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Abstract

In this paper we present a multi-level and distributed control system, based on a robust Model
Predictive Control (MPC) technique, for a multi-body slung-load system. In particular, we con-
sider a swarm of autonomous multi-copters which are connected by wires to a suspended payload.
The payload reference trajectory is obtained through a constrained optimization, then the refer-
ence trajectory for each UAV is derived on the basis of the known shape of the formation, while
taking into account operational constraints such as collision avoidance and cruise speed. Trajectory
tracking is performed by a multi-level flight control system based on a MPC technique and a PID
control system. Numerical simulations have been performed in order to test the control system
in realistic scenarios. In particular, the multi-copters are modeled by the six Degrees-of-Freedom
(6DOF) model, the constraint forces on the wires are calculated using the Udwadia-Kalaba equation
and the external disturbances (atmospheric turbulence and gust) are included in the simulation.
Simulation results are encouraging, thus making the proposed system an appealing candidate for
similar applications.
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1. Introduction

Recent developments in drone technology have made slung-load systems practical in both com-

mercial and scientific applications [I], 2, B]. In order to increase the maximum payload weight, a
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slung-load system composed by a swarm of Unmanned Aerial Vehicles (UAVs) connected by wires
to the payload is appealing.

There are two main challenges in the cooperative load transport problem. First of all, interac-
tions among the UAVs, and between the UAVs and the payload are introduced by the wires. These
interactions can be considered as external disturbances acting on the UAVs [I] 2]; then the control
system must be designed including some requirements of robustness. Moreover, the control system
must guarantee synchronization among the UAVs to obtain cooperation and to avoid collisions.

So far, to solve the cooperative load transport problem and its challenges, hierarchical con-
trollers, geometrical controllers and nonlinear controllers have been used. We here explore the
benefits of using Model Predictive Control (MPC) for designing a multi-level and distributed con-
trol system, computing the UAVs reference trajectories as the solution to a constrained optimization.
The advantage of the proposed solution is the capability of taking into account dynamic operative
scenarios, obstacle avoidance and performance constraints, control input saturation, requirement of

robustness and sustainable computational cost.

1.1. Related works

Several works have focused on the control problem of cooperative load transport, proposing
different approaches.

The geometrical controller introduced by T. Lee in [4] and [3] allows to follow a desired trajectory
of both the payload position and attitude. In particular, the Voronoi tessellation technique is
exploited to obtain the formation trajectory planning while taking into account collision-avoidance
constraints. A geometrical controller is then designed using a coordinate-free form of the equations
of motion, derived according to Lagrange mechanics.

Synchronization and tracking trajectory problems can be treated separately using a hierarchical
controller. In [6] consensus and graph theory is employed for multi-copters synchronization and
distributed control, respectively. In [7] first the controller computes the desired forces on the cables
to follow the reference trajectory, then the reference position, speed and thrust of each UAV are
computed to obtain the desired forces.

Other approaches are based on the use of nonlinear controllers, which enable to take into account
the nonlinearity of the multi-copters dynamic model. In [§] a slung-load system composed of two

quad-copters is modeled. The nonlinear controller is obtained by a partial feedback linearization
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technique, and the collisions are avoided introducing a repulsion force among the UAVs. In [9] a
nonlinear kinematic controller is used to compute the UAVs reference velocity vectors, through the
feedback of the relative angles between the multi-copters and the load. In [I0], the authors vali-
date, by means of numerical simulations, a cooperative control strategy with coordination achieved
through synchronization of the path parametrization, while the control law is computed using the
back-stepping technique.

Experimental results are included in [I1} 12], where the authors consider a swarm of indoor
quad-copters to move the payload, and the control signals are obtained from the feedback of the

UAVs and load positions provided by external cameras.

1.2. Contribution

In this paper, we propose a multi-level and distributed control system for a multi-body slung-
load system. In particular, we consider different control modules to solve the following control
problems: (i) trajectory planning; (ii) trajectory tracking; (iii) velocity and attitude control.

To obtain synchronization, the UAV reference trajectories are computed from the load trajectory
assuming that the formation shape is known. The load trajectory is expressed as a sequence of way-
points, which are the solution of a sequence of constrained optimization problems. This approach
allows us to solve different coordination and cooperation problems [13], and it allows us to take into
account operational constraints such as obstacles avoidance and UAV performance constraint. For
this application, at each discrete time instant the new way-point is computed on the basis of the
obstacle positions, the multi-copter cruise speed, the previous way-point and the target point.

