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Abstract — This paper analyzes the performance of two cooperative robot ma-
nipulators. In order to capture the working performance we formulated several
performance indices that measure the manipulability, the effort reduction and the
equilibrium between the two robots. In this perspective the proposed indices we de-
termined the optimal values for the system parameters. Furthermore, it is studied the
implementation of fractional-order algorithms in the position/force control of two
cooperating robotic manipulators holding an object.

1 Introduction

Two robots carrying a common object are a logical alternative for the case in which a
single robot is not able to handle the load. The choice of a robotic mechanism depends
on the task or the type of work to be performed and, consequently, is determined by the
position of the robots and by their dimensions and structure. In general, the selection is
done through experience and intuition; nevertheless, it is important to measure the manip-
ulation capability of the robotic system [1], that can be useful in the robot operation. In
this perspective it was proposed the concept of kinematic manipulability measure [2] and
its generalization dynamical manipulability [3] or, alternatively, to a statistical evaluation
of manipulation [4]. Other related aspects such as the coordination of two robots handling
objects, collision avoidance and free path planning have been also investigated [5, 6] but
still require further study. Furthermore, with two cooperative robots the resulting interac-
tion forces have to be accommodated and consequently, in addition to position feedback,
force control is also required to accomplish adequate performances [7, 8, 9]. There are
two basic methods for force control, namely the hybrid position/force and the impedance
schemes. The first method [10] separates the task into two orthogonal sub-spaces cor-
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responding to the force and the position controlled variables. Once established the sub-
space decomposition two independent controllers are designed. The second method [11]
requires the definition of the arm mechanical impedance. The impedance accommodates
the interaction forces that can be controlled to obtain an adequate response. This paper
analyzes the manipulation and the payload capability of two arm systems. Through the
formulation of several indices we analyze the robot actuator efforts and payload balance,
and we study the position/force control of two cooperative manipulators, using fractional-
order F'O algorithms [12, 13, 14, 15]. Bearing these facts in mind this article is organized
as follows. Section two, determines the manipulability of robotic systems, based on a nu-
merical method and section three studies the performance of two-arm systems. Section
four presents the controller architecture for the position/force control of two robotic arms
and introduces the fundamentals of the fractional-order algorithms. Based on these con-
cepts, we develop several experiments for the analysis and the performance evaluation of
FO and the PID controllers, for robots having several types of dynamic phenomena at
the joints. Finally, section five outlines the main conclusions.

2 The Manipulability of Robotic Systems

The manipulability measures the robot efficiency in the workspace from the viewpoint of
object handling capability. For one arm the kinematic manipulability y is defined as:

= |det[J(q)J" (q)]]'/* (1

where J is Jacobian of the robot kinematics. With this formulation, for the RR robot
it yields p = lyls|sings| where [; and ¢; (i = 1,2) are the length and position of link i,
respectively. Therefore, we verify that the best posture for the RR robot occurs when
q¢2 = 90. Besides, for a total length [, + I, = L, the manipulability ; has a maximum
when [; = [,. For one robot the analytical development of 1 is straightforward; however,
for two or more robots the definition of p is more complex. To overcome this problem
we adopt a numerical approach inspired by the Monte Carlo method. The method [7]
consists in establishing a grid of m points in the workspace and, for each of these points,
to generate a sample of n points in the interior of a sphere with a radius p in the joint
space. Each point mapped into the operational space through the direct kinematics, in
order to obtain the corresponding ellipsoid set of points. The size and shape of the el-
lipsoids determine the “amplification” between the joint space and the operational space
and is related to eigenvalues of the kinematics Jacobian. The manipulability varies in the
workspace. Therefore, we consider the index 14, that represents the average volume of
1 in all the possible workspace W'.

HAv = AU[IU’(J‘" y),V(l’, y) S W] 2)

The following experiments adopt one and two robots with R R structure. In a first phase
we consider a single robot, in order to compare the analytical and numerical methods. In
a second phase we consider two robots working in cooperation (figure 1) in order to de-
terminate the manipulability of the total system and the system configuration that leads to
a superior performance.
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Figure 1: Two RR robots working in cooperation for the manipulation of an object with
length [y, orientation argand distance [, between the shoulders.

