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Abstract. This paper presents the development of an indirect forcéralofor robot manipulators with elastic joints
employed in machining tasks. Based on the study of cemdailimpedance control for rigid manipulators, it is proposed
an extension for robots with torsional flexibility in therjé structured as a cascade control. Additionally, it isgweed a
reduced mathematical model, based on existing dynamiclsofithe reaction forces, that agree with the reaction farce
generated by the cutting tool in contact with the environm&he present two-dimensional model relies on the tangkenti
and normal forces on the surface, allowing to analyze théibta of the system and to obtain gain preconditions for
the proposed controller, considering the parameters ofrtlaehining process. A machining task is specified for a planar
manipulator with two degrees of freedom, and consists ovamg the weld fillets to recover a metal surface. Simulation
results for this task are presented to show the effectiweokthe proposed controller.
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1. Introduction

The major obstacle that prevents the adoption of robotsdngsses of removing material (machining, deburring, and
etc) is the fact that the stiffness of current industrialtshis much smaller than a standard CNC machine. The stiffioes
a articulated robot is usually less thaiV/pm, while a standard CNC machine often has stiffness greaaersthV /m.
However, solutions based on CNC machinery generally ptdseh costs, difficulting the return of invested capital.

To this end, robotics based on flexible automation appeaas édeal solution by its programmability, adaptability,
flexibility, relatively low cost and especially by the retsubf industrial robots already employed in the foundry niaety
and transport of parts in processes.

Whereas, currently, the majority of robot manipulators useronic drives for the transmission system, it is assumed
that the major portion of flexibility is caused by these mettias. Therefore, since robots use indirect measurement
of displacement on the drive side (motor encoders), the @asticity allows the individual axes to differentiate @mgy
themselves in the desired and actual positions, vibratirtgob phase. This constructive arrangement has resulted in
collocation problems, exhibited by a dynamic between theaor and sensor, including non-dynamic modes in the
system. This elasticity in the joints can cause an incraadieei stabilization time of the manipulator and even make the
system unstable (Spong, 1987).

In cases of contact tasks, is common the occurrence of nilmeated modes, since the force sensor is located on the
end-effector and the motors, as the position sensors, eateltd before the transmission system. To face these preblem
in contact tasks, some impedance control strategies asemtel in the literature, as Jiang et al. (2005) and Fetrati e
(2004).

This paper, in turn, presents another impedance contedesgly, which takes into account the joint elasticity to @age
the task accuracy, and its stability analysis face to mangitasks.

This paper is organized as follows: first it is presented tla¢hematical model of the elastic joint manipulator, con-
sidered to the impedance control strategy (Sect. 2). Ine8tthe impedance control strategy is developed. A sineglifi
model of forces to the environment reactions is proposeedtian 4. The stability analysis of the proposed impedance
control is realized, based on the simplified model, at sedioFinally, section 6 shows the results of simulation for a
given machining task and the conclusions are presentectiiose’.

2. Mathematical model of the elastic joint manipulator

Consider an open kinematic chain»ofrigid links, interconnected by: joints that suffer elastic deformation. The
manipulator is driven by electric actuators mounted onrtjoénts. More precisely, consider the standard situation i
which the enginé is mounted on the link — 1, moving the linki, and the reduction is placed before the elastic element
(figure 1(b)).

For determining the equation of motion the following asstions are made about the mechanical structure:

e The elasticity in the joints can be modeled as a spring witkdr characteristics. As a torsional spring for the
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Figure 1. (a) Service manipulator and (b) joint model

rotational joints and linear for the prismatic joints.
e The rotors are modeled as uniform bodies having its cenfargmes on the axis of rotation.

