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Scilab numbering policy used in this document and the relation to the
above book.

Exa Example (Solved example)

Eqn Equation (Particular equation of the above book)

AP Appendix to Example(Scilab Code that is an Appednix to a particular
Example of the above book)

For example, Exa 3.51 means solved example 3.51 of this book. Sec 2.3 means
a scilab code whose theory is explained in Section 2.3 of the book.
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Chapter 2

Theoretical Models of Chemical
Processes

Scilab code Exa 2.1 Stirred tank blending process

1 clear

2 clc

3
4 // Example 2 . 1
5 disp( ’ Example 2 . 1 ’ )
6
7 w1bar =500;

8 w2bar =200;

9 x1bar =0.4;

10 x2bar =0.75;

11 wbar=w1bar+w2bar;

12 t=0:0.1:25; //Time s c a l e f o r p l o t t i n g o f g raphs
13
14 // ( a )
15 xbar=( w1bar*x1bar+w2bar*x2bar)/wbar;

16 printf( ’ \n ( a ) The s t eady s t a t e c o n c e n t r a t i o n i s %f
\n ’ ,xbar)

9



Figure 2.1: Stirred tank blending process
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17
18 // ( b )
19 w1bar =400; // f l o w r a t e changes , r e s t r ema ins same
20 wbar=w1bar+w2bar;

21 tau =3;

22 x0=0.5;

23 Cstarb =( w1bar*x1bar+w2bar*x2bar)/wbar; //C∗
v a r i a b l e

24 printf( ’ \n ( b ) The v a l u e o f C∗ i s %f ’ ,Cstarb)
25 printf( ’ \n x ( t ) =0.5 exp(− t /3)+%f(1−exp(− t /3) ) \n ’ ,

Cstarb);

26 xtd =0.5* exp(-t/3)+Cstarb *(1-exp(-t/3));

27
28 xtb =0.5* exp(-t/3)+Cstarb *(1-exp(-t/3)); //x ( t ) f o r

pa r t ( b )
29
30 // ( c )
31 w1bar =500; w2bar =100; // f l o w r a t e changes , r e s t

r ema ins same
32 wbar=w1bar+w2bar;

33 tau =3;

34 x0=0.5;

35 Cstarc =( w1bar*x1bar+w2bar*x2bar)/wbar; //C∗
v a r i a b l e

36 printf( ’ \n ( c ) The v a l u e o f C∗ i s %f ’ ,Cstarc)
37 printf( ’ \n x ( t ) =0.5 exp(− t /3)+%f(1−exp(− t /3) ) \n ’ ,

Cstarc);

38 xtc =0.5* exp(-t/3)+Cstarc *(1-exp(-t/3));

39
40 // ( d )
41 w1bar =500; w2bar =100; x1bar =0.6; x2bar =0.75; // f l o w

r a t e changes , r e s t r ema ins same
42 wbar=w1bar+w2bar;

43 tau =3;

44 x0=0.5;

45 Cstard =( w1bar*x1bar+w2bar*x2bar)/wbar; //C∗
v a r i a b l e

46 printf( ’ \n ( d ) The v a l u e o f C∗ i s %f ’ ,Cstard)
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47 printf( ’ \n x ( t ) =0.5 exp(− t /3)+%f(1−exp(− t /3) ) \n ’ ,
Cstard);

48 xtd =0.5* exp(-t/3)+Cstard *(1-exp(-t/3));

49
50 plot2d(t,[xtd ’,xtb ’,xtc ’])

51 xtitle( ’ Pa r t s b through d ’ , ’ Time ( min ) ’ , ’ $x ( t ) $ ’ );
52 a=legend(”$ ( d ) $”,”$ ( b ) $”,”$ ( c ) $”,position =1);
53 a.font_size =5;

54 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

55 c=a.y_label;c.font_size =5;

56
57 // ( e )
58 xNb=(xtb -x0)/(Cstarb -x0); // Normal i zed r e s p o n s e f o r

pa r t b
59 xNc=(xtc -x0)/(Cstarc -x0); // Normal i zed r e s p o n s e f o r

pa r t c
60 xNd=(xtd -x0)/(Cstard -x0); // Normal i zed r e s p o n s e f o r

pa r t d
61
62 scf() // C r e a t e s new window f o r p l o t t i n g
63 plot2d(t,[xNd ’,xNb ’,xNc ’],style =[1 1 1])

64 // S t y l e s e t s the c o l o r , −ve v a l u e s means d i s c r e t e
p l o t t i n g , +ve means c o l o r

65 xtitle( ’ Part e ’ , ’ Time ( min ) ’ , ’ Normal i zed r e s p o n s e ’ );
66 a=legend(”$ ( e ) $”,position =1);
67 a.font_size =5;

68 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

69 c=a.y_label;c.font_size =5;

Scilab code Exa 2.2 Degrees of freedom 1
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Figure 2.2: Stirred tank blending process
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1 clear

2 clc

3
4 // Example 2 . 2
5 disp( ’ Example 2 . 2 ’ )
6
7 N_V =4;

8 N_E =1;

9 N_F=N_V -N_E;

10 printf( ’ \n Degree s o f f reedom N F= %i \n ’ ,N_F)

Scilab code Exa 2.3 Degrees of freedom 2

1 clear

2 clc

3
4 // Example 2 . 3
5 disp( ’ Example 2 . 3 ’ )
6
7
8 N_V =7;

9 N_E =2;

10 N_F=N_V -N_E;

11 printf( ’ \n Degree s o f f reedom N F= %i \n ’ ,N_F)

Scilab code Exa 2.4 Electrically heated stirred tank process

1 clear

2 clc

3
4 // Example 2 . 4

14



Figure 2.3: Electrically heated stirred tank process
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5 disp( ’ Example 2 . 4 ’ )
6
7 mprintf( ’ \n Important Note : Er ra ta f o r book : Va lues

o f the paramete r s \n . . .
8 meCe/heAe and meCe/wC shou ld be 1 min each and not

0 . 5 min %s \n ’ , ’ ’ )
9

10 Tibar =100; // deg C
11 Qbar =5000; // k c a l /min
12 wc_inv =0.05; // 1/wc degC min/ k c a l
13
14 // ( a )
15 Tbar=Tibar+wc_inv*Qbar;

16 mprintf( ’ \n ( a ) Nominal s t e ady s t a t e t empera tu r e= %i
’ ,Tbar)

17 mprintf( ’ d e g r e e c e l s i u s %s \n ’ , ’ ’ )
18
19 // ( b )
20 mprintf( ’ \n Eqn 2−29 becomes 10 d2T/ dt2 + 12 dT/ dt +

T = 370 with T( 0 ) =350 %s \n ’ , ’ ’ )
21 t=0:0.1:80; //Time v a l u e s
22 Tt_2 =350+20*(1 -1.089* exp(-t/11.099) +0.084* exp(-t

/0.901));//T( t ) from o r d e r 2 e q u a t i o n
23
24 // ( c )
25 mprintf( ’ \n Eqn 2−29 becomes 12 dT/ dt + T = 370 with

T( 0 ) =350 %s \n ’ , ’ ’ )
26 Tt_1 =350+20*(1 - exp(-t/12));//T( t ) from o r d e r 1

e q u a t i o n
27
28
29 plot2d(t,[Tt_2 ’,Tt_1 ’],[2 5],rect =[0 350 80 370])

30 xtitle( ’Ex−2.4 ’ , ’ Time ( min ) ’ , ’ $T(ˆ0C) $ ’ );
31 a=legend(”a Second o r d e r ”,”b F i r s t o r d e r ”,position

=4);

32 a.font_size =5;

33 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;
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Figure 2.4: Nonlinear dynamic behavior of CSTR

34 c=a.y_label;c.font_size =5;

Scilab code Exa 2.5 Nonlinear dynamic behavior of CSTR

1
2 clear

3 clc

4
5 // Example 2 . 5
6 disp( ’ Example 2 . 5 ’ )
7
8 function ydot=CSTR(t,y,Tc) //y i s [ Conc Temp ] ’ Tc i s

c o o l a n t temp
9 q=100; ci=1;V=100; rho =1000;C=0.239; deltaHR =5E4;k0

=7.2 E10;UA=5E4;Er =8750;

10 Ti=350;
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11 c=y(1);T=y(2);

12 k=k0*exp(-Er/T);// Er=E/R
13 ydot (1)=1/V*(q*(ci-c)-V*k*c); // ydot ( 1 ) i s

d c d t
14 ydot (2) =1/(V*rho*C)*(q*rho*C*(Ti-T)+deltaHR*V*k*

c+UA*(Tc-T))// ydot ( 2 ) i s dT dt
15 endfunction

16
17 c0=0.5;T0=350;

18 y0=[c0 T0]’;

19 t0=0;

20 t=0:0.01:10;

21 Tc=[290 305];

22 y1 = ode(y0,t0 ,t,list(CSTR ,Tc(1)));

23 y2 = ode(y0,t0 ,t,list(CSTR ,Tc(2)));

24 y3=[0.5 0;0 350]* ones(2,length(t))

25 //Temp p l o t
26 subplot (2,1,1);

27 plot(t,[y1(2,:)’ y3(2,:)’ y2(2,:) ’]);

28 xtitle(” Fig 2 . 7 ”,”Time ( min ) ”,” Reactor Temp(K) ”);
29 legend(” 290 K”,” 300 K”,” 305 K”)
30 // conc p l o t
31 subplot (2,1,2);

32 plot(t,[y1(1,:)’ y3(1,:)’ y2(1,:) ’]);

33 xtitle(” Fig 2 . 8 ”,”Time ( min ) ”,” Reactor conc ( mol/L) ”);
34 legend(” 290 K”,” 300 K”,” 305 K”);
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Chapter 6

Development of Empirical
Models from Process Data

Scilab code Exa 6.1 Gas turbine generator

1 clear

2 clc

3
4 // Example 6 . 1
5 disp( ’ Example 6 . 1 ’ )
6
7 // Fue l f l o w r a t e appended with ones f o r i n t e r c e p t i n

r e g r e s s i o n
8 fuel =[1 2.3 2.9 4 4.9 5.8 6.5 7.7 8.4 9];

9 X=[ones (1 ,10);fuel]’;

10 Y=[2 4.4 5.4 7.5 9.1 10.8 12.3 14.3 15.8 16.8] ’; //
Power g e n e r a t e d

11
12 Bhat=inv(X’*X)*X’*Y;

13
14 mprintf( ’ \n L i n e a r model \n B1 hat=%f \n B2 hat=%f ’ ,

Bhat ’)

15
16

19



17 // For b e t t e r a c cu ra cy we can f i t h i g h e r o r d e r model
18 X_new=[ones (1,10);fuel;fuel .^2] ’;

19 Bhat_new=inv(X_new ’*X_new)*X_new ’*Y;

20 mprintf( ’ \n \n Quadrat i c model \n B1 hat=%f \n
B2 hat=%f \n B3 hat=%f ’ ,Bhat_new ’)

21 Output_table =[fuel ’ Y X*Bhat X_new*Bhat_new ];

22
23 // mpr in t f ( ’\ n Fuel Power Generated L i n e a r

Model Quadrat i c Model %f %f ’ , O u t p u t t a b l e ( : , 1 )
, O u t p u t t a b l e ( : , 2 ) )

24 // d i s p ( O u t p u t t a b l e )
25
26 // Table 6 . 1
27 mprintf( ’ \n \n Table 6 . 1 %s ’ , ’ ’ )
28 mprintf( ’ \n u i y i L i n e a r Model

Quadrat i c Model %s ’ , ’ ’ )
29
30 mprintf( ’ \n %f %f %f %15f ’ ,Output_table)
31
32
33 // Er ro r c a l c u l a t i o n s −−−−(This i s not g i v e n i n book−

r e q u i r e s u n d e r s t a n d i n g o f s t a t i s t i c s )
34 Yhat=X*Bhat; // P r e d i c t e d Y from r e g r e s s i o n v a r i a b l e s
35 S_lin=(Y-Yhat) ’*(Y-Yhat); //Sum o f e r r o r s i n Y f o r

l i n e a r model −−eqn 6 . 9
36 S_quad =(Y-X_new*Bhat_new) ’*(Y-X_new*Bhat_new); //

E r r o r s i n Y f o r q u a d r a t i c model
37 mprintf( ’ \n %25s%f %10s%f ’ , ’ S= ’ ,S_lin , ’ S= ’ ,

S_quad)

38
39 n=length(fuel);

40 sigma=S_lin /(n-1)*(inv(X’*X));

41 bounds =( sigma .^0.5)/sqrt(n)*2.262;

42
43 mprintf( ’ \n The e r r o r s i n Bhats a r e not c a l c u l a t e d

because the p r o c e d u r e i s not . . .
44 \n g i v e n i n the s o l u t i o n o f the example ’ )
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Figure 6.1: Continuous stirred tank reactor

Scilab code Exa 6.2 Continuous stirred tank reactor

1 clear

2 clc

3
4 // Example 6 . 2
5 disp( ’ Example 6 . 2 ’ )
6
7 deltaw =5; // kg /min
8 deltaT =20; // deg C

21



9 K=deltaT/deltaw

10 tau=5 // min
11 T=140+0.632*20; // 1 5 2 . 6 deg C
12
13 s=%s;

14 G=4/(5*s+1); //G=T’ ( s ) /W’ ( s )
15
16 mprintf( ’ \n T( s ) /W( s )=%s ’ , ’ ’ )
17 disp(G)

18
19 t=0:0.01:25;

20 n=length(t);

21 w=5* ones(1,n);

22 yt=csim(w,t,G)+140;

23 wt=w+120;

24 subplot (2,1,2);

25 plot2d(t,yt,rect =[0 ,130 ,25 ,160]);

26 xtitle(””,”Time ( min ) ”,”$T(ˆ0C) $”)
27 xgrid();

28 subplot (2,1,1);

29 plot2d(t,wt,rect =[0 ,120 ,25 ,126] , style =2)

30 xtitle(” Fig 6 . 4 ”,”Time ( min ) ”,”$w\ ( kg /min ) $”)
31 xgrid();

Scilab code Exa 6.3 Off gas C02 concentration response

1 clear

2 clc

3
4 // Example 6 . 3
5 disp( ’ Example 6 . 3 ’ )
6
7
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Figure 6.2: Off gas C02 concentration response
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8 // Smith ’ s method
9 t20 =1.85; // min

10 t60 =5; // min
11 ratio=t20/t60;

12 zeta =1.3; // Zeta o b t a i n e d from Fig 6 . 7 page 109
13 tau=t60 /2.8 // Value 2 . 8 o b t a i n e d from Fig 6 . 7
14
15 tau1=tau*zeta+tau*sqrt(zeta ^2-1);

16 tau2=tau*zeta -tau*sqrt(zeta ^2-1);

17
18 mprintf( ’ From Smiths method \n tau1=%f min\n tau2=

%f min \n ’ ,[tau1 tau2])

19
20 // N o n l i n e a r r e g r e s s i o n
21 // This method cannot be d i r e c t l y used he r e because

we do not have the data with us
22 //Had the data been g i v e n i n t a b u l a r form we cou ld

have per fo rmed a r e g r e s s i o n
23 // Conver t ing g r a p h i c a l data ( Fig 7 . 8 ) p r i n t e d i n

t ex tbook to t a b u l a r form i s not p r a c t i c a l
24 // Towards the end o f the program however a

roundabout way has been implemented so
25 // tha t the u s e r can l e a r n the t e c h n i q u e o f non−

l i n e a r o p t i m i z a t i o n
26
27
28
29 s=%s;

30 G2=1/(( tau1*s+1)*(tau2*s+1)) // Smith ’ s method
31 G3 =1/(4.60*s+1) // F i r s t o r d e r with t ime d e l a y : Note

tha t we cannot have exp (−0.7 s ) w i thout symbo l i c
t o o l b o x so we use a roundaround t r i c k f o r t h i s

32 // Also note tha t we cou ld have used Pade ’ s
approx imat ion but tha t works w e l l on ly f o r very
s m a l l t ime d e l a y s

33 G1 =1/((3.34*s+1) *(1.86*s+1)); // N o n l i n e a r r e g r e s s i o n
34
35 Glist=syslin( ’ c ’ ,[G1 G2 G3]’) // Simply c o l l a t i n g
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them t o g e t h e r f o r f u r t h e r s i m u l a t i o n
36
37 G=syslin( ’ c ’ ,Glist);
38 t=0:0.1:20;

39 y=csim( ’ s t e p ’ ,t,G);
40 y(3,:)=[ zeros (1,8) y(3,1:$-8)] // This i s the

roundabout t r i c k to i n t r o d u c e t ime l a g by
manual ly

41 // s h i f t i n g the r e s p o n e by 0 . 7 min
42 plot(t,y)

43 xtitle( ’Ex−6.3( Fig 6 . 9 ) ’ , ’ Time ( min ) ’ , ’ y ( t ) /KM’ );
44 a=legend(” N o n l i n e a r r e g r e s s i o n ”,” Smiths method”,”

FOPTD”,position =4);
45 a.font_size =2;

46 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

47 c=a.y_label;c.font_size =5;

48
49
50 //====NON−LINEAR REGRESSION====//
51 //Now tha t we have the r e s p o n s e data and a l s o t a k i n g

the word from the book tha t
52 // s i m u l a t i o n from Exce l / Matlab i s i d e n t i c a l to

e x p e r i m e n t a l data , we can a c t u a l l y
53 // take t h i s s i m u l a t i o n and use i t f o r showing

r e g r e s s i o n
54 // So our e x p e r i m e n t a l data i s y ( 1 )
55 // For n o n l i n e a r r e g r e s s i o n we d e f i n e a c o s t f u n c t i o n

which we have to min imize
56 function err=experiment(tau)

57 s=%s;

58 G=syslin( ’ c ’ ,1/((tau(1)*s+1)*(tau(2)*s+1)));
59 t=0:0.1:20;

60 response=csim( ’ s t e p ’ ,t,G);
61 err=sum((response -y(1,:)).^2);

62 endfunction

63
64 // f i s v a l u e o f c o s t f u n c t i o n , g i s g r a d i e n t o f c o s t
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f u n c t i o n ,
65 // ind i s j u s t a dummy v a r i a b l e r e q u i r e d by optim

f u n c t i o n
66 function [f,g,ind]=cost(tau ,ind)

67 f=experiment(tau)

68 g=numdiff(experiment ,tau)

69 endfunction

70
71 x0=[3 1]’; // I n i t i a l g u e s s f o r o p t i m i z a t i o n r o u t i n e
72 [cost_opt , tau_opt ]=optim(cost ,x0)

73 mprintf( ’ \n Opt im i za t i on u s i n g optim f u n c t i o n done
s u c c e s s f u l l y \n ’ )

74 mprintf( ’ \n From n o n l i n e a r r e g r e s s i o n \n tau1=%f
min\n tau2=%f min \n ’ ,[tau_opt]’)

75
76
77
78 // Formatted output . . .
79 mprintf( ’ \n tau1 ( min ) tau2 ( min )

Sum o f s q u a r e s ’ )
80 mprintf( ’ \n Smith %f %f %f ’

,3.81 ,0.84 ,0.0769)

81 mprintf( ’ \n F i r s t Order \n ( d e l a y =0.7 min ) %f
%s %f ’ ,4.60, ’−− ’ ,0.0323)

82 mprintf( ’ \n Exce l and Matlab %f %f %f \n ’
,3.34 ,1.86 ,0.0057)

Scilab code Exa 6.5 Estimation of model parameters

1 clear

2 clc

3
4 // Example 6 . 5
5 disp( ’ Example 6 . 5 ’ )
6
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7 k=0:10 ’;

8 yk=[0 0.058 0.217 0.360 0.488 0.600 0.692 0.772

0.833 0.888 0.925] ’;

9
10 Y=yk(2:$);

11 n=length(Y);

12
13 yk_1=[yk(1:$-1)];

14 yk_2 =[0;yk(1:$-2)];

15 uk_1=ones(n,1);

16 uk_2 =[0; uk_1 (1:$-1)];

17
18 X=[yk_1 yk_2 uk_1 uk_2];

19
20 Bhat=inv(X’*X)*X’*Y;// Equat ion 6−10
21 // a1 , a2 , b1 , b2 a r e components o f Bhat f o r l i n e a r

r e g r e s s i o n
22 K_lin=(Bhat (3)+Bhat (4))/(1-Bhat (1)-Bhat (2)); //

Equat ion 6−42
23
24 //====NON−LINEAR REGRESSION====//
25 //Now tha t we have the r e s p o n s e data we can do non−

l i n e a r r e g r e s s i o n through
26 // the t r a n s f e r f u n c t i o n approach . Tota l no . o f

v a r i a b l e s to be r e g r e s s e d a r e
27 // t h r e e : K, tau1 , tau2 .
28 // For n o n l i n e a r r e g r e s s i o n we d e f i n e a c o s t f u n c t i o n

which we have to min imize
29
30
31 function err=experiment(tau)

32 K=tau(3);tau1=tau(1);tau2=tau(2);

33 t=k’;

34 response=tau (3)*(1-( tau1*exp(-t/tau1)-tau2*exp(-

t/tau2))/(tau1 -tau2))

35 err=sum((response -[yk]).^2);

36 endfunction

37
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38 // f i s v a l u e o f c o s t f u n c t i o n , g i s g r a d i e n t o f c o s t
f u n c t i o n ,

39 // ind i s j u s t a dummy v a r i a b l e r e q u i r e d by optim
f u n c t i o n

40 function [f,g,ind]=cost(tau ,ind)

41 f=experiment(tau)

42 g=numdiff(experiment ,tau)

43 endfunction

44
45 x0=[1 3 1]’; // I n i t i a l g u e s s f o r o p t i m i z a t i o n

r o u t i n e
46 [cost_opt , tau_opt ]=optim(cost ,x0)

47 mprintf( ’ \n Opt im i za t i on u s i n g optim f u n c t i o n done
s u c c e s s f u l l y \n ’ )

48 mprintf( ’ \n From n o n l i n e a r r e g r e s s i o n \n tau1=%f \n
tau2=%f min\n K=%f min \n ’ ,[tau_opt]’)

49
50 //Now we have to ge t d i s c r e t e ARX model pa ramete r s

from t r a n s f e r f u n c t i o n paramete r s
51 // For t h i s we use Equat ion nos . : 6−32 to 6−36
52
53 deltat =1; taua =0; tau1=tau_opt (1);tau2=tau_opt (2);K=

tau_opt (3);

54 a1=exp(-deltat/tau1)+exp(-deltat/tau2);

55 a2=-exp(-deltat/tau1)*exp(-deltat/tau2);

56 b1=K*(1+(taua -tau1)/(tau1 -tau2)*exp(-deltat/tau1) -(

taua -tau2)/(tau1 -tau2)*exp(-deltat/tau2));

57 b2=K*(exp(-deltat *(1/ tau1 +1/ tau2))+(taua -tau1)/(tau1

-tau2)*exp(-deltat/tau2)-(taua -tau2)/(tau1 -tau2)*

exp(-deltat/tau1));

58
59 mprintf(”\n L i n e a r R e g r e s s i o n Non−

L i n e a r R e g r e s s i o n ”)
60 mprintf(”\n %s %f %20f ” ,[” a1 ”;” a2 ”

;”b1”;”b2”;”K”],[[Bhat;K_lin] [a1;a2;b1;b2;K]])

61
62 yL_hat=X*Bhat;

63 yN_hat=X*[a1;a2;b1;b2];
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64
65 mprintf(”\n \n n y yL hat

yN hat ”)
66 mprintf(”\n %f %f %f %f” ,[1:10]’,yk

(2:$),yL_hat ,yN_hat)

67
68 mprintf(”\n \n Note tha t v a l u e s o f c o e f f i c i e n t s f o r

non− l i n e a r r e g r e s s i o n \n a r e d i f f e r e n t . . .
69 from tha t o f l i n e a r r e g r e s s i o n , but the \n output i s

the same \n . . .
70 hence t h i s shows tha t the c o e f f i c i e n t s need not be

un ique . . . .
71 \n the c o e f f i c i e n t s f o r n o n l i n e a r r e g r e s s i o n g i v e n

i n book and from t h i s s c i l a b code \n . . .
72 both a r e c o r r e c t ”)

Scilab code Exa 6.6 Step test of distillation column

1 clear

2 clc

3
4 // Example 6 . 6
5 disp( ’ Example 6 . 6 ’ )
6
7 mprintf(”\n I t i s not p o s s i b l e to f i t Model 1 or \n

p l o t i t be cause e x p e r i m e n t a l data . . .
8 has not been g i v e n i n the book . \n Hence we

s imp ly p l o t Model 2 , 3 , 4 \n”)
9

10
11 // Model 2
12 a=[3.317 -4.033 2.108 0.392 ]’

13 b=[ -0.00922 0.0322 -0.0370 0.0141] ’;
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Figure 6.3: Step test of distillation column
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14 uk=[ones (120 ,1)]; // Inputs−s t e p at t=1 min
15 yk=zeros (120 ,1); // Outputs i n i t i a l i z a t i o n
16
17 for k=5:120

18 yk(k)=a(1)*yk(k-1)+a(2)*yk(k-2)+a(3)*yk(k-3)+a

(4)*yk(k-4)...

