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Leader-Follower Cooperative Manipulation Under Spatio-Temporal
Constraints

Mayank Sewlia, Christos K. Verginis, and Dimos V. Dimarogonas

Abstract—In this work, we develop a control algorithm for
mobile manipulators manipulating an object within a leader-
follower framework. Unlike existing literature, we avoid the
knowledge of the object’s dynamics, and only the leader is
aware of the tasks to be executed by the object. The followers
are primarily tasked to lift the object and maintain a desired
posture while the leader manipulates the object despite its
unknown dynamic parameters. We employ a stiffness-based
controller for the followers, allowing set-point stabilisation with
permissible flexibility and a high-gain prescribed performance
controller for the leader to facilitate manipulation from the
object’s equilibrium state. We present simulation results with
two followers and one leader KUKA youbots to validate our
proposed framework.

I. INTRODUCTION
The cooperative manipulation problem involves manipu-

lating a payload when a single agent is unable to carry the
object alone. Such an approach offers advantages but also
introduces certain challenges, including coordinating motion
among robots, evenly distributing the load, performing de-
centralised planning, and translating high-level tasks for the
object into low-level tasks for individual joint angles. The
problem becomes more structured when there is a hierarchy
among the robots, allowing some agents to assume greater
leadership roles in the tasks. Such a leader-follower frame-
work emerges naturally in various scenarios of cooperative
manipulation. For instance, a leader agent might (i) possess
powerful actuators enabling it to lift heavier payloads, (ii)
be equipped with a greater number of degrees of freedom,
(iii) have comprehensive knowledge of the environment and
the locations of obstacles, or (iv) have access to the desired
tasks — which is the focus of this study.

The premise of this work is thus to explore the cooperative
manipulation of an object when only a subset of the agents
are aware of the desired tasks associated with the object.
For instance, a task could involve picking and placing an
object within specific timing constraints. We refer to these
tasks as spatio-temporal tasks, which impose both spatial and
temporal requirements. By allocating the task knowledge to
a specific subset of agents, we enable the remaining agents to
dedicate themselves to other secondary but important tasks,
such as helping to carry the payload. In our approach, the
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Fig. 1: Two mobile manipulators grasping an object

follower agents are responsible for lifting the object and
compensating for its gravity, whereas the leader agent is
charged with manipulating the object according to specified
requirements. Nevertheless, we proceed under the assump-
tion that there is no knowledge of the dynamical terms of
the robots and the object, and we abstain from using force
measurements to identify any external forces exerted by the
leader agents. The control challenge is divided into designing
a controller for the follower agents to compensate for the
object’s gravitational forces and for the leader agent to guide
the object along a desired trajectory. We consider mobile
manipulators as they allow for larger workspace accessibility
and enable the utilisation of redundant degrees of freedom
to perform secondary tasks for the mobile bases.

In this regard, our approach unfolds as follows: We first
design a decentralised stiffness controller for each follower
agent to compensate for the object’s gravitational forces.
This controller incorporates adaptive gravity compensation
for the object since its mass is unknown to the agents.
Consequently, it enables the follower-object agents system
to behave like a mass-spring-damper system, which a leader
agent can then manipulate. To this end, we develop a
prescribed performance control (PPC) for the leader agent,
tasked with enforcing spatio-temporal constraints on the
object. The contributions of this work are stated as follows:
(i) We design a novel controller enabling followers to coop-
eratively manipulate an object, along with a mechanism for
the leader to perform trajectory tracking; (ii) We introduce
a robust framework for the leader-follower configuration
that facilitates the transportation of the object, implemented
without requiring full knowledge of the dynamical properties
of the system; and (iii) We finally present simulation results
to validate the proposed framework.

II. RELATED WORK

We review the literature in three categories that contribute
to our discussions later: adaptive control with gravity com-
pensation, compliant control of cooperative manipulators,
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and the enforcement of spatio-temporal constraints within
compliant manipulators.

