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Abstract— This paper introduces a novel decentralized
control framework that integrates admittance control, non-
singular terminal sliding mode (NTSM) control, and load
distribution to cooperatively manipulate a single object with
multiple robotic manipulators. Admittance control grants the
system a level of compliance for safe human-robot physical
interaction. The admittance controller maintains all communi-
cation between the manipulators. The NTSM controller pro-
vides accurate tracking of the manipulators in the presence of
disturbances and dynamic model uncertainties. A decentralized
load distribution method is designed to minimize the internal
forces on the object. The proposed framework is applied
to numerical simulations of a team of three 3-DOF robotic
manipulators to demonstrate its effectiveness in cooperative
manipulation tasks.

I. INTRODUCTION

Collaborative and cooperative robotic manipulators are
designed to work alongside humans in a shared workspace.
These robots are becoming increasingly popular in a vari-
ety of industries, including manufacturing, healthcare, and
construction. Introducing compliance into the control struc-
ture allows humans to physically interact with the robots,
improving productivity for collaborative tasks. Multiple ma-
nipulators can work together cooperatively to lift and move
heavy or odd-shaped objects or coordinate to assemble a
product. This paper introduces a novel decentralized control
framework that combines compliant admittance control, non-
linear non-singular terminal sliding mode (NTSM) control,
and load distribution to cooperatively manipulate a single
object.

Admittance and impedance control are beneficial for
human-robot interaction, as they allow a manipulator to
respond to physical interactions in a safe, compliant, and
intuitive manner. In [1], an admittance velocity controller
is combined with a human intention estimator and load
distribution for a collaborative dual-arm task. In [2], an
admittance controller is combined with a neural network
controller for a centralized multi-manipulator system fol-
lowing a desired object trajectory. In [3], a decentralized
impedance controller is applied to a dual-arm system with
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the goal of limiting the internal and contact forces of the
object. In [4], a passivity-based leader-follower admittance
controller is applied to a dual-arm system.

A NTSM controller enables a robot to exhibit robust, sta-
ble, and accurate behaviour in various operating conditions,
including disturbances and model uncertainties. Compared
to traditional sliding mode control (SMC), NTSM control is
able to converge faster in a finite time and avoid the singular-
ity issue [5]. In [6], a multi-manipulator teleoperation system
with adaptive NTSM control is designed to provide the
environmental wrench feedback. In [7], a distributed sliding
mode controller is applied for the coordinated tracking of
multiple Euler-Lagrange systems.

Work has been done in combining the admittance control
with NTSM control for a single manipulator in the literature.
In [8], a fractional-order sliding mode controller is combined
with admittance control for a single agent telerobotic system.
In [9], PID control, SMC, and admittance control are imple-
mented into a controller and applied to a single manipulator.
In [10], a non-singular fixed-time sliding mode controller
is combined with an admittance controller and applied to
a manipulator. To the author’s knowledge, admittance and
NTSM control has not been applied to multiple manipulators
in previous literature.

When multiple manipulators are grasping a single object,
it is important to distribute the load appropriately among
the manipulators to avoid the risk of overloading a single
manipulator. Additionally, a suitable load distribution is
necessary to minimize the internal wrench acting on the
the object, which improves the precision of the system and
protects the object from being damaged. In [11], a strategy is
proposed for a heterogeneous load distribution and in [12],
a strategy is proposed for the dynamic load allocation for
multi-robot manipulation tasks.

The design of a decentralized system involving multiple
manipulators offers several benefits over a centralized sys-
tem. In a decentralized setup, where each manipulator oper-
ates independently based on its local information, the system
demonstrates superior flexibility in response to changes in
the topology. Decentralized systems are also more robust
and reliable as they eliminate single points of failure. These
advantages are particularly beneficial in applications such
as search and rescue operations involving teams of mobile
manipulators, as well as modular manufacturing lines.

This work is motivated by the need for a cooperative



multi-manipulator framework that is flexible, suited for
physical human-robot interaction, and robust against signif-
icant internal disturbances and model uncertainties. A de-
centralized formulation of the load distribution is presented.
The state communication between manipulators is confined
to the admittance controller to minimize the complexity of
the nonlinear NTSM controller. Simulations are conducted
for three 3-degree of freedom (DOF) manipulators grasping
a single object and the proposed framework is compared to
an impedance controller to demonstrate the advantages in
tracking accuracy and response to external wrenches.

