


















































































































































































































































































































































































































































































































































































































































Ch. 4 Further Application of CSMP 799

range must be limited to a finite practical upper bound, ¢;. The expression for
G(jw) can be viewed as
J" x()e 5t dt + fw x(f)e=7o dt
G(jw) = =% <
j f@yete dt+ [ fyetor de

If the integration process is terminated after ¢;, error in G(jw) will result according
to the remaining integrals evaluated from #, to co.®

Let the input to a system be a pulse of duration 7,/2 where the ¢, selected is
large enough to cover the range of the transient response shown in Fig. 4.3. The

(4.18)

tf—»

- 42 1~ 12 ‘..;

INPUT OUTPUT

System

Fig. 4.3 Typical time comain signals for determining frequency
response.

input signal is not required to be an ideal pulse but should contain sufficiently
high harmonics to cover the frequency range of interest for G(jw). G(jw) can be
written as

tr tr
j x(2) cos (wt) dt — j j x(2) sin (f) dt
G(jo) = =2 &
j £(t) cos (wb) dt — j f £(t) sin (ct) dt

Suppose the frequency response is desired at the frequency points

(4.19)

W; = 015 W25 W35 .« 5 Wyg5 W0, W2
Determining G(jw,) requires that 84 integrals be evaluated. In particular, if

. — AGjw,) — jB(jo,)
D = o = 10 420

then
A(jw) = j"x(t)cos (@nd  i=1,2,...,21 (4.21)
and similar expressions prevail for B(jw,), C(jw,), and D(jw,). Observe that
A(jo;) = INTGRLI[IC, x(¢) cos (w,)] (4.22)
and thus 21 integrals of this form, one for each w;,, could be programmed.
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A series of integrals of this form can best be handled using the integrator
array feature of CSMP. This type of integration was presented earlier in Example
3.3. The following example will show how these concepts can be programmed in
CSMP for finding the frequency response.t

Example 4.2

Find the pulse response and frequency response for the system shown in Fig. 4.4.

R(S) N +f-\ _ ( 25 5 C(S)'
S(s +

Fig. 4.4 System diagram for Example 4.2.

We observe that the closed-loop transfer function is given by

Cls) 25

Re) 2 T3s5+25 (4.23)

which is identical to the transfer function in Example 4.1.

The first problem to resolve is the width of the pulse test function. Comparing the
above transfer function to the standard second-order form, s2 - 2{@,s - w2, gives
@, = 5 and { = 0.3. The -1.8% settling time is #, = 4/{w, = 2.67 sec. To insure small
error for G(jw) we select a pulse width of 4.2 sec. .

If we now apply a pulse R given by

R =Ql — Q2
Q1 = STEP(0.0) 4.24)
Q2 = STEP(4.2)

then c(f) = x(¢) will be the response of the system with R = r(¢t) = £(¢) as the input.

An ordinary CSMP program can be written for the system in Fig. 4.4 to find c(z).
This ¢(z) plays the role of x(¢) in the earlier mathematical discussion.

A program for finding the pulse response and the frequency response from @ = 0.1
to @ = 10 radians/sec at ten equal log steps per decade is shown in Fig. 4.5. The following
key points are noted.

Frequency W(I) is calculated in the initial segment using a conventional DO loop.
The program determines the pulse response, XX, of the system. The time-varying XX is
passed on to a procedure function where the time-varying XA(I), XB(I), XC(), and
XD I =1,2,...,21) are determined. The procedure function returns XA(I), XB(I),
XC(I), and XD(I) to the arguments of the array integrators A(I), B(I), C(I), and D).

tSlight modifications are required for using the array integrator in CSMP III, See Chap. 5.



ILLUSTRATION OF FREQUENCY RESPONSE USING ARRAY INTEGRATION
DIMENSION A(21),B(21),C(21),D{21),A1C(21),BIC(21),CICL21),DIC(21),
$ XA(21)4XB(21)+XC(21)+XD(21)

EQUIVALENCE (AL,A(L)),(BLeBUL))o(CLsC(L1))+(D1,DI(L)),
${(AIC1,AIC(1))(BICL,BIC(1))o(CICL,CIC{(1)),(DIC1,DICLL}),
$ (XALoXACL))o(XBLoXBUL) )y {XCLyXC{L))s(XD1yXD{1))
FIXED I,1TOTAL
STORAGE W(21), GAIN(21), PHASE(21)
ke

NN NN N3

IMNITIAL
PARAMETER XDECAD = 10,0y NUMDEC = 2.0y WMIN = 0.1
NASART
ITOTAL = NUMDEC*XDECAD + 1.0
X = 0.0
DO 20 I = 1, ITOTAL
X = 1.0/XDECAD + X
20 W(I) = WMIN*(10.0%%({X))

Foxk

DYNAMIC

01 = STEP(0.0)

Q2 = STEP(4.2)

R = Q1 - Q2

E = R - XX

X1 = (25./3.0)%E

X2 = REALPL(0.0+1.0/3.04X1)
XX = INTGRL{0.0,X2)

Al = INTGRL(AICl,XAl,21)
81 = INTGRL(BIC1l+XB1,21)
Cl = INTGRL{(CICLl+XCl,21)
D1 = INTGRL(CIC1l,XD1,21)

PROCEDURE XAl +XBleXCleXD1l = FIRCE(W,XXsReITOTAL)
DD 1 T = 1,ITOTAL

XA(I) = XX*COS{W(1)*TIME)
XB(I) = XX*SIN(W(I)*TIMZ}
XCUI) = R*COSIW(II*TIME)
1 XD{I) = R*SIN(W(I)*TIME)
ENDPRO
*
TERMINAL

CONV = 57.29578

DD 3 I = 1,1ITOTAL

GAIN(I) = (SQRT(A(I)*%2 + B(I)**2))/{SQRT(C(I)*%x2 + D(1)%%2)})
PHASE(TI) = (ATAN2(-B(I),A(1))-ATAN2(~-D(I),C(I)))*CONV
IF(PHASE(I))9+9+8

PHASE(1) = PHASE(I) - 360.0

CONTINUE

WRITE(6410) W(I)eGAIN(I), PHASE(I)

FORMAT (1HO +8H OMEGA =4E12.543Xy 11HAMPL ITUDE =,2X,E12.5

$93Xy THPHASE =,2X,F10.5)

O wuox

1
* %

TIMER FINTIM = 10.0s OUTDEL = 0.2, DELT = 0.001l, PRDEL = 0.l
PRTPLT XX

LABEL OUTPUT FOR EXAMPLE 4-2 ARRAY

END

sTopP

ENDJOB

Fig. 4.5 CSMP program listing for finding frequency response
with integrator array.
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In the terminal segment conventional FORTRAN statements are used to calculate

A)? + B)?

PHASE(I) = tan-! (;Bg_)) - tan*l(—D(I))

A(D) ca)

OUTPUT FOR EXAMPLE 4-2 ARRAY

TIME
0.0
2.0000E-01

. 4.0000€E~01

6.0000E-01
8.0000F-01
1.0000€ 00
1.2000F 00
1.4000F 00
1. 6000 00
1.8000E 00
2.0000€ 00
2.2000E 00
2.4000€ 00
2.6000€ 00
2.8000F 00
3.0000E 00
3.2000€ 00
3.4000E 00
3.6000FE 00
3.8000E 00
4.0000F 00
4.2000E 00
4.4000F 00
4.6000E 00
4.8000€ 00
5.0000F 00
5.2000 00
5.4000€ 00
5.6000E 00
5.8000E 00
6.0000E 00
6.2000€ 00
6.4000E 00
6.60008 00
6.8000E 00
7.0000E 00
7.2000E 00
T7.4000€ 00
7.6000¢ 00
7.8000E 00
8.0000E 00
8.2000F 00
8,4000E 00
8.6000E 00
8.8000E 00
9.0000€ 00
9.2000E 00
9.4000E 00
9.6000F 00
9.8000£ 00
1.0000€ 01

MINIMUM

XX VERSUS TIME

-3.6443E-01

XX
0.0
3.8141€E-01
1.0186E 00
1.3555E 00
1.2945E 00
1.0573E 00
B.8749E-01
8.7212E-01
9.5215E-01
1.0292E 00
1.0513E 00
1.0279E 00
9.9580E-01
9.8107E-01
9.8608E-01
9.9846E-01
1.0063E 00
1.0063E 00
1.0019E 00
9.9819E-01
9.9741E-01
9.9877E-01
6.1897E~01
~1.7633E-02
-3.5483E-01
-2.9445E-01
~5.771TE~0Q2
1.1226E-01
1.2801E-01
4.8140E-02
-2.9031E-02
~5.1352€-02
-2.8103E-02
4.1044E-03
1.8961E-02
1.4011E-02
1.6021E-03
-6.,3230£-03
=6.3044E-03
=1.9344E-03
1.8041€-03
2.6104E-03
1.2482E-03
-3.6340E-04
-9.9750E-04
-6.5606E-04
-1.4780€E-05
3.4776E-04
3.0644E-04
7.1827€-05
~1.0674E-04

Fig. 4.6

+

(4.25)

(4.26)

PAGE 1

MAXIMUM
1.3647€ 00
I

+

+

IR RN REEE]

————————t

Pulse response of the system for Example 4.2.

++ e
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The program output for GAIN(I) and PHASE(I) are neither printer-plotted nor printed
in the usual CSMP form but are listed using FORTRAN Write. and Format statements.

The pulse response of the system is given in Fig. 4.6 where we note that the response
overshoot is approximatley 36%,, as expected for { = 0.3, We also note that for all
practical purposes the system has reached steady state in 4 sec.

‘Frequency response information is given in column format in Fig. 4.7. Comparing
this output with the results of Example 4.1 (Fig. 4.2) shows excellent agreement. The
decibel amplitude could easily be added to the output listing by inserting the statement,

DBGAIN(I) = 20.0+ALOG(GAIN()) 4.27)
along with slight modifications in the Write and Format statements.

PROBLEM DURATION 0.0 T0 1.0000E 01

VARTABLE MINIMUM T IME MAXIMUM TIME

XX =3.6443E-01 4.9000E 00 1.3647E 00 7.0000E-01

OMEGA = 0.12589E 00 AMPLITUDE = 0.10005€ 01 PHASE = -0.86600
OMEGA = 0.15849E 00 AMPLI TUDE = 0.10008€E 01 PHASE = -1.09073
OMEGA = 0.19953E 00 AMPLITUDE = 0.10013E 01 PHASE = =1.37399
OMEGA = 0.25119€ 00 AMPLITUDE = 0.10021E 01 PHASE = -1.73112
OMEGA = 0.31623E 20 AMPLITUDE = 0.10033€ 01 PHASE = -2.18208
OMEGA = 0.39811E 00 AMPL ITUDE = 0.10052€ 01 PHASE = -2,75266
OMEGA = 0.50119t 00 AMPLITUDE = 0.10083E 01 PHASE = -3.47651
OMEGA = 0.63096E 00 AMPLITUDE = 0.10132€E 01 PHASE = ~4.39891
OMEGA = 0.79433F 00 AMPLITUDE = 0.10210¢ 01 PHASE = ~5.58496
OMEGA = 0.10000E 01 AMPLITUDE = 0.10336E 01 PHASE = -7.12580
OMEGA = 0.12589E 01 AMPLITUDE = 0.10540E 01 PHASE = -9.16152
OMEGA = 0.15849E 01 AMPLTI TUDE = G.10874E 01 PHASE = -11.93899
OMEGA = 0.19953E 01 AMPLITUDE = 0.11440€ 01 PHASE = ~15.89472
OMEGA = 0.25119€ 01 AMPLITUDE = 0.12405€E 01 PHASE = ~21.95506
AMEGA = 0.31623E 01 AMPLITUDE = 0.14086E 01 PHASE = -32.29756
OMEGA = 0.39810F 01 AMPLITUDE = 0.16619E 01 PHASE = -52.54179
OMEGA = 0.50118E Ol AMPLITUDE = 0.16627E 01 PHASE = -90.46185
OMEGA = 0.63095F 01 AMPLITUDE = 0.10394E 01 PHASE = =-128.03969
OMEGA = 0.79432F 01 AMPLITUDE = 0.55605E 00 PHASE = -147.91357
OMEGA = 0.,99999E 01 AMPLITUDE = 0.30965¢ 0C PHASE = ~158.23978
OMEGA = 0.12589E 02 AMPLITUDE = 0.17989E 00 PHASE = -164.20155

Fig. 4.7 Frequency response information for Example 4.2 using
the integrator array.
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/ DIMENSION A(21),8(21),C(21}),D(21),AIC(21),BIC(21),CIC(21),DIC(21),

/ $ XA(21)4XBU21)yXC(21),XD(21)

/ EQUIVALENCE (A1,A(1)),(B1,B(1)),{C1,C(1)),(D1,D(1}),

/ ${AIC1,AIC{L))4(BICL,yBIC{1)),(CICL,CICLL)),(DICL1,DICLL)),

/ $ (XAL,XA{L1))s(XBLyXB(1))y(XC1yXC(1}),(XD1,XD(1))

FIXED I,ITOTAL

STORAGE W{21)s GAIN(21), PHASE{21)

FUNCTION SIGNAL = (04040000 9(02703814)9(44916019)3(06914355) 9000
(08110¢295)9(160910057)9(102+08875) 3(10490872)+{10610952)+{1aB891e403)s000
(2009100511 4(26¢2116028)9(2+49e936)9(2¢690981)14(2681¢986)r00e
(360909981 9(362)1600)9(30491000)5(30691400),{3aB31400)100s
(460091600} 9 (40210617 )9(4049-00182)9(4e61-6354)9(4489=429%4) 1000
(5¢09=0057)9(5e290112)¢(504+10128)9)(566960478)y(568y=6029) 4000
(60609=6051)9(€e21=e0279)9(656494004) 9{ 6669001891 9(6487940139) 000
(7001e0015) 9 (70292e0063)y{Teby=e006)y({Te69=00019)s(7¢8+¢0018) 4000
(800,00026"(8c20'00123"(8.l"-10004)v(806'-00009,'(8.8"‘00006".00

(90010601 9094¢2+1060)9(9¢49000) (9 690e60)4(9¢8,0,01,{10.0,0,0)
* K

INITIAL

PARAMETER XDECAD = 1040y NUMDEC = 240, WMIN = 0,1
NOSORT

ITOTAL = NUMDEC*XDECAC + 1.0

X = 060

DO 20 I =1, ITOTAL
X = 1,0/XDECAD + X
20 WIT) = WMIN*(10s0%*{X))
*%k

DYNAMIC

Ql = STEP(0.0)
Q2 = STEP(4,.2)
R = Q1 - Q2

XX = AFGEN(SIGNAL,TIME)
Al = INTGKL(AIC1,XAl,21)
Bl = INTGRL(BIC1,XB1,21)
C1l = INTGRLICIC1,XCl,21)
Dl = INTGRLIDICY,XDl,21}

PROCEDURE XALyXBleXC1lsXDY = FORCE(WyXX,R,ITOTAL)
DO 1 I = 1,1TOTAL

XAUT) = XX*COS{W{I)*TIME)

XBUI) = XX*SIN(W(I)xTIMF)

XC{I) = R*COS(W(I)*TIME)
1 XDUI) = R*SIN(W(I)*TIMF)

ENDPRO
£

METHCC RKSFX

TERMINAL
TERMINAL
CONV = 57,26578
PO 21 = 1,ITOTAL
GAIN(I) = (SQRT{A(I)*%2 + BUI)%*2))/{SQRT(C(II**2 + D(I)%*2))
PHASE(I) = (ATAN2(-B(I1),A(I))-ATAN2{-D(I),C(I)))*CONV

IF{PHASE(1))9,9,8

PHASE(I} = PHASEI(I) -~ 36040

CONTINUE

WRITE(6410) W(I)sGAIN(T), PHASE(T)

FORMAT (1HO,8H CMEGA =,F124 593Xy 11HAMPLITUDE =42XyE1245
$93Xy THPHASE =,2X,F1045)

Owo®

1

* kK

TIMER FINTIM = 10,0, OUTDEL = 0.2, DELT = 04005, PRDEL = 0.1l
PRTPLT XX

LABEL ARRAY INTEGRATION USING NUMERICAL FUNCTION EXAMPLE 4-2
END

STOP

Fig. 4.8 CSMP program listing for finding frequency response
from pulse response using the integrator array.
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The CPU time for running this program on the 360/65 was approximately 40 sec. The
multiple integrations account for the rather large CPU time as compared to Example 4.1
which used only 10 sec for twice as many frequency points. Obviously, if the system
transfer function is known, the method of Example 4.1 is preferred over the array integra-
tion method.

The real advantage of the array-integrator method exhibits itself in the following
light, There are many practical systems where direct frequency response measurements
are extremely difficult and uneconomical to obtain. Making such measurements on
chemical process plants and metal-rolling mills is practically out of the question. How-
ever, the pulse response of many systems can be directly and economically measured. If
this time domain data is coupled to the array-integrator program via either AFGEN or
NLFGEN then the system frequency response can be obtained.

To illustrate this point, suppose the time response data of Fig. 4.7 is used to define
a function.

FUNCTION SIGNAL = (0.0, 0.0), (0.2, 0.3814), ..

from which the signal XX is obtained by:
XX = AFGEN (SIGNAL,TIME)

The program in Fig. 4.8 has incorporated these changes by simply removing the original
system-transfer function. The resulting frequency response information is shown in Fig.
4.9. The response compares favorably to the “exact” answers and deviations can be
attributed to interpolation inaccuracy.

In summary, this section shows two methods for obtaining a system frequency re-
sponse using CSMP. The first method applies directly to those systems with known transfer
functions. The second method can be applied to systems with known transfer functions
and, moreover, has its greatest value in determining the frequency response from pulse-
response information as measured directly from the physical system.

State Variable Formulation from Transfer
Functions

The occasion often arises when one wishes to express the dynamics of a system
in state-variable form rather than the customary transfer function. The state equa-
tions for a linear, time-invariant, system can be written as

() = Ax(f) + Bu(p) (4.28)
(&) = Cx(¢) + Du(z) (4.29)

where x(f) = n-dimensional column vector called the system state vector,
y(¢) = g-dimensional column vector called the system output vector,
u(?) = m-dimensional column vector called the system input vector,

and A4, B, C, and D have appropriate matrix dimensions.
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OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA
OMEGA

OMEGA

Consider a system represented by the transfer function

i)

following equations can be written from the diagram.

0.10000E
0.12589E
0.15849E
0.19953E
0.25119¢E
0.31623E
0.39811E
0.50119E
0.63096E
0.79433E
0.10000E
0.12589E
0.15849E
0.19953F
0.25119¢E
0.31623E
0.39810E
0.50118E
0.63095E
0.79432E

0.99999F

Fig. 4.9

transform.

00
00
00
00
00
00
00
00
00
00
01
01
01
01
01
01
01
01
01
01

01

Frequency response information obtained by Fourier

AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUDE
AMPLITUOE
AMPLITUDE
AMPLTITUDE

AMPLITUDE

0499969E
0.99986E
0.10001E
0410006E
0.10013F
010024E
0.10041F
0+10069E
0410113E
0.10183E
0.10297€
0+10486E
0.10623F

0.11272E

0e12128E

0.14504E
0.15816E
0415293E
0474014E
0.42237E

0.20528E

a,s* + a;5 + a,

00
00
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
vo
00

00

PHASE,
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE
PHASE

PHASE

R(s) ~ s* + bys% + bys® + bys + by

A block diagram which represents this transfer function is given in Fig. 4.10. The

%,(8) = x,(0
3,() = x5(0)
%5(f) = x4()
%4(£) = r(®) — box () — byx2(8) — byx3(f) — b3x4(?)

Ch. 4

“0.68448
~0.86155
-1.08507
~1+36697
~1.72244
-2.17153
-2,73948
=3.45968
=4.37542
~5.54671
-7.05657
~9.01148
-15.71143
~16.04182
=21.98824
=-33.11356
=52.59436
-89,78917
~128,34552
-149.91252

=155.85031

(4.30)
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W @
./ " \[)
+ +
a, a4 ay
- 'y A
/NIl B BRI I ] I W
s s s - - s
- y \
by b, b, bg
N N, AN
Fig. 4.10 Block diagram for phase variable state equations.
and
o) = apxy + a;x, + a,x;
Expressing these equations in matrix form gives
bA () 0 1 0 0 x.(?) 0
%, (¢ 0 0 1 0 t 0
%0 | _ 01100 @
x4(1) 0 0 0 1 x5(9) 0
%4(2) —by —by —b, —bs x40 1
and
x.(0)
t
) =lay a a5 0] (4.32)
x5(8)
x4(0)

Comparing with Egs. (4.28) and (4.29) we have

0 1 0 0
4o 0 0 1 0 B
0 0 0 1
_bo _b1 —bz _b3
and x(t) = [x((®), x2(), x50, x.OI", y(&) = c(®), u(®) = r(2).
Assuming the input to the system in Fig. 4.10 is a unit step, a CSMP program

C == [ao al az 0]

= o O ©
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corresponding to the system diagram can be written as

R = STEP (0.0)

E = R — BO#X1 — B1+«X2 — B2+X3 — B3+X4
X4 = INTGRL (0.0, E)

X3 = INTGRL (0.0, X4)

X2 = INTGRL (0.0, X3)

X1 = INTGRL (0.0, X2)

C = AO*X1 + Al1+X2 + A2+X3

TIMER FINTIM = 3.0, OUTDEL = 0.1
PRTPLT X1, X2, X3, X4, C

END

STOP

ENDJOB

The constants A0, Al, A2, B0, Bl, B2, and B3 are usually given on parameter
cards and FINTIM and OUTDEL will depend upon these coefficients. This pro-
cedure for programming a transfer function can easily be extended to higher-order
polynomials. The state variable formulation in this particular form is commonly
known as the phase variable representation.(:7-¥’

This illustration shows that a set of state equations can always be written for
a system transfer function. The state-representation for a transfer function is not
unique. In fact, it can be proven that for a given transfer function there exist
infinitely many state representations.

Another method for expressing the transfer function of Eq. (4.30) is given in
Fig. 4.11. Using the output of each integration (the 1/s terms) as states, one can

R(s)> >

a9 a

@l

|-

DYTEN

i

Fig. 4.11 Alternate block diagram form for state variable repre-
sentation.
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easily write a set of equations corresponding to Eqs. (4.28) and (4.29). This is done
in an exercise at the end of this chapter.

Digital Control Systems

Digital computers have become an important method for controlling feedback
systems. The purpose of this section is to illustrate how CSMP can be used to simu-
late the digital control process.

A simplified diagram showing the role of the digital computer in a feedback
system is given in Fig. 4.12. The analog output of the system is converted to a
binary representation by the analog to digital (A/D) converter. The system input
must be converted to a compatible binary representation. The computer subtracts
the binary output from the binary input to form a binary error signal. The error
signal becomes the “input” to a properly selected control algorithm.

1

_‘ :l
o i OUTPUT
INPUT Binary Computer " D/A 4 G(s) o

(Keybo. ar: calculations )
cards, tapes, ~ Plant
etc.)

: M

] Binary L

Computer hardware

Fig. 4.12 Basic digital feedback control system.

Assume that algorithm calculations are made every T sec to form the binary
signal, m, as shown in the diagram. This binary signal is converted to an analog
signal by the digital to analog converter (D/A) to produce the signal ¢ which is
applied to the system. The design problem is to determine the algorithm which
satisfies system specifications. The functions carried out by the computer hard-
ware in Fig. 4.12 can be equivalently represented by the more straightforward
model as given in Fig. 4.13. The problem of selecting the control algorithm reduces
to one of finding the function D(z) where z is the z-transform variable. The major
attention in this section will be given to the simulation problem, since methods for
finding D(z) are given in the literature.-10:1V
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Ch. 4
INPUT + ); OUTPUT
D(2) G (5) G(s) —
T T
- Digital Zero-order Plant
controller hold

e s

Fig. 4.13 Simplified diagram for digital control.

Example 4.3

The system shown in Fig. 4.14 does not include a controller D(2). It is desired, how-
ever, to investigate the effect of the sampling process on the system stability. Ideal sam-
pling, followed by a zero-order hold, can be simulated as follows. If the input to the ideal

INEUT N F Zero-order Q 10 OUTPUT
> \_/ > hold > sis +3.5) g

7

Fig. 414 System diagram with sample and hold. (Example 4.3.)
sampler is E, then the output of the zero-order hold can be represented as Q. This process

can be simulated using the following CSMP statements.

Al = IMPULS(0.0, T)
Q = ZHOLD(A1, E)

The reader will recall that A1 = IMPULS(P1, P2) produces a unit-impulse train starting

at P1 with pulses occurring every P2 sec. Properties of the zero-order hold are defined in
Table 4.1. (Also, see Appendix I)

Table 4.1
Properties of the Zero-Order Hold

CSMP Form Function

Q = ZHOLD(A1, E) o =E A1 >0
Q(r) = last output A1 <0
on =0 ¢t = initial ¢
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Now suppose we desire to find the step response of the system for sampling times of
T = 0.3 and T = 0.8. A simple program for this purpose is given below.

PARAM T = (0.3, 0.8)
INPUT = STEP(0.0)

E = INPUT — OUTPUT

Al = IMPULS(0.0, T)

Q = ZHOLD(A1, E)

X1 = (10.0/3.5+Q

X2 = REALPL(0.0, 1.0/3.5, X1)

OUTPUT = INTGRL(0.0, X2)

METHOD RKSFX

TIMER FINTIM = 6.0, OUTDEL = 0.24, DELT = 0.01

PRTPLT OUTPUT

LABEL STEP RESPONSE OF SYSTEM WITH SAMPLE AND HOLD
END

STOP

ENDJOB

A fixed-step integration (RKSFX) is selected for this example to insure that an integration
is performed when the sampling switch closes. If a variable-step integration is used, the
integration will not generally occur at the sampling time but rather when KEEP = 1, The
resulting response will not be representative of uniform sampling every 7 sec. When using
the sample and hold, variable integration can be selected but either OUTDEL or PRDEL
should be chosen to be a sub-multiple of the sampling interval. Fixed-step integration is
recommended for simulating discrete data systems. This is particularly important when a
digital controller is placed in the system.

The responses in Fig. 4.15 show the effect of the sampling process on the system
stability. The continuous system response has approximately 129 overshoot while the
overshoot becomes larger as T in the sampling process is increased.

Example 4.4

The purpose of this example is to illustrate a procedure for finding the time response
of a closed-loop feedback system which contains a digital controller, D(z), and a zero-
order hold. The basic block diagram of the system is shown in Fig. 4.16. This system is
identical to the one given in Example 4.3 except the gain is raised from 10 to 70 and a
digital controller is added to the system. A procedure for selecting the controller is given
in reference 11.

First consider the simulation of D(z) followed by the zero-order hold. For this
example the particular D(z) is given by

— 0.981

V4
D(z) = 0.1 7—5 393

If this function is represented in a more general form as

a, + az7!

1 + blz’l

we can easily employ the phase variable or rectangular programming methods given in
the previous section by replacing s by z. The block diagram for the rectangular form is

D(z) =
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given in Fig. 4.17. The controller and the zero-order hold can be programmed as a
MACRO using the following CSMP statements:

MACRO E2 = COMP(SAMTIM, TX, A0, Al, Bl, E1)
TX = IMPULS(0.0, SAMTIM)
EZ = TXx*El
Y0 = AO«EZ + P1
Y1 = A1+EZ — B1xY0
P1 = DELAY(1000, SAMTIM, Y1)
E2 = ZHOLD(TX, Y0)
ENDMAC

This macro is completely general for any D(z) of the form so prescribed and can
easily be extended to higher-order D(z).

A block diagram of the total system is shown in Fig. 4.18 and is used to identify
the inputs and outputs of the various blocks within the CSMP program. Figure 4.19 gives
the program listing corresponding to the block diagram. Figure 4.20 gives the step
response, c(t), of the compensated system. Compare this response to that obtained earlier
in Example 4.3. The gain was 10 but has now been raised to 70. Note also that fixed-step
integration is used with DELT = 0.02 to insure that integration is performed at the
sampling interval of T = 0.1.

While the method for simulating D(z) given in this example is completely general
for any digital controller, it is not directly the method followed in programming a control
algorithm for real-time digital control. We recall that the operator z~1 was simulated by

STEP. RESPONSE OF CONTINUOUS SYSTEM TO COMPARE WITH SAMPLE AND HOLD PAGE 1

MINTMUM OUTPUT VERSUS TIME MAXIMUM
0.0 1.1215E 00
TIME cuTeuT 1 1
0.0 0.0 +
1.8000€-01 1¢2934E=01  —=m==t
3.6000E-01 440196E=0]  —=m=—=—=-mmomem—e +
5,40C0E-01 64 8711E-01
7,2C00E-01 9,1221E-01
9,0000€-01 1.0526E 00 +
1.0800€ 00 1.1151F 00 +
1,2600E 00 1.1215E 00 +
1.4400€ 00 100964E 00  —=mmmmm—=—mmmmee—m— e eeemmm————— oo
1.6200E 00 1.06058 00 .
1.8000E 00 1.0272€ 00 -+
1.9800E 00 1.003)E 00 .

