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Abstract— This paper presents a practical swing-angle es-
timation method for slung load operations of the multi-rotor
unmanned aerial vehicle (UAV), which is essential to maintain
the safety during the operation. In order not to rely on extra
sensors for monitoring the swing angle, the proposed method in
this paper offers an autonomous swing-angle estimation using
only an inertial measurement unit (IMU) and a single load cell
attached to the slung load. The disturbance observer (DOB)
derived external force estimation is performed to estimate the
swing angle. The unique structure of the proposed DOB-based
disturbance force estimation technique utilizes the IMU data
only. Both simulation and actual experiment are performed to
validate the feasibility of the proposed algorithm.

I. INTRODUCTION

Slung-load transportation is a valuable application of ver-

tical take-off and landing platforms, such as a helicopter that

needs to carry oversized freight[1]. It is also applicable to

delivery using multi-rotor unmanned aerial vehicles (UAVs)

since their fuselage is mostly too small to carry a bulky

package.

When the UAV is hanging a freight as a slung load, the

oscillation is inevitable where the freight pulls the UAV

towards the direction of the tether, causing undesirable

motion. This undesirable motion is a more critical issue to the

autonomous UAV flight compared to the manual flight. When

the operator controls the attitude and thrust of the UAV (e.g.

a piloted helicopter or manual control) during the oscillation

of the slung load, the stability augmentation system (SAS)

is applied only to the attitude control. Therefore, there is

no force generation for UAV to recover its desired position.

However, the autonomous position controlled UAV tries to

move towards the opposite direction of the pulling force

generated by the slung load for position recovery, taking a

chance to increase the oscillation of the slung load. It is a

very dangerous situation for the UAV since the increasing

oscillation causes a larger horizontal disturbance force and

makes the UAV generate a larger force to recover the desired

position, which may lead to instability of the overall system.

The stability issue of the autonomous slung-loaded UAV

has been addressed by many researchers[2][3][4]. The main-

stream of the research is to move the UAV’s position properly

to damp the swing angle of the oscillation. These in common

require the measurement of the swing angle and rely on the

motion capture system dedicated for indoor condition[5][6].
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Fig. 1. Helicopter carrying bulky freight (left). The slung load concept
also could be applied to multi-rotor UAVs (right) for various applications,
but effects of the slung load should be carefully monitored in both cases.

Thus, when the motion capture system is not available (e.g.

outdoor flight condition), it is impossible to stabilize the

slung load based on its current swing angle state. Although

alternatives without using the motion capture system can

be conceived such as visual detection[9], they require extra

sensor devices that cause a growth of the dry weight and

the power consumption, or vulnerability to the environmental

condition.

In this paper, we aim to develop a swing angle estimation

method of the slung load without any external sensors except

an attached IMU module and a single load cell. First, we

construct an estimation algorithm of the disturbance force

caused by the slung load in each axis using a unique

application of the disturbance observer (DOB). Since the

direction of the tension force is always same as the direction

of the tether when it is taut, we can estimate the swing angle

of the slung load from the estimated force components. In

the end, we discuss the limitation of the method due to the

uncertainty of the thrust mechanism and suggest a practical

alternative using a single load cell. During the development

of the algorithm, we will presume that the tether of the slung

load is always taut.

This paper is organized as follows. In Section II, the

system dynamics of UAV with slung-load attachment will be

covered. In Section III, the computation of the swing angle

will be described with the DOB-derived axial disturbance

force estimation. In Section IV, both simulation and experi-

mental results will be shown for validation of the suggested

algorithm.

II. SYSTEM DYNAMICS

In this section, we will brief about the dynamics of UAV.

The first subsection presents the simplified UAV dynamics

with several modifications in equation form, which will

become the basis of our swing angle estimation algorithm in
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section III. The second subsection describes the method to

calculate the tension of the cable. Since it affects the dynamic

behavior of two objects the UAV and the slung load, we

should calculate the tension for simulation based on current

states of two objects. The simulation was carried out based

on true model with full dynamics of the UAV and slung load.

A. Dynamics of the UAV with and without Slung Load

Multi-rotor UAV dynamics is given by{
mẍ = R(q)Tf +mgze
JΩ̇ = Tm −Ω× JΩ (1)

where m is mass of the UAV, x = [x y z]T is position in

the earth fixed frame, R(q) is the rotation matrix from the

body frame to the earth fixed frame with q = [φ θ ψ]T ,

the roll, pitch, yaw attitude angles in the earth-fixed frame.

