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Abstract—1In this paper, we study the stability and con-
vergence properties of a decentralized proportional-integral
velocity controller for collective transport by a team of point-
mass robots that are rigidly attached to a payload. The
controller only requires robots’ velocity measurements, and
the only information provided to the robots is the target
speed and direction of transport. We prove that the closed-
loop system with proportional control alone is exponentially
stable, and we derive the system’s rate of convergence to the
desired transport velocity. We analyze the parameters that
affect this convergence rate and characterize its dependence on
the robots’ distribution around the payload. We add an integral
controller to the proportional controller to compensate for any
drift from the desired transport path and prove asymptotic
stability in this case. We validate our analytical results for the
proportional controller through simulations with three different
robot distributions around the payload. These simulations
demonstrate that the robots’ distribution has the predicted
effect on the convergence rate, which influences the load’s
rotation and drift from the desired path during the transient
phase of transport. We also confirm through simulation that the
proportional-integral controller drives this drift to zero while
achieving the desired transport velocity.

I. INTRODUCTION

Cooperative payload manipulation by multi-robot systems
has a variety of potential applications, including construc-
tion and manufacturing, assembly in space and underwater,
search-and-rescue operations, and disaster response. We aim
to design robot controllers that can achieve cooperative
manipulation with a quantifiable degree of predictability in
unknown, remote, and hazardous environments with limited
data and communication. Our approach is inspired by group
food retrieval in ants [1], [2], [3], a striking example of
decentralized collective transport in which the transport
team members do not follow predefined paths, use explicit
communication, or have prior knowledge about the payload,
the distribution of teammates around it, and the location
of obstacles in the environment. While the ants know the
direction to their nest, it is likely that their activities during
transport are influenced only by their local information.

Our work in this paper constitutes an effort toward multi-
robot implementation of ant-like collective transport with all
of these properties. We consider a team of identical point-
mass robots that move on a planar surface and are rigidly
attached to a payload in an arbitrary configuration, as shown
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in Figure 1. We assume that each robot can measure its
own velocity. The robots do not have global localization or
communication capabilities, and they lack information about
the payload dynamics, the number of robots in the transport
team, and the robots’ distribution around the payload. Subject
to these constraints, the robots must transport the payload to
a goal location along a straight path at a regulated velocity.
We assume that each robot knows the target direction to the
goal and the desired transport speed.

Various control strategies have been previously proposed
for cooperative manipulation in other scenarios that are not
subject to all of these constraints. In some recent control
approaches, such as [4], a supervisor (a human or a central
computer) observes the motion of the system and commu-
nicates appropriate control commands to the robots in order
to guide the payload toward the goal. Decentralized control
strategies have also been proposed to improve the system’s
robustness to errors, failures, and disturbances. Some of these
methods are leader-follower algorithms in which the leader
takes the main role in planning the payload trajectory and
controlling its motion to the goal, while the other robots
contribute to the transport motion in a coordinated manner
using consensus [5] or an estimation method based on force
sensing [6]. In other works, all robots in the transport team
are assumed to be identical. In [7], a decentralized approach
is proposed in which robots push a large load to a goal when
their line of sight to the goal is occluded by the load. In other
methods, robots communicate their measurements to each
other in order to estimate parameters of an unknown payload
[8], [9]. Other approaches do not rely on communication
or prior information about the payload’s dynamics, but they
require a supervisor to define trajectories beforehand for the
robots and the payload [10], [11], [12]. A strategy inspired by
formation control is proposed in [13] for the case of a flexible
payload that requires regulation of contact forces. In [14],
[15], [16], [17], [18], adaptive robust control approaches
are proposed that combine a stabilizing robust term with a
regression term in the controller. These approaches require
prior information about the robots’ distribution around the
payload.

The work in [19] proposes a decentralized approach to
the problem that we address, in which each robot applies a
force to the payload that is defined as a proportional velocity
controller. It is demonstrated that the payload moves in a
straight line toward the goal with no more than 180° of
rotation. However, there is no stability analysis that guaran-
tees the convergence of the system’s dynamics to the desired
motion. In this paper, we investigate the stability properties
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Fig. 1. Tllustration of a collective transport team with four point-mass
robots and the associated coordinate systems.

of a proportional control scheme that is a modification of
the one presented in [19], in which the robots apply a force
only toward the goal. In our control scheme, the robots
also exert a force component perpendicular to the target
direction, in order to maintain a straight transport trajectory.
We prove that the closed-loop system is exponentially stable
with this controller, and we characterize the rate of the
system’s convergence to the target transport velocity in terms
of the robots’ distribution around the payload. In addition,
we introduce an integral controller to drive any drift of
the payload from the desired path to zero. We note that
our analysis on pure proportional control also applies to
our previous decentralized strategy for collective transport
[20], during the phase when the system trajectories enter the
boundary layer defined in the sliding mode controllers.

