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Abstract—There is an increasing demand for Unmanned
Aerial Systems (UAS) to carry suspended loads as this can
provide significant benefits to several applications in
agriculture, law enforcement and construction. The load
impact on the underlying system dynamics should not be
neglected as significant feedback for ces may be induced on
the vehicle during certain flight manoeuvres. The constant
variation in operating point induced by the sung load also
causes conventional controllers to demand increased
control effort. Much research has focused on standard
multi-rotor position and attitude control with and without
a dung load. However, predictive control schemes, such as
Nonlinear M odel Predictive Control (NM PC), have not yet
been fully explored. To this end, we present a novel
controller for safe and precise operation of multi-rotors
with heavy dlung load in three dimensions. The paper
describes a System Dynamics and Control Simulation
Toolbox for use with MATLAB/SIMULINK which
includes a detailed simulation of the multi-rotor and slung
load as well as a predictive controller to manage the
nonlinear dynamics whilst accounting for system
constraints. It is demonstrated that the controller
simultaneoudly tracks specified waypoints and actively
damps large dung load oscillations. A linear-quadratic
regulator (LQR) is derived and control performance is
compared. Results show the improved perfor mance of the
predictive controller for a larger flight envelope, including
aggressive manoeuvr es and large dung load displacements.
The computational cost remainsrelatively small, amenable
to practical implementations.

1. INTRODUCTION

Civilian application of Unmanned Aerial Systems (8)Ais
spreading rapidly, including sectors such as canstn, law
enforcement, firefighting or agriculture . Small Itimotor
vehicles provide useful tools for automated farmibyg
supporting plant biosecurity through surveillandee lvisual
pest detection with the help of multi-spectral ggraphy

[1,2,3]. Whereas this is an established key feadfitdAS, the
actual treatment of affected areas often invoh@sventional

methods, such as wide area pest spraying. However,

autonomous multi-rotor aircraft could apply pestés at high
concentration and close proximity for less wind uoed
dispersal. External loads, suspended on a cableatitav
to spray a fluid right above or even inside a csopanopy.
Heavy suspended loads, no matter if containinghacse

water for fire fighting or a pesticide fluid, majygsificantly
influence flight dynamics due to a high mass-ratidghe load
to the vehicle. To this end, control of lightweigherial
vehicles should not neglect consideration of theermal load
to ensure safe and precise flight trajectories. mbalinear
dynamics of an aerial suspended load are well study a
vast amount of publications, such as [5-8]. In nuastes, the
controller is derived by a linearisation of the dymical model.
[5] provides an overview of the generic 3-dimenaion
pendulum control problem. [6] introduces a fuzzytcoller
for load swing compensation while the vehicle &cking a
position trajectory at low attitude angles neardroDetailed
studies on the slung load model and a trajectamgking slung
load controller using linear quadratic regulatioe presented
in [7]. [8] investigates particularly the controf a quadrotor
with a slung load. A dynamic programming approash i
developed, capable to generate swing free trajestéor agile
manoeuvres.

Nevertheless, there hasn't been research on imguthe
slung load dynamics to the model of an online Nugdr
Model Predictive Control (NMPC). NMPC provides an
optimal controller for highly nonlinear dynamics gt
accounting for constraints and enabling a statdifaek loop
that involves disturbance and model uncertainbdPC

is an established tool for relatively slow elapsiprpcesses
since the Nineties and has mostly been appliederield

of industrial process engineering. However, dueriging
computational power on micro controllers, NMPC baes
applicable for agile lightweight aerial systems.to

To this end, the contributions of this paper are:

1. Design of a NMPC for a quadrotor with suspendedglu
load, capable of stabilising or tracking the load guad
movement over a large flight envelope

2. Performance comparison of the NMPC to a Linear
Quadratic Regulator (LQR) with respect to robusshes
time varying reference and aggressive control

3. Preparation of a NMPC algorithm in C++ code foidie
tests including assessment of computational demand

This paper is structured as follows: Section 2 inefi the
complete derivation of the nonlinear model. The NMP
control design and associated simulation framewark
presented in section 3 and 4 respectively. Sinaratesults
are summarised in section 5 followed by a discussio
section 6 and conclusion/outlook in section 7.



