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ABSTRACT

The computer-aided automated design (CAD) system with some new
original methods of synthesis of adaptive ,-

formulated regulations for choosing these methods oin d pendance
an the features and requirements to the manipulator to be
designed are considered in this paper. The peculiarity is that
with the help of CAD system it is
method or many methods of designing possibleto_ th fast choose one
ensiu ing the given dynamic ac,r'u., synthesize at al a give,7e1^,,, +.T t

rajectory of manipulators movement by using the
simplest ones with the aim to put into
algorithms of control. The results of practice arrangements or

developed confirmed its high effectiveness 1 in designing arbitrary
manipulation systems.

1• INTRODUCTION

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

control systems that could provide the dynamic
rol at significant influences precision of contour cont-
roesent there between manipulator degrees of freedom. At

are different ways of synthesis of adaptive control systems,
permitting to solve the problem mentioned above,
possess different properties, different labour-consumihowev er, all of them

g nature, but regu-lators of different practical realization complexity can be s
with their help. As a result, designer has a problem of choosing ahmethod
='f synthesis, that, depending on manipulator configuration, its velocity
movement, the type of the actuator used, requirements to the transient
pthrocess quality and others, permits to synthesize such t
that could ensure the definite (high) accuracy of dynamictypes of regulators

control andcould have the least complexity of practical realization.
This problem can be solved with the

pr CAD system. To increasevelocity and to simplify the solution of the help

the help this system, as well as to carry on researchmonttheema ipulators
designed in their standard regimes of work the developed CAD system has
effective algorithms in solving direct and inverse
having the least computing complexity among the known approaches.of screw theory while writing equations for manipulator dynamics The uhe
use of new recursive for simplifying the calculation processes permittstto
considerably reduce computational complexity while solving those problems.

At first, in this paper a generalized approach to the synthesis and
new original methods of synthesis of adaptive control systems are
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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 actuators), 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, it is necessary to choose either kinematic schemes of MS, or
with the help 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 MS. 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 P. takes the simplest forth

Pi = Hii qi + 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, first of all, with the use of adaptive

correction all the parameters of MS 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. stabilization of
The second approach does not mean the preliminary

robot actuator 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 current parameters of the load appears.
Thus, the monotonous character of the transient processes is ensured. The
second variant is based on the ass^.mption, that when MS moves, the control
object parameters are quasi-stationary. In this case for all possible
combination of changeable parameters of actuator load at the design stage
the synthesis and computer storage of AS parameters are realized, that
change in further changing of load parameters.

The mentioned approaches will be considered below.

1• METHODS OF SYNTHESIS OF ADAPTIVE CONTROL SYSTEMS

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

The paper presents two methods of adaptive control synthesis,
stabilizing actuator parameters. The first method is based on
stabilization of transfer function parameters, while another one - on
stabilization of differential equation parameters describing 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 case at the process of synthesis of AS the
conception of compensation of pole parameter being changed by means of



adjustment of "mobile" mull 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

Was(s) - Wk(s)Wp(s) _
k

(T4 s+i) (T2 s+1 )
7

where k=const, T1=const, T2=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.

Fig.2 Kinematic scheme
of robot
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Fig.3 Errors of rotation
servoactuators
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The numbers 1 and 2 in Fig. 3
stand for the errors t' of the
servoactuator of the turning ( see
Fig.2) respectively without adapta-
tion and with the developed ACE (1),
when qI and q2 coordinates have been

charged according to the laws

q1=0.5(1-cos(4t)

q3=0.25(1-cos(16t) ).
2 )

From Fig.3 you can see, that the de-
veloped ACE enables to considerably
increase 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 quality i s
better to use the second method, that allows to stabilize the differential
equation coefficients.