19 +b(1)*uk(k-1)+b(2)*uk(k-2)+b(3)*uk(k-3)+

b(4)*uk(k-4);

20 end

21 // Model 2 t r i a l with t r a n s f e r f u n c t i o n
22 // a=−f l i p d i m ([−1 3 . 3 1 7 −4.033 2 . 1 0 8 0 . 3 9 2 ] ’ , 1 ) ;
23 //b=f l i p d i m ( [ −0 .00922 0 . 0 3 2 2 −0.0370 0 . 0 1 4 1 ] ’ , 1 ) ;
24 //
25 //Gz=po ly ( b , ” z ” ,” c o e f f ” ) / po ly ( a , ” z ” ,” c o e f f ” ) ;
26 //u=ones ( 1 2 0 , 1 ) ;
27 //Gz=s y s l i n ( ’ d ’ , Gz) ;
28 // yk= f l t s ( u ’ , Gz)
29
30 // Although the code i s c o r r e c t , the v a l u e s g i v e n i n

the book f o r the c o e f f s
31 // o f the ARX model a r e wrong and hence the system

d i v e r g e s ( b lows up )
32
33 mprintf( ’ Although the code i s c o r r e c t , the v a l u e s \n

g i v e n i n the book f o r the c o e f f s o f model 2 . . .
34 \n o f the ARX model a r e wrong and hence the system

d i v e r g e s ( b lows up ) ’ )
35
36 // Model 3
37 s=%s;

38 G3 =0.082/(7.95*s+1);//We have to add d e l a y o f 4 4 . 8
min

39 // Model 4
40 G4 =0.088*(1 -12.2*s)/(109.2*s^2+23.1*s+1);//We have

to add d e l a y o f 2 5 . 7 min
41
42 G=syslin( ’ c ’ ,[G3;G4]);
43 t=[0:0.1:120] ’;
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44 y=csim( ’ s t e p ’ ,t,G);
45
46 y(1,:)=[ zeros (1 ,448) y(1,1:$-448)]

47 y(2,:)=[ zeros (1 ,257) y(2,1:$-257)]

48 plot2d(t,y’)

49
50 xtitle( ’Ex−6.6 ’ , ’ Time ( min ) ’ , ’ y ( t ) ’ );
51 a=legend(”Model−3”,”Model−4”,position =4);
52 a.font_size =2;

53 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

54 c=a.y_label;c.font_size =5;
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Chapter 8

Control System
Instrumentation

Scilab code Exa 8.2 Pump and heat exchanger system

1 clear

2 clc

3
4 // Example 8 . 2
5 disp( ’ Example 8 . 2 ’ )
6
7 //Eqn 8−6
8
9 //Pump c h a r a c t e r i s t i c s

10 q=0:0.1:240;

11 Phe =30*(q/200) .^2;

12 plot2d(q,Phe ,rect =[0 ,0 ,240 ,40]);

13 xgrid()

14 xtitle(” Fig 8 . 1 3 Pump c h a r a c t e r i s t i c s ”,”q , g a l /min”,”
P , p s i ”)

15 scf();

16
17 q=200; // Flow r a t e i n g a l /min
18 Phe =30*(q/200) .^2;
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19 Pv=40-Phe; //Eqn 8−8
20
21
22 // ( a )
23 l=0.5; Pv=10;

24 Cv=q/l/sqrt(Pv);

25
26 mprintf(” ( a ) The v a l u e o f c o e f f i c i e n t Cv i s %f”,Cv)
27
28 // p l o t t i n g v a l v e c h a r a c t e r i s t i c cu rve
29
30 l=[0:0.01:0.8] ’;

31 n=length(l);

32 Cv=125;

33
34 function y=valve_1(q)

35 Pv=40 -30*(q/200) .^2;

36 y=Cv*l.*sqrt(Pv)-q;

37 endfunction

38
39 [q_valve1 ,f1]= fsolve (200* ones(n,1),valve_1); // 200∗

ones ( n , 1 ) i s the i n i t i a l g u e s s f o r q
40
41 plot2d(l,q_valve1);

42
43 // ( b )
44 q=200*110/100; // 110% f l o w r a t e
45 Phe =30*(q/200) .^2;

46 Pv=40-Phe; //Eqn 8−8
47 l=1;

48 Cv=q/sqrt(Pv)/l;

49 mprintf(”\n ( b ) The v a l u e o f c o e f f i c i e n t Cv i s %f”,Cv
)

50
51 //We use Cv=115;
52 Cv=115;

53 l=[0.2:0.01:0.9] ’;

54 n=length(l);
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55 R=50;

56
57 function y=valve_2(q)

58 Pv=40 -30*(q/200) .^2;

59 y=[R^(l-1)]*Cv.*sqrt(Pv)-q;

60 endfunction

61 [q_valve2 ,f2]= fsolve (150* ones(n,1),valve_2);

62 plot2d(l,q_valve2 ,style =2)

63
64 // ( c )
65 Cv =1.2*115;

66 mprintf(”\n ( c ) The v a l u e o f c o e f f i c i e n t Cv i s %f”,Cv
)

67
68 l=[0.2:0.01:0.9] ’;

69 n=length(l);

70 R=50;

71
72 function y=valve_3(q)

73 Pv=40 -30*(q/200) .^2;

74 y=[R^(l-1)]*Cv.*sqrt(Pv)-q;

75 endfunction

76 [q_valve3 ,f3]= fsolve(linspace (60,200,n)’,valve_3);

// I n i t i a l g u e s s has to be smart f o r each va lve ,
77 // s i n c e we want near l i n e a r p r o f i l e we can g i v e a

l i n e a r i n i t i a l g u e s s
78 plot2d(l,q_valve3 ,style =3)

79
80 // ( d )
81 Cv =0.8*115;

82 mprintf(”\n ( c ) The v a l u e o f c o e f f i c i e n t Cv i s %f”,Cv
)

83
84 l=[0.2:0.01:0.9] ’;

85 n=length(l);

86 R=50;

87
88 function y=valve_4(q)
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89 Pv=40 -30*(q/200) .^2;

90 y=[R^(l-1)]*Cv.*sqrt(Pv)-q;

91 endfunction

92 [q_valve4 ,f4]= fsolve(linspace (60,200,n)’,valve_4);

// I n i t i a l g u e s s has to be smart f o r each va lve ,
93 // s i n c e we want near l i n e a r p r o f i l e we can g i v e a

l i n e a r i n i t i a l g u e s s
94 plot2d(l,q_valve4 ,style=4,rect =[0 ,0 ,1 ,240])

95
96 xtitle( ’Ex−8.2 I n s t a l l e d v a l v e c h a r a c t e r i s t i c s ’ , ’ $ l $

’ , ’ q g a l /min ’ );
97 a=legend(” Valve 1 , l i n e a r Cv=125”,” Valve 2 , Equal%

Cv=115”,” Valve 3 , Equal% Cv=138”,” Valve 4 , Equal%
Cv=92”,position =4);

98 a.font_size =2;

99 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =3;c=a.
x_label;c.font_size =5;

100 c=a.y_label;c.font_size =5;
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Figure 8.1: Pump and heat exchanger system
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Figure 8.2: Pump and heat exchanger system
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Chapter 9

Process Safety and Process
Control

Scilab code Exa 9.1 Liquid surge system

1 clear

2 clc

3
4 // Example 9 . 1
5 disp( ’ Example 9 . 1 ’ )
6
7 q1=12; // cub f t /min
8 q2=6;

9 q3=13;

10 A=%pi *3^2; // f t ˆ2
11 delta_t =10; // min
12 delta_h_max=delta_t *(q1+q2 -q3)/A;

13
14 mprintf( ’ Alarm shou ld be at l e a s t %f f t below top o f

tank ’ ,delta_h_max)
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Scilab code Exa 9.2 Abnormal event in distillation column

1 clear

2 clc

3
4 // Example 9 . 2
5 disp( ’ Example 9 . 2 ’ )
6
7 mu=[0.5 0.8 0.2]; // p o p u l a t i o n means o f z y x
8 S=[0.01 0.020 0.005]; // p o p u l a t i o n s td dev o f z y x
9

10 z=[0.485]; // s t eady s t a t e v a l u e s
11 y=[0.825];

12 x=0.205;

13
14 F=4;D=2;B=2; // f l o w r a t e s
15
16 Ec=F*z-D*y-B*x;

17
18 disp(Ec,”Ec=”)
19
20 sigma_Ec=sqrt(F^2*S(1) ^2+D^2*S(2) ^2+B^2*S(3) ^2)

21
22 disp(sigma_Ec ,” s igma Ec ”)
23
24
25
26 Z=(Ec -0)/sigma_Ec;

27
28 disp(Z,”Z=”);
29
30 [P,Q]= cdfnor(”PQ” ,0.120,0, sigma_Ec);
31
32 // S i n c e P i s c l o s e to 1 , we use Q
33
34 Probability =1-2*Q;

35
36 disp(Probability ,” P r o b a b i l i t y o f abnormal event=”)
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Scilab code Exa 9.3 Reliability of flow control loop

1
2 clear

3 clc

4
5 // Example 9 . 3
6 disp( ’ Example 9 . 3 ’ )
7
8 mu =[1.73 0.05 0.49 0.60 0.44] ’; // f a i l u r e s / yr
9 R=exp(-mu);

10 P=1-R;

11
12 R_overall=prod(R);

13 P_overall=1- R_overall;

14 mu_overall=-log(R_overall);

15 MTBF =1/ mu_overall;

16
17 mprintf(”MTBF= %f yr ”,MTBF)
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Chapter 10

Dynamic behavior

Scilab code Exa 10.2 Set point response of level control system

1 clear

2 clc

3
4 // Example 1 0 . 2
5 disp( ’ Example 1 0 . 2 ’ )
6
7 A=%pi *0.5^2; // Square mete r s
8 R=6.37;

9 Kp=R// min/ sq .m=R
10 tau=R*A;

11
12 Km =100/2; //% per meter
13
14 l=0.5;

15 q=0.2*30^(l-1);

16 dq_dl =0.2* log (30) *30^(l-1); // cu . meter /min Eqn 10−48
17
18 Kip =(15 -3) /100; // p s i /%
19 dl_dpt =(1-0) /(15 -3); // p s i ˆ−1
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Figure 10.1: Set point response of level control system
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20
21 Kv=dq_dl*dl_dpt //Eqn 10−50
22
23 Kc=[4 8 20]’; // d i f f e r e n t v a l u e s o f Kc tha t we have

to t r y
24 K_OL=Kc*Kv*Kp*Km*Kip;//Open l oop ga in Eqn 10−40
25
26 K1=K_OL ./(1+ K_OL);//Eqn 10−38
27 tau1=tau ./(1+ K_OL); //Eqn 10−39
28
29 //Now we s i m u l a t e the c l o s e l oop p r o c e s s f o r t h e s e

d i f f e r e n t v a l u e s o f K1 and tau1
30 s=%s;

31 G=K1./( tau1*s+1);

32 G=syslin( ’ c ’ ,G);
33 t=[0:0.1:10] ’; // t ime i n minutes
34 hdash=csim( ’ s t e p ’ ,t,G) ’;
35
36 plot2d(t,hdash ,rect =[0 ,0 ,10 ,1.25])

37 xgrid()

38 xtitle( ’Ex−10.2 ’ , ’ Time ( min ) ’ , ’ h ( t ) ’ );
39 a=legend(”Kc=4”,”Kc=8”,”Kc=20”,position =4);
40 a.font_size =2;

41 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

42 c=a.y_label;c.font_size =5;

Scilab code Exa 10.3 Disturbance response of level control system

1 clear

2 clc

3
4 // Example 1 0 . 3
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Figure 10.2: Disturbance response of level control system
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5 disp( ’ Example 1 0 . 3 ’ )
6
7 // This example draws upon the c a l c u l a t i o n s o f Ex

1 0 . 2 and hence i t has been
8 // r ep roduced
9 A=%pi *0.5^2; // Square mete r s

10 R=6.37;

11 Kp=R// min/ sq .m=R
12 tau=R*A;

13 Km =100/2 //% per meter
14 l=0.5;

15 q=0.2*30^(l-1);

16 dq_dl =0.2* log (30) *30^(l-1); // cu . meter /min Eqn 10−48
17 Kip =(15 -3) /100; // p s i /%
18 dl_dpt =(1-0) /(15 -3); // p s i ˆ−1
19 Kv=dq_dl*dl_dpt //Eqn 10−50
20 Kc=[4 8 20]’; // d i f f e r e n t v a l u e s o f Kc tha t we have

to t r y
21 K_OL=Kc*Kip*Kv*Kp*Km;//Open l oop ga in Eqn 10−40
22 K1=K_OL ./(1+ K_OL);//Eqn 10−38
23 tau1=tau ./(1+ K_OL); //Eqn 10−39
24
25 //========Example 1 1 . 3 now s t a r t s he r e========//
26 //Now we s i m u l a t e the c l o s e l oop p r o c e s s f o r t h e s e

d i f f e r e n t v a l u e s o f K2 and tau1
27 M=0.05; // Magnitude o f s t e p
28 K2=Kp ./(1+ K_OL);

29 s=%s;

30 G=K2./( tau1*s+1);

31 G=syslin( ’ c ’ ,G);
32 t=[0:0.1:10] ’; // t ime i n minutes
33 hdash=M*csim( ’ s t e p ’ ,t,G) ’;
34
35 plot2d(t,hdash ,rect =[0 ,0 ,10 ,0.2])

36 xgrid()

37 xtitle( ’Ex−10.3 ’ , ’ Time ( min ) ’ , ’ h ’ );
38 a=legend(”Kc=4”,”Kc=8”,”Kc=20”,position =4);
39 a.font_size =2;

46



40 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

41 c=a.y_label;c.font_size =5;

42
43 offset=-Kp*M./(1+ K_OL);

44
45 mprintf(” Kc O f f s e t ”)
46 mprintf(”\n%f %f” ,[Kc offset ])

47
48 mprintf(”\n\nNote tha t the book has a mi s take i n the

q u e s t i o n and l e g e n d o f f i g 1 0 . 1 9\ n . . .
49 the v a l u e s o f Kc shou ld be 4 , 8 , 20 and not 1 , 2 , 5\ n . . .
50 t h i s mi s take i s t h e r e because i n the second e d i t i o n

o f the book\n . . .
51 Kc has v a l u e s 1 2 5 but then l e v e l t r a n s m i t t e r span

i s 0 . 5 i n s t e a d o f 2”)

Scilab code Exa 10.4 Stability of feedback control system

1 clear

2 clc

3
4 // Example 1 0 . 4
5 disp( ’ Example 1 0 . 4 ’ )
6
7 Km=1; //We take s e t p o i n t ga in as 1 f o r i l l u s t r a t i v e

p u r p o s e s
8 Kc=[15 6 2]’; // d i f f e r e n t v a l u e s o f Kc f o r which we

w i l l s i m u l a t e
9 Gc=Kc;

10 s=%s;

11 Gv =1/(2*s+1);

12 Gd =1/(5*s+1);
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Figure 10.3: Stability of feedback control system
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13 Gp=Gd;

14 Gm=1/(s+1);

15
16 G=Km*Gc*Gv*Gp./(1+Km*Gc*Gv*Gp*Gm); //Eqn 10−75 G=Y/

Ysp
17
18 //Now we s i m u l a t e the c l o s e l oop p r o c e s s f o r t h e s e

d i f f e r e n t v a l u e s o f Kc
19
20 G=syslin( ’ c ’ ,G);
21 t=[0:0.1:20] ’; // t ime i n minutes
22 Y=csim( ’ s t e p ’ ,t,G) ’;
23
24 plot2d(t,Y,rect =[0,-2,20,4])

25 plot2d(t,ones(length(t) ,1),style =5)

26 xtitle( ’Ex−10.4 ’ , ’ Time ( min ) ’ , ’ y ( t ) ’ );
27 a=legend(”Kc=15”,”Kc=6”,”Kc=2”,position =3);
28 a.font_size =2;

29 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

30 c=a.y_label;c.font_size =5;

Scilab code Exa 10.10 Routh Array 1

1 clear

2 clc

3
4 // Example 1 0 . 1 0
5 disp( ’ Example 1 0 . 1 0 ’ )
6
7
8 s=%s;

9 Gp =1/(5*s+1);

10 Gm=1/(s+1);

11 Gv =1/(2*s+1);
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12 Ys=Gv*Gp*Gm

13
14 Routh=routh_t(Ys,poly(0,”Kc”)); // produce s routh

t a b l e f o r po lynomia l 1+Kc∗Ys
15 disp(Routh)

16 K1=roots(numer(Routh (3,1)));

17 K2=roots(numer(Routh (4,1)));

18
19 mprintf( ’K l i e s between %f and %f f o r system to be

s t a b l e ’ , K2,K1)

Scilab code Exa 10.11 Routh Array 2

1 clear

2 clc

3
4 // Example 1 0 . 1 1
5 disp( ’ Example 1 0 . 1 1 ’ )
6
7 Kc=poly(0,”Kc”);// d e f i n i n g a po lynomia l v a r i a b l e
8 a2=2.5;a1=5.5-Kc;a0=1+2* Kc;// a# a r e c o e f f i c i e n t s
9 b1=(a1*a0-a2*0)/a1;

10 mprintf(”Routh Array i s ”)
11 A=[a2 a0;a1 0;b1 0]

12 disp(A)

13
14 mprintf(”\n A l l e n t r i e s i n f i r s t column shou ld be

p o s i t i v e ”)
15
16 Kc_up=roots(a1);// upper l i m i t f o r Kc by s o l v i n g

t h i r d row column 1 o f a r r a y
17 b1=numer(b1);// This i s done to e x t r a c t the numerator

from r a t i o n a l c1
18 // wi thout e x t r a c t i n g numerator we cannot f i n d r o o t s

u s i n g ” r o o t s ” f u n c t i o n
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19 Kc_ul=roots(b1);// l owe r l i m i t f o r Kc
20
21 mprintf(”\n\nThe v a l u e s o f Kc f o r system to be

s t a b l e a r e \n %f<Kc<%f”,Kc_ul ,Kc_up);

Scilab code Exa 10.12 Direct substitution to find stability

1 clear

2 clc

3
4 // Example 1 0 . 1 2
5 disp( ’ Example 1 0 . 1 2 ’ )
6
7 w=poly(0,”w”)
8 s=%i*w; // j or i o t a i s i
9 G=10*s^3+17*s^2+8*s+1; //Kc has been removed he r e

because i n a s i n g l e e x p r e s s i o n
10 // two p o l y n o m i a l s a r e not a l l o w e d
11 w=roots(imag(G));

12 p=-real(G)// Real pa r t o f G
13 Kc=horner(p,w)

14
15 mprintf(”The v a l u e s o u t s i d e which system i s u n s t a b l e

\ nare %f and %f”,Kc(1),Kc(3))

Scilab code Exa 10.13 Root Locus

1 clear

2 clc

3
4 // Example 1 0 . 1 3
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Figure 10.4: Root Locus
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5 disp( ’ Example 1 0 . 1 3 ’ )
6
7 s=%s;

8 G=4/((s+1)*(s+2)*(s+3));

9 G=syslin( ’ c ’ ,G);
10 [ki ,s_i]=kpure(G);

11 evans(G,ki*1.5); // p l o t s f o r u n t i l K = 1 . 5∗ k i
12 // d i s p (G, ” For G=”) ; d i s p ( ki , ”K=”)
13 disp(ki,”Max v a l u e o f k f o r which we have c l o s e d

l oop s t a b i l i t y ”,G,” For G=”)
14 xtitle(”$G( s )=\ f r a c {4}{ ( s +1) ( s +2) ( s +3)}$”)
15 sgrid();

Scilab code Exa 10.14 Transient response from root locus

1 clear

2 clc

3
4 // Example 1 0 . 1 4
5 disp( ’ Example 1 0 . 1 4 ’ )
6
7 s=%s;

8 G=4/((s+1)*(s+2)*(s+3));

9 K=10; // g i v e n i n q u e s t i o n
10 p=1+K*G;// c h a r a c t e r i s t i c e q u a t i o n
11 q=roots(numer(p));

12
13 q_abs=abs(q);

14 q_real=real(q);

15 q_imag=imag(q);

16 d=q_abs (2);

17 psi=%pi -acos(q_real ./ q_abs);// a n g l e i n r a d i a n s
18 tau =1/d;

19 eta=cos(psi)

20
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21 mprintf(”\nd=%f\ n p s i=%f d e g r e e s \ntau=%f t ime u n i t s \
neta=%f”,d,psi(2) *180/%pi ,tau ,eta(2))

22
23 mprintf(”\n\ n P l e a s e note tha t the answers g i v e n i n

book a r e wrong ”)
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Chapter 11

PID Controller Design Tuning
and Troubleshooting

Scilab code Exa 11.1 Direct synthesis for PID

1 clear

2 clc

3
4 // Example 1 1 . 1
5 disp( ’ Example 1 1 . 1 ’ )
6
7 // ( a ) D e s i r e d c l o s e d l oop ga in=1 and tau =[1 3 1 0 ]
8 s=%s;

9 tauc =[1 3 10]’;

10 tau1 =10; tau2 =5;K=2; theta =1; //Time d e l a y
11 Y_Ysp =(1) ./( tauc*s+1); //Y/Ysp=d e l a y /( tau ∗ s +1) Eqn

11−6
12
13 // d e l a y =(1− t h e t a /2∗ s+t h e t a ˆ2/10∗ s ˆ2− t h e t a ˆ3/120∗ s ˆ3)

/(1+ t h e t a /2∗ s+t h e t a ˆ2/10∗ s ˆ2+ t h e t a ˆ3/120∗ s ˆ3) ; / /
Third o r d e r pade approx

14 delay=(1-theta /2*s)/(1+ theta*s/2);// f i r s t o r d e r Pade
approx

15
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16 G=(K)./(( tau1*s+1)*(tau2*s+1))*delay;

17 G_tilda=G// Model t r a n s f e r f u n c t i o n
18
19 //Eqn−11−14
20 Kc=1/K*(tau1+tau2)./( tauc+theta);tauI=tau1+tau2;tauD

=tau1*tau2/(tau1+tau2);

21 Gc=Kc *(1+1/ tauI/s+tauD*s); //PID without d e r i v a t i v e
f i l t e r i n g

22 G_CL=syslin( ’ c ’ ,Gc/delay*G./(1+ Gc*G));// c l o s e d l oop
t r a n s f e r f u n c t i o n

23 t=0:160;

24 y=csim( ’ s t e p ’ ,t,G_CL);
25 // p l o t ( t , y )
26
27 t_d =81:160;

28 G_CL_dist=syslin( ’ c ’ ,G/delay ./(1+ Gc*G));// c l o s e d
l oop wrt d i s t u r b a n c e

29 u_d =[0 ones(1,length(t_d) -1)]

30 y_d=csim( ’ s t e p ’ ,t_d ,G_CL_dist);
31 y(: ,81:160)=y(: ,81:160)+y_d

32 plot(t,y)

33
34 xgrid()

35 xtitle( ’Ex−11.1 C o r r e c t Model ’ , ’ Time ( min ) ’ , ’ y ( t ) ’ );
36 a=legend(”$\ t a u c =1$”,”$\ t a u c =3$”,”$\ t a u c =10$”,

position =4);

37 a.font_size =2;

38 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

39 c=a.y_label;c.font_size =5;

40
41 mprintf(”\n tauc=1 tauc=3

tauc =10”)
42 mprintf(”\n Kc( K t i l d a =2) %10f %f %f”,Kc ’);
43
44
45 // S i m u l a t i o n f o r model with i n c o r r e c t ga in
46 scf()
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47 K_tilda =0.9

48
49 //Eqn−11−14
50 Kc=1/ K_tilda *(tau1+tau2)./( tauc+theta);tauI=tau1+

tau2;tauD=tau1*tau2/(tau1+tau2);

51 Gc=Kc *(1+1/ tauI/s+tauD*s)

52 mprintf(”\n Kc( K t i l d a =0.9) %10f %f %f”,Kc ’)
;

53 mprintf(”\n t a u I %20f %f %f”,tauI*ones (1,3))
;

54 mprintf(”\n tauD %20f %f %f”,tauD*ones (1,3))
;

55
56 G_CL=syslin( ’ c ’ ,Gc*G./(1+Gc*G));// c l o s e d l oop

t r a n s f e r f u n c t i o n
57 t=0:160;

58 y=csim( ’ s t e p ’ ,t,G_CL);
59
60 t_d =81:160;

61 G_CL_dist=syslin( ’ c ’ ,G./(1+Gc*G));// c l o s e d l oop wrt
d i s t u r b a n c e

62 y_d=csim( ’ s t e p ’ ,t_d ,G_CL_dist);
63 y(: ,81:160)=y(: ,81:160)+y_d

64 plot(t,y)

65
66 xgrid()

67 xtitle( ’Ex−11.1 Model with i n c o r r e c t ga in ’ , ’ Time ( min
) ’ , ’ y ( t ) ’ );

68 a=legend(”$\ t a u c =1$”,”$\ t a u c =3$”,”$\ t a u c =10$”,
position =4);

69 a.font_size =2;

70 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

71 c=a.y_label;c.font_size =5;

72
73 mprintf( ’ \n \nThere i s a s l i g h t mis−match between

graphs from s c i l a b code \n . . .
74 and t h o s e g i v e n i n the book because o f Pade approx
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Figure 11.1: Direct synthesis for PID

which i s ve ry bad\n . . .
75 f o r d e l a y be ing 1 . I t works on ly f o r s m a l l d e l a y s .

S c i l a b does \n . . .
76 not hand le c o n t i n u o u s d e l a y s and hence t h i s problem

cannot \n . . .
77 be c i r cumvented ’ )

Scilab code Exa 11.3 PI and PID control of liquid storage tank
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Figure 11.2: Direct synthesis for PID

59



1 clear

2 clc

3
4 // Example 1 1 . 3
5 disp( ’ Example 1 1 . 3 ’ )
6
7 // ( a )
8 K=0.2; theta =7.4; tauc =[8 15]’;

9
10 Kc1 =1/K*(2* tauc+theta)./( tauc+theta).^2; //Row M
11 Kc2 =1/K*(2* tauc+theta)./( tauc+theta /2) .^2; //Row N
12 tauI =2* tauc+theta;

13 tauD=(tauc*theta+theta ^2/4) ./(2* tauc+theta);

14
15 mprintf( ’ Kc t a u I

tauD ’ )
16 mprintf( ’ \nPI ( tauC=8) %f %f %f ’ ,Kc1(1),tauI

(1) ,0)

17 mprintf( ’ \nPI ( tauC =15) %f %f %f ’ ,Kc1(2),
tauI (2) ,0)

18 mprintf( ’ \nPID ( tauC=8) %f %f %f ’ ,Kc2(1),
tauI (1),tauD (1))

19 mprintf( ’ \nPID ( tauC =15) %f %f %f ’ ,Kc2(2),
tauI (2),tauD (2))

20
21 s=%s;

22
23 // d e l a y =(1− t h e t a /2∗ s+t h e t a ˆ2/10∗ s ˆ2− t h e t a ˆ3/120∗ s ˆ3)

/(1+ t h e t a /2∗ s+t h e t a ˆ2/10∗ s ˆ2+ t h e t a ˆ3/120∗ s ˆ3) ; / /
Third o r d e r pade approx

24 delay=(1-theta /2*s+theta ^2/10*s^2) /(1+ theta /2*s+

theta ^2/10*s^2);// second o r d e r pade approx
25 // d e l a y =(1− t h e t a /2∗ s ) /(1+ t h e t a /2∗ s ) ; / / f i r s t o r d e r

pade approx
26 G=K*delay/s;

27 Gc1=Kc1 .*(1+(1) ./tauI/s)

28 Gc2=Kc2 .*(1+(1) ./tauI/s+tauD*s./(0.1* tauD*s+1));//
PID with d e r i v a t i v e f i l t e r i n g
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29 G_CL1=syslin( ’ c ’ ,Gc1*G./(1+ Gc1*G));
30 G_CL2=syslin( ’ c ’ ,Gc2*G./(1+ Gc2*G));
31 t=0:300;

32 y1=csim( ’ s t e p ’ ,t,G_CL1);
33 y2=csim( ’ s t e p ’ ,t,G_CL2);
34 y1(:,1: theta)=0; // a c c o u n t i n g f o r t ime de lay−−t h i s i s

r e q u i r e d o t h e r w i s e
35 // an u n r e a l i s t i c i n v e r s e r e s p o n s e i s s e en due to the

pade approx
36 y2(:,1: theta)=0;

37
38 t_d =151:300;

39 G_CL_dist1=syslin( ’ c ’ ,G./(1+ Gc1*G));// c l o s e d l oop
wrt d i s t u r b a n c e

40 G_CL_dist2=syslin( ’ c ’ ,G./(1+ Gc2*G));// c l o s e d l oop
wrt d i s t u r b a n c e

41 y_d1=csim( ’ s t e p ’ ,t_d ,G_CL_dist1);
42 y_d1 (:,1: theta)=0; // a c c o u n t i n g f o r t ime d e l a y
43 y_d2=csim( ’ s t e p ’ ,t_d ,G_CL_dist2);
44 y_d2 (:,1: theta)=0; // a c c o u n t i n g f o r t ime d e l a y
45 y1(:,t_d)=y1(:,t_d)+y_d1;

46 y2(:,t_d)=y2(:,t_d)+y_d2;

47
48 // p l o t ( t , y1 )
49 // x g r i d ( )
50 // x t i t l e ( ’ Ex−11.3 PI c o n t r o l ’ , ’ Time ( min ) ’ , ’ y ( t ) ’ ) ;
51 // a=l e g e n d (” $\ t a u c =8$ ” ,” $\ t a u c =15$ ” , p o s i t i o n =1) ;
52 // a . f o n t s i z e =2;
53 // a=g e t (” c u r r e n t a x e s ”) ; b=a . t i t l e ; b . f o n t s i z e =5; c=a .

x l a b e l ; c . f o n t s i z e =5;
54 // c=a . y l a b e l ; c . f o n t s i z e =5;
55 // s c f ( )
56 //
57 // p l o t ( t , y2 )
58 // x g r i d ( )
59 // x t i t l e ( ’ Ex−11.3 PID c o n t r o l ’ , ’ Time ( min ) ’ , ’ y ( t ) ’ ) ;
60 // a=l e g e n d (” $\ t a u c =8$ ” ,” $\ t a u c =15$ ” , p o s i t i o n =1) ;
61 // a . f o n t s i z e =2;
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62 // a=g e t (” c u r r e n t a x e s ”) ; b=a . t i t l e ; b . f o n t s i z e =5; c=a .
x l a b e l ; c . f o n t s i z e =5;

63 // c=a . y l a b e l ; c . f o n t s i z e =5;
64
65
66 mprintf( ’ \n\nThere i s u n c e r t a i n t y as to whether PID

with d e r i v a t i v e f i l t e r i n g \n . . .
67 to be used or not . S i n c e one g e t s r e s u l t s by u s i n g

PID with f i l t e r i n g \n . . .
68 i t has been used he r e . Note tha t pade approx f o r

d e l a y =7.4\n . . .
69 i s t o t a l l y wrong because i t i s too g r o s s an approx

but we have no\n . . .
70 o t h e r way o f making d e l a y approx so we have to l i v e

with i t . \ n\n . . . ’ )
71
72
73 // Part ( b ) Routh Array t e s t i n g
74 // For f r e q u e n c y r e s p o n s e r e f e r to ch−13 f o r Bode

P l o t s
75 G=(1- theta*s)/s;

76 poly_PI=Gc1*G;//denom ( G CL1 ) ; / /G∗Gc f o r PI
c o n t r o l l e r

77 poly_PID=Gc2*G;//G∗Gc f o r PID c o n t r o l l e r
78
79 Routh1=routh_t(poly_PI (1,1)/1,poly(0,”K”)); //

produce s routh t a b l e f o r po lynomia l 1+Kc∗ po ly
80 disp(Routh1 ,” Routh1=”)
81 Kmax1=roots(numer(Routh1 (1,1)));

82
83 Routh2=routh_t(poly_PI (2,1)/1,poly(0,”K”)); //

produce s routh t a b l e f o r po lynomia l 1+Kc∗ po ly
84 disp(Routh2 ,” Routh2=”)
85 Kmax2=roots(numer(Routh2 (1,1)));

86
87 Routh3=routh_t(poly_PID (1,1)/1,poly(0,”K”)); //

produce s routh t a b l e f o r po lynomia l 1+Kc∗ po ly
88 disp(Routh3 ,” Routh3=”)
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89 //Kmax3=r o o t s ( numer ( Routh3 ( 1 , 1 ) ) ) ;
90
91 Routh4=routh_t(poly_PID (2,1)/1,poly(0,”K”)); //

produce s routh t a b l e f o r po lynomia l 1+Kc∗ po ly
92 disp(Routh4 ,” Routh4=”)
93 //Kmax4=r o o t s ( numer ( Routh4 ( 1 , 1 ) ) ) ;
94
95 mprintf( ’ \n Kmax shou ld be l e s s than %f and %f \n

f o r tauc=8 and 15 r e s p e c t i v e l y f o r PI system to
be s t a b l e ’ ,Kmax1 ,Kmax2)

96 mprintf( ’ \n\nAnswers to Kmax f o r PID c o n t r o l l e r
u s i n g \n . . .

