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Vi. DIGITAL COMPUTER SIMULATION OF THE DIGITAL IPS SYSTEM
WITH WIRE-CABLE AND FLEX-PIVOT NONLINEARITY

in this chapter the digital IPS with wire-cable and flex-pivot non-
linearity is simulated on the digital computer. The main objectives of
these simulations are to determine the effects of varying the sampling
period T on the system stability, and to determine a range of optimal"
values of the parameters of the digital controller, Kp, Ki and Kr.' |

The listing of the computer program is shown in Table 6-1. The

parameters of the Dahl model for the flex-pivot nonlinearity are:

9244k

Y

-3
T 2.25 x-10 N-M

FPO

For the wire-cable nonlinearity, two ranges of values were used

for KWT and HWT:
KWT = 100 KWT = 0.25
HWT = | HWT = 0.0}

The nominal values of the digital controller parameters are:

K = 70000
o 7

: 5
Ki = 1.1 x 10
Kr =.19700

6.1 Nominal Controller Parameters With Variable Sampling Periods

The first set of simulations involves the study of the'effects of
varijous sampling rates. Figures 6-1 through 6-5 show the time responses
! : : ) . -7
of ei due to an initial condition of 91(0) =10 , for the nominal values

of‘Kp, Kikand Kr; KWT = 0525 and HWT’=,O.OI, and T varies from 0.005 sgc
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to 0.1 sec. As shown in Fig. 61, when T = 0.005 sec, the sampling period
is sufficiently small that the response of the digital system approaches
that of the cont inuous-data system. As the sampling period increases, the
decay time of the oscillation increases, and the system is marginally
stable when T = 0.075 sec (Fig. 6-4). Figure 6-5 shows that when T = 0.1
sec, the response of 9i diverges when time increases, and the system is

unstable.
6.2 Effects of Varying K and Wt

It has been shown earlier in the study of the continuous-data IPS
that the values of KNT and HwT do not affect the system performance
substantially. Figures 6-6 and 6-7 are reruns of the cases in Figs.
6-4 and 6-5, respectively, except with K. = 100 and HNT = |, These
figures show that varying the values of KNT and HwT by the wide margin

did not change the responses of the system in any significant way.
6.3 Effects of Varying Kp

In this section, simulations were conducted with

Kr = Nominal value
Ki = Nominal value
KVT = 100

Hyp = !

T =01 sec

and Kp is varied between 0.25 times to 5 times its nominal value.

Figures 6-8 through 6-13 show the simulation results for 0., due to an
initial condition of 0‘(0) = 10-7. Figure 6-8 shows that when Kp is 1/4
its nominal value, the system is unstable. As Kp is increased, the system

becomes stable. However, when Kp is 5 times its nominal value, the
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-

oscillations will take a long time to decay. These results show that

there is an "'optimal' value for Kp from the standpoint of less oscillations
and fast decay in the time response. Figure 6-11 shows that when Kp
equals to 2.35 times its nominal value the response seems to be the best

under the simulated conditions.
6.4 Effects of Varying K

Once a seemingly optimal value of Kp has been determined, it is
necessary to investigate the effects of varying the other parameters of

the controller. The time responses shown in Figs. 6-14 through 6-18 are for

Nominal value

=~
il

=
]

2.35 x Nominal value
0.1 sec

KWT = 100

.

-y
i

and Kr varies between 0.5 times to 3.5 times its nominal value.
The time responses in these five figures show that as the value
of Kr increases, the oscillations are reduced. However, for large values
of Kr’ the response is slower. It may seem that an appropriate range
of Kr is between two times nominal to three times nominal. The steady-

state error is also small with these values of Kr'
6.5 Effects of Varying K,

Having selected the appropriate values of Kp and Kr in the initial
round of trial-and-error design, the last parameter of the controller to
be investigated is Ki' In this section the effects of varying Ki are

investigated. Since the 'optimal'' value of Kr seems to lie between two
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times nominal and three times nominal, two sets of simulations were run,
one with Kr = 2 x nominal and the other with Kr = 3 x nominal. Figures

6-19 through 6-22 illustrate the time responses of 0; with

Kp = 2.35 x nominal
Kr = 2 x nominal

T =0, sec
Ry = 100

e

and Ki varies between 0.5 times nominal to 2 times nominal. Figures 6-23
through 6-28 show the time responses for Kr = 3 x nominal and Ki varying
between 0.125 times nominal to 2 times nominal, with all other parameters
the same as above.

