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Abstract
This paper presents a 3-dof redundant parallel mechanism,
ARCHI, designed as a sub-part of a 5-axis hybrid machine.
The redundant parallel mechanism design and its models
are recalled; different ways for its control and first motion
results are presented, proving the ability of ARcHI to offer
an unlimited rotation capability.

1. Introduction

After Gough [1] and Stewart [2] in the 50s and @'s
introducing the ideaof ‘hexapods (6-daf) [3][4], Clavel and
his Delta structure [5] in the late 80's opened a new era with
machines able to reat extremely high performances, used
first for pick-and-placeoperations, and more recently for 3
or 5-axis madining. Considering the machining of complex
shape objects, the solution often proposed by paralel
mechanisms is dramaticdly different from the solution in
useinindustry. In fad, industrial machines are based on a 5-
dof serial chain whose we&k paint is the ‘hea’, i.e. the last
two rotating joints; on the other hand, most paralel-
mechanism-based madines rely on a 6-dof arrangement.
Different designs have proven the efficiency of parallel
mechanisms in this type of applications [6][7]. Approaches
using lessaduators (that is, five aduators for five machining
axis) have been proposed recently, but they suffer from the
same limitation than fully parallel chains: a limited tilting
angle. Hybrid serid/parallel or paralel/seria structures
(Tricept [8], Eclipse [9], DS Tedwnologies Sprint) are
solutions for 5-axis machining: the paraléel/seria
arrangement of Tricept offers a good dynamic behavior
thanks to its parale sub-part, but it still suffers from the
limitations of a seria ‘head’; Sprint architedure guarantees
a good bkehavior of the ‘head’” but is limited in terms of
tilting angle. In this paper, a solution based on the principle
of Motion-Sharing where both the tool and the work-piece
are moved, and where & least a part of the motion is due to
paralel chains is studied. A new parallel redundant
structure, ARCHI, has been designed as a part of a 5-axis
equipment for machining. Its basic design and models are
presented, and control strategies are discussed.

2. Motion-Sharing®: ARCHI basic design

One possble design, based on the so-cdled H4 structures
[10], where 4 dof are dedicated to the tool motion, and 1 dof

* This concept aready exists for some *serial’ machine-tod's, and has been
called the ‘left-hand/right-hand’ paradigm in the robatics community.

is at work-piece level has aready been introduced. ARCHI is
a solution gving the tool a mmplete planar motion (2
trandations, 1 rotation), and letting the work-piece be
moved aong the remaining trandation axis and about the
remaining rotation axis. With ARCHI concept efforts are
focused on planar parallel mechanisms. Such mechanisms
have been intensively studied (see[11]) and it turns out it is
not posdble to obtain a large range of motion in rotation
with classicd arrangements. This is obviously becaise of
the existence of singular positions, and among them, more
spedficdly over-mobility singular positions where the
machine stiffness is zero. The macdiine developed is
designed to alow unlimited rotation capability thanks to a
redurdant parallel kinematics mechanism. Figure 1 includes
the ARCHI ‘arrangement graph’ and a schematic view: four
linea drives are fixed onthe base, and then linked to the
nacéle (carying the spindle) thanks to R-R or U-S chains
(P: Prismatic joint, U: Universal, S: Sphericd, R: Revolute);
on the work-piece side, two joints are aranged in a seria
way. Two (paralel) arms are moving in a (x, y) plane and
linked together via arigid body and two revolute joints.

Figure1l. ARCHI basic design.

Indeed, when the nacdle rotates from 0to 277, each chain is
in a ‘singular’ position when the ‘leg’ is aigned with the
nacdle: the singular chain canna produce any torque eout
Zaxis (Figure 2). However, when a dain is singular, the
three other chains are not, and the cmplete mechanical
structure remains controllable. Such mechanisms offer in
addition ancther advantage: they are extremely easy to build
and assemble. The first ARCHI prototype is designed as a
simple test-bed able to offer good performances: four
LineaDrives motors, a FAEMAT spindle and few off-the-
shelve components are used.
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Figure 2. Mechanism singularities.

3. Modeling

3.1. Position equation

VecIorqz[ql,qz,qg,q4]T denotes drive positions and

X=[XY, G]T is the nacelle configuration, described by the
position of point C and nacdle orientation (Figure 3).
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Figure 3. ARCHI parameters.

Coordinates of points Biy (X12, Y12) and Bas (Xas,Y34), are
given by:
X12 =x—d.cosg
Y12 =y—d.sin@

X34 = X +d.cosf
Y34 = Yy +d.sing

= Inverseposition equation

01 =X1278 U2=X2+S O3 =X34 =Sy U4 =X31+S
where:s; =[L2= Y157, Sp =[L?~ Y342

= Forward position equation’

Depending on which set of 3 chains among the 4 is €leded,
different computations can be made, which are similar to:

1 1
X12 = E(Ch +03) Y12 = = LZ—Z(% —01)?
1 = P 2
X34—E(Q2+Q4) Y34 = /L ‘Z(Q4‘Q2)

The position of point C, and the nacdle angle, are given by:

tan@) = Y34~ Y12

x= X2+ %34 y= Y12+ Y34
2 2 X34~ %12

2 For a real machine, results are more accurate with an iterative
computation (use of the generali zed inverse of the jacobian matrix).