II. DYNAMICAL MODEL

We model the dynamics of the system in Figure 1, a load
that is transported by N point-mass robots, which we studied
in our previous work [20]. Here, we derive the equations of
motion for the entire system, comprised of both the load
and the robots, whereas in [20] we derived the dynamics of
each robot. We define m, as the mass of each robot, m,
as the mass of the payload, and I, as the load’s moment
of inertia about the axis normal to the plane of the motion
and passing through its center of gravity. We also define r,
as the vector from the center of mass of the entire system
(CM,) to the load’s center of mass, and r; as the vector from
CM, to the attachment point of robot 7. Both r. and r; are
expressed in the inertial reference frame shown in Figure 1,
defined such that the z-axis points in the target direction of
transport. Then, the mass m and moment of inertia / of the
entire system are given by:

m=m,+ Nm,,
N

I=Io+mollre|” +m: Y e (1)
i=1

Each robot i applies an actuating force u; = [u; , u; 4|7 to
the payload. We denote the vector of all applied forces by

u=[(u)" - (uy)"]"

We define the position of C'M, in the inertial reference
frame as [z, y,]” and the load’s orientation in this frame as
0,. We will use q, = [z, Y, 0,]7 as generalized coordinates
that describe the motion of the entire system. Then we can
write the equation of motion of the system as:

mI 0] .. I - I
|: 0 I:| qO - |:f‘1 . f‘N:| u7 (2)
where I is the identity matrix and I is a skew-symmetric
matrix defined by r; X u = 1;u.
Let ©; and y; be the speed of robot ¢ along the x and y

axes of the inertial frame. We define the components of u;
for each robot ¢ as proportional velocity controllers:

wiy = k(=1:), 3)

where £ is the controller gain and v is the desired transport
speed. This controller drives each robot’s velocity to vges
along the desired direction of transport, with no velocity
component perpendicular to this direction. When all robots
attain this velocity, the load moves in the target direction at
speed v4es With zero angular velocity.

Using the kinematic equations of the payload, we can
obtain expressions for &; and g; in terms of q, and then
rewrite Equation (3) as:

Ui, = k(vdes - xz)v

Uip =k (vdes — Ty + 90||r1|| sin(6, + 91)) ,
wiy =k (g0 = Oollvil  cos(8, + 7)), @

where 0; is the angle of vector r; with respect to a local
coordinate frame fixed to the load, as shown in Figure 2. Sub-
stituting the controller (4) for each robot into Equation (2),
we obtain the following equations for the closed-loop system:

N
mi, =k (N(vdes — o) + 0, Y _ ||ril| sin(8, + 90) :

i=1

N
mi, =k (—Nyo — 0, Z [|r;]| cos(0, + 90) )
i=1
16, =
N

— k> (dol il | c0s(8, + 02) + Bl il | cos (0, + 6:)
=1

N
+k Z(mo — Vges)||ri|| sin(f, + 6;)
i=1

N

— k> 0,|[r;]|* sin® (0, + 6;). (5)
i=1

Defining s, = %, — vges and s, = 7,, the closed-loop

dynamics can be rewritten in the following compact form:

- kfe(eo)oo = Oa

msy + 1Sy + kfe(6,)0, =0,
10, 4 ¢80, — kfs(0,)s: + kfe(8,)s, = 0, (6)

MSy + ¢Sy
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Fig. 2. Illustration of the geometric parameters that express the position
of a robot in the local coordinate frame of the load.

where ¢; = kN, ¢, = kSN | [|r;]|, and

N

> sl sin(0, + 6;),

i=1

fs(6o) =
N

= Z||ri||cos(90+9i). @)
i=1

III. STABILITY ANALYSIS

In this section, we characterize the stability of the equilib-
ria of the closed-loop system (6). Defining z = [s, s, 6, 0]
as the state vector, we find that the system has no isolated
equilibrium point and that the set M, defined as:

M = {Z€R4|sz,sy,90:0}, )

is a continuum of equilibrium points, i.e. an invariant set.
When the system state is in this set, the payload moves
directly to the goal along a straight path (s, = 0) at a
regulated velocity (s, = 0) with no rotational motion (6, =
0). The following theorem characterizes the convergence of
the system trajectories to M.

