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Abstract:

This paper addresses the problem of a multirotor carrying an unknown suspended payload,
allowed to swing in one axis. The payload is unknown in the sense that its parameters, such as
the payload mass and cable length, are unknown and its state, the swing angles, are not available
for measurement. The suspended payload alters the flight dynamics of the vehicle considerably
and the flight controllers need to minimize this effect.

A robust model reference adaptive control technique is designed and implemented to minimize
the effect of the suspended payload on the vehicle while allowing the controller to adapt to
account for the unknown payload. The controller is modified to reject external disturbances and
to be robust in the presence of sensor noise and drift. In simulation, this technique proves to
dampen the oscillations caused by the payload.

A quadrotor was built to practically demonstrate the effectiveness of the controller. The PX4
flight control stack is considered for the firmware of the vehicle. The model reference adaptive
controller was implemented and succeeded to dampen the oscillations caused by the payload in

a practical flight.

Keywords: Learning and adaptation in autonomous vehicles, Multirotor, UAV, Suspended
payload, Model reference adaptive control, Robust.

1. INTRODUCTION

The use of multirotors, known as rotary-wing Unmanned
Aerial Vehicles (UAVs), for tasks that involve transport
offers several advantages over conventional ground trans-
port systems. These advantages include travel to hard-to-

problem. Researchers consider both known and unknown
suspended payloads, outlined in Fig. 1.

Multirotor
with Payload

reach locations, shorter travel distances and avoiding traf- ‘
fic. The applications include consumer deliveries, military Grasped
transport, medical and emergency needs, and search and Payload
rescue.
Consumer deliveries with UAVs are becoming quite attrac-
tive with companies such as Flirtey [Mack, 2017], Alpha- Known Unknown Suspended
bet [Hern, 2019] and Amazon [Hern, 2016] investigating Payload Payload Payload
the potential of the market. The use of multirotors for ﬁ
transportation regarding medical needs are also gaining
attraction [Zraick, 2019]. Known Unknown
. . . Payload Payload
These projects involve a grasped payload rigidly attached
to the body of the vehicle. This approach restricts the [ i e J-==-- \
shape and size of the payload. Suspended payloads can be ' [ Unknown | "
used to overcome this limitation. Unknown Unknown | ;| o 0 o dln
) Parameters States ! P : !
Suspended payloads are attached to the multirotor through , RS |
e 1

a rope, cable or rigid rod. These payloads are free to
swing underneath the multirotor and significantly alters
the flight characteristics of the vehicle. Suspended pay-
loads dominate the literature because of the advantages
they have over grasped payloads and the difficulty of the

Focus of paper

Fig. 1. Summary of literature study on multirotors with
payloads.
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There are mainly two types of approaches to minimize the
effect of the payload on the multirotor:

e Minimum swing trajectory generation
e Anti-swing controllers

Minimum swing trajectory generation uses a trajectory
that inherently does not cause large payload oscillations.
These methods usually make use of an open-loop design
using dynamic programming [Palunko et al., 2012b] or
input shaping [Sadr et al., 2014], but are not robust against
parameter uncertainties or external disturbances.

Anti-swing controllers are designed to actively damp the
oscillations caused by the payload. These methods are all
based on feedback control, using the payload angle as the
feedback term. Alothman et al. [2015] designed a Lin-
ear Quadratic Regulator (LQR) controller and Goodarzi
et al. [2015] proposes a geometric control technique. Other
research groups propose hybrid controllers consisting of
two parts, one part handling the multirotor position and
another handling the payload angles [Yang and Xian, 2018,
Raffo and De Almeida, 2016].

It is clear that various control techniques can be used
to stabilize the multirotor and payload system given the
payload’s parameters and/or state. When considering an
unknown payload, one needs to estimate the payload mass
and cable length to adapt the controller accordingly. Dai
et al. [2014] implemented an adaptive algorithm to com-
pensate for an unknown payload mass and Yang and Xian
[2019] implemented an adaptive controller to compensate
for an unknown cable length. These algorithms assume
that the payload’s state is known.

In reality, one also needs to measure or estimate the pay-
load’s state. Bisgaard et al. [2010] used a downward-facing
camera on a helicopter to estimate the cable length and
swing angles to control the vehicle and payload system
with minimum swing. De Angelis [2019] used the available
onboard sensors and knowledge of the payload’s param-
eters to estimate the state of the payload and control
the system accordingly. Palunko et al. [2012a] designed
an adaptive controller to estimate the center of mass
(CoM) of a multirotor with a known payload and adapt
the controller based on these estimates. Guerrero-Sanchez
et al. [2017] designed a controller that is independent of
the payload’s state using Interconnection and Damping
Assignment-Passivity Based Control, based on known pay-
load parameters.