Tf is the thrust torque vector in the body frame with Tf =
[0 0 − ΣFi]

T , and g is gravitational acceleration. J is the

moment of inertia, Ω = [p q r]T is angular velocity in a

body frame and Tm = [τr τp τy]
T is the thrust torque vector

in a body frame[8].

For stability, UAV’s attitudinal motion is limited to ±0.3

radian in both roll and pitch angle. This makes the gyroscopic

effect of the airframe very small that it is permissible to

neglect the term Ω× JΩ in equation (1). It also makes the

transform matrix W (q) ≈ I3×3 in the following angular

velocity coordinate transformation equation

q̇ =W (q)Ω ≈ Ω (2)

[10]. Last, the ±0.3 radian constraint makes the small angle

assumption valid thus treatment of sin(∗) ≈ ∗ and cos(∗) ≈
1 is permissible. In conclusion, equation (1) can be rewritten

as⎡
⎣ẍÿ
z̈
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⎣φ̈θ̈
ψ̈

⎤
⎦ =

⎡
⎣

1
Jxx

0 0

0 1
Jyy

0

0 0 1
Jzz

⎤
⎦
⎡
⎣τrτp
τr

⎤
⎦ (4)

for the rotational dynamics. For conciseness, equations (3)

and (4) are symbolized as{
ẍ = G(q,ΣFi)Γ+ gze
q̈ = J−1Tm

(5)

in further descriptions, where Γ = [φ θ ΣFi]
T is a state set

for the UAV’s control and G(q,ΣFi) is a relationship matrix

between ẍ and Γ.

Meanwhile, when the slung load is attached, tension of the

tether acts as a disturbance force. With this aspect, adding

an extra force and a torque term in equation (5) completes

the equation. Rewriting equation (5), the dynamics of UAV

could be written as{
ẍ = G(q,ΣFi)Γ+ gze +

1
mFs

q̈ = J−1(Tm + Ts)
(6)

where Fs = [Fs,x Fs,y Fs,z]
T and Ts = [Ts,x Ts,y Ts,z]

T

are the disturbance force and torque, respectively, generated

by the slung load. The concept of equation (6) gives a key

idea of swing-angle estimation by deriving the relationship

between Fs and the swing angle.

Meanwhile, the UAV dynamics for simulation should

consider the full dynamics but also consider the slung load

dynamics. Therefore, we should write the dynamics of the

simulation as{
mẍ = R(q)Tf + Fs +mgze
JΩ̇ = Tm + Ts − Ω× JΩ. (7)

However, equation (7) cannot be used to the simulation

directly since the solution to calculate Fs and Ts over time is

yet unknown. Fs and Ts are the force and torque generated

by the mechanical constraint of the system. The mechanical

constraint in our case is a constant length between UAV and

a slung load. Therefore, we need to find out how to calculate

Fs in each timestep, based on the length constraint for the

simulation of both UAV and slung load.

B. Dynamics of the Slung-Load UAV for Simulation

The modelling of constraint dynamic system of the slung-

load helicraft was studied for many years[11][12][13]. One

of the most promising approaches is the Udwadia-Kalaba (U-

K) equation[14]. The U-K equation is a dynamic equation

based on the Gauss’ principle of least constraint, where the

system motion is governed by the acceleration vector of the

system that is closest to the unconstrained acceleration while

satisfying the constraint. In equation, it can be written as

ζ̈ = arg min Δ(ζ̈δ) (8)

where Δ(ζ̈δ) = (ζ̈δ − ζ̈u)
TM(ζ̈δ − ζ̈u) = ΥTΥ is the

cost function to be minimized, ζ̈δ represents all possible

acceleration vectors, ζ̈u is the acceleration in free state

without any physical constraints and M is the mass matrix. Υ
satisfying equation (8) and the constraint equation Aζ̈δ = b
is then

Υ = (AM− 1
2 )+(b−Aζ̈u) =M

1
2 (ζ̈δ − ζ̈u). (9)

Therefore, the total force applied to the object is

Ftotal =Mζ̈ = Fu+Fc =M(ζ̈u+M
− 1

2 (AM
−1
2 )+(b−Aζ̈u))

(10)

where Fu = Mζ̈u is the unconstrained force and Fc =
M

1
2 (AM

−1
2 )+(b−Aζ̈u) is the constraint force.