2.1600E 00 94 8956E-01
243400E €O 9.8478E-01
25200E 00 9. 8579E-01 +
2.7000€ 00 94 8966E-01 +
2.88C0€ 00 9.9414E~01 +
3,06C0E 00 94 9789E~01
3.2400E 00 1.0004E 00
3,4200€ 00 1.0016E 00 +
3.6C00E 00 1.0019¢ 00
3.78C0OE 00 1.0016E 00

3.96008 00 1.0011€ 00 +
441400E 00 1.0005€ 0C

4¢3200E 00 1.0001% 00 +
445C00E 00 9.9988E-01 +

446800E QO 9.9977E~01

: 4¢8600F 00  9,9977E-01 +
5.04C0E 00  9.9982E-01
(a) 5.22C0F 00  9.9989E-01
i 5.4000E 00  9.9995E-01
Continuous 5.5800E 00  1.0000E 00
system 5,7600E 00  1.00D0E 00 +

Fig. 415 System step-response for Example 4.3.
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(b)

Sample

and hold,

T = 0.3 sec

(©)

Sample

and hold,

T = 0.8 sec

INPUT +

TIME

0.0

2440C0E-01
4+8000E~01
7.2C00E-01
946000F~01
1,2000€ 00
1.4400E 00
1.6800E 00
1.9200€ 00
241600E 0O
244000€ 00
2.64C0E 00
2.88C0E 00
341200€ 00
343600€ 00
3.6000E 00
3.84C0E 00
440800€ 00
443200€E 00
4,5600E 00
448C00E 00
540400€ 00
5¢28C0E 00
505200€ 00
5.76C0E 00
6,0000€ 00

TiME

0.0

2440C0E-01
448000E-01
7.2000E~01
9¢ 6000E-01
142000E 00
1.4400F 00
1.68C0E 00
1.9200€ 00
241600E 00
244C000E 00
206400 00
2,8800E 00
341200E 00
3.3600E 00
3.6000€ 00
3.8400€ 00
4.080CE 00
4¢3200E 00
4+5600€ 00
4 8000E 00
5404005 00
542800E 00
5+ 5200€ 00
54 7600E 00
6.0000E 00
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MINIMUM

ouTPUT 1
0.0 +
242180E-01  =w=—e= +

646318E-0]  =—mm-m--osooeeen

PAGE 1

OUTPUT VERSUS TIME MAXTMUM

= 3,0000E-01 1.8433E 00
1

1408245 00

143189E 00

143460E 0O

1.2343E 00

i.0719€ 00

943795E-01

8¢ 7641E=01

848489E-01

9.3330E-01

9¢ 9045E~01

1.0314E 00

1.0453E 0O

1.,0368E 00

1.0175€ 00

94 9823E=-01

9.8635E=01

9.8408E-01

9. 8875E~01

94 9594E-01

140022E 00

1.0054E 00

1.0053E 00

1. 0032€ 00

MINIMUM
0.0
oUTPUT 1
0.0 +
242180E-01  ==—-—m +

Te0724E=0]1  womvemcccewmcacea—

PAGE 1

QUTPUT VERSUS TIME MAX ITMUM

= 84 0000E-01 1. 8433 00

1

1.3065E 00

1.7891€ 00

R

le8172E QO

1l.6271E 00

1.3451E 00

1.0454E 00

Te4309E-01
44 3961E-01
3.6110£-01
544558E-01

Be4359E=01

1.1343E 00

1.2845E 00

143667€E 00

1.4058E 00

le2947€ 00

1.0894E 00

Be4347E-01
740573E-01
7.0726E-01

T.6892E~01

846170E~01

9+8047E~01

Fig. 4.15. (Continued)

D(2) »—X—{ G, (s)

70

OUTPUT

s(s +3.5)

Fig. 4.16 System diagram with a digital controller. (Example 4.4.)
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e;(®) X:z
T

a; ay

ey (8)
ZOH |—>

s

z: Y1 . p1+ Yo
A P
A\ ) ' o~

by

—

Fig. 4.17 Block diagram representation for the realization of a
first-order digital controller,

R(s) + El Digital E2 X1 1 X2 1 Cls)
compensator 20.0 170.2685 > 5 >
~ macro
Fig. 4.18 Total simulation diagram for Example 4.4.
MACRC E2 = COMP(SAMTIM, TX, AO, Al, 8l, El)
TX = IMPULS{0.0y SAMTIM)
EZ = TX*El
YO = AN¥EZ + P}
Y1 = AL*EZ - B1l*YD
Pl = DELAY(1000, SAMTIM,Y1)
E2 = ZHOLD(TX, YO)
ENDMAC
* PLANT STRUCTURE FOLLONWS
PARAMETER AQ = 0.1, Al = -0.0981, Bl = -0,998, SAMTIM = .1
C = INTGRL{D.0+X2)
X2 = REALPL(0.0+0.286,X1)
X1 = 20.0%E2
E2 = COMP{SAMTIM, TX, AO, Al, B1, El)
El =R ~-C
R = STEP(0.0)
METHOD RKSFX
TIMER FINTIM = 5.0, OUTDEL = 0.18, DELT = 0,02
PRTPLT C
LABEL STEP RESPONSE FOR DIGITAL CONTROL SYSTEM EXAMP, 4-4
END
sToP
ENDJOB

Fig. 4.19 Program listing for a digital control system. (Example
44)
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STEP RESPONSE FGR DIGITAL CONTROL SYSTEM EXAMP, 4-4 PAGE 1
MINIMUM c VERSUS TIME MAXIMUM
0.0 1.1883E 00

TIME c 1 1

0.0, 0.0 +

1.8000E-01 9.2493E-02 -——+

3.6000€-01 3.0146E-01  ~===m—===--- +

5.4000E~01 5.4612E-01 e em e e e csmaaad

+

7.20006-01 7.7337€-01 -
9.0000E-01 9.5472E-01  --- -—
1.0800F 00 1.0806E 00 -
1.2600€ 00 1.1542F 00  ==m-m—eceemea——- *
1.4400E 00 1.1851E 00 -

1.6200E 00 1.1857€ 00 -——-

1.8000€ 00 1.1681E 00  ~-= -~

1.9800€ 00 1.1421E 00 ---- - +
2.1600E 00 1.1148E 00  ==—==------- -
2.3400€ 00 1.0906E 00 -—
2.5200F 00 1.0716E 00 ---
2.7000E 00 1.0582E 00
2.8800E 00 1.0499€ 00 ----
3.0600F 00 1.0456E 00  —=—=m——-—-—mcm—memem e
3.,2400E 00 1.0439E 00 --- -——-
3,4200F 00 1.0438E 00
3.6000F 00 1.0443E 00  —====---==—-m -
3.7800F 00 1.0449E 00  ——==m=—--=m-
3.9600F 00 1.0451E 00  —=- -—
4,14008 00 1.0449E 00
4,3200E 00 1.0441E 00 -
4.5000E 00 1.0430€E 00 -——
4,6800F 00 1.0416E 00 -———-
4.8600E 00 1.0400E 00 —-—— - -—

+

+

+*

* ¢

+

* +

+

S

<4

)
IR EE RN

Fig. 420 Step response of a system containing a digital controller.
(Example 4.4.)

using the CSMP DELAY function. In the following example the controller will be pro-
grammed using a recursive difference equation.

Example 4.5

The system diagram of a process to be controlled by a digital algorithm is shown in
Fig. 4.21.¢12 We note from the diagram that D(z) is given by

0O(z) _ 0.19185(z — 0.56496)(z — 0.96585)

D@ = F@) =~ (z — 0.99501)(z — 0.42857)

(4.33)

This controller can be programmed as a difference equation using either a direct, cascade,
or parallel realization.‘11 Each of these methods will be briefly discussed.

Direct Realization. The function D(z) can be expressed as

0(z) _ 0.19185z2 — 0.29368z + 0.10469 4.34)

D) = ) = =77 —T.42358: + 042643

The standard procedure here is to divide the numerator and denominator by z2
and cross-multiply. In terms of Q(z) and E(z) this yields

0(z) = 0.19185E(z) — 0.293682~1E(z) + 0.104692-2E(z)
+ 1.42358210(z) — 0.426432720(z) (4.35)
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r—— - T = =
l Digital computer :
I ERROR 0(2) |
| INPUT, ~" ™ ¢ @ [0.10185¢ — 0.56496) z — 0.96585) | Leror X5 !
; N T — z — 0.99501) (z — 0.42857) T hold |
S —
r-—"Tt - "-">"">"""/">"”>w"""7"""/"=/""”"/""7= ”II
[ . )

X5 X, X, X; 4~ X, X, OUTPUT |
' K S 1 — 1 l
| + N N S |
| - - I
| J |
[ 5.71 5.71 |
' |
|
| Analog process |
L. __ - Y Y Y Y - - d

Fig. 4.21 System diagram with second-order digital controller.
(Example 4.5.)

Using the real-translation property of z-transforms™* gives
O(nT) = 0.19185E(nT) — 0.29368E[(n — 1)T] + 0.10469E[(n — 2)T1]
+ 1.423580[(n — 1)T] — 0.426430[(n — 2)T] (4.36)

where T is the sampling interval, n =0, 1, 2,..., and

Q(nT) = the present value of the output Q at t =nT
QOl(n — 1)T] = the first past value of Q
Ql(n — 2)T] = the second past value of Q

E(nT) = the present value of the input Eat ¢ = nT
E[(n — 1)T] = the first past value of E
Ef(n — 2)T] = the second past value of E

For convenience in programming, the expression for Q(uT) is written as
Q = 0.19185E — 0.29368E1 + 0.10469E2 -+ 1.42358Q1 — 0.42643Q2

The present value of E is always known in a process. After solving for Q, the
coefficients of the algorithm are immediately updated by including the following
statements;

Q2 = QI
Q1 =Q
E2 = El 4.37)

El1 =E
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INITIAL

£1 = 0.0

01 = 0.0

£2 = 0.0

Q2 = 0.0

PARAM K = 226.
CYNAMIC

INPUT = STEP(C.C)

£ = INPUT - CLT

QUT = INTGRY (0.0, X2)
X2 = INTGRLIC.O04 X20D)
X2D = X3 - 5.71%X2

X3 = INTGRL{0.0, X3M)
X3D = X4 - E.71%X2

X4 = K¥X5
X5 = ZhCLC(Al, C)
A1 = IMPULS(C.Cy C.l)

FRNCEDURE Q = DUMMY(E,E1,E24Q01,024A1)
IF(21eNEL1.C) GO TC 10
IF(KEEP.NE.1.C) GC T0O 10
U = «19165%F~,2G368*E1+.10469%E2+1,42358%Q1-.,42643%Q2

€2 = E1
£l = E
Q2 = Q1
QL =0
19 CONTINUE

ENDPRO

METHCD RKSFX

TIMER FINTIM = 8.0, CUTDEL = 0.16, DELT = 0.01
PRTPLT QUT

LABEL OUTPUT FCR EXAMPLE 4-5 .

END

sTOP

ENDJOB

Fig. 4.22 Program listing for Example 4.5 using direct realization.

A CSMP program which incorporates this realization for D(z) is given in Fig. 4.22.
We note that the expressions for D(z) are given as a procedure function since they
must be executed sequentially. The statement

IF(KEEP.NE.1.0) GO TO 10

insures that the statements of the procedure function cannot be executed except
when an integration is performed. Furthermore, when fixed-step integration is
selected, the statement

IF(A1.NE.1.0) go to 10

allows the procedure function to be executed only at sampling instants nT where
n=0,1,2,...and T (sampling time) is an integral multiple of DELT. One will
note that when a variable step-size integration method is used, integration will
not normally occur at #nT and the program will generally give misleading results.

Initial values for E1, E2, Q1 and Q2 are given in the INITIAL segment. It is
important to observe that E2 is updated prior to El and Q2 is updated prior to Ql
in the procedure function.

The response of the system for a unit-step input applied at # = 0 is given in
Fig. 4.23.



JUTPUT FOR EXAMPLE 4-5 PAGE 1

MINIMLM cuT VERSUS TIME MAX IMUM
C.0 1.2328F 00

T[ME auT T 1
0.0 0.0 +
1.6000E-01 2.7389E-02 -+

3,2CCCF-C1 1.4074E~C1  -===-= +
4.8000E-01 3.1569E-01  —=—=-—e————e +
6.4CCOE-01 5e1267E-01  —————=—=—m—mmmmeo +
8.0CCCE-CL 740248E-0]  ————=—mmmm e +
9.6000F-01 8.6790E-01  ———--—-- - ———

1.12CCE GO 1.CCCSE CC  ~—mo-m—mommmmmeceeae - +

1.2800F 00 1.10015 ¢¢C  -—-- - —— +
1.4400¢F 00 1.1678E 0C —--—- — e +
1.6CCCE CC 142088F (€ ——-——--emmem—mm—ecccecceem oo — -
1.7600F 00 142286 00  —=———m———eme—cm e .
1.92CCE 0C 142326FE 00  ===-=-o-——memmmemememeemeo - -+
2.08CCE CC 1422576 0C  —=—=~moemmo—mc——mmccemeo - -
2.24C0E 00 1e2120E 00  —mmmm oo e e e +
2.4CCOE CO 1e1947E G  —==mmmm e e e e e +
2.5600F 0C 1.1761E 00 —-—- - ——— +
2.7200F 00O 1o1577E CC  m—m—mm e e e +
2.8E8CCE CO 1e1406E CC  —==m—m— oo o e +
3.0400F €O Lal252F 00  —mmmmm o e e e o +
3.,2CCOE 0O 1o1418E OC  —----mememmmmcmcmmem e — +
3.3600% GO 1.1003E ¢¢ e m ——— +
3.5200€ 00 1.0905& OC —
3.6€6CCE CC 1oC823E ({  —=mmmm—mmmm e e +
3.3400E8 00 1.07526 ¢C  ——- -— - - +
4,0CCCE QO 1.06Y2E QC  ===m—me = mmo oo o e +
4.160CF GC 1e0640F OC  ———m—— e e e e +
4.320CF 00 160595E 0C  m—mm o mm e e e +
4.4800% Q0 1.0554F (0  =—=—m— s oo s o e +
4.,64C0F OC 100516F G  ==m———=— = — e m e oo +
4.8000F 00 1.0482E 00 et
4,56CCF CC 140450E ({  ==—==—=m——mmm e +
5.12C0F 00 1e0420E 00 == ———— e e e e e e +
5.,2ECCE OC 1.0392E 00  =———mmmmm e e +
5.44C0F GC 103656 (( ————=—mem——mmm—eme e - +
5.6CC0F 00 1.0340€ 0C  ———==—- -— -+
5.76CG0E CO 1e0317E Q0 === mme—m e e e +
5.92C0F 00 100295 O  ==m—mmm——mm e +
6.0800F 00 1.0274% 0¢  ——=m=-——- —— -
6.,24CCE 00 140255 C{  ~——=-—--cmmomomeeee -—— -+
6.4000E 00 1.0237€ CC +
6.5¢CCE 0C 1e0220E 0C  ===mm—=m—— e e e +
6.72CCE CC 1.0204E CC  =====- - B e e L S S +
6.88C0F 00 1.0189€ CC  ——-——mmmmmmmmme e -——— +

7.04CCE 00 1.0176E 0C - -+

7.2CC0E 00 1,01€3E (( —=-mmem—emem e eee e - -+

7.36C0E 00 1.0152E 0  —==—mmm e e e e e +

+£2CC0E CC 1.0141E CC  =——m—om e c e e +

7.6300E 00 1.0131F 60 —— : +

1.84C0F 0OC 1.01228 0C  ~=---m---=-memmeemeo -- -+

8.0CCCE 0Q 1.0113E (C  —=—=-=-- - .

Fig. 4.23 Unit-step response of the second-order digital control
system. (Example 4.5.)

Cascade Realization. For cascade realization, D(z) is expressed as

_ 90 _ 1 — 0.564962-171 — 0.965857~1
D) E(z) 0'19185[1 — 0.995012‘1][1 — 0.428572—1] (4.38)

218



Ch. 4 Further Application of CSMP 219

where the grouping of the numerator and denominator terms within the brackets
is arbitrary. An input/output relationship is assigned to each term of Q(z)/E(z)
by expressing

%=%§%—SE% (4.39)
where %; = 0.19185 (4.40)
56 = [r=ossso) 4.41)
2o = [ oamssr | @)

Each of these expressions can be written in difference equation form to give
S = FE — 0.96585E1 4 0.42857S1
V=38 — 0.56496S51 - 0.99501V'1 (4.43)
Q =0.19185V

Again, after processing the above equations, the coefficients must be updated by
setting

El =E
S1=§ (4.44)
Vi=V

The simulation for the total system is the same as that given in Fig. 4.22 except
the procedure function becomes

PROCEDURE Q = DUMMY(E, Al, El, S1, VI)
IF(A1.NE.1.0) GO TO 10
IF(KEEP.NE.1.0) GO TO 10
S =E — 0.96585+E1 4- 0.42857xS1
V =8 — 0.56496xS1 - 0.99501+V1

Q = 0.19185%V
El =E
S1 =8
Vi=V
10 CONTINUE
ENDPRO

and in the INITIAL segment E1 = 0.0, S1 = 0.0, and V1 =0.0.
Parallel Realization 1In the parallel realization method D(z) is expanded in

partial-fraction form. When the numerator and denominator of D(z) are the same

order, the denominator is first divided into the numerator, which for this example

gives

(—0.02057z + 0.022875)

Diz) = 0.19185 + - —5759501yz — 0.42857)

(4.45)
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In partial-fraction form, D(z) becomes

_ A B
D(z) = 0.19185 + ——455501 + 7=0.42857
where 4 = 0.00425 and B = —0.02482. We now write the function as

0@ _ M) , M2) , P(2)

D& =55 =Fo T Eo T EQ)
. M(2)

here: = 0.19185

where 176)

NG) _ 0.00425:
EG) T — 09950171

P(z) _ —0.024827!
E(z) T —0.428577°

These expressions lead directly to the difference equations
M =0.19185E
N = 0.00425E1 + 0.99501N1
P = —0.02482E1 + 0.42857P1

Q=M+N+P
with coefficient updating

El=E
Ml =M
NI =

Pl =P

Ch. 4

(4.46)

(4.47)

(4.48)
(4.49)

(4.50)

4.51)

4.52)

The total simulation program is again identical to that of Fig. 4.22 except
that the INITIAL segment contains the values E1 = 0.0, M1 = 0.0, N1 = 0.0,

P1 = 0.0 and the procedure function is given by

PROCEDURE Q = DUMMY(E, E1, M1, N1, P1, Al)
IF(A1.NE.1.0) GO TO 10
IF(KEEP.NE.1.0) GO TO 10
M = 0.19185+E
N = 0.00425+E1 + 0.99501sN1
P = —0.02482«E1 + 0.42857+P1
Q=M+N+P
El =
Ml =
Nl =N
P1=P

10 CONTINUE

ENDPRO

The unit-step output response for each of the three methods is practically
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identical to the response given in Fig. 4.23. The reader may ask why three differ-
ent methods are presented. When these algorithms are programmed for real-time
digital control, two factors become important. First, the computer time required
to execute the algorithm may be an important factor. If this is the sole considera-
tion one would select the algorithm that requires the fewest number of additions
and multiplications. Second, numerical roundoff and truncation may have a sig-
nificant influence on the system response. In this case one might try each realiza-
tion and select the one that gives the best results. Several investigators have found
that parallel realization most often gives the best performance.

Example 4.6

Classical analog compensation techniques that rely heavily upon frequency response
methods can be extended to digital control by implementing appropriate algorithms in the
digital computer. The bases for this extension were given in the previous examples.

Obtaining frequency response information or developing models can be extremely
time consuming and therefore is not always a luxury the control engineer can afford. This
is particularly true in the process control industry. Normally one finds in this case that a
three-mode controller is the most attractive compromise for improving system perform-
ance. The term three-mode stems from the nature of the controller in that one mode is
directly proportional to the applied signal, one mode is proportional to the integral of the
signal, and one mode is proportional to the derivative. Therefore the term, proportional-
integral-derivative (PID) controller is often used rather than three-mode.

The diagram in Fig. 4.24 shows the representation of this controller as applied to a
unity-negative feedback system. The continuous PID controller can be approximated on
a digital computer using several forms of algorithms.(19.14) As a simplified version we
can write

X;k) = X,(k — 1) + T+E(k) (4.53)

Xp(k) = (1/TYE(k) — E(k — 1) (4.54)

where Eq. (4.53) corresponds to integration and (4.54) to differentiation. The output of
the digital PID is then given by

Y (k) = K*E(k) + K(Xi(k — 1) + T+E(k)) + Kp((1/T)E(k) — E(k — 1))) (4.55)
We note that

T = sampling time
E(k) = present value of the applied signal
E(k — 1) = first past value of E(k)
X;(k) = present estimate of the integral
X (k — 1) = first past value of X;(k)

Consider the system shown in Fig. 4.25 where the sample switch and the zero-order-
hold represent the digital computer without a control algorithm. With a sampling time of
T = 0.01, the step response shown in Fig. 4.26 is practically identical to the continuous
system (i.e. without the sampler and hold).

A program using the same basic system but including a digital representation of the
PID controller is given in Fig. 4.27. The algorithm for the controller is contained in a
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Fig. 4.24 Ideal representation of an ideal continuous PID con- -
troller.

4 >
ZOH E)

-
<

Fig. 4.25 System of Example 4.6 without a digital PID controller.

procedure function in the same way as given previously in Example 4.5. Earlier comments
with respect to using fixed integration steps rather than variable steps also apply to this
simulation.

Integration and differentiation for the controller are approximated by Egs. (4.53) and
(4.54), respectively. Using K, = 12, K; = 20, and K, = 4 gives the step response shown in
Fig. 4.28. We note the improvement in the system rise-time as well as a decrease in the
overshoot when compared to the response without a controller.

In conclusion, this section has presented several methods for simulating a digi-
tal control system. There are many other ways to view the digital control system, for
example, the digital implementation of a predictive controller./'>> Nevertheless, the
methods presented here are fundamental and generally apply to more advanced
techniques.

There is strong justification for learning the programming concepts presented
in this section. Advances in computer technology, particularly in the micro-
processor area, have reduced the cost for digital control by a factor of ten dur-
ing the last decade. Continued improvement in computer technology, coupled
with the flexibility offered by a digital controller, will in all likelihood result in a
growing number of applications in this area.



RESPONSE WITHOUT PID CCNTROL = EXAMPLE 4=-6

TINE
0.0

8+.0000E~
1.6CC0E~

02
01

244000E-C1
3.,2000E-01

4+ 0C000F-

01

4.8000E5-01

546000F~
644000E~

01
o1

742000€~01

8.0CCOE~

c1

8,8000€-01
9.6C00E-01

1.0400E
1.1200E
1.2000E
1.2800F
143600F
1.44C0E
1,5200€
1.6000E
le6800E
1. 7600E
1.8400F
1.9200¢
2.0CC0%
2.08C0F
2.1600F
242400E
243200€
2.4000E
2.4800€
2.560CE
246400F
2.72C0OE
2.8000E
2.R800E
2+ 9600F
3,0400E
3.1200€
3.2000%
3.2800F
3.3600E
344400E
345200E
3.6000€
3.6800F
3.7600F
3. 8400€
3.9200E
4.00COE

00
00
00
00
00
[olv}
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
co
00
00
co
00
00
00
00
00
Q0
00
00
00
00
00
00
00

MINIMUM
0.0

couTt

0.0

1,21185-02
4¢5765E-02
9¢ 6963E-02
1.6191€-01
243704E-01
3.1907E-01
4e0504F-01
4¢9235E-01
5.78736-01
646229E-01
Te4146E~-01
841503E-01
8.8209F-01
9e4202E-01
9e9446E-01
1.0393% 00
1.0765€ 00
1.10655 00
1.1295E 00
1.1460E 0C
1.1567€ 00
1lo1621E 00
1.1628€ 00
1.1596E 00
1.,1531€ 00
1le1440S 00
1l.1328E 00
1.1201E CO
1,10¢5E 00
1.0923E 00
1.0781€ 00
1.0641F 00
1.0507F 00
1.0381% 00
14 0264E 00
1.0159F 00
1.0065E 00
9.9837€-01
949147E-01
9. 8579E-01
9,8129€-01
947789E-01
e 7552E-01
947408E-01
9.7346E-01
9. 7356E=-01
Ge T42TE-01
9¢7548E-01
9. 7709E~01
9.7901E5-012

cour VERSUS TIME

PAGE 1

MA XTMUM
1.1628E€ 00
1

——————— - ——

—————————-—

-

————————————— +

————————————— +

Fig. 4.26 Step response for Example 4.6 without PID controller.
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INITIAL
T = 0,01
El = 0.0
INTGl = 0.0
KINTG = 20.0
KPROP = 1240
KDERIV = 4,0
DYNAMIC

E = INPUT - RESP
INPUT = STEP(0.0)
RESP = INTGRL{0.0,X1)

X1 = REALPL{0¢04160/240,X2}
X2 = 2.0%X3

X3 = ZHOLO(Al,Y)

Al = IMPULS(0.0,T)

PROCEDURE Y = PIC(Al,EsE1lyTyKPROP,KINTG,KDERIV,INTGL)
IF(AlsNE.1e0) GO TO 10
IF(KEEP«NEs140) GO TC 10
EPRCP = KPROP*E
EDERIV = KDERIV*(1.0/T)*(E - E1)
INTG = INTGl + T=%E
EINTG = KINTGX*INTG
Y = EPROP ¢ EDERIV ¢ EINTG
€1 = E
INTG1 = INTG
10 CONTINUE
ENDPRC
METHCD RKSFX
TIMER FINTIM = 4,0, CUTDEL = 0,08, DELT = 0,001
PRTPLT RESP
LABEL OUTPUT FOR EXAMPLE 4-6 WITH PID CONTROLLER
END
STAP
ENDJOB

Fig. 4.27 CSMP program listing for PID controller. (Example 4.6.)

Simulation of Digital Logic

The capability for simulating various digital logic functions is available in
CSMP. We recall that functional blocks such as INTGRL are the key elements
for simulating continuous systems. The same holds true for the digital logic case
in that again standard blocks are available which make it possible to simulate
practically any digital configuration.

Most of the functions related to logic simulation are given in Table 4.2.
These functions are also given in Appendix I along with other special switching
logic. As an introduction, example problems are given below that illustrate how
these elements can be used in combination to perform useful logic tasks.

Example 4.7

This problem illustrates how a random-generated binary number (either 0, 1, 2, or 3)
can be processed through digital logic so as to form the equivalent decimal representation
of the number and thereby activate the proper edges of a Nixie light.

In Fig. 4.29(a), XL1 and XL2 form the binary representation of 0, 1, 2, and 3. El
through E7 in 4.29(b) is a truth table for the edges of the light as defined in 4.29(c). The



OUTPUT FOR EXAMPLE 4=6 WITH PID CONTROLLER

TINE

0.0

8+.0000E-02
1.60005-01
2+4000€-01
3,2000E-01
44 0000€-01
4.R000E~01
5.6 000E-01
6¢4C00E-01
7.2000E-01
840000E-01
8.8000E-01
9,6000E-01
1.04COF 00
1.1200€ 00
1.2CC0E 00
1.2800F 00
1.3€600E 00
1.4400F 00
1.5200€ 00
1.6000% 00
1.6 8C0E 00
1.7600F 00
1.84C0E 00
1.9200€ 00
2.0000E 00
2,0800F 00
2+1600E 00
242400F Q0
243200 00
2.4000E 00
2.48C0% 00
2+5600E 00
2+.6400E 00
2.T200F 00
2.8000€ 00
2.8800F 00
2.96C0E 0O
3.0400F 00
3,1200€ CO
3.2000E 00
3.,2800E€ 00
3+3600E 00O
3.4400F 00
3.5200€ 00
3.6C00€ Q0
3.6800E 00
3.76C0F CO
3.8400E 00
3.9200E 0OC
4,0C00E 00

MINIMUM

0.0
RESP

0.0

Te9619E-01
1.0108E 00
1. 06255 00
1.0755E 00
1.0777€ 00
1.0758E 00
1.0718E 00
1.0664E 00
1.,0601€ €O
1.0533€ 00
1.0463% 00
1.0393F 00
1.0326E 00
1.0263E 00
1.0205€ 00
1.0152E 00
1.0106F 00
1.0066E 00
1.00225 00
1.0004E 00
9.9818%~01
9¢9646E~01
9,9519E-01
9e9431E-01
9.9379€-01
9.9355E-01
9.9356E-01
9.9375F-01
9.9309E~01
949454E-01
9.9506E-01
9. 95625‘01
9.9620€-01
949677E-01
9,9732E-01
9.9784£-01
9.9832€E-01
9.9875F=01
9.9913£-01
96 9946E~01
9,9974E-01
9,9997E-01
1.0001% 00
1.0003€ 00
1.,0004E 00
1.0004E 00
1.0005€ 00
1.,0005€E 00
1.00055 00
1. 0005€ 00

Fig. 4.28 Step
(Example 4.6.)

RESP
I
+

VERSUS TIME

PAGE 1

MA XTMUM
1.0777€ 00
1

-+

———

-

-—+

R Y

+

-4+

+

-+

-——

+

-4

————-—-

response of system with PID digital

controller.
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Table 4.2
Logic Functions for CSMP (Also, see Appendix I)

Statement Form Function
Y = RST (X;, X,, X3) Y=0 X;>0
Y = 1 Xz > 0, X1 S 0
Yn-1 = Previous state of flip-flop Y=0 X;>0,Yno; =1
Y=1|X;<0, [X3>0,Yn-1=0
Y=0|X,<0, [X3<0 Yn-1=1
RESETTABLE FLIP-FLOP Y=1 X3 <0, Yn-1 =1
Y = COMPAR (Xt, Xz) Y=0 X] < Xz
COMPARATOR Y=1 X, =X,
Y=AND(X1,X2) Y=1 X1>0,X2>0
Y =0 OTHERWISE
Y = NAND (X, X3) Y=0 X;>0,X,>0
NOT AND Y =1 OTHERWISE
Y—'_—IOR (X1,X2) Y=0 XISO,ngo
INCLUSIVE OR Y =1 OTHERWISE
Y=NOR (Xl,Xz) Y=1 Xlgo,X2S0
NOT OR Y =0 OTHERWISE
Y = EOR (Xi, X,) Y=1 X;<£0,X,>0
Y=1 X;>0X,<0
EXCLUSIVE OR Y =0 OTHERWISE
Y = NOT (X) Y=1 XZ0
NOT Y=0 X>0
Y = EQUIV (X;, X,) Y=1 X;<€0,X,<0
Y = l X1 > 0, Xz > 0
EQUIVALENT Y =0 OTHERWISE
logic statements defining E1 through E7 are:
El = XL1-XL2 (not XL1 and not XL2)
E2 =XL1 + XL2 (XL1 or not XL2)
E3 =1.0 (always on)
E4 = XL1 + XL2 (not XL1 or XL2)
E5 =E2 (same as the state of E2)
E6 = XL2 (not XL2)

E7 =XL1 (the state of XL1)
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Number XL1 XL2
0 0 0
1 0 1
2 1 0
3 1 1
(a) Binary values of XL1 and XL2 for given decimal numbers.
El E2 E3 E4 ES E6 E7 Number
1 1 1 1 1 1 0 0
0 0 1 1 0 0 0 1
0 1 1 0 1 1 1 2
0 1 1 1 1 0 1 3
(b) Truth table for light edges.
E2
E1 E3
E7
E6 E4
ES

(c) Light edge definition.

Fig. 4.29 Diagram defining logic properties for Example 4.7

A logic circuit for performing the above functions is given in Fig. 4.30 where we
assume the random number is available from XL1 and XL2.

The program for making this simulation will first use RNDGEN to generate a
random number. The number so generated will lie between 0 and 1. The output of the
random number generator will be partioned as follows:

For 0 < output < 0.25 — Assign 0
For 0.25 < output < 0.50 —> Assign 1
For 0.50 < output < 0.75 —> Assign 2
For 0.75 < output < 1.00 —> Assign 3

The numbers 0, 1, 2, and 3 will be represented in binary form to give the correct values for
XL1-and XL2. Next the logic functions for E1 through E7 will be expressed in terms of
CSMP functional logic blocks. Finally, the output will give the random binary number and
indicate the state for each edge of the light.

