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ABSTRACT 

A microcomputer-based system has been developed t o  c o n t r o l  

t h e  rate of cool ing of a cream i n  a commercial p i l o t - s c a l e  

tu rboemuls i f i e r .  Control  i s  achieved by opening a va lve  i n  t h e  

cool ing c i r c u i t  f o r  a c a l c u l a t e d  time during any c o n t r o l  pe r iod ,  

allowing water t o  c i r c u l a t e  i n  t h e  v e s s e l  j a c k e t .  The l e n g t h  of 

time f o r  which t h e  va lve  is open i s  c a l c u l a t e d  from t h e  d i s c r e t e  

form of t h e  Proport ional-Integral-Derivat ive (PID) c o n t r o l  

equat ion.  This equat ion contains  t h r e e  cons t an t s  which must be 

optimised €or any g iven  system. These w i l l  depend on f a c t o r s  

such as t h e  temperature and flow-rate of t h e  cool ing water, t h e  

h e a t  i npu t  from t h e  homogerdser and t h e  h e a t  t r a n s f e r  

c h a r a c t e r i s t i c s  of t h e  processing v e s s e l .  

The theory behind PID c o n t r o l  i s  d i scussed  b r i e f l y .  The 

development of t h e  system, inc lud ing  methods f o r  ob ta in ing  t h e  

c o n t r o l  cons t an t s  i s  a l s o  discussed.  Control  of t h e  temperature 

of a cream t o  wi th in  5 l 0 C  of a t a r g e t  temperature  p r o f i l e  has 

been achieved r o u t i n e l y  with t h e  p re sen t  system. 

48 5 
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THEORETICAL 

SCOTT AND WARR 

The c o n t r o l  method used is  based on feedbsck c o n t r o l ;  t h e  

cool ing a c t i o n  is  c a l c u l a t e d  from t h e  d i f f e r e n c e  between t h e  

a c t u a l  and required temperatures.  The s imples t  form of feedback 

c o n t r o l  i s  given by t h e  proport ional-only c o n t r o l l e r  : 

P ( t )  = K E ( t )  (1) 

where P ( t )  i s  t h e  c o n t r o l l e r  output  a t  time t ,  and E ( t )  i s  t h e  

e r r o r  a t  t h a t  time. K i s  a cons t an t  known as  t h e  c o n t r o l l e r  

g a i n .  This equat ion is  most r e a d i l y  understood when app l i ed  t o  

t h e  c o n t r o l  of a hea te r .  I n  t h i s  case, P ( t )  i s  t h e  h e a t e r  power 

ou tpu t ,  and E ( t )  i s  t h e  d i f f e r e n c e  between t h e  required and 

a c t u a l  temperatures a t  t i m e  t .  Some l i m i t a t i o n s  of equat ion (1) 

may now be considered. 

The equat ion can on ly  be app l i ed  over a l i m i t e d  range of 

power outputs .  

zero)  power output from any given h e a t e r .  The system t h e r e f o r e  

cannot apply any cooling should t h e  required temperature be 

exceeded, and may not be a b l e  t o  provide s u f f i c i e n t  h e a t  t o  

overcome a drop i n  temperature as  quickly as may be d e s i r e d .  

These 1-iuiitations w i l l  apply t o  any system. A c o n t r o l l e r  w i l l  

work best  when working wi th in  i t s  l i n e a r  range,  where t h e s e  

cond i t ions  do not apply. 

There w i l l  be a maximum and minimum ( u s u a l l y  

A c o n t r o l l e r  working from equat ion (1) w i l l  run a t  a 

s t eady- s t a t e  o f f s e t  from t h e  required temperature.  This a r i s e s  

because no hea t  i s  suppl ied when t h e r e  i s  no temperature e r r o r .  

The s y s t e m  w i l l  t h e r e f o r e  cool  t o  a temperature  a t  which t h e  

h e a t e r  again operates .  

For high values  of t h e  g a i n  K, t h e  system w i l l  tend t o  

o s c i l l a t e  about t h e  set p o i n t ,  i n  much t h e  same way as a 

thermostat  ope ra t e s .  The h e a t e r  w i l l  overshoot t h e  required 
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CONTROLLING PHARMACEUTICAL CREAM TEMPERATURE 48 7 

temperature and switch off  u n t i l  t h e  temperature  f a l l s  below t h e  

set-point  again.  

