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SYNOPSIS 

A i r  i n f i l t r a t i o n  f lows i n t o  d i f f e r e n t  zones of  a bu i ld ing  can be 
measured with t h e  cons tant  concentrat ion technique by i n j e c t i n g  a 
metered amount o f  t r a c e r  gas  t o  hold  the  concentrat ion of the  gas 
constant.  The c o n t r o l  and es t imat ion  a lgor i thm used t o  c a l c u l a t e  
the  i n j e c t i o n  r a t e  is designed using c l a s s i c a l  transform and 
optimal  es t imat ion  methods. The a b i l i t y  o f  the  c o n t r o l  a lgor i thm 
t o  keep the  concentrat ion constant  and t o  accura te ly  measure time 
varying i n f i l t r a t i o n  f lows is  demonstrated using d i g i t a l  computer 
s imula t ions  and l abora to ry  experiments. F i e l d  demonstrations then 
complete t h e  confirmation t h a t  a l l  components of the  t o t a l  system 
a r e  performing as designed, and t h a t  t h e  des i red  accuracy t a r g e t s  
have been achieved- 

The d e t a i l s  of  how constant  concentrat ion system accuracy t a r g e t s  
were a t t a i n e d  i n  the  Princeton constant  concentrat ion t r a c e r  gas 
measurement system a r e  ou t l ined  i n  t h i s  paper. Before t h e  t o t a l  
system accuracy g o a l s  could be achieved it was necessary t o  focus 
a t t e n t i o n  on the  commercial SF6 de tec t ion  u n i t  based upon the  
p r i n c i p l e s  of gas  chromatography and e l e c t r o n  capture. G a s  f low 
paths, sequencing and c r i t i c a l  t imes i n  a given sample a n a l y s i s  a l l  
d i r e c t l y  impinge on the  t o t a l  system funct ion  and u l t i m a t e  
accuracy. Some o f  the  points  discussed are:  i n t e r n a l  a i r  leakage, 
v a l v e  switching, and c a l i b r a t i o n  of  var ious  subsystems. 

1 .O INTRODUCTION 

The increased use of cons tant  concentrat ion t r a c e r  gas  (CCTG) 
systems t o  provide the  d e t a i l e d  measurements of  a i r  i n f i l t r a t i o n  i n  
m u l t i p l e  zones necessary t o  ana lyse  b u i l d i n g  ener y and indoor a i r  
q u a l i t y  performance is ev iden t  i n  A I C  l i t e r a t ~ r e . ~ - ~  I n  add i t ion  
numerous r e p o r t s  and conference proceedings point  ou t  t h a t  more 
than a decade of  automated a i r  i n f i l t r a t i o n  system developments has 
taken p l a c e  i n  t h e  IEA c ~ u n t r i e s ~ " ~  seeking improved a i r  
i n f i l t r a t i o n  measurement approaches. This  paper at tempts t o  add t o  
t h a t  l i t e r a t u r e  r e l a t e d  t o  CCTG systems i n  providing information on 
the  use o f  c o n t r o l  theory i n  the  system design t o  a i d  i n  t h e  
achievement of t h e  accuracy goals .  The a c t u a l  mechanical and 
electrical design considera t ions  i n  the  t r a c e r  gas de tec t ion  system 
i t s e l f  a r e  a l s o  covered i n  some d e t a i l  i n  order  t o  document what 
has proven t o  be c r i t i c a l  f a c t o r s  i n  the  development of  our CCTG 
system which is shown i n  the  schematic of  Figure 1, 

I n  the  June 1985 ASHRAE annual meeting, w e  attempted t o  p l a c e  CCTG 
systems i n  prospect ive  with o t h e r  techniques f o r  documenting a i r  
movements and i n f i l t r a t i o n  i n  m u l t i - c e l l  buildings.  l6  Fur ther  
d e t a i l s  on the  c o n t r o l  method used i n  the  Princeton CCTG system, on 
accuracy e v a l u a t i o n s  using l abora to ry  tests, f i e l d  e v a l u a t i o n s  and 
computer s imula t ions  w i l l  be presented i n  December 1985, ASHRAE 
F l o r i d a  conference. Deta i led  f i e l d  s t u d i e s  of the  Princeton CCTG 
system i n  a well-documented resea rc  house a r e  presented a s  a 
companion paper i n  t h i s  conference. 6 
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2.0 CONTROL AND ESTIMATION ALGORITHM FOR CCTG SYSTEM 

The constant  concentrat ion technique measures the  a i r  i n f i l t r a t i o n  
flow i n t o  each zone of a building.  To make t h i s  measurement a  
metered amount o f  t r a c e r  gas is in jec ted  i n t o  each zone so  t h a t  the  
concentrat ion of  the  t r a c e r  gas  is kept a t  a  t a r g e t  l e v e l  i n  a l l  
the  zones. I f  the  t r a c e r  concentrat ion i n  a  zone is  not  near  the  
t a r g e t  the  measured a i r  i n f i l t r a t i o n  rate ( A I R )  i n  t h a t  zone is i n  
e r r o r  and the  air  flowing from the  zone causes the measured A I R S  i n  
the  adjo in ing zones t o  be i n  er ror .  To compute the  r a t e  o f  t r a c e r  
in jec t ion ,  the  c o n t r o l  and es t imat ion  a lgor i thm may consider  the  
present  and pas t  l e v e l  of  t h e  measured concentrat ions,  the  past 
i n j e c t i o n  r a t e s ,  and the  est imated a i r  flow. The fo l lowing  sec t ion  
presents  a  d e t a i l e d  a n a l y s i s  o f  how t o  bes t  compute the  i n j e c t i o n  
r a t e  and es t imate  the  a i r  i n f i l t r a t i o n  f low from the measured 
concentra t ions  and previous i n j e c t i o n  r a t e s .  