The trajectory tracking module is based on a decentralized and robust MPC algorithm [14], in
which at each discrete time instant each multi-copter solves only its own constrained optimization
problem to obtain the control signals. This algorithm allows us to take into account the presence
of control input saturations, the requirement of robustness and sustainable computational cost for
a real application. The functional cost and the constraint functions are calculated assuming the
knowledge of a reference trajectory and a prediction of the system behavior over a future horizon.

Finally, the control module for the control of UAV velocity and attitude is based on a PID
control system, that computes the multi-copter motor speed on the basis of the MPC signal inputs.

We validate the designed flight control system by numerical simulations of a realistic scenario.

In particular, the multi-copters are modeled as a rigid body and the 6DOF model [15] is used for the
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simulation. The payload is modeled as a point mass in the space and the constraint forces on the
wires acting on each drone are calculated using the Udwadia-Kalaba equation [I6]. The controller
robustness is tested by introducing atmospheric turbulence and gust in the simulations.

The paper is organized as follows. In Section 2 we describe the dynamic model of the multi-body
system used for the numerical simulation. Section 3 presents the architecture of the flight control
system. Section 4 illustrates the optimization problem for computing the load reference trajectory,
while Section 5 illustrates the MPC optimization problem. In Section 6 we describe the scenarios
which have been simulated and the numerical results; a comparison with some results appeared in

[I0] is also included. Finally, in Section 7 we draw some conclusions.

Notation. In the sequel by the symbol || - || we will denote the Euclidean norm, whereas by || - ||
we will denote the Euclidean norm weighted by the positive definite matrix 7. By A > 0 we mean
that each element of the matrix A is greater than 0. The symbol A denotes the cross product
between two vectors. The symbol x denotes the Cartesian product between two sets. The symbols
@ and © denote respectively the Minkowski sum and the Pontryagin difference [17]. The symbol
()" denotes the Moore-Penrose Pseudo inverse [I8]. With ¢ (a) we denote the set obtained by
[—a;al; X [—a;ala X ...[—a;al,, with I,, we denote the identity matrix of order n and with 0,,x, we

denote the m — by — n matrix of zeros.

2. Slung-load system dynamic model

We consider a slung-load system composed by M identical multi-copters linked by M wires to a
payload. In the following we describe the non linear dynamic model of each UAV, and the payload
dynamics. Then we characterize the interconnected system by using the Udwadia-Kalaba equation,

which allows us to compute constraint forces on the wires and acting on each UAV.

2.1. Multi-copter dynamic model

We introduce two reference frames: a body fixed frame B with origin Op located in the Center
of Gravity (CoG) of the UAV, and an inertial earth frame E. The dynamic equations in the inertial
earth frame FE are

Vg =m™} (—Q/\mVB+Tg +Tp+7'w+7'a> (1)
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Q:I§1<—Q/\IBQ+VP+VG> (2)

where m and Ip are respectively the mass and inertial matrix of the multi-copter, Vp is the velocity
vector in the body fixed frame and Q = |:Q:1: Q, Qz:| T is the angular velocity vector . In equations
and external forces and moments need to be specified. More specifically, we consider the
contributions of gravity force 7,, the propulsive forces 7, and moments v, the aerodynamic drag 7,
and moments v, due to atmospheric turbulence and the constraint forces on the wire 7,,. Following
the approach in [I] and in [16], we impose that the wires are connected from the CoG of the UAV
to the CoG of the payload; under this assumption the UAVs attitude dynamics are unaffected.