These simulation results indicate that for the sampling period of
0.1 sec the system is not too sensitive to the variation of Ki' In general,
as Ki increases the response becomes more oscillatory. Although lower
values of Ki give less overshoot, the steady-state error is actually
larger. Therefore, a compromise has to be made between overshoot and
steady-state error when making the selection on Ki' Comparing the responses
in Figs. 6-23 through 6-27, it seems that Ki = 1.25 times nominal may be
chosen from the standpoint of all-around performance.

Figure 6-28 shows the time response of o, for the following param-

eters:

=
I

i 1.25 x nominal

=~
i

2.35 X nominal
K= 2 X pominal

T = 0.1 sec
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KUT = 100

HNT = |

The response is extended for the time period up to 9.7 seconds to show

that in the steady-state practically no oscillations take place.
¢.6 Effects of Varying The Sampling Period

Thus far all the simulations have been carried out with a sampling
period of 0.1 sec. Although the original system with the nominal values
for Kp, Ki and Kr is unstable with T = 0.1 sec, Fig. 6-28 shows that the
digital IPS can indeed be stabilized and yield satisfactory responses
by fine tuning the controller parameters.

It is of interest to investigate if the digital IPS can be stabilized
with the given controller configuration with higher sampling periods.
Figures 6-29 and 6-30 illustrate the ©, responses for T = 0.2 sec and

0.3 sec, respectively. The other relevant system parameters are:

Kp = 2.35 times nominal

Kr = 3 times nominal

K.
i

KwT = 100

Hyr = !

0.5 times nominal

Note that the values of Kp, Kr and Ki were chosen so that the system
performs best with T = 0.1 sec. Figure 6-29 shows that when T = 0.2 sec
the system is stable, although the response is slightly oscillatory during
the transient state. However, the system is unstable for T = 0.3 sec

(Fig. 6-30).
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6.7 Design of the Controller Parameters for T = 0.3 sec (Kr Varies)

It is apparent that the controller parameters that are suitable
for the sampling period of T = 0.1 sec may not be the best for higher
sampling periods. The objective now is to find a set of controller
parameters so that the system has a satisfactory response for T = 0.3 sec.
We shall first fix the values of Kp and Ki and vary Kr' Figures 6-31
through 6-35 show the responses of ei when Kr varies between 1.25 times

to 2.times its nominal value, and

Kp = 2.35 times nominal
K. = 0.5 times nominal -

KWT = 100

Hyr = |

T

0.3 sec

It is important to note that while the system is stable over a
rather wide range of values for Kr when T = 0.1 sec, when T = 0.3 sec,
the system becomes very sensitive to the value of Kr’ Figures 6-31 and
6-35 show that for both small (K_= 1.25 times nominal) and large (2 times

nominal) values of Kr the response is very oscillatory. The response in

Fig. 6-35 is actually unstable. Figures 6-32 and 6-33 show that K_ = 1.5 %

nominal or 1.65 x nominal seem to be the best choices for the specific
situation. The response in Fig. 6-34 for ¥ 1.75 x nominal becomes
slightly erratic at the 5-second mark. The simulation results indicate

that at least the digital IPS can be stabilized for T = 0.3 sec.
6.8 Design of the Controller Parameters for T = 0.3 sec (Kp Varies)

