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ABSTRACT

This thesis presents +wo methols c¢f compersation for
coartrol systsams including mechanical —r2sonances. Tha first
met hod is the use of a filter incluiing pure imaginary zeros
ani complex poles and th2 second =asthod is a filter using
only complex poles. One bisic mod2l 13s been us2d to dsvelop

+ha methods.
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A. PROBLEM DESCRIPTION

It is common in the r23l world t> use a motor to drive 3

mechanical load. So, wazn <h2 structure is subjected to

W
L]
=

periodic forecing, it may well ibi* a =c=sonance or 12
number of resonances (haradonics) which can 1223 the systaa

to instability. Two typical examplzs of “he 2above problam

) ST R .ij.ﬁ‘.'-‘. ' YI AL
« 2 o ., . .
. < L - P e

?

are the head servo in a 31isk memory acd <the 2l2ctric typing
machine used with word processdrs.

In order to be familiar with ta2 problem and s=2e what

causes our system to instability #e2 have to study ths tinms
and frequency response of a systsa which bacoaes unstadiz

du2 *o mechanical resonanc:s.

Ir “he following paragraph we =oansider thz problem in
tha2 frequency Jomair whars it is easiar to define 224 und=az-

stand.

B. FREQUENCY DOMAIN

Considering a +typical control system we know that In
orier for this system t> b2 stabls #2 need a positivzs phass
margin. The positive phas2 margin happens if thz gain cross-

ovar of +the system is at a lower fra2guency than *tha phas=

19
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crossover on the Bode diajram as shown in Figur2 1.1, S2 =zasz
resulting phase mrgin vector (’Y) is positive.

If now we attempt t> irive on2 >r more mechanical loads
with our control system than it Is possible that the systen
may become unstable due t> the mechaiizal loads. The reason
for this instability is ti12 rssonanz2 peak or pesaks createld

by the mechanical loads. In gen=aral we can summarise tha

praoblem by the following tw#o cases.

(1) At +he resonances th2 peak of ths gain <cuarve 402s 1no*

rise above the zero dB axis.

(2) At the resonanses th2 peagt 0of C1s2s 2bove th

r
o of
w
«Q
o
';Jo
=]

w

zerc 4B axis

Analyzing each case s:3parately, #2 can easily understani

inc=2

n

fﬁ that for the first case tasre is 21> stability problenm

th2 resorancas do not exc22d the zz-> dB axis, which meaas

. tha+t the phase mrgin we had rsmaiis the same and If our
&j System was stable it remaias stabla.

F; Considering now ths sa2cond casz we see that if one of
2 th2 resonancs peaks exc2els the zero dB axis it will create

th

- a new gain crossover whizh can mak2 the systsa urstable i
& ths resulting phase crossover is at a lower fraquency than

ths gain crossover i.e. *tae resultiny phase nargian will be

aegjative.

T

:
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assuming that

zadser now i35 femiiiar wi=win =iz
mechanical resonances problem we -ix proceed 2rd =ov 4O

solve the problem i.e. t> compa2nsat2 3 system which has been

unstable due to these r2sonanses, using two differen:
met hods.
C. THE MODEL

The model which we will use in the major cact of ths
study has *o b2 initially stable. S> we chcos2 conveniently

a third degree system with one zsr> and thrsz pclss wish
locations that mght apozar in 3 physical system whossz
Laplace transform has the folliowingy €orm:

G (5)=2300 (0.15+4) (2qn 1.1

~5(0.2541)(0.00335+1)

As vwe see in Figures 1.2 , 1.3 the frequency cespcnse of

the system proves that thz system s stable siace we have 2

positive phase margin of %2 dejrees. In Fiqurs 1.4 we can

se2 the time response of the systam wi*th a small oscillation
for 0.04

seconds, which alsc

tha

provas the stabilisy

systen.
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Figure 1.2 Gain -arve of th2 Stable Systes.
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TRANSIENT RESPONSE OF THE COMPENSATED SYSTEM
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Figure 1.4 Time Rasponse of the Stable System.
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se2 how the system will bzcome unstablae,
The two selected mechanical rssd>iances are as follows:
FIKST HARMONIC at fra2quency £1=2000 HZ with Jdamping

ratio ('=0.005

G (5) == — 1 =z {E3qn 1.2)
025108405105 + 1

SECOND HARHMONIC at <ZIrequ

w
je]
Q
~
rh
no
1]
u
<
<
()
oI
[\
t o
[}
(2]
3]
ta
n
B
o]
+
]
«3

ratio (=0.2000158

G(S):-_ — : (Eqn 1.3)
04-105%0.632-10° +1

After the in+troduction of <the *W42> mechanizil -s=sonanses

ths transfer function peciaes:

