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Fig. 1: Robot dual hybrid states (left). The robot on the right is in the taut state while the robot on the left is in the slack
state. Snapshots showing a human-interaction task where the quadrotor tracks the load as a user manipulates it via a gripper
(center). An experiment where we apply a vertical disturbance to a payload as the robot executes a trajectory (right).

Abstract—Quadrotors equipped with cable-suspended loads
represent a versatile, low-cost, and energy efficient solution
for aerial transportation, construction, and manipulation tasks.
However, their real-world deployment is hindered by several
challenges. The system is difficult to control because it is
nonlinear, underactuated, involves hybrid dynamics due to slack-
taut cable modes, and evolves on complex configuration spaces.
Additionally, it is crucial to estimate the full state and the cable’s
mode transitions in real-time using on-board sensors and com-
putation. To address these challenges, we present a novel Hybrid
Perception-Aware Nonlinear Model Predictive Control (HPA-
MPC) control approach for quadrotors with suspended loads.
Our method considers the complete hybrid system dynamics and
includes a perception-aware cost to ensure the payload remains
visible in the robot’s camera during navigation. Furthermore, the
full state and hybrid dynamics’ transitions are estimated using
onboard sensors. Experimental results demonstrate that our
approach enables stable load tracking control, even during slack-
taut transitions, and operates entirely onboard. The experiments
also show that the perception-aware term effectively keeps the
payload in the robot’s camera field of view when a human
operator interacts with the load.

Index Terms—Aerial Systems: Applications; Aerial Systems:
Perception and Autonomy
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I. INTRODUCTION

ICRO Aerial Vehicles (MAVs) play a pivotal role in

a wide range of applications such as surveillance and
inspection [1], search and rescue operations, and transporta-
tion [2], [3]. Additionally, they have recently become a popular
choice for efficient and rapid transportation of supplies or
materials compared to ground vehicles. For example, they are
used during natural disasters [4], post-disaster relief opera-
tions, and the equipment installation [5] in inaccessible areas.
They are also energy efficient compared to other ground-based
transportation solutions for last-mile delivery of small pack-
ages [6]. This makes them a valuable alternative transportation
solution to reduce the environmental impact caused by millions
of packages delivered every year.

Aerial robots can transport loads through active and passive
manipulation mechanisms [7], [8]. Active mechanisms, such as
grippers [9] and robot arms [10], enable precise manipulation
but add hardware complexity and inertia therefore reducing
agility, and increasing power consumption. In contrast, pas-
sive attachments, such as cables, magnets, and ball joints
offer simplicity and reduced power requirements at the cost
of increased control complexity. Cables are a particularly
lightweight passive mechanism that provide a safe distance
between the aerial robot and the payload, mitigating the
payload’s impact on the rotor’s airflow and increasing safety
when interacting with humans. We believe that the use of
cables represents a favorable trade-off, balancing load maneu-
verability, manipulability, and safety while offering flexibility
in executing multiple tasks [11].
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However, developing control and estimation algorithms for
a quadrotor with a cable-suspended payload is challenging
due to its non-linear hybrid dynamics. Specifically, this system
exhibits hybrid dynamical modes since the cable can be slack
or taut as depicted in Fig. 1. In the scenario shown in Fig. 1,
a human is interacting with the payload which can cause the
cable to abruptly switch between the slack and taut modes.
The state of the art model based control methods [3], [12] that
assume that the cable is always taut would fail in this scenario,
as the cable tautness assumption is invalid. Additionally, if
external disturbances such as wind or environment interactions
cause the payload to move out of the onboard camera’s Field
of View (FoV), the state of the art estimation methods would
also likely fail [12], [13]. To address these challenges, we pro-
pose Hybrid Perception-Aware MPC (HPA-MPC) that actively
promotes the visibility of the payload during navigation. We
address the corresponding onboard state estimation problem
to estimate the full hybrid dynamics therefore reducing the
reliance on an external localization system.

