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ABSTRACT In this study, we propose a long-reach aerial manipulation systemwith a wire-suspended device
that allows the airframe to maintain its position at the desired distance away from the target. We implemented
a feedback communication between the multirotor and wire-suspended device to maintain the position of the
wire-suspended device directly below the multirotor while maintaining a constant distance from the target.
The multirotor communicates its velocity and relative position to the wire-suspended device to control the
ducted fans, whereas the wire-suspended device transmits the attitude and distance from the ground to the
multirotor to control the winch. The designed controller for the ducted fans allows the wire-suspended device
to behave like a long rigid robotic arm. The performance of the designed controller was verified by navigating
the multirotor over stepped surfaces while the wire-suspended device was being lowered.

INDEX TERMS Unmanned aerial vehicles (UAV), long reach aerial manipulation, field robotics.

I. INTRODUCTION
Aerial manipulation via UAVs equipped with a robotic
arm has been actively studied for several years [1]–[6].
This technology is useful in various dangerous activities,
such as maintenance and inspection of high-voltage electric
lines, windmill blades, bridges, dam walls, tunnel roofs, etc.
In some previous aerial manipulation systems, the manipula-
tor was designed compactly and attached to the bottom [1],
[2], [4], side [5], or top [6] of the body frame. However,
some applications require the work point to be away from
the UAV body. For example, if the target is a lightweight
object or something that is placed unstably, the effect of
downwash [8], [9], i.e., the downward wind generated by the
propellers, cannot be ignored. If the target is in a narrow
region or cluttered environment, it is difficult to reach the
target and manipulate it directly using a UAV. Additionally,
for cooperating or establishing contact with humans in a
search-and-rescue task [10], it is essential to maintain a safe
distance.
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For the afore-mentioned scenarios, a long-reach manipula-
tor with a long-link robotic arm [11]–[13] and a manipulator
with an origami structure [14] were proposed. The long-reach
manipulators were designed with a maximum length of
1 – 1.5 m, which is insufficient for such situations. However,
increasing the length of the manipulator may disturb the mul-
tirotor flight. Alternatively, this problem can be addressed by
employing a winch mechanism and a wire-suspended hand.
In some studies [15]–[17], cable-suspended aerial manipula-
tors were simulated and developed using industrial manip-
ulators and 8 thrusters for stabilizing the swinging motion.
In our previous study [7], we developed a long and light
wire-suspended hand. The wire-suspended hand consisted of
four ducted fans with an IMU and robotic hands with a vision
system. The IMU sensor with the ducted fans was used for
suppressing the swinging motion of the wire-suspended hand
within a distance of 3.5 m from the UAV.

However, while moving, suppressing the swinging motion
can cause the wire-suspended hand to stay away from the
required position directly below the UAV (FIGURE 1, with-
out position control system). This happens because the
swinging motion of the device is suppressed using IMU
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FIGURE 1. Various states of the wire-suspended device while flying (UAV
was controlled to go left). The left figure shows the state of the
wire-suspended device without using the position control system. The
device was programmed for suppressing the swinging motion using
sensor feedback [7]. Faster the UAV moves, more the misalignment
between the UAV and wire-suspended device. The right figure shows the
state of the device while using the position control system. The device
can be controlled to stay directly below the UAV during the flight.

inputs only, which do not have any feedback regarding the
UAV flight state and relative position of the UAV with
respect to the wire-suspended device. The swinging motion
(FIGURE 1, without position control system) not only
reduces the speed of the UAV but also requires a longer time
for the wire-suspended hand to reach the target. To improve
the manipulation ability of the system and allow the UAV
to move freely with respect to the wire-suspended hand,
the inclination angle of the UAV should be small while mov-
ing (FIGURE 1, with position control system). Furthermore,
the winch mechanism was placed on the UAV to reduce
the weight of the wire-suspended device. To control the
winch automatically, it requires sensor feedback from the
wire-suspended device.

To overcome the afore-mentioned problems, we enabled
theUAV andwire-suspended device to communicate between
each other. Based on this communication link, we designed a
position controller that can control the wire-suspended device
to stay directly below the UAV (FIGURE 1, with position
control system) during the flight. This allowed the device
to behave like a rigid long-reach manipulator. Additionally,
we developed an autonomous winch system to control the
attitude of the wire-suspended device and maintain a constant
distance from the ground.

