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ABSTRACT 

The development and liatited testing of a coeqmter control of a 

l i q u i d  cooled garment ( L E )  i n l e t  t empera tu re  is d9scribed. An 

a d a p t i v e  (computer )  =del of the  LCC is used to  predict  t h e  hea t -  

removal rates for v a r i o u s  i n l e t  t empera tu res .  The predictions can  be 

used to choose a n  i n l e t  t empera tu re  that fa l l s  i n t o  a cocnfort-zone of 
t h e  type that uaa d e r i v e d  by Kuznetz i n  earlier s t u d i e s  a t  NASA. 

An expe r imen ta l  sys tem that c o n t a i n s  a microcomputer has been 
c o n s t r u c t e d .  LCC i n l e t  and o u t l e t  temperatures and the heat- 

exchanger o u t l e t  t empera tu re  form the  i n p u t s  t o  t h e  computer.  The 

computer commands a v a l v e  to  c o n t r o l  t he  LCC i n l e t  t empera ture .  The 

adapt ive-model -predic t ion  method of c o n t r o l  h a s  proved s u c c e s s f u l  

d u r i n g  tests on a number of s u b j e c t s  where t h e  i n l e t  t empera tu re  was 

a u t o m a t i c a l l y  chosen by the computer.  The program can  be implemented 
i n  3 microprocessor  of a s i ze  that is practical  for a l i f e - s u p p o r t  

back-pack. 

t i  
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I INTRODUCTION 

A number of techniques have been evaluated for  providing a 
c o n t r o l  algorithm for automatic  c o n t r o l  of t h e  i n l e t  temperature to a 

l i q u i d  cooling garment (LCC).2,5’8 The closed loop c o n t r o l  system 
w i l l  r e q u i r e  monitoring of a p p r o p r i a t e  system (physiological and/or  
LCG) parameters,  processing of these papameters i n  some manner t o  
generate a c o n t r o l  signal, adjustment of the LCG heat removal rate in 
response t o  t h e  c o n t r o l  s i g n a l ,  and subsequent monitoring and 
adjustment t o  i n s u r e  t ha t  t h e  desired response is obtained. 

The heat removal requirement for a given LCG is a funct ion of  
t h e  metabolic rate, t h e  des i red  thermal comfort condi t ions ,  and t h e  

heat exhange wi th  t h e  environment. However, s i n c e  it 1.9 r e l a t i v e l y  
easy t o  minxnize heat exchange wi th  the  environment, t h e  metabolic 
heat is the  primary concern f o r  a practical system. 

The fol lowing phys io logica l  or system parameters could be 

monitored and used, w i t h  a p p r o p r i a t e  c o n t r o l  algorithms, t o  provide 
automatic  c o n t r o l  of thermal comfort whi le  using an  LCG. Each w i l l  

be b r i e f l y  d iscussed  t o  provide t h e  r a t i o n a l e  laading t o  t h e  

s e l e c t i o n  of t h e  parameters and c o n t r o l  model developed dur ing  t h e  

present  research, 

A .  Body Temperature M o n i t o r i q  

The body temperatures  most g a i t a b l e  for providing an  input  
s i g n a l  t o  a c o n t r o l l e r  are t h e  core temperature as i n d i c a t e d  by a 
rectal o r  ear canal  probe and/or var ious  s u i n  temperature. 
there are problems associated w i t h  these f o r  use i n  an a c t u a l  
opera t iona l  EVA system i n  a d d i t i o n  :o some phys io logica l  drawbacks. 

However, 

Monitoring of body temperatures  r e q u i r e s  the  attachment of  
temperature sensora to t h e  subject.  T h i s  is undes i rab le  f o r  a system 



which w i l l  be used for hundreds of manhours on each mission. I n  
a d d i t i o n ,  t h e  time cons tan t  f o r  the co re  temperature t o  respond t o  a 
sudden change i n  metabolic rate is on the  o rde r  of  10 ininutes 
that the  c o n t r o l  a lgori thm must a n t i c i p a t e  t h e  body's response t o  
changes i n  inlet  temperature. 
funct ion of  metabolic rate7 and t h u s  would be d i f f i c u l t  t o  use by 

itself as the  only i n p u t  t o  an LCG c o n t r o l l e r .  
and s u r f a c e  ( s k i n )  temperature could probably be made t o  work well, 
but  would be d i f f i c u l t  to use f o r  a practical system. 

3,698 so 

Skin temperature(s) is not  a simple 

A combination of core 
a 

1 

B. Direct Metabolic Rate Monitorinq 

If  the  metabolic rate could be d i r e c t l y  determined, it would 
Once the  provide an e x c e l l e n t  i npu t  f o r  an automatic c o n t r o l l s r .  

c h a r a c t e r i s t i c s  of  a p a r t i c u l a r  LCC have been determined, the 

q u a n t i t y  o f  heat which must be removed by the LCG t o  maintain thermal 
equilibrium at  any metabolic rate would be precisely known and the  

time constant  for response is q u i t e  small (approximately 30 s> . 
However, the precise determinat ion o f  metabolic rate us ing  equipment 
s u i t a b l e  f o r  i n t e g r a t i o n  i n t o  a Por t ab le  Life Support System (PLSS) 
is very d i f f i c u l t .  

a 

A c o n t r o l l e r  using t b s  oxygen consumption rate as a measure of 
8 metabolism was i n v e s t i g a t e d  and t h e  performance was s a t i s f a c t o r y ,  

but  t h e  equipment required t o  implement t h i s  approach f o r  a practical  
system is s t i l l  unavai lable .  This is also t r u e  of systems t h a t  

measure t h e  C02 production rate. 

be used t o  i n d i c a t e  metabolic rate.4 However, t h i s  is a l s o  
considered impractical s i n c e  t h e  rate of decay is not very s e n s i t i v e  
t o  r e l a t i v e l y  small changes i n  metabolic rate and f a c t o r s  such as  
s u i t  leakage cannot be easily accounted for.  

The rate of decay of pressure i n  the  PLSS O2 supply could a l s o  

c. Sweat Rate Monitoring 

I f  t h e  instantaneous sweat rate could be r e l i a b l y  d e t e n l n e d ,  i t  

would provide an e x c e l l a n t  c o n t r o l  s i g n a l .  The sweat rate responds 

2 



quickly t o  changes i n  metabolic rate and it provides  a d'-t  

i n d i c a t i o n  o f  the s u b j e c t ' s  thermal state. That is, ' ri sa ' rates 
are a clear i n d i c a t i o n  of  a need f o r  cooling. A swec!- rat.? 
( i nc lud ing  r e s p i r a t o r y  evaporat ion)  of about 50-100 mL/b. has bsec 
suggested as appropr i a t e  for thermal while sv%i" rztes as 
high as 4 l/h have been reported' during s e v e r e  thermal stress. 

There are two basic ways of determining the sweat rate of a 
s u b j e c t  who is e x e r c i s i n g  i n  an impermeable s u i t .  
rate from small s k i n  segments can be measured and used w i t h  

appropr i a t e  weighting func t ions  t o  c a l c u l a t e  t h e  whole body sweat 
rate, or t h e  t o t a l  moisture evaporated i n t o  the  v e n t i l a t i n g  a i r  
stream can b e  determined by measuring t h e  a i r  flow rate and t h e  

change i n  s p e c i f i c  humidity. 

The l o c a l  sweat 

The first method s u f f e r s  from the  requirement f o r  
instrumentat ion o f  the  s u b j e c t  and t h e  lack of reliable humidity 
cells  f o r  use i n  an opera t iona l  system. 

explored by Chambers,2 would be  well-suited f o r  an o p e r a t i o n a l  system 
if a reliable, compact humidity measurement system was a v a i l a b l e .  
Current ly  a v a i l a b l e  systems are not s u f f i c i e n t l y  developed f o r  use i n  
an ope ra t iona l  EVA system. 

?he second method, as 

9 

D. LCG Heat Trans fe r  Rate MonitorinR 

The a c t u a l  q u a n t i t y  of heat removed bv t h e  LCG can be e a s i l y  
determined by measuring t h e  water flow rate and the  d i f f e r e n c e  
between t h e  i n l e t  and o u t l e t  temperature (AT). Since  t h e  

r e l a t i o n s h i p  between heat removal a t  equ i l ib r ium and t h e  total  
metabolic rate can be determined experimental ly ,  t h e  LCG heat 

transfer rate can b e  used t o  i n d i c a t e  t h e  t o t a l  metabolic rate. 
S imi l a r ly ,  t h e  time rate of change (time d e r i v a t i v e s )  of t he  LCC heat 

t r a n s f e r  i n d i c a t e s  t h e  f u t u r e  t r e n d s  i n  metabolic rate. S ince  t h e  

water flow rate w i l l  be  constant  i n  an actual EVA system, information 
on t h e  LCG AT can be  used a8 a c o n t r o l l e r  input .  Reliable 
temperature t ransducers  are 
in strum en^ .'ion is requ i r ed  

readi ly  a v a i l a b l e  and no subject  

t o  implement such a c o n t r o l  system. 

3 



Control s t a b i l i t y  can be f u r t h e r  improved i f  an a d d i t i o n a l  
temperature measurement, such as heat sink o u t l e t  temperature,  o r  
some s u b j e c t  temperature is added. 

5 The LCGAT concept i n v e s t i g a t e d  by Kuznetz h a s  been selected 
f o r  f 'urther development s i n c e  it r e q u i r e s  no s u b j e c t  i n s t rumen ta t ion  
and is t h e r e f o r e  well-suited for use i n  an ope1 i t i o n a l  M A  system. 

Although the  instrumentat ion required t o  provide the  c o n t r o l l e r  
i n p u t s  is very simple, a s e r i o u s  obstacle related t o  t he  long t ime 
constant  o f  t h e  LCG/subject system must be overcome. 
between changes i n  metabolic heat production and the establ ishment  of 

a new equ i l ib r ium LCG AT can be as much as 1 h,4'5 t h i s  r e q u i r e s  the 

use of a sophisticated c o n t r o l l e r  t r a n s f e r  func t ion  that 

e s s e n t i a l l y  pred ic t s  the f u t u r e  LCG heat t r a n s f e r  needed for comfort 
based on t r e n d s  i n  the c u r r e n t  data. 

The delay 

This  c o n t r o l  scheme has been tested by Kuznetz' bo th  

a n a l y t i c a l l y  and experimental ly  using human sub jec t s .  Howevo- the 

human tests, which were intended only t o  demonstrate s y s t  
f e a s i b i l i t y ,  were done i n  an open loop, semi-manual mode. That is 

the instantaneous c o n t r o l l e r  i npu t  temperatures were determined and 
manually entered i n t o  a computer which then ca l cu la t ed  t h e  new LCG 

i n l e t  temperature set po in t  and displayed it t o  t h e  experimenter. 
manual va lve  was then ad jus t ed  t o  o b t a i n  t h e  desired water 
temperature. 

A 

A v a r i e t y  or' metabolic rate p r o f i l e s ,  including some based on 
a c t u a l  EVA experience,  were then performed. The experimental  r e s u l t s  
showed t h a t  t h i s  c o n t r o l  scheme was able t o  maintain the s u b j e c t s  i n  
thermal equ i l ib r ium for t h e  f u l l  range of  expected metabolic rates. 
Body heat s to rage  and sweat rates were commensurate w i t h  comfort ,  and 
t h e  s u b j e c t i v e  reports a l s o  ind ica t ed  thermal comfort. 

The program discussed i n  t h i s  r epor t  combined the  r e s u l t s  of 
t h i s  exploratory work by Kuznetz' w i t h  modern adaptive c o n t r o l  
techniques that can be implemented on a microprocessor. 
loop LCS c o n t r o l l e r  was s u c c e s s f u l l y  developed and tested. The 

A closed 

4 



presen t  program uses  t h e  water kmperatures previous ly  ?iscussed as 
t h e  input  parameters. However, the zdapt ive  control logic that has 
Seen developed could be altered to use i n p u t s  from humidity or C02 
senso r s  i f  s u i t a J l e  t ransducers  are developed in t he  .%ture. 

Adaptive techntques t o  estimate the transfer fhnctiaek between 
the LCG i n l e t  temperature,  Ti, and the difference, AT, bet- Tf and 
o u t l e t  temperature, To, were inves t iga ted .  
can change wi th  time; therefore, the  c o n t r o l l w  mst  be able to  track 

t h e  changes and make appropr i a t e  adjustments  t o  the cmtrol based 00 
t h e  changed t r a n s f e r  funct ion.  
Kuznetz's previous work i n  t h i s  ama and how it relates to  the 
present  project follows. 

This transfer fuctioa 

A b r i e f  t e c h n i c a l  d e s c r i p t i o n  of 

Figure  1 is reproduced f r o m  Kiiznetz. The data that are plo t ted  

were obtained from empirical measurements and from a h-y regarded 
computer model3 that is i n  use  a t  t h e  NASA Johnson Space Center 

(JSC). The hor i zon ta l  axis g i v e s  the metabolic rate i n  watts. 
left-hand v e r t i c a l  axis gives the LCG heat removal rate i n  M a t t s  m e n  
IC9 l / h  are flowing through t h e  LCG; the  right-hand v e r t i c a l  axis 
giv.  
metpoolic rate for a cons tan t  Ti. 
curves  i n d i c a t e  the s to red  body heat i n  k i l o j o u l e s  (Watthours1 Poi# 
t h e  i nd ica t ed  metabolic rates. There is a wel l -establ ished cuafort 
zone that relates a comfortable body heat s t o r a g e  w i t h  a givzn 
metabolic rate. This  comfort zone is swerimposed upon the  f i v e  
curves.  

The 

AT. The f i v e  curves  are p l o t s  of  AT as a func t ion  of the 

The numbers near  po in ts  on the  

A l l  curves  are f o r  s teady-s ta te  condi t ions .  

It is poss ib l e  to go from a A T  on the right-hand axis across t 2  
a poin t  on t h e  curve a t  the c e n t r r  cf t h e  comfort zone t o  determine 
an i n l e t  temperature t h a t  will keep the eubject wi th in  t h e  zone. The 
Ti  that is necessary t o  s t a y  a t  the cen te r  of the comi:rt zone can be 

p lo t t ed  aga ins t  AT, as shown in Figure  2 ( a l s o  reproduced from 
Kuznetz). T h i s  curve is very nea r ly  a straight l i n e .  

During steady-state condi t ions ,  AT w i l l  be p ropor t iona l  t o  the 

metabol ic  r a t e  because t h e  heat t h a t  is removed is p r o p o r t i o r a l  ta 

5 
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the d i f f e r e n c e  between the i n l e t  and outlet  water temperatures.  If  

there were no dynamics involved, Ti could be ad jus t ed  f o r  a givenAT 
( o r  a given metabolic rate) t o  f a l l  on the curve. I n  r e a l i t y ,  the  

dynamics are h igh ly  complex so that a simple change i n  Ti produces 
complex v a r i a t i o n s  o f A T  even a t  a cons t an t  metabolic rate. 
experiments with the  NASA JSC model were performed to  begin t o  
quan t i fy  these effects. When Ti was moved to  f a l l  on the curve of 

Figure 2 ,  the  AT moved away f m m  the curve w i t h  a new AT. 
successive new values  of T .  were chosen t o  move back on the  curve,  
the  system appeared uns t ab le .  

Computer 

When 

1 

By similar procedures Kuznetz has attempted t o  d e r i v e  t h e  change 

i n A T  versus the  size of a s t e p  change i n  Ti. 

cons t ruc t ion  of a first-order model. He used t h e  same technique t o  
d e r i v e  c o e f f i c i e n t s  f o r  a smaller second-order model. A second-order 
d i f f e r e n t i a l  equat ion was programed and tested with a s u b j e c t  i n  a 
LCC. 

entered i n t o  the  d i f f e r e n t i a l  equation and a new AT was obtained. 
T h i s  process  was iterated u n t i l  a AT and a Ti were obtained that fe l l  
on the  curve i n  Figure 2 .  The Ti that was i nd ica t ed  t o  be c o r r e c t  by 
t h e  s o l u t i o n  t o  t he  d i f f e r e n t i a l  equat ion was set by hand i n t o  t h e  

LCG. 

Th i s  a l lows  the  

I n  these experiments,  Ti and AT were measured. A new Ti was 

We also used a modeling technique i n  t h e  SRI study; however, our  
technique is more gene ra l  and more rigorotls and w i l l  converge t o  the  

comfort zone mare quickly.  I n  add i t ion ,  we developed a sys tem t o  
c o n t r o l  a d i f f e r e n t i a l  valve that shun t s  water p a s t  the heat 
exchanger ( t o  c o n t r o l  t h e  i n l e t  temperature) w i t h  t h e  computer f o r  a 
f u l l y  automatic temperature con t ro l .  