T4, 8, )

Figure 1. Point mass model of the quadrotor with body frame
A and inertial frame I.

2. SYSTEM DYNAMICS

A precise derivation of the highly non-linear systdynamics
of the quad-load-combination is essential for aficieht
control over the entire flight envelope. This seati
sequentially describes the derivation of the dymasgjuations
for the quadrotor and suspended slung load sutgebe quad
control inputs.

Quadrotor dynamics

The model of the quad kinematics is based on thenagtion

that the vehicle can be considered as a singld pwss with a
tilting thrust vector tl and a constant gravity tegcg in the
inertial frame. This simplification is known to laelequate for
control design as the attitude controller is assitoebe much
faster than the position controller [9, 10]. Therial frame I=
{Ex.E,,E;} is defined. The position of the body frame’sgni

in I is &= (x,y,z) . The matrix A, also called directional
cosine matrix, describes the rotation of A to I,nte
containing the Euler angles of the quad frame. queedrotor
acceleration in | reads

T 0 0
2] /M) , g/
\_V_J

tz

where T is the collective thrust scalar, that ingidered to be
only directed into an upwards direction of the bédyne

A. M is the mass of the vehicle and g is the gedianhal
constant pointing downwards in |. The directionasioe
matrix contains cardanian rotations of the threkereangles
yaw, pitch and rolly, 6, ¢). The transformation reads

7T 4 = T5()To(0)T1 ()

matrix multiplications becomes

and after performing the

chel  chspst — cpsi
714 = | efs1  coc) + spsihs
—sf clso

cosist — cwsg

s¢sy + copcst
£
copet)

Figure 2. Load coordinates in frame O related to inertial
frame | by the quad positian

Suspended Sung Load

Several assumptions are made for the kinemati¢keotable
suspended slung load. These are:
* No aerodynamic effects
* No cable mass
* No cable strain
+ No free fall of the load (cable force0)
e Pivot has no offset to the quad’'s Centre of Gravity
(CoG)
 Heavy load, i.e. non-negligible influence to flight
dynamics

This allows the reduction of the equations of motio the
movement of the load on a sphere’s surface sirtol§ir].

We first introduce the load frame O with its origtidn
corresponding to the inertial frame | as shownim E. The
origin of O is in the quad’s CoG, where the loadifions r; s;
g are parallel to EE,,E, respectively.

The constraint of the load being on the surface afphere
with the cable length | leads to

C=+/12—r2 _ g2

for ¢. > 0. The latter is an acceptable restriction, bezdhe
structural design does not allow the load to svimthe upper
hemisphere above the quad. Yet we have to keepnd that
an up-swinging of the load must be avoided anddteidlate
the optimal control problem of the predictive cofigr. The
dynamic model would produce complex state vectanhers,
leading to a non-global solution that does not vallan
application of appropriate control inputs. To thend,



additional constraints for the optimal control peh have to
be made.

The Lagrangian function, representing the kinetind a
potential energy of the load, reads
“f:‘(u+rﬁ+w+sﬁ+u+«ﬁ)—g:+u

2

and the Euler-Lagrange equations are

4 (02 _oz
dc \ ar ) or

d (02\ 0
dt\ a5 ) s

We insert equation 4 and 5 into 6 and solve for Ited
acceleratior, 5. We then retrieve the equations of motion of
the slung load subject to the quad’s accelerafitie. equation

in its entirety can be found in [10].

Deriving the cable force

As we assume the suspended load to have a norgitdgli
influence on the quadrotor flight dynamics, thauttsg cable
force is derived in this section and then inclutiedhe entire
combined model. According to Newton’s second law of
motion, the cable force is derived by multiplyirtg absolute
acceleration with its mass. The gravitational intges to be
added separately and depends on the load’s deflectihe
equation for the cable force then is

T4 7
f=-—-m ( i+ 8 )
Z+(—g( fl]

where m is the load mass, g is the gravitationaktant and
the length of the cable.