For the simulation of the slung-load UAV, the position

vector is set to ζ = [xh qh xl ql]
T where xh and

qh, xl and ql are the position and attitude of the UAV

and the slung load respectively. The mass matrix M =
diag(muI3×3, Ju,mlI3×3, Jl) consists of mu and Ju, ml

and Jl, i.e. the mass and moment of the UAV and the

slung load respectively. The unconstrained force is set to

Fu = [[Tf +mugze]
T Tm

T mlgze
T 01×3]

T .
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Fig. 2. Overall control scheme of UAV including position and attitude
controller with acceleration-DOB algorithm.

III. SWING-ANGLE ESTIMATION WITH AXIAL

FORCE ESTIMATION

In this section, we will develop the swing angle estimation

technique with slung load generated axial disturbance forces.

Therefore, we need to estimate the disturbance force in each

xe, ye and ze axis independently. In the first subsection, we

will define the swing angle of the slung load. After then,

we will develop a disturbance force estimation method by

using the acceleration-DOB[10] in the second subsection. In

the last subsection, we will cover the swing angle estimation

utilizing the estimated disturbance force.

A. Definition of the Swing Angle

The swing angle is defined as follows. Two angles α
and β are defined as Fig. 3 shows. α is the angle between

ze axis and the tether in (ye − ze) plane. β is the angle

between z′e axis and the tether in (x′e−z′e) plane, where the

x′ey
′
ez
′
e frame is the rotation of xeyeze in xe axis so that

the direction of z′e is same as the slung load in (ye − ze)
plane.

B. DOB-derived Disturbance Force Estimation

The DOB algorithm is originally developed for robust

control of a system that is exposed to disturbance. The main

idea of the DOB is to estimate the amount of disturbance

and compensate it in the next step of control[7]. But instead

of using the estimated disturbance for compensation, we are

going to use it for monitoring how much disturbance force

is generated by the slung load.

In [10], a DOB algorithm that aims to compensate lateral

force disturbance has been introduced, which is a distinctive

approach compared to the conventional application of DOB

to UAVs that is targeted toward robustness of the attitude

control. Therein, a lateral force control method was proposed

by developing the lateral acceleration control of UAV in

each axis. Acquiring the acceleration control of the UAV

is essential for the implementation of DOB since the DOB

algorithm requires an input command with same physical

meaning to the disturbances that need to be compensated.

Fig. 2 shows the structure of the DOB-applied force con-

trol algorithm introduced in [10]. ˜̈xd in Fig. 2 is an overall

acceleration command in each axis generated by adding

disturbance compensation signal to the original acceleration

command. This signal ˜̈xd is then converted to Γd using

Fig. 3. Definition of the swing angle α and β. α is the angle between ze
and taut tether in (ye − ze) plane, β is the angle between the z′e and taut
tether in (ye − ze) plane.

equation (5) as

Γd = G−1(q,ΣFi)(ẍd − gze). (11)

For the calculation of Γd with equation (11), the current total

thrust ΣFi is needed to figure out G−1. But the acquisition

of the precise thrust value is very difficult although many

researches treated this value as a measurable output state.

The uncertainty in ΣFi is because of the imperfectness

of the rotor dynamics and continuous battery voltage drop

which makes electronic speed controller (ESC) difficult to

maintain constant relationship between input command and

output voltage/current. So, instead of mathematical model of

the input-output thrust command relationship, an alternative

method to estimate ΣFi using equation (1) was introduced

in [10]. The resultant Tf estimation is

Tf = mR−1(q)(ẍ− gze). (12)

With this equation, the total thrust can be estimated since

quantities needed for calculation are m,q, ẍ and g, which

are already known or measurable by an inertial measurement

unit (IMU). By estimating total thrust, we can now calculate

Γd in equation (11) which is an input command of Λp the

gray box in Fig. 2 that consists of the hexarotor plant with

attitude and thrust controllers (y = ΛpΓd).

In order to estimate the disturbance force,
ˆ̈̃xd the estima-

tion of ˜̈xd+d should be calculated. The symbol ∗̂ represents

the estimated quantity throughout this paper. First, Γ̂ the

estimation of Γ that causes current acceleration is calculated

based on ẍ. At this time, Γ̂ could be significantly different

from Γ since axial force disturbance hinders the nominal

behavior of UAV. Then, the desired attitude command Γ̂d

is calculated using Λ−1
n the inverse of the nominal trans-

fer function. Λn stands for the Λp in nominal situation.