The main purpose of this study is to develop a communi-
cation loop between the UAV and the wire-suspended device
and design new controllers for the wire-suspended device
and winch. Section II presents the main contribution of this
study, including design concepts and scenarios. Section III
discusses our previous work along with device and system
customizations. Section IV discusses the sensing and control
methods, and the indoor test, whereas Section V explains the
first outdoor experimental results of the proposed system.
Finally, Section VI concludes this paper by presenting the
conclusions and future work.

FIGURE 2. Communication between the wire-suspended device and
multirotor.

FIGURE 3. Testing scenario for the position control system of the
wire-suspended device.

II. INTERCOMMUNICATION FOR WIRE-SUSPENDED
DEVICE CONTROL
In the pick-and-place task [7], we verified that it was pos-
sible to perform few manipulation tasks using the proposed
method. However, the tasks were performed by moving the
UAV slowly because quick UAV movements caused a posi-
tion drift between the UAV and wire-suspended hand in the
horizontal plane. Moreover, this limits the moving speed
of the UAV and extends the working time. Nevertheless,
these problems can be solved by transmitting the relative
position and UAV velocity to the wire-suspended device.
By integrating the received data, the ducted fans equipped on
the wire-suspended device can provide optimized thrust for
staying directly below the UAV during the flight. FIGURE 2
shows the concept of position control of the wire-suspended
device based on the proposed communication technique with
the multirotor.

In some UAV applications for industrial maintenance and
inspection, the UAV needs to stay near the target point.
In our experiment, we programmed the wire-suspended
device to maintain a certain distance from the target to obtain
high-accuracy data. However, we need to protect the device
so that it never hits the target. Therefore, the winch had to be
controlled automatically. This was achieved by transmitting
the distance to the target surface and device attitude from the
wire-suspended device to the UAV (FIGURE 2). Thus,
the winch was able to control the wire-suspended device to
stay horizontal and maintain a constant distance from the
target surface during the flight. Moreover, the autonomous
winch control system can also be used for avoiding obstacles
around the wire-suspended hand in complex environments.
The performance is much smoother than that by controlling
UAV.
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FIGURE 4. Aerial robot platform with the swinging model of the
wire-suspended hand.

In this study, we considered a scenario, as shown in
FIGURE 3. The long-reach manipulator (wire-suspended
device with winch) behaved like a rigid robotic arm and
maintained a constant distance during the flight. This quality
can be helpful in industrial applications, such as inspection
of high-voltage electric lines, solar panels, bridges, or search-
and-rescue tasks that require the manipulator to be very close
to the target while requiring the UAV to be at a safe distance
away from the target.

III. SYSTEM
A. AERIAL ROBOT PLATFORM WITH SWING
SUPPRESSION CONTROL
The aerial robot platform consists of a winch equipped UAV
and a wire-suspended hand. The hand, which is suspended by
two wires to avoid the twist motion, includes four ducted fans
with an IMU for swing suppression and a robotic hand for
aerial manipulation tasks. As shown in FIGURE 4, the swing-
ing motion of the wire-suspended hand was assumed to be
similar to that of a single pendulum, where an external oppos-
ing force u acting on the pendulum can stabilize the motion
faster. The controller of the swing suppression can be given
by:

u = −sgn(V )Krpθ − KrvV (1)

where Krp and Krv are the control gains, which were tuned
based on the simulation and experiment. V is the linear
velocity of the wire-suspended hand, which can be estimated
from the IMU. The swing suppression control and pick-and-
place task were demonstrated successfully in our previous
study [7].

B. REDESIGNING DEVICE AND THE SYSTEM
We customized the UAV platform and wire-suspended device
according to the proposed scenario (FIGURE 5). The UAV
comprises of a hexarotor airframe (DJI S800, FIGURE 5,

FIGURE 5. Main devices used in the UAV platform along with the
wire-suspended device. The red square in the picture shows the newly
installed device.

overview) that includes the flight controller (DJIN3), CPU
board (LattePanda Alpha 864, which containsWiFi 802.11 ac
module and Arduino Leonardo), RGB camera (Logicool
C270n), motor driver (PCA9685), and dual winch mech-
anism (DC geared motor 540K75 with two 5 m long
wires). The CPU board is used for communicating with the
wire-suspended device, image processing, and winch control.
To maintain the wire-suspended device horizontal while the
UAV is moving, as shown in 3, the winch mechanism was
redesigned from a single motor type in [7] to a dual motor
type (FIGURE 5, side view). The motor driver receives I2C
signals from the winch controller and converts it to PWM
signals to control the rotational speed of the DC motor via
the ESC.

