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Abstract - We introduce a new aerial manipulator sys-
tem that consists of an airborne base actuated by multi-
ple spherically-connected quadrotors and a manipulator
rigidly connected to that base. We first model the dy-
namics of the system and show that attitude dynamics of
each quadrotor is decoupled from the base-manipulator
dynamics. Therefore, we can consider the quadrotors as
thrusters to control the base-manipulator dynamics. We
then use Lyapunov approach to design a pose-tracking
control for the end-effector of the manipulator and opti-
mally distribute that control to each quadrotor on the base
and each joint rotor on the manipulator. The simulation of
a system of three quadrotors and a 2 degree-of-freedom
(DOF) manipulator is presented to support the theory.

Keywords - Aerial Manipulation; Spherically-connected
Multiple Quadrotor

1. Introduction
Recently, aerial manipulation has attracted consider-

able attention from aerial robotics community due to their
promising applications, such as grasping and transporta-
tion, cleaning and inspection with contact. However,
there are relatively rare results for this purpose due to the
inherited problems of standard aerial manipulation sys-
tems, namely, under-action and limited payload. Several
recent contributions for this purpose include: 1) tool op-
eration using a single quadrotor [1, 2]; 2) cooperation
of multiple quadrotor-manipulator (QM) systems [3, 4];
and 3) tool operation using spherically-connected multi-
ple quadrotor tool (SmQT) system [5].

Among these contributions, we believe that the SmQT
system is among the most practical solutions to the afore-
mentioned problems of standard aerial manipulation sys-
tems. The key advantages of this SmQT system include:
1) higher payload/longer flight-time by utilizing multiple
quadrotors and a simple un-actuated tool rigidly-attached
to the base; 2) full-actuation by using the suitable ge-
ometric configuration of multiple distributed quadrotors
(i.e., attaching at least three quadrotors, whose attaching
points to the base are not collinear with each other). See
[5] for more details.

To extend the manipulating capability of the SmQT
system, we attach a manipulator to the center-of-mass
(CoM) of the SmQT system to perform airborne tasks,
rather than using a simple un-actuated tool [5]. See Fig.
1. We then consider the SmQT system as a fully-actuated
airborne base to carry most of the payload of the whole
system and we use the manipulator to perform more pre-
cise motions. In particular, we first model the total system
and show that the attitude dynamics of each quadrotor is
decoupling from the base-manipulator dynamics. Similar
to [5], we can use the quadrotors as the actuators for the
base. See Sec. 2. for more details. We then use Lya-
punov approach to design a pose-tracking control for the

Fig. 1 Spherically-connected multiple-quadrotor ma-
nipulator system: {O} and {B} are the fixed and

base frames, respectively, with z{O}-axis being the
gravity direction.

end-effector of the manipulator and selectively distribute
that control to each actuator-like quadrotor and each ma-
nipulator joint rotor in a form of constrained optimiza-
tion. The key idea of that control scheme and simulation
results are presented in Sec. 3. In Sec. 4, conclusions and
future directions are presented.

2. System Modeling
Consider an aerial manipulation system consisting of a

SmQT base and a 2-DOF manipulator rigidly connected
to the CoM of the base. See Fig. 1. The system dy-
namics can be decomposed into the 8-DOF dynamics of
the base-manipulator and the 3-DOF attitude dynamics of
each quadrotor, as following:

Mq̈+Cq̇+G =U(Γi,τ1,τ2)+Fe

Jiẇi =−wi × Jiwi +ui
(1)

where q̇ := [ẋ0;ω0; θ̇1; θ̇2] ∈ ℜ
8, ẋ0 is the velocity of the

CoM of the base, ω0,ωi ∈ so(3) are the angular velocities

of the base and the ith quadrotor, respectively, θ̇1, θ̇2 are
the joint velocities of the manipulator, M,C ∈ ℜ

8×8 are
the lumped inertia matrix and the Coriolis matrix, G,Fe ∈
ℜ

8 are the gravity vector and external forces, Γi ∈ ℜ
3

is the thrust vector generated by the ith quadrotor, τ j ∈
ℜ is the joint torque of the manipulator, U ∈ ℜ