Figure 2 show the manipulability for one RR robot in the workspace obtained by the
two alternative methods.

Figure 2: Manipulability x4 of one RR robot with [; = 1 m and /; = 0.8 m obtained by
the: a) analytical method, b) numerical algorithm for m = 1000 points, n = 1000 points,
p=0.1rad.

As we can see, the numerical method presents a small error when compared with the
analytical expression. Furthermore, the new algorithm has a low computational cost and
it is easy to implement. Obviously, to decrease the numerical error it is necessary to
increase the m and n, but the calculation time increases proportionally.

The figure 3 shows 1 4,as function of the distance [, between the arm elbows and reveals
that we obtain larger values for [, ~ 0 with [j = 0 or [, = 1 with [y = 1 because the
workspace is maximum in that case, while the best case occurs for [, = [5.

Another important aspect of robot cooperation is the manipulability variation within
the system workspace. In this line of thought, we compare 14, for distinct robot object
orientations «g and different sizes of the object [ and several distances [, between the
robot shoulders. In the experiments we consider 0 <, <[y + Iy + lp, l[p =1, =1 and
Qo = 0.
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Figure 4 and 5 show the indice 14, versus the parameters /,, o and [y for two cooper-
ating R R robots. This numerical experiment considers a grid of m = 1000 points and, for
each of these points, a sample of n = 1000 points, inside a sphere with a radius of p =0.1
rad in the joint space.

2 2
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I1//2 /b(m) l1//2 lb(m)

Figure 3: Average manipulability 15, in the workspace of two RR robots working in
cooperation for [, € [0, 4[ versus 11/l with [y + 15 =2 m, [ =0 m and [y = 1 m for ag= 0°.
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Figure 4: Two-arm average manipulability p4, versus [, and «y for object lengths
lo ={1,2}, with m = 1000, n = 1000, p = 0.1 and two RR robots with [; =l = 1 m.

Figures 4 reveal that we get a maximum manipulability for oy = 0 and Figure 5 shows the
best situation occurs [y = .

3 Measures for performance evaluation

In this section it is analyzed the reduction of the joint actuator efforts and the payload
equilibrium between the two cooperative robots. In mathematical terms we provide sev-
eral global measures that compare the performance of one and two arm systems. In this
line of thought the indices ¢; and 5 measure the effort reduction and the indice 3 cap-
tures the equilibrium between the two arms:

One robot T° =T+ Ty (3a)

Ti =T+ T35,
T; = TIQB + T223

Two robot } — T3 =T5+T} (3b)
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Figure 5: Two-arm average manipulability p4,versus ly and [, for ag = 0, [y € [0, 4],
ly €10, 4], m = 1000, n = 1000, p = 0.1 and two RR robots with [; =l =1 m.
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Figure 6 shows the relation between the maximal and minimal torques in all the work-
space for one and two arm systems. We conclude that for a payload mass M > Tkg we
have [T| > |T4p| and for large payloads we get [T| ~ 2.|T 45|. The Figure 7 shows that
for operating points near the singularities the two-arm systems presents same problems.
Nevertheless, in the major part of the workspace we have a substantial reduction of the
torque actuators.

Furthermore, the index 3 reveals a good equilibrium between the two arms indepen-
dently of the payload.

4 Position Force Control of Two Arms

With two cooperative robots the resulting interaction forces have to be accommodated and
consequently, in addition to position feedback, force control is also required. Therefore
in order to get good performances it is necessary to specify no only the desired motion of
each robot but also the corresponding handling force.

In the system under study the contact of the robot gripper with the load is modeled
through a linear system with a mass M/, a damping B and a stiffness K. On the other
hand, the dynamics of a robot with n links interacting with the environment is modeled
as:

7=C(q,4) + G(q) - I"(@)F + H(q)d )
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Figure 6: The maximal and minimal torques of one RR robot |T'|, two RR robots |T4p|
and left robot |T'4| versus the payload mass M, with [, = 1 m, ap = 0 and two RR robots
with l] = l2 =1m.

where 7 is the n X 1 vector of actuator torques, q is the n X I 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 J*(q) is the transpose of
the Jacobian and F is the force that the load exerts in the robot gripper.

