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ABSTRACT

The computer-aided automated design (CAD) System with some new
original methods of synthesis of adaptive control system and
Tormulated regulations for choosing these methods in dependance
on  the features and requirements to the manipulator to be
designed are considered in this baper. The beculiarity is that
with the help of CAD system it is possible to fast choose one
method or many methods of designing and to synthesize regulators,
snsuring the given dynamic accuracy of control at g given
velocity and trajectory of manipulators movement by using the
simpiest ones with the aim to put into practice arrangements or
algorithms of control. The results of the usage of the system
developed confirmed its high effectiveness in designing arbitrary
manipulation systems.

1. INTRODUCTION

To raise manipulated robot productivity or to use them in performing
operations on speedy production lines it is necessary to develop such

rol at significant influences between manipulator degrees of freedom. At
bresent there are different ways of synthesis of adaptive control Systems,
permitting to solve the problem mentioned above, however, all or them
DOssess different broperties, different labour—oonsuming nature, but regu-
lators of different practical realization complexity ocan be synthesized
with their help. As a result, designer has 5 problem of choosing a method
of synthesis, that, depending on manipulator configuration, its velocity
movement, the type of the actuator used, requirements to the transient
process quality and others, permits to synthesize such types of regulators
that could ensure the definite (high) accuracy or dynamic control angd

This problem can be solved with the help CAD System. To increase
velocity and to 8implify the solution of the problem mentioned above with
the help this system, as well as to carry on research on the manipulators
designed in their Standard regimes of WOTk the developed CAD system has
effective algorithms in solving direct angdg inverse dynamic broblems,

use of new recursive for simplifying the calculation brocesses permits to
oconsiderably reduce computational complexity while solving those broblems.

At first, in this baper a generalized approach to the synthesis and
new original methods of synthesis of adaptive ocontrol systems are



considered. This approach iz the basis for working out CAD system
mantioned.
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2. THE CHOICE OF WAYS 70 SOLVE SYNTHESIS PROBLEM

The researches carried out showed, that at present time there is not
any universal approach, that could give a possibility to synthesize effec—
tive, but rather easy realized control systems for any manipulator struc-—
tures. Probably, in designing manipulation systems (MS) it is expedient to
have @& number of methods, each of them ensuring the synthesis of effective
regulators for definite class or for even definite degrees of freedom of
MS.

The analysis done showed that for control of MS is petter to use
algorithms for constructing adaptive systems (AS) with the open 100p of
gelf-adapting. They are effective for synthesis of control systems with
the fast change of parameters and realized with the help of rather simple
technical means, however, it requlres information about all current
parameters of the objects controlled.

A generalized goheme of suggested ways for solving the problem of
control manipulator sythesis 1is represented in Pig.l. Here Pi are the ge—

neralized forces (driving torques) acting on the {-th degrees of freedom;

Htt’ hi, Qt are inertial, speedy and gravitational constituents, accor—

dinglys M{ is the action of external perturbation, being not a function of
the coordinate q, snd its derivatives; Fi(qi) is nonlinear constituent P{;
qi, a, are the velocity and acceleration of the generalized coordinate d,;»
accordingly; ¢ is the number of the generalized coordinate.

" On the basis of that scheme one of the approaches to regulator

synthesis, meeting all the requirements of dynamic accuracy and quick-
response with the aid of easy realized AS, 1is chosen. However, this



choice depends on requirements to control dynamic accuracy and
peculiarities of actuators used, interaction moment types between the
degrees of freedom and velocities of their parameter changes, as well as
transient process desired.

In developing AS synthesis methods the decomposition principle known
was used. Due to this principle the complex MS was decomposed into several
local subsystems (separate asctuators), for which the regulator synthesis
was realized. However, a complete or at least dominating interaction
between all the degrees of freedom was kept and taken into account. That
decentralization allows to significantly simplify the regulator structure
and to keep the high control performance effect.