This paper addresses the problem of stabilizing a multi-
rotor with an unknown suspended payload, of which its
state is not available for measurement. Fig. 1 summarizes
the different problems found in literature regarding this
topic and highlights the focus of this paper. A payload
with only 1 Degree of Freedom (DoF), meaning that it is
restricted to swing in one axis, is considered. By using the
principle of superposition, the proposed solution can be
duplicated in the other axis to allow control of a payload
capable of swinging in both axes.

A robust adaptive controller, based on the Model Refer-
ence Adaptive Control (MRAC) architecture, is designed
to minimize the effect of the payload on the vehicle and
ensure stable flight. The controller is independent of pre-

determined knowledge and real-time measurements of the
state of the suspended payload. A quadrotor vehicle is
used to demonstrate the effectiveness of the solution in
a practical experiment.

This paper is outlined as follows: Section 2 derives the
mathematical model of the quadrotor and suspended pay-
load system, Section 3 describes the design of the MRAC
scheme for the quadrotor, Section 4 introduces the hard-
ware used for the practical flight, Section 5 showcases and
discusses the practical flight results and Section 6 draws
some conclusions.

2. MODELLING

Consider the quadrotor and coordinate frames shown in
Fig. 2. The North East Down (NED) inertial frame is
indicated by Z = {&z, §z, 2z} and the body frame of the
quadrotor is indicated by B = {Zg, g, 25}

The quadrotor has six degrees of freedom which are
described by the kinetic equations (1) and (2).

i = mqVB + Qp X mqVB, (1)
My = I, + Qp x 1,05, (2)

where F and Mp are the body forces and moments acting
in on the vehicle. The parameters, m, and I, denote the
mass and mass moment of inertia, respectively, of the
quadrotor, and V3 and €25 denote the body linear velocity
and the body angular velocity. The quadrotor kinematic
equations are given by

do Qo —q1 —q2 —q3 0

G Llan g0 —a3 q2| |QBy d
== 3
G2 212 @ @ —a| |9 | ™ (3)
g3 43 =42 q1 9o Qp,

XI = R\_/lvBa (4)

where § = [qo,q1,q2,q3]" is a unit quaternion with go
being the magnitude, X7 = [Xz,,Xz,,X7,]7 is the
position of the quadrotor in the inertial frame and

@B+ +aG+a 2age+q0) 209163 — q42)
2(q192 — qoa3) 6 — @i + @ — @5 2(q293 + qoq1)
2(q193 + qog2)  2(q2a3 — @) @ — G — B+ &

(5)
is the rotation matrix from the inertial frame to the body
frame of the vehicle.

Ry =

Fig. 2. Quadrotor and coordinate frames illustration.
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The forces and moments acting in on the vehicle are

the actuators,

gravity,

aerodynamic drag, and
the suspended payload.

In this paper, only the forces and moments caused by
the suspended payload are discussed in further detail. The
dynamics of the suspended payload are derived using La-
grangian mechanics. Consider the quadrotor and payload
model shown in Fig. 3. The following assumptions are
made regarding the payload:

the payload link is rigid and weightless,

the payload is considered to be a point mass,
the payload is attached to the CoM of the vehicle,
and

the payload angle [ is restricted to —g <p<

°
NIE]

Fig. 3. Quadrotor with a suspended payload.
The Lagrangian is given by
1 ) ) 1 ) )

L= 2Ma (a:q + zq) + 5 (xp + zp) + Mpgzp, (6)
where z, and z; are the horizontal and vertical positions
of the quadrotor, respectively, x,, and z, are the horizontal
and vertical positions of the payload. The variables m, and
m,, are the mass of the quadrotor and payload, and g is the
gravitational acceleration constant. The Euler Lagrange
equation is given as

(20 0 &
dt \ Op op kB —cf ’

where p = [z, 24, 5] . Solving the Euler Lagrange equa-
tion yields the differential equations

_ (cB4EB) (mg+mp)cosB+imgm,sinB(152+gcosf)

]T

jq - Img(mg+myp)

, . (®)
s (cB+EB) (my+my)sinB—Ilmgmycosf (152 +geosp)
“q = Img(mg+myp)

9)
5 (eB4EB)(mg+mp)+glmgmpsing
5 - 12 (10)
MqMyp
where [ is the rod length, & and ¢ are the spring and
damper coeflicients, respectively, and £ is the swing angle.
The effect of aerodynamic drag on the payload is also
modeled.

