  s i g n a l  to n o i s e  r a t i o .

2 . 3 . 5  S t a b i l i t y  and T r a n s i e n t  R e s p o n s e

T h e  c o s t  of i n t r o d u c i n g  f e e d - b a c k  is t h e  p o s s i b i l i t y  of i n s t a ­

b i l i t y .  A s t a b l e . s y s t e m  is d e f i n e d  as a s y s t e m  w i t h  a b o u n d e d  r e ­

s p o n s e ,  t h a t  is , if t h e  s y s t e m  i n p u t s  are b o u n d e d  t h e  o u t p u t s  w i l l  

a l s o  be b o u n d e d  in m a g n i t u d e .

The s t a b i l i t y  c o n c e p t  can be i l l u s t r a t e d  , as in fig 2 . 3 . 1 2  ,

by c o n s i d e r i n g  a r i g h t  c i r c u l a r  c o n e  on a p l a n e  s u r f a c e .
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Fig 2 . 3 . 1 2  a ) S t a b l e  b J N e u t r a l  s t a b i l i t y  c ) I n s t a b l e  

If t h e  c o n e  is r e s t i n g  on its b a s e  , as in fig 2 . 3 . 1 2 a  ,and is 

t i p p e d  s l i g h t l y  it w i l l  r e t u r n  to i t s  o r i g i n a l  p o s i t i o n .  T h i s  p o s i ­

t i o n  and r e s p o n s e  is c a l l e d  s t a b l e .  If t h e  c o n e  r e s t s  on its s i d e  

a n d  is d i s p l a c e d  s l i g h t l y  it w i l l  r o l l  b u t  n o t  l e a v e  i t s  p o s i t i o n  on 

its side. T h i s  r e s p o n s e  is c a l l e d  n e u t r a l  s t a b i l i t y .  If t h e  c o n e  is 

p l a c e d  on its t i p  and r e l e a s e d  , it w i l l  f a l l  on its s i d e  , w h i c h  is 

an u n s t a b l e  r e s p o n s e .

T h e  t r a n s i e n t  r e s p o n s e  of a s y s t e m  r e v e a l s  if it is s t a b l e  and

h o w  s o o n  it w i l l  r e a c h  s t a b i l i t y .  T w o  v e r y  i m p o r t a n t  t r a n s i e n t  t e s t

f u n c t i o n s  a r e  t h e  u n i t  s t e p  f u n c t i o n  and t h e  u n i t  i m p u l s e  f u n c t i o n  ,

s h o w n  in f i g  2 . 3 . 1 3  

u(t)‘

b

Fig 2 . 3 . 1 3  a ) U n i t  i m p u l s e  f u n c t i o n  b ) U n i t  s t e p  f u n c t i o n

The u n i t  s t e p  f u n c t i o n  is a s u d d e n  c h a n g e  in the i n p u t  n o r m a ­

l i z e d  to u n i t  m a g n i t u d e  , o c c u r r i n g  at an a r b i t r a r i l y  c h o s e n  t i m e
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t=0. T h e  s t e p  f u n c t i o n  c h a n g e  is t h e  m o s t  s e v e r e  d i s t u r b a n c e  p o s s i b ­

le and is a t y p e  of c h a n g e  w h i c h  f r e q u e n t l y  o c c u r s  in p r a c t i c e .  The 

u n i t  i m p u l s e  f u n c t i o n  is t h e  l i m i t i n g  c a s e  of a p u l s e  of u n i t  a r e a  , 

w h e r e  t h e  p u l s e  d u r a t i o n  t e n d s  to zer o .  T h e  L a P l a c e  t r a n s f o r m s  of 

t h e s e  and s o m e  o t h e r  u s e f u l  f u n c t i o n s  a r e  g i v e n  in T a b l e  1.

T a b l e  2.3.1
L a P l a c e  t r a n s f o r m s  of s o m e  t e s t  f u n c t i o n s

r
F (t ) I F(s)

I

U n i t  s t e p 1 S ' 1

U n i t  i m p u l s e I 1

U n i t  r a m p | s ' 2

i
s i n (x ) | x ( s 2 + X 2 ) 1

1

D e p e n d i n g  on t h e  r e s p o n s e  to a u n i t  s t e p  w e  can d e f i n e  s o m e  v e r y  

c o m m o n  r e s p o n s e  t y p e s .  T a b l e  3 . 2 . 2  l i s t s  s o m e  of t h e  m o s t  c o m m o n  

t y p e s  of s y s t e m s .

If w e  o n c e  a g a i n  l o o k  at t h e  r e s i s t o r  c a p a c i t o r  n e t w o r k  in fig

2 . 3 . 2  and r e c a l l  t h e  s y s t e m  t r a n s f e r  f u n c t i o n

G (s )= C (s )= 1 [ 2 . 3 . 4 ]
P (s ) 1 *RC s

and t h e  i n p u t  is a u n i t  s t e p  f u n c t i o n

P ( s ) = s " 1 [ 2 . 3 . 2 5 ]

s o l v i n g  for t h e  o u t p u t

C ( s ) = P ( s ) G ( s ) =  1 [ 2 . 3 . 2 6 ]
s ( 1 + R C s )

In o r d e r  to f i n d  t h e  r e s p o n s e  in t h e  t i m e  d o m a i n  , w e  i n v e r t  the 

LaP.lace t r a n s f o r m

c (t ) = 1 -e
- R C / t

[ 2 . 3 . 2 7 ]



T a b l e  2 . 3 . 2

D e f i n i t i o n  of s o m e  c o m m o n  s y s t e m s
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T h e  t i m e  r e s p o n s e  is s h o w n  in fig 2 . 3 . 1 4 .  C o m p a r i s o n  w i t h  t a b l e

2 . 3 . 2  c l a s s i f i e s  t h i s  r e s p o n s e  as a f i r s t  o r d e r  l a g  , w h i c h  is 

i n h e r e n t l y  l i m i t e d  , i . e  s t a b l e .
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Fig 2 . 3 . 1 4  U n i t  s t e p  t i m e  r e s p o n s e  

T h e  l o c a t i o n s  o f  t h e  p o l e s  in t h e  s - p l a n e  ( r e m e m b e r  s = o + j u O  

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

h a n d  s i d e  r e s u l t  in d e c a y i n g  r e s p o n s e  , w h e r e a s  p o l e s  on t h e  j w - a x i s  

or t h e  r i g h t  h a n d  s i d e  r e s u l t  in e i t h e r  a n e u t r a l  or an i n c r e a s i n g  

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

p o l e  l o c a t i o n s  in t h e  s - p l a n e  in fig 2 . 3 . 1 5 .

/<•>

F i g  2 . 3 . 1 5  T y p i c a l  r e s p o n s e s  f o r  p o l e  l o c a t i o n s  in t h e  s - p l a n e  

C l e a r l y  t h e  p o l e s  of a d e s i r a b l e  s y s t e m  m u s t  l i e  in t h e  l e f t  

h a n d  p a r t  of the s - p l a n e .  T h u s  a n e c e s s a r y  and s u f f i c i e n t  c o n d i t i o n  

t h a t  a n e g a t i v e  f e e d - b a c k  s y s t e m  is s t a b l e  is t h a t  a l l  p o l e s  of the 

s y s t e m  h a v e  n e g a t i v e  r e a l  part s .
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A n u m b e r  of m a t h e m a t i c a l  s t a b i l i t y  c r i t e r i a  e x i s t  , e . g  R o u t h -  

H u r w i t z ’s , and t h o s e  of N y q u i s t  and B o d e ’ . T h e  r e a d e r  is r e f e r r e d  

t o  t h e  l i t e r a t u r e  f o r  a s t r i n g e n t  d e r i v a t i o n  of t h e s e  c r i t e r i a  (72- 

74). T h e  s i m p l e s t  s t a b i l i t y  c r i t e r i o n  to u s e  is t h e  R o u t h - H u r w i t z  

m e t h o d  , w h i c h  d e t e r m i n e s  if a l i n e a r  e q u a t i o n  of t h e  c o m p l e x  v a r i ­

a b l e  s has a n y  p o s i t i v e  r e a l  p a r t s .  C o n s i d e r  t h e  g e n e r a l  f o r m  of 

t h e  c h a r a c t e r i s t i c  e q u a t i o n

1+ G (s )H (s )=a s n + a s n-1 + ........ +a =0 [ 2 . 3 . 2 8 ]
n n - 1 0

If t h e r e  a r e  no r o o t s  w i t h  p o s i t i v e  r e a l  p a r t s  t h e r e  is a 

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

t h e  s a m e  s i g n  and t h a t  n o n e  a r e  z e r o .  If t h i s  is t r u e  t h e  H u r w i t z  

d e t e r m i n a n t s  of t h e  p o l y n o m i a l  m u s t  be p o s i t i v e  , w h e r e  t h e  d e t e r m i ­

n a n t s  a r e  g i v e n  by

a a D = a a a
n-1 n-3 3 n - 1 n-3 n-5

a a a a an n-2
o n

n-2
a « n - 1

n-4
a n-3

R o u t h  s i m p l i f i e d  t h e  H u r w i t z  d e t e r m i n a n t  e v a l u a t i o n  by d e r i v i n g  

an a r r a y  of t h e  f o l l o w i n g  f o r m

S % )  a(n - 2) a(n - 4) a(n-6)
e n — 1
s a, a, a, a,s

n-2
V i ) a(n-3) a(n-5) a(n-

s

_n-3
b(1) % b(3) %

4r s
c/1) °(2) °(3) %)

0
s . . . .

T h e  b ^ , c ^ , . . . e t c  v a l u e s  a r e  c a l c u l a t e d  a c c o r d i n g  to t h e  f o l ­

l o w i n g  p a t t e r n
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b(1)' — Cn - 1 > ^ h  - 2)—  Vt)3 - 3) b(2)_ 4*1 - j$P - $--- a(rt3(h - 3)

V D  V D

C 2 Al^(n- $ ~ * (n- 1$3)—

b(1) ^
e t c .

E v e r y  c h a n g e  in s i g n  in t h e  f i r s t  c o l u m n  s i g n i f i e s  t h e  p r e -

*
s e n c e  of a r o o t  w i t h  a p o s i t i v e  r e a l  p a rt. F o r  s t a b i l i t y  t h e r e f o r e  , 

a l l  v a l u e s  in t h e  f i r s t  c o l u m n  m u s t  be l o s i t i v e .

As s h o w n  a b o v e  t h e  s t a b i l i t y  and t r a n s i e n t  r e s p o n s e s  a r e  d i r e c -  

* t l y  r e l a t e d  to t h e  l o c a t i o n s  of t h e  p o l e s .  T h e s e  t w o  p a r a m e t e r s  are

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

c o u l d  o p t i m i s e  t h e  l o c a t i o n s  of t h e  r o o t s  , w e  w o u l d  be o p t i m i s i n g  

^  t h e  p e r f o r m a n c e  of t h e  s y s t e m .

T h e  R o o t - L o c u s  m e t h o d  w a s  i n t r o d u c e d  in 1948 by E v a n s  (75) and 

has b e e n  d e v e l o p e d  and u s e d  e x t e n s i v e l y  in c o n t r o l  e n g i n e e r i n g  

( 7 6 , 7 7 ) .  T h i s  is a g r a p h i c  m e t h o d  f o r  d r a w i n g  t h e  l o c u s  o f  r o o t s  in 

t h e  s - p l a n e  as a p a r a m e t e r  is v a r i e d .  T h e  f i n a l  t r a c e  p r o v i d e s  t h e  

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

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

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

1 ) W r i t e  c h a r a c t e r i s t i c  e q u a t i o n  in p o l e - z e r o  f o r m  so 
the p a r a m e t e r  o f  i n t e r e s t  , K , a p p e a r s  as 1 + K F ( s ) = 0  •

^  2 ) L o c a t e  t h e  r o o t s  and p o l e s  of F(s) in t h e  s - p l a n e

3 )  L o c a t e  t h e  s e g m e n t s  of the r e a l  axi s  w h i c h  are 
r o o t - l o c i

4 )  D e t e r m i n e  t h e  n u m b e r  of s e p a r a t e  l o c i

5 )  L o c a t e  t h e  a n g l e s  of the a s y m p t o t e s  and t h e  c e n t r e  
of t h e  a s y m p t o t e s
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6 )  D e t e r m i n e  t h e  b r e a k - a w a y  p o i n t  on t h e  r e a l  a x i s  

(if any)

7 )  By u t i l i s i n g  t h e  R o u t h - H u r w i t z  c r i t e r i o n  , d e t e r m i n e  
w h e r e  t h e  l o c u s  c r o s s e s  the jio-axis

8 )  E s t i m a t e  t h e  a n g l e  of l o c u s  d e p a r t u r e  f r o m  c o m p l e x  
p o l e s  and t h e  a n g l e  of l o c u s  a r r i v a l  at c o m p l e x  z e r o s

T h e  r e a d e r  is r e f e r r e d  to t h e  l i t e r a t u r e  f o r  t h e  d e t a i l s  of 

p o i n t  1-8 ( 7 6 , 7 7 ) .  A t y p i c a l  R o o t - L o c u s  p l o t  for a f e e d - b a c k  s y s t e m  

is s h o w n  in f i g  2 . 3 . 1 6

K
«(■ ♦ a)

F i g  2 . 3 . 1 6  A r o o t - l o c u s  p l o t  f o r  a s e c o n d  o r d e r  s y s t e m  

2 . 3 . 6  C o n t r o l  A l g o r i t h m s

V e r y  o f t e n  a c l o s e d  l o o p  s y s t e m  c a n n o t  p e r f o r m  up to t h e  d e ­

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

b e i n g  i n t r o d u c e d  i n t o  the s y s t e m .  T h i s  u n i t  is p r o g r a m m e d  to c o m p e n ­

s a t e  for t h e  l a c k  of s e l f  a d j u s t m e n t  in the f e e d - b a c k .  D e p e n d i n g  on 

t h e  s y s t e m  t h e  d e s i g n e r  i n t r o d u c e s  p r o p o r t i o n a l  , i n t e g r a l  or d e r i -

C(a^

v a t i v e  c o n t r o l or a m i x t u r e  of t h e s e .  C o n s i d e r  t h e  f e e d - b a c k
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s y s t e m  in f i g  2 . 3 . 1 7

CONTROLLER PROCESS

FEED-BACK

Fig 2 . 3 . 1 7  F e e d - b a c k  s y s t e m  w i t h  p r o p o r t i o n a l  c o n t r o l l e r  

T h e  p r o p o r t i o n a l  c o n t r o l l e r  m u l t i p l i e s  t h e  e r r o r  s i g n a l  Els) by

a f a c t o r  t t h u s  t h e  p r o c e s s  i n p u t  is K ^ E I s )  . T h e  n u m e r i c  v a l u e

of K d e t e r m i n e s  t h e  c o r r e c t i v e  e f f o r t  w h i c h  is a p p l i e d  to t h e  
P

s y s t e m .  Fig 2 . 3 . 1 8  s h o w s  t h e  r e s p o n s e  K e(t) of a s t e p  c h a n g e  in
P

Rlt) .

Fig 2 . 3 . 1 8  E r r o r  s i g n a l  r e s p o n s e  to a s t e p  c h a n g e  in i n p u t

But if w e  l o o k  at t h e  s t e a d y  s t a t e  of Els) a f t e r  a s t e p  c h a n g e

Els) = R l s ) - H ( s )  = R I s ) - K E l s ) G ( s )  [ 2 . 3 . 2 8 ]
P

r e a r r a n g e d

Els) = RIs)
1 + K GIs) 

P

[ 2 . 3 . 2 9 ]

In o r d e r  to f i n d  t h e  s t e a d y  s t a t e  v a l u e  w e  u s e  t h e  f i n a l

v a l u e  t h e o r e m  , see A p p e n d i x  I
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l i m  e ( t ) =  l i m  sE(s) [ 2 . 3 . 3 0 ]
t - >°° s - > 0

and if R ( s ) = s  1 ancj e s s = s t e a d y  S t a t e  e r r o r

e s l i m  1_______ = 1 _ [ 2 . 3 . 3 1 ]
s - > 0  U K  G(s) 1 + K

P

P r o p o r t i o n a l  c o n t r o l  has a s t e a d y  s t a t e  e r r o r  d e p e n d i n g  on the 

p a r a m e t e r s  in t h e  f e e d b a c k  loo p .  A p r i m e  r e q u i r e m e n t  of a c o n t r o l  

s y s t e m  is a z e r o  s t e a d y  s t a t e  err o r .

I n t e g r a t i o n  of e(t) w o u l d  e l i m i n a t e  a s t e a d y  s t a t e  e r r o r  

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

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

T h e r e f o r e  t h e  s y s t e m  w o u l d  o n l y  c o m e  to r e s t  w h e n  p ( t ) = 0 .  An i n t e ­

g r a l  f e e d - b a c k  c o n t r o l  s y s t e m  b l o c k  d i a g r a m  is s h o w n  in fig 2 . 3 . 1 9 .  

T h e  i n t e g r a l  k J e(t) d t  h a s  t h e  L a P l a c e  t r a n s f o r m  K/s. F i g  2 . 3 . 2 0  

s h o w s  t h e  i n t e g r a l  c o n t r o l l e r ' s  r e s p o n s e  to an i n p u t  s t e p  c h a n g e  .

Fig 2 . 3 . 1 9  I n t e g r a l  c o n t r o l  f e e d - b a c k  l o o p  

F r o m  fig 2 . 3 . 1 9  w e  s e e  t h a t  t h e  e r r o r  f r o m  t h e  i n t e g r a l  c o n ­

t r o l l e r  is

E ( s ) = R ( s ) - H ( s ) = R ( s ) - E ( s ) K j, G ( s ) s ‘ 1 [ 2 . 3 . 3 2 ]

r e a r r a n g i n g  [ 2 . 3 . 3 2 ]  g i v e s  ;

E ( s ) =  R (s ) [ 2 . 3 . 3 3 ]

U K i G ( s ) s ' 1

if t h e  i n p u t  is a s t e p  R ( s ) = s  1 and u s i n g  t h e  f i n a l  v a l u e

t h e o r e m  w e  can c a l c u l a t e  t h e  s t e a d y  s t a t e  e r r o r
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e ss = l i m  1________ _ ̂ =0 [ 2 . 3 . 3 4 ]

Fig 2 . 3 . 2 0  I n t e g r a l  c o n t r o l  r e s p o n s e  to i n p u t  s t e p  c h a n g e  

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

i n h e r e n t l y  s l o w  p r o c e s s  of i n t e g r a t i o n .  A f o r m  of c o n t r o l  a c t i o n  

w h i c h  c a n  i n c r e a s e  t h e  r e s p o n s e  is d e r i v a t i v e  c o n t r o l .  T h e  d e r i v a ­

t i v e  a c t i o n  is a d e r i v a t i v e  of t h e  e r r o r  K d e ( t ) / d t  , i . e  t h i s  t e r m
d

s e n s e s  t h e  r a t e  of c h a n g e  in t h e  e r r o r .  D e r i v a t i v e  c o n t r o l  is not 

u s e d  by i t s e l f  b u t  in c o n j u n c t i o n  w i t h  p r o p o r t i o n a l  or 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  , in t h e  l a t t e r  c a s e  f o r m i n g  a so c a l l e d  t h r e e  t e r m  

c o n t r o l l e r  or P I D  c o n t r o l l e r .  Fig 2 . 3 . 2 1  s h o w s  a PID c o n t r o l l e r  

b l o c k  d i a g r a m .  T h e  c o n t r o l l e r  m a y  be P ( p r o p o r t i o n a l )  PI ( p r o p o r t i o ­

n a l  i n t e g r a l )  or P I D  ( p r o p o r t i o n a l  i n t e g r a l  d e r i v a t i v e )  . Fig 2 . 3 . 2 2  

s h o w s  t h e  r e s p o n s e  of t h e s e  c o n t r o l l e r  c o m b i n a t i o n s  for a s t e p  in 

set p o i n t .
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F i g  2 . 3 . 2 1  PID c o n t r o l l e r

m-

*

Fig 2 . 3 . 2 2  a) P c o n t r o l l e r  r e s p o n s e  b) PI c o n t r o l l e r  r e s p o n s e  
c) P I D  c o n t r o l l e r  r e s p o n s e  to a s t e p  c h a n g e

4
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2 . 3 . 7  D i g i t a l  C o n t r o l

A n a l o g  c o n t r o l  t h e o r y  m a y  be d i r e c t l y  a p p l i e d  in d e s i g n  of 

d i g i t a l  c o n t r o l  s y s t e m s .  The a d d i t i o n a l  k n o w l e d g e  r e q u i r e d  is the 

c o n v e r s i o n  of t h e  c o n t r o l l e r ’s c o n t i n u o u s  t r a n s f e r  f u n c t i o n  to a 

d i s c r e t e  t r a n s f e r  f u n c t i o n .  D i g i t i z i n g  t h e  a n a l o g  c o n t r o l l e r  c r e a t e s  

v a r i o u s  n e w  p h e n o m e n a  n o t  e n c o u n t e r e d  in c o n t i n u o u s  d e s i g n .  T h e  

m a j o r  d i f f i c u l t y  in t h e  d i g i t a l  d e s i g n  is the f i d e l i t y  of t h e  i m ­

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

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

t i z a t i o n  .

T h e  s a m e  c o n d i t i o n s  for l i n e a r i t y  , t i m e - i n v a r i a n c y  and i m p u l ­

se r e s p o n s e  a p p l i e s  to t h e  d i g i t a l  s y s t e m .  T h e  d i g i t a l  s y s t e m  S is 

i l l u s t r a t e d  in f i g  2 . 3 . 2 3

F i g  2 . 3 . 2 3  T h e  d i s c r e t e  s y s t e m  S 

The i n p u t  is a s t r i n g  of n u m b e r s  u : { u B l u a l ....... u.) a n d  t h e
0 1 l

o u t p u t  is a l s o  a s t r i n g  of n u m b e r s  x = { x  ,x , ............x ^ ).G e n e r a l l y

x = S ( u )  [ 2 . 3 . 3 4 ;

a n d  if t h e  s y s t e m  is l i n e a r  t h e n

x = S (a u + b u ' ) = a S (u )+ b S {u ’ ) [ 2 . 3 . 3 5 ]

a n d  is t i m e  i n v a r i a n t  if i and k r e p r e s e n t  t i m e  i n s t a n c e s  and k>0

S (u . , )=x. , [ 2 . 3 . 3 6 ]
l - k  l - k

and u. =0 for i = 0 , 1 , 2 , 3 ............. k-1.
l - k

T h e  s y s t e m  S is d e s c r i b e d  by a d i s c r e t e  e q u a t i o n  , r a t h e r  t h a n  

a l i n e a r  d i f f e r e n t i a l  e q u a t i o n  in t h e  a n a l o g  case. E q u a t i o n  [ 2 . 3 . 3 7 ]

d e f i n e s  t h e  d i s c r e t e  e q u a t i o n .
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b x. + b Jx. + .......... b .x. + b x.=u. [ 2 . 3 . 3 7 ]
0 l + n  1 i + n - 1  n-1 1+1 n l l

w h e r e  n is t h e  o r d e r  of t h e  s y s t e m  and i r e p r e s e n t s  i n d e p e n d e n t  t i m e  

i n s t a n c e s .  F o r  e x a m p l e  , a s e c o n d  o r d e r  d i s c r e t e  e q u a t i o n  is o f  t h e  

f o r m

b.x. + b.x. + b _ x . = u .  [ 2 . 3 . 3 8 ]0 i+2 1 1+1 2 i l
T h e  d i s c r e t e  e q u a t i o n  is u s u a l l y  s o l v e d  by a z - t r a n s f o r m  m e t h o d  

, in t h e  s a m e  w a y  t h a t  a l i n e a r  d i f f e r e n t i a l  e q u a t i o n  is s o l v e d  by 

L a P l a c e  t r a n s f o r m  m e t h o d s .  T h e  t h e o r y  and a p p l i c a t i o n  of t h e  z- 

t r a n s f o r m  is d e s c r i b e d  in A p p e n d i x  I.

F o r  e x a m p l e  to f i n d  t h e  z - t r a n s f o r m  of t h e  s e c o n d  o r d e r  d i s ­

c r e t e  e q u a t i o n

x. - 3 x . + 2 x . = 4 X [ 2 . 3 . 3 9 ]
1+2 1+1 l

o n e  t r a n s f o r m s  t h e  e q u a t i o n  t e r m  by t e r m  , e i t h e r  by l o o k i n g  up 

t a b l e s  or by u s i n g  t h e  z - t r a n s f o r m  d e f i n i t i o n ,  a n d  t h e n  a d d s  up the 

r e s u l t

Z(x. _ ) = z  x ( z ) - z x ( 1 ) - z x (0)i + 2
Z ( x  ) = z x ( z ) - x ( 0 )  

Z ( x i )=x(z)

Z ( 4 l ) = z ( z - 4 ) " 1

a d d e d  up

(z 2 - 3 z + 2 ) x (z )- z 2 x ( 0 ) - z x ( 1 ) + 3 z x ( 0 ) = z (z -4) 1

A c o n t i n u o u s  l i n e a r  d i f f e r e n t i a l  e q u a t i o n  or its t r a n s f e r  f u n c ­

t i o n  m a y  be c o n v e r t e d  i n t o  a d i s c r e t e  f o r m  by a d d i n g  a s a m p l e r  in 

t h e  f l o w  path, s h o w n  in fig 2 . 3 . 2 4 .  The s a m p l e r  s i g n i f i e s  the 

i n h e r e n t  d i g i t i z a t i o n  of o u t p u t  and i n p u t  s i g n a l s  in a d i g i t a l  

s y s t e m ,  t h a t  t a k e s  p l a c e  at r e g u l a r  i n t e r v a l s  T . T h e  c o n t i n u o u s  

t r a n s f e r  f u n c t i o n  m a y  be w r i t t e n  as
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C(s) A A2
H ( s ) = ----  = ------ + ------+

R(s) s*a  ̂ s + a^ s + a
[ 2 . 3 . 4 0 ]

in t h e  t i m e  d o m a i n

c ( t ) = r ( t ) { A  + A - e " a 2 t + ....... + A e " a n t > [ 2 . 3 . 4 1 ]

R(s)

Fig 2 . 3 . 2 4  C o n v e r s i o n  of c o n t i n u o u s  t r a n s f e r  f u n c t i o n  to a
d i s c r e t e  t r a n s f e r  f u n c t i o n  by i n t r o d u c i n g  s a m p l e r s

By s a m p l i n g  h(t) at T i n t e r v a l s  t h e  o u t p u t  c(t) is a t r a i n  of 

i m p u l s e s  , i . e  t h e  s o l u t i o n  a f t e r  t i m e  i * T  is

c ( i T ) = E  r ( k ) ( A  e * 8 1 ( l ' k l T  ♦ ......*A e ' a n (l' k l T  ) [ 2 . 3 . 4 2 ]
k=0 1

t h e  z - t r a n s f o r m  of [ 2 . 3 . 4 2 ]  is 

A

C (z ) =-
1

1+ e ~ a 1T i 1 1+ e - a n T z _1
R (z [ 2 . 3 . 4 3 ]

[ 2 . 3 . 4 4 ]C ( z ) = H ( z ) R ( z )

H(s) m a y  o f t e n  be t r a n s f o r m e d  to H(z) by l o o k i n g  up t a b l e s  of 

z - t r a n s f o r m s  , b u t  c o m p l i c a t e d  H(s) m a y  r e q u i r e  s o l u t i o n  by p a r t i a l  

f r a c t i o n s .

T h e  z - t r a n s f o r m e d  b l o c k  d i a g r a m  d o e s  not o b e y  t h e  s a m e  r u l e s  as 

t h e  L a P l a c e  t r a n s f o r m e d  one. F i r s t l y  w e  m u s t  i n t r o d u c e  a s a m p l e r  in 

t h e  f l o w p a t h  in o r d e r  to t r e a t  t h e  t r a n s f e r  f u n c t i o n s  as p r o d u c t s .  

Fig 2 . 3 . 2 5  i l l u s t r a t e s  a b l o c k  d i a g r a m  w i t h  s a m p l e r .  S e c o n d l y  t h e r e
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a r e  a l s o  s a m p l e r s  in t h e  f e e d - b a c k  l o o p  in fig 2 . 3 . 2 5

ZCH ( s ) ] Z C H  ( s ) ] s Z C H  (s)H (s)]

Fig 2 . 3 . 2 5  B l o c k  d i a g r a m  s i m p l i f i c a t i o n  w i t h  s a m p l e r s

C (z ) = H (z )
R ( z ) 1 ♦ H (z ) G (z )

F i g  2 . 3 . 2 6  D i g i t a l  f e e d - b a c k  l o o p  w i t h  s a m p l e r s  

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

, d u e  to t h e  f i n i t e  t i m e  , T ,it t a k e s  to c o n v e r t  t h e  a n a l o g  s i g n a l  

and to c o m p u  .e t h e  n e w  o u t p u t  . T h i s  is r e p r e s e n t e d  by a so c a l l e d  

Z e r o  O r d e r  H o l d  (ZOH) , w h i c h  h o l d s  t h e  o u t p u t  c o n s t a n t  d u r i n g  t h e

i n t e r v a l  T . A Z O H ' s  a c t i o n  is s h o w n  in fig 2 . 3 . 2 7 .
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Fig 2 . 3 . 2 7  Z e r o  O r d e r  H o l d  a c t i o n  

If w e  n o w  i n s e r t  a ZOH in t h e  b l o c k  d i a g r a m  in fig 2 . 3 . 2 8  w e

g e t

F i g  2 . 3 . 2 8  F e e d - b a c k  l o o p  w i t h  Z e r o  O r d e r  H o l d  

T h e  t r a n s f e r  f u n c t i o n  for t h e  ZOH is g i v e n  by

Z O H (s ) = 1- e “ sT [ 2 . 3 . 4 5 ]
s

T h e  Z O H  a n d  s a m p l e r  m u s t  be d e s i g n e d  c a r e f u l l y  so t h e  c o n t r o l ­

l e r ' s  r e s p o n s e  is n o t  d i s t o r t e d .  If t h e  s a m p l i n g  f r e q u e n c y  f = T ~ 1 is 

l e s s  t h a n  t w i c e  t h e  m a x i m u m  f r e q u e n c y  of t h e  s a m p l e d  s i g n a l  the 

f r e q u e n c y  r e s p o n s e  is s e v e r e l y  d i s t o r t e d .  T h i s  d i s t o r t i o n  is c a l l e d  

a l i a s i n g ,  b e c a u s e  f r e q u e n c i e s  t h a t  w e r e  not p a r t  of t h e  o r i g i n a l  

s i g n a l  are c r e a t e d .  T h i s  is i l l u s t r a t e d  in fig 2 . 3 . 2 9  w h e r e  a s i g n a l

is s a m p l e d  at two d i f f e r e n t  f r e q u e n c i e s .
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Fig 2 . 3 . 2 9  a) H i g h  s a m p l i n g  f r e q u e n c y  , no d i s t o r t i o n
b) L o w  sam p l i n g '  f r e q u e n c y  , a l i a s i n g

It is s e e n  t h a t  a d i s t o r t e d  s i g n a l  is r e c o n s t r u c t e d  at t h e  l o w  

s a m p l i n g  f r e q u e n c y .  T h i s  c a n  be a v o i d e d  by l i m i t i n g  t h e  b a n d w i d t h  of 

t h e  s a m p l e d  s i g n a l  by a p r e - f i l t e r  or by s e l e c t i n g  an a p p r o p r i a t e  

s a m p l i n g  f r e q u e n c y .  T h e  p r o b l e m  is t h a t  w e  c a n n o t  s a m p l e  f a s t e r  t h a n  

t h e  d e l a y  of t h e  ZOH. T h i s  i n h e r e n t l y  l i m i t s  t h e  u s e  of a d i g i t a l  

c o n t r o l l e r .