2.1 Simplif ied --- A i r  Flow Model 

The f i r s t  s t e p  i n  the  a n a l y s i s  o f  a e o n t r o l  system is t o  form a 
accura te  model o f  the  process being con t ro l l ed .  The coupled s e t  o f  
f i r s t  order  d i f f e r e n t i a l  equation which govern the  l e v e l  o f  t r a c e r  

18 gas i n  a multi-zone building is : 

where V j  = volume of zone j 

ji = a i r  flow from zone j t o  zone i 

c j  = t r a c e r  gas concentrat ion i n  zone j ( s t a t e  va r i ab le )  

s j  = r a t e  of  t r a c e r  gas i n j e c t i o n  i n t o  zone j (con t ro l )  

the  nth zone is the  ou t s ide  a i r  

This model assumes t h a t  imperfect mixing i n  the  zone does not 
introduce a time l a g  o r  delay i n  the  system, 

By keeping the  concentrat ion of the  t r a c e r  gas a t  the  concentrat ion 
t a r g e t  ( c t )  i n  a l l  the  zones, the  t r a c e r  gas  equations reduce to: 

dc, n n-1 

For an appropr ia te  choice o f  t r a c e r  gas, the  outs ide  concentrat ion 
Cn is n e g l i g i b l e  compared t o  c t .  Assuming t h a t  the  dens i ty  of the  
gas i n  each zone is equal,  the  conservation of  mass equation gives: 

n n 

Thus, i n  Equation (2) the  sum of the  flows l eav ing  the  zone can be 
replaced by the  sum of the  flows enter ing  the  zone. This reduces 
the  f low terms i n  the  brackets  t o  Fnj, the  a i r  i n f i l t r a t i o n  flow. 
By applying t h i s  s impl i f i ca t ion ,  assuming t h a t  dc j /d t  is 
n e g l i g i b l e ,  and t h a t  cn << ct, the  a i r  i n f i l t r a t i o n  f lows a r e  found 
t o  be: 

5 ,  

Thus, by holding the  concentrat ion constant ,  the  i n f i l t r a t i o n  i n t o  
a zone is  simply the  t r a c e r  i n j e c t i o n  r a t e  i n t o  the zone d iv ided by 
the  steady concentrat ion.  

Discrete Model and Z-plane Analysis -- 
The system of  t r a c e r  gas concentrat ions and air  flow r a t e s  is 
described i n  a continuous manner by the  d i f f e r e n t i a l  Equations (I ) .  
Although the  g o a l  of  the  system c o n t r o l  is t o  keep the  zone 



concentrat ion steady a t  the  t a r g e t  l e v e l ,  t h e  concentrat ion does a t  
t imes d e v i a t e  from the  t a r g e t  l e v e l ,  These dev ia t ions  occur during 
system s t a r t u p  and when the re  a r e  changes i n  AIR.  During these  
times the  d i f f e r e n t i a l  term is no t  n e g l i g i b l e  and must be re ta ined 
i n  order  t o  p roper ly  model the  movement of  the  concentration. The 
nature of  the  cons tant  concentrat ion instrumentat ion requ i res  t h a t  
the  concentra t ion  sampling and c a l c u l a t i o n  o f  the  l e v e l  o f  the  
i n j e c t i o n  r a t e  t o  be d iscre te .  Thus, the  system is modeled with 
d i f fe rence  equations,  and the  a n a l y s i s  of the  c o n t r o l  is c a r r i e d  
ou t  using d i s c r e t e  a n a l y s i s  techniques, Z-transforms and p o l e  
placement i n  t h e  Z-plane. 

By applying the  assumptions t h a t  the  t r a c e r  concentrat ions i n  the  
zones a r e  near  t h e  t a r g e t  and t h a t  Cn << c t  the  l e v e l s  t r ace r  gas 
i n  the  j bui ld ing zones a r e  approximated by: 

It is advantageous t h a t  the  equations do no t  contain a i r  f low r a t e s  
between t h e  b u i l d i n g  zones ( interzone a i r  f lows) s ince  t h e  f low 
r a t e s  are not  measurable by the  system and a r e  d i f f i c u l t  t o  
estimate. The remaining v a r i a b l e s  i n  the  equations can e i t h e r  be 
estimated o r  are measured. 

The d i f f e r e n t i a l  Equations ( 5 )  a r e  a l s o  separate.  Thus, the  
modeling and a n a l y s i s  can be c a r r i e d  out  on one zone and app l i ed  t o  
the  rest of the  zones. I n t e g r a t i n g  the  approximated d i f f e r e n t i a l  
equation over  the  sample period y i e l d s  a d i f ference  equation f o r  
the  t r a c e r  concentrat ion : 

Ck+l = ak Ck + bk Uk ( 6 )  

where ck+l = concentrat ion a t  time ( k + l )  T s  Ell11 

Uk = Sk/V (con t ro l  var iable- in jec t ion  r a t e )  [ l / t )  

A I R k  = F ,~ /V  ( a i r  i n f i l t r a t i o n  r a t e )  [ l / t ]  

ak exp(-AIRk Ts) [1/1] 

t' k = (1 - ak)/AIRk [t] 

T s  = time between samples f t l  

A I R k  is  assumed t o  be constant  over T s  

- dimension of  va r i ab le  is shown i n  brackets - 

The a n a l y s i s  o f  the  c o n t r o l  a lgor i thm can be ca r r i ed  out  by two 
methods. One method is t o  transform the  d i f fe rence  equation t o  
s t a t e  space us ing Z-transforms and f ind the  con t ro l  which w i l l  g i v e  
the  des i red  p o l e  placement (i.e., des i red  response) i n  the  2-plane. 
This method is  a p p l i c a b l e  t o  systems whose d i f fe rence  equation is  
e a s i l y  transformed (i.e., l i n e a r  d i f ference  equations with constant  
coe f f i c i en t s ) .  Often the  c o n t r o l  which y i e l d s  the des i red  response 



can be found empi r i ca l ly ,  Another method is the  s imula t ion  of the  
system response t o  each proposed c o n t r o l  a lgor i thm u n t i l  t h e  
desired response is found, Without p r i o r  knowledge o r  i n t u i t i o n  of 
which c o n t r o l  is proper t h i s  can be a t i m e  consuming process. 
However, it may be necessary i f  the  d i f fe rence  equation is not 
e a s i l y  transformed. It a l s o  has the  advantage of providing a 
q u a l i t a t i v e  view of  the  response* The a n a l y s i s  of the  constant  
concentrat ion system con t ro l  u t i l i z e s  both methods. 

The constant  concentrat ion system opera tes  i n  two modes: ( 1 )  the  
s t a r t u p  period and (2) continuous response t o  changes i n  a i r  
i n f i l t r a t i o n  rate. The s t a r t u p  period is modeled a s  a s t e p  change 
i n  the  des i red  concentrat ion from 0 a t  the  i n i t i a l  time t o  c a t  
a l l  fo l lowing  times. The c o n t r o l  design during t h i s  period !s a 
c l a s s i c  s e r v o d e s i m  problem. The goa l  o f  the  design is f o r  the  
concentrat ion t o  r a p i d l y  f o l l o w  the  change i n  the  des i red  
concentrat ion with l i t t l e  o r  no overshoot. The response o f  the  
system t o  the  s t e p  change i n  c t  is convenient ly  analyzed using po le  
placement ( a l s o  c a l l e d  state-space method) i n  the  Z-plane. 