Since smaller values of K‘ would result in slower response, it was

determined to vary only the value of Kp in order to improve on the system

98



THLOT

Y

LAVie

K, = 1.25xMominal T = 0.3 sec 99
= 0.5 xNominal K, = 100 :
= 2, Nominal = |

K, 2.35x nal Hr

EnInts s InIn 0 L0 s N N IN In I GININ IS IN IS ININID SN InINT?
‘)'3‘3‘)‘) Eﬁl)()<')(’>()‘>‘>(3‘)‘)‘?‘)‘)‘)‘)43(313(30‘
- B s 1 B i 1
I.Jll.lldld .d RN RO RT R R Rty B o B0 BRIV BT R ™ xU‘U"..' (R ET BT
oF i or 1Y BT INIIILIT SO ™I InINLY T L9 I D1 ¢
“0“'7!“!&"3!\'f?‘)‘f"!(i'ﬂ“xo‘?1)'0("1‘00!531?vﬂ'bt'
O IIN Gl IS O TN IO D0 N0 4 INLYIO TN L
. - - . - - - - - - - - - - - - - - - - - - - -
QT -.t'!tr| !{JZ'OEFNM‘?'?MN"v?(;"{'{??(‘i?f’)ﬂ(‘i?')'

SO I IS IS I I (D In TN TN I IS In I8 SO N IN IN IS
SO0 t>¢> ¢> -> t) © :? > ?00 «>«)(> ¢>«) 0 t)O
' i ! ' { i |
uuunuwmw;uumwmm: lJ“JLUthdlUl'J
Aertn In I LI SIE T IdoFIndn 28300 O
I MIININNRIE fs L3CEE T 0'0-44)('~-0('~l
‘)t)'f(dh~0l"?f\t)l’l‘)nnt 1O =I~OM0
-

¢4

.:

Rl - - D B i - - L B . A d | S SR L
.")(G'O10('40‘)!')")")'dv-l«(l"l'f' MM
1 ¥ 51 4 i

-3
m———
T
———

o o o S e B S o e S S o 4 o o

-t

e e e o o e o o

m——————t

e

e e o o o2 S i o o S G S i 1 B 0 s e S e e o o

PR —————— S S

T+
+

.-—.___.._.--.........._..-._.._....-.._..-.._.....__.._......__-_---_—_---+

e e o e e e s s e s oo ittt e e
——

_-___-_._-.._.__..-...__‘__..n_.‘,

——————t

o o o
.

-

...—-_—_———————_.--——————_——.._--..-__.-....—......-___.._..-....-_._—..——..-_....-4___._§

_—__—_—--——_——_————————————_-—____-—.._—.._—_——----_-_——-—+

e s e o e

e o o o e s e e s o

——————t
——
-+
—————t

!
i 1

-+ 1
20 tN (0 {0 (0 (0 ¢~ (D 0 (0 (D (D (0 (0 I~
3D OOOMO DD 0O L
e R e e T R T U T e e
t i i g W Wt L Ll L
OO I I IO T
D 4 {4 D N TN ¢ i 9 ¢
4 O N0 -OUON-: NN OO
- - .
3 4

R B4 I B 4 IR B RS B

) DR DOODO

! i SRR T T S U G T

u td i '\Jlululdlu;dtdlu‘.ﬁ‘.d;d'.d'.uldLIJ'LULULLI

Fe1 300D In Mg BL W 5 B

NP P Ot 0 (Y D T ININID s TN DTN L3 0 +4 o5
2
.
4
1

Vs
V]
.
O
pig
o7
-vo
#
Ot
.
it
i
-08
i
P
-0a
54
né
8
~
-8
e
-08
i

gy V-

7e-08
iy
i
s
-0
en il
-0
pul
£

-1.20%92-08

+
o
-
O
jisk
~
<
7
-
-4
-
i
.
7
-
o
o
.
e
P
<SOvVETVO
P
9F

=d+sl70C

MO OIS DM QIMLI0O L]
- AR L e - - - -
L‘)(T?T('OL"J!;IN'O(O(bthr\m?'rr\o‘n:ﬁ

*

| aEh
{0 I~ IN TS ?th{;

a o na
“ae™

e - Lt

DO(>(>¢>00OO<>(>t)0t)(bt)00()0t>t>t>t>(>¢>oot>ot
l)()()t)t)t)t)oooooot)t)o¢>(>(>¢)t>ot>(>ooooo¢:t
- B e A B s e A o A

