SCYR 2012 - 1% Scientific Conference of Young Researchers — REbT Kosice

Nonlinear Control [@sign of Robot Am

‘Peter SUSTER (Byear)
Supervisor*Anna JADLOVSKA

Dept. of Cybernetics and Artificial IntelligenceEFTU of Kosice, Slovak Republic

!peter.suster@tuke.slgnna.jadlovska@tuke.sk

Abstract— The aim of this paper is control algorithm design
for a robot arm nonlinear model using an exact inpti - output
feedback linearization method. In this paper is gien the
nonlinear model of the robot arm with two degree offreedom,
which is base of the simulation model, and also aethiled
description of the exact input - output feedback hearization
method. The proposed control algorithm together withsimulation
model of the robot arm are implemented into controlstructure
with purpose to track reference trajectory.
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I. INTRODUCTION

The industrial robots have become a very impontamnt of
the manufacturing facilities in the various fieldsindustry.
The robot arms are used for different kinds of \vad
assembling, painting and other industrial applaragi
Therefore, the high level control is required fdrege
applications, which provide the desired precisibithe robot
arm. Several approaches were used to control #igori
design for robot arms as robust control [2], or afEn
algorithm for optimization of trajectory [3] andcet

In this paper will be presented application of ¢éxact input
- output feedback linearization method for conttgorithm
design for nonlinear simulation model of robot amith two
degree of freedom with purpose of control on stesidyes
defined by a reference trajectory. The proposedtrobn
algorithm together with robot arm simulation modale
implemented into control structure, which is theerified in
the Matlab/Simulink program language.

Il. EXACT INPUT-OUTPUT FEEDBACK LINEARIZATION
METHOD FORMIMO SYSTEM

system output, f(x,t), gi(x,t) ahy(xt) are smooth nonlinear
functions. For better overview, further will not iter
dependence of variables on the titme

The essence of the exact input - output feedbaekatization
method is in finding a input transformation in gteape

U =a,(x) + B (v )
wherev; is new inpute;(x), £i(X) are nonlinear functions, and
in defining a state transformatianin the shape

z =T (x). ®)
The linear relationship is then created among datguand
the new inputss, and the interactions are removed between
original inputs and outputs. That is advantageh ethod,
which allows to design control algorithm for eacthsystems
with inputv; and outputy; and independent of each other by
synthesis methods for SISO systems [1].

Yeel(D). control | V() input u(d [ nonlinear Y(Y
+ % law transformation system
(1) state
transformation

Figure 1 Control structure using exact linearizatioethod

Principle of the exact input - output method fearkba
linearization method is based on repeatedly devivabf
output y; until input signals appear in the expression of
derivation. The Lie derivatives are used for thiewdation of
individual derivatives of outputs, which are markesl th and
Lgh. The first derivative has the form

m
¥ =Leh 00+ Lg hy (Y,

i=1

(4)

This part described the exact input - output feekbawhere:

linearization method for nonlinear dynamic MIMO af -

order with m - number of inputs and outputs. The basic-f

condition for using exact linearization method ignlinear
MIMO system described in the affine form

X(t) = £ (x,1) + G (6 U (D) * .. G (X DUy (1)

t) = (Xt
ya(t) = h (1) B
Ym(®) = Ay (X1)
i=1l.m - ith inputs
j=1m - jth outputs

where x(t) JR" is state vectory(t) is control input,y(t) is

_oh; _ 0Oh;
h; (X)_K f(x) . Lg h; (X)_Egi(x)
If expressionLy h;(x) =0 for all i, then the inputs have not

appeared in the derivation and is necessary cadinu
derivative of the outputy,. Precondition, the number;
represents number of derivatives, that is needed, at least

one input has appeared in the derivatioylgj i.e.

Ly, erj_lhj(x);to at least for onei, then the resulting

derivation has shape
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m . ) (o
Y =LY (9+ 3 Lg LY h; Ay, 6 n —
i=1 DC motors | Robot arm %

This approach must be done for each outgutWhen the e LN
derivation is finished, the result ameequations, which can be
written in the form Figure 2 Model of robot arm - subsystems

v L3y (X) Uy The mathematical model ofDC motors subsystem

e +E(X) ... (6) composed of two DC motors, which are described by

differential equation of the shape [2
ve | [ Uphe(9 Un e pe [2]
. . i ] -
whereE(x) is mx m matrix of shape Rjij + L ot Kp, dj =Y (12)
-1 -1 -
Lo, L7y . Ly Lty j=12
E(x) = (7) where physical variables and parameters are:
L Lt L L' ij - armature current of motor
L On —F M U - input voltage of motor