The p ropor t iona l  c o n t r o l l e r  may be improved by adding 

f u r t h e r  terms t o  equat ion ( 1 ) .  The f u l l  Proport ional-  

In t eg ra l -Der iva t ive  c o n t r o l l e r  is g iven  by t h e  equa t ion  

where T i  and Td are t h e  i n t e g r a l  and d e r i v a t i v e  t i m e  cons t an t s  

r e s p e c t i v e l y .  The i n t e g r a l  term i n  equa t ion  2 r e s u l t s  i n  t h e  

removal of t h e  o f f s e t  e r r o r  d i scussed  above. The d e r i v a t i v e  term 

enab les  the  PID c o n t r o l l e r  t o  respond more r a p i d l y  t o  sudden 

changes i n  temperature.  A f u l l e r  d i s c u s s i o n  of t h e  theo ry  of PID 

c o n t r o l  may be found i n  r e fe rences  1 t o  4. 

For implementation on a computer, a d i s c r e t e  form of 

equat ion (2 )  may be der ived : 

P ( t )  = P(t-1) + A E ( t )  + B E(t-1) + C E(t-2) ( 3 )  

where E(t-1) and E(t-2) are t h e  e r r o r s  f o r  t h e  previous two 

c o n t r o l  cycles, and A,  E and C are cons t an t s .  These cons t an t s  

may be obtained from t h e  g a i n  and t i m e  c o n s t a n t s  d i scussed  

above. 

changes w i l l  depend on t h e  va lues  of t h e  c o n s t a n t s .  The process 

of opt imising t h e  c o n t r o l l e r  performance by s e l e c t i n g  t h e  b e s t  

v a l u e s  f o r  t h e s e  cons t an t s  is known as tun ing  t h e  c o n t r o l l e r .  

The way i n  which t h e  c o n t r o l l e r  responds t o  temperature 

One way of tuning t h e  c o n t r o l l e r  i s  Reaction Curve 

Analysis5.  

change i n  t h e  c o n t r o l l e r  output is examined. From t h i s ,  values  

f o r  t h e  t h r e e  cons t an t s  may be obtained.  An example of a 

I n  t h i s  technique,  t h e  curve r e s u l t i n g  from a s t e p  
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SCOTT AND WARR 
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FIGURE 1 
Reaction Curve Analysis 
C = Cooling T i m e  
M = Overal l  Temperature Change 
L = Lag T i m e  
"I = Overal l  Reaction T i m e  

r e a c t i o n  curve is shown i n  f i g u r e  1. 

water is admitted t o  t h e  sys t em a t  t i m e  zero.  The length  of t h i s  

b u r s t  i s  denoted by C. From t h e  r e s u l t i n g  curve,  t h r e e  

parameters a r e  obtained. 

temperature (M), t h e  lag  t i m e  before  any temperature  change 

becomes apparent (L) and t h e  o v e r a l l  time f o r  which t h e  system 

r e a c t s  t o  the cooling b u r s t  (T) From these  parameters,  t h e  

g a i n ,  and the  i n t e g r a l  and d e r i v a t i v e  time cons tan ts  may be 

der ived by a method known as Cohen-Coon tuning.  

descr ibed i n  t h e  fo1lowir.g equat ions.  The cons tan ts  i n  t h e s e  

A s h o r t  b u r s t  of cool ing 

These are t h e  o v e r a l l  change i n  

This method is 
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CONTROLLING PHARMACEUTICAL CREAM TEMPERATURE 489 

equat ions were der ived i n  o rde r  t o  g i v e  a good compromise i n  t h e  

c o n t r o l l e r  between a r a p i d  response and minimal overshoot .  

The process g a i n ,  Kp is g iven  by 

Kp = M/C 

The g r a d i e n t  is given by 

R = M / T.C 

An index of s e l f - r e g u l a t i o n ,  m ,  i s  obtained as 

m = L (R/K) (6 1 

The t i m e  cons t an t s  are then c a l c u l a t e d  by Cohen-Coon tuning a s  

Ti = L (1 + m/5)/(0.4(1+3m/5)) ( 7 )  

( 8  fd  = 1 lL/( 30 (l+m/5 )) 

The c o n t r o l l e r  g a i n  i s  given by  

K = 1.35 (l+m/5) L.R 

EQUIPMENT 

The o b j e c t i v e  of t h i s  work was t o  develop a c o n t r o l  system 

f o r  a p i l o t - s c a l e  tu rboemuls i f i e r  (Model TE3 VR-10, 

P r e s s i n d u s t r i a  Chemical Equipment SPA, Milan) 

a high-speed, high-shear mixer i n  a 10 l i t r e  s t a i n l e s s  s teel  

j a c k e t e d  v e s s e l ,  with anchor paddles  t o  ensu re  good mixing of t h e  

product.  