The inertial position p is obtained from equations

p=Rpr(©)Vs (3)

Rpe = S(Q)Rpg (4)

T
where p = {VI Vy VZ} is the velocity vector in the body inertial earth frame, © is the attitude
with respect to the inertial earth frame, Rpg(©) is the rotation matrix from the body fixed frame

to the inertial earth frame and S(£2) is the skew-symmetric matrix operator defined as S(Q2) =
0 -0, Q

2.2. Payload dynamic model

The payload is modeled as a point mass m; in the space whose position p; is obtained from
mipr=[0 0 mgl" +7 (5)

where 77 = — Z£1 Tq[j] is the sum of the constraint forces on the wires connected to the UAVs.
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2.3. Multi-body dynamic model

To find the interconnected system constraints we assume that the length d ;.. of each wire is

constant and the wires are taut. In particular, for the i-th wire we impose

IZ)? — d e = 0 (6)

wire

where LIl = plil — p, is the vector between the i-th multi-copter and the payload. The constraint

equation is obtained from the second derivative of equation @
oL T plil L o T jlil — (7)

which, in order to use the Udwadia-Kalaba equation, may be rewritten in the following equivalent
form:

ALL(P, V)V =blL(P,V)

where P = [pm ... pM T,V = [Vg] VéM] p)t, L= [7'1[1)1] Ti[uM] )T,
More specifically
AZL = L[’L]T [OSXB(i—l) R[B?]E 03><3(M_1) _Iji|

bZL _ _L[i]TS(Q[i})R[Bi]EVg] _ LT 1]

and according to [16] the vector 7, is computed though the Udwadia-Kalaba equation
7L = M3 (A M~ 2)F (byy — Aurd) (8)

where M, Ayi, by are the concatenations of m/, AEL, bEL and © collects the UAVs and payload

unconstrained accelerations. Equation is used to develop the multi-body slung-load simulator.

3. Control system architecture

The control system is made of two main parts as shown in Figure [I} the reference trajectory
layer and the multi-copter flight control system.
The reference trajectory layer is implemented in a central unit, e.g. the control ground sta-

tion, and it is characterized by the sampling time At¢. The multi-copter flight-control system is
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Figure 1: Slung-Load Control System Architecture



Figure 2: Shape Formation Definition

implemented on board and is characterized by two control loops with two different sampling times,
denoted by At and At;pner for the outer and inner loops, respectively, with At > Atinner. We
assume that the control ground station and the UAVs flight-control systems are linked through an
ideal (instantaneous and error-free) communication network.

The inputs of the reference trajectory layer are the final payload position z9°* and the position
of the no-fly zones, while the outputs are the reference trajectory of each multi-copter defined as a
sequence of way-points. In particular, at the discrete time instant ¢ the reference trajectory layer
computes the UAVs way-points at discrete time instant ¢ + N — 1, where N is the length of the
optimization horizon of the MPC technique. Assuming mission at constant and fixed altitude, the
way-point of the i-th multi-copter Zt[i N1 at the time instant ¢+ NV —1 is obtained by the knowledge
of the projection of the payload trajectory in the UAVs horizontal plane, on the basis of the distance
l~t+N_1 and the angle oll (see Figure

1]
_lload - CcoS &
Zlf?v}_l e sin ol ©)

S
t+N—-1 —

where ol is a fixed geometric configuration parameter of the slung-load system, while the point
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~t[lf;?\;l] ; and the distance th+ ~—1 are computed at each discrete time instant by the reference tra-

jectory layer as the solution of the constrained optimization problem described in the following
section.

Considering the flight control system of the i-th multi-copter, the outer loop implements a
robust MPC algorithm to compute the reference inertial velocities V, xt 1 and V "l that are the input
to the inner loop. To define the MPC optimization problem, we need to compute the sequences
of reference states :c[{]

1} and input ﬂ!{ﬂv

bt N—1} from the sequence of way-points of the

St+N—
reference trajectory, and for this reason we introduce in the outer loop the reference state/ input
trajectory layer. The reference velocity is finally obtained from the MPC control input a and a[z]

The inner loop computes the multi-copter motors speed by means of two PID control systems

to obtain pitch 6 and roll ¢ references angles (Figure :

0(t) = Kpew(t) +K/€$ dT+Kdddf(t)

de, ()
dt

3(t) = Koy (t) —|—K/€y Vir + Ky

where e, (t) = Vi, — Vi, e,(t) = V, — V, are the difference between the UAV inertial velocities and

the reference velocities and K, K;, K; are the control gains. Finally, for the attitude and altitude
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control, we use the classical approach described in [19].

4. Reference Trajectory Generation

At each discrete time instant ¢, the reference trajectory layer sends to each flight-control system
the corresponding UAV reference trajectory over a future horizon of length N using a receding
horizon strategy, where only the new way-point at time ¢ + N — 1 is calculated.