The force that the payload exerts on the quadrotor in the
inertial frame can be calculated by

Ff = (m, +m,) W . (1)

Zq

Transforming this to the body frame, yields

Ff = Ry FY. (12)
The derived differential equations are implemented to
simulate the quadrotor and payload system. The simulated
quadrotor is based on the practical quadrotor described in
Section 4.

3. CONTROLLER DESIGN

The flight control system architecture is based on a cas-
caded control architecture consisting of linear Proportional
Integral Derivative (PID) controllers, as shown in Fig. 4.
The two outer loops control the quadrotor’s inertial po-
sition and inertial linear velocity, respectively. A desired
inertial force Fr is commanded by the inertial linear ve-
locity controller, which is converted to the desired attitude.
The inner control loops act in the body frame and actuate
the motors to achieve the desired attitude.

| |
| |
! e . ! Angular|
|, [Position Velocity Forf:e to| 1| Angle Rate Mixer —»
! P PID || |Attitude ! P I
| | | PID |
1 | ! 1
1 | ! 1
L e e e e e e - - - -~ L e e e e e e - - - -~
Inertial Frame Body Frame

Fig. 4. Control system architecture.

The suspended payload only affects the translational com-
ponent of the vehicle, because of the assumption that it is
attached to the CoM of the vehicle. The effect of a 2 kg
payload with a 1 m rod is seen in the inertial linear velocity,
shown in Fig. 5, when a position step input is commanded.
Therefore, the north linear velocity controller needs to be
altered to dampen the oscillations caused by the unknown
suspended payload.
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>
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>
<
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! | ! L
5 10 15 20 25
Time [s]

Fig. 5. The quadrotor’s north velocity after a position step
input.

An adaptive controller, based on the MRAC architecture
[Ioannou and Sun, 2012], is designed for the north velocity
controller as the controller needs to adapt to the specific
payload attached.

8.1 Overview of MRAC

MRAC is an adaptive control scheme that changes the
dynamics of the closed-loop system to that of a predeter-
mined reference model. The MRAC structure is shown in
Fig. 6.
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Fig. 6. Block diagram of the MRAC architecture.

The plant and reference model are described by

Gy(s) =k ]Z%Es)) and (13)
Wi (5) = ki }Z{:ES (14)

The MRAC scheme effectively performs pole-zero cancel-
lation to transform the closed-loop response of the system
to that of the reference model. It consists of a control law
and an adaptive law. Direct MRAC is considered in this
case, where the adaptive law produces estimates of the con-
trol parameters directly. This requires fewer computations
than the indirect approach.

The control law and adaptive law are designed separately.
The design processes of both laws are discussed next.

3.2 Control Law

The MRAC control law is given as

0T AE ; Up + 02 AE gyp + O3y, + cor, (15)
where
 Joapa(s) =[s""%,...,5,1)T, forn>2
a(s) = {O, form— 1 (16)
A(s) = Ao(s)Zm(s), and (17)

n is the order of the denominator of the plant Gp(s).
In the non-adaptive case, the controller parameter vector
0 = [0T, 67 05, o]’ is chosen so that the transfer
function from r to y, is W,,,(s). In the adaptive case, these

parameters are replaced with their estimates 0.

The linear plant of the north velocity of the quadrotor and
payload system is derived as

c k
Vie(s) 1 2+ o St Em +%

FIX(S) mq $3 C(quFmP) 52 (mq+mp) g mqt+mp
+ Zmgmy + Zmgmp l mgq

(18)
The goal is to dampen the oscillations caused by the
payload. Therefore, a first-order reference model is chosen
as it has no oscillations. The reference model is given as

1
Wn(s) = wm - == (19)

The term Agsg serves as a filter and is required for higher

order systems to effectively perform pole-zero cancellation
of the closed-loop system, in order to adapt it to the
reference model. To achieve this, A(s) is chosen as

A(s) = 82 + 20 was + w3, and
a(s)=[s, 1"

(20)
(21)

The design variables of the MRAC control law are w,,,
wy and (. The bandwidth of the reference model w,, is
chosen according to the bandwidth of the quadrotor and
its inner controllers. The filter parameters, wy and (, can
be chosen a bit more arbitrarily.