This  c o n s i s t s  of 

The c o n t r o l  system is  based on an Apple ] [ e  
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490 SCOTT AND WARR 

microcomputer (Apple Computer Inc. ,  C a l i f o r n i a )  f i t t e d  with an 

ADALAB card ( I n t e r a c t i v e  Microware Inc. ,  Pennsylvania) .  This 

card provides analogue and d i g i t a l  i npu t  and ou tpu t  fac i l i t i es .  

The temperature i s  monitored by a d i g i t a l  thermometer (Model 

6110, Comark E lec t ron ic s  Ltd., W.Sussex) equipped with a Type K 

thermocouple. The v o l t a g e  output from t h e  thermometer is f ed  

i n t o  t h e  AEALAE card. 

The cool ing water flow r a t e  is c o n t r o l l e d  by a set of needle 

va lves  and v a r i a b l e  cross-sect ion flow meters.  Ccmputer c o n t r o l  

of t h e  flow i s  achieved by on/off so l eno id  va lves  ( p a r t  

342-023 ,RS Components, Ltd. Corby, Northants.)  i n  t h e  cool ing 

c i r c u i t .  To o b t a i n  t h e  r equ i r ed  12V output t o  d r i v e  t h e s e  

va lves ,  t h e  d i g i t a l  output  from t h e  ADALAB card i s  amplified by a 

s u i t a b l e  c i r c u i t ,  designed and b u i l t  in-house. The s y s t e m  is 

a b l e  t o  ope ra t e  up t o  fou r  solenoid va lves  i n  any combination; 

only a s i n g l e  valve was used i n  any one experiment i n  t h e  present  

work. 

A block diagram of t h e  system i s  shown i n  f i g u r e  2. 

For small-scale experiments,  t h e  temperature i n  a 2 

l i t r e  aluminium j acke ted  v e s s e l  was c o n t r o l l e d .  In  t h i s  c a s e ,  

t h e r e  was no valve t o  c o n t r o l  t h e  coolant  f low rate ,  but i n  o the r  

r e s p e c t s  t h e  system was equ iva len t  t o  t h a t  desc r ibed  above. 

The computer program was w r i t t e n  i n  Applesoft  BASIC, using 

the  t U I C K X / O  software t o  t r a n s f e r  information between t h e  program 

and t h e  ACALAB card.  The Q U I C K I / O  sof tware was suppl ied with t h e  

card.  

The main elements of t h e  program a r e  desc r ibed  i n  t h e  

fol lowing paragraphs. 
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I 
APPLE tle COMPUTER 

THERMOMETER WITH 'ADALAB' CARD 

FIGURE 2 
Block Diagram f o r  Control System 

l h e  i n i t i a l i s a t i o n  r o u t i n e  i s  used t o  e n t e r  t h e  A, B and C 

c o n s t a n t s ,  t h e  resding i n t e r v a l  and t h e  temperature  c o n t r o l  

curve.  This curve c o n s i s t s  of an i n i t i a l  holding phase a t  a 

cons t an t  temperature,  followed by a l i n e a r  dec rease  of 

temperature wi th  time. 

The c a l i b r a t i o n  r o u t i n e  c a l i b r a t e s  t h e  temperature and 

ou tpu t  v o l t a g e  from t h e  d i g i t a l  thermometer. 

I n  t h e  c o n t r o l  r o u t i n e ,  a set of t e n  readings a r e  taken a t  

50 m s  i n t e r v a l s  a t  t h e  s t a r t  of each c o n t r o l  cycle. These are 
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492 SCOTT AND WARR 

averaged, and t h e  mean compared wi th  t h e  c u r r e n t  r equ i r ed  

temperature,  as c a l c u l a t e d  from t h e  c o n t r o l  curve.  Equation ( 3 )  

is  then appl ied t o  c a l c u l a t e  t h e  va lve  open time for t h a t  cyc le .  