In this paper, we present the following contributions

o We propose a novel Nonlinear Model Predictive Control
(NMPC) method with dynamically updated cost functions
to address the hybrid dynamics of a quadrotor with a
cable-suspended payload. This solution is complemented
by a novel state estimation approach based on an Ex-
tended Kalman Filter (EKF) technique, which detects
the cable’s hybrid mode and accurately estimates the
payload’s states, while relying solely on onboard sensors.

o We tackle the problem of payload visibility by intro-
ducing a perception-awareness cost function within the
MPC framework. This promotes continuous tracking of
the payload to keep it within the quadrotor’s FoV, facili-
tating uninterrupted control once the cable becomes taut
following an unexpected hybrid mode transition.

« We implement these methods on a quadrotor plat-
form with Size, Weight, and Power (SWAP) limitations,
achieving a navigation loop performance of 150 Hz using
purely onboard sensors and computing resources. We
validate our proposed methods through extensive real-
world experiments, including payload transportation, and
human interactions tasks.

II. RELATED WORKS

Reliably controlling a slung payload system is challenging
due to the dual hybrid modes of the system. [3], [14] were
the first works to discuss the hybrid dynamics and derive
the system’s differential flatness property. Initial research
sidestepped the hybrid mode problem by tracking trajectories
that explicitly constrain the cable to be taut or minimize
payload swings [15]-[18]. Limiting the payload swing is not
only energy inefficient, requiring the quadrotor to counteract
the forces exerted by the payload, but also restricts the ability
to track aggressive and agile payload trajectories that undergo
cable slack-taut transitions.

[13] is one of the first papers to showcase aggressive flights
with slung payloads and relies on results presented in [3] and
derives a load attitude controller using the system’s differential

flatness property. The computation is partially onboard as
the approach utilizes an onboard vision payload detector but
uses an external motion tracking for the quadrotor’s state.
The control system employs a payload attitude controller that
unlike optimization-based controllers, does not account for
state/input constraints. Therefore, the controller could demand
infeasible outputs, such as a large change in angular velocities
or thrust between subsequent controller cycles, which might
be dynamically infeasible due to hardware constraints.

[12] employs Perception-Constrained MPC and similar
to the proposed solution, uses onboard state estimation and
control along with perception aware constraints. However, the
approach does not account for the hybrid dynamics of the
system. Moreover, introducing a perception constraint can lead
to infeasible solutions as trajectory tracking may conflict with
the perception objective. We circumvent this by formulating
perception awareness as a weighted cost term. Furthermore,
[19] uses a perception aware cost to keep a stationary object
in the robot’s field of view during flight. However, in our case
the object of interest is non-stationary and is a function of the
robot’s state.

The approach presented in [20] is the most closely related to
our Hybrid NMPC method. It accounts for the dual modes of
the system and tracks trajectories that involve both dynamical
modes. The trajectory generation algorithm produces trajec-
tories that intentionally switch modes whereas we focus on
random external disturbances that cause the cable to become
slack. Furthermore, the proposed controller is only tested
with an external motion capture system that provides near-
perfect state and hybrid mode estimation. We demonstrate that
our method can be reliably deployed on a system utilizing
onboard vision-based state estimators equipped with payload
perception awareness.

Most works that exploit the hybrid modes of this system
focus on generating and tracking trajectories [21]-[24]. None
of them validate their methods with onboard state estimators
or discuss the controller’s response if the system unexpectedly
switches modes. Our experiments show that if a payload
tracking controller does not account for hybrid modes, an
unexpected mode switch would likely lead to a crash. Our
HPA-MPC framework addresses this gap and increases the
reliability of deploying quadrotors with slung payloads in
environments prone to external disturbances.

III. SYSTEM DYNAMICS

In this section, we present the hybrid dynamics model for a
quadrotor with a suspended payload. A robot carrying a point
mass payload is shown Fig. 2 and the relevant variables are
shown in Table I.