A foundational approach in robotics has been the pa-
rameterisation of unknown system dynamics coupled with
adaptive control. Studies spanning from the early 1980s,
such as [1], [2], and [3], to more recent contributions like
[4], illustrate the evolution of adaptive control for robotics
manipulators. However, parameterising the entire dynamics
does come with the cost of increased computational demands
and poor performance. An alternative is to only parameterise
the gravity terms and use a Proportional-Derivative (PD)
controller, such as [5] presented for a single manipulator
setting. Works such as [6] and [7] study compliant control
for manipulators both in a single-agent and a multi-agent
setting. However, such methods require and make use of
the knowledge of the centrifugal and Coriolis terms of the
system. Impedance control of manipulators, studied in [8]
and [9], shapes the impedance behaviour of a system, often
involving either the acceleration measurements or the mea-
surements of the external forces. This could be circumvented
by designing a force estimator [10] or treating the forces
as disturbances and designing a disturbance observer [11],
[12], still requiring, however, the knowledge of the dynamical
terms.

Closely related problems were studied in [13], [14] and
[15]. In [13], the authors used an inverse dynamics con-
troller to design an impedance control scheme along with
an estimation law to estimate the leader’s intention. In
[14], an impedance controller and a wrench estimator are
designed to capture the human’s intention in transporting
the object. The assumption of knowing the inertial and
Coriolis terms of agents and object is made in both the
above works such that the controller is able to shape the
dynamics in a satisfactory manner. In [15], the authors study
the cooperative manipulation problem using adaptive control,
where all the robots work cooperatively to track the reference
trajectory. The dynamics of the system are parameterised,
and redundancy resolution is discussed.

In our previous work, [16], we explored cooperative ma-
nipulation in a homogenous group of agents where every
agent knew the desired satisfactory tasks. Unlike the liter-
ature discussed above, here, we work with mobile manip-
ulators, restrict the knowledge of tasks to only a subset of
agents and are able to enforce transient constraints without
the knowledge of the dynamical terms of the system.

III. NOTATIONS

The set of real numbers are denoted by R and the set of
natural numbers by N. With n,m € N, R" is the set of n-
coordinate real-valued vectors, R™*™ represent matrices of
size n X m with real numbers and R is the set of positive
real number. By 0”*™ we denote a matrix of size n x m
with all 0 elements. For a,b € R3, S(a) denotes a skew-
symmetric matrix defined as S(a)b = a x b, where X is the
vector-cross product operator. We denote by T? the 3D torus.

IV. PROBLEM STATEMENT

In this section, we present the system dynamics, which
encompass the dynamics of the follower agents, the leader
agents, the object, and the coupled dynamics.

A. System Dynamics

Let the total number of agents be N = N+ N; where Ny
represents the number of follower agents, and N, represents
the number of leader agents. Each agent consists of n; > 6
joint-space variables g; € R™. The pose of the ith end-
effector, #; = [p/,n]" is the operational space pose,
and v; = [p,,w;'|" is the operational space velocity. The
pose comprises the position p; € R? and the Euler angles
n; € T3, while the velocity v; consists of the rate of change
of position p; € R? and the angular velocity w; € R3. The
differential kinematics v; = J;(¢;)¢; relate the joint angle
rate to the operational space velocity with the kinematic
Jacobian J;(g;) : R — REXni,

The operational space agent dynamics is given by,

M;(g:)0i + Ci(qi, di)vi + gi(qs) = ui — hy (D

where M; : R™ — R6%6 is the positive-definite inertia
matrix, C; : R? — R6%6 jg the Coriolis matrix, g; :
R™ — RS is the gravity vector, u; € RS is the input wrench
at the end-effector and h; € R® is the generalised force
exerted on the environment by the end-effector. To convert
the input wrench at the end-effector into the applied torques
for each actuator of the robot, we utilize the following
relationship: 7; = J;(¢;) "u;where 7; € R™. The agent
dynamics can be written in vector form as, My(q)vs +
C(q,q)vs + gr(q) = uy — hy for the follower agents and
Mi(q)01 + C(q, ¢)vi + gi1(q) = u; — hy for the leader agents.
Here My )y = diag([M;]) € RONun>Nun, Crppy =
diag([C1]) € RONG XNt gy = [of .. gk, 1T €
N}]T e RSN}, and

hipay = 07 e b, 1T € RONED,
The pose and velocity of the object’s centre of mass
are denoted by z, = [p),n]]"T and v, = a7