The program given in Fig. 4.31 will accomplish the above tasks. More than 509 of
the program statements are used to create a special form of output. Note that on the
TIMER card, FINTIM is given as 15.0 and DELT specified as 0.5. This means that 30
random numbers will be generated. Of course, the user has complete freedom to specify
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XL1 XL2

NOT NOT
AND

Y

OR

1=E3

OR

gmj
»H

E2=FES5

E7

Fig.4.30 Logic circuit for Example 4.7.

FINTIM and DELT. In this example neither the PRINT nor PRTPLT features of CSMP
were used since all desired output is obtained from conventional FORTRAN statements.
An example of typical output is given in Fig. 4.32 where the random number, the binary
representation, and the state of each light edge are given at the top of the page. This is
followed by a bold print output of the decimal equivalent.

Example 4.8

The reset-set-toggle (RST) flip-flop in the CSMP functional blocks, as given in Table
4.2, can be used for simulating many standard digital functions. This example illustrates
the use of the flip-flop in constructing and testing a two-bit up-down counter. (Modulo
two.)

Several comments should first be made on logic design using CSMP, First the logic
statements should be placed after a NOSORT card. Logic designs using flip-flops with
feedback from the output states will form algebraic loops if run as SORT statements.



* PRCGRAM TO TURN ON LIGHT WITH NUMBER FROM ZERO TO THREE

NOSORT
ok o e ks oo oo ook ok ok o o o o o ok o ok ok ol e o oo ok o o o ook ke Kl ko o ok o e ok o ok ok kK
* PART ONE - GENERATE RANDOM NUMBER *

3ok R KR o o Kk RO oK o ok oo ol sk oK sk ook o R ok skl kKR K ko o ok R ok ok ok Aok o ok ok
L = RNDGENI(9)

XL2 = 0.0

IF(LeGEesOs5) GO TO 13
XLl = 0.0

IF(LeGE40e25) XL2 = 140
GO TO 14

13 XLl = 1.0
IF(LeGEeOe75) XL2 = 140
14 CONTINUE
a4 3k e 2k o bl s o s 3 Sk 2k ke o ok sk ok sk ok e Sk ok 46 3k ok ok ak e a6 ok 3ok e ok e e e e ok Sk ok e ok 3k Sk ok o e o ek e e ok ke ook ok ok ok ok Kok
* PART TWO - LOGIC STRUCTURE *
s e e ok o e o 2 2 ok ok ok A ok 2 Sk 2 ke e 3k 2k 0k oK ke sk e ok ke o 3 e ok e e ok i K ok sk sk s o e e sl ok o e ki o e ok ok e ok ok e o ok ok ok sk ke
XL18AR = NOT{(XL1)
XL2BAR = NOT(XL2)

E1l = AND(XL1BAR,XL2BAR)
E2 = IOR(XL1,XL2BAR)

E3 = 1.0

€4 = TOR(XLLIBAR,XL2)

ES5 = E2

E6 = XL2BAR

ET = XL1

0 2 3k 2 0 o N 3 3k e e e S e e o oK sk i ok 3k e Sk 3 3k ok e ke sk e K e e okl sk ol ke 3k e 3 ke ok v ol a3 ok i sk e ok A ek ke ke ke ok ok ok ok ok ok o ok
* PART THREE - WRITE QUT THE VALUES FOR Ly XL1yXL2+E19yE2,E34E44ES5,E6,ET*
2k e 3 i 3k 3 ke o ok 2k ok o Ok % 2 a3k 9k 3 e ke ok 3k sk e Xk e e e e 3k ke 2l ke 3k 9% koo e e e i ek ke e sk ke ok ok ok e ok ke ok ok ok 3 ok ok Ak o Kk ak o oK ok
WRITE(6,3)
3 FORMAT(1H1 41X, 'RANDCM NUMBER XLl XL2 EDGE1 EDGE2 EDGE3
$EDGE4 EDGES EDGE6 EDGET*)
WRITE(6910) LoXL19XL2,ELyE24E34E4yES9E6HET
10 FORMAT{3XyF10e8s7XsF3e192X9F3al44X9F3el 14X9F3al94XyF3alsé4XyF3aly
$4X 3 F3a1yaXoF3e1s&XoF3e)s//17/7177)
sk e ok ¢ 2 o 3 oK 2 e 3 e ok 3 vk 3k e e ke ok ok Bl sk ok o o s sk e ok ke e ok e ok e ok ok ok sk s e ok e Aok ok alk e ok e 3 e e o o ok ok ok ok ok ok ke ok
* PART FOUR = SPECIAL WRITE STATEMENTS TO FORM DECIMAL NUMBER *
S a3k 3 2 3k 3k K 2 2 22k 3k 2k % 2 ok ok k3 3k 3K o kel 3k ok sk e ok e ok 3k e ke e ek s i ok ook ok ol koK ke ks ekl s ke e ok ok ok ke o ok ok
IF(XL1eEQe0e0eANDeXL2,EQeOeO) GO TN 9
IF(XL1eEQoels0sANDeXL2:.EQels0) GO TO 8
IF(XL1eEQe0e0eANNGXL2BARSEQeO40) GO TO 11
IF(XL1eEQe 1o 0e ANDo XL2BARLFQel140) GO TO 12
9 WRITE(6415)
* THIS FORMAT PRINTS A ZERO
15 FORMAT{T34,120('X")/T34,12(*°X*)/11(T34,*'XX XX /),
$2(T34, * XXXXXXXXXXXX?/))
G0 TO 25
11 WRITE(6,19)
* THIS FORMAT PRINTS A CNE
19 FORMAT(15(/T40,*XX*))
GO TO 25
12 WRITE(6,20)
* THIS FORMAT PRINTS A TWO
20 FORMAT(T34,12('X")1/T34,12{ X )/5(Tab4y*XX"/),T34,12("X*)/
$T34,12( X)) /S(T3442XX1/) 4 T34,12(*X")1/T34,12(°X")/)
GO TO 25
8 WRITE(6,17)
* THIS FORMAT PRINTS A THREE
17 FORMAT(T34,22(X* )/T34,120*X*)/5(T44,"XX*/),T34,12{('X")/
$T34,12( X ) /5(T44,9XX? /) 4T34,12( X )1/T34,12("'X*)/)
25 CCNTINUE
TIMER FINTIM =15,0, DELT = 0.5
END
sTCp

Fig. 4.31 Program listing for NIXIE light indicator. (Example 4.7.)
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RANDCM NUMBER XLl Xt2 EDGEl EDGE2 EDGE3 EDGE4 FEDGE5 EDGE6 EDGE7

0.54687333 le0 040 0.0 1.0 1.0 0.0 1.0 1.0 1.0

XXXXXXXXXK XXX
XXXXXXXXXXXX
XX
XX
XX
XX
XX
XXXXXXXXXXXX
XXXXXXXXX XXX

XXXXXXXXXXXX
XXXXXXXXX XXX

Fig. 4.32 Typical program output for NIXIE light. (Example 4.7.)

Furthermore, the SORT algorithm will change the logic statements around so that the
resulting simulation becomes nonsense. Second CSMP will go through the program
statements twice at TIME = 0 even though integral functions are not used. This means
that flip-flops will react to the two passes and will often give erroneous results. This prob-
lem can be avoided by starting pulses into the logic only after TIME = 0. Third, when
integration is not used in CSMP, the program statements are executed every DELT units.
Thus, users should specify a DELT on the TIMER card commensurate with the frequency
desired for executing the program statements. In summary, the following guidelines are
recommended when using CSMP to simulate logic containing flip-flops.

1 Always place logic statements after a NOSORT card.
2 Apply inputs to the logic after time = 0.

3 Use a DELT corresponding to the frequency desired for executing the program
statements.

The logic diagram of an up-down counter using RST flip-flops is shown in Fig. 4.33.
The counter counts up one unit for every X; pulse applied and counts down one unit for
every X, pulse applied. Simultaneous pulses for X; and X, gives an undefined condition.

A CSMP program for simulating this counter is given in Fig. 4.34. The train of pulses
applied to the system start at TIME = 0.1. Four pulses are first applied from X; and
followed by a continuous train of pulses from X,. Note that variables Q1I and Q2I are
introduced in the INITIAL section. This allows the states of the flip-flops to be defined
so that statements for R1, S1, T1 (input to flip-flop 1) and R2, S2, T2 (input to flip-flop 2)
can be written. Note also that all logic statements follow a NOSORT card and that
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XZ Xl
Qi
o1
Oy
o— M1
s
03
o— \ Tl Flip-flop a1
1
L/ 71
o—1 N1
O—m
02
72
o S —
S2
72 Flip-flop Q2
2
R2
02
}
02

Fig. 4.33 Logic diagram for up-down counter of Example 4.8.

DELT = 0.1 is used on the TIMER card. If a DELT is not specified, the program uses
FINTIM/100 and thereby executes the program statements at this value.

The output of the program is given in Fig. 4.35. Note that Q2 is the low-order bit and
Q1 is the high-order bit. The four input pulses for X1 gives the binary count 1, 2, 3, 0
(which is correct). One will also observe that X2 causes the proper down-count.
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INITIAL
Qll = 0.0
Q21 = 0.0

e ke ok 2 28 koK 3k 3k ek e ok ok o ok ok ke ko ok ok el i e vie ok ot e ok ok o % ik ok ke ol ek o ik o ok e ok kK ak ko ok 3 ke ol ade e ok ok ok ok e

* THE FOLLOWING STATEMENTS GENERATE A TRAIN OF PULSES AS INPUT *
ook o ook o o ok o ok e oo ok ok otk sk o e Sk o ok e o ook ok ok ok ok kK K ek e oK oK kol ook sk ok ok

CYNAMIC

NGSORT
XX1 = IMPULS(0el14y0s1)
YY1 = IMPULS(Qe54001)
X1 = XX1 - Yyl
X2 = YY1

e e vk ik ook o 5K oK e ok 28 3 o a3 ok ok e i 3k e 9 ok K S 3 oK e 3l ok o 3 ok o ok o ol o ok ok ok o8 o sk ke ok ok ke kool K 3K kKoK oK KOk %

*  THE FOLLOWING STATEMENTS FORM AN UP-DOWN COUNTER *
0 o o ok 3 ok 3k 3K ek e ale 4 ok e ok ok Yk ak o A Xk ol o s o ke ok o e ot ok e sk 3k ok 3K e ok e sk ol ok e ek ook e o ak skook ok ok ol ak ok K ok ok kK

QlIBAR = NOT(QLlI}

Q2IBAR NOT(Q21)
M1 = AND{(Q11BAR,Q21)
S1 = AND(X1,M1)

Tl = AND{X2,Q21IBAR)
N1 = AND(Q1lI,Q21)
R1 = AND(X1,N1}

R2 = AND(X2,+Q21)

S2 = T1

T2 = X1

Ql = RST(R1451,7T1)
Q2 = RST(R2,4S2,T2)
Qll = Q1

Q21 = Q2

TIMER FINTIM = 145y DELT = Oely PRDEL = 0.1
PRINT X1, X2, Ql, Q2

TITLE OUTPUT OF A MDDULC TWO COUNTER EXAMPLE 4-8
END

STOP

ENCJIOB

Fig.4.34 CSMP program of the up-down counter of Example 4.8.

CUTPUT OF A MODULO TWO COUNTER EXAMPLE 4-8

TIME X1 X2 Q1 Q2
0.0 0.0 0.0 0.0 0.0
1.0000E-01 1.0000E 00 0.0 0.0 1.0000E 00
240000F=01 1,0000F 00 0.0 1.0000E 00 0.0
3,0000E-01 1,0000€ 00 0.0 1.0000E 00 1.0000E 00
4,00005-01 1,0000€ 00 0.0 0.0 0.0
5,0000E-01 040 1.CCO0E 00 1.0000€ 00 1.,0000E 00
6400005-01 040 1.0000E 00 1,00006 00 0.0
7. COG0E-01 0,0 1.0000E 00 0.0 1.0000E 00
840000E~01 0.0 1.0000E 00 0.0 0.0
9,0000E-01 0.0 1.0000€ 00 1.0000E 00 1.0000E 00
1.0060F 00 0.0 1.CO00F 00 1.,0000E 00 0.0
1,1000€ 00 0,0 1.GCO0E 00 0.0 1.0000E 00
1.2000F 00 0.0 1.00C0E 00 0.0 0.0
1.30005 00 0.0 1.0000% 00 1.,0000E 00 1.0000E 00
1.4000% 00 0.0 1.000C€ 00 1,00006 00 0,0
1.50C0F 00 0.0 1.0000E 00 0.0 1.0000F 00

Fig. 4.35 Output results of up-down counter simulation. (Example
4.8.)
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PROBLEMS

The open-loop transfer function of a system is given by

150

GO) = 5T 26 10
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(a) Find the frequency response of the open-loop system over the range Wy, = 0.1
t0 Wmax = 100.0. Use the basic program given in Fig. 4.1 with NUM(1-6) and
DEN(1-6) changed to appropriate values for this problem. Obtain 20 output
points per decade. Add a statement to the program in Fig. 4.1 so that the output
magnitude is expressed in decibels (dB). If VALUE is the output, this can be
expressed in dB by

VALUEX = 20.0+ALOG10(VALUE)
(b) The G(s) given above is used in a unity-negative feedback system as shown below.
Again, use the basic program of Fig. 4.1 to obtain the closed-loop frequency

response. Express the output in dB and request PRTPLT of output and phase
for .1 < w < 100.0,

INPUT OUTPUT

+ \L—
Fig. P-4.1b

(c) From the computer output of (a) and (b) give
(i) the phase margin and gain margin of the system;
(i) the peak overshoot (M,) of the closed-loop frequency response;
(iii) the frequency at which the peak response occurs (@,);
(iv) the approximate bandwidth of the closed-loop system; and, finally,
(v) is the closed-loop system stable?

Answers:
Part (a). At w = 1.2589, VALUEX = 13.983, PHASE = —129.36
Part (b). At @ = 2.5119, VALUEX = 5.2604, PHASE = —24.841
Part (c). (i) Phase margin = 10 deg, gain margin = 4.06 dB
(i) M, = 15.117 dB, (iii) w, = 3.548, (iv) 5.3, (v) yes

2 A stereo amplifier has the following transfer function

G(s) = 4.05 x 103s

(s + 30)(s + 135,000)
Use the frequency response program given in Fig. 4.1 and determine the response of
the amplifier for 6.28 < w < 628,000. Use log stepping with 10 increments per
decade. Have the program plot dB magnitude and phase versus . What values are
given by the PRTPLT for the low-frequency cutoff, high-frequency cutoff, band-
width, and mid-frequency gain ?

Answers:
Low frequency cutoff == 31.5 radians/sec
High frequency cutoff == 1.27 X 105 radians/sec
Bandwidth == 1.27 x 105 radians/sec
Mid-frequency gain == 69.5 dB

3 Make the necessary modifications to the program in Fig. 4.1 in order to find the
frequency response of V,(s)/V;(s) for the network given below. Use the PRTPLT
statement to list the dB magnitude and phase versus @ (@ in log steps, 10 steps/per
decade) over the range 0.1 << @ < 30,000. Hint: the transfer function is given by



10 ohms
2 x 10-3 Henrys
1

R
I@(s)TQ e A
C =16 x 10-6Farads

Fig. P-4.3
1
o(8) ILC
Vi(s) R
ss+pstre

Answer:
At @ = 1995.2, V,(®w) = 0.638 dB, Phase = —20.09°

4 Consider the multiple-element mechanical system shown in Fig. P-4.4. The differential
equations describing this system are

—By G+ (MG + B2 + BYGE + Koma) = £O)

M, L5 B+ BB 4 K — B, SR =0
| — — X
f0)
/] K2 Kl
—AMA— By
M, —— M,
i —
Bz Bl 7
Fig. P-4.4

By assuming zero initial conditions, taking the Laplace transform, and solving the
simultaneous equations one finds

Xi(s) _ sB3
F(s) — Cus* + C353 + Cyps2 + Cys + Gy

where: Cy = M| M,
C; = M (B, + Bs) + My(B; -+ By)
C, = MK, + MK, + By(B, + Bs) + B, B
Cy = K\(B; + B;) + Kx(By + B3)
Co = KK,

Let My = M, =K, =K, = B; = 1.0, and B, = B, = 0.5. Find the frequency
response of the transfer function, X;(s)/F(s), over the relevant range of @. Solve
this problem by making appropriate changes of the program in Fig. 4.1.

Answers:
At @ = 1.0, magnitude = —1.938 dB, phase = —90°

235
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5 A particular process-transfer function is given by!6
1.25(s2 + 0.3455s 4 0.32)e—0-3¢
(s + 1)(s + 0.2)2
Find the frequency response over the range .001 << @ < 10 by making appropriate

changes in the program of Fig. 4.1. Use log stepping for @ with 16 steps per decade.
What is the phase margin and gain margin ?

T(s) =

Answer:
Phase margin = 62°, gain margin = 0.677 absolute

6 The transfer function of a particular band-reject filter is given by

G(s) = s + 1.6 X 10353 + 8.8 x 10552 + 1.92 X 1085 4 1.44 x 1010
T st 4+ 1.204 X 10%53 + 3.648 X 10752 + 1.4448 x 10% + 1.44 X 1010

Find the frequency response of this filter over the range 1 < w < 100,000. Use log
stepping for o with 10 steps per decade. PRTPLT the dB magnitude of the filter re-
sponse. What band of frequencies are rejected by this filter ?

Answer:
Approximately 14 to 8500 radians/sec
7 A signal is given by
y(t) = 10.0+SIN(10.0«TIME) + 1.1+SIN(350.0«TIME)

Find the response of the filter in Prob. 6 to this signal over the time interval
0 < TIME < 1.4 with OUTDEL = 0.014. Use the transfer function macro given in
Example 3.12 in developing your program. Comment on the filter response for this
»o).

Answer:

For w = 350, signal is attenuated by 40 dB
8 A pulse r(¢) defined by
r@) =1 00 <06

r@t) =0 all other ¢

is applied to a linear, time-invariant, minimum-phase system. Data for the pulse
response are given below.

Time Response Time Response
0.000 0.000 0.645 0.5092
0.045 0.2899 0.675 0.3773
0.075 0.4221 0.720 0.2405
0.120 0.5590 0.765 0.1534
0.165 0.6464 0.855 0.0624
0.255 0.7380 0.915 0.0342
0.330 0.7710 0.975 0.0188
0.390 0.7838 1.060 0.0076
0.480 0.7934 1.200 0.0002

0.600 0.7980
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9

10

11

Find the frequency response of this system. Hint: Use the array-integrator frequency
response program as shown in Fig. 4.8. Use the data above to define the AFGEN
function. An approximate frequency range should start at (n;, = 0.1 with NUM-
DEC (number of decades) = 4 and XDECAD (number of points per decade) = 10.
Dimensioned variables in Fig. 4.8 should be changed from 21 to 41. Allow approxi-
mately 3 min of CPU time on a 360/65 to run this problem.

Answer:
At @ = 19.95 radians/sec, magnitude = —8.85 dB, phase = —62.9°

Data given in Prob. 8 were measured from the system configuration of Fig. P-4.9.

.

00 06 00 06 1.2
+

o /\ G(s) —

INPUT N7 OUTPUT

Fig. P-4.9

(a) From the frequency response of Prob. 8, determine a reasonable model for
G(s).

(b) Use the G(s) determined from part (a) above in the configuration of Fig. P-4.9.
Apply a pulse input as shown in this diagram and use CSMP to find the output
response. Compare this response to the data given in Prob. 8 to determine the
validity of your model. An introductory background in feedback systems is
necessary for working this problem.

Answers:
8
(a) G(S) = (S T 2)

The transfer function of a system is given by

C(s) _ 30052 + 720s + 132
R(s) — 55 + 22s% + 13753 + 49652 + 7255 + 132
(a) Express this transfer function in integration form as shown in Fig. 4.11.
(b) Write a set of state variable equations from your diagram by using the output of
each integration as a state.
(¢) Use the equations in part (b) and write a CSMP program for finding c(z) (the
output) when r(¢) (the input) is a unit step. Hint: Use variable-step integration
with OUTDEL = 0.12 and FINITIM = 6.0.

Answer:

(c) At TIME = 0.84, c(t) = 1.1923
The transfer function of a system is given by

Cls) _ 150
R(s) — 3 + 1252 4 20s + 150
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(a) Express this transfer function in integration form as shown in Fig. 4.10.

(b) Write a set of state variable equations from your diagram by using the output of
each integrator as a state.

(c) Use the equations in part (b) and write a CSMP program for finding c(f) (the
output) when r(¢) (the input) is a unit step. Hint: Use variable-step integration
with OUTDEL = 0.08, FINTIM = 4.0.

Answer:
At TIME = 1.12, ¢(t) = 1.3443

12 A signal given by
f(@) = (4xe~01%) + sin (1.5¢) sec

is applied to the input of a sample and hold system as illustrated in Fig. P-4.12. The
ideal sampler closes every T = 0.4 sec. Write a CSMP program which will
PRTPLT £(¢), £*(@), and x(¢). Use an OUTDEL of 0.1 sec and a FINTIM of 5.0 sec.

£ F*@® x(t)
N >; »—] Zero-order | >

hold

T Fig. P-4.12

Answer:
At TIME = 2.1, x(¢) = 3.416

13 The model of a continuous process is given in Fig. P-4.13.

+ 777N\ Ji J_’ 4e-03s | N
R(s) oy C(s)
INPUT - OUTPUT
r(t) c(t)
Fig. P-4.13

(a) If r(¢), the input, is a unit step, write a CSMP program which gives the output
response, c¢(¢). Assume all initial conditions are zero.

(b) Remove the segment of the system between x and y in Fig. P-4.13 and replace it by
a sample and hold as given in Prob. 12. This replacement is representative of
what happens when a digital computer is used to close the process loop. Develop
a CSMP simulation for this case and determine the unit-step response for
T = 0.08, 0.32. A fixed-step integration should be used for this case with DELT
being a sub-multiple of T.

Answers:
(a) At TIME = 0.96, c(¢) = 0.50984
(b) At TIME = 1.04, T = 0.08, c(t) = 0.65624
At TIME = 1.04, T = 0.32, c(¢t) = 0.47167
Both for METHOD RKSFX, DELT = 0.008
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14

15

The system diagram of a proposed direct digital control system using a PID control
algorithm is shown in Fig. P-4.14. The digital control portion can be expressed in a

ERROR ESTAR — SUM

SETPT 4 N\ Digital X1
> ) ); > control —>—t ZOH e=03¢
\ . T algorithm T
Y X2
A 1 ouT
1+3s -
Y
Fig. P-4.14

PROCEDURE algorithm by

PROCEDURE SUM = PID(A1,SETPT,T,K,TI, TD,ESTAR,ESTAR1,INTG1)
IF(A1.NE.1.0) GO TO 10
IF(KEEP.NE.1.0) GO TO 10
EPROP = ESTAR
EDERIV = TD#(1.0/T)x(ESTAR - ESTAR1)
INTG = INTG1 + T*ESTAR
EINTG = (1.0/TD+INTG
SUM = K+«(EPROP -+ EDERIV 4 EINTG)
ESTAR1 = ESTAR
INTG1 = INTG

10 CONTINUE
ENDPRO

Find the unit-step response of this system using the above control algorithm with
T =0.02, K =296, TI = 1.67, TD = 0.15, INTG1 = 0.0, and ESTAR1 = 0.0.
Use RKSFX with DELT = 0.02, FINTIM = 10.0, OUTDEL = 0.2. Give the
PRTPLT of OUT. A review of Example 4.6 may be helpful in working this problem.

Answer:
At TIME = 0.8, OUT = 1.1431

A cascade form of a PID controller for the system in Prob. 14 is given in Fig.
P-4.15.1® Implement this controller in discrete form using a PROCEDURE
function. Parameters of the controller are K = —9.6, Sampling Interval = 0.02,
TI = 1.67, TD = 0.15, all initial conditions are zero. Use RKSFX fixed-step
integration, FINTIM = 10.0, DELT = 0.02, OUTDEL = 0.2. Give the PRTPLT
of OUT.



240  Further Application of CSMP Ch. 4

L =l P
7 K ICy
A DEVIAT
SETPT +
+
- > K P e—0.3s
/ W,
¥
+
1 ouUT
+ 1+3s -
p
A
d
dt
Fig. P-4.15
Answer:

At TIME = 1.2, out(z) = 0.94849

16 Consider the system shown in Fig. P-4.16. It has been determined that a suitable
controller, D(2), for this system with a sampling time of T = 0.5 is

Dz = A0+ Alsz-1 _ (0.25 — 0.24xz"1)
2 =T I Blszt = (1.0 — 099z 7)

R + Digital 3 c
> ( >"' T; — °°‘1‘)t(‘z°)”°‘ — Ts —ZOH[>— (T +0.15) 1 + 0.55)

A

Fig. P-4.16

Use the method given in Example 4.4 for simulating the above system. Let the input,
R, be a unit step. Give the PRTPLT of C and the output of the zero-order hold. Let
FINTIM = 10.0, OUTDEL = 0.15, DELT = 0.025, METHOD RKSFX.
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Answers:
At TIME = 4.2, ZOH = —0.026969, c(t) = 1.1697

17 The diagram for a digital control system is given in Fig. 4.21. Find the unit-step
response of the system when the controller is expressed as a parallel realization. Use
the PROCEDURE approach. See Example 4.5 for further details.

Answers:
(For T = 0.1, DELT = 0.05, OUTDEL = 0.1, METHOD RKSFX)
At TIME = 1.4, output = 1,1532

18 Ailthough the subject was not discussed in the text, CSMP can be used for simulating
and finding the response of digital filters. For example, the exponential filter can be
expressed as

Yz _(d—mz
X(2) z—0
where:  z = the z-transform variable
o = a filter parameter
Y(z) = z-transform of the filter output
X(z) = z-transform of the filter input

A digital algorithm for this filter is
YT) =1 — ) X(nT) + aY(n — 1T]

where: Y (nT) = nth value of the filter output
Y((n — 1)T) = (n — 1)st value of the filter output
X(nT) = nth value of the filter input
T = filter sampling time

The frequency response of the discrete filter for several values of ¢ is shown in Fig.
P-4.18(a).
Let an input signal to the filter be given by

»(t) = sin (0.05¢) + 0.5 sin (0.44¢)
term A term B

We wish to design a filter which will attenuate term B by 15 dB but pass term A. To
achieve this we select @ = 0.9 and T = 1.43 sec. The program in Fig. P-4.18(b) can be
used to simulate this filter. Run this program and observe the output. Comment on
your results.

Answer:
At TIME = 80.08, x(t) = —1.0729, y(r) = —0.21010



242

dB magnitude

Further Application of CSMP Ch. 4

—20

-22

< 24

- 26

a=0.91

- 28
0.01

0.1 1.0

w (multiply each value by #/T)

Fig. P-4.18(a) Magnitude response of the digital exponential filter.

*4%xPROBLEM INPUT STATEMENTS ##x

PARAM ALPHA = 0,5, Y1 = 0.0
* SANMPLING TIME = 1.43
CYNANIC
NOSORT
X = SIN(O.O5*TIME) + 0.S*SIN{0.44*TINME)
Y = (1.0 - ALPHAI®X + ALPHA%XY]
Y1 =Y
* WHEN USING THIS FFOGRAM BE SURE THAT OELY ON THE
* TIMER CARD IS SET EQUAL TO THE SAFPLING TIME
* MAKE SURE Y1 IS UPLATED AS SHOWN
TIMER FINTIM = 250.0, OUTDEL = 2.86, DELT = 1.43
PRTPLT X, Y
LABEL JLLUSTRATICN OF EXPONENTIAL FILTERs PROB 4-18
END
sTOP
ENCJCE

Fig. P-4.18(b) Program listing for Problem 4.18.
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19 The algorithm of a third-order discrete Butterworth filter is given by
Y(n) = 0.0039%X(n) + 0.0116%xX(n — 1) + 0.0116%X(n — 2) + 0.0039+X(n — 3)
+ 23051« Y(n — 1) — 1.8317xY(n — 2) + 0.4957«Y(n — 3)

where the coefficients have been selected to give a bandwidth of /97T. Let the input
to the filter be identical to the input signal given in Prob. 18. Use a sampling time of

= 2 sec. This should attenuate term B by 30 dB. Write a CSMP program to
simulate this filter. Use a FINTIM = 125 , DELT = 2.0, and OUTDEL = 2. 0.
Compare the results to Prob. 18.

Answer: At TIME =68, x(t) =0.29501, y(z) = —0.14972
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CSMP 1l

The preceding chapters specifically dealt with the form of CSMP called Sys-

tem/360 Continuous System Modeling Program (S/360 CSMP). An extension of
S/360 CSMP called CSMP III is available. It incorporates the following major
changes and improvements.

1 Additional output versatility including extensive x-y plotting capability
is available.

2 Several new functional blocks have been added.
3 Double precision calculations can be used to improve accuracy.

4 The model size has been increased.

There is very little difference in using the two forms of CSMP. Most programs

written for S/360 CSMP are completely compatible with CSMP IIT and will run
without modifications. The following is a brief check list of items that should be
considered when running a program on a different form of CSMP.

244

1 The S/360 CSMP PRTPLT statement is treated as an QUTPUT instruc-
tion in CSMP III. The OUTPUT statement cannot be used in S/360 CSMP.

2 Subscripted variables are allowed in CSMP III PRINT and OUTPUT
statements, but are not permitted in any S/360 CSMP output instructions.

3 The S/360 CSMP CONTINUE statement is equivalent to the END CON-
TINUE instruction used in CSMP III.
4 In S/360 CSMP data cards are placed between the labels DATA and

ENDDATA. The equivalent labels in CSMP III are INPUT and ENDIN-
PUT.
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5 The use of the array form of the INTGRL function is considerably different
in the two forms of CSMP.

6 There are several function blocks that can only be used in CSMP III. They
are listed in this chapter and in Appendix I.

7 The JCL (job control language) cards are different.

It is the intent of this chapter to point out the major differences in using the
two forms of the CSMP program and to describe the additional features of CSMP
III. This material does not contain a detailed description of all the features and
capabilities of CSMP III. The reader should refer to the IBM manual‘® for addi-
tional information.