We consider R manipulators (n = 2) with dynamics:

o | mmarireSads — 2mariraSagigo
C (q7 q) - |: mQTlTQSQQ% (53)

g (myr Gy + mar Gy + maraCha)
G (q) B [ gmaraCia (5b)

T | =St —1reSie miChy 4 1rChg
J (q) B { —12S512 roCha (5¢)
H(q) = (m1 +ma)r — mar3 + 2mor1roCy + Jipm + Jig mars + mariraCy (5d)
q —mQTg + mQTl’I“QCQ mgT’g + ng + Jgg

where C;; = cos(g; + ¢;) and S;; = sin(g; + g;).

To simplify we consider both robots with identical dimensions and the contact of the
robot gripper with the load is modeled through a linear system with a mass M, a damping
B and a stiffness K. The numerical values adopted for the RR robots and the object are
my=mo=10kgli=lb=10, = lp=1.0m, ag=0deg, B = B, =1 Ns.m~! and
K, =K;=10* Nm~'.

The controller architecture (Figure 8) is inspired on the impedance and compliance
schemes. Therefore, we establish a cascade of force and position algorithms as internal
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Figure 7: The maximal and minimal torques of one RR robot |T'|, two RR robots |T4p|
and left robot | 74| versus the payload mass M, with [, = 1 m, ap = 0 and two RR robots
with l] = lQ =1m.

an external feedback loops, respectively, where x; and F; are the payload desired position
coordinates and contact forces.

In the position and force control loops we consider F'O controllers. The mathematical
definition of a derivative of fractional order v has been the subject of several different

approaches. For example, we can mention the Laplace and the Griinwald-Letnikov defin-
itions:

Da(t)] = L7 H{s" X (s)} (6)
D le(®)] = Jim % ]; r (k;(;lf) rr(((jj/jl 7y (t = kh) ™
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Figure 8: The position/force cascade controller.

where I is the gamma function and h is the time increment.
In our case, for implementing F'O algorithms of the type C'(s) = K, + K s*, —1 < a < 1,
we adopt a 4"-order discrete-time Pade approximation (a;, b;, ¢;, d; € R, k=4):

aoz® + a1 28+ .+ ay

Cr(2) ~ P02k + b1+ L+ by (82)
coF+cF T+ +c
Cr(2) ~ Kp— ! i (8b)

d()Zk + dlz’“*l + ...+ dk

To analyze the system performance we consider both robots with ideal transmissions
and robots with dynamic phenomena at the joints, such as backlash. Moreover, we com-
pare the response of FO and classical algorithms namely PD: Cp(s) = K, (1 + Ts) and
PI: Cp(s)=Kp [l + ﬁ], in the position and force loops, respectively.

Both algorithms were tuned by trial and error having in mind getting a similar per-
formance in the two cases. The resulting parameters were FO: { Kp,ap}={10%, 1/2},
{Kr ,ar}=1{2,1/5} and PD — PI: {K,,K,}={10%,10%}, {K,,K;}={10,10"} for the
position and force Ioops, respectively. In order to study the system dynamics we apply,
separately, small amplitude rectangular pulses, at the position and force references, that is,
we perturb the references with: {824, 6y4, 0Fxq, 6Fyq} ={1072,0,0, 0}, {624, dya, 0 F4,0Fy4}
={0, 10_3, O, 0} ,{(51‘(1, 5yd, (5de, (5Fyd} = {0, 0, 1, 0}, {(SCCd, 5yd, 5de,6Fyd} = {O, 0, O, 1}

Furthermore, in order to evaluate the robustness of the FO algorithms, we compare the
response for robots with dynamical phenomena at the joints. In all experiments controller
sampling frequency f. = 10 kHz, contact forces of the grippers {Fx;,Fy;}={0.5,5} Nm
(j = A, B) operating point at the center of the object A={z,y}={0,1} and 6 = 0°.

In a first phase we consider robots with ideal transmissions at the joints. Figures 9
and 10 depict the time response of robot A under the action of the F'O and PD — PI
algorithms.