6N LT T
ROM0, ugpy = [ug .. uy

[Bs >,
respectively. The velocity is related to the rate of change
of position by v, = J, (z,)i, where J, : R3 x T3 —
R6%6 is the object representation Jacobian. The object’s
dynamics are, M,(x,)0, + Co(x0,v0)V0 + go = h, where
M, : R® x T? — RS%6 js the positive-definite inertia
matrix, C, : R3 x T? x R — R6%6 is the Coriolos matrix,
go : R3 x T3 — RS is the gravity vector and h, € R® is the
force acting on the objects centre of mass.

We consider rigid grasps in this work, which gives rise
to the relationship p; = po + pijo, i = Mo + ;o Where
Pi/o and 1);/, are the constant position and orientation offsets
among the ith end-effector and the object’s center of mass.
Without the leader, the coupled follower-object dynamics is
given by balancing the forces the followers exert on the
object at grasping points to the forces experienced by the
object’s centre of mass, i.e., h, = G}—hf where G
R7iNs — RO6Ns*6 g the grasp matrix. The grasp matrix

>
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Gf = [J;E(ql),... J—r

9 O”f

to the ith agent Jacobian J,,(g;) : R™ — R*6 given by,

(gn,;)]" is composed of the object

T () = Iz S(=pijolai)) @)

03x3 I3 '

The resulting coupled follower-object dynamics are,
My (q)io + Cr(a,d)vo + Gr(a.4) = Gf (@uy  (3)

where My (q) = Mo(q) + G [ (0)My(q)G(a). Cy(g,q) =
Co(q,q) + G} (9)Mf(q)Gf(q) + G} (9)Cr(g,4)G(q) and
3(4,9) = 90(q) + G} (q)gs(q). Finally, the coupled leader-
follower-object dynamics is obtained by balancing the forces
exerted both by the follower agents and the leader agents on
the object, i.e., h, = Gruyr + Gru.

M(q)oo + C(q, 4)vo + §(a.4) = GJ (q)us + G (@) (4)

where, M = Mf—‘rGlMlGlT, C = éf—i-GlMlGlT-‘rGlClGlT
and § = gy + G} g1.

B. Signal Temporal Logic (STL)

We consider that the spatio-temporal task assigned to the
multi-robot system is expressed via signal temporal logic
(STL) specifications'. STL is a predicate-based logic that
allows for continuous-time spatial and temporal constraints
[17]. Consider the following fragment of the STL syntax,

Yu=T | p
¢ =Y | Gy | Flap¥ | o1 A o

where ¢, ¢o are STL formulas of the form ¢, b > a > 0
and p is a predicate of the form g : R” X R>¢ — B defined
via a predicate function p : R” x R>g — R as

_ {T p(x,t) >0 ©)

(5a)
(5b)

1L pxt)<0’

The setup includes having both follower and leader agents
as mobile manipulators, consisting of both a mobile base
and a manipulator arm. This arrangement provides us with
redundant degrees of freedom, allowing for the prescription
of additional tasks in the redundant directions. The problem
then is to design uy and w;, such that the object satisfies a
user-defined STL formula. More formally,

Problem 1: Consider a system comprising N = Ny +
N agents and a spatio-temporal tasks encoded via an STL
formula ¢. Design a decentralised stiffness controller, uy €
RSN, enabling the follower agents to lift the rigidly grasped
object. Concurrently, design a controller u; € R for the
leader agents, ensuring that it can effectively manipulate the
object to satisfy ¢.