G(ﬁ)z 2500 (O'l SHL > (Eqn 1.4)
5(02541)0.0355+1)(025-16 5% 0510 5 +4)(0.4.10 s’-ro.ss-l(?s——u)

The following pages present £rszquency r2sponses on
Fiyures 1.5, 1.6 and tia2 responss o5n Figur2 1.7 2f this
system, including the two resonancas. .,

From +*his point in this Thesis we will <call Gu(s)
'Model'wherever it is nessiad. Che 'i1' means uncompensated.

In Appendix the programs mostly used in this Thesis ace

given. Program 1 is suitable for culcalating the fregqusncy

17
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response ¢f the system with suitabls modification Ior =1ich

< =iaz

o

i* case,. Frogzmam 2 is suitabls f>r calculating =
response of the system with suitabla: modification for each
ﬁi case also. Program 3 is suitables £>r calculating the <im2
'I response of the system, whan w2 us2 1s a compensation me-hod

imaginary zeros and compi2x poles. The graphs have been

= obtained using <the Varsatac plotter of the Naval

!l Postgraduatz School compiter IBM-3)33 using the Digi=al
. Simuliation Package (DSL) ands/or 342 III. ia the phasz
P; curves when the phase s2xc2eds the -38) deqgrees the plotter

jumps tc its next valiue aai th2 curv: looks discontinued but

[

ir reali+y it is not.
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D. DEFINRITIONS

In order to follow tha thesis 2as5ily, i* is a 3ood id=a
to refresh our memory with a few d2finitions.

1. GAIN CROSSOVER : This is ths 25int on th2 plo%* of thz
transfer function at which the magnitude is unity i.e. the

point at which the gain carve -rosses the zero iB axis.

2. PHASE CROSSOVER : This is the point on the plot of

ths transfer <function at which ths ohase is =180 deagrees

w

i.2. the point at whizh the phase curve crossss the =-18)
degrees axis.
3. PHASE MARGIN : This is definz2i by the equaticn:
Y =180+iG(s)| and deterninss <tha amount of phase shif+
rejulired to place the systam at ths stabiity 1liait.
4. RCOT LOCUS : Is a dlot 2f *tha roots of tha charactar-
istic equation of the closed loop system as a3 functicn of

th2 gain or some other variabls paranester.

5. RESONANCE PEAK : Is the maxizam amplitud2 of the gain
curve. Of the frequency rasponse. It occurs at the resonant
fraquency, Wr, and is due to complzx poles (roots).

; 6. RESONANT FREQUENZY (Wr): Ths frequency at which
- IG(jw)| has its peak value

5‘ 7. DAMPING RATIO : Is the factor §=F/Fc where F is the
F; actual damping and Fs=2xVJdxk the critical factor of a
. . 2

. quadratic having foran: G(8) = K/(ISHFs+ K)

L
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Ir. COMPENSATION USING INAGINARY ZEBOS AND COUPLEX POLES

A. METHOD DESCRIPTION

In this method we will us2 a sompansator which includes
imaginary zeros and coaplzx polas. This compensator has ths

following general form:

