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Abstract— This work aims to design a robust Sliding Mode
Controller (SMC) in order to stabilize and follow the de-
sired trajectory of a new reconfigurable multirotor. Due to
changeable shape of the studied drone, the designed SMC
in this work consists to ensure the robustness in the face of
the parameters interaction, and various uncertainties of the
system. In order to select the controller optimal parameters
of each flight configuration, a Metaheuristic Algorithm based
on Particle Swarm Optimization (PSO) is used. Nevertheless,
the control architecture of this multirotor is different to the
standard one, which makes it a very difficult task. To evaluate
the effectiveness of the SMC, a simulation scenario is carried
out, where the multirotor geometry is variable depending on
the assigned tasks and environment.

Index Terms— Reconfigurable multirotor, Sliding Mode Con-
troller (SMC), Optimization, PSO.

I. INTRODUCTION

Currently, reconfigurable drones can adapt to different
flight conditions, missions and environments, due to their
adaptable and variable shapes, unlike the classic drones. They
can negotiate narrow gaps, fly in cluttered environments,
inspect sensitive locations and transport multiple objects
without additional mechanisms [1] [2] [3].

Patnaik et al. [4] have proposed a special design of a
reconfigurable UAV to support the collisions in flight, where
a PID controller was exploited to stabilize it in attitude. The
switching problem between the configurations in flight of
a foldable UAV was treated in [5]. The obtained results
have shown the efficacy of the used control scheme. The
same drone has been proposed in [6], where an adaptive
PID controller was used in order to stabilize this flying
robot. In reference [7], the trajectory optimization of a
reconfigurable Unmanned aerial-aquatic vehicle was investi-
gated. To achieve this goal, a Teaching- and Learning-Based
Optimization (TLBO) algorithm was exploited. In paper [8],
a transformable aerial robot which can manipulate objects
was modeled and controlled. Moreover, to avoid singular
forms problem, the authors have added 1 degrees-of-freedom
propeller in the drone structure. In work [9], a new design of
a bio-ispired reconfigurable drone was analyzed. To actuate
its arm-wing, cranks and gear mechanisms were used. In
order to stabilize and control a reconfigurable drone in flight,
a conventional PID was applied in [10]. In article [11], a
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new design of a Triphibious flying robot which can tilt its
rotors was developed. This design is based on the classic
quadrotor structure. However, the experiment tests of the
motion control were not performed in this work. In reference
[12], three algorithms (CS,PSO,CS-PSO) have been applied
and tested on a mini UAV to optimize its PID controllers.
The gains of the multirotor attitude fuzzy controller have
been evaluated using PSO algorithm in [13].

This work is an extension of our previous works [14] [15]
[16]. Unlike the strategies proposed in this new area, which
are mainly based on linear controllers, in this manuscript, we
will design a non linear SMC to ensure flight stability and
evaluate its robustness against the parameters interaction, and
various uncertainties of our special multirotor. The structure
complexity, and the change of the configuration while flying
make the control strategy a very challenging task, especially
in the reconfiguration (transformation) step. The control loop
in this work calculates instantly and considers all geometric
changes differently from the control loops proposed in the
literature sources. To choose the adequate SMC parameters
of each flight configuration, the PSO algorithm is used.

II. DYNAMIC MODELING

The CoG of the reconfigurable multirotor changes depend-
ing on the flight configuration. In addition, the system global
inertia J5x3(;(¢)) changes also according to the multirotor
configuration (see Figure 1).

The angular and the linear velocity vectors in the body
frame, are given respectively as: ¢ = (p,q,r) € R3 and
A™ = (u,v,w)T € R3.

T = (¢,0,9)7 € R? represents the orientation of the
multirotor and &=(z,y, 2)T € R3 represents its position.

Using Newton-Euler principle, we can given the rela-
tion between the velocities and the external forces f™ =
( m fm fz’m)T c RS and moments 7 = (T;n Tm Tm)T c

x Jy o sly 21z
R3 as follows:

mJ3y3(a(t)) O3x3 } [/im}
O3x3 Jaxs(@i(t))] | <
¢ xmA™

i L x 3(041'@))4 - [];Z] (1)

Remark: The development steps detail is found in our
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Fig. 1: Reconfigurable multirotor schematic.