8 is the
control input of the base-manipulator dynamics which is
a function of the thrusts Γi and the joint torques τ j, and

Ji, ui ∈ ℜ
3 are the inertia and torque control input of the

ith quadrotor.
Here, we assume that the attitude dynamics of the

quadrotors can be controlled much faster than the dy-
namics of the base-manipulator system. Therefore, we
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can consider the quadrotors as actuators for the base-
manipulator. See [5] for more details on the idea of using
quadrotors as actuators. We can then design the control
input U ∈ ℜ

8 for the base-manipulator dynamics and de-
code that control into the thrusts Γi generated by quadro-
tors and the torques τi generated by the joint rotors of the
manipulator as in Sec. 3.

3. Control Design
In this section, we propose a control law for the end-

effector to track a desired position yd ∈ ℜ
3 and to main-

tain a constant desired direction vector γd ∈ S2. From the

kinematic relations, the end-effector position y ∈ ℜ
3 in

the fixed frame {O} can be written as:

y = x0 +R0ry(θ1,θ2), ẏ = Jq̇ (2)

where ry(θ1,θ2) ∈ ℜ
3 is the end-effector position in the

base frame {B}, and J ∈ M3×8 is the Jacobian matrix.
To make the end-effector track the desired pose, we

define the Lyapunov function as:

V =
1

2
eT

y ey +
1

2
ėT

q Mėq + kR{3− trace(RT
0 Rd

0)}
+ kγ{1− (γd)T R0Rx(θ1 +θ2)e3}

(3)

where ey := y− yd , ėq := q̇− q̇d with q̇d the desired ve-

locity of the base-manipulator dynamics, R0,Rd
0 ∈ SO(3)

are the attitude and desired attitude of the base, k� are
the gains. We can then show that the following equa-
tions guarantee pose tracking of the end-effector (y,γ)→
(yd ,γd):

U = Mq̈d +Cq̇+G+Fe − JT ey − kqėq

−

⎡⎢⎣
0

kR[RT
0 Rd −RT

d R0]
∨− kγ S(Rx(θ1 +θ2)e3)RT

0 γd

kγ(γd)T R0Rx(θ1 +θ2)e2

kγ(γd)T R0Rx(θ1 +θ2)e2

⎤⎥⎦
(4)

with [�]∨ : so(3)→ ℜ
3.

To utilize the redundancy of the system, we for-

mulate an optimization problem with respect to ξ̇ d =
[ẋd

0; θ̇ d
1 ; θ̇ d

2 ]:

minimize
1

2
(ξ̇ d)TW (ξ̇ d) (5)

sub ject to J1ξ̇ d = ẏd − kyey

θ̇ d
1 + θ̇ d

2 =−(γd)T R0Rx(θ1 +θ2)e2

(6)

where W ∈ M5×5 is a non-singular positive weight ma-

trix, J1 ∈ M3×5 is the Jacobian matrix with respect to

ξ̇ . Note that this optimization problem means to keep
the base stationary and minimize the movement of the
manipulator. By adjusting the weight matrix W , we can
distribute more effort to keep the base stationary to the
quadrotors and the precise motion control to the joint ro-
tors.

We perform a simulation for a system consisting of 3
quadrotors and a 2-DOF manipulator. The result is given
in Fig. 2, where the end-effector tracks the circular trajec-
tory while keeping the end-effector normal to the surface
of the wall. We can see that the errors in position and
attitude converge to zero.

Fig. 2 Snapshots and pose-tracking errors of the end-
effector under the pose control.

4. Conclusion
In this paper, we introduce a new aerial manipulation

system combining the SmQT system and a 2-DOF ma-
nipulator. We also design a control law to track the pose
of the end-effector and optimally distribute the control ef-
fort to the quadrotors and the joint rotors. The future di-
rections include: control design and implementation for
more diverse aerial manipulation tasks.
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