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Fully distributed cooperation for networked
uncertain mobile manipulators
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Abstract—This paper investigates a fully distributed cooper-
ation scheme for networked mobile manipulators. To achieve
cooperative task allocation in a distributed way, an adaptation-
based estimation law is established for each robotic agent to esti-
mate the desired local trajectory. In addition, wrench synthesis is
analyzed in detail to lay a solid foundation for tight cooperation
tasks. Together with the estimated task, a set of distributed
adaptive controllers is proposed to achieve motion synchro-
nization of the mobile manipulator ensemble over a directed
graph with a spanning tree irrespective of the kinematic and
dynamic uncertainties in both the mobile manipulators and the
tightly grasped object. The controlled synchronization alleviates
the performance degradation caused by the estimation/tracking
discrepancy during the transient phase. The proposed scheme
requires no persistent excitation condition and avoids the use of
noisy Cartesian-space velocities. Furthermore, it is independent
from the object’s center of mass by employing formation-based
task allocation and a task-oriented strategy. These attractive
attributes facilitate the practical application of the scheme.
It is theoretically proven that convergence of the cooperative
task tracking error is guaranteed. Simulation results, as well
as manipulation experiments with three mobile manipulators
involved, validate the efficacy and demonstrate the expected
performance of the proposed scheme.

Index Terms—Distributed cooperation, networked mobile ma-
nipulators, uncertain kinematics and dynamics, adaptive control,
cooperative task allocation

I. INTRODUCTION

OBILE manipulators, which combine the manipulation

dexterity of robotic arms and the maneuverability of
mobile platforms, tend to be far more versatile than the
conventional base-fixed counterparts due to their enlarged
workspace and the potential for wider application scenarios,
e.g., part transfer, rescue and remote maintenance in outdoor
environment, etc. [1]. Therefore, the multiple mobile manip-
ulator ensemble has drawn increasing attention of the research
community in recent years owing to its ability to perform
more complex tasks such as transporting or assembling large
and heavy objects that cannot be achieved by a single mobile
robot. These attractive advantages come at the cost of a major
increase in complexity for modelling and controlling such
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systems, especially for the case considered in this paper that
a team of uncertain mobile manipulators cooperate to grasp
and manipulate an unknown object. Introduction of the mobile
platform, typically a nonholonomic vehicle, not only creates a
high degree of redundancy but also imposes nonintegrable con-
straints on the kinematics, which hinders direct control of the
whole system and restricts its instantaneous motion capability.
In addition, interactions between the mobile platform and the
manipulator necessitate the integrated modelling method of
both the system dynamics and kinematics. Furthermore, the
tightly grasped object and the mobile manipulator ensemble
form connected kinematics with a star topology, which leads
to the imposition of a set of kinematic/dynamic constraints on
each mobile manipulator and the degradation of the degrees
of freedom. This will be accompanied by the generation of
internal forces that require regulation. Ignoring the control of
these internal forces may result in grasp failure or unrecover-
able damage to the end-effector (EE) or the object.

The core problem in multi-robot manipulation besides the
modelling complexity mentioned above lies in the establish-
ment of a fully distributed scheme for the inherently central-
ized cooperation task, especially under certain communication
constraint and ubiquitous model uncertainties. Note that the
scheme presented in this paper may easily be extended to other
cases by relaxing some of the considered constraints.

A. Related Work

Cooperation and coordination of multi-agent system have
been well recognized as an important technique to enhance
flexibility and improve efficiency [2]. The endeavor to achieve
manipulation and transportation of an object by a multi-arm
system in a cooperative manner generally comprises three con-
trol schemes: centralized control [3], decentralized control [4],
[5] and distributed control [6], [7]. Under the centralized
architecture, a global coordinator either in a leader robot or
in another host computer facilitates object-oriented control
with the help of available global states of the robotic system.
Force/position control [8] and impedance control [9], [10] are
both extensively utilized to achieve safe interaction between
the dual-arm manipulators and the grasped object. Extension of
this cooperative manner to multiple mobile manipulators [11]
and its model-based control can benefit from the compre-
hensive interaction dynamic model from the perspective of
kinematic constraint [12]. Although the centralized architec-
ture shows sufficient power to control multi-robot system
and can easily incorporate the single-robot control strategy,
assumption of the existence of a central station makes the
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whole system more vulnerable and its malfunction will lead
to the breakdown of the whole system [13]. The decentralized
scheme requires no explicit communication, but either assumes
that all the robots know the cooperative task in advance or
uses intention estimation in the case that no uncertainties
exist. On the contrary, as a more promising and preferable
alternative, the distributed approach predominates when robot
collectives are subjected to some inevitable communication
constraints and high manipulation performance is still a high
priority. Specifically, it is unreasonable to assume there exists
a coordinator for the case studied here since all team members
are mobile.

To achieve distributed control of a multi-arm system, a
leader-follower approach is an option generally associated
with the schemes that are devoted to reducing the commu-
nication burden while trying to achieve as much as possible.
Based on the diagram of impedance dynamics and leader-
follower scheme, coordinated motion control for multiple
mobile manipulators is employed to achieve cooperative object
manipulation [14]. Inspired by a team of people moving a
table, the followers can implement an impedance law similar
to the leader’s either by estimating the leader’s desired mo-
tion [5] or by taking the contact force as the leader’s motion
intention [15]. This innovation enables the whole system
to work under implicit communication. Another interesting
work [16] that does not require communication achieves force
coordination between leader and follower only by measuring
the object’s motion as the feedback. However, the assumptions
that all followers act passively in the transport task in [5],
[14], that desired velocity of the grasped object is constant
and available to each agent in [15], that the attachment points
of the collectives are centrosymmetric around the center of
mass (COM) of the object in [16], act as the primary factors
that impede the applications of their works to our case.

The idea that successful object transportation and manip-
ulation is generally strongly related to the robot formation
has also been continuously inspiring related works [17], [18].
Along with the rapid advances in graph theory and control
philosophy of multi-agent systems, the distributed scheme
under explicit communication plays an important role in the
formation control of multiple mobile robots [19], [20]. The
challenge existing in formation-based transport task for a
multiple mobile manipulator ensemble lies in the design of
a distributed control law to achieve a global behavior in coop-
erative manner with limited local information and constrained
communication [21]. A typical schema [22] employs a set of
distributed controller/observer to achieve relative formation of
the multi-arm system. Convergent estimation of the collective
states by a local observer bridges the gap between the local
control and the global cooperative behavior, thus a distributed
cooperation is achieved [23].