This chapter is divided into three sections: output, functions, and control
statements. The greatest difference between the two forms of the CSMP program
exists in output capability. Output capabilities are covered in the first section.
The second section contains descriptions of the additional CSMP III functions.
A few control statements are slightly different in CSMP III. This is covered in the
last section.

Output Statements

Additional output statements are provided in CSMP III as well as methods
for controlling the format of the output. The beginning user should start with the
standard output statements and gradually work up to using the various available
options.

The four major output statements are PRINT, OUTPUT, PREPARE, and
RANGE: Each of these statements can be used alone or with auxiliary instruc-
tions to alter the standard output format. FORTRAN output capability is avail-
able in both forms of CSMP.

PRINT

The PRINT statement is used exactly as in S/360 CSMP. The changes listed
below provide additional flexibility.

1 Up to 55 variables can be listed on a PRINT card.

2 The PRINT statement can be used for subscripted variables. For example,
the following card will print the values of A, B, X(1), Y(6), Y(7), Y(8), and
Y().

PRINT A, B, X(1), Y(6-9)

TITLE

As in S/360 CSMP, the TITLE statement is used for specifying the heading
of PRINT output. Each TITLE statement, which can be continued to one addi-
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tional card, provides up to 120 characters in one line of output. A maximum of
six cards can be included in a program. This means that three TITLE statements,
each containing one continuation card; six TITLE cards with no continuations;
or an equivalent number of cards can be used.

For example, the following two TITLE statements provide a total of two
lines of heading for PRINT output.

TITLE SIMULATION OF THE CONTROL SYSTEM FOR NATURAL GAS ---
TRANSMISSION
TITLE ALL UNITS ARE GIVEN IN THE METRIC SYSTEM

RERUN

The RERUN card is used to print in the heading the values of listed param-
eters. For example, when several runs are made using the CALL RERUN
statement, the current values of X, Y, and Z are printed as part of the heading by
using the following statement.

RERUN X, Y, Z

PRINTPAGE

This statement allows the user to specify the size of pages used for PRINT
output. If the size is not specified by the HEIGHT and WIDTH variables, the
height will be the standard sixty lines and the width will be 132 characters. An
example of a PRINTPAGE statement is shown below.

PRINTPAGE HEIGHT = 50, WIDTH = 104

This instruction will provide a page 50 lines high and 104 characters wide.
Page width determines the maximum number of variables that can be listed in
column form as summarized below.

Maximum Number of Output
Page Width Variables in Column Form

132 9
120 8
104 7
91 6
78 5

OUTPUT

The OUTPUT statement provides an additional means for both printing and
plotting output. It is used in place of the S/360 CSMP PRTPLT statement. If
PRTPLT is used in CSMP 111, it is automatically treated as an OUTPUT state-
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ment. Up to fifty-five variables can be included in one statement. An example
of a valid OUTPUT card is shown below.
OUTPUT X, W, T(3), Q3-12), P

The output format is automatically determined by the number of variables
that are listed on the OUTPUT statement. For five or fewer variables, the output
is both plotted and printed on the same plot. When there are more than five vari-
ables the output is only printed. The following example illustrates the use of the
OUTPUT statement with the three different formats.

Example 5.1

Consider the problem of calculating the steady-state error of an accelerometer for a
sinusoidal input of frequency . Fig. 5.1 shows the basic elements of an accelerometer.

LILILLS I+| LB - C
_M],f,\,_ 3 VKM
C M /K
ﬂ (@] Q WN ) M
Fig. 5.1 Elements of an accelerometer.

The steady-state percent error is given by the following expression
100

ERROR = [(1 — (9_)2)2 N <2C2>2]1/Z — 100 5.1
w, W,
Symbols used in program
where { = damping factor ZETA
o _ ratio of exciting FREQ
frequency to natural
frequency

The program shown in Fig. 5.2 calculates the percent error as a function of frequency
ratio and damping factor. The independent variable is the frequency ratio (FREQ) and
each subscripted variable (ERROR(I)) represents the error for a particular value of {.
The ERROR(I) variable corresponds to a damping factor of 1/20. The printing format
depends on the number of variables listed in the OUTPUT statement. For 1-5 variables,
both a printer-plot and tabular listing are given on the same page. The plot for each
variable is independently scaled and identified by a unique symbol. The output for the
following instruction containing four variables is given in Fig. 5.3.

OUTPUT ERROR(1), ERROR(8-9), ERROR(14)

As with the S/360 CSMP PRTPLT instruction, multiple OUTPUT statements can
be used to provide separate plots. For example, the following three cards will provide
three separate plots of X, Y, and Z.

OUTPUT X
OUTPUT Y
OUTPUT Z
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LABEL STEADY-STATE ERROR OF AN ACCELEROMETER AS A FUNCTION OF FREQUE...
NCY AND CAMPING FACTOR
RENAME TIME = FREQ
FIXED I
STORAGE ERRUR(20)
NOSORTY
DSt 1 = 1,20
IETA = FLOAT(I)/20.0
1 ERRCR{I) = 100.0/SQRT{(1.0 - FREQ*FREQ)**2 + (2,0%ZETA*FREQ)**2) vee
- 1CC.0
OUTPUT ERRUR(Ll)y ERROR(8-9), ERROR(14)
LABEL TYPICAL OUTPUT FOR 1-5 VARIABLES
OUTPUT  ERRUR(4)s ERROR(6-10)
LABEL TYPICAL OUTPUT FOR 6-9 VARIABLES
QUTPUT ERRCR(1-20)
LABEL TYPICAL OUTPUT FOR 10-55 VARIABLES
TIMER FINTIM = 1.0, OUTDEL = 0.02
END
sTOoP
ENDJOB

Fig. 5.2 Program to calculate the steady-state error of an accel-
erometer.

In S/360 CSMP, three separate PRTPLT cards or the following single statement will also
give three separate plots.

PRTPLT X, Y, Z

For 6-9 variables, a column listing is used. It is similar to the format used by the
PRINT statement. The output from the following instruction containing six variables is
given in Fig. 5.4.

OUTPUT ERROR(4), ERROR(6-10)

For 10-55 variables a row format is used. The names of the variables are listed in
the left column and each successive column contains the magnitude of the variables for
increasing values of the independent variable (TIME). Figure 5.5 shows an example of
this type of output for the following statement.

OUTPUT ERROR(1-20)

Similar to the PRTPLT instruction, the print interval for the OUTPUT statement
is specified by OUTDEL.

LABEL

This statement specifies the heading that appears at the top of each page
of OUTPUT printout. Only one continuation card is allowed for each LABEL
instruction. LABEL statements provide headings for all OUTPUT instructions
that follow the LABEL cards. LABEL instructions that follow an OUTPUT
statement refer only to the statement they follow. Examples are shown by the
program of Fig. 5.2 and outputs in Figs. 5.3, 5.4, and 5.5. A typical LABEL
statement is shown below.

LABEL SIMULATION OF THE INDUSTRIAL DYNAMICS OF A ...
MANUFACTURING PLANT
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=30.00 *0*=ERROR(14) 10.00

0.0 *X* =ERROR(9) 32.00
0.0 *%9 =ERROR{8) 40.00
0.0 '+ =ERROR(1} 1000.

FREQ ERROR(1) ERROR{8) ERROR (9) ERROR (14)
0.0 0.0 R 1 L I 040 0.0 0.0
2.000006-02 3.98102E-02 X 1 1 ) I 2.71912E-02 2.37885E-02 T7.78198€-04
4.00000E-02 0.15944 X 1 1 0 I 0.10884 9.51996E-02 3.06702£-03
6.00000E-02 0.35947 X 1 I 0 I 0.24504 0.21423 6.546026-03
8.00000E-02 0.64085 X 1 1 0 I 0.43597 0.38091 1.07422E-02
0.10000 1.0049 +X 1 1 a 1 0.68192 0.55528 1.49994E~-02
0.12000 1.4535 +X 1 1 0 I 0.98314 0.85732 1.84326E-02
0.14000 1.9888 + X 1 I ] I 1.3400 1.1671 1.99890E-02
0.16000 2.6134 + X I 1 0 I 1.7531 1.5246 1.84326€-02
0.18000 3.3306 + X 1 1 o 1 2.2227 1.9298 1.23138€-02
0.20000 4.1441 $omeXmmmmmmmmm e 1 - [———=mmmmm e R I 2.749 2,3825 0.0
0.22000 5.0581 + X 1 I 0 1 3.3336 2.8827 -2.03094€-02
0.24000 6.0777 + X 1 I o 1 3.9761 3.4300 -5.06287E-02
0.26000 7.2084 + X 1 I o I 4.6771 4.0242 -9.31854E-02
0.28000 8.4569 + X I 1 0 I 5.4372 4.6647 -0.15018
€. 30009 9.8304 + *X 1 I 0 I 6.2568 5.3507 -0.22418
0.32000 11.337 + X1 1 0 I 7.1360 6.0815 -0.31799
0434000 12,988 . *X 1 1 0 I 8.0751 6.8557 -0.43413
0.36000 14,792 + *X1 1 o1 I 9.0739 7.6719 ~0.57556
0.38000 16,762 I+ *X 1 o1 I 10.132 8.5281 -0.74533
0.40000 18.913 e B e ] G 1 1l.249 9.4220 -C.94635
0.42000 21.261 I+ 1 %X 1 01 I 12.423 10.351 -1.1818
0.44000 23.824 I+ 1 *X 1 01 I 13.652 11.311 -1.4545
0.46000 26,624 1+ I *X 1 01 I 14.935 12.298 -1.7675
0.48000 29.686 I+ 1 *X I o1 I 16.268 13.307 -2.1237
0.50000 33.038 I+ 1 1 o 1 I 17.647 14.332 -2.5259
0.52000 36,715 1+ 1 X1 o 1 I 19.067 15.367 -2.9767
0.54000 40.755 1+ 1 Ix o I I 20.521 16,403 -3.4780
0.56000 45.205 I+ 1 I X 0 1 1 22.001 17.431 -4.0323
0.58000 50,121 1+ 1 1 X 0 1 I 23,498 184441 -4.6411
0.60009 55.568 el BT B R I 25.000 19.421 -5.3058
0.62000 61.625 I+ 1 I 0 X * I I 26.493 20,357 -6.0271
0. 64000 68.390 I+ 1 1 0 x* 1 1 27.962 21,237 -6.8057
0.66000 75.980 I+ 1 1 o0 X I 1 29.387 22.044 ~7.6416
0.68000 84.541 1 + I 10 X I* I 30.750 22.761 -8.5343
0.70000 94,257 1 + I 10 X1+ 1 32,025 23.372 ~5.4828
0.72000 105.36 1 + I o1 X o* I 33.190 23.859 -10.486
0.74000 118.14 I + 1 01 1x * 1 34.216 24.205 -11.541
0.76000 133.00 1 + I 0 1 IX * I 35.075 24.391 -12.647
0.78000 150,44 1 + 1 o I Ix * I 35.741 24.403 -13.800
0.80000 171.16 e ] EEE RSN R S| - Ix e I 36.184 24.226 -14.997
0.82000 196.11 1 + 1 o 1 X * 1 36.379 23.848 -16.236
0.84000 226.64 1 +1 © I x1 * I 36.303 23,259 -17.511
0.86000 264,65 1 1+0 1 X 1 * I 35.938 22.455 -18.820
0.88000 312.96 1 o1+ 1 X 1 * 1 35.270 21.432 -20.159
0.90000 375.65 1 01 + I X 1 * I 34,292 20.154 -21.522
0.92000 458452 1 o 1 + 1 X 1 * I 33.004 13.747 -22.906
0.94000 568.38 1 e} 1 IXx+ 1 * I 3l.414 17.100 -24.308
0.96000 706.80 I 0 I X1 +* I 29.535 15,267 -25.721
0.98000 846.09 1 0 1 X * 1 + I 27.389 13.265 -27.144

1.0000 900.00 [=0=m=mmmmmmmee [----- e ~[=====-ekommeeo[mmcemmm—$-m=ee] 25,000 11,111 -28.571

Fig. 5.3 Typical printer-plot from OUTPUT statement for 1-5
variables.



STEADY-STATE ERROR OF AN ACCELEROMETER AS A FUNCTION OF FREQUENCY AND DAMPING FACTOR
TYPICAL CUTPUT FOR 6-9 VARIABLES

FPEQ
0.0
2.00000E-02
4.00000E-02
6.00000E-02
8.,00000E-02
0.10000
0.12000
0.14009
0.16000
0.18000
0.20000
0,22000
0.24000
0.26000
0.28000
0.30000
0.32000
0.34000
0.36000
0.38000
0.40000
0.42000
0.44000
0.46009
0.48000
050000
0.52000
0.54000
0.56000
0.58000
0.60000
0.62000
0. 64000
0.66000
0.68000
0.70000
0.72000
0. 74000
0. 76000
0.78000
0.80000
0.82000
0.84000
0.86000
0.88000
0.90000
0.92000
0.94000
0.96000
0.98000

1.0000

ERRIR(4)
0.0
3.68042€-02
0.14738
0.33218
0.59196
0.G92775

1.3409

1.8332

2+40066

3.0636

3.8068

446397

5.5657

6.5891

T.7144

8.9469

10.292

11.757

13.349

15.075

16.945

18.968

21.156

23.520

264073

28.831

31.810

35.026

38.499

42.250

46.301

50.676

55397

604490

65.977

71.878

78.207

84.969

92.152

99.723

107.61

115.71

123.85

131.78

139.18

145.66

150.77

154.006

155.15

153.81

150.00

ERROR(6)
0.0
3.27911E=-02
0.13132
0.29585
0.52689
0.82510

1.1914

1.6268

2.1328

2.7107

3.3623

4.0895

4.8946

5.7798

6.7478

7.8014

8.9437

10.1738

11.507

12.936

l4.467

16.105

17.853

19.715

2l.696

23.797

26.022

28.373

30.851

33.456

364184

39.030

41.986

45,040

48.172

51.359

54.568

57.759

60,881

63,874

66.667

69,1179

71.326

73.016

T4.162

T4.688

T4.529

73.645

72.025

69,684

66.667

ERRORIT7)
0.0
3.01971E-02
0.12088
0.27225
0.48465
0.75854

1.0945

1.4934

1.9559

2.4832

3.0763

3.7365

4.4651

5.2635

6.1333

T7.0759

8.0932

9.1865

10.358

11.608

12.938

14.351

15,846

17.423

19,083

20,824

224645

244542

264510

284+544

30.632

32.766

34,929

37.103

39.267

41.393

43,451

45.403

47.211

48.829

50.210

51.307

52.072

52.461

52.436

51.969

51. 043

49.652

47.807

45.530

42.857

ERROR(8)
0.0
2.71912E-02
0.10884
0.24504
0.43597
0.68192
0.98314

1.3400

1.7531

2.22217

2.749

3.3336

3.9761

4.6771

5.4372

6.2568

7.1360

8.0751

9.0739

10.132

11.249

12.423

13.652

14.935

16.268

17.647

19.067

20.521

22.001

23.498

25.000

26.493

27.962

29.387

30.750

32.025

33.190

34.216

35.075

35.741

36.184

364379

36.303

35.938

35.270

34.292

33.004

31.414

29.535

27.389

25.000

ERROR(9)
0.0
2.37885€E-02
9.51996E-02
0.21423
0.38091
0.59528
0.85732

L.1671

L.5246

1.9298

2.3825

2.8827

3.4300

4.0242

4.6647

5.3507

6.0815

6.8557

7.6719

8.5281

9.4220

10.351

11.311

12.298

13.307

L4.332

15.367

16403

17.431

18.441

19.421

20.357

21.237

22.044

22.761

23.372

23.859

244205

24.391

24.403

24.226

23.848

23.259

22.455

21.432

20.194

18.747

17.100

15.267

13.265

1l.111

Fig. 5.4 Typical print-out from OUTPUT statement for 6-9

variables.

ERROR(10
0.0
1.99890E~
T7.99561E-
0.17982
0.31946
0.49870
0.7L727
0.97485

1.2711

1.6053

1.9771

2.3856

2.8298

3.3088

3.8210

4.3650

4.9389

5.5405

6.1671

6.8159

T.4834

8.1655

8.8578

9.5549

10.251

10.940

ll.614

12.265

12.885

13.463

13.990

14.455

14.846

15.152

15.361

15.462

15.444

15.296

15.009

14.576

13.990

13.248

12.347

11.289

10.077

8.7149

7.2117

5.5766

3.8210

1.9576
0.0

250
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STEADY~STATE ERROR OF AN ACCELEROMETER AS A FUNCTION OF FREQUENCY AND DAMPING FACTOR
TYPICAL OUTPUT FOR 10-55 VARIABLES

FREOQ 0.0 2.00000€-02 4.00000E-02 6.00000E~02 8.00000E-02 0.10000 0.12000 0.14000 0.16000
ERROR(1) 0.0 3.98102E-02 0.15944 0.35947 0.64085 1.0049 1.4535 1.9888 2.6134
ERROR(2) 0.0 3.91998E-02 0.15703 0.35400 0.63107 0.98949 1.4310 1.9576 2.5719
ERROR(3} 0.0 3.82080E~-02 0.15302 034492 0.61476 0.96375 1.3934 1.9057 2.5029
ERROR (&) 0.0 3.68042E~02 0.14738 0.33218 0.59196 0.92775 1.3409 1.8332 2.4066
ERROR (5} 0.0 3.50037€-02 0.14015 0.31583 0456265 0.88152 1.2735 1.7402 2.2831
ERROR(6) 0.0 3.27911E-02 0.13132 0.29585 0.52689 0.82510 le1914 l.6268 2.1328
ERROR(T) 0.0 3,01971E~-02 0.12088 0.27225 0.48465 0.75854 1.0945 l.4934 1.9559
ERROR({8) 0.0 2.71912E-02 0.10884 0.245GC4 0.43597 0.68192 0.98314 1.3400 1.7531
ERROR (9} 0.0 2.37885E~02 9.51996E-02 0.21423 0.38091 0.59528 0.85732 1.1671 1.5246
ERROR(10) 0.0 1.99890E-02 7.99561E-02 0.17982 0.31946 0.49870 0.71727 0.97485 1.2711
ERROR(1L) 0.0 L. 57T7T6E-02 6.31256E-02 0.14185 0.25169 0.39229 0.56314 C.76364 0.99303
ERROR(12) 0.0 1, 11847E-02 4.46930€E-02 0.10028 0.17761 0.27614 0.39516 0.53383 G. 69113
ERRDR (13) 0.0 6.17981E-03 2.46735E-02 5.51910E-02 9.72900E-02 0.15033 0.21350 0.28581 0.36603
ERROR (14) 0.0 7.78198E-04 3.06702E-03 6.54602E-03 .1.07422E-02 1.49994E-02 1.84326E-02 1.998S0E-02 1.84326E-02
ERROR{15) 0.0 ~5.06592E-03 -2.01263E-02 -4.55780E-02 -8.19550E-02 -0.12973 ~0.18980 -0.26311 -0.35097
ERROR{16) 0.0 ~1.12610E-02 -4.49066E-02 -0.10129 ~0.18079 -0.28378 -0.41106 -0.56320 -0.74120
ERRDR(17) 0.0 ~le77460E-02 ~T.11975E~02 -0.16045 -0.28558 -0.44699 -0.64481 -0.87968 -1.1517
ERROR{18) 0.0 ~2.47955E-02 ~9.91821E-02 -0.22305 -0.39650 -0.61919 ~0.89111 ~1l.2120 -l.5816
ERROR(19) 0.0 -3.21350E-02 -0.12868 -0.28918 -0.51329 -0. 80026 -1.1495 =1.5597 ~2.0300
ERROR (201 0.0 ~3.99475€-02 -0.15977 -0.35873 ~0.63596 -0.99013 ~1l.41595 -1.9223 ~2.4961
FREQ 0.18000 0. 20000 0. 22000 0.24000 0.26000 0.28000 0.30000 0.32000 0.34000
ERROR (1) 343306 4.1441 5.0581 6. 0777 7.2084 8.4569 9.8304 11.337 12.988
ERROR (2} 3.2770 4.0764 4.9740 5.9747 7.0837 8.3072 9.6520 1l.126 12.738
ERROR (3) 3.1879 3,9638 4.8343. 5. 8037 6.8768 8.0590 943566 10.776 12.326
ERROR(4) 3.0636 3.8068 4.6397 5.5657 65891 T.7144 89469 10.292 11.757
ERROR(5) 2.9043 3.6061 4.3910 5.2621 6.2226 T7.2762 8.4270 9.6793 11.038
ERROR(6) 2.7107 3.3623 440895 4. 8946 5.7798 6.7478 7.8014 8.9437 10.178
ERROR{T) 2.4832 3.0763 3.7365 4.4651 5.2635 6.1333 7.0759 8.0932 9.1865
ERROR (8] 2,2227 2. 7494 3.3336 3.9761 46771 5.4372 6.2568 1.1360 8.0751
ERROR(9) 1.9298 - 2.3825 2.8827 3.4300 4.0242 4.6647 53507 6.0815 6.8557
ERROR(10) 1.6053 1.9771 2.3856 2.8298 3.3088 3.8210 403650 4.9389 5.5405
ERRORI(1L) 1.2504 1.5346 1.8445 2.1785 2.5349 2.9119 3.3071 3.7180 4.1418
ERROR(12) 0.86581 1.0565 l.2616 1. 4791 1.7070 1.9431 2.1845 2.4286 2.6720
ERROR(13} 0.45276 0054440 0.63914 0.73494 0.82953 0.92043 1.0049 1.0802 1.1429
ERROR (14} 1.23138E-02 0.0 ~2003094E-02 -5.06287E-02 -9.31854€-02 -0.15018 -0.22418 =0.31799 ~0.43413
ERROR(15) ~0.45436 -0.57500 -0.71442 -0.87425 ~1.0565 -1.2630 =1.4957 -1.7568 -2.06485
ERROR({16) -0.94608 -1.1788 ~l.4406 ~1.7326 =2.0561 -2.4123 ~2.8026 ~3.2282 =-3.6901
ERROR(1T) ~le4616 -1.8096 -2.1964 -2.6222 -3.0876 ~3.5928 ~4.1382 -4.7239 -5.3502
ERROR({18) -1.9997 ~2.4657 -2.9793 ~3.5398 ~4.1467 ~4.7991 ~5.4962 ~642369 ~7.0203
ERROR(19) -2.5589 ~3.1451 -3.7868 ~4.4822 -5.2295 ~6.0264 -6.8709 =7.7606 -8.6931
ERROR (20} -3.1383 =3.8462 ~4.6166 ~5.4463 -6.3320 ~7.2700 -8.2569 ~9.2888 -10.362

Fig. 5.5 Typical print-out from OUTPUT statement for 10-55
variables.
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PAGE

The PAGE card provides a number of options for selecting the format and
page size for OUTPUT printout. The following parameters which appear on a
PAGE card can be used to provide logarithmic scaling, contoured and shaded
printer-plots, merged printer-plots, reduced size pages, and a method for inter-
facing with x-y plotting devices.

HEIGHT and WIDTH
XYPLOT

MERGE

CONTOR

SHADE

NTAB and NPLOT
GROUP

LOG

SYMBOL

As in the use of the LABEL statement, a PAGE card which is placed before a
group of OUTPUT statements applies to them all. PAGE statements which are
placed after an OUTPUT statement refer only to the statement they follow. If
instructions are not specified on a PAGE statement, the standard format is always
automatically used.

HEIGHT and WIDTH. These variables are used to control page height and
width for both printer and x—y plotter output. If the HEIGHT variable is not spe-
cified, the standard 60 lines per page is used for printer-plot output. For x-y plotter
output, the default option is either 8 in. or 8 cm depending on the local plotter
system. The WIDTH variable can be used to reduce the size from the standard
width of 132 characters to the minimum width of 52 characters. For x-y plotter
output, the WIDTH variable refers to the width of the plot. The standard width
is 10 in. or 10 cm. An example of specifying a printer-plot 120 characters wide and
50 lines high is shown below.

PAGE HEIGHT = 50, WIDTH = 120

XYPLOT. For computer installations where a plotting subroutine has been
incorporated into the CSMP III System, the XYPLOT symbol can be used to
initiate off-line x-y plotting. Because of the various makes and models of digital
plotters, each computer facility needs to develop its own plotting subroutine.‘!-»
When the XYPLOT symbol is listed on the PAGE card, the variables contained in
the OUTPUT statement are printed by an x—y plotter rather than a line printer.
The first variable listed in the QUTPUT statement is plotted on the abscissa, and
all the remaining variables are plotted on the ordinate. LABEL statements are
automatically transferred to the plotting routines. If the scale is not specified,
automatic scaling is used. An example of the method used to specify the scale is
shown by the following statements.

OUTPUT X(4.0, 12.0), Y(0.0, 25.0)
PAGE XYPLOT
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For this example, the variable X is plotted on the abscissa with a scale ranging
from 4.0 to 12.0, and the variable Y is plotted on the ordinate with the scale of 0.0
to 25.0.

If automatic scaling is desired, the following statements should be used.

OUTPUT X, Y, Z
PAGE XYPLOT

The above statements will plot X on the abscissa versus the variables Y and
Z on the ordinate. Note that the OUTPUT statement used with XYPLOT allows
complete flexibility in the choice of the independent variable.

The PREPARE instruction described in Chap. 3 can also be used to produce
a data set for off-line plotting.

MERGE. This symbol is used to merge printer-plots from several runs to
one plot for OUTPUT statements containing only one variable. As an example,
consider the problem of plotting on one graph the dynamic response of a spring-
mass-damper system for three values of damping.

Example 5.2

Fig. 5.6 shows a linear spring-mass-damper system with the given parameters and
initial conditions. The equation of motion is given by Eq. (5.2).

mi +cx +kx=f 5.2)

—

o

¢ ) )

f =1200.0 newtons (N)
m = 36.0 kilograms (kg)
k = 1000 newton/meter (N/m)
¢ =35, 150, and 500 N-sec/m

x(0)=x(0)=0

Fig. 5.6 Linear spring-mass-damper system.

The program of Fig. 5.7 uses a standard PARAMETER statement to make three
runs for specific values of ¢. The MERGE parameter is used to combine the time-history
of displacement for all three runs in one printer-plot.

Fig. 5.8 shows the resulting OUTPUT.

An alternate form of print-plot is available by specifying the CONTOR and SHADE
parameters. They can effectively illustrate the transient response of distributed systems.
For example, the transient and spatial temperature distribution in one-dimensional heat
flow can be illustrated by using the CONTOR or SHADE parameter.
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* CSMP II1 PROGRAM TO SIMULATE SPINT-MASS—-DAMPER SYSTEM AND TO
* ILLLSTRATE THE USE OF THE MERGE STATEMENT

CONSTANT F = 200.0y M = 36.0y K = 1000.0

PARAMETER C = (35.0y 150.04 500.0)

* XDC = ACCELERATION XD = VELOCITY

XDD = (F - C%XD - K*X)/M

XD = INTGRL (0.0,XDD)

X = INTGRL(0.04XD)

QuUTPUT X

PAGE MERGE

TIMER FINTIM = 1.96y CUTDEL = 0.04
END
sToP
ENDJOB

Fig. 5.7 Program to simulate spring-mass-damper system and to
illustrate MERGE output.

CONTOR. This parameter provides a contoured form of a printer-plot.
Scaling for the plot is automatic when the following statement is used.

PAGE CONTOR

A second form of the CONTOR parameter can be used to specify the scale.
In the following statement, the scaled range of the plot is between 3.0 and 45.0.

PAGE CONTOR = (3.0, 45.0)

Example 5.3

The problem of simulating the transient-temperature distribution in a rod illustrates
printer-plots using both CONTOR and SHADE parameters. The copper rod shown in
Fig. 5.9 is insulated on the outside surface to prevent heat flow in the radial direction. The
initial temperature of the rod is 300°K and the left-hand end is connected to an infi-
nite heat source which maintains this end at a temperature of 300°K. At the start of the
simulation, the right-hand end is brought in contact with a surface having a constant
temperature of 500°K. As in Example 3.3, the copper rod is divided into 20 equal-size
elements. Assuming a constant temperature in each element, the transient temperature of
the ith element is given by Eq. (5.3).

O _ o1 — 1) — 2067 + TG+ D] i=1,2,...,20 (.3)
Symbols used in computer program
where Q = k/(pcL?) Q
p = density of copper, RO
8890 kg/m3
¢ = specific heat, C
398 joule/kg-°K
k = thermal conductivity, K
386 watt/m-°K.
L = length of element, L
0.02m

Figure 5.10 shows the program for solving the set of 20 equations.
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PARAMETER
c

TIME
0.0
4.00000E-02
8.000005-02
0412000
0.16000
0.20000
0.24000
0.28000
0.32000
0.36000
0.40000
0.44000
0.48000
0.52000
0.56000
0.60000
0.64000
0.68000
0.72000
0.76000
0.80000
0.84000
0.88000
0.92000
0.96000
1.0000
1.0400
1.0800
1.1200
1.1600
1.2000
1.2400
1.2800
1.3200
1.3600
1.4000
1.4400
1.4800
1.5200
1.5600
1.6000
1.6400
1.6800
1.7200
1.7600
1.8000
1.8400
1.8800
1.9200
1.9600

RUN 1 RUN 2
35.000 150.00
0.0
0.0
0.0
RUN 1
0.0 X==mm-

RUN
500.00

3

*X*= RUN 3
'x0= AUN 2
t+v= RUN 1

0.4000
0.4000
0.4000

4.37119€-03 X
1.70718E-02 I Xx*
3.72326€E-02
6.36933E-02 1
9.50645€-02 1
0.12980 1
!
1
1

-t

X *+

0.16625
0.20278
0.23780
0.26984
0.29763
0.32011
0.33652
0.34638
0.34950
0434601
0.33631
0.32107
0.30114
0.27759
0.25156
0.22428
0.19700
0.17088
0.1%702
0.12638
0.10972
9.76132E-02
9.04175€E-02

* ¢+

[ L

—r]

]
]
[]
[}
1
1
]
I
|
]

[}
I
1
]
[}
]
1
]

—
*

[}
1
*
t
1
1
]
[}

B.82555€-02
9.10290E-02
9.84293€-02
0.10996
0.12496
0. 14265
0.16215
0.18255
0.20293
0022241

+xX1
X1+
X1 +

0.24017
0.25551
0.26786
0.27678
0.28203
0.28352
0.28132
0.,27568
0.26696
0.25567
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Fig. 5.8 MERGE output from program of Fig. 5.7.