Let ¢, be the vecto(n x 1) of link positions, andy, the vector(n x 1) of motor positions (rotor), the mathematical
model of the system can be described in joint space, basedgnahgean Formulation, as:

B(q1)gi + Clq1,41)41 + 1(q1) = K=z 1)
J2+Bz(q17(j17'é)+GZ(qlvz) =u (2)
with,
Z2=4q2—q
BZ(qla(leé) = 7‘]871((]1)0((]1741)41 (3)

G.(q1,2) = JB ™ q)[Kz — g1(q1)] + K=

where B(q1) is the (n x n) inertia matrix, symmetric and positive defined for @l C(¢1,41) is the (n x n) matrix
of centrifugal forces and Corioligi(¢q;) is the vector(n x 1) of gravitational forces. The rotor inertia matrik has
dimension i x n) and is diagonal positive defined is the diagonal stiffness matrix. x n) that contains the torsional
constants (Readman, 1994). The subsystem (1) will be citlesisubsystemwnhile (2) rotors subsystem

Cartesian space model

Independently of the manipulator’s structure, the taslcigigations are usually given in cartesian space, while the
control actions are performed in joint space. When the fondissigned to the manipulator consists in a contact tasks, i
is advantageous that the control scheme is carried out fasian space, since the measurement of the reaction farces i
obtained from this space. So, for the purpose of this paperréquired that the mathematical model of the manipulator
to be transformed to the cartesian space to obtain a sufiadofeilation for the control strategy. For this, we use some
properties of the relational Jacobian matyix:

i=Jagr — ¢ =J,'d (4)
i = Jadi +Jadi — G1 = J3'é — I T ad (5)
u=Jiha (6)

whereh 4 represents the force exerted by the manipulator in thesiartespace and the indexd™, used inh 4, refers to
the use of the analytical Jacobian in the mapping.
Substituting (4), (5) and (6) at (1) yields the elastic matapor's model described in the cartesian space as:

B(q)i+ Clq1,d1)i + g(q1) = Kz

. o (7)
Ji+ B.(q1,q1,%) + Go(q1,2) = u

wherez represents the position vector of the end-effector in thees@n spaceB(q;) = JgTB(ql)ng the inertia
matrix, C(q1,41) = J5 " Clar,d1)J 1" — Ji " Blq1)J, " JaJ, " the matrix of centrifugal forces and Coriolig(q:) =
J;Tgl(ql) the matrix of gravity ands = J;TK the stiffness matrix to the cartesian space.
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3. Impedance control for elastic joint manipulators

A parameterization in cascade of the elastic joint manipul@cilitates the synthesis of control. The strategy thidt
be presented below allows to obtain two blocks in closed lebpse dynamics is quasi-linear and where the equations
are simpler when compared with other existing methods. fRgititates the analysis of stability and choice of pararet
of synthesis, while improving the robustness of the contiithis approach considers the case of strong elasticity and
therefore complements the approach based on singularipatittn theory, which assumes a model where the elastgity i
smaller.

The control strategy is performed in two stages. The firsb idgtermine the desired variablg, which allows the
linearization of the subsystem of the links and allows thedtion of the control of impedance. The second is the
calculation of the control torquefrom z, resulted from the first stage. The realization of this cdnsrpossible provided
that the following hypotheses are met (Benallegue, 1991):

Hypothesis 2.1- The desired trajectory for(¢) is smooth and its successive time derivatives up to fourdleroare
continuous and limited.

Hypothesis 2.2- The variablesg, #, z andz are measurable or observable forzall

Hypothesis 2.3- The kinematic mapping,(¢1) — « is smooth and invertible, that is, the analytical jacobign i
non-singular.