To simplify the form Pi’ and, therefore, to synthesize AS, where it

is possible, 1t is necessary to ochoose either kinematic schemes of M3, or
with the nelp of automatic mechanical devices to realize a dynamic decoup—
ling of its degrees of freedom. Several methods of automatic mechanical
arrangement constructions are considered in this paper. They secure dyna-
mic decoupling actuators of M5. As a result, in robot actuators the change
of inertia moments and external moments in the function of load gripped
mass mg takes place only. In that case Pi takes the simplest form
o
Pi = Hii 4, s Mi'

In dependance on peculiarities of MS and the type Pi in synthesizing

AS two approaches to be appliedare are offered.

The first approach is, that, fiprst of all, with the use of adaptive
sorrection all the parameters of NS actuators are stabilized at the
nominal level. Then, using the known methods, stationary regulators,
securing the given accuracy for the actuators with the parameters having
been stabilized before, are synthesized.

The second approach does not mean the preliminary stabilization of
robot actuztor parameters at the nominal level, and allows to elaborate
regulators taking into account all current changes of those parameters. In
Fig.1 two different versions of that approach are considered.

The first version is based on the security of invariant property to
the changeable parameters of load. This property is ensured by means of
construction AS with variable structure, in which the sliding regimes with
maximum possible velocity for the ourrent parameters of the load appears.
Thus, the monotonous character of the transient processes ie ensured. The
second variant is based on the assumption, that when MS moves, the control
object parameters are quasi-stationary. In this ecase for all possible
sombination of changeable parameters of actuator load at the design stage
the synthesis and aomputer storage of AS parameters are realized, that
ohange in further changing of load parameters.

The mentioned approaches will be considered below.

3 METHODS OF SYNTHESIS OF ADAPTIVE CONTROL SYSTEMS

‘\..l)
.
s

Synthesis of Adaptive Control Systems,
Stabilizing Actuator Parameters at Nominal Level

The paper presents 1two methods of adaptive control synthesis,
stabilizing actuator parameters. The first method 1is TDbased on
stabilization of transfer function parameters, while another c¢cne - oOn
stabilization of differential equation parameters deseribing the actuators
of corresponding degrees of freedom of MS (see Fig.1).

In using the first method the hypothesis about quasi-stationary
parameters of actuators is assumed. That enable to use the traditional
transfer functions. In this ocase at the process of synthesis of AS the
conception of compensation of pole parameter being changed by means of



adjustment of "mobile" null parameter is used.

By introducting an adaptive corrective element with the transfer
function Wk(s) into the direct servodrive branch with essentially variable
parameters and transfer function Wp(s), the transfer function of the
adaptive servodrive takes the form

K

W _(s) =W ()W (s) =
g i (T,5+1) (Tys+1)

where k=const, T1=oonst, T, =const.

The paper presents the transfer functions obtained and on their basis
structural schemes of adaptive correcting elements (ACE) are created for
various d.c. electro-drives. The transfer function image and corresponding
ACE are also shown here, as well as their practical realization. All these
significantly depend on the value of electric time constant.

For example, when (H*+J)R2(h*+kv)L, T >>L/R,

\(: \‘\qi the transfer function of ACE for robot turn drive,
¢ kinematic scheme of which is in TFig.2, ocan be
written in the form
% ;

1 (Tms+l)
q W (s) = ‘ s (1)

2 + k _k (T, 5+1)

w i
/7}7 where T = (H'+J)R / [(h"+k_)R + k X 13

k_=k /[(h*+K_)R+k k_1; h* =h,/i%; H*=H, /i%; J is
P m v m w tar t1"
inertia moment of engine rotor and rotating parts
of reductor; R, L are the active resistance and
Inductivity,accordingly; kw, km are coefficients of counter-electromotor

AN
Fig.2 Kinematic scheme
of robot

force end torque, accordingly; kv is the viscouz frietizn coefficient: ir
is the reducing ratio of reductor.

) £ The numbers 1 and 2 in Pig.3

zad stand for the errors ¢ of the

0.1 + servoactuator of the turning ( see

Fig.2) respectively without adapta-

005 L tion and with the developed ACE (1),

4 when q, and q., coordinates have been
0.0 i, ¥ changed according to the laws

_0.0§ q1:0.5(1—oos(4t?), 2)

T q3=0.25(1—oos(1bt)).
04 From Fig.3 you can see, that the de-
n ) veloped ACE enables to considerably

inorease dynamic accuracy of actua-
tors by the significant interactions
between degrees of freedom.