The wire-suspended device consists of four ducted fans
(Powerfun EDF 50mmwith 0.95 kg ofmaximum trust), ESC,
motor driver (PCA9685), CPU board (LattePanda Alpha
864), tracking camera (RealSense T265, stereo fisheye cam-
era with IMU), sonar sensor (HC-SR04), and a color marker.
The CPU board is used for communicating with the UAV
and position controller. The motor driver receives I2C sig-
nals from the position controller and converts them to PWM
signals, which is received by the ESC to control the rota-
tional speed of the DC motor (ducted fan). The tracking
camera can provide velocity and attitude data for designing
the position and winch controllers. In [7], the IMU was used
for estimating the velocity to suppress the swinging motion.
However, the result had poor accuracy owing to the low
update rate (50 Hz). The tracking camera provides better
accuracy at a higher rate (200 Hz) without any calculation
costs on the CPU board. The sonar sensor is used for mea-
suring the distance from the wire-suspended device to the
ground.
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FIGURE 6. Block diagram of the UAV and wire-suspended device.

FIGURE 6 shows the block diagram for the proposed
system. The Wi-Fi module on the CPU board of the
wire-suspended device was used as a hotspot to create an
access point to connect the Wi-Fi modules on the UAV and
wire-suspended device and establish communication between
them. All sensor data were shared between the CPUs via
the Robot Operating System. To analyze the communication
delay in the system, we placed the UAV 5 m (maximum
wire length) away from the wire-suspended device. The aver-
age communication delay was found to be 0.42 ms. For
sensing, in the tracking camera, the velocity data based on
camera coordination and IMU data (raw data of acceleration
and gyro) from the SDK were used. The Madgwick filter
[18] was used to calculate the quaternion (attitude) of the
wire-suspended device from the acceleration and gyro data.
The velocity data and quaternion was obtained from the flight
controller of the UAV via the SDK. To estimate the relative
position of the wire-suspended device with respect to the
UAV, the RGB camera mounted on the UAV (FIGURE 5,
side view) was used to detect the marker equipped on the
wire-suspended device (FIGURE 5, top view). The coordi-
nation was then corrected by the calculated position using
both the quaternions (Quaternion1 and 2 in FIGURE 6). The
data from the sonar sensor was corrected using the quater-
nion (Quaternion 2) to correspond to small rolling of the
wire-suspended device during flight while being lowered. For
controlling the UAV, the position controller was designed
using the velocity data (Velocity1 and 2 in FIGURE 6) along
with relative position estimation, whereas the winch con-
troller was designed using the quaternion (Quaternion 2) and
corrected distance data (Distance in FIGURE 6).

IV. SENSING AND CONTROL
A. ESTIMATION OF RELATIVE POSITION AND DISTANCE
There are two methods to estimate the relative position
between the UAV and wire-suspended device. In the first
method, the wire length and inclination angle is measured,
whereas a marker is visually tracked in the second method.
However, the cumulative error in the first method increases

FIGURE 7. Coordinate configuration (left) and a case with positional
relationships considering the UAV flight in side view (right bottom). The
top right figure shows the output from the camera mounted on the UAV
for the same case. In the camera image (top right), the blue line shows
the detected region and the white point shows the center of gravity in
that region.

with time due to the use of encoders to measure the wire
length. Additionally, a small twist in the wire will affect the
estimation result. In other words, the error will increase as the
wire-suspended hand is lowered.

Therefore, visual tracking of the color marker and IMU
sensor (included in tracking camera, FIGURE 5) were used
for position estimation. The ArUco marker with a monocular
camera can be another choice for calculating 6-DOF position
and attitude. However, using the color marker and IMU has
the following advantage in our scenario.