3.1 The impedance control in the links subsystem
Consider the dynamic equations of the links subsystem (d¢wuthe influence of an external force:
B(q)i+ Cq1,q1)& + g(q1) = K(za — 2) — h 8)

whereh represents an external force exerted on the end-effectbf anz,; — .
Referring to the model (8), consider the following contiaw!

zg = K ' B(q1)uoe + Clq1,d1)¢ + g(q1)] + K (BB, + I)h )

whereuy is an auxiliar input of control ané,,, is a matrix of gains to be defined.
Substituting (9) in (8) the dynamic in the cartesian spacebeadescribed by:

f=wuy— B 'K:—h (10)

which reveals the existence of a non-linear term coupling tie variablez.
The input controk is designed to insert a desired behavior to the manipuldiats:
uyg = B7

m

1(ijéd + Dmi' + ij) (11)

whereB,,, D,, andK,, are positive defined diagonal matrices.
Substituting (11) in (10) yields the closed loop dynamichaf tnanipulator in the cartesian space:

Byni + D& + Kyt = h+ B,B K% (12)

The equation (12) is second order and quasi-linear, siregigiht term of the equality is non-null and non-linear,
and depends on the errérof the rotors subsystem dynamics. The attributed impedemtiee mechanical system is
characterized by a matrix of ma#s,,, a matrix of dampingD,,,, and a matrix of stiffnes&’,,,. The implementation of
(9) requires the feedback of the manipulator state varsalgle ¢, ) and the measurement of the contact foreeSome
considerations must be made on the controller tuning, lsecaven any choice fds,,,, D,, andK,,, that carry physical
features is possible, some complications usually appganaictice. In particular, if the position where the contamtuos
is not exactly known, the diagonal elementg®f and K, should be chosen to avoid excessive forces of impact.

Due to disturbancé,,, B~ K 7 influence in the final end-effector position, the goal of cohin the second step is to
make this disturbance converge to zero sufficiently fastimtpz,; designed, it remains to obtain the control law for the
rotors subsystem which ensures asymptotic stability, abrresponding to the second stage of the control strategy.

3.2 The trajectory tracking for the rotors subsystem

In the second stage the objective is to ensure the convexgateof the errof to zero. This convergence is achieved
if performed a procedure of linearization and decouplingthlsimilar to that presented in the previous item. For this
purpose it is calculated the control torquéor the second block as follows:

W= Jy+ Buqu.dn, 2) + Ga(ar, 2) (13)
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wherer is an auxiliar control input that acts to obtain an error dyiaasymptotically stable in the subsystem of rotors.
Substituting (13) in (2), yields:

JEZ+ B.(q1,41,%) + G.(q1,2) = Jy+ B.(q1,41,2) + G2 (q1, 2)
JEZ—=7v)=0

Since the matrix/ is invertible:

JE—9)=0 — i=1 (14)
The dynamic injected by can now be chosen, for example, as a control PD:

'y:,'z'd—l-KDWZL—&—vaé, S=z24—2 and F=34—% (15)

whereKp, = KIT)7 >0andKpy = KIZW > ( are diagonal matrices of project.
Substituting (15) in (14), is obtained the following errguation in the rotors subsystem:

F4+ Kpyi+ Kp,2=0 (16)

The choice of the PD controller gains can be made seekingrandymamic with critical damping. The dynamics of
the errors in the manipulator system under the action ofdbigrol technique is generally asymptotically stable, s w
be seen in section 5.

4. The machining task and the force model

Depending on the task, many parameters must be considerkdsuhe tool tangential speed, the tool topology and
grind, the direction of the tool angular velocity with respto the feedrate direction, the workpiece stiffness, tyetll of
cut and the height and thickness of a burr. For example, ifrthterial is homogeneous, then the cutting force increases
proportionally to the amount of removed material. If the ipatator end-effector moves with constant speed along the
contour, then the force will vary proportionally to the demif cut. The cutting processes, however, also generate a
reaction force that is not directly tangential to the swefalmdeed, the normal component of this contact force camgbri
problems to the control force introducing disturbancef@dontrol loop so that the tool penetrates the workpiecesad
contact, depending on the direction of its rotation wittpexg to the feedrate direction.

It was observed that most authors neglect the third dimarsialespise the magnitude of the contact force orthogonal
to the tangential and normal vectors to the surface. The sélnige done in this paper, which efforts will be considered
only in normal (sub-index) and tangential (sub-inde directions to the surface and, consequently ¥ plan of the
cartesian space that will be referenced by the sub-indicesly.