Theorem 3.1: The trajectories of system (2) with the
decentralized controllers in Equation (3) exponentially con-
verge to the set M.

Proof: We consider the following Lyapunov function:

1 1.
V = fm(si+s§)+§19§. )

2

The time derivative of this function is:

V = _Ctsi_ctsi_Cr93+2k(fs(90)sm_fc<90)sy)éo~ (10)

Defining z;, = [s, s, 0,)7, Equation (10) can be written as:
V =—27'Qaz, (11)
in which
Cy 0 kfs
Q=10 e —kfe (12)
kfs _kfc Cr

To prove the convergence of the system, we need to
show that Q is positive definite, or equivalently, that all its
eigenvalues are positive. These eigenvalues are given by:

A1 = C¢,
)\2 = % ((Ct +Cr) + \/45]{2(.]852 + fc2) + (Ct - C"')2> ’

Az = % ((Ct + ) — \/4k2(f32 + f2) + (¢ — Cr)z) . (13)

Since ¢; and ¢, are strictly positive numbers, we can con-
clude that \; and )\, are strictly positive as well. Therefore,
we only have to determine the sign of A3. We first investigate

the term £ = /2 + f2.

Proposition 3.2: For the system described by Equation (2)
with the robot controllers (3), £ is a constant that is equal

N
to || 21:1 ry||.

Proof: Using Equation (7), we can write:

N
&= il
i=1

N N
+ > > Irillllesl] cos(Bo + 6;) cos(6, + 65)
i=1 j#£i
N N
+ 3 lrillllryl] sin(6, + 6:) sin(6, + 6,).  (14)
i=1 j#i

Combining the second two terms on the right-hand side, we
obtain:

Z il + ZZ [l [[|r;]] cos (6 — 6;).  (15)
i=1 j#i
Denoting the components of r; in the local coordinate frame
as Z; and g;, we have that Z; = |[|r;||cos(f;) and §; =
|r;|| sin(6;). We can then rewrite Equation (15) as:
N
52 = Z +yz +ZZ ‘r’bwj +yzyj (16)

i=1 i=1 j#i

Finally, by separating the  and y components, we can write:
& 2 — ((jl + ...

which implies that £ = || SN, ry|. n

+an)2 4+ G+ +an)?). (A7)

Now, we can analyze the sign of As.

Proposition 3.3: For a transport team with a fixed number
of robots and a fixed configuration on the load, A3 in
Equation (13) is strictly positive.

Proof: First, we calculate the critical value of &, defined
as &, at which A3 becomes zero. If we can show that £ is
always less than this value, then we can conclude that A3 is
always positive. From Equation (13), we calculate &, as:

N
& =N Il
i=1

(18)



From the triangle inequality, we know that || 320 | ry]| <
Ziil |Ir;||, and by squaring both sides of this inequality,

we have:
N N 2
IS < (Zmn) |
i—1

i=1

(19)

From the Cauchy-Schwarz inequality [21], we know that

N 2 N
(erz'l) < NIl
i—1 i=1

which means that ¢2 < ¢2. and consequently, & < &
Excluding physically impossible configurations in which all
robots occupy a single point on the perimeter of the load,
which results in £ = £, A3 is strictly positive. [ |

(20)

Since all the eigenvalues of Q are positive, Q is positive
definite. Furthermore, the Lyapunov function (9) can be
written in the quadratic form V = szzl, where:

m 0 0
P=]10 m O (21)
0 0 I
Then, we have the following inequalities, [22]:
/\min(P)||z1H2 < V(z) < )‘max(P)HZIH2 (22)

In addition, using Equation (11), the following upper bound
can be established for V:

V(z1) < = Amin(Q)||z1]? (23)

Therefore, we can write:
Vv < -T2y 24
< WG (24)

and by Theorem 4.10 in [22], we can conclude that trajecto-
ries of the system (6) exponentially converge to the invariant
set M. This completes the proof of Theorem 3.1. [ ]

IV. CONVERGENCE ANALYSIS

Given the exponential stability of the closed-loop system,
we can describe the convergence of its trajectories in a
qualitative fashion using an exponential function that gives
the lowest possible rate of convergence to M. According to
Theorem 4.10 in [22], the following inequality holds:

|z (B[] < bllza(to)l] e™, ¢ > to, (25)
where b = % and
)\min(Q)
= 26
Moz (P) (26)

Thus, € bounds the convergence rate of the system trajecto-
ries. We now show how € can be characterized in terms of
the distribution of the robots around the load. Toward this
end, we first determine A,,;,,(Q).