Coupled Dynamics

The kinematics of the load depend on the movingtpand

herewith the quad acceleration. The accelerati®ultiag

from the cable force impact on the pivot is now edido the
guad acceleration. With Newton'’s second law of omtithis

is ac = f/M, where f is the cable force vector &mik the quad
mass. The complete system of equations for the twdb
dynamics is shown in (8). It remains to mentiontttes a
result, the quad dynamics implicitly depend on thed’'s

motion and vice versa. The yaw angle is consiti¢oebe

constant zero such that a feed forward term caadued to
control the quadrotor orientation.

3. CONTROL DESIGN
The control design is separated into the descriptib the
NMPC and the LQR, both of which are used and coegar
this work. The two controls consider the slung laytiamics
to derive the corresponding controller.

Nonlinear Model Predictive Control (NMPC)

The mathematical model defined by (8) represemsyistem
dynamics and is used as an internal model f foptkdictive
controller. An optimal control problem is repeatedblved at
each control step over a finite time horizon [8heTstate

vector x = (x,y,z,u,v,w,,0,¢,7, s)

Table 1. Inequality constraintsfor NMPC

‘ Description | Constraint

Roll angle limit
Pitch angle limit
Sph. surface constr. ()
Sph. surface constr. (s)
Roll rate limit
Pitch rate limit

T/2< ¢ < /2
T/2<0<7/2
—1<r/yI2—s2<1
-1<s/VI2—-r2<1
—m<HLw
— < f ST
—1.6Mg <T < —0.4Mg

Collective thrust range

It contains the three Cartesian positions and viglot the
vehicle, the pitch and roll angle as well as the skung load
Cartesian coordinates and their derivatives. Thérd th
coordinate is omitted due to the spherical surfamestraint of
(4). The control vector u &,6,T contains the vehicle’s roll
rate, pitch rate and collective thrust. A cost fiow J is
minimized with respect to u. The cost function sed to
penalise deviation from the reference flight andngl load
condition. The optimal control problem can be defimas

J*(x.u) = argmin J(x,u)
U
N-1
J(x.u)= &x?};.-PAXN—i- Z AXEQAXk
k=1
+ Auf RAuy, .
where Axy = X — X3

Aug = u; —uy,
xx €X XeR™
u,eU UeR®

Xg4+1 = f (Xj‘-. ll;f)

subject to

with the errorsAx, andAuy of the current state and control

to the reference trajectory, denoted by the as%terihe
matrices Q and R are positive semi-definite weigti
matrices on the quadratic state error and contrmobre
respectively. P defines the terminal cost, i.e.hsitive cost
of the error at the last step of the predictionizwr. The
stability of the open loop can be significantlylighced by
this parameter. The ACADO toolkit [12] provides a
comprehensive C++ code library suitable for creatid an
algorithm to solve the optimal control problemssamy from
the NMPC formulation.



The optimal control problem is subject to the miel
differential system of equations and a set of irdiu
constraints. These constraints capture the boumdsthe
control inputs and platform limitations, or statenstraints.
For example, they can be used to prevent the piatfoom
flying upside down (through roll and pitch angleubds) or
limit the roll rate based on the maximum torque tha rotors
can generate. The collective thrust is limitedhie maximum
available power and to avoid an unrecoverable diop
altitude. The constraint domain is derived from enignce or
specification of the X-4 Flyer Mark Il in [13], witnumerical
values given in Table 1.

i = (T cospsin® —m(& + 7)) /M

j=—(Tsing —m(i+8§)) /M

3= (T cospeos O +m((ir + 72 + 8s + 8%) /¢ — 5+ (Fr + $5)2 /3 + 2(¢/1)) /M + g

P = (' — s+ rsCE 4 (2 —rs®)P? + (2 — 1) + 208r°s + 12C®) /((5° — 1P)¢P)

5= (CU—sCE +rsC + (s — sr)8 + (s1® — $°)i + 20857 + 58¢%) /(P — 17)C7)

Table 2. Overview of NM PC settings

Parameter Value
Number of time-steps N 30
Time step size § 0.4s

Discretisation type Multiple Shooting
Integrator type Gauss-Legendre 3™ Order
Integrations per step N; 4

The reference trajectories and weighting matrices set
dynamically in the simulation framework outlinedsection 4.
An overview of the prediction parameters and theimerical
values are given in Table 2. Values were choseriraally
and based on literature, such as [14,15] or exafpden the
ACADO toolkit.