2 2
G <S)=5"+ 52+ a - (Eqn 2.1)
{WpS + 0y,

Whare a Zs <he fraguency 5f the purz zero on thz imaginaczy

(& 1)

axis ard Wn is *he fregueacy of =h

ot
w

>oaplex pol

Ww

S.
The pnilosophy of tais compansator is *hat w2 <IIv o
raise “he phase curve at 31 frejuernscy silgatly lowez zhan +ths

resonant f-2quency in ocder tz av>id the n2gative crchase

marainr. Then we lower *h2 phisse cucvs after the resonance

3
W
o

has occurad s> that the jair curvz lies under <this phase
peak and +the resulting a=sv phase 1nargins ars posi<ive at
hoth gain crossovers, 1ia other words e +ry to reshape th2
phase curve. Por this r=zason we put :th2 zero ia the vicinity
of the resonant <£frequeacy (.0J0 Hz) and specifically a%t a
slightly lower frequency (1950 Hz). In this way wve ¢try t»o
raise the phase curve befosre the z2sd>nance happsns. Then in
orier to return ¢the systam *o its original condi*ion w2

introduce the complex polas at a frajyasncy of 2350 Hz.
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Tn the following pages we see ths

+ha time Tesponse of ths '"Yodel' whea

B. METHOD APPLICATION

The firs:t da<ta

1950 Hz for the imaginary zero

fraquency for the compl=x ©polses,

fraquency is 2000 Hz. K22ping

vary the daamping ratio of the

how this variation affacts the

In Figures 2.7, 2.2, 2.3 uwe

curves and the Time rasponse of th

ratio (:0.05. In Pigurass 2.4, 2.5,

phase ané

0. 1.
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and a
2350
the above datz

counpszasator in

1av2 the gain

am with

f-squency respecnse znid

#e apply this msthod.

we us2 for our compeasator is a fraquency

slightly greater

Hz. TIThe resonant

constant w

o)

W

F

>rder o s

(1

and phase
system with damping
2.6 we nave the gain,

damping ra%is

Py P WD S W s -




LA g Jar aa - bk et Saags Mg SRt sens st S il Shnll Shadh i Mkt Ma B Aadie Nlhf

.

'W’Tt.v T
. Yo

Tt

o GRIN CURVE
1.ZERO-C.POLE COMPENSATION

&
gﬁ 00

8
=2
8
:%..
. \
= \ -2
8 \_/1
S
8
553
9'
s
>3
(=]
Q
1
o
o]
o
2
(=]
<
I_ '2.80 3.00 3.20 3.40 3.60 3.80 4.00 4,20 4.40 4.50
g
XSCALE= 0.20 UNITS/INCH RUN NO. 1
& YSCALE= 20.00 UNITS/INCH FREG (HZ) PLOT NG. 1
'
o
] Pigure 2.1 Gain Curve with §'=0.05.
x 25
14
.
L.




PHASE CURVE
8 I[.ZERO-C.POLE COMPENSATION
(=]
8
g
(=1
St
]
2
o \ | I t—————
[=] <
. 8 ’7
—
O !
ulao
S |
LLJ“’“ | '
n
<8 \
Is
Q_“,‘j
."_ c
" Q
- =
L N
= i
F S
2 .
¢
|
s
2 :
- E
r : ‘2,80 3.00 3.20 3,40 3.60 3.80 4.00  4.20 4.40 %.§0
|
o ¥SCALE= Q.20 UNITS/INCH RUN NO. !
. YSCALE= 40.00 UNITS/INCH FREQ (HZ) PLBT NO. 2
4
3 Pigure 2.2 Phase Zurva with §'=0.05.
f .
y 26
g
[
LE:W.;'_‘.-,.'A_;;.-_._LA_._A e oA oe” e , —_ PP PR ST U SO R Ty R




l

-

0.50

45

0.05.

T
0.

-
B

0.25
TIME (SEQO

0.20

0.1s5

Time Response 5f the System with

10

0.05
gure 2.3

s
-
-’

0.00
F

T

00°0h 0002 on-0-  00'D2-  00'0R-  00°09- 0O 08-

JO1¥ ino

S, . - ..

Y R O . L.
r el RN . L

AT e Y ad o4 Y

s s

.‘.,,‘_._A

e - W X
® .

oy 9

b OISR SN S IUPHP I SULINEPP G VOl SISO D

27

O N " P

Lo e




R4 r,f"".lv"'vv

R A0 MR/ S
‘. P

1

A

L

MAG(DI;&J) '
120.00 -100.00 -80.00 -60.00 -0.00  -20.00

TONT O OMIORIRIAETAT LT T YT OTOTRTE e m T w YT R T T TN Y T e w ow e v w6 .vvv-,.-—-—-ﬁw‘__‘._,ﬁ-vw

1
O
<<
oum

OLE COMPENSATION

‘2,80 3.00 3.20 3.40 3.60 3.80 .00 4.20 4.40 4.60
XSCALE= 0.20 UNITS/INCH  FREQ (H2Z) RUN NO. 1

YSCALE= 20.00 UNITS/INCH PLAOT NO. !