To further maintain high performance when the mobile
robot team executes tightly cooperative tasks whilst suffering
from the inevitable uncertainties of the robot dynamics, an
adaptive mechanism is introduced into the architecture, based
on either impedance control [24] or force/position control [22].
More complicate cases in which the dynamic uncertainty
and communication constraints (e.g., the jointly connected

communication topology [2]) coexist can be easily tackled by
embedding the parameter adaptation into the respective control
scheme. Recent representative work [25] employs robust adap-
tive control to concurrently address dynamic uncertainties and
external disturbances. The dependence on the communication
network and costly force/torque sensors is further eliminated
by introducing the assumption that all the robot agents know
the desired trajectory and exact grasp parameters in advance.
In addition, to cope with uncertainties of the grasped object,
a distributed approach is presented in [26] to estimate the
object’s dynamic/kinematic parameters by moving the object
with specific applied forces. Based on this estimation process,
the cooperative manipulation of an unknown object can be
further expected at the expense of a small bounded tracking
error by a two-stage decentralized scheme [27], [28]. While
these works either assume that the object’s COM is known to
all robotic agents or employ a separate step to estimate the
object’s COM, the prerequisite persistent excitation condition
may restrict their range of practical application.

In addition, the robotic collectives in the above-mentioned
works are free of kinematic uncertainties. However, the un-
certain grasp points on the object, the indeterminate end-
effector configuration, the unavoidable machining error and the
assembly error all result in kinematic uncertainties. A cooper-
ative transport task is very sensitive to kinematic uncertainties
of the interconnected system. Since the manipulators rigidly
contact with the object, a small kinematic discrepancy may
lead to a large tracking error and build-up of the internal force.
Adaptability to kinematic uncertainties endows the multiple
robotic system with improved intelligence and flexibility. All
of these demonstrate the necessity of handling the kinematic
uncertainties with care.

B. Contribution

Multi-arm manipulation is associated with tight cooperation
in which both dynamic and kinematic constraints are applied to
each of the mobile manipulators. In addition, the cooperative
task should be well allocated among the robotic agents in a
distributed way. In light of the above discussions, this study
contributes a fully distributed control scheme for a team of
networked mobile manipulators to cooperatively manipulate
an unknown object with the following advantages which
distinguish our proposed scheme from existing approaches:

1) Uncertain dynamics/interconnected kinematics and lim-
ited communication are addressed comprehensively based
on adaptive control.

2) Task allocation and cooperative control are fully dis-
tributed. The synchronization idea is fulfilled through the
design of the whole control scheme, which can alleviate
the performance degradation caused by the estimation and
tracking discrepancy during the transient phase.

3) No persistent excitation condition is required and the use
of noisy Cartesian-space velocities is avoided.

4) Independence from the coordinate attached to the object’s
COM by the task-oriented strategy and formation-based
idea facilitates the practical implementation.

It is worth mentioning that the network topology dis-
cussed in this paper is directed and contains a spanning
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tree. From a practical point of view, this topology requires
fewer communication links between the robotic agents, which
reduces the communication cost and facilitates the network
setup, especially in application scenarios involving a large
number of robotic agents in manipulation tasks. The presented
results also apply to other communication graphs with stronger
couplings, for example the balanced and strongly connected
graph, undirected and connected graph, etc.

II. PROBLEM FORMULATION

A. Preliminaries

End-effector
Operational
Point

Mobile
Manipulator

Fig. 1: Networked mobile manipulators cooperatively transporting and ma-
nipulating an unknown tool

Consider N mobile manipulators tightly grasping a common
unknown object, as shown in Fig. 1. Let ¢.; denote the
frame fixed to the end-effector of the ith mobile manipulator.
Furthermore, the object frame  and the cooperative task
frame ¢ are two frames both attached to the object and their
origins are chosen so as to coincide with the object’s COM and
the operational point, respectively. All quantities are expressed
with respect to a common world reference frame y, unless
otherwise stated. For each mobile manipulator, the mounted
manipulator is considered as a holonomic system while the
mobile platform is assumed to be nonholonomic. Throughout
this paper, I, denotes the m  m identity matrix, Oy n
represents a m N null matrix and 0, = [0;::;0]T 2 R™
isam 1 column vector with all elements equal to 0. The
Cartesian-space variable Xsyp = psTub;Ozub i 2 R™ can be
split into the translational part psyp 2 RS and the rotational
part Osup 2 R® in the case of m = 6. For the trajectory gen-
eration of the manipulator system, a Euler angle triplet (RPY)
Osub = [ sub; #sub; sub]' is employed to describe the orien-
tation, which enables the specification of a timing law [29].
The matrix R(0syp) represents the rotation of 0gyp and 0(Rgyp)
is the RPY triplet extracted from rotation matrix Rsyp. Let
Psub and Ygyp denote the translational and rotational velocity.
It should be noted that the twist Veup = pl; 1%, | 2 R is
related to the time derivative of Xsup by Vsub = TA:subXsubs
where the transformation matrix Ta.sup is defined by:

2 Tasub = diag(l3; Trisub)

. 3
0 Sm(’sub) COS(#sub) CQS(’sub) (1)
Tr;sub =40 COS(,sub) COS(#sub) Sm(’sub) 5
1 0 Sin(#sub)

TABLE I

NOMENCLATURE
Notation  Definition
A Estimated form of the related matrix/vector A
A Parameter estimation error of the related matrix/vector A
A The quantity associated with the auxiliary end-effector frame
TA:sub Block diagonal matrix defined in (1)
Rj:i Rotation matrix of ¢;j with respect to ¢;j
b Binary variable that defines the accessibility of the desired

trajectory to the ith mobile manipulator
i Generalized coordinates of the ith mobile manipulator
i Reduced coordinates of the ith mobile manipulator

Xe:i End-effector pose vector of the ith mobile manipulator
Jeii Reduced Jacobian matrix of the ith mobile manipulator
Yk:i Kinematic regressor matrix
K:i Linearized kinematic parameters
Xt Task-space coordinates at the object’s operational point
Xtd Desired cooperative trajectory
Yd:i Dynamic regressor matrix
d:i Linearized dynamic parameters
Ms:i Synthesized inertia matrix of the ith mobile manipulator
Cs:i-i Synthesized Coriolis/centrifugal forces of the ith mobile ma-
nipulator
Gs:i Synthesized gravitational forces of the ith mobile manipulator
Fir (1) Collective basis function of the desired cooperative task

tr Linearized parameters of the desired cooperative task
i Allocated task estimation error defined in (20)
i Consensus error defined in (21)
Tii Relative displacement and orientation between the jth and the

ith end-effectors
Tti Relative displacement and orientation between the task frame

and the ith end-effector

Xo:i Observed EE velocity defined in (30)

ej Cross-coupling error defined in (33)

Sx:i Cartesian-space sliding variable defined in (34)

rii Joint-space reference velocity defined in (35)

Xo:i = Xo:i — Xe;i, observer error of the ith mobile manipulator.
Xe:i = Xe:;i — Rqg:i, tracking error of the ith mobile manipulator.
Xo:i = Xo:i — Rd;i, error between the observed EE pose and

desired EE pose.

Rd:i Estimated desired trajectory for the ith end-effector

Sj Joint-space sliding vector defined in (38)

Fe:i External wrench exerted by the holonomic constraint on the
ith end-effector

Fi:i Internal wrench of the ith mobile manipulator

Fia:i Desired internal wrench

d:i Intermediate error variable defined in (19) or (48)
i Input torques of the ith mobile manipulator

Assumption 1: The unknown object is rigid and the net-
worked mobile manipulators grasp the object tightly so that
there is no relative motion between the end-effectors and the
object. The multi-arm grasp considered here allows bilateral
force and torque transmission [30]. For the cooperative grasp
strategy, the readers are referred to [31].