If the velocity of the gripper movement increases ( becomes more than
1.5-2 m/s), then the transfer function will not ensure the required
dynamic accuracy. In this case, to keep the required control guality is
better to use the second method, that allows to stabilize the differential
equation coefficients.

That is, the task is to choose such control law Uk’ for which the

Fig.3 Errors of rotation
servoactuators

differential equation with variable parameters, for example, for
rotational servoactuator of robot (see Fig.2)
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transforms into = differential equation with constant desired parameters
in the form

Wle: o b b et
er'q7 3 % '1r'q7 * kw'lr'qi . kuU’
m m

where k  is the coefficient of the power amplifier; Mf is a dry friction
t; U, U are signals at exit and input ACE, acecordingly.
Such control law has the form

2] * 1 ( (h™+k 1+ ’:*]
LR k) kel peg]| R4k )+18 ; R B
et i g, +|—|1- + i g,+ M_+ e (3
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Control law (3) differs from ACE (1) because it Stabilizes precisely
dynamic properties
curve 3 in Fig.3).

After the stabilization of actuator manirulator Parameters at nominal
level one may use various stationary correcting elements (SCE) with the
purpose o further increase the dynamic = control acouracy. The
peculiarities of SCE introduction are considered with the use of ACE.

’ . 1 N . 3 X
01 arivers at any veloecity of changing h™ and H (see

3.2 Synthesis of Adaptive System with Variable Structure

In this chapter the problem of ACE synthesis is solved. Those AQE
don't allow to have overshoot at MS. In contrast to traditional approach,
this paper considers AS with variable structure (ASVS), providing robot
drives maximum fast action (in sliding regime) taking into account current
values of Ionad barameters. The idea of self-adaptation is that, when
changing the parameters of actuators one need to change the position of
switching hypersurface with the purpose of securing both the sliding
regime and maximum fast action. There were attempts of creating ASVS
before, however, the current information about system Parameters have not
been used. As a result, synthesized regulators proved to be either rather
complicated or less effective.

This paper presents a new method of constructing ASVS of different
types. They are designed for various operation regimes of MS. The
structure complexity of ASVS being created depends on the complexity of
equations, which are used to describe electrodrives, on type of moment
influence, as well as, permissible value of linear =zone of power
amplifier.

For robot turn drive (see Fig.2) adaptive control law has the form
(I=0)

(X3

U =CIE[+k M, | +k | q}+ad} | )sign(s), (4)

0

where &=q"-q ; g%, " are the desired values of coordinates ¢ and q , ac-
P h 1 1
cordingly; S=(qf—q7)+o(q;—q7); c=var.; as=(k k + R(kv+h*)J[R(J+H*)J L
For meeting requirements of existence of the sliding regime in the
ASVS it is necessary to fulfil the correlations



4—cP+ac = k k _[Ri (g+E*) 17" -sign(s-€),
IR = (5)
i S T 2 * -1
kS>R(hukm; : kg = er(J+H )(kmku)
Mathematical simulation showed that by introducing adaptation it 1s

possible 10 sonsiderable inocrease fast action of drive ~2 times (in sli-
ding regime). In this case it is nod required to ensure preliminary stabi-
lization of their dynamic properties, that enable maximum usage of energe-

tic capacity of engines with the purpose to increase fast action of MS.

3.3 Synthesis of Adaptive Control Systems According to Quadratic
¢criterion of Quality without Preliminary Parameter gtabilization

This approach is an approximate one, however, it 1is well used for ge-
neral (complex) form Pi’ as well as for robot drives, which are described

with the help of non-linear differential equations apove of the third or-
der. In this ocase, the use of the methods, considered above, regulted in
sonsiderable structure complication and realization of ACE. The method
suggested allows to take into account all basic non-linearities P,.

