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Luleå University of Technology
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Abstract—The aim of this article is the formulation of a
switching model predictive control framework for the case of
a foldable quadrotor with the ability to retain the overall control
quality during online structural reformations. The majority of the
related scientific publications consider fixed morphology of the
aerial vehicles. Recent advances in mechatronics have brought
novel considerations for generalized aerial robotic designs with
the ability to alter their morphology in order to adapt to their
environment, thus enhancing their capabilities. Simulation results
are provided to prove the efficacy of the selected control scheme.

Index Terms—Model based attitude control, Foldable quadro-
tor, Switching control.

I. INTRODUCTION

Recent advances in technology have made possible the use
of aerial vehicles in a wide range of applications ranging from
inspection and maintenance [1]–[3] to exploration [4], [5],
search and rescue missions [6], [7], etc.

Much research focused to tackle the challenge of fully
automated solutions while using fixed-frame quadrotors. To
further, increase the variety of tasks and corresponding appli-
cations, the ability of a Micro Aerial Vehicle (MAV) to alter its
structure should be further investigated. One way of achieving
structural reformation of the quadrotor is to add Degree of
Freedom (DoF) to enable the motion of the quadrotor arms.
However, the lack of a generalized control scheme to adapt
and capture the dynamics of this frame reconfiguration limits
the adaptability of transformable aerial vehicles to different
flight conditions.

A. Background & Motivation

In the related literature, can be found some aerial vehicles
which have the ability to alter their structural formation.
The starting point for this article has been the development
of a foldable quadrotor with the ability to maintain stable
flight, after changing its formation by rotating motion of each
arm individually, that has been presented in [8]. Another
foldable quadrotor design was presented in [9], where the
platform was able to decrease its wide-span, by changing
the orientation of its propellers based on an actuated elastic
mechanism. Furthermore, in [10] a self-foldable quadrotor has
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been presented with a gear-based mechanism to control the
contraction and expansion of the four arms simultaneously.
This approach allowed for two possible configurations namely
either fully expanded when the drone is deployed or fully
contracted when the drone is on the ground. A passive foldable
quadrotor has been presented in [11] that utilizes springs for
altering its formation. The maneuverability of this design,
while the drone is in its reduced form, was limited and the
quadrotor can traverse only for a short time through narrow
gaps. Finally, a sliding arm quadrotor has been presented in
[12] from a modeling and control point of view.

Besides transformable quadrotor platforms, other novel
aerial vehicles that can alter their structure have been presented
in the last years. DRAGON is a dual rotor multilink aerial
robot that alters its formation with the use of multiple servos
while flying [13] able to traverse through gaps. In the area
of aerial grasping the robotic platform in [14], consists of
multiple links that can be actuated to adopt its overall shape
for the handling of large objects. The ability of robots to adapt
to their environment and on the needs of a mission, it has been
investigated in [4]. Where the concept of a hybrid platform has
been presented with a combination of multiple robots which
can collaboratively fly and roll in different formations.

B. Contribution

The novelty of this work stems from the design of a switch-
ing Model Predictive Control (MPC) to support the online
structural reformation of a foldable quadrotor. The novel pro-
posed control framework can count for state and control signal
constraints during the shape transition and adapt to the induced
model variations due to the shape transformation. The selected
control scheme is evaluated under iterative simulations during
navigation of various paths, while the platform is executing
sequential transformations. Finally, the effect of the platform’s
shape during motion is investigated.

C. Outline

The rest of the article is structured as follows. Section II
discusses the modelling of the foldable quadrotor and the
control problem. Section III discusses the design of the MPC
attitude controller while Section IV presents the simulation
results. Finally, concluding remarks are given in Section V.
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II. MODELING

In Fig. 1, the conceptual design of the foldable quadrotor
is depicted in isometric view for different formations. As
it is indicated, the arms of the quadrotor are connected on
servos thus they can rotate around the z-axis. To overcome
possible collision between the propellers at the extreme angles,
the motors have been placed alternately upside down. It is
important to mention that any changes on the formation of
the arms coming directly from rotation around the z-axis of
the MAV. Thus, the geometry varies only related to the x and
y-axis resulting into a planar-varying geometry as it is depicted
in Fig. 2.

Fig. 1. Isometric view of the foldable drone conceptual design in X and H
morphology and a side view displaying the various components.