Basing on equation @D, the UAV reference trajectories are computed from the load position

Zt[f?\,d]_l and distance I, x_;. To obtain feasible trajectories, operational constraints about the

(4]

multi-copter positions are taken into account. In particular, the points Z;| y ; fori =1,..., M

can be obtained from the optimization parameters as

Sl 1 0 cosall Zt[lf]l\;ﬂ 1
ZpN-1 = o (10)
0 1 sinall lt+ N

Then, the reference trajectory layer at each discrete time instant computes the solution of the

following constrained optimization problem

2 2
. load] ~[load) [load] oa 7 7
i B[R S L )+ 09 e -
Zi n_plrn—a
subject to obstacle avoidance constraints and
ny%i 1€ Bryn-1 (12a)
My €2 i=1,.,M (12b)
liyn—1 € [I;1] (12¢)

The quadratic cost function is the linear combination of two terms: the former related to
the distance from the target and the latter related to the formation shape. More specifically, the
first term allows us to minimize the payload distance from the target, while the second one allows
us to maximize the plan distance between the payload and the multi-copters, and consequently
the distances between the multi-copters. The cost function is calculated from the trajectory point

t[lf?\fl] 5, the final trajectory point 29°¢ and the reference load-UAV distance [. The weights T, ~

and g are tuning knobs satisfying T' > vl > 0 and 0 < 8 < 1. In particular, when 8 — 0 the

10



Figure 4: Set %1 n_1

distances between the UAVs are constant, while with 8 — 1 we relax the constraint on the distances
between the UAVs, and in this case the payload reference trajectory will be closer to the obstacles.

The constraint allows us to control the norm of the payload inertial velocity. In particular,
the set %y n_1 is a circular set of center Zt[lf‘;\?]d and radius deryise = AtVeruise (see Figure ,

10 Where V. 18 the reference for the norm of the payload inertial speed.

The constraint guarantees that the reference states i[{li N1} computed from the se-
quence of way-points of the reference trajectory, to define the MPC problem, are feasible. The set Z
depends on the algorithm applied in the outer control loop. For this reason, the set Z is computed
after defining MPC optimization problem using the algorithm in [13].

The constraint avoids collisions among the UAVs and guarantees distances shorter than

wires length. Then, [ and [ are fixed satisfying

1> dvav +0 (13a)
Sin M
1 < duire (13b)

Obstacle avoidance constraints are formulated by ensuring coordination between multi-copters.
Then, the new way-points allow all multi-copters to avoid the no-fly zone without breaking up the

formation. Referring to the i-th multi-copter and the h-th obstacle, if the obstacle is circular with

11
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[h]
obs

(]

obs» the obstacle avoidance constraint can be formulated as

where dlhl = RL};L + dyav + 6, dyay is the radius of the circle surrounding the multi-copters and

center in z -, and radius R

~[z h i
Z:Uerl - ZLbLH > di" (14)

the distance ¢ is a safety distance which takes into account the maximum uncertainty about the
UAV positions. This distance is estimated using the algorithm in [13]. Moreover, to avoid collision
between wires and obstacles, we impose dl* > 1/2. If the h-th obstacle is not circular, we introduce
a circular no-fly zone that surrounds the obstacle so to follow the same approach described above. In

order to deal with the nonlinearity and the non-convexity of the constraint in (14)), we apply a linear
approximation as described in [I3]. We build a polytope 5”([72? with TL’ZZ] edges that circumscribes

"] with radius d) and we introduce the linear operator p!"(k) which

the no-fly zone centered in z,,

computes the distance between the trajectory point of i-th multi-copter and the k-th edge of the
[hi]

obs

polytope £, " (as shown in Figure b

sl
[hi]  y[hi] Ft+N—1 (15)
ay, A 1 )

. 1
pl(k) =

2 )
aLhz] + bg”]
where aLhﬂ and bLhi] are the coefficients that define the equation of the k-th edge of the polytope

2" 1t is worth noting that this linearization of the constraint is conservative only because

the circular no-fly zone is approximated by means of a polytope.