97 Routh Array i n the book a r e wrong . This can be
e a s i l y \n . . .

98 checked from Routh3 and Routh4 which a r e d i s p l a y e d \n
’ )

99 mprintf( ’ \n\nFor f r e q u e n c y r e s p o n s e r e f e r to ch−13
f o r Bode P l o t s \n ’ )

Scilab code Exa 11.4 IMC for lag dominant model

1
2 clear

3 clc

4
5 // Example 1 1 . 4
6 disp( ’ Example 1 1 . 4 ’ )
7
8 s=%s;

9 theta =1; tau =100;K=100;

10 delay=(1-theta /2*s+theta ^2/10*s^2-theta ^3/120*s^3)
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Figure 11.3: PI and PID control of liquid storage tank
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Figure 11.4: PI and PID control of liquid storage tank
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/(1+ theta /2*s+theta ^2/10*s^2+ theta ^3/120*s^3);//
Third o r d e r pade approx

11 G=K*delay/(tau*s+1);

12
13 // ( a )
14 tauca =1;

15 Kc1 =1/K*tau/(tauca+theta);taui1=tau;

16 // ( b )
17 taucb =2; Kstar=K/tau;

18 Kc2 =1/ Kstar *(2* taucb+theta)./( taucb+theta).^2; //Row
M

19 taui2 =2* taucb+theta;

20 // ( c )
21 taucc =1;

22 Kc3=Kc1;taui3=min(taui1 ,4*( taucc+theta))

23 // ( d )
24 //Kc4 =0 .551 ; t a u i 4 =4 .91 ;
25 //Chen and Seborg s e t t i n g s g i v e n i n Second E d i t i o n

o f book
26
27 mprintf( ’ Kc t a u I ’ )
28 mprintf( ’ \nIMC %20f %f ’ ,Kc1 ,taui1)
29 mprintf( ’ \ n I n t e g r a t o r approx %−5 f %f ’ ,Kc2 ,taui2

)

30 mprintf( ’ \ nSkoges tad %15f %f ’ ,Kc3 ,taui3)
31 // mpr in t f ( ’\nDS−d %20f %f ’ , Kc4 , t a u i 4 )
32
33
34
35 Gc=[Kc1 Kc2 Kc3 ] ’.*(1+(1) ./([ taui1 taui2 taui3]’*s))

36
37 G_CL=syslin( ’ c ’ ,Gc*G./(1+Gc*G));
38 t=0:0.1:20;

39 y=csim( ’ s t e p ’ ,t,G_CL);
40 y(:,1: theta /0.1) =0; // a c c o u n t i n g f o r t ime de lay−−t h i s

i s r e q u i r e d o t h e r w i s e
41 // an u n r e a l i s t i c i n v e r s e r e s p o n s e i s s e en due to the

pade / t a y l o r approx
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42 plot(t,y);

43 xgrid()

44 xtitle( ’Ex−11.4 Track ing problem ’ , ’ Time ( min ) ’ , ’ y ( t ) ’
);

45 a=legend(”IMC”,” I n t e g r a t o r approx ”,” Skoge s tad ”,
position =4);

46 a.font_size =2;

47 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

48 c=a.y_label;c.font_size =5;

49
50 scf()

51 t=0:0.1:60;

52 G_CL_dist=syslin( ’ c ’ ,G./(1+Gc*G));// c l o s e d l oop wrt
d i s t u r b a n c e

53 yd=csim( ’ s t e p ’ ,t,G_CL_dist);
54 yd(:,1: theta /0.1) =0; // a c c o u n t i n g f o r t ime de lay−−

t h i s i s r e q u i r e d o t h e r w i s e
55 // an u n r e a l i s t i c i n v e r s e r e s p o n s e i s s e en due to the

pade / t a y l o r approx
56 plot(t,yd);

57
58 xgrid()

59 xtitle( ’Ex−11.4 D i s tu rba nce r e j e c t i o n ’ , ’ Time ( min ) ’ , ’
y ( t ) ’ );

60 a=legend(”IMC”,” I n t e g r a t o r approx ”,” Skoge s tad ”,
position =4);

61 a.font_size =2;

62 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

63 c=a.y_label;c.font_size =5;
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Figure 11.5: IMC for lag dominant model
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Figure 11.6: IMC for lag dominant model
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Scilab code Exa 11.5 PI controller IMC ITAE

1 clear

2 clc

3
4 // Example 1 1 . 5
5 disp( ’ Example 1 1 . 5 ’ )
6
7 K=1.54; theta =1.07; tau =5.93;

8
9

10 // ( a )
11 tauca=tau /3;

12 Kc1 =1/K*tau/(tauca+theta);taui1=tau; // Table 1 1 . 1
13 // ( b )
14 taucb=theta;

15 Kc2 =1/K*tau/(taucb+theta);taui2=tau; // Table 1 1 . 1
16 // ( c )
17 // Table 1 1 . 3
18 Y=0.859*( theta/tau)^( -0.977);Kc3=Y/K;

19 taui3=tau*inv (0.674*( theta/tau)^ -0.680);

20 // ( d )
21 // Table 1 1 . 3
22 Kc4 =1/K*0.586*( theta/tau)^ -0.916; taui4=tau*inv

(1.03 -0.165*( theta/tau));

23
24 mprintf( ’ Kc t a u I ’ )
25 mprintf( ’ \nIMC( tauC=tau /3) %f %f ’ ,Kc1 ,taui1)
26 mprintf( ’ \nIMC( tauC=t h e t a ) %−5 f %f ’ ,Kc2 ,taui2)
27 mprintf( ’ \nITAE( d i s t u r b a n c e ) %f %f ’ ,Kc3 ,taui3)
28 mprintf( ’ \nITAE( s e t p o i n t ) %10f %f ’ ,Kc4 ,taui4)

Scilab code Exa 11.6 Controller with two degrees of freedom
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Figure 11.7: Controller with two degrees of freedom
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1 clear

2 clc

3
4 // Example 1 1 . 6
5 disp( ’ Example 1 1 . 6 ’ )
6
7 // Drawing on example 1 1 . 4
8 s=%s;

9 theta =1; tau =100;K=100;

10 delay=(1-theta /2*s+theta ^2/10*s^2-theta ^3/120*s^3)

/(1+ theta /2*s+theta ^2/10*s^2+ theta ^3/120*s^3);//
Third o r d e r pade approx

11 G=K*delay/(tau*s+1);

12
13 Kc =0.556; taui =5;

14
15 Gc=Kc .*(1+(1) ./([ taui]*s))

16 G_CL=syslin( ’ c ’ ,Gc*G./(1+Gc*G));
17 t=0:0.1:20;

18 y1=csim( ’ s t e p ’ ,t,G_CL);
19 y1(:,1: theta /0.1) =0; // a c c o u n t i n g f o r t ime de lay−−

t h i s i s r e q u i r e d o t h e r w i s e
20 // an u n r e a l i s t i c i n v e r s e r e s p o n s e i s s e en due to the

pade / t a y l o r approx
21
22 beta =0.5;

23 G_CL2=syslin( ’ c ’ ,(Gc+beta -1)*G./(1+Gc*G));// This can
be o b t a i n e d on t a k i n g

24 // l a p l a c e t r a n s f o r m o f eqn 11−39 and making a b l o c k
diagram

25 // In Eqn 11−39 p r e f e r s to input to the p r o c e s s
26 t=0:0.1:20;

27 y2=csim( ’ s t e p ’ ,t,G_CL2);
28 y2(:,1: theta /0.1) =0; // a c c o u n t i n g f o r t ime de lay−−

t h i s i s r e q u i r e d o t h e r w i s e
29 // an u n r e a l i s t i c i n v e r s e r e s p o n s e i s s e en due to the

pade / t a y l o r approx
30
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31 plot(t,[y1; y2]);

32 xgrid()

33 xtitle( ’Ex−11.3 Track ing problem ’ , ’ Time ( min ) ’ , ’ y ( t ) ’
);

34 a=legend(”$\ beta=1$”,”$\ beta =0.5 $”,position =4);
35 a.font_size =2;

36 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

37 c=a.y_label;c.font_size =5;

38
39 // Note tha t t h e r e i s a s l i g h t mis−match between the

p l o t s o b t a i n e d from s c i l a b code
40 // and tha t o f the book because o f t h i r d o r d e r pade

approx imat ion
41 //The p l o t s i n the book have been produced u s i n g

advanced p r o p r i e t a r y s o f t w a r e
42 // which s u p p o r t s u s i n g e x a c t d e l a y s w h i l e s c i l a b

does not have tha t f u n c t i o n a l i t y

Scilab code Exa 11.7 Continuous cycling method

1 clear

2 clc

3
4 // Example 1 1 . 7
5 disp( ’ Example 1 1 . 7 ’ )
6
7 K=2; theta =1; tau1 =10; tau2 =5; // Model pa ramete r s
8
9 s=%s;

10 delay=(1-theta /2*s+theta ^2/10*s^2-theta ^3/120*s^3)

/(1+ theta /2*s+theta ^2/10*s^2+ theta ^3/120*s^3);//
Third o r d e r pade approx

11 G=K*delay /(( tau1*s+1)*(tau2*s+1));

12 Ku=[8.01] ’; // T r i a l s f o r v a r i o u s v a l u e s o f Ku can be
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done by chang ing Ku
13 G_CL_trial=syslin( ’ c ’ ,G*Ku ./(1+G*Ku))
14 t=0:0.1:100;

15 y=csim( ’ s t e p ’ ,t,G_CL_trial);
16 plot(t,y)

17 xtitle( ’Ex−11.7 F ind ing u l t i m a t e ga in Ku ’ , ’ Time ( min )
’ , ’ y ( t ) ’ );

18 a=legend(” Closed l oop t e s t ”,position =4);
19 a.font_size =2;

20 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

21 c=a.y_label;c.font_size =5;

22 // There i s n o t a s u s t a i n e d o s c i l l a t i o n f o r Ku=7.88 ,
i n our s i m u l a t i o n because

23 //we a r e u s i n g a t h i r d o r d e r Pade Approx f o r d e l a y .
But s t i l l we go ahead with i t

24 // so tha t i t matches with the example v a l u e s . Our
s i m u l a t i o n s g i v e Ku=8

25 Ku =7.88; Pu =11.66;

26
27
28 // ( a ) Table 1 1 . 4 ZN
29 Kc1 =0.6* Ku;taui1=Pu/2; tauD1=Pu/8;

30 // ( b ) Table 1 1 . 4 TL
31 Kc2 =0.45* Ku;taui2=Pu *2.2; tauD2=Pu/6.3;

32 // ( c ) DS method
33 tauc =3;

34 Kc3 =1/K*(tau1+tau2)/(tauc+theta);taui3=tau1+tau2;

tauD3=tau1*tau2/(tau1+tau2);

35
36 mprintf( ’ Kc t a u I tauD ’ )
37 mprintf( ’ \nZN %f %f %f ’ ,Kc1 ,taui1 ,tauD1)
38 mprintf( ’ \nTL %f %f %f ’ ,Kc2 ,taui2 ,tauD2)
39 mprintf( ’ \nDS %f %f %f ’ ,Kc3 ,taui3 ,tauD3)
40
41
42 // Now we compare the pe r f o rmance o f each c o n t r o l l e r

s e t t i n g
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43 Gc1=Kc1 .*(1+(1) ./taui1/s+tauD1*s)

44 Gc2=Kc2 .*(1+(1) ./taui2/s+tauD2*s)

45 Gc3=Kc3 .*(1+(1) ./taui3/s+tauD3*s)

46 Gc=[Gc1 Gc2 Gc3]’;

47 G_CL=syslin( ’ c ’ ,Gc*G./(1+Gc*G));
48 t=0:160;

49 y=csim( ’ s t e p ’ ,t,G_CL);
50 y(:,1: theta)=0; // a c c o u n t i n g f o r t ime de lay−−t h i s i s

r e q u i r e d o t h e r w i s e
51 // an u n r e a l i s t i c i n v e r s e r e s p o n s e i s s e en due to the

pade / t a y l o r approx
52
53
54 t_d =81:160;

55 G_CL_dist=syslin( ’ c ’ ,G./(1+Gc*G));// c l o s e d l oop wrt
d i s t u r b a n c e

56 yd=csim( ’ s t e p ’ ,t_d ,G_CL_dist);
57 yd(:,1: theta)=0; // a c c o u n t i n g f o r t ime d e l a y
58 y(:,t_d)=y(:,t_d)+yd;

59
60 scf();

61 plot(t,y)

62 xgrid()

63 xtitle( ’Ex−11.7 Comparison o f 3 c o n t r o l l e r s ’ , ’ Time (
min ) ’ , ’ y ( t ) ’ );

64 a=legend(” Z i e g l e r −N i c h o l s ”,” Tyerus−Luyben”,” D i r e c t
S y n t h e s i s ”,position =4);

65 a.font_size =2;

66 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

67 c=a.y_label;c.font_size =5;

68
69 mprintf( ’ \n\nThere i s s l i g h t mismatch between s c i l a b

s i m u l a t i o n \n . . .
70 and book s i m u l a t i o n due to Pade approx \n ’ )
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Figure 11.8: Continuous cycling method

Scilab code Exa 11.8 Reaction curve method

1 clear

2 clc

3
4 // Example 1 1 . 8
5 disp( ’ Example 1 1 . 8 ’ )
6
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Figure 11.9: Continuous cycling method
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7 S=(55 -35) /(7 -1.07);//%/min
8 delta_p =43 -30; //%
9 R=S/delta_p;// minˆ−1

10
11 delta_x =55 -35; //%
12 K=delta_x/delta_p;

13 theta =1.07; // min
14 tau=7-theta;// min
15
16 mprintf(”\nThe r e s u l t i n g p r o c e s s model i s with d e l a y

o f 1 . 0 7 min\n”)
17 s=%s;

18 G=K/(tau*s+1);

19 disp(G, ’G= ’ )
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Chapter 12

Control Strategies at the
Process Unit Level

Scilab code Exa 12.1 Degrees of freedom

1 clear

2 clc

3
4 // Example 1 2 . 1
5 disp( ’ Example 1 2 . 1 ’ )
6
7 NE=3;

8 NV=6;

9 NF=NV-NE;

10 ND=2;

11 NFC=NF -ND;

12 mprintf(” NF=%i\n NFC=%i”,NF ,NFC)
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Chapter 13

Frequency response analysis
and control system design

Scilab code Exa 13.3 Bode Plot

1 clear

2 clc

3
4 // Example 1 3 . 3
5 disp( ’ Example 1 3 . 3 ’ )
6
7 function bodegen(num ,den ,w,lf ,delay)

8 // Bode p l o t
9 // Numerator and denominator a r e pas s ed as input

arguments
10 // Both a r e p o l y n o m i a l s i n powers o f s ( say )
11
12 // This f u n c t i o n has been m o d i f i e d from the o r i g i n a l

one
13 // w r i t t e n by Pro f Kannan Moudgalya , Dept o f ChemE ,

IIT−B
14 G = num/den;

80



Figure 13.1: Bode Plot
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15 G1 = horner(G,%i*w);

16 G1p = phasemag(G1)-delay*w*180/ %pi;

17
18 if LF == ” normal ” then

19 xset( ’ window ’ ,0); clf();

20 subplot (2,1,1)

21 plot2d(w,abs(G1),logflag=”nn”,style = 2);

22 xtitle( ’ Normal s c a l e ’ , ’ ’ , ’ Magnitude ’ ); xgrid();

23 subplot (2,1,2)

24 plot2d1(w,G1p ,logflag=”nn”,style = 2);

25 xgrid();

26 xtitle( ’w( rad / s e c ) ’ , ’ ’ , ’ Phase ( deg ) ’ );
27 elseif LF == ” s e m i l o g ” then

28 xset( ’ window ’ ,1); clf();

29 subplot (2,1,1)

30 plot2d(w,20* log10(abs(G1)),logflag=” l n ”,style =

2);

31 xgrid();

32 xtitle( ’ Semi log ’ , ’ ’ , ’ Magnitude (dB) ’ );
33 subplot (2,1,2)

34 plot2d1(w,G1p ,logflag=” l n ”,style = 2);

35 xgrid();

36 xtitle( ’w( rad / s e c ) ’ , ’ ’ , ’ Phase ( deg ) ’ );
37 elseif LF == ” l o g l o g ” then

38 xset( ’ window ’ ,2); clf();

39 subplot (2,1,1)

40 plot2d(w,abs(G1),logflag=” l l ”,style = 2);

41 xgrid();

42 xtitle( ’ Log log ’ , ’ ’ , ’ Magnitude ’ );
43 subplot (2,1,2)

44 plot2d1(w,G1p ,logflag=” l n ”,style = 2,rect

=[0.01 , -270 ,100 ,0]);// note the usage o f r e c t
f o r t h i s p a r t i c u l a r example

45 xgrid();

46 xtitle( ’w( rad / s e c ) ’ , ’ ’ , ’ Phase ( deg ) ’ );
47 end

48 endfunction;

49
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50
51 s = %s;

52 num = 5*(0.5*s+1);

53 den = (20*s+1) *(4*s+1);

54 theta =1;

55
56 w = 0.001:0.002:10* %pi;

57 LF = ” l o g l o g ” // Warning : Change t h i s as n e c e s s a r y
58
59 bodegen(num ,den ,w,LF ,theta);

60
61 // Checking u s i n g i o d e l a y t o o l b o x i n s c i l a b
62 //G=s y s l i n ( ’ c ’ , num/ den ) ;
63 //G=i o d e l a y (G, 1 )
64 // bode (G, 0 . 0 1 , 0 . 1 )

Scilab code Exa 13.4 Bode

1 clear

2 clc

3
4 // Example 1 3 . 4
5 disp( ’ Example 1 3 . 4 ’ )
6
7
8 s = %s;

9 num = 2;

10 den = (0.5*s+1) ^3;

11 delay =0;

12 w = 0.001:0.002:100* %pi;

13 LF = ” l o g l o g ” // Warning : Change t h i s as n e c e s s a r y
14
15
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Figure 13.2: Bode
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16
17 //Kc=1
18 G1 = num/den;

19 G1m = horner(G1,%i*w); //G1m d e n o t e s magnitude
20 G1p = phasemag(G1m)-delay*w*180/ %pi; //G1p d e n o t e s

phase
21
22 //Kc=4
23 G2 = 4*num/den;

24 G2m = horner(G2,%i*w);

25 G2p = phasemag(G2m)-delay*w*180/ %pi;

26
27 //Kc=20
28 G3 = 20*num/den;

29 G3m = horner(G3,%i*w);

30 G3p = phasemag(G3m)-delay*w*180/ %pi;

31
32 xset( ’ window ’ ,0);
33 subplot (2,1,1)

34 plot2d(w,abs(G3m),logflag=” l l ”,style = 4);

35 plot2d(w,abs(G2m),logflag=” l l ”,style = 3);

36 plot2d(w,abs(G1m),logflag=” l l ”,style = 2);

37
38 xgrid();

39 xtitle( ’ Log log ’ , ’ ’ , ’ Magnitude ’ );
40 legend(”Kc=20”,”Kc=4”,”Kc=1”)
41 subplot (2,1,2)

42 plot2d1(w,G1p ,logflag=” l n ”,style = 2);

43 xgrid();

44 xtitle( ’w( rad / s e c ) ’ , ’ ’ , ’ Phase ( deg ) ’ );

Scilab code Exa 13.5 PI control of overdamped second order process
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Figure 13.3: PI control of overdamped second order process
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1 clear

2 clc

3
4 // Example 1 4 . 5
5 disp( ’ Example 1 4 . 5 ’ )
6
7
8 s = %s;

9 num = 1;

10 den = (9*s+1) *(11*s+1);

11 delay =0.3;

12 w = 0.001:0.002:5* %pi;

13 LF = ” l o g l o g ” // Warning : Change t h i s as n e c e s s a r y
14
15 Gc =20*(1+1/2.5/s+s);

16 G1 = num/den*Gc;

17 G1m = horner(G1,%i*w); //G1m d e n o t e s magnitude
18 G1p = phasemag(G1m)-delay*w*180/ %pi; //G1p d e n o t e s

phase
19
20 xset( ’ window ’ ,0);
21 subplot (2,1,1)

22 plot2d(w,abs(G1m),logflag=” l l ”,style = 3);

23 xgrid();

24 xtitle( ’ Log log ’ , ’ ’ , ’ Magnitude ’ );
25 subplot (2,1,2)

26 plot2d1(w,G1p ,logflag=” l n ”,style = 1);

27 xgrid();

28 xtitle( ’w( rad / s e c ) ’ , ’ ’ , ’ Phase ( deg ) ’ );

Scilab code Exa 13.6 Bode plot

1 clear
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Figure 13.4: Bode plot
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2 clc

3
4 // Example 1 3 . 6
5 disp( ’ Example 1 3 . 6 ’ )
6
7
8 s = %s;

9 num = 1;

10 den = (9*s+1) *(11*s+1);

11 delay =0.3;

12 w = 0.001:0.002:5* %pi;

13 LF = ” l o g l o g ” // Warning : Change t h i s as n e c e s s a r y
14
15 Gc =20*(1+1/2.5/s+s);

16 G1 = num/den*Gc;

17 G1m = horner(G1,%i*w); //G1m d e n o t e s magnitude
18 G1p = phasemag(G1m)-delay*w*180/ %pi; //G1p d e n o t e s

phase
19
20 xset( ’ window ’ ,0);
21 subplot (2,1,1)

22 plot2d(w,abs(G1m),logflag=” l l ”,style = 3);

23 xgrid();

24 xtitle( ’ Log log ’ , ’ ’ , ’ Magnitude ’ );
25 subplot (2,1,2)

26 plot2d1(w,G1p ,logflag=” l n ”,style = 1);

27 xgrid();

28 xtitle( ’w( rad / s e c ) ’ , ’ ’ , ’ Phase ( deg ) ’ );

Scilab code Exa 13.7 Bode Plot

1 clear

2 clc
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Figure 13.5: Bode Plot
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3
4 // Example 1 3 . 7
5 disp( ’ Example 1 3 . 7 ’ )
6
7
8 s = %s;

9 num = 4;

10 den = (5*s+1);

11 delay =1;

12 w = 0.001:0.002:10* %pi;

13 LF = ” l o g l o g ” // Warning : Change t h i s as n e c e s s a r y
14
15 Gv=2;Gm =0.25; Gc=1;

16 G1 = num/den*Gc*Gm*Gv;

17 G1m = horner(G1,%i*w); //G1m d e n o t e s magnitude
18 G1p = phasemag(G1m)-delay*w*180/ %pi; //G1p d e n o t e s

phase
19
20 xset( ’ window ’ ,0);
21 subplot (2,1,1)

22 plot2d(w,abs(G1m),logflag=” l l ”,style = 3,rect

=[0.01 ,0.1 ,100 ,10]);

23 xgrid();

24 xtitle( ’ Log log ’ , ’ ’ , ’ Magnitude ’ );
25 subplot (2,1,2)

26 plot2d1(w,G1p ,logflag=” l n ”,style = 1,rect

=[0.01 , -400 ,100 ,100]);

27 xgrid();

28 xtitle( ’w( rad / s e c ) ’ , ’ ’ , ’ Phase ( deg ) ’ );
29
30 // Example ends
31
32 //

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗//

33 // In the SECOND EDITION o f the book , t h i s example
a l s o a s k s f o r drawing Nyqui s t p l o t

34 // In c a s e you want to l e a r n how to do i t , Uncomment
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the code below
35
36 // // P l e a s e i n s t a l l IODELAY t o o l b o x from Model ing and

Cont ro l t o o l s i n ATOMS
37 // // ht tp : / / atoms . s c i l a b . o rg / t o o l b o x e s / i o d e l a y / 0 . 4 . 5
38 // // There i s no i n b u i l t t o o l b o x i n s c i l a b f o r

i n t r o d u c i n g t ime d e l a y s o t h e r than
39 // // above mentioned . The output o f i o d e l a y t o o l b o x

however does not work
40 // // with cs im and s y s l i n commands
41 // //The output o f i o d e l a y however can be used f o r

f r e q u e n c y r e l a t e d a n a l y s e s
42 // // l i k e bode and n y q u i s t
43
44 // x s e t ( ’ window ’ , 1 ) ;
45 //G=s y s l i n ( ’ c ’ , G1) ;
46 //G=i o d e l a y (G, d e l a y ) ;
47 // n y q u i s t (G, %f ) ; //%f => asymmetric , s e e he lp

n y q u i s t
48 //

//∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗//

Scilab code Exa 13.8 Maximum permissible time delay for stability

1 clear

2 clc

3
4 // Example 1 3 . 8
5 disp( ’ Example 1 3 . 8 ’ )
6
7
8 s = %s;
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Figure 13.6: Maximum permissible time delay for stability
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9 num = 4;

10 den = (5*s+1);

11 delay =1;

12 w = 0.001:0.002:10* %pi;

13 LF = ” l o g l o g ” // Warning : Change t h i s as n e c e s s a r y
14
15 Gv=2;Gm =0.25;

16
17 Ku =4.25; Pu=2*%pi /1.69;

18
19 // Z i e g l e r N i c h o l s
20 Kc1 =0.6* Ku;taui1=Pu/2; tauD1=Pu/8;

21 // Tyreus Luyben
22 Kc2 =0.45* Ku;taui2=Pu *2.2; tauD2=Pu/6.3;

23
24 mprintf( ’ Kc t a u I tauD ’ )
25 mprintf( ’ \nZN %f %f %f ’ ,Kc1 ,taui1 ,tauD1)
26 mprintf( ’ \nTL %f %f %f ’ ,Kc2 ,taui2 ,tauD2)
27
28 Gc_ZN=Kc1 *(1+1/ taui1/s+s*tauD1 /(0.1*s*tauD1 +1));

29 Gc_TL=Kc2 *(1+1/ taui2/s+s*tauD2 /(0.1*s*tauD2 +1)); //
F i l t e r e d C o n t r o l l e r s with f i l t e r c o n s t a n t as 0 . 1

30
31 G1 = num/den*Gc_ZN*Gm*Gv;

32 G1m = horner(G1,%i*w); //G1m d e n o t e s magnitude
33 Abs_G1m=abs(G1m)

34 G1p = phasemag(G1m)-delay*w*180/ %pi; //G1p d e n o t e s
phase

35
36
37 G2 = num/den*Gc_TL*Gm*Gv;

38 G2m = horner(G2,%i*w); //G1m d e n o t e s magnitude
39 Abs_G2m=abs(G2m);

40 G2p = phasemag(G2m)-delay*w*180/ %pi; //G1p d e n o t e s
phase

41
42 xset( ’ window ’ ,0);
43 subplot (2,1,1)
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44 plot2d(w,Abs_G1m ,logflag=” l l ”,style = 1,rect

=[0.01 ,0.1 ,10 ,1000]);

45 plot2d(w,Abs_G2m ,logflag=” l l ”,style = 2,rect

=[0.01 ,0.1 ,10 ,1000]);

46 legend(” Z i e g l e r −N i c h o l s ”,” Tyreus Luyben”)
47 xgrid();

48 xtitle( ’ Log log ’ , ’ ’ , ’ Magnitude ’ );
49 subplot (2,1,2)

50 plot2d1(w,G1p ,logflag=” l n ”,style = 1,rect

=[0.01 , -300 ,10 , -50]);

51 plot2d1(w,G2p ,logflag=” l n ”,style = 2,rect

=[0.01 , -300 ,10 , -50]);