In this work both symmetrical and asymmetrical formations
are studied. The major changes impacting the quadrotor from
the different formations are coming from Center of Gravity
(CoG) variations and changes in Moments of Inertia (MoI)
matrix. The foldable quadrotor is a 6-DoF object with a Body-
Fixed Frame B located at the Geomtric Center (GC) of the
vehicle. The arms of the platform are able to perform only
1-DoF motion around the z-axis.

Platform’s CoG is located at rrrCoG ∈ R3 distance from
the GC. The offset vector rrrCoG is calculated by taking into
account every component of the quadrotor CoG position
vector rrr(.) ∈ R3. In this article we consider the following
dominant components that characterize the geometry of the
MAV. These are the main body of the quadrotor with mass mb

and dimensions (2l×2w×2h) denoting the length, width and
height respectively. The arms located at the four corners of the
MAV with mass ma,i and offset rrra,i, where i ∈ Z[1, 4] is the
identification number of the individual components. Finally,
the combination of the motor, rotor and propeller is considered
one component with mass mc and offset rrrc,i from the GC and
its own CoG.

In Fig 2, θs,i ∈ S1 are the angles of the servos actuating the
arms, while the offset rrrCoG between the GC of the vehicle is:

rrrCoG =
mbrrrb +

∑4
i=1(marrra,i +mcrrrc,i)

mb +
∑4
i=1(ma +mc)

(1)
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Fig. 2. 2D representation of the foldable quadrotor with highlighted the main
geometrical properties

Altering the formation of the platform, by actuating the servos,
the total mass of the platform remain the same or:

m = mb +

4∑
i=1

(ma +mc), (2)

since the distance of the components’ CoG is a function of
the servos angle θs,i the (1) can be written as,

rrrCoG =
1

m

(
mbrrrb +

4∑
i=1

(marrra,i(θs,i) +mc,irrr(θs,i))

)
. (3)

The distance, from the geometric center to the servo, is
constant and equal to the dimensions of the body [w, l]>.
The offset vectors rrr(.) can be calculated either online or offline
with the knowledge of the angle θs,i. The offset on the z-axis
of every component to the GC is constant, since it does not
change when they rotate around z-axis, however, the offsets
rrr.,x and rrr.,y need to be recalculated. The angle θs of the servo
is assumed to be known (Fig. 2). For this study, the position
(.)min in Fig. 2 denotes the minimum angle that the arm can
rotate 0°, while the (.)max denotes the maximum angle 90°.

Under the assumption that the CoG of the combination
motor, rotor and propeller located in their center, the euclidean
distance of the CoG from the servo is α. Based on the
geometrical properties the new position, where the thrust is
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generated for every arm can be calculated by:

rrrc,1 =
[
−w − α cos θs,1 − rCoG,y , l + α sin θs,1 − rCoG,x, z

]>
(4a)

rrrc,2 =
[
−w − α cos θs,2 − rCoG,y , −l − α sin θs,2 − rCoG,x, z

]>
(4b)

rrrc,3 =
[
w + α cos θs,3 − rCoG,y , −l − α sin θs,3 − rCoG,x, z

]>
(4c)

rrrc,4 =
[
w + α cos θs,4 − rCoG,y , l + α sin θs,4 − rCoG,x, z

]>
(4d)

The varying positions of the arms result into a varying control
allocation, since it affects the position of the motors and
directly the torques around the x, y-axis.Tτxτy

τz

 =

 b b b b
rc,1x rc,2x rc,3x rc,4x
rc,1y rc,2y rc,3y rc,4y
−κ κ −κ κ


f1f2f3
f4

 (5)

where rc,ix and rc,iy denote the first and second element
respectively of the rrrc,i. Finally, b and κ are coefficients related
to the thrust and torque respectively.

In addition, the MoI of the platform varies as the arms
change position. Each component is characterized by its own
MoI matrix. The total MoI of the platform can be calculated
from the individual MoI with the use of the parallel axis
theorem at the body frame B.

(IIImav)B = (IIIb)B +
∑

(IIIai)B +
∑

(IIImc)B (6)

For this article, as distinct formations are considered for the
switching MPC, the MoI have been extracted directly from
the CAD model for all the different configurations, instead of
computing them from the geometrical properties.

III. CONTROL STRUCTURE

The purpose of the attitude switching MPC is to track
the desired angles φd, θd and ψd given from a higher level
trajectory controller. For the trajectory tracking, a high level
MPC is formulated and used based on the linearized translation
euler model [15]. Thus, the following states are considered for
the switching MPC,

xxxsmpc =
[
φ θ ψ φ̇ θ̇ ψ̇ τx τy τz

]>
(7)

The angular acceleration, rate and torques are given from the
Newton-Euler law as:

ω̇ωω = III−1(−ωωω × IIIωωω + τττ), (8)

where we consider the inertia matrix with zero off-diagonal
elements:

(IIImav)B = III =
[
Ixx Iyy Izz

]
III3 (9)

At this point, it should be noted that ω 6= η̇, where η =
[φ θ ψ]>. The transformation matrix for the angular velocities,
from the inertial frame to the body frame, is WηWηWη .