The ideal control parameters @, which results in a closed-
loop system exactly equal to that of the reference model
are derived as

o — 0] | 20w — s
1= 912_0.)?\—%— k )

?my
0 {921} [mqwi (4{/\ — 1)
) = =

(22)

022 2mawi(y — T (mq +myp)

23)

’+mp (glmp + k — 2c{rwx }
(
(24)

c(mq +my)
2m,

Co = MWy (25)
These equations give insight on how to choose the initial
values of the control parameters and the filter parameters
wy and (. Notice that if wy is chosen quite large, it will
dominate the control parameters. Therefore, the effect of
the payload becomes smaller and the control law becomes
more robust against parameter uncertainty.

This effect is illustrated in Fig. 7, where the MRAC control
law is applied to the linear plant for a 3 kg payload with
a 1.5 m rod. The parameter () is chosen as (, = 0.9.
The chosen values of the control parameters @ assume no
payload and are reduced to

05 = —my (20w + W) + , and

0, = [Q%ﬂ , (26)
_|mgwy (4¢5 —1

020 - |: q27>,\ngw:<)\ ):| ) (27)

O3, = —mg (2(wa + wm) , and 28)

(
(29)

€Oy = MW, -

=
[

<
o

[}
[}
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Fig. 7. The north velocity response of the linear plant with
the MRAC control law.

It is clear that in the case of wy = 50 the response follows
the reference model exactly, in contrast to the case of
wy = b where the oscillations caused by the payload are
still present. Practically, the parameter w) is considered
large if it falls outside of the bandwidth of the velocity
dynamics of the vehicle.

Applying the control law to the non-linear model yields
a response that does not sufficiently follow the reference
model. This can be seen in the first step response of Fig. 8.
Therefore an adaptive law is needed to account for the
non-linearities of the system.
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3.8 Adaptive Law

An adaptive law adapts the control parameters based on
the error between the plant output and reference model
output, given by e; = y, — ym. A normalized adaptive
law is used as it is independent of the magnitude of the
reference signal, r. The adaptive law is derived using the
Strictly Positive Real (SPR)-Lyapunov design approach
and is described by

6 k

i —Teppsgn <1€:L> ) (30)
where
€1 — él

= (31)
é1=pluy —0"9), (32)
p="eluy — 67 ), (33)
n = ¢'¢ +uj, (34)
uf = Wp(s)up, and (35)
¢ =Wy (s)w. (36)

The variable T' is a matrix with the respective adaptive
gains on the diagonal, 7 is the adaptive gain for the
parameter p, sgn(x) is the signum function, and
als)  ofs) ’ 37)
Up, ——Ypy Yp, T| -
AGs) ™ A(s) 7

Given that wy is large, it was decided to make the adaptive
gains for the control parameters, 81 and 65, zero, resulting
in no adaptation of those parameters. This decision is
based on the fact that the payload has a negligible effect on
those parameters given a large wy. The parameters 3 and
co are allowed to adapt and appropriate adaptive gains are
chosen. The MRAC response of a quadrotor with a 2 kg
payload and 1 m rod length is shown in Figures 8 and 9.

—

o
<)

[}

North Velocity [m/s]

=== Ym

Fig. 8. The MRAC north velocity response of the non-
linear quadrotor model.

Magnitude
o N
T
"~
My N e
-
=
|

Fig. 9. The change in the adaptive parameters from their
initial values.
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The adaptive parameters settle around new values result-
ing in an improvement in the response. The robustness of
the MRAC scheme is discussed next.

3.4 Robustness

Practical systems suffer from sensor noise, sensor drift,
and external disturbances. These phenomena have severe
effects on the MRAC scheme. This is illustrated in Fig. 10,
where the system is under the influence of sensor noise,
sensor drift, and a disturbance introduced at time t = 40 s.