• Detectable range: According to the designed winch
mechanism, the detectable range should be within 5 m.
Therefore, the maximum size of the marker was chosen
to be 0.18 m × 0.18 m, so that the marker is visi-
ble even when the wire-suspended device is stored on
the UAV. When we compared the performance of the
ArUco marker and color marker for the same marker
size, the detectable range of the ArUco marker was
0 to 2.65 m, whereas the range of the color marker was
0 to 4.8 m.

• IMU sensor: The ArUco marker requires additional cal-
culation cost for estimating 6-DOF position and attitude.
However, the attitude can be obtained from the tracking
camera without additional computation (FIGURE 6).
Furthermore, the accuracy of the attitude angle from the
IMU sensor is much higher than that of a single ArUco
marker, and using multiple ArUco markers will limit the
maximum detectable range.

The camera resolution and frame rate are 640× 480 pixels
and 30 fps, respectively. To detect the color marker, we used
the inRange function of OpenCV in the HSV color space to
detect the specific color range (FIGURE 7, camera output
of blue line) and calculated image coordination of center of
gravity (FIGURE 7, camera output of white point) in the
detected region. In FIGURE 7, the top right figure shows
the detection result and the bottom right figure shows the
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positional relationships of the UAV and wire-suspended
device at that time. According to the coordinate configuration
and parameters shown in FIGURE 7 (left), the 3-DOF relative
position based on camera coordination cr can be given by:

cr =

 cpx
cpy
cpz

 =


(cv − cvd )
cpzf

(cu − cud )
cpzf

f

√
s cos(αw) cos(βw)

s′

 (2)

where cud and cvd are the image center coordination. f is the
focal length of the camera, and s and s′ are the marker area
of the real image (0.18 m × 0.18 m) and pixels in the image.
The roll angle αw and pitch angle βw of the wire-suspended
device are converted from the quaternion(Quaternion2 in
FIGURE 6) and calculated for correcting the marker area in
the image while the wire-suspended device is being inclined.
To position the wire-suspended device directly under the
UAV, the relative position should be based on the horizontal
surface of the UAV(FIGURE 7, bottom left and right). The
converted relative position sr can be calculated by:

sr =

 spx
spy
spz

 = sRx(−αu)sRy(−βu)cr (3)

where, sRx and sRy are the rotation matrices of the UAV
about its roll and pitch axes, respectively. The roll angle αu
and pitch angle βu of the UAV can be converted from the
quaternion (Quaternion1 in FIGURE 6). Whereas, between
the wire-suspended device and ground can be calculated from
the sonar feedback using the roll and pitch angle of the
wire-suspended device, which is given by:

dfix = draw cos(αw) cos(βw) (4)

where dfix and draw are the corrected vertical distance and raw
distance data from the sonar sensor, respectively.

B. DEVICE CONTROLLERS
In this study, we assume that the UAV moves mainly along
the Xs direction (FIGURES 7 and 8 (left)). When the UAV
needs to change the heading direction, the yaw axis of the
UAV can be controlled. The model of the system in the Xs-Zs
plane is shown in FIGURE 7 (left). The motion equation of
the wire-suspended device motion is given by:

mẍ = mg
x
l
− kẋ + u (5)

where the viscosity coefficient k , whose value was calculated
in our previous research [7], is the parameter corresponding to
air resistance or friction. The wire length l can be calculated
from the variables in Equation (1) as shown below:

l =
√
cp2x + cp2y + cp2z (6)

According to Equation (5), the state equation is given by:

ẋ = Ax + Bu (7)

FIGURE 8. Model of the wire-suspended device with the UAV (left). The
coordination was set similar to that in FIGURE 7. The right figure shows
the arrangement of ducted fans that generate the force (F1, F2, F3 and F4,
respectively) for position control and swing suppression. The direction of
roll and pitch axes are same as that shown in FIGURE 7.

where x = [x ẋ]T , with

A =
[
0 1
g
l −

k
m

]
,B =

[
0
1
m

]
(8)

The controller was designed using the stationary LQR
technique. Furthermore, the MATLAB library was used to
calculate the state feedback gain and tune the appropriate
metrics Q and R, which are given by:

Q =
[
1 0
0 10

]
,R =

[
1
]
, (9)