In figures 2(a) and 2(b), can be seen the forces that act onkpigoe during the cutting process. To simplify the
illustration it is assumed that every moment only one todtine tool is in contact with the surface and that all forcets ac
on a single point.

\ Radial Tool
Cutting ,/ﬂ AXis

3 Workpiece

Workpiece

G (b) (©)
Figure 2.

If the tool feedrate direction coincides with the periphspeed direction of the cutting tooth in contact with theface
(Figure 2(a)), the machining forces that act on the worleleas a componet, oriented as the tangential velocity, while
the normal componerﬁ‘n is oriented from the surface to the tool. The reaction foggeerated on the tool (and measured
by the force sensor) have, therefore, opposite directimtiset feedrate direction characterizindiacordant movemenit
is interesting to note that in this case the reaction nororakftends to pull the tool into the workpiece surface andrit, ¢
eventually, make the tool to penetrate overmuch and lockepiteng the robot to perform the task.
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On the other side, if the tool feedrate direction is oppositéhe peripheral speed direction of the cutting tooth in
contact with the surface (Figure 2(b)), the reaction fogeserated on the tool tend to push it from the surface whée th
reaction tangential force tends to increase the feedrdteitie which features aoncordant movement

For each tooth of the tool in contact with the surface, thei ¢utting forceF., acting in the direction of the cutting
tangential velocity and a normal forcé,, acting in the radial direction. Usually it is assumed thet tadial force is
proportional to the cutting force, ie,

F,. = F,tan(¢ — ) (17)

whereg is the friction angle (generally difficult to estimate) amds the tool frontal bevel (Figure 2(c)).
The cutting force on the workpiedé. can be expressed as (Radford, 1980):

_bovu
w

Fe

(18)

whereb is the mill thicknessy the cutting depthy the feedratey is the material specific energy andis the milling
angular velocity. These parameters also present greatuigfin their estimation. In the task coordinate systétnand
F, represent the components of the resulting fdrce

Knowing that in a properly planned task of machining theingtdepth should vary proportionally with the height
of the burr, the choice of the cutting depth will depend onrtregnitude of the normal force that is desirable to support,
which indirectly results in a proportionality between tlegerence to the normal force and the height of the burr. The
aim of this paper is not the detailed study of the force moldelyever, it's necessary to define a simple and coherent
representative model to perform the stability analysist &lmugh, we need to get a model that takes into account the
decomposition of the normal and tangential forces in cemespace.

Therefore, this section provides the definition of a simgtifmodel to perform the stability analysis. A synthesis of
the models found in Ziliani et al. (2007), Sugita et al. (20®&dm et al. (2007), Pires et al. (2007), Ziliani et al. (2005
Chen and Tung (2000) and Radford (1980).

4.1 The Simplified force model

The purpose of this section is to define a simplified model ofde that explain its dependence on the main dynamic
parameters: feedrate velocity and cutting depth. It is dissired that the model considers all possible directions in
cartesian space to the feedrate velocity.

Then, consider initially that the cutting force, definidgddzjuation (18), is rewritten as:

_budvw
T w

Fe

= fe(d)v (19)

being explicitly dependent on the cutting deptand feedrate velocity, considered as time variant.
As the magnitude of this force is defined for any feedratectiva, the feedrate velocity will be represented by the
sum of its components in cartesian spaceandz,, ie:

. d i
v = Zycosf + kysinf, with v=i& = pr { iz } = [ iz } (20)
wherej = tg~'(i,/i,) is the angle that relates the amplitudes:gfand:,.
With regards to normal and tangential forces, it will be defiirectly related to the cutting force through an angle
«, as can be seen in figure 3:

F, = F, cos(a)

F, = F, sen(«) (21)

With these definitions it is possible to represent the cgttimce in the coordinate system of the cartesian spacewhic
is represented by = [F, F,]”, in terms of components of the feedrate velocity. Suchiredahips can be found in the
equations (22) and (23) to the concordant and discordanemenits, respectively. Figures 3(a) and 3(b) illustrate the
involved vectors.