P et b R B g P e bl d g o et bk b b et P g P et bk bt il bt P bt ot ot bed e bt et ey o et st et o Pt g et ot

RUN 2
0.0
4.19209€-03
1.572705-02
3.30069€-02
S.%4452F-02
7.85291€-02
0.10387
0.12924
0.15360
0,17612
0.19615
0.21327
0.22721
0.23791
0.,24541
0.24991
0.25169
0.25108
0.24849
0.24431
0.23897
0.23286
0.22635
0.21976
0.21338
0.20743
0.20209
0.19749
0.19369
0.19074
0.18861
0.18728
0.,18667
0.18670
0.18726
0.18826
0.18959
0.19113
0.19280
0.19451
0.19618
0.19775
0.19917
0.20040
0.20143
0.20224
0.20284
0.20323
0.2n343
0.20346

RUN 3
0.0
3.71087€-03
1.25060€-C2
2.39268€-02
3.64536E-02
4.92066E€-02
6.16432€E-02
T7.34783E-C2
8.45687€-02
9.48529€-C2
0.10433
0.11301
€. 120585
0.12819
0.134178
0.14078
0.14624
0.15119
0.15569
0.15978
0.16349
0.16686
0.16952
0.17270
0.17522
0.17751
0.17959
0.18147
0.18318
0.18474
0.18615
0.18742
0.18859
0.18964
0.19060
0.19147
0.19225
0.192917
C. 19362
0.19421
0.19474
0.19523
C. 19567
0.19607
0.19643
0.196176
0.19706
0.19733
0.19758
0.19780
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Fig. 5.9 Insulated copper rod.
Note in the CONTOR printer-plot of Fig. 5.11 there are 11 variable groups each

covering a specific range of temperatures.
The following listing shows the symbols for each range:

Symbols Percent range Temperature values
L less than 2.5%; 300 to 305 °K
1 7.5% 10 12.5% 315 to 325 °K

2 17.5% t0 22.5% 335 t0 345 °K
3 27.5% to 32.5% 355 to 365 °K
4 37.5% to 42.5% 375 to 385 °K.
5 47.5% to 52.5% 395 to 405 °K
6 57.5% to 62.5% 415 to 425 °K
7 67.5% to 72.5% 435 to 445 °K
8 77.5% to 82.5% 455 to 465 °K
9 87.5% t0 92.5%; 475 to 485 °K
H more than 97.5%, 495 to 500 °K

The percent numbers in the above listing are valid for all CONTOR plots while the
temperature values apply only to Fig. 5.11.

SHADE. This parameter provides a shaded print-plot and is used exactly
the same as the CONTOR parameter. Scaling is automatic when the following
statement is used.

PAGE SHADE
The scale range of —5.0 to 4.5 is specified by the following form.
PAGE SHADE = (—5.0, 4.5)
The output from the SHADE parameter of the program of Fig. 5.10 is shown
in Fig. 5.12.

Note that there are ten levels of intensity. Variables having values near the
high side of the scale are represented by dark plotting. Variables in the lowest 109
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tABEL CSMP 111 PRUGRAM TC SIMULATE THE TRANSIENT TEMPERATURE
LABEL OISTRIBUTIUN OF A CUPPER RCD

INITT AL
CONSTANT RO = d89U.J0y C = 358,0, X = 336.0, L = 0.02, cee
TLEFT = 300.0, TRIGHT = 500.C
FIXED I

Q = K/ (ROX*C¥L*L )
TABLE TI(1l-20) = 20%300.0

DYNAMIC
NOSORT
O(1) = QR(TLEFT = 2.0%T(1) + T(2))
Do 1 I = 2,19
1 TD(I) = Q¥(T(I=-1) - 2.0%T(I) + T{I+1))
TD(20) = Q*(T(LY) - 2.0%T(20) + TRIGHT)
SCRTY

T = INTGRL(TIL, TD, 20)
NYTPUT  T(1-20)
LABEL EXAMPLE )F A CONTCR PRINTER-PLOT
PAGF CONTOR
QUTPUT  T(1-20)
LABEL EXAMPLL OF A SHAUF PPINTER-PLOT
PAGE SkADE
TIMFR FINTIM = 45040, DUTOEL = 10.0
END
STap
ENDJOB

Fig. 5.10 Program to simulate the temperature of copper rod.

of the scale range are represented by blanks. At each 109 increase in magnitude
of the output variables, the printing becomes one shade darker.

The remaining five PAGE parameters (NTAB, NPLOT, GROUP, LOG,
and SYMBOL) are only applicable to printer-plot output. This occurs when OUT-
PUT statements contain less than six variables.

NTAB. This parameter specifies the number of variables that will be both
print-plotted and tabulated. When NTAB is used on the PAGE card as shown
below,

PAGE NTAB =2
only the first two variables in the OUTPUT statement will be both print-plotted
and tabulated. The remaining variables on the OUTPUT statement will only be
print-plotted. ‘

NPLOT. This parameter specifies the number of variables that will be both
print-plotted and tabulated. All remaining variables listed on the OUTPUT
statement will only be tabulated.

GROUP. This parameter specifies the number of variables that are to be
print-plotted with the same scale. The common scale is determined by the entire
group of variables. The following statement specifies that the first three variables
listed on the OUTPUT card will be print-plotted with the same scale.

PAGE GROUP = 3

LOG. This parameter specifies that number of variables on the OUTPUT
card that are to be print-plotted with a logarithmic ordinate scale.

SYMBOL. This parameter allows the user to specify the identification sym-
bols used in printer-plots. To illustrate the use of several PAGE parameters, con-
sider the output from the following statements used in the program of Fig. 5.2.



CSMP 111 PRCGRAM TO SIMULATE THE TRANSIENT
OISTRIBUTION DF A COPPER ROD
EXAMPLE OF A CONTOR PRINTER-PLCT

TENPERATURE

CUNTOUR PRESENTATION FOR T(1) SCALE VALUES *L'= 300,
*i*=  320. 12¢= 340, *3'=  360. 4= 380, *5'=  400.
'6%=  420. t7'= 440, *8'=  460. '37=  480. *H*=  500.
1 1 i 1 i 1 1 1 1 L
1 2 3 4 5 6 1 8 9 0 1 2 3 4 5 6 7 8 S
TIME
0.0 LLLLbLLLELbtLtLteteettittbtieitttiibbt bbbttt eettLLitttpiietrtetetreetreteteeeieibett
104000 CLLLLLLLLLLLELLLLL b L LLLt e bbbttt LLibLb Lttt ttbLbeiLeiititLettteee 111 22 3 45
20. 000 LLLLLLLLLLLLLL L bR L bbb Lttt bbb bbb bbbt LLLb Lt bbb bbb L Lt 11111 222 33 44 55 66 1
30.000 LLLLLLLLLLLLLLLLLL bbb LLLL L Lt LLetbbLb bbb LbbbLLeiLreetet 111111 2222 333 44 55 66 11
40,000 LhLbLLLbbtbttbtLbbLE bbb LLLLLLbLbLttetieLLtttttiereette 1111111 2222 333 44 555 66 17 8
50.000 LLLLLLLLLLL Lttt bbbt Lt beb bt ebeebieint Lt 2222 3333 44 555 €6 11 €
60,000 CLLLLLELLLLLLLELL L LLLL el LLeLLeLeeite 11111111l 22222 3333 444 555 666 11 88
T0.000 LLLLLLLLLLLLLLLLLL bbb LLLLLLLLLLLet 111111111} 22222 3333 444 555 66 11 o8
80.000 tLbttiitltibbLtt bbbttt 11i1t11111 22222 3333 4444 555 666 7717 8&é8
90. 000 LLLLLLELLLLLLLLLLLLL L 11111111111 222222 33333 4444 5555 666 777 8db
100.00 LLLLLLELLLLLLLLLLLLLL Lttt 2222222 333133 4444 555 666 177 8dg
110.00 LLLtetiLeeeiitiet 111111l 2222222 33333 4444 5555 6666 777 338 ‘
120.30 [ARARARSS NN R AR 111111111111 2222222 333333 44444 5555 6666 177 388 ‘
130.00 LLbLtieeett 111111111111 2222222 333333 - 4444 5555 6666 1777 338
140.00 LLLLLLLL |ERRERERRREE] 22222222 - 333333 44444 555% 6666 1777 3338 St
150.90 LLLLLtLt 1111111111111 22222222 333333 44444 5555 6666 7 8843 g
160 .00 LLLLL 111111111111 22222222 333333 44444 55555 6666 7777 8833 Gt
170.00 LLLtL 1111111111111 22222222 3333333 44444 55555 6666 7777 8344 9
180.00 LLL 111111111111 222222222 333333 44444 55555 6666 177 883 9S!
190.00 LL 111111111111 22222222 3333333 444444 55555 66666 7777 8883 S
200.00 Lt 111111111111 22222222 333333 444444 55555 66666 717 8813 39
210.00 L 111111111111 2222222272 3333333 44444 55555 6666 71717 8888 559
220.00 L 11111131111 22222222 333333 44444 55555 6666 1777 8888 999
230.00 L 11111111111 222222222 3333333 444444 55655 66666 Tt 38888 995
240.00 11111111111 22222222 3333333 444444 55555 66666 1777 8888 995
250.00 1111111111 22222222 3333333 444444 55555 66666 71717 3888 395
260.00 1111111111 22222222 3333333 444444 55555 66666 1777 38888 $996
270.00 111111111 22222222 3333333 444444 555555 66666 7777 8888 9999
280.00 11111111l 22222222 3333333 444444 555555 666666 77717 38888 $395
290.00 111111111 22222222 3333333 4444444 55555 66666 17777 88888 9399
300.00 111111111 2222222 3333333 444444 555555 666666 77 88888 9395
310.00 111111111 22222222 3333333 444444 555555 66666 77777 38888 59556
320.90 1111t 22222222 3333333 444444 55555 666666 i 88888 39999
330600 111111111 2222222 3333333 444b444 565555 666666 1771177 38888 59356
340.00 11111111 22222222 3333333 444444 555555 666666 777717 88838 $9496
350,00 11111111 2222222 3333333 4444444 555555 666666 77777 888888 59399
360.00 tr1tinit 22222222 3333333 444444 555555 666666 777777 38383 53355
370,00 11111111 2222222 3333333 444444 555555 66666 7717 83888 4999599
380,00 11i11111l 22222222 3333333 4444444 555555 666666 777177 33888 969995
390.00 1111111 2222222 3333333 444444 555555 666666 177177 888888 9%9599
400.00 1111111 2222222 3333333 444444 595555 666666 177777 888888 49939
410.00 1111111 2222222 3333333 4444444 555555 666666 17777 88888 59959
420400 1111111 2222222 3333333 444444 555555 666666 171777 88888 99999
430490 111111l 2222222 3333333 4444444 555555 666666 1177177 88888 96959
440.00 11111111 2222222 333333 4444444 555555 666666 7777 3888388 39999
450.90 1111111 2222222 3333333 444444 555555 666666 7117 848888 99939

Fig. 5.11 Example of CONTOR printer-plot output.
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OUTPUT ERROR(8), ERROR(9), ERROR(12), ERROR(15)
PAGE NTAB =2, GROUP =4, SYMBOL = (A, B, C, D)

The output for the above statements is shown in Fig. 5.13.

Note that the NTAB parameter provides that only the first two variables
have tabulated output. The GROUP parameter provides that all four variables
are plotted with the same ordinate scale. The SYMBOL parameter specifies that
the letters A, B, C, and D are used to identify the printer plots of the variables
ERROR(8), ERROR(9), ERROR(12), and ERROR(15), respectively.

CALL PRINT and CALL OUTPUT

Both the PRINT and OUTPUT instructions can be invoked at any point in
the program by using the CALL statement. These output statements are normally
invoked when specified conditions occur, where the IF instruction is usually used
to branch to the CALL statement. An example of using the CALL OUTPUT
statement is shown below.

NOSORT
IF(X.GT.6.0) CALL OUTPUT

Note that both the CALL PRINT and CALL OUTPUT statements must be used
in nosort or procedure sections. The use of the CALL instruction assumes that
the appropriate PRINT or OUTPUT statement is defined in the program. If either
of the CALL instructions are invoked at a normal PRDEL or OUTDEL interval,
the duplicate printing is suppressed.

As in S/360 CSMP, the FORTRAN WRITE statement in nosort or procedure
sections is allowed. In some circumstances, this type output may be desirable.

RANGE

This instruction is used to list the maximum and minimum values of selected
variables and the time of occurrence. Its function in CSMP III is exactly the same
as in S/360 CSMP. The only difference is that the maximum number of variables
allowed in a RANGE statement is 110. An example of a valid instruction is shown
below.

RANGE G, H, X1, Y1, T, COST, Q, ..
L,J, R

Subscripted variables should not be used in a RANGE statement.

Functions

In addition to the functions available in S/360 CSMP, CSMP III provides
the user with additional function blocks. This section briefly describes some of the
more important functions available only in CSMP IIL.
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FREQ
0.0
2.00000E-02
44 00000E-02
64 00000E~02
8.00000E-02
0.10000
0.12000
0414000
0.16000
0418000
0.20000
0.22000
0.24000
0026000
0.28000
0.30000
0.32000
0434000
0.36000
0. 38000
0440000
0.42000
0, 44000
0046000
0,48000
0.50000
0452000
0454000
0.56000
0458000
0. 60000
0462000
0.64000
0.66000
0.68000
0. 70000
0472000
0, 74000
0.76000
0.78000
0.80000
0.82000
0.84000
0. 86000
0.88000
0,90000
0. 92000
0494000
0.96000
0.98000
1.0000

ERROR{8)
0.0
2. 71912€8-02
0.10884
0.24504
0.43597
0.68192
0. 98314
1.3400
1.7531
2.2227
27494
3.3336
349761
46771
544372
6,2568
7.1360
8.0751
9.0739
10,132
1le249
12.423
13.652
14,935
1l6.268
17,647
19.067
20.521
22.001
23.498
25.000
264493
27.962
29.387
30.750
32,025
33.190
344216
354075
35.741
364184
364379
364303
35.938
35.270
344292
33.004
3le4l4s
294535
27.389
25,000

-40.00 1CH=ERROR(12) 40400
-40.00 *BY=ERROR(9) 40400
-40.00 YAY=ERROR(8) 40400
1-----=-1- 1 1 i --0 1 1 1 1 I
I 1 1 1 1 ) I 1 I 1 1
1 1 1 1 1 0 1 I I 1 1
1 1 1 I I D 1 1 1 1 1
1 1 1 1 1 D i 1 I 1 1
O I-==mm= [--=-==- I-————- [------- 0B—----— 1 1 I I 1
1 1 1 1 I 08 1 I I 1 I
1 1 I I I oC 1 1 1 I 1
1 1 1 1 1 i I I I 1 I
I 1 1 1 1 oce 1 1 I 1 1
| | E— ~J-==m===]==m=e=DICBA====][=mmmm = [memmme [mm e 1-——---—- 1
1 1 1 1 1 DIC B 1 1 1 i 1
1 1 1 1 I DIC BA I 1 1 I 1
1 1 1 I 1 DI C BA I 1 1 I 1
1 1 1 1 1 oI C B I 1 1 I 1
[--eemme]mmmmeen]r=mceas]-mmeeae[-====D- [-C--BA-1 1 1 1 1
I 1 I 1 1 DIC BAI 1 1 1 I
1 1 1 1 DI C BA 1 I 1 1
1 1 1 I 1 01 ¢ BA 1 1 1 1
I 1 1 I I D I C 18A 1 1 1 j
1--==--- I I--=mmm- [-==mmm- [====D====C-===[=BA==m=]oeemoec[ecmmeac]cmmaacc]
1 1 I 1 1 D I ¢ I8 A 1 I 1 1
1 I 1 1 1 o I ¢ 1 B Al I I I
1 1 1 1 ) I ¢ I B AI I 1 1
1 1 I 1 I o I ¢ 1 B A 1 1 I
[-m==-m- I-==--- ~l=e——-- ~l===m===]=D=m===[===(===[-====B=]-A 1 1 1
I I 1 I 10 1 ¢ I B A 1 I 1
1 1 1 1 ) I ¢ 1 18 A I I 1
1 1 1 1 D I ¢ 1 18 Al I I
1 1 1 1 01 I ¢ 1 1 8 A 1 i
1-—---—-I- 1 --1 o-1 I-==C===[===r===]=eeBm==[A====ee]emmeaac]
1 I 1 1 D1 1 ¢ I I B I A 1 1
1 1 I 1 D I 1 ¢ I 1 8 I A I 1
1 1 1 I 0 1 1 ¢ 1 1 B I Al I
1 I 1 1 D 1 1c 1 I BI Al ]
1 - 1 1D 1 I-C I 1 8 A I
1 1 i D I Ic I 1 B 1A 1
1 1 1 bl 1 c 1 1 B 1 A 1
1 1 1 DI 1 c1 I 1 18 I A 1
1 1 1 D 1 1 ct I I 18 I A 1
[-==-mn e I-—-D-==]=====—= I----C--1 I I 1B I~——-a--1
I 1 10 1 I ¢ 1 1 I B 1 Al
1 1 ID 1 I C I 1 1 8 I Al
1 I D 1 Ic¢ 1 i 1 81 I A 1
I i 01 i c 1 1 I 81 I A 1
et Bt B e B o B S e S S B B
I 1 o 1 1 c1 1 1 1 8 1 1A 1
1 10 I 1 ¢ 1 I 1 18 I A 1
1 10 1 IcC 1 1 I B1 I Al 1
I D I Ic 1 1 1 8 1 I A 1 1
[-==-=D=]=====w=]=mm=eel[=mmmee=[memee==[=meem== [~=B-——] 1A I- 1

Fig. 5.13 Printer-plot to illustrate the use of NTAB, GROUP,

and SYMBOL.

ERROR(9)
0.0
2.37885E-02
9¢51996E~02
0.21423
0.38091
0.59528
0.85732
lel671
le5246
1.9298
243825
208827
344300
400242
4o 6647
543507
640815
648557
T.6719
Be 5281
944220
10351
11.311
12.298
13.307
144332
15,367
16.403
17.431
18,441
194421
20357
214237
224044
22,761
234372
23.859
240205
244391
244403
244226
23,848
23.259
224455
21.432
20.194
18747
17.100
15.267
13,265
1l.111
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Arbitrary Function Generators

The AFGEN and NLFGEN function generators used in S/360 CSMP are
also available in CSMP III. There are two additional arbitrary function generators
available for CSMP III users, FUNGEN and TWOVAR.

FUNGEN
This arbitrary-function generator allows the user to choose the degree of
interpolation. A typical statement is shown below.
Y = FUNGEN(ABC, N, X)
where Y = dependent variable (output)
ABC = function name, it is defined on a FUNCTION card

N = degree of interpolation, may be 1, 2, 3, 4, or 5. N must be an
integer constant or integer variable.

X = independent variable (input)

When N =1, FUNGEN is identical to AFGEN; and when N =2,
FUNGEN uses second-degree interpolation which is the same as NLFGEN.

CALL FGLOAD

In addition to specifying x—y data in a FUNCTION statement as illustrated
in Example 2.4, a CALL FGLOAD instruction using subscripted variables can be
used to load the data. A typical set of statements follows.

independent variables
dependent variables

INITIAL /

STORAGE X(26), Y(26) This statement must be used to specify
SYSTEM NPOINT = 26 the number of data points.

NOSORT

. } generation of the values of X(i) and Y(i)

CALL FGLOAD(ABC, X, Y, 26)
dependent variables
independent variables

In the above example, 26 pairs of subscripted variables are read in or gen-
erated in the Initial segment. This data is then entered into the function ABC by
the CALL FGLOAD instruction. The values of the independent variables X
must be monitonically increasing and single-valued. A typical set of instruction
for using the data entered by the CALL FGLOAD statement is shown below.

COST = AFGEN. (ABC, UNITS)

FUNCTION ABC
dummy statement to instruct the CSMP translator

that the name ABC is an arbitrary function
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This function loading capability is useful when the x—y relationship results
from complex calculations. Computer time can be saved by performing the calcu-
lations only once in the Initial segment and then using an arbitrary function gen-
erator to return the values in the Dynamic segment.

TWOVAR

This arbitrary function generator can be used for functions of the form
Z = F(X,Y). An example of this statement is shown below.

Z = TWOVAR(ABC, Y, X)

where Z = dependent variable
ABC = function name
X & Y = independent variables

A graphical representation of Z as a function of X and Y is given by Fig. 5.14.

V4

Fig. 5.14 Functional relationship between X, Y, and Z.
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Note in Fig. 5.14 that the three-dimensional surface is represented by four
lines each having a constant value of X. The functional relationship of Y and Z
for constant values of X is the format used to specify the function Z = F(X, Y).
Using the function name ABC, the following statements can be used to define the
functional relationship shown in Fig. 5.14.

Value of X (Y, Z) Pairs of data

FUNCTION ABC, o%o = (0.0, 4.0), (0.5, 3.0), (1.5, 2.0), (2.5,1.7), ...
(3.5, 1.7), (4.5, 2.0)

FUNCTION ABC, 1.0 = (0.0, 3.5), (1.0, 2.8), (2.0, 1.9), (3.0, 1.5), ...
4.5, 1.8)

FUNCTION ABC, 2.0 = (0.0, 3.0), (1.0, 2.3), (2.0, 1.8), (3.2, 1.6), .
(3.8, 1.6). (4.5, 1.6)

FUNCTION ABC, 3.5 = (0.0, 2.2), (1.0, 1.2), (2.0, 0.7), (2.8,0.75), . ..
(3.5, 0.9), (4.0, 1.05), (4.5, 1.2)

Each FUNCTION statement contains the pairs of (Y, Z) values for a constant
value of X. The cards must be arranged such that the values of X be monoton-
ically increasing in each FUNCTION statement. If the TWOVAR function should
have to extrapolate for values of either X or Y outside the specified range, a
diagnostic message will appear and computation will proceed.

CALL TVLOAD

Data for the TWOVAR function generator can be loaded using the subrou-
tine TVLOAD. Its use is similar to FGLOAD, except TVLOAD must be called
to load the data for each family of curves having a constant value of X. An
example of loading the data contained in Fig. 5.14 for the curve X = 0 is given
by the following instructions.

INITIAL
STORAGE Y(6), Z(6)
SYSTEM NPOINT = 24, NFUN = 6

total number of (y-z) number of function
point pairs. curves plus two.
NOSORT

TABLE Y(1-6) =0.0, 0.5, 1.5, 2.5, 3.5, 4.5

TABLE Z(1-6) = 4.0, 3.0, 2.0, 1.7, 1.7, 2.0

CALL TVLOAD(ABC, Y, Z, 6, 1, 0.0)
Function name
Independent variable
Dependent variable
Number of (y-z) pairs
The curve number (1st curve)
Value of X for pairs of (y-z) data
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The CALL TVLOAD statement is used three more times to load the y-z data for
the curves X = 1.0, X = 2.0, and X = 3.5.
An example of the second CALL TVLOAD statement is shown below.
CALL TVLOAD(ABC, Y, Z, 5, 2, 1.0)

The value of X must be monotonically increasing for the successive CALL
TVLOAD instructions. The range of Y should be the same for each call instruction
and must be monotonically increasing.

A typical set of instructions for using the TWOVAR arbitrary function which
is loaded by the subroutine TVLOAD is shown below.

Q = TWOVAR(ABC, R, S)

FUNCTION ABC }

FUNCTION ABC [T ————Two dummy FUNCTION statements
are required.

SLOPE

This function is used to calculate the slope of a function specified by data
points in a FUNCTION statement. It is not the time derivative as given by the
DERIYV function. The standard form is given below.

Y = SLOPE(ABC, N, X)
where Y = the slope of the function ABC at X.
_9(X)
Y= dX

ABC = function name containing the x—y data. The data may also be loaded
by the CALL FGLOAD statement.

N = an integer constant or variable giving the degree of the polynomial
that is used to fit the data. The slope is computed from a poly-
nomial curve fit. N may be 1, 2, or 3.

Example 3.12 in Chap. 3 illustrates the use of a macro to handle a general
transfer function. CSMP III has a function block for this purpose.

TRANSF

Consider the following general block diagram written in Laplace transform
notation.

a,,,s’" + a,,,_ls"'_l + ce + als + am+1
r(s) bys® + by,_15"7t + oo+ bys + by (s

The output for the above block can be obtained by using the following state-

ment.
C = TRANSF(n, B, m, A, R)
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where n & m = integers giving the order of the denominator and numera-
tor of the transfer function, respectively

B & A = subscripted variables defining the transfer function of the
denominator and numerator, respectively

R =input

The following statements should be used to declare A and B as subscripted
variables and to assign values to A(i) and B(7).

STORAGE A(m + 1), B(n + 1)
TABLE A1 —(m+ 1)) =ay, a3, a3, ..., Auey
TABLE B(l b (n + 1)) = b1, bz, b3, ceey b,,,n

Consider the example of simulating the following block diagram by the use
of the TRANSF function.

R s + 55 4 11.2 )

) = 12.0 1.1s* + 453 + 75?2 + 25 + 0.5

The program for determining the response is shown below.

STORAGE A(3), B(5)

TABLE A(1 —3) =5, 1.0,11.2
TABLE B(1 — 5) =2.0,7.0,4.0,1.1,0.5
C = TRANSF (4, B, 2, A, 12.0)

PRINT C

TIMER FINTIM = 4.0, PRDEL = 0.08
END

STOP

ENDJOB

Control Statements

Additional control capabilities are available in CSMP III. They include
branching instructions, integration techniques, and double-precision calculations.
This section describes the additional control capabilities as well as the changes in
control statements.

END CONTINUE

This statement is used in CSMP III as the CONTINUE instruction is used
in §/360 CSMP. It allows a run to be interrupted so that data or control statements
can be changed during the simulation. A detailed explanation of the CSMP CON-
TINUE statement is contained in Chap. 3 in the section on translation control
statements.
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INPUT and ENDINPUT

These labels are used to identify the set of cards containing data to be entered
into the program by the FORTRAN READ(5, XYZ) instruction. The INPUT
card must immediately follow the END statement. All data cards must be con-
tained between INPUT and ENDINPUT. The ENDINPUT label must be punched
in card columns 1-8.

END
INPUT

} data cards

ENDINPUT
STOP
ENDJOB

In S/360 CSMP, the DATA and ENDDATA labels are used in place of IN-
PUT and ENDINPUT. This is described in Chap. 3 in the section on data state-
ments.

In CSMP III it is possible by the use of the CALL FINISH statement to ter-
minate a run by branching to the Terminal segment. Also new parameters and
control variables can be introduced in the simulation by employing the CALL
CONTIN card.

CALL FINISH

This statement can be used in nosort or procedure sections to branch to the
Terminal segment. If there is no Terminal segment, the program will terminate
when the CALL FINISH instruction is encountered. The CALL FINISH instruc-
tion is normally used in conjunction with an IF statement as shown below.

IF(FORCE .GT. FMAX) CALL FINISH
CALL CONTIN

This statement is similar to the CALL RERUN instruction described in
Chap. 2. When the program encounters a CALL CONTIN statement, a new run
is initiated starting with the value of TIME from the previous run. The CALL
CONTIN card does not reset initial conditions. As with the CALL RERUN
instruction, the CALL CONTIN statement should only be used in the Terminal
segment and is normally used with an IF statement.

Integration Techniques

There are two additional integration methods available in CSMP III; RKSDP
and STIFF. As in S/360 CSMP, if the integration technique is other than the vari-
able-step Runge-Kutta, it must be specified on a METHOD card as shown below.

METHOD STIFF
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RKSDP. This is the double-precision version of the variable-step Runge-
Kutta method. To take advantage of the increased accuracy, the ABSERR and
RELERR parameters should be used to decrease the error-bound on the integrator
output. Additional information for using double-precision is contained in a follow-
ing section.

STIFF. This variable-step integration method should be used for the class of
problems represented by so-called “stiff” equations. These equations have solu-
tions which have exponents which are greatly different as typified by Eq. (5.4).

x = Ae™* + Be~10% 5.4

STIFF integration is used because numerical solutions using a method such
as Runge-Kutta sometimes exhibit what is called partial-induced-instability when
solving a stiff equation.®’

Array Integration

The array or specification form of the INTGRL function is also available in
CSMP III as illustrated by the following statement.

Y = INTGRL(XO, X, 40)

The above instruction specifies an array of 40 integrators: Y = output,
X0 = initial condition, and X = integrand.

Since the above INTGRL statement in CSMP III automatically specifies
that Y, XO, and X are subscripted variables, they must not be included in a
STORAGE or DIMENSION statement. Unlike S/360 CSMP, the initial condi-
tions can be loaded using a TABLE statement. The EQUIVALENCE card that
is required in S/360 CSMP is not used in CSMP III. Examples of programs using
a CSMP III array integrator are shown in Figs. 5.10 and 5.15. The program of Fig.
5.15 shows the double-precision calculations used in the program of Fig. 5.10.

There are two additional variables that can be included on the TIMER card,
DELMAX and TIME.

DELMAX

This symbol specifies the maximum allowable integration step size for all
variable-step integration methods. If not specified, the smaller of PRDEL or
OUTDEL is used.

TIME

This variable specifies the value of TIME at the beginning of the run. If not
included on the TIMER card, it is set equal to zero.

Double-Precision Operations

In some simulation problems the round-off errors with single-precision arith-
metic are too large for satisfactory solutions. Double-precision calculation can
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improve accuracy and is available in CSMP III. The following describes the vari-
ous aspects of using double-precision.

Integration. The following card provides double precision variable-step
Runge-Kutta integration.

METHOD RKSDP

The numerical integration calculations are performed in double-precision but
the output is returned in single-precision which is rounded from the double-
precision results.

If double-precision output is required, the specification form of the INTGRL
statement must be used for all integration. The following two control cards should

be included.
SYSTEM DPINTG

METHOD RKSDP

Double-precision initial conditions may be set using the TABLE instruc-
tion.

Calculations. There are several rules that must be followed when using
double-precision numbers.

1 All double-precision variables must be subscripted and all of these vari-
ables not appearing in the specification form of the INTGRL function
must be declared on a REAL+*8 card.

/ REAL=8 Q(15), P(30), S(60)
\}Cclumn 7
Virgule in column 1
The above instruction must appear before the first structure statement.
2 Double-precision numbers can be rounded and set equal to single-precision

numbers using the following statement.
Y = ZZRND(X(4))

In the above instruction, the double-precision variable X(4) is rounded and
set equal to the single-precision variable Y.