T h e  p r a c t i c a l  s e l e c t i o n  of s a m p l i n g  r a t e  d e p e n d s  on t h e  w o r d -  

l e n g t h  (i.e t h e  n u m b e r  of b i t s  in a d i g i t a l  w o r d )  of t h e  m i c r o ­

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

c o n s e c u t i v e  s a m p l e s  is g o i n g  to be s m a l l ,  t h e r e f o r e  w e  n e e d  a l o n g  

c o m p u t a t i o n a l  w o r d  to be a b l e  to r e s o l v e  t h i s  s m a l l  d i f f e r e n c e .  

A f t e r  s e l e c t i n g  a m i c r o p r o c e s s o r  w i t h  the r i g h t  w o r d - l e n g t h  the 

c h o i c e  of s a m p l i n g  r a t e  is b a s e d  u p o n  t h e  r e q u i r e d  t r a n s i e n t  c h a r a c ­

t e r i s t i c s  of t h e  c o n t r o l l e r .  T h i s  is t r a n s l a t e d  i n t o  a c l o s e d  l o o p  

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

b a n d w i d t h  is c h o s e n  , if thi s  is p o s s i b l e .
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Finally the digital controller transfer function must be trans­

lated into a numerical algorithm , which is simply the corresponding 

discrete equation. We may think of G(z) as a ratio of two poly­

nomials

R(z)
G (z ) =----

C (z )

n
E a -3 

3Z3*0

1+E b .z

To realize [2.3.46] into software 

equation based upon this equation.

[2.3.46]

we consider the difference

n n
c . = E a .r . . - E b . c .  .
i • n 3 1-3 • . 3 i-33=0 3=1

[2.3.47]

For an example let us consider a linear ramp, g(t)=kt .which 

has the LaPlace transform

G ( s ) = _1_ 
s

[2.3.48]

which we first z-transform

-1
G (z ) =■

(1+z"1 )2

-1

1 + 2 z  1 +z 2
[2.3.49]

then turn into a discrete equation using [2.3.47]

c.= r . „ - 2c. . - c. _l  1-1 i - 1  i - 2 [2.3.50]

where c. is the new output , c. 4 and c. . are old outputs and r. „l  i - 1  i - 2  i - 1

is the previous input.

2.3.8 Digital Control Algorithms 

The implementation of PID control is a straightforward program­

ming task. For the proportional control the output is proportional 

to the error , which has the transfer function
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H (z ) = K [ 2 . 3 . 5 1 ]

w h i c h  g i v e s  t h e  d i s c r e t e  e q u a t i o n

c . =K r. [ 2 . 3 . 5 2 ]
l p l

W e  r e c a l l  f r o m  t h e  a n a l o g  c o n t r o l l e r  t h a t  t h e  i n t e g r a l  c o n t r o l l e r  

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

H ( s ) = K iS
-1

e q u a t i o n  [ 2 . 3 . 5 3 ]  is z - t r a n s f o r m e d  to

H (z ) = __K

1 - V 1

o n c e  a g a i n  u s i n g  e q u a t i o n  [ 2 . 3 . 4 6 ]  and [ 2 . 3 . 4 7 ]

c . = c. 4 + K.r.l i-1 l l
F i n a l l y  f o r  t h e  d e r i v a t i v e  t e r m

[ 2 . 3 . 5 3 ]

[ 2 . 3 . 5 4 ]

z - t r a n s f o r m s  to

H (s ) = K S 
d

H (z ) = K (1- z ~ 1 ) 
d

[ 2 . 3 . 5 5 ]

[ 2 . 3 . 5 6 ]

[ 2 . 3 . 5 7 ]

c.= K ( r . - r. .) 
l d l i-1

u s i n g  [ 2 . 3 . 4 6 ]  and [ 2 . 3 . 4 7 ]  g i v e s

[ 2 . 3 . 5 8 ]

A d d i n g  up [ 2 . 3 . 5 2 ] , [ 2 . 3 . 5 5 ]  a n d  [ 2 . 3 . 5 8 ]  w e  g e t  t h e  t h r e e  t e r m  

o r  PID c o n t r o l  a l g o r i t h m

[ 2 . 3 . 5 9 ]

T h i s  a l g o r i t h m  is e a s i l y  p r o g r a m m e d  in a h i g h  l e v e l  l a n g u a g e  , 

e . g  B A S I C

c . = K r. + c. . + K.r. ♦ K.(r. - r. ' ) l p i  i-1 i i  d i i-1

90 I N P U T = A D C : R E M  i n p u t  f r o m  a n a l o g / d i g i t a l  c o n v e r t e r
100 E R R 0 R = S E T P 0 I N T - I N P U T  :REM c a l c u l a t e  e r r o r
110 I N T E G R A L = I N T E G R A L + I C O N S T * E R R O R : R E M  i n t e g r a l  t e r m
120 P R 0 P = P C 0 N S T * E R R 0 R :R E M  p r o p o r t i o n a l  t e r m
130 D E R I V = D C O N S T * (O L D E R R O R - E R R O R ) : R E M  d e r i v a t i v  t e r m
140 P I D = I N T E G R A L + P R O P + D E R I V : R E M  PID a l g o r i t h m
150 0 L D E R R 0 R = E R R O R : R E M  u p d a t e  e r r o r
160 O U T P U T  = P I D :R E M  o u t p u t  to d i g i t a l / a n a l o g  c o n v e r t e r
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T h e  d i g i t a l  c o n t r o l  a l g o r i t h m  s u f f e r s  f r o m  t h e  p r o b l e m  of 

f i n i t e  w o r d l e n g t h ,  w h i c h  m a y  c a u s e  s e v e r e  e r r o r s .  T h e r e  a r e  t h r e e  

m a i n  s o u r c e s  of e r r o r

1 ) E r r o r s  in a n a l o g  to d i g i t a l  c o n v e r t e r s

T = S a m p l i n g  i n t e r v a l  
q = Q u a n t i z a t i o n  l e v e l  
e = E r r o r  d u e  to q u a n t i z a t i o n  

e R = R o u n d - o f f  e r r o r

T h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  r o u n d - o f f  e r r o r s  in f i x e d  

p o i n t  n o t a t i o n  is s h o w n  in fig 2 . 3 . 3 0

Fig 2 . 3 . 3 0  P r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  r o u n d - o f f  e r r o r s  

f r o m  w h i c h  w e  c a n  see t h a t  t h e  m e a n  e r r o r

e R =0 [ 2 . 3 . 6 0 ]

a n d  t h e  v a r i a n c e  is

Ij S B / 2  2 
•V-J e2 

’ L S B / 2  q
de q_

12
[2.3.61]

T h e  v a r i a n c e  m a y  be t h o u g h t  of as r a n d o m  n o i s e  on t h e  s i g n a l .  

F o r  a b i n a r y  s y s t e m  (ba s e  2) w i t h  t h e  w o r d - l e n g t h  L , the m a x i m u m  

o b t a i n a b l e  s i g n a l  to n o i s e  r a t i o  (S/N) f o r  a m a x i m u m  a n a l o g  v o l t a g e
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V is

E 2 1 2 * E 2

(S / N ) = —  = -------  = 1 2 * 2 U [ 2 . 3 . 6 2 ]
ff2 „ 2e q

e.g f o r  a 12 bit a n a l o g  to d i g i t a l  c o n v e r t e r  

(S / N )= 1 2 * 2 2 ; = 2 * 1 0 8 = 83 dB

T h i s  S i g n a l  to N o i s e  r a t i o  is s u f f i c i e n t  f o r  e l e c t r o c h e m i c a l  c o n t r o l  

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

2 ) R o u n d - o f f  e r r o r s  in a r i t h m e t i c  o p e r a t i o n s  

M u l t i p l i c a t i o n  g e n e r a t e s  t h e s e  e r r o r s  , e . g  in d e c i m a l  a r i t h m e ­

t i c s  w i t h  a 4 d i g i t  w o r d  l e n g t h

0 . 1 4 0 * 0 . 1 4 0 = 0 . 0 1 9 6

r o u n d e d  o f f  to 0 . 0 2 0  , => e R = 0 . 0 0 0 4  . T h e s e  e r r o r s  a r e  g e n e r a l l y

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

u s e d .

3) P a r a m e t e r  Jind c o e f f i c i e n t  s t o r a g e  e r r o r s

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

0 . 2 4 6 3 5  w i t h  a c a l c u l a t o r  b u t  u s i n g  an e i g h t  b i t  m i c r o p r o c e s s o r  it

is s t o r e d  as 0 . 2 4 6  , => e = 0 . 0 0 0 3 5
s

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

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

i n v a r i a n t  s y s t e m .  F o r  e x a m p l e  l e t  us l o o k  at a f i r s t  o r d e r  s y s t e m

C ( s ) = 1
R ( s ) s + b

E q u a t i o n  [ 2 . 3 . 6 3 ]  is z - t r a n s f o r m e d  to

C( Z )  = - - 1 - . h T - 1
R{z) 1 - e T z

[ 2 . 3 . 6 3 ]

[ 2 . 3 . 6 4 ]

n e x t  w e  u s e  the f i n a l  v a l u e  t h e o r e m  on [ 2 . 3 . 6 4 ]

c = e l i m  z — *--bT ~  1 = — -— 
z - > 1 1 - e z 1 - e

-bT
[ 2 . 3 . 6 5 ]
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If T is f a s t  , i . e  T<<1 t h e n  c is g o i n g  to a m p l i f y  t h e  e r r o r  

,e.g T = 0 .001 s => c = 1 0 0 0 * e  . T h e  o b v i o u s  e x p l a n a t i o n  is t h a t  w i t h  

^  f a s t  s a m p l i n g  , t h e  d i f f e r e n c e  b e t w e e n  two s u c c e s s i v e  s a m p l e s  is

v e r y  sma l l .

D e s p i t e  t h e  l i m i t a t i o n s  of d i g i t a l  c o n t r o l  it is o f t e n  f a v o u r e d  

_ b e c a u s e  of g r e a t e r  f l e x i b i l i t y  and v e r y  o f t e n  b e t t e r  s t a b i l i t y  t h a n

an a n a l o g  c o u n t e r  p a r t  , b u t  g r e a t  c a r e  m u s t  be t a k e n  in t h e  d i g i t a l  

d e s i g n .

*

*
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MICROCOMPUTER SYSTEM 

3 . 1 Introduction

In the dawn of the microelectronic age even the analytical 

chemist has seen "the light". Today there is almost no valid excuse 

for not using microprocessors in the automation of instrumentation. 

In fact almost all automatic analytical instruments launched in 1983 

used microprocessors.

The analyst's problem in designing microprocessor controlled 

instrumentation is a lack of knowledge. He is confronted with a 

thick forest of jargon, which seems impenetrable at a first glance , 

but with a little effort he begins to see the wood rather than the 

trees.

This chapter tries to take the reader through "the forest of 

jargon" and outlines the analytical requirements on microprocessor 

automation. Finally a description of the equipment used in this work 

is given.

3.2 Microcomputer Development System

3.2.1 Preamble

The first problem in an instrument design is to specify the 

required performance of the microcomputer system. Our experience is 

that the microcomputer system cannot be separated from the rest of 

the system; it must be an integral part of the overall specification 

of the instrument. This systematic approach is described in a "de­

sign flow-chart" in fig 3.1.

CHAPTER 3
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Fig 3.1 Design flow-chart

The solution is a compromise between economic and scientific 

requirements. A good piece of advice is to try to buy hardware and 

software whenever it is possible. Too many research workers spend 

too much time "fault finding" and "reinventing the wheel".

3.2.2 Microelectronics

In order to specify requirements on the microcomputer hardware, 

some knowledge of microelectronics is essential. Fig 3.2 is a map of 

a typical microcomputer system. It consists of the microprocessor 

with associated buffers for driving the address bus , the data bus 

and the control bus. The address bus is a set of parallel wires 

carrying a memory location address. The data bus is another set of 

parallel wires carrying data to and from the microprosessor. Simi­

larly the control bus carries control signals to and from the micro-
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processor. The clock controls the timing of events in the system. 

The memory contains the program and the data it has acquired or 

created. There exist two types of memory, firstly volatile memory 

which is called RAM (Random Access Memory) and can be thought of as 

a scratchpad which is erased when the power is turned off , secondly 

non-volatile memory called ROM (Read Only Memory) which holds pro­

grams permanently. The interface logic is a set of microelectronic 

chips controlling the interface under the command of the micro-

Fig 3.2 Topological map of a microcomputer system 

The most important part of the system is the microprocessor. 

The choice of microprocessor is going to determine the overall 

performance of the microcomputer system. Points to take into con­

sideration when choosing a microprocessor are;

1) Wordsize

2) Speed

3)Software



4)Interfacing

5) Cost

6 ) Service

These points are explained in the following section

3.2.3 Mordsize

The microprocessor wordsize determines the accuracy and speed of 

alphanumeric operations. For "number crunching" , e.g Fast Fourier 

Transforms , one prefers a 16-bit (one bit is a digitial digit) 

microprocessor , but for control a 4-bit system might be enough. The 

wordsize also limits the memory. A 4-bit microprocessor can address
08* =256 memory locations , whereas an 8-bit one can address 

1 62 =65,536 memory locations. For large programs and high data vo­

lumes the need for memory must be assessed carefully.

3.2.4 Speed

The microprocessor speed determines how fast a program can run. 

The actual execution speed is a compromise between the programming 

language used and the microprocesssor speed. For high speed opera­

tion , e.g transient recording ,a fast microprocessor and a fast 

programming language (assembler) is required , but for low speed 

applications a slow microprocessor and a slow language (interpreted 

BASIC) is sufficient.

3.2.5 Software

A very important factor is the amount of available software for 

the hardware. The major cost in a project is the development of the 

software. Popular microprocessors have a multitude of software rang-
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ing from Space Invaders to Fast Fourier Transforms , whereas new , 

less widely used microprocessors usually lack strong software back­

up.

3.2.6 Interfacing

Interfacing is the major hardware problem for the designer. A 

system well prepared for this is preferred. There exists a number of 

"standard interfaces". The most popular ones are the S-100 , RS-232 

and IEEE-488. If the microcomputer system can be made to accept a 

standard interface, the interfacing will be simple. Commercial units 

may then be connected and will be ready to use. Sometimes these 

standard interfaces do not meet the requirements of the designer and 

other solutions must be found.

3.2.7 Cost

The cost is inevitably an important factor. The cost of the 

microcomputer itself is only a fraction of the total. If we take 

£1000 as the cost of the microcomputer, the peripherals ,e.g print­

ers , Video Display Unit etc , might easily cost £2000 and the 

chemical interface a similar sum.

3.2.8 Service

Swift and competent sevice is appreciated by the development 

system user when he inevitably runs into problems. Furthermore if 

the system has good information back-up , problems may be avoided or 

easily solved.

3.3 The Research Machines Ltd's 380 Z

Since 1975 Research Machines Ltd , Oxford , have produced a
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microcomputer system ,the 380 Z , which is used extensively in 

secondary schools , and by the Microcomputer Centre and the 

Chemistry Microprocessor Unit at this college. It has proved to be a
*

rugged and reliable system with a large user community. The 380 Z 

system uses a Zilog Z 80 8-bit microprocessor, running at 8 MHz. 

This is one of the most used microprocessors in the world. The Z80 

* operating system CP/M (Digital Research Inc.Cal) is almost an in­

dustrial standard , and has a very good software support.

The 380 Z system is supplied with 56 kbyte (1 byte=8 bits , 1

+ kbyte=1024 bytes) of memory , a 50 way bus for interfacing purposes,

an RS 232 interface , a twin 8" disc drive for permanent program 

storage , a line printer and a Video Display Unit. Fig 3.3 shows 

the complete 380 Z development system with its peripherals. We used 

a Research Machines extended BASIC interpreter for the software 

development.

#

»

#

3.4 Electrochemical Interface

3.4.1 Requirements

Our requirements on the electrochemical interface are sum­

marised in the list belov

1) Flexible

2) Simple

3) Complete

4) Robust

5) Accurate

Our aim is to automate many different electroanalytical techni­

ques , therefore we need an interface that is easily changed from



Fig 3.3 The Microcomputer development system
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one experiment to another. This interface must also be able to 

perform all the different types of experiments we wish to do. It 

must also work satisfactorily under harsh conditions , e.g in a 

glasshouse.

3.4.2 The Chemistry Microprocessor Unit Interface 

Our interface was designed by Dr. N.J.Goddard and built by the 

Chemistry Microprocessor Unit (CMU) at Imperial College. Two types 

of interfaces were used;

1) The Standard Rack;this interface unit gives the 
user 16 slots for function cards, e.g ADC card

2) The Power Rack;this is a smaller version of 
the Standard Rack which can house up to four 
power swiching modules

3.4.2 The Standard Rack

The Standard Interface Rack , illustrated in fig 3.4 ,is based 

on a standard 19" high sub-rack mounted in a steel case. The power 

supply is housed in the rear of the case, and is not physically 

mounted on the sub-rack. The rack is designed to house 16 double- 

# eurocard size printed circuit boards.

3.4.4 The Power Rack

The power rack is based on a standard 19" sub-rack in a steel 
m instrument case. The power supply is mounted on the rear of the case 

, along with bus connectors and mains inlet. The rack is designed to 

accept four power switching modules , each containing a standard

eurocard.
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Fig 3.4 The CMU interface rack

3.4.5 System Interconnections

The 380 Z 50-way bus is taken in parallel to all the units in 

the system , which guarantee that they recieve the control signals 

they need to operate. To ensure that no rack overlap with another in 

the. address space of the system , there is another set of bus 

signals that are carried in a daisy-chain fashion around the system 

, starting at the first and finishing at the last unit. This is the 

unit priority daisy-chain which is used to determine the order in 

which units appear in the address space of the 380 Z. Up to eight 

units may be linked in this chain. The system interconnections are 

shown in fig 3.5. The software has been designed so the user need 

only know what number a particular function board has, the software 

finds the exact address location for this board. This simplifies the 

use tremendously. No "hard-wiring" is necessary between experiments 

and this also obviates the need for complicated memory maps.
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Fig 3.5 System interconnections

Another possibility is to run the interface rack or a daisy- 

chain as a stand-alone system. After the software has been developed 

and put into ROM the system may run with a Z80 microprocessor in the 

rack. This card is then in full control of che whole system and the 

380 Z is made redundant. This is the idea of a development system;

1) Develop software

2) Put software in ROM

3) Divorce development system from interface

4) Run stand alone system

3.4.6 Function Boards

The function boards for the standard interface are based on the 

double eurocard size printed circuit board with two 32 way edge 

connectors. To fix these cards into position and to carry out any 

external connections , an aluminium panel is attached to each board.

The power rack modules are based on the single eurocard size
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cards with a single 32 way edge connector for logic signals and a 24 

way edge connector for power supply. Fig 3.6 shows the lay out of 

the module.

Each board contains up to eight distinct input/output (I/O) 

ports. Of these , up to five may be used for functions specific to 

that board and the remaining three are reserved for functions common 

to all boards. These three common ports handle the board identi­

fication and control functions.

front roar

Fig 3.6 a) The Standard Rack function board b)The Power Rack 
function module

3.4.6.1 The Digital to Analog Converter Board 

The digital to analog converter (DAC) board contains two 12-bit 

DACs , which may be set up to give voltage spans in the ranges ±10 V 

, ±5 V , ±2.5 V or +10 , +5 V. Important characteristics in OAC

performance are as follows

1)Resolution

2)0ffset error
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3) Gain error

4) Settling time

5) Linearity

6) Stability

These points are explained below

1) Resolution ; determines the accuracy and dynamic range of the 

analog output. The resolution is defined as the maximum voltage span 

divided by the maximum number of digital states. The dynamic range 

is the number of digital states . For an 8-bit DAC with a ±10 V 

range the resolution is 20/28=o .o78 v/bit , whereas for a 12-bit DAC 

the resolution is 20/212=o.005 V/bit . This is a 25 fold improvement 

, but increases the cost.

2) Offset error ; is the output from the DAC with zero input code. 

Offset error can be nulled with an external trim circuit, but offset 

error drift cannot be eliminated. Offset error is illustrated in fig 

3.7a.

3) Gain error ; is the departure from the design output voltage for a 

given input code. This error is due to inaccuracies in the manufact­

uring of the silicon chip , and may be eliminated by trimming. Gain 

error is illustrated in fig 3.7.b.

4) Settling time ; is important for high speed applications. It takes 

a finite time before the analog output has stabilized after a change 

in the digital code. Typical settling times for 12-bit converters 

are in the order of 0.5 ps , which is much faster than the time 

scale of electrochemical experiments.

5) Non-linearitv ; is the most difficult error to compensate for 

because it cannot be eliminated by adjustment. Differential non­

linearity is the difference between the actual voltage and the ideal
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for a one bit change.

5)Stability ; is governed mainly by the DAC's inner reference 

voltage and the temperature stability of its active and passive 

components. The absolute value of the output of a DAC depends on the 

stability of the external power supply unit , which must be well 

regulated and free from noise.

Fig 3.7 DAC errors . a)offset error b)Gain error c)Ideal

TABLE
Error budget for 8

3.1 
and 12 bit DACs

r
Ii _Error II 8-bit I1

i
12-bit |

1
1i _Differential non-linearity

I
I 0.2

1
11

0.012 |
l
1i _Linearity temp.coeff.

i
11 0.002

1
1l

0.002 j
1
1i _
Gain temp.coeff

1
11 0.02

1
11

0.02 |
1
1i.
Offset temp.coeff.

1
11

0.005
1
11

0.005 |
1
1L_ Root Mean Square Error (RMS

1
) | 0.201

1
1 0.024 |

i

Table 3.1 shows representative error budgets for a 12 and an 8- 
obit DAC, assuming a 10 C temperature variation. The 8-bit DAC error 

is too large for electrochemical precision work. The CMU DAC-card



contains two 12-bit DACs , Hybrid Systems DAC 336C-12 whose charac­

teristics are listed in Table 3.2.

TABLE 3.2
Error budget for the 336C-12 DAC

1
Differential Non linearity 11 0.012 Z | 0.012 Z

Linearity temp.coeff.
1
1i ±2ppm/C° j 0.006 Z

Gain temp.coeff.
1
11 ±20ppm/C° | 0.06 Z

Offset temp.coeff.
1
11 ±20ppm/C° | 1 0.06 Z

Settling time
1
1

1
5 ps |I

L_
Total error RMS

1
1 0.086

_i
AT=30°

3.4.6.2 Analog to Digital Converter Board 

There exist many types of analog to digital converters (ADCs), 

and the buyer must become familiar with the various types in order 

to get the right converter for his application and budget. Table 3.3 

lists the different types and their characteristics.

TABLE 3.3
ADC types and characteristics

1----------------------

j DAC type
| Noise 
| Rejection
i

| Speed
11

1
1

Reso­
lution

| Price
11

| Successive 
|approximation

1
1
| No 1

1
1
| Highl

1
11 High

1
1
I High 1

| Single/Dual 
|Slope Integration

1
1
| Yes 
1

1
1
| Low 
1

1
1
11

High

1
1
| Medium 
1

|Voltage comparator 
1 Counter loop

1
1
| Noi

1
1
|Medium 1

1
1
11 Medium

1
1
| Low 1

|Multiple 
|comparator

1
1
| Noi

1
1
| Highl

1
1
1l

Low

1
1
| High 
1

(Voltage to frequency 
|conversioni

1
1
| Yes

1
1
| Low

1
1
1 High

1

| Low
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The reader is referred to the literature for a fuller descrip­

tion (78,79).

The following terms describe the performance and character­

istics of an ADC , and should form the basis for decision making.

1) Resolution

2) Conversion time

3) Linearity

4) 0ffset error

5) Gain error

6) Noise rejection

These parameters are discussed below

1)Resolution ; is a measure of the smallest amplitude value as a 

percentage of full scale (FS) to which a quantity can be determined. 

The resolution depends on the conversion time and the dynamic range, 

which is 2n where n is the number of bits in the ADC word. Each 

discrete level , called Least Significant Bit (LSB) , will have a 

spacing of the FS voltage , Vp^ , divided by the number of spacings, 

2n-1. Hence

LSB = Vf s / ( 2n- 1 ) [3.1]

+LSB/2, 

-LSB/2.

VFS
le

V.
J

Fig 3.8 ADC quantizing 

The level 2̂  corresponds to a voltage

Vj=VFS/2j C3.2]
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and from fig 3.8 we see that the spacing around V is ±LSB/2. A 

signal will to be encoded with a quantization error of e V , ranging 

upto ±LSB/2 , which is unreducible noise added to the signal. This 

noise has a normal probability density function centred on the 

quantization level and is similar to Gaussian noise. The quantiza­

tion error is calculated as a root mean square (RMS) error, E , in 

equation [3.3]

LSB/2
E= 1 J e2 de = LSB V [3.3]

LSB -LSB/2 2/3

2)Conversion time ;if the sampled signal changes during the conver­

sion there will be an error in the quatization , illustrated in fig

3.9.

Fig 3.9 Conversion error

If we evaluate this error , AV for a sinusoidal signal we 

arrive at

AV= TdV = T d [V *sin( 2itt) ] =T¥ui"1V [3.5]
"dts dt s ~  s

This equation gives us a relationship between the LSB and the 

conversion time. For example if we wish to sample a signal to with 

an bandwith of 10 Hz with a full 12-bit accuracy .equation [3.5]

gives
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AV = LSB = V .2'n = T ™ ' 1V [3.6]
r o  S

now u) = 2irf and V =V__ .rearranging gives s F s
T = 2"n*2f= 2'1 2*20 = 0.005 s  [3.7]

4) Linearity ; is defined as the maximum deviation from the best 

straight line drawn through the staircase waveform obtained by 

stepping through all its states. The maximum allowable deviation 

must be less than ±1/2 LSB.

5) 0ffset error ; is the digital output when the analog input is 

zero. This error may be cancelled with an external trim-circuit 

but it will be temperature dependent.See fig 3.10a.

Fig 3.10 a)0ffset error b)Gain error c)ideal response

6) Gain error ; is the slope deviation from the ideal for the 

straight line through the staircase waveform , see fig 3.10b

7) Noise reduction ; applies to integrating and voltage to frequency

converters. Ben-Yaakov et al. (80) have shown that the signal to

noise ratio for these converters for sinusoidal noise is

(S/N). IT(T/T )
------- = ------------ [3.8]
(S/N) . | sin ( ttT/ T )|out n

where T is the integration time and T is the period of the noise.n
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Equation [3.8] is plotted in fig 3.11.

Fig 3.11 Frequency response of an integrating ADC 

We can see that harmonics of the integration time are suppres­

sed. By selecting an integration time which is a harmonic of the 

predominant noise frequency , canceles out this noise , e.g mains 

noise at 50 Hz is cancelled out by integrating over a multiple of 20 

ms.

7) Stability is very important as it i»s going to determine the over 

all performance of the ADC under the working conditions. In a green­

house one might expect a temperature variation of 30 °C.

The error budget for the used ADC-HS12B , which is a 12-bit 

successive approximation ADC by DATEL Inc , under glasshouse condi­

tions is given in table 3.4.

TABLE 3.4
Error budget for the ADC-HS1.2B ADC

1--------------------------
|Quantization error |1 0.012

1

1 1 
1 Differential linearity |1 i 0.012
1 1 
|Gain temp.coefficient |1 i 0.040
1 1 
|0ffset temp.coefficient |l i 0.020
1 1 
|Error RMS |
i__________________________

0.047 l l
AT=30C°
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3.4.6.3 Multiplexer Card

A multiplexer (MPX) is a device that selects , controlled by a 

digital code , one among many available signals. The MPX can be 

arranged in in several ways , illustrated in fig 3.12.

c 7 o
Fig 3.12 a)Single ended MPX b)Differential MPX

c)Pseudo-differential MPX

There exist three basic types of MPX devices , Reed relays 

(electro mechanical) , CMOS (semiconductor) and JFET (semicon- 

ductor). For signal levels below about 10 mV mechanical switching is 

still recommended , because of offset problems with the semiconduc­

tor types. CMOS-type MPX have become dominant in computer applica­

tions because of their unfailing turn-off and their ability to 

accommodate signals up to the supply voltage. A typical error budget 

for an MPX is given in table 3.5

TABLE 3.5
Error budget for different MPX types

1
Error | Reed Relay |

I i
CMOS

I

Transfer error
1 1 | 0.01 Z | 0 . 0 1  z

Cross talk
1 1 
I 0 . 0 0 1  z I 1 1 0 . 0 0 1  z

Leakage error
1 1 
1 1 0 . 0 0 1  z

Thermal offset
1 1 
| 0 . 0 0 1  z | 1 1 -

L_
Error RMS

1 1 | 0 . 0 1  z | 0 . 0 1  z
t
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Fig 3.13 The CMU MPX card circuit 

The MPX card for the CMU interface uses two eight channel CMOS 

MPX in a fully differential mode. The MPX card is also equipped with 

.two buffer amplifiers to eliminate loading of the MPX , and a pro­

grammable amplifier with programmable offset , the full MPX card 

circuit is shown in fig 3.13. This MPX was initially used in the Ion 

Selective Electrode experiments , but was found to be too noisy. The 

noise comes from the digital electronics in the CMU interface and is 

conveyed onto the analog electronics .

3.4. 6.4 The Ti;:ier Board

A clock and counter is necessary for the timing of the events 

in the interface , for example , the ADC must recieve a trigger 

signal to start the conversion .

0.1 ps timing pulses are generated by a very stable crystal 

oscillator. These pulses are scaled up^ to 1 ps and 1 ms pulses by 

four decade dividers. A digital multiplexer selects the pulse time 

and feeds the signal to a 32-bit counter. This counter can be set up 

to count to a specific number, thus enabling us to set up any delay
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between 1 ps and 72 min. The timer circuit is shown schematically in 

fig 3.U

3.5 The Software

3.5.1 Preamble

Microcomputing is a fairly recent event in electrochemistry and 

the user community is still small , consequently little software is 

commercially available. The analyst is therefore often faced with 

software development. Without a sensible approach to this problem he 

will spend too much time on this task.

3.5.2 Software Development Strategy 

A rational approach to the software development divides this 

into seven tasks, listed below

1) Problem definition (10Z )

2) Choice of solution (15Z)

3) Program design ( 40Z )

4) Program building ( 1 5 Z )
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5) Testing and verification (15Z)

6) Documentation (5Z )

7) Use

The percentages in the brackets indicate a sensible fraction of 

the total time to spend on that task. These points are discussed 

below.

1) Problem definition ; is very important. With a diffuse problem 

definition we are bound to end up with a diffuse program , but with 

a clear goal ahead we know when we have reached it.

2) Choice of solution ; there is often a risk for programmers to "re­

invent the wheel". If there is software available or similar prob­

lems have been solved and published a lot of time can be saved by 

plagiarism.