Boundary condi t ions are appl ied t o  t h e  r e s u l t  of t h i s  equat ion,  

so t h a t  P ( t )  is never less than z e r o ,  nor g r e a t e r  than t h e  

c o n t r o l  i n t e r v a l .  The v a l v e  is opened for t h e  c a l c u l a t e d  time, 

then closed f o r  t h e  remainder of tha t  cycle. I f  P ( t )  is a t  i t s  

maximum va lue ,  t h e  va lve  i s  not c losed  a t  t h e  end of t h e  c o n t r o l  

cycle, enabl ing t h e  niaximwn un in te r rup ted  coo l ing  t o  be given 

when required.  Cvhile t h e  c o n t r o l  r o u t i n e  i s  running, t h e  

required and a c t u a l  temperature are d i sp layed  on t h e  monitor,  

w i th  t h e  va lve  s t a t u s  and c a l c u l a t e d  v a l v e  open t i m e .  This  

enables  t h e  ope ra to r  t o  fol low t h e  c o n t r o l  of t h e  process .  

The f i n a l  r o u t i n e  w i l l  e i t h e r  p r i n t  t h e  a c t u a l  and 

required temperatures f o r  t h e  process ,  or s t o r e  t h e s e  on 

d i s k  f o r  la ter  ana lys i s .  This enables  a record of t h e  

cool ing of the cream t o  be kept as p a r t  of a batch record.  

MATERIALS AND METHODS 

The cream used i n  t h e s e  s t u d i e s  was a fo rmula t ion  

containing Cetomacrogol BP, S t e a r y l  Alchol , Liquid P a r a f f i n  

BP and d i s t i l l e d  water ,  t oge the r  w i th  an a c t i v e  ing red ien t  

and a p rese rva t ive .  The r equ i r ed  process  i s  t o  melt and mix 

t h e  norraqueous i n g r e d i e n t s  a t  6 5 " C ,  add t h e  drug and 

p r e s e r v a t i v e  and homogenise, add pre-heated water a t  65OC, 

homogenise a t  t h i s  temperature for 10 minutes,  then cool  

under vacuum with homogenisation t o  3 5 " C ,  and cool  t o  

ambient with no f u r t h e r  homogenisation. The advantage of 

the c o n t r o l  system is  tha t  t h e  time f o r  homogenisation and 

cool ing,  as w e l l  as t h e  temperature range, may be 

c o n t r o l l e d .  A cool ing rate of 1°C min" was s p e c i f i e d ;  
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CONTROLLING PHARMACEUTICAL CREAM TEMPERATURE 493 

cool ing from 65OC t o  25OC t h e r e f o r e  occurs over a per iod of 

40 minutes. 

During t h e  above process ,  va r ious  f a c t o r s  w i l l  a f f e c t  

t h e  temperature of t h e  cream. The c o n t r o l l e r  should 

minimise t h e  d e v i a t i o n s  from t h e  r equ i r ed  temperature due t o  

such causes ,  as well as providing a uniform rate of cool ing.  

There i s  an energy inpu t  of about 1kW from t h e  

homogeniser when working a t  f u l l  speed. Thus some cool ing 

by t h e  c o n t r o l l e r  i s  r equ i r ed  even during t h e  i n i t i a l  

holding phase. Later homogenisation i s  a t  a slower speed,  

t h e r e f o r e  t h e r e  is less hea t  t o  be d i s s i p a t e d  during t h e  

cool ing phase. 

The c o n t r o l l e r  w i l l  tend t o  maintain t h e  r equ i r ed  

temperature during t h e  a d d i t i o n  of i n g r e d i e n t s ,  even i f  

t h e s e  are no t  a t  e x a c t l y  t h e  r equ i r ed  temperature.  I n  t h i s  

case, t h e  h e a t  input  from t h e  homogeniser is a p o s i t i v e  

b e n e f i t ,  s i n c e  t h e  mix may be heated i f  r equ i r ed .  

RESULTS AND DISCUSSION 

A t y p i c a l  cool ing cu rve ,  w i th  no feedback c o n t r o l ,  is 

shown i n  f i g u r e  3. I n  t h i s  case t h e  cream was cooled from 

8 O o C  t o  25"C, and t h e  homogeniser switched off  a t  35'C. The 

graph c l e a r l y  shows t h e  change i n  coo l ing  rate as t h e  

temperature dec reases ,  and a l s o  t h e  p o i n t  a t  which t h e  

homogeniser was switched o f f .  l h e r e  i s  a sudden dec rease  i n  

temperature a t  about 5OoC, due t o  t h e  cream undergoing 

a phase inve r s ion .  Between about 5OoC and 4 5 O C  t h e  

temperature f l u c t u a t e s  r a p i d l y ,  over  about - + 2.5OC i n  less 

than a second. Because t h e  d a t a  was recorded with a much 
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Temperature/'C 