After that, the signal passes through G block in order to

change Γ̂d to
ˆ̈̃xd the estimated desired axial acceleration

command, which also could be significantly different from
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the real desired axial acceleration command because it is

calculated based on Γ̂d. Finally, d̂ the estimated disturbance

acceleration is calculated by

d̂ = ˆ̈̃xd − ˜̈xd = G(q,ΣFi)Λn
−1G−1(q,ΣFi)ẍ− ˜̈xd. (13)

Since d̂ is the estimated amount of disturbed acceleration

command that is compromised by the external influence,

the disturbance force in each axis can be estimated by the

multiplication of the mass to the estimated disturbance in

each axis, which is

F̂s = md̂. (14)

The force estimation is a key concept for development of

the swing angle estimation in this paper. This method has a

special meaning of treating d̂ not only as a lumped value

used for enhancing the stability of the system, but as a

value with physical meaning especially as an external force

applied to the system by simple modification. Also, it is very

practical since no other sensor but only IMU is needed for

implementation.

We believe that this approach is a unique concept intro-

duced in this paper to our best knowledge. But this method

has a limitation in realization because of the imperfectness of

the modern UAV hardware. In next subsection, we will dis-

cuss about the limitation and find out a remedy to overcome

the problem.

C. Overcoming the Physical Limit

One problem of the proposed disturbance force estimation

is that accurate ze directional disturbance estimation is

almost impossible. It is because the transfer function of the

thrusters continuously changes compared to the xe and ye
directional model, which is the same reason as the inaccuracy

in estimating Tf introduced in the previous subsection.

Thus, an alternative method to supplement this inaccuracy

is needed.

The practical solution proposed in this paper is using a

single load cell that measures tension force of the tether,

which gives ||Fs|| the norm of the overall disturbance force

generated by the slung load. Based on the swing-angle

definition, the axial disturbance force in earth-fixed frame

can be written as⎧⎨
⎩

Fs,x = ||Fs|| sinβ
Fs,y = ||Fs|| cosβ sinα
Fs,z = ||Fs|| cosβ cosα

(15)

where Fs,x, Fs,y and ||Fs|| are known values while Fs,z is

not. However, despite the uncertainty of Fs,z , we are now

able to calculate the swing angle because we can change the

first two equations in equation (15) to{
Fs,x

||Fs|| = sinβ
Fs,y

||Fs|| = cosβ sinα
(16)

where all the variables in the left side of equations are known

and two variables (α and β) can be obtained.

Fig. 4. Diagram of relationships among estimators. Each estimator needs
estimation result of another estimator for calculation.

D. Swing-Angle Estimation

Before we move to the swing-angle estimation, the DOB

based Fs,x, Fs,y estimation method introduced in section III-

B should be modified to consider the slung load, because the

dynamics has been changed from equation (5) to equation

(6), thus the overall thrust estimation method introduced

in equation (12) should be changed. The modified thrust

estimation equation based on equation (7) is then

Tf = mR−1(q)(ẍ− gze − 1

m
Fs) (17)

where Fs is added to the original equation. Therefore, we

need a precise Fs estimation for good Tf estimation.

However, estimation of Fs,x and Fs,y in Fs needs precise

estimation of Tf the total thrust since G(q,ΣFi) in equation

(13) is using ΣFi for the calculation. Meanwhile, the total

thrust estimation also needs F̂s,z which is calculated with

α̂ and β̂. Fig. 4 is a diagram showing the relationship

among estimated values. Each of the four estimators has

a dependency to another. However, the error of the thrust

estimation in equation (17) is bounded since Fs does not

exceed certain level during the flight. Therefore, the rest of

estimators also have a limited output error. In later section,

we can find out the performance of swing-angle estimation

during the actual flight (Fig. 8).

Equation (16) can now be computed since we achieve good

Fs,x and Fs,y estimation. And ||Fs|| is already known thanks

to the load cell. Based on these, the swing-angle estimation

is made as the following equation.⎧⎨
⎩ β̂ = arcsin(

F̂s,x

||Fs|| )

α̂ = arcsin(
F̂s,y

||Fs|| cos β̂ )
(18)

It first estimates β because it is the only variable that can

estimate with already known F̂s,x,F̂s,y and ||Fs||. Then, α̂ is

calculated with β̂. The updated estimated swing angle is then

used to calculate better F̂s,z with F̂s,z = ||Fs|| cos β̂ cos α̂ in

equation (15). It allows us to fill all the components in F̂s

for more accurate Tf estimation.