I n  t h i s  p r o j e c t ,  we u s e  well-known adap t ive  c o n t r o l  techniques.  
We assume Figure 3 is a block diagram that i l l u s t r a t e s  the concept. 

t h a t  t h e  LCC ( t h e  garment and t h e  enclosed s u b j e c t )  can be modeled as 

a l i n e a r  system, and t h a t  the model can be implemented as a computer 
subroutine.  
only on t h e  past values  of Ti. 
model's parameters t.3 minimize t h e  average o f  t h e  square 3f the 

The model i npu t  is Ti and t h e  model estimates AT based 

A subrout ine o r  a lgori thm a d j u s t s  t h e  

a 
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d i f f e r e n c e  between t h e  estimated AT and the a c t u a l  AT. 

were perfect, a test T i  could b e  entered i n t o  t h e  model by t h e  

computer and the model could be run ahead i n  time to  determine w h a t  

t h e  AT would be  for that Ti. 
the comfort zone, o t h e r  va lues  of Ti could be chosen u n t i l  a 
combination was found t h a t  d i d  f a l l  i n t o  the zone. The LCG i n l e t  
temperature would then be ad jus t ed  t o  equa l  the s u c c e s s f u l  test Ti. 

I f  t h e  model 

I f  t h e  combination d id  not  f a l l  i n t o  

I n  p r a c t i c e ,  o f  course,  it is not  p o s s i b l e  t o  make a p e r f e c t  
model, but we show i n  later s e c t i o n s  that it is p o s s i b l e  t o  implement 
one t h a t  has s u f f i c i e n t  accuracy. The i t e r a t i o n s  t o  pick a new Ti 
can be done in  s e v e r a l  seconds so t ha t  t h i s  type of c o n t r o l  can be 

done i n  "real time." 

The fol lowing were the  o b j e c t i v e s  f o r  a first year  of the study: 
0 The hardware for a computer dr iven LCG temperature c o n t r o l  

was to be designed and constructed.  
0 There was t o  be the  prel iminary development of a computer 

a lgori thm t o  c o n t m l  t h e  LCG temperature. 
0 There was t o  be l i m i t e d  testing on human s u b j e c t s .  

These o b j e c t i v e s  have oeen met, and the  developments w i l l  be 

described i n  t h e  remaining sec t ions .  Sec t ion  I1 c o n t a i n s  a 
d e s c r i p t i o n  o f  t h e  experimental  system inc lud ing  the computer 
con t ro l .  
that w i l l  exp la in  t h e  program's o rgan iza t ion  and Jesign philosophy. 
Sec t ions  I V  and V exp la in  i n  detail  the valve c o n t r o l  a lgori thm, t h e  

adapt ive model, and t h e  a lgori thm t h a t  determines Ti w i th  r e fe rence  
t o  t h e  model. Sec t ions  V I - V I 1 1  describe the  experimental  r e s u l t s ,  
reconmendations f o r  f u r t h e r  work, and the  Appendix con ta ins  a l i s t i n g  
of t h e  program. 

Sec t ion  I11 con ta ins  an overview o f  t h e  computer program 

10  



I1 EXPERIMENTAL SYSTEM DESCRIPTIuN 

Figure 4 is a schematic of t h e  experimental  LCG temperature 
c o n t r o l  system. 
109 l / h ) ,  and water is shunted around t h e  heat exchanger by t h e  

d i f f e r e n t i a l  valve;  i f  Ti  is t o  be lowered, less water is shunted. 
Three water temperatures  (Ti, To ,  and t h e  heat exchanger output ,  Th)  
are A/D converted and entered i n t o  t h e  computer. 

There is a constant  flow through t h e  LCG (nominally 

An output  from the computer is D/A converted t o  form t h e  analog 
inpu t  t o  an analog se rvocon t ro l  f o r  t h e  valve pos i t i on .  The three 

temperatures are processed by the computer t o  c a l c u l a t e  a "command 
in l e t .  temperature", Tc, which the  computer has determined t o  be the  

appropr i a t e  temperature f o r  s u b j e c t  comfort. 
toward Tc wi th  a c o n t r o l  a lgori thm that include3 a closed loop 
c o n t r o l  through the  computer. 

The computer a d j u s t s  Ti 

(The analog valve se rvo  is i n  t h i s  

loop. 1 

The computer is a Radio Shack TRS-80 Model I. I t  was chosen f o r  
We wished t o  demonstrate the  concept with the  the  following reasons.  

microprocessor-based computer ( p r e f e r r a b l y  a 2-80 microprocessor 
show t h a t  a microprocessor has s u f f i c i e n t  speed (a f l i g h t  system 
would use a microprocessor),  and t h a t  memory requirements would be 

reasonable.  Commercial multichannel A/D and D/A conver t e r s  t h a t  p lug  

i n t o  t h e  TRS-80 are a v a i l a b l e ,  and there are commercial temperature 
erobes t h a t  are compatable wi th  t h e  A/D converter .  

t o  

A BASIC compiler f o r  the TRS-80 Model I which compiles programs 
t h a t  a l so  run i n  t h e  i n t e r p r e t i v e  mode is a v a i l a b l e  from Microsoft .  
Debugging is g r e a t l y  faci l i ta ted when the  program can be run i n  the 

i n t e r p r e t i v e  mode p r i o r  t o  compiling. The compiled program runs an 
estimated f i v e  t o  t en  t imes faster than t h e  i n t e r p r e t e r  program. Our 
direct  experience when comparing t h e  two ve r s ions  o f  t h e  same program 
showed t h a t  t h e  i n t e r p r e t e r  vers ion is too slow by a f a c t o r  of four. 

11 
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A.  The Mechanical Subsystem 

The breadboard system schematic is shown on Figure 5. The 

l abora to ry  pumping u n i t s  are each capable o f  supplying up t o  
3.8 l/min a t  any temperature from 5 O C  t o  4OoC. 
are brass, tube-in-shell ,  commercial u n i t s  puchased from Exergy 
Incorporated,  (Part No. 012-1221, Standard 3/8 i n  aluminum tubing,  
Swage fittings, and connectors were used f o r  a l l  plumbing 
connections. 
rate a t  1.9 l/min. (240 l b / h r ) .  Rotameters were used t o  measure t h e  

flow rate. The flow d i v e r t e r  va lve  is the  same one used by Chambers 

(Ref. 2) .  

The heat exchangers 

A v a r i a b l e  speed Micropump was used t o  set t h e  LCG flow 

T h i s  system, including both heat exchangers, was used f o r  t h e  

i n i t i a l  checkout tests described elsewhere. It was then modified f o r  
use with an actual LCG, as shown by the dashed l i n e s .  
replaces the  r i g h t  heat exchanger and pumping id t .  

The LCG 

The i n i t i a l  human tests were performed using the l e f t  pumping 
u n i t  and heat exchanger as shown. However, i t  was found that, due t o  
t h e  approximately 5OC temperature drop a c r o s s  the  heat exchanger, i t  

was not pc-s ible  t o  reduce the  minimum LCG i n l e t  temperature t o  t h e  

desired 5 t o  7OC. T h i s  heat exchanger was then bypassed as shown by 
the do t t ed  l i n e s  on the lef t  side o f  t h e  schematic. The c i r c u l a t i o n  
pump i n  t h e  l abora to ry  pumping u n i t  was disconnected and t h e  

Micropump was used t o  pump through t h e  system. 

I n  gene ra l  t h i s  system worked s a t i s f a c t o r i l y .  The primary 
problems encountered were leakage and slow response of  t h e  d i v e r t e r  
valve. The effect of  t h i s  on the test r e s u l t s  is discussed 
elsewhere. The large mass o f  water i n  t h e  pumping u n i t ' s  r e seyvo i r ,  
about 9 1, must change temperature when t h e  d i v e r t e r  valve p o s i t i o n  
is changed. Th i s  introduces a thermal t i n e  constant  i n t o  dynamic 
performance of the system t h a t  is q u i t e  d i f f e r e n t  from an a c t u a l  
PLSS. It  would be highly desireable t o  go back t o  t h e  o r i g i n a l  
system configurat ion w i t h  t h e  a d d i t i o n  of  a more e f f e c t i v e ,  
aerospace-type compact heat exchanger for any f u r t h e r  work. T h i s  

13 
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would more accu ra t e ly  simulate t h e  t r a n s i e n t  thermal response of an 
a c t u a l  PLSS heat s ink  

B. The Control E l e c t r o n i c s  

Figure 6 is a block diagram of  t he  c o n t r o l  system e l e c t r o n i c s .  
The water temperatures are measured by s i l i c o n  diode temperature 
probes that are i n s e r t e d  i n t o  t h e  water c i r c u i t .  A 16-channel, 8-bit 

A I D  converter  is connected t o  t h e  TRS-80 t o  sample Ti ,  To, Th and AT. 
A measurement r e s o l u t i o n  of 0.2OC is s u f f i c i e n t  f o r  t h e  f i r s t  three 
temperatures, however, the r e s o l u t i o n  of  AT should be  better than 
0.05°C. 

E i g h t - b i t  conversion allows a r e s o l u t i o n  of 0 .16OC over a 4OoC 

range f o r  Ti, T 
d i f f e rence  between t h e  analog outputs  of  t h e  To and Ti probes,  is 
developed w i t h  an o p e r a t i o n a l  ampl i f i e r .  The a m p l i f i e r  output  is A/D 

converted t o  8 b i t s .  The r e s o l u t i o n  is 0.04OC over a 10°C range. 

and Th. To inc rease  t h e  r e s o l u t i o n  f o r  AT, t he  
0 

An analog se rvo  c o n t r o l s  t h e  p o s i t i o n  o f  t h e  d i f f e r e n t i a l  valve.  
The input  t o  t h e  analog se rvo  is from a 12-bit  D/A conver t e r ,  and the  

inpu t  t o  t h e  converter  is the valve p o s i t i o n  command from t h e  

computer. Figure 7 is the  schematic o f  t h e  analog con t ro l .  Valve 
sha f t  p o s i t i o n  as sensed by a potentiometer is fed  back through a n  
a c t i v e  equa l i z ing  network. The 12-bit d i g i t a l  word is output  from 
t h e  computer as a sequence of three 4 - b i t  words (most s i g n i f i c a n t  
b i t s  f i r s t )  t h a t  are s e q u e n t i a l l y  s to red  in a 12-bit l a t c h  (see 
Figure 8 ) ,  p r i o r  to  t h e  D/A conversion. 
t h e  valve over t h e  complete range i n  5 s. 

The servo system can d r i v e  
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FIGURE 8 DIA CONVERTER BLOCK DIAGRAM 
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111 COMPUTER PRWaA . X V i E W  

Figure 9 is a simplified flow diagram of the 3ysteIR coaputer 
program. The following major f i n c t i o n s  are performed: 

0 Temperatures Ti, To, and Th w e  measured once a second. 
0 New valve p o s i t i o n s  are ca lcu la ted  (usua l ly  once every 

second) and t h e  p o s i t i o n  commands are transmitted to  t h e  
analog servo. 

0 Model c o e f f i c i e n t s  are up-dated ( u s u a l l y  t h e e  is a d e l  
adaption every 20 s). 

0 When the  operat ion is out  of the comfort zone new IC =lues 
are picked t o  move back i n t o  the  zons. 

After t h i s  overview, separate s e c t i o n s  w i l l  be devoted to  these 

l a s t  three fitnctions. 

Refer t o  Figure 9 and assume that t h e  program is i n  the "has 
The program w i l l .  clock changed" block a t  t h e  top of t h e  diagram. 

loop back through the  block every few mil l iseconds u n t i l  the program 

clock changes (it  c h a q e s  once a second). 

A t  the  change the program proceeds down t h e  chart and first adds a 
random s t e p  or "d i the r "  t o  the commanded i n l e t  temperature This 
d i t h e r ,  which w i l l  be  discussed i n  detail later,  is necessary for 
c o r r e c t  model adaption. One degree C is added to  or subt rac ted  fnw Tc; 
whether  it is added or subt rac ted  is changed randomly every minute. The 

LCC subject a s u a l l y  will not  n o t i c e  t h e  r e s u l t i n g  change i n  Ti. 

Next the  three temperatures,  Ti, To, and Th, are read. Zlle 

program loops through t h i s  box once a second, which is t h e  period 

between reaL.ngs. A known and constant  period between samples is 
required for t he  c o n t r o l  o f  Ti and f o r  t h e  adaptve model. 

Next t h e  valve pos i t ion  is ca lcu la ted  based on t h e  cur ren t  
values o f  Tc ,  T i ,  To, and Th. 

F, of t h e  water t h a t  is shunted around t h e  heat exchanger is 
During t h i s  c a l c u l a t i o n  t h e  f r a c t i o n ,  

19 
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c a l c u l a t e d .  

t r a v e l  f r o m  fu l l - shun t  t o  no-shunt, so af te r  a new Tc is c a l c u l a t e d  
by t h e  Tc c a l c u l a t i o n  subrou t ine ,  F is h e l d  c o n s t a n t  f o r  5 s. Then 

feedback through t h e  computer is used t o  a d j u s t  F t o  d r i v e  Ti as 
c l o s e  as p s s i b l e  t o  Tc. 
measured and a non- l inear  r e g r e s s i o n  cu rve  that is f i t t ed  t o  t h e  

exper imenta l  da ta  is used t o  de termine  the  va lve  p o s i t i m .  
computer mxmands t h i s  p o s i t i o n  through the  i n t e r f a c e .  

The motor-driven va lve  r e q u i r e s  approximate ly  5 S t o  

The F for  d i f f e r e n t  va lve  p o s i t i o n s  has been 

The 

There are two p o s s i b l e  CRT d i s p l a y s  t h a t  can be selected from t h e  

computer keyboard. 
T 
- C 1  

and t h e  comfort zone. If t h e  first d i s p l a y  is i n  u s e  it is updated 
every  1 s immediately af ter  t.he v a l v e  command has been given.  

h e  is a numer ica l  d i s p l a y  of t h e  c u r r e n t  v a l u e s  o f  

T i $  To, Th and AT, and t h e  o t h e r  is a g r a p h i c s  d i s p l a y  of (AT, Ti) 

There are f o u r  major f u n c t i o n s  that are performed by the  program 

These f u n c t i o n s  t h a t  is dep ic t ed  by t h e  remainder of t h e  flow chart. 
are: model estimate of AT, model adap t ion ,  CRT d i s p l a y  update ,  apd 

T c a l c u l a t i o n .  
is 20 s long  ( t h e  length is set by t h e  parameter  LO%). Each time t h e  

program l oops  through the c o u n t e r  JOX i3  incremented u n t i l  JO% = LO%. 
Ther, JOl is set t o  0 (modulo LO%). 

They are done once each i n  an i n t e r v a l  that u s u a l l y  c 

The first two f u n c t i o n s  are done du r ing  t h e  same 1 s long  

i n t e r v a l ,  and We d i s p l a y  and Tc c a l c u l a t i o n s  are done du r ing  
s e p a r a t e  silbsequent 1 s i n t e r v a l s .  Because t h e  t o t a l  computation 
time f o r  a l l  f o u r  f u n c t i o n s  is g r e a t e r  t han  1 s t h e  program s o u l d  not  
a lways be able t o  loop  through i n  1 s i f  a i l  t h e  c d s u l a t i o n s  were 

done t o g e t h e r .  

When JO% = 1:  a new f i l t e r  (madel) o u t p u t ,  AT, is c a l c u l a t e d .  
Thla need be done no more c f t e n  than  eve ry  20 s because e m p i r i c a l  
measurements have shown that t h i s  per iod  is s u f f i c i e n t  for t h e  

bandwidth of an a c t u a l  LCC ( t h e  sampling rate shou la  be greater than  
t w i n e  tht? actual  bandwidth). The experiments  that determined t h a c  
Lo% = 2c) is a p p r o p r i a t e  are desc r ibed  la ter .  A new update  i n  t h e  

estimate of AT is necessary  for  an update  i n  t h e  model a d a p t i o n ,  so 

t h e  adap t ion  m s t  fo l low t h e  estimate of AT. Both functions will be 

described in de ta i l  i n  a l a t e r  s e c t i o n  on modeiing. 



When J O %  = 2 the  g raph ica l  d i s p l a y  is updated i f  it is i n  use. 
This d i s p l a y  is a real-t ime equivalent  o f  Figure 2 where t h e  latest 
"target" (AT, Tc) is p l o t t e d  along w i t h  the  latest a c t u a l  ( A T ,  Ti). 
These two points are p l o t t e d  along wi th  the  boundaries o f  the  comfort 
zone, so that system performance can e a s i l y  be followed. 

When J O %  = 4 the  most complex and time consuming of the  

computations begins. 
have been a s u f f i c i e n t  number o f  20 s or LO% i n t e r v a l s  s i n c e  t h e  last  

ca l cu la t ion .  The variable J4% is incremented by one; unless it is 
greater than or equal to  parameter SH% t h e  program branches d i r e c t l y  
back t o  the mail loop 90 that there is no new c a l c u l a t i o n  of Tc. 