Linear Quadratic Regulator (LQR)

The same dynamic model, used for the NMPC controiée
used to derive the LQR. The nonlinear dynamic m¢8glis
linearised about hover such thiat Ax 4+ Bu. As the system\
is both, controllable and observable, an LQR cdiegr@an be
derived by minimising a quadratic cost function isimto (10)
over a inifinite horizon such that

o0
minimise .J = E xTQx +uf Ru
k=0
A feedback control gain matrix K can then be detifrem

the solution of the associated Riccati equation 118 that
arises from solving (11). The control law is then -Kx.

4. SIMULATION FRAMEWORK

The simulation framework can be structured intorsajor
components. These are:

* Top-level controller (i.e. NMPC or LQR)
» Low-level proportional attitude control

e Control mixer to provide motor-speeds
e Quadrotor system dynamics

Slung load system dynamics
e Visualisation tool

Fig. 3 gives an overview on the correlation of ¢benponents
and the following paragraphs give a detailed exgtian on
each, starting from the top-level controller.

The top-level control is embedded to the framewbykan
outer feedback loop, where the states are dirémtlyarded

to the control block, neglecting measurement d@iat
hencey = x. Whilst the LQR is included by putting the gain
matrix K on the state error, the NMPC uses a MATLAB
function and C++ compiler (mex) to define the coliér.
Reference trajectories and weighting matrices sreuhically
allocated in the SIMULINK environment.

Reference

i Slung Load
Top-level Control : System
i
N
> H
: Quadrotor
Low-level Control Control } System : :
Mixer ‘--====-=cmmmmmmmcmmoeeeeeood [ Visual-
isation

State Feedback

Figure 3. Correlation of major simulation framework
components.

© g
b6 4
1 4
R R

%r;"‘
»%T* 7T

Figure 4. Low-level proportion control design.

The NMPC or LQR controller provide the desired /mitth
rate and the collective thrust. However, the sitioia
framework requires desired Euler angle deflectiansthis
point. To this end, we introduce a low-level prapmr state
feedback control. Fig. 4 shows the flow chart ofsth
controller. The parameters of the gains on therdeedback
are chosen on the basis of a simulation by [18F dhsired



motor-speeds for the collective thrust are deriusthg [13]
by using the relationship between the absolutesthtol the
motor speed, rotor area, air density and thrudfficamnt.

The output of the low-level control needs to beediin order
to provide the individual motor speeds that coroespto the
desired Euler angle deflection.

> T W » Wi
¢ . Xq
» Ty wa » W
u) » X
» Ty w3z » w3 Xy
Visualisation
> wy » Wy =
i L Ix
Control Mixer ol £ 1
— =
Quadrotor £

Slung Load

Figure5. Flow chart of the simulation framework excluding
the regulators.

Table 3. Overview on physical simulation parameters

Parameter Symbol Value
Gravity constant g 9.81ms?
Vehicle mass M 4.0kg
Load mass m 1.5kg
Cable length l 1.5m
Rotor coefticient b 1.32 x 1075 Ns?
Max. motor-speed it 1090 s~ 1

Fig. 5 shows the detailed correlation of the mixee quad
and load system and the visualisation module. Theem
translates the required angle deflections Ti antective

thrust T into valid, limited motor-speed values Whis is done
by distributing the input to the corresponding rotdhe

control mixer does not include any state feedbawkrol and
directly forwards the required motor-speeds to dhedrotor
model.

The quadrotor system is based on the SIMULINK madel

the X-4 Flyer Mark Il by [13], and available in [[L8The
model represents accurate flight dynamics including
aerodynamic effects, such as blade flapping andhfodll
damping.

