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OZET

Bir robot kolunun dimnamik davranisa o robot  kolunun
dinamik performansiny belirler. Fobotlaran istenilen
dinamik performansi gatermeai uygqulanan kontrol
algoritmazsina ve robotun dinamik modelinin karmasiklidgaina
baglidir. Eobotlarin kontreliinde robotlarin dinamik
modeli yaklasiklikla bilinse dahi zamanla degi gen
parametreler, hesaplanmasi glic bozucular ve dlome hatalar:
gibi robotun dinamik davramisiny  etkileyecek bozucularin
gtzdnlne alinacagny kir keoentrol yonteml uvygulanmalidar.

Eobot, kolunun  dinamik modeli eklem dediskenleri  ve
hizlariy birbirleri ecinsinden ifade edildigi nden cok
karmazaik lineer olmayan ifadeler icermelktedir. Bu nedenle
uygul anacak kontrol ydnteminde her eklems ait kontrol
cevrininin diger eklemlere ait kontrol ceviimleri ile
etkilegim icereinde calismasy gerekir.

Fobot kontroltd icin iki  temel kategori vardir,

Bunlardan birincisi geribeslemeli nonlinser kontrol &r
yardim ile robot dinamigindeki nonlineerliklerin
iptal edilmesi esa=1na dayanan robot kontrol

tekniklerini icerir [11, [21, [31]. Ikined kategori
gelismig kontrel sistemleri adaptif kontrol teerisine
dayamir [43, [81, [61, L[71.

Bu galigmada, 1lkincl kategoride yer alan merkezi
kontrol  esaslyl adaptif PID kontreléryg 3 serbestlik
derecell bir manipul atdre uygul anarak performansa
incelenmigtir. Simlasyon caligmalari izlenen yértngenin
degisme=si, yUkteki ani degigim, uge noktaya etkiyen bir
kuvvetin olmasa v Slome hatalarainmin yapilmasa
duruml aranda dahi adaptif PID kontreldrin performansinin
ne derece i1yl oldugunu gdstermigtir.
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SUKMMARY

MULTIVARIABLE ADAFTIVE PI1D REGULATOR
FOR MANIPULATOR CONTROL

Robot arm dynagics deals with the mathematical
formulations of the egquations of robot arsm motion. The
dynamric equations of motion of a manipulator are a set of
mathematical eguations describing the dynamic behavior of
the manipulator. Such equations of motion are useful for
computer simulation of the robot are motion, the design
of suitable control eguations for for a robot arm.

The actual dynamic model of a robot arm can be obtained
from known physical laws such as the laws of newtonian
mechanics and lagrangian mechanics. This 1leads to the
development of the dynamic equations of motion for the
various articulated joints of the manipulator in terms of
specified geometric and inertial parameters of the links.
Conventional approaches 1like the Lagrange—-Euler and
Newton—-Euler foreulations could then be applied
systematically to develop the actual robot arm motion
equations [B1.

The purpose of manipulator contrel 1is to maintain the
dynasic response of a coeputer—based wmanipulator in
accordance with some prespecified system performance and
desired goals. In general, the dynasic performance of a
manipulater directly depends on the efficiency of the
control a&algerithms and the dynamic model of the
manipulator. The control problem consists of obtaining
dynamic models of the physical robot arae system and then
specifying corresponding control laws or strategies +to
achieve the desired system response and performsance.

The basic difficulty in controlling a robot manipulator
arises firom the fact that the dynamic equations
‘describing the manipulator motion are inherently
nonlinear and highly coupled; because of dynamic cbupling
effects between the joints and varying effective inertias
of the links., The complexity of the mathematical model
of a manipulator makes the robot control task a difficult
and challenging problen.



Present day robot manipulators utilize independent joint
controllers which control the joint angles separatly
through simple position servo loops. This basic control
system enables the manipulator to perform simple
positioning tasks such as pick -and -—-place operations.
However, it is severely limited in terms of precise
tracking of fast trajectories and sustaining desivable
dynamic performance for different payloads.

The contrel of robot manipulators has been a very active
area of research and two major design categories have
emerged. The first category, originated by the classic
works of Paul [13 , Bejczy I[21 and Markiewicz [31,

covers vobot control technigues based an global
linearization of robot dynamics by means of a nonlinear
feedback contraoller. In these ftecnigues, the

nonlinearities in the robot robot dynamics are cancelled
out by the contraoller and hence the nonlinear feedback
controller is of the same order of complexity as the
robot dynamics itself. Also in these model-based control
tecniques the controller requires knowledge of the full
dynamic model and accurate parameter values of the
manipulator and the payload. These requirements can bhe
difficult to meet in practice since, for instance, joint
friction is difficult to model accurately and is
dependent on the operating condition and various
adjustments. When perfect cancellations of the robot
nonlinearities is not achieved due to imperfect modelling
or inaccurate parameter values, dynamic performans of the
robot way be degraded and a corplicated stability
analysis is necessitated and this situation may even lead
to instability of the closed-loop systen.

The second category of advanced control systems covers
methads based on adaptive control theory and was
initiated by the pioneering work of Dubowsky and
DesForges [41. The task of the adaptive robot controller
is to adjust ite gains based on the response of the robot
in such a way that the performance of the robot closely
matches that of a reference wmodel defined by the

designer.

Adaptive control theory is applied on many practical
control problems in which we come across:

1. Changes in the plant transfer function, either in its
order or in the values of some paraseters due tao
variations in the environment.

. Stochastic disturbances.
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3. Changes in the nature of inputs.

4. Propagation of disturbances along a chain of unit
prcesses.

5. Nonlinear behavior.
&. Appreciable dead time.

7. Unknown parameters, as when a contrel system for a new
process is commissioned.

In 211 such situations & cenventional contreller cannot
gaintain the performence of the syster &t sacceptable
levels. There is, therefore, a need for a special clacss
of control systems which can automatically compensate Tor
these unforeseen variations in parameters and input
signals.

Early attempts to overcome such problems involved
designing an intentionally nonlinear contrel systems with
adjustment of, say, the loop pain. Considerable

analytical effort is needed to specify the optimum
parameter settings. Such a fixed compensator can be
succesful over a limeted range of operating conditions.
Outside this range the compensation is inadequate and
there is degradation of the performance. Practical
control systems are wusually very complex and their
dynamics are not known in detail. The extereme changes
in the parameters and/or inputs or random fluctuations
cccuring within the system are often not measurable. In
such situations the control engineer has to ewmploy
adaptive control systems which automatically sense and
correct themselves whenever drastic disturbances and/or
severe changes in the parameters occur. It is also
possible to introduce a simple learning mechanism in the
adaptive part of the system. Any complexity should be
added to the system only if improved perforsance is
mandatory and the costs are justifiable.

An adaptive control system has to be designed so0 as to
guarantee stability and also robustness in the presence
of disturbances. The designer has also to keep in wmind
the need for high speed of the adaptation algorithm to
compensate for parameter variations and the need to use
only a small amount of cowmputer time and capacity.

One should explore alternative splutions before
considering adaptive contrel. There are situations in
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noticeably. Thus, the assumption of " slowly time-varying
" robot mode is justified.

This multivariable adaptive FID control &lgorithe has
been applied to a three freedom degree robot.Simulation
results are presented in support of the proposed adaptive
control scheme. The results demonstrate that the adaptive
controller performs remarkably well for different
reference trajectories, despite gross variations in the
payload, end-effector and measurement ervors.

The control scheme has guaranteed convergence in that the
actuzl trajectory g(t) asymptotically tracs the reference
trajectory qr(t) for any arbitrary tire function qr(t).

The assorance of asyrptotic tracking is the m&in
attaction of the Lyapunov design of adaptive control laws
and relieves the desipner from the complicated analysis
of the stability problem.

The speed of adaptation depends on the magnitudes of the
adaptation gains and on the reference trajectory qr(t)'

Practical limitiations, such as actuator saturation must
be taken inte consideration in +the cohice of the
adaptation gains and the reference trajectory.

A novel feature of the proposed scheme is the utilazition
of adaptive feedforward contrel and auxiliary signal
which vesult in improved tracking performance.

An attractive feature of the control scheme is that to
penerate the control action, it neither requires the
cosplex mathematical model of the wmanipulator dynasics
nor any knowledpge of the manipulator parameters and the
payload. The control schese uses only the inforesation
contained in the actual and reference trajectories
which are directly available. Furthermore, the
adaptation laws generate the controaller gains by means of
simple arithmetic operations and hence the calculation of
the control action is extremely simple and fast. These
attributes wmake the proposed scheme suitable for
implementation in on-line control of robot wmanipulators
with high sampling rates; partcularly when all physical

parameters of +the manipulator cannot be measured
accurately and the mass of the payload can vary
substantially.
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BOLUM 1

GIRLIS

Endiistride kullanim alanlari kaynak yapma, boyama ve
bir ciesmi alip yerine koyma iglemleri gibi baszit islerle
g2i1nirli robotlarin kontrol sistemleri genel olarak eklem
agilarini € deplasmanlarini 3 ayri ayri kontrol eden bir
birlerinden bagimsiz konum kontrol cevrimleri icermek-
tedirler. Onceden hesaplanmis parametreleri iceren bu ko-
num kontrol sistemleri robotun uygulama alanimi, islem hi-

2zin1 ve degicgik yikler altinda istenen dinamik davranisa
géstermesini sinirlar[1],023,033.

Robotlariy montaj, Snceden verilen bir ydrtngeyl izleme,
hizli ve seri islemler yapma gibi daha karmasik islerde
kullanmak i¢in kullanilan kontrol sistemini gelistirmek
gerekir. Bu tip kontrol sistemleri gelistirilirken eklem-
ler arasindaki dinamik etkilesimler gdzéntine alinmalidir.

Robotlarda geligmig kontrol sistemlerinin dizayni icin
oldukca genis bir calisma alani vardir. Bunlari iki kate-
goriye ayirmak mtimktindiir. Birinei kategori  geribeslemeli
nonlineer bir kontrolér yardima ile robot dinamigindeki
nonlinearliklerin iptal edilmesi esasina dayanan robot
kontrol tekniklerini icerir. Model esasli: bu kontrol
tekniklerinde dinamik modelin , maniptlatér parametrele-
rinin ve yuktin tam olarak bilinmesine ihtiyac vardar. Bu
durum pratikte bulugulmasi gtic olan bir takim talepler
dogurur ¢ Calisma sartina bagli olarak degisen stirttnmenin
modellenmesi gibl . Aksi taktirde robottan istenen

performans elde edilemez ve kapala cevrim sistem



kararlilaig:s bozulabilir.

Ikinei kategori, robotik manipulatérlerde oldugu gibi
parametreleri bilimmeyen ve dinamik modeli hayli karmasaik
olan sistemler icin uygun olan adaptif kontrol teorisine
dayanir. Adaptif kontrolérin gérevi, robot cevabina bagla
olarak kazanclarimin ayarlanarak robot performansinin
verilen bir referans modelin performansini géstermesini
saglamaktir[4], [51,06),0L71.

Tezin ikinei bidlimiinde robotlarin karakteristik ybnleri

ve siniflandirilmasi anlatilmistar.

Usctnett bdltimde N serbestlik dereceli robotlarda simid-
lasyon ic¢in robot dinamik modelinin el de edilmesi

anlatilmigtir.

Dérdiinett bdltimde cok degigkenli adaptif kontrol siste-
minin yapisi ve adaptasyon kurallari anlatilmstar.

Besinei b¥limde N serbestlik derecelil bir robotun adap-
tif kontroltt icin oclusturulan simiil asyon programimn yap:-
21r ve adaptif kontroldriUn performansi anlatilmigtar.

Sonuclar ve dneriler bilimtinde e serbestlik bir robota
adaptif PID kontrol uygulanarak degisik c¢alaigma sartlar:
altinda adaptif PID kontroldriin performansi hakkinda
bilgiler verilmisgtir.

Eklerde similasyon programinmin billgisayar c¢iktisi ile
similasyonu yapilan e serbestlik derecelil robotun yapisa
verilmigtir.



BOLUM 2

ROBOTLAR HAKKINDA GENEL BILGI

2.1 Fobotlarin Karakteristik Yé&nleri

1- Geometrisi degisken oldugu icin cok yénlidirler.

2- Onceden verilen igsi =sonradan gelen etkilere ragmen
vaptiklarindan dolays oto adaptasyon dzelliklerd
vardir. Bu #&zelligi =aglayan duyarga girigleri, ze-

ka1 ve hareket fonksiyonlari vardir.