II. PRELIMINARIES
A. Graph Theory

A directed graph depicts the communication structure
of a networked multi-robot system. A directed graph is
denoted by G = {V, £, A}. The agents are denoted by V =
{1,2,..., N} and the communication channels are denoted
by £ CV x V. A directed edge, (4,j) € &, indicates that
agent j is receiving information from agent <. The adjacency
matrix A = [ai;]nxn € R™*™ denotes the communication
between the follower agents, where a;; = 1 for (j,i) € &,
otherwise a;; = 0. The communication between the leader
and followers can be denoted by B = [by by ... b,]T,
where b; = 1 if the i** follower is connected to the leader,
otherwise b; = 0. In this paper, the desired state of the object
represents the virtual leader.

B. Robot Manipulator Dynamics

Consider a group of n-DOF robot manipulators with the
joint space dynamics of the form

Mi(q:)di +Ci(qi, 4:)qi + Gi(q;) = 75 + e, + Tfa,, (1

where ¢ = {1,2,...,N}, N is the number of manip-
ulators, q;,q;,q; € R™ are the joint position, velocity,
and acceleration vectors, respectively, M;(q;) € R™*™ is
the inertia matrix, C;(g;,q;) € R™*" is the Coriolis and
centripetal torque matrix, G;(g;) € R"™ is the gravitational
torque vector, 7; € R™ is the control input torque vector,
Te, € R" is the external torque exerted on the manipulator,
Trd, = Ty, + T4, € R™ is the summation of the internal
torque friction, 7y,, and unmodelled dynamics, 74,, due to
modelling inaccuracies or external disturbances, and n is the
number of joints. To facilitate the motion of the manipulated
object, the dynamics of the robot manipulators may be
represented in a 6-dimensional Cartesian space as

Mi(@)&; + Ci(qi, ¢i) @i + Gi(@i) = wi + he, + hya,. (2)

The end-effector pose is denoted as x; = [plT er ]T eRT
where p; € R? is the translational position and &; =
[ eﬂT € S* C R* is the orientation in the form of
a unit quaternion. The quaternion is made up of Vi a scalar
denoting the real part, and €; = [&;, €, €] , a vector
denoting the imaginary part. The end-effector velocity and

. . . T .
acceleration are denoted as x; = [pZT wl ] € RS, &; =

bl @

; ]T € R, where w;, w; € R? are the angular ve-
locity and acceleration of the end-effector, respectively. The
angular velocity and acceleration may be calculated from
the orientation quaternion by w; = 2E;(&)T¢; and w; =
2El(£>T£“ where Ez(ﬁ) = [—6,‘ (’I’h[g —S(Ei))T]T S
R**3 and S(x) is the skew-symmetric matrix operator [13].
The full state is denoted as X; = {x;, &;, &;}.

The end-effector velocity and joint velocity are related
by the Jacobian matrix, Ji(q;) = [J.(q:) JZ, (qi)]T €
R6x" where J,,(g;) € R**™ is the translational Jacobian
matrix and J,,,(g;) € R3*"™ is the angular Jacobian matrix,
through &; = Jp, (q:)g; and w; = J,,,(qi)q;.

The wrench variables are denoted as h,, = [F. 7]
where F,, and 7., denote the force and torque, respectively,
and are related to the joint space variables where u; =
Ji(g;)Ti € RS is the force control input, h., = J;(q;)Te, €
RS is the external wrench exerted on the manipulator’s end-
effector, and h 4, = J;(q;)Tf4;, € RS is the internal wrench
due to friction and unmodelled dynamics.

Property 1: The Cartesian parametric matrices in (2) are

related to the joint space parametric matrices in (1) by
Mi(gi) = Ji(g:) " Mi(gi) Ji(ai) ",
Ci(qi, 4:) = Ji(qi) " (Ci(qi, Gi)
— Mi(gi)Ji(a:) " Ji(a) Jilai) Y,
Gi(q:) = Ji(@) " Gilqs).

Property 2: The inertia matrix, M;(q;), is symmet-
ric positive-definite and M;(q;) — 2C;i(qi,q;) is skew-
symmetric.