Wl WL W Lu'.uuwmmwmmm.uwmwmtuv.u.umummwm\umuwmm
OB OO O DD 530&:t>(>t>t)t>c>:>t>t>~)(><>t)=>t>t>(>t)t) :
.4.4‘4.4.-4v4'4.4.4.4.4.4.4.4.-«.4.4.4.4«.4.4.4.-:.4-4‘4«‘4'4.-4.-1.-4.4.-4.4««.4.4:) :
.4o<>g>c>ot>o:><>ooooo:>c::):>.>o<>:>:>o<><>e>=>o:>c>o:>=>t>t>(><>t>«><>
ot>»4um«rn~or~:co~0«(1m~rn‘orsmtu>«.um'rn-oh:a QM0 INOIND
L e L Wl - 0 Sy Bl T e T R - - e

i~
e e \oooooo.o .
(hvﬂMv-‘ﬂHv-lMﬂ‘do-.("lN(‘i(‘!i"l!4(‘*‘(‘!(4(\l")mlﬂr'lnfﬂ'ﬂm")P‘!Q'f'r‘?‘f'f'f'f'l"fk’

€ DD DD
D OO D WD

B e B > 0
> L]
O O o i L i i
u i
> 2>

QOO DO
T R R e
(ORI RTTRUTRT)
BN D
D3 DD O
DL B B B e
ooooo
g .

x)v—l("n't Y B

o1

8.0100E-01

1008~
OUE-O1

~
eV
UYL SRR

Figure 6-31.



100

=

CAILNAT* I
SU=ISaCs T~
ONLBQ LT
ot -t LAV
O/ Ne e
L s P g
.
ekl B4 S
ONn_DrTrY s
e e e
ONLTD O
b+ 46 fegup SR il
ONA_DINOT Y,
b et L0T 31 AR 2
ON.TIATT D
¢85 geadbhidetdt -l
DL Y
bt b 308 b Sl
sALTIOR T Y
T a1
/AIROTeY
P by 285 160 ST C
FNTBOINGY
Rl b gt 10 g gl
BNLRO L e
4 b il 300 g,
VA, P bbb g, 0
ERTLG e
OA.TNLK* O
7 Gl E e
eAaLIANNe L
SUmICeN S
il oty & d b 3 B 955
T o e
s el 4l By $O°
g s g atind PR S
AR TOHCC YL
Fo it i il 4
IMLTACAS Y
s gl 3 820 b gl
oNnLOKT O
kb b Ak
SN TTHAeD
ST e T
PR TY
At lis 3P
P8 ke | ad <, dr
LR W
IDROC LY
SUMBRS LS F
PRLIART ey
L sl
SOV AT
" A S gt - Gl S
CHLTON S £
SLTaVV e
Py it B 4
SUTIVLL TS
ON_ TN
o LaiaV -
20T
Rt gt 3 p HBRT S
PN TBO LD CL,
T TR e
O
Yol

-~ : P
/A DONC YL
S g - 20 - Sl
ON DL
b ot d Sungior Bord AT AR
ON.L.TILATLO
et S
L h &
- -
20 <
- Lt
£ n nse
D 4 0
40T £ o
s 9 e SRR
Ol Pk b - B AR
T T
L el B G i |
Bl Gaaglln 74840 RN
an._ e el.a
o & b abpgtvo JoEE PR RN )
2B TN ST
s T A e
PANLLRACANS O
T e

!