2.2 FRobot Sistemi

KONTROL
A x 1
1 L 4
8 L
2 A b Jle 5
1
s
3 A 6
ﬁ Y
A
. 7
ETKILESIM o BILGISAYAR
DILI
CEVRE B GOREVLER

Sekil 2.1 Bir robot sisteminin yapisa
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1- eklemli mekanik sistem
2~ transmisyon dizenleri
3- stirtdctiler ¢ gtic 1leticiler O
4~ robot modeli

5- cevre modeli

6~ yapirlacak gbrevler

7~ kontrol algoritmalar:
B8~ ig¢ duyarga verileri

9~ dis duyarga verileri
A- i¢ duyargalar

B- dis duyargalar

Bilgisayar blogunda uygulanan kontrol tipine bagli ola-
rak robot modeli ve ayrica endistiriyel robotlarda cevre
blogu bulunmayabilir.

2.3 FRobotlarin Sxmaflandirilmasa

Robotlar mekanik yapilarina € calaigtaiklari koordinat
sistemlerine >, kapasitelerine ve uygulanan kontrol ydnte-
mine g¥re siniflandirailabilir.

Mekanik yapirlarina gére robotlar diért sanifa ayrililar.

i1~ kartezyen koordinatlarda c¢alisan robotlar
2- =ilindirik kcordinatlarda c¢alisan robotlar
3~ ktiresel koordinatlarda calisan robotlar
4- polar koordinstlarda calisan robotlar

Kapasitelerine gére robotlar bes gruba ayrilirlar.

1- ardisil islemeli C belli konumlara 8dnceden program-
lanan > robotlar

2- play-back robotlar ¢ Teach-Pendant ile istenilen tim
konumlara getirilerek yapilacak isler ezberletilird

3~ kontrollu yellu robotlar



e

4—- adaptif robotlar ¢ geri besleme cevreden gelen bil-

gilerle yapilard
B— akilli ¢ cevreyl modelleyebilen, 3grenebilen ve ona

gtre hareket edebilen 5 robotlar

Uygulanan kontrel yontemine robotlar 1ki gruba
ayrililar.

i - noktadan noktaya giden robotlar
- stirekll yol izleyen robotlar

Neoktadan noktaya giden robotlar ara noktalarda duramaz-~
lar. Surekli yol izleyen robotlar belli bir yol boyunca
birecok noktada durabilirler.



BOLUM 3

ROBOTLARIN DINAMIK MODELI

Bir robot kolunun dinamik modelil robot kolunun dinamik
davranigsini belirleyen hareket denklemlerinden olusur. Bu
denklemlerin bilgisayar yardim ile simiflasyonu robot ve

robot kontrol tasarimi acisindan biylk kolaylik saglar.

Robotun dinamik modeli Newton mekanigi, Lagrange
mekanigi gibi bilinen fizik kurallarindan elde edilir.
Fizik kurali ne ovlursa olsun elde edilecek model aynidar.
Bu calismada bilgisayarla dinamik medelin ntimerik olarak
elde edilmesi acisindan btiytik kolayliklar sagladigindan
Lagrange-Euler formulasyonu kullamild: [81,(91].

3.1 Lagrange-Euler Formulasyonu

Bu ydntem
d é L oL
- = Tl i=t,...N 3. 1>
dt 3 a 0’qi
L = K-P 3. &

denklemleri ile ifade edilir. Burada

Lagrange fonksiyonunu,
Robot uzuvlarimn toplam kinetik enerjisini,

Robot uzuvliarinin toplam potansiyel enerjisini,
Sisteme uygulanan genellegtirilmis moment (veya
kuvvetid,

q,: Eklem degiskenlerini,

se

b v R r



q.:=
i
ifade etmektedir.

3.2 Lagrange-Euler Denklemi Icin Bazi Tanimlar

Sekil 3. 1

i

cosSe

sine

cose

sine

Robot kolunda 1
noktamin gésterimi

Eklem degiskenlerinin hizlarim,

T
r,= txi, Yiv 2y 11

S alal aisin ei

cos aicos ei

ein o

-cos aisin el

sin aisinei

-=in aicosei

cCos o

sin alsinei

-sin alcosei

cos O

.nei uzuv tzerinde bir

3. 3
a, cose,
aisinei
di
1
€3. 42
¢
o
dy
1

3. 4b
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i_1A.11 .nei uzvun (1-1D .inci uzvun koordinat sitemine
gtre transformasyon matrisidir. ¢3. 4a) déner eklemler
icin €3. 4b> prizmatik eklemler ic¢cin transformasyon
matrigleridir. Burada ei . al » ai ve d1

Denavit—-Hartenberg parametreleridir.

& 1z eksenl etrafinda, X4 den Xy eksenine dogru
olan eklem acisidar.

oy x, ekseni etrafinda , z, , ekzeninden, z, eksenine
kadar olan agidir.

a, : Zy 4 ekseni ile Xy ekeeninin kesim noktasindan x,
ekseni boyunca uzanan i .neci koordinat sisteminin
bagslangicina kadar olan uzaklaktar.

di P2y ekseni boyunca, (1i-1) .inei koordinat siste-

minin baslangicindan, Zy 4 ekseni ve X, ekseninin

kesim noktasina kadar olan uzaklaiktair.

Déner eklemler icin eo,, prizmatik eklemler dicgin d1
eklem degiskenleridir ve diger parametreler sabittir.

/

3

%

Sekil 3. 2 Denavit-Hartenberg parametrelerinin gésterimi
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Bir noktanin ana koordinat sistemine gére uzaklign

o o i
ri A1 r-i C3.

geklinde yazilar. Burada

o _ O 1 i-1
Ai = Ai Aa ..... Ai 3.
ori nin ana koordinat sistemine gére hiza
1) d o d o, 1
ViE V= el r13=-—-(. Ai rib
dt gt
o, 1 i-1, 4 o, 1] i-1, 1
="A; Ai"" A1 r1+ Ai Ai' Ai ri+ ......
o
a 1 8 "A,.
A ta 1T ) q.ltr, 3.
ij=t 2 q.
J
geklinde ifade edilir. Burada iri sabit oldugu

zamana gére tirevi safirdar.

1 ry =0 ¢,
k

1
kolaylikla hesaplanabilmesi acisindan ddner eklemler

-1 0 O
i o0 0 O

%=lo o o o 3.
0 0 0 O

prizmatik eklemler icin

0O 0 0 O
0O 0 0 O

2=lo 0 o0 1 ¢3.
6 0 0 O

()

6>

73

icin

83

A matrislerinin qJ. ye gére kismi tUrevlierinin

icin

Bad

ab)
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tanimlara: kullanilairsa

1 g 171, (3. 1

yazilair.

Kisa ifadeler kullanmak acisindan

1 =9%\ @i, ix 4 €3. 112

U, =0 J =1 3. 11bd

tanimlamalari yapilirsa 3. 5 denklemi

i -1,
=| LU, a r €3. 12

v i= i i

i

gseklinde yazilar.

€3. 103 ve (3. 11D denklemlerinden hareketle

s U

U . = A e t2kz2
1 = T F Ay Y A 18 4 =k 2z
J €3. 13ad

= © k-1 J-1

Ui & A & 4,87 4 tz32k
€3. 13b>
U.thEO 1 < J veyai < k
3. 13c)

tanimlamalary yapilir.
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3.3 PRobot Kolunun Kinetik Ener jist

dKi 1 .neil uzuv Uzerinde bir parcacigan kinetik

ener jisi olmak tUzere su gsekilde yazilar.
4 -2 -2

dK,= 1/8 Cx + y + z ddm=1/2 trace(vi\/:)dmﬂ/a terivIde

(3. 14>
€3. 18 denklemi (3. 143 ifadesinde yerine yazilairsa

1 - 1 -
i 3
dK = 1728 tr ru Q. r ru qQq ' r dm
i p=1 ip "p 1 r=1 ir 'r "4
i 1 { (T T
=12 tr| £ L U r.'r, U qq dm
p=ir=t ip 1 "1 “irpTr
i 1 1 4 T T o .
=12 tr|l ¥ LU Cr,. dm "rd> U qq
p=1ir=1 ip i i ir'p'r
3
€3, 18
elde edilir. Bu ifadenin integrali
Ki=.!‘ dl(i=1/8 tr} & }_: Uipc.r r,ory dmd Uirqpqr
p=ir=1
3. 16D
seklindedir. Burada
_ i i T
Ji = f r, ry dm €3. 17
[ ~x  +x 41 x 1 mx, |
XX yy zg xy Xz 174
2
I ~I +X . -
X AX Yy =z ye miyi
I = Xy 2
i bt z
1 x XX yy =% m z,
X Y 2
g my*y MYy mzy m
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Bur ada [;1 91 Eil i .neci koordinat sistemine gére

i .nei uzvun agarlik merkezinin koordinatlaraidar.

Ji 1 .nci uzva ait atalet matricsidir. Cxi Yy .zi)

koordinat sisteminde mi

ifade=si kullanim ile J1

rijit cisminin jirasyon yari cap

— o b
[ kn +k22+kss kaz kaa xi
2
2 ": _":zﬂ‘:a K2 vy
kiz 1 = 2a yi
T . . e e%as oz, |
K X 2 i
i za 2
L Bi% By Yy ByZy 1]
¢3. 180
geklinde yazilar.
N N i i T . .
K=%dk =12 % tr Y T u J. U q q
i=1 1 i=1 p=t r=p 1P 1 ir TP T
N i i T « =
=12 ¥ E L Ctru J. U )Yq ql 3. 20>
i=1l p=1 r=1 ip i dr P T

Robot kolunun kinetik enerjisi olarak ¢3. 200 denklemi
elde edilir.

3.4 Robot Kolunun Potansiyel Ener jisi

i .nei uzvun potansiyel enerjisi P1

o o, 1 -
P1 mg T, m, g 4 A1 ry b] 1=1,.... N

3. 215
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Burada g = [0 O -9.81 01T yercekimi sabitidir. Robot
kolunun toplam potansiyel enerjisi P su sekilde yazilar:

N N 6. 1
P=FP =FL-mg( A, 'r, 2 3. 22
1=t oam ! 10

3.5 PRobot Kolunun Hareket Denklemi

C3. 2800 ile (3. 23) denklemleri (3. &) de yerlerine

koyulursa
N i i T . . N o i
L=12% ¥ ¢ [tr(u J. U )Yg _ql+ ETmgC A 'r, D
i=1 p=1 r=t ip i "ir P TS i 1 1
3. 23

seklinde Lagrange fonksiyonu elde edilir.

Lagrange fonksiyonu (3. 13 denkleminde yazilir ve
€3. 100 ,€3. 11) ile €3. 13> ifadeleri kullamilairsa

d L gL N T ..
T, = - = ¥ E[otrU, J U g3
i . 3k3 T2 %
dt 8 a, a q J=1 k=t
N T . . N P
+y ¥ treo,  J U J)g . ql-Fmg U “r.d
§=1 k=1 m=1 SLL IR D S = T A L
3. 242
N - ® N N - .
T, =D q +§ £ h q q + c. i=1,...,N
i k=1 ik Tk k=1 m=1 ikm "k m i
3. 25

seklinde robot kolunun dinamik denklemi elde edilir [3].
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T = DXa) q + heg, @) + (@ €3, 28
J T .. .
Pl =j=m§i(i,£§r(U3kJJ u.ii)qk:l i,k=1y..-,N
3. 87
N N « =
h; = kgi mﬁihikm A U 3. &8
J T
By km =j=ma§(i,k,:;§(ujkaJ U ) dr ke melyae N
3. 29
. J . ,
€; = 'JE m,g CUJ1 rJ) i=1,...4N €3, 3OO

Robot kolunun bir yiki tasimas: durumunda €3. 263 denk-
lemi su gekle gelir:

T =0IXq) q + htgq, q) + c(q) + m L{q, q, q )
3. 31>

milCq, q, q d= mICq)[ J(q)q +J Cq, q )q + g 1
€3, 32

Burada m tasinan ytkin agirliga, J ise 3=N jakobian
matristir. g =[O0 0 -9.81]1 biciminde yercekimi sabitidir.

J= [Ju R i JLN] s, 33
Déner eklemler icin

I8 x i=1,...N €3, 34D

$teleme yapan eklemler ic¢in

3, . =B i=4,....N €3. 35
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Burada x vektérel carpim géstermektedir. 31_1, z,
ekseni dogrul tusundaki vektdrdir ve
_ ol B8 i-1 -
B, =R R -.... Ry, B i=1,....N €3. 36D

olarak tanimlanmir.

B =r0o01 1% tabaran z, eksenl dogrul tusundaki birim

vektdrdir. ?1_1 transformasyon matrislerinden hesaplanan

konum vektdriidir C[101.