3 Double-precision symbols starting with the letters I, J, K, L, M, and N
must be included on a FIXED card.
4 The double-precision symbol for TIME is ZZTIME.
5 The exponential form using D instead of E can be used for assigning values
to double-precision constants.
Y(3) = 7.987654D5 (7.987654 x 106)
PI(1) = 3.1415926535898D0  (3.1415926535898)

Output. Double-precision variables cannot be used in standard CSMP III
output statements. They must be equated, or rounded using the ZZRND instruc-
tion before they can appear in CSMP output statements.
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X = XDP(1) (equated)
Y = ZZRND(YDP(1)) (rounded)
OUTPUT X, Y

If double-precision output is desired, the FORTRAN WRITE statement
should be used as covered in Chap. 3 in the section on data output.

The program of Fig. 5.15 illustrates double-precision integration for calculat-
ing the transient temperature distribution of the copper rod of Example 5.3. A
FORTRAN WRITE instruction is used to print the double-precision result whlch
is shown in Fig. 5.16.

Note the differences between the double-precision program of Fig. 5.15 and
the single-precision program of Fig. 5.10.

* CSMP II1 PROGRAM TU SIMULATE THE TRANSIENY TEMPERATURE DISTRIBUTION
* JF A CCPPER RUD USING LCOUBLE PRFCISICN CALCULATIONS

INITEAL
/ REAL*8 DP{T)
FIXED 1

TABLE TI(1-20) = 20%3.002
SYSTEM DPINTG
METHCD RKSDP

RFLERR  T{1-20) = l.0E-8
ABSERR  T(1-20) = 1.0€-8
NCSORT
* THE DOUBLE PRECISION SUBSCRIPTED VARIABLE DP(I) IS USED
* T0 INPUT THE VALUES OF THE PARAMETERS OF THE CDPPER ROD OUF EXAMPLE. 5.3
CP{1) = 8.8902
OP(2) = 3.98D2
DP(2) = 3.860C2
DP(4) = 2.0D-2
DP(5) = 3.0C2
OP(e) = 5,002

NPET7) = DP(3)/(DP{1)*0P(2)%DP(4)*DP(4))

1C0 FNIRMAT(5622.12)

101 FORMAT(/ 30X o *TIME 9 18Xs ' T(4) "y 18X, T(8) 417Xy TC10)' 417X4*T(16)")
WRITE(6,101)

DYNAMIC
NOSORT
TOCL) = DPLTIR(DP(S) = 2.0%T(1) + T(2))
DY LI o= 2,15
I TCUI) = DPETV*(T(I-1) = 2.0%T(1) + T(I+1))
TD{20) = DP(TI*(T(19) - 2.0%T{20) + DP(6))
SORT
T = INTGRLITI, TD, 20)
NOSORT

* THE FCLLUWING FURTRAN WRITE STATEMENT PROVIDES QUTPUT AT THE ENO OF
% EACH TENTH VALID [NTEGRATICN STEP

IF(KEEPNE.L) GO TO 2

CT = CT + 1.0

IF(CT.LTL2.5) GU TD 2

WRITE(6, 1000 {TIM4E, T(4), T(8)y, T(LO)}, T(l6))

CT = 0.0
2 CUONTINUE
TIMER FINTIM = 450.0
END
sTnp
ENDJOR

Fig. 515 Simulation of the temperature of copper rod using
double precision.



Ch. 5

TIME, (4} T(8)
1426562500000 200.,000000C00 300. 000000000
3.09375)00000 300.900000000 300.000000001
5.90625000000 3N0.0N0A0NNON 30N, 0000N0950
10.4062500000 300909000205 310.000221 716
17.7187500000 300.900089036 309,014688666
30.0937500000 300.010141710 3N0.336381644
51.4687500000 200,306926535 392.971772836
89.7187500000 303.023022391 312.727054459
148.218750000 310. 683180099 329.427550268
199.968750000 317.385209377 341.543210126
253.96875000n 322.984081578 351.104582398
303.468750000 326.8635400646 357.595660186
355,218750090 329,PB4NON9AK 362.611R40784
406.968750000 322.09¢773725 2664280281305
450.000000900 233.,4811513192 3684 564898895

$8$% SIMULATICON HALTEDR FOP FINISH CONNTTINN  TIME 450,00

REFERENCES
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T(1n)

300. 000000000
300.000000174
300.000061033
300.004986118
300.135408143
301.497811928
307.765962064
323.260691628
344,141355339
357. 834603171
368.286939071
375.294859587
380,685218191
3R84.619834664
387.0683837299

Fig. 5.16 Double precision output from program of Fig. 5.15.

T(16)

300.004681049
300.,194794311
301.805008651
308.069261558
322.048061889
343.563464148
369.055400686
394.918449206
415.596172422
4264321822957
433,850591096
438.733635794
442,442048677
445.134832194
446.807280527

1. Continuous System Modeling Program III (CSMP III) Program Reference Manual,
SH19-7001-2, Program Number 5734-XS9, IBM Corporation, Data Processing Divi-
sion, White Plains, N. Y.

2. Continuous System Modeling Program, Program Logic Manual, LY19-7000, IBM
Corporation, Data Processing Division, White Plains, N. Y.

3. Fox, LesLiE and D. F. MAvErs, Computing Methods for Scientists and Engineers,
Clarendon Press at Oxford, 1968, p. 215.

PROBLEMS

1 The equations which defined the concentrations of xenon 135 (X) and iodine 135 (I)

in a nuclear reactor which has been suddenly shut down are given below.

X = —2.09 x 10-5X + 2.88 x 10-5I

I =

—2.88 x 10—51
The initial concentrations are

X(0) = 3 x 10'5 atoms per unit volume

1(0) = 7 x 1016 atoms per unit volume

Find the concentrations at ¢ = 100,000 sec. Plot the results using a logarithmic

ordinate.

Answer:

At TIME = 100,000 X = 1.761 x 101¢

I =3.929 x 105

2 In an epidemic of a contagious disease, the following Kermack-McKendrick set of
equations model the number of the population who are susceptible to the disease .S,
the number of infectious carriers C, and the number of individuals who have recov-
ered and are immune R.

= —4.5.C

C=4.5-C—B-C

R=B.C

A and B are constants which characterize the epidemic. Time is measured in days.
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Using the following initial conditions for a population of 1000,

S(0) = 900
c@©0) =10
R(@©0) = 9%

solve the Kermack-McKendrick equation using 4 = 0.001 and B = 0.072.
Include S, C, and R in a common printer-plot using the same scale for all vari-
ables. '
Answer:
At TIME = 10 days, S =274, C = 631.2, R = 3414
Solve the following equation using both the RKSFX and STIFF methods.
y + 201y + 200y =0
y(©0) =1.0
»0) =0
Compare the numerical solution with the exact solution. -

y= %_gge_t — l_;ge-zom
Answer:

The difference between the exact solution and the numerical solution using
RKSFX and STIFF is less than 10-4. However, several program interrupts due to
underflow occur when using RKSFX.

Use the TRANSF function to sqlve for the dynamic response of the system repre-
sented by the following block diagram. A unit-step input occurs at ¢ = 0.

s24+55s+7
U g ey gy oy s pepmy v ey e )
Answer:
At TIME = 10.0 ¢ =2.1671
60
Profile of Roller Coaster Track
Height 40
feet
(62)]
20
1 1 1 1 | el -
40 80 120 160 200 240

Feet (x)
Fig. P-5.5
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5 A 640 Ib gravity-powered roller coaster travels on a track shown in the above profile.
Aerodynamic drag equal to 0.005v2 and a rolling resistance of 10 1b oppose motion.
The velocity at the start of the run is 15 ft/sec. Use the SLOPE function to evaluate
dy/dx in simulating the motion of the vehicle.

The equation of motion is

%«a = —wsin § — 0.0050% — 10.0

&y
where  sinf = dxd >
1+ ()
= f’ v dt
A1+ (E)
w = weight

g = acceleration of gravity, 32.17 ft/sec2
Answer:
At TIME = 6.0 sec: v = 35.1 ft/sec and x = 197.0 ft.

6 A 27 1b weight moving downward at a velocity of 200 in/sec strikes and sticks to a
lead cylinder.

160 1b

lV =200 in./sec

0 in.

T T
!

The dynamic resisting-force of the lead cylinder for large strains is approximated
by the following formula.

F=60[1 +0004( 2-)" ) (725)"*

The equation that describes the motion of the mass is given below.

27 .

7 Fig. P-5.6
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Generate data for the resisting-force F in the Initial segment using the following
range for y and y.
0 ¥y <025 in.

0<Z y < 200 in./sec
Load the generated data by using the TVLOAD subroutine and then use the

TWOVAR function to calculate F to determine the maximum deflection of the load
cylinder.

Answer: .
VYmax = 0.150 in. at TIME = 0.00343 sec

7 The device below is used to control the water level in a tank. The flow characteristics
of the valve are given in the figure below. The outflow from the tank is given by the
following expression.

g =505/ h
y
l " 4//
Supply Valve
pressure g
=p M
. qin
Cross-sectional Float
area of tank
250 in.2 »
h
I =4,
401 P =62 psi
P =40 psi
P =123 psi
20
Tin P =10 psi
(in.3 /sec)
/ P=3 p si
1 1
0.5 1.0 (in.)
y
Fig. P-5.7

At the start of the simulation, # = 10, P = 23 psi, and y = 0.5. Use the
TWOVAR function to represent the valve characteristics and solve for the dynamics
of the system when P is suddenly increased to 60 psi.
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The equation describing the water level is

dh _
250 27 = din — 9o

Answer:
At TIME = 40 sec, & = 10.69 in.

8 The curve below represents an odd periodic function. Using the FUNGEN function
with Sth-order interpolation, find the Fourier coefficients for the first five terms of the
periodic function. The odd Fourier coefficients are given by the following expression.

f)

Fig. P-5.8

=2 (" fp)sin (7
bn—pfof(t)51n(p)dt

2p = period = 8.0

Answer:
by =0.84, b, =091, b3 = 0.32, b, = —0.40, bs = 0.27

9 The road-holding ability of an automobile can generally be improved by decreasing
the unsprung mass. Use the below model of one corner of an automobile to find the
time average ratio of tire force to vehicle weight as the car passes over a depression
in the road. Do the simulation for unsprung masses of 80 and 150 Ib.

Equations of motion are
mjy =ky —y1) +k(y2 —y1) + (2 —y1) + mg
myJ, = k(yy — y2) + c(yy — 32) + mg

initial conditions:

() = CTIE 4, 0) = ,(0) + TE

71(0) = 2(0) =0
Tire force _ k{(y — y1)
weight — (m; + m,)g

Answer:
Unsprung mass 80 Ib: average force/weight = 0.6937
Unsprung mass 150 Ib: average force/weight = 0.6733
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Sprung mass = 1300 lb

M, V e 1000 in./seC

‘_l

Y2

< L —
K EE 'T_l C o
Unsprung mass |
s
M,
l 1 fe—20" —
—— X
(Tire) K, =1100 1b/in.
k=125 Ibfin. ¥ y=05( - cos {5 %)

¢ =10 Ib-sec/in.

._{

Fig. P-5.9

10 A control system is represented by the following block diagram. For the following
input, use the TRANSF and REALPL functions to find the time response of the

output.
r(t)=5(1 — e-t/2)
+
3s+2
r(s) .
_T $3+32 4525417 cls)
2
s+5
Fig. P-5.10
Answer:

At TIME = 6.0, ¢ = 3.5697

11 Motorcycle helmets are tested by dropping a helmet containing a headform on a
rigid surface. The following data for two different helmets was taken at the South-
west Research Institute and is the acceleration measured in the headform during a
Z-90 test. The helmet has a velocity at impact of 19.6 ft/sec. Using the OVERLAY
statement, find the rebound velocities of both helmets using one program.

The following expression can be used to estimate the injury to a human head
from an impact. A value greater than 1000 is usually fatal.

HIC = j’ a5 dt
0

a is the acceleration in g’s.
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N\
/
Head form__{__,_ N Accelerometer
\
\
!
\

1V= 19.6 ft/sec

Helmet
7
Fig. P-5.11
Calculate the value of HIC for both helmets.
Test Results of a Good Helmet Test Results of a Poor Helmet
Time Acceleration Time Acceleration
(sec) &’s) (sec) (&%)
0 0 0 0
0.001 24 0.001 100
0.002 45 0.0015 180
0.003 84 0.002 235
0.004 125 0.0025 220
0.005 144 0.003 258
0.006 135 0.0035 246
0.007 120 0.004 205
0.008 71 0.0045 175
0.009 52 0.005 110
0.01 20 0.0055 75
0.011 12 0.006 48
0.012 0 0.0065 14
0.007 0
Answer:
Good helmet: rebound velocity Poor helmet: rebound velocity
= 7.34 ft/sec = 10.85 ft/sec
HIC = 935.7 HIC = 2653

12 Each of'the three tanks initially contain 500 gal of brine with 50 1b, 100 1b, and 150 1b
of salt dissolved in tanks 1, 2, and 3, respectively. The flow between tanks is shown
in Fig. P-5.12. By assuming the brine is kept well stirred, the following equations
describe the amount of salt in each tank.

dwy __Sw, 3wy

dt — 500 —¢ 500 + 2¢

dwy _ 3wy + 4wy 8wy
dt ~— 500+2¢t " 500—¢ 500—1¢
dW3 _ 3W2 4W3

dt T 500 —¢ 500 —¢
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13

wy =50 Ib salt w, =100 1b salt w3 =150 1b salt
1 2 3
5 gal/min 3 gal/min
—m——— —
—— ——
3 gal/min 4 gal/min
Fig. P-5.12

Find the amount of salt in each tank after 4 hours. Use the GROUP parameter
to plot the time-history of wy, w;, and w3 with the same scale.

Answer:
w; = 186.77 Ib of salt
wy, = 54.927 Ib of salt
Wi 58.308 Ib of salt

When a perfectly flexible and homogeneous cable is hung between two support
points, the equation of its shape is called the catenary. The exact shape is given by the
solution to the following differential equation.

=1+ (@)

where: w = 0.17 1b/ft, weight per unit length of cable

h = tension in cable at the lowest point

96 ft {

x Fig. P-5.13

Find the shape of the free hanging cable for the following values of 4.
h = 10, 40, and 300 1b
Use the MERGE parameter to plot all three curves on one page.

Answer:
At: x =96 ft
h=101b, y = 97.341 ft
h=401b, y=19.857ft
h=3001b, y = 2.6118 ft
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14 An aluminum circular fin on a 0.5 ft. diameter pipe is used to transfer energy from
the surface of the pipe to the ambient air. One fin can transfer 3200 Btu/hour. For a
thin circular fin having only a radial temperature distribution, the following equation
gives the steady-state temperature for natural convection.

2
where: T = temperature of fin
T, = ambient temperature = 80°F
h =019(T — T,)°-33 Btu/hr-ft2-°F
k = 118 Btu/hr-ft-°F
L = thickness of fin = 0.0085 ft

l<—0.5 ft—>]

> )

Energy flows from surface of
fin by natural convection

Y
L =0.0085 ft
%/ T

T, = ambient temperature

T=650°F
Fig. P-5.14

Find the temperature at a radius of 0.75 ft. Note that the above equation requires
the integration to start at » = 0.25 ft. An initial condition for the temperature
gradient on the inside surface of the fin can be calculated from the following relation-
ship.

dT
= 3200 = —kA =
4 dr lr=0.25

A = area = 0.5nL

Answer:
T(r = 0.75) = 171.55°F

15 Solve problem 14 using the following boundary conditions
T(r = 0.25) = 650°F
daT _ h _ _
—a—,;(r =0.75) = —T[T(r =0.75 — T,]

In the second boundary condition, the heat flow from the outer edge of the fin is
set equal to the energy removed from the same surface by convection. Since the
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temperature gradient at the outer edge is specified, the CALL RERUN statement
must be used in an iterative procedure to calculate the temperature gradient at the

inside surface: dT(r = 0.25)/dr.

Answer:
dT(r =025 _ _1j46°p/IN
dr

T(r = 0.75) = 451.7°F



APPENDIX

/

LISTING AND
DEFINITION OF ALL
CSMP FUNCTIONS

The information in this section gives a summary of the functional blocks in
both CSMP/360 and CSMP III. The first portion contains those functions which
are identical for both versions of CSMP. The second portion gives those functions
which have been added to the newer version, CSMP III.

Material in this Appendix can be a valuable asset to the user in that a brief
description of the function is given along with the example numbers in the text
which use the function.

Table A-1

Functions Involving Integration And Differentiation

Program Statement Mathematical/Transformation Equivalent
INTEGRATION
= t
Y = INTGRL(IC, X) y= J xdt + y(to)
IC = y(t) =, fo ) )
X = the input variable or fo = starting time
function t = independent variable
(@) For CSMP/360, t, = 0. Equivalent Laplace transform
(b) For CSMP 111, ¢, is specified on Y 1
the TIMER card by TIME = ¢,. X(s) =5

If not specified, 7, = 0.

These comments apply for all blocks
that contain a ¢,.

281
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Comments

This is probably one of the most frequently used functional blocks of
CSMP. If the user does not specify a method of integration, then RKS variable
step will automatically be used in the program. However, six other methods of
integration are available and any one of these can be selected by listing the par-
ticular integration form on a METHOD card (see pages 81 to 93). Users may
define their own integration through the use of a FORTRAN subroutine named
CENTRL (pages 93 to 95).

A vector or array integration form is also available by using the specifica-
tion form

Y = INTGRL(C, X, N)

where Y = an output array
IC = array of initial conditions
X = array of inputs or integrands

N = the number of elements in the input array

Before using the specification form of integration, the reader should review the
material starting on page 103. Application of this form of integration for S/360
CSMP is given in Example 3.3, page 104 and Example 4.2, page 200. Examples
of the use of array integration in CSMP III are shown in Chapter 5.

Application of the ordinary integration form, that is Y = INTGRL(IC,X),
can be found in the following examples: Ex. 2.1, p. 14; Ex. 2.2, p. 18; Ex. 2.3,
p. 25; Ex. 2.4, p. 30; Ex. 2.5, p. 35; Ex. 2.6, p. 39; Ex. 2.7, p. 42; Ex. 2.8, p. 52;
Ex. 2.9, p. 58; Ex. 2.10, p. 60; Ex. 3.1, p. 90; Ex. 3.6, p. 114; Ex. 3.8, p. 126; Ex.
3.9, p. 134; Ex. 3.12, p. 151; Ex. 3.13, p. 158; Ex. 3.14, p. 167; Ex. 3.16, p. 177;
Ex. 4.3, p. 210; Ex. 4.4, p. 211; Ex. 4.5, p. 215; Ex. 4.6, p. 221; Ex. 5.2, p. 253;
Ex. 5.3, p. 254.

Program Statement Mathematical| Transformation Equivalent
DIFFERENTIATION
Y = DERIV{IC, X) dx(t)
) = “ar
IC - &)
dt |- Equivalent Laplace transform
X = input variable Y@s) _
XG@)
Comments

Generally, this function is not used to any considerable extent in simula-
tion. DERIY is not a MEMORY or HISTORY function and therefore cannot
be used alone in a closed loop except when the loop is broken by an implicit
function. An example using the DERIV function is given on p. 48.
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Listing and Definition of All CSMP Functions

Program Statement

Mathematical| Transformation Equivalent

REAL POLE Or FIRST-ORDER LAG
Y = REALPL(IC, P, X)

p 2ty =x
IC = y(t) |i=s, . dt
X = the forcing function Equivalent Laplace transform
or input Y _ 1
X)) ps+1
Comments

This function is often used in control system simulation. The terms real pole
and first-order lag are frequently used in control systems and engineering; hence
these terms are used as descriptive titles. However, the equation

is simply a first-order differenti
pressed as

the form must be changed to

al equation. When the transfer function is ex-

¥ _ 4
X(s)” s+ B
A
Ys)_ B
X(s) s
1—|—§

See pp. 21 to 22 for further comments.
Abpplications using the REALPL function are given in Ex. 2.2, p. 18; Ex.
2.6, p. 39; Ex. 2.8, p. 52; Ex. 4.2, p. 200; Ex. 4.3, p. 210; Ex. 4.4, p. 211; Ex.

4.6, p. 221.

Program Statement

Mathematical| Transformation Fquivalent

LEAD-LAG ;
Y = LEDLAG(PI, P2, X)

Pzdt +y=n dt+x

Note: Pl and P2 are
parameters; initial Equivalent Laplace transform
cc?nditiclms are ‘not used Y(s) _ pus + 1
with this function. X))~ pas +1
Comments

This is another function often used in control system simulation. The term
lead-lag is descriptive of compensation in control systems. A lead compensator
is of the form given above when p; > p,. A lag compensator is of the same form

283
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Comments (continued).

App. |

but with p, > p;. Further comments and application of this function are given

in Example 2.6, p. 39.

Program Statement

Moathematicall Transformation Equivalent

COMPLEX POLES

Y = CMPXPL(IC1, IC2, P1, P2, X)
IC1 = y(®) =14
IC2 = 5(®) =1,

2
dly +2P1P2% +Ply—x

dt?
Equivalent Laplace transform
Y(s) 1

X(S)_SZ+2P1P2S+P%

Comments

This function is particularly designed for second-order polynomials with
complex roots. If the roots are real, one may employ REALPL twice. Neverthe-
less, CMPXPL will also handle the case when roots of s2 -~ 2P; P,s + P are
real. Ordinarily, one encounters this polynomial in the form s2 -+ 2{c,s + w?2.
Obviously, P, is equivalent to w, and P; equivalent to {. If one desires to simu-

late the transfer function

Y(s) _

1

X(s)  s2+4+16s+4

then P, =2andP1 =04.

Application of this function is given in Example 2.7, p. 42.

Program Statement

Mathematical/Transformation Equivalent

MODE-CONTROLLED INTEGRATOR
Y = MODINT(IC, X1, X2, X3)

W) = J" x3 dt + IC; for x, > 0, any x,

IC = y(®) |i=s, fo
y(@) =1IC sforx; <0,x,>0
() =last output ;for x; <0, x, <0
from integrator
Comments

This function allows the user to start an integration, integrate for prescribed
conditions, then hold the value of y, restart the integration for other prescribed
conditions. For some simulations, the value of y may have large step-changes. If
this occurs while using a variable-integration step-size the condition on DELMIN
may not be satisfied and the simulation will halt. The user can correct the situa-
tion by changing to a fixed-step integration with appropriate step-size.

See Example 3.13, p. 158, for application of the mode-controlled integrator.
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Table A-2
Special CSMP Functions
Program Statement Mathematical| Transformation Equivalent
ZERO-ORDER HOLD
Y = ZHOLD(X1, X2) ¥(t) = x, ;forx; >0
X1 = a trigger signal y(t) = last value of x,; for x; <0
X2 = input to the hold YO li=, =0
Equivalent Laplace transform
—m _ 1 J— e—.\‘T
X(s) s
T = the sampling interval

Comments

This function has important application in the design and simulation of
discrete data systems. The physical property of the zero-order hold is illustrated
in the following sketches.

o
%, (1) Y = x,(nT) ”TL.AL
/

nT
(a) Input to ZHOLD (b) Output of ZHOLD

A convenient signal for X1 is the IMPULS function. Thus, to sample and hold a
sine function of a frequency of 30 radians/sec, every 1 sec, one may write

X2 = SIN(30.0+TIME)
X1 = IMPULS(0.0, 1.0)
Y = ZHOLD(X1, X2)

It is important to recognize that if a variable-step integration method is used in
a problem, integration will generally not occur when IMPULS is applied. This
means that sampling will not occur at »T but rather at those values of TIME for
which an integration is performed. This problem can be overcome by using a
fixed-step integration in which T is a multiple of DELT.

Application of the zero-order hold can be found in Ex. 4.3, p. 210; Ex. 4.4,
p. 211; Ex. 4.5, p. 215; Ex. 4.6, p. 221.
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Program Statement Mathematical| Transformation Equivalent
DEAD TIME (DELAY)

Y = DELAY(N, P, X) y=ux(t—p);fort>p
P = the ideal delay time y=0 sfort <p
N = number of points of X Equivalent Laplace transform

sampled during P. Y(s) :

N must be an integer XG) e"ps

constant > 3 but < 16,378

Comments

The role of this function is shown in the following sketches. As a rule of
thumb one can select N as a number in the range of expected integrations during
P. The program uses P/N as the sample interval of X when P/N > DELT,

otherwise DELT is used.
x(t) Y
bp >
t t
(a) Signal before (b) Signal with p
delay units of delay

Dead time is often present in process control systems and hence DELAY is
a convenient function to use when simulating these systems. Another important
use of the DELAY function stems from the simulation of discrete systems repre-
sented by z-transforms. Thus, if
_ M) A+ Bz!
D@ =F =T+
the Delay function can be used for z~! to simulate D(z) much in the same way
that INTGRL is used to simulate s~1.

Application of the Delay function is given in Ex. 2.8, p. 52; and Ex. 4.4,

p. 211.

Problem Statement Mathematical| Transformation Equivalent

IMPLICIT FUNCTION
Y = IMPL(IG, ERROR, FOFY) y=f»
IG = an initial guess for Y |f(») —y| < error

ERROR = an acceptable error in
finding a solution for Y

FOFY = the function of y, f(»)
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Comments
The implicit function is used to solve a problem of the form
F(y)=0
This function can be expressed (usually in several different forms) as
y=f()
where F(y) =f(y) —y =0

The expression for f(y) must be the last statement used in the implicit loop.

Further comments on the implicit function and how it can be used to break
algebraic loops are given on pp. 176 to 178. For application see Ex. 3.15, p. 176;
and Ex. 3.16, p. 177.

Table A-3
Signal Sources
Program Statement Function Definition
RAMP FUNCTION y=t—T;fort>T
Y = RAMP(T) y=0 sfore < T

T = starting time of ramp

Comments
This function is often used for special test-signal purposes. Note that the
slope of the ramp is 1. This can be changed to any value by
Y = Q«xRAMP(T)

Also, combinations of the ramp can be used to generate other special

signals. For example,
X1 = RAMP(0.0)

X2 = RAMP(2.0)
X3 =X1 —X2

produces the signal shown below.
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Program Statement Function Definition
STEP FUNCTION y=0;fort<T
Y = STEP(T) y=1;fort>T
T = starting time of the step y=0;fort<T

y=1l;fort=2T

Comments
The step input is one of the most frequently used signals for investigating
the transient response of a system. The amplitude of the step can be changed to
values other than one by using the statement,
Y = A+STEP(T)

where A is the desired amplitude. Single-shot pulses can easily be generated by
multiple use of the step function. For example, the statements

X1 = STEP(0.5)

X2 = STEP(1.5)

X3 =Xl -X2
produces the pulse sketched below. Application of the step function can be
found in the following examples. Ex. 2.2, p. 18; Ex. 2.6, p. 39; Ex. 2.7, p. 42;

Ex.2.8,p.52; Ex.3.12,p. 151; Ex. 3.13, p. 158; Ex. 3.15, p. 176; Ex. 3.16, p. 177;
Ex. 4.2, p. 200; Ex. 4.3, p. 210; Ex. 4.4, p. 211; Ex. 4.5, p. 215; Ex. 4.6, p. 221.

X3
0.5 1.5 g
Time
Program Statement Function Definition

PULSE FUNCTION y = 1; for time duration P following

Y = PULSE(P, TRIG) the application of TRIG.

P — pulse width y = 0; for all other time
TRIG = trigger starting each pulse —

1.0 —P
y
TRIG TRIG+P
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Comments

This function offers a convenient way for generating a train of pulses. Peri-
odic pulses can be generated by using a periodic trigger. The spacing between
pulses will be random provided the trigger is random (with P less than the dura-
tion between trigger applications). For an illustration of generating a pulse
train see the comment notes of the Impulse function.

The pulse function is used in the following examples. Ex. 2.7, p. 42; and
Ex. 3.13, p. 158.

Program Statement Function Definition
IMPULSE FUNCTION y=0;fort <T
Y = IMPULS(T, P) y=1;fort =T+ NP
T = time when first impulse is y =0;fort+#« T+ NP
applied N=0,1,2,...

P = spacing between impulses

L pd |

t

Comments

This function has an amplitude of 1 at discrete points of time. In most cases
a unit impulse is considered to have infinite amplitude and an area of 1 (Dirac
function). The user should note this difference.

The IMPULS is particularly useful as a trigger function. As an example, a
train of unit pulses can be generated as follows.

X1 = IMPULS(0.0, 1.0)
X2 = PULSE(0.2, X1)

The signal X2 generated by these two statements is shown below. The impulse
function is also useful in simulating the ideal sampler in discrete data systems
(see Example 4.3, p. 210). The use of the impulse function is also given in Ex.
2.7, p. 42; Ex. 3.13, p. 158; Ex. 4.4, p. 211; Ex. 4.5, p. 215; Ex. 4.6, p. 221.

1.0
X2




290 Listing and Definition of All CSMP Functions App. 1

Program Statement Function Definition
VARIABLE SINE FUNCTION
Y = SINE(DELAY,OMEGA,PHASE) y = sin (omega(¢-delay) + phase)
DELAY = delay time for starting ; for £ > delay
the function =0 ; for ¢ < delay
OMEGA = frequency of the function PHASE/OMEGA
, in radians/unit time
PHASE = phase shift in radians /
Time
DELAY
Comments

This function offers the user a convenient way of displacing a sine function.
If the user is not concerned about either phase shift or delay, the ordinary FOR-
TRAN SIN can be used as in the following statement

Y = SIN(OMEGA+TIME)

where OMEGA is a specified value of radian frequency and TIME is the CSMP
variable for time. See Example 3.10, p. 145 for an illustration of the CSMP

SINE function.

Problem Statement Function Definition

UNIFORM DISTRIBUTION
RANDOM NUMBER GENERATOR Uniform distribution of Y

Y = RNDGEN(N)
N = any odd integer which is used P(y)
as a “seed” value , l
0 1
y

P(y) is the probability density
function.

Comments

This function generates numbers between 0 and 1 with a uniform distribu-
tion. For a given seed value, the random sequence will be unchanged from one
computer run to the next. Details for using RNDGEN are given on p. 119.

Application of this function is given in Ex. 3.13, p. 158; Ex. 4.7, p. 224.
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Program Statement

Function Definition

NORMAL DISTRIBUTION
RANDOM NUMBER GENERATOR

Y = GAUSS(N, P1, P2)

N = an odd integer seed value
P1 = mean

P2 = standard deviation

Normal distribution of ¥

|
P() ‘/;\
|

25!

y

P(y) is the probability density
function

Comments

This function produces random values of y which statistically have a Gaus-
sian distribution with a specified mean and standard deviation. Both random
number generators return numbers only at valid integration steps (KEEP = 1).

Additional comments concerning the use of GAUSS are given on p. 118.

See Example 3.7, p. 118 for application.

