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Autonomous Swing-Angle Estimation for Stable Slung-Load Flight of
Multi-Rotor UAVs*
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Abstract— This paper presents a practical swing-angle estimation 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 vertical 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 mainstream 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 experimental 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

4576

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
J Ω̇ = 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
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ẍ
1
⎣−ΣFi cψ ΣFi sψ
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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
(7)
J Ω̇ = Tm + Ts − Ω × JΩ.
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 slungload helicraft was studied for many years[11][12][13]. One
of the most promising approaches is the Udwadia-Kalaba (UK) 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 )

where Δ(ζ̈δ ) = (ζ̈δ − ζ̈u )T M (ζ̈δ − ζ̈u ) = ΥT Υ 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
1

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

1
ẍ = G(q, ΣFi )Γ + gze + m
Fs
(6)
q̈ = J −1 (Tm + Ts )

1

Υ = (AM − 2 )+ (b − Aζ̈u ) = M 2 (ζ̈δ − ζ̈u ).

zz

for the rotational dynamics. For conciseness, equations (3)
and (4) are symbolized as

ẍ = G(q, ΣFi )Γ + gze
(5)
q̈ = J −1 Tm

(8)

(9)

Therefore, the total force applied to the object is
1

Ftotal = M ζ̈ = Fu +Fc = M (ζ̈u +M − 2 (AM

−1
2

)+ (b−Aζ̈u ))
(10)
where Fu = M ζ̈u is the unconstrained force and Fc =
−1
1
M 2 (AM 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(mu I3×3 , Ju , ml I3×3 , 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 + mu gze ]T Tm T ml gze T 01×3 ]T .

4577

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 ze axis and the tether in (xe − ze ) plane, where the
xe ye ze frame is the rotation of xe ye ze in xe axis so that
the direction of ze 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˜ d in Fig. 2 is an overall
trol algorithm introduced in [10]. ẍ
acceleration command in each axis generated by adding
disturbance compensation signal to the original acceleration
˜ d is then converted to Γd using
command. This signal ẍ

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 ze 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 = Λp Γd ).
ˆ˜ the estimaIn order to estimate the disturbance force, ẍ
d
˜
∗ represents
tion of ẍd + d should be calculated. The symbol ˆ
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
the inverse of the nominal transn
fer function. Λn stands for the Λp in nominal situation.
After that, the signal passes through G block in order to
ˆ˜ the estimated desired axial acceleration
change Γ̂d to ẍ
d
command, which also could be signiﬁcantly different from

4578

the real desired axial acceleration command because it is
calculated based on Γ̂d . Finally, dˆ the estimated disturbance
acceleration is calculated by
ˆ
˜ d = G(q, ΣFi )Λn −1 G−1 (q, ΣFi )ẍ − ẍ
˜ d . (13)
˜ d − ẍ
dˆ = ẍ
Since dˆ 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
ˆ
(14)
F̂s = md.
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 dˆ 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 introduced 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 discuss 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 || sin β
Fs,y = ||Fs || cos β sin α
(15)
⎩
Fs,z = ||Fs || cos β cos α
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 ||
Fs,y
||Fs ||

= sin β
= cos β sin α

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 IIIB 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
1
Fs )
(17)
m
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 ||
(18)
⎩ α̂ = arcsin( F̂s,y )
Tf = mR−1 (q)(ẍ − gze −

||Fs || cos β̂

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

(16)

where all the variables in the left side of equations are known
and two variables (α and β) can be obtained.

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 swingangle 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. UK 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( √

(19)

x̄ = x − xslungload

(20)

ȳ
)
x̄2 +ȳ 2

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 human 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 nodisturbance 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 || ≥
||Fs || ≥

||Fx,noise ||
sin(βmin )
||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

where
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

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 swingangle 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 efﬁciency using minimum additional sensor attachment. Furthermore, a similar approach can be useful for versatile applications by applying a disturbance force estimation technique
to various UAV ﬂights where interaction with environments
is needed.

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