When the re  a r e  changes i n  A I R  the  goa l  is t o  keep the  concentrat ion 
a t  the  t a r g e t  l e v e l .  This is a c l a s s i c  r e g u l a t o r  problem The 
d i f fe rence  equation is not  e a s i l y  transformed i n t o  the  Z-domain f o r  
the  case of time varying v a l u e s  of a and be However, the  response 
of the  system is s i m i l a r  f o r  changes i n  c t  and AIR.  Simulat ions 
confirm t h a t  the  system response t o  a s t e p  change i n  ct is s i m i l a r  
i n  form t o  t h a t  of  a s t e p  change i n  A I R .  Thus, a s tate-space 
a n a l y s i s  of  the  s t a r t u p  period is used a s  an ind ica to r  o f  the  form 
of  the  response of both the  s t a r t u p  period and f o r  changes i n  A I R .  
The s imula t ions  o f  changes i n  A I R  a r e  used t o  v e r i f y  the  s t a t e -  
space ana lys i s  and provide a q u a l i t a t i v e  a n a l y s i s  of  the  response. 

2.3  Evaluation -- of t h e  Control Algorithm 

To a c c u r a t e l y  measure the  a i r  i n f i l t r a t i o n  flows i n  a bu i ld ing  the  
cons tant  concentrat ion measurement technique requi res  the  l e v e l  of  
t r a c e r  gas  t o  remain near  the  t a r g e t  l e v e l  i n  each zone whi le  the  
a i r  i n f i l t r a t i o n  f low is changing. The c r i t e r i a  t o  meet t h i s  
condit ion a r e  : 

1 )  f a s t  response with l i t t l e  overshoot 

2) low steady s t a t e  e r r o r  

3) low s e n s i t i v i t y  t o  measurement e r r o r s  

In  the  state-space a n a l y s i s  the  first two c r i t e r i a  t r a n s l a t e  t o  
having the  t r a n s f e r  function p o l e s  located  near  the  o r i g i n  and the  
f i n a l  v a l u e  of  c (found from t h e  f i n a l  v a l u e  theorem) c l o s e  t o  cto 
The s e n s i t i v i t y  t o  measurement e r r o r s  c r i t e r i o n  is examined using 
monte c a r l o  type s imula t ions  t h a t  inc lude  gaussian measurement 
e r ro r s .  

The a n a l y s i s  has involved four  proposed contro 1 methods - propor t ional  
(P),  i n t e g r a l  (I), propor t ional - in tegra l  (PI) ,  and propor t ional -  



i n t e g r a l - d e r i v a t i v e  (PID). The discussion w i l l  focus on proportiona 1 
adapt ive  and propor t ional  i n t e g r a l  methodse The a n a l y s i s  is 
ca r r i ed  ou t  i n  the  fo l lowing my:  

1) the  d i f fe rence  equation is transformed i n t o  the  Z-domain 
t o  f ind the  p o l e s  of the  t r a n s f e r  function H(Z) = C ( Z ) / C ~ ( Z ) ,  

2) the r o o t  locus  of  the  po les  is displayed i n  the Z-plane, 

3) given the  Z-transform of t h e  t a r g e t  concentration- 
c t (z)  = ct z/(z-I), the  f i n a l  v a l u e  of the  concentrat ion is  found 
from the  f i n a l  v a l u e  theorem, 

4)  t h e  r e s p o n s e  t o  a  s t e p  change i n  A I R  from 0.2 t o  0.5 ACH f o r  
se lec ted  v a l u e s  of  con t ro l  ga ins  and Ts= 4 minutes is simulated,  

5)  t h e  r e s p o n s e  t o  a  s t e p  change i n  A I R  from 0,2 t o  0.5 A C K  
and a gaussian measurement e r r o r  o f  1% is simulated f o r  the  bes t  
con t ro l  parameters- the  average standard dev ia t ion  of the  
concentrat ion and the  average o f  the  concentrat ion over  f i v e ,  
s imula t ions  is computed a s  a  measure of the  a b i l i t y  of  the  c o n t r o l  
t o  keep the  concentra t ion  near  the  t a r g e t  when measurement e r r o r s  
are  present ,  

6) the  change i n  response is studied when the  l e v e l  of  A I R  is 
d i f f e r e n t  from the  l e v e l  used t o  compute the  con t ro l  parameters, 
and 

7) the  r e l a t i v e  advantages and disadvantages of the  method 
a r e  d i scussed ,  

2.3.1 A Proport ional  Control 

Proport ional  c o n t r o l  is the  most s imple feedback contro l .  For a  
f i r s t  order  system P c o n t r o l  provides  a f a s t  response with l i t t l e  
o r  no overshoot. Its one drawback is t h a t  there  is a steady s t a t e  
e r r o r  when the  c o n t r o l  parameters (i.e., c o n t r o l  ga ins  and 
constants)  a r e  kept  constant.  When the  c o n t r o l  parameters a r e  
continuously updated the  steady-state er rop is el iminated and the  
speed of  response is s l i g h t l y  decreased. 

The propor t ional  c o n t r o l  feeds  back the  present  e r r o r  s i g n a l  ( the  
d i f ference  of  the  present  concentrat ion from the  t a r g e t  
concentration (ct))  m u l t i p l i e d  by a gain K p  [ l / t ] .  The expression 
fo r  the  c o n t r o l  is: 

The d i f fe rence  equation f o r  the  t r a c e r  concentrat ion is: 

The a n a l y s i s  of  the  s t a r t u p  period assumes t h a t  ak and bk a r e  
constant  and the  response of  concentrat ion t o  a  change i n  c t  is 
studied. Thus, the  t r a n s f e r  function of  i n t e r e s t  is H(z) = 
C(z)/Ct(z)* By taking the  Z-transform of both s i d e s  of Eqn. (8) 



t h i s  is found to be: 

This equation has one po le  a t  ( a  - bKp), t hus  t o  p lace  the  po le  a t  
zero, Kp = a /b .  

During the  opera t ion  of the  system the  sample time does no t  vary. 
Thus, the  t r a n s i e n t  response of  the  system w i l l  not s i g n i f i c a n t l y  
change f o r  a  cons tant  v a l u e  of Kp and changes i n  the  l e v e l s  o f  A I R  
from 0.1 t o  2-0 ACH, However, the  percent e r r o r  of the  f i n a l  
concentrat ion reaches an unacceptable l e v e l  f o r  A I R s  higher than 
1,O ACH. The e r r o r  i n  cf is caused by f a i l i n g  t o  r e s e t  the  c o n t r o l  
l e v e l  t o  the  higher v a l u e  required by higher AIRS. A t  h igher A I R  
l e v e l s  the  system increases  the  propor t ional  con t ro l  term by 
s e t t l i n g  a t  a  l e v e l  of  concentrat ion below the  t a rge t .  