Assumption 2: Each mobile manipulator has access to its
end-effector position and the initial position of the operational
point. This can be achieved by an external motion capture
system in a lab environment or by a local sensor suite [32]
for autonomous outdoor tasks.

In the case that the end-effector has a complex mechanical
structure, e.g., a dexterous hand, a reference grasp point can
be defined at the end-effector as the origin of ¢:j. Dynamic
and kinematic uncertainties of the end-effector are taken into
account as part of the system uncertainties.
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B. Kinematics and dynamics of the interconnected system

Denote by ¢i = [Gy.;;0%i]" 2 R"™ the generalized
coordinates of the ith mobile manipulator with g,.; 2 R™
representing the position and orientation of the mobile plat-
form and gm:j 2 R™™ describing the joint angle vector of the
mounted manipulator, and ny = ny + Ny, .

The nonholonomic constraint acting on the mobile platform
can be expressed as [33]:

Av:i(Qv;i)Av;i = On, 2

where Ay:i(Qv:i) 2 R™ ™ denotes the constraint matrix of
the mobile platform. Constraint equation (2) implies that there
exists a reduced vector .j 2 R™ e, such that

Qvii = Hv;i(Qv;i) ~v;i 3)
where Hy;; satisfies that HJ; (0v:i))AV:i (@v:i) = Ony ne) ne-
Then a reduced vector ; = [ y:q5]7 2 R™ M can be

defined, which will be used in the sequel.
Let Xe:;j 2 R™ denote the EE pose vector of ith mobile
manipulator. It is related to the generalized coordinates by

Xe;i = Ji(@i)di = Je;i( i) =i 4)

where Ji(gi) 2 R™ "r is the whole mobile manipulator Ja-
cobian matrix, Je;j 2 R™ ("r M¢) js the reduced Jacobian
matrix that will be defined later, m N, n¢ and equality
holds for the non-redundant mobile manipulator.

Property I: The kinematics (4) linearly depends on a

kinematic parameter vector k:i = [ k1:i; 1 kpesil| 2 RP<H,
such as joint offsets and link lengths of the manipulator [34]:
Xeii = Jdesi( iy ki) = Yii(is +) ki (5)

where Yi:i( i; 4) 2 R™ Pwi is the kinematic regressor matrix.
Let Xobj 2 R™ be the coordinate vector of the object’s
COM and it is assumed that Xopj is related to Xe;j by

TA;i)_(e;i = Jo;iTA;o)_(obj (6)

where Ta:i and Ta.o are two transformation matrices defined
in (1), Jo;i = [l3; S(roi); 03 3; 3] denotes the object Jaco-
bian matrix, S() is the skew-symmetric operator and ro; is
the vector from the object’s COM to the corresponding contact
point. Definitions of ryj for i = 1;2;::;; N are presented in
Fig. 1. Here the object’s COM is introduced to facilitate the
force analysis and will be avoided in the controller design.

Assumption 1 imposes the following kinematic constraints
on the relative motion of the attached end-effectors:

Xeii = Xeij + Tji 7

where Tji =[(Rw;iil"ji)T;W }-i]T with Rw;iil"ji and W ji
respectively representing the relative displacement and orien-
tation (represented by the RPY triplet), Ry:j is the rotation
matrix of ¢:j with respect to , il’ji denotes the vector
pointing from the jth grasp point to the ith grasp point
expressed in the frame ¢.i. To facilitate the implementation
of the trajectory estimation in Section III-A, an auxiliary
EE frame ¢ is defined for each robot whose axes align
with those of the task frame (see Fig. 1). Thus the rotation
matrix of . satisfies Rw:i = Rw:t and the pose vector

Xe;i related to ¢ satisfies the constraint Xe;j = Xe;j + T ji
where T jj = [(Rw;iirji)T;Og]T. By exchanging the initial
pose through the communication network, irji and relative
rotation matrix Rj.j = R\Tv;iRW;i are assumed to be known to
the ith robot since they are fixed after the object is grasped.
The constraint between ¢:j and ¢ can be expressed in a sim-
ilar way, i.e., Xe;j = X¢ + T i with T4 = [(Rw:i'rei)7;0317.
Computation of Ty is similar to that of Tjj.

Dynamics of the ith mobile manipulator in joint space can
be expressed as

Mi(@i)gi + Ci(0i; 6)di + Gi(gi) = Bi(ai) i A{Fi (8

where  Mi(@i) = [My;i; Mym:i; Mmy;i; Mm:i] 2 R™ " de-
notes the symmetric positive definite inertia matrix and
Ci(qi;Qi) = [Cv;i;cvm;i; Cmv;i; Cm;i] 2 R "r jg the Corio-
lis and centrifugal matrix, Mym:im:i and Mmy:iQy:i represent
the interaction inertia torques between manipulator and mobile
platform, Gi(gi) = [Gl;;Gr]" 2 R"™ is the gravita-
tional torque vector, Bj(qij) = diag(By:i;Bm:i) 2 R™ P is
the input transformation matrix for the whole mobile ma-
nipulator, j =] J;i; rI];i]T 2 RP denotes the input torques,
Fi=[ Li(TLiFe) T 2R ™ in which ;i 2 R™
represents the Lagrange multiplier associated with the non-
holonomic constraint and Fe.j 2 R™ denotes the external
wrenches exerted by the holonomic constraint. Moreover,
Ai = [Avii;On. nes dviis Imei] 2 Re*™ Ne i which Jy:j
and Jm:; respectively represent the Jacobian matrices of the
mobile base and the manipulator with opportune dimensions.

Considering (3) and its derivative and multiplying both
sides of (8) by H\T;i;o(nv ne) nmiOnm nui Iny,  yields the
following reformulation:

Mr;i i+ Cr;i 4+ Gr;i = Br;i i Jg—;iTl;iFe;i 9)

where My.i, Br:i, Cri and Gp; are given in Appendix A.

Then the nonholonomic constraint force AJ; v;i in (8) can

be eliminated; Je:j = [Jv:iHv:i; Im:i] 2 R™ (Mr ne),
Dynamics of the grasped object can be described by:

Mo (Xobj)Vobj + Co(Xobj; Xobj)Vobj + Jo(Xobj) = Fo  (10)

where Vopj 2 R™ is the velocity of the object and it is related
t0 Xobj by Vobj = Ta;0Xobj> Mo(xobj) 2 R™M M denotes the
inertia matrix and is assumed to be bounded and symmetric
positive definite, o:minlm Mo o:maxlm, where  o:min
and o:max represent the minimum and maximum eigenvalues
of Mo, Co(Xobj; Xobj) is the m  m Coriolis and centrifugal
matrix and go(Xobj) 2 R™ represents the gravitational vector,
Fo 2 R™ is the resultant wrench acting on the object’s COM
by the multiple mobile manipulator ensemble.