Eklemlerdeki viskoz ve Couleomb strtinmeleri gzédntine
alimirsa (3. 28) denklemi

T =IXq) q + h(q, q) + c(q) + H(qQ) (3. 37)
sekline gelir.

Vicidg, + V2Cidsgn(q, )
1 1

H e a - CRC A (3- 38)

UiCNDqN + UECNDsgn(qN)

Burada Vi{id> 1 .neti eklemdeaki viskoz siirttinme
katsayisi ve V2Cid {1 .nei eklemdeki Coulomb strttnme
katsayilaridir ([81.

Eobot kolunun uc noktasina F=[Fx, F s F_, Mx’ M le

Yy z Yy
seklinde bir kuvvet etkimesi durmunda 3. 26> denklemi su
sekle gelir:

T =DXq) q + hig, §) + c(q) + JCQ)F €3, 3
Burada J'(q) &*N jakobian matristir [10].

Ly

J

H H :
L ! oLz | P JLN
J"= l’lllllll;llllllltlll;. s s masnm gl'll'lllll CS. 40)
: H :
Tm e P Jan
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Déner eklemler icin

3 =B i=t,....N C3. 41>
prizmatik eklemler icin

JM=0 i=1,....N 3. 42

Genel olarak bir robot kolunun hareket denklemi su
gekildedir:

T=IXq) q + hig, q) + cl(g) + m LCq, q, q )+ JTCQIF + H(Q>
€8, 43



BOLUM 4

N SERBESTLIX DERECELI ROBOT ICIN ADAFTIF
KONTROL SISTEMININ YAPISI

4.1 Sabit Parametreli ¥ontrol#rin Tasarim

(3. 435 fnrmﬁlu ile verilen robot dinamik modeli

TCtd= M¢m, q> g + N'¢m, g, 9 > + GCm, q J + HCQ

4. 1>
seklinde yazilabilir.
Burada
¥* A T .
MCm, qd= DXqQ) + mJ CqdJ(qgd 4. 2
N*Cm, g, g 3= h¢g, Q> + mICQdJ Cq, c4. B
* T T
G Cm, g 3= J-CadF 4+ cCgd + mI Cqdg 4. 4>
4. 1) ifadesini ti =t < ti + At zaman araliginda

p = [Ttti). q(ti) q(ti)l ¢caligma nokta=i civarinda lineer-

lestirerek ve agagmdakl tanimlamalar yapilirsa ¢4. 7

ifadesi elde edilir.

&N + HD &N¥ + &%

a=tM*3_ ; B=} ; C=
P

(4. 5)
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Ay, B ve € matrisleri lineerlestirilmis N=N model

matrisleridir.

qCt) = gCtd - qCt D C4. Ba)
Q€LY = qCtd - ;Ctib (4. Bb)
q-CL) = actd - :q(.ftib (4. 6c)
T, Ct) = TCLd - TCt D> (4. Bd)
T£CL3=AE|:+B;e+c:q» (4. 7)

C4. 7> denkleml g domeninde yazilir ve g géziltirse

gCed= CC + Ba + Asa-> ! T, Cad 4. 8

elde edilir.

Ileri kol kontreldrd olarak Q(s) lineerlestirilmis
modelin tersel olarak secilir.

QCed= [CC + Ba + AsTy '271 T, Ca)=CC + Ba + AsT) T, Cad
cd. 9

Tpp€e) = @Cadg: €ad = CC + Ba + As®D q; €

T,Ctd = A g €td + B q7 Ct) + € q; (D cd. 10D

Burada

q; Ctd = q Ctd-q Ct)> Cd. 11ad

a; Ly = qPCt)—qutlb 4. 11D

q; Ctdy = qut)—qut%) 4. 11e¢d

Geri besleme koluna koyulacak kontroldr su sgekilde
secilir:



KCad= K + K, = 4. 12
TfOC93= KCad [q;_ Cad -~ q*C:)J=[Kp + Kv 8] elCad
TeCtI= K eftd + K e(td (4. 13)
. , T .
RS ] Ters L ROBOT 9
—»1C + Ba + A DI NAMI ¢5t —
»
Tfa
K
B * Kv°
[~
* —-—

Sekil 4.1 Kuctk degisimler icin kontrol algoritmasinmin
blok diyagram

Kictik degigimler icin toplam kontrel kurali:

T‘Cﬂ) = Tf,f.Cn}"' TfaCa)

=K, + K, 2] eCa) + [C + Bs + Asznq'; Cwd
Cd. 14

T‘Ct3= KP eCt) + KV eltd) + C g(t) + B g'(t) + A g*(t)

(4. 1)
Kitettk degigsimler ic¢in elde edilen toplam kontrol
kurali lineerlegtirilmis manipttlatér modeline 4. 7
uygulanirsa

ecty + A d¢B + K dectd + Alce + K eCt) = 0
ca. 18
gseklinde dinamik hata modeli elde edilir [8].
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Kp ve Kv dinamik hata modelinin karakteristik
denkleminin k8kleri olarak secilirse (¢ kédkler negatif

oldugundan 3 &C0) ve (0> ne olursa ovlsun daima t @ —p o
igcin &) ey O dar. Cinkd4 dinamik hata modelinde
ezitligin =sag tarafi aafairdar.

4. B ve (4. 11> ifadelerinden faydalanarak TCtD,

qCtd, qlid, gltd, qPCt). qut) ve qPCt) ifadeleri 4. 15
kttcttk degigimler icin toplam kontrol kuralinda vazilirsa

toplam kontrol kurali olarak

* - R -
TCLO=T Ctib +KPECLD +KVELLD +quCt3+BqPCt)+Aqut)

(4. 17)
elde edilir. Burada
ECty = qr(tb—th) 4. 18ad
ECt) == qutD—th) C4. 18
E CtO= qutD—q (48 v C4. 18c)
T*Ct,i) = TCti) - Cthi) -chti) —Aq(ti) C4. 18d4dd

Hezaplanan Kp ve Kv dederlerli izleme hatasini sifira
gtttirecek sekilde secilmezi  tamamen Q€D ileri kol
kontrolédrtintin  dogru olarak bilinmesine yani robot
modelindeki bittin parametrelerin bilinmesine ihtiyac
vardir. Pratikte bu parametrelerin dogru olarak bilinip
modellenmesi zor oldugundan izleme hatasa safaira belli bir

hata ile asimptotik olarak yakinsar [111.



_ai...
4.2 Adaptif Kontrol¥dr Tasarim

C4. 1D denlemini

- = - -

TCLY = A'Cm, g JqCtd + B Cm, q. g)aCtd+¢¥Cm. q.qdact?

(4. 19)
seklinde yazmak miimktundtr. Bu parametreleri bilinmeyen
N#N sistem matrisleri oldukca karmagik ve hayli nonlineer
ifadelerden clugmaktadir. Bu sistemin belli bir y#ritngeyt
sifir hata ile izlemesini =saglamak icin 4.1 de elde
edilen A, B, C, ve Kp . Kv N#N matrisleri adaptif olarak

her ¢ aninda avarlamnmalidar.

/ )
+
2|1 4 T ROBOT 7
— C + Bg + Az —1 DI NAMI &I —
+
//r T}o A/,
Kp + Kvn
E
... e
L W o
Sekil 4.2 Adaptif kontrol sistemi
C4. 175 ile verilen toplam kontrel kuralinda
FCLd = T*Ct.,L) C4. 20D

FCtd adaptif kontrel icin yardimea sinyal 1fadesi
kullanilirsa adaptif kontrol icin'toplam kontrel kurala

TCto= KpECt)+KvECt)+Aqut)+quct)+quCt)+FCt)
4. 21>

seklinde elde edilir.



C4. 19 denklemi ile C4. 21D denklemi taraf tarafa
egitlenirse

* * * - -
A qg+B q+L g =F +KpE +KVE +qu+qu+qu 4. 220

elde edilir.

C4. 18) ifadelerinden q , q ve q terimleri E, E, E, q.s

q. Ve qrterimleri cinsinden ifade edilerek 4., 22

denkleminde yerine koyuluresa

A¥E +CB*+KVDE +cc*+xp>5: = -F +CA*—{-DqP +cn*—33qr

+(c* -C)q_ 4. 23

elde edilir.

ECtD
ZLLd =] . 4. 240
ECt>

seklindeki kenum hata-hiz vektértdt tanimyla ¢4. 23D
denklemi

[ 0 I ] [ ]
N 0
z= -1 -1 L -1
-ta¥3 tc*mp: -ta*3 [B*+Kv:| -tA*1 tFa
_] J e -
- 1 p - pe -
0 o 0
* it W™t it 9 * i A
-ta*1 e*-ca -ta*3 p*-m -ta*1 ta*-a;
L - -3 r b -

4. 25
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bicimine girer.

Elde edilen bu denklem artik ayarlanabilir sistem
gekline déntigmiis oldu. Adaptif kontrol ic¢in model
referans denklemli sédyle verilebilir.

E (t) + 2F 0w E_(t)+E_ (t)=0 i=ly....N 4. 26D
1 111 b 4

Burada ti atdndm orani ve w, ise séniimstiz sistemin dogal

frekansidair. Bu denklem

Z (Lt = Z Cto=D Z Ctd 4. 7>
m m m

sekline getirilebilir.

Burada D, =di ag(wi) ve D,=diagC2(,® > N«N diagonal

sabit bilinen matrislerdir.

E CLo
m
Z Ctd = . c4. 280
m E _Ctd
m
he J
4.3 Lyapunov Denkleminin Coztimtt
Lyapunov denklemi
PD+DP=-@ C4. 2o

seklindedir.



safglayan her
pozitif matristir.

_34_

bilinen pozitif matristir [123.

€4. 280 Lyapunov egitliginde D ifadesi yerine

] -o D I
N 1 =
+
2 In Daff P2
- L - b

elde edilir. Bu denklemin ¢&ztmti

P =

| of =

P pozitif

g p.l

-1
+ ani D, + QBD

1v2 2
|
Q,D,

-1 -1 -1
uané + Qini Da

-1
2 1

bir matris oldugu icin

Lyapunov egsitligini

-
PE
2N*zN matrisi
2 Pa
o
elemany diagonal matrisler
0
EN=ZN matrisli her eleman:
Ga
-

clan sgimetrik

diagonal

koyulursa

4. 300

4. 312
c4.

4. 33



' -]
CP,, +Pg> > 0 (P, Py -FZ 3> 0 i=1,..N
c4. 34>

esitsizliklerini saglamalaidair [13].

4.4 Lyapunov Fonkslyonu Ve Adaptazyon Kurala

. " - . o . B . B .
0 I 4] 0 O QO
N
= 2
=z + + qr + qr‘ + "
—A T4y Ao Ay A, Ag
b J . J e -l hee -l e N
4. 35D
Burada

IR TS B R I L S B
A,=lA'1 "LC +Kp] » A,=LA] TEB K 3, A,=LA1 "IC -C

Akl ¥ era¥q T, % ra¥, 1
A4—[A 1 "B -B1 , AS CA'J "LA -A) Ao A1 °F

4. 36
-Dinamik hata modeli (4. 27) ile C4. 38) denklemlerinin

taraf tarafa cikarilmasi ile

- . - e . - - r
o 1, 0 I, 0 0
.= e + zZ + + q‘h
D, Dy ~4, 7Dy 457D, 9 44
- J - J o J b J
- . 1
o | 0
+ q, + a, cd. 37
~4, ~45




seklinde elde edilir. Buna g¥re Lyapunov fonksiyonu su
sekilde yvazilar [121].

T *_T * *_T *
V=e Pe+[A0 AOJ QO[AO Ao]+tr{[A1 D1 A1] QI[AI D1 AIJ}

T *
J 03[A3 A3]}

W

*_7T *
+tr{[A2 De AE] QEIAE—DE AeJ} +tr{[A3 A

*_T * *x_7T *
+tr'{[A4 A4] 94[A4 A4]}+tr{[A5 ASJ QSIAS ASJ} c4. 38>

Lyapunov fonksiyonunun zamana gére tirevini alirsak

- - T - -
__ T T _ * _ * _ *
=—g Qe+8A°[R+GoA° QOAOJ 2A0 QOEAO AOJ

- - T - -
T T *_ N
+2tr{[A1 DIJ [-RE +91A1 GIAIJ Ai 91[A1 AIJ}

.T - T - -
* *
+2tr{[A —Dal [-RE +Q2A2 QEAE]_AE QEIAE—AEJ}
T T T - -
+Etr{A3 [Rqr+G3A3 Q3A3J A Q3EA ~A 1Y
T .T - T - -
+2tr‘{A4 [Rqr+94A4 94A4] A Q [A —A i

.-T -

+atr-{A5 (Rq +95A5—G5A5]—A5 @ [AS—ASJ}

4. 390

Burada R=-[P,.P,Je hata agirlik vektortdur.