Pigure 2.4 3ain Curve with §'=0.1.

23




-_-“‘—vww-(‘--‘v‘

FHRSE CURVE

8 I1.ZERO-C.POLE COMPENSATION
(=]
8
9
%
S
2
2,
8
3 |
- |
—~ S ———
©®3 ~ $
Wwle
O&]
Lo
{=)
<s
= |
8
g
(=]
[=]
K
™y
o) \J
[~
o
A,
< 2
2 g
E_. '2.80 3.00 3.20 3.40 3.60 3,80 4.00 4.20 .40 4,50
f.' XSCALE= 0.20 UNITS/INCH FREQ (HZ) RUN NO. 1
3 YSCALE= 40.00 UNITS/INCH PLOT NO. 2
p
4
g Pigure 2.5 Phase Curve with §’=0.1.
I
. 23
L
r—«—




B A4n sotn She Seae Shan S gacuEa

T v

Ll At o S ASEE oAl nbv AfNE MEEE ot dnst

o
]
B8— - —® e
[ B e s
- _ = ”I!ll\“\u'd'\lﬂ
- e _,5
B .. J..
e LTI T =re—) -
I 0}
b
I a2
BT T T T
e T =)
~Ta -
B~ T8 (o
R
— 0./.:/
]
: & -
(&) S -4
__. ﬂ\/& FS
An(
(A e P
=) < =
T "o
O e
T
L W U
(9)) i
— Dus
[ov
= w
a x
O
o~
% (o
o-
Lid
™~ b
o
O
- w
O
V] e
[
}—
@
wn
ilad =
—J
D
Q. o
o
— T Y Y -3 R 1 T o
06°001 00°S¢ 00°05 00°52 00 p 2- 00°0%- 00°'SL-  00°001-

adedeaa

o el

il Aaoa s a'aih Rabiidh o

Time Response of the System with f=0.1.

Figure 2.6

33

=" h}
S
Ao St P

dudigsntiocabnsafionthontdhantongii

PP U Ul SOl YOS S W

P B R N N

u




eTTTOT ATy TR W T W oW e

g ey

v, ,'4.',; LENCE AR i a4 G g 7r i [}
. o AP g et . R
PRI . P I SR R . P RN

Observing Pigures 2.1 through

method Las not worked sinca2 4ha

[H]

twd different damping ratiss usad
“Wd representatives for this poi
increase the size of the thesis w
in reality we tried many aore,
ratio does not have much 2£ffect
of the study.

iIf Wwe observe +he Jraphs c1is
- curves over the rphase curvas w2
f‘ gain crossovers and conssjuently
- first Is “he phase marjyia of the

rescnances and it is stabla., TrLe

th2 gain crossover of ths first
crosses the zerc 3B axis 2% Two
margins is

tw> phase posi+tive a

Tha* means something happesned b
filter both phase margins were n

worked but partialy and specific

zeros was correct since th2 phase

b
. the second of +the phase aargins

{Q have tc do now is to aijust the

. ie

orier to reshape the aigh frejue

and have the ¢third phase aarzgin
that the system will be stable.

- we can see *he gain, phas2 and

. ¥ W v, .o -~ -T T T T w0 LT T

+

)
N
ot
)

2.5 1t is ckhviza

]
3]

ystzm remains anstible. The
.2 0.05 2nd 0.1 2re th2

at since we 30 rnot Want to
ith animportant graphs, but
consluding that the damping

n*t

2.