By virtue of kineto-statics duality, the resultant wrench Fg
acting on the object’s COM satisfies the following relation:

Fo = GoFe (11)

where Go = J7 = [Jg.1;Jg.0; 1155 Ign] 2 R™ N™M s the well-
known grasp matrix, Fe = [F;l;F(;';Z; :::;F;N]T 2 RNM g
the collective vector consisting of all generalized wrenches
exerted by the mobile manipulators on the object, which

can be measured by the force/torque sensor mounted at
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the wrist gf each manipulator. F, can also be expressed
as Fo = i=1 Fceji» where Fee;i = J iFe:i is the wrench
indirectly applied on the object’s COM by the ith end-effector,
and can be decomposed into two orthogonal components:
one is the manipulation wrench Fg.; 2 R™ which contributes
to the motion of the grasped object, the other one is the
internal wrench Fj.; 2 R™ which contributes to the build-up
of the stress in the obJectF;F his relation can be expressed as:
FCEI_FEI+F|IW1th |1FI|—Om

Suppose that a desired load distribution among the robot
team is described by a set of positive definite diagonal matrices

i 2 R™ ™ for i = 1;2;:::;N with the assumption that
k_;()k d; (d; is a positive constant) [35]:

Fe:i = i(©)[Mo(Xobj)Vobj + Co(Xobj; Xobj)Vobj + Jo(Xobj)]

(12)

A physical property regarding the load distribution matrices
is that :\|=1 i(t) = I, Then incorporating (12) and above-
mentioned properties into (9) gives the dynamics of the
interconnected system in a distributed fashion:

Ms;i i +Cs;ii + Gs;i = Brii i JTiFy;i (13)
where
Ms;i = Mg;i + i(t)JT-iMoJ
Ceii =Cri + i(D[7,Cod i + 37, Mod‘;t I
Gsi =Gri+ i®)JI"i0; J .= I Taidesi
Property 2: The matrix Ms;i  2Cs;i  -id";MoJ ;i is skew
symmetric so that "[Ms;i 2Cs;i  -id";MoJ ;] =0 for

all 2 R(Mr ne) see Appendix A for the proof.

Then the following inequality holds since the robots work
in finite joint space

GITiMod G dioomax ITJ G =H (14)

where #; is a positive constant that denotes the upper bounds
of k_iJT;iMOJ ik

Property 3: The nonlinear dynamics linearly depends on
a dynamic parameter vector ¢.j = [ g1:i; dpd;i;i]T 2 RPaii
which is composed of physical parameters of the object and
the mobile manipulator, which gives rise to

Ms:i i +Cs;i-i + Gs:i = Ya:i(i; =7 i5 i) dii (15)
where Yg:i( i; <i; i; i) is the dynamic regressor matrix.
Remark 1. To avoid input transformation uncertainty which

is associated with kinematic uncertainty of the mobile base,

i can be defined to coincide with the actuation space of the
mobile manipulator, i.e., ;= [0r:i;qL:i;AmL:i; Umn,i]" for
a two-wheel mobile platform where (r:j and q_.j are the two
independent driving wheels. Thus, Br;j = I(n, n.) and the
uncertainties in the input transformation matrix are eliminated.

C. Communication topology

As is commonly done in distributed control, a graph
G = (V;E) is employed here to describe the communication
topology among the N mobile manipulators where the vertex

set V = F1;2;:::; Ng represents all the robots in the network
and the edge set E V  V denotes the communication
interaction between the robots. The edge (i; ) in the directed
graph indicates that robot i can receive information from
robot j but not vice versa. Neighbors of robot i form a set
N; = fjj(i;J) 2 E;j 2 Vg. The N N adjacency matrix
A = [a;j] associated with this graph is defined as a;; = 1
if j 2 Nj and aj; = 0 otherwise. Additionally, self-loops

are not contained, i.e., ajj = 0. Then the Laplacian matrix
L =1[l;;12 RN N can be defined as
Py .
Iij — k=1 Aik if 1 —_! (16)
ajj otherwise

Assumption 3: In this paper, the graph that the N mobile
manipulators interact on is directed with a spanning tree whose
root node has direct access to the desired trajectory of the
operational point, i.e., Xg.

This assumption implies that only a small subset of the
robotic agents has direct access to the desired cooperative
trajectory Xq. It is a more general case with less restrictions in
real application scenarios, yet, may complicate the controller
design since the agents that cannot obtain X¢g should estimate
it to achieve the cooperative task by utilizing only locally
available signals. A binary variable b; is defined here to
indicate the accessibility of X¢g and b; = 1 if the ith robotic
agent has access to X.q, otherwise bj is set to 0.

Several properties of the Laplacian matrix associated with
the graph in Assumption 3 are listed in the following lemma.

Lemma I: The matrix (L + B) with B = diag (by;:::;bn) is
nonsingular. Define W = [wj; :::;WN]T = (L+B) 11y and
P = diag (Pq;:::; Pn) = diag (1=wy; ;5 1=wy ), then Q =
P (L +B)+ (L +B)"P is positive definite [36].

Based on the models, assumptions and interaction topology
discussed above, the control objective is to design a set of
distributed controllers ; for the multiple mobile manipulator
system to cooperatively transport an object irrespective of
uncertain dynamics and interconnected kinematics such that:

1) The operational point on the manipulated object could
track a desired designated trajectory.

2) Task allocation and motion tracking of the networked
mobile manipulators are synchronized.

3) All the signals in the closed-loop interconnected system
remain bounded.

III. DISTRIBUTED ADAPTIVE COOPERATION

This section is devoted to the formulation of the fully
distributed cooperation scheme, whose main structure is shown
in Fig. 2. To enable the networked robotic system to perform a
tight cooperation task, i.e., object transportation/manipulation
discussed in this paper, the cooperative task should be well
allocated to every agent in a distributed way. In addition,
internal wrench regulation and motion tracking control of each
agent in the presence of kinematic/dynamic uncertainties both
need detailed investigation. Discussions of these three topics
constitute the proposed scheme and are respectively presented
in the following subsections.
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Fig. 2: Fully distributed cooperation scheme for the networked mobile manipulator

A. Distributed cooperative task allocation Instead of directly estimatingy; , X4; iS estimated here. Let
To achieve motion tracking control of the operational poinfai = [Pg;i; 6517 and®q;i = [fg,;0;1" be the distributed

the task allocation for the end-effector of each mobile m&stimation of the desired trajectory allocated tg; and ;.

nipulator under limited communication can be interpreted dd1€n®q;i can be directly calculated by using the following

a rigid formation control problem, i.e., the operational poirigid transformation:

can be treated as a virtual leader that generates a desired

trajectory and virtual followers are associated with the mobile By = Byi

manipulators that should be controlled to maintain the rigid od;’i O(R(ed;i)Ri;i)

formation in consideration of the rigid grasp. This means

the desired local trajectorxd;i (Xd;i for auxi”ary frame) of To facilitate the distributed estimation of the desired trajeC'

the ith robotic agent should satisfy the kinematic constraif@ry. the following two error variables are de ned:

(18)