F i r s t  there  is a test t o  determine i f  there 

There must be  t h i s  delay i n  t he  c a l c u l a t i o n  o f  the next  Tc 
because t h e  system cannot move into the  comfort zone innnediately. 

a new Tc is chosen before the  system has reached s t eady- s t a t e  w i th in  
the zone, the ca l cu la t ed  T- w i l l  be  pushed farther f r o m  t he  correct 
T by each new c a l c u l a t i o n  (i.e., the  system w i l l  be uns t ab le ) .  The 

parameter SH% is chosen 90 that t h e  "dead-time" is 4-5 min (SH% is 

If 

b 

C 

12-15). 

r e s u l t  i n  stable operation. 
This range and o t h e r  techniques that w i l l  be 

Next it is determined whether or not (AT, Ti) is 
c-w'fort zone. If no t ,  t he  program r e t u r n s  to  the  t o p  

discussed 

o u t s i d e  o f  the 

o f  t h e  :low 
diagram t o  await t h e  beginning o f  the next 1 s i n t e r v a l .  If it is 

ou t s ide ,  t h e  T c a l c u l a t i o n  is started. Th i s  c a l c u l a t i o n  may last 
more than 1 s; i f  it does a flag i n d i c a t i n g  that t h e  c a l c u l a t i o n  is 
not complete is set and t h e  program r e t u r n s  t o  the top  of t he  loop. 
' hen  the program passes  through t h e  "does J O %  = 4 test" (JOI now is 
greater than 41, a flag-set i n d i c a t i o n  w i l l  cause a branch t o  t h e  

c a l c u l a t i o n  po r t ion  of  the  subrout ine and t h e  T c a l c u l a t i o n  w i l l  

continue. Thus, t h e r e  w i l l  still be  a pass-through the  main loop 
once a second. When t h e  c a l c u l a t i o n  is complete the flag is reset so 

there is no branching 01; subsequent passes  during t h e  20-9 i n t e r v a l .  

C 

C 
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Figure 10 g i v e s  more of the Tc c a l c u l a t i o n  d e t a i l s .  On en t ry  t o  

t h e  c a l c u l a t i o n  p o r t i o n  the  "is flag set" is tested. The answer "no" 
means that the c a l c u l a t i o n  has not  started, so an i n i t i a l  t r ia l  value 
f o r  Tc is chosen. After a test t o  check that the  1 s i n t e r v a l  has 

not ended, a model s t eady- s t a t e  AT (the AT that t h e  model p r e d i c t s  

w i l l  *cur i n  5-6 lain i f  Ti is set t o  t he  value f o r  Tc) is 
calculated. 

A test  is made t o  see if the  model (AT, Tc) AS i n  the comfort 
zone. If  it is, there is a branch through the reset box and back t o  

t h e  main loop ( r e t u r n ) .  
i n d i c a t e  how many t r ia l  Tcs have been tested. 
than La% ( u s u a l l y  set t o  10 or 12) the  program r e t u r n s  t o  t he  "next 

t r ial  Ten box. 

If not a counter  ( 5 8 % )  is incremented t o  
If the  number is less 

Different  procedures f o r  picking the " i n i t i a l "  and "next" va lues  
are used when t h e  main  loop w i t h  t h e  flag set the  "next t r i a l  Tcw 

procedure is used. 

If a Tc is not  chosen that r e s u l t s  i n  (AT, Tc) being i n  t h e  

comfort zone by the (L9% + 1) pass ,  a s i n g l e  pass  c a l c u l a t i o n  
technique is used. I n  gene ra l ,  t h e  actual AT w i l l  not agree w i t h  t h e  

p red ic t ed  AT as c l o s e l y  when t h i s  latter technique is used; however, 
a s o l u t i o n  is guaranteed. After  t he  c a l c u l a t i o n ,  t h e  program r e t u r n s  
t o  t h e  main loop .  

c a l c u l a t e  AT using the adap t ive  model and the  c u r r e n t  va lues  of t he  

c o e f f i c i e n t s .  

Both the multi-  and s ingle-pass  techniques 

The next three seccions w i l l  describe i n  nore d e t a i l  s e v e r a l  of  
t3e algorithms that are used i n  t h e  subrout ines .  
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I V  VALVE CALIBEATION AND SERVOCONTROL 

A simple va lve  c a l i b r a t i o n  technique  has been developed. S i x e  

t h e  theo ry  of the  c a l i b r a t i o n  is r e l a t e d  to the s e r v o c o n t r o l  theory, 
both are described i n  t h i s  s e c t i o n .  

A. Valve C a l i b r a t i o n  

bssume that there are U grams of water a t  a tempera ture  of T OC. h 
When a f r a c t i o n ,  F, of t h i s  water is heated t o  TooC the  number of 
calories that is added to  t h e  f r a c t i o n  is 

bC = F*W'(To - Th) . ( 1 )  

Now mix the  water t h a t  h a s  been hea ted  t o  To wi th  t h e  remainder  o f  

t h e  water (that still  is a t  a tempera ture  Th)  . The rise i n  
tempera ture ,  AT, of the mixture  

AC AT = - W 

I n  t h e  LCG s y A e m  

Ti  = AT + Th 

- F*W*(T -Th) + Th - 
W 

= F(To - T h )  + Th 

o r  

r - T  
F =  

To - Th 

is 

9 

Thus it  is p o s s i b l e  t o  measuro, t h e  f r a c t i o n  of water t h a t  i s  

To, and Th.  During i' shunted around t h e  heat sou rce  by lneasliring T 
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the c a l i b r a t i o n  t h e  valve p o s i t i o n  was stepped from f u l l  shunt  t o  

zero shunt and F was c a l c u l a t e d  from Eq. 4 .  
curve o f  va lve  p o s i t i o n  as a func t ion  of  F was f i t t e d  t o  t h e  da t a .  

A non-linear r eg res s ion  

The curve and d a t a  are shown i n  Figure 11. The curve is nea r ly  
l i n e a r  and not correct when F is almost 1. Th i s  valve d i d  not  a l low 
a t o t a l  shunt; there was always some water going through t h e  h e a t  

exchanger due t o  i n t e r n a l  leakage. 
the still s a t i s f a c t o r y  se rvo  performance. 

This  annoying f e a t u r e  degraded 

The equation of the curve is given i n  l i n e s  7090 and 7110 i n  the  

l i s t i n g  (Appendix) where C P ( N % )  are the  c o e f f i c i e n t s .  The va lues  are 
given i n  l i n e  35000. 

B. ServoControl of I n l e t  Temperature 

We have designated Tc t o  be the i n l e t  temperature that is 
designated by the  computer t o  reach t h e  comfort zone. Let F' be t h e  

shunt f r a c t i o n  that g i v e s  a n  i n l e t  temperature of T Let F be the  

present  f r a c t i o n  t h a t  r e s u l t e d  i n  the p resen t  temperature,  Ti. 

using Eq. 3 

C '  
Then 

Tc = F'(To-T ATh) + Th + ATh , h- 

where t h e  new Th is (Th + ATh) , 

(5)  
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where AT 

Neglecting ATh 

is t h e  ckange i n  Th w i t h  F ' .  h 

T - Ti 
C F' = F +  

To - Th (7) 

Equation 7 is used t o  set t h e  i n i t i a l  value o f  F' whenever there is a 
change i n  Tc. 
through t h e  computer is used f o r  f u r t h e r  adjustment o f  F' after t h e  

i n i t i a l  value is set. 

Th i s  f r a c t i o n  w i l l  not be exac t ly  c o r r e c t  so feedback 

Approximately 5 s (a  5 s dead time) are allowed for the  motor t o  
d r i v e  t h e  valve t o  t h e  c o r r e c t  p o s i t i o n  before  feedback through i'?e 
computer is used t o  account f o r  ATh f 0 and o t h e r  e r r o r s .  
order  difference-equation equa l i za t ion  f i l t e r  was programmed and 
placed i n  t h i s  loop i n  an e f f o r t  t o  speed the  response of  the 

through-the-computer loop. Th i s  equa l i za t ion  f i l t e r  was aba.idoned 
because of  a n  inc rease  i n  loop no i se ;  t h e  d i f f e r e n c e  equat ion is an 
imperfect d i f f e r e n t i a t i o n  . 

A first 

Ins t ead  of using equa l i za t ion  f i l ters t h e  following r u l e s  are 
used : 

I f T  - T i >  0 
C 

F(n) = F(n-1) + C1(Tc - Ti) 

I f  Ti - Tc > 1 

c2 F(n)  = F(n-1) - 

F(n) = F(n-1) + C2(Tc - Ti) , (10) 

where F ( n )  is the  f r a c t i o n  a t  t he  n'' second af ter  t h e  end of the  

dead time. 
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Note Ti is t h e  c u r r e n t  va lue  and each second a new F ( n )  is c a l c u l a t e d  
u s i n g  one o f  t h e  t h r e e  r u l e s .  
t empera ture  is greater than  t h e  p r e s e n t  i n l e t  t empera ture .  The 

i n c r e a s e  i n  F is p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e .  

Eqtjation 8 is used when t h e  command 

Equat ion 9 is used i f  Tc is less than  t h e  p r e s e n t  v a l u e  o f  Ti 

and the  d i f f e r e n c e  is greater t h a n  1'C. 
must go lower b u t  the  d i f f e r e n c e  is less than  l0C. Equa t ions  9 arid 

10 a l low a maximum change i n  F o f  C2 each  second;  b u t  when Ti comes 
nea r  t o  Tc t he  change is p r o p o r t i o n a l  t o  t he  d i f f e r e n c e .  

Equat ion  10 is used when Ti  

The i n l e t  t empera tu re  can  be changed r a p i d l y  i n  t h e  n e g a t i v e  
d i r e c t i o n  because t h e  water is q u i c k l y  cooled by t n e  heat-exchanger .  

If Eq. 10 is used ove r  t n e  whole range  when Ti is rega t ive -go ing  
(i.e.,  Eq. 9 is no t  used)  either the change i n  F w i l l  be too l a r g e  

and there w i l l  be unacceptab le  ove r shoo t s  or C2 must be made small t o  
damp o u t  t h e  overshoots .  

t h e  overshoot  t h e  convergence w i l l  be  t o o  s low when Ti is c l o s e  t o  

If a s u f f i c i e n t l y  small C2 is used t o  damp 

TC 

Because t h e  only  sou rce  of heat is f r o m  the s u b j e c t ,  T i  can  be 

lowered auch more q u i c k l y  than  it can be inc reased .  T h i s  is why 

there are two g a i n  c o n s t a n t s ,  C1 and C2. 
e m p i r i c a l l y  determined t o  be  Cl = 0.075 and C2 = 0.02. 

on many sys tem parameters  such as f low rate,  water- volume, and LCG 
heat t r a n s f e r  characterist ics.  Because o f  a l l  the  unknown or hard- 

to-measure parameters  it probably is b e s t  t o  de te rmine  C1 and C2 by 
experiment  i n s t e a d  of by e n g i n s e r i n g  des ign .  

T h e i r  v a l u e s  were 
They depend 

The above a l g o r i t h m  may appear  t o  be a "seat-of- the-pants"  
approach and t o  a c e r t a i n  e x t e n t  i t  is. Unfo r tuna te ly ,  c l a s s i c a l  
s e r v o  des ign  t echn iques  are far from a p p l i c a b l e  because o f  system 
n o n - l i n e a r i t i e s  and most impor t an t ly  because there  is no source  o f  
ho t  nd.=r. If t h e  s e r v o c o n t r o l  coc ld  r a p i d l y  dump a l a r g e  number o f  
c a l o r i e s  i n t o  t h e  water loop ,  t hen  T i  could  r a p i d l y  be d r i v e n  i n  b o t h  

p o s i t i v e  anu nega t ive  d i r e c t i o n s .  I t  then  would be a n e a r l y  
c l a s s i c a l  s e rvo  des ign  problem, and eqdalj z i n g  f i l t e r s  ( d i f f e r e n c e  
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equation iterated by t h e  computer) t o  maximize t h e  rise time and 
minimize t h e  overs'ioot and settling time could be used. Optimum 

c o n t r o l  techniques could be used t o  minimize t h e  time required t o  
return to  t5e comfort zone. 

After many months of  i n t e n s e  experimentation t h e  a lgori thm has 

proven t o  be s a t i s f a c t o r y ,  and given t h e  system c o n s t r a i n t s  
( e s p e c i a l l y  the valve characteristics) we be l i eve  that there is 
l i t t l e  l i ke l ihood  that t h e  design could be s i g n i f i c a n t l y  improved. 
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V THE MODEL 

A.  Model D e s c r i p t i o n  

The model (implemented i n  a s u b r o u t i n e )  i n p u t s  are measured 

v a l u e s  o f  Ti. 
20 th )  Ti  is inpu t .  
rate can be used because  of t h e  low LCC bandwidth. The model o u t p u t s  
are t h e  p r e d i c t e d  v a l u e s  of AT, AT* a t  t h e  times there is a n  i n p u t  
( i .e. ,  eve ry  LO% seconds ) .  Model parameters  are a d j u s t e d  !adapted> 
i n  r ea l - t ime  to  g i v e  the  minFmum mean-squared d i f f e r e n c e  between AT 

and AT*. 

Not a l l  Ti are used;  on ly  eve ry  LO%th ( u s u a l l y  eve ry  

It was mentioned earlier t h a t  t h i s  low sampling 

The model has been t e s t e d  a g a i n s t  a number o f  s u b j e c t s  i n  an LCG 

and a g a i n s t  data from the  41-node LCC model a t  t h e  JSC. 

gene ra t ed  AT* c l o s e l y  fo l lows  the  LCC and t h e  41 node model 
c a l c u l a t e d  AT. 

The model 

The 41-node model is a complex s i m u l a t i o n .  The parameters i n  
ou r  less complex model do no t  r e p r e s e n t  d i f f e r e n t  p a r t s  of t h e  

anatomy or heat flow from t h e  anatsmy t o  t he  LCG. 
model cannot  oe used t o  d i r e c t l y  i n d i c a t e  body heat s t o r e d  or heat 

flow from a p o r t i o n  o f  the  th igh .  
and c a l c u l a c i o n  and can  be implemented on a microprocessor  t o  run 
much faster than  r ea l - t ime  t o  p r e d i c t  t h e  impor tan t  v a r i a b l e ,  AT. 

The model a l o n e  is a d e f i n i t -  c o n t r i b u t i o n  o f  t h e  p r o j e c t  t h a t  may 
have o t h e r  a p p l i c a t i o n s .  

Thus o u r  a d a p t i v e  

However, it r e q u i r e s  l i t t l e  memory 

F igure  12 is t h e  model block-diagram. The very-low-frequency 

components o f  Ti  are passed through a low-pass f i l t e r ,  m u l t i p l i e d  by 

a g a i n  of (Cd-l)  and added t o  t h e  a d a p t i v e  f i l t e r  ou tpu t .  The high-  
f requency components of  T 

The logJs of  t h i s  high-pass ,  low-pass scheme is as fo l lows .  The 

waveform o f  t h e  tempera ture  a s  a f u n c t i o n  of  time has a l a r g e ,  s lowly  

form t h e  i n p u t s  t o  t h e  a d a p t i v e  f i l t e r .  i 
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varying average (or J C j  

varying high-frequency component. 
experimental data it was noted t h a t  t h e  average of Ti Mas almost ( b u t  
not exac t ly )  proport ional  t o  t h e  average of  AT. The DC value o f  AT*, 
is inse r t ed  through ' h e  low-pass ga in  pa th .  Then the addpt ive f i l ter  
has t o  adapt only t o  the  much smaller AC component, and t h e  7,daption 
accuracy can be less without degrading the o v e r a l l  ;>erformance. 

7mponent and a much smaller and more r a p i d l y  

During the examination or' 

Bo2h the low-part and hiuh-pass f i l ters  are realized w i t h  first- 
The low-pass equat ion is (see l i n e  6105 order  d i f f e rence  equations.* 

i n  t h e  l i s t i n g )  : 

AmTi(n) + ( l-Am)Im(n-l) 

where Am sets the  bandwidth o f  the f i l ter  ( u s u a l l y  An = .05), Ti(") 

is t h e  n th  inpu t  Ti and Im(n)  is t h e  f i l t e r  outpbt.  
f i l t e r  is 

The high-?ass 

Hi(") = Ti(n)-Ti(n-l )+( l-Bm)Hi(n-l 1 , i 12) 

where Hi(") is t h e  f i l t e r  output and Bm sets t h e  ;ow-i'requency c u t  
off ( u s u a l l y  Bm = 0.01 1. Both Am and B, were deter% .ined empir ical iy .  

The v a r i a b l e  Cd (see Figure 6 )  i s  approximatel; equal t9 t h e  

r a t i o  of  t he  average of To t o  the average of Ti. 
!s t h e  average (mean) o f  Ti(") .  

The v a r i a b l e  I m ( n )  
An equation o f  t h e  same form as Eq. 

- 

11 [except that To(n) i s  s u b s t i t u t e d  for Ti(")] 

t h e  mean o f  Io, Om(") ( l i n e  6105). Sime 

t h e  mean of  AT, DE, is 

*A sometimes awkward v a r i a b l e  no ta t ion  i d  used 
t h i s  r epor t .  The no ta t ion  w i l l  be h i l a r  t o  
t h e  computer program t o  h e l p  w i t h  the program 

is used t o  estimate 

i n  t h e  eqlratiocs i n  
t h e  v a r i a b l e s  used i n  
documentation. 