3.2. Velocity equation

As down in [11], the vel ocity equation can be written as:

4=J, X
where:
4 %2 gsing-Y12 cosp) T
! S C
4 -2 g sing+ 222 cosp) -
I =0 ysl 31 C
0 224 §.(-sing+>2% cos)C
1 T
a _ Y34 d.(—sine—&.cose)E
8 S2 S2 E

3.3. Singularity issue

The Jaoobian condtioning index of the redundant machine
ARCHI and the Jaabian conditioning index of the 4 non-
redurdant sub-mechanisms composed of 3 arms (cond(J;24),
cond(Jiag), cond(Jizz), cond(dss)) can be @mpared to
evaluate the ontribution of aduator redundancy (Figure
4) The first series of curves depicts the behavior of ead set
of chains. singularities occur clealy when the condition
number tends to infinity. On the mntrary, the redundant
complete machine offers good condtioning for both
matrices, guaranteeng that no singularity occurs (of course,
under-mobility singularity still exists for this mechanism,
but they are emy to manage & for most paralel
mechanisms).
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Figure 4. Jacobian conditioning index of redundant and non-redundant
mechanismsfor x=1m,y =-04mand 6 [J[ -180,180] degrees (L =
1m,d=0.2m).



3.4. Dynamic equation

Negleding arms inertia, the foll owing dynamic equation can
be derived:

[ Mg +MplX+[I 5 Mgdp +I 0 KIm]x
+f,+M,.g+J) . f4 =0

where:
fq and f, are, respectively, drive and nacédle forces

M isamatrix containing nacdle mass and inertia
My isamatrix containing drive masses

K isamatrix of drive friction coefficients
g isagravity vector.

4. Control strategies ssimulation results

Using all previous models a simulator of ARCHI including
dynamic effeds and the posdbility of introducing errors on
different parameters has been built. Simulation results for a
typicd motion combining a translation along x and y and a
rotation from 77/ 4to 11/ 2 are presented; during that motion,
the chain No 4 crosses asinguarity.

4.1. Independent joint space control

Most (if not all) industrial machine-tools control systems are
based on independent (linear) joint control loops, with
aduation redundancy, any dimensional error in kinematic
models leals to non-convergence problems as on as an
integral effect is included in the control loops. Figure 5
shows such a problem with a 2% error on one leg length.
The ideais then to study an dternate gproach (dynamic
Cartesian scheme) with different control strategies.

0 0.5 1 15 2 25 3 35 4 4.5 5
time (s)

Figure 5. Drive forces do not converge in case of dimensional error.

4.2. General approach: Dynamic Cartesian scheme

To overcome the problems due to dimensiona errors, only
Cartesian control schemes are proposed; moreover, since
parallel mechanisms are intended to offer high speals and
high accéerations, taking into acmunt dynamics seemsto be
mandatory for better performances (Figure 6).

However, redundancy issue has been considered too: the
non-uniqueness of drive forces corresponding to a given
external forcemay be aldressed in various ways.
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Figure 6. Dynamic Cartesian control structure.

4.3. ‘2-arm robot like' control

It has been explained in sedion 2 that ARCHI could be
considered as a two-arm roba carying a solid objed. Thus
appeding control strategies may be similar to those
proposed for two-arm robots; for example, Dauchez et al.
[13] proposed to define ‘internal forces' as forces ading
inside the caried dojed. In a similar way, one can define
control strategies where the internal force ading in the
nacéleis considered.

4.3.1. Without gravity effed. The simplest way to consider
such ‘internal force is to regard statics only: then the
internal force (‘inside’ the nacdle) is defined as the
difference between the static forces, f; and f,, produced
by ead ‘individua robot’ (i.e. eadr 2-dof sub-part),
projeded on the nacdle diredion (given by vedor n in
Figure 7). An appealing control strategy is then to set this
‘internal force to zero:

(fl - f2).n =0

1
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Figure 7. Forces on the mechanism.