The first problem to address is with regards to the adap-
tation. It is clear from Equation (30) that adaptation will
take place as long as there is an error between the output
and reference model signal. When the system is under the
influence of sensor noise and sensor drift, an error will
always exist. Therefore, MRAC runs the risk of always
adapting its parameters which can lead to them diverging.
This is prevented by the implementation of two techniques
known as leakage (Ioannou and Sun [2012]) and parameter
bounds. Leakage changes the adaptive law to

9 (1) oo u(6-m)]

where w is known as the leakage term. Leakage pushes the
adaptive parameters back to their initial values, keeping
them from diverging. Eventually, both the adaptive and
leakage terms reach an equilibrium, stabilizing the adap-
tive parameters. The switching-o technique is used as the
choice for w. It only activates the leakage term when the
adaptive parameters are outside some acceptable bounds.

—

North Velocity [m/s]
o
o

- Ym

Fig. 10. The MRAC north velocity response with sensor
noise and a disturbance at ¢t = 40 s.

Leakage is sometimes referred to as a “soft-bound” as
it does not put a limit on the parameters, but act in
such a way to try and keep the parameters within some
acceptable bounds. In this case, hard parameter bounds
are also implemented to ensure that the parameters never
exceed a certain upper and lower bound. This concludes
the improvements made to the adaptive law to keep the
adaptive parameters from diverging when dealing with
practical sensors.

Practical systems suffer from external disturbances, which
leads to non-zero steady-state tracking. The adaptive pa-
rameters will adapt, due to the existing error, but won’t
necessarily converge to a value capable of removing the
steady-state error. Sun et al. [1994] explored performance
improvements of MRAC which improves both the tran-
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sient and steady-state response. The modification adds a
term to the control law, resulting in

A o(8) A oe(S) 5 .
up = Gfmup—l—Bgmyp—i—Hgyp—i—cor—i—ua, where (39)

ug = —C(s)e1, and

O(s) = W)
(res+1)" =1
The time-constant 7. is a parameter to be designed and
n* is the difference in the orders of the denominator and
numerator of the plant G,(s). The term wu, is propor-
tional to the error between the plant and reference model,
which results in transient improvements when the error
is large and zero steady-state tracking performance when
the error is small. The design parameter 7. adjusts the
aggressiveness of the term u,. The parameter is chosen to
be at least twice as fast as the reference model, which is
deemed sufficiently fast to not affect the reference model.
The results of the simulation in Fig. 10 with the added
robustness improvements are shown in Fig. 11.

(40)
(41)

=

(=)

North Velocity [m/s]
o
o

o
=
o
[
(=)

30 40 50 60

Time [s]

—TTE

Fig. 11. The modified MRAC north velocity response with
sensor noise and a disturbance at t = 40 s.

It is clear that both the transient and steady-state response
have improved and the disturbance at time ¢ = 40 s
is sufficiently rejected. The error between the plant and
reference model has reduced, but leakage and parameter
bounds are implemented to prevent the adaptive param-
eters from diverging. This concludes the controller design
of the quadrotor and suspended payload system.

4. HARDWARE AND SYSTEM OVERVIEW

The quadrotor and payload system shown in Fig. 12 was
built to practically demonstrate the effectiveness of the
MRAC scheme. The quadrotor consists of a 960 mm
frame with a T-motor propulsion system and a total mass
of 4.5 kg. A rod, allowed to swing only in one axis, is
attached to the quadrotor with a potentiometer to measure
the swing angle. The measured angle is logged for offline
analysis purposes.

The onboard flight controller is a Pixhawk running the
open-source flight control stack PX4. The controller gains
were adjusted to the designed gains of the custom-built
quadrotor and the linear velocity controller was replaced
with the MRAC scheme. PX4 supports both Software-in-
the-Loop (SIL) and Hardware-in-the-Loop (HIL) simula-
tions using the Gazebo simulator. The simulation environ-
ment incorporates noise models of the sensors, simulating
effects such as high-frequency noise, low-frequency drift,
and sensor biases. Thus, this simulation environment is

Fig. 12. Custom-built quadrotor.

ideal to test the implemented algorithms under the influ-
ence of these effects.

A model of the custom-built quadrotor and a 2 kg payload
with a 1 m rod was implemented to test in the Gazebo
environment. The results of such a simulation, given po-
sition step inputs, are shown in Fig. 13 and the adaptive
parameters are shown in Fig. 14. In the simulation, MRAC
was activated at t = 45 s to compare the response of the
non-adaptive controller and the MRAC scheme.

=
o
ul

North Position [m]
ot

North Velocity [m/s]

Time [s]

— 0 - |

Fig. 13. Gazebo simulation results of north position steps.

The MRAC scheme sufficiently damps the oscillations
caused by the unknown payload. It is difficult to see the
adaptation in the response, given position step inputs, but
the adaptive parameters indicate that adaptation takes
place.