That is, the task is to choose such control law U k' for which the

differential equation with variable parameters, for example, for
rotational servoactuator of robot (see Fig.2)

For example, when (H*+J)R)(h*+kv)L, Tm:L/R,

the transfer function of ACE for robot turn drive,
kinematic scheme of which is in Fig.2, can be
written in the form

( TMs+1 )
W (s) =k

(1 )
k p k w (T.18+1)

where TM = (H*+J )R / [ (Ih*+kV )R + km kw];

kp=km/[(h*+kT)R+kMkWJ; h* =hi/ir; H*=Hi?/ir; J is

inertia moment of engine rotor and rotating parts
of reductor; R, L are the active resistance and



L(H"+J)irq-[R(H*+j) +L(h *±H*+k H i +
V r 1

+[kmkw+R(h*+k )+L(ri*+k )]i q +R14t +Lll1 = k k U
V v r l f f urnk'

transforms into a differential equation with constant desired parameters
in the form

Li
n RJ... n ..

k + k 1r•gj + kw•ir.q, = k U U,
m m

where ka is the coefficient of the power amplifier; Mf is a

moment; L'k, U are signals at exit and input ACE, accordingly.
Such control. law has the form

U. =

L(2h*+k )

k k
MU

v"
+

k r * I R (h*+k )+T *l

dry friction

w H +J
V R H*+J

^ 1

+ i^^+
M+ U

! U.
n J kmx

zj
^ i kmku f Jn

(3)

Control law (3) differs from ACE (1
, ) because it stabilizes precisely

dynamic
properties of drivers at any velocity of changing h* and H* (see

curve 3 in Fig.-).

After the stabilization of actuator manipulator parameters at nominal
level one may use various stationary correct ,
purpose_,se to furtherer - correcting elements (SCE) with the

increase the dynamic control accuracy. The
peculiarities of SCE introduction are considered with the use of ACE.

3. Synthesis of Adaptive System with Variable Structure

In this chapter the problem of ACE synthesis is solved. Those ACE
don't allow to have overshoot at MS. In contrast to traditional approach,
this paper considers AS with variable structure (ASVS), providing robot
it i ves maximiuri fast action (in sliding regime) taking into account currentvalues of load

parameters. The idea el self-:adaptation is that, when
(changing the parameters of actuators one need to change-
switcliinT h ersuu face the position of

g Yp with the purpose of securing both the sliding
regime and maximixr, fast action. There were attempts of creating ASVS
before, however, the current information about system parameters have not
been used. As. less

r s a result, synthesized regulators proved to be either rather
effective.

This paper presents a new method of constructing ASVS of different
types. They are designed for various operation regimes of MS
structure complexity of ASVS being created depen

ds on the complexity Theequations, which are used to describe el Br_,_, ^trodrives on type1I1f1LiCf1Ge as well _; r ^ of moment
^ a,-, permissible value of linear zone of poweramplifier.

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

tTri=(^t'j+ks' fj+k9'g1 +agj' )sign(S), (4)

where e=q*-q are the desired values of coordinates and q , ac-
t ^ 1 1 1

cordingly; S=(q*-q )+c(q*-q ); c=var.; a=`k k + R(k +h* )]
1 i m w l V )][R(J+H*

For meeting requirements of existence of the sliding regime in the
ASVS it is necessary to fulfil the correlations



c-cam+ac = kmku[Ri:r(.J+H) 1-1 • sign(S,t:) ^ (5 )
-1

k >,R(kukm)-1; kg = Rir(J+H*)(kmku) -

Mathematical simulation showed that by introducing adaptation it is
possible to considerable increase fast action of drive ,--42 times (in sli-st

energ
abi-

e-ding regime). In this case it is not rthatrenableemax mumlusagenof y
of MSlization of their dynamic propert1e^?

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

Control Systems According to Quadratic
3.3 synthesis of Adaptive Parameter Stabilization

Criterion of Quality without Preliminary

c is an approximate one, however, it is well used for ge-
Thi.• approach as well as for robot drives, which are described

neral (complle ex) form P ^ a
with the help of non-linear differential equations above of the third or-
der. In this case, the use of the methods, considered above, resulted
considerable structure complication and realization of ACE. The method

suggested allows to take into account all hat edn^n alectrot driv s of any

The researches carried out showed,

degrees
of freedom of any manipulators taking into account or not gaps and

tensions can be described in the form of matrix differential equation
(6)

t=AC+BU+F (C) +W , e (t0) =Eo l
properties, BF_Rn is vector of

nxr'where A
.ER is matrix of the system dyn amic, m control

control action, UER is vector of namplification coefficient at

actions, €F_Rn is vector of errors of system phase coordinates, F(e) ER is
is

vector of any nonlinear constituents, WFR

perturbations. on the choice of drive phase
Moreover, matrix A elements depending

coordinates are functions of separate elements of moments of interactionsr
and, in some cases, their derivatives Itibe de efine

s thethain cri eYi o of

choosing the phase coordinates,
practical realization of AS. minimizing

For the system (6) the problem of control law synthesis

typical quadratic performance criterion is solved.
Synthesized drive control law of the manipulator has the form