12
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5. Model Predictive Control Algorithm

The control inputs to track the reference trajectory are calculated by implementing a distributed
and robust MPC algorithm. Each UAV computes its own control inputs independently from the
other multi-copters using the same algorithm. Indeed the interaction between the aircrafts has
already been taken into account by the reference trajectory layer.

To implement the robust MPC algorithm, the outer control loop solves a constrained optimiza-
tion problem at each discrete time instant. The cost and constraint functions are evaluated by
using the reference trajectory and a prediction of the UAV behavior. For this application, to pre-
dict the multi-copter behavior we use the dynamic model of a material point in the plane. The
sequences of reference states and inputs are calculated from the geometrical reference trajectory by

the input/state layer (see Figure [I]).

5.1. Definition of the nominal model

The dynamic model of a material point in the plane can be defined in terms of position in the

inertial earth frame {x B yE}, course angle ¥ and linear speed V:

g =VcosW¥

yE =VsinV¥

. (16)
U =w

V=a

where the input of system are the angular velocity w and the linear acceleration a.
We obtain a linear model of a material point following the procedure described in [20].
Letting n1 = g, 72 = ©E, 13 = YE, N4 = Yr and introducing the linear accelerations a, and a,, we

obtain a set of two decoupled double integrators

m =12
e =acos¥ —Vwsin¥ = a,

73 = N4

N = asinV¥ + Vwcos ¥ = q,

13
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We compute a discretization of equation with sampling time At by means of the following

Euler discretization:

Ti41 = Al‘t + B’U,t -+ we (18&)
zi41 = Cep (18b)
where )
T (7N TE,
Ty = |:"71t M2, N3, 74, y U = y Rt = )
_ayt YE,
1 At 0 0 A%
0 1 0 0 T 0 1 0 0 O
A= , B= L, C=
0 0 1 At 0 4L 0010
0 0 0 1 0 T

The disturbance w; has been introduced to model uncertainties and approximation errors of the
UAYV model and external disturbances due to the atmospheric turbulence and the constraint forces
on wires, which are included in the simulator using the Udwadia-Kalaba equation but considered
unknown in the control design. We assume that w; € W, where W is a known bounded uncertainty
set. We denote the set of feasible states by x; € X, where X is a convex set. It can be readily
verified that the triple (A, B, C) is reachable, observable, and does not have invariant zeros on the

unit circle.

5.2. Reference state/input trajectory

In order to calculate the cost function of the optimization problem, the sequence of references
(4]

{t,...,t+N—1}

(]

states :E{t 1} and inputs 4 of the nominal model must be computed from the

ooyt HN —
sequence of N geometrical points Z[{Zt] N1} -
To solve this problem, we implement in the state/input trajectory layer the following dynamic

system
~11] ~[1]
T A 0 T B . 0 )
0= al ] L (19)
€iin —C L] |¢ 0 I
where the new state variable éﬂl is the integral of the tracking error ét[il - C’i‘y]. Given the

reachability of the pair (A, B) and the absence of invariant zeros in z = 1 of the model (18a)), it is

14



possible to compute the control law

il = K8+ K@ (20)
where the gain K = { K, f{e} can be designed with any stabilizing algorithm, such as LQ or pole
placement control.

1s 5.8. Definition of the MPC optimization problem
At each discrete time instant the i-th flight control system solves the following constrained

optimization problem in order to implement the robust MPC algorithm discussed in [14]

N A[i]min tZ+J 2[51'1'] H o ut+] H ’mz[i]%N - mz[i]%NH (21)
Ti Uie t+N—1} j
subject to
xt+1 = Axt + Bu[z] (22a)
a eXl wi=1,.,N-2 (22b)
2! — ) e el (22¢)
c@l, —zlyealvj=1,..,N-2 (22d)
mﬂN 1 xﬂ 1 € wlileld] (22¢)
The set [ in (22d) is defined as the robust positively invariant (RPI) set

o
el = (A + BK) Wl (23)

7=0

where the gain K must be defined so as to obtain (4 + BK) to be Schur stable. In particular, we
compute €l as an outer approximation of the minimum RPI using the method discussed in [21].