V. MAIN RESULTS

The solution approach we adopt is outlined as follows:

(A) Design an adaptive update law for the followers to
compensate for the object’s gravity vector g,.

Ithe proposed framework can accommodate other types of task models.

(B) Design uy for the follower agents such that the dynam-
ics (3) take the following form,

M, + (Cp 4 Ky)v, — J, 'Ky Az =0 (7)

-

where K, and K, are the desired stiffness and damping
matrices, respectively, and Ax. denotes a position error
to be specified later. This allows the follower-object
system to behave like a mass-spring-damper system,
allowing us to exert forces on a virtual spring with the
desired stiffness and damping properties.

(C) Develop the implementation of uy to map to joint
torques 77, considering the redundant degrees of free-
dom inherent in the mobile manipulator.

(D) Design a suitable controller u; for the leader to impose
the desired spatio-temporal tasks on the object.

A. Adaptive Gravity Compensation

The gravity vector g, of the object can be parameterised
as [2], go = Yy, where Y, is a known regressor matrix
and ~y, is the unknown parameter vector. Define the adaptive
update law as f;yo = —I'Y,v, where I' is a diagonal matrix
composed of positive parameters.

B. Follower-Only Controller Design

We are now ready to design the controller uy for the
follower agents with the goal to shape the dynamics (3) into
(7) in order to stabilise the object’s position x, around a
time-varying desired pose x,,, with the error represented
by Az, = z,, — x,. We select x,,as an exponential
moving average of x,, governed by the stable dynamics
T&o, + o, = T, wWhere 7 is a positive time constant.
This formulation of the error will allow the follower-object
system to function akin to a mass-spring-damper system
around the equilibrium point z,,. By establishing such a
moving average, we aim to ensure that the object stabilises
around this point in the absence of external forces applied by
the leader agent. Such a low pass filter provides robustness
and a degree of compliance to external disturbances. We
now design the stiffness-based adaptive controller for the
followers as follows:

up = g5 + G (Yoo + 5 Ko Aze — Kyv,)  (8)

where G} = [J, (@), .-, T, (an,)] € RON7C. Now,
we are ready to prove the stability of the follower-object
system. This proof is necessary because, when the leader is
not manipulating the object, we require the follower-object
system to still stabilise around the pose where the leader last
released the object.

Theorem 1: Consider N; followers rigidly grasping an
object with the coupled dynamics (3). Then, under the
adaptive control law (8) and the estimation update law , the
object pose x, is asymptotically stabilised around the pose
Toy-

Proof: We first construct the following positive-definite
If}Zplinov function candidate V = A%U;r M, —l—%’y(,.lj_l’yo +
sAx, KAz, where 5, = v, — 9, is the estimation error
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vector. Taking the time derivative of the above candidate
function,

. ~ 1 2 .
V =v] Mo, + §vafvo + 3,071, + Azl K, Ad,

Aa:e J ,UO,

and, M = QC’f is skew-symmetric [3]. Hence,
Gyrgr — Jo ' Ko Axe)+

Now note that, 'Lyo = %, At =30, —To =

V (Gf’LLf — o’yo

A0 715, — Az JAxe

Furthermore, using (8) in the above equation, we obtain the
bound as follows, V = —v] Kyv, — Azl E2Az, < 0.
The above function is negative semi-definite and vanishes
if and only if v, = 0 and Az, = 0. By applying the Lasalle
invariance principle [18], the theorem is proved. [ ]
The controller (8) is decentralised due to the grasp matrix
term G+, and follower each agent ¢ implements its corre-
spondmg uf, = gs,+J,, I YoYot+Jo. 'K, Az.—K,v,). Also,
observe that we can choose small gams for K, and K, as
we do not enforce strict trajectory tracking requirements with
respect to x,,. Other approaches, such as solely performing
gravity compensation on the object, could result in the object
moving indefinitely once the leader releases it. Alternatively,
defining a static setpoint might force the object to return
to this fixed point after manipulation, which undermines the
task being performed. A more natural choice is to allow the
object to stabilize around the point where the leader last
released it; this rationale motivates the design of the desired
position as an exponential moving average. By doing this, we
also enforce a certain degree of compliance in the system.