2m=0 oldugjundan e=-2Z olur. Bu durum g¥z ¢éntine alinarak
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R=-[P_.,F Je=[Pa.PSJZ=PEE +P_E c4. 400

3 3

yazilabilir.

C4. 39 denkleminde amag V yi1 negatif yapmaktir. Bunun
icin su tanimlamalar yapilabilir:

- .* - .*
R+QOA0— QOAO =0 » Go[Ao- A°]=~R 4. 41iad
T - .*— - -.-*— T
RE +QIA1 GIAI =0 = GitAi Ail—RE 4. 41bd
.T - -* - .* -T
—RE +QEAE_QEAE =0 = QaCAa— A3]=RE C4. 41icd

T - E N a¥a_ o T
Rqr+Q‘3A3 Q3A3 =0 = Q3[A3 ABJ— Rqr c4., 414>
-T

.T - .*— - -* _
Rq‘n+Q4A4 G4A4 =0 © Q4[A4 A43 Eqr C4. 4died

asT = -* «aT

- e 3
Rqr+Q5A5-Q5A5 =0 Y QSCAB— A53=—Rqr C4. 411D

Ayni amacla asagidaki secimler yapalabilir:

* *

AO_—QO R 4. 428ad
*__: * T

Ai A R E 4. 42bd
* * .T

AE =Q2 R E 4. 42cd
*__ * T

AE— 93 4 Q. 4. 424
A*-a R 4. c4. 42ed
4 4 9, i e

A;=hQ; R q C4. 420
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Burada Q;,.....Q; matrizsleri yari pozitif N=N

sabit

bilinen matrislerdir. (4. 39) denklemi su sekle gelir:

.T -
v=—eToe—2RT Gy R-2IR"RIETG] E-2IRTRIE g E-2tRTRIq) e} a.
.T ..T - .
-2rp” RJq Q4 q —2IrT RJq QS q,. 4. 43D
Bu denklemin sag tarafi negatif olmug oldu. 4. 480

denklemlerinin zamana gére tdrevleri alimp 4. 41D
denklemlerinde yerlerine koyulursa adaptasyon kurallara
oclarak su ifadeler elde edilir:

A =-—c.1r -8* R C4. 442>

(o] (o] '

A, =a_ltreT1 +0* 9 ReT3 C4. 44bd

1 1 1 “dt :

A.=0_1RET3 +Q*—a-€-d (RE 1 Cd. 44cd

3 > . c

Y e o Ty _o% d T

AS— Q3 [Rqu QS_E? [Rqu C4. 444D

- -1 .T d -T

AZ=-G4 [Rqu - 4—3? [Rq 1 C4. 44ed

- ..T d ..T

A5=—Q [Pq ]—QS"H? [Pq 1 Cd. 441D

Robot model matrislerinin her d&rnekleme zamam

icin

degisiminin kontrolér kazanclarina gdre c¢ok c¢cok kicuk

oldugu gzéntine alinarak su kabul yapalar [131.
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da:j daij
« 4, 45
a a. .
3 L
Bu kabulle adaptasyon kuralinda parametreleri
bilinmeyen A*. B*. C* robot. model matrislerinin
tirevlieri
da:,
PN 4. 46d
dt

olur.

Bu kabule gfre (4. 38) ifadeleri yardim: ile sunlar =lde

edilir:
- * _1 L J - * _1 - - _ * _1 -
Al A 1 K . Aa A1l K A A3— [A 1 C
o *_ -1 W _AEPCON" 1 N o ra¥q -1 -
A4— A 1 B . A5- [A 1l 4] v Ay= A3 F
C4. 47D

* *
Go,.....05 ve QO"""GS pozitif matrisleri su gekilde

secilebilir:
1 * _1 * _1 *
R ar S i B
1 1 1
1 * 1 * 1 *
Qe A ; @ =—m— A ; 0= A
3 v, 4 vy 5 Xi
-1 * *_—1
Q 62 [TA] "3 01 aa tAY ;
* *_-—1 * *_-1
O =, [A'1 '§ Bp=v, [A'1 ;



* *_—3 * *_-1
Q4=ya A1 "3 95=A3 A ] H C4. 48

Burada [61' QA . ﬁi. Yy ¥y hil pozitif adaptasyon
sabitleridir. [63. Oys ﬁé- UVss Ypo kal sifair veya pozitif

adaptasyon sabitleridir.

Yukaridakl secimler yapilir ve (4. 442 denklemlerinde
C4., A7> ve (4. 48) ifadeleri yerlerine koyulur ve

gerekli dizenlemeler yapilirsa adaptasyon kurallara

1'?=51 R + 6, R €d. 49ad

f(p=u1 [RE™1 + oo [RE'] C4. 48bd

- =T d -T

K=, [RE 1 + fi—ze [RE ) . C4. 4B8cd

C=uv, [RQT1 + v_-S [RqT3 cd. 49d)
1 r 2 dt r

- P d s T

B=r1£Eqr J o+ Y>=o% [Rqr | C4. 4B

- «» T d «aT

A=\, [Rq, 1 + A = [Rq, ] C4d. 48D

seklinde elde edilir.

C4. 480 denklemlerin integralini alarsak adaptasyon

kurallara

t

FCLI=FCO>+ 6ERCtD+_6l'I RCtDOdt C4. 50ad
O

T t T
KpCtD=KPC0)+ aEECt)E Cto+ a1 3 RCLOE CLydt C4. 50bD
_ T t -T
Kv(t3=Kv£0) +ﬁéRCt)E Ct)*ﬁ& J RCLOE Ctddt 4. 50cd

o



-31 -

t
COLI=CCOd+ vaRCt,DqTCt) +v. S RCLIQ CLydt C4. 50dd
r 1 o r
«T t «T
BCLI=BCOY+ » RCLIq Ctd +p, S RCidq C(tddt C4. S0ed
2 r 1 o ™
=T t asT
ACLI=ACOD+ A RCEDq, €D +A, f RCtdq ctddt C4. SO
(o]
sekline girer.
A
+NE |k
qr fa)
4
.
' F TP
| ADAPTASYON | EOROT
[ > MEKANT ZMAST | DI NAME &T

L}
-

Sekil 4.3 Adaptif kontrol diyagram
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R(t)=PaE(t) +P3E(t) acik ifadesi FC(LY yardimeal sinyal,

ifadesinde yazilirsa

t

FCLO=FC02 +63CP3E(t) +PEE(t)J +61 g [PEE(t) +PSE(t)]dt

t

=FC0> +[éaPa +61PSJE(t) +[61P2]g E(t)dt +[62P3]E

4. 51D
elde edilir.

Bu ifadeyl C4. 21> toplam kontrel kuralinda yerine
koyarsak toplam kontrol kurala

* * t * 7

TCLI=FCOd +K_ E(t) +K, S E(t)dt +K_ E

P I 0 D

+C(t)qr(t) +B(t)qr(t) +ﬂ(t)qr(t)'

C4. 52
sekline déntstir [8].
Burada
L 3
Kp = Kp-t-éaPa +6, Py C4. 153)
KY =5 P 4. 54)
I 12 .
KY = K +6_PF 4. 55
D v P2'a .

gelinde adaptif PID kontrolér matrisleridir.
C4. 80> denklemleri bilgisayarla su sekilde hesaplanir:

T
KCid>=KC1-13+u  [RCi)v-CidI+p 2 R v (i) +R(i-1)v-(i-1)]
2 ) -

(4. BB)

Burada T; drnekleme peryodunu v sinyali ve K
adaptasyon kazanclarini temsil etmektedir.



BOLUM S

SIMULASYON CALISMALARI

Programin caligmasl sirasinda dnee robot parametrelerd
ve adaptif kontrol icin gerekli adaptasyon s=abitleri bir
dosyadan okunduktan sonra bir ¢evrim i¢ersinde eklemlerin
izlemesi istenilen referans yédringelere ait dederler
yortinge alt programindan okunmaktadar. Sonra eklem
degigkenleri ile referans yérldngeler arasindaki hatalar
hesaplanip adaptasyon mekanizmasinda kontrolér matrisleri
ve eklemler i¢in tork Cveya kuvvetd degerleri hesaplanir
bu degerler B#ltm 3 de elde edilen C€3. 43) denkleminde
yerine koyulur ve bu denklem PRunge Kutta ™ metodu {le
ctzilitr ve eklem degigkenleri hesaplamir ve bir dosyaya
atamir. Programin akig semasi gekil (5.1) deki gibidir.
Simflasyon programinin bir copyazi Ek A de verilmistir.

ANA PROGRAM: Robot parametrelerinin ve adaptasyen
sablitlerinin okunup alt programlarin ¢agraildig kisimdar.

EBSIM.INP: Robot parametrelerinin ve adaptasyon

sabltlerinin okundugu dosyadir.
REF: Referans yértngelerin okundugdu alt program.

ADAP: Adaptasyon mekanizmasina g¥re kontrol sinyalleri
Ureten alt program.

RUNGE: Sistem denklemlerinin Hretilen kontrel sinyaline
gtre Runge Kutta metodu ile cdztildigit alt program.



GIRIS DOSYALARI
RBSIM. INP

ANA PROGRAM

RUNGE

FTN

I L

Sekil 5.1

CIKIS DOSYALARI

Simtllasyon programinin akis semas)
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FTN: Lagrange-Euler formasyonuna gére robot dinamik
modelinin ntmerik olarak he=zaplandigr alt programdir.
Burada (3. 43) denklemindeki matris veya vektédrleri
hesaplayan H, JAC, altprogramlari cagrilmakta ve eklem
degigskenlerinin ikinei ttrevleri hesaplanmaktadir. Burada
matris carpimlarinin ve degisik matematiksel iglemlerin
yaprldigl birden fazla yerde birden fazla c¢agrilan alt
programlar da bulunmaktadar.

Sinmtil asyon caligmalarindaki amag adaptift FID
kontrol &rin performanzlnin aragtirilmasidir. Bu nedenle
EK B de verilen H¢ serbestlik dereceli bir robot kolunun
dinamik similasyonu yapaldi.

Btittin senaryolar icin similasyon zamani 1 sn olarak
alindi. (4. 50 denklemlerindeki FCOD, KPCO). KVCOD.

CCOd, BCOD ve ACOD baslangi¢ degerleri sifir alinmstir.

t4. 26) denklemi ile verilen referans modelde

(1= 1.0 i=1,....,N
%=1Q0r¢@n i=1,....N

olarak alimmigtair.

Sistemden &rnek alma ve adaptasyon parametrelerinin
hesapl anmasil ayni zamanda yapilmaktadir. Ornekleme zamam
T = 0.002 sn. dir.

5.1 Simlasyon Sonuclara

Senaryo 1: Burada robotun 10 Kg. lik bir ytkid tasiyarak
eklem degiskenlerinin ve eklem degiskenlerinin hizlarinin

94,9 9o, Ve A3 ile 94,5 9. Ve G ydriingelerint
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izlemesini =zaglamak icin adaptasyoen sabitleri bulundu.
[a1 ﬁi 7y Xi v, 61]=[O.5 0.52.02.02.00.11

[aE ﬂé ¥ A, v, 6.31=[0.0 0.0 0.0 0.0 0.0 9.531

2 2 &2
o ﬂl 0
0 QE
o 0 o 800 O o
Q1= O 0 o ; QE= 0 1300 6]
o O o©o o O 106000

Elde edilen bu s=sabitlere gére adaptift kontrol
algoritmasl ile elde edilen sasistem cevabr ve referans
egrileri sekil B. 2 te verilmigtir. Sekil 5.3 de ise konum
hatalarinin karelerinin toplam ile hiz hatalarinmin
karelerinin toplam bir performans slctitu clarak
verilmigtir. Elde edilen adaptasyon sabitleri icin sistem
cevabl efdrilerinden de g&rildiigd gibi uygun parametre
takimidir denilebilir.