The researches carried out showed, that d.c. electro—drives of any
degrees of freedom of any manipulators taking into account or not gaps and
tensions can be described in the form of matrix differential equation

E-AE+BUF (£)+W, E(t )= (6)

where AR is matrix of the system dynamic»properties, BeR® is vector of
amplification acoefficient at sontrol action, UeR™ is vector of control
actions, 8€Rn is vector of errors of system phase coordinates, F(S)ERn is

vector of any nonlinear constituents, WeRr™ is vector of external
perturbations.

Moreover, matrix A elements depending on the ochoice of drive phase
soordinates are functions of separate clements of moments of interactions
and, in some CAaSES, their derivatives. 1t becomes the main criterion in
choosing the phase aoordinates, since it defines the complexity of
practical realization of AS.

For the system (6) the problem of control law synthesis minimizing
typical quadratic performance ariterion is solved.

Synthesized drive control law ot the manipulator has the form

o
U.= uil.H'”J,h

e el ] e v
i Qi’ti+D£(H hi,Qi}Fﬁti) + Di(Hii,hi,Qt)W

- (7)

i-’

i T, 3 =T 3
where DitRn, D?ZDéﬁEn are vectors of corresponding gmplificatlon

acoefficients.

Thus, due to expession (7) the coefficients of amplification AS for
any robots depend on 2t maximum of 3 elements Pi. These elements are
salculated in advance at the stage of regulator synthesis in the function
of values Hii’ hi’ Qi and are stored in computer memory in the form of
tables or approximated by fimectional dependenoies. Further, in the process
of control depending on the current values of ;ai, h, and Qi it is
necessary to retrieve only the required amplification coefficients from
computer memory.

Mathematical gsimulation showed that for the gervoactuator of“the




turning (see Fig.2), when q, and 4, have been changed according to the

laws (2), due to self-adaptation it is possible to increase 6-8 times the
operation accuracy for MS with complex kinematic scheme.

4. METHODS OF SOLUTION OF DIRECT AND INVERSE DYNAMIC TASKS
4.1 Bolution of Inverse Dynamic Task

This paper considers manipulators, a kind of open kinematic chains,
consisting of absolutely hard members jointed by fifth class hinges. Mass
of each link m, and its tensor of inertia Ti concerning mass centre are

known. Main vectors used are shown in Fig.4,

: , AL*@
where OoXonZo are absolute coordinate system Z i rni
*

connected with the manipulator platform. ANy

In solving reverse dynamic task (RDT) all % Sé
caleulations are done within the coordinate
system connected with the corresponding manipu- Pi .
lator links. As a result of usage of properties 4 L+1
of vector product and modificated systems of
coordinates named Denavit-Hartenberg, as well, g y
because of introduction of intermediate vector °

S

A *
Pi on the basis of well known approaches the XO

following calculation algorithm was finally F1g.4 Fregentation of

basic vector
formed

P b ‘i'.‘.jr\ ' _‘ iy S 3 . A i S

uOi = Ai W, _, + qi("z'u-i,’ UO——U, (t=7,n),

e o B . i £e = s o)

e 'l‘:"? * * 4 n-r . 2 S .A.*__ S i
Pi = Ai (Pi_I + Qi_7Pi_7, +(cqiwixli + qili)oi, Po' &y ti=1,0),

. M Lk el
T Pi + uiri, Cl=TTn ),

;, o i+7 ~ & . n /\. A s

L Ai fi+1 Pty Fi’ fn+1‘o’ (t=n,T),

n, = a0 ¥zt P yartem )4t 0,40,2(T,0, )¢ *sP R, (1=AT)
i i i+1 " 4 i i+1 i it T N et BT A 2740

A SEUE Pk
Ny, Pyo= Zi(fioi+ n.0,)

At present this algorithm possesses the least computational

complexity among all known algorithms (nm:95n—101, na:84n—97), where n .,

n, are the number of mltiplication and addition operations,

correspondently; 7 is the number of degrees of freedom of manipulator;
.