_fc((s)
_fc((s)

_ | fe(d) cos(B) cos(a+ B)  [fe(6) sen(B) cos(a+ ) | :
] o { fe(8) cos(B) sen(a+ B)  fe(d) sen(B) sen(a+ 3) { 7 } =Ca(6,8)¢

cos(p) ¢
cos(B) s

| E—
|
[ —

os(a+B)  —fc(0) sen(f) cos(a + ) ] [ o

en(a+ B) —f.(0) sen(B) sen(a + ) } =C4(6,8)z (22)

Y

(23)
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Workpiece Workpiece

Figure 3.

For cases in whicly is a multiple ofr /2 the force components of the cartesian space will be the ps@enponents
of normal and tangential forces.

For the following mathematical operations are not duptidatiue to the existence of the two movements (concordant
and discordant), the general notation below will be corrside

AR R R @)

It is important to note that the matriX4 (9, 3) is a limited matrix for each set of process parameters. larotfords,
given the machining conditions, all terms will be limitedtoigonometrical functions and the cutting depth limitedtbg
diameter of the mill. These characteristics are fundanmémthe following analysis.

5. Analysis of the impedance control applied in machining tak

Consider the set of equations that describe the dynamiceoélémstic joint manipulator with the impedance control
action:

Bn# 4 Dy + Kpi = h+ BB 'K 2 (25)
S+ Kpi+Kpz=0 (26)
where
Bn. 0 [ D, 0 [ Kn, O

are matrices defined according thg plan of the cartesian space. The matriéés and Kp remain with dimensions
(n x n) while K assumes dimensiorig x n).

Substituting the simplified force model (24), rewritten @&®n the velocity errof = iy — &, in (25) yields the
manipulator dynamic equation for the machining task:

Bpa + (D + Ca(6, 8))% + K@ = Ca(6, f)ig + BB ' K2 (28)
i+ Kpi+ Kpz=0. (29)
Rearranging these equations in a state space forin-ad p+ B, where the state vector is given py= [:?:T g7 :T ET] T,
the system stability can be concluded based on the eigezsvafithe matrixA:
—B, Y (D 4+ Ca(6,8)) —-B,'K, 0 B7'K B!
. I 0 0 0 0
p= 0 0 -Kp —-Kp p+ 0 fesm (30)
0 0 1 0 0
Matriz A Matriz B
Wherefesm =Cx (57 ﬁ)xd
To facilitate the analysis of eigenvalues, consider thaimat containing the following internal structure:
—B (D +Ca(6,8) —By'Kn | 0  B'K
B 1 0 0 0 - 1| Aip
A= 0 0 | -Kpn —Kr | { 0 | 4 } 1)
0 0 I 0
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Itis verified that the matrixd has4+2n eigenvalues, beingeigenvalues from the matri®,, relatives to the variables
of the cartesian space, ad eigenvalues from the matrit,, relatives to the rotors subsystem.

The eigenvalues of the matrik, are negative for any positive values§f,; and K p; (relatives to the joint) and are
independent of the process parameters. These eigenvatugsszribed below:

Kpi K2 —4Kp;
oD Vo Di P i=1,2,..,n. (32)

)\ =
L2 2 2
The eigenvalues of the matrik, are not negatives for all values of gain and are conditionetth® parameters of the
process.