The set X! in (22D)) is computed as
Xl = xli o £l (24)
The set A[Zi] C R? in (22d)) is characterized by a trade-off: a small size of this set permits

15
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Figure 6: Scenario simulated to test the performance of the trajectory tracking and speed and attitude control
modules. This scenario is taken from[10]

only small deviations of the nominal state trajectory with respect to the reference, but it can have
the effect of limiting the robustness of the control scheme. Finally, s > 0 in is a tuning
parameter.

In the functional cost, the symmetric weighting matrices @ > 0 and R > 0 are free design

parameters, while P is assumed to satisfy the Lyapunov equation

(A+BK)"P(A+ BK) - P = —(Q + KTRK) (25)

li

tl] and :i’,gi], and the control inputs

From the solution of the optimization problem we obtain
for the i-th multi-copter are calculated as

uf = all 4 Kk (2! - 2 (26)

t|t

6. Numerical Simulations

The proposed flight control system was tested using Simulink. We developed a simulator of a
multi-body slung-load system composed by M = 4 micro quad-copters with m = 1.4kg, dyay =
0.3m and ol = im/2 for i = 1,..,4, the payload was assumed to have mass m; = 0.4kg.

As a first example, we have considered the scenario simulated in [I0], where the authors use a
nonlinear controller based on back-stepping technique. In this case, the trajectory is assigned, both
in terms of position and velocity, and hence we test only our modules for trajectory tracking and

velocity and attitude control. In particular, the payload is moved along a circular path of radius

16
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R = 10m, accelerating to a maximum speed of 3m/s, and then slowed down to zero. Figures |§|
show the performance obtained with our MPC, which are comparable with those presented in [I0].

Then we have considered an example to test all the features of our control system. To this aim
we have considered a scenario in which the payload has to be moved from the point [5,0 5_0} m
to the point [100,0 100,()] m in a region characterized by four circular obstacles with:

1
Zone

=400 455/m, RY =5.0m

obs

22— 1400 245|m, RE —50m

obs

obs

2 = 1700 57.0/m, RE =50m

A = T70.0 700/m, R =50m

In order to allow a real-time implementation we have chosen At = 0.5s and At;,ner = 0.01s.

The free-tuning parameters of the flight control system has been fixed through a trial and er-
ror procedure to obtain satisfying performance in the absence of atmospheric disturbances. In
particular, the MPC optimization problem has been defined by setting the following param-
eters. Considering the mission goal and the UAV performance we have set xlil = [0,0 110.()] X
[—5_0 5,0} X [0,0 110,0] X [—5_0 5,0} fori =1,...,4 (dimension in m and m/s, respectively).
For each i = 1,...,4, we have set Wl = ¢4(0.01), A = £2(0.001) and &l = 105. The cost func-
tion has been defined by the length of the prediction horizon N = 10 and the weighting matrices
@ = Iy and R = 18015. Finally, the matrix K is the gain of the LQ regulator with the weighting
matrices @ and R. The matrix K used to compute the reference control law is the gain of
the LQ regulator with the weighting matrices Q = I and R = 2000I,. To compute the reference
trajectory, the optimization problem has been defined setting v = 1, T = 105, I = 3 and [ = 5.
The coefficient § has been fixed by analyzing the different reference trajectories, i.e. in Figure [7] we
show the two trajectories obtained setting respectively 8 = 1072 and 8 = 107°. In particular, we
have chosen 3 = 1073 to relax the constraint on the distances between the UAVs and the payload,
and in this way the payload reference trajectory passes through the obstacles #1 and #2 avoiding
quick changes of direction.

The flight control system robustness has been tested by simulating the above scenario with

different atmospheric disturbances. We have considered the Von Karman wind turbulence model

17
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Figure 7: Payload trajectories at different 3 values

and the discrete wind gust model by using the Simulink Aerospace Blockset, according to the
references [22] 23]. We have defined twenty five realistic atmospheric conditions by setting five
amplitude values for gust model and five wind speed values for turbulence model and we have
analyzed the performance decay, the growing of the constraints forces and the fulfillment of collision
avoidance constraints. The performance of the slung-load control system have been evaluated

through the tracking trajectory error

[ [

= ‘ Zhotint ~ Ptotint (27)
More specifically, we have considered the mean of the tracking trajectory error
1 Nfat
Emean = E 28
Ntot ; ( )
and the maximum of the tracking trajectory error
Emaz :maX{E(l),E(2)7...,E(Ntot)} (29)
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Figure 8: Trajectory tracking performance

as performance indexes.