4T ' )

T7 = D (-.i,'ri,,f2)t+D(•Ht i ^ ^ 2 ^ ' ( f fi + (•H(.i h ,Q )W4.'
i

where D R , Dn=DTa gn are vectors ,f corresponding amplification

coefficients.
Thus, due to etpession (?) the coefficients of amplification AS for

depend on at maximum of 3 elements Pti. These elements are
any robots

calculated in advance at the stag- of
_f regulator syn o±hesis in the function

o f
r Q. and are stored in computer memory in the form

of values Hii' , thein the process
tables or approximated by functional dependencies. FLr r, ^
o f ^G t- values C) H . , , h. and Q it Is

control depending on the cur? n
necessary to retrieve only the required amplification coefficients from

computer memory. oactuator of the
Mathematical simulation showed that for the serv



turning (see Fig.2), when q1 and q3 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 Solution 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 T. concerning mass centre are
t 11

known. Main vectors used are shown in Fig-4,
where 0CXCY0ZC are absolute coordinate system LZ

connected with the manipulator platform.

In solving reverse dynamic task (RDT) all
calculations are done within the coordinate
system connected with the corresponding manipu-
lator links. As a result of usage of properties
of vector product and miodificated systems of
coordinates named Denavit-Hartenberg; as well,
sir i^:1se of introduction of intermediate vector*
P. on the basis of well known approaches the

following calculation algorithm was finally
formed

i-i • T
u) = A u, + Qc,7
i i. a-1 . i 1. .1

.-1•
W1 = Ai. 032.-1

Pi = Ai (Pi-1

Xo

Fig.4 Presentation of
basic vector

w)=O, (t=1,n),

+ I (A^
)x(qi Ci) +

+ Ski-1Pi-1' +(2...x1
*

P` i
=
- i

a w0=0,

+ q.Z )ui Po=-, (i.=1,n),

A; r1+1 + miri - Fi, J,rn+1=O, (Z=n, T),

n, = Ai +i
n +P *x(Ai+1 ) +r * x(rm r. )+T.C_1, +w.x 'E CO )-C * xF,-R, ,iZ +1 i i t +1 i i 2 2 2 2 2 •L 2 2 'L

nn+l0, P = Z'(,f'iO i+ iZ )•i- i

At present this algorithm possesses the least computational

complexity among all known algorithms (n =95n-11=!1, n =84ri-9(), where r:
m m'

n are the number of rnultipI ication and adds Lion operations,a

r?()r resp(-)Ilde?I!tly; In is the number of degrees of freedom of manipulator;

A' FP'',' is the direction cosines matrix; co rR3 Cv FRS are angular velocity

and angular acceleration of the link i, respectiv=ely; a =1, if the joint

is prismatic and c5.=O, if it is revolute; 12.=[0 0 1 )T is vector directed

along the joint t axis; g(R- is gravitational acceleration (given in

absolute system of coordinates); fxER3, n.ER3 are reaction force and

reaction moment, acting at joint i, respectively; F ER R,ER3 are the
i L



main vector and the main moment of external forces, respectively (without

gravitation), acting on the link t; CjE_R3is the vector of the point of

ngaccortor F ,t vecngiac

tW +(03)

i-11W3-W2

lW23 CO COS

- (W j ^) W2W 3-C,) i

W2W3+Wj - (W1 +W2)

(in expression for S1 index t is omitted and lower indices show at the
number of elements of corresponding vectors).

The problem of identifuing unknown m,, is solved on the basis of

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

common mathematical relations. Then, using the information on moments in
corresponding drives and moments which would take place if there were no
any load, calculation mr is done due to information either from one drive

only or (more exactly) from the drives k of the degrees of freedom. If at
the beginning of manipulator operation short duration stops are possible,
the simpler method of identification mr is suggested.