We first define the states and inputs of the system as

X = [XLTvxLTvaTvaTvqTaﬂT]T7 (1)

1", ®)

u= [w13w27w37w4

where the states in x are the payload’s and quadrotor’s states
defined in Table I, and w; are the motor speeds. The thrust
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TABLE I: Notation table

I L,B,C inertial, payload, robot and camera frame
mr,m mass of payload and robot

XL, XQ position of payload and robot in Z

Xr,X[, linear velocity, acceleration of payload in Z
XQ,XQ linear velocity, acceleration of robot in Z
R e SO(3) robot orientation with respect to Z
QeR3 angular velocity of robot in B

fER, M cR3 collective thrust and moment on robot in B
J € R3%3 moment of inertia of robot

£es? unit vector from robot to payload in 7
l,geR cable length, gravity constant

q quaternion representation of R

generated by a single propeller ¢ is proportional to its squared
motor speed as

fi = kpw?, 3)

where k; is the motor constant. Therefore, the total thrust
generated by 4 propellers is defined as

4
f=2 ks, )
=1

The hybrid dynamics consists of two modes: i) taut mode, ii)
slack mode. In each mode, the system has different dynamics
and we summarize the corresponding equations of motion [25]
below.

1) Taut Mode: The system configuration space is SFE(3) x
S2. The cable imposes the constraint

xp = xq + 1€ 5)
where £ € S? is a unit vector from the robot’s center of mass
to the payload. By differentiating eq. (5) we obtain
X — %
& e - ©

By following the derlvatlon in [3] and applying Lagrange-
d’Alembert principle, we obtain

XL—XQ

XQ £

d . d .. 14
% =XL, % =X@, 4= iﬂqa (7)
(m+me) (ko +8) = (& FRes—mi (€-€)) & ®
mi (€ + (6-€)€) =€ x (6 x fRey), ©)
M=JQ+Q xJQ, (10)

where g = gey, g = 9.81 m/s% and e; = [0 0 1], and € is

the skew-symmetric matrix of the quadrotor angular velocity
2. We can write egs. (5)-(10) in the standard form as

(1)

X =gp(x,u),
where g, is the taut state dynamics function.
2) Slack Mode: When the cable is slack, the payload’s and
the robot’s motion are decoupled since the payload is in free
fall and the rotors only effect the quadrotor’s state. The system
configuration space is now SFE(3) x R? and the equations of
motion are

12)
13)

L (XL +g)=0, fRe; =m (¥q +g),
M=JQ+QxJQ.

Fig. 2: System frame convention.

We can now write eqgs. (12)-(13) in the standard form as

x=g.(x,u), (14)

where g, is the slack state dynamics function.

IV. HYBRID PERCEPTION AWARE MPC (HPA-MPC)

We now present HPA-MPC which enables a quadrotor with
a cable-suspended payload to track a desired payload trajec-
tory, accounting for the system’s complex hybrid dynamics.
Our method actively keeps the payload within the robot’s
camera’s FoV when external disturbances or interactions cause
the cable to go slack, preventing the payload from moving out
of the camera’s range. The system overview of our solution is
depicted in Fig. 3.

A. HPA-MPC Formulation

Our MPC solves the following control problem

xmmk;j u(k), m(k)) (152)
subject to  x(k + 1) = F(x(k),u(k),m(k)), (15b)
x(0) = xo, (15¢)

H,(x(k)) <0, Hy(u(k)) <0 (15d)

where IV is the number of horizon steps, k is the stage index
and H, and H, are the set of inequality constraints on the
states and inputs respectively. m(k) is the slack-taut state of
the system that is estimated via our onboard state estimation
method. Specifically, m(k) = 1 implies that the system is taut
and m(k) = 0 implies that the system is slack. The reader can
refer to Section V for details of our approach to estimate the
system state and detect hybrid mode transitions. L is the stage
cost and its implementation is discussed in Section IV-B. F'
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Fig. 3: The system architecture describing the flow of information through the various components of our pipeline.

is the discrete dynamics function that can be obtained using
egs. in Section III as

_ ) Gy (x(k),u(k)) if m(k) =1,
F(x(k),u(k),m(k)) = {Gz (x(k),u(k)) if m(k) = ?16)

where G, and G, are obtained by approximating eqs. (11),
(14) with an Implicit Runge—Kutta method.