If matrix E(X) is regular, then it is possible to define theuinp q; - angular position of rotor
transformation in the shape .
T R - resistance of armature of motor

U L2 hy(x) v L - inductance of armature of motor

—_p-1 -1 -
=—-E(X) +E7(X) ... | . (8) Kbi EMF constant

| Un | L hy, (%) Vi The motor output torque is then given
and state transformation T =Kl 1=12 (13)

wherez is motor output torque gth joint of robot arm and
Ktj is torque constant ofth motor. In the further, it is

n n-1 T
21 (007 | 0oL b (i h )]

o |= )
A = T = ioi
ol [T [hm (%, L th (3),...,.Lp 1hm(x)] assumedej K, for both joints of the robot arm.

The general description of the dynamic of the roaioh
with k - degree of freedom can be given by motion equoaifo
the shape [4]

After determination of input transformation (8) astdte
transformation (9) can be transformed nonlineatesyq1)
into linear form

o . M (a)di+ H (4.6) =u (14)
01y .. O]. o where:
SRR e B L ! q - angular position vectok k 1]
z=Az+bv=| . 0 I O R 0] (10) g - angular velocity vectok[x 1]
6 (r)n Zn, A o - angular acceleration vectdry{ 1]
10 0 1 M(q) - matrix of inertia k x K]
wherel; are unit matrix of the sizg x r;. The linear control H(¢,q) - vector of damping, coriolis, centrifugal
algorithm is necessary to propose feedback comdnsl for and gravitational forcefx 1]
linear system (10) by linear method of synthesigrisure the - input torques vectokx 1].
desired behavior of the nonlinear system (Fig.1). In the case 2DOF robot arm (Fig 3), which includ&obot

The relative order; exist for each subsystem in the exachrm subsystem, can be the dynamic of the arm described
input - output feedback linearization method, tlesulting follows

relative order is then defined by the sum of theohsas G, H:L I,
Fr=n+r+..+r, (11) M(Q){. } {A }=[T } (15)
This part described the exact input - output feellba 2 ?
linearization method for the case when relativeeond is Whereé z, 7 are DC motors torqueg, and g, are angular
equals to system ordar1] position of individual joints. The matrix of ineatM(q) and
H(¢,q) vector are in the shape

Ill. SECOND-ORDERDYNAMIC MODEL OFROBOTARM M(Q) = My My | _

The robot arm model with two degrees of freedom@#p my, My, 16)

is nonlinear MIMO system with two inputs (voltagies DC 2
motors) and with two outputs (angular position mdividual :{ (m, +m,)l; m,l, cos@y _qZ)}
joint) (Fig. 2). The model is divided into two systeems,DC md 4l cos@, —d,) myl,
motqrssubsystem, which consists two DC motors, that ednv ' Hl K g, +mJ4l, sin(a, —a,)d,
the input voltagey; to corresponding motor torqug and H(g,q)=| . |= K. o — I si _ .
Robot armsubsystem, which simulates the movement of robot hy 4282 ~Md1l2 SiN(G ~d2)6
arm joints (Fig.3). where:

m,m, - mass of arms

7)
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I4,l5 - length of arms

KqKqe - damping constants.

It is assumed that the total mass of the actual aim
concentrated at the end of each of them, as showrseoFig.3.

Figure 3 2DOF robot arm

Based on equations (12) to (17) was programmed

simulation model of the nonlinear dynamic model ZDx®@bot
arm using the S - function block in the Matlab/Slimki
language. The simulation model includes physicalstaints
and limits of the real model. The analysis of timautation
model was carried in open loop at defined inputaggsu,
andu, (Fig.4).
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Figure 4 Analysis of 2DOF robot arm simulation miodeput
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Figure 5 Analysis of 2DOF robot arm simulation miodeutput

The resulting graph of analysis (Fig.5) shows tbssphility of
further use of 2DOF robot arm simulation modelha tontrol
structure at the testing of the control algorithsing exact
input - output feedback linearization method.

IV. DESIGN OF NONLINEAR CONTROL ALFORITHM

The nonlinear dynamic model of the 2DOF robot arasw
given in the previous part. This model is describad
equations, which contain in itself a smooth nordine
functions, the main assumption for the use of exagtit -
output feedback linearization method for the cdratgorithm
design, which will deal in this part. The whole pess of the
control algorithm design is described in the foliogvsteps.