2 

20 I 
0 10 20 30 40 50 60 

Tim e/m i n u t es 

FIGURE 3 
Cooling Curve with no Feedback Control  
h a t e r  flow r a t e  650 m l  min'l 

longer  i n t e r v a l ,  t h i s  does not appear i n  t h e  f i g u r e .  These 

f l u c t u a t i o n s  tend t o  upset  t h e  c o n t r o l l e r .  The averaging of 

t e n  temperature readings was included i n  t h e  program t o  

reduce t h e  e f f e c t  of such f l u c t u a t i o n s  on temperature 

c o n t r o l  . 
Figure 4 shows t h e  cool ing curve obtained when t h e  

c o n t r o l l e r  i s  i n  o p e r a t i o n ,  but be fo re  t h e  c o n t r o l  cons t an t s  

have been optimised. The f l u c t u a t i o n s  about t h e  r equ i r ed  
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Tern pei-ature/ 'C 
7 0  

60 

50 

40 

30 

20 
0 

COC 

23 40 

Ti me,; mi n u t e s 

FIGURE 4 
ng Curve with PID Contrc 

Water flow r a t e  800 m l  min-l 

60 

Required curve is shown as a s o l i d  l i ne .  
A =  12 B = -  10 c = 0.1 

l i n e  are t y p i c a l  of a poorly tuned system. Overcooling is  

followed by a delay while  t h e  r equ i r ed  temperature  ca t ches  

up, and this cycle i s  repeated.  Control  below 4 O o C  i s  poor; 

cool ing water a t  t h e  maximum flow-rate (800 m l  min-l i n  t h i s  

ca se )  cannot remove t h e  hea t  s u f f i c i e n t l y  quickly.  For t h i s  

reason,  no d a t a  was c o l l e c t e d  a f te r  60 minutes. Compared t o  

t h e  uncontrol led cool ing of f i g u r e  3, t h e  temperature/t ime 

curve is now much c l o s e r  t o  a s t r a i g h t  l i n e .  

49 5 
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0 20 40 

Ti me/ M i n u t es 

60 

FIGURE 5 
Cooling Curve with Optimised PID Control 
Water flow rate 800 m l  min-1 
Required curve is  shown as a s o l i d  l i n e  
A = 120 B = -100 C = 1 

When t h e  cons t an t s  are opt imised,  much b e t t e r  c o n t r o l  

i s  achieved, as shown i n  f i g u r e  5 .  Control  is s t i l l  poor 

below 35”C, but otherwise good c o n t r o l  t o  w i t h i n  - + l 0 C  i s  

obtained. It was thought u n l i k e l y  t h a t  f u r t h e r  op t imisa t ion  

of t h e  cons t an t s  would y i e l d  any s i g n i f i c a n t  improvement i n  

t h i s  case.  

I n  order  t o  o b t a i n  b e t t e r  c o n t r o l  a t  low temperatures ,  

t h e  coolant  flow rate was increased t o  5000 m l  min’l. ‘fo 
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CONTROLLING PHARMACEUTICAL CREAM TEMPERATURE 497 

o b t a i n  t h e  cons t an t s  a t  t h i s  new flow ra te ,  r e a c t i o n  curve 

a n a l y s i s  was used. 

7 O o C ,  and allowed t o  come t o  a s t e a d y  temperature .  

b u r s t  of cool ing water was put through t h e  system, and t h e  

r e s u l t i n g  temperature/t ime curve recorded. 

repeated a t  approximately 10 O C  i n t e r v a l s  down t h e  cool ing 

curve,  and a l s o  with 10s and 5s b u r s t s  of cool ing water. 

Erom t h e  r e s u l t i n g  curves,  t h e  o v e r a l l  temperature  change, 

l a g  time and r e a c t i o n  time were c a l c u l a t e d ,  and hence new 

va lues  f o r  t h e  A,  B and C cons t an t s .  It was noted t h a t  t h e  

l a g  time and cooling g r a d i e n t  were g r e a t e r  a t  h ighe r  

temperatures ,  as might be expected. V a r i a t i o n  i n  the  

c a l c u l a t e d  cons t an t s  r e f l e c t e d  t h i s ,  t h e s e  being h ighe r  a t  

low temperatures.  The mean va lues  of t h e  cons t an t s  were 

c a l c u l a t e d ,  and used t o  c o n t r o l  t h e  cool ing of a cream using 

t h e  higher  coolant  flow rate. 