C. Object Dynamics

The dynamics of the object can be expressed as

Moio + Coi"o + go = ho + h67 (3)
where
_ |molz 03 |03 03 _|=meg
MO B |: 03 Io:| ,CO - |:03 ono:| ’go a |:03><1 :| ’

and m, is the object’s mass, I, € R3*3 is the object’s
inertia, w, is the angular velocity of the object, and ¢ is
the gravitational acceleration constant.

Assumption 1: The manipulated object is rigid and the
end-effectors of each manipulator are assumed to be rigidly
connected to the object.

D. State Constraints
Assumption 1 implies that the position of each manipu-

lator end-effector remains constant relative to the object’s
coordinate frame. Therefore, the following constraints [11],
define the desired state of each manipulator, X,,, based on
the state of the object X,:

Pd; = Po + Roriv

pdi :po + wo X 1,

ijdi :ﬁo+wo X7 + W, X (wo X ’l"i),

£d7‘, = 50 * 6577 wd,; = w07 wd7 == wO?
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where R, € SO(3) C R? is the rotation matrix converted
from the object orientation unit quaternion, r; € R? is
the displacement between the object center of mass and
the ' manipulator’s grasping point, d, € S3 C R*
is the relative orientation between the object and the i*"
manipulator, and * represents quaternion multiplication. Due
to the kinematic constraints implied by Assumption 1, r; and
O¢, are constants.

E. Load Distribution

To minimize the internal wrenches applied to the object,
consider that h, in Eq. (3) is the desired object wrench. The
wrench allocated to each manipulator can be calculated as

ha,

: | =G'h,, )
hay

where G is the Moore-Penrose inverse of the grasping
matrix,

= I3 03 - I3 03
S(ry) I3 S(rn) s

F. Frame Transformations

For the different manipulator states to be used in the
decentralized controllers, they must be in the correct co-
ordinate frame. To convert between the world frame, “>,
and each manipulator’s frame, Y} the transformation ¥ 7% =
{“R",“R.," A"} is applied as

1w — U}Rl(’ww _’u)A’L)’ Zi: — le .’Ula'.:’ 7,i — U}Rl _’wi,

ZE‘ — 'u)R; "LU€7 'Lw — U)RZ .'UJ(“J7 ZLZ) — U)R’L .w‘b’

where YA’ € R? is the relative translation between the
world frame and the i-th frame, * R = “’Ri“’R;“’R; €
R3*3 is the relative rotation between the world frame and
the i-th frame about the z, y, and z axes, and wa] =
YRy "Ry, “R, € S* C R*is the relative quaternion
rotation.

G. Decentralized State Constraints

In cases where every manipulator does not receive the
desired object state, each agent may use the reference
state of their neighbours, er, in the controller. Note that

~\J .

(*)" represents the estimated value of (x) based on the
information from Agent j. First, the orientation of the object
is estimated as

ci -1 ~j _ vJ .
& =¢&, *5§j , W =w, w, =W,

Then, the rotation matrix, Rfo can be converted from ég and
the full reference state of the i-th agent based on the j-th

agent’s information, Xﬂ, can be estimated as
ﬁil = Pr; + R{;(’I’i - Tj)v
Pr, = Br, + @) x (1 — 1)),
Br, = Bry + &g x (ri —7j) + @) x (@) x (ri —
~Zi = E(J: * 6&'7 &37]“1 = GJZ? wn o*
H. Decentralized Load Distribution

Similarly, each agent may use the measured state of their
neighbours, X, to calculate the object dynamics and the
load distribution. First the object state is estimated as

~7 _ ) .

W, = Wj, W, = Wy,

~J R ~j

D, =Pj — W, X Ty,

J . <7 -~ -

P, = Pj — Wo X 15 — @) X (0] X 7).
Then, the estimate states are used in Egs. (3) and (4) to
calculate hy .

III. CONTROLLER DESIGN

The control framework is shown in Fig. 1. Each state is
transformed to the appropriate frame before it is input to a
controller. The dashed lines denote optional communication
channels based on the communication network.

