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a b s t r a c t

The IAEA held the IAEA Robotics Challenge 2017 (IRC2017) to protect workers during inspections of spent
nuclear fuel and to improve work efficiency and accuracy rates. To this end, we developed an unmanned
surface vehicle (USV) system called the spent fuel check vehicle (SCV). The SCV extracts and tracks the
target through image processing, and it is necessary to find suitable parameters for the SNF storage
environment in advance. This preliminary work takes time. It is also difficult to prepare the environment
in which the work will proceed. In addition, if the preliminary work does not proceed as planned, the
systemwill not move at the proper speed and will become unstable, with yawing and overshoot. To solve
this problem, we developed a controller with a camera that can extract the depth at which the target is
stored and allow distance-adaptive control. This controller is able to attenuate system instability factors
such as yawing and overshoot better than existing controllers by continuously changing system oper-
ation parameters according to the depth. In addition, the time required for preliminary work during
inspections can be shortened.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The IAEA is an international organization dedicated to the safe
use of nuclear energy. The IAEA regularly inspects spent nuclear
fuel (SNF) for peaceful uses of nuclear energy, as SNF can be
reprocessed to become a material with which to build nuclear
weapons [1]. Thus far, the task of inspecting SNF has been carried
out by the IAEA Safeguard on the Environment to protect against
instances of radiation exposure. These inspections involve taking
photographs of SNF in a SNF water pool [2]. There are many spent
nuclear fuels to inspect in the world, and there are a limited
number of inspectors, so continuous and precise inspections are
not easy. With the current inspection method, it is difficult to
inspect a large amount of SNF stored at nuclear power plants. Thus,
only a small amount of stored SNF is currently inspected. This
method continues to be used because the only way to treat SNF is to
store it in water for several decades and then bury it in the ground
[3,4]. There were many robots for the application of nuclear facility,
almost of them were controlled by remote operation.
ch@dgist.ac.kr (D. Yun).

by Elsevier Korea LLC. This is an
Robots used in nuclear facilities have long been studied [5].
Inspection robots that move on walls [6] and robotic arms that can
transport nuclear fuel [7] are typical nuclear robots. However, there
is no robot yet able to inspect SNF in a completely unmanned
operation. To this end, the IAEA held an IRC2017 challenge to pro-
mote the development of such robots [8].

IRC2017 sought to develop robots that can transport and operate
equipment safely and automatically to inspect SNF without oper-
ator intervention. To do this, the Korea Atomic Energy Research
Institute (KAERI) developed a spent fuel check vehicle (SCV), a
robot designed to inspect SNF [9]. The developed robot workedwell
in the evaluation environment of the IRC2017 [10]. However, an
actual nuclear plant environment is much more complex than an
experimental environment. Actual nuclear plant environments
have many obstacles that interfere with certain operations [11e13],
and the storage depth of SNF pools in each case is different. How-
ever, the existing algorithm used in the IRC2017 case does not have
an algorithm that can control by sensing storage depth of the SNF.
Moreover, system control may become unstable when the depth
changes.

For stable inspections in environments with varying depths, we
can tune the control signal to the depth. However, an actual storage
pool represents a difficult environment in which to tune [14].
Moreover, long times are required for tuning. To solve this problem,
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Table 1
Experimental results.

Normal controller Adaptive controller Diff. Ratio

Inspection time (60 cm) 49.0 s 38.1 s 10.9 1.29
(75 cm) 33.1 s 30.7 s 2.4 1.08
(90 cm) 26.8 s 26.1 s 0.7 1.03

Avg. distance to target (60 cm) 13.3 pixel 11.0 pixel 2.3 1.21
(75 cm) 12.6 pixel 9.9 pixel 2.7 1.27
(90 cm) 11.0 pixel 8.6 pixel 2.4 1.28

Max. yawing angle (60 cm) 21.2� 11.1� 10.1 1.91
(75 cm) 28.1� 13.5� 14.6 2.08
(90 cm) 20.6� 9.8� 10.8 2.10

Avg. inspection speed (60 cm) 96.5 pixel/sec 80.8 pixel/sec 15.7 1.19
(75 cm) 86.7 pixel/sec 69.3 pixel/sec 17.4 1.25
(90 cm) 76.3 pixel/sec 68.4 pixel/sec 7.9 1.12

Fig. 1. Overall appearance of the SCV.

Fig. 2. Wiring diagram of the SCV.
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we can measure the storage depth using a mono-camera device
considering the features of standardized SNF [15,16]. We developed
an adaptive controller that optimizes control signals over measured
distances.

2. SCV (spent fuel check vehicle)

The SCV (Fig. 1) can move freely on the surface given its three
degrees of freedom of left-right, forward-backward, and rotation
and its four propellers. The SCV system is divided into the ground
system that controls the robot on the ground and the robot system
that facilitates movement. The ground system consists of a high-
performance PC that can process images taken by robots and can
track SNF. The robot system consists of a camera, a motor, a posture
controller, and a companion PC as shown in the Fig. 2. These two
systems are connected to each other by Ethernet cables.