The e r r o r  i n  the  f i n a l  concentrat ion does not  have t o  be as l a r g e  
a s  the  a n a l y s i s  indica tes .  The t a r g e t  concentrat ion can be reached 
e x a c t l y  by rep lac ing  the  parameter c t  i n  the  con t ro l  Equation (7) 
with a l a r g e r  value,  so , dependent on t h e  l e v e l  of  A I R  and the  
sample time. This method, c a l l e d  adapt ive  con t ro l ,  responds 
proper ly  when the  measured A I R  is not g r e a t l y  d i f f e r e n t  than the  
t r u e  A I R ,  For s lowly  changing A I R S  the  measured A I R  is within 10% 
of the  t r u e  A I R  and the  concentrat ion e r r o r  is less than 1%. The 
concentrat ion e r r o r  is not a s  smal l ,  however, f o r  sudden changes i n  
A I R .  The method o f  es t imat ing  the  A I R  by d iv id ing  the i n j e c t i o n  
r a t e  summed over  a  period of  t i m e  by the  des i red  concentrat ion does 
not respond quickly  t o  sudden changes i n  A I R ,  For a  s t e p  increase  
i n  the  A I R  the  estimated v a l u e  of  A I R  l a g s  behind the t r u e  value;  
which causes a  l a g  i n  the  concentrat ion reaching the t a r g e t  
concentrat ion,  

Propor t ional  c o n t r o l  is a s imple  method t h a t  provides a quick 
response with no overshoot t o  changes i n  AIR.  The one drawback t o  
the  method is t h e  presence o f  s teady s t a t e  e r ro r .  By replac ing ct 
with a v a l u e  dependent on A I R  t he  propor t ional  adapt ive  method is 
s l i g h t l y  o s c i l l a t o r y .  

2,3.2 Proport ional-Integral  Control 

Proport ional-Integra 1 contro 1 is a combination o f  propor t ional  and 
i n t e g r a l  terms, The add i t ion  of  the  i n t e g r a l  term t o  the  
propor t ional  method e l imina tes  the  f i n a l  concentrat ion e r r o r  o f  
propor t ional  c o n t r o l  and the  need f o r  adap t ive  control .  When 
broken i n t o  pa r t s ,  the  propor t ional  term can be thought o f  a s  
providing the  amount of c o n t r o l  needed t o  br ing  the concentrat ion 
from the  measured t o  the  t a r g e t  l e v e l  and the  i n t e g r a l  terms adds 
an amount needed t o  counteract  the  drop i n  concentrat ion t h a t  would 
r e s u l t  from a i r  i n f i l t r a t i o n ,  By proper ly  choosing the  contro 1 
gains  the  system response t o  changes i n  A I R s  is a one s t e p  de lay  
with no overshoot. Thus, P I  c o n t r o l  s a t i s f i e s  the  two response 
c r i t e r i a  o f  a  f a s t  response with no overshoot and no steady s t a t e  
e r r o r .  



The P I  method feeds  back the  e r r o r  s i g n a l  m u l t i p l i e d  by K [ l / t ]  
added t o  the  i n t e g r a l  of  the  e r r o r  s i g n a l  m u l t i p l i e d  by K% [1/tn2]. 
A s  i n  the  a n a l y s i s  of the  i n t e g r a l  method, the  d i f ference  equation 
is found by working back from the  Z-transform equ iva len t  o f  the  
c o n t r o l  method. The Z-transform o f  P I  c o n t r o l  method is t h e  sum of 
the  transforms o f  the  proportiona 1 and i n t e g r a  1 terms. Mul t ip ly ing 
the  P I  c o n t r o l  method transform by the e r r o r  s i g n a l  transform 
y i e l d s  t h e  c o n t r o l  transform: 

u ( ~ )  = E(Z)  [Kp + K i  Ts z / ( z  - 111 (10) 

Which is transformed i n t o  the  d i s c r e t e  time domain t o  y ie ld :  

Then Eqn. (11) i s  i n s e r t e d  i n t o  Eqn. (6)  w i t h  t h e  z  t r a n s f o r m  
providing the  required t r a n s f e r  function: 

The Equations f o r  the  two poles  a r e  then: 

[ ( a  + 1 - b(Kp + K ~ * T S ) ) *  - 4(a - b ~ p ) ]  O e 5  
+- --------------------me-------------------------- 
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By choosing Kp = a/b  and K i  = l/bTs, PI  c o n t r o l  s a t i s f i e s  the  two 
response criteria of  a  f a s t  response with l i t t l e  overshoot and no 
steady s t a t e  er ror .  The computation of the  v a l u e s  of  Kp and K i  t o  
meet the  two c r i t e r i a  is straightforward.  The a n a l y s i s  has shown 
t h a t  t h e  steady s t a t e  e r r o r  is zero f o r  a l l  v a l u e s  of  Ts, Kp, and 
K i  and t h a t  using the  v a l u e s  o f  Kp and K i  g iven by Kp = K i e  Ts = 
1/Ts provides a f a s t  response with l i t t l e  overshoot. 

2,3.3 Comparison o f  t h e  Control Methods 

AP and P I  c o n t r o l  provide fast system response with l i t t l e  o r  no 
overshoot and no steady s t a t e  er ror .  The d i f fe rence  between the  
two c o n t r o l s  is t h a t  the  A I R  feedback f o r  AP is i n d i r e c t  whi le  P I  
has d i r e c t  feedback, AP c o n t r o l  a d j u s t s  the  l e v e l  of  c o n t r o l  f o r  
varying A I R S  by changing the  magnitude of the  c o n t r o l  parameter co. 
The l a g  i n  the  es t imat ion  of A I R  introduces a  time l a g  i n  the  



system. This causes concentra t ions  t o  be below the  t a r g e t  f o r  
inc reas ing  A I R S  and above the  t a r g e t  f o r  decreasing AIRS. For P I  
c o n t r o l  t h e  i n t e g r a l  term d i r e c t l y  compensates f o r  the  l e v e l  of 
AIR. This method has the  drawback of being s e n s i t i v e  t o  
measurement er rors .  The s e n s i t i v i t y  of  t h e  c o n t r o l  and the  
r e s t r i c t i o n  on nega t ive  i n j e c t i o n  r a t e s  cause concentrat ions t o  be 
above t h e  t a r g e t .  