= 0.3 sec

= 100

T

= 1.5 x Nominal

K
r

-

—

= 2.35 x Nominal

K' = 0.5 x Nominal
p

K

5

a

w2
3
s3

&

s
TR

4
e
o e i s ek e

s b i i

4

e e e 3 o o o e

B i e

A e e o e e o s i e o i i s i o . o
v

B

B o e o s -
]

s e o e e o e e ot . S o e o o s S S
0

b e e e i e i st
T

s

b St e

e e b b

o o e e o e st e e

B e e
e e 2

o ot o e e s v s e o b " - o T~ - —" " 17—~ o - - " T 105 27 - ot

i s 4 s o e sy s g S O S o - s e o T 2o Vo T T T S G e o S -

¢ o ot e et e e e e e o e s S e . S o B o e S S o o S
o e e o e e e e e g e i i o o - o S " T T o - 1 o S S e e S

b e e e e e s e . G e RS S S ot S S o o S S P i T e e
v

L i e et o e o o e s i e S o o o e e b

e o e e e e e i o
0

o e o e e e e

——— s s e

e
B
g

i

v

o it e i

B o e e

e e o 2t v S e 2o S S sy o e e
v

e b s o e S . et g P S S S0 e S e o B A S S S G ST B e s e e 0 o
L s S o e e e et e 4 0 S S o o S s i o e o S e 1 1 B SRR s s S e
0
s i e e e e 4 <50 e B e S b S - . S O by S0 . S e £ S o e S e e
v

et o S e e i o

e o e e e et o s o o s o e B S . 0 i P i e S B . 0 A S G i B M S S S et e ot 4
g
A i ks A e ok i i i b
}
R o e s s e v o T S T o S o o B2 S o ot o
t
B e ——
$
A e e e e
i
4
4
g
ol o
B e b b
g
A e e S 211 - Tt 710 10 o D s 2 T 2 e e
!
e e g s e 2 S o e 2 e A e e v e e e 4 e o o o
e o S o o o 03 S S S S e e S 18 S o A S S e e de o s Mt e e s e e o B e S s s e S o e e - e o e o
4

ON.INLTeT L
berdanged il PHE
D tetatohd s
e SO 8 S
P dtid Fragioodindh
34 e e Tt i A
ooy sl ARA b
NS R
W LG e e
DAY e
e T Ris W
A LNOOMm ey
ST S e
L n Py I B b Bl
AT TR R A
SN TN Y
bl e dbes i S -t
4B Ao e Lo R o
(ot S AR B g
=iy T & g B tl B 405
ST b -
ORLNT LT emL
AR mG R
aALTEYLIAYE L
b beagt B bl Pl
Lol 0 [aing nih i o=
S T R e
OASDNEDNHNYEC
WG W
DAL AT
ST e e
ALz
ST e
2L gy ey
fob b aadis (D EAHEED |
|l P anyrad s B M 4
SN T e
SHLDishnety
b et o S SR
o< Vg 40 (o o 28 848
SVTISLEGG S
CALTNENY S
il SR8 HHE
DI O
> &bt ol D Y
SR ECOe Y
s hedls Bad A R
LDV LA THD P~
£ i g R e i
OOLDTITHNC Y T
P et b T
enLlmonosc.
LT OO
AL’ e
P i g 2 T
on_Nrncer_
p oA it e i
aacaaoonsc L
bl 04 8
MOLTADG e,
ST o'
v il Pl {ad o B8 ) 00
i S Rasb R
LEB AT IT L
SV el
OALDCOO
oo s it s it
OA LTI a T
S e L Gl
BHLBIONEO
bkl R o
OB TLLAYO
e T LY e F
OALTNRLOD
ST AW e
SN T0onN T
SeTonET v o
BN THRE T L
bed g pi R R
DALTITOLCO ..
oA S SRR R iS4
ONALITC0CO.
SRS ose T
ONHTADINO S0 .
SR TGN TS
BT L
p - inhdentoent 87 T
00T P
v Tl e e
COAL I s
D PRE R TR
O TR E ST
T el e
Ly o 200 AL~ oot
SU Ll L. W
DALTIT /O eD
it e SR
N BT e 2
MW TIEY - T O
PO IS T
RSB R DR
¥ ¢t Ty
- Tar