Xai = Xtd + Tti (Xai = Xa + Ti). A h A A !
A continuous function usually can be approximated by alin-  di = @ B) (e Fu(®) wi + Ta(Bai) (19)
ear corppination of a set of prescribed basis functions [37], i.e., +Rei B(Xg + Ty)
f(t)= :(:1 firk (1) wk . Then, the desired trajectory for
i i i —Ipl ol 17
the operational point of the grasped objeet = [py; 0yl =R T X (20)
can be represented as ’
Xt = Fu () w10 Fe () em | where "q; :['-gd;i;'-gd;i " is an intermediate error vari-
. F ¢ 17) able which is de ned to facilitate the convergence anal-
E|2 F t: Et;; z‘; =(lg F ¢ (1) « ysis, i = [ pi: o517 denotes the actual estimation er-

ror between the desired local trajectory and its estimation,
where Fy ()= [fu 1;fw 2;:5F0 12 R is the collective "y =["T . ;" T.; 17 is the estimate of the trajectory pa-
baS|s. function that is assumed tOT bel ‘.(”OW” to  glhmeter vector by theith mobile manipulator,'i'\ﬁ is the
robotic agents, wi =[ i 1,55 wiy |' 2 R is the con- egtimate of Ty and can be computed by substitutitg;
stant parameter vector for théh component of Xw, jnto its expressior[(lféw;i (Od;i)irﬂ )T;0'3I']T_ Then, the ideal

— T . T 1T — T «eeen T T | . . DL .
t =lwps wol =0 w1t om ' 2 R™ denotes the cooperative task allocation under a rigid grasp condition can
constant parameters andis the Kronecker product. Only the o interpreted a&qi ! Xgi, i€, ;! O.

root robotic agent has accessdg, the others need to estimate 14 gchieve our control objective, the de nition of standard
the unknown  to reconstruct the desired trajectory based qg¢a) neighborhood consensus error [39] is redesigned as:

locally available information. This statement coincides with X h i
Assumption 3 and the de nition of the matri. P = Rai Ry BT (@ b)"r‘ji

Remark2. It is reasonable to approximate the desired trajecto- j2N (21)
ries by employing (17), especially in the context of the robot +BRai Ti  X)

trajectory planning, since the interpolating functions of the A

desired trajectories are typically speci ed as polynomials tghere T is the estimate ofl ; and can be obtained by
guarantee continuity of the velocity and acceleration [29]. Fsubstituting6q; into its expressior(Rw; (64i)'rji)7; 051",

a more general case in which the desired trajectory is con-=[ j;; 4;]" can be splitinto ,; 2 R® and o; 2 R®.
tinuous but arbitrary, a neural network can be utilized to ajgince T} = [( Rw; (Og; )‘r,-i )T;0I1" is associated withog;
proximate this trajectory based on its universal approximatidn; is also not available to the robotic agents witte 0 and
theorem [38]. In both casek,, is smooth and of clas§; . should be replaced by its estimation. The two teriB;;
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and (1 h)ﬂ in (21) are mutually exclusive, thus only Extracting the internal wrench component from the in-

depends on locally available signals. teraction wrench (Wrench Decomposition) needs full con-

Together with (20), (21) can be reformulated as: tact wrench information and thus is inherently centralized.
X h | However, de nition of the internal wrench is still a contro-

i = i (@ BT b (22)  yersial research topic in multi-arm cooperation. Instead of

J2N using the typical wrench decomposition schemes [11], [40]-

whereT; = -1-‘“ Ti =[(Rwi Rui)'ri)T;00] is the [44], wrench synthesis is investigated here to achieve internal
estimation error off j . ' ’ wrench regulation and physical constraints are taken into
Then, the distributed estimation law of the local desiredccoUnt.

trajectory and its parameter update law are proposed as: ~ Although it is in general not possible to achieve full
h i decomposition of interactions into internal wrenches leading to

Rui = Pii+h (le Fu)u + T _ wrenches compensating each other and manipulation wrenches
h N Al contributing to the resultant wrench only without compensat-
+(1 b) (e Fu)Tm +(le Fu)ow (23) ing parts [45], the idea of a non-squeezing pseudoinverse [41]
A can be employed in the wrench synthesis problem here, based
@ B) T (Oai; Mai) on which a more general formulation with non-squeezing
N effect in the desired manipulation wrenches will be presented.
i = wi(le F o« (t))T i forb =0 (24) Regarding physical plausibility, the desired internal wrench
cannot be arbitrary assigned once the desired load distribution
; N e is given. To avoid virtual wrenches that may appear in most of
of Ty and is equal tq(S(! ¢i )Rw:i '1i)" ;03] ! di enotes he internal wrench regulation schemes, the wrench decompo-
the rst derivative of og; and this nomenclature applies tgjtion constraints in wrench analysis are further incorporated
the de nition of 'g; and 6q4i, i in these two equations is;, o proposed wrench synthesis.
obtained by using (21). To achieve a desired grasp, the desired manipulation wrench
Remark3. It should be noted that pose (including the positionan be given as
and orientation) formation tracking control is achieved here, y 0
which distinguishes the proposed estimation/update law from Fegi = IS(?; y ‘°_’| 3 Fog (26)
the standard consensus error de ned in [39]. el s

—rfT . ToT ;
Remark4. Unlike other decentralized or distributed scheme¥€"€Fea = [fou; o9l IS the desired net wrench that should
[24], [35] in which the desired cooperative trajectory for eache @pplied to the objects COMFeq; denotes the desired
robotic agent is assumed to be known to all, only locall@nipulation wrench mapped to the contact point. With (26),
available signals are utilized in (21), (23) and (24), thukiFedi = iFod is achieved, thus the desired manipulation
endowing the whole mobile manipulator ensemble with thgrenches have no internal loading component. As to wrench
ability to work in a fully distributed way. Furthermore, theSynthesis, there is no need to keep consistency of the pseudoin-
proposed estimation law does not require any persistent exgrse matn).( utilized in the manipulation wrench and |nterr_1al
tation condition of the desired trajectory and is independefff€nch, which leads to a more general synthesis formulation.
from the frame of the objects COM. These two signi cant In this way, designation of the desired manipulation wrench
properties that are also the objectives pursued through @ internal wrench for each mobile manipulator is completely

following adaptive control design facilitate the whole scheme&ecoupled, which contributes to the reduction in the number
practical implementation. of constraint equations and the ease of implementation. The

constraints imposed on desired load distribution and desired
internal wrench are reformulated as the following inequalities

B. Internal wrench regulation . o
. ) ) ) _in terms of the wrench synthesis:
This subsection mainly concerns the physically plausible(

wrench synthesis scheme based on which the internal wrench ( ifod) figi O 27)
regulation law is presented. Before formulating the distributed (i S(roi)f og i od)T (S(roi)fid: i) O
internal wrench regulation, three constraints that a physically

R I R N ; i
plausible internal wrench must obey are presented rst [4O]yvhereF.d;. __[fld:i_ di ] 1S the _desued internal V\_/r_ench.
) The following linearization is introduced to facilitate the

where and ; are positive constant%y; is the derivative

s faify internal wrench regulation:
Sk T 25
t ﬂ'lklz( St i (25) I% Fiai = Yiai CiiFigi ) 1 (28)
15i i b .
N > where Yig; ( i;Fig; ) 2 Rt Ne) Pui s the regressor ma-
whereF; = [f;; ]T 'STthi internal wrench mapped to theyix associated with the desired internal wrench and
contact pointFs; =[fg;; ¢;]' denotes the wrench sensed byld;i =[ 1620355 1dp g 417 IS the linearized parameters.