A formula for Cd has been found expe r imen ta l ly  that is more 
a c c u r a t e  than  the  ratio of I m ( n )  to  Om("). I t  is ( l i n e  9115) 

where Hc is a parameter  that is u s u a l l y  set to  0.017. The equa t ion  
was ob ta ined  by f i t t i ng  a r e g r e s s i o n  aurve  through p o i n t s  of a p l o t  

of Cd v e r s e s  (Im(n)-Tc). 

sometimes called a tapped d e l a y  l i n e  or f i n i t e  impulse response  
f i l ter  (FIR). 

F igure  13 is a schematic of the  a d a p t i v e  filter. T h i s  form is 

I n  the  computer t he  ou tpu t  is g iven  by 

m 

where t h e  C are the adapted c o e f f i c i e n t s .  J 
A d i scuss ion  of t h e  theo ry  of an FIR is beyond t h e  scope  of t h i s  

However, i f  m is made s u f f i c i e n t l y  large the FIR aan be made report. 

to  s imula t e  any l i n e a r  system wi th  one inpu t  and one o u t p u t  ohannel. 

Also, there e x i s t  wel l -understood algorithms t o  a d j u s t  t h e  C t o  3 
minimize the  moan-squared d i f f e r e n c e  between AT and AT*. 
s l i g h t l y  mG3ifiod ve r s ion  of t h e  Widrow-Hoff algorithm. 
a lgo r i thm 

Ours is a 

I n  ou r  

where C ( n )  is t h e  va lue  o f  C a t  the  n t h  sampling time. J J 

If (AT- Tal2 > 1 ,  then 
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= s ign  of  (AT-bV) . kc 

If ( A T - L S P ) ~  5 1, then 

where At is an adjustable  c m s t a n t ;  A t -  0.01 . 
During each s t e p  the change i n  the might at t h e  j t h  t a p  is 

proportional to  the value cf Hi at  that tap times the error between 
AT and AP if  the error magnitude is one or less; it is proportional 
t o  21 if the magnitude is greater than one.* 
input var iab les  are required: 

Notice that only two 
AT and Hi. 

Faamination of Eq. 16 shows that i f  Ti is constant (and 
therefore Hi = 0 )  t h e r e  w i l l  be no adaption. To ensure that adaption 
is occurring continuously t h e  small random s t e p  or d i t h e r  is added to  

Tc so that Ti is never constant. The size and frequency of change of 
t h e  d i the r  depend on t h e  LCG bandwidth and temperatare and o ther  
system noise. 
adequate (probably a smaller s i z e  w i l l  do ) ,  and choosing a randoa 
value of the  square-wave once a minute is adequate. 

A s t e p  s i z e  of l0C has pmven to be more than 

B. Model Experiments 

Upon completion of the cont ro l  progrrm, a series of  human 
s u b j e c t  tests were conducted t o  r e f ine  t h e  LCG predic t ive  model and 
adaptive subroutine coef f ic ien ts .  A 3  discussed earlier t h e  purpose 
of these subroutines is t o  pmvide a continuously updated predict ive 
model of the  LCC transfer function. This allow3 tha LCG performance 
t o  be predicted before the  valve posi t ion is ac tua l ly  changed. 
the  desired system response can be selected based on the  current  
state of  the  system. 

Thus, 

The truncated e r ro r  h n c t i o n  allows s t a b i l i t y  wi th  a much l a rge r  
A t  and therefore  a much f a s t e r  adaptation. 

ff 
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A set of f ive  model coe f f i c i en t s  must be used t o  d n i m i z e  t h e  

error between t h e  ac tua l  LCG AT values and thcse predicted >y the  

computer cont ro l  algorithm during a given exercise  condition. 
set of  model coe f f i c i en t s  was determined i n  the following manner: 

This 

The control system uas operated without Tc ca lcu la t ion  during 
treadmill  exercise  tests with specif ied LCG i n l e t  
tenperatures. The cooling system's t r ans i en t  response 
characteristics were obtained by recording the r e su l t an t  LCG 
o u t l e t  temperatures during these tests. 
A parametric computer study was then performed t o  determine 
the  set of model coefficients that could best be used t o  
a n a l y t i c a l l y  dupl icate  the above experimental resu l t s .  

If t h e  calculated LCG o u t l e t  temperatures were s u f f i c i e n t l y  l i k e  

taose that were obtained f r o m  the actual tests, the  model 

coef f ic ien ts  could be  used to ca lcu la te  ac tua l  LCG o u t l e t  
temperatures ahead i n  time wi th  s u f f i c i e n t  accuracy f o r  use ic t h s  

automatic control ler .  

Four subjects were tested i n  t h i s  series of experiments. I n  
each test sequence, t h e  LCG flow rate was set a t  1.9 l/min 
(24G lb/h) .  

including gloves and hat, over t h e  LCG while he performed the  

experiment. 
period, a walking treadmill exercise period of  approximately 20 min, 
and a standing recovery period of 10 min. 
of 3 mph (metabolic requirement, set 2 800-900 BTU/h) was used 
during each exercise  period. 
t h r e e  of t h e  tests. 
later increased t o  5 mph (set 

During each test the  subject  wore insulated clothing,  

Each test sequence consisted of a 10-min standing rest 

An i n i t i a l  treadmill speed 

This speed was held constant during 
Durinq the fourth test the treadmill speed was 

2400 BTU/h). 

The system shown on the schematic i n  Figure 5 was modified f o r  
these human tests. 
exchanger and laboratory pumping uni t  heat source on the right. It, 
was a l s o  found that due t o  t h e  temperature drop across t h e  l e f t ,  heat 
sink, heat exchanger it was not possible t o  reduce the minimum LCG 
i n l e t  temperature t o  t h e  desired 40-46'F range. 
modified so that t h e  flow d iver te r  valve would send f l u i d  d i r e c t l y  

The actual LCG was used i n  place of the heat 

The system was 
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through the  pumping un i t  rather than through the h e a t  exchanger. 
This allowed the heat sink o u t l e t  temperature t o  be brought down t o  
the desired range. The completed system was then ready f o r  the  human 
tests. 

The exercise  p ro f i l e s ,  spec i f ied  o r  command LCG i n l e t  
temperatures, the  actual o r  measured LCC i n l e t  temperatures and the 

measured LCG ATs fo r  each tes t  sequence are shown i n  Figures 14, 15, 
16, and 17. The ac tua l  i n l e t  temperature, shown in the middle of  
each f igure,  includes the *l°C d i t h e r  that was superimposed on each 
comanded i n l e t  temperature. 
portion of each figure shows the difference between the ac tua l  LCG 

i n l e t  and o u t l e t  temperatures fo r  each test. 

The so l id ,  measured AT trace i n  the  top 

The i n l e t  temperature p r o f i l e  f o r  each test served as the  

independent var iab le  during the various parametric calculat ions.  
object ive of the  parametric study was t o  determine the  set of 
coef f ic ien ts  that could b e s t  dupl ica te  a l l  of t h e  measured AT traces 
shown in Figures 14-17. 

The 

Table 1 provides t h e  typ ica l  r e s u l t s  from one of the  ana ly t ic  
calculat ions.  
pr intout  are discussed i n  Section V of t h i s  report .  The var ia t ion  of 
the  model as the system adapts t o  d i f f e ren t  conditions is shown by 

the changes i n  the values of the f i l t e r  coef f ic ien ts .  The ac tua l  
performance of the model is listed as  a function of time. The ac tua l  
i n l e t  temperature, which included a i l 0 C  d i t h e r  s igna l  i n  t h i s  case, 
is l i s t e d  i n  the  t h i r d  column. The resu l t ing  actual LCG AT is l is ted 

along wi th  t he  f i l t e r  output, which is the model's predicted AT. The 

cumulative RMS e r r o r  between the ac tua l  and predicted values is then 
listed a f t e r  t h e  first 1000 s of experiment time. 
used t o  he lp  t o  r e f ine  the values o f  various parameters i n  the model. 
These parameters were adjusted so as t o  produce the smallest RMS 

e r ro r .  
discussion. 

The various parameters l isted a t  t h e  beginning of the 

This e r r o r  was 

The last two columns l is ted are not per t inent  t o  t h i s  
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OKic!Fi4L PAGE PS 
O f  POOR QUALnY Table 1 

SAMPLE ALGORITHM PROGRAM OUTPUT 

THE iJUrt.LPEP @F TAPS I S  4 THE C I Z E  OF THE OITHEP IS 2 DEG. C .  
dClFjJ.UWER O F  TEN SECONI! IE'TEE'JALS BETNEEN CALCULATIONS IS 2 

THE ADAPTIrJIJ IS NC'T HELP, THE F I L E  NAME I S  DAVE. 

__-_. -. . .- - - - . . _  
THE ADAPTIVE CONSTANT I S  NOW 0 0 5  N I S  NOW 0 

- - . -.- - - -  - - - _ _  

THE VALUE OF THE MEAN CONSTANT NO4 I S  0 2  N I S  N@H 0 

. - . . . _ - _ _  - . - .. . _ _  ._ - - ~ -  - . -. - - .- 

I?= 34 e THE FILTER COEFFICENTS ARE AS FOLLOMS: - 378675 . 116310 115468 128741 

Id= e4  . THE FILTER COEFFICENTS ARE AS FOLLOWS: - - dkxL6.33 -a 18342 131065 c 1 7 3 5 0 1  ~ .- - ... - 

- & = A , _ J M E - E I L T E E  COEFFICENTS ARE AS. FOLLDI.LS: - ._ - - __ - - + 838757 0988944 110488 168583 

- I_ - - ._ - - - 
N TIME INLET 

(SEC . ) 1 EMP . 
- -- - _ _  .__ 

5 1 0 0  20 e 4222 
0 120 20 ,7735 
J-.- -190- - - i 9 , ~ 1  

8 160 1 0  7835 
9 180 1 0  1232 

r n - 2 n n - - -  -20*1nl 
11 22 0 1805P24 
12 240 18 7481 

-~LT--- --an-- _ _  - I?* 0 ~ 9 4  
14 280 17.5019 
15 300 17.6247 

-1x-32.0--- A8.05334 
17 340 17.9093 
ia 36 0 18 065 

--#. - 3 8 0  18.9665' 
20 400 19.2667 
21 420 10.5397 

-2.2- - -440 -. 1746790 
23 460 10.111 
24 480 18.0534 --=- __- 500  17 + 8648 
26 520 18 0872 
2t 540 18.065 

-A-- 56 3 18.6938 
58 0 10 2444 A? 

30 600 10.2667 
31 620 19 5175 
32 640 10,5397 
33 660 10.795 

- 

- 

z.i?eai 
1 86742 
1416252 
1 12152 
1 12404 
3.20548 
1 4320 
2 e44919 
2 U778 
1 82204 
1 86742 
1. 1901 
1 o 166 
1,12152 
1 16942 
1 e 12404 
1 1729 

DELTA FILTER RMS 1s 
TEMP OUTPUT ERROR 
. -  .~ . . . -~ ~ ~- 

2.7027 -13.6021 0 16: 12 
1.0?0&? 3.13627 0 16:32 
2. 60232 .- 2.?3U.5- ... .lA: 52 
1.75467 2.83041 0 17:12 
1.62464 2.53514 0 17:32 

3.03786 2.05846 0 18:12 
2 72648 2 2184 0 18:32 
L ai468 - ALZV~--..- n - 18: 52 
3.56135 2.27427 0 19:12 
2.f5716 2.77002 0 19: 32 

i d 6  913. -2 a u  a 4 __ -4- ~7 :=- 

24.4491? -- - -4 .. .. - - .. -19 :EZ 
2 68415 
2 . 4230 
2,14418 
1 98435 
1 92642 
2428895 
2 05032 
2.130?6 
zoo959 
2 . 0201 1 
1 85264 
lA8030 
1 54285 
1 64O12 
1 5273 
1 .0170? 
1 + 41534 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
n 
0 
0 
0 
0 
0 
Ir 

20:12 
20 :32 
20 : 52 
21 : 12 
21:32 
21: 52 
22: 12 
22:32 z : J z  
23:12 
23:32 
23 : 52 
24: 12 
24 : 32 
24 : 52 
25: 12 
2!5:32 

DC 

-_ -_ . . - . - __ . 
1 ZOO33 
1 18011 
11 17016 
1 15165 
1 13576 

- . 

1 13213 
1 13483 
- 1  12861 
1 14302 
1 14561 

.- 1.14364 - 
1 1393 
1 13214 
1611745 
1.1051 
1 09517 
1 11164 
1 e10411 
1 e 11027 
1.11351 
1.111 
1 10040 
1 09982 
1 e 09167 
1 084? 
1 o 07062 
1 07308 
1 0 07181 



ORIGINAL PAGE IS 
Of POOR QUALITY 

N TIME INLET 
- - .~ .. (SEC. 1 TEMP 

34 68 0 19.795 
A----. J ' D O  19.7283 

36 720 20 0458 
37 740 17 3007 

- ? R t x n . -  ---1P ,ism 
39 780 l? 7506 
40 800 l? 7728 
A -...820 -. 19,7061 

42 84 0 19,1217 
43 86 0 19 3886 

44L-.- .~ 88.0 ~ . ~ -1L 4460 
4s 90 0 18,740 
46 92 18,6156 

-.4f 940 17 9982 
48 96 0 18,0205 
40 980 18.6716 

L - 1 0 0 0  18.9669 
51 1020 15' 2444 
52 1040 17 9867 

-3 ut60 - - 18.a38 
54 1080 17,6914 
5s 1100 19 + 2222 

~sc,-_- 112[1 - -..I? 6 2 . 2 2 2  
57 1140 19 5175 
58 1160 17 469 

e -3--- I- J.la.0 19 e 0888 
60 1200 18.1424 
8: 1220 1962 

x3 13qa . .__. 19 
63 ;360 19.2494 
64 i 2 a i  19 + 795 

- - - - u o o  18,0196 
66 1920 17,9190 
67 1340 li .4806 

A R - - - l . 3 4 0  . -~ . 16.8632 
69 1380 16 5457 
70 1400 15 7505 
-11-.. .. - I420 . . 14 8486 

72 1440 14 9598 
73 1460 1406822 
A_-- ~- .. -14s~ 13.758 

75 1 5 0 0  13 7696 
76 1520 13 o 5365 

--_32.- 1540 13 581 
78 1560 14.1983 
79 15B9 1601916 

.-.m 160 0 16 4025 
81 1620 15 8055 
82 1640 15,251 

.-- 83 1660 15 784.q 
84 1680 15 8732 
85 1700 16 o 1907 

DELTA FILTER RHS 
TEMP * OUTPUT ERROR 

1 e 1729 
1430635 
1 e22081 
3 78377 
M9399. 
1026187 
1.21739 
1 35004 
1,97019 
1 43638 
.3.LL30.3 
1 ,60742 
1 87432 
2r00087 
1 95639 
1 ,20358 
1 16232 
1 166 
2 o 58264 
1 42948 
2 62371 
1 21 048 
lo21048 
1 16942 
3, 068SS 

- . f ,47730 
2 ,27126 
1 25497 
1-48 
1 o 166 
1 1729 
3007FfS 
2.7161 
2 48678 

-2.A.333 
2 69887 
3.1813 
3 8862 
3 (4637:: 
3.6603 
40 40968 
3,82791 
3 o 73546 
3 e 64649 
3.51904 
1 1725 
1 30843 
2 33262 
2,42159 
2055504 
2 3771 
2 29156 

1 ,40955 
1,30763 
1 27262 
2,32001 

- 1 A 4 2 6 4 8  - 
1 . 24037 
1 r 17135 
1.53289 - 
1 ,85307 
1 64655 

--2 *54l576 - 
1 6391 
1 77264 
-1 96617 
2.03261 
1 ,58136 

--1*35ipz3-- 
1 28136. 
2 e 15126 

_ _  1 59_695 - 
2 r 29538 
1 o 10921 
1,46714.- 
1,21078 
2.74314 
14 45888 
2,18097 
1 17564 

- - 1 o W R 2 -  
1 45124 
1 21775 

2.45745 
2 41207 
2 63892 
2.56724-- 
2 59695 
2 e 96869 
3 a 4648 
3 49052 
3,70537 
4,2529 
4 e 2967 
3 930 05 
3.54269 
3014068 
1 9029 
1,16362 
2 0 43935 
2 83924 
2 .  58507 
2 e 47468 
2.16011 

0 
0 - -  - 

0 
0 

0 
0 
D -  
O 
0 
-4 

0 
0 
0 
0 
0 

-t  191713- 
e 158213 
0280568 

- ,257003 
272765 
252408 

925302 
e23713 
4 248492 
,235813 
226481 
,218045 
23l7sz 
,235475 
228267 
269666 
0271807 
266572 

.254126 
252304 
262366 
2501 29 

e 253830 
a250679 
+ 26244 1 
o 260244 
0256306 
02615- 
289639 

-*2?6376 
o 202318 
296895 
0293493 
28074 
2864 1 S 

A _ - - -  

a 9 4 7 0  

T) DC 

25:52  
3: 12 
26: 32 
26: 52 
z:12 - 
27:32 
27:92 
-28:LZ. 
28:  32 
28 : 52 
29 : 12 
29:32 
29:52 
30: 12 
30:32 
30152 
31.: 12 
31 :32 
31 :52 
32: 12 
32:32 
32 : 52 
33:12 
33 8 32 
33 : 52 
34: 12 
34 : 32 
34 : 52 
39:12 
39 : 32 
35:52 
36:14 
36 : 34 
36 : 54 
37:  14 
37:34 
37 : 54 
38:14 
38 : 34 
38 : 54 
39: 14 
39:34 
39:54 
40: 14 
40 :34 
40:54 
41: 14 
41 :34 
41 :54 
42:14 
42:34 
42:54 

1 06923 
1,06862 _ _  
1 + 06703 
1 09447 

-- 13m94-- 
1 08431 
1 07966 

- - L.07141 
1 08247 
1 08079 
1 09874 
1 09617 
1 09706 

- 1,09978 
1,10148 
1 09404 

__  1,08738 
1 08180 
1 09381 
1,09019 
1 10133 
1 09341 
1 08716 
1 08153 
1 0992 
1 09475 
1 10069 
1 09344 
1 08722 
1 08179 
1 07712 
1 09499 
1,10584 
1 11275 
1 L2061 
1 1285 
1.14181 
101629 
1 17777 
1 o 19078 
1021358 
I 22518 
1 23439 
1 * 24071 
1.24211 
1. 20322 

1 * 17164 
1 + 16776 
1 e16tCJ6 
1 o 16314 
1 15869 

~ t 7 a 1 5  

4 4  



ORIGINAL PAGE IS 
OF POOR QUALrrY 

N TIME INLET 
(SE%* 1 TEMF 

86 1720 
- -87 -1740 
88 1760 
89 1780 

01 1820 
02 1840 
93- .. - 1860- -. 
94 1880 
05 1900 

- -9&- -  - 1920. . 
07 1940 
08 1960 
99 - 1980 
100 2000 
101 2020 

103 2060 
104 2080 

106 2120 
10 '  2140 

109 2180 
110 2200 

_. -111.- 2- . 