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 Direct 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 solution, it is more convenient to use the screw theory
which has allready been well developed.

If velocity and gravitational forces are calculated separately with
the help of developed algorithm of RDT, then, supposing q.=O, the

equations of manipulators dynamic can be presented in the matrix form

Hq=T*, (8)

and the algorithm for finding T* with the help of screw theory can be

presented in the form

u ),
=
Ui- t

+osq, , uo- (0,C) ), (i=i u

*=P-hwhere HERnxn is the inertia properties matrix of manipulator, T

(T ,PERn); hERnis the vector of velocity and gravitational forces,

u,(W,t,r,t+rX t+rtxW is the acceleration screw (u.ERn), nt+Ptx,t't)

,t : R`'xR6x6 is theis the force screw (f ERO) , S.= (l t i t , 1 ^6 +P X1 tit) , µ,:R 3 xR 6X6

to joint t,di



inertia afinor; symbol 0 designating the product of afinor to screw,

(''i,,ji)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 calcl-elation Hid can be presented in the block-matrix form

I^=Ii +1+µi, In+1 =U9 (i= ),

77=I i , i=n1 1)

H =
T

+ J i` 6 J=YT),ij t j i ri ij,

where .4
^L(22)i u(21 )i

----------- --------------

P' 12)i x(11 )i j

6x6(µiER ), Sy=L Il i .5 +PixiT (0.ER°)

are the block-matrix, consisting of the inertia afinor blocks (in brackets
are indexes of afinor t. blocks), and the block-vector, respectively, O..-

Kroneker symbol; I.ER6x'A is the block-matrix. This method has computatio-

nal complexity proportional to n3 nn (1/6)n3+(9/2)n2+(544/5)n-155, na=

(1/6 )n+(7i2)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 71.
Here to determine qi the well known pursuit method is used. Algorithm,

reali zin. this method, has the final form

Q

_

-lbTn.$- +J t (P -3 i-l

The block-matrix KiER'x0 and block-vectors the G.ER uiER6 can be

determined according to the scheme

-2ti-i+b4 u o=(O0 ), (-i=l,n-),

K,_1=4,+K,-K,3, ( 8 Ki3i+Jiir^ - 13TKi ,
Kri Vin,

1
':F0 ]T+K (ST-K S +J iG =G +A, (r )[ N' r

` )- 1(P
i
-STG

Gn=7(r,..)IN® F®]T:

where, N,=T.W +w x(ti W.), F0 -r , u =[cw r.+r xW +r.xLJ.]T, (N®ER3,F®ER'3),
z i i i i z i i z z z i

T (rd=
X(ri)

E

(i(re) ER6x6), Mrz)= r3 0 -r1

-r2 r1 0

(0 -r3 r,

,

EER3 is the single matrix. The index 9 shows that corresponding values are

calculated at qi=0. In expression for ;.(ri) indices 1,2,3 indicate numbers



of the vector rv elements.

Computational complexity of the last method is equal to

n =231n-294, at present it is the least one in its class too.
3

n
m
=249n-272,

5. FEATURES OF CAD SYSTEM OF MANIPULATOR 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
control 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 transmissions of
this system allows a designer to make a search and a choice of such a
synthesis method or methods, which meet not only all 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. i ). 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;
2. to create the file system with various types of manipulator

movement trajectories;
3. to calculate the needed drive moments and powers to move

manipulator grippers along the given trajectories;
4. to research any manipulator movements: along any trajectories

(includes, m ivement at any degree of freedom) at known regulator

parameters;
5. to create the file system with the calculation and simula tion

results.
Dialogue between operator and CAD system is fulfilled with help of

the main menu, facilitating the communication process.

h. CONCLUSION

e cj co firmed :! is
The results n r ,of p_°a t-i(°..ystF TI devr l p'al acsage of CAD._

effectiveness in designing manipulators of various purposes. Along with
:allowed toit, new methods of synthesi"C of adaptive control systems^,

considerably increase dynamic control accuracy of any manipulators at high
velocities of their operations. Moreover, the synthesized adaptive control
systems ensure not only high. control quality, but have the 'Least
complexity 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 rarameter variables of chives loaded at real time. It is necessary for

practical use i,f the .y-ri t Yies=i,.. _t%.e; adaptive regulators.
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