2,4. Model f o r  Estimation 

In  order  t o  e v a l u a t e  the  response of t h e  system t o  d i f f e r e n t  
c o n t r o l  methods the  d e r i v a t i o n  o f  the  t r a c e r  concentrat ion model 
included o n l y  the  i n j e c t i o n  rate as an inpu t  t o  the  system. A 
complete model o f  the  system inc ludes  the  e f f e c t  of uncontro l led  
inputs  - these  inpu t s  a r e  c a l l e d  system disturbances. An example 
of  a system dis turbance  is the  f low of  a i r  from an adjoin ing zone 
t h a t  has a concentrat ion d i f f e r e n t  than t h e  t a rge t ,  The equation 
which models the  t r a c e r  concentrat ion i n  the  presence o f  
d is turbances  is: 

where wk is the  d is turbance  i n t o  the system 

A f i n a l  add i t ion  t o  the  system model is the  equation descr ib ing 
concentrat ion measurement: 

Cmk+l = Ck+l + nk+l 

where cmk+lis  the  measured concentrat ion 

nk+l is the  measurement e r r o r .  

A s  s t a t e d  e a r l i e r ,  the  measurement e r r o r  is due t o  d e t e c t o r  
measurement e r r o r s  and the  nonuniformity o f  t h e  concentrat ion 
caused by imperfect mixing. 

A Kalman f i l t e r  is a method o f  es t imat ing  the  concentrat ion so t h a t  
the  var iance  i n  the  estimated concentrat ion (c) from the  t r u e  
concentrat ion is minimized. This is accomplished by proper ly  
computing the  es t imat iop  gain  ( ~ e ~ )  used t o  combine the  measured 
(em) and ext rapola ted  ( ) concentrat ion t o  form an est imation of 
the  t r u e  concentrat ion:  

~e~ is computed by considering the  covariance of  the  p a s t  es t imate  
of the  concentrat ion (pk), the  covariance o f  the  d is turbance  i n t o  
the system (gk) and the  covariance of  t h e  measurement e r r o r  ( R ~ ) .  
The Kalman f i l t e r  equations provide f o r  a concentrat ion 
ext rapola t ion:  



The c a l c u l a t i o n .  of  the  ~ a l m a n  f i i t e r  gain has assumed t h a t  the  
disturbance and measurement e r r o r s  a r e  known and/or measurable. 
Unfortunately, f o r  most s t r u c t u r e s  these v a l u e s  a r e  d i f f i c u l t  t o  
obtain. Measurement e r r o r s  depend on the  e r r o r  i n  the  d e t e c t o r  and 
the  uniformity o f  the  concentrat ion i n  the  zone. The p rec i s ion  of 
the  d e t e c t o r  can be quant i f ied  and is approximately l e s s  than o r  - 
equal  t o  1% of the  measured v a l u e  f o r  the  system i n  use. However, 
the  uniformite of  t h e  concentrat ion i n  the  zone w i l l  be dependent 
on the s t r e m t h  and d i r e c t i o n  o f  a i r  f low i n  the  zone (intra-zone 
flow) and the  r a t e  of i n f i l t r a t i o n  flow (i.e., l a r g e r  A I R s  w i l l  
cause g r e a t e r  d i l u t i o n  near  the  e x t e r i o r  envelope). Since the  
n a t u r a l  intra-zone flow can show l a r g e  f l u c t u a t i o n s  and is u s u a l l y  
too low t o  provide adequate mixing s m a l l  f a n s  a r e  placed i n  the  
room t o  a c c e l e r a t e  the  d i f fus ion  of the  in jec ted  t r a c e r  gas  and 
increase  mixing2 p 4 9 5 a  

The second v a l u e  required f o r  t h e  computation o f  Ke is the  
covariance of  the  disturbance. The d is turbance  input  t o  a zone is 
a r e s u l t  of  t h e  f low of a i r  from an adjoin ing zone t h a t  has  a 
concentrat ion d i f f e r e n t  than the  target .  Since it is not  poss ib le  
t o  measure the  f low r a t e  and concentrat ion of  each a i r  stream 
enter ing  and l e a v i n g  a zone, it is not  p o s s i b l e  t o  d i r e c t l y  measure 
the  covariance o f  the  disturbance input.  

2 . 5 - A i r  I n f i l t r a t i o n  Rate Estimation 

The est imated s p e c i f i c  a i r  i n f i l t r a t i o n  rate is used f o r  th ree  
purposes: 1) t he  reported v a l u e  of  the  outdoor a i r  f low r a t e  i n t o  
the  zone is equa l  t o  the  A I R  m u l t i p l i e d  by the  zone volume, 2) the  
A I R  is used i n  the  process o f  es t imat ing  the  concentrat ion,  and 3) 
the  A I R  is used by the  propor t ional  adapat ive  c o n t r o l  method t o  
compute corn Thus, any e r r o r  i n  the  estimated A I R  not on ly  causes 
incor rec t  v a l u e s  of  the  reported i n f i l t r a t i o n  flow r a t e  but  a l s o  
a f f e c t s  the  c o n t r o l  of  the  system, Three methods of A I R  es t imat ion  
a r e  discussed i n  t h i s  sect ion.  The averaging method computes an 
es t imate  of  the  average i n f i l t r a t i o n  f low r a t e  by d i v i d i n g  the  
t r a c e r  i n j e c t i o n  r a t e  averaged over  a period o f  time by the  t a r g e t  
concentration. The assumption is made i n  the  de r iva t ion  of  the  
averaging method t h a t  t h i s  concentrat ion is he ld  constant  a t  the  
t a r g e t  l e v e l ,  Although the  averaging method provides a f a i r l y  
accurate es t imat ion  of the   AIR'^ i n  genera 1, neglec t ing  
the  information o f  the  movement of  the concentrat ion decreases the  
accuracy of  the  A I R  estimation. The two a l t e r n a t i v e s  t o  the  
averaging method, modified averaging and weighted l e a s t  squares 
(WLS), do no t  n e g l e c t  the  movement of the  concentration. Modified 
averaging inc ludes  the change i n  the  concentrat ion from t h e  
beginning t o  the  end of the  averaging time and d i v i d e s  by the  
average concentra t ion  ins tead  of the  t a r g e t  concentration. The WLS 
method computes the  A I R  which bes t  f i t s  the  time h i s t o r y  da ta  of  
the  c o n t r o l  and concentrat ion values.  I n  add i t ion  t o  incorpora t ing  
the  concentrat ion data,  the  WLS technique weights the  most recent  
da ta  more h e a v i l y  than pas t  data.. A s  a r e s u l t ,  the WLS method 
provides an es t imate  of time varying A I R s  t h a t  is more accura te  
than the  A I R  est imated by the  averaging method. Figures 2 and 3 
i l l u s t r a t e  the  a b i l i t y  of methods described t o  fo l low a s t e p  change 
i n  A I R .  
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The a n a l y s i s  of  t h e  e r r o r  of  t h e  estimated average A I R  l e a d s  t o  the  
following genera l  conclusions: 

1 ) The modified averaging method is s i g n i f i c a n t l y  more accura te  
than the  averaging method* 

2) Except a t  high l e v e l s  of  measurement e r r o r  the  accuracy o f  the  
modified averaging and l e a s t  squares methods a r e  nearly equivalent .  