52 // l e g e n d (” Z i e g l e r −N i c h o l s ” ,” Tyreus Luyben ”)
53 xgrid();

54 xtitle( ’w( rad / s e c ) ’ , ’ ’ , ’ Phase ( deg ) ’ );
55
56 //G ZN=s y s l i n ( ’ c ’ , G1) ;
57 //G ZN=i o d e l a y (G ZN , d e l a y ) ;
58 //G TS=s y s l i n ( ’ c ’ , G2) ;
59 //G TS=i o d e l a y (G TS , d e l a y ) ;
60 // s c f ( ) ; n y q u i s t (G TS , %f )
61 // [ gm ZN , f r ZN ]= g marg in (G ZN) ; [ gm TS , f r TS ]=

g marg in ( G TS ) ;
62 // [ pm ZN , f r ZN p ]= p marg in (G ZN) ; [ pm ZN , f r ZN p ]=

p marg in ( G TS ) ;
63 // g mar ing and p marg in do not suppor t i o d e l a y

too lbox , hence we
64 // cannot use t h e s e so we t r y a workaround
65
66 //We can f i n d w f o r which magnitude (AR) i s 1 and
67 // and c a l c u l a t e phase c o r r e s p o n d i n g to i t which

g i v e s us phase margin
68 // Also we can f i n d c r o s s o v e r f r e q u e n c y and thus f i n d

Gain Margin
69
70 indices1=find(abs(Abs_G1m -1) <0.01) //We f i n d

t h o s e v a l u e s o f i n d i c e s o f Abs G1m f o r which
i t i s a lmost 1
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71 indices2=find(abs(Abs_G2m -1) <0.01)

72 // s i z e ( i n d i c e s )
73 PM1=mean(G1p(indices1))+180

74 PM2=mean(G2p(indices2))+180

75
76 indices1_p=find(abs(G1p +180) <0.05) //We f i n d

t h o s e v a l u e s o f i n d i c e s o f G1p f o r which i t
i s a lmost −180

77 indices2_p=find(abs(G2p +180) <0.05)

78 // s i z e ( i n d i c e s )
79 GM1 =1/ mean(Abs_G1m(indices1_p))

80 GM2 =1/ mean(Abs_G2m(indices2_p))

81
82 wc1=mean(w(indices1_p));

83 wc2=mean(w(indices2_p));

84
85
86 mprintf( ’ \n\n\n GM PM wc ’ )
87 mprintf( ’ \nZN %f %f %f ’ ,GM1 ,PM1 ,wc1)
88 mprintf( ’ \nTL %f %f %f\n ’ ,GM2 ,PM2 ,wc2)
89
90 theta=PM2*%pi /0.79/180;

91 disp(theta , ’ d e l t a t h e t a ( min )= ’ )
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Chapter 14

Feedforward and Ratio Control

Scilab code Exa 14.1 Ratio control

1 clear

2 clc

3
4 // Example 1 4 . 1
5 disp( ’ Example 1 4 . 1 ’ )
6
7 Sd=30;

8 Su=15;

9 Rd=1/3;

10 K_R=Rd*Sd/Su; //Eqn 14−3
11 mprintf(” K R=%f”,K_R)

Scilab code Exa 14.5 Feedforward control in blending process

1 clear

2 clc

3
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Figure 14.1: Feedforward control in blending process
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4 // Example 1 4 . 5
5 disp( ’ Example 1 4 . 5 ’ )
6
7 mprintf( ’ \n\nThere a r e many e r r o r s i n t h i s example \n

. . .
8 1 . In Eqn 14−17 the v a l u e o f w2 o i s not z e r o . I t i s

50 kg /min . \ n . . .
9 This i s so because o t h e r w i s e c u r r e n t s i g n a l from p ( t

) i e . . .
10 \n eqn 14−30 i s more than 20mA which i s not p o s s i b l e

\n\n . . . .
11 2 . The s t e p change i n x1 i s from 0 . 2 to 0 . 3 and not

0 . 2 to 0 . 4\ n . . .
12 I f t h e r e i s a s t e p change to x1 =0.4 , then with x2

=0.6\n . . .
13 one cannot a c h i e v e output xsp =0.34 because i t i s

l e s s \n . . .
14 both x1 and x2 . \ n\n . . .
15 3 . The ga in o f Gd i s 0 . 6 5 which i s c o r r e c t because V\

n . . .
16 has to be c a l c u l a t e d u s i n g h e i g h t =1.5 meter i e \n . . .
17 how much the CSTR i s f i l l e d and not h=3m, i e \n . . .
18 the c a p a c i t y o f CSTR. This i s impor tant because \n . . .
19 the pe r son who has made s o l u t i o n s f o r the book has

taken h=3m\n . . .
20 f o r g e n e r a t i n g graphs and hence the ga in i s t w i c e . \

n . . .
21 the graphs g e n e r a t e d from t h i s code a r e c o r r e c t \n\n ’

)

22
23 // pa r t ( a ) //========S t a t i c f e e d f o r w a r d c o n t r o l l e r

==========//
24 K_IP =(15 -3) /(20 -4);

25 Kv =300/12; tauV =0.0833;

26 Kt=(20 -4) /0.5;

27 w2_o =50; x1_o =0; // Zero o f the i n s t rument
28 w1bar =650; w2bar =350; // kg /min
29 C1=4-w2_o/Kv/K_IP; //Eqn 14−16 to 14−19
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30 C2=w1bar/(Kv*K_IP*Kt);

31 C3=4+Kt*x1_o;

32 x1bar =0.2; x2bar =0.6; xbar =0.34;

33
34 mprintf( ’ \nThe v a l u e s o f C1 , C2 , C3 i n Eqns 14−16 to

14−19 a r e \n %f , %f , %f ’ ,C1 ,C2,C3)
35
36 // pa r t ( b ) //=======Dynamic f e e d f o r w a r d c o n t r o l l e r

=======//
37 s=%s;

38 theta =1;

39 V=%pi *1^2*1.5; // p i ∗ r ˆ2∗h f i n d i n g volume
40 rho =1000; // kg /m3
41 wbar=w1bar+w2bar;

42 tauD=V*rho/w2bar;tauP=V*rho/wbar;

43 Kp=(x2bar -xbar)/wbar;

44 Kd=w1bar/wbar;

45
46 Gv=Kv/(tauV*s+1);

47 Gd=Kd/(tauP*s+1);

48 Gt=Kt;delay =1;

49 Gp=Kp/(tauP*s+1);

50 Gf=-Gd/Gv/Gt/Gp/K_IP; // Equat ion 14−33 wi thout exp(+
s )

51 //Gt=32∗(1− t h e t a /2∗ s+t h e t a ˆ2/12∗ s ˆ2) /(1+ t h e t a /2∗ s+
t h e t a ˆ2/12∗ s ˆ2) ; / / second o r d e r Pade approx .

52 Gt=32*(1 - theta /2*s)/(1+ theta /2*s);// f i r s t o r d e r Pade
approx .

53 alpha =0.1;

54 Gf=horner(Gf ,0) *(1.0833*s+1)/(alpha *1.0833*s+1);//
Eqn 14−34

55 disp(Gf,”Gf=”)
56
57
58 //========S t a t i c f e e d f o r w a r d c o n t r o l l e r s i m u l a t i o n

==========//
59 Ts =0.01; // sampl ing t ime i n minutes
60 t=Ts:Ts:50;
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61 xsp =0.34; // s e t p o i n t f o r conc . output o f b l e n d e r
62 x1step =0.2+[ zeros(1,length(t)/5) 0.1* ones(1,length(t

)*4/5) ]; // d i s t u r b a n c e
63 // There i s a one second l a g i n the measurement o f

the d i s t u r b a n c e by Gt
64
65 delay =1;

66 d=[0.2* ones(1,delay/Ts) x1step (1,1:$-delay/Ts)]; //
measurement o f d i s t u r b a n c e with l a g

67 x1m =4+Kt*d; //Eqn 14−12 where d=x1 ( t )−x1 o
68
69 // p l o t ( t , [ x1step ’ x1m ’ ] )
70 pt=C1+C2*(Kt*xsp -x1m+C3)/(x2bar -xsp);

71 //Now the v a l u e s c a l c u l a t e d by the above c o n t r o l l e r
needs to be pas s ed to the p r o c e s s

72 G_static=syslin( ’ c ’ ,[Gd K_IP*Gv*Gp]);

73 //we take d i s t u r b a n c e and c o n t r o l a c t i o n i n
d e v i a t i o n v a r i a b l e s

74 yt =0.34+ csim([x1step -x1step (1,1);pt-pt(1,1)],t,

G_static);

75 subplot (2,1,1)

76 plot(t,yt);

77 xtitle(” Fig 1 4 . 1 3 ( a ) ”,”Time ( min ) ”,”x ( mass f r a c t i o n ) ”
)

78 xgrid();

79
80 //========Dynamic f e e d f o r w a r d c o n t r o l l e r s i m u l a t i o n

======//
81
82 Ys_Ds=[Gd K_IP *32*Gf*Gv*Gp]; //Gt=32 wi thout d e l a y
83 Ys_Ds=syslin( ’ c ’ ,Ys_Ds);
84 t=0.01:0.01:50;

85 d=[zeros(1,length(t)/5) 0.1* ones(1,length(t)*4/5)];

// d i s t u r b a n c e
86 d_shift =[ zeros (1 ,1.1* length(t)/5) 0.1* ones(1,length(

t)*3.9/5) ];

87 //we d e l a y the d i s t u r b a n c e by one minute f o r the
f e e d f o r w a r d c o n t r o l l e r
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88 //We do t h i s because Pade approx i s not good f o r
d e l a y o f 1 minute

89 yt =0.34+ csim([d;d_shift],t,Ys_Ds)

90 plot(t,yt,color= ’ r ed ’ )
91 legend(” S t a t i c Gain ”,”Dynamic Compensation ”)
92
93 // pa r t ( c ) //=======PI c o n t r o l l e r f o r Feedback

======//
94 Kcu =48.7; Pu=4; // min
95 Kc =0.45* Kcu;tauI=Pu/1.2; tauD =0;

96 Gc=Kc *(1+1/( tauI*s)+tauD*s/(1+ tauD*s*0.1));

97 Gm=Gt;// s e n s o r / t r a n s m i t t e r
98
99

100 //==========Feedforward and f e e d b a c k c o n t r o l with
dynamic compensat ion======//

101 Ys_Ds=[Gd K_IP *32*Gf*Gv*Gp]/(1+ K_IP*Gc*Gv*Gp*Gm);//
32 i s magnitude o f Gt

102 Ys_Ds=syslin( ’ c ’ ,Ys_Ds);
103 t=0.01:0.01:50;

104 d=[zeros(1,length(t)/5) 0.1* ones(1,length(t)*4/5)];

// d i s t u r b a n c e
105 yt =0.34+ csim([d;d_shift],t,Ys_Ds)

106 // This s h i f t i n g i s b e t t e r because Pade approx i s not
a c c u r a t e . Note tha t t h e r e i s

107 // pade approx i n the denominator a l s o (Gm) which we
cant he lp .

108 subplot (2,1,2)

109 plot(t,yt)

110 xgrid();

111 xtitle(” Fig 1 4 . 1 3 ( b ) ”,”Time ( min ) ”,”x ( mass f r a c t i o n ) ”
)

112
113 //==========Feedback c o n t r o l on ly with dynamic

compensat ion======//
114 Ys_Ds=(Gd)/(1+ K_IP*Gc*Gv*Gp*Gm);

115 Ys_Ds=syslin( ’ c ’ ,Ys_Ds);
116 d=[zeros(1,length(t)/5) 0.1* ones(1,length(t)*4/5)];
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// d i s t u r b a n c e
117 yt =0.34+ csim(d,t,Ys_Ds)

118 plot(t,yt,color= ’ r ed ’ )
119 legend(”FB+FF with dynamic compensat ion ”,”FB on ly ”)
120
121 mprintf(”\n\nNote the s l i g h t mismatch between

r e s p o n s e \n . . .
122 t imes due to pade approx the ga in i s h a l f o f tha t i n

the \n . . .
123 book . P l e a s e s e e the he i gh e x p l a n a t i o n above to

under s tand . ”)

103



Chapter 15

Enhanced Single Loop Control
Strategies

Scilab code Exa 15.1 Stability limits for proportional cascade controller

1 clear

2 clc

3
4 // Example 1 5 . 1
5 disp( ’ Example 1 5 . 1 ’ )
6
7
8 s=%s;

9 Gp1 =4/((4*s+1) *(2*s+1));Gp2=1;Gd2=1; Gd1 =1/(3*s+1);

10 Gm1 =0.05; Gm2 =0.2;

11 Gv=5/(s+1);

12 Kc2 =4;

13 Ys=Kc2*Gv*Gp1*Gm1 /(1+ Kc2*Gv*Gm2);

14
15 Routh=routh_t(Ys,poly(0,”Kc1”)); // produce s routh

t a b l e f o r po lynomia l 1+Kc∗Ys
16 disp(Routh)

17 K1=roots(numer(Routh (3,1)));

18 K2=roots(numer(Routh (4,1)));
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19
20 mprintf( ’ \n Kc1 l i e s between %f and %f \n f o r

c a s c a d e system to be s t a b l e ’ , K2,K1)

21
22 Ys2=Gv*Gp2*Gp1*Gm1;

23 Routh2=routh_t(Ys2 ,poly(0,”Kc1”)); // produce s routh
t a b l e f o r po lynomia l 1+Kc∗Ys

24 disp(Routh2)

25 K1_2=roots(numer(Routh2 (3,1)));

26 K2_2=roots(numer(Routh2 (4,1)));

27
28 mprintf( ’ \n Kc1 l i e s between %f and %f \n f o r

c o n v e n t i o n a l system to be s t a b l e ’ , K2_2 ,K1_2)

29
30
31
32 //We cannot f i n d o f f s e t s y m b o l i c a l l y i n S c i l a b

because s c i l a b does not suppor t
33 // h a n d l i n g o f two v a r i a b l e s i n s i n g l e po lynomia l
34 //To f i n d t h i s l i m i t one can use Sage
35 // However i n t h i s c a s e the c a l c u l a t i o n s can be done

i n a very easy way by hand
36 // and hence do not r e q u i r e to be computed from Sage

Scilab code Exa 15.2 Set point response for second order transfer function

1 clear

2 clc

3
4 // Example 1 5 . 2
5 disp( ’ Example 1 5 . 2 ’ )
6
7 s = %s;
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Figure 15.1: Set point response for second order transfer function
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8 theta=1 // d e l a y
9 delay=(1-theta /2*s+theta ^2/12*s^2) /(1+ theta /2*s+

theta ^2/12*s^2);// Second o r d e r pade approx
10 G=1/((5*s+1) *(3*s+1));

11 Gp=[G;delay*G]; // Both models with and wi thout d e l a y
12 Gc =[3.02*(1+1/(6.5*s));1.23*(1+1/(7*s))];

13 G_CL=syslin( ’ c ’ ,(Gp.*Gc)./(1+Gp.*Gc))
14 t=0:0.01:40;

15 yt=csim( ’ s t e p ’ ,t,G_CL)
16
17 plot2d(t’,yt ’) // For p l o t t i n g m u l t i p l e g raphs i n one

command make s u r e t ime i s n∗1 v e c t o r
18 // w h i l e yt i s n∗p v e c t o r where p a r e the no . o f

p l o t s
19 xtitle( ’ Example−15.2 ’ , ’ Time ( min ) ’ , ’ $y ( t ) $ ’ );
20 xgrid();

21 a=legend(” d e l a y=0”,” d e l a y=1”,position =4);
22 a.font_size =2;

23 a=get(” c u r r e n t a x e s ”);b=a.title;b.font_size =5;c=a.
x_label;c.font_size =5;

24 c=a.y_label;c.font_size =5;
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Chapter 16

Multiloop and Multivariable
Control

Scilab code Exa 16.1 Pilot scale distillation column

1 clear

2 clc

3
4 // Example 1 6 . 1
5 disp( ’ Example 1 6 . 1 ’ )
6 K=[12.8 -18.9;6.6 -19.4];

7 tau =[16.7 21;10.9 14.4];

8 s=%s;

9 G=K./(1+ tau*s);

10
11 //ITAE s e t t i n g s from Table 1 1 . 3
12 K1 =12.8; tau1 =16.7; theta1 =1;K2= -19.4; tau2 =14.4; theta2

=3;

13 Kc1 =1/K1 *0.586*( theta1/tau1)^ -0.916; taui1=tau1*inv

(1.03 -0.165*( theta1/tau1));

14 Kc2 =1/K2 *0.586*( theta2/tau2)^ -0.916; taui2=tau2*inv

(1.03 -0.165*( theta2/tau2));
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Figure 16.1: Pilot scale distillation column
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15
16 mprintf( ’ Kc t a u I ’ )
17 mprintf( ’ \nx D−R %f %f ’ ,Kc1 ,taui1)
18 mprintf( ’ \nx B−R %f %f ’ ,Kc2 ,taui2)
19
20 Kc=[Kc1;Kc2];

21 tauI=[ taui1;taui2 ];

22
23 //====Making s t e p r e s p o n s e models o f the c o n t i n u o s

t r a n s f e r f u n c t i o n s====//
24 Ts=0.1; // Sampl ing t ime i e d e l t a T
25 delay3 =3/Ts;

26 delay1 =1/Ts;

27 delay7 =7/Ts;

28 N=100/ Ts;// Model Order
29 s=%s;

30 G=syslin( ’ c ’ ,diag(matrix(G,1,4)));// T r a n s f e r
f u n c t i o n

31 t=0:Ts:N*Ts;

32 u_sim=ones(4,length(t));

33 // Model ing Output d e l a y s through input d e l a y i n
s t e p s

34 u_sim (1,1:( delay1))=zeros(1,delay1);

35 u_sim (3,1:( delay7))=zeros(1,delay7);

36 u_sim ([2 4] ,1:( delay3))=zeros(2,delay3);

37 S=csim(u_sim ,t,G) ’;// g e n e r a t i n g s t e p r e s p o n s e model
f o r r e a l p l a n t

38 // p l o t ( t , S ) ;
39 S(1,:) =[];

40 //Now we have t h e s e s t e p r e s p o n s e models f o r each o f
the t r a n s f e r f u n c t i o n s

41 // [ S1 S3
42 // S2 S4
43
44
45
46
47 T=120; // S i m u l a t i o n Run Time i n minutes
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48 n=T/Ts *2+1; // no . o f d i s c r e t e p o i n t s i n our domain
o f a n a l y s i s

49
50 //

===============================================================//

51 //
===============================================================//

52 //
===============================================================//

53 //========Set p o i n t as +1 i n X−D==X−B loop i n manual
=============//

54 //p i s the c o n t r o l l e r output
55 p=zeros(n,2);

56 delta_p=zeros(n,2);

57 e=zeros(n,2); // e r r o r s =(ysp−y ) on which PI a c t s
58 ysp=zeros(n,2);

59 ysp((n-1) /2+1:n,1)=ones(n-((n-1) /2+1) +1,1);

60
61 t=-(n-1)/2*Ts:Ts:(n-1) /2*Ts;

62 y=zeros(n,2);

63
64
65 for k=(n-1) /2+1:n

66
67 // Er ro r e
68 e(k,:)=ysp(k-1,:)-y(k-1,:);

69 delta_e(k,:)=e(k,:)-e(k-1,:);

70
71 // C o n t r o l l e r c a l c u l a t i o n −−−−D i g i t a l PID−−−−Eqn

7−28 Pg 136 ( V e l o c i t y form )
72 p(k,1)=p(k-1,1)+([ delta_e(k,1)+e(k,1)*diag(Ts/

taui1)]*diag(Kc1));

73 //1−1/2−2 p a i r i n g
74
75 delta_p(k,:)=p(k,:)-p(k-1,:);
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76
77 // Output
78 y(k,1)=[S(1:N-1,1);S(1:N-1,3)]’...

79 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1)]...

80 +[S(N,1) S(N,3) ]*[p(k-N,1);p(k-N,2)];

81 y(k,2)=[S(1:N-1,2);S(1:N-1,4)]’...

82 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);]...

83 +[S(N,2) S(N,4) ]*[p(k-N,1);p(k-N,2)];

84 end

85
86 subplot (2,1,1);

87 plot(t’,y(:,1), ’ b− ’ );
88 set(gca(),” data bounds ” ,[0 40 0 1.4]); // p u t t i n g

bounds on d i s p l a y
89 l=legend(” $x B\ t e x t { l o op i n manual}$”,position =1);
90 xtitle(””,”Time ( min ) ”,” $x D$ ”);
91 a=get(” c u r r e n t a x e s ”);
92 c=a.y_label;c.font_size =5;

93
94 //

===============================================================//

95 //
===============================================================//

96 //
===============================================================//

97 //========Set p o i n t as +1 i n X−B==X−D loop i n manual
=============//

98 //p i s the c o n t r o l l e r output
99 p=zeros(n,2);

100 delta_p=zeros(n,2);

101 e=zeros(n,2); // e r r o r s =(ysp−y ) on which PI a c t s
102 ysp=zeros(n,2);

103 ysp((n-1) /2+1:n,2)=ones(n-((n-1) /2+1) +1,1);
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104
105 t=-(n-1)/2*Ts:Ts:(n-1) /2*Ts;

106 y=zeros(n,2);

107
108
109 for k=(n-1) /2+1:n

110
111 // Er ro r e
112 e(k,:)=ysp(k-1,:)-y(k-1,:);

113 delta_e(k,:)=e(k,:)-e(k-1,:);

114
115 // C o n t r o l l e r c a l c u l a t i o n −−−−D i g i t a l PID−−−−Eqn

7−28 Pg 136 ( V e l o c i t y form )
116 p(k,2)=p(k-1,2)+([ delta_e(k,2)+e(k,2)*diag(Ts/

taui2)]*diag(Kc2));

117 //1−1/2−2 p a i r i n g
118
119 delta_p(k,:)=p(k,:)-p(k-1,:);

120
121 // Output
122 y(k,1)=[S(1:N-1,1);S(1:N-1,3)]’...

123 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1)]...

124 +[S(N,1) S(N,3) ]*[p(k-N,1);p(k-N,2)];

125 y(k,2)=[S(1:N-1,2);S(1:N-1,4)]’...

126 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);]...

127 +[S(N,2) S(N,4) ]*[p(k-N,1);p(k-N,2)];

128 end

129
130 subplot (2,1,2);

131 plot(t’,y(:,2), ’ b− ’ );
132 set(gca(),” data bounds ” ,[0 40 0 1.4]); // p u t t i n g

bounds on d i s p l a y
133 l=legend(” $x D\ t e x t { l o op i n manual}$”,position =1);
134 xtitle(””,”Time ( min ) ”,” $x B$ ”);
135 a=get(” c u r r e n t a x e s ”);
136 c=a.y_label;c.font_size =5;
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137
138 //

===============================================================//

139 //
===============================================================//

140 //
===============================================================//

141 //========Set p o i n t as +1 i n X−D==Both l o o p s
Automatic===========//

142 //p i s the c o n t r o l l e r output
143 p=zeros(n,2);

144 delta_p=zeros(n,2);

145 e=zeros(n,2); // e r r o r s =(ysp−y ) on which PI a c t s
146 ysp=zeros(n,2);

147 ysp((n-1) /2+1:n,1)=ones(n-((n-1) /2+1) +1,1);

148
149 t=-(n-1)/2*Ts:Ts:(n-1) /2*Ts;

150 y=zeros(n,2);

151
152
153 for k=(n-1) /2+1:n

154
155 // Er ro r e
156 e(k,:)=ysp(k-1,:)-y(k-1,:);

157 delta_e(k,:)=e(k,:)-e(k-1,:);

158
159 // C o n t r o l l e r c a l c u l a t i o n −−−−D i g i t a l PID−−−−Eqn

7−28 Pg 136 ( V e l o c i t y form )
160 // p ( k , : ) =p ( k−1 , : )+f l i p d i m ( [ d e l t a e ( k , : ) +e ( k , : ) ∗

d i ag ( Ts . / t a u I ) ] ∗ d i ag (Kc) , 2 ) ;
161 p(k,:)=p(k-1,:)+([ delta_e(k,:)+e(k,:)*diag(Ts./

tauI)]*diag(Kc));

162 //1−1/2−2 p a i r i n g
163
164 delta_p(k,:)=p(k,:)-p(k-1,:);
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165
166 // Output
167 y(k,1)=[S(1:N-1,1);S(1:N-1,3)]’...

168 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1)]...

169 +[S(N,1) S(N,3) ]*[p(k-N,1);p(k-N,2)];

170 y(k,2)=[S(1:N-1,2);S(1:N-1,4)]’...

171 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);]...

172 +[S(N,2) S(N,4) ]*[p(k-N,1);p(k-N,2)];

173 end

174
175 subplot (2,1,1);

176 plot(t’,y(:,1), ’ r−− ’ );
177 set(gca(),” data bounds ” ,[0 40 0 1.4]); // p u t t i n g

bounds on d i s p l a y
178 l=legend(” $x B\ t e x t { l o op i n manual}$”,”$\ t e x t {Both

l o o p s i n automat i c }$”,position =1);
179 // l . f o n t s i z e =5;
180 xtitle(””,”Time ( min ) ”,” $x D$ ”);
181 a=get(” c u r r e n t a x e s ”);
182 c=a.y_label;c.font_size =5;

183
184
185 //

===============================================================//

186 //
===============================================================//

187 //
===============================================================//

188 //========Set p o i n t as +1 i n X−B==Both l o o p s
Automatic===========//

189 //p i s the c o n t r o l l e r output
190 p=zeros(n,2);

191 delta_p=zeros(n,2);
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192 e=zeros(n,2); // e r r o r s =(ysp−y ) on which PI a c t s
193 ysp=zeros(n,2);

194 ysp((n-1) /2+1:n,2)=ones(n-((n-1) /2+1) +1,1);

195
196 t=-(n-1)/2*Ts:Ts:(n-1) /2*Ts;

197 y=zeros(n,2);

198
199
200 for k=(n-1) /2+1:n

201
202 // Er ro r e
203 e(k,:)=ysp(k-1,:)-y(k-1,:);

204 delta_e(k,:)=e(k,:)-e(k-1,:);

205
206 // C o n t r o l l e r c a l c u l a t i o n −−−−D i g i t a l PID−−−−Eqn

7−28 Pg 136 ( V e l o c i t y form )
207 // p ( k , : ) =p ( k−1 , : )+f l i p d i m ( [ d e l t a e ( k , : ) +e ( k , : ) ∗

d i ag ( Ts . / t a u I ) ] ∗ d i ag (Kc) , 2 ) ;
208 p(k,:)=p(k-1,:)+([ delta_e(k,:)+e(k,:)*diag(Ts./

tauI)]*diag(Kc));

209 //1−1/2−2 p a i r i n g
210
211 delta_p(k,:)=p(k,:)-p(k-1,:);

212
213 // Output
214 y(k,1)=[S(1:N-1,1);S(1:N-1,3)]’...

215 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1)]...

216 +[S(N,1) S(N,3) ]*[p(k-N,1);p(k-N,2)];

217 y(k,2)=[S(1:N-1,2);S(1:N-1,4)]’...

218 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);]...