This condition leals to:

It oy fax fay) =[fe fy my O



with:

o1 0 1 0 C
; go 1 0 1 ¢
" "@.sind -d.cosd -d.sind d.cosaC

Ecos@ sing -cos8 -sinf E

Moreover,
—r1-1 7 4T T
fg =0 3q) (i fiy fax fay)
Then drive forces are given by:

fg =1053q1 7972t £, m, O

4.3.2. With gravity effect. In this case, the supdementary
condition is:

(fy-fp)n=M,.0.sin6
4.4. Minimizing a given criterion

As dim(Ker(J,,)) =1, the euation JT.fq =f has an
infinite number of solutions [14][15]:

fg=dr f+01 =331z, zoo*

In fad, [I —Jlﬁ .JL].Z belongs to the null-space[16] and
represents internal forces in the mechanism:

(=313 1.z0Ker(3 )

Then, drive forces computation can be redized by
minimizing a given criterion [17][18][19] as the 2-norm or
the infinite norm of drive forces.

44.1. Pseudo-inverse based control. The solution
correspondng to z=0, i.e. the result of a pseudo-inversion,

minimizes |fq|,(if z=0, internal forces are eual to
Z€0).

4.4.2. Infinity-norm based control. Minimizaion of the
infinte nom of fq can be performed choosing
z=-kgrad(|f4]_), kOO¥. It corresponds to a
minimization of the maximal drive force

45, Simulation results

Following figures (from 8 to 10) give views of aduator
forces (4 pots in a figure, corresponding to the four
aduators), as well as information about the internal force (1
plot in a seoond figure, corresponding to the force
component that liesin the Jambian kernel).

Figure 8 describes smulation results in the case of a 2-arm
control, where the gravity effects are managed by the control

scheme. Since these dfeds are not negleded, the static
internal forceis very small. Note that no divergence occurs
(contrary to the cae presented in Figure 5). Regarding
control using the pseudo-inverse (Figure 9), the result is
better than the 2-arm control because drives forces
component in the null-space is equal to zero all along the
simulated path. Again, no divergence occurs. Figure 10
shows that the minimization of the infinite norm of drive
forces is more efficient than the simple pseudo-inverse:
aduator forces are kept smaller; however, drive forces
present undesirable ‘ discontinuities'.
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Figure 8. Forceswith ‘two-arm like’ control, with gravity.
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Figure 9. Pseudo-inverse based control.
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Figure 10. Infinity-norm based control.

5. First experimental results

Figure 11 presents our first prototype. The complete control
system is implemented on a single PC (Pentium II, 200
MHz, 64 Mb) running Windows NT4, without any control
board; indead, a lab-made 1/O board is plugged into the PCI
bus and conreds the PC to the amplifiers by means of
analog signals, and the pasition encoders to the PC by
means of digital signals. This means that both the Graphical
User Interface(G.U.1.) and the Position Control are running
on the same PC; this relies on the use of RTX, a software
package that enables Real-Time processes to run a a PC
whil e keeping advantages of Windows NT environment.

Figure 11. A picture of thefirst ARCHI prototype (L=1 m, d = 0.055 m).

¢ Windows-NT process. It is a G.U.l. where displacement
parameters (desired position, maximal velocity, etc) and
control parameters can be set. User can query data as well.

¢ Real-time process. Red-time process main tasks are to
generate a trgjedory and to control the position. Trajedory
generation is redized in Cartesian Space acording to a 5™
order polynomial in paosition insuring accéerations
continuity (even if it doesn't optimize displacements). The
control task is defined as a periodicd task with maximal
priority, and runs at a 2kHz frequency.

The oontrol scheme was described in Figure 6, however the
inverse dynamic model is not implemented yet and forces
computation is redized by using the generalized inverse of
the jacobian matrix (Figure 12).
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Figure 12. Control implementation.

The results presented below (Figures 13 to 16) have been
obtained for displacements from positions

Xi :[1.L—0.6,n/2]Ttoxf :[1.15—0.65—71/2]T (forward

and backward displacements) crossing singuar positions of
non-redurdant subsystems.
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Figure 13. Nacelle position during a displacement crossing singular
positions.
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Figure 14. Errorson x, y and @ during the displacement.

Figure 15 represents aduator forces (fy) during the
displacement described above.
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Figure 15. Actuator forces.

A

A projedion on the null-space (kernel) assciated to the
Jambian matrix permits to compute internal forces on the
mechanism (Figure 16). These interna forces kegp small
compared to drive forces (theoreticdly they are equal to
zeo) and forces computation based on the using of
generalized inverse seems to be simple and efficient.
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Figure 16. Internal forces on the mechanism.

6. Conclusion

In this paper ARCHI, a new 3-dof redundant parallel roba
aduated by four drives, has been described. Its kinematic
and dynamic models were given,; its ability to easily evolve
in the whole workspace ad to allow unlimited rotations has
been proven. Simulations based upon different joint forces
computations methods were compared. A prototype has

been built and the implementation of a first set of control
procedures has been caried ou. Preliminary tests
demonstrate it is adually possble to use redundancy to
overcome over-mohility singularities in a machine dedicated
to high speed motions.

Future tests will offer a cncluding view abou which
control strategy fits properly our need.

Then, ARCHI robot will be included as a part of an hybrid
roba dedicated to machining.
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