Table A-4

Function Generation

Problem Statement Function Definition

ARBITRARY FUNCTION GENERATOR

. . . A

(linear interpolation) s <;‘
o D

Y = AFGEN(FUNCT, X) B ’\ F

X = an independent variable d ﬁ/ ¢
FUNCT = name of a function defined i o

by a FUNCTION card.
Any valid FORTRAN symbol can be Linear interpolation between data
used. points (A,B,C,D,E,F)
Comments

AFGEN is used to generate a function specified by the user. Linear or
straight line interpolation is used between given values of x. Data points for x
and y are listed on a FUNCTION card (placed at the beginning of the program)

as below »
X1 Y1 X3 Y2 ... etc.

ool
FUNCTION LUCK = (0.0, 1.2),(0.3, 1.8),(0.7, 2.3), (1.1, 0.9),(1.7, —0.3)
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Comments (continued).
The function is called by a statement in the program such as
Y = AFGEN(LUCK, X)

Further explanation of AFGEN is given on p. 31. Application of this function is
given in Ex. 2.4, p. 30; Ex. 3.13, p. 158; Ex. 4.2, p. 200.

Problem Statement Function Definition

ARBITRARY FUNCTION GENERATOR

(quadratic interpolation) A c D
Y = NLFGEN(FUNCT, X) NS
X = an independent variable y
FUNCT = name of a function defined i "
by a FUNCTION card.

Quadratic interpolation between
points (A,B,C,D)

Comments

The use of this function is identical to AFGEN except that quadratic inter-
polation is used between data points. See the comments given for AFGEN and
also refer to p. 31.

Application of NLFGEN can be found in Ex. 2.10, p. 60; Ex. 2.11, p. 65;
Ex. 3.5, p. 110.

Table A-5

Nonlinear System Characteristics

Program Statement Definition of Characteristic
DEAD SPACE
y
Y = DEADSP(P1, P2, X) P 45°
X = input function . T
/ 7
P1, P2 = parameters defining the |

range of the dead space
y=0 ;forPy <x<P,
y=x—P,;forx> P,
y=x—P;forx <Py
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Comments
This function can be used for simulating dead space in a system nonlinearity
such as a valve. The slope on the active portion is not limited to 45° and can be

changed to a specified value by
Y = Q«DEADSP(P1, P2, X)
(Q = specified slope)

Application of this function is given in Example 2.9, p. 58.

Program Statement Definition of Characteristic

LIMITER
y
Y = LIMIT(P1, P2, X)

X = an input t }
. P, P, x
P1, P2 = parameters defining
the range of limiting

y =Py for x <Py
y =P,; forx > P,
y=x ;forPy <x<P,

Comments
Used for defining limiting or saturation in a system. The slope of the func-

tion can be changed from 45° by the statement

Y = Q«LIMIT(P1, P2, X)
(Q = user defined slope)

A typical application of this function is given in Example 2.10, p. 60.

Program Statement Definition of Characteristic

QUANTIZER

Y = QNTZR(P, X) y —>| P |=
P = width of quantized signal

X = independent variable >

y = KP; for (K — )P <x < (K + }P
K=0, 41, +2, +3, ...
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Comments

Useful for quantiiing a function or signal. For example, a sin function can
be quantized as follows.

X1 = SIN(10.0+TIME)
X2 = X1+QNTZR(0.05, TIME)

This function can be used to simulate the output of a digital to analog converter.

Program Statement Definition of Characteristic
HYSTERESIS
Y = HSTRSS(IC, P1, P2, X) g
P1, P2 = parameters defining the V T ‘7450
range of the hysteresis X
IC = value of Y at ¢,. Z———L‘/i)z
X == independent variable

y=x—P,
for [x(t) — x(t — AD] > 0
and yit — A< (x — Py)
y=x—~
for [x() —x@¢ — AN} <0
and (it — A > (x — P))
otherwise y = y(t — AY)

Table A-6

Switching Functions

Program Statement: Description of Switch
OUTPUT SWITCH >
~2x <0 "
Y1, Y2 = OUTSW(X1, X2) X3 —
I x; =20 Y2
X1 q
+————-—
Y1 =12x3,y,=0 ;forx; <0
y1=0,y; =x,; forx; >0
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Program Statement Description of Switch
X
INPUT SWITCH 2 4 %1 <0
Y = INSW(X1, X2, X3) S y
I Xy =20

w} v:'<

q

A~

y =Xx3;forx; <0
y=x3;forx; >0

Program Statement

Description of Switch

COMPARATOR
Y = COMPAR(X1, X2)

C
*1 O x, <x y=0
F— M 1 2 e
oo P yo1
>R 5, =x,
E

y=0;forx; <x;
y=1;forx; > x,

Program Statement

Description of Switch

FUNCTION SWITCH
Y = FCNSW(X1, X2, X3, X4)

X2
<0l
X3 x| = \i\\ y

y=xy;forx; <0
y =Xx3;forx; =0

y =Xx4;forx; >0
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Program Statement Description of Switch
RESETTABLE FLIP-FLOP
Q = RST(R, §, T) 5,
T RST Q
flip-flop
R
e —————
Q =0; for R > 0 (regardless of S and T)
Q =1;for R<0,and S > 0 (regardless of T)
0 =0; T>0 ot —An =1
0=1; R<LO T>0 ot — At) =0
for and when
Q=0 S<0 T<0 0@t —An =0
Q=1 T<0 ot —An =1

Comments

This switch has the operating characteristics of a reset-set-toggle flip-flop.
Q(t — Af) is the previous state of the flip-flop. At the start of a s1mu1at10n,
Ot — Ar) = 0 for R and S < 0 with either state of T.

Application of this flip-flop is given in Example 4.8, p. 228.

Table A-7

Logic Functions

Program Statement

Logic Function Description

AND
Y = AND(X1, X2)

Applications given in
Ex. 3.13, p. 158

Ex. 4.7, p. 224

Ex. 4.8, p. 228

X1

2

= —

y=1;forx; >0,x,>0
y = 0; otherwise

NAND (not and)
Y = NAND(X1, X2)

X1

X2

—_—

T

y=0;forx; >0,x,>0
y = 1; otherwise
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Program Statement Logic Function Description
NOT
Y = NOTX) X Y

Application given in

Ex. 4.7, p. 224

Ex. 4.8, p. 228 y=1;forx<0

y=0;forx>0

INCLUSIVE OR X,

Y = IOR(X1, X2)
Application given in
EX. 4.7, p. 224 y — O; for xl g 0’ x2 S 0

y = 1; otherwise

NOR (not or) X1 ’
Y = NOR(X1, X2) X, D”_

y=1;forx; <0, x, <0

y = 0; otherwise

EXCLUSIVE OR X1 AN
y
Y = EOR(X1, X2) X3 D
/

y=1;forx;<0,x,>0

X2

y=1;forx; >0,x, <0
y = 0; otherwise

EQUIVALENT X1 | AN Z : y
Y = EQUIV(X1, X2) X3 )_)
/

y=1;forx; <0,x,<0
y=1;forx; >0,x,>0

y = 0; otherwise

FORTRAN Functions. All FORTRAN functions are available for use in
CSMP simulation. Also, the majority of FORTRAN techniques can be used with
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CSMP including WRITE statements, DO loops, GO TO, and IF. In some cases
the FORTRAN statements require special handling procedures within the body of
a CSMP program. Several examples are given in the text in which FORTRAN
is included with the CSMP program.

In the following table some of the more common FORTRAN functions are
listed for convenience. Users should refer to any standard FORTRAN text for a
more complete listing.

Table A-8
FORTRAN Functions
Program Statement Mathematical Description

EXPONENTIAL

Y = EXP(X) : y =e*
NATURAL LOGARITHM

Y = ALOG(X) y=h)
COMMON LOGARITHM

Y = ALOGI10(X) y =logo (x)
ARCTANGENT

Y = ATAN(X) y = tan"1(x)
TRIGONOMETRIC SINE

Y = SINX) y = sin (x)
TRIGONOMETRIC COSINE

Y = COS(X) y = cos (x)
SQUARE ROOT ‘

Y = SQRT(X) y=ax
HYPERBOLIC TANGENT

Y = TANH(X) y = tanh (x)
ABSOLUTE VALUE

(Real argument and output)
Y = ABS(X) ¥y =|x|
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Program Statement Mathematical Description

ABSOLUTE VALUE
(Integer argument and output)

Y = IABS(X) y=|x|

TRANSFER OF SIGN
X = SIGN(A, B) A-B

LARGEST VALUE
(Integer arguments and real
output)

Y = AMAXO0(X1, X2, ..., XN) y = max (x1, Xz, - - - s X,)

LARGEST VALUE
(Real arguments and output)

Y = AMAXI1(X1, X2,..., XN) Yy =max (X, Xz, . .., Xp)

LARGEST VALUE
(Integer arguments and output)

Y = MAX0(X1, X2,...,XN) y =max (X, X3, . .., X,)

LARGEST VALUE
(Real arguments and
integer output)

Y = MAXI1(X1, X2, ..., XN) Yy =max (Xq, Xz, ..., Xp)

SMALLEST VALUE
(Integer arguments and real
output)

Y = AMINO(X1, X2, ..., XN) y=min (xy, Xz, ..., X,)

SMALLEST VALUE
(Real arguments and output)

Y = AMINI(X1, X2,...,XN) y =min (Xy, Xgy .« . 5 Xp)

SMALLEST VALUE
(Integer arguments and output)

Y = MINO(X1, X2, .. ., XN) y = min (xg, Xz, - - 5 %)
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Program Statement Mathematical Description

SMALLEST VALUE
(Real arguments and
integer output)

Y = MIN1(X1, X2,...,XN) y =min (x{, X3, ..., X,)

Additional CSMP Functions. The following functions have been added to
CSMP III. Refer to Chap. 5 for addition comments concerning CSMP II1.

Table A-9
Functions Added to CSMP Ill.

Program Statement Transformation Equivalent

GENERAL LAPLACE TRANSFORM
(Available only in CSMP III)

Y = TRANSFE(N, B, M, A, X) X(s)

ApS™ 4G 15"+ oo Ay St Ay | TS

Format For Entering Data: by b, y5% 1A o 4 byS by
STORAGE where m < n
BN + 1), AM + 1)
TABLE

B(1 — (N + 1)) = B(1),
B(2),...,BN +1),
Al — (M + 1)) = A(D,
AQ), ..., AM +1)

Comments

The TRANSF function can be used to find the response of a transfer func-
tion with m zeros and n poles (m << n) due to an arbitrary input, x. The user
should note with caution that a,,; and b,.; are the last coefficients of the
numerator and denominator respectively while a,, and b, are the first coefficients.

Suppose one desires to find the step response of the following transfer func-
tion using TRANSF.

G(S)___Y_(s): 352 +4s +2
X(s)  s¥+6s2-+95+4

The statements given below can be used in the program for this purpose.

STORAGE DENCOF(4), NUMCOF(3)
TABLE DENCOF(1-4) = 9.0, 6.0, 1.0, 40, ...
NUMCOF(1-3) = 4.0, 3.0,2.0 .
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OUT = TRANSF(3, DENCOF, 2, NUMCOF, IN)
For further comments see Example 3.12, p. 151; and p. 265.

Program Statement

FEquivalent Mathematical Expression

VARIABLE FLOW TRANSPORT DELAY
(Available only in CSMP III)

Y = PIPE(N, IC, P, X1, X2, ND)
N = the number of intervals required
to define the delay of P.
IC = the initial condition of entire
pipeline
P = the holdup quantity
X1 = flow rate
X2 = delayed characteristic

ND = degree of interpolation for
retrieving delayed characteristic.
This may be 1 or 2.

This functional block is used to
simulate the transient flow of an
incompressible fluid in a system
having a time delay.

Jo = j; Xy dt

t
q =J- xledt

y=IC;forf, <P
y =4 =P) —alft — Ay) — P),
fo — £t — A ’
forf, > P

where f, = flow volume

g = weighted volume

Program Statement

Equivalent Mathematical Expression

FUNCTION GENERATOR WITH DEGREE
OF INTERPOLATION CHOSEN BY USER
(Available only in CSMP III)

Y = FUNGEN(FUNCT, N, X)
FUNCT = function name

N = degree of interpolation to
be used. User may select
from 1, 2, 3, 4, or 5.

X = value of abscissa

y
AT
A D F

X
y =f(x)

Degree of interpolation between A, B,
C, D, E, and F depends upon selection
of N.

Comments

Use of this function is very similar to AFGEN and NLFGEN. See p. 262.
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Program Statement

Function Definition

SLOPE OF A CURVE
(Available only in CSMP I1II)

Y = SLOPE(FUNCT, N, X)
FUNCT = user’s name of the curve

N = the degree of interpolation
to be used, N = 1, 2, or 3.

X = value of abscissa

See p. 265.

ARBITRARY FUNCTION OF 2 VARIABLES
(Available only in CSMP III)

Y = TWOVAR(FUNCT, Z, X)
See p. 263.

y x,
X2

X3

//x4

z

y=fx,z)

SAMPLING INTERVAL SWITCH
(Available only in CSMP III)

P3
Y = SAMPLE[PI, P2, (N ﬂ

P1 = the starting time for sampling
to occur

P2 = the last time for sampling to
occur

P3 = the time interval between
samples if entered as a
floating-point number

N = the number of sampling
intervals if entered as a
fixed-point number

y =1 for TIME = p, + kp; < p,
or

y=1forTIME=p1+£c—(-£—2;—p’)£pz

k=0,1,2,3,...for both the above
conditions

y = 0 otherwise

Program Statement

Eguivalent Mathematical Expression

SCALAR-TO-ARRAY CONVERTOR
(Available only in CSMP III)

CALL ARRAY (V1, V2,..., VN, X)

“This statement should only be used in
nosort or procedural sections. Storage
locations for the subscripted variable
must be allocated by eithe a STORAGE
of DIMENSION statement.

x(1) = v,
x(2) = Uy
() = v,
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Program Statement

Equivalent Mathematical Expression

ARRAY-TO-SCALAR CONVERTOR
(Available only in CSMP III)

Y1, Y2, ..., YM = SCALAR(X(2))

y1 = x(2)
Y2 = x(3)
y;n = x(m + 1)

DOUBLE PRECISION FLOATING-POINT TO
SINGLE PRECISION
(Available only in CSMP III)

Y = ZZRND(X(2))

The ZZRND function transforms
by rounding the double precision
variable X(2) to the single
precision variable Y.
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DIAGNOSTIC MESSAGES,
PROGRAM RESTRICTIONS,
AND RESERVED WORDS

This material involving diagnostic messages, restrictions, and reserved words
was primarily taken from IBM Manuals.*%

Diagnostic Messages

Diagnostic messages may occur during both the translation and execution
phases of the program and are designed to be self-explanatory. Some of the diag-
nostic checks detect illegal characters or incorrect syntax ; the symbol “$” is printed
below the detected error prior to the associated diagnostic message. A “warning
only” message is printed when an error is not wholly discernible in translation or
does not destroy the “validity” of simulation. Some examples of these errors are:

Control variable name not a systems variable
Parameter value not specified

Variable used as input to a section not available from any prior section
Some examples of errors causing a run halt at the end of translation are:

Incorrect structure or data statement format

Invalid data card type

Unspecified implicit loop

RELERR specification on other than an integrator output name

Examples of errors causing a run halt during execution are:

304
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Failure of an integration or implicit function to meet the error criterion

A misspelled subroutine name

The following is an alphabetical list of diagnostic messages with their ex-
planations and suggested corrections. The messages with the label “S/360” apply
only to S/360 CSMP, the messages with the label “III” apply only to CSMP III,
and messages designated with “Both” apply to both forms of CSMP.

III CALL CONTIN CAN ONLY BE USED IN A TERMINAL SEGMENT
“CALL CONTIN” can be used only in a Terminal segment. If it is used else-
where, the run terminates.

Both CALL RERUN CAN ONLY BE USED IN A TERMINAL SEGMENT
“CALL RERUN?” can be used only in a Terminal segment. If it is used elsewhere,
the run terminates.

III CENTRAL INTEGRATION ROUTINE NOT SUPPLIED
On the METHOD execution control card, the user has used the word, CENTRL,
to specify his integration method. However, he has not supplied the integration
deck to the program. The run will be terminated.

Both CSMP STATEMENT INCORRECTLY WRITTEN
The translation phase has detected an error in the statement printed before this
message. The statement should be checked carefully, including parentheses and
commas. Although translation of the source statements will continue, the run will
be terminated before the execution phase.

Both CSMP STATEMENT OUT OF SEQUENCE
The sequence of input statements cannot be processed and the run will be termi-
nated before the execution phase. The statement should be checked for sequence
in the input deck to see if it has been misplaced. MACRO definitions must pre-
cede all structure statements. An INITIAL segment, when used, must precede the
DYNAMIC segment. If used, the TERMINAL segment must follow the DYNA-
MIC segment.

S/360 DATA HAS NOT BEEN SPECIFIED FOR AN AFGEN FUNCTION

S/360 DATA HAS NOT BEEN SPECIFIED FOR AN NLFGEN FUNCTION
An AFGEN (or NLFGEN) function generator has been used in a structure
statement but the corresponding data has not been specified using the FUNC-
TION statement. The run will be terminated.

III DATA HAS NOT BEEN SUPPLIED FOR A TWOVAR FUNCTION
A TWOVAR function generator has been used in a structure statement, but the
data has not been specified on FUNCTION statements. The run will be termi-
nated.

III DATA NOT SUPPLIED FOR FUNCTION
An AFGEN, NLFGEN, FUNGEN, or SLOPE function generator has been
used in a structure statement, but a FUNCTION statement has not specified the
corresponding data. The run will be terminated.
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DYNAMIC STORAGE EXCEEDED. THIS CASE CANNOT BE RUN

The 8000-word limitation on simulator data storage has been exceeded. The
storage in this array includes the current values of model variables, function and
error tables, central integration history, and subscripted variable values. The
problem should be analyzed to determine where equations can be combined to
reduce the number of required entries in the array.

ERROR—CENTRAL INTEGRATION ROUTINE NOT SUPPLIED

The user has used the word CENTRL for his integration method on the
METHOD execution control card; however, he has not supplied the integration
deck to the program. The run will be terminated.

ERROR IN COORDINATE ENTRIES

An error has been detected in the previously printed FUNCTION data state-
ment. There is either an odd number of entries in the data table or an improper
sequence of X-coordinate values. The run will be terminated.

ERROR IN PRINT-PLOT STATEMENT

An error has been detected in the PRTPLT output control statement. The
statement should be checked for a correct number of parentheses and commas
for specifying lower and upper limits, particularly if one or the other is missing,
and commas are used to indicate this. Although the run continues, everything on
the card after the error is disregarded.

ERROR IN TABLE ENTRY

In the previously printed TABLE data statement, an error has been detected.
Although reading of the data statements will continue, the run will be termi-
nated before execution.

EXCEEDED MAXIMUM ITERATIONS ON IMPLICIT LOOP

One hundred iterations of the implicit loop have been run and convergence has
not yet occurred. The run has been terminated. One possibility is to change the
error condition, so that the convergence criteria can be met.

FAMILY OF PARAMETER VALUES AFTER END CONTINUE DELETED
Following an END CONTINUE statement, a multiple-value parameter has been
defined. These values will be deleted and the program will use the previous' value
of the parameter.

FINTIM HAS NOT BEEN SET. RUN DELETED
FINTIM either has not been specified or was made equal to zero.

FINTIM IS ZERO. THIS CASE CANNOT BE EXECUTED
FINTIM either has not been specified or has been specified as being equal to zero.

FUNCTION DATA EXCEEDS STORAGE
Function data supplied in the execution input exceeds the core storage allocated.
The run is terminated.

FUNCTION DATA FOR LOAD EXCEEDS STORAGE

The FGLOAD or TVLOAD subprogram has been called and the available
storage for the function as specified by the SYSTEM NPOINT =n-statement is
not sufficient.
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FUNCTION DATA FOR LOAD INCORRECT
The FGLOAD or TVLOAD subprogram has been called and the input data (X
values) are not monotonically increasing.

FUNCTION NAME xxxxxx HAS BEEN SPECIFIED PREVIOUSLY
The name assigned to function data on a FUNCTION statement has been already
assigned to another function, parameter, or variable.

GENERATED STATEMENT NO. xx

The Translator has detected an error during generation of statement xx of an
invoked macro in the structure of the model. Carefully check the corresponding
statement of the macro definition for proper spelling and punctuation.

ILLEGAL CHARACTER OR DOUBLE OPERATOR

In the previously printed statement, an illegal character or double operator has
been detected. Although translation of the source statements will continue, the
run will be terminated before the Execution phase.

ILLEGAL SPECIFICATION ON RERUN

Following an END RERUN statement or END CONTINUE, there is an OUT-
PUT or PREPARE statement or a TIMER statement with an OUTDEL para-
meter. This is an illegal specification.

INCORRECT IMPLICIT STATEMENT

The Translation phase has detected an error in the IMPL structure statement
printed before this message. The statement should be checked to see that the third
argument is the output name of the last statement in the definition and that the
block output appears at least once to the right of an equal sign. Although trans-
lation of the source statements will continue, the run will be terminated before
the Execution phase.

INCORRECT MACRO STATEMENT

The Translation phase has detected an error in the macro use statement printed
before this message. The statement should be checked to ensure that the number
of arguments and outputs is correct and that the argument list ends with a paren-
thesis. Although translation of the source statements will continue, the run will
be terminated before the Execution phase.

INCORRECT TIMER VAR NAME*WARNING ONLY

One of the system variable names (FINTIM, DELT, PRDEL, OUTDEL, or
DELMIN) has been misspelled on the TIMER execution control card. The user
should also check the possibility that the system variable has been renamed.
Although the run will continue, the system variable misspelled will be unchanged.

INPUT NAME SAME AS OUTPUT NAME

The output variable name to the left of the equal sign has also been used as an
input name on the right side of the equal sign. Except as output of a memory type
functional element, such usage is not permissible in a parallel, sorted section. The
run will be terminated.

INPUT P IS LESS THAN ZERO FOR DELAY

Delay time P of the DELAY function is found to be less than zero, which is an
invalid condition. The execution of this run will be terminated.
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INPUT P2 IS LESS THAN P1 FOR DEADSP
Parameter P2 is found to be less than parameter P1 for the DEADSP function
and this is an invalid condition.

INPUT P2 IS LESS THAN ZERO FOR IMPULS
The time between impulses P2 is found to be less than zero for the IMPULS
function, which is an invalid condition.

INPUT TO FUNCTION GENERATOR nnnnnn ABOVE SPECIFIED RANGE
INPUT =xXXX.XXXX

The input (xxxx.xxxxX) to the function generator named nnnnnn is above the maxi-
mum specified range. The program will take the value for the maximum specified
and continue. This message will be printed only once, even though the condition
is reached several times.

INPUT TO FUNCTION GENERATOR nnnnnn BELOW SPECIFIED
RANGE INPUT =xxXX.XXXX
The input (xxxx.xxxx) to the function generator named nnnnnn is below the mini-
mum specified range. The program will take the value for the minimum specified
and continue. This message will be printed only once, even though the condition
is reached several times.

ABOVE
INPUT TO FUNCTION name | 1o ow] INPUT DATA

[CURVE NO. nnnn] CALL mmmm INPUT =w atv

The input to the function generator (interpolating for the function named in the
message) is above the maximum or below the minimum input specified. The out-
put of the function generator is set equal to the output value of the function corre-
sponding to the input extreme which was violated. This message is printed only
once even though the condition may be reached several times. The curve number
nnnn indicates (for functions of two variables) for which curve the first input was in
error. For example, if the model contains the following function of two variables:

FUNCTION F, —5. = (0., 3.5), (1., 6.1), (3., 8.6)
FUNCTION F, 32 = (0., 3.8), (1., 7.5), (3.2, 9.6)
FUNCTION F, 10.2 = (0., 4.2), (1.2, 8.3), (2.8, 9.3)

and the diagnostic message specifiecs CURVE NO. 2, then the error is in the
first input to the function curve

FUNCTIONF, 3.2 = (0., 3.8), (1., 7.5), (3.2, 9.6)

The call number mmmm is the first argument of the interpolation function in the
UPDATE FORTRAN subroutine generated by the Translator. For example, if
the model contains the statement

OP = AFGEN (FUNCT, XIN)
the UPDATE subroutine would contain the corresponding statement
OP = AFGEN (n, FUNCT, XIN)

The first argument n is an integer constant and would be the call number in the
diagnostic message for this statement if the value of XIN is outside the range
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of the function FUNCT. The input value out of range is specified by INPUT
= w. The value of the independent variable for this out-of-range condition is
given by AT v.
ABOVE
SECOND INPUT TO FUNCTION name I:BELOW INPUT DATA

CALL mmmm INPUT =w AT v

The second input to the function generator TWOVAR (interpolating for the
function of two variables named in the message) is above the maximum or below
the minimum input specified. The output of the function generator is set equal to
the output value of the function corresponding to the input extreme which was
violated. This message is printed only once even though this condition may be
reached several times. The call number mmmm is the first argument of the inter-
polation function block in the UPDATE subroutine generated by the Translator.
For example, if the model contains the statement

OUT = TWOVAR (F, XIN, ZIN)
the UPDATE subroutine would contain the corresponding statement
OUT = TWOVAR (n, F, XIN, ZIN)

The first argument n is an integer constant and would be the call number in the
diagnostic message for this statement if the value of ZIN is outside the range of
the function F. The second input value which is out of range is specified by
INPUT = w. The value of the independent variable for this out-of-range condi-
tion is given by AT v.

LABEL INCORRECTLY WRITTEN

The label used in the preceding statement cannot be recognized by the program.
Check for proper spelling. The statement will be disregarded; the run will con-
tinue. '

MACRO WITHIN MACRO USED IN A PROCEDURAL

Macros, separately defined, can be invoked within the definition of other macros
if overall parallel structure is implied. Invocation of a macro within a procedure
within a macro definition is therefore not permissible. Similarly, a macro contain-
ing other macros in its definition may not be invoked from a procedure or from a
procedural section.

MACRO xxxxxx WITHIN MACRO yyyyyy USED IN A PROCEDURAL
SECTION

Macros, separately defined, may be invoked within the definition of other macros
if overall parallel structure is implied. Invocation of a macro within a procedure
within a macro definition is therefore not permissible. Similarly, a macro contain-
ing other macros in its definition may not be invoked from a procedure or from a
procedural section.

METHOD SELECTED EXCEEDS STORAGE

The integration method specified in the execution input exceeds the core storage
allocated. The run is terminated. The integration methods available, in order of
increasing size, are: RECT, TRAPZ, SIMP, ADAMS, RKSFX, RKS, STIFF,
RKSDP, and MILNE.
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MORE THAN 10 PRTPLT STATEMENTS
More than ten PRTPLT output control statements have been specified. Only the
first ten will be used.

NUMBER EXCEEDS 12 CHARACTERS

In the previously printed statement, a number exceeding twelve characters in a
macro argument or integrator block initial condition has been detected. Although
translation of the source statements will continue, the run will be terminated
before the execution phase.

NUMBER INCORRECTLY WRITTEN ‘

In the previously printed statement, a number written incorrectly has been
detected. If detected during the translation phase, translation of the source state-
ments will continue; however, the run will be terminated before the execution
phase.

ONLY FIRST 10 CONDITIONS FOR JOB END WILL BE TESTED

More than ten specifications have been given with the FINISH execution control
statement. Although the run will continue, only the first ten specifications will be
used.

ONLY FIRST 10 CONDITIONS WILL BE TESTED

More than ten specifications have been given through the FINISH execution
control statement. Although the run will continue, only the first ten specifications
will be used.

ONLY FIRST 50 VALUES WILL BE USED

The multiple-value form of the PARAMETER data statement specifies more
than 50 values for the parameter. A sequence of runs will be performed using only
the first 50 values.

ONLY FIRST 50 VARIABLES WILL BE PREPARED

More than 50 variables (including TIME) have been specified with PREPARE or
PRTPLT output control statements. Although the run will continue, only the
first 50 variables will be used.

ONLY FIRST 220 VARIABLES WILL BE PREPARED

More than 220 variables (including TIME) have been specified through PRE-
PARE or OUTPUT print control statements. Although the run will continue,
only the first 220 variables will be used.

ONLY FIRST 50 VARIABLES WILL BE PRINTED

More than 50 variables (including TIME) have been requested with PRINT
execution control statements, Only the first 50 will be prihted; others will be
ignored.

ONLY FIRST 55 VARIABLES WILL BE PRINTED ,

More than 55 variables (including TIME) have been requested through PRINT
execution control statements. Only the first 55 will be printed; others will be
ignored.

ONLY FIRST 100 VARIABLES WILL BE RANGED

More than 100 variables (including TIME) have been specified with the RANGE
output control statement. Although the run will continue, only the first 100 vari-
ables will be used.



App. Il

II1

Both

Both

Both

Both

S/360

Diagnostic Messages, Program Restrictions, and Reserved Words 371

ONLY FIRST 110 VARIABLES WILL BE RANGED

More than 110 variables (including TIME) have been specified through the
RANGE output control statement. Although the run will continue, only the
first 110 variables will be used.

ONLY LAST VALUE OF FAMILY USED FOR CONTINUE RUN

A multiple-value parameter has been used in a run that is to be continued. The
continue control feature will be implemented only with the last value of the para-
meter. This is a warning message. The run will continue.

OUTPUT NAME HAS ALREADY BEEN SPECIFIED

In the previously printed statement, the output variable name to the left of the
equal sign has been used before as an output variable name; that is, it has occur-
red to the left of the equal sign in a preceding section. The run will be continued.

PARAMETERS NOT INPUT OR OUTPUTS NOT AVAILABLE TO SORT
SECTION ##*SET TO ZERO#*x

A list of variable names will be printed following this heading. The run is con-
tinued. Variables that are not parameters specified on data cards are set to zero.
Output variable names that are not available to this sort section are initially set
to zero, but may change as the problem is run.

PROBLEM CANNOT BE EXECUTED

At least one diagnostic message will have been printed among the source state-
ments indicating the reason why the problem cannot be executed. The run will
be terminated.

PROBLEM INPUT EXCEEDS TRANSLATION TABLE nn
During translation of the problem, a table has been exceeded and the run will
terminate. The specific table is identified by nn in the following list:

nn Translation Table

More than 500 statement output names.

[\

More than 1400 statement input names (temporary count during trans-
lation).