IV. SIMULATION AND EXPERIMENT

In this section, the simulation and experimental result of

swing-angle estimation, which justifies the effectiveness and

preciseness of the suggested algorithm, will be shown. In the

first subsection, the simulation with consideration of the full
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Fig. 5. Comparison between the estimated (red line) and true (blue line)
disturbance force (left), swing angle (right) in the simulation environment

dynamics of the UAV and slung load using U-K equation for

verification of the swing-angle estimation will be shown[9].

In the second subsection, experimental results of the swing-

angle estimation will be presented with detailed experimental

settings.

A. Simulation Result

The maneuver of the UAV during the simulation is set to

follow the 2 m radius circular path, which slung load could

constantly be exposed to the centripetal forces. Length of the

tether is decided to be a 2 m with author’s arbitrariness. U-

K equation was adapted to figure out an interactive force

and torque between the UAV and a slung load. Tension

force (||Fs||) based swing-angle estimation is performed for

verification of the algorithm, even though the relationship

between thrust command and actual thrust force is invariant

of the time during the simulation. True swing-angle state for

validation is calculated with{
α = arctan( x̄z̄ )
β = arctan( ȳ√

x̄2+ȳ2
) (19)

where

x̄ = x− xslungload (20)

that x̄ = [x̄ ȳ z̄]T is the position error between UAV and

a slung load. Fig. 5 shows a comparison between real and

estimated disturbance forces and swing angles. As we can

see, the proposed method shows the excellent performance of

estimating the disturbance force during the flight. Therefore,

the quality of the estimation of swing angle is acceptable

compared to the real swing angle values. With the result, we

could obtain the feasibility of the algorithm.

B. Experimental Result

The hexarotor UAV with 55 cm diameter fuselage and six

12 inch propellers is used for experiments. All the system

codes are implemented in an on-board computer for fast

response. The position and velocity data are obtained from

the VICON motion capture system, and sent to the on-board

computer at 100Hz. The attitude data are retrieved from the

built-in IMU at 500Hz. The flight control computer calculates

the desired rotation speed for each motor. The current states

are then sent to the ground controller for monitoring. The

operator can set the desired position or gains of the controller

using the uplink of the ground control system.

Our goal during the experiment is to monitor the swing

angle over than 5 degrees. It is because the swing angle

under 5 degrees is small enough not to cause concern over

stability. For condition satisfactory, first we need to deal

with disturbance force estimation noise because it is crucial

for minimum resolution of the estimation angle. Fig. 6 is

an experimental result of the disturbance force estimation

without slung-load attachment, but pulled manually by hu-

man hand. The blue line represents the estimated force and

the red line is for the sensor-measured force. When we

magnify the time period from 75 to 79 seconds that is no-

disturbance situation, the measurement has an error about

±1 N regardless of any external disturbance force. This is

because of the imperfectness of the estimation process in

physical world in which the estimation algorithm cannot

distinguish the actual force and noise within amount of ±1N

in our case. The goal set for an experiment was to distinguish

each swing angle with minimum 5 degrees as mentioned

before. Therefore, Fs,x and Fs,y in equation (16) should

be larger than 1N when each swing angle is 5 degrees. In

equation, the relationship between ||Fs|| and αmin, βmin, the

minimum swing-angle resolution angle, could be written as{
||Fs|| ≥ ||Fx,noise||

sin(βmin)

||Fs|| ≥ ||Fy,noise||
sin(αmin) cos(βmin)

(21)

where ||Fnoise|| is the standard level of noise of the estimated

axial force generated regardless of the disturbance force in

each axis, which is minimum 1 N in our case. Therefore,

||Fs|| the norm of the tension of the slung load should be

larger than 11.5175 N and thus we need a slung load heavier

Fig. 6. Comparison between the estimated and true disturbance force in
the experiment
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than 1.1745 Kg of its own weight.

With consideration above, the slung load of 1.2 Kg is

attached to the 1 m length tether. As we can see in Fig. 7,

a load cell is installed in the middle of the tether for tensile

force measurement. The marker for position information

acquisition is attached to the slung load for true angle

measurement. Fig. 8 shows a swing-angle estimation result

with the altitude data during the flight. The UAV lifted off

at 41 sec and reached the desired height 1.6 m at around 53

sec. The concave region around 43 sec in the Z position plot

is due to the tether that just started to pull the fuselage right

after the slung load is off the ground. Until around 55 sec,

the swing-angle estimation was not so accurate because the

stabilization of the internal estimation values denoted in Fig.