the force/torque sensor mounted on ttremanipulator and it The internal wrench regulation law; , that will be used
is equivalent to the interaction wrenéh;. The torque s in (41), can be given as:

is induced byfs; and f; denotes component internal torque T

induced byf; . o= J'\;i Fiai + i (29)
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where J\T, is the estimate of the Jacobian matrix transposion 2. In the presence of kinematic uncertainties, the estimated
JT and can be computed by substitutifig; into its ex- Cartesian-space velocifie; 2 R™ can be expressed by

pression, rj = ke J&; Jeisi is the robust term ankl; is a Qi = For (i )= Y (o) s (31)
dynamically regulated positive gain whose range will be given ’ ' ' ’ ‘
in the sequel. where "k;i is the estimated kinematic parameter vector and

Remark5. With (29), the internal wrench tracking error onlyJei ( i: i) is the estimated Jacobian matrix.

approaches to a neighborhood of the zero point if the persistenubstituting (31) into (30) and using (4) yields the following
excitation condition is not satis ed. This is acceptable iglosed-loop dynamics of the observer:

most applications, especially for the multi-arm grasp, since _ Ly~

the internal wrench is only required to be regulated around Xoi = i%oi ¥ Yii (5 4) (32)
a constant value to either avoid excessive stress or provigRere x,i = X,i Xei denotes the observer error and
suf cient grasp force [46]. %i = Wi i is the estimation error of the linearized
Remark6. The decentralized schemes in the related literatukénematic parameters.

that cope with the internal wrench regulation can be classi ed To achieve both task tracking objective of each robot and
into two categories. In the rst one [35], [47], the roboticSynchronization objective among the robots, we rst de ne a
agents cannot communicate with each other but are assumei@ee! cross-coupling errcg 2 R™

have access to the global force information, so these schemes X Zt
can only be termed as semi-decentralized schemes. The other & = Xoji * "i( Xoii Xoj ) (33)
approach [22] uses the moment-based observer to estimate the jon; O

net wrench acting on the grasped object exerted by the moRjlgare . = x,; 24 2 R™ and"; is a positive constant.
manipulator ensemble. However, this is not applicable to our K7 ' Inspi ' d b ’ h lized i
case because it requires the accurate dynamics and kinem g@ark 7. Inspired by the centralized cross-coupling error

of the grasped object. Different from the above—mentionécﬂror_’oset_j in [49], .(33) f?’”her takes the communication con-
works in which internal force is calculated or estimated in _gcramts Into co_ngderaﬂon and_ empl_oy; the observer error
centralized way and an extra integral feedback of the interHQFtead of trac;kmg error to ach|e_ve distributed control in the
force is applied to reduce the overshoot and limit the upngesence of kinematic uncertainties.

bound of the interaction force, we adopt the synchronizatidRemark8. Motion synchronization of the networked robotic
mechanism and small control gains instead. To maintain higgents is achieved here through explicit convergence of the
tracking performance under multiple uncertainties even wighistributed coupling error, which strikes a balance between
small gains, adaptability studied in the next subsection #e synchronization behavior and the separation property sug-
effective. This compromise endows the scheme with an attrg@ested in [50], [51].

tive attribute that calculation of the internal force is avoided, Then, de ne a Cartesian-space sliding variaBlg 2 R™

thus maintaining the distributed manner of the whole scheme.

For the tight connection case considered in this paper, the Sii =&t ie (34)

internal Wrer_1c:|h should be hbour;]d?d as small as EOSSiblem}Hereg is the time derivative of cross-coupling errarand
avoid potential damage to the whole system, Fgy; =0p. i is the adjustable positive diagonal matrix.

Considering the control objectives, the joint-space reference
C. Distributed adaptive control velocity & 2 R(" <) for the ith mobile manipulator is

In this section, a distributed adaptive control is presented ‘?8 ned as
achieve allocated task tracking and task motion synchroniza- Z ¢ XJ}]” {
tion of t_he |_ntercor_mected mqupk_e mob|l_e mampulqtor underTi :j\g'i( i;/\k:i ) [Rai " Xoi Xoj ) e
uncertain kinematics and dynamics. This can be interpreted
as Xej; Xej ! Oand Xej Xej: Xei Xej ! O
after ;| O,where Xei = Xei Rgi ]denotes the CfJ:lrtesian- + F'\e:i Jsi '\I|\e;i)y(>ﬁ{szr;i Fsi 8o &)r;i?
space tracking error of thigh mobile manipulator. Different )
from state-of-the-art works [22], [27], motion synchronization - (35)
should be achieved here to alleviate the transient performance
degradation since multiple uncertainties exist in our case amtiere I\’Ie;i( i;"k;i )= T, no) fg;ife;i denotes the null-
the mobile manipulator ensemble is tightly interconnecteghace projector of the estimated Jacobian maﬁé‘% and
through the object. _ N o JL(i i) 2 R ne) M the pseudoinverse. These three

To av0|_d the noisy Cartesian-space velocities, a distributgthirices can be computed by substitutiﬁg into their re-
observer is presented as follows [48]: spective expressiong,; is the task-space reference velocity.
(30) The desired local subtask, denoted Xy, , is implemented

by utilizing the redundancy of thé&h mobile manipulator.

wherex,; 2 R™ denotes the observed Cartesian-space velothe matricesfs;i and(J\s;i Kfe;i) denote the estimated subtask
ity and ; is a positive constanke;; is provided by Assump- Jacobian and the projected Jacobian, respectively. De nition

j2N

N
Xoi = Xeii i(Xo;i  Xesi)
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of —; employs the multi-priority framework to maintain the The estimated parameters for the internal force regulation
designated task priorities under kinematic uncertainties.  are updated by

A modi ed singularity robust technique [52] can be adopted A
here to avoid potential singularity of the estimated kinematics Tai = di Vigi CiiFigi)s (44)

and minimize the reconstruction error as far as possible. AL i i .
where "4 is the estimate of 4; and 4; is a positive