A. Admittance Controller

The admittance controller is designed to track the desired
state of the object and grant safe, compliant reactions to
external wrenches applied by the environment or humans.
The admittance model is designed as

Mdleal + Ddléal + Kdieai = bih€i7 (5)

where My,, Dg,, K4, € R%%5 are positive-definite diagonal
gain matrices that represent the desired inertia, damping, and
stiffness, respectively. Tuning these parameters influences
the manipulators’ response to external wrenches. The error
terms are designed as

N .
Pr; — P}, Pri — Pd;
a; — 1] . i+ bz . N
co ;%&@“ﬂ BQ@J
N .
€q; = Z Qij (wn - mfn) + bl(wﬂ - w.di)’
j=1

N
€q; = Z Qij (wT‘7 - wﬁy) + bl(xh - :idi)a
j=1

where E(£1,€2) = (mm2 + el e2)(—mez + e —
S(e1)ez) € R3. To generate the compliant behaviour, Eq.
(5) can be arranged into

&y, = N1 (M;l(bihg — Dy éa, — Kaea,)

i

N
+3 aidn, + b:cd) 6)

j=1
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where N, = Zjvzl a;; + b;. The reference state, X,
is used instead of the measured state, X;, because the
measured state is influenced by friction and unmodelled
dynamics which may cause inaccuracies in the admittance
controller. The b;h{ term is implemented so that only the
agents connected to the leader consider the external wrench
because the admittance controller indirectly considers the
external wrench through the communicated reference states.

Assumption 2: The agents connected to the leader do
not receive information from other agents and the external
wrench on their end-effectors, h.,, is measurable.

B. Non-singular Terminal Sliding Mode Control

The NTSM controller is designed to accurately track
the reference state output from the admittance controller
while remaining robust to internal friction and unmodelled
dynamics. There is no communication in the error terms of
the NTSM controller. The sliding surface is expressed as

@)

where 8; > 0, a; = p;/qi, pi > 0 and ¢; > 0 are adjacent
odd numbers such that 1 < «; < 2, and

.
s; = e; + pié;"

7

e: = [pl_p’l‘i}
C B
éi =, — T,

[

The controller is designed as

-2—041',
_ _ _ —é
i = Ci(qi, q:)T; i(qi (@) ——=—
wi = Cilai 4o + Gulas) + Mila) (5
N —~
+ &, — ﬁitanh(ksisi)) + N[l(z aijhfii + bihg,), (8)

j=1
where x; > 0 is the positive control gain, and ks, > 0 is
a design parameter that gives a trade-off between reducing
chattering and tracking performance. The control input is
applied in joint space, where T; = J;(q;)” ;. Note that the
stability proof is omitted here due to limited space.

Schematic diagram of the proposed approach

IV. SIMULATION STUDIES

In this section, the proposed framework is validated with
numerical simulations of three homogeneous 3-DOF manip-
ulators moving an object. First, the admittance-based NTSM
control framework is compared to the impedance control
to demonstrate the advantages of the proposed controller.
Then, a decentralized case with time-varying communication
delays is presented to validate the distributed components of
the framework. Due to the limited DOFs of the manipulators,
only translational motion is considered and the orientation
of the object remains constant. It is assumed that the end-
effectors may rotate freely about the grasp points of the
object. The set-up of three manipulators is shown in Fig. 2.

Fig. 2. Multi-manipulator set-up

A. Robot Manipulator Model

The manipulators are modelled as Phantom Omni haptic
devices. The dynamic model parameters used to build Eq.
(1) are described in [14]. The manipulator’s dynamics are
simulated with 0.8 M;, 0.8C;, and 0.8G; to provide model
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uncertainty. The internal frictions are modelled as a com-
bined viscous friction, T¢,,, and Coulomb friction, 7y.,:

T = Tfo; (ql) + Tre; (q-i)v
Tro, = [0.002d1,, 0.01qs,, 0.01gs,]" ,

. . . T
Tre, = [0.02sgn(qy,), 0.02sgn(gz,), 0.002sgn(gs,)] .

The control input torque is saturated with absolute torque
limits of |T|mer = [0.30, 0.29, 0.20]T Nm. The ad-
mittance control gains for all manipulators are designed as
Mgy, = 0.51s, Dy, = 24/Kq,1s, K4, = 60Is. The NTSM
control parameters are designed as «; = 5/3, 8; = 1,
k; = 10, and ks, = 200.