2.1. Robot parts component

The robot system consists of a camera, a motor, a posture
controller, and a companion PC, as noted above. Because the
environment in which the SNF is stored is dark, we use a Sony
IMX322 image sensor as a camera, as this device can capture low-
light video. As the posture controller, we use Pixhawk 4, which can
control up to eight motors with PWM signals. The SCV uses the
M200 motor by Blue Robotics, which can operate underwater. The
companion PC, connected to the PC of the ground system, transmits
sensor data and interprets control commands. We use a Raspberry
Pi device as the companion PC.
The ground system consists of a high-performance PC that
controls the robot through sensor data from the robot system. Our
imaging program for SNF inspections can process incoming images
through Ethernet and can convert the location of SNF into 2D co-
ordinates. The program also includes a position controller that
controls the position of the robot through the presented co-
ordinates. If the control signal of the controller is transferred to the
companion PC of the robot system, the companion PC can directly
drive the motor.

2.2. Robot position controller

In order to move the robot to a desired position, we developed a
controller that controls the robot position using the current posi-
tion of the robot and the position of the target SNF. The SCV's po-
sition controller is included in the imaging program running on the
PC in the ground system. Through the images taken from the
camera of the robot system, the ground system can extract the
center position of the SNF and the current position of the robot as
coordinates. The controller sends commands tomove to the desired
position considering the coordinate difference between the posi-
tion of the robot and the center position of the SNF on the x-y axis.
Moreover, because SNF is arranged in a line in the SNF storage pool,
yawing can also be controlled using the slope of the line connecting
the SNF on both sides.

2.3. Problems

The developed system, the SCV, was designed to move up to the
SNF to be inspected (see Fig. 3). Controllers tuned to a set depth
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operated well at the desired depth. However, if the actual depth is
different from the target depth, an overshoot will occur when the
system moves. This is because the actual distance displacement of
the two points used for control is different from that shown in the
image, as described in Fig. 4. The actual displacement would be less
than the difference seen in the image if it were a shallow depth, and
if it were deep, the difference seen in the image would not be large,
but the actual displacement difference would be large. If the system
can extract the depth in which the SNF is stored and generates an
adaptive control signal that fits the depth, it can reduce the sys-
tem's overshoot.
3. Method: Depth-adaptive controller

Current controllers used to control the robot's position work by
processing camera images indicating the target position and the
current position as points. For existing controllers that only inspect
a certain depth, the pixel difference value from the target to the
system is pre-tuned to the actual distance value. However, if the
inspection depth changes, the robot cannot be controlled optimally
due to the mismatch between the pixel value in the image and the
actual distance value. It is therefore important to have correct
depth information for the proper operation of the system at various
depths.

To obtain depth information, other robots use lasers, radar, so-
nar sensors, or image sensors. However, lasers and radar are
vulnerable to moisture and sensors are exposed to the outside,
making these components not suitable for a robot that operates in
water. Sonar sensors are often used in underwater robots, but the
water in the pool where SNF is stored contains radioactive mate-
rials, and they need to be cleaned after an inspection. They are not
suitable for such a system because it is difficult to clean ultrasonic
sensors. In our system, as use an image sensor to measure the
depth. Image sensors are waterproof if covered with a dome, there
is no external exposure, they are simple, and they offer the addi-
tional advantage of being easy to decontaminate.

To obtain depth information using an image sensor, stereo
cameras are usually used. However, the current system is equipped
with mono-cameras due to spatial limitations. To determine the
depth with a mono-camera, accurate references are needed.

The IAEA safeguards provided currently stored and standardized
SNF models at nuclear power plants worldwide to the participants
Fig. 3. Control meth
of the competition. According to the IAEA safeguards' Inspection
Protocol, nuclear fuel, in the shape of squares and hexagons, is
primarily inspected. Nuclear fuel does not differ much in its
appearance after usage. Fig. 5 shows the stored nuclear fuel shown
above. Nuclear fuel usually comes in the form of a bar. Thus, in
Fig. 5, an object that is seen as a circle is an item of nuclear fuel. In
addition, the outer frame, which appears to be square or hexagonal,
serves to secure the nuclear fuel for safe storage. Depending on the
type of reactor, the shape of this outer frame may change. After
usage, a large amount of spent nuclear fuel is stored for long pe-
riods. Therefore, it is reasonable to store them in an efficient shape.
Efficient circular, square, and hexagonal frames are often used for
storage. The IAEA provided amodel of square and hexagonal frames
to the participants. The square nuclear fuel is 20 cm long on one
side and the hexagonal nuclear fuel is 12 cm in diameter. Using this
reference, the SCV can estimate depth information with the Mono-
Camera.

We place a square-shaped SNF sample at a distance of 1 m and
measured the Pixel value of one side. At a distance of 1 m, the
length of one side of the SNF was 170 pixels. In Fig. 6, 'pixels' is
expressed as ‘px’. The pixel is the unit that counts the number of
digits of the color data that make up the image signals. Geometri-
cally, the length of one side of the image is inversely proportional to
the distance. In order to confirm the difference between the
theoretical pixel value and the pixel value in the actual photo-
graphed image, the results Fig. 6 shown above were obtained by
measuring the distance from 50 cm to 750 cm at intervals of 50 cm.
This experiment found that the error between the actual distance
and the distance estimated by the camera was within 6%. We
judged that estimating the depth based on the pixel information
would be feasible and also that the size of the squares according to
the distance can be represented as a function.