X e .
J\g;i( i;’\k;i )= :: “'7'(2 ik ]( de nite matrix with opportune dimension.
ik Gik (36) R . . .
_ 2 emark9. To avoid employing a separate step to excite
cik = maci €Xp( (k= 1)) the grasped object and estimate its dynamic and kinematic
where  is thekth singular value of the estimated Jacobiaparameters with persistent exiting input signals before manip-
Jei,  and i denote thekth output and input singular ulation [27], the presented adaptive control in this section pro-
vectors,n,si is the number of non-null singular value &ﬁé;i . vides a more comprehensive approach to concurrently address
The design constant; sets the size of the singularity regionthe kinematic and dynamic uncertainties of both the grasped
and max: denotes the maximum of the damping factor. Thisbject and mobile manipulator and no persistent excitation
technique is also used to avoid the algorithmic singularity @bndition is required.
the projected Jacobian.
Differentiating (35) with respect to time leads to the fol-

s ) V. STABILITY AND CONVERGENCEANALYSIS
lowing reference acceleration

Two theorems will be given in detail in this section, which

*u = j‘g_i [Rai P "il( Xoi  Xoj) ie]+ % together illustrate the stability and error convergence of the
' ' 2Ny proposed distributed adaptive cooperation scheme.
+;15(‘§i [Rq:i "i( Xoi Xoj ) iel We rst de ne the parameter estimation error as
j2N
(37) “sub = Asub sub (45)

where®q.; represents the desired Cartesian-space acceleratidrere the subscrigtub denotes the relevant linearized param-
of the ith manipulator. Instead of differentiatingy, R4 IS eters de ned above.
obtained by using the derivative function of (23) and the rigid To verify the ef cacy of the distributed cooperative task al-
transformation (18) to avoid potential noise introduced in tHecation (23), we de ne the rst Lyapunov function candidate:
numerical differentiation. N

With the reference velocity de ned by (35), a joint-space \, _ }..T..d + % D@ P

sliding vectors; 2 R("* ") is de ned as follows 2 d -
Si= + i (38) 1,1 . 1 g N
=5 E;d pd t 5 (1 h)P; tTr;p;i tr;il trp;i

Incorporating (38) and (35) into (34) yields the following i=1
relation between the joint-space velocity and the Cartesian- | VEZ }
space sliding vector P

1,7 . 1 X - _
Jeisi = Sei + Yei ki %o (39) 5 o od + 5 1 B)PiToi i o
i=1
Considering (15) and substituting (38) with its time deriva- | \/{7 }
tive into (13) yields * (46)
MsiSi+ CsiSi= i J0% Fii o YaiCis s =i i 1) di " WT e ; ;
si 2l si=i = i T ai (i + i3 i ')(26) where "g =["§1;:5 "N 1T 2 RN™ is the collective er-
wooo—nT T T d"..q = [Th BT T
' . Choron pd = [ gt e 1T @ndod = ["og00 7 oan 1T @re
Now we propose the adaptive control law for itfe mobile  poth 3N 1 vectors ifm = 6, 5 = i wi is the
manipulator as estimation error of y; .
Pt Yai i i i)"d;i 1) The rst time derivative ofVy can be expressed as:

(j\;iKs;i \j\e;i + Ky )si

whereKs; andKy, are positive constants.

The estimated dynamic and kinematic paramef\e;fs '\k;i o ] ]
are updated by Combining (19) with (20) yields
h

X A
Va="Tg+ 0 @ WP P (47)
i=1
[
ﬁd;i = d;i YdT;i( i5 4+ wis i i) (42) s G Bl B @) Ty *

whereTy = -Ir\ti T
Differentiating (19) and considering (23) leads to

AN

T =i ki Y (i DKo %o (43)

where K, is a positive gain constant,q; and ; are .,
positive de nite matrices with opportune dimensions. i = Pi (49)
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Incorporating (48), (49), (22) and (24) into (47) gives

Incorporating (51) into (53) with Property 2 yields
h i

L A L R g7 i S)=
Vg=  T[P(L+B) lg + P b)), Gms YT e (e Moy 8022
. h ile i s’ J\g;i(Ks:i + ke )Jei + Ky, s+ 'X-lo-;i i Koji %o;i
B E P(L+ B)+(L+ B) P I6 +S|T(j\T| Fld;i JT| F|;i)+26;r (1 1:K")Ks;i =1
X = - - ~ = ~
+ Pi( b); + L;i Id;li Tdi t ;;i k;i1 i * dT;i d;il i
i=1 (54)
(50)
X\I i i T T T
in which the terms! (JT Fiq; JT Fi;) can be reformu-
= 5 E(Q l3) p+ Pi(l b); lated as: i (35 Fiai i Fii)
| 2= }
\ap st JT R TR = sT3T R+ s Yigi e (55)
30(Q 13 hereFi; = Fig;  Fij is the internal f
| 2 P } whereFi; = Fig; i is the internal force error. -
oo 0 Folding (32), (39) and the updating laws (42)-(44) into
° 54) gives
b (
where | = ijiTJi + iTTti and Lemma 1 are 1 1
employed, =[ ];::; 17 is the concatenation of the es-\4 1 e Sy KsiSei +2¢' 1 K Ksi i€
timation error j, Q is the positive de nite matrix de ned )
in Lemma 1. Moreover, o =[ g4;:5 gn]' 2 RN and 2(Ksi + Koi  KiKgi)%0i%oi  Kei Jeis
— T «oeen T T 3N
0,% =[ p1:i5 pn ]’ 2 RPY are two rearranged components N SiT‘]-;I} Fu ST (K #)s
With (46) and (50), we are ready to give the following (56)

theory:

whose derivation detail is attached in Appendix C and the

Theorem 1As for the cooperative task allocation to the mofollowing inequality is used
bile manipulators, the proposed distributed estimation law (23) 1

together with the trajectory parameter updating law (24) guar- 2 iKg; SxT;i Xoii
antee the estimation error convergence of the desired allocated

task trajectory, i.e.,i = R¢i T4 Xw! Oands! O.

Proof. Please see Appendix B for the proof.

To verify the convergence of the distributed synchronization
controller (41), the control law (41) with (29) are incorporated

i2K “Ks;i *g;i Xoji
(57)

The last but one term on the right side of (56) satis es:

ZSI;i Ks;i Sx;i +

T
s' 3% Fug =(Tai Jeisi)’ Joi Fui

into (40) to establish the following closed-loop dynamic eqUhere the following inequality is employed

tion as:
Msisi+ Csisi =

+ J7 Fig;

Yd?h( i T ;.r;i ; i)~d;i JIT| Fiii
\]’\e-zr;i(kr;i + Ks;i)Jl\e;i + Ky si
(51)

Then, the following Lyapunov function candidai =
N Vi is designed:
1
= i1 ESTMS;iSi"'eT (1 1UK-)Ksgi i€

1 1~

1
o1 D Idi di Idi + E*Z;i iKojixoi  (52)

whereK- is a positive constant chosen ks > 1.
Differentiating V; with respect to time leads to
h .

|
\ :S;r Ms;i§i_+(M-s;iSi):2 +’X-(I;—;i i Koii %o:i
= 1~ ~ 1 ~ ~ 1~
+ 0 gt e g Tt K kg X
+2¢' (1 1=K.)Kg; i&

(53)

(58)
K TaiJeisik Figi + Fgi
T T
i Fuo= 3L (R Fi)
59
= Fui Fui (59)
Fld;i + I:s;i
Considering (34) and (58), (56) can be further simpli ed
to
\Li |2 (Ks;i + Ko;i K- Ks;i ) *1o-;i Xoii SiT (K#i #i) Si
1
1 K. Ks:i @IQL"'eiT |T i€
0
(60)
where the positive constanksy, , K-, Ko, ki are set as
g K#‘ > H#i
Ke>1
2 Ko;i > (K" 1)K5;i ,
I(r;i k TA;i Je;isik I:Id;i + I:s;i :kj\e;i sik
(61)

Now we are in position to formulate the following theorem.