Elde edilen bu parametre takim ile cesitli senaryolar
uygul anarak similasyon caligsmalari yapilmis ve adaptif PID

k¥ontrolédrin performans: incelenmigtir.
q1r(t)= q&r(t)= 45 [1 + Gexp(—t/0.3)-8Bexp(—t/0.4)1]

q3r(t)= 0.5

qlr(t)= qEr(t’= 45 [-20exp(~t/0.3)+20exp(—-t/0.4)1

9y, (t)= 0.0
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qlr(t)= 45 [CE0-0. exp(—t/0.3)-(20-0. 4dexp(—-t/0.4)1

qar(t)= qlr(t)

@, (6= 0.0

Senaryo 2: Referans ydringeler, ve bunlardan tHHretilen
hiz ve ivmeler senaryo 1 deki gibi alinarak tasinan ytktn
0.3 =n. sonunda 10 Kg dan O Kg a didgttigt Cyani ytktn
birakildigid distntilmistir. Yapilan s=similasyon sonucunda
adaptif PID kontrolérin davraniginin ani ylik degisimine
bile c¢ok 1iyi bir gekilde cevap verdigi gtir Hl mtist tr.
Sekil 5.4 de s=sistem cevabi ve referans egrileri
verilmigtir. Sekil B5.85 de konum ve hiz hatalarimn
karelerinin toplamlarimin zamana gére degisimleri bir

performans dlcitid olarak verilmigtir.

Senparyo 3:

qlr(t)= qer(t)f 45 [1 + Gexp(—t/0.6) + Bexp(-t/0.8)1

qg.(t)= 0.5
Q. (t)= a,, (£)= 45 [-10exp(—t/0.5)+10exp(—t/0.8) 1
qg,.(t)= 0.0

qlr(t)= 45 [C10/0.BYexp(~t/0.68)—C10/0. Bdexp(—-t/0.8)1

qar(t)= qir(t)

qsr(t)=0.0
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Yukaridaki gibi sistemin zaman sabitleri senarye 1
ve senaryo £ deki zaman sabitlerine g¥re 1ki misld
hizlandirilarak adaptif PID kontrol értn performansl
incelenmigtir. Burada tasinan ylk yine 10 Kg olarak
alinmistir ve adaptif PID kontreoldrin davranmisinin 1iyi

oldugu gihzlenmistir.

Sekil B.8 da sistem cevaby ve referans egrileri
gortilmektedir. Sekil 5.7 de konum +ve hiz hatalaraimn
karelerinin toplamlarimin zamana gtre dedisim grafiklerd

bir performans 8l¢iitd olarak verilmistir,

Senarya 4:

qlr(t)— qEr(t)- 45t 135t + 30t 45

3
q3r(t) 0. 3t 0.5t + 0.5

- - a

q,,.(t)= q, (t)= 135t~ - 270t + 30

ag.(tr= 0.0t% - 0.8

q,,.(t)= g, (t)= 270t - 270

q3r(t)= 1.8t

Burada adaptif PID kontroldériin performansi, yukaraidaki
kitbik referans yé#rtngeler ve bunlardan tiretilen hiz ve
ivme referanslariyla degisik referans yd¥rtngeleri ic¢in
incelirken. robot. kol unun bir yik tasimadig

varsayilmsgtair.
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Eimtil asyon sonucunda adaptif PID kontrolérin
davramiginin kilbik ydringeler icin cok daha iyl oldugu
gér il mtist tir |

Sekil 5.8 de sistem cevabl ve referans edgrileri,

gsekil 5.8 da ise konum wve hiz hatalarinin karelerinin

toplami verilmigtir.

Sanaryo B: Burada robot kolunun ug noktasina
F=1I0[0-4-3-61N1luk sabit bir kuvvet uygulandigi wve bir
yik tasimadigi distnitil miistiir. Referans yéringeler su
gekildedir:

g, (t)= q_ (t)= 45t — 135t% + 30t - 45
ir g

q7p(t)= 0.3t - 0.5t + 0.5
Lo ]

a, ()= a, (t)= 136t% - 270t + 30

(t)= 0.0t° - 0.8

(t)= q. (t)= 270t - 270
or

qEv(t): 1.8t

Adaptif PID kontroldérin davranmisinin robot kolunun ue
noktasina sabit bir kuvvet etkimesi durumunda da iyi

oldugu similasyon sonucunda g®ril mistir.

Sekil B.10 de sistem cevabi ve referans egrileri
verilmistir. Sekil 5.11 de ise konum ve hiz hatalarinin
karelerinin toplamlarinin zamana g¥re degisim grafikleri

performans 8lcHtd olarak verilmigtir.



Senaryo 6: Burada uc noktaya etkiyen kuvvetin her T
Srnekleme zamani icersinde degistigl varsayilarak adaptif

FID kontroldriin performanzil incelenmistir. Uz noktaya

etkiyen kuvvetin zamanla degigimi sekil 5.12 de
verilmistir.

S
i F?} i ‘2!'1.’?57

AT R
FRUTPRN AR TR AR PR R R IR R RIS

o TO280 1 o TLsnl

Sekil 6.12 Altiner senaryo igin uc noktaya etkiyen
kuvvet bilesenleri



_.41....

Burada konum, hiz ve ivme referanzlari su sekildedir:

7

A
Q)= a, (£)= 4587 - 1358 + 30t - 45

(e}

G5, (6= 0.3t - 0.5t + 0.5
o

2

(t)= g, (t)= 135t° - 270t + 30

qir

a,. ()= 0.0t% - 0.5

ot

(t)= (¢)= 270t - 270

qlr qEr

qar(t)k 1.8t

SimUl asyon Sonucunda adaptif PID kontrol $rin
davranisinin ue noktaya etkiyen kuvvetteki degisimlere
ragmen iyl oldugu gérilmigttr.

Sekil 5.183 te sistem cevabay 1ile referans egrilert
verilmistir. Sekil 8.14 te konum wve hiz hatalaraman
karelerinin toplamiarimin Zzamana gire degigimleri

gértil mektedir.

Senaryo 7: Burads eklem degiskenlerinde d8lcme hatalara
vapildidy dtistintflerek adaptif PID kontrolértin performansa
incelenmigtir.

D8ner sklemler icin F 0.001! rad, Steleme yapan eklemler
icin F 0,001 m 1lik hata yapildigay varsayilmstair (141,
Robotun tasidigas yuk 10 Kg olarak alinmistar.



Referan

qlw(t)=

Qs (£)=

qlr(t)=

q?v(t)=

o=

qir(t)=

qar(t)=

Sonucta

hatalarina

Sekil
verilmigti

ve hiz hat
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s ydriingeler olarak gunlar alinmstar:

2

Qg (t)= 1355 - 270t + 30

q. (t)= 870t - 270
(=4

adaptif PID kontrelédrin performansinin Slome
karsi duyarli olmadigy gdrtilmtisttir.

5.18 te  gsistem cevabyr ve referans egrileri
r. Sekil 5.168 da performans 8letitd olarak konum

alarimn karelerinin toplamlari gdrilmektedir.
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SONUCLAR VE ONERILER

Adaptif PID kontrolér 1ile yéringe izleme probleminde
simUlasyon c¢alismalara hatalaran karelerinin toplam

performans &letittt alinarak su sekilde #$zetlenebilir:

1- Kubik yéringe durumunda adaptif kontrel®dr en iyi
sonucy vermligtir,
£—- Eksponansiyel ydringenin daha iyl izlenebilmesi

igcin geri beslena koluna KI—é— geklinde integral

kontrol dr katilmasinin daha iyi Sonug verecedgl
diglnul mektedir.

3~ Eksponansiyel olarak verilen konum ve hiz referans
yiortngslerinde =zaman sabitleri i1ki migli alinarak
maniptilatériin hizlandirilmas: hizlarda kUettk bir takaim
degigimlere neden olsada yértngelerin izlenmesi mimktn
ovlmaktadair.

4~ Yukiin ani olarak degistirilmesi{ durumunda kisa bir
adaptazyon sresinden =onra istenilen yéringe dzerinde
kalinmakta ve burada da adaptif kontrol 8$rtn yitk
degigimlerine kargi duyarli olmadigy anlasilmaktadir.

5- Uc noktaya sabkit bir kuvvet etkimesi veya bu
kuvvetin stokastik olarak degistirilmesi durumunda Hetinet
eklemdeki hiz hatalarinin artmasipa kargilak adaptif
kontrolér kararli bir perfermans géstermektedir. Uctinet
eklemdeki bu durumun uygun parametre takim secilmesiy;e
bir élctide dizeltilmesi mimkin gSrtilmektedir.

6~ Konum Slcmelerinde hatalar yapildign varsayilarak
yapilan similasyon caligmasay sonucunda da adaptif
kontrolérden iyi bir performans elde edilmigtir.
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107

108

EKLER

EK A

DIMENSION WO{&),D1(6),D2(6),ZETA(E),P1(6),P13(6),P12(6)
DIMENSION XX(12),ATA(4,4),HATA(&,2),HIZ(&,2)

DIMENSION F1(6),F2(6),F3(6),F12(6),F13(6),F23(6),0L1(E),BLE(E)
COMMON/ADY/ AUF (6, 2), AUKP (36, 2), AUKY (36, 2) , AUC (36, 2) , AUB (36, &)
COMMON/AD4/ AUA (36,23, P2{6),P3(E)

COMMON/AD3/ XREF (6, 2),HREF (6, 2), HIREF (&, 2)

COMMON/ADZ2/ ALFA1, ALFAZ, BETA1, BETAZ, VU1, VUZ, GAMAL, BGAMAZ, CAM1, CAM2
COMMON/ADS/ DELTA1, DELTA2

COMMON/ADE/ TO(E)

COMMON/P2/ XM(6),YM(6), ZM(6),CL(6),CD(6),ALF (6, TETO(6)
COMMON/AL/ ATT(21, 16),FKUT(6),RMF(6,4),Q(21, 16)

COMMON/JA/ BFAK{6)

COMMON/TUR/ V1(6),V2(6)

COMMON/AW/ FT,FL

COMMON/TM/ THMOM (&)

FT=1.
FL=1.

WRITE (%, %) ?SIM3. INF

READ(1, %) N,DT,NSTER

DO 106 I=1,N

READ (1, %) F1(I),F2(1),F3(I1),F12(1),F13(1),F23(1),V1i(I),V2(I)
DO 107 I=1,N

READ (1, %) TETO(I)

READ (1, *) XM(I),YM(I),ZM(I),FKUT(I),@FAK(I),CL(I),CD(I),ALF (D)
DO 108 I=1,N

DO 108 J=1,4

READ (1, %) RMF(I,J)

DO S01 ISRi=1,N

cALL ATALET(ATA,F1,F2,F3,F12,F13,F23, XM, YM, ZM, FKUT, ISR1)
1S3=0
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DO 503 ISi=1,4
DO S03 ISe=1,4

1S3=153+1

ATT (15R1, 1S3)=ATA(IS1, IS2)

CONT INUE

DO 104 JG=1,N

CALL TUREV (@, J@, BFAK)

CALL REF (TT,NSTEP, DT, N, XREF, HREF, HIREF)

DO 1 I=1,N

XX (1) =XREF (I, )

XX (I+N) =HREF (I, 2)

DO 44 I=1,N

READ (1, *) WO(I),ZETA(L),BL1(I),RLa(I)

READ (1, %) (AUF(I, 1), I=1,N)

READ (1, *) (AUKP(I, 1), I=1, NxN)

READ (1, %) (AUKV(I, 1), I=1, N*N)

READ (1, %) (AUACI, 1), I=1, N*N)

READ (1, %) (AUB(I, 1), I=1, N*N)

READ (1, #) (AUC(I, 1), I=1, N*N)

READ (1, *) ALFA1,BETA1, VU1, GAMA1, CAM1, DELTA1
READ(1, *) ALFA2,BETA2, VU1, GAMAZ, CAMZ, DELTAZ
NEQ@=N*N '

DO 30 I=1,N

D1{I)=HO(I)*WO(I)

D2(1)=2. *ZETA{I} *WO( 1)
P1(I)=RL1(I)/D2{I)+(RLA (1) %xD2(I1)) /D1 (1) +(BL2 (1) *D1 (1)) /D2(I)
F2(I)=GL1(I1)/D1¢1)
P3(I)=GL2(I)/D2(I)+GL1 (1) 7 (D1 (I)*D2(1))
P13¢I)=P1(I)+P3(I)
P12(1)=P1(1)*P3{1)-P2(1) *P2 (1)
IF(P13(1).EQ.0.} GO TO 36

IF(P13(I}.LT.0.) 6O TO 36

IF(P12(1).ER.0.) GO TD 36

IF(P12(I).LT.0.) GO TO 36

CONTINUE '

G0 TO 37
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WRITE (%, %) 'BASKA @ LAR GIRIN?
STOP

CONT INUE

DO 2000 IKI=1,NSTEP

DO 2 1JI=1,5

CALL ADAR (DT, HATA,HIZ,N, TT)
CALL RUNGE(TT, DT, NEQ, XX, N)
1UY=0

DO 99 I=1,N

HATA (I, 1)=HATA(I, &)
HIZ(I,1)=HIZ(I,2)

XREF (1, 1)=XREF(I,2)