C. Implementation of Follower Controller

Here, we demonstrate how to distribute the input wrench
into torques for the mobile base and the manipulator. Define
Bip, € RS (see Figure 1) as the pose vector of the end-
effector { E;} in the frame of the mobile base { B;}. Partition
the joint-space states into those pertaining to the mobile
base and those belonging to the manipulator. Denote n; =
n? + n*, where n! represents the degrees of freedom of
the moblle base, and n;" represents the degrees of freedom

b

of the manipulator. The torques 7; = [(7?) ", (7)"]" and

the Jacobian J; = [J?, J™] are partitioned into components
associated with the base and the manipulator, respectively.
To utilize the redundant degrees of freedom provided by
the mobile manipulator, we employ the null-space projection
of the Jacobian. Through the null space, we facilitate the
motion of the base without affecting the motion of the
end-effector. The intuition is to enable the base to follow
the object by detecting changes only in the Bip; vector.
By implementing such a strategy, the entire follower-object
structure would detect changes in the position of the end-
effector and compensate individually by generating motions
in the null space. The implementation we propose is, 7; =
JTui + (I — JFJ;) [

ot 1| where J7 is the pseudo-

inverse and 7,, € R™ is the mobile base controller given

by, 7, = —JPKy, (Pipd —Pi p;). Here, K;, is a positive-
definite gain matrix and Bip¢ represents the desired pose of
the end-effector.

D. Leader Controller Design

The leader is primarily responsible for manipulating the
object such that it satisfies the given spatio-temporal task
encoded by ¢. An efficient way to achieve this is by employ-
ing PPC [19]. PPC offers a methodology for imposing pre-
defined transient and steady-state constraints in the system
trajectory. In particular, it confines a tracking error e(t)
within predefined regions whose boundaries are defined by
time-dependent functions +v(t), called performance func-
tions. The mathematical definition of such regions is given by
—v(t) < e(t) < ~(t). Note that such inequalities naturally
encode spatio-temporal constraints, which motivates us to
employ the PPC methodology for the accommodation of
the given STL task. In particular, one can define a desired
reference pose trajectory z4(t), the associated error e, =
[epas---rep] T = @, — x4 and exponentially-decaying per-
formance functions v (t) = diag(Vpe, Yoy, Vpz> V670, Ve
and 7, (t) = (99, — vo7)exp(—lt) + g7 with 7, >
les; (0)], such that —v,,(t) < ey, (t) < 74,(t) implies the
satisfaction of the STL task ¢. This is accomplished by
appropriately tuning the decaying rate constants € R and
final converging value ;7. More information can be found in
our previous work [16]. For the exposition below, we focus
on the scenario involving a single leader, i.e., N; = 1.

Using (8), the leader-follower-object dynamics takes the
form,

M@o—&—(é’—&—Kv)vo—&—( 1K AT, = Gl ug.

©))
The goal now is to design the leader controller w; so that
a desired spatio-temporal task on the object is enforced by
achieving the PPC specifications.

Step I: Define the normalised errors &, € RS by,

YoAo)+G gi—

€ = [Epar- -2 &0l =77 (Dew(t) (10)
and design the reference velocity as
UT(t) = _Cljorvgl(t)rz(gz)sm(fx) (11)

where c; is a positive constant and the signals e,

(-1,1)° — RS and r, : (—1,1)% — R®*6 are ¢,(&,) =

lepas - - -rep) and 74 (&,) = diag([ri]icpa,...,p})» With,
1+¢, 2

Exi :ln(1+§$j)7 _177%726{1737,19%172’@977#}

Step II: Define the velocity error e, € RS as, e, =
[Coms - r€w. ]’ = v, — v, where v, = [p),w]]T =
[ve, vy, V2, We, Wy, w.]T. Let the velocity performance func-
tions v, (t) = diag(Vow, Yoy: Yoz Yoo » Ywy» Yeo.) and vy (t) =
(70 —~2°) exp(—It) +~5° with 40 > |e, (0)]. Choose | € R
and v5° such that the desired velocity constraints are satisfied
if —7v,(t) < ey(t) < 7 () holds.
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Step III: Define the normalised errors &, € RS by,