III. CONTROL

A. Multirotor control architecture

The SMC is designed to guarantee the tracking of the
desired path and to be robust against different geometrical
and inertial variations. The desired positions (z4,Yd,24,%d)
are generated by a trajectory generator block as displayed
in Figure 2. The configurations switch block, generates the
desired «;4, and consequently the desired configuration de-
pending on the assigned tasks and the flight environment. In
addition, the rotation of the servomotors causes an important
changes in the arm angles «;. These angles are sent to the
various blocks of the control loop to calculate instantly the
CoG, inertia matrix and the control matrix.
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Fig. 2: Multirotor control architecture.
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B. Sliding Mode Control (SMC) design

To design the SMC, we have used the control model as:
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& = Bi(0)00 + Ba(6)0Q + Ba(t)us + Ba(t)p?
6 = Bs(t)v + Bs(6) o + Br(t)us + Bs(1)6>
v = Bo(t)0¢ + Bro(t)ua + B (1) )
Z =—g+w fns + P12z
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y o =w % + B14y
with
_Lyy(ai(t)) — L-2(ai(?)) - U
51 (t)— ; Izz(ai(t ) s 62 (t)_Izz(,%z(t))
Bs (t)zlm(ai 1)’ g 4(t)=1m(o:(z))
ﬂ (t)=]zz(ai(t)) - Ixa:(al(t)) ﬂ (t)= Jr
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Usually, the SMC is composed of an attractive controller
u, and an equivalent controller u, as:

U= Ug + U
—nS — osign(S) + u,

3)

where 7, o are positive parameters and S is the sliding
surface.

The SMC corresponding to the first subsystem of (2), is
obtained after some computations as:

= 0+ I+ 07—

+ mwél] — NSy — UsoSiQn(Sw) 4

Theorem 1: Using the designed controller (4), which corre-
sponds to the first subsystem of (2), the asymptotic stability
of the latter is guaranteed.

Proof 1: To prove Theorem 1, we choose firstly e, as a
tracking error of the first subsystem (2):

€p =¥ — Yd ®)
The derivative of e, is given as:
Co =P —Pd (6)
Then, the sliding surface is constructed as:
Sp = e+ Nyey (7

where N is a postive gain.
The derivative of the sliding surface S, is given as follows:

®)

By making Sw = 0, the equivalent controller 1, is determined
as the principal part of Equation (4).
Let us choose the Lyapunov function candidate as:

Sy = €p +MNyéy

1
V, = 552 ©)



The derivative of V,, is expressed as:

V, = 5,5, (10)
Replacing (4) and (8) in (10), we obtain:
Vso = *77¢Sw2 —0,]Spl <0 (11

Clearly, the asymptotic stability is guaranteed by Equation
11
IV. SIMULATION AND INTERPRETATION

A. Simulation

The optimal controller’s gains are given in Table I. These
gains are found using the PSO algorithm and the objective
function, which is based on Integral Square Error (ISE) as:

ty
ISE:i/ e2(t)dt (12)
to
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Fig. 4: Evolution of errors.

where 1 = 1,...,6.

TABLE I: Optimal SMC parameters.

Parameter | Value
Ny 5.31
1P 5.78
Ny 4.61
N, 4.89
Ny 1.92
o 0.8
My 1.41
72 1.23
Oy 2.15
o9 3.25
O’w 2.70
o 1.19

Simulation results are given in the following Figures.
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Fig. 6: Control signals.

B. Interpretation of the results

Fig. 3: Evolution of 3D trajectory and ¢ angle.
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Figures 3 and 4 show clearly the performance of the SMC
to track the desired path with a good accuracy and stability.



The controller u; displayed in Figure 6, which corresponds
to the altitude z and the sliding surface 5, it gets a maximum
value in the start of the trajectory and then stabilizes around
a constant value.

Figure 6 shows the evolution of the controllers us and ug.
The variation of these signals is caused by the configuration
changes of the multirotor.

The evolution of the yaw angle ¢ is displayed in Figure
3, where we remark some weak oscillations in the outputs
of the system. This is illustrated by the low value of the
error in Figure 4 and the sliding surface Sy, in Figure 5, and
therefore the control signal u4 in Figure 6.

From Figure 5, we can conclude that, the sliding surfaces
converge rapidly towards zero.

Clearly, the chattering phenomena is appeared in the
sliding surfaces and in the control signals (see Figures 5
and 6), and this is justified by the presence of the "sign"
function. However, the SMC has ensured the convergence of
the variable states to their desired states with high accuracy,
and it has proven its robustness against the shape change of
the multirotor in flight.

V. CONCLUSION

In this paper, we have introduced a novel multirotor that
differs from a conventional one in the mechanical structure.
This multirotor can unfold and fold its arms freely around
the central body in different ways. Then, we have briefly
presented the mathematical model, which represents the
behavior of the proposed drone while flying. To ensure the
stability in flight and reach the desired trajectory, a non
linear SMC has been synthesized and applied. The robustness
of the designed controller was tested through a simulation
scenario in the face of the parameters interaction, and various
uncertainties of the system. Simulation results have shown
that, the SMC has proven its effectiveness in the control of
this new type of drones.
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