HREF (I, 1)=HREF (I, )

HIREF (I, 1)=HIREF (I, 2)

AUF (I, 1)=AUF(I,2)

DO 99 J=1,N

IUY=TUY+1

AUKP (IUY, 1)=AUKP (I1UY, £)
AUKV (IUY, 1)=AUKP (IUY, &)
AUC (IUY, 1) =AUKF (IUY, 2)

AUB (IUY, 1)=AUKP (IUY, 2)

AUA (TUY, 1) =RUKP {IUY, 2)

CALL REF (TT,NSTEP, DT, N, XREF, HREF, HIREF)

DD 8 I=1,N
HATA (I, 2)=XREF (1, &) -XX (1)
HIZ (I, 2)=HREF (I, 2)-XX {I+N)
CONT INUE

CONTINUE

WRITE (4, %) XREF(1,2), XREF(Z2,2), XREF(3,2)

WRITE(S, *) XX (1), XX(2), XX(3)

WRITE(6, *) HREF (1,2),HREF (2, 2) , HREF (3, 2)

WRITE(7,%) XX(4),XX(5),XX(6)
WRITE (8, %) TO(1),T0O(2),TO(3)

WRITE (9, *) HATA(1,2),HATA(2,2),HATA(3, 2)



WRITE(10,%) HIZ(1,2),HIZ(2,2),HIZ(3,2)
2000 CONTINUE

STOP

END

SUBROUTINE ADAR(DT,HATA,HIZ,N,TT)
DIMENSION TO1(6),TO2(6),TO3(&), TO4(6)

DIMENSION ADR(G,2),HATA(6,2),HIZ(6,2),ARE(36,2), ARH(36,2)
DIMENSION ART(36,2), ARTH(36,2), ARTI (36,2),ARET(36), ARHT (36)
DIMENSION ARTT(36), ARTHT (36), ARTIT(36), AAR(E) , AFF (E)
COMMON/AD1/ AUF (6, 2) , AUKP (36, 2) , AUKV (36, 2) , AUC {36, 2) , AUB (36, 2)
COMMON/AD4/ AUA(36,2),P2(6),P3(6)

COMMON/AD2/ ALFAL, ALFA2, BETA1, BETAZ, VU1, VU2, GAMAL, GAMAZ, CAM1, CAM2
COMMON/ADS/ DELTA1, DELTAZ ‘

COMMON/AD3/ XREF (6, 2), HREF (6, 2) , HIREF (6, 2)

COMMON/ADE/ TO(6) :

COMMON/AW/ FT,FL

IV1=0
IM1=0
DO 1 IX=1,N
Do 2 1Z=1,2
ADR{IX, 1Z)=P2(IX) *HATA(IX, IZ)+P3(IX) *HIZ(IX, I1Z)
1 CONTINUE
DO 11 IX=1,N
IMI=IM1+1
DO 3 IV=1,N
IM2=(IV-1) =N+IM1
Do 21 Iv=i,2
ARE (IM2, 1Y) =ADR(IX, 1Y) *HATA(IV, 1Y)
ARH (IM2, IY) =ADR(IX, 1Y) #HIZ (IV, IY)
ART (IM2, 1Y) =ADR(IX, 1Y) *XREF (1V, 1Y)
ARTH(IM2, IV)=ADR(IX, IY) *HREF (IV, IY)
ARTI(IM2, 1Y) =ADR(IX, 1Y) #*HIREF (1V, 1Y)
21 CONTINUE

I
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CONTINUE

CONTINUE

CALL INTEG(ARE, ARET, DT, N)

CALL INTEG(ARH, ARHT, DT, N)

CALL INTEG(ART, ARTT, DT, N)

CALL INTEG(ARTH, ARTHT, DT, N)

CALL INTEG(ARTI,ARTIT,DT,N)

IM=0

DO 4 I=1,N

AAR (1) =DELTA1*0. 5%DT* (ADR(I, 2)+ADR (I, 1))

AUF (I, 2)=AUF (I, 1)+AAR(I) +DELTAZ*ADR(I, &)

DO S J=1,N

IM=IM+1

AUKP (IM, 2) =AUKP (IM, 1) +ALFAS*ARE (IM, 2) +ALFA1*ARET (IM)
AUKY (IM, 2) =AUKY (IM, 1) +BETAZ*ARH (IM, 2) +BETA1 *ARHT (I1M)
AUC (IM, 2) =AUC (IM, 1) +VUZ*ART (1M, 2) +VU1*ARTT (IM)

AUB (IM, 2) =AUB (IM, 1) +GAMA2*ARTH (IM, 2) +GAMAL *ARTHT (IM)

55

AUA (IM, 2) =AUA(IM, 1) +CAM2*ARTI (IM, 2) +CAM1¥ARTIT (IM)
CONTINUE

CONT INUE

DO & IKS=1,N

AFF ( IKS) =AUF (IKS, 2

CALL GMCAR (AUKP, HATA, AFF, TO1, N)

CALL GMCAR (AUKY, HIZ, TO1, TO2, N)

CALL GMCAR(AUC, XREF, TO2, TO3, N)

CALL GMCAR(AUB, HREF, TD3, TO4, N)

CALL GMCAR (AUA, HIREF, TO4, TO, N)
IF(TT.LT.FL) GO TO S5

DO S& IER=1,N

TOCIER)=TO(IER) /FT

RETURN

END .



SUBROUTINE FTN(XX,YY,NEQ, TT,N)

DIMENSION DDD(6,6),RAA(21, 16),DR(36),LRS(36), MRS (36),FF1(6)
DIMENSION BB(21,16),B(21,16),CC{21,16),C(21, 16),YY(6),DIT(36)
DIMENSION DD(21,16),D(21, 16),EE(21,16),E(21, 16),FDR(6Y, TOJ(6)
DIMENSION UJ(21, 16),UJ1(16),UKK(91), XX (12),A (4, 4), TX(E)
DIMENSION FK(21,16),U11(¢(16),UK1{16),UKU(91, 16),HH(6) ,CHD(E)

COMMON/AS/ HTJAC(18)
COMMON/AC/ HJACT (18) , SJAC(36) , STACT (36) , HIAC (18)

COMMON/JA/ GFAK (&)

COMMON/TUR/ V1{&),Va(&)

COMMON/ADG/ TO(E)

COMMON/P2/ XM(B6),YM(6),ZM(6),CL(6),CD(6) , ALF (6) , TETO(E)
COMMON/A1/ ATT(21,16),FKUT (&), RMF (6, 4), Q(21, 16)

COMMON/AZ/ T(21,16),5(21,16),U(21,16),F (21, 16)

COMMON/A3/ KI{E),Ul(21,16),KK(6),SF(21, 16),S5F (21, 16), SFF (21, 16)
COMMON/TM/ TMOM(6)

DO 10 JI=1,N
IF(QFAK(JJ).EQ.0.) GO TO 4000
TXAIT) =XX{JD)
GO TO 3000
4000 CD(JT)=XX (JJ)
TX(JJ)=0.
3000 CALL MATRIS(A,CL,CD, ALF, TX, JJ, TETO)
K=0
DO 10 I=1,4
DO 10 J=1,4
=K+1
T, K)y=A(1, D
10 CONTINUE
DO 13 I=1,16
13 S(1, 1)=T(1, 1)
IF(N.ERQ. 1) GO TO 14&
DO 14 I=2,N
IC1=1~-1
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CALL CARPIM(T,S,IC1,I,I)
J=1

DO 141 II=1,N

€ALL MATCAR{(RZ,S5,AAR,1,I1I,1II)
J=J-1

J=J+1I1

DO 141 JJIK=1,16

Udg, JIK)Y=AA(II, JIK)
IF(N.EQR. 1) GO TO 222

DO 15 I=1,16

F(1,1=T(2,1)

IF{(N.EQ.2) GO TO 162

DO 16 I=2,N-1

IC1=1-1

NMIK=I+1

CALL CARPIM(T,F, IC1, NMJK, I}
CALl MATCAR(S,G,BB,1,2,1)

161

17

i8
182

J=2
DO 161 II=1,N-1

CALL MATCAR(BB,F,B,1,II,1I)
J=11+J

DO 161 JJK=1,16

U(J, JIK)=B(11, JIK)
IF(N.EG.2) GO TO 222

DO 17 I=1,16

SF(1, 1)=T(3, )

IF(N.E@.3) GO TO 182

DO 18 I=2,N-2

IC1=I-1

NMIK=I+2

CALL CARPIM(T,SF, IC1, NMJK, I)
J=4

CALL MATCAR(S, B, CC, 2, 3, 1)

DO 181 II=1,N-2

J=J+1

CALL MATCRR(CC,SF,C, 1, 1I,11)
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J=I1I+J
DO 181 JJK=1, 16

U T, JIK)=C (I, JIK)

IF(N.EB.3) GO TO 222

DO 19 I=1,16

SEF (1, 1) =T (4, 1)

IF(N.EQ. 4) GO TO 192

DO 20 I=2,N-3

IC1=I-1

NFJK=1+3

CALL CARFIM(T,SSF, IC1, NMJIK, 1)
J=7

CALL MATCAR(S,, DD, 3, 4, 1)

DO 201 11=1,N-3

J=J+2

CALL MATCAR(DD, SSF,D,1, 11, 11)
J=1I+J

2e
cl2
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DO 201 JJK=1,16
U(T, JIK)=D(II, JIK)

IF(N.EG.4) GO TD 282

DO 21 I=1,16

SFF(1, D=T(5, 1)

IFI{N.EQ.5) GO TO 2i2

DO 22 I=2,N—4

IC1=I-1

NMJIK=1+4

CALL CARPIM(T,SFF, IC1, NMJK, I)
CALL MATCAR(S,Q,EE, 4,5, 1)
J=11

DO 213 I1I=1,N-4

J=J+3

CALL MATCAR(EE,SFF,E,1,11,1I1)
J=J+11

DO 213 JJIK=1,16

UCT, JIK)=E (11, JIK)

IF(N.ER.S) GD TO 222
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CALL MATCAR(S, &, FK,5,6,1)
CALL MATCAR(FK,T,U,1,6,21)
222 DO €666 I=1,N
666 KI(I)=0
KI(1)=1
DO 667 I=1,N-1
667 KI(I+1)=I+KI(I)+1
IF(TT.NE.0.) GO TO 302
WRITE(3, %) *KI", (KI(IT),IT=1,N)
302 DO 668 I=1,KI(N)
668 CALL TRANS(U, U1, I)
IF(N.EQ. 1) GO TO 555
DO 445 ISAY=1,N-1
IJF1=KI(ISAY)+1
IJF2=KI(ISAY+1)
ISAY1=ISAY+1
DO 445 IJF=1JF1, 1JF2

445 CALL MATCAR(U, ATT, UJ, 1JF, ISAY1, 1JF)
1US=1
DO 446 ISAY=1,N-1
IJF1=KI(ISAY)+1
IJF2=KI(ISAY+1)
DO 446 IJF=IJF1, 1JF2
IKF=IJF1-1
456 IUS=IUS+1
IKF=IKF+1
IF (IKF.GT. IJF2) GO TO 443
IF(IJF.LT. IKF) GO TO 456
CALL MATC1 (UJ, U1, UKU, 1JF, IKF, 1US)
CALL TRACE (UKU, UKK, IUS)
GO TO 456
443 TUS=IUS-1
446 CONTINUE
555 CALL MATCAR(U, ATT,UJ, 1,1, 1)
CALL MATC1 (UJ,U1,UKU, 1,1, 1)
CALL TRACE (UKU, UKK, 1)



KK (1)=1
DO 457 JI=1,N-1
KN=JI#J1

457 KKA(JI+1)=KN+KK (JI)

CALL JAC (N, XX)
CALL GMPRD (HJACT, HIAC, DJT, N, 3, N)
DO 458 MS=1,N
DD 458 NS=1,N
58 DDD (MS, NS) =0.
DO 459 MS=1,N
DO 459 KS=MS,N
DO 459 IS=KS,N
JIS=KK (I5) +IS* (KS—1) +MS—1
DDD (MS, KS) =DDD (MS, KS) +UKK ( JJS)
459 DDD(KS, MS) =DDD (MS, KS)
CALL H{XX, CHD, HH, N, TT)

B

CALL SLM(FLM, TT)
KO=0
CTY=0. 00005
DD 449 10=i,N
DO 449 JO=1,N
KO=KO+1
D@ (KD) =DDD (JO, 10)+DJT (KO) *FLM
IF (ABS (DR (K0)Y).LT.CTY) DR(KD)=0.
449 CONTINUE
CALL MINV (D@, N, OR, LRS, MRS)
CALL ' GMPRD (SJACT, TMOM, TOJ, N, 6, 1)
DO S IUD=1,N
FF1 (1U0) =TO(IUD)—HH (IUD) —CHD ( IUD) —~TOJ ¢ 1UD)
CALL GMPRD (D@, FF1,FD@, N, N, 1)
DO 6 IUD=1,N
YY (IUD) =X X (TUD+N)
& YY (IUD+N)=FDR(IUD)
RETURN
END