3) Program design ; most of the time ought to be spent on the program 

design. This will pay off in the following "program building" and 

"program testing and verification" tasks.

A good design approach is so called "structured programming" , 

which means dividing the program into blocks with only one way in 

and one way out. Each block is developed from successive elabora­

tions around the block problem definition , and can be error check­

ed (debugged) separately. The advantages of this technique are 

clarity and simpler debugging. Consider a program consisting of N 

blocks , each containing P^ paths. Debugging the whole program as an 

unstructured monolith involves

p * p  * p  *  * p  r 3 1311 2 3 ....... N
tests to check all paths , whereas a structured validation involves

W V .......pn t3-ul
tests to check all paths.



4)Program building ; as little time as possible should be spent

coding and typing in the program. A good program design lead to easy 

coding.. The actual programming language is a matter of availability 

an preference.

5) Testing and verification ; the law of diminishing returns applies 

to the debugging task. A professional programmer gave me the advice 

-"stop debugging when you can’t be botherd to find any more errors". 

The program must be tested both for the expected range of inputs and 

for "crazy inputs".

6) Documentation ; a good program is almost self-explanatory. Typi­

cally 30-50 Z of a program should be should consist of helpful 

comments. All variables should be given intelligible names and be 

listed .

3.5 CHU Interface Software

A substantial amount of software is necessary for controlling 

the CMU interface and must be written in low level language (assem­

bler) in order to keep up with the speed of the events in the 

interface. Dr N.J.Goddard at the CMU has written a library of Z 80 

assembler subroutines for interface control , which were patched 

into the BASIC interpreter. The interface routines are called by a 

simple BASIC command viz.

CALL"USERSUB“.A,B,VARADR(C),VARADR(D) 

which executes the assembler subroutine with the variables A,B and 

returns the result in variables C,D. The BASIC subroutines are 

listed in appendix II

3.6 Conclusions

The 380 Z microcomputer together with the CMU interface forms a
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very flexible and user friendly development sytstem. This system has 

been used for the design and development for many successful instru­

ments in this laboratory.

*

f

*

*
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CHAPTER 4 

THE AUTOANALYSER

4.1 Development

Preliminary work at this lab by Dr G.Pu with ISEs in NTF solu­

tion showed promise , he concluded that Na+ , K+ , pH , Ca^+ , Cl”

and N03 ~ ISEs can be used in NFT if reasonable care is taken in

their application (81). A computer controlled ISE analyser (Auto-

analyser) was therefore investigated for NFT analysis and control.

Initially the ISEs were connected via a distribution box to the

MPX-card in the CMU interface , but this proved to be unsatisfactory

for two reasons ; Firstly the input impedance of the MPX-card is 
1010 Q , which is about ten times less than some of the ISEs. For 

low error measurement the input impedance should be at least 1000 

times larger than the impedance of the sensor. Secondly the signal 

was polluted by noise from the computer, which amounted to about 60 

mV p-p. This forced us to abandon the MPX-card and to design a 

separate Ion Selective Electrode Interface Unit (ISEIU). The ISEIU 

was developed over three prototypes. This chapter describes ISE.U 

III , which was designed and developed after a visit to Professor

W.Simon’s group at ETH Zurich.

4.2 Experimental

4.2.1 Ion Selective Electrodes

All the ISEs used in this work were manufactured and supplied 

by Russel pH , Auchtermuchty , Scotland. Table 4.1 lists the elec­
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trodes , electrode type , expected lifetime , selectivity coeffi­

cient and price in Aug 1983.

TABLE 4.1
ISE characteristics

ISE

n°3-

Na

Ca 2 +

NO.

Cl

Type

LIEM

glass

LIEM

LIEM

LIEM

Solid
State

Life time

1-2 months

years

1-2 months

1-2 months

1-2 months

>2 years

Selectivity coefficients

Cl“:9.4*10"3,PO;3":10~ 6

K+:3M0"3,NH +:2. 10 
H+ if pH>pNA + 3

Na!:2.6*10'3 N H :0.3 
Ca2+:2.5*10~3 , Mg2*:2*10~3

Mg2*:2.5*10"J
Na+:1 .4 6*10~ ,K+:10-6

Cl i9.4 * 1Q
PO. :10"54

-3

Price

169:40

60:50

187:55

175:45

169:40

145:20

LIEM;Liquid Ion Exchange Membrane , Selectivity coefficients ac­
cording to the manufacturer, price excluding VAT

The PVC membrane electrodes have the membrane mounted on a 

screw cap , so that it may be replaced when exhausted. Fig 4.1 shows 

the different types of electrodes. All electrodes were tested and 

had logarithmic concentration responses in accordance with the manu­

facturers claims. The ISE's responses in NFT solution were tested in 

an artificial nutrient solution containing maximum concentrations of 

interfering ions. Figures 4.2-4.7 show the results , the vertical 

lines represent the maximum and minimum concentrations of the ana­

lysed ion in NFT. These plots show that no correction is necessary 

for measurements in NFT solution.
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Fig 4.1 a)Liquid Ion Exchange ISE b) Solid state ISE c) Glass ISE

4.2.2 Reference electrodes

Two types of reference electrodes were used. The first was a 

double junction sulphate electrode (Russel pH , CRR/DJ/S)(which was 

smashed to smithereens by our carelessness) and later a double 

junction calomel electrode (Russel pH , CRR/DJ) was used. All re­

sults are reported with respect to this electrode

Hg2C12/KC1(sat)/KC1(sat)/Sample/ISE

4.2.3 Chemicals and water

All water used in solutions and final rinses was deionized and 

processed in a Millipore Milli-Q water purifier. The r.ianufacturer 

claims this water is ultra pure. This water is referred to as MQW.

All glassware was cleaned in DECON 90 solutions in an ultra­

sonic bath , thoroughly rinsed with MQW.

All chemicals were of AnalaR or AVS grade.

4.2.4 Calibration solutions

The ISE calibration solutions were designed to bracket the NFT 

solution's minimum and maximum concentrations. The preparation of
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Fig  4 . 2  The R u s s e l  pH p o ta s s iu m  ISE c a l i b r a t i o n  c u r v e
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Fig 4.3 The Russel pH sodium ISE calibration curve
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Fig M-.4 The Russel pH calcium ISE calibration curve
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Fig 4.5 The Russel pH Ltd pH electrode calibration curve



94

Fig 4.6 The Russel pH Ltd Nitrate ISE calibration curve



Fig 4.7 The Russel pH Ltd Chloride ISE calibration curve
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t h e s e  c a l i b r a t i o n  s o l u t i o n s  , c a l l e d  HI and LO , w a s  s i m p l i f i e d  by 

d i l u t i o n  f r o m  a s t o c k  s o l u t i o n  , c a l l e d  STOC K .  T a b l e  4.2 g i v e s  the 

c o n t e n t s  of t h e s e  s o l u t i o n s  and t h e  a s s o c i a t e d  i o n i c  a c t i v i t y  c o ­

e f f i c i e n t s  .

T A B L E  ljl
S t o c k  and c a l i b r a t i o n  s o l u t i o n s

Ion S T O C K I HI 1 T 1 LO *T

Na + 0 . 1 0 | 0 . 0 1 0 | 0.6 5 | 0 . 0 0 1 0 0 . 9 5

K + 0 . 1 0 | 0 . 0 1 0 1 0 . 8 5 j 0 . 0 0 1 0 0 . 9 5

„ 2 + 
Ca 0 . 1 0 | 0 . 0 1 0 | 0.5 7 j 0 . 0 0 1 0 0.91

pH n . r | 4.4 | 0 .90 | 5.4 0 . 9 6

H A C 0 . 1 2 | 0 . 0 1 2 | n . r | 0 . 0 0 1 2 n . r

S O ^ - | 0 . 0 0 6 | n . r | -

n o 3- 0 . 2 0 | 0 . 0 2 0 | 0 .85 | 0 . 0 0 2 0 0 . 9 5

C l ” 0 . 1 0 | 0 . 0 1 0 j 0 . 8 5 | 0 . 0 0 1 0 0 . 9 5
i____________________________________________________ i
n . r - n o t  r e l e v a n t  - = n o t  in s o l u t i o n

T h e  HI s o l u t i o n  w a s  m a d e  up by d i l u t i n g  1 0 0 . 0 0  m l  of S T O C K  and

3 . 0 0  m l  of 2 . 0 0  N H_S0, to 1 0 0 0 . 0 0  m l  w i t h  M O W  , s i m i l a r l y  t h e  LOc 4

s o l u t i o n  w a s  m a d e  up by d i l u t i n g  1 0 . 0 0  m l  S T O C K  to 1 0 0 0 . 0 0  m l  w i t h  

MOW. T h e  a c t e t a t e  w a s  u s e d  f o r  b u f f e r  , a d j u s t e d  to t h e  r i g h t  pH by 

t h e  a d d i t i o n  of H ^ S O ^ .

4.3 F l o w  S y s t e m

4.3.1 ISE F l o w - C e l l

T h e  ISE s  w e r e  a d a p t e d  f o r  i n - l i n e  m e a s u r e m e n t s  w i t h  a f l o w ­

cell. M a n y  f l o w - c e l l s  for ISEs h a v e  b e e n  d e s c r i b e d  in the l i t e r a t u r e  

( 8 3 - 8 7 ) ,  and t h e y  d i v i d e  i n t o  t h e  f o u r  g e n e r i c  t y p e s  i l l u s t r a t e d  in



9 7

fig 4.8.

A

B

c

ISE

D -------------------------------- ►

Ref

Fig 4.8 F l o w  c e l l  t y p e s

T y p e  4 . 8 a  is g e n e r a l l y  u s e d  w i t h  a f r e e  f l o w i n g  l i q u i d  j u n c t i o n  

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

b e e n  r e p o r t e d  w i t h  t h i s  f l o w - c e l l  (88). T y p e  4 . 8 b  m e a s u r e s  t h e  EMF 

b e t w e e n  t w o  i d e n t i c a l  e l e c t r o d e s  , o n e  in a s t a n d a r d  s o l u t i o n  s t r e a m  

and the o t h e r  in a s a m p l e  s o l u t i o n  s t r e a m .  T h i s  m e t h o d  c o m p e n s a t e s  

f o r  a c t i v i t y  c o r r e c t i o n s  (89). T y p e  4 . 8 c  is t h e  m o s t  c o m m o n  and 

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

t h e  d u c t  , and c a u s e s  s o m e  t u r b u l e n c e  w h i c h  i m p r o v e s  t h e  r e s p o n s e  

time. T y p e  4 . 8d is l ess c o m m o n  , w i t h  the ISE j u x t a p o s e d  o p p o s i t e

t h e  r e f e r e n c e  e l e c t r o d e  (90).
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Fig 4.9 The ISE flow cell
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O u r  r e q u i r e m e n t s  for t h e  f l o w - c e l l  w e r e ;

1 )  U s e s  c o m m e r c i a l l y  a v a i l a b l e  e l e c t r o d e s

2 )  As s i m p l e  as p o s s i b l e

3 )  F l e x i b l e

4 )  S m a l l  d e a d  v o l u m e

5 )  F a s t  r e s p o n s e  t i m e

6 )  E a s y  m a i n t e n a n c e

T h i s  l e d  us to c h o o s e  t y p e  4 . 8 c  w i t h  s o m e  a d d e d  f e a t u r e s .  

F l e x i b i l i t y  w a s  a c h i e v e d  by d e s i g n i n g  t h e  f l o w - c e l l  on a m o d u l a r  

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

c l a m p e d  t o g e t h e r  f a c e  to f a c e  on a s l o t t e d  b a s e  , w h i c h  m i n i m i z e s  

t h e  d e a d  v o l u m e  and s i m p l i f i e s  t h e  m a i n t e n a n c e .  T h e  f i r s t  d e s i g n  had 

a z i g - z a g  d u c t  w i t h  t h e  e l e c t r o d e s  at t h e  h i g h e s t  p o i n t .  T h e  i d e a  

b e h i n d  t h i s  w a s  to i m p r o v e  t h e  r e s p o n s e  by l e t t i n g  the s o l u t i o n  

i m p i n g e  on t h e  s e n s i n g  s u r f a c e  in o r d e r  to d i s p l a c e  old s o l u t i o n  

m o r e  e f f i c i e n t l y .  An u n f o r e s e e n  p r o b l e m  in t h i s  d e s i g n  w a s  air 

b u b b l e s .  An a i r  s a t u r a t e d  s o l u t i o n  w i l l  p r o d u c e  air b u b b l e s  w h e n  

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

w a y  to t h e  h i g h e s t  a c c e s s a b l e  p o i n t  , w h i c h  in t h i s  d e s i g n  m o s t  u n ­

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

a f t e r  m a n y  u n s u c c e s s f u l  a t t e m p t s  to g e t  rid of t h e  a i r  b u b b l e s  by 

d e g a s s i n g  a n d  u s i n g  d e b u b b l e r s .  T h i s  e x p e r i e n c e  of t h e  z i g - z a g  

d e s i g n  led to a f a i r l y  l a r g e  b o r e  s t r a i g h t  c h a n n e l  d e s i g n  , s h o w n  in 

fig 4.9. A t e m p e r a t u r e  s e n s o r  w a s  m o u n t e d  in the i n l e t  m o d u l e  

s e p a r a t e d  f r o m  t h e  d u c t  by a v e r y  t h i n  p e r s p e x  w a l l .  T h i s  f l o w - c e l l  

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

t r i a l s .  It p r o v e d  to be r e l i a b l e  and i n e x p e r i e n c e d  u s e r s  f o u n d  it

e a s y  to use and m a i n t a i n .
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4 . 3 . 2  P u m p  s y s t e m

T h e  p u m p  s y s t e m  s u p p l i e s  t h e  f l o w - c e l l  w i t h  s a m p l e  and c a l i b r a ­

t i o n  s o l u t i o n .  It c o n s i s t s  of a c o m p u t e r  c o n t r o l l e d  s o l e n o i d  v a l v e  

u n i t  and a c o m p u t e r  c o n t r o l l e d  p e r i s t a l t i c  pump. T h e  s o l e n o i d  v a l v e  

u n i t  w a s  c o n t r o l l e d  by t h e  p o w e r  i n t e r f a c e  and c o n s i s t s  of t h r e e  L I F  

1200 1 1 8H (Lee c o m p a n y  , H a r r o w )  s o l e n o i d  v a l v e s  in a " t r e e  c o n ­

f i g u r a t i o n "  , i l l u s t r a t e d  in fig 4 .10 .

Output

Fig 4 . 1 0  S o l e n o i d  v a l v e  u n i t  c o n f i g u r a t i o n

A P h a r m a c i a  P 3 ( P h a r m a c i a  F i n e  C h e m i c a l s  , U p p s a l a  , S w e d e n  ) 

p e r i s t a l t i c  p u m p  w a s  m o d i f i e d  f o r  c o m p u t e r  c o n t r o l  , s h o w n  in fig 

4.11. T h e  i n t e r f a c e  s u p p l i e s  t h e  c o n t r o l l i n g  v o l t a g e  to p o i n t y  in 

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

b e t w e e n  d i g i t a l  o u t p u t  and f l o w r a t e .

Fig 4.11 The peristaltic pump modification



I n i t i a l l y  a p u l s e  d a m p i n g  s y s t e m  w a s  u s e d  to m i t i g a t e  t h e  p u l s a t i o n  

f r o m  t h e  p u m p  , b u t  n e v e r t h e l e s s  a r e s i d u a l  r i p p l e  w a s  p r e s e n t  

w h i c h  c a u s e d  t h e  p l a s t i c  m e m b r a n e s  to f l e x  and t h e r e b y  g e n e r a t e  a 

s p u r i o u s  p o t e n t i a l .  E v e n t u a l l y  o u r  p r a g m a t i c  s o l u t i o n  to t h i s  p r o ­

b l e m  w a s  to c a r r y  o u t  t h e  m e a s u r e m e n t s  in a s t i l l  s o l u t i o n .  T h e  p u m p  

w a s  s i m p l y  s w i t c h e d  o f f  by t h e  c o m p u t e r  b e f o r e  the m e a s u r e m e n t s .  An 

a d v a n t a g e  of t h i s  s i m p l e  s o l u t i o n  is t h a t  w e  c a n  a b a n d o n  t h e  p u l s e  

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

a l m o s t  t w o  , t h u s  s a v i n g  c a l i b r a t i o n  s o l u t i o n  and i m p r o v i n g  the 

r e s p o n s e  time.

4 . 3 . 3  F l o w  S y s t e m  N o i s e

A n u m b e r  of n o i s e  p r e v e n t i n g  m e a s u r e s  m u s t  be t a k e n  in a f l o w  

s y s t e m  d e s i g n .  T h e  m a j o r  n o i s e  c u l p r i t s  a r e  s t a t i c  e l e c t r i c i t y  

R a d i o  F r e q u e n c y  I n t e r f e r e n c e  (RFI) and i n d u c e d  n o i s e .

S t a t i c  e l e c t r i c i t y  is g e n e r a t e d  by the p e r i s t a l t i c  p u m p  , w h i c h  

is c o n v e y e d  to t h e  f l o w c e l l  by t h e  s o l u t i o n  and t h e  t u b i n g .  T his 

p r o b l e m  is o v e r c o m e  by e a r t h i n g  t h e  s o l u t i o n  and c o v e r i n g  t h e  t u b i n g  

w i t h  a m e t a l  b r a i d  c o n n e c t e d  to e a r t h .  T h e  p e r i s t a l t i c  p u m p  m u s t  

a l s o  be c a r e f u l l y  e a r t h e d .  In o r d e r  to c o m p l e t l y  a v o i d  s t a t i c  c h a r g ­

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

s h e e t  ( c o n n e c t e d  to e a r t h )  , and e l e c t r i c a l l y  c o n n e c t e d  to one 

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

T h e  p r o x i m i t y  of t h e  m i c r o c o m p u t e r  c a u s e d  p i c k - u p  of d i g i t a l  

s w i t c h i n g  RFI. T h i s  n o i s e  w a s  e l i m i n a t e d  by s c r e e n i n g  t h e  f l o w - c e l l  

in a F a r a d a i c  c a g e  , and by the d e n s e  c o p p e r  b r a i d  on t h e  t u b i n g .

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

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



102

♦

♦

%

%

*

%

m a g n e t i c  p e r m e a b i l i t y  , e . g  h u m a n  b e i n g s .  T h e s e  c u r r e n t s  a r e  v e r y  

s m a l l  ,but t h e  h i g h  i m p e d a n c e  of the ISEs , r a n g i n g  f r o m  10-500 MQ , 

a m p l i f i e s  t h i s  noise.. An i n d u c e d  c u r r e n t  of 10“9  ̂ W a v i n g  a 

h a n d  , p r o d u c e s  a v o l t a g e  a c c o r d i n g  to O h m ' s  l a w  of

U=5*108*10-9=0.5 V

T h i s  n u i s a n c e  w a s  c i r c u m v e n t e d  by c o n v e r t i n g  the h i g h  i m p e d a n c e s  of 

t h e  I SEs to l e s s  t h a n  o n e  ohm. I m p e d a n c e  c o n v e r s i o n  a n d  a c t i v e  

s c r e e n i n g  ( d r i v i n g  t h e  s c r e e n  at t h e  s a m e  p o t e n t i a l  as t h e  c o n ­

d u c t o r )  m a d e  t h e  c a b l e s  f r o m  t h e  ISEs v e r y  i m m u n e  to n o i s e .

4.4 The I S E I U  III

T h e  e x p e r i e n c e  f r o m  I S E I U  I and I S E I U  II led us to t h e  f o r m u l a ­

t i o n  of t h e  f o l l o w i n g  d e s i g n  r e q u i r e m e n t s
f

1) Overall error < 1 Z

2 )  S u p p o r t s  e x t e r n a l  i m p e d a n c e  c o n v e r t e r s

3 )  T e m p e r a t u r e  c o m p e n s a t i o n

4 )  H i g h  C o m m o n  M o d e  N o i s e  R e j e c t i o n

5 )  P r e c i s i o n  l o w - p a s s  f i l t e r i n g

6 )  M a i n s  d e r i v e d  t r i g g e r  p u l s e s

7 )  S e p a r a t e  h i g h  q u a l i t y  p o w e r  s u p p l y

8 )  L a r g e  d y n a m i c  r a n g e

9 )  As l i t t l e  c o m p u t e r  c o n t a c t  as p o s s i b l e

1 0 )  At l e a s t  6 ISE i n p u t s

T h e  b e s t  w a y  to a n a l y s e  the o v e r a l l  e r r c r  is a R o o t  M e a n  S q u a r e

(RMS) e r r o r  a n a l y s i s .  If w e  a s s u m e  t h a t  t h e  e r r o r s  e , e e t c  a r e  
J x y

u n c o r r e l a t e d  , w h i c h  is a r e a s o n a b l e  a s s u m p t i o n  , t h e n  t h e y  m a y  be 

c o m b i n e d  as in e q u a t i o n  [4.1] (91)



103

tot
= (e ♦ e ♦ e + . . . . )

2 2 2 
(e + 2e + e + 2e + e + 2e + .... 

x xy y xz 2 yz

2 2 2 e + e + e ♦ . 
x y z

[4.1]

T h e  c r o s s  p r o d u c t  t e r m s  a r e  z e r o  b e c a u s e  t h e y  a r e  u n c o r r e l a t e d .  

T h e  e r r o r  f r o m  a t r a n s f e r  f u n c t i o n  H = f ( x , y , z , . . . )  , d u e  to u n c o r ­

r e l a t e d  e r r o r s  e x * e y < e z . • • • • i s  g i v e n  by e q u a t i o n  [4.2] (92)

[4.2]

B o t h  e q u a t i o n s  [4.1] and [4.2] d e m o n s t r a t e  t h a t  l a r g e  e r r o r s  

a r e  g o i n g  to d o m i n a t e  t h e  e r r o r  b u d g e t  , and indicate, w h e r e  i m p r o v e ­

m e n t s  a r e  p r o d u c t i v e  .

T h e s e  r e q u i r e m e n t s  l e d  us to a d e s i g n  in w h i c h  t h e  I S E I U  is 

s p l i t  i n t o  a s i g n a l  a m p l i f i c a t i o n  p a r t  and a s i g n a l  c o n d i t i o n i n g  

p a r t  w i t h  m u l t i p l e x i n g  in b e t w e e n  , s h o w n  in f i g  4 . 1 2

ADC

v o l t a g e  f o l l o w e r  w i t h  an a c t i v e  s c r e e n  , s c r e w e d  on to a c o n n e c t o r

on t h e  t o p  of t h e  ISE. A s p l i t  v i e w  of a c o n v e r t e r  is s h o w n  in fig
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4.13. We u s e d  an FET i n p u t  o p e r a t i o n a l  a m p l i f i e r  ( o p - a m p )  , 3 5 2 7

( B u r r - B r o w n  I n t e r n a t i o n a l  Ltd . W a t f o r d )  . w h i c h  is l a s e r  t r i m m e d  at 

t h e  f a c t o r y  and d o e s  n o t  r e q u i r e  a n y  e x t e r n a l  o f f s e t  t r i m m i n g .  T h e  

e r r o r  b u d g e t  for t h e  c o n v e r t e r  is g i v e n  in T a b l e  4.3.

SCREENED CABLE OF .AMP BRASS CYLINDER

ELECTRODE CONNECTION

CABLE CLAMP PTFE INSULATOR

Fig 4 . 1 3  A s p l i t  v i e w  of an i m p e d a n c e  c o n v e r t e r

#

1

*

4

T A B L E  4.3
I m p e d a n c e  c o n v e r t e r  e r r o r  b u d g e t

l---------------------------------------- 1
I V I 
1 os 1

100 pV I 100 m V 
1

1 1
IdV / d T * A T  | , os j 2 M V / C °

1
| 60 m V 
1

1 1 

1 I *R 11 O S S  1
0.7 pA

1
1 7 m V 
1

1 1
1dI / d T * A T  | 
, o s ;

2*1 /10 C° 
os

1
1 21 m v
I

1 1 

I v * 1
2.6 pV

I
I 3 m V
I

| E r r o r  RMS
I
I 118 m vi________________________________________ i

T a b l e  l e g e n d :  A s s u m p t i o n s  A T  = 30 C° s o u r c e  r e s i s t a n c e
R =10 MQ ; V = 0 f f s e t  v o l t a g e  ; I = 0 f f s e t  c u r r e n t  
w S . * * ,os osV = N o i s e  v o l t a g e

4 . 4 , 2  P r e c i s i o n  a m p l i f i e r s

T h e  s i g n a l s  f r o m  t h e  i m p e d a n c e  c o n v e r t e r s  are fed i n t o  p r e c i ­

s i o n  a m p l i f i e r s  w i t h  a ten f o l d  g a i n  , s h o w e d  in fig 4.14. N a t i o n a l  

S e m i c o n d u c t o r ’s o p - a m p  LM11 w a s  s e l e c t e d  for t h i s  p u r p o s e  b e c a u s e  it 

is a s t a t e - o f - t h e - a r t  o p - a m p  w i t h  e x t r e m e l y  g o o d  p e r f o r m a n c e .  In
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o r d e r  to m a i n t a i n  a g o o d  g a i n  a c c u r a c y  , h i g h  p r e c i s i o n  r e s i s t o r s  

w i t h  a 0.1 Z e r r o r  and a 20 p p m  t e m p e r a t u r e  c o e f f i c i e n t  w e r e  used.

T h e  a m p l i f i e r  e r r o r  b u d g e t  is g i v e n  in t a b l e  4.4 and 4.5
i

T A B L E  4.4

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

1
V OS 1

1
100 pV | 100 pV

I

1

I *R
os s

1
1
1

0.5 pA
I
| 50 nV
I

dl / d t * A T  
os

1
1
1

20 f A / C °
I
| 0.6 pV
I

d V  / d t * A T  
os

1
1
1

1 p V / C °
I
| 30 pV
I

V
n

1
1 0.2 pV

1
1 0-2 p 
1

L_
E r r o r  RMS

1
| 104 pV

_l
T a b l e  l e g e n d :  A s s u m p t i o n s  A T = 3 0  C° s o u r c e  r e s i s t a n c e
R =0.01 Q ; V = 0 f f s e t  v o l t a g e  ; I = 0 f f s e t  c u r r e n t
\/S U • 14.0S osV = N o i s e  v o l t a g e

T A B L E  4.5
The p r e c i s i o n  a m p l i f i e r  g a i n  e r r o r  b u d g e t

I i
| R e s i s t a n c e  a c c u r a c y  | 0.1 Z | 0 .14 Z |

| T e m p e r a t u r e  c o e f f i c i e n t  | 10 p p m / C °  | 0 . 0 3  Z |

I-------------------------- 1--------------1---------- 1
| L o n g  t e r m  d r i f t  | 0 . 0 5  Z | 0 .07 Z |

I-----------------------------------------1---------- 1
| E r r o r  RMS | 0 . 1 6  Z |i_____________________________________________________i
A T  = 30 C°
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4 . 4 . 3  M u l t i p l e x e r

T h e  o u t p u t  f r o m  t h e  a m p l i f i e r  s e c t i o n  is fed o u t  f r o m  t h e  I S E I U  

in a s c r e e n e d  m u l t i w a y  c a b l e  to t h e  m u l t i p l e x e r .  T h e  CMU m u l t i p l e x e r  

b o a r d  u s e s  C M O S  m u l t i p l e x e r s  , w h i c h  w e r e  f o u n d  to be u n r e l i a b l e  and 

n o i s y .  C o n s e q u e n t l y  a R e e d  R e l a y  M P X  b o a r d  w a s  b u i l t  f o r  the CMU 

i n t e r f a c e  f o r  t h e  I S E I U  m u l t i p l e x i n g  , s h o w n  in fig 4.15. It c o n s i s t  

of a d a t a  bus b u f f e r  ( 2 5 L S 2 5 1 8 )  , a l a t c h  ( 7 4 L S 8 3 0 4 )  t h a t  h o l d s  the 

s e l e c t e d  c h a n n e l  n u m b e r  , an o c t a l  D a r l i n g t o n  d r i v e r  (ULN 2 8 0 3 A )  

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

R e e d  R e l a y s  a n d  s o m e  m i s c e l l a n e o u s  d i g i t a l  e l e c t r o n i c s  f o r  i n t e r f a c e  

c o n t r o l .

OUTPUT

Fig 4 . 1 5  T h e  I S E I U  M P X  c i r c u i t

W h e n  one of the e i g h t  d a t a  l i n e s  in t h e  d a t a  bus g o e s  to a l o g i c  

h i g h  , i . e  f r o m  0 V to +5 V , a c o r r e s p o n d i n g  d u a l  R e e d  R e l a y  is
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e n e r g i z e d .  T h i s  e l i m i n a t e s  t h e  n e e d  f o r  n e w  s o f t w a r e  b e c a u s e  a 

s t a n d a r d  c o m m a n d  c a n  be u s e d  f o r  M P X  c o n t r o l .  The m u l t i p l e x e r  e r r o r  

b u d g e t  is g i v e n  in t a b l e  4.6.

T A B L E  4.6
T h e  M P X  e r r o r  b u d g e t

1
N o i s e  f r o m  t h e  i n t e r f a c e 10 m V

T r a n s f e r  e r r o r 0.01 Z

C r o s s  t c l k  e r r o r 0.001 Z

T h e r m a l  o f f s e t 0.001 Z

4 . 4 . 4  S i g n a l  C o n d i t i o n i n g

T a b l e  4.6 s h o w s  t h a t  t h e  c o n t a c t  w i t h  d i g i t a l  e l e c t r o n i c s  has 

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

c l e a n e d  up w i t h  a s i g n a l  c o n d i t i o n i n g  stage.

Fig 4 . 1 6  C o m m o n  m o d e  n o i s e

The d i f f e r e n t i a l  s i g n a l  f r o m  the m u l t i p l e x e r  is fed b a c k  in a 

s c r e e n e d  d u a l  c o r e  c a b l e  to t h e  I S E I U  w h e r e  t h e  s i g n a l  is c o n ­

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

j e c t s  c o m m o n  m o d e  n o i s e  , d e f i n e d  as the d i f f e r e n c e  of p o t e n t i a l  V , 

fig 4.16 , b e t w e e n  the z e r o  s i g n a l  r e f e r e n c e  p o i n t  and the s i g n a l  

i n p u t  p o i n t s  A a n d  B. T h u s  V . = V c + V ru and V_ = V /,W so t h a t  t h e  d i f f -A b CM D CM

e r e n t i a l  a m p l i f i e r  g i v e s  an o u t p u t

Vout * VA - VB = VS ♦ VCM "VCM ■ VS [4.3]
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T h e  e f f e c t i v e n e s s  of t h e  d i f f e r e n t i a l  a m p l i f i e r  in e l i m i n a t i n g  

c o m m o n  m o d e  n o i s e  , w h i c h  can be s e v e r a l  o r d e r s  of m a g n i t u d e  l a r g e r  

t h a n  t h e  o r i g i n a l  s i g n a l  , is d e s c r i b e d  by t h e  C o m m o n  M o d e  R e j e c t i o n  

R a t i o  (C M R R ) g i v e n  by

C M R R  =
CM- [4.4]

U n w a n t e d  n o i s e  p i c k - u p  at i n p u t

T h e  z e r o  r e f e r e n c e  p o i n t  m u s t  be c h o s e n  c a r e f u l l y  to c o r r e s p o n d  

to t h e  r i g h t  EMF. In o u r  s y s t e m  the s o l u t i o n  is t a k e n  as t h e  z e r o  

r e f e r e n c e  p o i n t  by c o n n e c t i n g  it to e a r t h  w i t h  a p l a t i n u m  w i r e .  T h e  

d i f f e r e n t i a l  a m p l i f i e r  in t h e  I S E I U  is a B u r r - B r o w n  3 6 2 7  , w h i c h  has 

a v e r y  h i g h  C M R R  and e x c e l l e n t  o v e r a l l  p e r f o r m a n c e .