The cream was heated t o  approximately 

A 20s 

This was 

Figure 6 shows t h e  r e s u l t i n g  cool ing curve.  Good 

c o n t r o l  i s  achieved r i g h t  down t o  25OC. Control  between 

6 O o C  and 50°C is s l i g h t l y  poorer than wi th  t h e  lower flow 

rate,  but t h i s  i s  more than compensated f o r  by t h e  improved 

c o n t r o l  a t  lower temperatures.  I n  p a r t i c u l a r ,  i t  is no 

longer  poss ib l e  t o  d e t e c t  t h e  p o i n t  a t  which t h e  homogeniser 

i s  switched o f f .  

The following paragraphs d e s c r i b e  f u r t h e r  improvements 

t o  t h e  c o n t r o l  system. These were c a r r i e d  ou t  using a 2 

l i t r e  j acke ted  metal v e s s e l  r a t h e r  than t h e  P r e s s i n d u s t r i a  

s y s t e m .  The coolant f l owra te  was 3900d. min'l. No o the r  

changes were made t o  t h e  system. 

Before using t h i s  small-scale  system, t h e  a p p r o p r i a t e  

va lues  of t h e  c o n t r o l  cons t an t s  must be determined. Rather 
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Tern perat u re/'C 
73 

I 

20 r 
0 10 20 33 40 

Time /'m i rc u t e s 

FIGURE 6 
Cooling Curve with O p t i m i y i  PID C 
Water flow rate 5.0 1 nrin 
Required curve is shown as a s o l i d  
A =  33 B = - 1 5  C - 0 . 5  

than using tne Cohen-Coon method, t h e  c o n s t a n t s  were 
optimised by t h e  s e q u e n t i a l  simplex method It had 

previously been noted t h a t  t h e  system is f a i r l y  i n s e n s i t i v e  

t o  t h e  va lue  of C .  This was kept c o n s t a n t ,  and t h e  A and B 
cons tan t s  were optimised. The s t e p s  i n  t h i s  op t imisa t ion  

a r e  shown i n  t a b l e  1. The i n i t i a l  cond i t ions  were chosen 

such t h a t  t h e  simplex c o n t r a c t s  towards t h e  optimum. The 

q u a l i t y  of c o n t r o l  f o r  each set  of c o n s t a n t s  was measured by 

50 

n t  r o l  

l i n e  

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
X

av
ie

r 
U

ni
ve

rs
ity

 o
n 

01
/2

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CONTROLLING PHARMACEUTICAL CREAM TEMPERATURE 49 9 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

TABLE 1 

Simplex Optimisat ion of Control Constants 

A B 

100 - 50 

500 - 50 

5 00 -400 

100 300 

400 -225 

0 -225 

375 - 90 

75 85 

3 19 -148 

15b 6 

-108 38 

254 - 58 

190 - 32 

132.5 - 95 

42 -108 

152 - 55 

RMS 
Erro r  

G.053 

0.230 

0.552 

0.667 

0.135 

xxxx 

0.134 

0.154 

0.154 

0.097 

xxxx 
0.173 

0.077 

0.074 

xxxx 
0.080 

Simp1 ex 
Move 

I n i t i a l  

I n i t i a l  

I n i t i a l  

R e f l e c t  3 

Contract 3 

Reflect 2 

Contract 2 

R e f l e c t  5 

Contract 5 

Reflect 9 

Reflect 7 

Contract  7 

Contract 12 

Reflect 10 

Reflect 13 

Contract  13 

xxxx = no con t ro l .  

c a l c u l a t i n g  t h e  roo t  mean square d i f f e r e n c e  between 

Current 
Simplex 

1,233 

1,235 

1,5,7 

1,739 

1,7,10 

1,10,13 

1,13,14 

the 

a c t u a l  and required temperatures f o r  a l l  readings taken. The 

optimum cons tan t s  were taken as t h e  c e n t r a l  coord ina te s  of 

t h e  f i n a l  t r i a n g l e .  Repeat experiments using these  

cons t an t s  gave rms e r r o r  values  between 0.07 and O . l O ° C .  

These coos t an t s  were used i n  t h e  following experiments.  