3) For d is turbances  less than 1.5% and measurement e r r o r s  less 
than 3% the  l e a s t  squares and modified averaging methods es t imate  
the  average A I R  wi th in  approximately 5% of  the  average AIR.  

SF6 DETECTOR OPERATION AND MODIFICATIONS - 
3. 1 Detector Operation 

Before d iscuss ing the  d e t a i l s  o f  the  improvements t o  the  operat ion 
of  a t y p i c a l  SF6 detec tor ,  w e  should review the  e x i s t i n g  equipment* 
Princeton" cons tant  concentrat ion system measures the  SF6 
concentrat ion i n  the  i n d i v i d u a l  zones with an I T 1  model 505 SF6 
e l e c t r o n  capture gas  chromatograph. The primary components i n  the  
chromatograph a r e  an e l e c t r o n  capture d e t e c t o r  c e l l  f i t t e d  with an 
Ni63 beta source, a 380mm long 100-120 mesh aluminum oxide packed 
column, th ree  3-way sample v a l v e s ,  and the  e l e c t r o n i c  c i r c u i t r y  
needed t o  conver t  the  de tec to r  output  i n t o  a v o l t a g e  s igna l .  The 
de tec to r  is a b l e  t o  p r e c i s e l y  measure SF6 concentrat ions from 10 t o  
500 p a r t s  per b i l l i o n  with a 60 second c y c l e  time between samples. 

I n  the  d e t e c t o r  a source of e l e c t r o n s  i s  provided by the  stream of 
beta p a r t i c l e s  emitted from the  Ni63. The s t r eng th  o f  the  e l e c t r o n  
f low is measured by the  de tec to r  - t h i s  l e v e l  is g e n e r a l l y  c a l l e d  
the  "standing currentn. A s  oxygen and SF6 f low through t h e  
de tec to r  they capture  e l e c t r o n s  i n  proport ion t o  t h e i r  
concentrat ion and decrease the  output of t h e  detector .  Since these  
gases a r e  separated i n  time by the  packed column the  magnitude of  
the  decrease of t h e  de tec to r  output  can be measured f o r  each gas. 
Figure 4 d i s p l a y s  the  t y p i c a l  conditioned output  of  the  de tec to r  
analyzing a i r  with a concentrat ion of  100 ppb SF6 t h a t  has  been 
in jec ted  i n t o  the  column. The oxygen peak occurs first a t  
approximately f i v e  seconds and the  SF6 peak occurs a t  about 23 
seconds when argon pressures  a r e  maintained a t  three  atmospheres. 
The concentrat ion of SF6 is a function of the  r a t i o  of  the  standing 
cur ren t  t o  the  peak current ,  

The operat ion o f  the  de tec to r  can be s p l i t  i n t o  two phases: sample 
i n j e c t i o n  and sample detect ion.  During the  i n j e c t i o n  phase a l l  3- 
way sample v a l v e s  a r e  a c t i v a t e d  which causes the  c a r r i e r  gas t o  
f low i n  the  lVON1' d i r e c t i o n  a s  shown i n  the  f low diagram i n  Figure 
5a. This a l l o w s  the  c a r r i e r  gas  t o  f l u s h  the  sampled a i r  i n  the  
sample loop i n t o  the  column, After  a l lowing  two seconds f o r  
complete f lush ing ,  a l l  the  3-way v a l v e s  are deact iva ted  and the  
de tec t ion  phase begins. During t h i s  phase, a ir  from the  zone being 
sampled is pumped through the  sample loop and out  the  exhaust port, 
The c a r r i e r  gas (argon) now flows d i r e c t l y  t o  the  column where it 
continues t o  fo rce  the  gas from the  sample loop through t h e  column. 



The argon and sample gas theri' f low through the  e l e c t r o n  capture 
de tec to r  and a r e  exhausted ou t s ide  the  d e t e c t o r  enclosure. 

Figure 4 

Detector Output 

3 2 Detector modificat ions 

This commercial de tec to r  has  been p r imar i ly  designed f o r  use i n  
f inding l e a k s  i n  underground pipes* In  t h i s  app l i ca t ion  the  ease 
of  use is emphasized r a t h e r  than the  accuracy of  the  instrument. 
Over the  pas t  year  many modifications have been made t o  the  
plumbing and e l e c t r i c a l  system which l i m i t  t he  use of  the  de tec to r  
Lo the  sample mode but improve i ts  r e l i a b i l i t y  and accuracy. 

Figures 5a, 6a9 and 7a show the  plumbing, wiring, and de tec to r  
supply and amp1 i f  i e r  d i a g r a m  of the  o r ig ina  1 detector.  Figures 
5b, 6b, and 7b show the  same diagrams f o r  the  modified detector .  
The fo l lowing  is a summary o f  the  modificat ions and the  reasons f o r  
the  changes. 

3.2.1 Plumbing System 

ges -, 

1) Eliminate by-pass v a l v e ,  continuous/sample mode v a l v e ,  and 
c a p i l l a r y  r e s t r i c t i o n *  



2) Bypass column and d e t e c t o r  f l u s h i n g  o u t l e t s .  

3) Replace r o t a r y  i n j e c t i o n  v a l v e  with t h r e e  3-way s o l e n o i d  va lves .  
4) The d e t e c t o r  ou tpu t  is exhausted d i r e c t l y  t o  ou t s ide  o f  t h e  

enclosure.  

bulkhead p i p e  
conncc t ion8 

Figure  5a,  O r i g i n a l  pipework diagram. 

F igure  5b. Revised pipework diagram. 



Figure 6a. Original detector supply and amplifier. 
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Figure 6b. Revised detector supply and amplifier. 