T h e  n e x t  s i g n a l  c o n d i t i o n i n g  s t a g e  is a f o u r  p o l e  B u t t e r w o r t h  

f i l t e r  w i t h  a c u t - o f f  f r e q u e n c y  o f  1 Hz , a n d  r o l l - o f f  of - 8 0 d B / d e -  

cade. T h i s  f i l t e r  r e j e c t s  m a i n s  50 Hz n o i s e  by - 120 dB. The s i g n a l  

c o n d i t i o n i n g  c i r c u i t  is s h o w n  in fig 4.17.

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

e x p r e s s e d  as a s i g n a l - t o - n o i s e  r a t i o  (S/N). T h e  i m p r o v e d  (S/N) is 

d e s c r i b e d  by e q u a t i o n s  [ 4 . 5 - 1 0 ]  (91)

(S/N). .
i n p u t V d i f f / V C M J

= (S/N). * C M R R  
d i f f a m p  i n p u t

( S / N ) „ . , i _ _  = ( S / N ) ,. „ „ * K * a m o  f. .
f i l t e r , r a n d o m  ------ dl-f| i T ? er f ^— hl

c

[4.5]

[4.6]

[4.7]
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*

( S / N ) .  _ /c/KM
f i l t e r  . c o h e r e n t  - ^  ̂ d i f f a m p r r ----.2

( f i l t e r  a t t e n u a t i o n )

2 2 2
RMS = 'e d i f f a m p  " e ( S / N ) d i f f a m p  + e f i l t e r  +

2 2
6 ( S / N ) r a n d o m  + 6 (S / N )c o h e r e n t

2 2 2 .0.5
e + e + e .

M P X  a m p  c o n v e r t e r

P ( A a . a )  = e r f - ( l * A a * / ( S / N ) >
2 a

C4.8]

[4.9]

[4.10]

T h e  K f a c t o r  in e q u a t i o n  [4.7] is t h e  f i l t e r  e f f i c i e n c y  and is 

d e f i n e d  as

K = (S/N) *f [4.11]
TI7Tif l “ e r ~ f = 0 -

d i f f a m p  hi

w h e r e  f is t h e  f r e q u e n c y  w h e n  t h e  a m p l i f i e r  g a i n  is d o w n  by -3 dB.

Fig 4 . 1 8  s h o w s  t h e  K f a c t o r ’s r e l a t i o n s h i p  to (S/N)...,.
d i f f a m p

U n d e r  c o h e r e n t  n o i s e  c o n d i t i o n s  , e . g  m a i n s  50 Hz n o i s e  

a d d i t i o n a l  s i g n a l  q u a l i t y  i m p r o v e m e n t  is a f u n c t i o n  of f i l t e r  a t ­

t e n u a t i o n  in r e l a t i o n  to the i n t e r f e r i n g  f r e q u e n c y  , as e x p r e s s e d  in 

e q u a t i o n  [4.8].

O n e  e a s i l y  c o n f u s e d  r e l a t i o n s h i p  is t h a t  b e t w e e n  t h e  e r r o r  

b u d g e t  of an s i g n a l  c o n d i t i o n i n g  u n i t  and its o u t p u t  s i g n a l  q u a l i t y .  

T h e  a m p l i t u d e  q u a l i t y  of t h e  s i g n a l  o u t p u t  is d e t e r m i n e d  by ele-
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m e n t s  t h a t  u p g r a d e  t h i s  q u a l i t y  and t h e s e  are i n d e p e n d e n t  of c o m p o ­

n e n t  e r r o r s  s u c h  as t h o s e  c o n t r i b u t e d  by the e l e c t r o n i c s .  T h e r e f o r e  

t h e  RMS c o m b i n a t i o n  of b o t h  c o m p o n e n t  and s i g n a l  q u a l i t y  e r r o r s  

d e t e r m i n e s  t h e  o v e r a l l  m e a s u r e m e n t  a c c u r a c y  , w h e r e  t h e  f o r m e r  is 

u s u a l l y  d o m i n a n t .  T h i s  is e x p r e s s e d  in e q u a t i o n  [4.9] w h i c h  g i v e s  

t h e  t o t a l  e r r o r  o f  t h e  ISEIU.

E q u a t i o n  [ 4 . 1 0 ]  g i v e s  t h e  p r o b a b i l i t y  t h a t  a s i g n a l  c o r r u p t e d  

by i n t e r f e r e n c e  is w i t h i n  a s p e c i f i e d  r e g i o n  Aa c e n t r e d  a b o u t  the 

t r u e  v a l u e  a. T a b l e  4.7 p r e s e n t s  a t a b u l a t i o n  of e q u a t i o n  [4. 1 0 ]  for 

1 o (68 Z) and 2 o (95 Z) c o n f i d e n c e  l i m i t s  , w h i c h  is a g o o d  c o n ­

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

T A B L E  4.7
T h e  S / N  c o n f i d e n c e  r e l a t i o n s h i p

i----------------------------------------------1
I ( S / N ) / d B Il

e ( 
FS 1o)/.ZFS 11 eFS< 2 o ) / Z F S 1I

10
1
1 44 . 0

1
1 88 .0

■ 1 
1

20 1 14 .0 1 24 .0 1
30 1 4 .4 1 8.8 1
40 1 1 .4 1 2.8 1
50 1 0. 44 1 0. 88 1
60 1 0 .14 1 0. 28
70 1 0. 044 1 0. 088 1
80 1 0 .014 1 0. 024
90 1 0. 0144 1 0. 0 088 1

i 100 1 0. 0 0 I 4 1 0. 0028 1i

U s i n g equ;ati o n s [4 5 -10 ] en a b l e s us to c a l c u l a te the s i g n a l

i m p r o v e m e n t and t h e  t o t a l e r r o r  in the I SEIU. Let us firs;t d e t e r m i n e

t h e i n p u t  (S/N) u s i n g equ;ation [4. 5] . We a s s u m e  t h a t the ISE EMF = 10 0

m V and t h e c o m m o n  m o d e  n o i s e
V C M =

500 m V , a f t e r  the a m p l i f i c a t i o n

V d i f f
= 1000 m V .

(S/N)
i n p u t

1 000 2

500
4



Ill

%

%

*

*

4r

T h e  d i f f e r e n t i a l  a m p l i f i e r  3 6 2 7  has a C M R R = 1 0 6  dB 3 50 Hz 

i n s e r t e d  in e q u a t i o n  [4.6]

( S / N , d i f f a m p  = 4 * ( 2 * 1 0 5 )2 = 1 . 5 * 1 0 11 

T h e  i m p e d a n c e  c o n v e r t e r  and a m p l i f i e r  h a v e  v e r y  l a r g e  f r e ­

q u e n c y  b a n d w i d t h s .  T h e  f r e q u e n c y  r e s p o n s e  f o r  c a s c a d e d  a m p l i f i e r s  is 

g i v e n  by e q u a t i o n  [4.12] (91)

BW
c a s c a d e d '

0 . 3 5
1 . 1 [ ( 0 . 3 5 / f . , .)2 ♦ ... + ( 0 . 3 5 / f . . M ) ] 

h i ,1 h i , N
2- 0T5

- [ 4 . 1 2 ]

T h e  a m p l i f i e r  f is 100 k H z  and t h e  c o n v e r t e r  f. . is 1 M H z  
hi hi

e q u a t i o n  [4.12] y i e l d s

BW = ____________________________— Q . 3 5 _____________ - ■ - = 90 kHz
1 .1 [ ( 0 . 3 5 / 1 0  j 2 ♦ ( 0 . 3 5 / 1 0 6 )2 ]0,5

T h e  K f a c t o r  for (S/N) = 1.6* 1 0 11 is r e a d  f r o m  f i g  4 . 1 8  to be

0.9. I n s e r t i o n  of t h e s e  n u m b e r s  i n t o  e q u a t i o n  [4.7] g i v e s

(S/N)
r a n d o m

= 1 . 6 * 1 0 1 1* 0 . 9 * 9 * 1 0 4 = 1 . 3 * 1 0  1 6
1

a n d  f o r  50 Hz c o h e r e n t  n o i s e  e q u a t i o n  [4.8] g i v e s  w i t h  a f i l t e r  

r e j e c t i o n  of - 1 2 0  dB

( S / N , f i l t e r , 5 0  Hz'

U s i n g  e q u a t i o n  [4.10] for a 2o (95 Z) c o n f i d e n c e  l i m i t  w i t h  the 

a b o v e  c a l c u l a t e d  r e s u l t s  g i v e s

P (0.95 ) = e r f | l * A a * / ( S / N ) j = 1.39

T h i s  e n a b l e s  us to c a l c u l a t e  the (S/N) t e r m s  in e q u a t i o n  [4.9]

= 2 * 1 . 3 9  [4.13](S/N)
/TsTnT

t h u s  for the d i f f e r e n t i a l  a m p l i f i e r

e ( S / N ) d i f f a m p  = -r=2-‘ 78 -11 / 1 .6*10
7*10
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t h e  c o h e r e n t  n o i s e  t h e n  y i e l d s

e -8
(S / N )c o h e r e n t  = ---- Z • ?8 = 2 . 4 * 1 0

/"1 . 3 * 1 0 ' °
a n d  f i n a l l y  w e  c a l c u l a t e  the r a n d o m  n o i s e  f a c t o r  as

6 . . ......... = 2 . 7 8  _ = 7 * 1 0 ' 8
(S / N ) r a n d o m  ^ ^ 15

In o r d e r  to u s e  e q u a t i o n  [4.9] f o r  the c a l c u l a t i o n  of t h e  t o t a l  

e r r o r  w e  m u s t  c a l c u l a t e  t h e  a m p l i t u d e  e r r o r  of t h e  d i f f e r e n t i a l

a m p l i f i e r  ^ ^ f f a m p  anc! t h e  e f i i t e r *  T h e  e r r o r  b u d 9 et f ° r t h e

d i f f e r e n t i a l  a m p l i f i e r  is g i v e n  in t a b l e  4.8 a n d  t a b l e  4.9 .

T A B L E  4.8
T h e  d i f f e r e n t i a l  a m p l i f i e r  e r r o r  b u d g e t

OS

d V 0 S / d T * A T

i o o  mv

10 p v / c

2 pv

E r r o r  RMS

100 pV

3 0 0  pV

2 pV

316 pV

T a b l e  l e g e n d :  A s s u m p t i o n s  A T  = 30 C V = 0 f f s e t  v o l t a g e
o s

I = 0 f f s e t  c u r r e n t  V = N o i s e  v o l t a g e  
os n

T A B L E  4.9
T h e  d i f f e r e n t i a l  a m p l i f i e r  g a i n  e r r o r  b u d g e t

G a i n  e r r o r

G a i n  n o n l i n e a r i t y

G a i n  t e m p e r a t u r e c o e f f i c i e n t

0 . 0 0 5  l

0 . 0 0 0 5  Z

0.0002 I I C

E r r o r  RMS

0 . 0 0 5  Z

0 . 0 0 0 5  Z

0 . 0 0 6  Z

0 . 0 0 8  Z

A T  = 30C

T h e  f i l t e r  s e c t i o n  u s e s  a 747 d u a l  o p e r a t i o n a l  a m p l i f i e r  and 

0.1 Z p r e c i s i o n  r e s i s t o r s  , its e r r o r  b u d g e t  is g i v e n  in t a b l e  4.10

and t a b l e  4.11 .
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T h e  f i l t e r  e r r o r  b u d g e t

113

*

♦

%

%

r
! d V 0 S / d T * A T  | 3 p V / C ° | 90 m V

I

i

* 0 S * R s j 20 nA
I
| 0.2 nV
I

d I 0 S / d T * R s * A T  i 0.5 n A / C °
I
| 0.2 nV
1

1
v  1n 1

10 m V
1
| 10 m v

i
E r r o r  RMS | 91 m v

i

T a b l e  l e g e n d :  A s s u m p t i o n s  A T = 3 0  C° s o u r c e  r e s i s t a n c e

R =0.01 Q ; V = 0 f f s e t  v o l t a g e  ; I = 0 f f s e t  c u r r e n t  
s os os

V = N o i s e  v o l t a g e

T A B L E  4.11

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

i
R e s i s t a n c e  a c c u r a c y I 0.1 Z

I
| 0.2 Z
I

l

T e m p e r a t u r e  c o e f f i c i e n t | 10 p m / C °  
1

1
| 0 . 0 6  Z 
1

L o n g  t e r m  d r i f t
1
| 0 . 0 5  Z

1
| 0 . 1  z
I

i
E r r o r  RMS

I
| 0 . 2 3  z

A T = 3 0 C °

As s e e n  t h r o u g h o u t  t h e  e r r o r  a n a l y s i s  t w o  t y p e s  of e r r o r s  o c c u r

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

T h e  g a i n  e r r o r s  c o m e  f r o m  t h e  p r e c i s i o n  a m p l i f i e r s  , d i f f e r e n t i a l

a m p l i f i e r  and t h e  f i l t e r .  T h e  v o l t a g e  e r r o r s  c o m e  f r o m  a l l  u n i t s  and

a r e  r e l a t i v e  to t h e  i n p u t  EMF , e x p r e s s e d  in e q u a t i o n  [4.9]. T h e s e

t w o  e r r o r s  can be RMS s u m m e d  a n d  c o n v e r t e d  to a c o n c e n t r a t i o n  e r r o r

by d i f f e r e n t i a t i n g  the N e r n s t  e q u a t i o n

A E  = RJ I n (1 + Ac) [4.14]
nF c

a n d  t h e  RMS v o l t a g e  e r r o r  is

AE = / 0 . 0 0 2 8 2 * T 2 + 0 . 1 8 2 [4.15]
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c o m b i n i n g  [4. 1 4 ]  and [4.15]

= e x P ( a E / o ^ T 2 ♦ i i . m 2 ) -  1 [ 4 . 1 6 ]
c RT

E q u a t i o n  [ 4 . 1 6 ]  is p l o t t e d  f o r  t y p i c a l  ISE E M F s  in f i g u r e  4 . 1 9  

w h i c h  s h o w s  t h a t  t h e  e r r o r  is l e s s  t h a n  2Z w i t h i n  the w h o l e  r a n g e  

and t h e  m i n i m u m  e r r o r  is 0 .3Z f o r  m o n o v a l e n t  i o n s  (it d o u b l e s  for 

d i v a l e n t  i o n s ) .  T h i s  p e r f o r m a n c e  is w i t h i n  o u r  s p e c i f i c a t i o n  

f o r  t h e  ISEIU.

F i g  4 . 1 9  T h e  r e l a t i v e  c o n c e n t r a t i o n  e r r o r  f o r  a m o n o v a l e n t  
ion p l o t t e d  a g a i n s  t h e  ISE E M F

4 . 4 . 5  T e m p e r a t u r e  c o m p e n s a t i o n

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

t u r e  c o m p e n s a t i o n  is n e c e s s a r y  to m a i n t a i n  the a c c u r a c y  o f  the 

m e a s u r e m e n t s .  An RS 590 ( R a d i o  S p a r e s  Ltd , L o n d o n )  s e m i c o n d u c t o r  

t e m p e r a t u r e  s e n s o r  w a s  f i t t e d  in the f l o w c e l l .  The RS 590 is a h i g h  

i m p e d a n c e  c o n s t a n t  c u r r e n t  g e n e r a t o r  p a s s i n g  1 p A / K °  and is f a c t o r y  

t r i m m e d  to h i g h  a c c u r a c y  and l i n e a r i t y .  T h e  a s s o c i a t e d  e l e c t r o n i c s  , 

f i g  4 . 2 0  , w e r e  h o u s e d  in t h e  I S E I U  so t h e  t e m p e r a t u r e  s e n s o r  c o u l d

be m u l t i p l e x e d .  T h e  c u r r e n t  to v o l t a g e  c o n v e r t e r  , o p - a m p  2 in fig

4 o4.20 , has a gain of 10 , thus giving a resolution of 10 mV/K .
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Fig 4 . 2 0  T e m p e r a t u r e  s e n s o r  e l e c t r o n i c s  c i r c u i t  d i a g r a m

4 . 4 . 6  50 Hz t r i g g e r

If an i n t e g r a t i n g  A D C  is u s e d  , as d e s c r i b e d  in c h a p t e r  3 , a n d  is 

set to i n t e g r a t e  o v e r  a m u l t i p l e  of t h e  m a i n s  p e r i o d  , e x t r e m e l y  

g o o d  m a i n s  n o i s e  r e j e c t i o n  is a c h i e v e d .  The I S E I U  c o n t a i n s  a u n i t  

t h a t  s e n d s  o u t  p u l s e s  at t h e  m a i n s  z e r o  c r o s s i n g  (fig 4 . 21) , c o n ­

s i s t i n g  of an o p t o - c o u p l e d  z e r o  c r o s s i n g  d e t e c t o r  , IC 1 and

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

12 VAC!

P  : 0

HCPL 3700
r
733

r
4

h 4 -
Q
O

J
O H  0 

0

•♦5V

> n _
•iT

7323

Fig 4.21 T h e  50 Hz t r i g g e r  u n i t

4 . 4 , 7  P o w e r  s u p p l y

T h e  I S E I U  u s e s  a h i g h  q u a l i t y  p o w e r  s u p p l y  unit. T h e  v o l t a g e  is 

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

t h e  7 9 1 5  and 7 8 1 5  ( R a d i o  S p a r e s  Ltd , L o n d o n )  p r o v i d i n g  ± 15 V w i t h  

g o o d  l i n e  and l o a d  r e g u l a t i o n .  It a l s o  b o a s t s  g o o d  r i p p l e  r e j e c t i o n

and l o w  n o i s e  v o l t a g e s .



116

4.5 T h e  ADC

T h e  c o n d i t i o n e d  ISE E M F  m u s t  be c o n v e r t e d  to a d i g i t a l  s i g n a l

w i t h  p r e s e r v e d  a c c u r a c y  and s i g n a l  to n o i s e  r a t i o .  T h e  s t a n d a r d  A D C  
Y

b o a r d  f o r  t h e  C M U  i n t e r f a c e  u s e s  a 1 2 - b i t  c o n v e r t e r  w i t h  a ± 10 V 

r a n g e .  T h i s  m e a n s  t h a t  t h e  m a x i m u m  r e s o l u t i o n  of the d i g i t a l  s i g n a l  

is 2 0 0 0 0 / 2 12 = 4.88 m V / b i t .  T h e  I S E I U  g a i n  is 10 so the o v e r a l l  r e s o -

*
l u t i o n  is 0 . 4 8 8  m V / b i t .  T h i s  c o r r e s p o n d s  to an a c c u r a c y  of a b o u t  2 .1 
in c o n c e n t r a t i o n .  O u r  a i m  w a s  to d e s i g n  a s y s t e m  w i t h  an o v e r a l l  

e r r o r  and a c c u r a c y  m u c h  b e t t e r  t h a n  t h e  s e n s o r  a c c u r a c y  of a b o u t  2 

* Z. T h e r e f o r e  a n e w  A D C  had to be c o n s t r u c t e d .

V o l t a g e  to f r e q u e n c y  c o n v e r t e r s  (VFCs) h a v e  s o m e  a t t r a c t i v e  

f e a t u r e s  f o r  t h i s  d e s i g n .  R e f e r r i n g  to t a b l e  3 . 3  w e  s u m m a r i s e  

\ 1 ) H i g h  r e s o l u t i o n

2 )  L a r g e  d y n a m i c  r a n g e

3 )  G o o d  n o i s e  r e j e c t i o n

A V F C  b o a r d  w a s  b u i l t  a r o u n d  a B u r r - B r o w n  V F C  32 and t w o  c o u n t ­

ers ,fig 4 . 2 2  , o n e  c o u n t i n g  t h e  p u l s e s  f r o m  t h e  V F C ' a n d  t h e  o t h e r

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

t e g r a t i o n  t i m i n g .  F i f t y  p u l s e s  f r o m  t h e  z e r o - c r o s s i n g  u n i t  are
%

c o u n t e d  , g i v i n g  a o n e  s e c o n d  i n t e g r a t i o n  time. T h i s  m e a n s  in e f f e c t

t h a t  the V F C  is a l o w  p a s s  a v e r a g i n g  f i l t e r  w i t h  a c u t - o f f  f r e q u e n c y

o f  1 Hz , w h i c h  a l s o  i m p r o v e s  t h e  s i g n a l  q u a l i t y .  An e x t r a  o f f - s e t  

v
v o l t a g e  w a s  n e c e s s a r y  for b i p o l a r  o p e r a t i o n  , s u p p l i e d  by a v e r y  

s t a b l e  b a n d - g a p  d i o d e .  T h e  e x t r a  l o g i c  c h i p s  d e a l  w i t h  t h e  i n t e r f a c e  

c o n t r o l .  H e n c e  w i t h  a o n e  s e c o n d  i n t e g r a t i o n  t i m e  and a ± 5 V r a n g e

, t o g e t h e r  w i t h  a m a x i m u m  p u l s e  f r e q u e n c y  of 50 kHz w e  o b t a i n  a

r e s o l u t i o n  of 1 O O O O m V / S O O O O  p u l s e s = 0 . 2  m V / p u l s e .  The I S E I U  g a i n  is
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10 , i n c r e a s i n g  t h e  o v e r a l l  r e s o l u t i o n  to 20 p V / p u l s e  , w h i c h  c o r r e ­

s p o n d s  to a c h a n g e  of a b o u t  0 . 0 8  t in c o n c e n t r a t i o n  for a m o n o v a l e n t  

i o n .

Fig 4 . 2 2  T h e  V F C  A D C  c i r c u i t

4.6 The R e a l  T i m e  c l o c k

A r e a l  t i m e  c l o c k  w a s  d e s i g n e d  and b u i l t  , fig 4.23 , to e n a b l e  

us t a k e  m e a s u r e m e n t s  in G M T  time. T h e r e  a r e  m a n y  r e a l  t i m e  c l o c k  

c h i p s  on the m a r k e t  but t h e y  a r e  m a d e  in s l o w  C M O S  t e c h n o l o g y  w h i c h  

is i n c o m p a t i b l e  w i t h  the f a s t e r  TTL l o g i c  u s e d  in the CMU i n t e r f a c e .  

The c l o c k  w a s  t h e r e f o r e  b u i l t  u s i n g  d i s c r e t e  TTL l o g i c  c h i p s .  It 

c o n s i s t s  of an a c c u r a t e  10 M H z  o s c i l l a t o r  c o u p l e d  to a d i v i d e r  c h a i n  

t h a t  r e d u c e s  t h e  p u l s e  t i m e  to 100 ms. T h e s e  p u l s e s  go to l o g i c a l l y

c o d e d  c o u n t e r s  t h a t  c o u n t  s e c o n d s  , m i n u t e s  and hour s .
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Fig 4 . 2 3  T h e  r e a l  t i m e  c l o c k  c i r c u i t

4.7 M a i n s  c o n d i t i o n i n g

P o w e r  l i n e  d i s t u r b a n c e s  are a m a j o r  c a u s e  of m a l f u n c t i o n s  in 

c o m p u t e r s  and o t h e r  s e n s i t i v e  e q u i p m e n t .  T w o  IBM r e s e a r c h  w o r k e r s  

m e a s u r e d  p o w e r  l i n e  c o n d i t i o n s  at 49 d i f f e r e n t  l o c a t i o n s  o v e r  

s e v e r a l  y e a r s .  U s i n g  p r e - e s t a b l i s h e d  t h r e s h o l d s  , w h i c h  c o r r e s p o n d e d  

to l e v e l s  at w h i c h  i n t e r f e r e n c e  in m o s t  c o m p u t e r s  w o u l d  be n o t e d  

t h e y  f o u n d  t h e  a v e r a g e  m o n t h l y  o c c u r r e n c e  r a t e  to be 1 2 8 . 3  t i m e s .  89 

Z of t h e s e  d i s t u r b a n c e s  w e r e  d e c a y i n g  o s c i l l a t o r y  t r a n s i e n t s  and 

s p i k e s .  T h e s e  t w o  p h e n o m e n a  d e r i v e  f r o m  n o i s e  on the p o w e r  l i n e  

and m a y  o c c u r  e i t h e r  as c o m m o n  m o d e  n o i s e  or as t r a n s v e r s e  m o d e  

n o i s e  , fig 4 .24 , d e p e n d i n g  on t h e  s o u r c e  of t h e  n o i s e  and the
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t r a n s m i s s i o n  m e t h o d .  C o m m o n  m o d e  n o i s e  o c c u r s  b e t w e e n  t h e  e a r t h  and 

b o t h  the l i v e  and n e u t r a l  c o n d u c t o r s  w h e r e a s  t r a n s v e r s e  m o d e  n o i s e  

o c c u r s  b e t w e e n  t h e  l i v e  and t h e  n e u t r a l  c o n d u c t o r s

Live

Neutral

Ground
A
U

Equioment

7F777

Fig 4.24 P o w e r  l i n e  n o i s e  t y p e s

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

m e n t  w h i c h  u s e s  t h e  e a r t h  as a r e f e r e n c e  p o i n t  for its l o g i c  c i r c u i ­

try. T h e r e f o r e  p r o t e c t i o n  a g a i n s t  t h i s  n o i s e  is e s s e n t i a l  f o r  t r o u b ­

le f r e e  o p e r a t i o n .

We u s e d  a 1000 V A  i s o l a t i o n  t r a n s f o r m e r  g i v i n g  a 1 0 0 - 1 4 0  dB 

r e j e c t i o n  of c o m m o n  m o d e  n o i s e  and 3 0 - 4 0  dB r e j e c t i o n  of t r a v e r s e  

m o d e  n o i s e  in a d d i t i o n  to a h i g h  o v e r l o a d  c a p a c i t y .  T h e  i s o l a t i o n  

t r a n s f o r m e r  w a s  f o l l o w e d  by a m a i n s  v o l t a g e  r e g u l a t o r  c a p a b l e  of ± 3 

Z v o l t a g e  r e g u l a t i o n  , 30 dB of c o m m o n  m o d e  n o i s e  r e j e c t i o n  and 50

dB of t r a n s v e r s e  m o d e  n o i s e  r e j e c t i o n .  T h e s e  p r e c a u t i o n s  h a v e  e n ­

s u r e d  a t r o u b l e  f r e e  o p e r a t i o n  of the s y s t e m  in t h e  g r e e n h o u s e  

e n v i r o n m e n t .

*
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4.8 S o f t w a r e

4.8.1 A i m

T h e  A u t o a n a l y s e r  w i l l  be u s e d  by p e r s o n n e l  u n f a m i l i a r  w i t h  b o t h  

e l e c t r o a n a l y t i c a l  and c o m p u t e r  t e c h n i q u e s .  T h i s  d e m a n d s  a v e r y  u s e r  

f r i e n d l y  s y s t e m  , i . e  as l i t t l e  u s e r  i n t e r a c t i o n  as p o s s i b l e .  T h e  

o p e r a t o r  s h o u l d  m e r e l y  h a v e  to s t a r t  up the s y s t e m  , a f t e r  t h a t  it 

s h o u l d  r u n  a u t o m a t i c a l l y  w i t h  l i t t l e  or no m a i n t e n a n c e .  In t h e  d a t a  

a c q u i s i t i o n  m o d e  , the d a t a  s h o u l d  be a b l e  to be a n a l y s e d  d u r i n g  a 

r u n  , and be d i s p l a y e d  e a s i l y .

4 . 8 . 2  P r o b l e m  D e f i n i t i o n  

T h e  u s e r  n e e d s  a p r o g r a m  t h a t  ;

1 )  C o n v e r t s  t h e  E M F  f r o m  1 up to 7 ISEs to p p m

2 )  C o m p e n s a t e s  f o r  t e m p e r a t u r e  c h a n g e s

3 )  Q u a l i t y  c o n t r o l s  t h e  d a t a

4 )  C a l i b r a t e s  t h e  ISEs

5 )  C h e c k s  t h e  c o n d i t i o n  of the ISEs

6 )  A c q u i r e s  t h e  d a t a  in r e a l  t i m e

7) R u n s  a u t o m a t i c a l l y

4 . 8 . 3  C h o i c e  of S o l u t i o n

The p r o g r a m  c o n s i s t s  of t h r e e  p a r t s  (fig 4.25) . The f i r s t  p a r t  

s ets up p a r a m e t e r s  and g o e s  t h r o u g h  a c h e c k  l i s t  w i t h  t h e  user. T h e  

m a i n  p r o g r a m  c o n t r o l s  the o v e r a l l  t i m i n g  , and c a l l s  t h e  a p p r o p r i a t e  

s u b r o u t i n e s .  F i n a l l y  the s u b r o u t i n e  p a r t  p r o v i d e s  t h e  m a i n  p r o g r a m

w i t h  the r e q u e s t e d  s e r v i c e .
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I n i t i a l i z a t i o n

J
-----* M a i n  p r o g r a m

I
------ S u b  r o u t i n e s

Fig 4 .25 A u t o a n a l y s e r  s o f t w a r e  s t r u c t u r e

4 . 8 . 4  P r o g r a m  B u i l d i n g

T h e  p r o g r a m  w a s  w r i t t e n  in R e s e a r c h  M a c h i n e s  E x t e n d e d  B A S I C  , 

to w h i c h  w e  h a v e  p a t c h e d  in t h e  CMU i n t e r f a c e  m a c h i n e  c o d e  r o u t i n e s .  

T h e  p r o g r a m  w a s  b u i l t  in b l o c k s  w h i c h  w e r e  t e s t e d  s e p a r a t e l y  , t h e n  

m e r g e d  i n t o  t h e  f i n a l  m o n o l i t h .  T h e  f i n a l  p r o g r a m  is 26 k b y t e  , 

t o g e t h e r  w i t h  26 k b y t e  B A S I C  i n t e r p r e t e r  and 5 k b y t e  380 Z o p e r a t ­

ing s y s t e m  , w e  h a v e  a c t u a l l y  e x c e e d e d  the a v a i l a b l e  56 k b y t e  of 

m e m o r y .  T h i s  w a s  o v e r c o m e  by r u n n i n g  t h e  p r o g r a m  t h r o u g h  a c o m p r e s s ­

ing p r o g r a m  , S Q U A S H . B A S  (81), w h i c h  c o m p r e s s e d  the p r o g r a m  to 15 

k b y t e  , l e a v i n g  us w i t h  10 k b y t e  of s c r a t c h - p a d  m e m o r y

4 . 8 . 5  D o c u m e n t a t i o n

T h e  p r o g r a m  w a s  w r i t t e n  to be s e l f - d o c u m e n t i n g  , so t h a t  a 

p e r s o n  w i t h  m i n i m a l  k n o w l e d g e  of B A S I C  s h o u l d  be a b l e  to r e a d  and 

u n d e r s t a n d  it. An a u t o t i t r a t o r  m a n u a l  w a s  w r i t t e n  for t h e  p e r s o n e l  

at NIAE.