When the cable unexpectedly slackens due to an external
force, the quadrotor loses control authority over the payload.
If we assume the nature of the force (e.g., impulsive force),
we can incorporate the force into the system dynamics and
expect to account for it when solving the OCP. Instead, we
make the alternate assumption that the system will maintain
its current hybrid mode throughout the MPC horizon. Since the
MPC optimization frequency is 5x the hybrid mode detector
update rate, the controller can react to a hybrid mode switch
with minimal delay.

B. Cost Functions

Our cost function is the sum of three terms

L=L;+ L+ L¢, (17)

where L, represents the payload tracking cost, Ly the quadro-
tor tracking cost, and L¢ the perception-aware cost. Ly, Lg
are defined in terms of the state error X = X,¢fx — X) and
input error U = Uy.f; — Uy, through the standard trajectory
tracking cost formulation. X,y y, Uresr denote the state
and input reference and xj, uy the current state and input.
As illustrated in Section VI-Cl1, utilizing a standard payload
tracking cost function when the cable is slack may cause the
controller to command actions that lead to a crash. To prevent
this, we configure the cost function to ignore the payload
tracking cost during a slack phase, enabling the quadrotor to
track the nominal quadrotor trajectory. We also demonstrate
the system’s capability to satisfy alternate objectives during
the slack phase by integrating a perception-aware cost that
considers the goal of keeping the load within the camera’s
FoV. We validate this approach by simulating a human-robot
interaction task, where the payload is slack and continuously
manipulated by an external agent.

1) Payload Tracking Cost: This cost is active when the cable
is taut = m(k) =1

Le(k) = m(k)(x(k) Qx(k) + a(k) Rya(k)), (18)

where Q) and R, are diagonal matrices. This term penalizes
payload states, therefore the diagonal indices corresponding to
quadrotor states are set to relatively small values.

2) Quadrotor Tracking Cost: This cost is active when the
cable is slack = m(k) =0

Lis(k) = (1—m(k))(x(k)  QqX(k) +a(k) Rqa(k)), (19)

where Qg and Ry are diagonal matrices. This term penalizes
quadrotor states, therefore the diagonal indices corresponding
to payload states are set to zero.

3) Perception-Aware Cost: We would like this term to
promote maximizing the camera’s visibility of the payload,
especially during a human-interaction task where the payload
is more likely to go out of the camera’s FoV.

We achieve this behavior by penalizing deviations of the z,
y payload position in the camera frame, ¢z, y., from the
camera origin. This produces the cost function

.
Leam = CXL Qcamcxﬁv (20)

All the optimization variables need to be expressed in
terms of the state vector defined in eq. (1). Exploiting several
relations, we obtain the following result

-1
xe = Trx, ="Te x¢

-1
= (RPR¢) ™ (x1 — RBte +x0),

¢ 1)

(22)

which expresses CX/; in terms of the state variables Xz, Xq,
R and the fixed rotation BR and translation Btc between
the robot and camera frame. ATg denotes the transformation
matrix of frame B with respect to frame A.

C. Advantages of HPA-MPC

Our method provides an optimization framework capable
of predicting and exploiting the hybrid modes during the
optimization process and supports custom state dependent cost
functions. An alternate method to handle the hybrids modes
is to use a non-hybrid payload NMPC in the taut state and
switch to a geometric controller in the slack state. We argue
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that the benefits of integrating the hybrid states into a single
NMPC model include

1) This framework more effectively handles impact forces
generated during transitions from slack to taut states.
By modelling the disturbance and including it in the
dynamics model, the NMPC could directly predict the
slack-taut transition using eq. (27).