112 2240 
113 2260 

115 230 0 
116 2320 

118 2360 
119 238 0 

121 2420 

-Po----~ 1800- --- 

a n 2  2 040 - 

2100 ~ -.- 

. --lnF\-- -. ;Lull ... .. 

__ A 4  2280 . - ~ 

- 117 ~ _. . 2340 

- . A ~ Q  _ _  -2400 - - . 

16.213 
16.2574 
16 2574 
16 2797 

-16.3019 
17.4814 
17 9926 
184 1655 
18 7383 
19.011-  
10.0113 
18 + 4047 
19 2222 
19 + 2444 
19 2444 
10 1777 
-1943s55 
19 1332 
18.1860 
18 065 
18 1317 
18. 1762 
18.2206 
18.7161 
19.0113 
19.0113 
1804269 
18 5826 

- l.749537 
i8.7' * 

19 0 3 ~ 6  
19.3112 
19 31 12 
19 + 5842 
19,5892 
17.5135 

DELTA 
TEMP 

P 24707 
2 leJ811 
2615811 
2 5 1362 

a 6019 
1 36772 
1 1453 
16 10771 
1 07013 
1 07355 
.LO7355 
1,73739 
1 21 048 
14166 
1 e 166 
1 . 29045 
3.34394 
1 38842 
2 18229 
1.86742 
1 . 73397 
1.645 
-145560 3 
1.11462 
1 073% 
1 4 0 7355 
1 69291 
1,38152 
L 08084 
1.11462 
1 02907 
1+ 03255 
1 03255 
1 03597 
1 ~ 1 ~ 9 7  
2 97958 

FILTER 
OUTPUT 

2.?0602 
2,229 19 
2 e 27315 
2 e 23471 

1 14631 
1 22497 
6836209 
743528 
0880402 

- L24Lb8 
1 a77136 
1 07038 
1,13426 
1.147-6 
1 37478 

- 1+3-8 
1 36282 
2 10342 

. 2 e  08?h3 
1 0 82586 
1 57651 
135009 
1 18577 
1. 02055 

- I d 3 4 4  
1 73555 
1eS7?15 

- 1,97452 
1 21786 
.e95254 

- 481078.l 
1 09007 
a956094 

__. LnAF179 
2 + 72Fl 

RMS TB DC 
ERROR 

_ _  . 

282589 
279094 
2761 08 
0273306 
.LUD691 

e 269622 
266746 
a 6 8 5 5  
268327 
2669 18 
026=52 
262460 

. .'60546 
,?57?67 
255438 
0253186 

. ,2508 
248491 
246451 

246039 
2441 75 
242228 
240167 
238334 
23647 

- 234775 
232966 . 232455 

2311a3 
229697 
2280 14 

2 9 2 4  
+ 226372 
224052 
a 3 3 9 4  
0223813 

43:14 
43 : 34 
43 : 54 
44:14 

_ _  i14:34 
44 : 50 
45: 19 
45:39 
45:50 
46: 10 
46 : 39 
46 : 59 
47:19 
47 : 35, 
47: 59 
48:19 
48 :39 
.48:59 
49:19 

- 49 : 39 
49:50 
50: 19 
sll:39 
50 :59 
51 : 19 
51 : 39 
51 :59 
52:19 

. -52: 39- 

53: 10 
- 53:39 
53:50 
54: 19 

- 54:39 
54 : 59 

C" eo 
4 4 - 0 4 .  

1 15456 
1 1501 
1 e 14657 
1 14317 

- - 1 el3988 
1 12671 
3 11366 
1.10235 
1 09254 
1 08476 
1 07875 
1 08195 
1 07795 
1 e 07433 
1 07149 
1 07072 
1 e W06L 
1 07101 
1. 08052 
1,08496 
1 08705 
1 08773 

.- 1.08727 . 
1 08165 
1 07649 
1 07241 
1 + 07627 
1 07588 

- La8376 ._ - 
1 07887 
1 0738 
1 06961 
1 06631 
1 063% 

- --LOA137 -- 
1 08163 

4 5  



Table 2 shows t h e  r e s u l t s  of var ia t ions  i n  3 of the model 
parameters, with the resu l t ing  effects on the cumulative RMS e r r o r ,  
for  four d i f f e ren t  subjects .  The combination chosen based on t h i s  

preliminary optimization was number of Taps = 4, adaptive coe f f i c i en t  
= 0.05, and mean coef f ic ien t  = 0.2. 

average e r ro r  of about 0.4OC f o r  a l l  of the subjects .  
be reduced even fur ther  by more detailed refinement using addi t iona l  
test data from more subjects .  
generate the various calculated AT r e s u l t s  shown as the  dashed traces 
i n  Figures 14-17. In  each case, the  adaptive coe f f i c i en t s  were set 
equal t o  0 a t  the start of the run. 
i n i t i a l  e r ro r  t ha t  decreased a f t e r  5-10 min  as the model adapted. 
This i n i t i a l  adaptation w i l l  eventually be avoided when the or'.imal 
s t a r t i n g  values fo r  the coe f f i c i en t s  have been ident i f ied .  
f igures  show that following the i n i t i a l  adaptation, the predicted and 
ac tua l  values are very c lose ,  even during large t rans ien ts .  This 
c lea r ly  demonstrates t h e  accuracy of t h i s  adaptive technique f o r  
predict ing LCG performance. 
parameters derived from t h i s  series of  ca lcu la t ions  were inchided i n  
the  automatic LCG i n l e t  temperature control  prograla. 

This combination produces an 
This e r r o r  can 

These val-ues were then used t o  

This produced a r e l a t ive ly  large 

The 

The v a l m s  of the various program 
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# TAPS 

2 

2 

2 

2 

2 

2 

4 

4 

4 

4 

4 

4 

6 

6 

6 

6 

6 

6 

8 

8 

8 

8 

8 

8 

Table 2 

R M S - ERROR MLNIMIZATIdN 

ADAPTIVE MEAN 
COEFFI C I R i T  COEFFICIENT 1 

.15 

.15 

.05 

.05 

. C25 

.O.i5 

.15 

.15 

.05 

.55 

.025 

,025 

.15 

.15 

.05 

.05 

.025 

.025 

.15 

.15 

.05 

.05 

. G25 

.025 

.1 

.2 

.1 

.2 

.1 

.2 

.1 

.2 

. 1  

.2 

.1 

.2 

.1 

.2  

.1 

.2 

.1 

.2 

.1 

.2 

.1 

.2 

.1 

.2 

,5119 

.4245 

.5180 

,4787 

.6077 

.5864 

.6726 

.5657 

.4899 

.4619 

.5743 

.5613 

.a443 

.7493 

.4417 

,4320 

,5325 

,5332 

1.1326 

.8 105 

.4728 

.4354 

.5453 

.5358 

SUBJECT 
2 

.3461 

.3041 

.4213 

.399 1 

.4899 

.4695 

.7 606 

.2387 

.2555 

.2220 

.34 18 

.3336 

1.2502 

.47,13 

.399 1 

.2251 

.3430 

.3274 

1.6311 

.7234 

.4849 

.2515 

.3633 

.3/* .  2 

3 

.4916 

.4278 

.4799 

.4416 

.5834 

.5488 

.6900 

.3317 

.3466 

- 3051 

.4428 

.4206 

1.1426 

. ~ 5 1 9  

.4309 

.3252 

483" 

.4458 

1.5000 

,8092 

.4957 

,3378 

.4847 

.459 1 

4 

1.366 

1.0039 

.7220 

.6006 

.8018 

.7596 

2.3674 

1.6281 

.7350 

.6454 

.7512 

.7235 

2.9721 

2.1357 

.g090 

.6524 

.7631 

.7248 

4.0115 

2.7082 

1.0764 

.6973 

.e242 

.7379 

47 



VI CHOOSING THE INL,ET TEMPERATURE 

Assum9 that the  model has adapted and that due t o  a metabolic 
t r a n s i e n t  :. The computer now 
picks a new Tc by en ter ing  a tr ial  Tc i n t o  t h e  model and runnlng the  
model ahead i n  time t o  see i f  the  model (AT*, TG) fa l l s  i n t o  the 

zone. 
u n t i l  (AT*, Tc) falls i n t o  t n e  zone. If there is no success after 
the L81 tr ial  Tcs,  a second more d i rec t  (but  less accura te )  method 
that does not  requi re  i t e r a t i a n  is used. 
techniques. 

Ti) is out  of t ie comfort zone. 

If the first choice is incor rec t  o t h e r s  are chosen i t e r a t i v e l y  

This  s e c t i o n  describes both 

Figura 18 shows the comfort zon3 that was derived by Kuznetz and 
the zone that usua l ly  was used i n  the experiments a t  SRI. 
experiments t ha t  are described i n  the next sec t ion  the s u b j e c t s  
universal ly  reported that they were too cold when Tc S 16OC or less and 
the  Kuznetz zone was used. The width,  s lope,  and i n t e r c e p t  of t h e  

experimental zone, which can be changed from t h e  keyboard during an  
experiment, were modified so that the s u b j e c t s  reported comfort over the  

e. nplete range of  Tc t h a t  was encountered i n  t h e  experimt.nts. 

I n  the 

A difference in t h e  zones should be expected because of 
d i f f e r e n t  test condi t ions during Kuznetz's and SRI's experiments. 
Kuznetz used a f u l l  space-suit  where s i g n i f i c a n t  heat  was removed by 

airf low and sweat evaporation. A t  SRI t h e  s3bjects were enclosed i n  
a down insulated garment and there was no a i r  flow; v i r t u a l l y  a l l  t h e  

heat removal was via  the LCG. 

The optimum comfort zone is not required t o  experimentaLly 
ver i fy  the method; i f  t h e  scheme works w i t h  one zone, it w i l l  work 
wi th  another.  
conditions a s  a space s u i t  we d i d  not feel that an e labora te  set of  
tests GO optimize the  zone parameters was j u s t i f i e d  a t  t h i s  time. We 
have the impression t h a t  there is no zone t h a t  is most comfortable 

Since our insu la ted  garment d i d  not give t h e  same 
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for  everyone, and it 
parameters t o  t a i l o r  

aopears simple t o  experimentally pick the 

t h e  zone f o r  an individual.  This  should be a 
s u b j e c t  of fur ther  study. 

A. The I t e r a t i v e  Method 

An approximate steady-state AT can be obtained by s t a r t i n g  w i t h  

Eq. 13. Assuming that AT* w i l l  be near Dm and that the t r i a l  T, w i l l  

equal Im, 

Subs t i tu t ing  i n  Eq. 14 

AT' 2 { D ~  [IcBc(~m-~c)l -1 } , 

where ( l i n e  2080) 

(20) 

the  center  of the comfort zone is the  l i n e  

Tc = Aa - K4 AT' , (22) 

where Aa is the  in te rcept  on the  v e r t i c a l  axis and K4 is the  s lope 
(both are input parameters; see l i n e  9012): 

The i n i t i a l  t r ia l  Tc is t he  Tc that is a so lu t ion  t o  both 
The algebra t o  der ive the so lu t ion  is Eqs. 20 and 22. 

straightforward, and the  solut ion is as follows (see l i n e s  9500 
through 9550 and l i n e  9030) : 

____________ + In l i n e  9012 and l i n e  9200 K 4  = A4 x 9.389. The number 9.389 is 
t h e  slope of Kuznetz's comfort zone and A 4  is ar. input parameter 
to  ad jus t  t o  SRI's zone. 
ad2ustment during t h e  experiment (normally set t o  0). 

A5 is a keyboard input parameter fo r  
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B = K4 - K4Dc - K4DcHcIm(n)-1 
q 

Cq = A, + A5 

The v a r i a b l e s  Im and Dc are continuously ca lcu la ted  and Eq. 26 g i v e s  
t h e  i n i t i a l  t r ial  Tc. 

The i t e r a t i o n  procedure t o  choose the remaining trial Tc is 

Based on the present  AT and Ti an i n i t i a l  trial Tc, T c ( l )  is 
i l l u s t r a t e d  by the  f i c t i c i o u s  s i t u a t i o n  that is depicted i n  Figure 
19. 
ciiosen and the  model is used t o  c a l c u l a t e  the first [AT*, hT*(l)1 . 
The point  is outs ide  the comfort zone so the  next trial ITc, Tc(2)] 
is picked by dropping a v e r t i c a l  l i n e  t o  the zone c e n t e r  and moving 
T (2 )  down some f r a c t i o n ,  Hd, of t he  v e r t i c a l  dis tance.  

C 

The point  hT*<2) ,  i (2)1 is not  i n  the  comfort zone, so another  
C 

v e r t i c a l  d i s tance  is measured and Tc(3)  is moved down Hf of t h e  

v e r t i c a l  dis tance.  
found below the zone. The trial Tc is moved up by half the  movement 
f r a c t i o n  that was used t o  pick Tc(3) because there has been movemect 
across the zone (each time there is movement across  t h e  zone the 

f r a c t i o n  is half the previous f r a c t i o n ) .  
the  fourth t r ia l  T,, r e s u l t s  i n  a point  i n  the comfort zone, h T * ( 4 ) ,  
T c ( 4 ) ] ,  and t h i s  stage of t h e  Tc s e l e c t i o n  is complete. 

After t h e  model run, the  poin t  [AT*(3), Tc(3)1 is 

I n  our f i c t i c i o u s  example 

4 

More s p e c i f i c a l l y  the  rule for the var iab le  movement f r a c t i o n ,  
Hf(n) ,  a t  t h e  n th  i t e r a t i o n  is ( l i n e  9237) 

( Wf(n-l)  i f  t h e  zone is n o t  crossed 

( .5 Hf(n-l) i f  the zone is crossed (27) 

where Hd is some number such t h a t  0 < Hd 1. 

51 



9 Ini t ia l  Trial (AT *(l) ,  T (1 ) )  
I C 
I 

0 Present (AT, Ti) 

I 
I 

\ I  

AT 

FIGURE 19 A SEQUENCC OF TRIAL POINTS 

52 



The r a t iona l  fo r  the  var iable  movement f rac t ion  is as follows: 
During extensive i t e r a t i v e  tests of the  scheme it was found that a 
constant-movement f r ac t ion  frequently resul ted i n  jumps across  the  
zone on each nea t r ia l  with no convergence i n t o  the  zone. 
i n  the  t r i a l  T c s  are su f f i c i en t ly  small, the movement of t he  point  
w i l l  not be enough t o  c ross  the  zone. However, convergence t o  t h e  

zone w i l l  be very slow. 
the  var iable  f rac t ion  is used, t h e  jump size will be reduced so that 

the point w i l l  eventually f a l l  i n t o  the  zone. When the point remains 
on t h e  same s i d e  t h e  f r ac t ion  is doubled t o  prevent t he  f r ac t ion  from 
being "locked into" a very small value. 

If jumps 

If the zone is bracketed on each trial and 

During some series of  tr ials there is not convergence i n t o  the 

zone within the a l l o t t e d  number of trials. 
but it is suspected that there are s i t u a t i o n s  where the  scheme 
described above r e s u l t s  i n  l imit-cycles.  There was not s u f f i c i e n t  
time to  inves t iga te  t h i s  suspicion, and an inves t iga t ion  of  and 
possible improvement i n  the scheme should be considered f o r  fu r the r  
work. 

The reason is unknown, 

B. Single-Pass Calculation 

When there has been no convergence wi th  the multi-pass scheme, 
the single-pass technique is used. It is based on the f a c t  that 

curves of Ti as a function of AT a t  steady-state have a constant 
s lope when t h e  metabolic rate is constant. This can be seen i n  
Figurs 20. 