on the system at this pe
sar Jr we
threz phase aargins. Th2
sriginal
othar two are crea*ed fronm
oeak of *he ‘*Hodel' whic
poizts. The fics=w of thesa
rl the other is negative,
ecause before we used +the
egative,
ally b
cirve has bszen raised acni
bacame positiva,
fra2juency of the poles in
ny >ar+t of +hs phase curve
positive %00, which means
In Figures 2.7 through 2.15

tin2 response >f the system
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at vpole frequencies 240),2609,28%) Hz respectively, Tha

fraquency of the zeros is 1iso rsdaczi a+ 1900 Hz i.s. 50 Hz

(1]

less in order to see if w2 can havs a small variation of +thsz

zeros for application purposes.
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Aftsr examinaticrn of Pigurss 2.7 *hrough 2.153 we chsesrvya
that the system becomes stable for pd>le frequenziess 2500 ani
2800 Hz respectively with tiae only 3difference being that the
system has less transient o>scillatisa when we put the poles
at frequency 2800 Hz (system oscillatz oscillatss for 0.25

seconds) +than a+t fregqueacy 2500 Hz (system oscilla%es fo:

—rvey -a pp— ,.H—-f, Y

0.5 seconds)

In order to understani more cdmd>l2tely the Dbehavior of

thk2 compensated system for various gains it 1s wise =0

obtain the root locus of the systam. 50 we have td> calculats

Py
RSN

th2 characteristic equation of ths systen. Ths charac=er-

(- «f
2

istic equatiocn comes from the <triasfer function of the
system with the foliowing formula S(s)+1=0 bu<
G(s)=N(s)/D(s) where H§(s) 1is the numszrator and D(s) <is tha

denomirator of <the transfer funcztion ané f£inally +ha

Ty i—,—-,x e
T e
el s e e

CHARACTERISTIC EQUATION =¥ (s)+D(s).

After the calculations we obtai: the following equation
of ninth degre=:

CE = 5% 8851585+ 37.02-10%" 2.813-10°5% 33240 <54
+1.59.1075* + 53(8.028:10%% 3.257.0"°K) + 5(2.39.10°}

+3257.107K)+ 5(1176- 1% 1176 . 107%K) + (Eqn 2.2)
+1.176 - 107“K

In Figures 2.16 we hav2 piottzl the roots 5f the systenm

varying the gain (K) from J).01 to 333444 .

u?2
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From the root locus >f ths systa2m we obs

W

tve Tiiv o=
system can have roots ia cthe right rnalf plane, ameaning that
for some specific values of jain (X) the system becomes
unstable.

Summarizing our results up to this point w2 zan say “ha*
this method will work succesfully and generally ¥e caa

stabilize a system including =amechanical resoniaczes with the

ot

(]

proposed filter putting imaginary z2ros in +thaz vicinisy o

th2 resorarnt fraquency ani specifizaily 120-150 Hz o2elow za

W

fraquency of the system complex polas. The complsx poles of
+hs fil“er are placed a f2w hundrei I2rtz aboves the resocnant
fraquency. Choice of th2 filter polas d=pends also on the

frzquencies of any additio>nal resonaaces in thz systsm, 21i

ial and error aethods are nesi2l k> £ind ths Dbest polsz
lozaxticn. I+ is wise also %> <Io7z1s our attacticn  2n “h2

system gain (K} wher we 1pply this n2thod in orier to avoii

tracsiticn of other roots into the right half plans.
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A. METHOD DESCRIPTION

When a system is unstaible becaus2 of a rssonance, tha
bcie diagram shows that the psaking of <+the magnitude curvz
generates two additional gaia cross>var point+s, while th=
rapid decrease in phase du2 t©s ths somplex polss ciusss <h3
phase curve to pass throuya an odd maltiple of 7T (-180 or
-540 degrees) at a fraqiancy betde2n these ain crossover
points. Thus, at the hijher fregusicy gain crossover thers
is a negative phase mac-yin indicatin “hat ths system is
unstable. In using an aiiitional.pai: cof coaplex poles to
s%zpilize tne systsm, wa c2shape zhz paase curv2 so that the
phase crcssover occurs at a frejueacy lower than that of
either gain crossover due to *+he rasd>nincs. This eliminates
th2 possibility of +he n=z3ative phas2 margin (i.e. =2limi-
nates the encirclement 5f the Nyquist point). Note that in
designing the ccmpensator the reshapiag of th: gain curcve
(due tc the compensator coaplex polss) amus*t not gJenera*e any
additional gain crossovar points. This meaas that the
daaping ratio, {.' of tha compensat>or poles must not be too
small. Some compromise miy thesrefor be expect=2d, since we

would prefer a very sharp decreasz in phase whic in Tucn

rejuizes small f.
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B. METHOD APPLICATION