2) Using the NMPC framework in the slack state allows
for the addition of custom cost functions to achieve
alternative goals. We demonstrate this by incorporating
perception awareness during a payload handling task.

V. STATE ESTIMATION

To estimate the state of the payload, we estimate the
quadrotor state in the Z frame using VIO and leverage that
information to estimate the x;, and X;, by extracting features
from the camera pointing at the payload.

1) Visual Inertial Odometry: The robot’s pose is estimated
using a downward facing monocular camera and an IMU.
We use an Unscented Kalman Filter (UKF) to combine the
VIO measurements with the acceleration and gyro data from
the IMU which gives state prediction updates at our IMU
frequency of 500 Hz. We point the reader to [12], [26] for
additional details on this approach.

2) Payload State Estimation: To estimate the payload posi-
tion and velocity, we extract camera measurements, Xy, at 30
Hz. To do this, we detect the boundary of the spherical payload
in the camera image using OpenCV and then use the ellipse
fitting algorithm defined in [27] to estimate Cxp. Finally, we
find £ and £ using egs. (6), (23)

xr =TT % = TTEPTcC ). (23)
To obtain higher frequency updates, we plug &, £ into an
Extended Kalman filter (EKF) that estimates the cable direc-
tion and velocity using the camera measurements, IMU and
commanded motor thrust. Once we have &, we can find x,
using eq. (5). We summarize the EKF equations presented in
[12] below. The filter state and inputs are

X=[¢ ¢, U=r (24)
The process model is defined as
X ¢ 2 | +N (25)
e x € xw - ¢ e] T
The measurement model is defined as
pB RTI¢
Z= |:ij| = g(X7V) = l (RTS —Qx RTﬁ) +Va

(26)

The process noise N € R is as additive Gaussian white noise
N ~ N(0, Q) with zero mean with covariance Qn € R®*6.
Similarly, the measurement noise is additive Gaussian white
noise V ~ N(0, Qv) with zero mean and standard deviation
Qv € RS,

3) Hybrid Mode Detector: It is important to identify the
hybrid modes of the system with low latency so HPA-MPC
can use the appropriate hybrid dynamics, especially while
executing a trajectory. Once we have xg and x; using the
methods above, we estimate the hybrid mode using

k) = 0 1 o) = xq(k)| <1-e
1 else

where ¢ = 0.05 m and was experimentally derived to mitigate
the effects of measurement inaccuracies that could cause false
slack mode predictions. Additionally, we use a low pass filter
to reduce high frequency noise in the estimated cable length.

27)

VI. EXPERIMENTAL RESULTS

We present the experimental validation of our proposed
HPA-MPC and state estimation methods. We first demonstrate
the effectiveness of our approach by showing trajectory track-
ing results. Next, we show our method’s ability to detect the
slack and taut states of the cable and handle the instantaneous
impacts on the quadrotor generated when the cable transition
from slack to taut. Furthermore, to show the importance of
accounting for hybrid dynamics, we compare our method with
a MPC and estimation methods that assume the cable is always
taut during hovering and trajectory tracking tasks. External
disturbances are introduced to the payload to induce slack-taut
transitions, and the experimental results show that neglecting
the hybrid state leads to crashes, proving the necessity of
our approach. Lastly, we validate the perception-aware cost
function in HPA-MPC, demonstrating the quadrotor’s ability
to actively track the payload by keeping it within its FoV
during human interaction tasks where the cable is intentionally
slackened.