500, the change i n  AT is 0.8OC. 
610.8 = 7.5. 
constant Ti a r e  equal dis tance apar t ,  so t h a t  the slope is constant. 
The curves when W = 200 are a l so  equal d i s t a n t  but farther apart .  
When W = 200 t h e  slope is grea ter  than when W = 500, 

For example, i f  Ti is changed from 27OC t o  2l0C and W = 
Thus the  slope i n  t h i s  regior is 

Along the v e r t i c a l  l i n e  a t  tJ = 500 the curves of  

If Ti is perturbed and the system is allowed t o  set t le  (go t o  
steady-state) t h e  point (AT, Ti )  w i l l  move along a s t r a igh t  l i n e  i f  W 
remains constant. 
s l i g h t l y  above and one s l i g h t l y  below t h e  present T i ,  are entered 

During the  ca lcu la t ion ,  two t r i a l  T c s ,  one 
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i n t o  the model t o  ca lcu la te  two AT*s. 

state t r a j ec to ry  is then calculated.  
projected from the  present (AT, Ti) t o  i n t e r s e c t  w i th  t he  center  of 
the comfort zone. 
equation fo r  Tc is i n  l i n e  9760 where CW is t h e  new Tc, SD is the 

slope, D I  is the  mean of  AT and IM is the  mean of Ti.) 

The s lope of the  model steady- 
Next a l i n e  wi th  t h i s  s lope is  

The Ti a t  the  in te rsec t ion  is the new Tc. (The 

Several  times i n  t h i s  sect ion the  phrase "present (AT, Ti)" was 

For example, present (AT, Ti) is tested aga ins t  the  comfort 
In  t h i s  test and i n  the Tc ca lcu la t ions  the running averages 

used. 
zone. 
of  Ti and AT (IM and DM i n  the  listing) are used (not the ac tua l  
present values of Ti and AT) t o  reduce the  effects of  noise and 
random var ia t ions  i n  these variables.  
ca lcu la te  the average of Ti and an i den t i ca l  equation with AT as the 

input is used t o  ca l cu la t e  t he  average o f  AT. 

Equation 10 is used t o  

Figure 21 is a schematic of two typ ica l  t r a j e c t o r i e s  when new 
Tcs are commanded. 
be less than Ti; when the point is below the  zone, the new Tc w i l l  be 

grea te r  than Ti. 
t r a j ec to ry  is above, the t r a j ec to ry  w i l l  swing farther away from bhe 

zone i n  the  AT d i rec t ion  because AT r a p i d l y  increases  wi th  the drop 
i n  Ti and without an i n i t i a l  equal drop i n  sk in  temperature. 
skin temperature drops, t he  t r a j ec to ry  w i l l  move back toward the  zone 
w i i h  a decrease i n  AT. Tra jec tor ies  below tend t o  be more p a r a l l e l  
t o  t h e  zone. 

When (dT, Ti) is above the  zone the  new Tc w i l l  

When there is a step change i n  Tc and the 

As the  

Tra jec tor ies  w i l l  remain nearer t o  t h e  zone (pa r t i cu la r ly  those 
above the  zone) i f  t h e  Ti is not abrupt ly  changed t o  the new Tc. 
There are a number of obvious schemes f o r  changing Ti t ha t  do not 
involve a s tep.  

new "target"  Tc. 
experiments moves Tc t o  the t a rge t  Tc ( t h e  one chosen i n  t h e  Tc 
ca lcu la t ions)  wi th  the following first order difference equation ( see  
t h e  subroutine s t a r t i n g  a t  l i n e  11000): 

For example, Tc could be moved along a ramp t o  the  

The method that has proven successful  i n  our 

5 5  



Typical 
Traj ectoty 

AT 

FIGURE 21 TRAJECTORIES OF AT vs Ti AFTER STEP CHANGES IN T, 

56 



where Tt is the target Tc and At is a constant less than 1 which has 

one of two values depending on whether the trajectory is above or 
below the zone. Equation 28 is iterated once a second. 

The command temperature will experimentally approach Tt and the 
time constant of Eq. 28 can be chosen to minimize the distance the 
trajectory of (AT, Ti) moves away from the zone. 
subjective opinion that the subjects were more comfortable when this 
scheme was used, and we frequently observed that the trajectory moved 
into the zone and then followed the zone down to the target. 

It is our 

The next section describes the "closed-loop" experiments where 
the LCG temperature was completely controlled by the computer and the 
subject was exercising on a treadmill. 
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V I 1  LCC AUTOMATIC CONTROLLER TESTS 

A second series o f  human s u b j e c t  e x e r c i s e  tests was completed 
during t h e  LCG automatic c o n t r o l l e r  program. Tbe purposes o f  these 
tests were to:  ( 1 )  test  t h e  adap t ive  c o n t r o l  program; ( 2 )  optimize 
t h e  thermal comfort subrout ine;  and ( 3 )  demonstrate t h e  use of  t he  

LCG i n l e t  temperature automatic c o n t r o l l e r  technique during treadmill 
exe rc i se ,  The computer model a c t i v e l y  selected the  connnand LCG i n l e t  
temperature during a l l  phases of these tests. 

A s  **as mentioned i n  the las t  s e c t i o n ,  t h e  thermal  comfort zone 
as defined by Kuznetz has been found t o  be i n a p p l i c a b l e  for our 
experiments. The s u b j e c t s  tested by Kuznetz were enclosed i n  a 
sealed s u i t  w i t h  v e n t i l a t i o n  flow that could remove body heat by 
sweat evaporation and convection. 
and thus  e s s e n t i a l l y  a l l  metabolic heat was removed 3y a combination 
of  r e s p i r a t i o n  and t h e  LCG. Thus, i n  our case,  a t  any particular 
metabolic rate t h e  LCG must remove more heat f o r  t h e  s u b j e c t s  t o  be  

comfortable. 
than given by Kuznetz so t h a t  our comfort l i n e  appears t o  haw? a 
smaller slope. The Kuznetz comfort zone has a Y i n t e r c e p t  of  -34.6OC 
and a comfort band o f  *0.15OC (see Figure 18). 

comfort zone had a Y i n t e r c e p t  of  23OC and a comfort band of iO.25OC. 
The s lope  and comfort band of  t h e  SRI curve remained constant  during 
t h e  var ious parametric study exercise tests. However, during t h e  

first series o f  tests t h e  d i f f e r e n t  s u b j e c t s  tested s u b j e c t i v e l y  
preferred d i f f e r e n t  Y i n t e r c e p t s  when s tanding a t  rest. 
preference appears  t o  be a funct ion o f  how well t h e  LCG fits during 
t h e  tesis;  when the LCG f i t  a s u b j e c t  t i g h t  he p re fe r r ed  that t h e  

comfort zone Y i n t e r c e p t  be increased as would be expected s i n c e  t h e  

thermal conductance between t h e  LCG and t h e  s k i n  is increased. 

Our s u b j e c t s  had no v e n t i l a t i o n  

For a given i n l e t  temperature t h e  AT will b e  greater 

The i n i t i a l  SRI 

T h i s  

The thermal comfort subrout ine was t h e r e f o r e  modified t o  allow 
t h e  comfort l i n e  t o  be easily var ied to  accommodate a s u b j e c t ' s  
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preference.  However, t h e  fact  that  t h e  comfort l i n e  has  been found 
t o  be a funct ion of  personal  preference and tes t  cond i t ions  i n d i c a t e s  
t h e  need for  f u r t h e r  experimental  work. 

Five sub jec t / exorc i se  tests were completed during t h e  LCG 
automatic c o n t r o l l e r  tests. The r e s u l t s  of these experiments a r e  
presented i n  Figure 22-26. The same presen ta t ion  format was used i n  
each of these f igu res .  
a x i s  and t h e  a c t u a l  LCG i n l e t  temperature ( O C )  is shown on the Y 

axis. The comfort zone used during each test is presented as t h e  

solid trace dashed l i n e s  i n  each f igu re .  To provide a uniform 
basis of comparison between these tests and t h e  previously described 

tests t h e  e x e r c i s e  profile given i n  Figure 14 was used i n  each case 
s tudied.  Each s u b j e c t  stood a t  rest f o r  10 min, walked a t  3 mph f o r  
20 min, and stood a t  rest f o r  10 min following the e x e r c i s e  period. 
The thermal cond i t ions  during each test are p l o t t e d  every 100 s i n  
Figures  22-26. 

The measured LCC AT (OC)  is shown on t h e  X 

The c o n t r o l  program's response was similar during each of t h e  

f i v e  tes ts  conducted. As t h e  s u b j e c t  starts t o  e x e r c i s e  t h e  LCG 

i n l e t  temperatures versus  LCG AT point  moves t o  the r i g h t  of  the 

comfort zone, showing that t h e  s u b j e c t  needs a lower i n l e t  
temperature t o  remain comfortable. The adapt ive subrout ine of t he  

c o n t r o l  program detects t h i s  requirement and a l ters  t h e  c o n t r o l  va lve  
pos i t i on  accordingly.  
equi l ibr ium po in t  on t h e  comfort zone is reached f o r  each test case.  
The c o n t r o l l e r  automatical ly  a d j u s t s  t h e  LCG i n l e t  temperature t o  
maintain t h e  desired condi t ions.  
s u b j e c t ' s  response point  f a l l s  t o  t h e  l e f t  of  t h e  comfort zone. T h i s  

i n d i c a t e s  t ha t  a higher i n l e t  temperature is needed t o  maintain 
thermal comfort. Once again t h i s  requirement is detected by t h e  

c o n t r o l  program which makes t h e  appropr i a t e  valve adjustments t o  move 
t h e  LCG i n l e t  temperature versus  LCC AT po in t  bazk i n t o  t h e  comfort 
zone. 

P.s t h e  s u b j e c t  cont inues t o  work an optimal 

Upon ces sa t ion  of  exercise t h e  

A second exe rc i se  period was i n i t i a t e d  during t h e  test shown i n  
Figure 24. As shown in Figure 23 t h e  LCG i n l e t  temperature was 
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a u t o m a t i c a l l y  r e a d j u s t e d  to a va lve  p o s i t i o n  similar to  t h a t  used 
d u r i n g  t h e  first e x e r c i s e  period. 

A Y htercept of 23OC was used du r ing  t h e  testa i l l u s t r a t e d  i n  
F i g u r e s  22 and 23. The s u b j e c t  tested i n  F l g ~ r ~ e  23 oomplained of 
being cold before the start of t he  exe rc i se .  The Y i n t e r a e p t  was 

t hen  mised to 21'C and the test repeated.  
are g iven  i n  Figure 24. 
Figure  21 c o n t r o l  per iod.  

The r epea ted  test r e su l t s  
The s u b j e c t  d id  no t  feel oold during t h e  

A Y i n t e r c e p t  of 26% was used du r ing  the  tests i l l u s t r a t e d  i n  
F i g u r e s  25 and 26. 

f l t  t h e  prev ious  s u b j e c t s .  I n i t i a l  tests on these two s u b j e c t s  
showed t h r t  they  were uncomfortable rt rest w i t h  lower Y i n t e r c e p t  
va lues .  

The LCG fi t  these tu@ s u b j e c t s  t b h t e r  than  i t  



V I 1 1  CONCLUDING REMARKS AND RECOMBNDATIONS 
FOR FURTHER WOW 

A. ConcludinR Remarks 

We have demonstrated that the  adaptive-model-reference method is 
a viable  technique f o r  t he  cont ro l  of  LCG temperature. 
algorithms are complex, they can be implemented on a reasonably-sized 

microprocessor of a type that probably would be needed for other 
l ife-support ,  back pack, house keeping chores. Thus there  w i l l  be  

l i c t le  increase i n  the hardware complexity when compared t o  
temperature cont ro ls  that are mch less sophis t icated.  
house keeping and temperature control  should be able t o  be 

implemented on a single microprocessor. 

Although the 

Both the 

We have developed an experimental microcomputer-driven system 

that can bo used t o  test  various algorithms. 
through-the-computer loop f o r  the control  of  t he  LCG i n l e t  
temperature. 
s a t i s f a c t o r i l y  under the spec ia l  conditions that are encountered with 

LCG inlet temperature control .  We feel that elements af t h i s  

algorithm probably w i l l  be  included i n  any operat ional  computerized 
LCG cont,.ol. 

This system includes a 

The study developed a servo algorithm that performs 

We have developed a simple but accurate adaptive computer model 
t h a t  gives o u t l e t  temperature as a function of the i n l e t  temperature 
waveform. The model can be run much faster than real-the on a 
microprocessor. It is the  heart of the LCG temperature control  
algorithm, and it also might be of value i n  general  computer 
simulations of l i fe  support systems. 

There is evidence tha t  t he  comfort zone var ies  among 
ir, viduals. A simple parageter change allows t h e  LCG temperature 
algorithm to  be  adjusted t o  v i r t u a l l y  any comfort zone. 
support system were t o  be worn by more than one subJect,  a subject  

If one l i fe -  
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ident i fying number could be entered t o  automatically select the 

cor rec t  parameters. 

The remainder of t h i s  sect ion describes addi t iona l  work that is 
required or desirable p r io r  t o  the development o f  an operat ional  
adaptive-model-reference LCG temperature control.  

B. Recommendations f o r  Further Development 

1. Mechanical Subsystem Improvements 

A number of areas were iden t i f i ed  during this program where 
addi t iona l  work is needed t o  optimize the  con t ro l l e r  log ic  before 
proceeding t o  an actual EVA system. 
cont ro l le r  can be used f o r  t h i s  optimization i f  severa l  improvements 
are made. 

The ex i s t ing  breadboard 

It was found that the  thermal time constant of the system is too 

long. 
exchangers that were used (see Figure 5). These h e a t  exchangers were 
bypassed f o r  t h e  humin tests discussed previously. However, t h i s  was 

only marginally e f f ec t ive  due t o  t h e  la rge  mass of water ir, t h e  

system. 
qua l i t y  compact l iquid-to-liquid heat exchangers that are avai lab le  
f r o m  a number of sources. 

This is p r i m a r i l y  caused by the commercial tube-in-shell heat  

These heat  exchangers should be replaced by aerospace 

The proportioning valve must a l s o  be replaced. The p r e s a t  
valve, which was borrowea f r o m  NASA, l eaks  both in t e rna l ly  and 
external ly ,  responds slowly t o  comnands t o  change posi t ion,  and has 

excess mechanical hysteresis .  

If t h e  above hardware improvements t o  the breadboard system are 
implemented, ttle following test series, with accompanying ana lys i s  
and c o n t m l  log ic  optimization, should be performed. 

2. Tests Using an Insulated Overuarment 

Both the  steady-state and t r ans i en t  con t ro l l e r  responses should 
')e investigated f u r t h e r .  Limited human evaluations uere performed 
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during t h e  cu r ren t  program. I n  p a r t i c u l a r ,  very few r e p e t i t i v e  runs 
o f  the  type needed tc develop s ta t is t ical ly  significant data were 
performed. It is expected t h a t  t h e  c o n t p o l l e r  performance can be 

improved s i g n i f i c a n t l y  by these tests. 

3. Uhole Body H e a t  and Mass Balance 

Following t h e  tests discussed above, a series o f  human 
experiments should be performed t o  completely quan t i fy  a l l  a s p e c t s  of 
t h e  c o n t r o l l e r ' s  physiologic performance. These tests would be 

similar to those performed by Webbon wherein s u b j e c t s  were enclosed 
i n  a sealed environment s imulat ing a space s u i t .  
thermal state would be continuously assessed by measuring the s u i t  
air and water i n l e t  and out1;c cond i t ions ,  as w e l l  as phys io log ica l  
parameters such as h e a r t  rate, actual metabolic rate, and va r ious  
body temperatures. 
ca l cu la t ed  from these data. R e p e t i t i v e  runs would be performed using 
a v a r i a b l e  metabolic rate t o  completely characterize the c o n t r o l l e r ' s  
performance. 

9 

The s u b j e c t ' s  

The s u b j e c t ' s  precise thermal state can be 

4. Model Coef f i c i en t  Refinement Tests 

A prel iminary model c o e f f i c i e n t  parametric s tudy  was performed 
as p a r t  of t h i s  i n v e s t i g a t i o n  t o  determine t h e  number o f  t a p s ,  the  

adapt ive c o e f f i c i e n t ,  and t h e  mean c o e f f i c i e n t  values  that should be 

used i n  the c o n t r o l  program. The procedure and t h e  r e s u l t s  obtained 
during t h i s  parametric study are described i n  Sec t ion  V.B. o f  t h i s  

report. As discussed earlier, the  parameter va lues  used l e d  t o  an 
average e r r o r  of  about 0.4OC between the p red ic t ed  and measured LCG 
AT values  f o r  a series of fou r  e x e r c i s e  tests. It is recommended 
tha t  a d d i t i o n a l  parametric c a l c u l a t i o n s  be made t o  v e r i f y  and r e f i n e  
t h e  previous c o e f f i c i e n t s .  