The model is not the same as the one used in the®ldr
LQR and is considered to be more realistic.

The slung load system (7) is separate to the qtmdro
component and connected as shown in Fig. 5. Thd gt#e
is forwarded to the slung load module to derive Ibads
movement due to the quad’'s acceleration. The chdrlee,
induced by the gravitational impact and kinemaitics the
load, is then forwarded to the quadrotor system clvhi

influences the flight dynamics. Table 3 gives aergiew of

the physical parameters of the dynamic systems. The
maximum motor-speed of the X-4 Flyer Mark Il wasioped

from 1000 rad & to 1090 rad S to enable a 60% control
margin, allowing the vehicle to manoeuvre with healung
loads up to 2 kg. The original specification of el allows

the carriage of 1 kg fixed loads.

The state of the quad and slung load are forwataleplotting

module for a visualisation of the vehicle and theng load.

Time dependant plots of particular states, as ash real time
3-dimensional simulation, based on [18] are inctude

Table 4. Weighting matrix variations

‘ Matrix Cell ‘ Value ‘ Corresp. state/control

Q(3,3) 1% 10° quad position z

Q(7,7) 1108 load position r

Q(8,8) 1 x 102 load position s
P

Several limitations on the simulation framework mioe kept
in mind. Natural appearance of system disturbannd a
observer/sensor noise is neglected. Also the dhadymodel
will deflect to realistic behaviour, due to the iiations made

in section 2. The control of the yaw angle is neggd in this
work, but is included in the vehicle dynamics ofeth
simulation. To keep realistic results, without irigeg yaw
dynamics to the top-level controllers, a minimadist
proportional control is used to explicitly keep trev angle at
zero. The control effort for this achievement isairand will

be neglected since the yaw rotation is not sultigeany direct
disturbance in the simulation. The proportionahgailue of
the yaw control is again based on a simulation1i®}.[

5. RESULTS

The NMPC and the LQR are evaluated for their cdjpalmf
managing stabilisation problems and trajectorykireg. Four
different scenarios are analysed. The first twonades
involve stabilisation problems with a deflected tiadi
condition and a non-predictable external disturlbanthe
second two scenarios involve reference trajecti@gking for
the quadrotor and the load position.

The weighting matrices of both control algorithme ahe
same in each simulation. Table 4 shows the entfethe
matrices that show variations to the identity matrihe
weighting matrix P for the NMPC terminal state eri® set
equal to the corresponding values of Q for simgdifion.

Sabilisation of Load Displacement

In this scenario the goal is to actively damp adqillagion of
the load. The quad is at stable hover and the ipauitially
displaced from its equilibrium position by 1m tethositive
r-direction. As the control reference is set to mein a stable
hover with no load movement, active damping ofgwnging
load is required. Fig. 6 compares the vehicle’position, the
load’s positionr and the corresponding control inpdt, i.e.
pitch-rate, for the NMPC and the LQR control desigiihe



LQR forces the control limits to be exceeded anchator-
speed beyond the possible limit is demanded on sotoes.
As a result, the load contacts the ground and the gngle
deviates from the reference value. Both can be eosgted
after a few seconds, when the pitch angle and sporaling
thrust demand start decreasing. The NMPC ensueesotfitrol
constraints are respected, such that the load mgetompacts
the ground. Of note, both controllers are ableamp the load
within 4 s, whilst returning the platform to thderence flight
configuration.

Sabilisation of Wind Disturbance

In this scenario the goal is to compensate an maxter
disturbance that is not included in the predictmodel. A
variable wind speeds, is implemented to the simulation
framework. The wind speed implements the mathematic
representation for a wind gust according to theithty
Specification [19].