4.9 T h e  A u t o a n a l v s e r  P r o g r a m

T h e  c o m p l e t e  a u t o t i t r a t o r  p r o g r a m  is l i s t e d  in a p p e n d i x  II. The 

p r o g r a m  , w h i c h  f o l l o w s  t h e  s t r u c t u r e  o u t l i n e d  in 4 . 8 . 3  , is d e s c r i ­

b e d  in t h i s  s e c t i o n .
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4 . 9.1 I n i t i a l i z a t i o n

T h e  u s e r  e n t e r s  his n a m e  , d a t e  and t i m e  ( s t a r t s  up t h e  r e a l  

t i m e  c l o c k )  for the p r o t o c o l  , and s e l e c t s  w h e t h e r  to s t o r e  the

r e s u l t s  on d i s c  , h a r d c o p y  , or b o t h . He t h e n  g o e s  t h r o u g h  a c h e c k -

l i s t  u n d e r  c o n t r o l  of t h e  c o m p u t e r  , w h i c h  t e l l s  h i m  w h a t  to d o  in

r e p l y  to his a n s w e r s .  T h e  f o l l o w i n g  i t e m s  a r e  c h e c k e d ;

U s e r  q u e s t i o n C o m p u t e r  r e s p o n s e

V o l u m e  of c a l i b r a t i o n  s o l u t i o n ? W h e n  m o r e  is r e q u i r e d

S o l e n i o d  v a l v e s  OK ?
*

C h e c k  c o n n e c t i o n s

T u b i n g  OK? C h e c k  w i t h  i n s t r u c t i o n s

P u m p  OK? C h e c k  c o n n e c t i o n s

F l o w c e l l  f i l l e d  ? F i l l  up c e l l

<#■
F l o w  f r o m  g l a s s h o u s e  OK ? C h e c k  t u b i n g  and f i l t e r

D i s c s  and d i s c d r i v e s  OK ? A v a i l a b l e  disc, s p a c e

E l e c t r o d e  c o n f i g u r a t i o n  ? E n t e r  n e w  c o n f i g u r a t i o n

*  C a l i b r a t i o n  s o l u t i o n s  ? E n t e r  n e w  s o l u t i o n s

E r r o r  l i m i t s  ? E n t e r  n e w  e r r o r  l i m i t s

M i n i m a l  r e s p o n s e  s l o p e  ? E n t e r  n e w  m i n i m u m

*
A f t e r  t h e  c h e c k  l i s t  a c a l i b r a t i o n  f o l l o w s  in o r d e r  to set all 

t h e  s y s t e m  p a r a m e t e r s  b e f o r e  t h e  f i r s t  m e a s u r e m e n t .  A t y p i c a l  s t a r t  

up p r o t o c o l  is s h o w n  in f i g  4.26.

*
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LRS ISE DATA ACQUISITION PROGRAM

1 Ca 1 11*
DATEt 28 / 7 / S3 TIME! 17 l 27 1 , 1 oH 1 3.07
OPERATOR!ROB 8 DATAFILE!JULY28.DAT 1 | 1 Na1-------- 1 101—  1-------

" , M M  ......... 1 1 ! ; 1 NOS 1 *7i
CHECK LIST | | 1 Cl 

1
1 127

—  1— —
LO CALIBRATION SOLUTION FOR 30 CALIBRATIONS OR l DAYS 
HI CALIBRATION SOLUTION FOR 23 CALIBRATIONS OR 12 DAYS 

SOLENOID VALVES OK 
TUBING OK 
PUMP OK 
FLOW CELL OK
FLOU FROM GREEN HOUSE OK
DATA DISCS IN DRIVES . UITH B37 KBYTE OF FREE MEMORY 
DISC SPACE FOR S83S MEASUREMENTS OR 283 .DAYS 
PRINTER PAPER OK
ELECTRODE P0SITI0N9iC«<l>.pH(2>>N«(3)>N03<*>•Cl<S).K<6) 
STANDARD CALIBRATION SOLUTIONS 
STANDARD ERROR LIMITS

CALIBRATION STARTEDI 2 9 / 7 / 8 3 AT 17 l »
I ISE
TEMP

I C« I——
I dH 1--
I Na I——
I NOS I--I Cl
I K I-
I ISE
I TEMP

HIGH EMF(aV)
302.I18

-293.719
•1*7.33
-11*. *71

- 8*.*333

-18.2176
-98.727

LOU EMF(aV)
301.239

-33*. 316
-87.*778
-63.*313
-1*A. *36

MEASUREMENT STARTED 2 8 / 7 / 8 3 AT 21 i IS

I K I-
MEASUREMENT STARTED 2 8 / 7 / 8 3 AT 22 i 16

I 180 •I— —  
I 3.06 •I---
I *73 •I--
I 123 -I--

MEASUREMENT STARTED 2 8 / 7 / 8 3
t II--
I C*I--
I p HI--
I Na

I 3.06■I---
I 101 •I---
I 102-I--
I 33

AT 23 i 16

ERROR REPORT
Ca CALIBRATION ERROR.CALIBRATION OUTSIDE ERROR LIMIT 
Ca E0- 323.191 «V 
AVERAGE-—3*9. 8** «V

MEASUREMENT STARTED 2 9 / 7 / 8 3 AT 0 • 16

Fig 4 . 2 6  a ) S t a r t  up p r o t o c o l  b )M e a s u r e m e n t  p r i n t  o u t

4 . 9 . 2  M a i n  P r o g r a m

T h e  m a i n  p r o g r a m  , w h o s e  f l o w  c h a r t  is s h o w n  in fig 4.27 , 

c o n t r o l s  t h e  t i m i n g  of t h e  m e a s u r e m e n t s  and t h e  c a l i b r a t i o n s .  

C a l i b r a t i o n s  t a k e  p l a c e  at 6 . 0 0  and 1 8 . 0 0  d a i l y  , and h a v e  the 

h i g h e s t  p r i o r i t y  , i . e  a n y  m e a s u r e m e n t s  t h a t  s h o u l d  t a k e  p l a c e  t h e n  

are a b a n d o n e d  in f a v o u r  of a c a l i b r a t i o n .
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Fig 4 . 2 7  T h e  t i m i n g  f l o w  c h a r t  of t h e  m a i n  p r o g r a m

4 . 9 . 3  S u b r o u t i n e s

T h e r e  a r e  t w o  h e a d  s u b r o u t i n e s  ; C A L I B R A T I O N  and M E A S U R E M E N T  , 

w h i c h  c a l l  a n u m b e r  of c o m m o n  s u b r o u t i n e s  . i l l u s t r a t e d  in f i g  4.28.

4 . 9 . 3 . 1  C A L I B R A T I O N  S u b r o u t i n e

T h e  f l o w  c h a r t  f o r  t h e  C A L I B R A T I O N  s u b r o u t i n e  is s h o w n  in fig 

4 . 2 9 a .  T h e  m e a s u r e d  E M F s  , t e m p e r a t u r e s  , c a l i b r a t i o n  s o l u t i o n  c o n ­

c e n t r a t i o n s  and a c t i v i t i e s  are s t o r e d  in a r r a y s  and a r e  p u t  s e q u e n ­

t i a l l y  i n t o  the t e m p e r a t u r e  c o m p e n s a t e d  N i c o l s k y - E i s e n m a n n  e q u a t i o n .  

T h e  r e s u l t i n g  s l o p e s  and E ° ' s  are q u a l i t y  c o n t r o l l e d  in a s u b r o u t i n e

c a l l e d  F I L T E R  and s t o r e d  in an arra y .  If an ISE c a l i b r a t i o n  f a i l s
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t h e  t e s t s  in F I L T E R  an e r r o r  r e p o r t  is p r i n t e d  and t h e  c a l i b r a t i o n  

is r e p e a t e d .  If t h e  ISE f a i l s  t h e  s e c o n d  c a l i b r a t i o n  a n o t h e r  e r r o r  

r e p o r t  is p r i n t e d  , and t h e  p r o g r a m  p r o c e e d s  to t h e  m e a s u r e m e n t s .  

T h e  u s e r  is m a d e  a w a r e  t h a t  the e l e c t r o d e  is m a l f u n c t i o n i n g  in t h e  

p r i n t e d  e r r o r  r e p o r t .

C START ) Subroutine!

Real time

Timing

IMF

Timvng

Filter

Timing

Filter

T iming

Fig 4 . 2 9  a ) T h e  C A L I B R A T I O N  s u b r o u t i n e  f l o w  c h a r t  
b ) T h e  M E A S U R E M E N T  s u b r o u t i n e  f l o w  c h a r t
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4 . 9 . 3 . 2  M E A S U R E M E N T  S u b r o u t i n e

T h e  f l o w  c h a r t  of t h e  M E A S U R E M E N T  is s h o w n  in fig 4 . 2 9 b .  A 1- 

p o i n t  c a l i b r a t i o n  is m a d e  b e f o r e  e a c h  m e a s u r e m e n t  in o r d e r  to e s t a b ­

l i s h  E° o u r  e x p e r i e n c e  is t h a t  t h e  r e s p o n s e  s l o p e  is a d e q u a t e l y  

s t a b l e  o v e r  a 12 h p e r i o d  , b u t  t h e  E° d r i f t s  s i g n i f i c a n t l y  o v e r  

s h o r t  p e r i o d s .  T h e  t e m p e r a t u r e  c o m p e n s a t e d  E° is q u a l i t y  c o n t r o l l e d  

in F I L T E R  and if it f a i l s  a n o t h e r  1 - p o i n t  c a l i b r a t i o n  is m a d e  , and 

an e r r o r  r e p o r t  is p r i n t e d .  In t h e  m e a s u r i n g  s e c t i o n  t h e  I S E ' s  E M F s  

and t h e  t e m p e r a t u r e  a r e  m e a s u r e d  and put in t h e  N i c o l s k y - E i s e n m a n n  

e q u a t i o n .  T h e  c o n c e n t r a t i o n s  a r e  c o n v e r t e d  to p p m  , and t h e  r e s u l t s  

s t o r e d  on d i s c  a n d / o r  p r i n t e d  out.

4 . 9 . 3 . 3  T h e  T i m i n g  S u b r o u t i n e

T h i s  p r o g r a m  c o n t r o l s  t h e  p u m p i n g  t i m e  , so w i t h  a c o n t r o l l e d  

f l o w r a t e  , a k n o w n  v o l u m e  of s o l u t i o n  is p u m p e d  to t h e  f l o w - c e l l .  

T h r e e  d e a d  v o l u m e s  a r e  p u m p e d  in o r d e r  to f l u s h  o u t  a l l  o l d  s o l u t i o n  

in t h e  f l o w - c e l l .  T h e  m e a s u r e m e n t  t a k e s  p l a c e  in a s t i l l  s o l u t i o n  in 

o r d e r  to a v o i d  a l l  p u m p  i n t e r f e r e n c e .  T h e  r e s p o n s e s  of t h e  l i q u i d  

ion e x c h a n g e  m e m b r a n e  e l e c t r o d e s  a r e  s l u g g i s h  , up to 10 m i n  are 

n e c e s s a r y  f o r  t h e s e  e l e c t r o d e s  to r e a c h  a s t e a d y  s t a t e  in a s t i l l  

s o l u t i o n .  T h e r e f o r e  , a ten m i n u t e  d e l a y  is t i m e d  by t h e  r o u t i n e  

b e f o r e  e a c h  m e a s u r e m e n t .

4 . 9 . 3 . 4  T h e  EMF R o u t i n e

T h i s  p r o g r a m  s e c t i o n  d e a l s  w i t h  the a n a l o g - t o - d i g i t a l  c o n v e r ­

sion. The c o u n t  f r o m  the V o l t a g e - t o - F r e q u e n c y  c o n v e r t e r  is r e a d  and 

is put in t h i s  t r a n s f e r  f u n c t i o n ;

E M F = (C O U N T  - O F F S E T  )/51 .87 [4.17]

T h e  o f f s e t  v o l t a g e  (for b i p o l a r  o p e r a t i o n )  c o m e s  f r o m  a p r e c i s i o n
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voltage source , but due to the wide temperature variation the 

offset is calibrated before each measurement. Channel number 8 has a 

dummy cell connected to the input , and the resulting count from 

this channel is used for the OFFSET. Almost all offset errors are 

therefore eliminated , if make the reasonable assumption that the 

other channels are similar to channel 8. The VFC response slope 

remains adequately stable over the temperature range.

4.9.3.5 The FILTER Subroutine

This subroutine performs the quality control of the data and 

checks the state of the electrodes , its flow chart is shown in fig 

4.30. Three checks are made;

E° v.s running average

2) Slope v.s running average

3) Slope v.s minimum acceptable slope

Our initial approach was a 3-point runnning average , from 

which a 3 o limit was calculated. If the result was outside this 3 o

window it failed and the system was recalibrated. A problem with

this dynamic error window was that it narrowed down to very small 

values if three similar values were acquired. In one particular case 

it narrowed down to 0.1 mV which produced error reports for all

subsequent data. One may either update the running average with the

erroneous data , which could completely corrupt the running average, 

or use a static error window. We settled for the latter , whose 

value was found by looking at the data produced by 100 calibrations. 

A 10 mV window was chosen for the slope and a 100 mV window for the 

E°. Finally , the actual response slope value is checked against a 

minimum acceptable value. Some of the electrodes work satisfactorily
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under sub-Nernstian conditions , but slopes less than 40 mV/dec were

not considered to be of any use.

4.10 Results

4.10.1 Laboratory Tests

The ISEIU III was tested with an ISE dummy cell , 

in fig 4.31. The output was recorded on a Kontron W+W

recorder for 9 hours , the recorded drift was less than

illustrated 

316 chart 

0.25 mV and
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the noise less than 0.1 mV over that period. These figures are 

within the specification of the recorder so the noise and the drift 

could just as well be attributed to the chart recorder. These ISEIU 

III noise and drift figures are within our specifications.

4.10.2 ISE Flowcell Test

The total performance of the system was bench tested by running 

the Autoanalyser for nine hours with the HI calibration solution as 

the sample solution. The result is summarised in table 4.12

TABLE 4.12
ISEIU III bench test results

I
ISE a/mM I1 [HI]/mM I y I1 aHI/mM I1 Rel.err/Z

“I

Ca2 + I 6- 8*1 . 2 11 10.0*0.5 | 0.57*0. 03
1
1I 5.7*0.04

1
11 16.2*1 .2

Na + I 9- 2f±0.23
1
11 10.0±0.5 | 0.85*0. 04

1
11 8.5*0.6

1
11 7.7*0.6

N03' I 18 .7*2.2
1
1r 20.0*1 j 0.053*0 . 04

1
11 17.06*1.17

1
1| 8.8*1 . 2

Cl’ ! 8. 93*0.24
1
11 10.0*0.5 | 0.853*0 . 04

1
11 8.53*0.58 II 4.5*063

+K I 10 .2±1 . 4
1
11 10*0.05 | 0.85*0. 04

1
11 8.5*0.6

1
11 16.7*2.6

l_ pH I * •49*0.03
1
1 4.50*0.02 j 0.90*0. 05

1
1 4.55*0.02

1
1 1 .30*0.04 _!

•y values from manufacturers manual

The errors observed are somewhat higher than expected , but the 

auto analyser is still sufficiently accurate for adequate nutrient 

data acquisition and control. The errors come mainly from inaccura­



cies in calibration solutions and the uncertainties in the activity

coefficients.

4.10.3 Field Trials

The Autoanalyser was field tested at the National Institute of 

Agricultural Engineering (NAIE) , Silsoe , Bedfordshire on an NFT 

glasshouse tomato crop which is used for experimental purposes.

The first trial took place in March 1983 , and was an initial 

"debugging" trial in which We hoped to find as many system flaws and 

errors as possible. The outcome was very successful from that point 

of view , as a result the following amendments were made;

1) Zig-zag flowcell was abandoned in favour of a 
straight channel one

2) Software rewritten with a more user-friendly approach

3) New multiplexer and ADC

4) Mains voltage stabilization

5) Quality control routines

The next trial took place in July 1983 , but had to be aban­

doned at an early stage because the reference electrode was broken 

and no substitute was available. Trials were resumed after a repla­

cement was bought in August 1983. The Autoanalyser was initially 

placed in the glasshouse , but as temperatures up to +45 C° were 

recorded in the glasshouse the disc drive ceased to work properly. 

The disc drive unit is the weakest link in the Autoanalyser chain 

and unfortunately only very expensive units have wide operating 

temperature ranges. Since the disc drives are not used when the 

Autoanalyser is employed for control , it may be relocated to the 

glasshouse for this purpose. The failing disc drives forced us to
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move to a laboratory in the vicinity of the glasshouse. NFT solution 

from the glasshouse was pumped to the laboratory via a by-pass loop, 

which introduced a delay in the measurement , but this delay can be 

calculated and compensated for. The flow rate from the glasshouse
u ia  c  V f=3 1/min , and the holding volume of the sample tank in the 

laboratory was Vt=i2 1 and that of the pipeline was Vp=2 1. The 

transport dead time in the pipeline is then tp=2/3=0.66 min and the 

delay time in the tank can be modelled as in fig 4.32.

k ___

Fig 4.32 Model of the sample tank time lag

The change in concentration in the tank can then be written as

dC = V_X [4.18]
dt v£“

where C is the concentration of any species in the tank. Separating 

and integrating gives
V /V H--f \ [4.19]C = C e V V t - V  0

where C is the concentration at t=t and C is the concentration at o o
t = t. Equation [4 19] is the same as f-or an exponential decay or 

transient with a response time of Vt/Vf=4 min. This response time 

together with the transport dead time is insignificant in the con­

trol or data acquisition as concentration changes take place on an 

hourly time scale.

The first data acquisition run took place between 1 and 4 

August 1983 just after an old NFT solution had been drained away and

replaced with new solution. In the first run the pH was controlled



but no control of nutrients was executed. The results for Na+
2 +Ca , pH , Cl and NO^ are plotted in fig 4.33-38. It is interest­

ing to note that the sodium level follows the glasshouse tempera­

ture. Fig 4.39 shows the sodium concentration and the temperature 

plotted on the same time scale , where the vertical lines indicate 

day and night. This pattern is expected since the plants transpire 

more when the temperature goes up , and more mains water is pumped 

in to compensate for this loss. The mains water contains sodium 

which is accumulated in the system. This excess sodium is taken up 

by the plants during the night. Figure 4.34 shows clearly that 

potassium control is very important. The potassium level has decayed 

to almost zero in about GO hours. In contras to sodium , potassium 

does not show any temperature dependence because its concentration 

in the the mains water is very small. Figure 4.35 shows how calcium 

builds up in the system. This is also a result of the mains water 

input. Figure 4.36 shows the efficiency of the pH controller. It is 

capable of controlling the pH within one pH unit.

The next set of data was acquired over a 7 day period stretch­

ing from 8th to 15th of August 1983. The results are plotted in fig 

4.40-45. The first thing we notice in fig 4.40 is that the sodium 

level has gone up from about 5 ppm to about 90 ppm. These measure­

ments took place during a very hot period in August 1983 , the 

glasshouse temperature is recorded in fig 4.46 , which means that 

large amounts of mains water had to be pumped in in order to compen­

sate for the water loss by transpiration and evaporation. The mains 

water contains about 6 ppm sodium , 50 ppm chloride and has a 

pHs6.3. Therefore a chloride and sodium accumulation is expected , 

and this is seen in figures 4.40 and 4.44.
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An interesting phenomenon is the peaks and troughs in the 

nitrate , chloride , pH and sodium concentrations. Fig 4.33 , 4.36 , 

4.40 and 4.43 indicte an interaction between sodium and pH; the 
proton concentration increses to a maximum , at that point the 

sodium concentration quickly builds up to a peak. At the same time

m  the nitrate goes to a minimum (fig 4.38) , followed by a chloride

peak (fig 4.37) and a re-establishment of the previous concentra­

tions. This indicates that the plants reject protons and sodium 

under certain conditions. The nitrate and chloride peaks suggest a
%

rejection of chloride when nitrate uptake is fast. However these are 

preliminary conclusions and more work is required before definitive 

conclusions can be drawn about the consumption of nutrients in the 

* NFT system. Further studies are in progress at NIAE .
Meanwhile these results show that the Autoanalyser can 

automatically monitor six different ions that are important in plant 

4 nutrition studies , NFT system modelling and control.

«r

*

4.11 Conclusions

The results from our tests at NIAE shows that nutrient control 

is very important in NFT; some nutrients are consumed very fast and 

some species , mainly from the mains water , build up quickly and 

may harm the plants. Since this work was completed the Autoanalyser 

has beenn used routinely over a matter of weeks at NIAE, and 
reliable results have been obtained for NFT analysis and control.

The Autoanalyser therfore opens up a new field in plant 

nutrition studies. The plant physiologists may now acquire informa­

tion from six different nutrients simultaneously and continuously
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The results from these studies will lead to the formulation of 

better control algorithms for NFT growing and a better understanding 

of the plants responses to changes in the environment. Such studies 

are currently being carried out at NIAE with the Autoanalyser 

constructed in this work.

*

0

*

*



Fig 4.33.The Sodium variation 1-4 Aug 1983 (no nutrient control)



Fig 4,34 The Potassium variation 1-4 Aug 1983 (no nutrient control)
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Fig 4.35 The Calcium variation 1-4 Aug 1983 (no nutrient control)



Fig 4.36 The pH variation 1-4 Aug 1983 (pH controlled)



Fig 4 . 3 7  The Chloride variation 1-4 Aug 1983 (no nutrient control)



Fig 4.38 The Nitrate variation 1-4 Aug 1983 (no nutrient control)
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Fig 4.3 9 The temperature and Sodium variation 1-4 Aug 1983
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Fig 4.40 The Sodium variation 8-15 Aug 1983



Fig 4.41 The Potassium variation 8-15 Aug 1983



Fig 4.4 2 The Calcium variation 8-15 Aug 1983



143

Fig 4.43The pH variation 8-15 Aug 1983



Fig 4.44 The Chloride variation 8-15 Aug 1983
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Fig 4.45 The Nitrate variation 8-15 Aug 1983
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Fig 4.46 The temperature variation 8-15 Aug 1983
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CHAPTER 5 

AUTOTITRATOR

5.1 Introduction

Root death is a problem in NFT , and cucumber crops are espec­

ially vulnerable to this disease (93). In most cases it is caused by 

a pytotoxin in the solution (94). Root death can be stopped , if it 

is discovered at an early stage , by adding bactericides to the NFT 

solution.

When roots die and disintegrate organics from the plant cells 

enter the solution. If this rise in organics in the solution could 

be detected an early warning could be sent to the grower , who would 

then be able to save his crop by taking the appropriate action.

*

5.2 The microtitration technique 

The RRDE microtitration technique has been described by several 

authors (95,96). Albery and Brett (97) describe the microtitration 

of As(III) on a WJRDE. They establish the same relationships for the 

WJRDE as for the RRDE. The WJRDE microtitration technique is extend­

ed to proteins , aminoacids and peptides in a paper by Albery 

Svanberg and Wood (98). They show results for 14 proteins ,5 nucleo­

tides , 4 peptides and 6 aminoacids. Preliminary work at this lab

by Mrs M.Neto showed that WJRDE microtitrations can detect root

death (99).
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5.3 Experimental

5.3.1 The Mall Jet Electrode

The Wall-Jet Ring-Disc Electrode (WJRDE) used in this work is 

developed from the design by Fleet and Little (100). At the start of 

this project there was a lack of compatability between the variuos 

Wall-Jet units used in our laboratory. Together with our laboratory 

technician Mr M.Pritchard an improved standardised version was de­

signed. This system is now the group standard and has been used 

successfully by many of my co-workers. This design features;

1) Standardised threads in all fittings to the cell body

2) All units made of Kel-F

3) Replaceable nozzle-for easy change of nozzle size

4) Improved electrical contacts

5) New flow-through reference electrode

6) Simplified clamping arrangement

7) Standardized library of subunits , i.e reference 
electrodes , counter electrodes etc.

8) Improved sealing

9) "Collar" for the ring-disc electrode for maintaining 
a fixed nozzle electrode distance

Figure 5.1 illustrates the improved WJRDE with subunits. A 

ring-disc electrode for a Wall-Jet cell is illustrated in fig. 5.2 

and table 5.1 lists the electrodes , their dimensions and collection

efficiencies.



TABLE 5.1
Wall Jet Ring Disc electrode characteristics
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I l
E l e c t r o d e

! r '
/ c m I1

r 2 / c m I1
r ^ / c m I

I ■ N o

R D E  1
I
I 0 -
i

1 6 6
1
1
1

0 . 1 7 5
1
1
1

0 . 1 8 9 I
I

0 . 1 2 4

1_
R D E  2

1
1 0 - 1 6 5

1
1 0 . 1 7 6

1
1 0 . 1 8 9

I
I 0 . 1 1 8

I

RING-DISC ELECTRODE

Fig 5.1 The WJRDE electrode system with subunits
*

PTFE ELECTRODE BODY

m  ( m \

RUBBER O-RING PLATINUM ELECTRODES

Fig 5.2 A typical ring-disc electrode for the Wall-Jet cell



A novel reference electrode was designed , which consists of a

silver tube i.d=1 mm , 1=20 mm which was anodised in potassium 

bromide according to Janz (101 ) . This electrode has no dead volume 

as it forms part of the inlet tube , and was cleaned and re-anodised 

in situ every week. All results in chapter 5 are reported with 

respect to this electrode;

AgBr(s) + e“ Ag + Br" £°= 35

A similar electrode has been described by Freed and Asmus (102).

5.3.2 Background solution

The background electrolyte question was investigated by my 

predecessor Or P.Wood (103). He found that a high bromide concentra­

tion is necessary for a 100 Z current efficiency , since the solvent 

decomposition current interferes at low bromide concentrations. In 

the microtitration technique , described in chapter 2 , we find

unprotonated aminogroups the most active site. Most aminogroups have 

a pK =8 , thus a suitable background electrolyte buffers at pHsO . 

The background electrolyte was therefore chosen to be a 0.5 M KBr 

0.025 M Borax solution buffering at pH=9.2. This solution was pre­

pared by dissolving AialaR KBr and AnalaR borax in MQW. The KBr 

contains up to 0.001 Z nitrogen impurities , which were not removed

for these experiments though two techniques for removal have been
ancj

described by Wood (103). A ring^disc voltammogram of this electro­

lyte is shown in figure 5.3 , from which we can see that a suitable 

bromine reduction potential for the ring is about 300 mV.
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Fig 5.3 Voltammogram of the background solution on 
a platinum wall-jet ring disc electrode

5.3.3 Electrode polishing

The electrodes were initially polished on a polishing table 

with 25 pm alumina followed by 6 pm and 3 pm diamond lapping com­

pound . A mirror like surface were obtained by hand polishing with a 

1 pm and a 0.3 pm alumina slurry. The used electrode was hand 

polished before every experiment with 0.3 pm alumina to ensure a 

reproducible platinum surface.

5.3.4 Electrode pretreatment

The Br /Br^ reaction depends on the state of the platinum 

surface (104). Voltammograms of the background electrolyte (fig 

5.3) do not show any platinum oxide peaks. The highest current 

efficiency is achieved when the platinum surface is oxidized (105). 

The oxidation must therefore be carried out in a different medium. 

Figure 5.4 is a voltammogram of the platinum disc and ring in 2 M

where the platinum oxidation is clearly visible at E-700 mV
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and the reduction at E=150 mV. We decided to use the pretreatment 

recommended by Rubinstein (106) , which involves following steps;

1) Wash in concentrated HN03 for 10 minutes

2) Step between following potentials for 10 min

i) 0.03 V reducing for 10 seconds

ii) 1.07 V remove oxygen for 10 seconds

iii) 1.72 V oxidizing for 10 seconds

The final step is oxidizing , so the electrode is left in its 

most active state. A program was written for the platinum pretreat­

ment , which automated the procedure. This pretreatment followed the 

polishing before every experimentation session .

Fig 5.4 Voltammogram of 2 M H2S0; on a Platinum 
wall-jet ring disc electrode

5.3.5 Electrode nozzle distance

Albery and Brett have reported the depencence of both the 

limiting current and the collection efficiency on the distance

between the nozzle and the electrode (97). These effects have been
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described quantitatively by Fleet and Gunasingham (107) , who 

pointed out that the nozzle must not be inside the hydrodynamic 

boundary layer. A limiting current v.s nozzle distance plot for the 

WJRDE used in this work is shown in fig 5.5 , from which we can see 

that a distance larger than 4 mm is required for ideal behaviour. 

This distance was maintained either by using a "collar" on the ring- 

disc electrode so it is screwed in to the right position or by 

screwing in the ring-disc electrode fully and then backing off the 

required number of turns , calculated from the thread pitch.

Fig 5.5 The limiting ring and disc current v.s the 
electrode nozzle distance

5.3.6 Hydrodynamic region

The useful flowrate region was determined by plotting the 
3/4(flowrate) v.s limiting current in a Levich type plot , fig 5.6 . 

This plot shows that the limiting current deviates from the ideal at 

flowrates lower than ~ 1 ml/min. The non ideal intercept is caused

by residual background currents.
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Fig 5.6 The limiting current v.s the (flowrate)3^  for 
5 mM potassium bromide

5.3.7 Pulse damping

The Pharmacia P3 peristaltic pump's flow is stable within ± 10 

l , but a ripple is present on the flow. This ripple comes from the 

pinching action of the pumprollers on the pump tubing.

Fig 5.7 The pulse damping system 

A pulse damping system was designed to mitigate this flow 

pulsation , which otherwise would show up on the titration curves. 

The pulse damping system , illustrated in fig 5.7 , consists of a 

glass cylinder and a coil. The glass cylinder has a rubber teat on a

side arm for improved pulse damping. The coil is about 3 m long with
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an inner diameter of 0.5 mm. Fig 5.8 shows the improved signal with 

the pulse damping system .

Fig 5.8 a)Signal without the pulse damping system 
b)Signal with the pulse damping system

5.4 Associated electronics

In the microtitration technique we use a novel 

potentiostat/galvanostat unit (fig 5.9) designed and built at 

Imperial College to galvanostat the disc while the ring is con­

trolled potentiostatically.

Fig 5.9 The new potentiostat and galvanostat circuit 

The 3627 from 8urr-Brown is a unity gain summer/subtractor which has 

a laser trimmed resitor network in the silicon chip which more or 

less cancels the off-set and gain errors. The LM11 operational 

amplifier from National Semiconductor also has a laser trimmed 

resistor network in the silicon chip which compensates for off-set
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errors and obviates the need for trimming potentiometers. The LM 11 

has an offset current less than 0.5 pA , thus current measurements 

down to 50 pA is feasible with an error less than 0.1 Z . Uncondi­

tional stability of the current to voltage converter is ensured by 

the stabilising capactitor C in the feed-back loop. The cable 

screening is made active because the potentiostat is floating i.e it 

has no fixed ground point , it also reduces cable capacitance and 

improves the noise shielding . Other features of the design are ;

1) All op-amps are mounted on PTFE stand offs. This minimises 
the leaking and creeping currents. A normal printed ciruit 
board limits the detection limit to about 1 nA

2) All components mounted on a ground plane which improves 
the screening , and prevents earth-loops.

3 Good power supply decoupling. This practise has been 
overlooked in previous designs , but good decoupling can 
significantly improve the op-amp performance

An error analysis of the potentiostat gives an rms error of 

less than 0.1 Z for currents larger than 50 pA. The galvanostat is 

similar to older versions but a better op-amp and precision resitor 

are used in this design. The galvanostat generates current down to 

25 pA with a 0.1 Z accuracy.