I+ is desirable to 13ve the

orler to realise how th2 filter

Fijures we have the Nyjiist plots
withcut the resonances anl with ths
shows the Nyquist plot of the systen
of the resonances. This plot is in
show all the values of the imagia
nates, bu%t it is not clear whether ¢
cucve. In rijure 3.2

point is nrot included in the curve.

ths system after the intrs>3iuction of
to observe that the -1 point is insi

ths system unstable.

plots for =ch

workse. In

T —_— " - - .

m in

w

n

w

sy
the f£ollowing

of the stible sys*en

rasonances. Figure 3.1
before tha introduction
large scalz ia order to

3ry varsus real coordi-

12 -1 point is inside oz

-1

[{}]

¥#2 Ccan se2 tha: th
It Figure 3.3 ws can ses2
rssonances. 1% is easy

12 <h=2 cuc-v:z which maks=s
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Figure 3.2 Stable System Nyquist plot (small scale).
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Now we will try %o swapilise ~he gys*am 215105 -ns
ccaplex pole £filter. The £ilwer will hzave taz f2llcuwing

transfer function

(; (5) et ” " (Egn 3.1)
5+ 2{WSs + W,
Whare we have to specify the pols lozation ani the damping
ratio. From the experisnc2 of <the orevious chiptsr 4= know

- J T I
S Lot ZIlzatz Adil-

[
(o]

42 waiza

[
12

<23t =0.1 .5 a r2asonibiz v=2

isnal peaks. So we will 1se this valiz an

(o7}
E
w
=
[
[
[
<
It
La}
g
ot
o
w

pcle leccation by trial and error.
Since we wan* the phas2 lag to ‘b2 increased to mors %hanx
-360 degrees what we think first is to loca*:z ths pcles in

the vicinity of the first resonanc:z and see iIf this choics

stabilizes the systen. Lf that hapoans we will change =2z

w
go)

pole location *o lower ani higher frsguenciss £r-om *h2 -ssc-
nance peak in order *o se2 how fl=zxisls the metho2d is, siacs
ian the next <chapter w2 are plaaalilg to compere %the 4wo
met hods.

As a first approach 42 will u

n

2 pole fcequancy 1950 Hz

i.e2. 50 Hz lower than th2 resonanc: peak wit §¥0.1 « In

'

th2 following Figures we zin s

w

@ tha gyain, *the phase aand the

tine response »f the systz1 using this compernsa:or.
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Cbserving Figurss 3.4 thrcugh 3.3 we see +hast +he fil-=r
has worked as =2xp=c=ed. The phasa lag has =2xcesdzd -360

iy
. e

»

degrees. From the time ra2sponse curvsz <I Figurs 3.6 we can

th

se2 a small oscillation €foc about J.25 seconds and “hen =hes

L]

w

system becomes stable. Th2 Nyquist plots of Figaress 3.7 and

3.8 verify the stability >f th2 systsa too. In Figure 3.8 we

N can see the VNyquist pidot @magnifizd specifically at <th2
f‘ vicinity of the -1 point a3nd it 1is :asy <0 cbsacrve that ths

point is lied duxside %“as curvs.

Af*er we have proveid that the m2thod has worked sucess-

Zyly it is necessary to £ind tas limits at tfae £rsqusacy

axis we can locaze the complex pola2s in order £or ths syszan
to become stable. First #2 will =rcenove the poles to higher

£ra2quencies and then to lower frsgquenciss. 1In tasz £ollcwing
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In Figures 3.9 +throuzh 3.11 we caz sse  what hiacoznz if
we reduce the vole lccation 53 Hz. SO we put the polss at

1900 Hz and what we see is tﬁat “h2 systesm becozes unstablsz
as shown in Pigure 3.11, <he tim=2 ra2sponse of tias systenm.
That indicates that the lower limit of the pols location Iis
at a frequency about 1)0 Hz 1low2r tharn the resonant
fraquency. Now we try to find the uppar frequsncy limit. In
Figjures 3.12 through 3.1 we can ses that the sys*em I3

stable &as we move ths polss ¢

V)
o
’.O
\Q
o
o
(8]
Kt
H
1]
WQ
=
U]
o]
' ]
{4
in
.