219 +[S(N,2) S(N,4) ]*[p(k-N,1);p(k-N,2)];

220 end

221
222 subplot (2,1,2);

223 plot(t’,y(:,2), ’ r−− ’ );
224 set(gca(),” data bounds ” ,[0 40 0 1.4]); // p u t t i n g
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bounds on d i s p l a y
225 l=legend(” $x D\ t e x t { l o op i n manual}$”,”$\ t e x t {Both

l o o p s i n automat i c }$”,position =1);
226 xtitle(””,”Time ( min ) ”,” $x B$ ”);
227 a=get(” c u r r e n t a x e s ”);
228 c=a.y_label;c.font_size =5;

229
230
231 // Also r e f e r to Example 2 2 . 4 f o r s i m i l a r a p p l i c a t i o n

o f a l g o r i t h m o f m u l t i p l o o p PID

Scilab code Exa 16.6 Sensitivity of steady state gain matrix

1
2 clear

3 clc

4
5 // Example 1 6 . 6
6 disp( ’ Example 1 6 . 6 ’ )
7
8
9 K1=[1 0;10 1]; //K with K12=0

10
11 eig1=spec(K1);

12 sigma1=spec(K1 ’*K1);

13 CN1=sqrt(max(sigma1)/min(sigma1))

14 mprintf( ’ \ n E i g e n v a l u e s o f K1 a r e %f and %f\n and CN
i s %f ’ ,eig1 ’,CN1)

15
16
17
18
19 K2=[1 0.1;10 1]; //K with K12=0.1
20
21 eig2=spec(K2);
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22 sigma2=spec(K2 ’*K2);

23 CN2=sqrt(max(sigma2)/min(sigma2))

24
25 mprintf( ’ \ n E i g e n v a l u e s o f K2 a r e %f and %f\n and CN

i s %f ’ ,eig2 ’,CN2)

Scilab code Exa 16.7 Preferred multiloop control strategy

1 clear

2 clc

3
4 // Example 1 6 . 7
5 disp( ’ Example 1 6 . 7 ’ )
6
7
8 X=[0.48 0.9 -0.006;0.52 0.95 0.008; 0.90 -0.95

0.020];

9 [U,S,V]=svd(X)

10
11 RGA=X.*([ inv(X)]’) //Eqn 16−36
12
13 // Cond i t i on no . o f X
14 CN=max(diag(S))/min(diag(S))

15
16 // Note tha t c o n d i t i o n no . can a l s o be found with

command cond (X)
17
18 // The RGA g i v e n i n the book i s wrong ! Eqn 16−73 i s

wrong .
19 mprintf( ’ \n The RGA g i v e n i n the book i s wrong ! Eqn

16−73 i s wrong . \ n ’ )
20 disp(RGA , ’RGA= ’ )
21
22 X1=X(1:2 ,1:2);

23 X2=X(1:2 ,[1 3]);
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24 X3=X(1:2 ,2:3);

25
26 X4=X([1 3] ,1:2);

27 X5=X([1 3],[1 3]);

28 X6=X([1 3] ,2:3);

29
30 X7=X([2 3] ,1:2);

31 X8=X([2 3],[1 3]);

32 X9=X([2 3] ,2:3);

33
34 lamda1=max(X1.*inv(X1 ’));

35 lamda2=max(X2.*inv(X2 ’));

36 lamda3=max(X3.*inv(X3 ’));

37 lamda4=max(X4.*inv(X4 ’));

38 lamda5=max(X5.*inv(X5 ’));

39 lamda6=max(X6.*inv(X6 ’));

40 lamda7=max(X7.*inv(X7 ’));

41 lamda8=max(X8.*inv(X8 ’));

42 lamda9=max(X9.*inv(X9 ’));

43
44
45 mprintf( ’ \n P a i r i n g no . CN lambda

\n ’ )
46 mprintf( ’ \n 1 %f %f ’ ,cond(X1),

lamda1)

47 mprintf( ’ \n 2 %f %f ’ ,cond(X2),
lamda2)

48 mprintf( ’ \n 3 %f %f ’ ,cond(X3),
lamda3)

49 mprintf( ’ \n 4 %f %f ’ ,cond(X4),
lamda4)

50 mprintf( ’ \n 5 %f %f ’ ,cond(X5),
lamda5)

51 mprintf( ’ \n 6 %f %f ’ ,cond(X6),
lamda6)

52 mprintf( ’ \n 7 %f %f ’ ,cond(X7),
lamda7)

53 mprintf( ’ \n 8 %f %f ’ ,cond(X8),
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lamda8)

54 mprintf( ’ \n 9 %f %f ’ ,cond(X9),
lamda9)
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Chapter 17

Digital Sampling Filtering and
Control

Scilab code Exa 17.1 Performance of alternative filters

1 clear

2 clc

3
4 // Example 1 7 . 1
5 disp( ’ Example 1 7 . 1 ’ )
6
7 // In t h i s s o l u t i o n we assume tha t a sampled s i g n a l

i s g i v e n to us at a very f a s t
8 // sampl ing r a t e and then we re samp l e from i t f o r our

computat ions
9 // This d e p i c t s how data i s i n p r a c t i c a l s i t u a t i o n s .

10 // S i n c e computers a r e d i g i t a l data i s a lways
d i s c r e t e

11 //A more k i d d i s h way o f w r i t i n g t h i s code would have
been to make a f u n c t i o n

12 // which t a k e s t ime as input and g i v e s s i g n a l v a l u e
as output i e g e n e r a t e a

13 // c o n t i n u o u s s i g n a l d e f i n i t i o n . Then no matter what
our sampl ing t ime i s

121



14 //we can a lways g e t the d e s i r e d v a l u e s by c a l l i n g
the f u n c t i o n say func ( Ts∗k )

15 // where Ts d e n o t e s sampl ing t ime and k i s the index
no . ( i e de l taT ∗k )

16 // In p r i n c i p l e t h i s w i l l a l s o work f i n e and w i l l
r educe the l e n g t h o f the code

17 // but t h i s w i l l not l e a d to l e a r n i n g f o r cod ing i n
p r a c t i c a l s i t u a t i o n s

18
19 Ts =0.001 // sampl ing t ime f o r ana l og
20 t=0:Ts:5;

21 n=length(t);

22 square_base =0.5* squarewave ((t -0.5) *2*%pi/3) +0.5;

23 ym=square_base +0.25* sin(t*2*%pi *9);

24 subplot (2,2,1)

25 plot(t,[ square_base ’ ym ’])

26 xtitle( ’ F ig 1 7 . 6 ( a ) ’ , ’ Time ( min ) ’ , ’ Output ’ );
27
28
29 // Analog F i l t e r
30 tauf1 =0.1; tauf2 =0.4;

31 s=%s;

32 F1=syslin( ’ c ’ ,1/(tauf1*s+1));
33 F2=syslin( ’ c ’ ,1/(tauf2*s+1));
34 yf1=csim(ym,t,F1);

35 yf2=csim(ym,t,F2);

36 subplot (2,2,2);

37 plot(t,[yf1 ’ yf2 ’ square_base ’])

38 legend(”$\ tau F =0.1\ min$”,”$\ tau F =0.4\ min$”,
position =3);

39 xtitle( ’ F ig 1 7 . 6 ( b ) ’ , ’ Time ( min ) ’ , ’ Output ’ );
40
41 // Note tha t ana l og f i l t e r i n g can a l s o be a c h i e v e d

by p e r f e c t sampl ing i n EWMA d i g i t a l f i l t e r
42 // S i n c e E x p o n e n t i a l l y we ighted d i g i t a l f i l t e r i s an

e x a c t d i s c r e t i z a t i o n o f ana l og
43 // f i l t e r i f we take Ts =0.001 i e the p e r f e c t

sampl ing o f data we g e t i d e n t i c a l answers

122



44 // from d i g i t a l o r ana l og f i l t e r . You can t r y t h i s
by chan ing Ts1 or Ts2 to 0 . 0 0 1

45
46 // D i g i t a l f i l t e r i n g
47 Ts1 =0.05; Ts2 =0.1;

48 alpha1=exp(-Ts1/tauf1);

49 alpha2=exp(-Ts2/tauf1);

50 samples1 =1: Ts1/Ts:n;

51 samples2 =1: Ts2/Ts:n;

52 yf1=zeros(length(samples1) ,1);

53 yf2=zeros(length(samples2) ,1);

54
55 for k=1: length(samples1)-1

56 yf1(k+1)=alpha1*yf1(k)+(1- alpha1)*ym(samples1(k)

);

57 end

58 for k=1: length(samples2)-1

59 yf2(k+1)=alpha2*yf2(k)+(1- alpha2)*ym(samples2(k)

);

60 end

61
62 subplot (2,2,3);

63 plot(t(samples1)’,[yf1],color= ’ b l u e ’ );
64 plot(t(samples2)’,yf2 ,color= ’ r ed ’ );
65 plot(t,square_base ,color= ’ b l a c k ’ );
66 legend(”$\Del ta t =0.05 \ min$”,”$\Del ta t =0.1\ min$

”,position =3);
67 xtitle( ’ F ig 1 7 . 6 ( c ) ’ , ’ Time ( min ) ’ , ’ Output ’ );
68
69
70
71 // Moving F i l t e r
72 N1=3;

73 N2=7;

74 yf1=zeros(1,length(samples1))

75 yf2=zeros(1,length(samples1))

76 for k=N1+1: length(samples1)

77 yf1(k)=yf1(k-1) +1/N1*(ym(samples1(k))-ym(
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samples1(k-N1)));

78 end

79 for k=N2+1: length(samples1)

80 yf2(k)=yf2(k-1) +1/N2*(ym(samples1(k))-ym(

samples1(k-N2)));

81 end

82 // f o r k=N2+1:n
83 // y f 2 ( k )=y f 2 ( k−1)+1/N2∗ (ym( k )−ym( k−N2) ) ;
84 // end
85 subplot (2,2,4);

86 plot(t(samples1),[yf1 ’ yf2 ’])

87 plot(t,square_base ,color= ’ b l a c k ’ );
88 legend(”$Nˆ∗=3$”,”$Nˆ∗=7$”,position =4);
89 xtitle( ’ F ig 1 7 . 6 ( d ) ’ , ’ Time ( min ) ’ , ’ Output ’ );
90
91
92
93 //Now f o r the g a u s s i a n n o i s e
94 scf();

95 Ts =0.001 // sampl ing t ime f o r ana l og
96 t=0:Ts:5;

97 n=length(t);

98 square_base =0.5* squarewave ((t -0.5) *2*%pi/3) +0.5;

99 ym=square_base+grand(1,length(t),” nor ”, 0, sqrt (0.1)

);// 0 . 1 i s f o r s e t t i n g v a r i a n c e =0.1
100 subplot (2,2,1)

101 plot(t,[ square_base ’ ym ’])

102 xtitle( ’ F ig 1 7 . 6 ( a ) ’ , ’ Time ( min ) ’ , ’ Output ’ );
103
104
105 // Analog F i l t e r
106 tauf1 =0.1; tauf2 =0.4;

107 s=%s;

108 F1=syslin( ’ c ’ ,1/(tauf1*s+1));
109 F2=syslin( ’ c ’ ,1/(tauf2*s+1));
110 yf1=csim(ym,t,F1);

111 yf2=csim(ym,t,F2);

112 subplot (2,2,2);
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113 plot(t,[yf1 ’ yf2 ’ square_base ’])

114 legend(”$\ tau F =0.1\ min$”,”$\ tau F =0.4\ min$”,
position =3);

115 xtitle( ’ F ig 1 7 . 6 ( b ) ’ , ’ Time ( min ) ’ , ’ Output ’ );
116
117
118 // D i g i t a l f i l t e r i n g
119 Ts1 =0.05; Ts2 =0.1;

120 alpha1=exp(-Ts1/tauf1);

121 alpha2=exp(-Ts2/tauf1);

122 samples1 =1: Ts1/Ts:n;

123 samples2 =1: Ts2/Ts:n;

124 yf1=zeros(length(samples1) ,1);

125 yf2=zeros(length(samples2) ,1);

126
127 for k=1: length(samples1)-1

128 yf1(k+1)=alpha1*yf1(k)+(1- alpha1)*ym(samples1(k)

);

129 end

130 for k=1: length(samples2)-1

131 yf2(k+1)=alpha2*yf2(k)+(1- alpha2)*ym(samples2(k)

);

132 end

133
134 subplot (2,2,3);

135 plot(t(samples1)’,[yf1],color= ’ b l u e ’ );
136 plot(t(samples2)’,yf2 ,color= ’ r ed ’ );
137 plot(t,square_base ,color= ’ b l a c k ’ );
138 legend(”$\Del ta t =0.05 \ min$”,”$\Del ta t =0.1\ min$

”,position =3);
139 xtitle( ’ F ig 1 7 . 6 ( c ) ’ , ’ Time ( min ) ’ , ’ Output ’ );
140
141
142
143 // Moving F i l t e r
144 N1=3;

145 N2=7;

146 yf1=zeros(1,length(samples1))
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147 yf2=zeros(1,length(samples1))

148 for k=N1+1: length(samples1)

149 yf1(k)=yf1(k-1) +1/N1*(ym(samples1(k))-ym(

samples1(k-N1)));

150 end

151 for k=N2+1: length(samples1)

152 yf2(k)=yf2(k-1) +1/N2*(ym(samples1(k))-ym(

samples1(k-N2)));

153 end

154 // f o r k=N2+1:n
155 // y f 2 ( k )=y f 2 ( k−1)+1/N2∗ (ym( k )−ym( k−N2) ) ;
156 // end
157 subplot (2,2,4);

158 plot(t(samples1),[yf1 ’ yf2 ’])

159 plot(t,square_base ,color= ’ b l a c k ’ );
160 legend(”$Nˆ∗=3$”,”$Nˆ∗=7$”,position =4);
161 xtitle( ’ F ig 1 7 . 6 ( d ) ’ , ’ Time ( min ) ’ , ’ Output ’ );
162
163
164
165 mprintf(” P l e a s e note tha t f o r g u a s s i a n n o i s e \n

r e s u l t s . . .
166 w i l l be d i f f e r e n t from book owing to randomness \

n . . .
167 we do not know the s e ed f o r the random n o i s e ”)

Scilab code Exa 17.2 Response of first order difference equation

1 clear

2 clc

3
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Figure 17.1: Performance of alternative filters
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Figure 17.2: Performance of alternative filters
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4 // Example 1 7 . 2
5 disp( ’ Example 1 7 . 2 ’ )
6
7 Ts=1; // sampl ing t ime
8 K=2;

9 tau =1;

10 alpha=exp(-Ts/tau)

11 n=10;

12 y=zeros(n,1)

13 u=1; // input
14
15 for i=1:n

16 y(i+1)=alpha*y(i)+K*(1-alpha)*u;

17 end

18
19 disp(y, ’ yk= ’ )
20
21 mprintf(”\n Note tha t i n the book K=20 i s wrong , i t

shou ld be K=2\n . . .
22 tha t i s a f i r s t o r d e r f u n c t i o n with ga in 2 i s g i v e n

an input s t e p ”)

Scilab code Exa 17.3 Recursive relation with inputs

1 clear

2 clc

3
4 // Example 1 7 . 3
5 disp( ’ Example 1 7 . 3 ’ )
6
7 z=%z;

8 Gz=( -0.3225*z^ -2+0.5712*z^-3) /(1 -0.9744*z^ -1+0.2231*

z^-2);

9 G=tf2ss(Gz)

10 n=10;
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Figure 17.3: Digital control of pressure in a tank

11 u=ones(1,n);

12 y=dsimul(G,u);

13 disp(y’, ’ y= ’ )
14
15 mprintf( ’ \n\ n A l t e r n a t i v e l y the s i m u l a t i o n can a l s o

be done \n . . .
16 u s i n g s y s l i n ( d , Gz) and f l t s ( u , Gz) \n\n ’ )
17
18 Gz2=syslin( ’ d ’ ,Gz);
19 y2=flts(u,Gz2)

20 disp(y2’, ’ y2= ’ )
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Scilab code Exa 17.5 Digital control of pressure in a tank

1 clear

2 clc

3
4 // Example 1 7 . 5
5 disp( ’ Example 1 7 . 5 ’ )
6
7 deltaT =[0.05 0.25 0.5 1]’; // sampl ing t ime
8 K=-20;

9 theta =1+( deltaT /2);//Add h a l f o f sampl ing t ime to
d e l a y f o r f i n d i n g PI s e t t i n g s

10 tau =5;

11
12 // Table 1 1 . 3 ITAE d i s t u r b a n c e s e t t i n g s
13 // Note tha t t h e r e i s an e r r o r i n book s o l u t i o n

s a y i n g Table 1 1 . 2
14 // I t shou ld be t a b l e 1 1 . 3
15
16 Y=0.859*( theta/tau)^( -0.977);Kc=Y/K;

17 taui=tau *(0.674*( theta/tau)^ -0.680) .^-1;

18
19 mprintf( ’ \n ITAE( d i s t u r b a n c e ) \n ’ )
20 mprintf( ’ de l taT Kc t a u I ’ )
21 mprintf( ’ \n %f %f %f ’ ,deltaT ,Kc,taui)
22
23 // F ind ing d i g i t a l c o n t r o l l e r s e t t i n g s
24 //Eqn 17−55
25 a0=1+ deltaT ./taui;

26 a1=-(1); // s i n c e tauD=0
27 a2=0;

28 z=%z;

29
30 Gcz=Kc.*(a0+a1*z^-1)./(1-z^-1);

31
32 // Re f e r to t a b l e 1 7 . 1 to c o n v e r t c o n t i n u o u s t r a n s f e r

f u n c t i o n to d i g i t a l form
33 Gp=K*(1-exp(-1/tau*deltaT)).*z^(-1+(-1)./ deltaT)
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./(1-exp((-1)/tau*deltaT)*z^-1);// z ˆ(−1/ de l taT )
f o r d e l a y

34
35 G_CL=syslin( ’ d ’ ,((Gp)./( Gcz.*Gp+1)));
36
37 t=0: deltaT (1):15

38 u=ones(1,length(t));

39 yt=flts(u,G_CL (1,1));

40 plot(t,yt, ’− ’ )
41
42 t=0: deltaT (2):15

43 u=ones(1,length(t));

44 yt=flts(u,G_CL (2,1));

45 plot(t,yt, ’ g reen−− ’ )
46
47 t=0: deltaT (3):15

48 u=ones(1,length(t));

49 yt=flts(u,G_CL (3,1));

50 plot(t,yt, ’ b lack −. ’ )
51
52 t=0: deltaT (4):15

53 u=ones(1,length(t));

54 yt=flts(u,G_CL (4,1));

55 plot(t,yt, ’ r ed : ’ )
56
57 set(gca(),” data bounds ” ,[0 15 -8 1]); // p u t t i n g

bounds on d i s p l a y
58 l=legend(”$\Del ta t =0.05\ min$”,”$\Del ta t =0.25\

min$”,”$\Del ta t =0.5\ min$”,”$\Del ta t =1\ min$”,
position =4);

59 xtitle(” Example 1 7 . 5 ”,”Time ( min ) ”,” $y$ ”);
60 a=get(” c u r r e n t a x e s ”);
61 c=a.y_label;c.font_size =5;

62
63 mprintf(”\nNote tha t t h e r e i s a mismatch between the

book s i m u l a t i o n and what\n . . .
64 what we g e t from SCILAB . The book i s wrong . This has

been c r o s s c h e c k e d u s i n g \n . . .
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Figure 17.4: Dahlin controller

65 s i m u l a t i o n i n SIMULINK(MATLAB) ”)

Scilab code Exa 17.6 Dahlin controller

1 clear

2 clc

3
4 // Example 1 7 . 6
5 disp( ’ Example 1 7 . 6 ’ )
6
7 // Note tha t f o r s o l v i n g t h i s example t h e r e a r e two

ways
8 //One i s to do t h i s i n xco s which i s ve ry easy to do
9 // and one can l e a r n the same from example 1 7 . 5 ’ s

s o l u t i o n
10 //To g e t the c o n t r o l l e r ou tput s at eve ry p o i n t i n
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xcos
11 // j u s t add a scope to the l e g c o n n e c t i n g c o n t r o l l e r

and
12 // z e r o o r d e r ho ld u n i t b e f o r e the c o n t i n u o u s t ime

b l o c k
13
14 //The o t h e r method i s g i v e n he r e so tha t the r e a d e r

l e a r n s more
15 // o f what a l l can be done i n s c i l a b
16 // Here we d e a l with the c o n t r o l l e r i n t ime domain

r a t h e r than z domain
17
18 z=%z;

19 N=0;

20 a1= -1.5353;

21 a2 =0.5866;

22 b1 =0.0280;

23 b2 =0.0234;

24 G=(b1+b2*z^-1)*z^(-N-1) /(1+a1*z^-1+a2*z^-2);

25
26 h=0; // no p r o c e s s d e l a y
27 s=%s;

28 lamda =1;

29 Y_Ysp =1/( lamda*s+1);// exp(−h∗ s ) i s one because h=0
Eqn 17−62

30
31 Ts=1; // sampl ing t ime
32 A=exp(-Ts/lamda);

33 //Eqn 17−63
34 Y_Ysp_d =(1-A)*z^(-N-1)/(1-A*z^-1);

35
36 G_DC =1/G*( Y_Ysp_d)/(1- Y_Ysp_d); //Eqn 17−61
37
38
39
40 ysp=[zeros (1,4) ones (1,16)]

41 Gz_CL=syslin( ’ d ’ ,G*G_DC/(G*G_DC +1));// Closed l oop
d i s c r e t e system
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42 yd=flts(ysp ,Gz_CL) // D i s c r e t e Output due to s e t
p o i n t change

43 // p l o t ( yd )
44
45 e=ysp -yd; // S i n c e we know s e t p o i n t and the output

o f the system we can use
46 // t h i s i n f o to f i n d out the e r r o r s at the d i s c r e t e

t ime p o i n t s
47 // note tha t he r e we have e x p l o i t e d i n a very s u b t l e

way the p r o p e r t y o f a
48 // d i s c r e t e system tha t on ly the v a l u e s at d i s c r e t e

p o i n t s matter f o r
49 // any s o r t o f c a l c u l a t i o n
50
51 //Now t h i s e r r o r can be used to f i n d out the

c o n t r o l l e r e f f o r t
52 e_coeff=coeff(numer(G_DC));

53 p_coeff=coeff(denom(G_DC));

54
55 n=20; //Time i n minutes d i s c r e t i z e d with Ts=1 min
56 p=zeros(1,n); // C o n t r o l l e r e f f o r t
57
58 for k=3:n

59 p(k)=(-p_coeff (2)*p(k-1)-p_coeff (1)*p(k-2)+

e_coeff *[e(k-2) e(k-1) e(k)]’)/p_coeff (3);

60 end

61 subplot (2,2,2)

62 plot2d2(p)

63 xtitle( ’ F ig 1 7 . 1 1 ( a ) ’ , ’ Time ( min ) ’ , ’ Dah l in
C o n t r o l l e r e f f o r t ( p ) ’ );

64
65 //Now we s i m u l a t e the c o n t i n u o u s v e r s i o n o f the

p l a n t to g e t output i n between
66 // the d i s c r e t e p o i n t . This w i l l h e l p us a s c e r t a i n

the e f f i c a c y o f the c o n t r o l l e r
67 // at p o i n t s o t h e r than the d i s c r e t e p o i n t s
68 // Note tha t t h i s i s r e q u i r e d to be checked because

de l taT =1. had i t been much
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69 // s m a l l e r l i k e 0 . 0 1 i t would have been a good approx
to a c o n t i n u o u s system

70 // thus making t h i s i n t e r p o l a t i o n check redundant
71
72 s=%s;

73 Gp=syslin( ’ c ’ ,1/(5*s+1) /(3*s+1));// c o n t i n u o u s t ime
v e r s i o n o f p r o c e s s

74 Ts_c =0.01; // sampl ing t ime f o r c o n t i n u o u s system
75 t=Ts_c:Ts_c:length ([0 p])*Ts;

76 p_c=matrix(repmat ([0 p],Ts/Ts_c ,1) ,1,Ts/Ts_c*length

([0 p]))// hack f o r z e r o o r d e r ho ld
77 // p c means c o n t r o l l e r e f f o r t which i s c o n t i n o u s
78 yc=csim(p_c ,t,Gp);

79 subplot (2,2,1)

80 plot(t,yc)

81 plot2d2(ysp)

82 legend(” Dahl in C o n t r o l l e r ”,” Set p o i n t ”,position =4)
83 xtitle( ’ F ig 1 7 . 1 1 ( a ) ’ , ’ Time ( min ) ’ , ’ Output ’ );
84
85
86
87 //=============Now we do c a l c u l a t i o n s f o r m o d i f i e d

Dahl in c o n t r o l l e r========//
88 //

==========================================================================//

89 // Y Ysp d=(1−A) ∗ zˆ(−N−1)/(1−A∗ z ˆ−1) ∗ ( b1+b2∗ z ˆ−1) /( b1
+b2 ) ; // Vogel Edgar

90
91 // Page 362 j u s t a f t e r s o l v e d example
92 G_DC_bar =(1 -1.5353*z^ -1+0.5866*z^-2) /(0.0280+0.0234)

*0.632/(1 -z^-1);

93 //G DC2=1/G∗((1−A) ∗ zˆ(−N−1) ) /(1−A∗ zˆ−1−(1−A) ∗ zˆ(−N
−1) ) ; //Eqn 17−61

94 //G DC=(1−1.5353∗ z ˆ−1+0.5866∗ z ˆ−2) / (0 . 0280+0 . 0234∗ z
ˆ−1) ∗0.632/(1− z ˆ−1) ;

95
96 ysp=[zeros (1,4) ones (1,16)]

136



97 Gz_CL=syslin( ’ d ’ ,G*G_DC_bar /(G*G_DC_bar +1));// Closed
l oop d i s c r e t e system

98 yd=flts(ysp ,Gz_CL) // D i s c r e t e Output due to s e t
p o i n t change

99 // p l o t ( yd )
100
101 e=ysp -yd; // S i n c e we know s e t p o i n t and the output

o f the system we can use
102 // t h i s i n f o to f i n d out the e r r o r s at the d i s c r e t e

t ime p o i n t s
103 // note tha t he r e we have e x p l o i t e d i n a very s u b t l e

way the p r o p e r t y o f a
104 // d i s c r e t e system tha t on ly the v a l u e s at d i s c r e t e

p o i n t s matter f o r
105 // any s o r t o f c a l c u l a t i o n
106
107 //Now t h i s e r r o r can be used to f i n d out the

c o n t r o l l e r e f f o r t
108 e_coeff=coeff(numer(G_DC_bar));

109 p_coeff=coeff(denom(G_DC_bar));

110
111 n=20; //Time i n minutes d i s c r e t i z e d with Ts=1 min
112 p=zeros(1,n); // C o n t r o l l e r e f f o r t
113
114 for k=3:n

115 p(k)=(-p_coeff (2)*p(k-1)-p_coeff (1)*p(k-2)+

e_coeff *[e(k-2) e(k-1) e(k)]’)/p_coeff (3);

116 end

117 subplot (2,2,4)

118 plot2d2(p)

119 xtitle( ’ F ig 1 7 . 1 1 ( b ) ’ , ’ Time ( min ) ’ , ’ Mod i f i ed Dahl in
C o n t r o l l e r e f f o r t ( p ) ’ );

120
121 //Now we s i m u l a t e the c o n t i n u o u s v e r s i o n o f the

p l a n t to g e t output i n between
122 // the d i s c r e t e p o i n t . This w i l l h e l p us a s c e r t a i n

the e f f i c a c y o f the c o n t r o l l e r
123 // at p o i n t s o t h e r than the d i s c r e t e p o i n t s
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124 // Note tha t t h i s i s r e q u i r e d to be checked because
de l taT =1. had i t been much

125 // s m a l l e r l i k e 0 . 0 1 i t would have been a good approx
to a c o n t i n u o u s system

126 // thus making t h i s i n t e r p o l a t i o n check redundant
127
128 s=%s;

129 Gp=syslin( ’ c ’ ,1/(5*s+1) /(3*s+1));// c o n t i n u o u s t ime
v e r s i o n o f p r o c e s s

130 Ts_c =0.01; // sampl ing t ime f o r c o n t i n u o u s system
131 t=Ts_c:Ts_c:length ([0 p])*Ts;

132 p_c=matrix(repmat ([0 p],Ts/Ts_c ,1) ,1,Ts/Ts_c*length

([0 p]))// hack f o r z e r o o r d e r ho ld
133 // p c means c o n t r o l l e r e f f o r t which i s c o n t i n o u s
134 yc=csim(p_c ,t,Gp);

135 subplot (2,2,3)

136 plot(t,yc)

137 plot2d2(ysp)

138 legend(” Mod i f i ed Dahl in C o n t r o l l e r ”,” Set p o i n t ”,
position =4)

139 xtitle( ’ F ig 1 7 . 1 1 ( b ) ’ , ’ Time ( min ) ’ , ’ Output ’ );

Scilab code Exa 17.7 Non ringing Dahlin controller

1 clear

2 clc

3
4 // Example 1 7 . 7
5 disp( ’ Example 1 7 . 7 ’ )
6
7 // Note tha t f o r s o l v i n g t h i s example t h e r e a r e two

ways
8 //One i s to do t h i s i n xco s which i s ve ry easy to do
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Figure 17.5: Non ringing Dahlin controller

9 // and one can l e a r n the same from example 1 7 . 5 ’ s
s o l u t i o n

10 //To g e t the c o n t r o l l e r ou tput s at eve ry p o i n t i n
xcos

11 // j u s t add a scope to the l e g c o n n e c t i n g c o n t r o l l e r
and

12 // z e r o o r d e r ho ld u n i t b e f o r e the c o n t i n u o u s t ime
b l o c k

13
14 //The o t h e r method i s g i v e n he r e so tha t the r e a d e r

l e a r n s more
15 // o f what a l l can be done i n s c i l a b
16 // Here we d e a l with the c o n t r o l l e r i n t ime domain

r a t h e r than z domain
17
18 z=%z;