NOTE: +15v PCB pin 10 for 240v working 
pin 12 for IlOv 
neon always on pin 10 

Figure  7a, O r i g i n a l  w i r i n g  diagram, 

Front View of Ffxcd 
Plug on Rear Panel 

COTE: +15v PCB pin 10 for 24Ov work in^ 
oin 12 for llOv 
neon always on pin 10 

Figure  7b. Revised wi r ing  diagram, 



R e a s o n s  %or 

I )  The continuous/sample mode v a l v e  and by-pass v a l v e  a r e  prone 
t o  l e a k s  t h a t  a r e  d i f f i c u l t  t o  e l iminate .  Elimination o f  the 
c a p i l l a r y  r e s t r i c t i o n  reduces the  l e v e l  of  the  c a r r i e r  gas f low 
needed t o  provide the  proper s tanding current .  

2) Bypassing t h e  column and d e t e c t o r  f l u s h i n g  o u t l e t s  f u r t h e r  
e l i m i n a t e s  connections t h a t  may be sources  of  leaks. It a l s o  
l eads  t o  a more compact system. 

3)  The th ree  3-way solenoid  v a l v e s  a r e  less prone t o  l e a k s  than 
the  r o t a r y  valve .  The so leno id  v a l v e s  a l s o  e l imina te  the  need 
f o r  a high pressure  gas source ( u s u a l l y )  argon t o  a c t u a t e  the  
r o t a r y  valve .  This reduces t h e  amount of  argon used by the  
d e t e c t o r  and a l l o w s  the  opera tor  the  opt ion  of  using a lower 
argon pressure t o  the  column. 

4) The separa t ion  of  the  d e t e c t o r  output  from the  pump inpu t  has 
two e f f e c t s :  

a )  The pressure i n  the  l i n e s  through the  column and de tec to r  
a r e  above ins tead  of below atmospheric pressure. This 
e l i m i n a t e s  the  p o s s i b i l i t y  of  contamination of  the  sample 
by l e a k s  through the  plumbing. 

b) The pressure across  the  pump no longer a f f e c t s  the  flow 
through t h e  detector .  Since the  pump pressure w i l l  vary 
depending on the  r e s t r i c t i o n  i n  the  sample l i n e ,  the  power 
provided t o  it, and the  condi t ion  of  t h e  pump, the  f low 
through t h e  de tec to r  is more s t a b l e .  This a l s o  a l l o w s  the  
use r  t o  employ a v a r i e t y  o f  d i f f e r e n t  f low r a t e s  through 
the  sample loop without a f f e c t i n g  the  c a l i b r a t i o n  of  the  
de tec tor ,  Thus, low f low r a t e s  can be used during 
c a l i b r a t i o n  t o  decrease the  amount of  c a l i b r a t i o n  gas, and 
high f low r a t e s  can be used during operat ion t o  decrease 
the  t r anspor ta t ion  time from the  zone t o  the  detector .  

3,2.2 E l e c t r i c a l  System 

1 )  Voltage output  s i g n a l  

a )  I n v e r t  and provide a d j u s t a b l e  o f f s e t  and ampl i f i ca t ion  of 
s i g n a l ,  

b) F i l t e r  s i g n a l  through a low-pass f i l t e r ,  frequency = 53Hz. 

c )  Run s i g n a l  from the  d e t e c t o r  supply and a m p l i f i e r  card t o  
the  output  jack through a coax ia l  cable.  

2) Replace r o t a r y  switch with a s i n g l e  p o l e  double throw switch 
f o r  the  +I5 and -15 v o l t  l i n e s .  



3) I n t e r r u p t  pump power with pump switch only. 

4) Disconnect meter. 

5) Disconnect "zero" potentiometer.  

6) Remove wires and r e s i s t o r s  f o r  range output.  

Reasons for 

1 ) The output  from the  d e t e c t o r  is a nega t ive  v o l t a g e  with the  
s tanding v o l t a g e  being from 1.5 t o  3.2 v o l t s .  The v o l t a g e  can 
be read a s  a p o s i t i v e  v o l t a g e  with the  r o t a r y  switch i n  the  
standing c u r r e n t  posi t ion,  However, i f  the  ba t t e ry  charger is 
connected and the  device  used t o  read t h e  v o l t a g e  is connected 
t o  the  o u t l e t  ground the  s i g n a l  output is shorted out, 
T y p i c a l l y  both these  s i t u a t i o n s  occur. I n  the  p a r t i c u l a r  
example of  t h e  present  system (a  Techmar Lab Master system), 
the  ana log  t o  d i g i t a l  conver te r  is connected t o  ground and 
requ i res  a 0 t o  +10 v o l t  input.  In  order  t o  achieve high 
r e s o l u t i o n  and conver t  the  s i g n a l  t o  a p o s i t i v e  vo l t age ,  the 
s i g n a l  from the  de tec to r  supply  and ampl i f i ca t ion  card is 
passed through a op-amp inver t ing  ampl i f i e r  with o f f s e t .  

Because o f  the  changes i n  the  plumbing system (conversion t o  
dedicated sample mode system) it is no longer necessary t o  be 
a b l e  t o  ad j u s t  the  l e v e l  o f  the  output v o l t a g e  a s  needed i n  the  
continuous mode. Thus, the  l1zero" potentiometer,  r o t a r y  
switch, and range r e s i s t o r s  have been eliminated. The output 
v o l t a g e  is run d i r e c t l y  from the  card t o  the  output  jack and 
the  v o l t a g e  s u p p l i e s  a r e  in te r rup ted  by a s i n g l e  throw switch, 
This has  severa 1 advantages : 

a )  Better noise  protec t ion  through the  coaxia l  cable.  

b) A very low output  impedance ( t h e  o r i g i n a l  system had an 
impedance a s  high a s  82K ohms), 

c )  The l e v e l  o f  the  output  vo l t age  (which a f f e c t s  the  
de tec tor ' s  c a l i b r a t i o n )  can not  be a c c i d e n t a l l y  changed by 
t w i s t i n g  the  "zerow potentiometer. It can be adjus ted  
i n t e r n a l l y  t o  keep a high reso lu t ion  of the SF6 peak. 

d )  It provides  e a s i e r  switching, fewer connections, and less 
c l u t t e r e d  wiring 

3 )  The first h a l f  of the  d e t e c t o r  supply and ampl i f i e r  c i r c u i t  
s u p p l i e s  a high vo l t age ,  high frequency (X5 kHz) pu l se  t o  the 
de tec tor .  Although the  p u l s e s  do not  a f f e c t  the  detector 's  
meter o r  a high i n e r t i a  recorder,  these  pu l ses  a r e  passed 
through t o  t h e  output  s i g n a l  ( the  inpu t  pu l ses  and output  
s i g n a l  a r e  ca r r i ed  on the  same l i n e )  and can be recorded by 
analog t o  d i g i t a l  converters .  The add i t ion  of the  op-amp 
f i l t e r  with a cutoff  frequency of  53 Hz. g r e a t l y  reduces the  
magnitude o f  the  p u l s e s  and does no t  d i s t o r t  the  shape of  the  
peaks. 



