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When two robots execute a coordinated motion it is re-
quired specification not only of the desired trajectory
of each robot, but also of the forces exerted by the end
effectors. This article discusses the fractional-order
position and force control of two co-operative robots
handling one object. The system robustness and per-
formance is analyzed and compared with other control
approaches. The experiments reveal that fractional
algorithms lead to performances superior to classical
integer-order controllers.

Keywords: control, fractional calculus, robotics, cooper-
ating robots

1. Introduction

Two robots carrying a common object are a logical al-
ternative to the case in which a single robot is not able
to handle the load. The choice of a robotic mechanism
depends on the type of work to be performed and, conse-
quently, is determined by the position of the robots and by
their dimensions and structure. In general, the selection is
done through experience and intuition, but it is important
to measure the manipulation capability of the robotic sys-
tem [1] useful in the robot operation. In this perspective it
was proposed the concept of manipulability [2, 3] or, the
statistical evaluation of manipulation [4]. Other related
aspects such as the coordination of two robots handling
an object, collision avoidance and the path planning have
been also investigated [5].

With two cooperative robots the resulting interaction
forces have to be accommodated and consequently, in
addition to position feedback, force control is also re-
quired to accomplish adequate performances [6, 7]. There
are two basic methods for force control, namely the hy-
brid position/force and the impedance schemes. The first
method [8] separates the task into two orthogonal sub-
spaces corresponding to the force and the position con-
trolled variables. Once established the subspace decom-
position two independent controllers are designed. The
second method [9] requires the definition of the arm me-
chanical impedance. The impedance accommodates the
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interaction forces that can be controlled to obtain an ad-
equate response. This paper addresses the control of two
arm system, using fractional-order (F O) algorithms [10-
13] inserted in position/force cascade structure.

Bearing these facts in mind this article is organized as
follows. Section two presents the controller architecture
for the position/force control of two arms. Based on these
concepts, section three develops several experiments for
the time analysis and the performance evaluation of FO
and classical controllers, for robots having several types
of dynamic phenomena at the joints. Finally, section four
presents the main conclusions.

2. Modeling and Control

The dynamics of a robot with n links interacting with
the environment is modeled as:

T=C(q,4)+G(q) —J"(qF+H(q)§ . . . (D

where T is the n x 1 vector of actuator torques, q is the
n x 1 vector of joint coordinates, H(q) is the n x n inertia
matrix, C(q, q) is the n x 1 vector of centrifugal / Coriolis
terms and G(q) is the n x 1 vector of gravitational effects.
The matrix JT(q) is the transpose of the Jacobian and F
is the force that the load exerts in the robot gripper. For a
simple RR manipulator (n = 2) the dynamics yields:

| —mar1r28263 — 2marir2 824142
C(q,4) = [ iy - @

_ | g(minCy+mariCi +marCia)
Ga)= [ gmarCrn -3

T —rS1—nSi2 nCi+nCo
Fa= [ —rS12 rCr2 ] - @
(my —i—mz)r% +m2r% mzr%
+2mar1rCy +myrirCs
H(q)= | +Jin+Jig . (5)
+m2r% mgr%
+morirC; +Jom +J2g

where C;; = cos(q; +¢;) and S;; = sin(g; + q;).
We consider two RR robots with identical dimensions
(Fig. 1). The contact of the robot gripper with the load is
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Fig. 1. Two RR robots, with distance /,, between the shoul-
ders, working in cooperation for the manipulation of an ob-
ject with length [y and orientation 6.
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Fig. 2. The contact between the robot gripper and the object.
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Fig. 3. The position/force cascade controller.

modeled through a linear system (Fig. 2) with a damping
B and a stiffness K. The numerical values adopted for the
robots and the objectare my =mp = 1.0kg, h=h =1, =
lp=1.0m, 6=0° B =B, =1Nsm ' and K; =K, =
10* Nm™".