5.6 Autoanalvsis

The microtitration technique must be automated in order to make 

it an on-line technique. We have reported two types of microtitra­

tion autotitrators (108), whose basic principle is shown in fig

5.10 .
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Fig 5.10 a)Manual titration b) The Autotitrator pri

Fig 5.11.b illustrates the principle of an autotitra 

ed by Dr P.Wood in 1979 (103). An electronic circuit mai 

ring/disc current on the line N’ and the controlled disc 

proportional to the concentration of the titrand. This 

suffers from problems at low disc currents where anomalou 

and instability occur. Non ideal titration curves cou

ncipie

tor design-

ntains the

current is

technique

s readings

Id not be

controlled.
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Fig 5.11 a)Autotitrator principle invented by P.Wood 
b)The new Autotitrator principle

Our new approach .illustrated in fig 5.11.b , is to clamp the 

ring current to a fixed value and read the disc current that is 

produced in order to maintain this ring current. The disc current in 

this technique is the sum of the collection efficiency current and a 

currrent due to titration , i.

i = i /N +. i d r o t [5.1]

This means that there will be a constant off-set on the signal

amounting to i .. ./N . This current can easily be backed-offr,off-set o
before it is recorded , but can also be used to check the collection 

efficiency .

5.6.1 System modelling

In order to implement an active control in the Autotitrator it 

is essential to model the system. The open-loop system consist of 

the galvanostat , the WJRDE and the potentiostat. This system is 

modelled in fig 5.12 , together with a model closed loop feed-back

control system.
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Fig 5.12 The microtitration open-loop and closed loop system; 

Open loop system transients were recorded which showed that it 

second order system with a dead time. A typical open loop sy 

transient is shown in fig 5.13.

Fig 5.13 A typical open loop system transient recorded at a 
flowrate of 0.052 ml/s

The frequency and phase response were recorded with a Solartron 

freqency analyser. A Bode' diagram for a typical flow rate is s 

in fig 4.14. This plot shows that there is a pole around 0.5 H 

because the phase shift is 45° , and the gain is down to -3 dB

is a 

stem

1250

hown

z

in

this region. The steep drop at about -40 dB indicates the presence
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of another pole , which is verified by a phase shift of 45° 5

Fig 5.14 The recorded frequency and phase response for the 
open looop system

If we once again look at the block diagram in figure 4.11 , we

may now assign a transfer function to each block. The galvanostat is

merely a gain function , determined by the input resistor Rp in fig

5.9. The transfer function is then
-3

S a l v 18’ * 10 [5.2]

The WJRDE can be modelled as a transport dead time and a first

order lag. The transfer function for such a system is
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G(s) = K»e-Tts [5 .3 ]
(1+T2*s )

where K is a constant and is the dead time and is the first 

order time constant. If T <<Tg then we may neglect the dead time 

without introducing a significant error . Examining the transients 

show that this is the case , which simplifies the WJRDE transfer 

function to

GWJRDE = (1 ♦ T1 * s )
C5.4]

where is the collection efficiency Nq=0.12 and is the time

constant for the first order lag. T has been shown to be a function

of the (flowrate) 1 (109) , so it is possible to compensate for

diffrent flowrates. A typical value for T is 2 seconds.

The potentiostat (fig 5.9) has a stabilising capacitor in

parallel with the feedback resistor , RR . This RC-network is a

first order lag with the time constant T =(2irR C) 1. The gain , K3 ,c K
is determined by the feedback resitor R . The transfer function mayK
then be written

pot
(1 . r

[5.5]
*s)

and from fig 5.9 K =R = 10 kQ and T = ( 2tt*2* 1 o " 6*  1 04 ) “ 1 = 0 . 1 33 R
inserted in [5.5] 

Gpot 1 0
(1 + 0.13s) 

The total transfer function

[5.6]

G*,,* , is the linear combination tot

0f Ggal( s } *6WJRDE ( s } ( s ) =Gpot tot

tot [5.7]
( 1 + 2s) (1+0.13s)

If we now examine the Bode' plot in fig 4.14 and identify the

two time constants at -45 we find T =1.61 s and T̂  = 0. 1 s which is
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well in accordance with the suggested model.

5.7 Analog Autotitrator

If the system model is applied in a feed-back control svstem we 

arrive at the block diagram model in fig 5.15

Fig 5.15 Block diagram of the analog Autotitrator 

Integral control is used for controlling second order time lags 

The integral gain term determines the stability and the per­

formance of the system. The most convenient way to assess K. is al
Root Locus plot.

Fig 5.16 The root locus plot for the Autotitrator 

This locus is drawn in figure 5.16. We desire to have the roots 

of the characteristic equation on the o-axis and as far away as 

possible from the origin. In this case we find o=-0.35 a suitable 

position , which corresponds to,s=-0.35. Insertion in the character­
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istic equation yields

K = 0.35 ( 1 - 0.0460 ) ( 1 - 0.7 ) = 0.5 [5.8]
1 .2

The hardware for this control algorithm consists of subtractor 

and an integrator. A very good subtractor , the 3627 , is available 

from Burr-Brown. The integrator was built around an LM 11 op-amp 

from National Semiconductors. The LM 11 has very low input bias 

current and high input resistance , this makes the LM 11 well suited 

for integration because it will lose very little of the integrated 

current stored in the integrating capacitor. The analog Autotitrator 

circuit diagram is shown in fig 5.17.

Fig 5.17 The analog Autotitrator circuit diagram 

The transfer function for the analog integrator is

t
e 0 = J_ J e dt [5.9]

RC 0

the LaPlace transformed equation [5.9] is

G (s) = e (js2. = 1 [5.10]
e°(s ) RC * s

Identifying with the LaPlace transformed integrating control element 

G(s)=Ks” 1 with K=(RC) 1 shows that K equals (RC) 1.
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5.8 Digital Autotitrator

5.8.1 I ntroduction

The autotitration technique is easily implemented on a micro­

computer. The microcomputer offers many advantages over the analog 

system ;

1 ) It can send out warning signals to the grower
if the level of organics exceeds a maximum value

2) Quality control of the data

3) Flexible control algorithms , e.g flowrate dependent 
integration constant for maximal performance

4) Real time controlled titrations

5) Peak integration in Liquid Chromatography

6 ) Peak separation in Liquid Chromatography

5.8.2 Digital control

We may use the same system model that we derived for the analog 

Autotitrator in the digital design , if it is stable when a delay is 

inserted in the control loop. This delay is called a hold and is 

inherent in computer control due to the finite time it takes for the 

computer to acquire and convert an input, calculate a new output 

value and convert and output it. A good approximation of this pro­

cess is the Zero Order Hold (ZOH) , which is generally used in 

digital design, and is illustrated in figure 5.18.

Fig. 5.18 The Zero Order Hold process
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The ZOH is approximated to T/(2+2sT) where T is the sampling time. 

We wished to use the Autotitrator as a detector in Liquid Chromato­

graphy (LC). The characteristics of the LC signal include such para­

meters as a signal bandwidth 0.005 to 5 Hz and a dynamic range of

(110). The potentiostat bandwidth is about 8 Hz so alias filter­

ing is not necessary. The Nyquist sampling theorem states that a 

sampling frequency at least twice the bandwidth eliminates aliasing. 

Accordingly a sampling rate of 10 Hz (100 ms) was chosen. This 

sampling rate rejects 50 Hz because it is an even multiple, further­

more it is adequate for the recovery of at least 99.99 l of a 

Gaussian peak 1 sec wide at half height point. Thus a 10 Hz sampling 

rate can account for all but the most extreme peaks. The digital ZOH 

approximation is then ZOHsO.1(1+0.05s) . Fig 5.19 shows the com­

plete block diagram of the digital Autotitrator.

Fig 5.19 Block diagram of the digital Autotitrator 

The Autotitrator transfer function T(s) is then

K*0. 12
T(s) = s(1+0.05s)(1+ 013s)(1+2s )

1 + _________K* 0 . 1 2_________
s(1+0.05s)(1+0.13s) (1 +2s)

with the characteristic equation

1 + __________ K*0 . 12_______  = 0
s( 1+0.05s)(1 + 0. 13s)(1 + 2 s )

C5.11]

[5.12]

A root locus plot of equation [5.12] is drawn in figure 5.20 , 

from which we can see that the system is unstable for K>47 ,u>=-1 .63 , 

but is otherwise stable. We chose a value of uj=-0.4 corresponding to
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Fig 5.20 Root locus for the digital Autotitrator 

The z-transform of the integral control term is

G(z) = ZGts) = Z(Ks'1) = K11-z~ 1 ) " 1 [5.13]

whose numerical computer algoritm is

®i = SP " ii C5.H]
o. = o. 4 + Ke. [5.15]l 1-1 l

where

i . =l
SP =

e . =l
o . =l

°i-i
This algorithm

the new input

the set point

the new error

the new output

= the previous output

is easily translated into a few lines of BASIC

100 CALL"INADC",1,VARADR(INPUT):REM Read ADC.store result in INPUT
110 ERR0R=SETP0INT-INPUT:REM Calculate the error
120 NEW0UT=0LD0UT+K*ERR0R:REM The control algorithm
130 CALL"WRIT16",1,1,0,NEWOUT:REM Output new value to DAC
HO  0LD0UT=NEW0UT:REM Update OLDOUT
150 GOTO 100:REM Close the loop
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This program sequence's execution time was measured to 40 ms , 

which means that it cannot interfere with the external sampling time 

of 1 0 0 ms.

MICRO COMPUTER ANALOG INSTRUMENTATION

Fig 5.21 The digital Autoanalyser hardware

The hardware for the Autoanalyser , illustrated in fig 5.21 ,

consists of the previously described potentiostat/galvanostat unit

and the 380 Z development system. For the interfacing , the AOC

board was used to read the ring current from the potentiostat and 
W the OAC board used to control the disc current from galvanostat. The 

timing was controlled by the timer board , which was set up to give 

a 10 Hz sampling rate. A second DAC board was used to control the 

flowrate from the pump and the potential of the ring.

5.8.4 Peak Integration

The computer enables us to not only control the titration , but 

also simultaneously analyse and display the obtained data.

Equation [5. 35 ] in section 5.9.1 can be used for a direct
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concentration measurement (if the protein is known). The integration 

is approximated to summation over the peak. Knowing the sample rate 

and the value of the LSB allows us to calculate the charge under the 

peaks as
N

Q = LSB*N*T E Output. [5 ĝ]
i = 0

The commencement of the peak is detected by a four point 

running average of the outputs; integration begins if the difference 

between the new control output and the running average is larger 

than 0.1. The summation finishes when the signal has returned to the 

baseline , and the result is printed out. Two error routines check 

the existence of the peak in order to avoid gost peaks created by 

injection valve switching and noise. The Autoanalyser software is 

listed in appendix III.

5.8.5 Dynamic Control

The characteristics of the WRDE depends on the flowrate 

therefore a dynamic control algorithm was designed in order to 

compensate for changes in the flowrate. The time constant , t , for 

the first order lag of the WJRDE has been shown to be inversly 

proportional to the flowrate (109) , and we found

T = (92Vf -0.78)"1 C5.17]

Recalling the characteristic equation of the system , [5.. 12] , and

inseting i
K * 0 . 12

1 ♦ ---------------- ;------------- = 0
s ( 1 + 0 . 05s ) ( 1*0 . 1 3s ) ( 1 +ts )

Th root locus plot in in fig 5.20 shows that r is responsible for 

the locus between x and the origin . which determines the stability

of the system.



The best response is achived s-values on the o-axis. We used an

o value equal to -0.4 , which gives

K= 0.37(1 - 0.4t ) [5.18]

substituting for i gives

K= 0.37C1 - 0.4/(92Vf _ 0.78)] [5.19]

The flowrate was controlled by the same technique as in 

Autoanalyser chapter , section 4.3.2. This algorithm was tested

the

and

and worked to our satisfaction.
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5.9 Packed-Bed Wall-Jet Electrode

This electrode was designed in order to improve the sensitivity

of the microtitration technique. The sensitivity limiting factor is

the magnitude of the detected current when titration takes place.

The ring current , i , in the WJRDE is

i = N (i - B[T]nQ ) [5.16]r o d  Br
where

N = the collection efficiency o 3

B = Constant

[T] = Titrand concentration

n„ = Bromine number Br

In order to increase Sensi-fjyjfy we must 

increase the second term in equation [5.16]. One may try to increase 

Nq by for instance reducing the gap thickness , and this is mechani­

cally very difficult. Therefore one must increase n„ , whichBr
depends on the reaction rate between the analysed species and the 

bromine. Bromination reactions are pH dependent , but pH=9.2 has 

proved to be the best pH . The conclusion is that the WJRDE is 

working under optimum sensitivity conditions.

At this point it was natural to look at other but similar 

coulometric techniques. A concievable system was a coulometric 

flow-through reaction chamber followed by a downstream detector.

This system was realised as an upstream platinum tube electrode and
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a downstream Wall-Jet disc electrode illustrated in figure 5.21

Fig 5.21 The Tube Wall Jet electrode 

The equation for the generated current is

= nFV C_ t f Br
where

[5.17]

V̂. = the flow rate

Cgr = the concentration of the generated bromine 

and the current from the detecting WJE is
1 Cn2 / 3 "5/12 -1/23/4 w 3/4l , = 1 .38nFD u a R C V. d f [5.18]

where D = the diffusion coefficient 

u = the kinematic visosity 

a = the nozzle area 

R = the disc radius

Let us define the collection efficiency , N , similarly to the 

ring-disc case as
.. « „on2/3 “5/12 -1/2-3/4 -1/4N = l . = 1.380 u a R v.— d- f

1t
thus N is not a constant but depends on V -1/4

[5.19]

N is typically

2 l for bromine at normal flowrates.
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If we compare from this system with if from the WJRDE system

when titration takes place we arrive at

id = N(it - nFVf[T]nBr) C5.20]

but from equations [5.16] and [5.20] we find

B = nFVfN [5.21]

inserted in [5.20]

id . Nit '- BIT3nBr [5.22]

compared to [5.16]

i = N i. - N B[T]n_ [5.16]r o d o Br
Typical numbers are Nq=0.10 and N=0.02. Thus the "titrand

current" (B[T]n„ ) is 10 times larger for the Tube Wall-Jet Elec- Br
trode and as N is about 5 times smaller than N the total sensi-o
tivity improvement is about 50 times. The extended reaction time may

also lead to a larger N_ , that is more bromine molecules may findo r
time to react with brominatable sites.

Initial experiments with the TWJE were not satisfactory. 

Collection efficiency curves were recorded with values much lower 

than the theory predicts. This abnormal behaviour is probably due to 

a "streaming" effect ; the bromine generated at the wall of the tube 

travels down the tube into the nozzle close to the wall. Looking at 

the stream function of a wall jet shows that it is mainly the

central "core" of the jet that is going to hit the electrode sur­

face. The Reynolds number for the tube and the nozzle were calcu­

lated to

Retube 2Vf_= 6.35 
ttRu

[5.24]

Re _ = 12.7nozzle
According to experimental findings , a three dimensional jet remains



172

4

*

4

4

laminar up to critical Reynolds number Re ( where 25<Re <1000

(111). This means that the laminar flow is maintained throughout the 

tube-nozzle system and little mixing will occur in the flow. This 

situation is illustrated in figure 5.22. Attempts to "stuff" the 

tube in order to improve the mixing were not successful.

Fig 5.22 The tube electrode "streaming" effect.The dotted
lines represent streamlines close to the tube wall 
travelling through the nozzle and finally impinging 
on the disc.

Our attention was then turned to a new electrode material introduce 

on the market. This material is called Reticulated Vitreous Carbon 

(RVC) , and is a very porous vitreous graphite. We assumed this 

electrode material would improve the mixing as the reaction now 

takes place in a more "homogenous" fashion. The bromide/bromine 

system was investigated on this material and showed quite good 

kinetics. Platinisation of the carbon did not improve matters signi­

ficantly , so experiments were carried out using the RVC in its 

original state. An RVC packed-bed electrode was constructed to fit
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the inlet thread of the WJE. This electrode is illustrated in figure

5.23a.

Fig 5.23 a)The old vitreous carbon packed bed electrode 
b)The new vitreous carbon packed bed electrode

An unforeseen problem occurred with this electrode , namely

electrical resistance across the nozzle and operating range of

galvanostat. The used galvanostat is illustated in figure 5.24

the

the

Fig 5.24 Circuit diagram of the galvanostat 
and the packed-bed electrode

It works as follows ; in order to maintain a virtual earth potential

at the summing junction S in fig. 5.24 , the amplifier outputs a

current in the feed-back loop over the solution resistance , Rg ,

that equals the input current i. =E/R. . The maximum output voltage  ̂ in in
the. LM 11 can produce is ±14 V , and the maximum input voltage is
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±10 V. Balancing the input and the output currents we arrive at

which yields

E.
- m -
R. in

_E .out-Rs
[5.25]

Rs,max [5.26]
in

This means that the galvanostat will cease to operate if R >1.4*R. .s i n
A simple DC resistance measurement across the packed bed electrode

and the counter elfectrode gave a reading of 1.26 MQ. This solution

resistance limits the current to the packed bed electrode at 11 pA

using an LM 11 op-amp. The LM 11 has an offset current of 4*10 11 A
3 -11, thus for a 0.1 Z accuracy the minimum current is 10 *4*10 =4*10

8 —  6 —  8A. The dynamic range of this system is then 1 1 *10 /4* 10 =275.

This is a very poor performance , ideally one wishes to have a
6dynamic range of 10 for a chromatographic detector. The dynamic 

range may be expanded by using a more powerful galvanostat , but 

this leads to another problem ; the temperature rise in the cell as 

we pass large currents. The produced power is

P = U*I = R*I2 = W/t [5.27]

and the quantity of heat

W = Cp*m*AT [5.28]

where Cp = specific heat 

m = the mass

T = the absoulute temperature

If we now combine [5.27] and [5.28] together with m = g*V and V = V̂ .*t 

we get

AT = R*I2 [5.29]
C *&*V„P f

Assuming we wish to increase the current to 10 mA , and using
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typical values for the other variables we find the temperature 

change AT is

1.26*10^*(1q-2 ) 2
AT =---------j------------- —  ■ 77 K°

4.18*10 *0.9988*4*10

This led us to abandon the idea of passing a current through 

the nozzle. The next design .illustrated in fig 5.23b , was a sep­

arate upstream electrode system. The counter electrode was placed 

behind a glass sinter in a plastic tube to allow the produced hydro­

gen gas to diffuse into the atmosphere.

Fig 5.25 The left hand part shows collection efficiency curves
recorded at different flowrates at a sweep rate of 2 pA/s. 
The measure^l^collection efficiency is plotted versus the 
(flowrate) in the right hand part. The theoretical
line is also shown.

Fig 5.25 shows collection efficiency curves at diffrent

flowrates and the collection efficiency plotted versus the
-1/4(flowrate) . The initially curved shape is a typical response of 

a first order lag to a linear ramp when the sweep rate is faster

than the time lag. A linear ramp's , g(t)=kt , LaPlace transform is
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G(s)=ks 2  ̂ combined with a first order lag C(s)=(1+Ts) 1 yields the 

total transfer function

R(s) = G(s)*C(s) = ks‘2(1 + Ts) " 1 [5.30]

The time response r(t) can be obtained by LaPlace inversion after 

separation into partial fractions, i.e

R(s) = k(s" 2 - Ts"1+ T2(1 + Ts)"1) [5.31]

and hence from table 1 in appendix I

r(t) = k(t - T + Te't/T) [5.32]

The transient response is ke^^ which decays to less than 2Z of T in 

4T , and the steady state response is k(t-T) , i.e for large values 

of time t the output lags the input by a constant value kT. This lag 

can be compensated for in the Autotitrator technique by changing the 

control algorithm.

The result in the right hand part of fig 5.25 shows that the 

experimental collection efficiency is lower than the theoretical. 

This suggests that the bed is not 100 l efficient in producing 

bromine or some of the produced bromine is not detected at the disc.. 

Voltammogram of the bromine system on the packed bed electrode shows 

good kinetics with little solvent decomposition interference. In the 

latter case it might again be a streaming effect , or the case of 

some bromine escaping to the counter electrode compartment .and 

being reduced at the counter electrode.

An inconvenience in this technique is the lag between generator 

and detector. This lag consists of two parts , firstly a transport 

dead time and secondly a first order lag (typical of packed bed 

reactors). The dead time ,td .depends linearly on the flow- 

rate, V̂. ,the distance between the electrodes , d , and the nozzle 

area , A .
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td = d*A [5.33]
Vf

The first order lag depends on the volume of the packed bed , V ,and 

the flowrate , V^.

C = C (1 - e”Vft/V) [5.34]o
For a 0.1 Z errror in concentration we get

C = 1 - e_Vf*tl/V = 0.999 [5.35]
Co

which yields t^ = 6.91(V/V^) [5.36]

The total time lag , t ,is then the sum of [5.33] and [5.36]

t = {d*A + 6.91 *V)/V [5.37]

With typical values equation [5.37] gives

t = 0.07*0.002 + 6.91*0.03 = 0.14 + 20.7 = 20.87 sec 
0 . 0 1 0. 01

Cleararly it is the first order lag that is the most important lag

factor. A conflicting aspect is the collection efficiency ( which
-1/4 “ 1depends on ) versus the response time (which depends on ).

Figure 5.26 shows the collection efficiency and response time plott­

ed versus the flowrate.

plotted against flowrate
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Further investigations on this technique are continuing in this 

laboratory.
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5.9 Results

5.9.1 Analog Autotitrator

The analog Autotitrator was first used as a detector in protein 

liquid chromatography. It was run in parallel with a Pharmacia UV-2 

uv-detector , the two detector outputs were recorded on a dual 

channel Y-t recorder. A typical LC set up is illustrated in figure 

5.27

Fig. 5.27 A typical chromatography experiment

The columns were Pharmacia C10/10 or C10/40 packed with Sepha- 

cryl 200 Superfine. Typical results for the separation and detection 

of a mixture of catalase and ribonuclease at different flowrates are
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shown in fig 5.28. The phase shift between the uv and Autotitrator 

peaks is due to the serial arrangement of the detectors in the 

experiment.

15mi/h 30m l/h 60m !/h

Fig 5.28 Typical result: for the separation of catalase 
and ribonuclease on a Pharmacia C10/19 column 
packed with Sephacryl 200 Super fine. Curve A 
is the Autotitrator and curve 8 is the uv-detector

It is interesting to note that the resolution seems higher for 

the Autotitrator than for the uv-detector. The actual resolution is 

determined by the chromatographic system and is the same for the two 

detectors. The apparent resolution is determined by the sensitivity 

for the minor component. This is simulated in figure 5.29 where the 

minor component is plotted for two different sensitivities. The
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Autotitrator brominates electrophilic active sites in proteins .typ­

ical groups are ;

*

•#

%

amino

thiol

tyrosine

tryptophan

— CH 2 ~S " C H j  methionine

Fig 5.29 Computer simulation of two overlapping gaussian 
peaks with the relative peak hights 1:3 for 
the minor peak

In contrast .the uv-detector relies on the chromophoric groups 

at 280 nm , which are mainly tyrosinyl and tryptophanyl groups. The 

autotitrator senses , in most cases . more groups in a protein than 

absorption at 280 nm does , and therefore has a higher intrinsic

nh2

•SH

sensitivity .
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The area under the peaks from the Autotitrator are proportional

to the concentration of the analysed species. We have derived a

formula for the protein concentration from the peak area (108).
00

[ P]  = _y J ;  i  dt [5.35]
fBm' 0 d 'P

where f = the fraction of the eluted solution that 
passes through the WJRDE

B = 2.76 P2/3N-1FD2/V 5/1V 1/V M  0 1
p = (r3/r,t9/8 - (W 3/8
u = the kinematic viscosity

m

a = the diameter of the jet
2/3m' = m(D /D. ) p As

D = 01 = 0.98*10“5 cm2s" 1 3 25 C°As

m' is the "observed bromine number" , i.e the number of the mole­

cules of bromine that have reacted with the protein. This number is

the product of the "true stochiometric bromine number" and the
2/3(diffusion coefficients) . Note that [P] can be measured without

calibrating the column and the detector with a standard solution of

pure protein. We have tested this procedure for the catalase system.

When 0.2 nmol of catalase were injected injected onto the column at
3 -1a flowrate of 15 cm h , we found that [P] calculated from eqn 

[5.35] was 0.18 nmol. This shows that reasonable estimations of 

quantities of protein may be obtained from peak integration. Note 

also the sensitivity of the technique.

An inetresting development is to record the response of the 

Autotitrator versus that of the uv-detector. This yields not only a 

more reliable quantitaitive measurement but also some qualitative

information. Most proteins have different responses to uv and auto­



titration , therefore a "mapping" of the different proteins would 

enable an identification. Figure 5.30 shows a typical result when 

optical density (OD) is plotted against the Autotitrator. The cigar 

shape comes from the time lag between the two detectors as they 

were connnected in series. The different proteins give "cigars" of 

different sizes and at different angles. A parallel detector 

arrangement gets rid of the "cigars" but also half the sensitivity 

because the eluent stream ii split in two.

Fig 5.31 Comparison of the output of the Autotirator and the uv
detector for a mixture of ribonuclease and catalase 
eluting from a Pharmacia C10/40 column packed with Sepha- 
cryl 200 Superfine.The upper diagram shows the output of 
the uv-detector plotted against the Autototrator , and the 
lower is the y-t recorder plot.
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5.9.2 Digital Autotitrator

The digital Autotitrator was assessed in a Flow Injection

Analysis (FIA) system , illustrated in fig 5.32 . which employed a

Rehodyne injection valve with a 10 pi sample loop and a 3 m 0.5

mm 1.0 PTFE tubing coil. The flow from the peristaltic pump was

pulse damped before entering the FIA system. The coil lenght was 

determined empirically and gave well shaped FIA peaks.

Fig 5.31 The FIA system

Initial autotitration experiments with the protein cytochrome C 

showed poor sensitivity and resolution. These factors are determined 

by the OAC which controls the disc current (which is proportional to 

the concentration of the protein). The CMU interface uses a 12-bit 

OAC with a * 10 V range , described in chapter 3 . This OAC gives a 

LSB resolution of

LS0 = 20000/212 s 4.88 mV/bit

which the galvanostat converts to

LSB = 4.88/10 kQ = 4.88 pA/bit

Recalling the equation for the protein current . ip , [2.2.11]
1 c. cn"2/3 -5/123/4 -1/2 3/4 ip = 1 . 6knF0 v Vf a r1 £p 3

with typical values for cytochrome c equation [2 .2 .1 1] yields

ip = 3 . 9 [ P ]

The constant's unit is pM/pA . which gives the detection limit for
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cytochrome c

CP]min = *-88/3.9 = 1.2 pM
This protein was easily detected at much lower levels with the 

analog Autotitrator. In order to improve the resolution following

amendments were made;

i) The DAC and ADC were changed to cover the range 0 to 10000mV
ii) The galvanostat and potentiostat gains were changed by a 

factor of 10

This improved the LSB resolution to 0.244 pA/bit , which corresponds 

to a detection limit for cytochrome c of about 60 nM. The detection 

limit depends on the molecular weight , the diffusion coefficient 

and the bromine number of the analysed species , but will in general 

deteriorate with increasing molecular weight . Nevertheless experi­

ments were carried out with the digital Autoanalyser and gave 

reasonable results , which shows that it can be used as a root death 

detector in NFT. Typical results for the proteins cytochrome c 

(MW = 1 23 4 8 ) and protease (MW not known) are shown in fig 5.32 and 

fig 5.33.

Fig 5.32 Typical results for Autotiration of cytochrome c
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Fig 5.33 Typical results for Autotitration of protease.
24 yg protease was injected in the FIA system

Another disadvantage in the digital impementation is the small 

dynamic range; The set-point in the control algorithm must be in the 

linear range of the titration curve. The commencement of the linear 

region for a titration curve is found by combining equations 

[2 .2 .1 0] and [2.2 .1 1] , which yields an expression wich depends on 

the.proteine current ip

ir ,set-point N N' - 1
[5.36 ]

o
If we anticipate a high protein concentration in the peak a high

i . . . is required. This means that a fraction of the DAC'r,setpoint
range will be used by the control condition , which at high set-

point might cut down the Dac's dynamic range to less than 2000 which

is unsatisfactory in chromatograpy but probably useful in NFT.

These findings show that that an analog Autotitrator with a 

microcomputer for the data analysis is the best combination.



5.11 Conclusions

In this section we summarise the findings of the work described 

in this chapter.

We have designed and built a novel microtitration Autotitrator, 

which can be used succesfully as a detector in liquid column 

chromatograpy of biochemically intresting species such as proteins , 

aminiacids and peptides , and enables a direct concentraion reading 

from the peak area without calibration. It can also yield 

qualitative information if it is used together with a conventional 

uv-detector.

We have found , despite the current trend to computerise 

everything , that the analog Autotitrator performs better than its 

digital counterpart. This is mainly due to the limited dynamic range 

of Analog to Digital and Digital to Analog converters. Nevertheless 

the digital Autotitrator works satisfactorily for hydroponic work 

and performs automatic peak integration and has a dynamic control 

algorithm. The best combination is an analog Autotitrator with 

computer controlled data acquisition and conversion.

A packed bed wall jet electrode has been designed and built. 

This electrode system has a higher intrinsic sensitivity than the 

wall jet ring disc electrode , but has a slow response and 

experimental result does not agree with theory.
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The LaPlace transform of a function of time f(t) is written as 

FIs) and is defined as

FIs) = [fit)] = J fIt)e“st dt [1.1]
0

where s = o + jui is an arbitrary complex variable , . The

complex variable s must be sufficienly large :o ensure that the

integral converges. Table 1.1 list the LaPlace transform pairs of

most importance in control work. Some important theorms are often

used in control. The final value theorem ;

lim fit) = lim sFIs) [1.2]
t - >°° s - > Q

and the shifting theorem

If [fit)] = FIs) then [f(t-T)] = e'sTF(s) [1.3]

Inverse LaPlace transformation , “1[FIs)]=fIt) , is required

to obtain the time response. Transformed solutions will in general 

be a ratio of two polynomials:

FIs) =
m m - 1a s  + a  s +...a„

m________ m -  1_______________
n . n-1 .s + b s +...b„n-1 0

[1.4]

When this is not in a form which can be found in the available 

tables it must be split by partial fraction expansion into a number 

of functions which are listed in the tables;

FIs) = F Is) ♦ FIs) +.... [1.5]

therefore

= "1C F1Is ) ] + “ 1C F2(s ) ] ♦ . . .fit) CI.6]
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The basic z-transform may be defined as;

Z C -F . 3 = F ( z ) = E f.z " 1l i
i = o

Cl-73

and f must be defined for all values i>0 and be zero for i<0 . The 

property of convergence must be satisfied , this states that

ZCf.3 exist if lim E f.z-1 exist 
k- >°° i = 0

An important theorem is the shift theorem

k k_1 k - iZtf , 3 = z kF (z ) - l  f.zK
ltk i.0 1

The z-transform is usually solved by partial fraction expansion 

and tables. Table 1.1 list the most used z-transforms

Table 1.1
Table of z-transforms and s-transforms

1
f (t ) I

l
F t s ) | F ( z )

I

l

1
1
1
l

1 / s I 1/(1 - z“ 1 ) 
1

t
1
1
l

1 / s 2 1 T(z-’ - z - V 2

-at
e

1
1
l

1 / ( s + a )
! .... - a T -1 | 1 / (1 - e z )

-at
te

1
1
l

. . -2 (s + a )
! _ -aT -1.. -aT -1. 
| Te z (1-e z )
i

2

1

. -at 1 -e
1
1
1

, 2 .-1 a (s + sa ) I ___ litjL I L l l L - .t /4 “ I * / 4 "a i “ 1* | (1 -z ) (1-e z )
i



APPENDIX H  

PROGRAMS

This is a listing of the Autoanalyser program NAIE.The extended 
BASIC interface commands are expained in the next section.