Proposition 4.1: For a transport team with a fixed number
of robots and a fixed configuration on the load, \pmin(Q) =
A3, defined in Equation (13).

Proof: From Equation (13), we see that A3 < As.
Therefore, we only need to compare \; and A3. We rewrite
A3 as:

1 1
Az = (et +cr) — §(|Ct —cr| +20), (27)

2
where p is a positive number that monotonically increases
with &. In this expression, if ¢, < ¢, then A3 = ¢, — p,
which is clearly smaller than c,.. Hence, in this case, \3 <
cr < c¢p =M. If ¢p < ¢, then A3 = ¢; — o, which is clearly
smaller than ¢;. Thus, in this case, A3 < ¢; = A1 as well.
Therefore, we can conclude that A, (Q) = As. [ |

To simplify our subsequent calculations, we replace the

vector z; in our stability analysis with zy = [s, s, 7,0,]7,
where 7, is the radius of gyration of the system,

1

2 N 2\ 2

o= IO + me ||rCH + my Zi:l ||r7|| ’ (28)
g Mo + Nm, '

With this replacement, we can write the Lyapunov function
9) as V = zlPazy, where P, = ml € R3*3, and
Amaz(P2) = m. Note that m is independent of the robot
configuration on the load. We can also write Equation (11)
as V = 21 Qoz,. Setting \yyax(P) = m, we can calculate €
as:

€= erlw"g ((rsct +ec)— \/47"352 + (r2ee — cr)2) . (29
We see that for a fixed number of robots, the distribution of
the robots around the load (i.e., the set of vectors r;) affects o
through the parameters 7y, ¢, and &. It is difficult to analyze
the effect on all three parameters simultaneously. However,
by following the procedure in the proof of Proposition 4.1,
we can write € in the following form:

k
€=53 (N(r2 +p* = |r2 — p?|) — 26),
7

(30)

where p? = = S"N ||r;||> and ¢ is a positive number that
monotonically increases with rg&.

We now show that we can derive simplified expressions
for € based on the relative magnitudes of r, and p. From
Equation (28), the term (rg — p?) in Equation (30) can be
written as:

(Ti,o + ||rC||2 - p2)a

2 2 a
(rg p)—a+N (31)
where ¢ = m,/m, and 74, is the load’s radius of gyration.
Furthermore, we can write the vector r. as:
m N
T

re = _mo ¥ Nmr ;rz,c
where r; . is the vector from the load’s center of mass to
robot ¢ (see Figure 2). For each robot ¢, we have the relation
r; = r. +r; ., and by applying the triangle inequality, we
have that ||r;|| < ||r¢|| + ||ric||- Squaring both sides of this
inequality and summing the resulting terms over: = 1, ..., N,
we obtain:

(32)

N
Np* < NHr6H2+NP§+2HI'CHZHI'LC|L (33)

i=1



where p2 = & SN ||r; .[|%. Hence, we can write:

N
2
=P = el [ DNl < el =% (34)
=1

Moreover, using the expression for r. in Equation (32) and
applying Equation (19) and Equation (20) to the vectors r; .
we can write:

2N

2 2 )2 = 2 35
pe = Pe S el =27 (35)

which yields the following lower bound for (r7 — p*):

a 2N
(@ﬂ—u+ )ﬁ) < (- ).

36
a+ N a+ N (36)

Note that this lower bound is a function of a single parameter,
pe, that depends on the distribution of robots around the load.
We can now determine the sign of (2 — p?) for the following
two cases:

(a) rg < p. This case happens when p, is sufficiently large
to make the lower bound in (36) a negative large number.
This occurs when the robots are mostly located at positions
that are far from the load’s center of mass. In this scenario,

e:k<N—62>.
m T3

This means that for a fixed number of robots, ¢ mainly
depends on the value of £ through 4.

(37)

(b) r4 > p. This case happens when p. is a small number
that makes the lower bound in (36) positive. This occurs
when the robots have a uniform and close-to-symmetric
distribution around the load. Under this condition,

k
= " (N2 0.
¢ mrg( P )

(38)

Here, € is not as sensitive to changes in § (and hence &) as it
is in the first case, since such changes could be compensated
by the value of p?.