]



SUBROUTINE H (XX, CHD, HH, N, TT)
DIMENSION GQA(21,16),AS(16),01(16),82(16),51 (16), G (4)

DIMENSION CCS({16),BBS{16),AR(16),ABB(16),AC(16),UTA(1E), XX(12)
DIMENSION KU(6),HHH(B,6),URJT (91, 16),UALT(I1, 16), HKK(I1) , HH(6)
DIMENSION UC(16),UCG(16),KM(E),RM{4),CHD(6),CDH (1), B3(16)
DIMENSION GM(21, 16),GM(3), GMF (6),5IS(6),HTX(E), DXM(6) , HHIC (36)
COMMON/HH/ UA (91, 16)

COMMON/JA/ GFAK (6)

COMMON/AS/ HTJAC(18)

COMMON/AC/ HJIACT (18), SJAC(36) , STACT(36) , HIAC (18)

COMMON/TUR/ V1 (&), V2(&)

COMMON/AL/ ATT(21, 16),FKUT(6), RMF (6, 4) , B(21, 16)

COMMON/AZ2/ T(21,16),5(21, 16),U(21, 16),F (21, 16)

COMMON/A3/ KI(8),UL (21, 16),KK(E), SF (21, 18), 8SF (21, 16), SFF (21, 16)
DATA G/0.,0.,-9.81,0./ ’

MM=0

DD 573 IH=1,N

DD 574 KH=1,N
DO 572 JH=1,N
IF(IH.LT.KH) GO TO 573
IF(IH.LT.JH) GO TO 574
MM=Mp-+ 1
IF (KH.LT.JH) GO TO 572
T IKH=TH+JH+KH
IF (IJKH.GT.3) GO TO 581
DO 99 IDW=1, 1E
99 @M(1, IDW) =R (1, IDW)
CALL MATCAR(Q,Q,0A,1,1,1)
DO 1 Iv=1,16
S1(IVI=5(1, IV
1 @L(IVI=BA(L, IV)
CALL GMPRD(S1,Q1,UTA, 4, 4, 4)
DO 2 Iv=1,16
2 UA (MM, IV)=UTA(IV)
60 TO S7&
581 IF(KH.GT.1) GO TO 591
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DO 12 IFM=1,16
AS (IFM) =0.

DO 590 IFM=1,16,5

AS (IFM)=1.

IF(JH.BT. 1) 60 TO 591

DO 593 I=1,16
CCS(I)=5(IH, I)

DO 974 IKF=1, 16

B2 (IKF) =R (1, IKF)

Q1 (IKF)Y=Q (1, IKF)

CALL GMPRD(Q1, 02, G3, 4, 4, 4)
CALL GMPRD(CCS, B3, UTA, 4, 4, 4)
DO 3 IV=1,16

UA (MM, IV)=UTA(IV)

GO TO 572

IF(KH.ER. JH) B0 TO 350
IF(JH.GT.1) GO TO 342

DO 341 IMH=1,16

BBS (IMH) =G { (KH—-1) , IMH)

60 TO 575

IF(JH.GT.2) GO TO 343

DD 344 IMH=1,16"

BBS (IMH) =F ( (KH-2), IMH)

60 TO 576

CIF(IH.GT. 3) GO TO 345

DO 346 IMH=1, 16
BBS ( IMH) =SF ( (KH-3) , IMH)
60 TO 576

IF(JH.GT.4) GO TO 347
DO 348 IMH=1,16

BBS (IMH) =SSF ( (KH—4) , IMH)
60 TO S76

IF(JH.6T.5) 60 TO 350
DO 349 IMH=1,16

BBS ( IMH) =SFF ( (KH-5) , IMH)
60 TO S75



17

576

744

275

602

&01

&12

DO 13 IX=1,16
BBS (IX)=0.

DO 17 IFM=1,16,5

BBS (IFM)=1.

DD 744 IHM=1,16

AS (IHM) =5 { {JH—1) , IHM)

IF (KH. GT.2) GO TO 601

DO 602 IHM=1,16

CCS (IHM) =F ( (IH-1) , IHM)

GO TO 671

IF (KH. GT. 3) 60 TO 611

DO 612 IHM=1,16

£CS (IHM) =SF ((IH-2) , IHM)

G0 TO 671

IF (KH. 6T. 4)G0 TO 621

DO 622 IHM=1, 16

CCS ( IHM) =6SF ( ( IH—3) ; IHM)

60 TO 671

IF (KH. GT.S) 60 TO 631

DO 632 IHM=1,16

CCS ( IHM) =SFF ¢ (IH-4) , IHM)

60 TO 671 ’

DO 633 IHM=1,16

CCS (IHM) =T (6, THM)

DO 5 IV=1,16

B1 (IV) =R (JH, IV)

CALL GMPRD (@1, AS, AR, 4, 4, 4)
CALL GMPRD (BBS, AQ, AGB, 4, 4, 4)
DO & IV=1,16

G2 (1V) =0 (KH, IV)

CALL GMPRD (CCS, B2, GC, 4, 4, 4)
CALL GMPRD (GC, ARB, UTA, 4, 4, 4)
DO 7 IV=1,16

uA (MM, 1Y) =UTA(IV)



572 CONTINUE
574 CONTINUE
573 CONTINUE

DO 851 IHS=1,N
KU (ITHS) =K I (IHS)
IF(IHS.ER.N) GO TO 10
DO 801 I=IHS,N-1
801 KU(I+1)=KU(I)+I*I
10 CONTINUE
DO 802 MS=1,N
DO 802 NS=1,N
802 HHH (MS, NS)=0.
DO 803 MS=1,N
DO 803 KS=MS,N
DD 804 IS=KS,N
IF(IS.LT. IHS) GO TO 804
JIS=KK (IS)+IE% (KS—1) +MS—1
CALL MATC(UA, ATT, UAJ, JJS, 1S, JJS)
CALL MATC(URJ, U1, UALJ, JJIS, KU(IS), JIS)
CALL TRACE (UA1J, HKK, JIS)
HHH (MS, KS) =HHH (M5, KS) +HKK (JJS)
HHH (KS, MS) =HHH (MS, KS)
804 CONTINUE
803 CONTINUE
HH (IHS) =0.
DO 851 KHK=1,N
DO 851 MHM=1,N
51 HH (IHS) =HH (IHS) +HHH (KHK, MHM) #XX (KHK+N) #XX (MHM+N)

m

CALL SLM(FLM, TT)
DO 1011 IV=1,N

1011 DXM(IV)=FLM%XX(IV+N)
CALL SIGN(XX,SIS,N)
CALL GMPRD(HJACT, HTJAC, HHJC, N, 3, N)
CALL GMPRD (HHJIC, DXM, HTX, N, N, 1)
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DO 1020 IV=1,N
1020 HH(IVI=HH (IV) +HTX (IV)+V1 (IV) XX (IV+N) +VZ(IV) #5IS5(1V)
DO &51 ICG=1,N
KM (ICB) =KI (1CB)
IF (ICG.ER.N) GO TO 29
DO 252 1GC=ICE, N-1
252 KM(IGC+1)=KM(IGC)+IGC
29 CONTINUE
CHD (ICB) =0.
DO £51 JCG=ICG, N
CALL DIZME (U, UC, KM (JCE))
CALL GMPRD(UC, G, UCG, 4, 4, 1)
DO 119 ISE=1,4
119 RM(ISE)=RMF (JCEB, ISE)
CALL GMPRD (RM, UCG, CDH, 1, 4, 1)
251 CHD (ICG)=CHD(ICG) -FKUT (JCG) *CDH (1)
DO 60 IFKC=1,3
60 GM(IFKC)=—6(IFKC)
CALL GMPRD(HJACT, GM, GMF, N, 3, 1)
DO 1021 IV=1,N
1021 CHD(IV)=CHD(IV)+FLM*GMF (IV)
IF(TT.NE.0.) GO TO 11
WRITE (%, %) CHD{(1),CHD(2),CHD(3)
11 RETURN
END

SUBROUTINE RUNGE(TT, DT, NEG, XX, N)
DIMENSION YI(12),YJ(12),YK(12),YL(12),UU12), XX(12),00(12)
COMMON/P2/ XM(6),YM(E), ZM(B) ,CL{(6),CD{B), ALF (), TETO(E)
COMMON/ADGE/ TO(E)
COMMON/AL1/ ATT(21, 16), FKUT(6), RMF (6, 4), R(21, 16)
COMMON/JAR/ QFAK(E)
COMMON/TUR/ V1(6), V2(6)
COMMON/TM/ THMOM(6)
DO 10 IM=1,NEQ

10 UUCIM)=XX (IM)
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CALL FTN(XX,00,NEG, TT, N}
DO 20 IM=1,NER

YI (IM)=00(IM)*DT

XX CIM)=UU(IMI+YI(IM) /2.0
TT=TT+DT/2.0

CALL FTN(XX,00,NEG, TT, N}
DO 30 IM=1,NEQ

YJ (IM) =00 (1M) *DT

XX CIM) =UU (IM) +YJ(IM) /2.0
CALL FTN(XX, 00, NEQ, TT, N)
DO 40 IM=1,NEQ

YK (1M) =00 (IM) *DT

XX CIM) =UL CIM) +YK {IM)
TT=TT+DT/2.0

CALL FTN(XX,00,NEG, TT,N)
DO S0 IM=1,NEQ

YL (IM)=00(IM)*DT

XX CIM)Y=UU (IM) + (YT (IM) +2. Ox YT (IM) +2. O%YK (IM) +YL (IM) ) /6.0
CALL MOM(TMOM, TT)

RETURN

END

SUBROUTINE MINV(RA;N,D,L,M)
DIMENSION A(1),E (1) ,HM(1)
D=1.0

DO 80 K=1,N
NK=NK-+N

L (K) =K

M (K) =K
KK=NK+K
BIGA=A (KK)
DO 20 J=K,N
IZ=N%(J-1)
DD 20 I=K,N
1J=IZ+1
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IF( ABS(BIGA)- ARS(A(1J))) 15,20,20
BIGA=A(1J)

LK) =T

MK)=J

CONTINUE

J=L (K}

IF (J-K) 35,35,25
KI=K-N

PO 30 I=1,N
KI=KI+N

HOLD=-A (K1)
JI=KI-K+J
AKII=A(II)
A(JII)=HOLD
I=M(K)

IF(1-K) 45,45, 38
JP=N%(I-1)

DD 40 J=1,N
JK=NK+J

JI=JP+J

HOLD=—A (JK)
ACTKI=A(JI)
A(JI)=HOLD
IF(BIGA) 48, 46,48
D=0.0

RETURN

DO S5 I=1,N
IF(I-K) 50,55, S50
IK=NK+I
ACIK)=A(IK) / (-BIGA)
CONT INUE

DO 65 I=1,N
IK=NK+I
HOLD=A{ IK)
I1J=I-N
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DO €5 J=1,N
IJ=1J+N

IF(I-K) 60, 65,60

IF (J-K) 62,65, 62
KI=1J-I+K
ACIJ)=HOLD*A(KJ)+A(1J)
CONTINUE

KJ=K-N

DO 75 J=1,N

KI=KJ+N

IF(J-K) 70,75,70
A(KI)=A(KJ) /BIGA

CONTINUE
D=D*BIGA
AKK) =1. O/BIGA
CONTINUE

K=N

K=(K~-1)

IF(K) 150, 150, 105
I=L (K)

IF (I-K) 120, 120, 108
JO=N* (K—1) ‘
JR=N#(I~1)

DO 110 J=1,N
JK=JQ+J

HOLD=A {JK)

JI=JR+J
ACIKI=—ALID)
A(JI)=HOLD

J=M(K)

IF (J-K) 100, 100, 185
KI=K-N

DO 130 I=1,N
KI=KI+N

HOLD=A (K1)

JI=KI-K+J
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AKI)=—A(II)
A(JI)=HOLD
GO0 TO 100
RETURN

END

SUBRDUTINE INTEG(A,B,DT,N)
DIMENSION A(36,2),B(36)

BO 1 I=1,N*N
B(I)=((A(I,2)+A(I, 1)) %0, 5) xDT
RETURN

END

SUBROUTINE GMCAR(A, B, C, D, N)
DIMENSION F(&),A(36,8),B(6,2),C(6),D(6),E(36)
10=0

DO 10 I=1,N

DO 10 J=1,N

10=10+1

E(I0)=A(10,2)

DO 30 II1=1,N

FC(II1)=B(II1,2)

CALL GMPRD(E,F, D,N,N, 1)

DO 20 I=1,N

D(I)=C(I)+D(I)

RETURN

END

SUBROUTINE SIGN(A,B,N)
DIMENSION R(12),B(6)
I=0

J=N—-1

I=1+1

J=J+1

IF(R(J).NE.O.) GO TO 1
B(I)=0.