The controller architecture (Fig. 3), consisting on a cas-
cade controller, is inspired on the impedance and compli-
ance schemes. Therefore, we establish a cascade of force
and position algorithms as internal an external feedback
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Table 1. The parameters of the FO controllers.

(a) Position controller

! KP Ka o

1 0.1259 1.55x1073 %

2 01259 155x1073 3
(b) Force controller

1

1059 2.0x1073 —?
2 1059 2.0x10°% -1

Table 2. The parameters of the PD — PI controller.

(a) Position controller

i Kp Kd

1 25.0x10° 25.0x 10!

2 25.0x10° 25.0x10!
(b) Force controller

i K, K;

1 5.0x10° 10.0x 10%

2 5.0x10% 10.0x 10%

loops, respectively, where x; and F; are the payload de-
sired position coordinates and contact forces.

In the position and force control loops we consider FO
controllers [8, 10] of the type C(s) = K, + Kgs%, —1 <
a < 1, that are approximated by 4®-order discrete-time
Pade expressions (a;,b; € R,k =4):

atF +aiF N+ ta
bok+b1ZF1+--+ b’

To analyze the system performance we consider not
only robots with ideal transmissions, but also robots with
joint having backlash, flexibility and nonlinear friction.
Moreover, we compare the response of FO and classical
PD — PI (P-Proportional, D-Derivative, I-Integral), algo-
rithms:

Cz)~K K>0. . (6)

Cs)=K,+Kgs . . ... ... .... D
qn:&+m§............(m

for the position and force loops, respectively.

Both algorithms were tuned, having in mind getting al-
most similar performances in the two cases (Tables 1 and
2). In order to study the system dynamics we apply sepa-
rately small amplitude rectangular pulses 8y, and 6Fy,,
separately, at the position and force references, and we
analyze the system response.

The experiments adopt a controller sampling frequency
fe = 10kHz, a contact forces of the grippers {Fx;,Fy;} =
{0.5,5} Nm, j = {A, B}, a operating point of the center
of the object {x,y} = {0,1} m and an object orientation
6y = 0°.

In a first phase we consider robots with ideal transmis-
sions at the joints. In a second phase we analyze the re-
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Fig. 4. Time response of robot A with ideal joints, under the action of the FO and the PD — PI algorithms, for a pulse perturbation
at the position reference 8y, = 0.1 m and a payload with M = 1 kg, B; = 10 Nsm ™! and K; = 10> Nm™!.
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Fig. 5. Time response of robot A with ideal joints, under the action of the FO and the PD — PI algorithms, for a pulse perturbation
at the force reference §Fy,; = 0.1 N and a payload with M = 1 kg, B; = 10 Nsm~! and K; = 10> Nm~!.

sponse of robots with dynamic backlash at the joints. For
the i™ joint gear (i = 1,2), with clearance ;, the backlash
reveals impact phenomena between the inertias, which
obey the principle of conservation of momentum and the
Newton law:

g _ G (Jii — &Jim) + GimJim (1 + €)

/ 9
g Jii +Jim ®
q.;m _ qu,~(1+£)+(],~,,, (J,' —SJi,') . ‘ (10)

Jii +Jim

where 0 < € < 1 is a constant that defines the type of
impact (€ = O inelastic impact, € = 1 elastic impact). the
variables ¢; and ¢, (¢; and ¢/,) represent the velocities
of the i joint and motor before (after) the collision, re-
spectively. The parameter J;; (Ji,) stands for the link (mo-
tor) inertias of joint i. The numerical values adopted are
hi=18x10"*rad and & = 0.8.
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In a third phase we study the RR robot with compli-

ant joints. For this case the dynamics corresponds to

model (1) augmented by the equations:
T:Jmﬁm+BQO+Km(qm_q) (1m)
Kun(am — @) = J(@)4+ C(q,4) + G(q) (12)

where Jm, Bm and Ky, are the n x n diagonal matrices of
the motor and transmission inertias, damping and stiff-
ness, respectively. In the simulations we adopt K,; =
2.0 x 10° Nm-rad~! and B,; = 10* Nms-rad~! (i = 1,2).