V. DRIFT COMPENSATION BY INTEGRAL
CONTROL

When the proposed proportional controller is used, the
load will inevitably drift away from the line between its
initial position and its target position, which we will refer
to as the desired path. To eliminate this drift, we add an
integral term to Equation (3) and modify the control law as
follows:

t
Uiz = k(vdes - mz) + k]/ (Udes - C.Ui)d’l',

t
Ujy = k‘(—yz) + ]41]/ (—yl)dT 39)

With this new controller, the closed-loop dynamics in Equa-
tion (6) can be rewritten as:

MGy + 165 + ki Now — kfs(0,)0 — kins = 0,

mUy + Cto.—y + k]NO—y + kfc(eo)eo + k]nc = 0,
10y + .0, — kfs(00)00 + kfe(60)5,

N
- kI (fs(ao)o'L - fc(eo)ay - Z(ni,sﬁi,s + ni,c’r.]i,c)) = Oa

i=1
(40)
in which
t t
Oy = / spdr, o0y = / 8,dT, 41
and
N N
Ns = Zni7sv TNe = ch, (42)
i=1 i=1
where .
e =il [ sin(6, + 0:)0,r
Ot '
Nie = ||r4l| / cos(f, + 0;)0,dT. (43)

This model has two more state variables than Equa-
tion (6): o,, which represents the accumulation of error
from the desired velocity, and o,, which represents the
drift from the desired path. Defining the new state vector
as ( = [og oy 0z Gy 6, 9O]T, we see that the set
B = {CERG\am,oy,dI,dy,éo :0} is a continuum of
equilibrium points, i.e. an invariant set, and when the system
state is in this set, then the accumulation of velocity error
0z, and more importantly, the drift from the desired path
oy, are driven to zero while 6, (= s;), d,(= s,), and the
angular velocity 0, still converge to zero. The following
theorem characterizes the convergence of the trajectories of
the closed-loop system (40) to B.

Theorem 5.1: The trajectories of system (2) with the
decentralized controllers in Equation (39) asymptotically
converge to the set B.

Proof: We modify the Lyapunov function V' in Equa-
tion (9) as:

1 N

2 2

v + §k1 Zl ((Jm - 771',5) + (Jy + ni,c) ) . (44)
The time derivative of this function is calculated as:
W = _Ct(di + UZ) - Cré?) + Zk(fs(oo)dx - fc(oo)dy)éo
— kiN(0464 + 0y0y)
+ kr(Gams + Ua:fs(‘%)'g.o — Oylle — nyc(eomo)

W =

N
— k1 Z(m,sfh;s + NicNie)
=1
N
+ kI Z ((UCC - 772,3)(0-1 - ’r.)i,s) + (O'y + 7’]7,,0)(0'1/ + 7’]17(,)) .
=1

(45)



Using Equation (42) and the fact that 7 = fS(HO)éo and
e = fe(65)0,, we can cancel many terms in the expression
for W and simplify it to:

W = 7z1TQz1, 46)

where z; is the same vector as in Equation (11), i.e. 27 =
(62 7y 0,)T. As we see, the time derivative is negative
semidefinite. Thus, we can conclude that W is bounded.
Also, we see that when W is identically zero, i.e. W =0,
we have ¢,,0,,0, = 0, and from Equation (40), we can
obtain 0,0, = 0. Thus, by LaSalle’s invariance principle
[22], we conclude that the system trajectories asymptotically
converge to the aforementioned invariant set. In other words,
while the objectives with the proportional controller are still
achieved, the drift from the desired path is driven to zero. H

VI. SIMULATION RESULTS
A. Proportional control

In this section, we validate our analysis with simulation
results for collective transport by a team of robots that are
arranged in three different distributions around a payload. We
study the effect of the robot distribution on the convergence
rate of the system to the target transport velocity, the amount
of rotation exhibited by the load, and the translational drift
of the load from the desired path. The load is modeled as
a homogeneous circular ring with mass m, = 1 kg and
moment of inertia I, = 0.33 kg-m?. Six point-mass robots,
each with mass m, = 0.05 kg, are rigidly attached to the
load. The controller gain is k = 0.08 and the target transport
speed is vg4es = 0.1 m/s. The simulations were each run for
200 s.