More than 400 parameter names

More than 300 INTGRL or MEMORY outputs

More than 1400 input names and unique block names
More than 20 FIXED variable names

More than 100 non-zero initial condition numeric values
More than 10 FORTRAN specification cards

More than 100 unique block names and symbolic names with first letter
I,J,K,L, M, or N but not appearing on FIXED statements

10 More than 25 STORAGE variable names
11 More than 15 sections (SORT or NOSORT)

12 More than 100 MACRO arguments, outputs, and statement numbers for
one MACRO

o 0 9 N it AW
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nn Translation Table

13 More than 50 MACRO functions

14 More than 120 MACRO definition cards

15 More than 50 HISTORY or MEMORY functions

16 More than 15 MEMORY functions

17 More than 85 variables that are neither parameters specified on data
cards nor outputs of a following SORT section

18 More than 150 duplicate names in COMMON (outputs or inputs to
INTGRL blocks)

19 More than 100 parameters in one SORT sequence

20 More than 600 structure statements in a single SORT section

21 More than 180 characters in a single macro-generated statement. This

restriction is violated by a procedural macro with more than 25 names for
input and output variables or by a macro which includes a statement of
excessive complexity. To circumvent the restriction, simplify the macro
definition.

III PROBLEM INPUT EXCEEDS TRANSLATION TABLE nn
A table has been exceeded during translation of the problem, and the run will
terminate. The specific table is identified by nn, which refers to the following list:

S
S

Translation Table

O 0 NN N B W N =

—
N o= O

13
14

More than 600 macro and statement output names

More than 1900 macro and statement input names

More than 300 INTGRL blocks

More than 400 parameter and function names

More than 50 STORAGE or 100 integrator array specifications
More than 50 user-defined history and memory functions
More than 50 macro functions defined

More than 125 MACRO definition statements

More than 100 literal constants (does not include zero values)
More than 25 FIXED variable names

More than 20 sort sections

Sum of arguments, outputs and statement numbers of a macro block
definition is more than 100

More than 300 duplicate names used with INTGRL blocks
More than 600 structure statements in a single sort section
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15 More than 100 variables in a single SORT sequence

16 More than 180 characters in a single macro-generated statement. This
restriction is violated by a procedural macro with more than 25 names for
input and output variables or by a macro which includes a statement of
excessive complexity. To circumvent the restriction, simplify the macro
definition.

PRTPLT, PREPARE, AND RANGE VARIABLES EXCEED 100. ALL
RANGE VARIABLES STARTING WITH xxxxxx HAVE BEEN DELETED
More than 100 variables (including TIME) have been specified with PRTPLT,

.PREPARE, and RANGE output control statements. Although the run will con-

tinue, only the first 100 variables will be used for this run.

RANGE VARIABLES DELETED STARTING WITH NAME
Too many variables have been specified on RANGE, OUTPUT, and PREPARE
statements. “Name” and all those following are deleted from RANGE area.

RERUN FROM TERMIN CANCELED FOR CONTIN RUN

The TERMINAL segment cannot be used to cause a rerun when a CONTINUE
translation control statement started the run. The TERMINAL computation
statements will be executed but any CALL RERUN will be ignored.

SIMULATION HALTED
The run was terminated because a FINISH condition was satisfied. The variable
name and its value are printed.

SIMULATION HALTED FOR FINISH CONDITION
The run was terminated because a finish condition was satisfied. The variable
name and its value are printed.

SIMULATION INVOLVES AN ALGEBRAIC LOOP CONTAINING THE
FOLLOWING ELEMENTS

A list of output variable names will be printed following this diagnostic. The sort
subprogram has been unable to find an integration or memory block in the loop
involving these variables. The run will be terminated before the execution phase.

SYMBOLIC NAME xxxxxx NOT DEFINED

An error has been detected on the PARAMETER, INCON, CONSTANT, or
TIMER card printed before this message. Although input to the execution phase
will continue, the simulation will not be run.

SYMBOLIC NAME NOT DEFINED IN MODEL

An error has been detected on the PARAMETER, INCON, CONSTANT, or
TIMER card printed before this message. Although input to the Execution phase
will continue, the simulation will not be run.

SYMBOLIC NAME EXCEEDS SIX CHARACTERS

In the previously printed statement, a symbolic name exceeding six characters has
been detected. Although translation of source statements will continue, the run
will be terminated before Execution.
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SYMBOLIC NAME INCORRECTLY WRITTEN
In the previous statement, a symbolic name has been written incorrectly. The job
will be terminated.

TOO MANY CONTINUATION CARDS

The previously printed statement has been continued on too many cards. If a
MACRO label statement has over three continuation statements or if a structure
statement has over eight continuation statements, the user should make multiple
statements or use more columns on individual cards. Although translation of the
source statements will continue, the run will be terminated before the Execution
phase.

TOO MANY CONTINUATION CARDS. MAX=n

The previously printed statement has been continued on too many cards. If
N = 3, a MACRO label statements has over three continuation statements. If
N = 8, a structure statement has over eight continuation statements. The user
should make multiple statements or use more columns on individual cards.
Although translation of the source statements will continue, the run will be termi-
nated before the execution phase.

TOO MANY LEFT PARENTHESES

TOO MANY RIGHT PARENTHESES

Too many left (or right) parentheses have been detected in the statement printed
before this diagnostic. Although the translation of the source statements will
continue, the run will be terminated before the execution phase.

VARIABLE STEP DELT LESS THAN DELMIN. SIMULATION HALT
The simulation will not be continued because the specified DELT is less than the
specified DELMIN,

Programs Restrictions

Size limitations of the CSMP programs may be exceeded when solving very
large problems. The following table gives some of the restrictions for both S/360
CSMP and CSMP III. Additional restrictions appear in this Appendix in the sec-
tion on diagnostic messages under the message, “PROBLEM INPUT EXCEEDS
TRANSLATION TABLE nn.”

S/360 CSMP CSMP III

Number of statement and MACRO output names 500 600

Numbers of statement and MACRO input names 1400 1900

Number of parameter and function names 400 400

Number of integrators plus statements with memory 300 300
and history

Number of structure statements in a single sort section 600 600

Number of sort sections 15 20

Number of parameters in a single sort sequence 100 100
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$/360 CSMP CSMP 111

Number of user-supplied memory and history functions 50
Number of memory functions
Number of MACRO functions
Sum of MACRO arguments, outputs, and statements 100
number for one MACRO

15
50

Number of FINISH specifications 10

Number of RANGE and PREPARE variables t

Number of STORAGE variables 25

Number of statement sent directly to FORTRAN 10
(identified by a / in column 1)

Number of FIXED variables 20

50

50
100

10

i
50

25

1The total number of RANGE, PRTPLT, and PREPARE variables must be 100 or less.

{Two times the number of RANGE variables plus the number of PREPARE and OUTPUT

variables must be equal to or less than 220.

Reserved Words

The words listed below are reserved for special use in CSMP. They should

not be used as variable or subprograms names.

ABS
BACKSPACE
CALL
COMMON
CONTINUE
DABS

DBLE
DEFINE
DIM
DIMENSION
DFLOAT

DO

DOUBLE
DSIGN

END
ENDFILE
EQUIVALENCE
EXIT
EXTERNAL
FIND
FLOAT
FORMAT
FUNCTION

GO
GOTO
IABS
IDIM

IF

IFIX
INTEGER
ISIGN
PAUSE
READ
REAL
RETURN
REWIND
SIGN
SNGL
STOP
SUBROUTINE
WRITE
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In addition to the above words, the following restrictions must be followed for
variable names.

1 Certain variable names are reserved for use by the system, and cannot
appear in a CSMP structure statement. These names are NALARM,
1Zxxxx, and ZZxxxx, where x is any digit.

2 KEEP is a COMMON variable and it must be used consistently with its
intended purpose.

3 DELT, DELMIN, DELMAX, FINTIM, TIME, PRDEL, and OUTDEL
are system reserved names and, unless renamed, must appear only in their
intended context.

4 TIME is the name for the independent variable and should be used only
for that purpose.

5 CSMP subroutines, unless renamed, must be used only as intended. These
names are MAINEX, CENTRL, NUMER, ALPHA, DEBUG, UPDATE,
CSTORE, and the standard CSMP functional block names.

6 The statement numbers 30000 to 39999, inclusive, are reserved for system
use in the UPDATE subprogram.



APPENDIX

I

MATHEMATICS OF
INTEGRATION METHODS

There are six different integration methods available in S/360 CSMP. CSMP
III provides an additional method for solving stiff equations. All methods use cen-
tralized integration. This means that integration is performed after all structure
statements have been evaluated.

In the Milne and Runge-Kutta methods, the step-size is automatically adjusted
to user-specified error-bounds during the problem execution. The following gives
the mathematics of the integration methods as listed in the IBM programs refer-
ence manuals, 2

Milne Fifth-Order Predictor-Corrector (MILNE)

Predictor: Y7, = Yo + 38X, — 5Xae + 4Xmane — Xiosn)

%(651Y:+Az + 243X; + 51Xt—Al‘ =+ X'—ZA’)

Estimate: Y,., = 0.96116Y¢,,, + 0.03884Y7,,,

Corrector: Y:, = %(Y, + 7Y _a) +

Integration interval control is based on the following criteria:

|Y°—Y?|  _ Error <1
A+ RiY?| — A+ R|Y°| —

Runge-Kutta Fourth-Order (RKS)

Vs =Y, + Ky + 2K, + 2K, + K.)

317
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K, =Atf(t,Y, :)
K= Aef(e+ 57+ 5

K3-—Atf(t—l— LY, 4 )
K, =Atf(t + A, Y, + K;)

The interval (Af) for both variable step integrations will be reduced to satisfy
the following criterion:

[Yerar — Y| < Error <1
A+R|Y5+Atl —A+RIYI+A1| -

In both the MILNE and RKS methods, Y* is Y,,,, calculated by Simpson’s rule.
A and R are the absolute and relative errors corresponding to the values specified
by ABSERR and RELERR.

A form of the fourth-order Runge-Kutta for a fixed-step-size (RKSFX) is also
available. The mathematics are the same as shown above with the exception that
the error criterion is not used.

In addition to RKSFX method, there are four fixed-step integration methods.
Adams Second-Order (ADAMS)

Yr+At = Y + _‘(3Y t—Ar)

Simpson’s Rule (SIMP)
Predictor: Y%, =Y, -|- 2

AtX

t+At/2

YZa= Yt+At/2 -+

Corrector: Y&, =Y, -+ ?t(X' + 4X a2 + Xirar)

Trapezoidal (TRAPZ)
Predictor: Pa=Y + AtX,

Estimate: Y, =Y, + %‘t(Xt + Xivar)

Rectangular (RECT)
Yia= Y, + AtXr

In all of the above equations, the common terminology is X, = Y, = f(f). The
value of X, used in the estimate is based on the prediction Y7, ...

A method for handling stiff equations®-4’ (STIFF) is available in CSMP III.
The solution is computed by the following step by step procedure.
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Mathematics of Integration Method's 319

Given the differential equation y = f(t, y), »(t) = y,

(1) y46) =@ — y(t — ho)l/hg

@ di =y — )

() y,(t +0) = y(t) + 6y(t) where & < h/4
@) y,(t +0) =flt + 3, + ]

() d. =[r,(t+ ) —y@®)o

6 1= {O

1=

dy)d, d, #0, {@t—wM 1<0,

d, =0, 1+ Ar/2 A=0

A<0

e).h
%z{L+M 1>0
)yt +h) =y@® + hyp () + he,d,
®) yt +h =f[t +hy( + W]
9 E=hy(t +h) — (L) + cody)]
(10) E, = 29[y, (¢t + 0) — y(0)]

Note that p, y., ¥, Yas Vper 415 ds €4, €1, and 4 are vector quantities.

Step 1

Step 2

Steps 3 and 4
Step 5

Step 6
Step 7
Step 8

To start up
hy =0
¥4(0) = 3(0)

y is assumed to be the sum of an asymptotic part and a
perturbation from the asymptote.

These steps constitute Euler integration with step size d.

d, = j(f). It is assumed that the form of f(¢, y) makes calcu-
lation of j difficult.

y. is computed solution at end of current step; 4 is step-size.
E is used to monitor step-size A.

E, is used to monitor Euler step-size.

The section on integration methods in Chap. 3 contains details for using the
various methods. Information on accuracy and computer time is also included in

this section.

In the event that none of the methods satisfies the user’s requirements, the
user can supply his own integration method. This method is entered in the system
by the name of CENTRL. Example 3.2 illustrates the procedure for using a user-
supplied integration method.
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INDEX

A

ABSEER (absolute error):
definition, 82, 318
effect on problem solution, 84
program application, 91, 116, 117
resettliil; during simulation, 114,

Accelerometer (simulation), 247
ADAMS (inte_yration):

accuracy, 8

application, 85

mathematics of, 318

time requirements, 88
AFGEN function:

definition, 31

illustration, 291

program application, 32-34, 204
Algebraic loop:

definition, 171

diagnostic message, 313

program application, 48, 176-78

Igorithm:

digital filter, 241, 243

for digital control, 216, 219, 220

PID digital controller, 221-24
ALOGI10 function, 203, 234
AND (logic):

definition, 226, 296

prog%x;l application, 160-61, 229,

Arbitrary function generators (see also
AFGEN, NLFGEN, FUNGEN)
CSMP 111, 262-63, 301
CSMP/360, 291, 292
Array integration:
general discussion, 103-4, 268
program application, 104-7, 197-203
ATAN2 (arc tangent), 196, 201

Beam deflection simulation, 60-65
Block diagram:

digital control system, 209, 210, 213,

214, 216

position control system, 40

simulation of, 18-22

temperature control system, 52
Bode diagram (see Frequency response)
Boundary value problem:

endpoint calculations, 64-65

program application, 60

C

CALL ARRAY statement, 302
CALL CONTIN statement, 267
CALL DEBUG subroutine:
description, 129, 130, 132
rogram application 132, 133
CALL FGLOAD subroutine, 262, 263
CALL FINISH instruction, 267
CALL OUTPUT instruction, 260
CALL PRINT instruction, 260
CALL RERUN statement:
definition of, 64
program application, 63
CALL TVLOAD subroutine, 264, 265
Cam follower simulation, 65-68
CENTRAL (integration):
application, 93-95
description, 93
Chemical process, 52-58
Circuit simulation, 42-52
CMPXPL function (complex poles):
apglication using, 46
definition, 45,

Coil spring mfg. simulation, 118
COMMON MEN statement, 124
COMMON statement, 21, 34, 124
COMPARATOR (logic), 226
COMPAR function (switching), 295
Complex poles (see also CMPXPL):

transfer function for, 45
Constants (in CSMP), 7, 8
CONSTANT statement:

definition, 15, 28

limitations on use, 95, 120

program application, 14:17, 54, 89
CONTINUE statement:

CSMP application, 29

description, 119, 120, 122, 123

FORTRAN application, 63, 64

program illustration, 92, 122, 201
CONTINUE statement (FORTRAN):

description, 120

prc_)lgram application, 63, 64, 120
CONTOR parameter:

application, 257, 258

description, 254, 256
Control statements:

CSMP 111, 266-70

CSMP/360, 112-24
CSMP III:

control statements, 266-67

diffegﬁces between S/360 CSMP,

functions, 260-66

general comment, 2

program examples:
accelerometer simulation, 247
heat transfer, 254, 270
spring-mass-damper system, 253

CSMP/5360:
basic structure, 10-14
general comment, 2
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CSMP/S360 (continued)
overview, 5-7
program without integration, 65
system installation of, 7

D

Data output:

CSMP 111, 245-60

CSMP/360, 124-238
DATA statement:

description, 101, 244

program application, 102
DATA statement (FORTRAN):

description and application, 100
DEADSP function (dead space):

definition, 58, 292

program application, 60
DEBUG (see CALL DEBUG)
DECK:

description, 135-38

example of, 140, 141
DELAY function (time delay):

description, 53, 286

program application, 53-54

used with z-transforms, 212
DELMAX symbol, 268
DELMIN symbol, 18, 85-86
DELT symbol:

apglication, 89

definition, 18, 85-87 .

for logic stepping, 232

for program stepping, 196
Derivative (differentiation) (see also

DERIV):

DERIV function:

application 48, 50

definition, 48, 282
Diagnostic messages:

listing of, 304-14

program application, 176
Difference equation, 215-25
Differential equation solution, 151,

Digital controller:
cascade realization, 218
direct realization, 215
parallel realization, 219
PID, 221-24
Digital control systems:
diagram illustrating, 209
general discussion, 209-20
Digital logic:
program application, 224, 228
simulation, 224-32
table of functions, 226
DIMENSION statement:
description, 97-99
examples using, 102, 106, 201, 247
DO loop (with CSMP), 201
Double-precision operations:
description, 268-70
example, 270
restriction on using, 8
DYNAMIC segment:
definition, 12
general use, 2
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in digital control, 217

in digital logic, 232

program application, 34, 38, 63,
196, 201

E

Electric circuit simulation, 42-52
END card:

definition, 18, 113

typic'itl2 2aq)plication, 21, 38, 111-15,

END CONTINUE statement, 119, 266
ENDDATA statement, 101-2
ENDINPUT statement, 101, 267
ENDJOB card:
definition, 18, 124
typical application, 21, 38, 123
ENDJOB STACK card, 124
ENDMAC card:
description, 142
illustration, 145
ENDPROCEDURE:
application, 156, 217, 220
description, 157-58
EOR function (logic), 226, 297
EQUIVALENCE statement:
description, 103, 105, 106
examples, 106, 109, 201
used in CSMP 111, 268
EQUIVZ%;_ENT function (logic), 226,
Examples using CSMP/360:
amortization schedule for home
mortgage, 147-51
automobile traffic-flow simulation,
158-65
beam deflection simulation, 60-65
coil spring mfg. (random
distribution), 118-19
compounding interest in saving
account (user supplied
integration), 93-95
control system with compensation,
feedback system with digital control-
ler, 211-15
feedback system with sample and
hold, 210-11
frequency response, 196-205
gear train containing backlash,
heat transfer in air duct, 104-7
impact dynamics of two railroad
cats, 90-93
modulo two up-down counter,
228-332
Nixie light logic simulation, 224-28
orbital trajectory simulation of space
vehicle, 126-29
PID digital controller, 221-24
position control system, 18-25
response of piston driven by air
cylinder, 134-35
RLC circuit, 42-52

Examples using CSMP/360 (continued)

simulation of system involving an
algebraic loop, 176-77

solution of nonlinear, time-varying,
simultaneous differential
equations, 167-69

spring-mass-damper system, 14-18

stress analysis of cam follower, 65-68

temperature control for a chemical
process, 52-58

three-stage Saturn vehicle, 35-39

transfer function simulation, 151-54

transsigng 5tempe:rature response,

Van der Pol Equation, 25-30

ventricular pressure simulation of
human heart, 110-12

Examples using CSMP III:

dynamics of acceletometer
transducer, 247-48

spring-mass-damper system, 253-54

transient heat distribution, 254-59

F
FCNSW function (function switch),
295

FINISH label:
definition, 34
program application, 34, 63-64, 196
resetting of, 114, 117

FINTIM symbol:
definition, 18
typical application, 17-18, 18-25
used 1\ggh a CONTINUE statement,

FIXED statement:
application, 102, 106, 257
description, 101
double precision, 269
Flip-flop (RST), 228-32, 296
Format (card columns), 9-10
FORMAT statements:
prog%tg application, 102, 128, 129,

use in CSMP 9, 101, 125, 126, 201
FORTRAN:

as used in CSMP, 6

continuation cards, 125

functions, 297-300

output, 63-64, 124-26

specification statement, 97-98

subprograms, 138, 165-68
FORTRAN functions:

CONTINUE, 37-38

FORMAT, 38, 201, 204, 229

GO TO, 229

IF, 35

WRITE, 38, 201, 204, 229
Frequency response:

general discussion, 194

program for calculation of, 196, 201

using array integrators, 197

with Bode diagram, 196-97

without integration, 195



Function generators (see Arbitrary
function generators)
FUNCTION statement (generation):
program application, 34, 67, 204-5
used with AFGEN, 30-31
used with NLFGEN, 30-31
Function blocks, 6-7
FUNGEN function, 262, 301

G

GAUSS (distribution function):
application, 119, 120
description, 291

Gear train (simulation), 58

GO TO statement, 229

GROUP parameter:
application, 260, 261
description, 257

H
Heat transfer simulation, 34, 104, 105,

254, 270
HEIGHT variable, 252
HISTORY function, 171
HSTRSS function (hysteresis), 294

I

IF statement:
program application, 128, 217, 219,
220, 224, 229
with CSMP, 35, 126
IMPL statement (implicit function)
(see also Algebraic loop):
application, 176-78
description, 172, 173, 286
IMPULS function:
definition, 44, 289
in sampled data, 210-11
program ap lication, 46, 86
Inclusive OR (see IOR)
INCON:
description, 28
illustrations, 29
limitation on use of, 95, 120
program application, 28, 54
Independent variable:
other than TIME, 66
renaming of, 62
INITIAL segment:
definition, 11
general comment, 2
in logic simulation, 232
program application, 34, 38, 63,
196, 201
with digital control simulation, 217
INPUT statement, 101, 244, 267
INSW function (switch), 295
Integers:
example, 106
specified by, 101
Integration:
accuracy of, 84, 86, 87
array, 103, 268

Integration (continued)

changing integration technique
during run, 90

choosing the method, 85
CSMP I1I, 267-68
double precision, 268
error requirement, 82-84, 86
fixed step method, 85
mathematics of, 317-19
methods, 85
mode-controlled, 163, 284
specification form, 103
step size, 82-87, 129
stiff equation, 268
time requirements, 88
user-;gpplied integration method,

variable step method, 82
Interest on investment, 93, 147
INTGRL (integration):

description, 215, 281-82

program application (typical), 14,

18, 42I,) 54, 60, 91, 106

specification form, 103, 107

with subscripted variables, 99
IOR function (logic):

description, 226, 297

program application, 229

J
Job control language cards (JCL), 137,
138, 245

K

KEEP symbol:
description, 89
program application, 89, 125, 217

L

LABEL statement:
definition, 25
program application, 21, 122
resetting of, 114, 117, 123
using more than one, 46
Laplace transform, 19
LEDLAG function:
definition, 41, 283
program application, 42
LIMIT function, 293
Logic functions, 226, 296, 297
LOG parameter, 257

M

MACRO function:

description, 139-54

fundamental rules, 142-45

in digital control, 212

program application, 146-54, 196
MAIN subroutine, 136
MEMORY statement, 168, 171
MERGE instruction:

description, 253

example, 254, 255

METHOD statement:
description, 82, 85
program application, 89

MILNE integration method:
accuracy, 86
description of mathematics, 317
general description, 88
grogram application, 82

MODINT function:
description, 163, 284
program application, 164

N

NAND function (logic), 226, 296
NLFGEN function:
definition 31, 292
program application, 63, 67, 111
Nonlinear function generator (see
NLFGEN)
Nonlinzar system characteristics,
Nonlinear systems:
differential equation solution, 25-30
function generators for, 292-94
use of dead space in, 58
NOR function (logic), 226, 297
NOSORT section:
definition, 12-14
general comments, 6
program application, 38, 196, 201
used in digital logic, 232
NOT function (logic), 226, 297
NPLOT parameter, 257
NTAB parameter:
description, 257
example, 260-61

(0]

Offline plotters, 132, 133, 135
Operators (with CSMP),
OUTDEL parameter:
definition, 24
program application, 18-25
relationship to FINTIM, 24
used with CONTINUE, 120, 122
used with integration, 67
used with PREPARE, 133
OUTPUT statement:
description, 246-47
program application, 247-51
OUTSW function, 294
OVERLAY statement:
description, 109, 110
example, 111

P

Page height/width control (see
HEIGHT, WIDTH,)

PAGE statement:

description, 252

example, 254
PARAMETER card:

definition, 28

illustrations, 26, 28
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PARAMETER card (continued)
limitation on use of, 95, 120
multiple values for parameter, S3
program application, 201, 211

PI continuous controller, 52

PID digital controller, 221 24

PIPE function, 301

Piston-cylinder system, 134

PREPARE statement:
description, 132, 133
problem appllcatlon, 134, 136, 137
resetting of, 114, 117

PRTPLT printer-plot)
computer output of (typical), 23, 28

35, 40, 42, 47, 49, 56, 65
CSMP 111 (see OUTPUT), 247-48
description, 22
of integers, 101
program application (typical), 21,

34, 38, 46, 54, 63, 67, 196, 201
resetting, 114, 117, 122, 123
scaling of, 54
subscripted variables, 99, 107
with log stepping, 197- 98

PRINT (FORTRA! %‘J), 124, 126

PRINTPAGE statement, 246

PRINT statement:
colutg(;l output (typical), 17, 27, 54,

computer logic output, 232

description, 16

equation type output, 17, 61

integers, 101

maximum number of variables, 126

program _application (typical), 15,
21, 54, 60

resetting, 114, 117, 122, 123

subscripted variables 99, 107
PROCEDURE function:

description, 154-64

fundamental rules, 156-58

typical application, 161, 164, 196

used in digital control, 217
Progral;ilrestrligtions, 311, 312, 314,
PULSE function:

application program, 46

definition, 44, 288
Pulse generation (with STEP), 200
Pulse train:

application program, 46

generation of, 43-44

random generated, 224-26
PUNCH statement, 124

Q
QNTZR function (quantization),
203-94

R

RAMP function, 287 .

Random number generator (see
GAUSS and RNDGEN
function)
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RANGE statement:
description (CSMP/360), 20
descrlptlon (CSMP III), 260
tesetting of, 114, 117
simulation using, 58-60

READ statement:
example, 102
use in CSMP, 101, 267

REALPL function (real pole):
definition, 20, 283
progfém application (typical), 21,

REAL*8 statement, 269-70
RECT integration (rectangular):
accuracy of, 87
mathematics of, 318
time requirements, 88
use of, 85
Recursive difference equation, 215-21
Relay device, 145, 146
RELERR statement:
application 91, 116, 117
definition of, 82, 318
‘effect on program accuracy, 84
resetting, 114, 11
RENAME statement:
description, 62
program application, 62-65
with a MACRO, 142
RERUN statement, 246
Reserve words, 315-16
RESET statement:
description, 117
example, 120, 122
Resettable flip-flip (RST):
definition, 226
program application, 228-32
Restrictions (I;ee Program restrictions)
RKS integration:
accuracy of, 84, 86
description, 82
mathematical formulation, 318
time requirements, 88
RKSDP integration (double precision):
description, 269
example, 270
RKSFX (fixed-step integration):
accuracy of, 86-87
application in digital control,
description, 85
mathematical formulation, 318
time requirements, 88
RNDGEN function (random number
generator):
application with digital logic, 229
description, 119, 290

S

Sample data control, 209-24

SAMPLE function (SWltch), 302

SCALAR function (array-to-scalar
converter), 303

SHADE parameter (gray-tone print
output):

description, 256
example output, 257, 259
Signal sources, 287-91
SIMP integration (Simpson):
accuracy: of, 87
description, 85
example, 89
mathematical formulation, 93-95, 318
time requirement, 88
SINE function, 290
SLOPE function, 265, 302
SORT section:
basic use, 6
definition, 12-14
typical application, 38
Space vehicle simulation, 35-37, 126
Specification statement:
description, 97, 98
example, 106
Spring-mass system, 107, 253
SQRT (square root), 63, 194, 201
Standard deviation (expression), 119
State variables:
circuit simulation using, 43
transfeg gunction representation in,

STEP func-tion:
definition, 24, 288
in tyliiscgl example programs, 21, 54,

STIFF integration:

description of, 267, 268

mathematical formulation, 318-19
STOP statement:

description, 123

example, 18, 122, 169
STORAGE statement:

description, 98-99, 106

example, 109, 196, 248
Subscripted variables:

CSMP I1I integration with, 254-55

CSMP/360 integration w1th 99, 103

output using, 125, 245-48

use in CSMP, 95, 97-103, 201
Switching functions, 294-96
SYMBOL parameter:

description, 257

example, 260-61
Symbols (in CSMP), 7-8

T

TABLE statement:

description, 99-100, 106

program application, 109, 196, 257
TERMINAL segment:

definition, 12

general comments, 2

program application, 34, 38, 63, 201
Thermodynamics, 134
TIME (independent variable):

double precision, 269

with PREPARE statement, 133

resettmg to zero,

setting starting value, 268, 281



Time delay function (see DELAY
FUNCTION)

TIMER card:

description, 18

typical application, 14-17, 60
TITLE statement:

description, 16, 18, 245-46

resetting of, 114, 117

typical application,14-17,60,122-23
Traffic flow (simulation) 158-65
Transfer function:

general application, 43, 195-96

state variable form, 205-8
TRANSF function, 265-66, 300
Translation control statement (see

Control statements)

TRAPZ integration (trapezoidal):

accuracy, %7

description, 85

mathematical formulation, 318

time requirement, 88
Two-point boundary value problem, 60

TWOVAR function (two variable),
263-64, 302

U
UPDATE subroutine, 136-38

User defined functions and
subroutines, 138-40

A\
Ventricular pressure (heart), 110-11

w

Wegstein’s algorithm, 173
WI%T H variable, 252
WRITE statement:
ptog%r;) application, 127-29, 201,

use in CSMP, 124-26

X
XYPLOT instruction, 252
Z
ZHOLD function (zero order hold):
definition, 210, 285
progrzzm application, 217, 219, 220,
4
Z-transform:
algorithm simulation for inverse,
215-20
represented by DELAY function,
211-15

ZZRND instruction, 269-70, 303
ZZTIME symbol, 269
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Other books of interest . . .

Geoffrey Gordon

This book provides a very practical and easy-to-follow guide to the widely
used General Purpose Simulation System, based on the latest version of
the language issued by IBM, GPSS V.

Three chapters are devoted to modeling, discrete simulation and pro-
gramming techniques; a series of thirteen chapters explain all features
of the GPSS V language; seven valuable appendices summarize program-
ming details of the language and its assembly program, describe the
internal operations of the program, and compare GPSS V with previous
versions of the language.

Published 1975 320 pages

Richard H. Eckhouse, Jr.

A diverse group of readers will find MINICOMPUTER SYSTEMS to be
an excellent guide to the effective use of the inexpensive, yet powerful,
small computers now available.

There are discussions of the fundamental concepts of computer hard-
ware and software independent of any particular language or machine,
programming fundamentals, PDP-11 organization and structure, pro-
gramming techniques, introduction to data structures, system software,
operating systems, and an applications environment.

Published 1975 343 pages

Manesh J. Shah

This is a practical book, written to bring the convenience and economy
of today’s compact digital computers to virtually anyone who needs to
simulate and solve dynamic systems problems in engineering and the
physical sciences.

For example, it treats control systems of various types, mechanical sys-
tems and related design problems, chemical processing, simulations of
different kinds of chemical reactor syStems, and many others.

Published 1976 416 pages
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