1. step - rewrite of the nonlinear model of the ZD@bot

arm to affine form (1).
By defining the state

X = (Xq, X, X3, X4, X5, Xg) = (Q,01,11, 05, 02,15)
input u=(u;,u,) and system outpuy =(q;,d,), then the
affine form of the 2DOF robot arm nonlinear modas$ h

vector
system

My ] X2 0
* —invM;H +invM,7; 0
S I L VLT
X3 | _ L™ L7 4L
= u
X4 Xs 0
Xs —invM,H +invM,7, 0 (18)
% Ry Koy 1
R TR TR
X4
where
) {inle}
invM =1 =
invM ,
[ My, _ My, }
| LMiMyp =MypMyy My Myp = MypMy,y
{_ m, my
MMy = MypMyy My My = My5Mhy
H=H(q0q)

I KiXs

L)

2. step - calculation of the Lie derivatives fodiwidual
outputs.

The program module has been programmed for this
calculation in Matlab language using symbolic t@odpthat
generated the individual derivatives for outpyts andys..
After calculation, the result are matrix of thé(x) derivatives
and E(x) matrix in the shape

L(} hy (X) L? h, (X)
Llf hy (X) Llf h, (X)

L, h(x) = (19)
f Lih(x) L3y (x)
Lsf hy () |—3f h, (X)
L, L2h L, L%
E(x)=| @ thl % thl . (20)
Lo, L5h, Ly Lih

After determining, thaE(x) matrix is regular, it was possible
to define the input transformation

U | _ - L (%) Al V1
LYz | —F (X)L—Sf hz(X)l "E (X){VJ &)
and state transformation
%] {Tl(x)} [heoneine |,
1] | T2(%) [h2 (%), L} hy (%), L2 hz(x)]T

3. step - transformation of the nonlinear systerd) (tb
linear form (10) and linear control law.

The linear control law was proposed for to ensure t
desired behavior of the nonlinear model (18) uspaje
placement with integrator method in the shape
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Z13
|:V1:|=_|:Kl—3 Kil:|jyrefl_yl 23)
Vo Kss Kiz Z46
jyrefZ_yZ

where:
Zi-3246 - state vectors

Viet, e - reference trajectories

Y1,z - model outputs
Ki3,Kse - vectors of gains for individual states
Ki1, Kiz - vectors of gains for integrator outputs
Therefore, it was necessary to extend the statrigéen of
the linear form (10) into following form

4 | fo1000000O0]| %] [00]

Z, 001000002 00

Z3 000O0OOTO O O0| % 10

z 10000000]2 0 Ofv
j. iE "l L .(24)
Z 0 0O0OO0OO01O0 0| z4 0 0O|v,
Zs 000O0O0O0T1O0|Z 00

Zg 000O0OOGOO| 2% 01
2| [0 000100 0ffz|[oo

4. step - implementation of the proposed contrgbathm
and his testing in the control structure.

The resulting input transformation (21) and stat
transformation (22) together with linear controlvl@23) are
implemented into programmed simulation scheme fmtrol
of the 2DOF robot arm nonlinear model (Fig.6)
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Figure 6 Simulation scheme for control 2DOF raodwoh nonlinaer model
using exact input - output feedback linearizaticetinod

The resulting graph of tracking refrence trajectospich is
represented the step change between steady stedn,using
proposed control algorithm with using exact inpututput
feedback linearization method is on the Fig.7.
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Figure 7 2DOF robot arm nonlinear mode responseatik reference
trajectory

V. CONCLUSION

This paper presented the control algorithm design f
nonlinear simulation model of the 2DOF robot arrmgghe
exact input - output feedback linearization metfzod pole
placement with integrator method. The proposed robnt
algorithm together with simulation model, which lubes
physical constraints and limits of the real modelas
implemented into control structure and was verified
Matlab/Simulink program language. The resulting pgra
shows, that output of the model tracks step chavfgéhe
reference trajectory and therefore can be condidettds
approach is suitable for solution problem of confoo 2DOF
robot arm. The obtained knowledge from field of ttoh

algorithm design for MIMO systems using methods of

Ronlinear synthesis and also the proposed programaiule

will be part of my dissertation work named Desigh o
Effective Software Tools for Control and Analysis o
Nonlinear Systems
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