5. PRACTICAL RESULTS

A test flight is set up to demonstrate the effectiveness
of the proposed MRAC scheme in a practical flight. The
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Magnitude
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Fig. 14. The change in the adaptive parameters from their
initial values.

following flights, each with a different payload, are consid-
ered:

e no payload,
e 1 kg payload with a 1 m rod, and a
e 2 kg payload with a 1 m rod.

The practical flight consisted of performing multiple 10 m
position steps. Firstly, position step inputs were com-
manded with a standard PID controller activated. It is un-
desirable to induce large oscillations, such as those shown
in Fig. 13, into the practical system as it can yield an
unsafe flight. Therefore, the PID control gains are opti-
mized for the specific payload of each flight, yielding fewer
oscillations. Thereafter, the MRAC scheme is activated
and the position steps are repeated.

The response of the tuned PID controller, shown in Fig. 15,
is compared to the response of the MRAC scheme, shown
in Fig. 16, for the flight with the 1 kg payload. The mea-
sured payload swing angle of the flight, for the respective
cases, is shown in Fig. 17 and the adaptive parameters are
shown in Fig. 18.

North Velocity [m/s]

Time [s]

Fig. 15. The practical response of the tuned PID controller
with a 1 kg payload.

T T
z 2
)
Z
g o0
2
=
S 2
| | |
80 100 120 140 160
Time [s]
Fig. 16. The practical response of the MRAC scheme with

a 1 kg payload.
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Fig. 17. The measured payload angle of the practical flight
with the 1 kg payload.
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Fig. 18. The change in the adaptive parameters from their
initial values of the practical flight with the 1 kg
payload.

It is clear that both the tuned PID controller and the
MRAC scheme are able to damp the oscillations caused
by the payload, as the north velocity response contains
no oscillations and the swing angle remains small. The
adaptive parameters of the practical flight adapt more
than that of the simulation results. This is due to the
presence of larger sensor noise and drift, causing the
adaptive controller to react more aggressively to be able
to follow the reference model.

The MRAC scheme performs much better than the tuned
PID case in terms of following the reference signal. The
MRAC scheme provides consistent performance, regard-
less of the payload, as shown in Fig. 19, where the re-
sponses of all three flights are compared.

[ V)

North Velocity [m/s]
[,

(=)

Fig. 19. Comparison of the practical response for different

payloads.

It is concluded that the MRAC scheme for the unknown
payload case can damp the payload oscillations just as
well as the tuned PID case for a known payload, in a

9573



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

practical flight. The MRAC scheme outperforms the tuned
PID controller in terms of reference following, however,
an analysis revealed that the MRAC scheme commands a
more aggressive control signal which requires more control
energy. This is a trade-off that is made with the MRAC
scheme. However, the consistent performance that the
MRAC scheme provides for different payloads is more
desirable in this case.

6. CONCLUSION

In this paper, the problem of a quadrotor carrying an
unknown suspended payload is considered. The suspended
payload’s parameters are unknown and its state is not
available for measurement. The payload significantly af-
fects the flight dynamics of the vehicle by inducing oscilla-
tions into the system. In this paper, the suspended payload
is restricted to swing only in one axis. A MRAC scheme is
proposed to damp these oscillations and can adapt to the
specific payload attached.

The MRAC control law is made robust with the choice of
design parameters and with the addition of a term that is
proportional to the error of the output and the reference
model. The MRAC adaptive law is only allowed to change
the parameters of the control law that will result in a
significant difference as the other parameters are made
robust and will not change as much.

It was found in simulation that the MRAC scheme can
sufficiently damp the oscillations caused by the payload
while providing good tracking performance and distur-
bance rejection. The successful simulation results served
as a motivation for a practical flight test.

A practical flight test was conducted with different pay-
loads. The results illustrate that the MRAC scheme can
effectively minimize the effect of the suspended payload
on the quadrotor vehicle. The MRAC scheme produced
consistent results for three different payloads, proving that
it can adapt to the specific payload attached to the vehicle.
The practical flight proves that MRAC is a viable solution
for transporting different suspended payloads via an UAV.

Future work includes duplicating the proposed solution in
the other axis to allow the stabilization of a multirotor
with a suspended payload able to swing in both axes. In
this case, the principle of superposition is applied to extend
the problem to the case of a payload with 2 DoF.
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