3

AiERBXJ is the direction cosines matrix; w.€R W,€R” are angular velocity

2
and angular acceleration of the link {, respectively; , 1f the joint {
[

is prismatic and 6i=0, if it is revolute; Zi: is vector directed

along the Joint ( axis; geR’ is gravitational acceleration {given in
3 p

absolute system of coordinates); fkeRB, nieR are reaction force and

. % % 3 < D AR _
reaction moment, acting at Joint {, respectively; FitR 5 RitR are the



main vector and the main moment of external foroces, respectively

gravitation), acting on the Tank 13
acting vector Fi

according to joint ¢,

(without

C:ERSis the vector of the point of

g 2 L] I L] ‘1

=
=ty ) ( —
(WH0F) 00,70y W W0,
i . i gl : e
k) = - =
9) 0, W+ (WTH03) W0,
0510 e 00,40 (wf+ws
Gl e B 2V37 yHilpd |

(in expression for {1 index { is omitted and lower indices show at the
number of elements of corresponding vectors).
The problem of identifuing unknown m_

developed algorithm RDT.
The idea of approach is that to seperate terms with unknown m_ in

is solved on the basis of

common mathematical relations.
corresponding drives and moments which would take
any load, calculation m is done due to information either from one

Then, using the information on moments in
place if there were no
drive

kR of the degrees of freedom. If at
short duration stops are possible,
suggested.

only or (more exactly) from the drives
the beginning of manipulator operation
the simpler method of identification m.. is

To form adaptive systems mentioned above with the use of algorithm
for solving RDT the problem of determination in real time components of
moment actions has been solved. Moreover, it was shown that in some cases
this solution can be found with the help of simple technical means without
using computers.

4.2 Solution of Direet Dynamic Task

The analysis done shows that the efficiency of the solution of direct
dinamic task (DDT) doesn't depend on mechanical laws used, but fully
depends on formation of calculation scheme of algorithm and the used

mathematical model of the manipulator. That is why to reduce calculation
complexity of DDT scolution, it is more convenient to use the screw theory
which has allready been well developed.

If velocity and gravitational forces are caloculated separately with
the help of developed algorithm of RDT, then, supposing dizo, the

equations of manipulators dynamic can be presented in the matrix form
.o X
Hqg=T , (8

i . T
and the algorithm  for finding T with the help of screw theory can be
presented in the form

e ST LA Ty = OOV TR 1 )
o v FE
Ti—(bi,fi)+Jilriqi; (t=7,n),
where HeR™™ is the inertia properties matrix of manipulator, 1*=p-h
* A

(T*,PeR™); heR%is the vector of velocity and gravitational forees,

. P, - L] z i : 6 3 A A :\* ~
uéz(wi,ri+rixw{+rtxwi) is the acceleration screw (uicR ke ]£=(fi’ni+Pixfi)

6x6

is the force screw (fiERé), Si=(li§i, li6i+§:XZi6i)’ Mi:RsxR is the




inertia afinor; symbol 0O designating the product of afinor to screw,
ﬁsi,fi)is the scalar product of two screws.

Two methods of solving DDT are considered here. The first (direct
method) is based on evident calculation of the matrix H elements and
followed by solving the equation (8) by means of Holetsky method. The
algorithm of calculation Hij can be presented in the block-matrix form

I . +M'L, In+1:0’ (i:n!‘)!
XJ I Tty (i=n,71),
LTE - TR O
Hij—Xi'oj + Jtzrio%J, (R T =TT )
Moo K.
i S22yt 1 TALEr)E " 1 .
where W, = |- e (M£€R5X6), s,={1 .0 +P:xl. 1T (5,€R%)
L Merzyg- i “(71)i]

are the block-matrix, consisting of the inertia afinor blocks (in brackets
are indexes of afinor |, blocks), and the block-vector, respectively, Gij—
Kroneker symbol; I£ER5X is the block-matrix. This method has computatio-

® (n_=(1/6)n+(9/2)n"+(544/3)n-155, n_=

{1/6)n3+(7/2)n2+{499/3)n—159), that is why it is not always purposeful to
use when large n, although at present it is most efficient one in its
class.