The control gain was programmed to calculate every time
before controlling, because the wire length l was changed
by the winch control system in metrics A. According to
Equation (5) - (9) and the parameters shown in FIGURE 8,
the control input along the roll axis can be given as follows:

uroll = K1
spx + K2(vux − vwx) (10)

The velocity of the UAV vux and wire-suspended device
vwx can be obtained from the UAV flight controller of UAV
and tracking camera, respectively (FIGURE 6, Velocity1 and
Velocity2). Swing suppression control is used as the control
input along the pitch axis, which is similar to Equation (1)
and is given by:

upitch = −Ksvwy (11)

whereKs is the control gain of the swing suppression. Finally,
the control input for the ducted fan(FIGURE 8, right) is given
by:

ufans =


u1
u2
u3
u4

 =

−νupitch + ξ
−νuroll + ξ
νupitch + ξ
νuroll + ξ

 (12)

u1 = 0(upitch > 0) u2 = 0(uroll > 0)
u3 = 0(upitch < 0) u4 = 0(uroll < 0)

(13)

In Equation (12), ν and ξ are the parameters for converting
the control input value to the PWM signal.

For the winch control, the PD controller was used for
attitude and distance control, which can be given by:{

uatt = −KaPαw − KaDα̇w
udis = KdPderr + KdD ˙derr

(14)
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FIGURE 9. Experimental setup (left) and results (right). The UAV was fixed
to move only along the Xs axis. The experimental results (right) shows the
relative position of the wire-suspended device with respect to the UAV on
the Xs axis. The experiment was conducted for the case of no-control (top
right), without position control system (swing suppression control, center
right) and with position control system (bottom right). The blocked region
containing the red arrow shows the direction in which the UAV flew.

where uatt , udis, KaP, KaD, KdP and KdD are the control inputs
and gains for the attitude controller and distance controllers.
derr is the error in distance, which can be calculated using
Equation (4). Referring to the equation, the control input for
the motors in the winch can be given by:{

um1 = uatt + uv2
um2 = udis

(15)

The motor on the right side is numbered as 1 and that
on the left side as 2, as shown in 7. One motor is used to
control the wire length and the other motor is used to stabilize
the attitude of the wire-suspended hand. To smoothen the
winch control mechanism uv2 was added (corresponding to
the rotational speed of motor 2) in motor 1, which controls
the attitude. The attitude control allows the wire-suspended
hand to stay horizontal to minimize the output of the ducted
fans. Additionally, it can be used for controlling the attitude
of the wire-suspended hand during manipulation.

C. INDOOR TEST OF THE SYSTEM
To verify the designed systems, the position and winch con-
trol systems were tested experimentally. The setup for the
position control experiment is shown in FIGURE 9. The UAV
was fixed on the top and flown along the Xs direction. The
wire length was set to be 1.5 m. To verify the effectiveness
of the designed position control system, we repeated the
experiment without using the position control system (i.e.,
swing suppression control only, same control input from
Equation (11)) and in the case of no-control. The behavior of
the wire-suspended device while the UAV was moving was
demonstrated in the experiments. The results are shown in
FIGURE 9. In the case of no-control (FIGURE 9, top right),
the relative position offset was observed to be large while
the UAV was moving. Moreover, the wire-suspended device
started swinging when the UAV was stopped. In the swing
suppression control case (FIGURE 9, center right), the rel-
ative maximum position was observed to be approximately
0.3 m when the UAV was moving. When the position control

FIGURE 10. Indoor experimental result of the winch control system. The
graph shows the distance between the wire-suspended device and
ground. The target distance was set to be 0.8 m.

system was used, the relative position offset was observed
to be within 0.15 m even when the UAV started or stopped
moving immediately. Nevertheless, the position error was
reduced and the device was positioned directly below the
UAV within 0.05 m. Similar results were obtained even when
the experiment was repeated several times.

The setup shown in FIGURE9was also used to perform the
winch control experiment. Firstly, the wire-suspended device
was winched up such that it was right below the UAV and
started the control. The target distance was set as 0.8 m. The
experimental result is shown in FIGURE 10. In the graph,
the device was controlled to reach to the target distance(in
FIGURE 10, the time is approximately 4 s). In the following
stage, we inserted and removed a 0.4 m box twice under the
device to check the performance of the winch. According
to the experimental results, for the 0.4 m error in distance,
it took 1 s to reach the target and approximately 0.02 m error
remained. The winch was controlled with high precision,
which required additional convergence time.