The experiments are conducted in an indoor testbed of the
Agile Robotics and Perception Lab (ARPL) at New York
University. The quadrotor uses a Modalai® VOXL2™ board
and is equipped with a Qualcomm QRB5165 processor and a
PX4 Autopilot. The processor uses an arm Kryo 585 CPU with
three core types: 4 low-speed cores, 3 medium-speed cores,
and 1 high-speed core. The robot is equipped with an IMU
and two monocular cameras. A 1280 x 720 pixels camera to
estimate the payload state, and a 640 x 480 pixels camera
for VIO. The quadrotor weighs 0.72 kg, the payload weighs
0.1 kg and the cable length is 0.5 m.

A. Software Setup

Our software is implemented in ROS2 using C++. We run
our HPA-MPC algorithm onboard at 150 Hz and solve the
OCP using acados [28]. We set the time horizon to 1 s
and N = 10 steps. We initialize the first iteration of the
solver with the ideal hover thrust command and zero angular
velocities and use the previous cycle’s solution to warm start
the next iteration. To achieve a high control frequency, we
utilize acados’s RTI scheme that runs a single SQP cycle
every iteration. This trades off the quality of the solution for
speed [28]. The predicted angular velocities €2 and collective
thrust f of the MPC’s second horizon stage are sent to the
low level PX4 angular velocity controller. We are able to run
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Fig. 4: Payload trajectory tracking plots for following a lissajous trajectory. The last row shows the z — y visualization of
payload path with a colorbar indicating the magnitude of the payload linear velocity.

MPC at 150 Hz on this computationally constrained platform
by configuring acados to use OpenMP [29] and restricting it
to use the medium and high-speed cores.

B. Payload Trajectory Tracking

We validate our HPA-MPC method to track Lissajous pay-
load trajectories that are generated using the equation

XL.des(t) = [asin(t) bsin(nt+ ¢) csin(mt) + 1/)]T ,
(28)
where n, m control the relative periods of x,y, z motions and
a, b and c their relative amplitudes. By differentiating eq. (28),
we obtain Xz, ges(t) and X1, ges(t). Fig. 4 and Table II show the
results for tracking a lissajous trajectory with a = 2, b = 0.5,
n=2.

TABLE II: Payload trajectory tracking Root Mean Square
Error (RMSE).

correct the error. However, this approach is ineffective because
the cable is actually slack. To prevent a crash, we lift the
payload up, and once the robot is close to the payload we
release it, allowing the cable to become taut and letting the
quadrotor regain control. On the other hand, upon detecting
the slack state, the hybrid controller transitions to using the
slack state dynamics model and tracks the nominal quadrotor
position using the modified HPA-MPC cost. We freely move
the payload during the slack state since the robot continues to
hover in place.

Our method effectively handles the step change in dynamics
during a mode transition by minimizing the discontinuities in
control actions by leveraging the RTI scheme and a high con-
trol frequency. Due to the RTI warm start procedure, the solver
is biased towards staying close to the previous commanded
actions, reducing the discontinuity of the control actions.
Furthermore, the high control frequency of 150 Hz ensures
rapid feedback, allowing the system to quickly compensate for
unexpected deviations and achieve smoother state transitions

T =5s T =4s T =3.5s . .
Position [m] z 0052 0.068 0073 as shown in Fig. 5-6.
y ggg; 88‘3& 8'8% 2) Trajectory Tracking: To further validate our controller,
Max %2 /5] 30 36 ) we conduct a dynamic experiment involving the application of

C. Slack-Taut Transition

1) Hover: We show the importance of a hybrid controller
during a hover scenario. We conduct this experiment by g&ving
the robot a constant hover set-point Xy, rcf = [0, 0, 0.7] . As
shown in Fig. 5, we use a gripper to manipulate the payload
and displace the payload vertically to move the system into its
slack phase. The differences between the two controllers can
be seen by in Fig. 5. When the non-hybrid controller observes
a negative error in the z component of xj, it assumes the
cable is taut and commands the robot to move downwards to