19 N=0;

20 a1= -1.5353;

21 a2 =0.5866;

22 b1 =0.0280;
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23 b2 =0.0234;

24 G=(b1+b2*z^-1)*z^(-N-1) /(1+a1*z^-1+a2*z^-2);

25
26 h=0; // no p r o c e s s d e l a y
27 s=%s;

28 lamda =1;

29 Y_Ysp =1/( lamda*s+1);// exp(−h∗ s ) i s one because h=0
Eqn 17−62

30
31 Ts=1; // sampl ing t ime
32 A=exp(-Ts/lamda);

33
34
35 //=============Now we do c a l c u l a t i o n s f o r m o d i f i e d

Dahl in c o n t r o l l e r========//
36 //

==========================================================================//

37
38 // Page 362 j u s t a f t e r s o l v e d example
39 G_DC_bar =(1 -1.5353*z^ -1+0.5866*z^-2) /(0.0280+0.0234)

*0.632/(1 -z^-1);

40
41 ysp=[zeros (1,4) ones (1,16)]

42 Gz_CL=syslin( ’ d ’ ,G*G_DC_bar /(G*G_DC_bar +1));// Closed
l oop d i s c r e t e system

43 yd=flts(ysp ,Gz_CL) // D i s c r e t e Output due to s e t
p o i n t change

44 // p l o t ( yd )
45
46 e=ysp -yd; // S i n c e we know s e t p o i n t and the output

o f the system we can use
47 // t h i s i n f o to f i n d out the e r r o r s at the d i s c r e t e

t ime p o i n t s
48 // note tha t he r e we have e x p l o i t e d i n a very s u b t l e

way the p r o p e r t y o f a
49 // d i s c r e t e system tha t on ly the v a l u e s at d i s c r e t e

p o i n t s matter f o r
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50 // any s o r t o f c a l c u l a t i o n
51
52 //Now t h i s e r r o r can be used to f i n d out the

c o n t r o l l e r e f f o r t
53 e_coeff=coeff(numer(G_DC_bar));

54 p_coeff=coeff(denom(G_DC_bar));

55
56 n=20; //Time i n minutes d i s c r e t i z e d with Ts=1 min
57 p=zeros(1,n); // C o n t r o l l e r e f f o r t
58
59 for k=3:n

60 p(k)=(-p_coeff (2)*p(k-1)-p_coeff (1)*p(k-2)+

e_coeff *[e(k-2) e(k-1) e(k)]’)/p_coeff (3);

61 end

62 subplot (3,2,2)

63 plot2d2(p)

64 xtitle( ’ F ig 1 7 . 1 2 ( a ) ’ , ’ Time ( min ) ’ , ’ Mod i f i ed Dahl in
C o n t r o l l e r e f f o r t ( p ) ’ );

65
66 //Now we s i m u l a t e the c o n t i n u o u s v e r s i o n o f the

p l a n t to g e t output i n between
67 // the d i s c r e t e p o i n t . This w i l l h e l p us a s c e r t a i n

the e f f i c a c y o f the c o n t r o l l e r
68 // at p o i n t s o t h e r than the d i s c r e t e p o i n t s
69 // Note tha t t h i s i s r e q u i r e d to be checked because

de l taT =1. had i t been much
70 // s m a l l e r l i k e 0 . 0 1 i t would have been a good approx

to a c o n t i n u o u s system
71 // thus making t h i s i n t e r p o l a t i o n check redundant
72
73 s=%s;

74 Gp=syslin( ’ c ’ ,1/(5*s+1) /(3*s+1));// c o n t i n u o u s t ime
v e r s i o n o f p r o c e s s

75 Ts_c =0.01; // sampl ing t ime f o r c o n t i n u o u s system
76 t=Ts_c:Ts_c:length ([0 p])*Ts;

77 p_c=matrix(repmat ([0 p],Ts/Ts_c ,1) ,1,Ts/Ts_c*length

([0 p]))// hack f o r z e r o o r d e r ho ld
78 // p c means c o n t r o l l e r e f f o r t which i s c o n t i n o u s
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79 yc=csim(p_c ,t,Gp);

80 subplot (3,2,1)

81 plot(t,yc)

82 plot2d2(ysp)

83 legend(” Mod i f i ed Dahl in C o n t r o l l e r ”,” Set p o i n t ”,
position =4)

84 xtitle( ’ F ig 1 7 . 1 2 ( a ) ’ , ’ Time ( min ) ’ , ’ Output ’ );
85
86
87
88
89 //=============Now we do c a l c u l a t i o n s f o r PID−BD

c o n t r o l l e r========//
90 //

==========================================================================//

91 G_BD =4.1111*(3.1486 -5.0541*z^ -1+2.0270*z^-2)

/(1.7272 -2.4444*z^ -1+0.7222*z^-2)

92
93
94 ysp=[zeros (1,4) ones (1,16)]

95 Gz_CL=syslin( ’ d ’ ,G*G_BD/(G*G_BD +1));// Closed l oop
d i s c r e t e system

96 yd=flts(ysp ,Gz_CL) // D i s c r e t e Output due to s e t
p o i n t change

97 // p l o t ( yd )
98
99 e=ysp -yd; // S i n c e we know s e t p o i n t and the output

o f the system we can use
100 // t h i s i n f o to f i n d out the e r r o r s at the d i s c r e t e

t ime p o i n t s
101 // note tha t he r e we have e x p l o i t e d i n a very s u b t l e

way the p r o p e r t y o f a
102 // d i s c r e t e system tha t on ly the v a l u e s at d i s c r e t e

p o i n t s matter f o r
103 // any s o r t o f c a l c u l a t i o n
104
105 //Now t h i s e r r o r can be used to f i n d out the
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c o n t r o l l e r e f f o r t
106 e_coeff=coeff(numer(G_BD));

107 p_coeff=coeff(denom(G_BD));

108
109 n=20; //Time i n minutes d i s c r e t i z e d with Ts=1 min
110 p=zeros(1,n); // C o n t r o l l e r e f f o r t
111
112 for k=3:n

113 p(k)=(-p_coeff (2)*p(k-1)-p_coeff (1)*p(k-2)+

e_coeff *[e(k-2) e(k-1) e(k)]’)/p_coeff (3);

114 end

115 subplot (3,2,4)

116 plot2d2(p)

117 xtitle( ’ F ig 1 7 . 1 2 ( b ) ’ , ’ Time ( min ) ’ , ’BD C o n t r o l l e r
e f f o r t ( p ) ’ );

118
119 //Now we s i m u l a t e the c o n t i n u o u s v e r s i o n o f the

p l a n t to g e t output i n between
120 // the d i s c r e t e p o i n t . This w i l l h e l p us a s c e r t a i n

the e f f i c a c y o f the c o n t r o l l e r
121 // at p o i n t s o t h e r than the d i s c r e t e p o i n t s
122 // Note tha t t h i s i s r e q u i r e d to be checked because

de l taT =1. had i t been much
123 // s m a l l e r l i k e 0 . 0 1 i t would have been a good approx

to a c o n t i n u o u s system
124 // thus making t h i s i n t e r p o l a t i o n check redundant
125
126 s=%s;

127 Gp=syslin( ’ c ’ ,1/(5*s+1) /(3*s+1));// c o n t i n u o u s t ime
v e r s i o n o f p r o c e s s

128 Ts_c =0.01; // sampl ing t ime f o r c o n t i n u o u s system
129 t=Ts_c:Ts_c:length ([0 p])*Ts;

130 p_c=matrix(repmat ([0 p],Ts/Ts_c ,1) ,1,Ts/Ts_c*length

([0 p]))// hack f o r z e r o o r d e r ho ld
131 // p c means c o n t r o l l e r e f f o r t which i s c o n t i n o u s
132 yc=csim(p_c ,t,Gp);

133 subplot (3,2,3)

134 plot(t,yc)
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135 plot2d2(ysp)

136 legend(”PID−BD C o n t r o l l e r ”,” Set p o i n t ”,position =4)
137 xtitle( ’ F ig 1 7 . 1 2 ( b ) ’ , ’ Time ( min ) ’ , ’ Output ’ );
138
139
140
141 //=============Now we do c a l c u l a t i o n s f o r Vogel

Edgar Dahl in c o n t r o l l e r========//
142 //

==========================================================================//

143 Y_Ysp_d =(1-A)*z^(-N-1)/(1-A*z^-1)*(b1+b2*z^-1)/(b1+

b2); // Vogel Edgar Eqn 17−70
144
145 G_VE =1/G*( Y_Ysp_d)/(1- Y_Ysp_d); //Eqn 17−61
146
147
148 ysp=[zeros (1,4) ones (1,16)]

149 Gz_CL=syslin( ’ d ’ ,G*G_VE/(G*G_VE +1));// Closed l oop
d i s c r e t e system

150 yd=flts(ysp ,Gz_CL) // D i s c r e t e Output due to s e t
p o i n t change

151 // p l o t ( yd )
152
153 e=ysp -yd; // S i n c e we know s e t p o i n t and the output

o f the system we can use
154 // t h i s i n f o to f i n d out the e r r o r s at the d i s c r e t e

t ime p o i n t s
155 // note tha t he r e we have e x p l o i t e d i n a very s u b t l e

way the p r o p e r t y o f a
156 // d i s c r e t e system tha t on ly the v a l u e s at d i s c r e t e

p o i n t s matter f o r
157 // any s o r t o f c a l c u l a t i o n
158
159 //Now t h i s e r r o r can be used to f i n d out the

c o n t r o l l e r e f f o r t
160 e_coeff=coeff(numer(G_VE));

161 p_coeff=coeff(denom(G_VE));
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162
163 n=20; //Time i n minutes d i s c r e t i z e d with Ts=1 min
164 p=zeros(1,n); // C o n t r o l l e r e f f o r t
165
166 for k=3:n

167 p(k)=(-p_coeff (2)*p(k-1)-p_coeff (1)*p(k-2)+

e_coeff *[e(k-2) e(k-1) e(k)]’)/p_coeff (3);

168 end

169 subplot (3,2,6)

170 plot2d2(p)

171 xtitle( ’ F ig 1 7 . 1 2 ( c ) ’ , ’ Time ( min ) ’ , ’ Voge l Edgar
C o n t r o l l e r e f f o r t ( p ) ’ );

172
173 //Now we s i m u l a t e the c o n t i n u o u s v e r s i o n o f the

p l a n t to g e t output i n between
174 // the d i s c r e t e p o i n t . This w i l l h e l p us a s c e r t a i n

the e f f i c a c y o f the c o n t r o l l e r
175 // at p o i n t s o t h e r than the d i s c r e t e p o i n t s
176 // Note tha t t h i s i s r e q u i r e d to be checked because

de l taT =1. had i t been much
177 // s m a l l e r l i k e 0 . 0 1 i t would have been a good approx

to a c o n t i n u o u s system
178 // thus making t h i s i n t e r p o l a t i o n check redundant
179
180 s=%s;

181 Gp=syslin( ’ c ’ ,1/(5*s+1) /(3*s+1));// c o n t i n u o u s t ime
v e r s i o n o f p r o c e s s

182 Ts_c =0.01; // sampl ing t ime f o r c o n t i n u o u s system
183 t=Ts_c:Ts_c:length ([0 p])*Ts;

184 p_c=matrix(repmat ([0 p],Ts/Ts_c ,1) ,1,Ts/Ts_c*length

([0 p]))// hack f o r z e r o o r d e r ho ld
185 // p c means c o n t r o l l e r e f f o r t which i s c o n t i n o u s
186 yc=csim(p_c ,t,Gp);

187 subplot (3,2,5)

188 plot(t,yc)

189 plot2d2(ysp)

190 legend(” Vogel Edgar C o n t r o l l e r ”,” Set p o i n t ”,position
=4)
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191 xtitle( ’ F ig 1 7 . 1 2 ( c ) ’ , ’ Time ( min ) ’ , ’ Output ’ );
192
193
194 mprintf(” Note tha t t h e r e i s some very s l i g h t

d i f f e r e n c e between the \n . . .
195 c u r v e s shown i n book and tha t o b t a i n e d from s c i l a b \n

. . .
196 t h i s i s s imp ly because o f more d e t a i l e d c a l c u l a t i o n

i n s c i l a b ”)
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Chapter 19

Real Time Optimization

Scilab code Exa 19.2 Nitration of Decane

1 clear

2 clc

3
4 // Example 1 9 . 2
5 disp( ’ Example 1 9 . 2 ’ )
6
7 function y=f_DNO3(r1)

8 D1=0.5;D2=0.5;

9 r2=0.4 -0.5*r1;

10 y=r1*D1/(1+r1)^2/(1+ r2)+r2*D2/(1+r1)/(1+r2)^2

11 endfunction

12
13 function [f, g, ind] = costf(x, ind)

14 f=-f_DNO3(x);// c o s t i s n e g a t i v e o f f u n c t i o n to
be maximised

15 g=-derivative(f_DNO3 ,x);// d e r i v a t i v e o f the c o s t
f u n c t i o n

16 endfunction

17
18 [fopt , xopt] = optim(costf ,0.5);

19
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20 disp(xopt ,”Optimum v a l u e o f r1=”)
21 disp(-fopt ,”Max v a l u e o f DNO3=”)
22
23 mprintf( ’ Note tha t the answer i n book i s not as

a c c u r a t e as the one \n . . .
24 c a l c u l a t e d from s c i l a b ’ )

Scilab code Exa 19.3 Refinery blending and production

1 clear

2 clc

3
4 // Example 1 9 . 3
5 disp( ’ Example 1 9 . 3 ’ )
6
7 // f u n c t i o n f o r m i n i m i z a t i o n
8 c=-[-24.5 -16 36 24 21 10]’;

9 // E q u a l i t y C o n s t r a i n t s
10 Aeq =[0.80 0.44 -1 0 0 0;0.05 0.1 0 -1 0 0;0.1 0.36 0

0 -1 0;0.05 0.1 0 0 0 -1];

11 beq=zeros (4,1);

12 // I n e q u a l i t y C o n s t r a i n t s
13 A=[0 0 1 0 0 0;0 0 0 1 0 0;0 0 0 0 1 0];

14 b=[24000 2000 6000] ’;

15 // Lower bound on x
16 lb=zeros (6,1);

17 // I n i t i a l g u e s s : such tha t i t s a t i s f i e s Aeq∗x0=beq
18 x0=zeros (6,1);

19 x0(1:2) =[5000 3000] ’; // I n i t i a l g u e s s f o r x1 and x2
20 x0(3:6)=Aeq (: ,3:6)\(beq -Aeq (: ,1:2)*x0 (1:2));//

s o l u t i o n o f l i n e a r e q u a t i o n s
21 // Note tha t x0 shou ld a l s o s a t i s f y A∗x0<b and l b
22
23
24 [xopt ,fopt]= karmarkar(Aeq ,beq ,c,x0 ,[],[],[],[],A,b,
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lb)

25
26 disp(xopt ,”Optimum v a l u e o f x=”)
27 mprintf(”\nMax v a l u e o f f=$ %f / day\n”,-fopt)
28
29 mprintf( ’ \n Note tha t the answer i n book i s not as

a c c u r a t e as the one \n . . .
30 c a l c u l a t e d from s c i l a b ’ )

Scilab code Exa 19.4 Fuel cost in boiler house

1 clear

2 clc

3
4 // Example 1 9 . 4
5 disp( ’ Example 1 9 . 4 ’ )
6
7 // Here we have N o n l i n e a r programming problem hence

we use optim f u n c t i o n
8 // S i n c e optim does not have the a b i l i t y to hand le

c o n s t r a i n t s
9 //we use the p e n a l t y method f o r o p t i m i z a t i o n

10 // i e we make the c o n s t r a i n t s a pa r t o f the c o s t
f u n c t i o n such tha t

11 // c o s t f u n c t i o n i n c r e a s e s s e v e r l y f o r any v i o l a t i o n
o f c o n s t r a i n t s

12 //MATLAB u s e r s must be f a m i l i a r with fmincon
f u n c t i o n i n MATLAB

13 // U n f o r t u n a t e l y a s i m i l a r f u n c t i o n i n S c i l a b i s not
ye t a v a i l a b l e

14 // Fmincon t o o l b o x deve lopment f o r s c i l a b i s under
deve lopment / t e s t i n g

15
16 x0=[2 4 4 1]’; // I n i t i a l g u e s s
17
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18 function y=func(x) //x i s 4∗1 v e c t o r
19 P1=4.5*x(1) +0.1*x(1) ^2+4*x(2) +0.06*x(2)^2;

20 P2=4*x(3) +0.05*x(3) ^2+3.5*x(4) +0.2*x(4)^2;

21 if (P1 >30) then

22 c1=abs(P1 -30) ^2;

23 elseif P1 <18

24 c1=abs(P1 -18) ^2;

25 else c1=0;

26 end

27 if (P2 >25) then

28 c2=abs(P2 -30) ^2;

29 elseif P2 <14

30 c2=abs(P2 -18) ^2;

31 else c2=0;

32 end

33 c3=abs(P1+P2 -50) ^2;

34 c4=abs(x(2)+x(4) -5)^2;

35 y=(x(1)+x(3))+100*( c1+c2+c3+c4);

36 endfunction

37
38 function [f, g, ind] = costf(x, ind)

39 f=func(x);// c o s t i s n e g a t i v e o f f u n c t i o n to be
maximised

40 g=derivative(func ,x);// d e r i v a t i v e o f the c o s t
f u n c t i o n

41 endfunction

42
43 [fopt , xopt] = optim(costf ,”b”,zeros (4,1), 10* ones

(4,1),x0);

44 // ”b ” , z e r o s ( 4 , 1 ) , 10∗ ones ( 4 , 1 ) s t a n d s f o r l owe r and
upper bounds on x

45
46 disp(xopt ,”Optimum v a l u e o f x=”)
47 disp(fopt ,”Min v a l u e o f f=”)
48
49 mprintf( ’ Note tha t the answer i n book i s not as

a c c u r a t e as the one \n . . .
50 c a l c u l a t e d from s c i l a b ’ )
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Chapter 20

Model Predictive Control

Scilab code Exa 20.1 Step response coefficients

1 clear

2 clc

3
4 // Example 2 0 . 1
5 disp( ’ Example 2 0 . 1 ’ )
6
7
8 K=5;

9 tau =15; // min
10 theta =2; // min
11 Ts=1; // Sampl ing p e r i o d
12 k=[0:79] ’; // sample s
13 N=80;

14
15
16 //From eqn 20−5
17 S=zeros(N,1);

18 S=K*(1-exp(-(k*Ts-theta)/tau));

19 S(1:( theta +1) ,1)=0; // d e l a y
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Figure 20.1: Step response coefficients
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20
21
22 // Step change
23 M=3;

24
25 // C a l c u l a t i n g s t e p r e s p o n s e from Eqn 20−4
26 step =3; // s t e p change o c c u r s at t=3 min
27 i=[( theta +1) :90]’;

28 yi=[ zeros(theta+step ,1);K*M*(1-exp(-(i*Ts-theta)/tau

));]

29
30 plot2d(yi,style=-4);

31 xtitle(”$Ex\ 2 0 . 1 $”,”Time ( min ) ”,”y”)

Scilab code Exa 20.3 J step ahead prediction

1 clear

2 clc

3
4 // Example 2 0 . 3
5 disp( ’ Example 2 0 . 3 ’ )
6
7
8 for J=[3 4 6 8] // Tuning parameter
9

10 Ts=5; // Sampl ing t ime i e d e l t a T
11 N=16; // Model Order
12
13 s=%s;

14 G=syslin( ’ c ’ ,1/(5*s+1) ^5);// T r a n s f e r f u n c t i o n
15 t=0:Ts:N*Ts;

16 S=csim( ’ s t e p ’ ,t,G) ’;// g e n e r a t i n g s t e p r e s p o n s e model
17 // p l o t ( t , S ) ;
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Figure 20.2: J step ahead prediction
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18 S(1) =[];

19
20 T=80; // s i m u l a t i o n t ime
21 n=T/Ts *2+1;

22 u=zeros(1,n);

23 // Input i n i t i a l i z a t i o n 80 min i s the Time f o r
s i m u l a t i o n

24 //We take a few u v a l u e s i n n e g a t i v e t ime to
f a c i l i t a t e usage o f s t e p r e s p o n s e

25 // model
26 delta_u =[0 diff(u)];

27 yhat_u=zeros(n,1);

28 ysp =1;

29 for k=(n-1) /2+1+1:n-J // an a d d i t i o n a l +1 i s because
MPC s t a r t s a f t e r s e t p o i n t change

30 yhat_u(k+J)=delta_u(k+J-N+1:k-1)*flipdim(S(J+1:N

-1) ,1)+S(N)*u(k+J-N);// u n f o r c e d p r e d i c t e d y
31 disp(yhat_u(k+J))

32 delta_u(k)=(ysp -yhat_u(k+J))/S(J);

33 u(k)=u(k-1)+delta_u(k);

34 end

35 u(n-J+1:$)=u(k)*ones(1,J);// Carry fo rward the u as
c o n s t a n t

36
37 t=-(n-1)/2*Ts:Ts:(n-1)*Ts/2;

38 subplot (2,1,2);

39 if J==3 | J==6 then

40 plot2d2(t((n-1) /2+1:n),u((n-1) /2+1:n),style=J);

41 end

42 legend(”J=3”,”J=6”,position =4)
43 xtitle(””,”Time ( min ) ”,” $u$ ”);
44 a=get(” c u r r e n t a x e s ”);
45 c=a.y_label;c.font_size =5;

46
47
48 res=Ts;// r e s o l u t i o n
49 // u c o n t=matr ix ( repmat ( [ 0 u ] , r e s , 1 ) , 1 , r e s ∗ l e n g t h ( [ 0

u ] ) ) ;
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50 u_cont=matrix(repmat ([u],res ,1) ,1,res*length ([u]));

51 entries=length(u_cont);

52 t_cont=linspace(-T,T+Ts -1,entries);

53 yt=csim(u_cont ,t_cont ,G);

54 subplot (2,1,1);

55 if J=8 then // f o r c o l o r o f p l o t 2 d
56 J=9

57 end

58 plot2d(t_cont ((entries -Ts)/2+1:$),yt((entries -Ts)

/2+1:$),style=J,rect =[0 ,0 ,80 ,1.2]);

59 end

60
61 // Other n i c e t i e s f o r p l o t s
62 subplot (2,1,1);

63 plot(t_cont ((entries -Ts)/2+1:$),ones(length(t_cont ((

entries -Ts)/2+1:$)) ,1), ’−− ’ );
64 legend(”J=3”,”J=4”,”J=6”,”J=8”,position =4)
65 xtitle(” Example 2 0 . 3 ”,”Time ( min ) ”,” $y$ ”);
66 a=get(” c u r r e n t a x e s ”);
67 c=a.y_label;c.font_size =5;

Scilab code Exa 20.4 Output feedback and bias correction

1 clear

2 clc

3
4 // Example 2 0 . 4
5 disp( ’ Example 2 0 . 4 ’ )
6
7 J=15;

8 Ts=1; // Sampl ing t ime i e d e l t a T
9 N=80; // Model Order

10 s=%s;

11 G=syslin( ’ c ’ ,5/(15*s+1));// T r a n s f e r f u n c t i o n
12 t=0:Ts:N*Ts;
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13 u_sim=ones(1,length(t));

14 u_sim (1:3) =[0 0 0]; // input d e l a y to account f o r 2
min d e l a y i n G

15 S=csim(u_sim ,t,G) ’;// g e n e r a t i n g s t e p r e s p o n s e model
f o r r e a l p l a n t

16 // p l o t ( t , S ) ;
17 S(1) =[];

18 T=100; // s i m u l a t i o n t ime
19
20 n=T/Ts *2+1; // no . o f d i s c r e t e p o i n t s i n our domain

o f a n a l y s i s
21 // Input i n i t i a l i z a t i o n T min i s the Time f o r

s i m u l a t i o n
22 //We take a few u v a l u e s i n n e g a t i v e t ime to

f a c i l i t a t e
23 // usage o f s t e p r e s p o n s e model
24 u=zeros(n,1);

25 d=zeros(n,1);

26 delta_u=zeros(n,1);

27 delta_u (101+2) =1; // Step change at t=2 min
28 u=cumsum(delta_u);

29 delta_d=zeros(n,1);

30 delta_d (101+8) =0.15; // d i s t u r b a n c e t=8 min
31 d=cumsum(delta_d);

32
33 yhat=zeros(n,1); // J s t e p ahead p r e d i c t i o n s
34 ytilda=zeros(n,1); // J s t e p ahead p r e d i c t i o n s

c o r r e c t e d
35 b=zeros(n,1); // c o r r e c t i o n s
36
37 t=-(n-1)/2:Ts:(n-1)/2;

38
39 for k=(n-1)/2+1-J:n-J

40 yhat(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J

-1) ,1)+S(N)*u(k+J-N);

41 // P r e d i c t e d y Eqn 20−10
42 y(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J-1)

,1)+S(N)*u(k+J-N)+...
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43 S(1:N-1) ’*flipdim(delta_d(k+J-N+1:k+J-1)

,1)+S(N)*d(k+J-N);

44 // Actua l v a l u e s o f the p r o c e s s
45 b(k+J)=y(k)-yhat(k); // Note tha t t h e r e i s a

d e l a y i n c o r r e c t i o n s
46 // which i s o p p o s i t e o f p r e d i c t i o n
47 end

48 ytilda=b+yhat;// c a l c u l a t i o n o f c o r r e c t e d y
49 plot(t,y, ’− ’ ,t,yhat , ’−. ’ ,t,ytilda , ’−− ’ );
50 set(gca(),” data bounds ” ,[0 100 0 6]); // p u t t i n g

bounds on d i s p l a y
51 l=legend(”y”,”$\ hat y$ ”,”$\ t i l d e y$ ”,position =4);
52 l.font_size =5;

53 xtitle(” Example 2 0 . 4 ”,”Time ( min ) ”,” $y$ ”);
54 a=get(” c u r r e n t a x e s ”);
55 c=a.y_label;c.font_size =5;

56
57
58 //======Part b=====//
59 G2=syslin( ’ c ’ ,4/(20*s+1));// T r a n s f e r f u n c t i o n
60 t2=0:Ts:N*Ts;

61 u_sim=ones(1,length(t2));

62 u_sim (1:3) =[0 0 0]; // input d e l a y to account f o r 2
min d e l a y i n G

63 S2=csim(u_sim ,t2,G2)’;// g e n e r a t i n g s t e p r e s p o n s e
model f o r model

64 // p l o t ( t2 , S ) ;
65 S2(1) =[];

66
67 yhat=zeros(n,1); // J s t e p ahead p r e d i c t i o n s
68 ytilda=zeros(n,1); // J s t e p ahead p r e d i c t i o n s

c o r r e c t e d
69 b=zeros(n,1); // c o r r e c t i o n s
70
71 for k=(n-1)/2+1-J:n-J

72 yhat(k+J)=S2(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J

-1) ,1)+S2(N)*u(k+J-N);

73 // P r e d i c t e d y Eqn 20−10
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74 y(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J-1)

,1)+S(N)*u(k+J-N)+...