Svecifically if we observa Figure 3.13 we see that thers is
a longer oscillation peri>i (0.24 s=s:zonds) compared with ths
oscillation period of ¢the stabiiis2d system with ©poles
located at 1950 Hz which was 0.99 secends. This is ozs

indicaticn *nat when we inzreas=z +th

{1

£-equency o2f£ the poles

we have & liarger oscilla:isn tims. In Figures 3.15 thiouga
3.17 we place the poles 2t 27)0 Hz 1nd +the oscillation %ims
has further increased t2> J.53 seconiz which certifies again

what we claimed above.

- In the last two Figurazs we can s22 the change In shape
3 of the gain and phase graphs as we iacrease the Irequency of
th2 pole location to 2200, 2300, 250) iz, respectively.

Closing this chapter w2 concluie that this method worked

[ . .
ﬁ»- for our *'Modelt. Specifically we can say that when we locate
tf the poles of the £fil*er w2 must takz iato acouat the oscii-

- lation period which is vwva2ry iIaportant £for a system. Tha

range of frequency with which we can locate2 the poles Iis

Bemndlh Al AR S0 Al AR o d o Sl o v
i R A

l’T

S e e - B ot




Ty L 2

init is abour S0 =c¢

'-l
-

large enouga Th=2 lower

!

than the rasonant £frequeicy. The uwoper 1imi

pending always <c¢n the 1loceatrion of +the next

permissible oscillation pariod for thz systen.
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A. CONCLUSIONS

Two methods of compsnsation for iastability due to reso-
nances nave been studiad. We <can conclude that bozh wers
sucessful and both can be used to compensate systems

incliuding mechanical resonancas. 1In the first a

b

tanod, using
pure imaginary zeros and zomplsx pdl2s we need t> 1docate th2
zeros at a frequency 100-150 Hz lowsr +than the resonncsa

fraquency of the system, and th2 complex poles 32 few hundreld

Hz higher. This method has the disaivantage that i+ gives an
“oszilla%ion period that is undesirably long and addi*ionally
thsre are some gain wvaliles that which maka2 the systenm
unstable. The second meth>31 using oaly complex poles appears

more succesful bescause we have a larysrc rznge >f permissible
pole location. The oscillation parisd can be signficancly
reduced if we build the filter polas with frequaacy near the

resonant frequency.

B. RECOMMENDATIONS

In this study we uas231 only 1 *¥odel' built for <*his
problem. Before we concluie that ta2 methods are useful in

applications it is wise t> %ry to apsly both methods <o mora
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2xamples and specifically to examplas with data collact2i
£rom the real world. Also it @ill b= wises to> study a2

effect of tolerarnces.
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is composed of listings of the various

This appendix
DSL/360 and CSMP III projrams usei in +he computer simula-

tions througheout this stuly.

w

Specifically on page 73 is +thz program us=24 to0 ob*ain
the frequency response o°f tha *40121' withou: the r=2so-
naaces. Oon page 74 1is the proyram used t> ob*ain <%hs
fraquency rssponce of <+th2 "Moiel' with +ths ra2sonances. 9n
paje 75 is the program us23 +o obtaii the frequaency rssponse
of the compensated systesa usipy complex voles aad imaginary
zeros. On page 76 .is th2 ©prograa ussd To obtain +*aes tipe
responseof the compensa+23 system 1sing complsx poles and
imaginary zeros. OJn pag2 77 is th2 program us=d =0 obtaia
tha frequency response 52f the compeasated systsm using only
complex poles. On page 78 is the projram used t> obtain <he
tine response 5f the compensated systam asing only complex
poles. To obtain the =32t locus »>f page 43 we used *=h2
subroutine ROOTLO on the IBM 3033 of the Naval Postgraduate

School. Or page79 is th2 program used to obtain Figqures

3.18 and 3.19.
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