4) The meter is not  required f o r  normal operat ion and the  high 
output vol tage  could damage it, 

5 )  The s i n g l e  pump power switch a l l o w s  i n d i v i d u a l  c o n t r o l  of the  
Pump - 

4,O SYSTEM 

The t o t a  1 system using the  cons tant  concentrat ion p r i n c i p l e  was 
shown schemat ica l ly  i n  Figure 1. The block diagram i n d i c a t e s  how 
the  da ta  acqu i s t ion  system is in tegra ted  with the  A/D, v a l v e  
contro 1 e l e c t r o n i c s ,  i n j e c t i o n  system, sample system and SF6 
detector .  The t r a c e r  gas is a c t u a l l y  SF6 d i l u t e d  t o  a  0.1% 
concentrat ion so  t h a t  metering o f  the  SF6 can be a c c u r a t e l y  
performed. Flow r a t e s  through the  i n j e c t i o n  l i n e s  t o  t h e  
i n d i v i d u a l  zones a r e  a l l  c a r e f u l l y  c a l i b r a t e d  l6 t o  insure  the  
v a l v e  open times can be r e l a t e d  d i r e c t l y  t o  the  flow of  SF6 t o  each 
zone. 

Figure 8 is another  block diagram, t h i s  t i m e  of the  c o n t r o l  and a i r  
i n f i l t r a t i o n  r a t e  es t imat ion  system. Seeking the  t a r g e t  
concentrat ion ct ,  the  i n d i v i d u a l  c o n t r o l  system elements take  care  
of system disturbances,  sensor noise and nonuniform concentrat ion 
e r ro r s .  

F igure  8 

BLOCK D I A G R A M  OF SYSTEM CONTROL AND ESTIMATION 

ct rl ", ri "m C, 
CONTROL MIXING SYSTEM 

I  SYSTEM 
DISTURBANCES 

CONCENTRATION 
AND AIR 'rn 1 SENSOR / % 

ESTIMATION 

SENSOR NONUNIFORM 
NOISE CONC. ERROR 

U - computed control. value Cm - measured concentration 

Urn- c o n t r o l  applled t o  system - estimated concentrat ion 

C - average zone concentrat ion ct - target concentrot,on 

CS - sampled concentration AIRe - es t~mated  a ~ r  



The sampling system pumping diagram and i n j e c t i o n  system diagrams 
have a number of  s i m i l a r  cha rac te r i s t i c s .  Valving is achieved with 
10 subminiature DC v a l v e s  (1 watt)  protected by upstream f i l t e r i n g ,  
I n  the  i n j e c t i o n  system, Figure 9, flow r a t e s  a r e  c o n t r o l l e d  with 
two s t a g e s  of  r egu la t ion  on t h e  d i l u t e  SF6, Each zone h a s  a 
s e l e c t e d  micro o r i f i c e  t o  match zone volume t r a c e r  gas needs, The 
sampling schematic is shown i n  Figure 10 with d e t a i l s  on the  
c i r c u i t r y  explained. When t h i s  system is deployed i n  l a r g e r  zones 
sampling l o c a t i o n s  i n  the  zone a r e  m u l t i p l i e d  by branching the  
sampling p a r t  t o  s e v e r a l  l o c a t i o n s  '7. 

Figure 9 

INJECTION SYSTEM PLUMBING DIAGRAMS 

r - T r k - 7  INJECTION MANIFOLD 

2 STAGE 
REGULATOR 

INJECTION VALVES I PNUETRONICS 

CDRP. # 11-13-1-BB-12V DEACTIVATED ACTIVATED 

PRESSURE 1 0 - 5 0  PSI 
ELECTRICAL 1 12 V, 144 OHMS, 1 WATT 
VALVES ARE ACTIVATED TO INJECT 
SF6 INTO ZONES 

5.0 CONCLUSIONS 
The r a t i o n a l e  f o r  the  design o f  the  c o n t r o l  system t o  ach ieve  
s u i t a b l y  rapid  c o n t r o l  response, while maintaining accura te  va lues  
of the  t r a c e r  gas  concentrat ion,  i n  the  cons tant  concentrat ion 
t r a c e r  gas measurement system was described. More than one choice 
of c o n t r o l  and concentrat ion averaging is acceptable  and modified 
averaging o r  least squares methods can be used with the  adapt ive  
propor t ional  and propor t ional  in teg ra  1 contro 1 methods t o  achieve 
the  system goals .  The need is j u s t i f i e d  and the  ac t ions  required 
f o r  numebous mod i f i c a t i o n s  t o  the  commerical SF6 de tec t ion  system 
t o  r a i s e  the  accuracy of  SF6 concentrat ion eva lua t ion  o f  the  
equipment. The t o t a l  CCTG system incorpora tes  a recommended 
contro 1 approach, the  upgraded SF6 de tec t ion  uni t ,  i n d i v i d u a l l y  
c a l i b r a t e d  micro o r i f i c e s  and subminiature DC v a l v e s  t o  meter out  t h e  
desired q u a n t i t i e s  o f  SF6. F i n a l l y ,  the  sampling system, using 
s i m i l a r  v a l v  ing  arrangements , provides t h e  ind iv idua l  zone samples 



Figure 10 

SAMPLE SYSTEM PUMPING D I A G R A M  

TO IT1  

DETECTOR 

PUMP MANIFOLD 

DETECTOR 
( MAX CAPACITY 3.7 I/MIN ) 

MANIFOLD 

SAMPLE VALVES I PNEUTRDNICS 

CORP. # 11-15-5-BE-12V 

PRESSURE I 0 - 2 5  PSI, VACUUM 

ELECTRICAL I 12 V 144 OHMS 1 WATT 

~ DEACTIVATED % 
ACTIVATED 

t o  the  SF6 de tec t ion  system and associa ted  da ta  acqu i s i t ion  system 
operated by a microcomputer. The t o t a l  system is opera t ing  very 
e f f e c t i v e l y  i n  both f i e l d  and labora tory  t e s t s ,  maintaining hourly 
SF6 conc n t r a t i o n s  a t  9 0,6% with data  s c a t t e r  w e l l  wi th in  design 
l i m i t s  I 'ii 
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