75 S(1:N-1) ’*flipdim(delta_d(k+J-N+1:k+J-1)

,1)+S(N)*d(k+J-N);

76 // Actua l v a l u e s o f the p r o c e s s
77 b(k+J)=y(k)-yhat(k); // Note tha t t h e r e i s a

d e l a y i n c o r r e c t i o n s
78 // which i s o p p o s i t e o f p r e d i c t i o n
79 end

80 ytilda=b+yhat;// c a l c u l a t i o n o f c o r r e c t e d y
81 scf();

82 plot(t,y, ’− ’ ,t,yhat , ’−. ’ ,t,ytilda , ’−− ’ );
83 set(gca(),” data bounds ” ,[0 100 0 6]); // p u t t i n g

bounds on d i s p l a y
84 l=legend(”y”,”$\ hat y$ ”,”$\ t i l d e y$ ”,position =4);
85 l.font_size =5;

86 xtitle(” Example 2 0 . 4 ”,”Time ( min ) ”,” $y$ ”);
87 a=get(” c u r r e n t a x e s ”);
88 c=a.y_label;c.font_size =5;

Scilab code Exa 20.5 Comparison of MPCs and PID

1 clear

2 clc

3
4 // Example 2 0 . 5
5 disp( ’ Example 2 0 . 5 ’ )
6
7 //=============Part ( a )========//
8 //=============Part ( a )========//
9 //=============Part ( a )========//
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Figure 20.3: Output feedback and bias correction
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Figure 20.4: Output feedback and bias correction
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10 //=============Part ( a )========//
11 //=============Part ( a )========//
12
13 Ts=1; // Sampl ing t ime i e d e l t a T
14 N=70; // Model Order
15 s=%s;

16 G=syslin( ’ c ’ ,1/(5*s+1) /(10*s+1));// T r a n s f e r f u n c t i o n
17 t=0:Ts:(N-1)*Ts;

18 u_sim=ones(1,length(t));

19 // There i s a u t o m a t i c a l l y an input d e l a y o f one u n i t
i n cs im f u n c t i o n

20 S=csim(u_sim ,t,G) ’;// g e n e r a t i n g s t e p r e s p o n s e model
f o r r e a l p l a n t

21 // p l o t ( t , S ) ;
22 T=80; // s i m u l a t i o n t ime
23
24 // Let the t h r e e s i m u l a t i o n s c o r r e s p o n d to
25 //MPC1==> P=3 ,M=1
26 //MPC2==> P=4 ,M=2
27 // /PID==> The PID c o n t r o l l e r
28
29 P1=3;M1=1;

30 P2=4;M2=2;

31 S1=S(1:P1);//MPC−1
32 S2=[S(1:P2) [0;S(1:P2 -1)]]; //MPC−2
33
34 // SISO system
35 Q=1;

36 R=0; //No move s u p p r e s s i o n
37
38 Kc1=inv(S1 ’*Q*S1+R*eye(M1,M1))*S1 ’*Q;// Eqn20−57

MPC1
39 Kc2=inv(S2 ’*Q*S2+R*eye(M2,M2))*S2 ’*Q;// Eqn20−57

MPC2
40
41 mprintf( ’ \nFor P=3 and M=1, \nKc=\n [ %f %f %f ] \

n ’ ,Kc1)
42 mprintf( ’ \nFor P=4 and M=2 ,\nKc= ’ )
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43 disp(Kc2)

44
45 //=============Part ( b )========//
46 //=============Part ( b )========//
47 //=============Part ( b )========//
48 //=============Part ( b )========//
49 //=============Part ( b )========//
50 //=============Part ( b )========//
51
52 //=============Part ( b ) MPC−1========//
53 n=T/Ts *2+1; // no . o f d i s c r e t e p o i n t s i n our domain

o f a n a l y s i s
54 // Input i n i t i a l i z a t i o n T i s the Time f o r s i m u l a t i o n
55 //We take a few u v a l u e s i n n e g a t i v e t ime to

f a c i l i t a t e
56 // usage o f s t e p r e s p o n s e model
57 u=zeros(n,1);

58 d=zeros(n,1);

59 delta_u=zeros(n,1);

60 // d e l t a u (101+2) =1; // Step change at t=2 min
61 u=cumsum(delta_u);

62 delta_d=zeros(n,1);

63 // d e l t a d (101+8) =0 .15 ; // d i s t u r b a n c e t=8 min
64 d=cumsum(delta_d);

65
66 y=zeros(1,n);// Actua l v a l u e s
67 yhat=zeros(1,n); // p r e d i c t e d v a l u e
68 ydot=zeros(P1 ,n); // Unforced p r e d i c t i o n s
69 ydottilde=zeros(P1,n); // C o r r e c t e d u n f o r c e d

p r e d i c t i o n s
70 yr=ones(P1,n);// r e f e r e n c e t r a j e c t o r y ( same as

s e t p o i n t )
71 edot=zeros(P1,n);// p r e d i c t e d u n f o r c e d e r r o r
72
73 t=-(n-1)/2:Ts:(n-1)/2;

74
75 for k=(n-1) /2+1:n-P1

76

164



77 // Unforced p r e d i c t i o n s
78 for J=1:P1

79 ydot(J,k+1)=S(J+1:N-1) ’*flipdim(delta_u(k+J-

N+1:k-1) ,1)+S(N)*u(k+J-N);

80 end

81
82 // Actua l v a l u e s o f the p r o c e s s
83 J=0;

84 y(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J-1)

,1)+S(N)*u(k+J-N)+...

85 S(1:N-1) ’*flipdim(delta_d(k+J-N+1:k+J-1)

,1)+S(N)*d(k+J-N);

86
87 // P r e d i c t e d v a l u e o f the p r o c e s s
88 J=0;

89 yhat(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J

-1) ,1)+S(N)*u(k+J-N);

90
91 // C o r r e c t ed p r e d i c t i o n f o r u n f o r c e d c a s e
92 ydottilde(:,k+1)=ydot(:,k+1)+ones(P1 ,1)*(y(k)-

yhat(k));

93
94 // P r e d i c t e d u n f o r c e d e r r o r Eqn20−52
95 edot(:,k+1)=yr(:,k+1)-ydottilde(:,k+1);

96
97 // Cont ro l move
98 delta_u(k)=Kc1*edot(:,k+1);

99 u(k)=u(k-1)+delta_u(k);

100
101 end

102 subplot (1,2,1);

103 plot(t,y, ’ b lack− ’ );
104 subplot (1,2,2);

105 plot2d2(t,u);

106
107 //=============Part ( b ) MPC−2========//
108 n=T/Ts *2+1; // no . o f d i s c r e t e p o i n t s i n our domain

o f a n a l y s i s
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109 // Input i n i t i a l i z a t i o n T i s the Time f o r s i m u l a t i o n
110 //We take a few u v a l u e s i n n e g a t i v e t ime to

f a c i l i t a t e
111 // usage o f s t e p r e s p o n s e model
112 u=zeros(n,1);

113 d=zeros(n,1);

114 delta_u=zeros(n,1);

115 // d e l t a u (101+2) =1; // Step change at t=2 min
116 u=cumsum(delta_u);

117 delta_d=zeros(n,1);

118 // d e l t a d (101+8) =0 .15 ; // d i s t u r b a n c e t=8 min
119 d=cumsum(delta_d);

120
121 y=zeros(1,n);// Actua l v a l u e s
122 yhat=zeros(1,n); // p r e d i c t e d v a l u e
123 ydot=zeros(P2 ,n); // Unforced p r e d i c t i o n s
124 ydottilde=zeros(P2,n); // C o r r e c t e d u n f o r c e d

p r e d i c t i o n s
125 yr=ones(P2 ,n);// r e f e r e n c e t r a j e c t o r y ( same as

s e t p o i n t )
126 edot=zeros(P2 ,n);// p r e d i c t e d u n f o r c e d e r r o r
127
128 t=-(n-1)/2:Ts:(n-1)/2;

129
130 for k=(n-1) /2+1:n-P2

131
132 // Unforced p r e d i c t i o n s
133 for J=1:P2

134 ydot(J,k+1)=S(J+1:N-1) ’*flipdim(delta_u(k+J-

N+1:k-1) ,1)+S(N)*u(k+J-N);

135 end

136
137 // Actua l v a l u e s o f the p r o c e s s
138 J=0;

139 y(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J-1)

,1)+S(N)*u(k+J-N)+...

140 S(1:N-1) ’*flipdim(delta_d(k+J-N+1:k+J-1)

,1)+S(N)*d(k+J-N);
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141
142 // P r e d i c t e d v a l u e o f the p r o c e s s
143 J=0;

144 yhat(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J

-1) ,1)+S(N)*u(k+J-N);

145
146 // C o r r e c t ed p r e d i c t i o n f o r u n f o r c e d c a s e
147 ydottilde(:,k+1)=ydot(:,k+1)+ones(P2 ,1)*(y(k)-

yhat(k));

148
149 // P r e d i c t e d u n f o r c e d e r r o r Eqn20−52
150 edot(:,k+1)=yr(:,k+1)-ydottilde(:,k+1);

151
152 // Cont ro l move
153 delta_u(k)=Kc2(1,:)*edot(:,k+1);

154 u(k)=u(k-1)+delta_u(k);

155
156 end

157 subplot (1,2,1);

158 plot(t,y, ’−. ’ );
159 set(gca(),” data bounds ” ,[0 60 0 1.25]); // p u t t i n g

bounds on d i s p l a y
160 l=legend(”MPC(P=3 ,M=1)”,”MPC(P=4 ,M=2)”,position =4);
161 xtitle(” P r o c e s s Output ”,”Time ( min ) ”,” $y$ ”);
162 a=get(” c u r r e n t a x e s ”);
163 c=a.y_label;c.font_size =5;

164
165 subplot (1,2,2);

166 plot2d2(t,u,style =2);

167
168
169
170 //=============Part ( b ) PID========//
171 n=T/Ts *2+1; // no . o f d i s c r e t e p o i n t s i n our domain

o f a n a l y s i s
172 // Input i n i t i a l i z a t i o n T i s the Time f o r s i m u l a t i o n
173 //We take a few u v a l u e s i n n e g a t i v e t ime to

f a c i l i t a t e
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174 // usage o f s t e p r e s p o n s e model
175 u=zeros(n,1);

176 d=zeros(n,1);

177 delta_u=zeros(n,1);

178 delta_d=zeros(n,1);

179 // d e l t a d (101+8) =0 .15 ; // d i s t u r b a n c e t=8 min
180 d=cumsum(delta_d);

181
182 y=zeros(n,1);// Actua l v a l u e s
183 ysp =1; // s e t p o i n t
184 e=zeros(n,1);// e r r o r
185 delta_e=zeros(n,1);// e r r o r
186
187 t=-(n-1)/2:Ts:(n-1)/2;

188
189 //PID s e t t i n g s
190 Kc =2.27; taui =16.6; tauD =1.49;

191
192 for k=(n-1) /2+1:n-1

193 // Actua l v a l u e s o f the p r o c e s s
194 J=0;

195 y(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J-1)

,1)+S(N)*u(k+J-N)+...

196 S(1:N-1) ’*flipdim(delta_d(k+J-N+1:k+J-1)

,1)+S(N)*d(k+J-N);

197 // e r r o r
198 e(k)=ysp -y(k);

199 delta_e(k)=e(k)-e(k-1);

200
201 // C o n t r o l l e r move−−−−D i g i t a l PID−−−−Eqn 7−28 Pg

136 ( V e l o c i t y form )
202 u(k)=u(k-1)+Kc*([ delta_e(k,1)+e(k,1)*Ts/taui+

tauD/Ts*(e(k) -2*e(k-1)+e(k-2))]);

203 delta_u(k)=u(k)-u(k-1);

204 end

205 subplot (1,2,1);

206 plot(t,y, ’ red−− ’ );
207 set(gca(),” data bounds ” ,[0 60 0 1.25]); // p u t t i n g
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bounds on d i s p l a y
208 l=legend(”MPC (P=3 ,M=1)”,”MPC (P=4 ,M=2)”,”PID

c o n t r o l l e r ”,position =4);
209 xtitle(” P r o c e s s Output ”,”Time ( min ) ”,” $y$ ”);
210 a=get(” c u r r e n t a x e s ”);
211 c=a.y_label;c.font_size =5;

212
213 subplot (1,2,2);

214 plot2d2(t,u,style =5);

215 set(gca(),” data bounds ” ,[0 30 -100 100]); // p u t t i n g
bounds on d i s p l a y

216 l=legend(”MPC (P=3 ,M=1)”,”MPC (P=4 ,M=2)”,”PID
c o n t r o l l e r ”,position =4);

217 xtitle(” C o n t r o l l e r Output ”,”Time ( min ) ”,” $u$ ”);
218 a=get(” c u r r e n t a x e s ”);
219 c=a.y_label;c.font_size =5;

220
221
222 //=============Part ( c )========//
223 //=============Part ( c )========//
224 //=============Part ( c )========//
225 //=============Part ( c )========//
226 //=============Part ( c )========//
227 //=============Part ( c )========//
228 //=============Part ( c )========//
229
230 //=============Part ( c ) MPC−1========//
231 n=T/Ts *2+1; // no . o f d i s c r e t e p o i n t s i n our domain

o f a n a l y s i s
232 // Input i n i t i a l i z a t i o n T i s the Time f o r s i m u l a t i o n
233 //We take a few u v a l u e s i n n e g a t i v e t ime to

f a c i l i t a t e
234 // usage o f s t e p r e s p o n s e model
235 u=zeros(n,1);

236 d=zeros(n,1);

237 delta_u=zeros(n,1);

238 u=cumsum(delta_u);

239 delta_d=zeros(n,1);
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240 delta_d ((n-1) /2+1) =1; // d i s t u r b a n c e t=0 min
241 d=cumsum(delta_d);

242
243 y=zeros(1,n);// Actua l v a l u e s
244 yhat=zeros(1,n); // p r e d i c t e d v a l u e
245 ydot=zeros(P1 ,n); // Unforced p r e d i c t i o n s
246 ydottilde=zeros(P1,n); // C o r r e c t e d u n f o r c e d

p r e d i c t i o n s
247 yr=zeros(P1 ,n);// r e f e r e n c e t r a j e c t o r y ( same as

s e t p o i n t )
248 edot=zeros(P1 ,n);// p r e d i c t e d u n f o r c e d e r r o r
249
250 t=-(n-1)/2:Ts:(n-1)/2;

251
252 for k=(n-1) /2+1:n-P1

253
254 // Unforced p r e d i c t i o n s
255 for J=1:P1

256 ydot(J,k+1)=S(J+1:N-1) ’*flipdim(delta_u(k+J-

N+1:k-1) ,1)+S(N)*u(k+J-N);

257 end

258
259 // Actua l v a l u e s o f the p r o c e s s
260 J=0;

261 y(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J-1)

,1)+S(N)*u(k+J-N)+...

262 S(1:N-1) ’*flipdim(delta_d(k+J-N+1:k+J-1)

,1)+S(N)*d(k+J-N);

263
264 // P r e d i c t e d v a l u e o f the p r o c e s s
265 J=0;

266 yhat(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J

-1) ,1)+S(N)*u(k+J-N);

267
268 // C o r r e c t ed p r e d i c t i o n f o r u n f o r c e d c a s e
269 ydottilde(:,k+1)=ydot(:,k+1)+ones(P1 ,1)*(y(k)-

yhat(k));

270
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271 // P r e d i c t e d u n f o r c e d e r r o r Eqn20−52
272 edot(:,k+1)=yr(:,k+1)-ydottilde(:,k+1);

273
274 // Cont ro l move
275 delta_u(k)=Kc1*edot(:,k+1);

276 u(k)=u(k-1)+delta_u(k);

277
278 end

279
280 scf();

281 subplot (1,2,1);

282 plot(t,y, ’ b lack− ’ );
283 subplot (1,2,2);

284 plot2d2(t,u);

285
286 //=============Part ( c ) MPC−2========//
287 n=T/Ts *2+1; // no . o f d i s c r e t e p o i n t s i n our domain

o f a n a l y s i s
288 // Input i n i t i a l i z a t i o n T i s the Time f o r s i m u l a t i o n
289 //We take a few u v a l u e s i n n e g a t i v e t ime to

f a c i l i t a t e
290 // usage o f s t e p r e s p o n s e model
291 u=zeros(n,1);

292 d=zeros(n,1);

293 delta_u=zeros(n,1);

294 u=cumsum(delta_u);

295 delta_d=zeros(n,1);

296 delta_d ((n-1) /2+1) =1; // d i s t u r b a n c e t=0 min
297 d=cumsum(delta_d);

298
299 y=zeros(1,n);// Actua l v a l u e s
300 yhat=zeros(1,n); // p r e d i c t e d v a l u e
301 ydot=zeros(P2 ,n); // Unforced p r e d i c t i o n s
302 ydottilde=zeros(P2,n); // C o r r e c t e d u n f o r c e d

p r e d i c t i o n s
303 yr=zeros(P2 ,n);// r e f e r e n c e t r a j e c t o r y ( same as

s e t p o i n t )
304 edot=zeros(P2 ,n);// p r e d i c t e d u n f o r c e d e r r o r
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305
306 t=-(n-1)/2:Ts:(n-1)/2;

307
308 for k=(n-1) /2+1:n-P2

309
310 // Unforced p r e d i c t i o n s
311 for J=1:P2

312 ydot(J,k+1)=S(J+1:N-1) ’*flipdim(delta_u(k+J-

N+1:k-1) ,1)+S(N)*u(k+J-N);

313 end

314
315 // Actua l v a l u e s o f the p r o c e s s
316 J=0;

317 y(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J-1)

,1)+S(N)*u(k+J-N)+...

318 S(1:N-1) ’*flipdim(delta_d(k+J-N+1:k+J-1)

,1)+S(N)*d(k+J-N);

319
320 // P r e d i c t e d v a l u e o f the p r o c e s s
321 J=0;

322 yhat(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J

-1) ,1)+S(N)*u(k+J-N);

323
324 // C o r r e c t ed p r e d i c t i o n f o r u n f o r c e d c a s e
325 ydottilde(:,k+1)=ydot(:,k+1)+ones(P2 ,1)*(y(k)-

yhat(k));

326
327 // P r e d i c t e d u n f o r c e d e r r o r Eqn20−52
328 edot(:,k+1)=yr(:,k+1)-ydottilde(:,k+1);

329
330 // Cont ro l move
331 delta_u(k)=Kc2(1,:)*edot(:,k+1);

332 u(k)=u(k-1)+delta_u(k);

333
334 end

335 subplot (1,2,1);

336 plot(t,y, ’−. ’ );
337 subplot (1,2,2);
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338 plot2d2(t,u,style =2);

339
340
341
342 //=============Part (C) PID========//
343 n=T/Ts *2+1; // no . o f d i s c r e t e p o i n t s i n our domain

o f a n a l y s i s
344 // Input i n i t i a l i z a t i o n T i s the Time f o r s i m u l a t i o n
345 //We take a few u v a l u e s i n n e g a t i v e t ime to

f a c i l i t a t e
346 // usage o f s t e p r e s p o n s e model
347
348 u=zeros(n,1);

349 d=zeros(n,1);

350 delta_u=zeros(n,1);

351 u=cumsum(delta_u);

352 delta_d=zeros(n,1);

353 delta_d ((n-1) /2+1) =1; // d i s t u r b a n c e t=0 min
354 d=cumsum(delta_d);

355
356 y=zeros(n,1);// Actua l v a l u e s
357 ysp =0; // s e t p o i n t
358 e=zeros(n,1);// e r r o r
359 delta_e=zeros(n,1);// e r r o r
360
361 t=-(n-1)/2:Ts:(n-1)/2;

362
363 //PID s e t t i n g s
364 Kc =3.52; taui =6.98; tauD =1.73;

365
366 for k=(n-1) /2+1:n-1

367 // Actua l v a l u e s o f the p r o c e s s
368 J=0;

369 y(k+J)=S(1:N-1) ’*flipdim(delta_u(k+J-N+1:k+J-1)

,1)+S(N)*u(k+J-N)+...

370 S(1:N-1) ’*flipdim(delta_d(k+J-N+1:k+J-1)

,1)+S(N)*d(k+J-N);

371 // e r r o r
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372 e(k)=ysp -y(k);

373 delta_e(k)=e(k)-e(k-1);

374
375 // C o n t r o l l e r move−−−−D i g i t a l PID−−−−Eqn 7−28 Pg

136 ( V e l o c i t y form )
376 u(k)=u(k-1)+Kc*([ delta_e(k,1)+e(k,1)*Ts/taui+

tauD/Ts*(e(k) -2*e(k-1)+e(k-2))]);

377 delta_u(k)=u(k)-u(k-1);

378 end

379 subplot (1,2,1);

380 plot(t,y, ’ red−− ’ );
381 set(gca(),” data bounds ” ,[0 60 -0.1 0.3]); // p u t t i n g

bounds on d i s p l a y
382 l=legend(”MPC (P=3 ,M=1)”,”MPC (P=4 ,M=2)”,”PID

c o n t r o l l e r ”,position =1);
383 xtitle(” P r o c e s s Output ”,”Time ( min ) ”,” $y$ ”);
384 a=get(” c u r r e n t a x e s ”);
385 c=a.y_label;c.font_size =5;

386
387 subplot (1,2,2);

388 plot2d2(t,u,style =5);

389 set(gca(),” data bounds ” ,[0 30 -1.5 0]); // p u t t i n g
bounds on d i s p l a y

390 l=legend(”MPC (P=3 ,M=1)”,”MPC (P=4 ,M=2)”,”PID
c o n t r o l l e r ”,position =1);

391 xtitle(” C o n t r o l l e r Output ”,”Time ( min ) ”,” $u$ ”);
392 a=get(” c u r r e n t a x e s ”);
393 c=a.y_label;c.font_size =5;
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Figure 20.5: Comparison of MPCs and PID

Figure 20.6: Comparison of MPCs and PID
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Chapter 21

Process Monitoring

Scilab code Exa 21.2 Semiconductor processing control charts

1 clear

2 clc

3
4 // Example 2 1 . 2
5 disp( ’ Example 2 1 . 2 ’ )
6
7 // data
8 x=[209.6 207.6 211.1

9 183.5 193.1 202.4

10 190.1 206.8 201.6

11 206.9 189.3 204.1

12 260. 209. 212.2

13 193.9 178.8 214.5

14 206.9 202.8 189.7

15 200.2 192.7 202.1

16 210.6 192.3 205.9

17 186.6 201.5 197.4

18 204.8 196.6 225.

19 183.7 209.7 208.6
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Figure 21.1: Semiconductor processing control charts
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20 185.6 198.9 191.5

21 202.9 210.1 208.1

22 198.6 195.2 150.

23 188.7 200.7 207.6

24 197.1 204. 182.9

25 194.2 211.2 215.4

26 191. 206.2 183.9

27 202.5 197.1 211.1

28 185.1 186.3 188.9

29 203.1 193.1 203.9

30 179.7 203.3 209.7

31 205.3 190. 208.2

32 203.4 202.9 200.4 ]

33
34
35 // O r i g i n a l L i m i t s
36 n=3;

37 xbar=sum(x,2)/n; //mean c a l c u l a t i o n
38 s=sqrt (1/(n-1)*sum((x-repmat(xbar ,1,3)).^2 ,2)); //

s tandard d e v i a t i o n c a l c u l a t i o n
39 p=length(xbar);// no . o f subgroups
40 xbarbar=sum(xbar ,1)/p;

41 sbar=sum(s,1)/p;

42
43 c4 =0.8862; B3=0;B4 =2.568;c=3;

44 sigma =1/c4*sbar/sqrt(n);

45 // o r i g i n a l l i m i t s
46 UCL_x=xbarbar+c*sigma;// Eqn21−9
47 LCL_x=xbarbar -c*sigma;//Eqn 21−10
48
49 UCL_s=B4*sbar;// Eqn21−14
50 LCL_s=B3*sbar;// Eqn21−15
51
52 // Mod i f i ed L i m i t s
53 x_mod=x;

54 x_mod ([5 15] ,:) =[];

55 n=3;

56 xbar_mod=sum(x_mod ,2)/n; //mean c a l c u l a t i o n
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57 s_mod=sqrt (1/(n-1)*sum((x_mod -repmat(xbar_mod ,1,3))

.^2 ,2)); // s tandard d e v i a t i o n c a l c u l a t i o n
58 p_mod=length(xbar_mod);// no . o f subgroups
59 xbarbar_mod=sum(xbar_mod ,1)/p_mod;

60 sbar_mod=sum(s_mod ,1)/p_mod;

61
62 c4 =0.8862; B3=0;B4 =2.568;c=3;

63 sigma_mod =1/c4*sbar_mod/sqrt(n);

64 // m o d i f i e d l i m i t s
65 UCL_x_mod=xbarbar_mod+c*sigma_mod;// Eqn21−9
66 LCL_x_mod=xbarbar_mod -c*sigma_mod;//Eqn 21−10
67
68 UCL_s_mod=B4*sbar_mod;// Eqn21−14
69 LCL_s_mod=B3*sbar_mod;// Eqn21−15
70
71
72
73 mprintf( ’ \n O r i g i n a l L i m i t s

Mod i f i ed L i m i t s ’ )
74 mprintf( ’ \n xbar Chart Cont ro l L i m i t s ’ )
75 mprintf( ’ \n UCL %f %f ’ ,UCL_x ,

UCL_x_mod)

76 mprintf( ’ \n LCL %f %f ’ ,LCL_x ,
LCL_x_mod)

77 mprintf( ’ \n s Chart Cont ro l L i m i t s ’ )
78 mprintf( ’ \n UCL %f %f ’ ,UCL_s ,

UCL_s_mod)

79 mprintf( ’ \n LCL %f %f ’ ,LCL_s
,LCL_s_mod)

80
81 subplot (2,1,1);

82 plot2d(repmat(UCL_x ,1,p));

83 plot(repmat(UCL_x_mod ,1,p), ’−− ’ );
84 plot2d(repmat(LCL_x ,1,p));

85 plot(repmat(LCL_x_mod ,1,p), ’−− ’ );
86 plot2d(xbar ,style=-1,rect =[0 ,160 ,30 ,260])

87 xtitle( ’ Example 2 1 . 2 ’ , ’ Sampl ing number ’ , ’ $\ t e x t {
Thi ckne s s }\ (\AA) $ ’ )
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Figure 21.2: Shewart CUSUM EWMA comparison

88 legend( ’ O r i g i n a l L i m i t s ’ , ’ Mod i f i ed L i m i t s ’ )
89
90 subplot (2,1,2);

91 plot2d(repmat(UCL_s ,1,p));

92 plot2d(repmat(LCL_s ,1,p));

93 plot(repmat(UCL_s_mod ,1,p), ’−− ’ );
94 plot(repmat(LCL_s_mod ,1,p), ’−− ’ );
95 plot2d(s,style=-1,rect =[0 ,0 ,30 ,30])

96 xtitle( ’ ’ , ’ Sampl ing number ’ , ’ $\ t e x t { Standard
D e v i a t i o n }\ (\AA) $ ’ )
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Scilab code Exa 21.3 Shewart CUSUM EWMA comparison

1 clear

2 clc

3
4 // Example 2 1 . 3
5 disp( ’ Example 2 1 . 3 ’ )
6
7
8 T=70; sigma =3;p=100; //p i s the no . o f sample s
9 x=grand(p,1, ” nor ”, T, sigma);

10 delta =0.5* sigma;

11 x(11:$)=x(11:$)+delta;

12
13 // L i m i t s f o r Shewart c h a r t s
14 UCL_1=T+sigma *3;

15 LCL_1=T-sigma *3;

16
17 subplot (3,1,1);

18 plot2d(repmat(UCL_1 ,1,p));

19 plot2d(repmat(LCL_1 ,1,p));

20 plot2d(x,style=1,rect =[0 ,60 ,100 ,80])

21 xtitle( ’ Example 2 1 . 3 ’ , ’ Sampl ing number ’ , ’ S t r e n g t h (
MPa) ’ )

22
23 //CUSUM
24 Cplus=zeros (100 ,1);Cminus=zeros (100 ,1);

25 K=0.5* sigma;H=5* sigma;

26 UCL_2=H;

27
28 for k=2:100

29 Cplus(k)=max(0,x(k)-(T+K)+Cplus(k-1));

30 Cminus(k)=max(0,(T-K)-x(k)+Cminus(k-1));

31 if Cplus(k-1)>H then

32 Cplus(k)=0;

33 end

34 if Cminus(k-1)>H then

35 Cminus(k)=0;
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36 end

37
38 end

39
40
41 subplot (3,1,2);

42 plot2d(Cplus ,style=1,rect =[0 ,0 ,100 ,20]);

43 plot2d(Cminus ,style=2,rect =[0 ,0 ,100 ,20]);

44 plot2d(repmat(UCL_2 ,1,p));

45 xtitle( ’ ’ , ’ Sampl ing number ’ , ’CUSUM ’ )
46 legend( ’ Cplus ’ , ’ Cminus ’ )
47
48 //EWMA
49 lamda =0.25;

50 z=x;

51 for k=2:100

52 z(k)=lamda*x(k)+(1- lamda)*z(k-1);

53 end

54 UCL_3=T+3* sigma*sqrt(lamda/(2-lamda));

55 LCL_3=T-3* sigma*sqrt(lamda/(2-lamda));

56
57 subplot (3,1,3);

58 plot2d(repmat(UCL_3 ,1,p));

59 plot2d(repmat(LCL_3 ,1,p));

60 plot2d(z,style=1,rect =[0 ,65 ,100 ,75])

61 xtitle( ’ ’ , ’ Sampl ing number ’ , ’EWMA’ )
62
63
64 mprintf( ’ The c h a r t s i n the example and i n the book

d i f f e r due\n . . .
65 a d i f f e r e n t r e a l i z a t i o n o f data e v e r y t i me the code

i s run \n . . .
66 due to the grand command . I f we had the e x a c t data

as tha t g i v e n \n . . .
67 i n the book our c h a r t s would have matched . ’ )
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Scilab code Exa 21.4 Process Capability Indices

1
2 clear

3 clc

4
5 // Example 2 1 . 4
6 disp( ’ Example 2 1 . 4 ’ )
7
8 xbar =199.5; // Note tha t t h i s i s the c o r r e c t v a l u e and

not 199
9 sbar =8.83;

10 USL =235; // Note tha t t h i s i s d i f f from UCL
11 LSL =185;

12 c4 =0.8862;

13 n=3;

14 sigma =5.75;

15 sigma_x=sbar/c4/sqrt(n);

16
17 mprintf( ’ \nValue o f s i gma x=%f ’ ,sigma_x);
18
19 Cp=(USL -LSL)/6/ sigma;

20 Cpk=min(xbar -LSL ,USL -xbar)/3/ sigma;

21
22 mprintf( ’ \nCp=%f and Cpk=%f ’ ,Cp ,Cpk)

Scilab code Exa 21.5 Effluent Stream from wastewater treatment

1 clear

2 clc

3
4 // Example 2 1 . 5
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5 disp( ’ Example 2 1 . 5 ’ )
6
7 // data
8 x=[ 17.7 1380.