1 CALL"IDENT",0,0:REM Initiate interface
3 CALL"WRIT16",12,1,0,0:REM Select millisecond timer
4 CALL"WRITE8",12,1,2,2
5 CALL"WRITE8",12,1,3,0
6 CALLMSETTR", 12,1,0,0:REM Select external trigger 
8 CHANNEL=6:0FFSET-0:REM Initial values
10 DATA B,C,D:SIDE$="A":REM Data for disc side control 
12 ON BREAK GOTO 11000:REM Jump out subroutine 
14 CALL,,IDENT,,,0,0 
18 LNULL 10,127
20 NULL 10,32:REM Offset screen 10 columns 
22 PUT 27,"=0J":?CHR$(31)
24 PLOT10,45,"*******************************"
26 PLOT10,42,"* *"
28 PLOT 10,39,”* Welcome to LRS Ion Sel- *"
30 PLOT10,36,"* ective Electrode Data log- *"
32 PLOT10,33,"* ging program. ***
34 PL0T10,30,”* *"
36 PLOT 10,27,n*******************************,»
38 CALL"WAIT",500:REM &&&&&&&&&& Wait 10 sec.
40 ?CHR$(31) :REM &&&&&&&&&&& Clear screen 
42 PLOT 10,45 n******************************n 
44 PLOT 10,42,"* ' *"
46 PLOT 10,39,"* This program measures the *"
48 PLOT 10,36,"* activity of the nutrient *"
50 PLOT 10,33,"* solution every hour.The *"

i n  o n  »»+x V , or
54 PLOT 10,27,"* hard copy. *" 
56 PLOT 10,24,"* The system is calibrated *" 
58 PLOT 10,21,"* 6.00 a.m and 6.00 p.m *" 
60 PLOT 10,18,"* *"
62 PLOT 10,15,"******************************"
64 CALL"WAIT",500 
66 ?CHR$ (31)
68 PLOT 10,45,"******************************"
70 PLOT 10,42,"* *"
72 PLOT 10,39,"* If you wish to switch off *"
74 PLOT 10,36,"* the system,remove the dis- *"
76 PLOT 10,33,"* cs first , then you may *"
78 PLOT 10,30,"* switch off the mains. *"
80 PLOT 10,27,"* *"
82 PLOT 10,24,"******************************" 
84 CALL"WAIT",500:?CHR$(31)
86 PLOT 10,39,"******************************" 
88 PLOT 10,36,"* *"
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*

90 PLOT 10,33,"* Lets proceed to the sta- *"
92 PLOT 10,30,"* rt up procedure. *"
94 PLOT 10,27,"* *"
96 PLOT 10,24,"******************************"
98 CALL"WAIT",250:?CHR$(31):
100 PUT 27,"=1 J":NULL 20,32: ?CHR$(3 1)
102 INPUTLINE "OPERATOR:",0PRATR$
104 IF LEN(OPERATR$)ss0 THEN ?"NO CHEATING,TYPE IN YOUR NAME":GOTO 102 
106 ?:?
108 ?"DATE ENTRY USING NUMBERS"
110 INPUT "YEAR:",YEAR 
112 INPUT "MONTH:",MNTH 
114 INPUT "DAY:",DAY 
116 ?:?
118 ?"TIME ENTRY USING THE 24 HOUR CLOCK"
120 INPUT "HOUR:",HOUR
122 IF HOUR<0 OR HOUR>24 THEN ?"REMEMBER IT IS 24 HOURS PER DAY,TRY 

AGAIN !":GOTO 120 
124 INPUT "MINUTE:",MINUTE
126 IF MIN<0 OR MIN>60 THEN ?"REMEMBER IT IS 60 MIN PER HOUR,TRY 

AGAIN!": GOTO 12 4
128 INPUT "SECOND:",SECND:GOSUB 2000:REM Start clock 
130 ?:?:?
132 ?CHR$(31);" HOW DO YOU LIKE TO STORE THE RESULTS ?"
134 ?:?:?:INPUT LINE"ENTER:DISC , HARDCOPY OR BOTH :",KEEP$
136 IF KEEP$<>"DISC" AND KEEP$<>"HARDCOPY" AND KEEP$<>"BOTH" THEN 

?"ILLEGAL ENTRY,TRY AGAIN !":GOTO 134 
138 IF KEEP $-"HARD COPY" GOTO 148
140 INPUTLINE"ENTER FILENAME FOR DATAFILE:",FLNME$
142 IF LOOKUP(FLNME$)=0 GOTO 148
144 ?FLNME$" EXIST , TRY AGAIN !":GOTO 140
148 PRINTER 4,4:LNULL 10,127:REM &&&&&&&&&& Set indent to 10
150 LPRINT

..... . . i . i ..... ,H
15 4LPRINT"|

I"
156LPRINT"! LPS ISE d a t a  ArnnT.QTTTnw pphicpam

I"158LPRINT" | ================================in
160LPRINT "1 M  I II I I I I I I I 1 I I I Ml II I I I H -H -H H -H -H  I I II I I II I 1 I I It I I 

H -H  H  I-1-1 \ 1-H-H  1"
162LPRINT "|

I"
16 4 LPRINT"| DATE : " D A Y " /"MN TH"/"YEAR"

TIME: "HOUR": "MIN; TAB (6 8);" |"
16 6LPRINT"|

I "
168 IF KEEP$="HARDCOPY" GOTO 174 
170 LPRINT "|

OPERATOR: "OPERATR$ ;TAB (40); "DATAFILE: "FLNME$ ;TAB (68);" |"
172 GOTO 176
17 4 LPRINT "| OPERATOR:"OPERATR$ ;TAB(68);"["
17 6 LPRINT" |
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#

*

*

17 8LPRINT " 1 M  H I I I II II HI H  II II II H  I 1 I I I M  M I It I I I II M I H  I I I I H  l fr-H-H I I 
I 1 I M -H- 1 "

180LPRINT " |
I”

182 LPRINT" | CHECKLIST
I"

184 LPRINT M | ==========
I"

186 ?CHR$ (31)
188 ?:?
190 PUT 27,"=0J":REM &&&&&&&&&& 40 char screen 
192 ?CHR$(31)
194 PLOT 10,45,"*****************************"
196 PLOT 10,42,"* *"
198 PLOT 10,39,"* We now proceed with the *"
200 PLOT 10,36,"* check list.Answer every *"
202 PLOT 10,33,"* question and take the *"
204 PLOT 10,30,"* necessary action. *"
206 PLOT 10,27,"* *"
208 PLOT 10,24,"*****************************"

212 CALL"WAIT",250
214 PUT 27,"=1J":?CHR$(31):NULL 5,32:REM 40 char screen, clear and 

5 indentation 
216 ?:?:?
218 INPUT "ESTIMATE THE VOLUME (in ml) OF LO CALIBRATION SOLUTION:",VOL 
220 ?:?" THIS WILL LAST "INT(VOL/20)n MEASUREMENTS OR

"INT(VOL/480)" DAYS"
222?:?
224 LPRINT"|";TAB(5);"LO CALIBRATION SOLUTION FOR "INT(V0L/20)M 

CALIBRATIONS OR "INT(VOL/480)" DAYS";TAB(68)
226 INPUT "ESTIMATE THE VOLUME (in ml) OF HI CALIBRATION SOLUTION:",VOL 
228 ?:?" THIS WILL LAST "INT(VOL/20)" CALIBRATIONS OR

"INT(VOL/40)" DAYS"
232 LPRINT " |";TAB(5);"HI CALIBRATION SOLUTION FOR "INT(V0L/20)M 

CALIBRATIONS OR "INT(VOL/40)" DAYS";TAB(68)
234 ?:?
236 ?"IF MORE SOLUTION IS NEEDED PLEASE SEE MANUAL FOR INSTRUCTIONS"
238 CALL"WAIT",300:?CHR$(31)
240 ?:?
242 ?"CAN YOU HEAR THREE CLICKING NOISES FROM THE SOLENOID VALVE BOX ?" 
244 FOR N=0 TO 2
246 CALL"WRITE8",64,1,0,2~N+0.1:REM Output to valves 
248 ZZ$=GET$(30)
250 IF ZZ$="Y" THEN GOTO 264 
252 IF ZZ$="N" THEN GOTO 258 
254 NEXT N 
256 GOTO 244
258 ?"CHECK CONNECTIONS AGAIN !"
260 ?:?"IS IT OK NOW (PRESS Y FOR YES/N FOR NO) ?"
262 G0T0244
264 CALL"WRITE8",64,1,0,0:REM Switch off valves
266 L P R I N T " ;TAB(10);"SOLENOID VALVES OK";TAB(68);"|"
268 ?" GOOD"
270 CALL"WAIT",200 
272 ?CHR$(31)
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274 ?:?
276 ?"CHECK TUBING FROM CALIBRATION SOLUTIONS TO THE FLOW CELL"
277 ?"CHECK ALSO THAT THE VALVE IS IN THE RIGHT POSITION"
278 INPUTLINE " OK (YES/NO) ?",A$
280 IF A$O"N0" AND A$<>"YES" THEN ?"ILLEGAL ENTRY,TYPE YES

* OR NO":GOTO 278
282 IF A$="NO" THEN ?"CHECK WITH THE MANUAL FOR CORRECT 

CONNE CTIONS":GOTO 27 8
284 LPRINT"|";TAB(10);"TUBING OK";TAB(68);"|"
286 ?CHR$(31):?:?
288 CALL"WRITE8",64,1,0,4:REM &&&&&&&&&& Swich to nutrient solution 
290 CALL"WRIT16",1,1,0,300:REM &&&&&&&&& Swich on pump

* 292 ? "IS THE PUMP WORKING NOW (YES/NO) ?"
• 293 INPUTLINE"(CHECK ALSO IF THE FLOW FROM THE GREEN HOUSE IS OK)",A$

294 IF A$<>"NO" AND A$o"YES" THEN ?"ILLEGAL ENTRY,TYPE YES 
OR NO":GOTO 292

296 IF A$="NO" THEN ?"CHECK 1)MAINS 2)SWICH ON PUMP 3)COMPUTER 
CONNECTION (socket Oa on board DAC-l)":GOTO 292 

298 ?" WELL DONE !":CALL"WAIT",200
300 L P R I N T " T A B (10);"PUMP OK";TAB(68);"|"
302 CALL"WRIT16",1,1,0,0:REM &&&&&&&&&& Swich off pump 
304 ?CHR$(31):?:?
306 INPUTLINE "IS THE FLOW CELL FILLED WITH SOLUTION (YES/NO) ? :",A$ 
308 IF A$O"N0" AND A$o"YES" THEN ?"ILLEGAL ENTRY,TYPE YES 

OR NO":GOTO 306
m 310 IF A$="YES" GOTO 324

312 ?"THE PUMP IS NOW PUMPING , PLEASE PRESS THE RETURN KEY WHEN"
314 ?"THE FLOW CELL IS FILLED"
316 CALL"WRIT16",1,1,0,500:REM &&&&&&&&&& Swich on pump 
318 ZZ=GET()
320 CALL"WRIT16",1,1,0,0:REM &&&&&&&&&& Turn off pump

* 322 ?" WELL DONE !":CALL"WAIT",100
324 LPRINT"|";TAB(10);"FLOW CELL OK";TAB(68);"|"
326 ?CHR$(31):?:?
328 INPUTLINE "IS THE FLOW FROM THE GREEN-HOUSE OK (YES/NO) ?:",A$
330 IF A$O"N0" AND A$o"YES" THEN ?"ILLEGAL ENTRY,TYPE YES 

OR NO":GOTO 328
*  332 IF A$="NO" THEN ?"CHECK 1)PUMP IN GREENHOUSE 2)FILTER":GOTO 328 

334 LPRINT"|";TAB(10);"FLOW FROM GREEN HOUSE OK";TAB(68);"|"
336 ?CHR$(31):?:?
338 IF KEEP$»"HARDCOPY" GOTO 360
340 INPUTLINE "HAVE YOU REMOVED THE PROGRAM DISC AND INSERTED THE DATA 
DISCS ?",A$
342 ?"DON'T FORGET TO CLOSE THE DOORS ON THE DISC DRIVES" 

t 344 IF A$o"NO" AND A$o"YES" THEN ?"ILLEGAL ENTRY,TYPE YES
OR NO":GOTO 340

346 IF A$="NO" THEN ?:?:?"THE DATA DISCS MUST RESIDE IN THE 
DRIVES !":GOTO 340

348 ZZ=SIZE("A:")+SIZE("B:")+SIZE("C:")+SIZE("D:")
350 ?"THERE IS "ZZ" kBYTE OF DISCSPACE AVAILABLE"
352 ?"THIS WILL LAST "ZZ*8" MEASUREMENTS OR "INT(ZZ*8/24)" DAYS"
354 LPRINT" | ";TAB (10) ;"DATA DISCS IN DRIVES , WITH "ZZ" kBYTE OF FREE 

MEMORY";TAB(68) ;" |"
356 LPRINT" |";TAB(10) ;"DISC SPACE FOR "ZZ*8" MEASUREMENTS 

OR "INT(ZZ*8/2 4),? DAYS";TAB(68);"|"
357 RESET: CREATE #10,FLNME$:QUOTE #10,34



358 CALL,,WAIT",300: ?CHR$ (31) : ?: ?
360 INPUTLINE "IS THERE ENOUGH PAPER FOR THE.PRINTER (YES/NO) ?",A$ 
362 IF A$<>"NO" AND A$<>MYES" THEN ?"ILLEGAL ENTRY,TYPE YES 

OR NO":GOTO 360
364 IF A$="NO" THEN ?"GET SOME MORE THEN !!!":GOTO 360 
366 L P R I N T " T A B (10);"PRINTER PAPER 0K";TAB(68);"|"
368 ?CHR$(31):?:?
370 INPUTLINE"ARE YOU USING THE NORMAL ELECTRODE CONFIGURATION 

,ie Ca,pH,Na,N03,C1,K (YES/NO) ?",A$
372 IF A$<>"NO" AND A$<>"YES" THEN ?"ILLEGAL ENTRY,TYPE YES 

OR NO":GOTO 370 
374 IF A$="NO" GOTO 388
376 ISE$(0)="TEMP":ISE$(l)="Ca":ISE$(2)="pH":ISE$(3)="Na": 

ISE$(4)="N03"
378 ISE$(5)="C1":ISE$ (6)="K"
380 REM &&&&&&;&&&&&&&& This is the molecular weight matrix for 

ppm conversion
382 MW(1)=40.1:MW(2)=1:MW(3)=23:MW(4)=62:MW(5)=35.5:MW(6)=39.1 
384LPRINT"|";TAB (10) ;"ELECTRODE PO SITIONS:Ca(1) ,pH(2) ,Na (3) ,N0'3 (4), 

Cl(5),K(6)";TAB(68);" |"
386 GOTO 412
388 ?CHR$(31):?:?:?
390 ?" CHANNEL ASSIGNMENT"
392 ?:?
394 ?"HOW MANY CHANNELS ARE USED:";
396 INPUT"",CHANNEL
398 ISE$(0)="TEMP":REM Channel 0=temp sensor
400 FOR N=1 TO CHANNEL
402 ?"CHANNEL NUMBER "N":";
404 INPUT LINE"",ISE$(N):REM Assign an ISE to a channel 
406 ?"MOLECULAR WEIGHT OF "ISE$(N)"
408 INPUT MW(N):REM Fill the molecular weight matrix 
410 NEXT N 
412 ?CHR$(31)
414 INPUTLINE"ARE YOU USING THE STANDARD CALIBRATION SOLUTIONS 

(YES/NO) ?",A$
416 IF A$o"NO" AND A$o"YES" THEN ?"TYPE YES OR NO !":GOTO 414
418 IF A$="NO" GOTO 438
419 LPRINT"|";TAB(10);"STANDARD CALIBRATION SOLUTIONS";TAB(68);" |"
420 REM &&&&&&&&&&&&& Hi calibration activity coeffs
422 HI(1,0)=.57:HI(2,0)=.9:HI(3,0)=.85:HI(4,0)=.85:HI(5,0)=.853: 

HI(6,0)=.85
424 REM &&&&&&&&&&&&& HI calibration concentrations 
426 HI(1,1)=.01:HI(2,1)=5.25E-5:HI(3,1)=.01:HI(4,1)=.02:HI(5,1)=.01: 

HI(6,1)=.01
428 REM &&&&&&&&&&&&& Lo calibration activity coeffs 
430 LO(1,0)=.809:LO(2,0)=.96:LO(3,0)=.945:LO(4,0)=.946:LO(5,0)=.946: 

L0(6,0)=.945
432 REM $&&&&&&&&&&&& Lo calibration concentrations
434 LO(1,1)=.001:LO(2,1)=1.58E-6:LO(3,1)=.001:LO(4,1)=.002:LO(5,1)

= .001:LO(6,1) = .001 
436 GOTO 482
438 LPRINT"|----------------------------------------------------------

440 FOR N=1 TO CHANNEL:REM Enter cal.sol. cone, and act.coeff. 
442 ?"LOW CALIBRATION CONCENTRATION FOR "ISE$(N)":";



444 INPUT"",L0(N,1)
446 ?"LOW CALIBRATION ACTIVITY COEFFICIENT FOR "ISE$(N)":
448 INPUT"" ,LO(N,0)
450 LPRINT M |M;TAB(10);"LOW CALIBRATION CONCENTRATION FOR MISE$(N)M: 

"LO(N, 1) ;TAB (68) ;" |"
452 LPRINT " |";TAB(10);"LOW CALIBRATION ACTIVITY COEFFICIENT FOR 

"ISE$(N)":"LO(N,0);TAB(68);"
454 LPRINT ?'|";TAB(10);"LOW ACTIVITY FOR "ISE$(N)":"LO(N,l)*LO(N,0)" 

mol/l";TAB(68);" |"
456 LPRINT "|------------------------------ ---------------------

458 NEXT N 
460 ?CHR$(31)
462 FOR N=1 TO CHANNEL
464 ?"HIGH CALIBRATION CONCENTRATION FOR "ISE$(N)":M;
466 INPUTM,,,HI(N,1)
468 ?"HIGH CALIBRATION ACTIVITY COEFFICIENT FOR "ISE$(N)":M;
470 INPUT"",HI(N,0)
472 SPRINT "|";TAB(10);"HIGH CALIBRATION CONCENTRATION FOR "ISE$(N)": 

"HI(N,l);TAB(68);"|"
474 LPRINT " |";TAB(10);"HIGH ACTIVITYCOEFFICIENT FOR "ISE$(N)":"HI(N,0) 

TAB(68);"I"
476 LPRINT " |";TAB(10);"HIGH ACTIVITY FOR "ISE$(N)":"HI(N,0)*HI(N,1)" 

MOL/L";TAB(68);"|"

480 NEXT N 
482 ?CHR$(31)
484 INPUTLINE"DO YOU WISH TO USE THE STANDARD ERROR LIMITS 

(YES/NO) ?",A$
486 IF A$<>"YES" AND A$o"NO" THEN ?"TYPE YES OR NO !":GOTO 484 
488 IF A$="NO" GOTO 498
490 LPRINT"|";TAB(10);"STANDARD ERROR LIMITS";TAB(68);"|"
492 REM &&&&&&&&&& Minimal response slopes
494 SMIN(1)=5 :SMIN(2)=40: SMIN(3)=40: SMIN(4)ss40: SMIN(5)=40: SMIN(6)*=20 
496 GOTO 508
498 FOR N=1 TO CHANNEL:REM Assign minimum response slope 
500 ?"MINIMAL RESPONSE SLOPE FOR "ISE$(N)" IN mV/dec:";
502 INPUT"",SMIN(N)
504 LPRINT"|";TAB(10);"MINIMAL RESPONSE SLOPE FOR "ISE$(N)":"SMIN(N)" 

mV/dec";TAB(68);" |"
506 NEXT N 
508 ?CHR$(31)
510 ?:?:?:?"THIS IS THE END OF THE CHECK-LIST,THE DATA ACQUISITION 

STARTS NOW"
511 CALL"WAIT",300

514 ?CHR$(31):PUT 27,"=OJ":REM &&&&&&&&&&& 40 Char 
516 REM&&&&&&&&&&&&&&&MAIN PROGRAM&&&&&&&&&&&&&&&&&&&&&£&&&&& 
518 REM&This part controls the overall timing of calibra- & 
520 REM&tions and measurements 1-point calibrations and & 
522 REM& measurements every hour.2-point calibrations twice & 
524 REM& a day. RS 10/5/83 &
526 REM&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&& 
528 ?CHR$(31)
530 GOSUB 1000:REM &&&&&&&&&&& Start with 2—point calibration



532 GOSUB 3000:REM &&&&&&&&&&& Read clock
534 IF HOUR-17 AND MIN=34 THEN GOSUB 1000
536 REM &&&&&&&&&&& 2-point calibration at 6 p.m
538 IF HOUR-5 AND MIN=34 THEN GOSUB 1000
540 REM &&&&&&&&&&& 2-point calibration at 6 a.m
542 IF MIN=47 THEN GOSUB 5000 ELSE PLOT 70,30,"IDLE"
544 REM &&&&&&&&&&& 1-point calibration if the hour is 
546 REM &&&&&&&&&&& ,:full" else the "time to go" sub.
548 GOTO 532 :REM &&&&&&&&&&& Close the loop
1000 REM&&&&&&&&&&&&&CALIBRATION&&&&&&&&&&&&&&&&&&&&&&&&&&&
1010 REM& This routine acquires EMFs from the calibration &
1020 REM& solutions.The slope and E0 is compensated for T &
1030 REM& and activity.Slope is in decadic logarithms . &
1040 REM& The calibration is checked against a minimal &
1050 REM& slope,in the SMIN matrix conditions are checked &
1060 REM& in a subroutine called Filter.If an error occurs&
1070 REM& it will automatically recalibrate and if the &
1080 REM& error persists print out an error message.The &
1090 REM& calibration result is stored in the matrix CAL &
1100 REM&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
1110 WARNING-0:ATTEMPT-1:REM &&&&&&&& Set number of calibrations-1 
1120 REM &&&&&&&& Set HI cal soln &&&&&&&&&&&&&&&&&
1130 CALL"WRITE8",64,1,0,1:REM &&&&&&&& Swich to HI 
1140 CALL"WRIT16",1,1,0,500:REM &&&&&&& Swich on pump 
1150 GOSUB 3000 :REM &&&&&&&& Read clock 
1160 IF WARNING-1 THEN GOTO 1200
1170 LPRINT"|*************************************************** 

****************|"
1180 LPRINT" | CALIBRATION STARTED: "DAY"/"MNTH"/"YEAR" AT

"HOURS":"MIN;TAB(6 8);"|"

1200 TFLAG$="PUMPING CALIBRATION SOLUTION":REM Flag for pump timing 
1210 GOSUB 4000:REM &&&&&&&& Goto wait sub 
1220 CALL"WRIT16",1,1,0,0:REM &&&&&&&& Turn off pump 
1230 TFLAG$-"WAITING FOR ELECTRODE EQUILIBRIUM":REM Flag for steady 

state timing
1240 GOSUB 4000:REM Wait routine
1250 LPRINT"|";TAB(18);"|";TAB(20);"ISE";TAB(29)|"TAB(31);"HIGF 

EMF (mV) ";TAB (43);" | ;TAB (68);" |"
1260 LPRINT" TAB(18);" I----------1--------------1";TAB(68);" |"
1270 FOR N-0 TO CHANNEL
1280 CALL"WRITE8",8,1,0,2~N+.5:REM &&&&&&&& Select channel 
1290 GOSUB 10000:REM &&&&&&&& Read EMF
1300 CAL(N,0)-EMF:REM Store result in matrix CAL(N,0) row 0 
1310 LPRINT"|";TAB(18);"|";TAB(20);ISE$(N);TAB(29);"|";TAB(31);EMF; 

TAB(43);"|";TAB(68);"|"
1320 LPRINT" I";TAB(18) ;"|--------- 1------------- 1";TAB(68);"
1330 NEXT N
1340 LPRINT"|------------------------------------------

1350 REM &&&&&&&& Select LO cal soln &&&&&&&&&&&&&&&& 
1360 CALL"WRITE8",64,1,0,2:REM &&&&&&&&&&&&&Swich to LO 
1365 CALL"WRIT16",1,1,0,500:REM &&&&&&&&&&&&Turn on pump 
1370 TFLAG$="PUMPING CALIBRATION SOLUTION"
1380 GOSUB 4000:REM &&&&&&&& Goto wait sub
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*

*

1390
1400
1410
1420

1430
1440
1450
1460
1470
1480

1490
1500
1510

1520
1530

1540

1550
1560
1570

1580
1590
1600

1610
1620
1630
1640
1650
1660
1670
1690
1700
1710
1730

1740
1750
1760
1770
1780

1790
1800

1810
1820
1830

1840
1850

CALLnWRIT16n,1,1,0,0:REM &&&&&&&& Swich off pump 
TFLAG$="WAITING FOR ELECTRODE EQUILIBRIUM"
GOSUB 4000:REM &&&&&&&& Goto wait sub
LPRINT"|";TAB(18)|";TAB(20)ISE";TAB(29);"|";TAB(31);"LOW 
EMF(mV)";TAB(43)|";TAB(68);"|"
LPRINT" |";TAB (18);" |---------- j------------- 1 ";TAB (68);" |"
FOR N=0 TO CHANNEL
CALL"WRITE8",8,1,0,2~N+.5:REM &&&&&&&& Select channel 
GOSUB 10000:REM &&&&&&&& Read EMF
CAL(N,1)=EMF:REM Store result in matrix CAL(N,1) row 1 
LPRINT"|";TAB(18);"|";TAB(20);ISE$(N);TAB(29);"|";TAB(31);EMF;
TAB(43)"|";TAB(68);"
LPRINT" |";TAB(18);" |----------1--------------|";TAB(68)
NEXT N
LPRINT" |------------------------------- 7---- -------------

LPRINT" |";TAB (20) ; "CALIBRATION RESULT";TAB (68);" |"

LPRINT" |";TAB(12);" |";TAB(14); "ISE";TAB (23);" |";TAB (25);"
SLOPE ";TAB(34);"j";TAB(36);" E0 ";TAB(45);"|";TAB(68);"|"
LPRINT" |";TAB(12);" |---------- 1--------- -|---------- |";TAB(68)
FOR N=1 TO CHANNEL
CAL(N,2)=CAL (0,1)*(CAL(N,1)-CAL(N,0))*LOG(10)/(CAL(0,0)*LOG(LO(N,0)* 
LO (N, 1) / (HI (N, 0).*HI (N, 1) ) ) )
REM &&&&&&&& Line 410 calculates the response slope 
REM &&&&&&&& The formulae is
REM &&&&&&&& Slope=Tlo*(Elo-Ehi)*log(10)/Thi*log(gammalo*Clo/ 
gammahi*Chi)
CAL (N, 3 ) =CAL (N, 1) -CAL (N, 2) *LOG (LO (N, 1) *LO (N, 0) ) /LOG (10)
REM &&&&&&&& Line 430 calculates the E0
REM &&&&&&&& The formulae is
REM &&&&&&&& E0=E-Slope*log(a)/log(10)
RESULT=CAL(N,2):OS=3:REM &&&&&&&&& Transfer slope to filter sub 
GOSUB 6000:REM &&&&&&&&& Goto filter sub
IF FLAG=»1 THEN WARNING*81:REM Unsucessful calibration if FLAG=1 
RESULT=CAL(N,3):OS=0:REM &&&&&&&&& Transfer E0 to filter sub 
GOSUB 6000:REM &&&&&&&&& Goto filter 
IF FLAG=1 THEN WARNING=1
LPRINT"|";TAB(12);"|";TAB(14);ISE$(N);TAB(23);"|";TAB(25);CAL(N,2); 
TAB(34);"|";TAB(36);CAL(N,3);TAB(45);"|";TAB(68);"|"
LPRINT" |";TAB(12) ;" |---------- 1---------- 1---------- 1";TAB(68); "|"
NEXT N
IF WARNING*81 AND ATTEMPT* 1 THEN ATTEMPT8*2:GOTO 1830 
IF WARNING*1 AND ATTEMPT*2 THEN GOTO 1800:REM Only 2 cal attempts 
LPRINT"|************************************************** 
*****************|"
RETURN
LPRINT"|*************************************************** 
****************|M
LPRINT"|";TAB(20);"RECALIBRATION UNSUCCESSFUL";TAB(68)"|"
RETURN
LPRINT"I|************************************************* 
*****************|"
GOSUB 3000:REM &&&&&&&&& Read clock
LPRINT"|";TAB(10);"RECALIBRATION STARTED "DAY"/"MNTH"/"YEAR;



TAB (40); "AT "HOUR": "MIN; TAB (6 8);" |"
1860 LPRINT" j ---------------------------------------------------------------------------------------------■-------------------------

------------------- |»
1870 GOTO 1130
2000 REM&&&&&&&&&&&&&&&&REAL TIME CLOCK SUBROUTINE&&&&&&&&&&&&&&&&
2001 REM& This routine sets and starts the real time clock &
2002 REM&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&& 
2010 CALLnSETTR",63,1,1,1
2020 ZZ=HOUR
2030 GOSUB 2130:REM&&&&&&&&&Convert decimal to BCD 
2040 CALL"WRITE8",63,1,3,ZZ 
2050 ZZ=MIN
2060 GOSUB2130:REM&&&&&&&&&Convert decimal to BCD 
2070 CALL"WRITES",63,1,2,ZZ 
2080 ZZ=SEC
2090 GOSUB 2130:REM&&&&&&&&&Convert decimal to BCD 
2100 CALL"WRITE8",63,1,1,ZZ 
2110 CALL"SETTR",63,1,0,0 
2120 RETURN
2130 REM&&&&&&&&&&&&&&&& Convert decimal to bed 
2140 ZZ=INT(ZZ)
2150 D2=INT(ZZ/10)
2160 DlssZZ-D2*10 
2170 ZZ=D1+D2*16 
2180 RETURN
3000 REM&&&&&&&&&&&&&&&& CLOCK AND CALENDAR &&&&&&&&&&&&&&&&&&&&&&
3001 REM& This routine reads the real time clock and updates the &
3002 REM& calendar. N.B not leap year proof ! &
3003 REM&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&& 
3010 CALL"READ8",63,1,0,VARADR(ZZ)
3020 CALL"READ8",63,1,1,VARADR(ZZ)
3030 GOSUB 3160:REM&&&&&&&&&Convert BCD to decimal 
3040 SEC=ZZ
3050 CALL"READ8",63,1,2,VARADR(ZZ)
3060 GOSUB 3160:REM&&&&&&&&&Convert BCD to decimal 
3070 MIN=ZZ
3080 CALL"READ8",63,1,3,VARADR(ZZ)
3090 GOSUB 3160:REM&&&&&&&&&Convert BCD to decimal 
3100 H0UR=ZZ
3110 IF MIN>0 THEN OK*0:REM Reset OK
3120 IF HOUR=0 AND MIN=0 AND 0K=0 THEN GOSUB 3210:REM&&&&&&&&&Updat 

datum if OK=0
3130 A$=RIGHT$(STR$(HOUR),2)+":"+RIGHT$(STR$(MINUTE),2)
3135 PLOT 135,45,A$
3150 RETURN
3160 REM&&&&&&&&&&&&&&&& Convert bed to decimal 
3170 D2=INT(ZZ/16)
3180 D1=ZZ-(D2*16)
3190 ZZ=D1+D2*10 
3200 RETURN
3210 REM&&&&&&&&&&&&&&&& Update datum
3220 DAY=DAY+1:0K=1:REM 0K=1 prevents updating in line 3120
3230 IF DAY=29 AND MNTH=2 THEN GOSUB 3300
3240 IF DAY=31 AND MNTH-4 THEN GOSUB 3300
3250 IF DAY=31 AND MNTH=6 THEN GOSUB 3300
3260 IF DAY=31 AND MNTH=9 THEN GOSUB 3300