0.5 T T T T
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Figure 6. Plot of the quad position, load position and
commanded pitch rate over time with an initial lakdlection.
4

wind

\

drag quad

F.:!TX]

vy [ms]

I —
load quad

L 1 1 0
0 2 4 6 10
time [s]

Figure 7. Wind speed profile and resulting drag force.
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The difference of the wind-speed to speed of thiybmame

A is converted into a drag force that is impactiagh, the
vehicle and the load. The drag force is derived ifpyut
Fd = 0.5pv,,°CdA where the drag coefficient Cd and the

vehicle/load reference area A are estimated. Thdeaisityp
is adopted from [13]. Fig. 7 shows the wind spepdxi
direction by the solid blue line and the left scalde right
scale and the black lines represent the resultiag dorces,
that also depend on the body movement induceddiNMPC
control response. The additional velocity of theads
movement inside the body frame A is neglected. The
performance of the NMPC and the LQR control desigthis
simulation scenario is shown in Fig. 8 through tnead
position x, the load position r and the relevanitoal input6.
The reference is the initial position of quadradod load.

Waypoint Tracking
In this scenario, the goal is to track a specifference

rajectory for the platform whilst avoiding a swingi of the
load.

2+« NMPC ]
E N
Bl e LQR e e
0 .._/G/g;?/ I L
0 2 4 6 8 10

r [m]
\
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x NMPC|]
o LOQR
003 1 L L 1
0 9 4 6 8 10
0.03 T
7002} x NMPC|{
= 001 o LOR
=
=~
0.01 .
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time [s]
Figure 8. Quad position x, load position r and control input
6 under influence of a wind gust in positive x-difen.

An inclined square circuit is used as the referetnagctory
for the vehicle, where each corner forms a waypainta
different reference altitude. The square’s sides &am in
length (only lateral direction measured) with aritade
variation of +2 m. The load reference is zero dgiften to the
equilibrium state, i.e. no swinging. The initial gition is at
stable hover with non-deflected slung load andlaiude of 2
m. Results for an example simulation are depicte&ig. 9,
where quad and load position are shown.

The results suggest that the NMPC is able to effelgt track
the reference trajectory of both the quad anddhd,lwith a

Root Mean Squared Displacement (RMSD) of 0.064m and
0.091m respectively. The LQR control design showsrer
tracking performance, approximating a more circular
trajectory with position and load RMSD of 0.569no¥grned

by the altitude deviation) and 0.021m respectivéhis can be
attributed, in part, to the fact a single referencdue is
required at each time step for the LQR, comparethé¢ofull
time varying reference used in the NMPC. The reisuiitlies
that the NMPC approach can better manage more exmpl
reference trajectories.



Load Position Tracking

In this scenario, the goal is to track a specifiad reference
trajectory, whilst the platform maintains hover. eThoad

reference describes a circular pattern of radiugicha period
of 3 s, such that

r* = cos (%’t) and s* = sin (%’Tt)
The initial position of the platform and load af® 0,-2) and
(0, 0,-2+I) respectively. Results for an examphawgation are

given in Fig. 10, where load and platform positiane
depicted.

To track the reference load position, the quad rfitsttleave
the stable hover in order to move or upswing thedloThe
flight path for both control algorithms describesps, where a
larger loop radius is initially required to fordeetload to adopt
the reference trajectory. Subsequent motion is latively
constant radius circular trajectory to maintain tlad’s
reference circular path. The NMPC'’s performs withoxerall
RMSD of quad and load position of 0:779m and 0:915m
respectively. The LQR comes to 0:781m and 0:924 m.

The load trajectory generated by the LQR touchesgtiound
at 0:8 s simulation time, shown by the dashed [iriee actual
ground contact is not part of the simulation anel depicted
flight neglects the impact to continue the flightdarecover
from the altitude drop at 2:2 s simulation time eTieason for
this impact is again the disregarding of controlpun
constraints, putting the vehicle to an attitude rghtetal thrust
becomes insufficient for maintaining a level fligliRemark
The average computational cost of the NMPC is 590 pmr
real time iteration which corresponds to 200 Hz tomn
sample time. This was verified using 1000+ itersi@n the
first stabilisation scenario run on a 1.7 GHz InBdre i7-
4650U dual-core processor on an Apple OS X 10.9.5
operating system and a test-simulation in C++ coblee
SIMULINK environment was removed to ensure efficigmnof
the control algorithm. Similar computation times reve
observed for other scenarios which suggest theraitet is
suitable for real applications, and could be immeated
onboard real hardware configurations.