& = [gvxw“ang]—r :Vv_l(t)ev(t) 12)
and design the control law in (9) as
u(t) = —caJ, vy (Do (€a)ew (o) (13)

where J,, is the object to leader Jacobian, cy is a positive
constant and the signals &, : (—1,1)° — RS and r, :
(—1,1)% — R%6 are £,(&,) = [cvzs - - - Ew.] and 7,(€,) =
diag([ri]ie{m wz})’ with,

=In (1 + &, ) =
v 1- 51}
Before we demonstrate that the proposed control scheme
ensures the containment of trajectories within the designated
performance functions, we will state the following assump-
tion.

Assumption 1: The object’s pose does not result in a
singular J, (z,(t)), i.e. 0,(t) € [~0,0], for all t > 0, with
6e(0,%).

Theorem 2: Consider a leader-follower system rigidly
grasping an object with coupled dynamics (4) and subject
to spatio-temporal tasks requiring z, to track a desired
trajectory x4 under timing constraints. Then the controller
(13) guarantees —v,(t) < e, (t) < v.(¢t) for all ¢ > 0, and
the boundedness of all closed loop signals.

Proof: Consider first the dynamics of the normalised
error £, = v, ' (éx — 42€,), which after using (10) and (11)
becomes, gac = fw(gwa )

éz = _01”‘5:707"907:;@ H

5 rzfyw (%€z—Jo_,,1%§v)~ (14)

Define the open and nonempty set ¢, C RS with Q¢ =
(—1,1)%. We proceed in two steps, first showing that there
exists a maximal solution &; : [to, Tmax) — €2, and then
showing that 7,,x = 00. By choosing &, (to) as in Step
I above, we ensure that {;(to) € €¢,. Notice also that
fuz(&z,t) is continuous in ¢ and locally Lipschitz in £, over
¢, . Therefore, [20, Theorem 54] yields the existence of a
maximal solution &, : [to, Tmax) — Q¢,. Thus,

Ex(t) = ex, (o, t) /7a, () € (—1,1). (15)

Vi € {px,py,pz,¢,0,1¥},t € [to, Tmax) from which we
conclude e,,(t) is bounded by ~,,(t). Consider now the
positive definite and radially unbounded function V,,(g,) =

&: 5. The time derivative of V,, is ¢, (51)7’}:(51){;8 and,

(7?5? - J(; 71)51;)

In the second term above, we have &, < /6 and &, < \/6,
v, and 7, are bounded for all ¢ > 0 by construction, and
Jo ! is bounded due to Assumption 1 and due its continuity.
All these bounds are also independent of 7,,,x. Hence VL
reduces to V, < —cillenreyy H|? + |lexray; || Be wWhere
By > |5ée — Jo’rl%fvﬂ and is independent of Ty, .
Therefore, we can conclude V, < 0 < |eprenst] > 2=,

c1
which, by noting 7, > 2, is equivalent to,

B, max{~,(to)} .