IF(I.EQ.N) GO TO 3
60 TO 2

B(I)=A(J) /ABS(ALI))
IF(I.LT.N) GO TO 2
RETURN

END

SUBROUTINE ATALET(ATA,F1,F2,F3,F18,F13, F£3, XM, YM, ZM, FKUT, I}
DIMENSION F1(6),F2(6),F3(6),F12(6),F13(6),F23(6),ATAL4, &)
DIMENSION XM(E), YM(E), ZM(6), FKUT (&)
ATA(L, 1)=0.5%(F2(I)-F1 (1) +F3(1) ) *FKUT (I}
ATA(1, 2)=F12 (1) #FKUT (1)
ATA(1, 3)=F13 (1) *FKUT(I)

ATA (1, 4)=XM (1) *FKUT (1)

ATAR(Z, 1)=FKUT (1) *F12(I)

ATA(2, 2)=0. S*FKUT(I) * (F1 (1) —F2(I)+F3(1))
ATA (2, 3)=F23 (1) *FKUT(I)

ATAZ, 4)=YM(I) *FKUT (1)

ATA(3, 1)=F13 (1) *FKUT(I)
ATA(3, 2) =F23 (1) *FKUT(I)

ATA(3, 3)=0.5¥FKUT(D) * (F1 (1) +F2 (1) —F3(1))
ATA (3, 4) =ZM (1) *FKUT (1)

ATAR 4, 1) =ATA(L, 4)

ATA (4, 2) =ATA(Z, 4)

ATA (4, 3)=ATA(3, 4)

ATA (4, 4) =FKUT (1)

RETURN

END
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SUBROUTINE TUREV (R, J, BFAK)
DIMENSION Q(&£1,16), BFAK(6)
DO 1 1I@=1,16

2¢J0Q, 118)=0.
IF(QFAK(J).ER. 1) GO TO 2

B(JG, 12)=1.
GO TO 3
2(JR, 2)=-1.
gJE, S5)=1.
RETURN

END

SUBROUTINE MATRIS(A,CL,CD,ALF, TET, IY, TETO)
DIMENSION A(4,4),CL{6),CD(6),RLF(6), TET(6), TETO(E)

A1, 1)=COS(TET(IY))*COS(TETO(IY) )—SINC(TET(IY))*SIN(TETO(IY))
AL, 2)=—COS(ALF (IY) ) *SIN(TET(IY) ) *COS(TETO(IY))
A(1,2)=A(1,2)-COS(TET(IY) ) *SIN(TETO(IY) ) *COS(ALF(IY))

A1, 3)=SIN(ALF (IY) ) *SIN(TET(IY))*COS(TETO(IY))

A1, 3)=A(1, 3)+COS(TET(IY) ) *SIN(TETO(IY) ) *SIN(ALF (IY))
A(1,4)=CL(IY)*COS(TET(IY))

A(2, 1)=SIN(TET(IY))*COS(TETO (1Y) }+COS(TET(IY) ) *SIN(TETO(IY))
A(2, 2)=COS(ALF (1Y) ) *COS (TET (1Y) ) *COS (TETO(IY))

A(2, 8)=A(Z, 2) -SIN(TET (1Y) ) *SIN(TETO (1Y) ) *COS (ALF (1Y) )

A(2, 3)=—-SIN(ALF{IY))*COS(TET(IY))*COS(TETO(IY))

A2, 3)=A(2, 3)+SIN(TET(IY) ) xSIN(TETO(IY) ) *SIN(ALF (IY))
A(2,4)=CL(IY)*SIN(TET(IY))

A(3, 1)=0.

A4, 1)=0.

A4, 2)=0.

A4, 3)=0.

A4, 4)=1.

A(3,2)=SIN(ALF(IY))

A(3, 3)=COS(ALF(IY))

A3, 4)=CD(IY)

RETURN

END
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SUBROUTINE DIZME(BDI,ADI, IDI)
DIMENSION ADI(16),BDI{21, 16)
DO 300 KDI=1, 16

ADI (KD1)=BDI(IDI,KDI)

RETURN

END

SUBROUTINE MATCAR(CA, DA, SA, IAC, JAC, NMK)
DIMENSION CA{(21, 16),DR(21, 16),S5A(S1, 16),EA(16),FA(IE),GR(1E)
CALL DIZME(CA, EA, IAC)

CALL DIZME (DA, FA, JAC)

CALL BMERD(FA, ER, GA, &4, &4, 4)

CALL TDIZME (GA, SA, NMK)

RETURN

END

SUBROUTINE MATC1(CA, DA, SA, IAC, JAC, NMK)
DIMENSION CAR(21,16),DA(21, 16),5A(91, 16),EA(16),FA(16),GR(1E)
CALL DIZME(CA, EA, IAC)

CALL DIZME (DA, FA, JAC)

CALL GMERD (FA, EA, GA, 4, 4, 4)

CALL TDIZ1(GA, SA, NMK)

RETURN

END

SUBROUTINE MATC (CA, DA, SA, IAC, JAC, NMK)
DIMENSION CA(91,16),DA(21,16),SR(91,16),EA(16),FA(1E6),BR(1E)
DO 4 IFS=1,16

EA(IFS)=CA(IAC, IFS)

CALL DIZME (DA, FA, JAC)

CALL GMPRD (FA, ER, GA, 4, 4,4)

CALL TDIZ1 (GA, SA, NMK)

RETURN

END
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SUBROUTINE TDIZME (AFK, BFK, IAB)
DIMENSION AFK{16),BFK(21,16)
DO 301 KAB=1i, 16 '

BFK (IAB, KAB) =AFK (KAR)

RETURN

END

SUBROUTINE TDIZ1 (AFK, BFK, IAB)
DIMENSION AFK(16),BFK(91,16)
pg 301 KABR=1, 16
BFK(IQB;KRB)=QFH(KQB)

RETURN

END

SUBROUTINE TRACE (ATE, BTE, ITE)
DIMENSION ATE(31, 16),BTE(91),CTE(16)
DO 9 1JBK=1,16
CTE(IJGR)Y=ATE(I1TE, 1JGK)

BTE(ITE)=0.

DO 8 IITC=1,16,5
BTE(ITE)=BTE(ITE)+CTE(IITC)

RETURN '

END

SUBROUTINE TRANS(ATR, BTR, ITR)
DIMENSION ATR(21,16),BTR(21,16),CTR{16),DTR(16)
CALL DIZME(ATR,CTR, ITR)

I1R=—4%

1JRA=0

DO 9 JJRA=1,4

I1R=T1R+1

I1RA=I1R

DO 9 1IRA=1,4

IJRA=IJRA+1

I1RA=11RA+4
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DTR{IJRA)=CTR(I11RA)

cALL TDIZME(DTR,BTR, ITR)
RETURN

END

SUBROUTINE CARPIM(ACA, BCA, IC1, NMJK, ICA)
DIMENSION ACA(21,16),BCA(21,16),CCA(16),DCA(IE) ,ECA(LE)
CALL DIZME (ACA, CCA, NMJIK)

CALL DIZME(BCA, DCA, IC1)

CALL GMFRD(CCA, DCA, ECA, 4, 4, 4)

CALL TDIZME(ECA, BCR, ICAR)

RETURN

END

SUBRDUTINE GMPRD{(A,B, R, N, M, L)}
DIMENSION A(1),B{(1),R(1)
IR=0

IK=-M

DD 10 K=1,L

IK=IK+M

DO 10 J=i,N

IR=IR+1

JI=J-N

IB=IK

R{IR)=0

DO 10 I=1,M

JI=JI+N

IB=1IB+1

IF(A(JI).EG.0.) GO TO 10
IF(B{IB).ER.Q.) GO TO 10
RUIR)=R(IRY+A(JI)*B(IB)
CONTINUE

RETURN

END
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SUBROUTINE JAC (N, XX)
DIMENSION BVEC (6, 3),KSAY (6),DJIAC(6, 3), XX (12) ,NFN(6) , KMK (6) , KF (&)
COMMON/AC/ HJACT (18) , STAC(36), STACT (36) , HIAC(18)
COMMON/AS/ HTJIAC (18)
COMMON/JA/ QFAK (6)
COMMON/AZ/ T(21,16),5(21,16),U(21, 16),F (21, 16)
COMMON/HH/ UA(91, 16)
DT=0.002
BVEC(1, 1)=0.
BVEC (1, 2) =0.
BVEC(1, 3)=1.
DO 1001 IVEC=2,N
DO 1001 JVEC=1,3
IVEC1=IVEC-1
JVEC1=4%JVEC—1
IF(GFAK (IVEC).NE.O.) GO TO 1002
BVEC ( IVEC, JVEC) =0.
GO TO 1001
1002 BVEC{IVEC, JVEC)=S(IVEC1, JVEC1)
1001 CONTINUE
KSAY (1) =1
DO 1003 IVEC=1,N-1
1003 KSAY (IVEC+1)=KSAY (IVEC) +IVEC
DO 1004 IVEC=1,N
KKSA=KSAY (N) +IVEC—1
DO 1004 JVEC=1,3
JVEC1=4*JVEC
1004 DJAC (IVEC, JVEC) =U (KKSA, JVEC1)
DO 1006 IVC=1,N
DO 1006 JYC=1,3
IVi=JVC+6%(IVC—1)
SJAC (IV1)=DJAC(IVC, JVC)
SJAC (IV1+3) =BVEC (IVC, JVC)
JV1=JVC+3%(IYC-1)
1006 HJAC(JV1)=DJAC(IVC, JVC)
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DO 1007 IVC=1,6
DO 1007 JVC=1,N
JU1=IVC+E* (JVC—1)
IVi=JVC+N* (IVC—-1)
SJACT (IV1)=SJAC(JV1)
DO 1008 IVC=1,3

DO 1008 JVC=1,N
JU1=IVC+3* (JVC—-1)
IV1=JVC+N% (IVC-1)
HJACT (IV1)=HJAC(JV1)
KMK (1) =1

DO 9 I=1,N-1

KMK (T+1)=KMK (1) + 1%
DO 7 I=1,N

KF (1) =KMK (N) +N* (I-1)
DO 17 M=N,1,-1

PO 12 I=1,M

NFN (1) =KF (M) +I-1
IF(M.EQ.N) GO TO 15
DO 14 NM=M+1,N

NFN (NM) =NFN (NM—1) +N
CONT INUE '

DO 13 J=1,3

DO 13 K=1,N

HTJAC ¢ (M—1) *3+J) =UA (NFN (K) , 4%J) XX (N+K) +HTJAC ( (M—1) *3+J)
CONTINUE

RETURN

END

SUBROUTINE REF (T, NSTEF, H, N, XREF, HREF, HIREF)
DIMENSION XREF (6, 2),HREF (6, 2),HIREF (6, 2)

XREF (1, 2)=1.5708%0, 5% (1. +6. *EXP (~T/0. 6) —8. *EXF{-T/0. 8) )
XREF (2, 2) =XREF (1, 2)

HREF (1, 2)=1.5708%0. 5% (10. *EXP (-T/0. 8} ~10. *EXP(-T/0.6))

HREF (2, 2)=HREF (1, 2)
HIREF (1,2)=150.708% ({10. /6. ) *EXP(-T/0.6)-1. 25%EXP(-T/0. 8))



HIREF (2, 2) =HIREF (1, 2)
XREF (3, 2)=0.5
HREF (3, 2)=0.
HIREF (3, 2) =0.

RETURN

END

SUBROUTINE SLM(FLM,TT)
FLM=10.

RETURN

END

SUBROUTINE MOM(TM, TT)
DIMENSION TM(E)
TM{1)=0.

TH(2) =0,

TM(3)=0.

TM{4)=0.

TM(S5)=0.

TM{E)=0.

RETURN

END
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Sekil B.1 FRobot UHzerinde Denavit-Hartenberg

parametrelerinin gésterimi



Tablo B.1 Denavit-Har tenber g Parametreleri
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1 14 -90 0 ei
(4] +90 0. 21 ea }
|
3 0 (4] cl3 1 ] (

Tablo B.2 FRobotun fiziksel parametreleri
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