a vertical impulse force to the payload during the execution
of a straight line trajectory. Snapshots of the experiment are
shown in Fig. 6. During trajectory execution, we introduce a
random vertical disturbance to push the payload up, causing
the cable to go slack. The differences between the two con-
trollers are shown in Fig. 6. Similar to the previous hover
scenario, the non-hybrid controller commands undesirable
actions upon detecting the cable slack state. When an error in
the z component of x;, is observed, the controller commands
the robot to move downwards. As the payload transitions
back to its taut state, it exerts an impact force onto the
downward accelerating quadrotor, resulting in a substantial
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Fig. 5: Non-Hybrid (left) vs. Hybrid (right) controller during a slack-taut transition in a hover scenario. The hybrid controller
maintains the robot’s position and is unaffected by the payload movement. The non-hybrid controller incorrectly commands
the robot to move towards the payload during the slack state due to z error in the desired payload position.
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Fig. 6: Non-Hybrid (left) vs. Hybrid (right) controller during a slack-taut transition during a straight line trajectory. The
non-hybrid controller moves the robot towards the payload during the slack phase. Due to this downward motion, the robot
experiences higher negative z velocities and angular rates upon impact compared to our hybrid controller. HPA-MPC commands
the robot to track the nominal quadrotor trajectory during the slack phase and maintains stability once the cable is taut.

negative z velocity and mild instability. The corresponding system moves to its taut state, the robot can regain control over
angular velocities are shown in Fig. 6. We highlight that the payload and seamlessly maintain its position. To achieve
this instability is not observed with the HPA-MPC, which this behavior, we add the perception aware cost described in
maintains the robot’s height during the slack phase. Although eq. (20).

a negative z velocity was still present when the cable became

taut, it was significantly lower compared to the non-hybrid

scenario. load pos. robot pos. without perception cost robot pos.
. . . . 0.4
D. Payload Manipulation with Perception Awareness 0.0y
We conduct an experiment to demonstrate the capability of £ 00 %
incorporating alternate objectives into HPA-MPC. Readers are —0.4
o . . . —0.4 -
encpuraged to envision a cons.tructlon scenario where a drone ( % o @ ( 5 o &
assists a human to install equipment. While the drone hovers, time [s] time [3]

the human manipulates the object, causing the cable to go
slack. During this maneuver, it is essential for the payload
to remain within the camera’s FoV. This ensures that if the

Fig. 7: Robot = (left) and y (right) positions during a payload
manipulation task. The user manipulates the payload while the
HPA-MPC reacts to leep the load in its FoV.
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In this experiment, we provide the HPA-MPC a constant
hover set point. While the robot is hovering, we use a
gripper to pickup the payload and move it about the z — y
plane. The quadrotor responds to the payload’s movement
and approximately tracks it’s payload’s x — y coordinates.
The z deviation of the payload did not have an effect, as
the perception costs were only applied to the €z, and €y .
The results for this experiment are shown in Fig. 7 where the
quadrotor successfully keeps the payload in it’s FoV.

VII. CONCLUSION

In this paper, we proposed a novel HPA-MPC design for
quadrotors with suspended loads and addressed the challenges
of solving this problem using onboard sensing and compu-
tation. We demonstrated that the primary advantages of our
approach are (i) handling unexpected slack-taut transitions
induced by external disturbances while using onboard sensors
to estimate the hybrid mode, (ii) maintaining the payload
visibility through perception awareness during human manip-
ulation scenarios, and (iii) successful experimental validation
on small-scale aerial robots with onboard sensors and compu-
tation, despite SWaP limitations.

A few changes can be made to improve performance. First,
the detected payload position and velocity can be noisy due to
motion blur, which could be reduced by using traditional or
learning-based motion deblurring techniques [30]. Next, rather
than using a quadratic cost to ensure payload visibility, our
future work will investigate using Control Barrier Functions
to formally incorporate visibility constraints. Finally, we can
further exploit our framework by allowing HPA-MPC to
predict the hybrid mode while solving the OCP. This would
involve solving a Mixed Integer Quadratic Program, which is
beyond the scope of this work.
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