9 23.6 1458.

10 13.2 1322.

11 25.2 1448.

12 13.1 1334.

13 27.8 1485.

14 29.8 1503.

15 9. 1540.

16 14.3 1341.

17 26. 1448.

18 23.2 1426.

19 22.8 1417.

20 20.4 1384.

21 17.5 1380.

22 18.4 1396.

23 16.8 1345.

24 13.8 1349.

25 19.4 1398.

26 24.7 1426.

27 16.8 1361.

28 14.9 1347.

29 27.6 1476.

30 26.1 1454.

31 20. 1393.

32 22.9 1427.

33 22.4 1431.

34 19.6 1405.

35 31.5 1521.

36 19.9 1409.

37 20.3 1392.];

38
39
40 T=mean(x, ’ r ’ );
41 s=sqrt(variance(x, ’ r ’ ));
42
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43 UCL=T+3*s;

44 LCL=T-3*s;

45
46 p=size(x,1)

47
48 subplot (2,1,1);

49 plot2d(repmat(UCL(1) ,1,p));

50 plot2d(repmat(LCL(1) ,1,p));

51 plot2d(repmat(T(1) ,1,p));

52 plot2d(x(:,1),style=-1,rect =[0 ,0 ,32 ,40])

53 xtitle( ’ Example 2 1 . 4 ’ , ’ Sampl ing number ’ , ’BOD (mg/L) ’
)

54
55
56 subplot (2,1,2);

57 plot2d(repmat(UCL(2) ,1,p));

58 plot2d(repmat(LCL(2) ,1,p));

59 plot2d(repmat(T(2) ,1,p));

60 plot2d(x(:,2),style=-1,rect =[0 ,1200 ,32 ,1600])

61 xtitle( ’ ’ , ’ Sampl ing number ’ , ’ S o l i d s (mg/L) ’ )
62
63 // s u b p l o t ( 3 , 1 , 3 ) ;
64 scf()

65 plot2d(x(8,1),x(8,2),style=-3,rect =[0 ,1200 ,40 ,1600])

66 plot2d(x(:,1),x(:,2),style=-1,rect =[0 ,1200 ,40 ,1600])

67 legend(” Sample #8”,position =4)
68 xtitle( ’ ’ , ’BOD (mg/L) ’ , ’ S o l i d s (mg/L) ’ )
69
70 mprintf( ’ \nThe c o n f i d e n c e i n t e r v a l f o r t h i r d c a s e i s

not drawn\n . . .
71 because i t i s beyond the s cope o f t h i s book ’ )
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Figure 21.3: Effluent Stream from wastewater treatment
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Figure 21.4: Effluent Stream from wastewater treatment
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Figure 21.5: Hotellings T square statistic
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Scilab code Exa 21.6 Hotellings T square statistic

1 clear

2 clc

3
4 // Example 2 1 . 6
5 disp( ’ Example 2 1 . 6 ’ )
6
7 // data
8 x=[ 17.7 1380.

9 23.6 1458.

10 13.2 1322.

11 25.2 1448.

12 13.1 1334.

13 27.8 1485.

14 29.8 1503.

15 9. 1540.

16 14.3 1341.

17 26. 1448.

18 23.2 1426.

19 22.8 1417.

20 20.4 1384.

21 17.5 1380.

22 18.4 1396.

23 16.8 1345.

24 13.8 1349.

25 19.4 1398.

26 24.7 1426.

27 16.8 1361.

28 14.9 1347.

29 27.6 1476.

30 26.1 1454.

31 20. 1393.

32 22.9 1427.
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33 22.4 1431.

34 19.6 1405.

35 31.5 1521.

36 19.9 1409.

37 20.3 1392.];

38
39
40 n=1;

41 N=size(x,1);

42 T=mean(x, ’ r ’ );
43 // For our example n=1 because each measurement i s a

subgroup
44 S=mvvacov(x);

45 // Note tha t mvvacov c a l c u l a t e s c o v a r i a n c e with
denominator N, w h i l e

46 // v a r i a n c e c a l u c l a t e s with denominator N−1 , hence
d i a g o n a l e n t r y o f mvvacov does not

47 // match with v a r i a n c e c a l c u l a t e d manual ly f o r each
v e c t o r

48 //As per w i k i p e d i a the book i s wrong and f o r
c o v a r i a n c e matr ix we shou ld

49 // use N−1 but he r e we f o l l o w the book
50 Tsquare=zeros(N,1);

51 for k=1:N

52 Tsquare(k)=n*(x(k,:)-T)*inv(S)*(x(k,:)-T)’;

53 end

54
55 UCL =11.63;

56
57 plot(repmat(UCL ,1,N),color= ’ b l a c k ’ );
58 plot(Tsquare , ’+ ’ )
59 legend(”UCL 99% c o n f i d e n c e l i m i t ”)
60 xtitle(” Example 2 1 . 6 ”,” Sample number”,”$Tˆ2 $”)
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Chapter 22

Biosystems Control Design

Scilab code Exa 22.1 Fermentor

1 clear

2 clc

3
4 // Example 2 2 . 1
5 disp( ’ Example 2 2 . 1 ’ )
6
7 // Parameters
8 Yxs =0.4;B=0.2;Pm=50;Ki=22;

9 a=2.2; mu_m =0.48; Km =1.2;Sf=20;

10
11
12 //ODE model
13 function ydot=model(t,y,D)

14 X=y(1);S=y(2);P=y(3);

15
16 Xdot=-D*X+mu(S,P)*X;

17 Sdot=D*(Sf-S) -1/Yxs*mu(S,P)*X;

18 Pdot=-D*P+[a*mu(S,P)+B]*X

19
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Figure 22.1: Fermentor
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20 ydot=[Xdot Sdot Pdot]’;

21 endfunction

22
23 // Rate law
24 function mu=mu(S,P)

25 mu=mu_m*(1-P/Pm)*S/(Km+S+S^2/Ki);

26 endfunction

27
28 t=0:0.1:100; t0=0;

29 y0=[6 5 19.14] ’; // I n i t i a l s t a b l e c o n d i t i o n
30
31 D=0.202*1.1; // 10% i n c r e a s e
32 y_up = ode(y0, t0, t, list(model ,D))

33 D=0.202*0.9; // 10% d e c r e a s e
34 y_down = ode(y0, t0, t, list(model ,D))

35
36 subplot (2,1,1);

37 plot(t,y_up (1,:),color= ’ r ed ’ );
38 plot(t,y_down (1,:));

39 xtitle(”$D=0.202\ hˆ{−1}$”,”Time ( h ) ”,” Biomass ( g/L) ”
)

40 legend(” D i l u t i o n +10%”,” D i l u t i o n −10%”)
41
42 subplot (2,1,2);

43 t=0:0.1:100; t0=0;

44 y0=[6 5 44.05] ’; // I n i t i a l s t a b l e c o n d i t i o n
45 D=0.0389*1.1; // 10% i n c r e a s e
46 y_up = ode(y0, t0, t, list(model ,D))

47 D=0.0389*0.9; // 10% d e c r e a s e
48 y_down = ode(y0, t0, t, list(model ,D))

49
50 plot(t,y_up (1,:),color= ’ r ed ’ );
51 plot(t,y_down (1,:))

52 xtitle(”$D=0.0389\ hˆ{−1}$”,”Time ( h ) ”,” Biomass ( g/L)
”);

53 legend(” D i l u t i o n +10%”,” D i l u t i o n −10%”)
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Figure 22.2: Granulation process control

Scilab code Exa 22.2 Granulation process control

1 clear

2 clc

3
4 // Example 2 2 . 2
5 disp( ’ Example 2 2 . 2 ’ )
6 // Author : Dhruv Gupta . . . . Aug 4 , 2013
7 //<dgupta6@wisc . edu>
8
9 K=[0.2 0.58 0.35;0.25 1.10 1.3;0.3 0.7 1.2];

10 tau =[2 2 2;3 3 3;4 4 4];

11 s=%s;

12
13 G=K./(1+ tau*s);
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14
15 RGA=K.*inv(K’);

16 disp(RGA ,”RGA=”)
17
18 //IMC based tun ing
19 tauC =5;

20 Kc=diag(tau/tauC./K);

21 mprintf(”\n\nThe t a u I g i v e n i n book a r e wrong\n . . .
22 r e f e r to Table 1 1 . 1 f o r c o r r e c t f o rmu la \n\n”)
23 tauI=diag(tau)+1;

24 mprintf( ’ \nWe s t i l l however use the ones g i v e n i n
book\n ’ );

25
26
27 disp(Kc,”Kc=”)
28 disp(tauI ,” t a u I=”)
29 // Re f e r to Eqns 15−23 and 15−24
30 Gc=Kc .*(1+(1) ./tauI/s);

31 // For the sake o f b r e v i t y we w r i t e Gstar as G
32 //We w i l l account f o r d e l a y s i n the f o r l oop tha t we

w i l l w r i t e
33 // Re f e r to F igu r e 1 5 . 9 Page 295 f o r d e t a i l s o f Smith

P r e d i c t o r
34
35
36 //====Making s t e p r e s p o n s e models o f the c o n t i n u o s

t r a n s f e r f u n c t i o n s====//
37 Ts=0.1; // Sampl ing t ime i e d e l t a T
38 delay =3/Ts;

39 N=150/ Ts;// Model Order
40 s=%s;

41 G=syslin( ’ c ’ ,diag(matrix(G,1,9)));// T r a n s f e r
f u n c t i o n

42 t=0:Ts:N*Ts;

43 u_sim=ones(9,length(t));

44 // u s im ( : , 1 : 4 )=z e r o s ( 9 , 4 ) ; // input d e l a y to account
f o r 3 min d e l a y i n G

45 S=csim(u_sim ,t,G) ’;// g e n e r a t i n g s t e p r e s p o n s e model
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f o r r e a l p l a n t
46 // p l o t ( t , S ) ;
47 S(1,:) =[];

48 //Now we have t h e s e s t e p r e s p o n s e models f o r each o f
the t r a n s f e r f u n c t i o n s

49 // [ S1 S4 S7
50 // S2 S5 S8
51 // S3 S6 S9 ]
52
53 T=150+ delay;// S i m u l a t i o n Run Time i n minutes ( we add

d e l a y because our f o r l oop runs t i l l n−d e l a y )
54 n=T/Ts *2+1; // no . o f d i s c r e t e p o i n t s i n our domain

o f a n a l y s i s
55 // Input i n i t i a l i z a t i o n T i s the Time f o r s i m u l a t i o n
56
57 //========Set p o i n t as 10=============//
58 //p i s the c o n t r o l l e r output
59 p=zeros(n,3);

60 delta_p=zeros(n,3);

61 ytilde=zeros(n,3); // P r e d i c t i o n o f Smith Fig 1 5 . 9
62 e=zeros(n,3); // c o r r e c t i o n s
63 edash=zeros(n,3);

64 delta_edash=zeros(n,3);

65 ysp=zeros(n,3);

66 ysp((n-1) /2+1:n,1) =10* ones(n-((n-1) /2+1) +1,1);

67
68 t=-(n-1)/2*Ts:Ts:(n-1) /2*Ts;

69 y=zeros(n,3);

70
71 for k=(n-1) /2+1:n-delay

72
73 // Er ro r e
74 e(k,:)=ysp(k-1,:)-y(k-1,:);

75
76 // Er ro r edash
77 edash(k,:)=e(k-1,:)-ytilde(k-1,:)+ytilde(k-1-

delay ,:);

78 // Edash=E−(Y1−Y2) . . . where Y2 i s d e l ay ed Y1
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79 delta_edash(k,:)=edash(k,:)-edash(k-1,:);

80
81 // C o n t r o l l e r c a l c u l a t i o n −−−−D i g i t a l PID−−−−Eqn

7−28 Pg 136 ( V e l o c i t y form )
82 p(k,:)=p(k-1,:)+[ delta_edash(k,:)+edash(k,:)*

diag(Ts./tauI)]*diag(Kc);

83
84 // L i m i t s on manipu lated v a r i a b l e s
85 p(k,:)=min ([(345 -180)*ones (1,3);p(k,:)], ’ r ’ );
86 p(k,:)=max ([(105 -180)*ones (1,3);p(k,:)], ’ r ’ );
87
88 delta_p(k,:)=p(k,:)-p(k-1,:);

89
90
91 // P r e d i c t i o n
92 ytilde(k,1)=[S(1:N-1,1);S(1:N-1,4);S(1:N-1,7)

]’...

93 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);flipdim(delta_p(k

-N+1:k-1,3) ,1)]...

94 +[S(N,1) S(N,4) S(N,7) ]*[p(k-N,1);p(k-N,2);p

(k-N,3)];

95 ytilde(k,2)=[S(1:N-1,2);S(1:N-1,5);S(1:N-1,8)

]’...

96 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);flipdim(delta_p(k

-N+1:k-1,3) ,1)]...

97 +[S(N,2) S(N,5) S(N,8) ]*[p(k-N,1);p(k-N,2);p

(k-N,3)];

98 ytilde(k,3)=[S(1:N-1,3);S(1:N-1,6);S(1:N-1,9)

]’...

99 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);flipdim(delta_p(k

-N+1:k-1,3) ,1)]...

100 +[S(N,3) S(N,6) S(N,9) ]*[p(k-N,1);p(k-N,2);p

(k-N,3)];

101
102 // Output
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103 y(k+delay ,1)=[S(1:N-1,1);S(1:N-1,4);S(1:N-1,7)

]’...

104 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);flipdim(delta_p(k

-N+1:k-1,3) ,1)]...

105 +[S(N,1) S(N,4) S(N,7) ]*[p(k-N,1);p(k-N,2);p

(k-N,3)];

106 y(k+delay ,2)=[S(1:N-1,2);S(1:N-1,5);S(1:N-1,8)

]’...

107 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);flipdim(delta_p(k

-N+1:k-1,3) ,1)]...

108 +[S(N,2) S(N,5) S(N,8) ]*[p(k-N,1);p(k-N,2);p

(k-N,3)];

109 y(k+delay ,3)=[S(1:N-1,3);S(1:N-1,6);S(1:N-1,9)

]’...

110 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);flipdim(delta_p(k

-N+1:k-1,3) ,1)]...

111 +[S(N,3) S(N,6) S(N,9) ]*[p(k-N,1);p(k-N,2);p

(k-N,3)];

112 end

113
114
115 subplot (2,2,1);

116 plot(t’,y(:,1), ’−− ’ ,t’,y(:,2), ’ : ’ ,t’,y(:,3), ’−. ’ ,t’,
ysp(:,1), ’− ’ );

117 set(gca(),” data bounds ” ,[0 150 -4 12]); // p u t t i n g
bounds on d i s p l a y

118 l=legend(” $y1$ ”,” $y2$ ”,” $y3$ ”,position =1);
119 l.font_size =5;

120 xtitle(””,”Time ( min ) ”,” $y$ ”);
121 a=get(” c u r r e n t a x e s ”);
122 c=a.y_label;c.font_size =5;

123
124
125 subplot (2,2,2);

126 plot(t’,p(:,1), ’−− ’ ,t’,p(:,2), ’ : ’ ,t’,p(:,3), ’−. ’ );
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127 set(gca(),” data bounds ” ,[-1 150 -40 100]); // p u t t i n g
bounds on d i s p l a y

128 l=legend(” $p1$ ”,” $p2$ ”,” $p3$ ”,position =1);
129 l.font_size =5;

130 xtitle(””,”Time ( min ) ”,” $p$ ”);
131 a=get(” c u r r e n t a x e s ”);
132 c=a.y_label;c.font_size =5;

133
134 mprintf(” Note tha t t h e r e i s no o v e r s h o o t around t ime

=25 mins \n . . .
135 which i s i n c o n t r a s t to what i s shown i n book ”)
136
137
138 //========Now f o r s e t p o i n t as 50=============//
139
140 //p i s the c o n t r o l l e r output
141 p=zeros(n,3);

142 delta_p=zeros(n,3);

143 ytilde=zeros(n,3); // P r e d i c t i o n o f Smith Fig 1 5 . 9
144 e=zeros(n,3); // c o r r e c t i o n s
145 edash=zeros(n,3);

146 delta_edash=zeros(n,3);

147 ysp=zeros(n,3);

148 ysp((n-1) /2+1:n,1) =50* ones(n-((n-1) /2+1) +1,1);

149
150 t=-(n-1)/2*Ts:Ts:(n-1) /2*Ts;

151 y=zeros(n,3);

152
153 for k=(n-1) /2+1:n-delay

154
155 // Er ro r e
156 e(k,:)=ysp(k-1,:)-y(k-1,:);

157
158 // Er ro r edash
159 edash(k,:)=e(k-1,:)-ytilde(k-1,:)+ytilde(k-1-

delay ,:);

160 // Edash=E−(Y1−Y2) . . . where Y2 i s d e l ay ed Y1
161 delta_edash(k,:)=edash(k,:)-edash(k-1,:);
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162
163 // C o n t r o l l e r c a l c u l a t i o n −−−−D i g i t a l PID−−−−Eqn

7−28 Pg 136 ( V e l o c i t y form )
164 p(k,:)=p(k-1,:)+[ delta_edash(k,:)+edash(k,:)*

diag(Ts./tauI)]*diag(Kc);

165
166 // L i m i t s on manipu lated v a r i a b l e s
167 p(k,:)=min ([(345 -180)*ones (1,3);p(k,:)], ’ r ’ );
168 p(k,:)=max ([(105 -180)*ones (1,3);p(k,:)], ’ r ’ );
169
170 delta_p(k,:)=p(k,:)-p(k-1,:);

171
172
173 // P r e d i c t i o n
174 ytilde(k,1)=[S(1:N-1,1);S(1:N-1,4);S(1:N-1,7)

]’...

175 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);flipdim(delta_p(k

-N+1:k-1,3) ,1)]...

176 +[S(N,1) S(N,4) S(N,7) ]*[p(k-N,1);p(k-N,2);p

(k-N,3)];

177 ytilde(k,2)=[S(1:N-1,2);S(1:N-1,5);S(1:N-1,8)

]’...

178 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);flipdim(delta_p(k

-N+1:k-1,3) ,1)]...

179 +[S(N,2) S(N,5) S(N,8) ]*[p(k-N,1);p(k-N,2);p

(k-N,3)];

180 ytilde(k,3)=[S(1:N-1,3);S(1:N-1,6);S(1:N-1,9)

]’...

181 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);flipdim(delta_p(k

-N+1:k-1,3) ,1)]...

182 +[S(N,3) S(N,6) S(N,9) ]*[p(k-N,1);p(k-N,2);p

(k-N,3)];

183
184 // Output
185 y(k+delay ,1)=[S(1:N-1,1);S(1:N-1,4);S(1:N-1,7)
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]’...

186 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);flipdim(delta_p(k

-N+1:k-1,3) ,1)]...

187 +[S(N,1) S(N,4) S(N,7) ]*[p(k-N,1);p(k-N,2);p

(k-N,3)];

188 y(k+delay ,2)=[S(1:N-1,2);S(1:N-1,5);S(1:N-1,8)

]’...

189 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);flipdim(delta_p(k

-N+1:k-1,3) ,1)]...

190 +[S(N,2) S(N,5) S(N,8) ]*[p(k-N,1);p(k-N,2);p

(k-N,3)];

191 y(k+delay ,3)=[S(1:N-1,3);S(1:N-1,6);S(1:N-1,9)

]’...

192 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);flipdim(delta_p(k

-N+1:k-1,3) ,1)]...

193 +[S(N,3) S(N,6) S(N,9) ]*[p(k-N,1);p(k-N,2);p

(k-N,3)];

194 end

195
196
197 subplot (2,2,3);

198 plot(t’,y(:,1), ’−− ’ ,t’,y(:,2), ’ : ’ ,t’,y(:,3), ’−. ’ ,t’,
ysp(:,1), ’− ’ );

199 set(gca(),” data bounds ” ,[0 150 -10 60]); // p u t t i n g
bounds on d i s p l a y

200 l=legend(” $y1$ ”,” $y2$ ”,” $y3$ ”,position =1);
201 l.font_size =5;

202 xtitle(””,”Time ( min ) ”,” $y$ ”);
203 a=get(” c u r r e n t a x e s ”);
204 c=a.y_label;c.font_size =5;

205
206
207 subplot (2,2,4);

208 plot(t’,p(:,1), ’−− ’ ,t’,p(:,2), ’ : ’ ,t’,p(:,3), ’−. ’ );
209 set(gca(),” data bounds ” ,[-1 150 -100 200]); //

201



Figure 22.3: Type 1 Diabetes

p u t t i n g bounds on d i s p l a y
210 l=legend(” $p1$ ”,” $p2$ ”,” $p3$ ”,position =1);
211 l.font_size =5;

212 xtitle(””,”Time ( min ) ”,” $p$ ”);
213 a=get(” c u r r e n t a x e s ”);
214 c=a.y_label;c.font_size =5;

Scilab code Exa 22.3 Type 1 Diabetes

1
2 clear

3 clc

4
5 // Example 2 2 . 3
6 disp( ’ Example 2 2 . 3 ’ )
7
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8 // Parameters
9 p1 =0.028735; p2 =0.028344; p3 =5.035E-5;V1=12;n=0.0926;

10 Ib=15; // b a s a l
11 Gb=81;

12
13 // Die t f u n c t i o n
14 function D=D(t)

15 D=9*exp ( -0.05*t);

16 endfunction

17
18
19 //ODE model
20 function ydot=model(t,y,U)

21 G=y(1);X=y(2);I=y(3);

22 Gdot=-p1*G-X*(G+Gb)+D(t);

23 Xdot=-p2*X+p3*I;

24 Idot=-n*(I+Ib)+U/V1;

25 ydot=[Gdot Xdot Idot]’;

26 endfunction

27
28
29 t=0:0.1:400; t0=0;

30 y0=[0 0 0]’; //G,X, I a r e d e v i a t i o n v a r i a b l e s
31
32 U=0;

33 y = Gb+ode(y0, t0, t, list(model ,U))

34 subplot (3,1,1);

35 plot(t,y(1,:));

36 xtitle(””,”Time ( min ) ”,” Glucose (mg/L) ”)
37 legend(”$U=0\ mU/min$”)
38
39 U=15;

40 y =Gb+ ode(y0, t0, t, list(model ,U))

41 subplot (3,1,2);

42 plot(t,y(1,:));

43 xtitle(””,”Time ( min ) ”,” Glucose (mg/L) ”)
44 legend(”$U=15\ mU/min$”)
45
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Figure 22.4: Influence of drugs

46 U=25;

47 y = Gb+ode(y0, t0, t, list(model ,U))

48 subplot (3,1,3);

49 plot(t,y(1,:));

50 xtitle(””,”Time ( min ) ”,” Glucose (mg/L) ”)
51 legend(”$U=25\ mU/min$”)

Scilab code Exa 22.4 Influence of drugs

1 clear

2 clc
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3
4 // Example 2 2 . 4
5 disp( ’ Example 2 2 . 4 ’ )
6 K=[-6 3;12 5];

7 tau =[0.67 2;0.67 5];

8 s=%s;

9 G=K./(1+ tau*s);

10 delay75 =0.75;

11 delay1 =1;

12 RGA=K.*inv(K’);

13 disp(RGA ,”RGA=”)
14
15 //IMC based tun ing
16 tauC=[tau(1,1) tau(2,2)];

17 Kc=diag(tau./( repmat(tauC ,2,1)+[ delay75 delay1;

delay75 delay1 ])./K);

18 tauI=diag(tau);

19 disp(Kc,”Kc=”)
20 disp(tauI ,” t a u I=”)
21
22 //====Making s t e p r e s p o n s e models o f the c o n t i n u o s

t r a n s f e r f u n c t i o n s====//
23 Ts =0.05; // Sampl ing t ime i e d e l t a T
24 delay75 =0.75/ Ts;

25 delay1 =1/Ts;

26 N=30/Ts;// Model Order
27 s=%s;

28 G=syslin( ’ c ’ ,diag(matrix(G,1,4)));// T r a n s f e r
f u n c t i o n

29 t=0:Ts:N*Ts;

30 u_sim=ones(4,length(t));

31 u_sim ([1 2] ,1:( delay75))=zeros(2,delay75); // input
d e l a y to account f o r d e l a y i n SNP

32 u_sim ([3 4] ,1:( delay1))=zeros(2,delay1); // input
d e l a y to account f o r d e l a y i n DPM

33 S=csim(u_sim ,t,G) ’;// g e n e r a t i n g s t e p r e s p o n s e model
f o r r e a l p l a n t

34 // p l o t ( t , S ) ;
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35 S(1,:) =[];

36 //Now we have t h e s e s t e p r e s p o n s e models f o r each o f
the t r a n s f e r f u n c t i o n s

37 // [ S1 S3
38 // S2 S4
39
40
41
42
43 T=50; // S i m u l a t i o n Run Time i n minutes
44 n=T/Ts *2+1; // no . o f d i s c r e t e p o i n t s i n our domain

o f a n a l y s i s
45
46
47 //========Set p o i n t as −10=============//
48 //p i s the c o n t r o l l e r output
49 p=zeros(n,2);

50 delta_p=zeros(n,2);

51 e=zeros(n,2); // e r r o r s =(ysp−y ) on which PI a c t s
52 ysp=zeros(n,2);

53 ysp((n-1) /2+1:n,1)=-10* ones(n-((n-1) /2+1) +1,1);

54
55 t=-(n-1)/2*Ts:Ts:(n-1) /2*Ts;

56 y=zeros(n,2);

57
58
59 for k=(n-1) /2+1:n

60
61 // Er ro r e
62 e(k,:)=ysp(k-1,:)-y(k-1,:);

63 delta_e(k,:)=e(k,:)-e(k-1,:);

64
65 // C o n t r o l l e r c a l c u l a t i o n −−−−D i g i t a l PID−−−−Eqn

7−28 Pg 136 ( V e l o c i t y form )
66 // p ( k , : ) =p ( k−1 , : )+f l i p d i m ( [ d e l t a e ( k , : ) +e ( k , : ) ∗

d i ag ( Ts . / t a u I ) ] ∗ d i ag (Kc) , 2 ) ;
67 p(k,:)=p(k-1,:)+([ delta_e(k,:)+e(k,:)*diag(Ts./

tauI)]*diag(Kc));
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68 //1−1/2−2 p a i r i n g
69
70 delta_p(k,:)=p(k,:)-p(k-1,:);

71
72 // Output
73 y(k,1)=[S(1:N-1,1);S(1:N-1,3)]’...

74 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1)]...

75 +[S(N,1) S(N,3) ]*[p(k-N,1);p(k-N,2)];

76 y(k,2)=[S(1:N-1,2);S(1:N-1,4)]’...

77 *[ flipdim(delta_p(k-N+1:k-1,1) ,1);flipdim(

delta_p(k-N+1:k-1,2) ,1);]...

78 +[S(N,2) S(N,4) ]*[p(k-N,1);p(k-N,2)];

79 end

80
81
82 plot(t’,y(:,1), ’−− ’ ,t’,y(:,2), ’ : ’ ,t’,ysp(:,1), ’− ’ );
83 set(gca(),” data bounds ” ,[0 50 -20 25]); // p u t t i n g

bounds on d i s p l a y
84 l=legend(”Mean a r t e r i a l p r e s s u r e ”,” Card iac output ”,

position =1);

85 // l . f o n t s i z e =5;
86 xtitle(””,”Time ( min ) ”,” $y$ ”);
87 a=get(” c u r r e n t a x e s ”);
88 c=a.y_label;c.font_size =5;

89
90 mprintf( ’ \nThere i s more i n t e r a c t i o n i n the

v a r i a b l e s \n . . .
91 than the book c la ims , hence a mismatch between the

r e s u l t \n . . .
92 and the book\n ’ )
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