The relative positions of the end effectors on the object
aery = [0 —r 0] m,ro = [VBr/2 r/2 0] m,
and r3 = [—V3r/2 r/2 O]T m, where 7 = 0.05 m.
The positions and orientations of the manipulators rela-
tive to the world frame are “§' = [0 —2r O]T m,
wrt=[0 0 0] m v6>=[V3r r 0] m vR2=
[0 0 —2r/3]" m, w6 =[—v3r r 0] m, RS =
[0 0 2n/ 3]T m. The desired object waypoints are
zar, = [0 0 0.06]", zg, = [0.02 0 0.06]", 243, =
[<0.02 —0.02 0.06]", @4, = [0 0.02 0.06]", and
the desired trajectory is generated following a trapezoidal ve-
locity profile. It is assumed that each manipulator is initially
positioned so that the object is at the initial desired position.
It is assumed that the object remains at an orientation of
& = [1 0 0 O]T. Fig. 3 shows the external forces, F,
applied to the object during the simulations.

Fe,(N)
o

Fey(N)

Fe.(N)

15
t(s)

Fig. 3. Applied external forces on the object

B. Simulation Results

The first case considers a centralized scenario with the
proposed framework where each manipulator receives the
desired trajectory of the object. The manipulator’s end-
effectors in Cartesian space are shown in each agent’s frame
in Fig. 4 and in the world frame in Fig. 5. Fig. 4 shows
that the reference trajectories accurately track the desired
trajectories until the disturbances are applied. Once the

disturbances are applied, the admittance controller gener-
ates a compliant reference trajectory relative to the applied
forces. The actual end-effector position accurately tracks the
reference trajectory with the NTSM controller. Note that in
Fig. 4 there is a compliant motion in the z-axis of Agents
2 and 3 when a force is applied in the y-axis at around
18 seconds. This occurs because of the relative positions of
Agents 2 and 3, which is resolved when the trajectories are
transformed to the world frame in Fig. 5. Fig. 5 shows the
manipulators accurately tracking the desired trajectory of the
object considering the relative grasping positions of the end
effectors on the object.

0.05 T T T T T

x (m)

15 20 25 30
t (s)

Fig. 4. Centralized admittance-based NTSM control in the agents’ frames

15 20 25 30
t (s)

Fig. 5. Centralized admittance-based NTSM control in the world frame

The second case considers a centralized scenario with
an impedance controller in place of the admittance-based
NTSM controller. The impedance controller is designed as
in [15],

u; = —he, +Ci(qi, ¢i)&; + Gi(q:) + M;(q;) (fédi
— My (Dg(&; — &4,) + Ka(z; — x4,)) — hm) + ha,.
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The impedance gains, My, Dy, and K4, are set equal to the
admittance gains to generate the same desired response to
external wrenches. Fig. 6 shows the manipulators response
in the world frame. The tracking is inaccurate due to the
internal frictions and model uncertainties. The impedance
gains could be tuned to achieve better tracking, but this
would result in a less compliant response. Compared to
the impedance control, the proposed framework has higher
design flexibility and improved performance in the presence
of internal friction and model uncertainties.

vx, X,
0.1 T T T T T

X,

x (m)

£
» 008 W
0'1 C 1 1 1 1 1 7
0 5 10 15 20 25 30
008 . . . . .
T 006 [
S 0.04 .
0.02f T ! / T ]
0 5 10 15 20 25 30
t (s)

Fig. 6. Centralized impedance control in the world frame

The third case considers a decentralized scenario of the
proposed framework with a chain communication struc-
ture, where Agent 7 + 1 receives information from Agent
i. There are time-varying delays in each communication
channel of 0.1 4+ 0.025 s. In this case, the object is
set to be rotated 20° about each axis, therefore £, =
[0.96 0.14 0.20 0.14]T Fig. 7 shows the accurate
tracking of the desired object trajectory and suitable re-
sponses to the external forces which are comparable to the
centralized case in Fig. 4.

008
Z 0.06 1
N AN -
0.04f N~ =
0.02 L L L L L

15 20 25 30
t (s)

Fig. 7. Decentralized admittance-based NTSM control in the agents’
frames

V. CONCLUSIONS

The paper proposes a decentralized multi-manipulator
framework for cooperative handling of an object. An admit-
tance controller provides a safe, compliant response to physi-
cal human interaction. A NTSM controller achieves accurate
tracking for manipulators with frictional disturbances and
model uncertainties. A distributed method of load allocation
is proposed. The framework is validated with numerical
simulations of three 3-DOF manipulators, demonstrating sig-
nificant advantages over classical impedance control. Future
work will extend the proposed approach to 7-DOF multi-
robotic manipulators with more dexterous manipulations.
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