To facilitate the choice of these gains, it is proposed a pdiilogy to obtain the eigenvalues based on the resulting
force orientation. Thus, at the moment that the resultimgefdas completely on the, axis,3 = —a and = © — a, the
four eigenvalues and consequently the precondition gaagigen by:

sz + CAll(év 6) \/(Dml + CVAll((S; ﬁ))g - 4BmLKm1

As6 = — 3B, + 2 )
)\7 8 = — Dmy 4+ \/D?ny - 4Bmmey (34)
’ 2B, 2B,
Likewise, for the moment that the resulting force is comglieon thez, axis,3 = 2 — aandg = 3% — a:
As,6 = —2DB7:; + \/DTQM Q_BiB:mszm 5
A7g = —Dmy —22222(5’ 9 4 vV (Dm, + CA222(gf))2 — 4B, K, (36)

Using the elements of'4 (6, 3) increased by (the maximum cutting depth) and the equations (33) and (@),
preconditions set is obtained to choose the gains of matBgg D,, and K, that ensure the system stability:

o Dmm + CAll(ga ﬂ) \/(sz + CAll(Sa 6))2 - 4BmszI

)\5,6 = QBmI + QBmZ <0 (37)
Dy, + CA22 (57 5) \/(Dmy + CA22 (5’ 6))2 B 4Bmy Kmy

)\7,8 = — Y 5B + 9B <0 (38)

6. Simulation results

The manipulator chosen for the simulation has only two pelradtational joints (Figure 1(a)). This joint arrangerhen
provides the robot two degrees of freedom that allows thelgien of motion in a cartesian plane. This degree of mahbilit
is sufficient to accomplish the simulation of the machiniagkt which will be detailed below, based on the force model
proposed in section 4.

Due to the number of joints, the angular position vectorsareposed ag; = [q11 qi2]” andgs = [g21 ¢22]7, where
the variableg;; andg.; represent, respectively, the link and the rotor positidateel to the joint.

The constructive parameters used in the simulation of trehinang task are presented in table 1.

Table 1.
Parameter Value Unit Parameter Value Unit
Links Length 0.25 ] Reduction 100 [-]
Link 1 Center of Mass 0.118  nj] Rotors Inertia 0.00045 kg m?]
Link 2 Center of Mass 0.116  nj] Torsional Constants  100.000 Nfrad)]
Link 1 Mass 11.4 kgl Motors Mass 1.4 Kyl
Link 2 Mass 19.5 kgl Tool Mass 1 kgl
Link 1 Inertia 0.23  [kgm?] Tool Inertia 0.1 kg m?]
Link 2 Inertia 0.16 kg m?]

The machining task consists in the removal of strips of saléposited on a planar surface (Figure 4(a)). For purposes
of simplification, the strips of solder, projected on theatdwork plane, is approximated by a trapezoidal profilehwit
ripples as illustrated in figure 4(b).
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Figure 4. Strips of solder profile: (a) real and (b) approxida
Table 2.
Parameter Value  Unit Table 3.

10 0.15 ]

Length 0.25 ]

Height 10.0 fm] =
Aes 10.0  fnm] y
Ags 3.0 [mm]

Item Value Unit
Fy 40.0 [N]
1.0  [mm]

The values of the surface parameters chosen for the similate presented in table 2.

The movement performed by the manipulator consists on despags of concordant movement. The manipulator
starts the task from the rest and without contact with théreninent. It is considered in the simulation that the siefiac
be recovered is aligned to the axis, therefore, all the acceleration and velocity refeesrfor the controller are restricted
to this axis. In other words, the references of positjg(t), velocity 4(¢) and acceleratiotj,(¢) for the controller are
zero for all time.

Itis planned that the moment of contact with the environnientcurred with the tool in a constant feedrate velocity.
Arbitrarily, it is adopted a feedrate velocity of 20m/s for the part of contact. Instead of a trapezoidal profile ® th
desired velocity, it is planned a smoothed profile that atoepresence of an unwanted motion due to non-linearities in
the curve of reference, agreeing with the hypothesis oftita¢eg)y formulation.

To finish the task planning, two important items must be djeeti the level of the desired forde; under which the
tool must be submitted during the pass, and the maximum rabb&ight remaining after the pags These items are
chosen arbitrarily, according to the table 3, and serve tm#uljust the tool parameters to generate the expectedsfofce
reaction as design the controller gains for the task.