The measured LCG AT va lues  obtzined during t h e  in su la t ed  
overgarment tests w i l l  then be  used i n  a parametric s tudy t o  
determine the  c o e f f i c i e n t  values  that provide t h e  b e s t  c a l c u l a t e d  LCG 

AT values.  The fo l lod ing  parameter values  w i l l  be  s tud ied  during t h e  

parametric p o r t ; m  of t h i s  test series: 
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Number of taps: 2,  4 ,  6,  8 

e Adaptive c o e f f i e i 3 n t :  0.15, 0.10, 0.075, 0.05, 0.025 
e Mean c o e f f i c i e n t :  0.1, 0.2, 0.3. 

The optimal set of  these coefficient values  w i l l  then be incorporated 
i n t o  the automatic c o n t r o l l e r  program. 

5. Dither Signal Optimization Tests 

An a d d i t i o n a l  exercise test series should be performed to  
optimize the amplitude and frequency of the  d i the r  s i g n a l  r equ i r ed  
f o r  the adapt ive c o n t r o l  model. 
a d i t h e r  i n t e r v a l  greater than 30 s was used i n  a l l  p rev ious  tests. 
System performance and s u b j e c t  thermal s e n s i t i v i t y  w i l l  be determined 

A random d i t h e r  signal of il0C, wi th  

wi th  the following d i the r  signals: 
lmplitude ( 'C) 

0.25 
0.25 

0.25 
0 .50 
0.50 
0.50 
1 .oo 
1 .oo 
1 .oo 

I n t e r v a l  (5) 

20 
60 
120 
20 

60 
120 
20 
60 
120 

Two s u b j e c t s  w i l l  perform the  metabolic p r o f i l e  shown i n  
Figure 27 during treadmill e x e r c i s e  wi th  the above d i t h e r  signals. 

The LCC i n l e t  temperature w i l l  be under f u l l  automatic c o n t r o l  during 
these tests. Metabolic rate w i l l  not be  measured d i r e c t l y  but  w i l l  

be determined using s tandard c o r r e l a t i o n s  w i t h  the known treadmill 
speed. The s u b j e c t s  w i l l  

wear an in su la t ed  down s u i t  over  t h e  LCC. The s u b j e c t ' s  thermal 
state w i l l  be determined using t h e  same thermal-comfort index used by 

Kuznetz. 

The LCC w i l l  be an Apollo-type garment. 

No o t h e r  physiological  data w i l l  be measured a t  t h i s  time. 
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Metabolic 

Met ab o 1 ic 

Rate 

(Watts) 

0 1/2 1 1-1/2 2 

FIGURE 27 DITHER SIGNAL OPTIMIZATION 
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Control system performance w i l l  be  assessed using t h e  LCG i n l e t  
and o u t l e t  temperature p r o f i l e s  during the various tests. A d i the r  

amplitude and frequency w i l l  be selected which optimizes the  system 
control  cha rac t e r i s t i c s  and minimizes t h e  subjec t ' s  sensat ion of  
thermal change. 

6 .  

Use of optimum control  techniques and a more rapid re turn  t o  the  

Hot-Cold lnnter I n l e t  Temperature Control 

comfort zone would be possible  i f  a source of hot water ( i n  addi t ion 
t o  the  cold water from the  hea t  exchanger) were avai lable .  Then Ti 

could be rapidly driven i n  either d i rec t ion  and the overshoot could 
be minimized. Optimum control  could minimize the  time and dis tance  
away from the  cont ro l  zone. 

There should be a study of  hot water sources using heat from the  

LCG. For example, water from the  LCG when i t  is operating a t  the  

upper range of To could be s tored i n  a hot-water reservoi r ,  and water 
from the heat exchanger could be s tored i n  a cold-water reservoir .  
Algorithms f o r  deciding when t o  withdraw, t h e  rates f o r  withdrawal 

from either reservoi r ,  and the replenishment rates wi th  typ ica l  
metabolic rate p ro f i l e s  should be developed. 
be studied along w i t h  cont ro l  algorithms thzrt u t i l i z e  a hot/cold 
water control.  

Reservoir sizes should 

7. AlRorithm Improvements 

The control  a l g o r i t h m  that are described i n  t h i s  report  are 
preliminary developmecis and addi t iona l  refinement w i l l  be required 
pr ior  t o  any operational use of these techniques. For example, t h e  

convergence i n  the  Tc ca lcu la t ions  should be better understood and 
perhaps a modified technique should be developed. It is important t o  
conduct an extensive set of experiments (similar t o  t h e  proposed 
model experiments) t )  optimize the  parameters i n  t h e  Tc ca lcu la t ion  
and i n  the computer servocontrol loop. 
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There are over 20 input var iab les  fo r  t h e  servo and Tc 

calculat ion algorithms. Our data base was too small, and we did  not 
have time fo r  more than cursory optimization. 

8. LCG Transient Responses 

Kuznetz's work and the  Ti control  algorithms that were developed 
during the  present study are based on a constant Ti,  an LCG a t  
steady-state,  and a constant metabolic rate. None of these are 
s t r ic t ly  t rue  i n  pract ice .  
steady-state,  and the  comfort region when the metabolic rates are 
changing is not known. 
t r a j ec to r i e s?  Eventually Kuznetz's work must be extended t o  include 
a dynamically changing environment. 

Kuznetz's curves and comfort zone assume 

What are the most comfortable Ti versus AT 
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Appendix 

PROGRAM LISTING 



The following is a listing of the Microsoft BASIC version of the 
program that is used to control the LCC temperature. T h i s  progrsa is  
compiled (Microsoft BASIC compiler) for the experimental studies. 
The parameter values car, be obtained by comparing lines 30 and 
34,000. 
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100 
ll@ 
130 
140 
145 
150 
50 u" 
51 0 
52 0 
53 0 
5 4  0 
3dO 

56 0 
J ,  0 
58 0 
59 0 
6 0  0 
61 0 
620 
630 
640 
@SO 
000 
01 0 
Q Z  !! 
070 

U€F 

F7 

I F  A3:!=0 THEN GOSUB 1 0 0 0  
IF LTC="O" THEP 5 0 0  
I F  JOX=1 THEN GOSUB 3000:GOSUB 3 0 0 0  
I F  JO;i=2 AND A F = l  THEN GOSUE: 14000 
I F  J O X = 3  AND FL:!=l THEW GOSUE: 1 2 0 0 0  
I F  !J0:!=4! OR !FM::xl ANI! JOI.:CLO%-l) THEN GOSUE; 9 0 0 0  
A$="" 
A e = I N K  EY 0 
I F  A I = " C "  THEN 610-11 :GOSUB 13000 
fP TS=TIHE+ THEN 5 0 0  
T.=TIMEI:COTO 50 

CLS : 1NPUT"RECORD THE INLET TEMPEKATUFES Y / E ! )  'I ;Ab : I F  rS%="N" THEH 640 
FPLHT: XNP UT"EtJTER THE F I L E  NAHE" : NF+ 

POKE l d 4 2 9 r  1 

OFENI"0" e 1 t NF) +" : 1 
PRINT#l  t JlX 

PRTNT#l,CT(NX) ;IM!NX) ;DM(NX) 
;OF: W=l  TO J1Z 

i T N:! 
CLOSE:JlS=O 
FFINT : 1NPUT"CONTIiWE THE RUN < Y/N) t A U I  : I F  AU$="Y" THEN 5 0  
END 
PESUME 0 1 0  
J l X = J l X - l : I F  OT-HT=O THEP F=F+BSX(CT-IT):FS=F:IF IT-CT<:O THEN FH=1 
IF IT-CT'::.O Ai!@ OT-HTXO THEN FH=2 
I F  OT-HTs? THEP ? 0 5 0  ELSE GOT0 550 

i o n n  SEM:THIS SUB IPI~LIZES IM AHD OM 
1 0 1 0  L75=L7%+1 :IF L7I=l@ THEN A3:!=1 
1 c Z O  IM=Li4+IT:@il=OM+OT 
1 0 3 0  I F  A3::=0 THE9 lOSC 
1 n 4 0  IM=IH:'lO : O M = O M / l O  
1050 RETUFN 
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ORlGlNAL PAGE CS 
Of POOR QUALm 

I t l o @  EEii:THIS SlJR CALCULATES THE COEFFICENTS 

2030  F@P N C = l  TO P 
2 0 5 0  C ( ~ C ! = C ! N C ! + ~ L * ~ C x Y C i N C !  
ZOtO I?EXT NC 
rceo DC=@f4.*'IM 
2 0 0 0  RETURP 
3 0 6 0  REHZTHIS SUR D@ES THE FILTERING 
3010 FOF NF4? TO 2 STEP -1 
3055 YC(NF)=XC(Nb l! 
3030 PEXT FF 
3035 XC<l :=Hl  
3040 @E=0 
3 0 5 0  FOP NF= i TO F:DE=DE+XC!~F)rC(NFS:NEXT NF 
3C60 @E=DE+(DC-l)xIH 
30'0 R€TU?b 
5 0 0 0  EEil: THIS SUB-PROGFAh SETS ?YE 'ICILVE POSITIOi! 

2017' I F  < DT-@E! C Z : .  1 THEN t!C=SGH (DT-@E > ELSE EC=DT-@E 

s o l e  REH: VARIABLE 'FV' IS iki VAL~JE F'OSFION 
5012 IP=IF+:  :IF IP.:::PH THEE' 5120 ELSE I F  CT<::-.RT THEP IP=O :RT=CT 
502.0 PA=;23 

5040 OUT P & . 1 6 ~ 1 + i i S  
5050 nUT FA, i lS  

5030 HS=INT(P')/256 + e00 

5060  
5070 @UT F A , I 6 ~ 2 + H I  
soe0 @I.' Pf3,flf 

5 l @ O  OUT YA,16#3+LS 

MI=II?T( < PV.116 )-lbXi.CS+ 0 0 1  ) 

fO?O LS=ItJT(PV-256xH- 16rH1+.001) 

5110 OIJT ?'P,LS 
5120 RETURN 
6 0 0 0  REII:THIS SUB READS THE TEMPERATURES 
6 C 1 0  OUT 323,128 
6013 FOR MT=3 T@ 10:NEXT HT 
6020 FOP NT?,=O TO 4 
6 0 2 2  I F  i G A = l  AN@ NTX=4 THEN 60'50 
6025 FOP H T = l  TO 1O:NEXT PIT 

6 0 3 P  FOf YT=: ' IO 10:NCXT HT 

6037 FOR VT=l  TO 10:NEXT MT 

0 0 3 0  @UT Z2BtNTX 

6033 OUT 2.23,12P 

6040 TT C NTXI-1) =IW! 223) 
6045 I F  NTI.':4 ArlD TT(NTX+l)::.115 THEN TT(NTX+l )=VT(NTt+ l )  
604? 07 ( NT:!+l) =TT < NTT+1) 
0 0 5 0  NEXT NTX 
6055 I F  T T ( S ) : . l ? @  '!HEN FGX=1 

6 0 8 0  IT=( fT !2 ! -40 ,95) /1 ,82  
6060 H T = l T T ( 3 ) - 5 1 . 4 0 ) / l e f o  

60°0 OT=( 'T(1)-51,4?) /1e7? 
6 0 0 1  I F  F G X = l  THEN @T=OT--T ELSE D T = ( T T ( S ! - 5 2 . 1 + . 2 8 ~ ( ( ( O T + f T ) / 2 ) - 8 ) ) / 2 2 . 4 8  
6003 IS=IT!OS=OT:IT=(IT+OT-DT)/=:=f IT.:'O THE+ I T = I S  
6 0 O O  OT=(IS+DT+OT)/2:fF OT..:2 ThEb! O-=OS 
61@@ I F  F X = l  ANI! C!T .. r: THEM FCX=0 
6105 IF,13'!=0 THEi.1 C l k ~ ,  . *P*;+C 1-14, ) *@i :IM=AH%IT+d l-AM)*IM:OM=AM#fiT+( l-AM!*OM:Hl=IT 
-TE+a ? - E : M ~ ~ H I : I E = I T  
41 I" Rl.TI.IF:iJ 



ORIGINAL PAGE ?3 
Of POOR Q'JALITY 

'On0 REi4:THIS CUB GEtJEFkTES THE VALVE POSITION. 
'01F I F  CT=ST THEN i F 3 3  ELSE ST=CT 
to15 I F  Cl%="P" AHD CT-IT;=F THEE.! 7023 
7020 F=F+(CT-fT~/(OT-HT~:FS=F:IF IT-CTXO THEb! FH=1 ELSE I F  XT-CT?O THEE! FH=2 
7030 COTO 7 c i o  
7033 I F  CT-IT?=O THEN BS=PU:GOTO 7040 
tC36 GOT@ 7200 
7040 F=F+BSr(C I T )  
7050 FV=O 
7053 I F  FH=l  AN@ IT-CT:.=O THEP F=FS:FH=O 
?C56 I F  FH=2 AN@ IT-CT-':=O THEN F=FS:FH=O 

3 0 7 0  LF F-''0 THEP F=O 
'080 FOR i?S'i=l TO 3 
7 0 0 0  PV=PV+!FC (4-E!SX) )*CF(HST) 
7100 NEYT NSZ 
7 1 1 0 FV=F'J+CF ( 4 ) : PU=INT ( F'? 1 : I F  FW 1 THEi? PU= 1 
7115 I F  P'??40?5 THE$ PV=4@?5 
7129 RETURF 
7200 BS=BD 
E 1 0  I F  C*="N" THEE! 7040 
7Z20 IF ! I f -CT!< l  THE@ SO40 
7730 F=F-BS:GOTO 7050 
8000 PEH:THI SUB PICK THE DITHEF 
8010 I F  DS=O THEN CT=CU:GOTO 8070 
BO20 JDX=JDX+l:IF JDX=TDX THEN J@X=O 

F04C I F  T1$="8" THEN CT=CU:GOTO 8070 
8050 I F  Tl$="?" THEN CT= CU-@S/2:GOT@ 8070 

7n6n IF ~'..i THEN F=I 

BO30 T l ~ = H I D O ( T I , 1 4 r l ) : I F  TlF="?" THE*, CT=CU+DS/Z:GOTO 8070 

4 0 6 0  IF JI?X=l THEE! XD=RND(2):CT=CU+@Sxi(XD-l)- .5):C~=CU 
8065 I F  CHqz?.CU THEF CT=CU+DS~((XD-l)- .5):CW=CU 
8070 RETURN 
8500 FEil:THIS SUB CHAiJGES THE DITHER S I Z E  
8510 CLS:INFUT"ENTEE THE PITHER S1ZE";DS:FRINT 
8515 INPUT "ENTER THE TIME I N  SECONDS BETWEEN DITHER CHANGES";TDX:CLS 
8520 EETUPN 
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ORIS!NAL PAGE tZ 
O f  POOR QUALrrY 

O @ n O  REH:THIC SUP F I C l ! C  THE CT DURING CLOSED-LOOP WEFATION 
0 0 0 5  I F  LTI="A"  ANI! FHX=b THFM 9260 
O01b I F  FH3=1 THE).! 0 0 6 0  
0012 IF I H : - A A - A ~ * o . ~ ~ o . ~ ~ + A ~  THEN SHX=SJI ELSE SHZ=SIX 
0 0 1 5  J4X=J4X+l:IF J4I-:= 'dI AND F0%=O THEN 0200  
9 0 2 0  I F  fH>Al-A4m9.380: !fl+45 AI?@ In~.:A,-A4*9,389*Dfl+AS ';HEN 0260 
0025 I F  F?X?O AND JSir=SHri THEN 0950 
0 O Z  IF BGI="Y" THEN 060: 
0030 DD=DC:GOSUB ~~OO:PFIPT e 63, '*m" 
0040 FOR NHX=l TO R:~H!NH~!=XC(NHI):CH(NH~)=C(NH%!:NEXT NH%:DD=DC:IH=IH:H==Hl:H~ 
=CU-IT+il-en)%HZ:DI=@fl:HF=HD:CY=CU 
0050 FQR NHZ=1 T@ :+LX 
O06@ I F  TS-5TLHEI THEE! FHX=1 :GOT@ 0260 
OCTO F@F NIZ=F TO2 STEP -1 
008@ XH!NIX!=XH!NIX-l! 
0085 NEXT PI?: 
0 0 0 0  XH(l )=H2 
0100 DF=@ 
0110 FOR NI ' i= l  TO e:DF=DF+XH(NIX)~CH().!H~):NEXT N I X  
0112 H2=(l-BM)gH2 
0114 NEXT NHX 
O l l 5  CD=D@~( l+HC~( IH-CU) ! : IF  CDCl THE).! CD=CC 

0150 I F  F f Z = l  THEN 9250 

"Y'. COT0 9600 ELSE GOTO 0250 
O210 I F  LCI=:  AND C'Ji=AA-ASR9.38?r@F+A5+A6 Ai40 CV,Al-A4x9.389~0F+AS THEN I F  BCS= 
"Y"  G@TO 0 6 0 0  ELSE GOTn 9250 