3270 IF DAY*31 AND MNTH=11 THEN GOSUB 3300 
3280 IF DAY*32 THEN GOSUB 3300 
3290 RETURN
3300 REM&&&&&&&&&&&&&&&& Update month and year 
3310 MNTH=MNTH+1 
3320 DAY=1
3330 IF MNTH>12 THEN GOTO 3350 
3340 RETURN 
3350 YEAR=YEAR+1 
3360 MNTH=1 
3370 RETURN
4000 REM &&&&&&&&&&&&&—WAIT R0UTINE-&&&&&&&&&&&&&&&&&&&&&&&
4010 REM & This routine looks for the flag TFLAG$ which &
4020 REM & tells what sort of routine it is going to be. &
4030 REM & Than TIME is calculated as the sum of the &
4040 REM & DELAY and the real time MIN. ' &
4050 REM &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
4060 ?CHR$(31)
4070 IF TFLAG$="PUMPING CALIBRATION SOLUTION" THEN DELAY*3 
4080 IF TFLAG$“"PUMPING SAMPLE SOLUTION" THEN DELAY*6 
4090 IF TFLAG$“"WAITING FOR ELECTRODE EQUILIBRIUM" THEN DELAY*10 
4095 PLOT 45,30,TFLAG$
4097 PLOT 59,25,RIGHT$(STR$(DELAY),2)+" MIN TO GO"
4100 GOSUB 3000 :REM &&&&&&&&&& Read real time clock 
4110 TIME=MIN
4120 GOSUB 3000:REM Read clock 
4130 IF TIME* MIN THEN GOTO 4120
4140 TIME*MIN:DELAY*DELAY-1:REM DELAY is decremented every minute 
4150 IF DELAY=0 THEN GOTO 4180:REM Timing is finished when DELAY*0 
4160 PLOT 59,25,RIGHT$(STR$(DELAY),2)+" MIN TO GO"
4170 GOTO 4120
4180 ?CHR$(31):PL0T 55,25,"TIMING SEQUENCE FINSIHED"
4190 RETURN
5000 REM &&&&&&&&&& MEASUREMENT PROGRAM &&&&&&&&&&&&&&
5010 REM & This program calibrates the system before &
5020 REM & the measurement.All temperatures are com- &
5030 REM & compensated for the temperature at &
5040 REM & calibration LO.The activity is filtered &
5050 REM & in a 1st order recursive filter in a sub- &
5060 REM & routine .If the E0 value is outside the &
5070 REM & 3-sigma value of the running average &
5080 REM & filter,it will recalibrate,and if that is &
5090 REM & unsuccsessful an error report is printed. &
5100 REM&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
5120 REM&&&&&& Start 1-point calibration &&&&&&&&&&&&
5130 CALL"WRITE8",64,1,0,2:REM &&&&&&&& Select LO cal soln 
5140 CALL"WRIT16",1,1,0,500:REM &&&&&&& Swich on pump 
5150 TFLAG$="PUMPING CALIBRATION SOLUTION"
5160 GOSUB 4000:REM &&&&&&&& Goto wait sub
5170 CALL"WRIT16",1,1,0,0:REM &&&&&&&& Swich off pump
5180 TFLAG$="WAITING FOR ELECTRODE EQUILIBRIUM"
5190 GOSUB 4000:REM &&&&&&&& Goto wait sub 
5200 FOR N=0 TO CHANNEL
5210 CALL"WRITE8",8,1,0,2~N+.5:REM &&&&&&&& Select channel 
5220 CALL"WAIT",10
5230 GOSUB 10000:REM &&&&&&&& Read EMF



5240 MEAS(N,0)=EMF:REM &&&&&&&& Put calibration values in 
1st column of MEAS 

5250 NEXT N
5260 FOR N=1 TO CHANNEL
5270 MEAS(N,2)=MEAS(N,0)-MEAS(0,0)*CAL(N,2)*L0G(LO(N,0)*LO(N,1))/ 

(CAL(0,1)*L0G(10))
5280 REM <*&&&&&&& The formulae is
5290 REM &&&&&&&& E0=E-Tmeas*S*log(gamma*conc)/Tcal*log(10)
5300 REM &&&&&&&& This line calculates the new E0 
5310 0S=0:RESULT=MEAS(N,2)
5320 GOSUB 6000:REM &&&&&&&& Goto filter 
5330 NEXT N
5420 REM &&&&&&&&&&& Start sample measurement &&&&&&&&&&&&&
5430 CALL"WRITE8",64,1,0,4:REM &&&&&&&& Swich to sample solution 
5440 CALL"WRIT16",1,1,0,500 :REM &&&&&& Swich on pump 
5450 TFLAG$="PUMPING SAMPLE SOLUTION"
5460 GOSUB 4000:REM &&&&&&&& Goto timing routine 
5470 CALL"WRIT16",1,1,0,0:REM &&&&&&&& Swich off pump 
5480 TFLAG$="WAITING FOR ELECTRODE EQUILIBRIUM"
5490 GOSUB 4000: REM &&&&&&&& Goto wait sub 
5500 FOR N=0 TO CHANNEL
5510 CALL"WRITE8",8,1,0,2~N+.5:REM &&&&&&&& Select channel 
5520 CALL"WAIT",10
5530 GOSUB 10000:REM &&&&&&&& Read EMF
5540 MEAS(N,1)=EMF:REM &&&&&&&& Put measurement values in 

2nd column of MEAS 
5550 NEXT N
5560 IF KEEP$“"HARDCOPY" GOTO 5680 
5565 RESET
5570 ZZ=SIZE(SIDE$+":"):IF ZZ<1 THEN GOSUB 5850 
5580 PRINT #10,DAY,MNTH,YEAR 
5590 PRINT #10,HOUR,MIN 
5600 FOR N=1 TO CHANNEL
5610 MEAS(N,3)=EXP(LOG(10)*CAL(0,1)*(MEAS(N,1)-MEAS(N,2))/(MEAS(0,1) 

CAL(N,2)))
5620 REM &&&&&&&& The formulae is
5630 REM &&&&&&&& a=exp(ln(10)*Tcal*(E-E0)/Tmeas*S
5640 REM &&&&&&&&&&&& Recursive filter &&&&&&&&&&&&&&&&
^650 IF ACT(N)=0 THEN ACT(N)=MEAS(N,3)
0660 ACT(N)=ACT(N)+(MEAS(N,3)-ACT(N))/3
5662 IF ISE$(N)<>"pH" AND ISE$(N)<>"PH" GOTO 5670
5664 PRINT #10,ISE$(N),INT(ABS(L0G(ACT(N))*100/LOG(10)))/100
5666 GOTO 5672
5670 PRINT #10,ISE$(N) ,INT((ACT(N)*MW(N)*1000)+0.5)
5672 NEXT N
5675 IF KEEP$="DISC" THEN RETURN
5680 LPRINT"|********************************************** 

*********************|”
5690 LPRINT"|";TAB(10);"MEASUREMENT STARTED "DAY"/"MNTH"/"YEAR"

AT"HOUR":"MIN;TAB(6 8);"|"
5700 LPRINT"|----------------------------------------------

5710 LPRINT " |";TAB(18);"|";TAB(20);" ION ";TAB(29);"
TAB (30);" ppm";TAB(43);"i";TAB(68);"|"

5720 LPRINT" |";TAB(18);" |---------- 1--------------1";TAB (68);" |"
5730 FOR N=1 TO CHANNEL



5740 MEAS (N,3) =EXP (LOG(10) *CAL (0,1)* (MEAS (N , 1)-MEAS (N,2) ) /
(MEAS(0,1)*GAL(N,2)) )

5750 REM &&&&&&&& The formulae is
5760 REM &&&&&&&& a=exp(ln(10)*Tcal*(E-EO)/Tmeas*S
5770 REM &&&&&&&&&&&& Recursive filter &&&&&&&&&&&&&&&&
5775 IF KEEP$<>"HARDCOPY" THEN GOTO 5791iREM Avoid double filtering 
5780 IF ACT(0)=0 THEN ACT(N)=MEAS(N,3)
5790 ACT(N)=ACT(N)+(MEAS(N,3)-ACT(N))/3:REM &&&&&&&& Filter function
5791 IF ISE$(N)<>"PH" AND ISE$(N)<>"pH" GOTO 5800
5792 LPRINT"|";TAB(18);"|";TAB(20);ISE$(N);TAB(29);"|";TAB(30); 

INT(ABS(LOG(ACT(N))*100/LOG(10)))/100;TAB( 4 3 ) |";TAB(68);"
5794 GOTO 5810
5800 LPRINT"|";TAB(18)|";TAB(20);ISE$(N);TAB( 2 9 ) |";TAB(30);

INT( (ACT(N)*MW(N)*1000)+0.5) ;TAB(43) ;"|";TAB(68) ;"|"
5810 LPRINT" TAB(18);" |--------- 1------------- ]";TAB(68)
5820 NEXT N
5830 LPRINT"|----------------------------------------------
5840 RETURN
5850 REM This sub changes discside 
5860 READ SIDE$
5870 FLNME$=SIDE$+": "+FLNME$
5880 CREATE #10,FLNME$
5890 RETURN
6000 REM&&&&&&&&&&&&&& FILTER ROUTINE &&&&&&&&&&&&&&&&&&&&&&&
6010 REM& This routine filters the EO's and the response &
6020 REM& slopes aswell as calculating the calibration &
6030 REM& rejection para meters.E0 and slope is distinguisedfc 
6040 REM& in the matrix FLTR(7,5) by an offset OS; if OS=0 &
6050 REM& then EO's and if 0S=3f then slopes. &
6070 REM&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
6080 IF 0SO3 AND OS<>0 THEN LPRINT" |";TAB (10) ;ISE$(N) "FILTER 

OFFSET ERROR";TAB(68);"|":RETURN 
6090 FLAG=0
6100 IF FLTR(N,0+OS)=0 AND FLTR(N,1+OS)=0 AND FLTR(N,2+OS)=0 

THEN GOTO 6380
6120 AVERAGE=(FLTR(N,0+0 S)+FLTR(N,1+0 S )+FLTR (N,2+0 S))/3 
6122 IF OS=0 THEN LIM=100 
6124 IF 0S=3 THEN LIM=10
6130 IF ABS(RESULT-AVERAGE)<LIM THEN GOTO 6280
6140 REM &&&&&&&&&&&&& ERROR PRINT-OUT &&&&&&&&&&&&&&&&&&&&&&
6150 FLAG=1
6160 IF OS=0 GOTO 6230

6180 LPRINT"|";TAB(25);"ERROR REPORT ";TAB(68);"|"
6190 LPRINT"|";TAB(10);ISE$(N)" CALIBRATION ERROR.CALIBRATION 

OUTSIDE ERROR LIMIT";TAB(68);"|"
6200 LPRINT"|";TAB(10);"RESPONSE-SL OPE="RE SULT" mV/de c.";TAB(6 8);"|" 
6210 LPRINT"|";TAB(10);"AVERAGE*"AVERAGE" mV/dec ";TAB(68);"|"
6215 LPRINT"|----------------------------------------------

6220 GOTO 6360
6230 LPRINT"|----------------------------------------------

6240 LPRINT"|";TAB(25);"ERROR REPORT";TAB(68);"|"
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6250 LPRINT" |n;TAB(10) ; ISE$ (N)n CALIBRATION ERROR.CALIBRATION 
OUTSIDE ERROR LIMIT”;TAB(68);"|"

6260 LPRINT"|";TAB(10);ISE$(N)" E0="RESULT" mV";TAB(68)
6270 LPRINT"|";TAB(10);"AVERAGE®"AVERAGE" mV";TAB(68);"|"
6275 LPRINT" |------------------------------------------------

*  6280 IF OS=0 GOTO 6360
6290 IF ABS(RESULT)>SMIN(N) GOTO 6360 
6300 FLAG=1

6320 LPRINT"|";TAB(25);"ERROR REPORT";TAB(68);"|"
+  6330 LPRINT"|";TAB(10);ISE$(N)" ERROR.RESPONSE-SLOPE LESS THAN

MINIMUM.";TAB(6 8);"|"
6340 LPRINT"|";TAB(10);"RESPONSE-SLOPE="ABS(RESULT)"mV/dec• 

MINIMUM*"SMIN(N)"mV/dec";TAB(68);"|"
6345 LPRINT"|------------------------------------------------

6360 FLTR(N,OS+-2)*FLTR(N,OS+-l):FLTR(N,OS+1)*FLTR(N,OS+0):
FLTR (N, 0 S+0 )=RESULT 

6370 RETURN
6380 REM &&&&&&&&&&&&&& FILTER START UP &&&&&&&&&&&&&&&&&&&&
6 390 FLTR(N, 0+0 S ) =RESULT*1.2:FLTR(N, 1+0 S )=RESULT*0.8:FLTR(N,2+0S)“RESULT

6400 IF OS=0 THEN LPRINT"|";TAB(12);ISE$(N)" EO-FILTER RUNNING 
";TAB(68);"|"

6410 IF OS=3 THEN L P R I N T " T A B (12);ISE$(N)" RESPONSE SLOPE 
FILTER RUNNING ";TAB(68);"|"

6420 IF OS<>3 AND OS<>0 THEN LPRINT"|";TAB(10);ISE$(N)" FILTER 
OFFSET ERROR ";TAB(68);"|"

6421 IF OS=0 THEN LPRINT"|----------------------------------

6422 IF ABS(RESULT)>SMIN(N) GOTO 6428
6423 FLAG=1

6425 LPRINT"|";TAB(25);"ERROR REPORT";TAB(68);"|"
6426 LPRINT"|";TAB(10);ISE$(N)" ERROR.RESPONSE-SLOPE LESS 

THAN MINIMUM.";TAB(68);" |"
6427 LPRINT"|";TAB(10);"RESPONSE-SLOPE="RESULT"mV/dec.

MINIMUM*"SMIN(N)"mV/dec";TAB(68);"|"
6428 LPRINT"|------------------------------------------------

6430 RETURN
10000 REM &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
10010 REM & This subroutine converts the reading from&
10020 REM & the V-f converter to a voltage in mV &
10022 REM & The system is calibrated prior a reading &
10030 REM &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
10031 CALL"WRITE8",8,1,0,128:REM Select channel 7
10032 CALL"SETTR",3,1,0,1:REM Start counting
10033 CALL"WAIT",300:REM Wait until updated
10034 CALL"SETTR",3,1,0,0:REM Stop counting
10035 CALL"READ16",3,1,0,VARADR(COUNT):REM Read count for offset
10036 IF SGN(COUNT)=-l THEN COUNT=COUNT+65536
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10037 IF OFFSET=0 THEN OFFSET=COUNT:REM Starts filter
10038 QFFSET=OFFSET+(COUNT-OFFSET)/3:REM Recursive filter
10039 CALL,,SETTR",3,1,0,1:REM Restore counting
10040 CALL"WRITE8",8,1,0,2~N+0.5:REM Select channel 
10045 CALL"WAIT,,,300:REM Make sure V-f is updated 
10050 CALL"SETTR",3,1,0,0:REM Prevents updating 
10060 CALL"READ16",3,1,0,VARADR(COUNT):REM Read V-F
10065 IF SGN(COUNT)--l THEN C0UNT=C0UNT+65536:REM Convert to 

unsigned binary
10070 EMF*(COUNT-OFFSET)/51.8738 
10080 CALL"SETTR", 3,1,0,1:REM Restore counting 
10090 RETURN 
11000 ?CHR$(31)
11010 INPUT LINE"DO YOU WISH TO FINISH OR STOP TEMPORARILY 

(FINISH/STOP)";A$
11020 IF A$o"STOP" AND A$<>"FINISH" THEN ?"ENTER FINISH OR 

STOP I":GOTO11010 
11030 IF A$="FINISH" GOTO 11060
11040 ?"PRESS THE RETURN KEY WHEN YOU ARE READY,THE PROGRAM 

RETURNS TO THE NEXT MEASUREMENT"
11050 A$=GET$():RESET:?CHR$(31)
11055 ON BREAK GOTO 11000:GOTO 532 
11060 CLOSE#10 
11070 GOSUB 3000

11090 LPRINT"|";TAB(10);"DATA ACQUISITON FINISHED "DAY"/"MNTH"/"YEAR" 
AT "HOUR":"MIN;TAB(6 8);"|"
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INTERFACE SOFTWARE

For the Chemistry Microprocessor Unit Interface System

Software for the interface system can be divided into two main 

classes:

(1) General purpose routines 

(ii) Special purpose routines

The general routines are those which can be used with more than 

one type of board, or even more generally, with any type of board, 

and the special routines can be used only with one type of board or 

a specific combination of boards.

1 General purpose routines

The general purpose routines can be further sub-divided into 

two classes:

1.1 Universal Routines

These can operate on any board, regardless of its type.

1.2 Restricted Routines

These can only operate on a specified sub-range of types of 

board. Normally, these would be routine., to control the interrupt 

system on boards that are capable of generating interrupts.

We will now give a basic set of general-purpose routines that 

can be used to assemble more complex special-purpose routines.

1.3 General-purpose Subroutine Descriptions

A number of formal representations of parameters are used in 

this section.

These are:

(a) T = Type number (0 - 255)
(b) N = Number of type (1 - 128)



(c) P = Port number (0 - 7)
(d) B = Bit number (0 - 15)
(e) D = 8/16 Bit data

(f) X = Variable for returned data (8/16 bit)

1.3.1 IDENT

Format: IDENT,A1,A2

This routine performs a number of useful functions:

(a) It identifies all the boards in all the racks on the VDU 

and/or the printer, if these output devices are enabled by the 

arguments A1 and A2.

(b) It initialises the interruptsystern, disabling all board 

interrupts and the CPU maskable interrupt.

(c) It creates tables in memory which are used by the interrupt 

software to identify which board an interrupt originated from.The 

arguments A1 and A2 are used to set flags which enable the output 

from any of the user subroutines (including IDENT) to be sent to the 

VDU and/or the printer. Argument A1 is used to enable/disable the 

VDU output stream, and argument A2 is used to enable/disable the 

priter output. A zero argument disables the output stream to that 

device and a non-zero argument enables output.

1.3.2 READ8

Format: READ8,T,N,P,X

This routine is used to read an eight-bit byte from the address 

given by T,N,P. Data is returned as an unsigned integer in the range 

0 to 255.

1.3.3 READ16

Format: READ16,T,N,P,X
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This routine behaves in the same way as READ8, except that it 

returns a signed 16-bit integer result, formed with the lower 8 bits 

from address T,N,P and the higher 8 bits from T,N,P+1. This format 

is the same as that used in the Z80 for the storage of 16 bit 

numbers•

1.3.4 WRITE8

Format: WRITE8,T,N,P,D

This routine writes the 8-bit data represented by D to the 

address specified by T,N,P. The data can be signed or unsigned, 8- 

bit or 16-bit. Only the lower 8 bits of the data word are written.

1.3.5 WRIT16

FORMAT:WRIT16,T,N,P,D

WRIT16 acts in exactly the same way as WRITE8, but transfers a 

16-bit integer to two successive ports. The lower 8 bits are sent to 

address T,N,P and the higher 8 bits to T,N,P+1.

1.3.6 STROBE

Format: STR0BE,T,N

The STROBE function is used to write a zero to the address 

given by T,N,4. This is used to give start signals to timers and 

data conversion devices such as analogue-to-digital converters. It 

is slightly faster to use this command than to use an explicit 

WRITE8 command, since no port or data need be specified with STROBE.

1.3.7 SETTR

Format: SETTR,T,N,TR,CB

This call sets the interrupt trigger source and spare control

bit to the values in TR and CB. The TR field is a two bit field
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which specifies one of four trigger sources (0 to 3) and the CB 

field is a single bit that is used as a spare control bit. Only 

interrupt generating boards use this call. The exact values of the 

parameters TR and CB will depend on the type of board.

1.4 Limitations on General Purpose Routines

Because of the division of ports on the function boards into a 

board-dependent part (ports 0 to 4) and a board-independent part 

(ports 5 to 7), it is possible, to write a set of general purpose 

routines that control the interrupt status of the board (ports 5, 6 

and 7) and another set that control the board-dependent functions. 

To prevent the use of the board-dependent routines from affecting 

the interrupt status of any board, there are limitations on the 

range of values that the "port” part of the address can adopt. This 

will only affect the routines that have the port location in their 

parameter list. The table below gives a list of these routines and 

the limitation on the port range:

1.4.1 Specific Limits on Port Range

Routine Port Range
READ8 0 to 4
READ16 0 to 3 (high byte read from port 4)
WRITE8 0 to 4
WRIT16 0 to 3 (high byte written into port 4)

2 Special Purpose Routines

The special purpose routines are those where the type of board 

or boards accessed by the command is inherent in the nature of the 

command. In these commands it is therefore not necessary to specify 

the "type" part of the board address; the type is supplied 

automatically by the routine. An example would be a command to
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trigger and then read an analogue-to-digital converter. A special 

purpose routine called, say, INADC might be used in this case: 

in BASIC 1000 CALL"INADC",N,VARADR(X)

Which would result in in the conversion from ADC number N being

placed in the variable X. This special purpose command could also be

performed by using two general purpose commands:

in BASIC 1000 CALL"STROBE”,4,N
1010 CALL"READ16",4,N,0,VARADR(X)

The STROBE command starts the ADC and the READ16 command reads 

a 16-bitconversion from board type 4 (the ADC type), number N, port 

0. It can be seen that the special purpose command is considerably 

more compact, as it eliminates the need to know the type number and 

the internal port location on the ADC board. However, it should be 

stressed that all the special purpose routines are really made up 

from combinations of general purpose routines with some of the 

variable parameters of the general routines replaced with constants 

that depend on the nature of the special routine.

The only special purpose routine used in this work is a routine 

called GETADC , which returns a value from the ADC as per above.



APPENDIX III

This appendix list the digital Autotitrator program and the analog 
Autotitrator data acqusition and peak integration program.

10 PRINTER 4,4:PN=0:T=0:SUM=0 
20 CALLf,IDENT",0,0 
30 ?CHR$(31):NULL 10,32:?:?:?:?
40 INPUT"Ring potential (mV):",ER 
50 CALL"WRIT16",1,2,0,ER*4096/20000 
55 ?:?:?:?
60 INPUT"Flowrate (ml/h):",VE 
70 CALL"WRIT16",1,2,2,VF*1.25+85.5
73 ?:?:?:?
74 KI=*0.015/(91.7*(VF/3600)-0.8)
75 INPUT "Set point (uA):",SP
76 SP=INT(SP/.0244)
77 UI=SP*.l
80 CALL"TIMER",1,100 
90 CALL"SETTR",12,1,0,0 
100 CALL"SETTR",4,1,0,0 
110 ?:?:?:?:?
120 ?"Ramping to steady state"
130 CALL"WRIT16",1,1,0,-2047 
140 CALL"WAIT",200 
150 CALL"STROBE",12,1,4 
160 CALL"SETTR",63,1,1,0 
170 FOR N=1 TO 20
180 CALL"INADC",1,VARADR(IR):SUM-SUM+IR 
190 NEXT N
200 OS=SUM/20:LPRINT"OFFSET:"OS*0.0244" uA" 
210 CALL"INADC",1,VARADR(IR)
220 UITGRL-UITGRL+KI*(SP-IR-OS)
230 AV= (UI+A1+A2+A3) /4
240 IF ABS(AV-UI)<.001 THEN GOTO 290
250 A3=A2:A2=A1:A1=UI
260 CALL"WRIT16",1,1,0,UI*2-2047
270 CALL"WRIT16",1,1,2,UI
280 GOTO 210
290 ?CHR$(31):?:?:?:?"Controlling titration" 
300 CALL"INADC",1,VARADR(IR)
310 UI=UI+KI*(SP-IR-OS)
320 AV=(UI+A1+A2+A3)/4
330 IF UI-AV<.06 THEN 380
340 A3=A2:A2=A1: A1=UI
350 CALL"WRIT16",1,1,0,UI*2-2047
360 CALL"WRIT16",1,1,2,UI
370 GOTO 300
380 BL=A3:PN=PN+1
390 ?CHR$(31):?:?:?:?"Integrating peak"
400 CALL"INADC",1,VARADR(IR)



410 UI=UI+KI*(SP-IR-OS)
420 AR=AR+INT(UI-BL):T=T+1 
430 CALL"WRIT16",1,1,0,UI*2-2047 
440 CALL"WRIT16",1,1,2,UI-BL
450 IF UI<=BL AND T O O  THEN AR=0: T=0: PN=PN-1: GOTO 290 
460 IF UI<=BL AND AR<0 THEN AR=Q:T=0:PN=PN-1:GOTO 290 
470 IF UI<=BL THEN LPRINT"PEAK "PN" AREA:"AREA*T*2.44E-7" mC":

AREA=0:T=0:GOTO 210 
480 ON BREAK GOTO 500 
490 GOTO 400
500 AR=0:T=0:PN=PN-1:GOTO 210

This is the analog Autotitrator data acquisition program , with 
basline and peak intergration routines. The electrode is pretreated 
before the analysis is started.

10 ?CHR$(31):0=0 
20 NULL 20,32
30 INPUTLINE"Do you wish to pretreat the electrode (Y/N)?",A$
40 IF A$="N" OR A$="n" THEN GOTO 390 
50 ?CHR$(31):?:?:?:?
60 ?"Electrode pretreatment"
70 ?:?:?:?:?
80 ?"Connect counter to ground and disc to potentiostat"
90 CALL"IDENT",0 > 0 
100 CALL"WAIT",300
110 CALL"WRIT16",1,2,2,950*4096/20000:?CHR$(31)
120 ?:?:?:?:?:?"Oxidizing at +950 mV"
130 CALL"WAIT",1000
140 CALL"WRIT16",1,2,2,300*4096/20000:?CHR$(31)
150 ?:?:?:?:?:?:?"Removing oxygen at +300 mV"
160 CALL"WAIT",2500
170 CALL"WRIT16",1,2,2,-150*4096/20000:?CHR$(31)
180 ?:?:?:?:?:?:?"Reducing at -150 mV"
190 CALL"WAIT",2500
200 ? C H R $ ( 3 1 ) ? " S w e e p i n g "
210 FOR M=1 TO 10
220 FOR N=195 TO -30 STEP -1
230 CALL"WRIT16",1,2,2,N
240 CALL"WAIT",1
250 NEXT N
260 FOR N=-30 TO 195 
270 CALL"WRIT16",1,2,2,N 
280 CALL"WAIT",1 
290 NEXT N 
300 NEXT M
310 ?CHR$( 3 1 ) ?"Final oxidation at +1000 mV"
320 CALL"WRIT16",1,2,2,1000*4096/20000 
330 CALL"WAIT",3000 
340 IF 0=2 GOTO 380
350 ?CHR$(31):?:?:?:?:?"Connect ring to potentiostat"
360 ?:?:?:?:PUT18,"Press the return key to start",20:A=GET()
370 0=2:GOTO 110
380 ? C H R $ ( 3 1 ) ? " E l e c t r o d e  pretreatment finished"
390 ?CHR$(31):?:?:?"Connect the ring and disc for autotitration"
400 ?:?:?
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410 PUT18,’’Press the return key to start the control program”,20 
420 A=GET()
430 ?CHR$(31)
440 PUT 18,’’Ring potential (mV):",20 
450 INPUT'”’,ER

* 460 CALL"WRIT16",1,1,2,ER*4096/20000
' 470 ?:?:?:?

480 PUT18,"Flowrate (ml/h ):",VF,20 
490 INPUT"",VF
500 CALL"WRIT16",1,2,2,VF*1.25+85.5 
510 ?:?:?:?
520 PUT18,"Set point (uA):",20 

' 530 INPUT"",SP
540 CALL"WRIT16",1,2,0,SP*4096/2000 
545 CALL"WRIT16",1,1,0,-2047 
550 PRINTER 4,4:PN=0:T=0:SUM=0 
560 CALL"TIMER",1,100 
570 CALL"SETTR",12,1,1,0 
580 CALL"SETTR",4,1,0,0
590 ? C H R $ ( 3 1 ) ? " S w i c h  off integrator for offset measurement" 
600 ?:?:?:PUT18,"Press the reurn key to start the measurement",20 
610 A=GET()
620 FOR N=1 TO 20
630 CALL"INADC",1,VARADR(IR):SUM=SUM+IR 
640 NEXT N

t 650 0S=INT(SUM/20):LPRINT"OFFSET:"OS*0 .0244" uA"
660 ?CHR$( 3 1 ) ?"Swich on the integrator "
670 ?:?:?:?:PUT18,"Press the return key to start the 

control program",20 
b80 A=GET()
700 PUT31:?:?:?:?:?"Autotitrating"

»• 710 FOR N=1 TO 7
720 CALL"INADC",1,VARADR(IR):IR=IR-OS 
730 AV=(IR+A1+A2+A3)/4 
740 A3=A2:A2=A1:A1=IR 
750 NEXT N
760 CALL"INADC",1,VARADR(IR):IR=IR-0S 

^ 770 AV=(IR+A1+A2+A3)/4
780 IF ABS(AV-IR)=>.1 THENGOTO 820
790 A3=A2:A2=A1:A1=IR
800 CALL"WRIT16",1,1,0,-2047
810 GOTO 760
820 BL=AV:PN=PN+1
830 ?CHR$( 3 1 ) : ?"Integrating peak"
840 CALL"INADC",1,VARADR(IR):IR=IR-OS 
850 AR=AR+INT(IR-BL):T=T+1 
855 IF IR-AV<=2 THENGOTO870 
860 CALL"WRIT16",1,1,0,(IR-BL)*2-2047 
870 IF IR<=BL AND T<30 THEN AR=0:T=0:PN=PN-1:GOTO 700 
880 IF IR<=BL AND AR<0 THEN AR=0:T=0:PN=PN-1:GOTO 700 
890 IF IR<=BL THEN LPRINT"PEAK "PN" AREA:"AREA*T*2.44E-7" mC": 

AREA=0:T=0:GOTO 700 
900 ON BREAK GOTO 920 
910 GOTO 840
920 AR=0:T=0:PN=PN-1:GOTO 700
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