ωωω = WηWηWηη̇ηη,

 ωx
ωy
ωz

 =

 1 0 −sθ
0 cφ cθsφ
0 −sφ cθcφ

 φ̇

θ̇

ψ̇


ω̇ωω = III−1(−WWWη̇ × IIIWWWη̇ηη + τττ) (10)

As far as the torques’ dynamics are concerned, following a
similar approach to [8], they have been assumed to follow the
dynamics of a first order system.

τ̇ =
1

τα
(τd − τ) (11)

where τα is the time constant. After linearizing (10) at ω = 0
and τ = 0 it results into the following linear system.ωωωω̇ωω

τ̇ττ

 =

000 III3 000
000 000 III−1

000 000 − 1
τα
III3

ηηηωωω
τττ

+

 000
000

1
τα
III3

 (12)

A. Linear Parameter Varying System

The attitude modeling of the quadrotor from the lineariza-
tion stage depends on the inertia matrix. While the inertia
matrix varies based on the formation of the platform the
system is subject to parametric changes. The resulting Linear
Parameter Varying (LPV) system has the following form,

xxxk+1 = AAA(θS,k)xxx(k) +BBB(θS,k)uuu(k) (13)

where xxx(k) ∈ Rn×1 denotes the system states and uuu(k) ∈
Rm×1 is the input vector.

For the case of the linear switching MPC the following
optimization is considered:

minimize
N−1∑
k=0

(
∆xxx>kQQQx∆xxxk + uuuTkRRRuuuuk

)
(14a)

subject to xxxk,min ≤ xxxk ≤ xxxk,max, k = 1, ..., Np, (14b)
∆uuumin ≤ ∆uuuk ≤ ∆uuumax, k = 1, ..., Np, (14c)
xxxk+1|k = f(xxxk|k,uuuk|k, θsθsθsk|k), k ≥ 0, (14d)
xxx0 = xxx(t0) (14e)

where ∆xxxk = xxx∗k−xxxk and ∆uuuk = uuuk|k−uuuk|k−1, while Np, Nc
denote the prediction and control horizon respectively.QQQx � 0
and RRRu � 0 are the penalty on the state error and on the
control input respectively, while the bounds of the constraints
are denoted as (.)min,max. The state update of the optimization
problem is a function of the current states, inputs and the angle
of the arms θθθs and xxx0 are the initial state conditions.

The complete control scheme is displayed in Fig. 3. For a
reference profile of positions ppp∗ = [x, y, z]> and velocities
vvv∗ = [ẋ, ẏ, ż]> the trajectory tracking MPC generates roll,
pitch and thrust commands. Next the attitude switching MPC
selects the appropriate model based on the switching variable
tf which indicates the formation of the platform (X-H-Y and
T). The computed torques and thrusts from the switching MPC
are given to the parametric varying control mix as defined in
(5), which results the necessary forces for the motors.
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Fig. 3. Block diagram displaying the overall control scheme proposed for controlling the foldable quadrotor.

IV. SIMULATION RESULTS

To evaluate the performance of the attitude switching MPC,
two indicative types of simulations are presented. The first
scenario assumes that the quadrotor takes off and hovers at
a specific height, while cycling through the four different
formations denoted as X, H, Y, T, while the states of the plant
are subject to additive noise. The second scenario tests the
ability of the foldable quadrotor to follow a square trajectory
while cycling again through the different configurations.

The utilized parameters for the nonlinear quadrotor are: a
total mass of 1kg and arm length 0.15m. To increase the
accuracy, the inertia tensors are computed from the CAD
model directly for the different formations and they are given
in the following table.