6. DISCUSSION
The LQR generally shows immediate control respavizsen
deflected from the reference state. This can be sethe first
scenario, where the load is initially deflected eastthll be
damped by the control. The LQR instantly respond &
high pitch-rate command to counter the swingingdoa
without consideration of any constraints. Not ottg pitch-
rate itself, but also the tilted thrust vector baiemand
additional thrust, i.e. motor-speed of the rotdnise system is
not capable of providing the required thrust, legdio a loss
in altitude and yaw control failure. The NMPC shdvedter
accuracy in z-direction generally, although the sg@nalty
value is set on the state error of z. It is assuthatithe linear
dynamics of the LQR cannot adequately approximae t
system dynamics at high attitude angles (pitchraily] and in
particular, the required increase in thrust. The BOM

significantly reduces control effort by accountirfgture
control commands and considering constraints unlike
LQR.

NMPC
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Figure 10. Tracking a circular load reference of radius 1m to
the quad and period 3 s while quad referenceasigin.

Based on the design, both control algorithms arablento
maintain the reference position under a persisiesttirbance
such as wind and model mismatch. The NMPC givesemor
consideration to the slung load position, althoagbonstant
load deflection cannot be avoided, due to the fidetinition

of the disturbance. Load deflection and controbefbf the
NMPC is slightly smaller than the LQR, yet both @ithms
show poor and similar performance.

Capability of considering the future impact of eacmtrol



action also facilitates precise and efficient tiagk of a
reference trajectory. The LQR however shows sigaift
deviation from the reference trajectory of the quduk to the
lack of accounting conditions for a turn before theypoint is
actually reached. The predictive nature of the NMf@€omes
apparent when comparing the third and the last wiayp
corner of the square in the first trajectory trackiscenario.
The NMPC takes a shortcut on the third corner tocthly
continue the flight to the last waypoint, wherelas fast point
is reached precisely with a full stop. The initédcitation of
the load to reach the circular path occurs smoaidh \&ith
consideration of the control effort and constraifiise LQR'’s
initial control command results in a ground contafcthe load.

Nevertheless, the LQR is basically able to manoethe quad
onto the stable circular trajectory, just as the RBJ even
though requiring more deviation to the quad positio
reference.

Computational expense of the NMPC is significahityher
than the LQR or other conventional control algorigh
However, it is shown that the derived code is cépab
perform control steps at a sample rate close tor2&ligible
for low-level control of a multi-rotor system.

7. CONCLUSION

A NMPC algorithm for slung load quadrotor contnatluding
comparative performance assessment under a range of
operating conditions was presented. The resultsvstie
importance of explicit consideration of the platfor
constraints and nonlinear dynamics of slung loastesys in
control design. Especially when heavy slung loadeegate
significant cable forces, wise trajectory plannisgrequired.
This work shows that the LQR may violate these trags,
.g. leading to ground contact. The NMPC strictlpidg such
events and significantly decreases the overall robrffort
through predictive management of the actuating robnt
elements. This is a great advantage when powanited, e.g.
carrying loads close to the specification limitsuling in
short control margins. Both optimal control algonits show
poor performance, when non-predictable disturbamaaodel
uncertainties occur.

Possible methods for counterfeiting these issuakidue
the addition of an integral action or a learningdzhmodel
predictive control, as investigated in [13].

Further research on the presented application oPSMhould
include implementation to real flight. A state olves for the
slung load must be derived, which could be accahpli
using visual sensor to then realise an integrateshaV
predictive control solution [20]. Investigation dne NMPC
robustness, e.g. Lyapunov stability using the enchtpenalty,
is advisable to assure robustness for all operatorglitions
before preparing a field deployable solution. Tke af FPGA
for autonomous unmanned aerial vehicle [21] on-thddPC
is also under investigation
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Figure 9. Reference trajectory tracking of LQR &dPC in comparison the load’s reference circulahpdhe NMPC'’s performs
with an overall RMSD of quad and load position of®m and 0:915m respectively. The LQR comes t8Ihvand 0:924 m.