Vt S *01”5277"1:'7; ||2 — € Tmfyi

Ve <0& [lea()ll >

79,1 € {vx,vy,v2, Wy, wy, W:} the function V,

Therefore, it holds that ||, (&, )|| < &, where
_ B, max{~,(to)
o = max { e, (€ (1)) |, 22250 (0)})
C1

Vt € [to, Tmax)» and taking the inverse logarithm,

exp(fe_z) -1 exp(éx) -1
op(—an 11 =W S e+

Hence, v, and consequently v, = v,{, + v, remain bounded
for all ¢ € [to, Timax). We can proceed in a similar manner
defining the dynamlcs & = f,(&(t)) and constructing
lsTav Similar boundedness argument
follows for the followmg terms: (i) the matrix M remains
bounded under Assumption 1, (ii) the adaptive update law is
stable, (iii) the gravity vectors g,,g; and gy come from the
partial derivative of the potential energy of the system and
are bounded [21, Property 2.8] (iv) Az, is an output from a
stable filter and is bounded. And we arrive at similar bounds
for &,, where ||e,(&,)]| < &,, where

—-1< < 1.

B, max{y,(to)} }
Co )\min(M)
Yt € [to, Tmax ), Where Apin(+) denotes the minimum eigen-

value; by invoking the inverse logarithmic function, we
obtain

&, = maxc { leu (& (to))

PR ()

op(—a) 11 =S ap )T
for all ¢ € [tp, Tmax), and hence the boundedness of the
proposed control law (13). To complete the proof, we observe
that &, (¢) and &,(t) are in a compact subset of {2, and €2,,.
Therefore, by [20, Prop. C.3.6], we conclude the forward
completeness of the solution and 7p,,x = 0. |

<1,

VI. SIMULATIONS

We conduct computer simulations using the realistic en-
vironment created by the Drake toolbox [22]. The mobile
manipulators under consideration are the KUKA YouBots,
which feature an omnidirectional mobile base and a 5-
degree-of-freedom manipulator arm equipped with a finger
gripper. Our simulation setup includes two follower agents
and one leader agent, along with a slab (of mass m, =
0.05[kg]) representing the object, as shown in Figure 2a.
Let z,(t) = [p),n]]T denote the pose of the object’s
centre of mass, and the initial conditions are z,(0) =
[0,0,0.4,0,0,0] 7. The STL formula we impose on the

object here is, p = .7:[0,55](Hpo — [1,1,04]T|| < 3) A
Fi55,105] (Hpo —[0,1.414,04] 7| < 3> A ]:[105,155](||po -
[—1,1,04]T|| < 3) A Fii55,205) (Ilpo —[-1.414,0,0.4] T|| <

3) A F205,255) (||po —[0,0,04] 7| < 3) N Gl255,350] (Hpo -

[0,0,0.4] 7| < 3). Only the leader is aware of the aforemen-
tioned tasks. The position and velocity performance functions
were chosen as, v(t) = (15— 3) exp(—0.3(¢t —t*)) 4+ 3 where
t* € {0, 55,105, 155,205} [s]. In Figure 2b, we observe the
five funnels that enforce the desired transient constraints
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(a) Setup of 3 YouBots
grasping an object.

(b) Errors with funnels.

(c) Control input of the leader.

(d) Estimated mass of the object
using.

Fig. 2: Results pertaining to a simulation run of the setup in Figure 2a.

on the object’s position error. It is noted that the errors
are contained within the funnels. Figure 2c illustrates the
leader control input (13), while in Figure 2d, the follower
agents implement the adaptive law to estimate the mass of
the object. As can be seen, the mass of the object converges
to 0.025[kg] which is half of the original mass. This is due
to the fact that there are two follower agents that share the
load of the object equally and, hence, atrive at this estimate.

VII. CONCLUSIONS

In this work, we presented a decentralized control algo-
rithm for addressing the cooperative manipulation problem
within the context of a leader-follower system framework.
We demonstrated the decoupling of the primary objective,
which involves fulfilling spatio-temporal tasks, from the
secondary objective of carrying the object. The primary
task is executed by the leader agent, equipped with a PPC
controller, whereas the secondary task is undertaken by the
follower agents, whose sole purpose is to help compensate
the object’s gravitational force. Furthermore, we provided
experimental validation of the proposed framework through
simulations involving KUKA YouBot robots.
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