As an example of the results obtained, in the following we show the results for the simulation
characterized by amplitude gust Vs = [2 2 0} ' m/s and turbulence wind speed Vi, = 5m/s.

Figures [8a] and show a comparison between the payload reference trajectory and the actual
trajectory. The tracking error is shown in Figure[8cland the performance indexes are E,cqn = 0.53m
and E,,q. = 1.38m.

In spite of the tracking error, the collision and obstacle avoidance constraints are satisfied.
Figures [9] show that the no-fly zones are not violated and the minimum safety distances between
UAV 1 and others are satisfied.

To evaluate the feasibility of the slung-load control system, we have checked the constraint
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Figure 10: Constraint and attitude plot

force magnitudes to avoid wires breaking, and we have checked the quad-copters attitude to avoid
unrealistic maneuvers. Figure shows that the greatest forces are obtained during the initial ac-
celeration and maneuvers to change the planar distance between payload and quad-copters. Figure
shows the attitude of quad-copter #1 during the flight mission: it can be seen that the flight
control system has required realistic maneuvers.

The performance of the flight control system when the atmospheric conditions vary, are synthe-
sized in Table In particular, as expected, the performance worsen when increasing the distur-
bances, but the mission goal is completed and the collisions are avoided with realistic maneuvers
and constraint forces in all cases except the most severe conditions.

With the most severe atmospheric conditions, the slung-load control system is not able to
complete the flight mission. To complete the mission in this condition, we needed to change the
set of parameters of the flight control system. In particular, we have increased the uncertainty
set, i.e. fixing Wil = €4(0.02) for each i = 1,...,4, to consider the external disturbances due to
atmospheric conditions. In this way, the slung-load control system is able to complete the mission

with the performance indexes shown in Table [2]

7. Conclusions

In this paper, a multi-level and distributed control system for a multi-body slung-load system

based on MPC has been proposed. The control system is composed by different control modules
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1 1.5 2 2.5 3
‘/gust — 1 ‘/gust e ]_.5 Vgust = 2 ‘/gust = 2.5 Vgust = 3
0 0 0 0 0
Vi =0 Erean = 0.35 Erean = 0.36 Erean = 0.37 Erean = 0.39 Eean = 0.38
turb = Eonw:=112 E,..=112 E,L,.=112 E,.. =1.12 Ear =124
Vi =25 Emean =0.40 Emean =0.43 Emean =0.46 Emean = 0.50 Emean =0.52
turb = & Epar = 1.12 Epar = 1.12 Erax = 1.15 Bz = 1.31 Frar = 1.38
Vi =5 Ernean =045 Epean =048  Epean =093 Epean = 0.60 Erean = 0.67
turb Frae = 1.17 Frae = 1.26 Frae = 1.38 Frae = 1.56 Frae = 2.15
v —ns | Bmean =049 Epean =057  Emean =067 Eqean = 0.72 mission
T Brae =129 Epag =160 Enae =1.92 Epge =215 not completed
V = ].0 Emea'n, = 060 Emean = 069 E’m,ean == 073 mission mission
turb = Enawe =189  Eue =199  FE,.. =204 not completed not completed

Table 1: Performance indexes in different atmospheric conditions

2.5 3
Vywst = |25 Viywst = |3
0 0
By — 147
Veurs = 7.5 Ernar = 4.80
Eoour = 1.37  Eopour = 1.72
Viero =101 "5 579 B 686

Table 2: Performance indexes in the worst atmospheric conditions

235 to solve trajectory planning, trajectory tracking and velocity and attitude control, while taking

into account multi-copter performance constraints, obstacle avoidance constraints, the presence of

input saturations, robustness requirements and computational cost. The first step of the algorithm

consists of the calculation of the reference trajectory of each UAV as solution of a constrained

optimization problem, then optimal guidance laws are calculated based on a MPC algorithm, finally

2e0  PID control systems allow to control of the UAV speed and attitude. A simulator has been developed

and different atmospheric disturbances has been considered to test the proposed control system and

its robustness. The numerical results show the effectiveness of the proposed approach. Further work

will consist in implementing the control algorithm in a real-time application to carry out flight tests.
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