0120 DF=DF+(CD-l)~CV:IF (DI-DF!CZ?2.25 OE @F.';O CE DF'5.S THEN DF=(CD-J!*CV 

OEO@ I F  L.CX=O AND CU>=AA-A4r?.38?*DF+A5-A6 AND CViA2-A4x?.38?*OF+A5 THEN IF BCb= 

9Z15 I F  BCS="Y" AN@ C'J>.AA-A4x? 83Ox (@F+A7 > +AS ANI! CI;<-.AA-A4=? 38OX (3F-A7 ) + A 5  AND 
IH-CU'..AB THEN 0600 
0120 CV=CU+HF*(AA-A4x9.38?~DF+A5-CU) 
0225 LDX=LCX 
0230 I F  CV~~~AA-~48?.3@?mOF+A5 THEN LCX=O ELSE LCZ=l  
.O235 I F  L@%.c".LCX THEN HF=HFJ.S 
0237 JF LD%=LCX THEN HF=HFxZ:IF H F M D  THErJ HF=HD 
0238 J8%=J8%+1: XF GijZ*?=LBJ THEN 9600 
0240 GOTO 0050 
0250 CG~CV:BXX=O:F?%~O:JF) 'Y.~O:FS%=O:FMX=O:CU~C~~:PRINT @ 63." ":X3=DF/.Q5+1:Y3=46- 
'CU- lO)X2*4: IF X3.'0 THEN X3=0  ELSE I F  X3:':.127 THEN X3=127 
0251 I F  Y3.'0 THEN Y3=0 ELSE I F  Y3?46 Y3=46 
0252 I F  A F = l  AND FE=O THEN RESET(X4,YS) 
0254 I F  A F - 1  AND FQ-0 THEN RESET(X4+lrY4) 
0256 I F  POINT(X39Y3) THEN FFXl E L r E  FR=O 
0296 I F  POXNT(X3+1tY3) THEN FQ=l ELSE FQ=O 
9 3 0  Y4=Y3:Y4=Y3:IF AF=1 THEN SET(X3,Y3):SET(X3+lrY3) 
9260 RETURN 
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0 5 0 0  At?=A4%?.38?xDDxHC 

0526 CQ=AA+AS 
0530 DO=PQxBQ-4xAQxCQ 
0 5 4 0  I F  @ Q r O  THEN 9560 
0550 CV=!-6@-SQR(DQ))/(2.AQ):GOTO 0 5 7 0  

0570 I F  CV'-49 THEN CU=45 
?58@ J9%=@ :IF CV-IH:*O THEN LC%=O E L S E  L C X = l  
0500 PETUEN 
Po00 I F  PAF="N" THEN CV=CU:FSX=l: GOTO 0 0 4 0  

O b 1 0  FOP PHX=l  TO R:XHfE!Hl )=XC(NHl) :NEXf  NHX 
"630 HS=Hl:H2=NJ~-2+'1-6M)xH2:DI=Dn:HF=HD 
0 6 4 0  F@F NHX=l  TO HLT 
9650 F@F N I l = R  TO 2 STEP-1 
0660 Y H ( N I I ) = X H ( N I X - l )  
0670 NEXT N I l  
0680 X H ( l ) = H 2  
0600 DG=0 
0700 FOR N I % = l  TO R:DG=DG+XH(NIX)*CH(NHI):NEXf NI% 
? ? l o  H2=(l-BH)*H2 
0720 NEXT NHX 
0730 CG=@Cx! l+HCI(2-NJX) ) : IF  CG.:':l THEE! CGzCC 
0 7 4 0  DG(NJX)=DG+(CG-l)x(IH+NJX-Z) 
?-I50 SD=2/ (OG'3) -DG! l ) )  
9754 NEXT H J X  

9765 I F  C W C U  KH=KL E L S E  KH=KM 
0770 I F  (SD.:-At*Q.380 AND J81>=L8%) OF: (BGO="Y" AND SDc:-A4*?.38Q) THEN CV=CU:DF= 

OS10 60=A4**.380x(l-OD-DDxHCrIH)-l 

0560 CU=HC?X(AA-A4r?.380rD~+A5) 

Ob05 P R I N T  @ 63."/":FOR E!JX=l  TO 3 STEP 3; 

0760 C ~ = ( S D x A A - A 4 x 0 . 3 8 ? r ( S D r O I - I H ) ~ ~ S x S D ) / ( S D + A 4 r ? . 3 8 ? )  

(A~+A5-CW)/(k4%0.380):ELSE I F  SD>=-A4**.38? AND J 8 X ? = L 8 3  THEN F9%=1:GOT@ 9000  
0780 I F  CU.:Cl? THEN CU=AP:F5%=1:GOTO 9 0 4 0  
Of85 I F  CV:';AW THEN CV=AW:FSX=l:GOTO 0 0 4 0  
e700 GOTO 0250 
0 9 0  0 I F  BAS="N" THEE! CV=CU: F S X = l :  GOTO 9 0 4 0  

0020 FS%=l:GOTO 0040  

0055 CU=CU+BJxSExCX:FoX=l 
0960 I F  CUc::A9 THEN CU=A? 
0065 I F  CU'.AY THEN CU=AU 
0070 GOTO 9260 
1 1 0 0 0  REM:THIS SUB DOES THE CT F I L T E R I N G  

1 1 0 2 0  I F  E:YX=O THE@ CU=CY:BXX=l 

0 9 1 0  S E ~ ~ P I * A 4 ~ ? ~ 3 8 0 ~ C V ~ ~ S E ~ A A ~ ~ 4 ~ ~ ~ 3 8 ? * ~ S E ~ D I ~ I H ~ + A S ~ S E ~ / ~ S E + ~ 4 * 9 ~ 3 8 ? ~ ~ F ? ~ ~ 2  

0 0 5 0  I F  CU.:AA-FI4xo.380rDn+AS THEE! CX=- l  E L S E  C X = + l  

1 1 0 1 0  I F  BHl="N" OR F?X=1 OR LTO.."."C" THEN 1 1 0 4 0  

1 1 0 2 5  I F  CU'..CR THEN AT=AX E L S E  AT=AY 
1 1 0 3 0  CU=( l -AT)xCU+ATxCR 
11 040 RETIIPP 
1ZbOO REM:THIS SUE: ST0F:ES VARIABLES FOE PECORDING 
3 2 0 1 0  J l : :=J lX+l  

lZOfn CT ( JlX) =CT:  IM, Jl::) =LM: OM! J l X )  =DH 
1 2 0 3 0  EET'JRP 

1 Z O 1 5  I F  AF=1 THEN F'FINT @ l O l ~ " J l = " ; J l X  
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13000 REh:THIS SUE: CHANCES THE VARIABLES 
13010 CLS:FPLNT @ o Z . ' ' w S ' '  
1 3 n 4 1 ~  A+="*:  
13050 A+=IiJKEYC 
1305E I F  A+="b" THEN 1NPUT"IS THE SLOPE PREDICTION HCDE TO BE USED" : ErGS : REH-.::B:; 
I S  SHIFT .'B' 
13055 I F  AS="@" THE@ 1NFUT"ENTER THE DT INTERCEPT VALUE" : I C  :A4=AA/(Q. 38QSIC > :GOT 
0 13500 
13060 I F  AI="T"  THEN INFUT'IENTER THE NEW COHHAND INLET TEHFERATURE" :CU 
13062 I F  A + = " r "  THEN 1NFUT"ENTEF THE FACTOR THAT INCREASES THE TRAJECTORY SLOPE" 
:ET 
13nC5 TF A$="@" THEW FF1NT"THE UALUE OF A4 N@Y IS":A4~INP~JTe'ENTEP THE EiEU SLOPE 

RE NO CHANGE'":AZ:IF A Z  : ' . 0  THEN A4=AZ:GOSUB 135bO:ELSE C-OSUF 13511) 

130'2 I F  A S = " j "  THEN 1NFUT"ENTER THE SIZE OF THE CT-SERVO STEP";BJ 

CHAPGE-FACTOR. a 4  CENTER a .  IF THERE IS TO 

13@70 I F  A*='*C-" THEW FLZ=1 

130.T I F  A $ = " 7 "  THEN 1NPUT"ENTER THE VERTICAL INTERCEPT, AA":AA:GOSUB 13500 
13080 I F  AS='*D" THE3 GOSUB 8 5 0 0  
13@8? I F  AS="h" THEN 1NFUT"IS THE CT-FILTER MODE TO RE USE@ (Y/N)";BHb 
13085 I F  A I = " 6 "  THEN 1NPUT"ENTER THE LOWEST CT";A9 
13000 I F  AS="C" THEN 1NFUT"ENTER THE NEW UP SERVO GAIN C0NSTANT";BU:PRfNT: INPUT" 
ENTER THE NEW DOWN SERVO G d I N  C0NSTANT";BD 
13005 I F  AS="5" THEE! INPUT'TS CT TO BE ADAPTED WITH OUT THE MODEL BEING ADWTED 
( Y /N) '@ :em 
13100 I F  A).="E" THEN 550 
131 02 IF AS="a" THEN 1NPUT"ENTER THE DOWN CT-FILTERING CONSTANT'' :AX 
13105 I F  A 1 = " 4 "  THEN 1NFUT"ARE THE EXTRA LOOK-AHEAD STOPPING CRITERIA TO BE USED 

13110 I F  A I = " F "  THEN I N P U T T S  THE I N I T I A L  F TO BE USED AFTEK A D04N COMMAPD (Y/N 
) " : c 1 b 
131 12 I F  AS="k " THEN 1NFUT"ENTER THE UP CT-FILTERING CONSTANT" : A Y  
13115 I F  AS="3" THEN 1NPUT"ENTER THE VALUE 'F <.:A8:, (THE SECOND L I H I T  OPERATES WH 
EP 
IH-CU'.AB > '* A 8  
13120 I F  db="H" THEN 1NFUT"ENTER THE NEW SERVO HOLD T1HE";PH 
13122 I F  A S = " i "  THEN 1NFUT"ENTER THE NUMBEE OF STEPS TO HOLD CT WHEN (DH,IH) Is 
AeOVE THE 
COHFORT-ZONE" ; SJX 
13125 I F  AS="2" THE# 1NPUT"ENTER THE VALUE OF THE CONSTANT FOP THE SECOND L I H I T  
( A 7 )  1': A 7  
131 3 0  I F  A*="X" THEN 1NFUT"IS THE STEPPED-COWN COHHAND TO RE USED ( Y /N ) " : Cb 
131 32 I F  A*="s" THEN PRINT" J4%=" ; J4X: 1NFUT"ENTER J4X" : J4X 
13135 I F  Ab="1" THEN 1NPUT"ENTER THE NEW VALUE OF THE ADAPTIVE CURVE 0FF-SET";AS 
13140 I F  AS="A" THEN 1NPUT"ENTER THE VALUE OF THE ADAPTIVE CONSTANT'*;AL 
13142 I F  AS="n" THEN 1NFUT"ENTEF THE NUMBER OF STEPS TO HOLD CT WHEN ( D t 4 , I H )  I S  
L l L O W  THE 
COHFORT-ZONE" :SI% 
13155 I F  A I = " Q "  THEN 1NFUT"ENTER THE NEW DEAD-ZONE CONSTANT":A6 
lj15@ I F  AC="M"  THEN 1NFUT"ENTER THE VALUE OF THE MEAN C0NSTANT":AM 
13152 I F  A % = " t "  THEN 1NFUT"ENTER THE UPFEF CT-LIMIT" : AY 
13155 IF A + = " O "  THEM 1NFUT"ARE NOW-ZEFO I A I T I A L  VALUES FOR C(N) TO E:E USED ( Y / N )  
" : A M  : IF  AF:%="Y" APD F('-4 THEN FOR NZ=l TO 4 : C ( N Z ) = C f ( N i )  :NEXT NI:ELSE FOF N Z = l  T 
P R:C!NZ)=O:NEXT N: 

( Y / N  ) " : BCS 
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13160 I F  A).="P" THEN 1NPUT"ENTER THE VALUE OF THE DC PROJECTION C0FSTANT":HC 
13165 I F  A$="N" THEN 1NPUT"ENTER THE NUHBER OF CALCLATIONS FOR LOOK-AHEAD" t HLX 
1317!! I F  A$="W" THEN 1NPUT"ENTEE TYPE OF DISPLAY i 1 OR 2)";AF:AF=AF-l 
131f5 I F  A*="I" THEN 1NPUT"ENTER THE NUMBER OF STEPS TO HOLD A NEW CT WHEN (DH, 
In) I S  
BELOW THE COtiFORT-ZONE":SIX 
13180 I F  AC="L" THEN 1NPUT"ENTER <C> FOR CLOSED-LOOP OR (03 FOR OPEN-LOOP CONIRO 
L Of? <A> 
FOP OPEN-LOW COFTROL WITH FILTER ADAPT1ON"tLTE 
13185 I F  AS="V" THEN 1NPUT"ENTER THE CT ADAPTION CONSTANT" t HD 
13190 IF AS="R" THEN 1NPUT"ENTER THE NUMBER OF SECONDS BETWEEN FILTER CALCULATIO 
NS" :Lot 
13105 I F  AS="U" THEN 1NPVT"ENTER THE HI-PASS CONSTANT I N  l/SEC. " : BN: BH=RNxL3% 
13200 I F  A I = " R "  THEN 1NPUT"ENTER THE NUMBER OF TAPS":R 
13205 I F  AS="Z" THEN 1NPUT"ENTER THE HI-PASS CONSTANT" ;BM 
13210 I F  AS="K"THEN 1NPUT"ENTER THE DELTA T L I H I T " ~ B L ~ A l ~ A 4 ~ ? ~ 3 8 ? ~ ~ I C ~ ~ L ~ ~ ~ ~ ~ A 4 X  
? * 3 8 ? x ( I C + B L ) : I F  BL<A7 THEN A7=EL/2 
13215 I F  AS="Y" THEN 1NPUT"ENTER THE HEAN CONSTANT I N  1lSEC." ;AN:AM=AN*LBX 
13220 I F  A$="S" THEN FL%=O 
13225 I F  AS="J" THEN 1NPUT"ENTER THE SECONDS BETWEEN HEAN CALCULATIONS";L3%:INPU 
T'THANGE AH AND BH ( Y  I N  ) " ; AAS: I F  AAS="Y '' THEN AH=AN=L3%: BH=BNSL3% 
13230 I F  AG=O AND A $ O " @ "  THEN 13040 
13240 I F  AS="" THEN 13040 
13250 CLS:AG=l:RETURN 

13510 RETURN 
13500 I C = A A / ( A 4 * ? . 3 8 9 ) : A l = A 4 * ? * 3 8 9 x ( f C - B L ) : A Z = A 4 r ? * 3 8 9 = ( I C + ~ L )  
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14000 REM:THIS SUB PLOTS THE CRT 

14020 CLS 
14030 FOR HC%=lO TO 34 STEP 12 

14045 NEXT RCYA 

14060 FOR HC%=l TO 120 STEP 10 

14080 NEXT HCZ 
14000 FOR MC%=O TO 46 

14110 NEXT HCZ 
14120 FOF HC%=O T@ 120 

1414@ NEXT HC% 
14150 FOR M C x = l  TO 120 

14010 IF POINf!120946) THEN 14250 

14040 SET(O9HCX) 

140SO SET(0947) 

14070 SET(HCX947) 

14100 SET(l?HC%) 

14130 SET(HCX946) 

14160 HD=(MCX-Z)xoOS 
14170 Y l ~ 4 6 ~ ( A l - A 4 ~ 9 ~ 3 & 9 ~ H D + A 5 ~ 1 0 ~ ~ 2 0 4  

14100 S (HCXIY1) 
14200 Y-=96-(42-A4x9o389xnD+AS-lO)X2*4 

14180 I- Y1<0 OR Y1>46 THEN 14200 

14210 IF Y2CO OR YZ>46 THEN 14230 

14230 NEXT HC% 
14220 SET(HC%rY2) 

14240 CET(XSpY4):SET(X4+1,Y4) 
14258 ?ESfT(XSrYS) 
14260 X S ~ D ~ / ~ 0 5 + 1 ~ Y 5 ~ 4 6 ~ ~ I n - 1 0 ) * 2 . 9 : I f  XS(0 THEN X5=0 ELSE IF X5?120 THEN X5=120 
14265 IF Y5::O THEN YS=O ELSE IF YS:.46 THEN Y5+4C 
14270 SET(X5IYS) 
14280 PRINT @37~INT(CU~100)/100~'* " ~ I N T ~ I H ~ 1 0 0 ~ / 1 0 0 ~ "  "~INT(DH~100)/100 
14290 RETURN 
34000 DATA 2 1 ~ 0 0 7 5 ~ 0 0 2 5 r " Y * ' ~ * ' Y 1 ' ~ 2 ~ 6 0 ~ ~ ~ 4 ~ ~ 0 5 ~ ~ O l  ~ O ~ l r ~ 0 0 5 ~ ~ 2 5 r 0 ~ ~ 0 1 7 r l S , 1 5 ~ 6 r . S  
9 "Y *' 9 1 0 8  9 5 9 "Y '* 9 15 9 4 9 '*Y '* 9 1 0 9 12 9 35 9 23 9 "N" 9 1 5 9 0 6 9 "N" 9 0 C4 9 . 0 2 9 2 1 
35000 DATA -1??o25~-802o063r4912.5J,34.6S82 
35010 DATA -r491~.0089rrll5~.187 
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