V. FLIGHT EXPERIMENTS
To verify the developed system and controller while the
UAV is flying, we performed three experiments. The first
experiment was conducted for testing the winch control sys-
tem. The second experiment verified the effectiveness of the
position control system. Finally, the third experiment was
performed to verify whether the winch and position control
systems can work without interfering with each other. The
UAV was controlled manually in each experiment.

A. EXPERIMENT FOR TESTING THE WINCH CONTROL
SYSTEM WHILE FLYING
The experimental set up is shown in FIGURE 11. The winch
was used to control the height of the wire-suspended device
and maintain a constant distance from the ground. The exper-
iment started when the UAV was several meters above the
ground and the wire-suspended device was lowered. To avoid
the wire-suspended device from swinging, the swing sup-
pression control mode was used. The UAV was flown up
and down continuously after switching on the winch control
system. The target distance from the wire-suspended device
to the ground was set as 0.6 m. The experimental result is
shown in FIGURE 11 (right). The top right graph shows
the distance (corrected sonar sensor value in Equation (4))
and the bottom right graph shows the pitch angle of the
wire-suspended device.
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FIGURE 11. Experimental setup and result. The graph shows the distance
between the wire-suspended device and ground (top right) and the pitch
angle of the device. The target (constant) distance was set as 0.6 m.

The result demonstrates that a steady state error of approx-
imately 0.1 m was observed while the UAV went up and
down continuously. This was caused due to the unsteady UAV
motion and slow convergence time of the winch. The device
reached the target distance when the UAV started hovering
(FIGURE 11, top right). The performance of the winch con-
trol system was similar to that in the indoor test. A small
noise is visible in the graph because of the presence of grass
on the ground. However, it did not affect the performance of
the winch control system. As shown in FIGURE 11 (bottom
right), the pitch angle was controlled in the range of ±3
degree so that the devicewas able to stay horizontal during the
flight. From this experiment, we verified that the autonomous
winch control systemworks without affecting the flight of the
UAV. However, the UAV motion (up and down) affects the
performance of the winch control system.

B. EXPERIMENT FOR TESTING THE POSITION CONTROL
SYSTEM WHILE FLYING
To perform this experiment, the UAV was positioned approx-
imately 5 m above the ground and the wire-suspended device
was lowered by 3 m from the UAV. During the experi-
ment, the UAV moved at a relatively high speed of approxi-
mately 8 m/s (momentary maximum speed) along the Xs axis.
The experiment was performed twice, i.e., with and without
the position control system of the wire-suspended device.
To compare the difference between the two trials, the UAV
was navigated along the same route at the same speed.

The continuous images captured with and without the
position control system during the flight are shown in
FIGURE 12. When the position control system was used
(FIGURE 12, top four images), the wire-suspended device
was observed to be directly under the UAV. Whereas, in the
other case (FIGURE 12, bottom four images), the relative
position of the wire-suspended device with respect to the
UAV along the Xs axis was highly instable during the flight.
Moreover, the device went beyond the view of the cam-
era mounted under the UAV. The experimental results in
FIGURE 13 show the relative position of the wire-suspended
device with respect to the UAV (calculated using Equa-
tion (3)). The top and bottom graphs show the experimental
results with and without the position control system while

FIGURE 12. Continuous images of position control system (top four
pictures) and without position control (swing suppression control,
bottom four pictures) during flight. The order of top and bottom pictures
is from 1 to 4.

FIGURE 13. Experimental results showing the performance of the
wire-suspended hand with and without the position control system. These
graphs show the relative position of the UAV and wire-suspended device
along the Xs axis (top graph) and Ys axis (bottom graph) in FIGURE 7.

moving along the Xs and Ys axes. According to the result
along the Xs axis (FIGURE 13, top), for a 3 m length of wire,
the wire-suspended device was positioned within an error of
±0.1 m during the flight while using the position control
system. Whereas, this error was approximately 1.5 m (maxi-
mum displacement) when the position control systemwas not
used. The experimental result along the Ys axis (FIGURE 13,
bottom) was similar in both the scenarios. However, the out-
of-range zone was observed when the position control sys-
tem was not used. Therefore, this experiment verifies the
effectiveness of the designed controller. The wire-suspended
device required less than half the time to become stable
from a big swing. Moreover, the swing suppression control
(i.e., without position control system) also performed better
compared to that in our previous study [7].