The second method has computational complexity proportional to n.
Here to determine 4, the well known pursuit method is used. Algorithm,

nal complexity proportional to n

realizing this method, has the final form

oo =T = 2 =T, = =T 5 :
g,=(8 /K 8 ~S R U, =~ = .
q,=(8;K +J  § i) (Pi aihi {5 Siji)’ (t=T:n)

The block-matrix K €R5X6 and block-vectors the G €R5, E.GR6 can be
i L i

determined according to the scheme

u,=U,_ ,+8,4,, uoz(O;O), (t=7,n-7),

K, ,=1,+K,K,8, (3K,5 .+, 5)7 5K, K, (1=7),
G, =0+, ) NS_iFS_ 174K 3, (8K, 3,+d,1 2) (®,-F6,),
6, =R ) (NPT, (1=7T),
where, Nf:mié£+mix(miwi), Fo=m ¥, i=[éi;§i+rixéi+£ixwi]T, (%er?,7%er?),
E A, ] 2 %y o Tp
X(r, )= f— ----------------- (A, (r;) €R%X®), Alr,)=l r, O -r, |,
£ ol —r2 r, )

E€R” is the single matrix. The index ® shows that corresponding values are
calculated at ﬁi:O. In expression for h(ri) indices 1,2,3 indicate numbers



of the veoctor Pi elements.

Computational complexity of the last method is equal to nm:249n—272,
na=231n—294, at present it is the least one in its class too.

5. FEATURES OF CAD SYSTEM OF MANTPULATOR CONTROL MECHANISMS

The developed CAD system is intended for facilitating and accelera-
ting the synthesis process of high-qualitative manipulator regulators,
possessing high dynamical accuracy, and for investigating synthesized
systems at real work regimes. The CAD system created has the properties of
the expert system. That is, in dependence on the requirements to dynamic
asontrol accuracy and quality of transient processes, kinematic manipulator
scheme and working velocity of its grippers removement, as well as, the
type of the engines used and peculiarities of mechanical transmigssions of
this system allows a designer to make a search and & choice of such a
synthesis method or methods, which meet not only 211 the requirements and
conditions, but, also, has the least complexity of practical realization.

Rules to design the expert system are based on the structural scheme
(see Fig.1). From the scheme it follows that the choice of the synthesis
method and, consequently, the synthesis itself depends on the manipulator
features enumerated above and on the tasks which to be solved with help of
this manipulators.

It should be noted, that the CAD system considered contains not only
methods of synthesis of adaptive control systems, which were described at
the beginning of the present paper, but many others known approaches and
algorithms of the synthesis. As it was noted before, this CAD system with
the aim of facilitating and accelerating research processes of synthesized
manipulators in different operation regimes comprises highly efficient
above considered algorithms of solving direct and inverse dynamics tasks.

In addition to the mentioned above, the developed CAD system allows:

1. to create the file system with the parameters of different types
of manipulators, engines, mechanical transmissions and regulators;

5. to oreate the file system with various types of manipulator
movement ftrajectories;

3. to caleculate the needed drive moments and powers to move
manipulator grippers along the given trajectories;

4. to Tresearch any manipulator movements along any trajectories
(includes, movements at any degree of freedom) at known regulator
parameters;

5. to ocreate the file system with the caleculation and simulation
resulis.

Dialogue between operator and CAD system iz fulfilled with help of
the main menu, facilitating the communication process.

b. CONCLUSION

The results of practical usage of CAD system developed confirmed itc
effectiveness in designing manipulators of various purposes. Alcong with
it, new methods of synthesis of adaptive ocontrel systems allowed to
considerably increase dynamic control accuracy of any manipulatoers at high
velocities of their operations. Moreover, the synthesized adaptive control
systems ensure not only high control gquality, but have the least
asomplexity of practical realization.

The developed algorithms to solve direct and inverse dynamic tasks
allow not only to facilitate the procedure of researching of synthesized
manipulators at real operation regimes, but also to ensure identification
of parameter variables of drives ioaded at real time. It is necessary for
practical use of the synthesized adaptive regulators.
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