QO A0R00T D
CARALRATRE S
bdadO R Bk i
Pt B tien £ o dadf oF -0 S
V- A O Bl <
ot IO T M . 08
BRI S i
ABLTOT RGN
L6 4oL il
AALANTAM S
i et B0 a iR
AALDATARS L
b i oG R Gt e
ARLTATAD Sk
S sk bkt
A LTI TN
bty g G048 Rttt <
B LIPTAS L
Akl U0 H B dra
DA TSN b
i BHR B i badedifng
AL TAT LT
CETaL PR L
ARLINT AT S S
580 il bSO S i 1
s
So4B0TI0LNE
HOLANTODNLC
NS w e -~
ANLDTATARE
SUETaU e &
Al an s ng oo
s S ORERE
sALIATOAC S
- et PAR i PR -
anLInTATN S
CUTOW VO
AALTATHIYE
(el LRt Soeth e U
BRLINTANS B
T RO e W
BHRLABTAL YT
N T el W TN ~
AALIATNAO ™
GUTZV WG &
ARLTININLET
CUT LAY RN L TN
AALINTAD SN
e EE LT W
BNLIATHNL N
vaeralL VLo
NALTHTN ™
VUTLV RLY O
-
L0tk i o o
AKL DAL T
VeThLuwvie o
OBOLDNHTHT o>
DI A4 BB e
ARLTATAA
CUETEl s e
AL DTN LeY
YUV LS .
NAAIYDIRTEDLT
MIARSEAOT R ES It
)\ahd}.ﬂ)\tﬁ
Rl A0 I R
OOALINTNOSTY
VOTOAV LT e
DOALDIATAOSTY
VETaw AVL .
AOLANT Dbt T
VYTIN e WY .
ANLANTINDL T
e RY e .
ANLTIATN &Y
VYT AV svwis w
DBLTIOHTHTSY
WUTIV RS e e
LNLTINTANST
CETINRUY T .
4)lﬂ)bﬂ)uh
PRV EVY T S
TARHOLYNO
LU aNURR TS
d.o.llﬁf.:).ﬂ)o s
- VL eV &
rALTAA/AINYE
b8 s R ROt
THANDNTH D
sV AV e e
4)!-“’,.)4)0”.
AVT SV RN
THLIAINAIN' S
PuTIVG RS L
THLINNTNLE
eVTEVV eV L
THLBBOTNAYT
FUTAVV eV -
*
~
DTt
S

Figure 6-32.
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Figure 6-35.



response for T = 0.3 sec. Figures 6-36 through 6-39 show the ©, responses

for the following system parameters:

K‘ = 0.5 times nominal

K
r

KWT = 100

HwT = |

1 = (0.3 sec

1.65 times nominal

and Kp varies between 0.75 times nominal to 3 times nominal. These
simulation results show that the Kp = 1.25 x nominal case is the best
among the cases studied.

Figure 6-40 illustrates the Oi response of the above case for a longer
time interval. An oscillation amplitude between -2 X 10-9 + 2 x 109 seems
to exist. This extremely small oscillation may be due to the digital
simulation which has an integration interval of 0.02 sec.

Figure 6-41 shows a case that the system response seems to be

diverging after a sufficiently long period of time.
6.9 Effects of Larger Sampling Periods

Figures 6-42 and 6-43 illustrate the system responses when the
sampling period is increased to 0.325 and 0.35, respectively. The system
is unstable under these conditions. \hen the sampling period is 0.5 sec,
many simulation runs with various controller parameters did not yield
a stable system. Figure 6-44 i1lustrates a typical unstable response for

T = 0.5 sec.
6.10 Conclusions

Due to the nonlinear nature of the digital IPS system, the design
carried out in the chapter is basically a trial-and-error effort. The

simulation results show that the system can have fairly well-behaved
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response for T = 0.1 sec. For T = 0.3 sec, the system seems to perform

well with the following set of controller parameters:

Kp = 1.25 times nomlqal
Kr = 0.5 times nominal

Ki = 1.65 times nominal

Although it may be possible to stabilize the system for sampling

periods greater than 0.3 sec, fine tuning the controller parameters

to achieve this is quite difficult, and the sensitivity of the system

may be poor.
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