C. EXPERIMENT FOR TESTING INDEPENDENCE OF
POSITION AND WINCH CONTROL SYSTEMS WHILE FLYING
To verify whether the winch and position control systems
can work simultaneously without interfering with each other
and if it is possible to realize the scenario shown in 3,

172102 VOLUME 8, 2020



R. Miyazaki et al.: Wire-Suspended Device Control Based on Wireless Communication

FIGURE 14. Experimental setup for the winch and position control
systems. In the winch control experiment, the target (constant) distance
from the wire-suspended device to the ground surface was set to be 0.6
m. The UAV height was kept constant while flying sideways (from left to
right) to pass over a stepped surface.

FIGURE 15. Continuous images (top) and experimental result showing
the distance from the wire-suspended device to the ground (bottom). The
value shown in the graph is the calculation result of Equation (3). The
process follows 1© to 4© and corresponds to the same number in the
graph bottom.

FIGURE 16. Outdoor experimental result of the position control system.
The graph shows the relative position of the wire-suspended device with
respect to the UAV along the Xs and Ys axes(FIGURE 7).

the experiment was conducted, as shown in FIGURE 14.
The UAV was flown sideways (left to right side) at a con-
stant height while the winch automatically controlled the
wire-suspended device to pass over the steps by maintaining
a constant distance between the device and the surface while
using the position control system.

The continuous images captured during the experiment are
shown in FIGURE 15 (top). In this experiment, the winch and
wire-suspended device worked smoothly to successfully pass

over the stepped surface. The experimental results are shown
in FIGURE 15 (bottom) and FIGURE 16. In FIGURE 15,
the number in the graph indicates when the distance between
the wire-suspended device and ground changed. The winch
was controlled within a steady state error of 0.02 m and took
approximately 1 s to reach the target distance. The accuracy
of the winch control system was almost similar to that in
indoor test (FIGURE 10) and higher than the experimental
result as shown in FIGURE 11. In FIGURE 16, the graph
shows the relative position of the lowered wire-suspended
device with respect to the UAV along the Xs and Ys axis. The
wire-suspended device was maintained within a positioning
error of ±0.06 m. The experiment was repeated five times
and each trial showed similar results.

From this experiment, we verified that the winch and posi-
tion control systems worked as expected without affecting
the flight of the UAV. Moreover, it can be easy to realize
the application of avoiding obstacles by changing the sensor
direction from the wire-suspended device.

VI. CONCLUSION
In this study, we proposed a position control system for the
wire-suspended device that communicates with the UAV. The
main contribution of this study is described as follows:

• TheUAV andwire-suspended device systemwere devel-
oped based on wireless communication for long-reach
aerial manipulation.

• The winch controller on the UAV system was designed
using sensor feedback from the wire-suspended hand.
This allows the winch to control the distance between
the wire-suspended device and ground.

• The position controller on the wire-suspended device
was designed using sensor feedback from the UAV.
This allows the wire-suspended device to maintain its
position directly below the UAV and behave as a rigid
long-reach manipulator.

Through experiments, we show the autonomous winch
control and position control of the wire suspended device to
verify that all of system worked as expected.

In future work, estimating the relative position of the
wire-suspended hand with respect to the UAV by visually
tracking the red marker can fail in several situations (e.g.,
low visibility, objects in the scene with similar color, etc.).
We plan to address this drawback by employing an RGBD
camera with an LED marker array. Furthermore, the use of
two wires to avoid the rotating motion of the wire-suspended
hand causes it to roll along the Xs axis. The dual winch
system is inadequate to control the 2-DOF attitude of the
wire-suspended hand. Moreover, the convergence time of the
winch system cannot be ignored for improving the manip-
ulation efficiency. To overcome these problems, the winch
system needs to be improved for a shorter convergence time.
The use of additional wires to suspend the device can help
in avoiding the rolling motion. Furthermore, we plan to
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achieve long-reach manipulation with higher precision via
autonomous localization by improving the proposed system.
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