Figure 3-Figure 5 show snapshots of the load over time
for each robot distribution. The robot locations are marked as
colored points on the perimeter of the load in its initial and
final configurations. The target path for the load’s center of
mass is shown as a red dotted line, and its actual trajectory
is plotted in blue. The red line on the load indicates its
orientation. In addition, Figure 6 plots the corresponding time
evolution of the load’s rotation and angular velocity, along
with the drift d of the system’s center of mass from the target
path for all three distributions.

In the first simulation (Figure 3), the robots have an
equally-spaced distribution, and the load is transported to the
goal with no change in 6, and no drift d from the target path,
as shown in Figure 6. This is because both ||r.|| and £ are
zero. For this case, ¢ = 0.1584. In the second simulation
(Figure 4), the robots have a nonuniform distribution for
which £ = 0.179 and ||r.|| = 0.02. The load undergoes
a total rotation of about 8, = 30°, and its drift from the
target path increases to about d = 15 cm. For this case,
€ has decreased slightly to 0.1582. In the third simulation
(Figure 5), the robots are clustered within a quarter of the
load’s perimeter. The load undergoes a large rotation of about
0, = 140°, and its drift from the target path reaches a
maximum of about d = 1.4 m. For this case, ||r.|| = 0.05 and
& has increased to 0.3875, which has lowered € to 0.1577.
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Fig. 3. Snapshots of the payload over time with an equally-spaced

distribution of robots around its perimeter (Distribution 1).
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Fig. 4. Snapshots of the payload over time with a nonuniform distribution
of robots around its perimeter (Distribution 2).

Finally, Figure 7 shows the time evolution of the variables
Sy = &o — Vdes and s, = 7,, the discrepancies between
the actual and target velocity components of the system’s
center of mass, for all three distributions. In all cases, s,
converges to zero at an exponential rate, which is slowest for
the third distribution. For the second and third distributions,
s, displays an overshoot before converging to zero, with a
much higher overshoot for the third distribution because of
its relatively large value of £ compared to the other two cases.
While the second distribution results in convergence to the
desired velocity within about 150 s, the third distribution
requires more than 200 s to converge.

B. Proportional-Integral control

The effect of adding the integral control for the third
distribution, which had the highest drift, is shown in Figure 8.
The system parameters are the same as in the case with
proportional control only, and the controller gains are chosen
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as k = 0.1 and k; = 0.005. Figure 8 confirms that the large
drift in Figure 5 is driven to zero, and the payload motion
converges to the desired path after a transient phase. The
convergence of the states of system (40) is shown in Figure 9.

VII. CONCLUSIONS

We have presented decentralized proportional control (P-
control) and proportional-integral control (PI-control) strate-
gies for collective transport by a team of point-mass robots.
The robot controllers require only local velocity measure-
ments, and the only information provided to the robots is
the target direction and speed of transport. We proved that
the closed-loop system comprised of the payload and robots
is exponentially stable with P-control and asymptotically
stable with PI-control. We also analyzed the system’s rate of
convergence to the target velocity in the case of P-control,
finding that it is mainly affected by the robots’ distribution
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Fig. 8. Snapshots of the payload over time with proportional-integral

control for Distribution 3.

around the load and that it influences the load’s total rotation
and drift from the target path during the transient phase
of motion. Our simulations verified the correctness of our
analysis for different robot distributions around the load,
as well as the effectiveness of the PI-control in driving the
payload’s motion to the desired path.

In future work, we will modify the proposed PI-controller
to incorporate robustness against external disturbances such
as friction. In addition, we will design decentralized con-
trollers for collective transport that implement autonomous
obstacle avoidance for scenarios where the robots have no
prior knowledge about the environment and must compute
appropriate control commands based only on their sensed
distance from the obstacles. In contrast to [23], which
proposes decentralized controllers for this scenario, our
controllers will not require feedback about the payload’s
motion. We will investigate the correctness and stability of
a controller that combines the proposed Pl-controller with a
repulsive component that is computed from local potential
functions constructed by each robot. As illustrated by the
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Fig. 9. Time evolution of the integral of velocity error (o) and (oy = d),
velocity error (6, = sz) and (6 = sy), and the load’s rotation 6, and
angular velocity w, = 6, for Distribution 3.
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10. Motion of the payload over time with a controller that combines

a Pl-controller for convergence to the desired path and a repulsive force for
obstacle avoidance.

preliminary simulation shown in Figure 10, this controller
seems to yield promising results. We plan to establish
theoretical guarantees on convergence and safety certificates

for

this controller, and we will experimentally validate the

controller with multi-robot experiments.
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