One advantage of t h e  feedback c o n t r o l l e r  is t h a t  any 

type of cool ing curve may be used, provided t h a t  t h e  
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Temperoture/C 
50 

48 

46 

44 

42 

40 

38 1 I I I 

0 2 4 6 8 10 

Time/minutes 

FIGURE 7 
Guadratic Cooling Curve (Small scale apparatus)  
Water flow r a t e  3.6 1 min-1 
Required curve i s  shown as a s o l i d  l i n e  
A = 1 4 1  € = -  59 C = l  

required temperature at any given t i m e  can be ob ta ined ,  

e i t h e r  from a s u i t a b l e  equat ion,  o r  by  manual s t o r a g e  

i n  computer memory. 

An example of non-linear cool ing i s  shown i n  f i g u r e  7. 

The cool ing curve i n  t h i s  case i s  a q u a d r a t i c  curve,  

decreasing from 5OoC t o  40°C over 10 minutes. 

t h i s  t i m e ,  t h e  g r a d i e n t  of t h e  curve is s p e c i f i e d  t o  be 

A t  t h e  end of 
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zero.  

temperature u n t i l  near t h e  end of t h e  experiment, when t h e  

temperature f a l l s  f a s t e r  t han  r equ i r ed .  ' Ihis is because 

t h e r e  is no source of h e a t  i n  t h e  system. The con ten t s  

w i l l  cool  fas ter  t h a n  the requ i r ed  rate,  even wi th  no 

coolant  f lowiry 

The temperature i s  wi th in  5 0.2OC of t h e  t a r g e t  

The theo ry  behind t h e  PID c o n t r o l l e r  assumes t h a t  t h e r e  

is a l i n e a r  response t o  t h e  c o n t r o l l e r  ou tpu t .  I n  t h e  

p re sen t  case, t h i s  i s  not  so. 

b u r s t  of cold water w i l l  be g r e a t e r  a t  6OoC than at 20°C. 

In  o rde r  t o  o b t a i n  a l inear response,  t h e  c o n t r o l l e r  ou tpu t  

may be m u l t i p l i e d  by a s u i t a b l e  temperature-dependant 

f a c t o r .  The cool ing e f f e c t  of t h e  c i r c u l a t i n g  water i s  

porpor t iona l  t o  t h e  temperature d i f f e r e n c e  between t h e  

v e s s e l  con ten t s  and t h e  coo lan t .  The t i m e  f o r  which t h e  

v a l v e  must be opened is  theref  o r e  i n v e r s e l y  p r o p o r t i o n a l  t o  

t h i s  d i f e r e n c e .  The l i n e a r i s a t i o n  f a c t o r  ( F )  may t h e r e f o r e  

be obtained from a n  equaton such as 

The cool ing e f f e c t  of a 10s 

F = ( 45 - I c )  / (T - I c )  (13) 
where T is t h e  temperature of t h e  v e s s e l  c o n t e n t s  and 'Ic is  

t h e  coolant  temperature.  The f i g u r e  45 i n  t h i s  equa t ion  i s  

t h e  mid-point of t he  normal cool ing range. This  ensures  t h a t  

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

l h i s  f a c t o r  should be app l i ed  be fo re  t h e  cond i t ion  t h a t  

t h e  va lve  open time P ( t )  is less t h a n  t h e  c o n t r o l  i n t e r v a l .  

A t  present  t h i s  improved algori thm has on ly  been used on t h e  

small scale v e s s e l ,  w i th  encouraging r e s u l t s .  

CONCLUSION 

The c o n t r o l  system works well f o r  t h e  P e s s i n d u s t r i a  

t u rboemuls i f i e r .  Control  t o  w i t h i n  2 l 0 C  is s e e n  as 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
X

av
ie

r 
U

ni
ve

rs
ity

 o
n 

01
/2

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



502 SCOTT AND WARR 

adequate f o r  t h e  product ion of creams on a p i l o t  scale,  and 

t h i s  has been achieved r o u t i n e l y .  The development cos t  of 

t h e  system was low, as t h e  canputer  hardware was a l r e a d y  

a v a i l a b l e .  

a p p l i c a t i o n s ,  as demonstrated by t h e  sma l l - sca l e  coo l ing  

experiments. With s l i g h t  mod i f i ca t ion ,  c o n t r o l l e d  hea t ing  

could a l s o  be achieved. 

The same c o n t r o l  s t r a t e g y  may be used i n  o t h e r  
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