6.1 Environment properties and tool parameters

As presented in section 4, the magnitude of the cutting fétcalthough expressed in a reduced form by the cutting
depthé and feedrate velocity, it depends on the environment and tool features, ie,

_budvw
T ow

F.

= f()v. (39)

The parameters related to the tool are simple to obtainhletgdme can not be said with respect to the material specific
energy. Because of this, to perform the simulation, theegdarc/w is indirectly defined based on the desired feedrate
velocity, denoted by, and the itemg,; andy above defined.

From the values of the maximum remaining heighend of the profile height, it is possible to obtain the maximum
cutting depth expected:

& = profile height— § = 0.01 m — 0.001 m = 0.009 m. (40)

With the desired feedrate velocity defined asri26:/s and the level of the contact force as AQ the parcebu/w,
denoted by the coeficinet, can be obtained:

bu - R N
Fi="Zdva=cabv — cq=22222x10° —. (41)
w m

It is also necessary to define the angleshown in section 4.1 which relates the components nornthtangential of
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the cutting force. This parameter is dependent on the amiste aspects of the tool and, for the purpose of simulation
arbitrarily chosen as 30 degrees.

Finally, from the desired level of contact force and with tiedinition of the angley, the magnitude of the expected
force components normal and tangential for the task can taérsul as:

Fiq = Fy cos(a) =40 cos(30) = 34.6 N

42
Fhq = Fy sen(a) = 40 sen(30) = 20.0 N. (42)

6.2 Controller gains

To carry out the simulations is adopted a time response & €e@onds for the rotors dynamic, which has proved
enough to non introduce a considered disturbance in the boksystem. The gains values obtained according the re-
sponse time and adopted to the simulation are presentebla4a

Table 5.
Table 4.

Gain  Value
Gain Value fort,.(2%) = 0.02 s By, 10
Kp, 40000 B, 10
Kp, 40000 D,,, 2500
Kp, 400 D,,, 2500
Kp, 400 K, 20000

K,,, 20000

The gains related to the links subsysteh),, D,, and K,,,, are presented in table 5 and are chosen based on the
preconditions obtained from the stability analysis wheits@ maximum value is achieved by the elements of the matrix
Cal(d, B).

Simulations results for the machining task are presentéidunes 5, 6 and 7 for an ideal case of implementation. In this
situation is considered that all the state variables netaletbse the loop control are available by full instrumeiotat
In the figures is shown the robot performance for two cases: comsists on the use of an impedance control strategy
based on the robot rigid model (I.C.R.M.) to control an étgstint robot, and the other one is the proposed strategy tha
considers the joints elasticity (I.C.).
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Note that, despite ripples due to strips of solder, the sygieesents smooth responses to variations on the surface
and all the pre-established criteria are met. The stati@tipomg error caused by elasticity in the joints, that im&ses
directly with the distance between the end-effector antaise, is compensated and considerably reduced. The results
also present a reduction in the amplitude of the oscillaticaused by the strips of solder.

Since the controller strategy compensates the elasticteffine system performance is strongly affected by impreci
sions in the elastic constahf. Actually, this parameter is not constant and varies wiipeet to the payload, as seen,
per example, in harmonic drive manuals. This complemeraaajysis can be found in Barasuol (2008), where is shown
that, with imprecisions of-10% in the elastic constant, the system remains stableugjthib presents positioning errors.

7. Conclusion

The results obtained by simulation shows the effectivenéske cascade design for elastic joint manipulators and
verify the methodology used to choose the controller gdiak] on the preconditions obtained by the stability analgsi
the system. By using the proposed simplified force modeltikty analysis, it was observed that the system stabilit
is related to theD,,, gain. This conclusion makes such gain the primordial adprshe impedance controller to ensure a
security task.
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