THIS IS A PREPRINT VERSION AND THE PUBLISHED VERSION CAN BE ACCESSED AT IEEE TRANSACTIONS ON ROBOTICS 11

Theorem 2 For N uncertain mobile manipulators inter-
acting on the graph satisfying Assumption 3 and cooper-
atively grasping an unknown object, the distributed adap-
tive control law (41) with parameter updating laws (42)-
(44) can guarantee the stability of the robotic ensemble and
lead to the motion synchronization and the convergence of
Cartesian-space motion tracking errors, i.ei; Xei ! 0,

Xeii Xej | 0 and Xei Xe;! Oast ! 1
8i 2 f1;2;::;;Ng. Furthermore, the internal force tracking
error approaches to the neighborhood of the zero point.

Proof. Please see Appendlx C for the proof. Fig. 3: Communication topology of the networked mobile manipulators

V. SIMULATIONS

In this section, we present the simulation results to con rfyh0le interconnected system as given in (13) and showing
the ef cacy of the proposed distributed cooperation schemi@® nature of wrench synthesis/decomposition without other
Four nonholonomic mobile manipulators are involved and theiPtentially disturbances. To highlight the relation between
motions are constrained in the horizontal X-Y plane. TH&sultant interaction forces and designated load distribution
communication topology among the four networked mobil® (12), the system dynamics and kinematics here are assumed
manipulators is shown in Fig. 3. Dynamic and kinematito be certain and the cooperative task is exactly allocated to

parameters of the mobile manipulator are listed in Table fgach mobile manipulator. The desired cooperative trajectory is
Three cases are studied to demonstrate the interaction $ected as
tween the complex interconnected mechanism, the distributed
manner _and t_he synchronization considered i_n thi; wqu. Xy = 4 t3 50+3t2 10 5
These simulations are implemented by employing Simulink t3 3000+ t2 200
and SimMechanics 2G. Nonholonomic constraints imposed ) ]
on the mobile platform are simulated based on the Lagrange™ig- 4 presents the actual load sharing during the coop-
Equation and Lagrange multiplier method. In Case B ar_ﬁjatlve transport under two different load distribution schemes,
Case C, the mobile manipulators only exchange the estimatéd: Case A-1: 1= 4=0I3, 2=0:8l3, 3=0:2I3 and
cooperative task positioRy; and the observed CartesianCase A-2: 1 =0:383, 2=0:3l3, 3=0:2l3, 4=0:133.
space positiork,; with their neighbors, as implied by theHere ri is compl_Jted based on the physmally plau's,lble
mathematical expression of the proposed scheme. The desiégnch decomposition method proposed in [40]. From this g-
trajectory of the virtual leader is supposed to be known onHf€. one can note _that after the mtercgnnected system achieves
to Robot 1 (Please see Fig. 3 for the robot number). ThéRNtrolled dynamic balance, approximately afte= 1 s,
the Laplacian matrix. and the matrixB can be computed the actual load sharing parameters match quite well with
based on the topology shown in Fig. 3. The vestode ned the c_iesw_e.d load d|st_r|bgt|on parameters which implies the
in Lemma 1 associated with the communication graph @Pplicability of the distributed dynamics.
w =[1;3;4;2]". The initial position derivation of the EE of
Robot 1ry; =[0; 1;0]" and the relative position between the
EEs of the mobile manipulators are setras=[ 2;0;0]",
ris=[ 2,2,0]" andrys =[0;2,0].

TABLE I

PHYSICAL PARAMETERS OF THE MOBILE MANIPULATOR AND
THE GRASPED OBJECT

2 _ 3
1:04(p3+1)+ t2 25+1t2 5

Part Body mi (kg) Ii (kgm?) i (m) T (m)
Link1 6.5 0.12 0.4 0.28
Manipulator Link2 5.0 0.42 0.285 0.20
Link3 2.6 0.10 0.35 0.25
Mass Moments of Inertia COM
: 10 (k diag([0; 0; 1]) (kg m? Geometric center
Mobile bas?Nheel(Rgazdius ot Whe(]-:t)lb(age ) Rear Track
0.15 (m) 0.5 (m) 0.5 (m)
Object Mass Moments of Inertia COM
6 (kg) diag([0; 0;8]) (kgm?)  Midpoint of EE1-EE4

Fig. 4: Actual load sharing under two different load distribution schemes

A. Interaction of the interconnected system

This case study presents the results under two differdt Distributed kinematic cooperation
desired load distribution schemes, which aims at validat-In this case, four networked nonholonomic mobile
ing the feasibility of the distributed dynamic model of thenanipulators are controlled in a distributed way and
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Fig. 5: Primary task and subtask tracking errors of the four nonholonomic mobile manipulators

their end-effector motions are coordinated so that thike primary task. The local subtask for each nonholonomic
equivalent centroid of the kinematic cooperation task (ECCMobile manipulatoxsg; =[Xm:i ;' mi 17 is set as

denoted byXecet = [Xec; Yec; ecl’ 2 R® and visualized by 2 3
blue triangle in the supplementary video) can track the 0:1+3t% 20t 100
desired trajectory of the virtual leader (DTVL, denoted Xsaj =4 t? 25 2t% 375 I-{Z/-:i S
by xgm 2 R® and visualized by the red triangle in the fori =2;3

supplementary video). Inspired by the de nition of the . _ . . o
centroid variable in [31] and to maintain the consistenc}ﬁ‘/here mi andxy; denote the orientation and the addition

between Case B and Case C, the de nition Xy is o the initial x-coordinate of the mobile base.
given as Xecet = 4 Xei:4+[(,R( o)) O \j\%ere The internal wrench regulation (29) and the object dynamics
i=1 ) ’ 1

R( ec) = [c0S( ec); SIN( ec);SiN( ec):c0s( ec)] denotes in the synthesized dynamic equation (13) are set to null. The

the rotation matrix assogiated with the rotation angle gpnamic regressolvg; ( i; + %;0) is a5 74 matrix and
ECCT andrec=[1:04 ( 3+1);0]" denotes the virtual the kinematic regressory; ( i; +) is a3 9 matrix, whose

link between ECCT and the kinematic centroid of the fmﬁnalytical expressions are not presented here. Fig. 5 shows
end-effector frames. The DTVL is chosen as the minimum singular value of the projected Jacobian and

the tracking results of the primary task and subtask for each

2 1:04(p§+1)+0 1+3t2 20 t3 100 3 robot, from which one can conclude that the local subtask
0:1+0:3sin(0:1t ) +0:1cos(01t) é tracking performance is partly sacri ced to maintain the high

Xdtvl = +0:3sin(02t) 0:1cos(02t) tracking performance of the primary task when the projected
/15 t2 500+ t23 7500 Jacobian is singular. In non-singularity regions, both of the

tasks are fully executed. It should be noted that the singularity-
which can be linearized according to (17). The allocatedbust technique (36) may introduce a sudden change of the
task of this cooperative task to each robot agent is taken jamt-space reference velocity; during the transition phase