TABLE I
INERTIA TENSOR VALUES FOR THE DIFFERENT FORMATIONS

Ixx Iyy Izz

X 0.004233 0.004380 0.007834

H 0.005885 0.001812 0.006918

Y 0.005042 0.003096 0.007369

T 0.003654 0.003917 0.006792

The attitude switching MPC has a prediction horizon
of Np = 40 and a control horizon of Nc = 12 with
a sampling time of 0.01sec. The input weights are set
to RRRu = diag(80, 80, 120), while the yaw reference is
kept at ψ∗ = 0. The states weight matrix is QQQx =
diag(40, 40, 40, 80, 80, 80, 0.1, 0.1, 0.1), while the rate con-
straints are ∆u∆u∆u ≤ |[0.03, 0.03, 0.03]>| and the input con-
straints uuu ≤ |[0.1, 0.1, 0.1]>|. The weights, penalties and
constraints are identical for both simulations. Since on this
preliminary evaluation, the interest is focused on maintaining
a stable flight, the formation change of the platform set to
happen at specific time-instances.

A. Attitude Control Simulation

For the first simulation the reference signal hold position at
[0,0,2] meters in x, y and z axis respectively, while a switching
signal tf is sent every 15 seconds to update the formation of
the drone, thus forcing the controller as well to update its
model. Fig. 4 shows the time response performance of the

position vector. It can be noticed that the error remained under
0.04m for x and y, while for z under 0.02m after it reached
the steady state.
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Fig. 4. Time response of the foldable quadrotor position in x, y and z-axis
during position hold, while changing its formation.

As far as the performance of the attitude controller is
concerned, Fig. 5 shows the generated force levels required
for each motor to achieve position hold. It can be noticed
that while the platform is in H or X configuration, which are
both symmetrical formations, there is no major impact from
the configuration change. On the other hand, the formations Y
and T, which result to a major change in the geometry of the
platform and variation of the CoG that has a great impact on
the motor forces. For the T formation, the motor1,4 need to
generate approximately 3.5N, while the motor2,3 about 1.4N
with the total force to be equal to the gravity force g as happens
in all other configurations.

In Fig. 6, the torque input generated from the switching
MPC is illustrated. The presented time response of the torques
reaches close to the boundaries in an effort to maintain the
position of the platform. Despite the high amplitude noise the
controller successfully maintains the position without violating
the pre-defined constraints.
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Fig. 5. Motor commands during position hold, while altering the morphology
of the platform.
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Fig. 6. Torque output response of the switching MPC during position hold
simulation.

B. Trajectory Tracking Simulation

The trajectory tracking of the linear MPC has a sam-
pling time of 0.1sec. The input weights are set to RRRu =
diag(25, 25, 8) for the roll pitch and thrust, while the yaw
reference is kept at ψ∗ = 0. The states weights are
set to QQQu = diag(40, 40, 60, 80, 80, 80, 0.1, 0.1), while the
states are defined as [ppp,vvv, φ∗, θ∗]>. The rate constraints are
∆u∆u∆u ≤ |[0.3, 0.3, 0.0025]>| and the input constraints uuu ≤
|[12, 12,∞]>|.

The tracking performance of the foldable quadrotor is
illustrated in Fig. 7. The MAV successfully tracks all the
way-points despite the formation changes even when the
reformation occurs close to a turn.

The reference angles θ∗ and φ∗ generated from the trajec-
tory controller are given in 8 (red dashed line), while the yaw is

Fig. 7. Foldable drone trajectory tracking performance for a given square
path.

forced to ψ∗ = 0, are successfully tracked from the switching
MPC (black line). Fig. 9 shows the switching controller torque
outputs. As expected, the τz remained zero, while the torques
around the x and y axis remained under 0.02N, resulting into
a smooth transition throughout the entire trajectory.
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Fig. 8. Roll, pitch and yaw references and responses during the trajectory
tracking simulation of the switching attitude MPC.

Finally, similarly to the position hold simulation, Fig 10
the morphology of the platform has a major impact on the
required force by each motor.

V. CONCLUSIONS

This article presented a switching MPC for the online
structural reformation of a foldable quadrotor. To evaluate the
efficacy of the control scheme, simulation trials have been
performed during online reformations. The switching MPC
scheme has presented the ability to successfully maintain the
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Fig. 9. Torque output response of the switching MPC during the trajectory
tracking simulation.
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Fig. 10. Motor commands during trajectory tracking, while altering the
morphology of the platform.

performance, despite the alternating of configurations resulting
into a stable flight during all the simulation trials. The overall
position error remained under 4cm in x, y and z-axis. The
incorporation of the switching MPC, with a trajectory tracking
controller, was successful as the first was able to regulate
properly and track the desired angles with a minimum error.
The performance of the switching controller is character-
ized by accurate tracking of the way-points for the case of
following a square trajectory, while changing its formation.
During the simulations, the error remained in the level of
centimeters. Future work will tackle the challenge of deploying
the switching MPC in extended experimental evaluations.
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