In a second phase (Figure 11) we analyze the response of robots with dynamic backlash
at the joints. For the ith joint gear (i= 1, 2), with clearance h;, the backlash reveals impact
phenomena between the inertias, which obey the principle of conservation of momentum
and the Newton law:

124



g G (Jii — €Jim) + GimJim (1 +€)
4= Jii + Jim

(9a)

g Gdi (L +€) 4 Gim (Jim — eJ3)
fim = Jii + Jim
where 0 < ¢ < 1 is a constant that defines the type of impact (¢ = 0 inelastic impact, € = 1
elastic impact) and ¢ and ¢, are the inertias velocities of the ith joint and motor after the
collision, respectively. The parameter .J;; (.J;,,) stands for the link (motor) inertias of joint
i. The numerical values adopted are h; = 1.8 10~* rad and ¢; = 0.8.

The time responses characteristics (Tables I, II, III and IV), namely the percent over-
shoot PO%, the steady-state error e, the peak time 7, and the settling time 7, reveal
that, although tuned for similar performances in the first case, the F'O is superior to the
PD — PI particularly in the cases with dynamical phenomena at the robot joints.

(9b)
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Figure 9: Time response for robots with ideal joints under the action of the 'O and
PD — PI algorithms for a reference position perturbation dy; = 0.1 m and a payload with
the parameters of My = 1 kg, B; = 10 Ns/m and K; = 103 N/m.

5 Conclusions

This paper studied of the manipulation capability of two robots working in cooperation. In
this perspective, a numerical tool was introduced for the analysis of the manipulability of
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Figure 10: Time response for robots with ideal joints under the action of the /'O and
PD — PI algorithms for a reference force perturbation 6Fy; = 1 N and a payload with

the parameters of My = 1 kg, B; = 10 Ns/m and K; = 103 N/m.

Table 1: Time response for a pulse dx4 the
robot A position reference.

Table 2: Time response for a pulse dy4 the
robot A position reference.

Joint PO% | ess Tp Ts Joint PO% | ess Tp Ts

feal PID | 5998 | 1410~ | 1103 | 22102 teal PID | 590 | 1510~ | 1103 | 2210~ 2
1dea FO | 5481 | 1310~ % | 1103 12102 1dea FO | 5431 | 1310~ % | 1103 12102
backlash | PID_| 40510 103 | 5102 10 102 backlach PP 305 12 103 [ 5102 10102
acKlash TFo 1.0 1310°% | 2510~ 2 | 3010 2 acklashimro [ 12 1310°% | 2510~ 2 | 30102

Table 3: Time response for a pulse dFx  at

the robot A force reference.

Table 4: Time response for a pulse dFy, at

the robot A force reference.

Joint PO% | ess Ty Ts Joint PO% | ess Ty Ts

el PID | 5258 | 9510~2 | 54105 | 99 10~ 2 el PID | 5250 | 9510-2 | 5510~> | 99102
1dea FO | 814 | 90102 | 4110~° | 25103 1dea FO | 812 | 90102 | 4010-° | 25103
backlash PP 2012 | 93 10-2 [5010=2 | 50107 backlash |P/P_| 2014 | 93 10-2 [ 4810=2 | 8610~
AcKIash —Fo 124 | 90102 | 2710-2 | 50102 Akl =FO | 1181 [ 90102 | 55102 | 60102

multiple robots in the workspace. Based on the new algorithm it was possible to compare

distinct situations, such as different sizes and orientations of the object and distinct Iengths
between the two arms. Moreover, were also evaluated the actuator joint efforts and the
payload distribution. In a second part of the paper it was studied the position/force control
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Figure 11: Time response for robots with joints having backlash under the action of the
FO and PD — PI algorithms for a pulse perturbation at the robot A position reference
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014 = 1072m and a payload with the parameters M = 1 kg, B; = 1 Ns/m and K; = 103

N/m.

of two robots working in cooperation using fractional order and classical integer order
control algorithms. The system dynamic performance was analyzed for manipulators
having several types of dynamical phenomena at the joints. The results demonstrated that

the fractional-order algorithm reveals a good performance and a high robustness.
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