4 was not done yet. The system is set to have a 30 degree

estimation angle limit in both α̂ and β̂ angle estimators.

The estimation performance is poor right after take off. But

after 55 second when the height of UAV is regulated, the

estimation becomes very accurate compared to the true α
and β values (blue lines). Thus, based on the result, we

confirmed that the suggested algorithm is valid also in an

experimental situation.

V. CONCLUSIONS

In this paper, the swing-angle estimation method that does

not need any external devices is introduced. For swing-

angle calculation, a new external disturbance force estimation

technique using only IMU sensor is developed. Also a

practical solution, for implementation in real world involving

uncertain elements such as thrust mechanism, is suggested by

using the load cell attached in the middle of the tether. Both

simulation and experiment are performed for validation, from

which we are able to find out the validity and performance

of the algorithm.

With the newly developed algorithm, the safety of UAVs

flying with a slung load could become improved with effi-

ciency using minimum additional sensor attachment. Further-

more, a similar approach can be useful for versatile applica-

tions by applying a disturbance force estimation technique

to various UAV flights where interaction with environments

is needed.

Fig. 7. Experimental setup of a UAV carrying a slung load. The inset shows
that a load cell is attached in the middle of the tether for measurement of
the overall disturbance force due to the slung load.

Fig. 8. Comparison between estimated (blue line) and real (red line) swing
angle in the experimental environment.

REFERENCES

[1] Asseo, Sabi J., and Richard F. Whitbeck. ”Control Requirements for
Slung-Load Stabilization in Heavy Lift Helicopters.” Journal of the
american helicopter society 18.3 (1973): 23-31.

[2] Pounds, Paul EI, Daniel R. Bersak, and Aaron M. Dollar. ”Stability of
small-scale UAV helicopters and quadrotors with added payload mass
under PID control.” Autonomous Robots 33.1-2 (2012): 129-142.

[3] Palunko, Ivana, Patricio Cruz, and Rafael Fierro. ”Agile load trans-
portation: Safe and efficient load manipulation with aerial robots.”
IEEE robotics and automation magazine 19.3 (2012): 69-79.

[4] Lee, Byung-Yoon, et al. ”Study on payload stabilization method
with the slung-load transportation system using a quad-rotor.” Control
Conference (ECC), 2015 European. IEEE, 2015.

[5] Sreenath, Koushil, Nathan Michael, and Vijay Kumar. ”Trajectory
generation and control of a quadrotor with a cable-suspended load-A
differentially-flat hybrid system.” Robotics and Automation (ICRA),
2013 IEEE International Conference on. IEEE, 2013.

[6] Palunko, Ivana, et al. ”A reinforcement learning approach towards au-
tonomous suspended load manipulation using aerial robots.” Robotics
and Automation (ICRA), 2013 IEEE International Conference on.
IEEE, 2013.

[7] Lee, Kooksun, Juhoon Back, and Ick Choy. ”Nonlinear disturbance
observer based robust attitude tracking controller for quadrotor UAVs.”
International Journal of Control, Automation and Systems 12.6 (2014):
1266-1275.

[8] Hoffmann, Gabriel M., et al. ”Quadrotor helicopter flight dynamics
and control: Theory and experiment.” Proc. of the AIAA Guidance,
Navigation, and Control Conference. Vol. 2. 2007.

[9] Bisgaard, Morten. Modeling, estimation, and control of helicopter
slung load system. Department of Control Engineering, Aalborg
University, 2008.

[10] Lee, Seung Jae, et al. ”Robust acceleration control of a hexarotor UAV
with a disturbance observer.” Decision and Control (CDC), 2016 IEEE
55th Conference on. IEEE, 2016.

[11] Sampath, Prasad. Dynamics of a Helicopter-Slung Load System,
Maryland University, 1980. Diss. PhD Thesis.

[12] Ronen, Tuvya. ”Dynamics of a helicopter with a sling load.” Disser-
tation Abstracts International Part B: Science and Engineering, 47.5
(1986).

[13] Cicolani, Luigi S., and Gerd Kanning. ”Equations of motion of slung-
load systems, including multilift systems.” (1992).

[14] Udwadia, Firdaus E., and Robert E. Kalaba. ”A new perspective on
constrained motion.” Proceedings: Mathematical and Physical Sci-
ences (1992): 407-410.

4581



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