In a forth phase we study the inclusion of nonlinear fric-
tion of the robot joints, given by the expression.

B+ Kaigi qi >0
7}“riction = 0 qi= 0 . (13)
B — Kaiqi q;: < 0

where the parameters, By;, K, (i = 1,2) represent the vis-
cosity coefficient and the Coulomb friction, respectively.
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Fig. 6. Time response of robot A with joints having backlash, under the action of the FO and the PD — PI algorithms, for a pulse
perturbation at the position reference 8yz = 10~ m and a payload M = 1kg, B; = 1 Nsm™! and K; = 10> Nm~!.
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Fig. 7. Time response of robot A with joints having backlash, under the action of the FO and the PD — PI algorithms, for a pulse
perturbation at the force reference Fy; = 0.1 N and a payload M = 1kg, B; = 1 Nsm~! and K; = 10°> Nm~L.

Table 3. Time response characteristics for a pulse 8y, at the
robot A position reference.

Table 4. Time response characteristics for a pulse §Fy, at
the robot A force reference.

No C(s) PO% eg[mm] Tpls] T.[s] No C(s) PO% eg[mm)] Tpls] T[s]

1 PD—PI 390 50x10° 1.1x1072 250x1072 1 PD—PI 4000 98x107T 1.1x1073 20x107T
FO 430 09x10™ 1.6x107%2 15.0x102 FO 1150 77.0x1073 25.0x1073 5.0x10°!

2  PD-PI 02 27x10°% 37.0x1072 50x107! 2 PD—PI 4000 98x107!' 1.1x1073 20x10!
FO 02 35%x1073  4.0x1072 4.0x1072 FO 1000 77.0x 1073 20.0x1073 4.0x107!

3 PD—-PI 03 640x1072 380x1072 450x1072 3 PD—PI 1000 98x107! 1.1x107% 1.0x10°!
FO 0.3 50.0x 1073 25.0%x1072 19.0x 1072 FO 1000 77.0x1073 20.0x1073 4.0x 107!

4 PD-PI 451 50x107% 12x1072 26.0x1072 4 PD—PI 1000 98x10~! 1.1x1073 1.0x10"!
FO 430 09x1073 17x1072 150x1072 FO 60.0 95.0x1073 200x1073 1.0x10°!

3. Time Response Analysis
Figures 4 and 5 depict the time response of robot A for

FO and classical algorithms. We considered robots with
ideal joints and perturbations at the position and force ref-

Vol.11 No.9, 2007

erences 8y; = 0.1 m and 8Fy; = 0.1 N, respectively.
Figures 6 to 11 show the time responses for robots hav-

ing dynamic backlash, flexibility and friction at the joints.
The time response characteristics (Table 3 and 4),

namely the percent overshoot PO%, the steady-state er-
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Fig. 8. Time response of robot A with joints having flexibility, under the action of the FO and the PD — PI algorithms, for a pulse
perturbation at the position reference §y; = 10~ m and a payload M = 1 kg, B; = 1 Nsm~! and K; = 10° Nm~,
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Fig. 9. Time response of robot A with joints having flexibility, under the action of the FO and the PD — PI algorithms, for a pulse
perturbation at the force reference §Fy; = 0.1 N and a payload M = 1 kg, B; = 1 Nsm~! and K; = 10> Nm~!.

10T €45, the peak time 7, and the settling time T reveal
that, although tuned for almost similar performances in
the first case, the FO is superior to the PD — PI in the
cases of robots with joint dynamic phenomena.

It is clear that the fractional controller demonstrates
better performance for joints having nonlinearities.

4. Conclusions

This paper studied the position/force control of two
robots working in cooperation using fractional and inte-
ger order control algorithms. The system time response
was analyzed for manipulators having several types of dy-
namical phenomena at the joints. The transient response
of the system shows the superior performance of the F O
controller.
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