Through the camera, we were able to determine the depth at
which the SNF was located. If the system is controlled adaptively
using depth information, more stable control is possible. In order to
control the motor in a depth-adaptive manner, we modified the
controller algorithm that was embedded in the existing image
processing program, as shown in Fig. 7.

The existing position controller for SCV position control uses the
difference between the robot's coordinates and the target's co-
ordinates on the x-y axis. In such a case, optimized control is not
possible when the target depth varies. However, the developed
od of the SCV.



Fig. 4. Apparent distance problem.

Fig. 5. SNF shapes and the layouts.

Fig. 6. Depth measurement method and resulting data.
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Fig. 7. Diagram of the depth-adaptive controller.

Fig. 9. Inspection protocol.
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depth-adaptive controller is capable of adaptive control by incor-
porating the target's depth information.

The developed depth-adaptive controller can operate stably
even in an environment where the depth changes when tuned once
at the reference depth. In order to prove this, it is necessary to
compare the existing controller and the depth-adaptive controller
in a SNF inspection process while changing the depth of the SNF.

In order to conduct a SNF inspection experiment, an experi-
mental environment was established by placing the SNF model in
an indoor swimming pool 2.5 m long, 1.5 mwide and 1.2 m deep as
shown in Fig. 8.

The previously developed position controller was programmed
to inspect the SNF located at a depth of 1.5 m in the environment
established at IRC2017. Therefore, if the depth of the water in the
pool changes, the system can become unstable. To solve this
problem, we estimated the depth through data obtained from the
experiment, as shown in Fig. 6. We then used a newly developed
depth-adaptive controller for stable posture control. In this paper,
we extracted the depth information through the standardized SNF
shape and experimentally demonstrated how the depth-adaptive
controller greatly outperforms the existing position controller.

4. Experiment

To conduct the experiment, we followed the SNF inspection
protocol provided by the IAEA (see Fig. 9) for the IRC2017 envi-
ronment. According to the protocol, the position of the USV should
be controlled such that it does not exceed the maximum radius for
approximately 1 s at the center of the target SNF. After the in-
spection of the target SNF, the robot can move to the next SNF.
According to the protocol, we filled the indoor pool with water up
to 60 cm, 75 cm and 90 cm deep and then created an environment
in which the SNF model was placed on the floor. In this environ-
ment, the robot should follow a hypothetical inspection scenario
where it moves to the next target SNF while its position remains
Fig. 8. Experimental environment and the SCV.
within 40% of the length of one side of the target SNF for 1.5 s. In a
hypothetical inspection scenario, there are six SNF samples to be
inspected. When the scenario starts, the robot starts the exami-
nation of the first SNF.

4.1. Target - system distance graph comparison

The Fig.10 above are target and systemdistance graphs obtained
from the scenario when the SNF targets were at depths of 60 cm,
75 cm, and 90 cm.

The five peak values shown in the graphs above appear when
the target to be inspected by the system changes. Because this
experiment depicts a scenario in which six SNF targets are
inspected, five peak values are shown. If the inspection is carried
out using an ideal controller, a continuous reduction from the peak
distance to the minimum distance in a sawtooth wave form would
arise. However, a ripple occurs during which the distance value is
increased by overshoot that occurs while the system is operating. A
systemwith less of this ripple effect has a shorter average distance
during one target inspection. The experimental results show that
the improved system has shorter average distances in the 60 cm,
75 cm and 90 cm environments. The average distance of the depth-
adaptive controller was as short as 21.2%, 27.7%, and 28.7% in the
60 cm, 75 cm, and 90 cm environments, respectively.

4.2. Yawing graph comparison

The Fig. 11 above is a graph showing the yawing that occurred
when inspecting the target at depths of 60 cm, 75 cm, and 90 cm.

To obtain the yawing angle, the y-axis displacement on both
sides of the target and the peak values from the target - system
graph are used. The peak values are 400 pixels, 300 pixels, and 250
pixels at 60 cm, 75 cm, and 90 cm, respectively, allowing the angle
at which system yawing occurs to be obtained.

The results of the experiment indicated that the depth-adaptive
controller suppresses yawing in all three experimental environ-
ments. In the 60 cm experiment, yawing angle correction occurred
up to 10.09� over the normal controller, and the inspection could be
performed with less yawing by as much as 57%. In the 75 cm
experiment, the largest correction was noted, at 14.58�, with less
yawing by as much as 50%. In the 90 cm experiment, the angle was
corrected by 10.79� and the inspection took place with 54% less
yawing.

The Fig. 12 above is an arrow representation of yawing after the
system starts the process of inspecting the target. The slope of the
red arrow indicates the yawing of the system. The neatly aligned
arrows of the depth-adaptive controller indicate that the overshoot
is smaller than that by the normal controller, and the parallel left
and right arrows indicate less yawing of the system. Therefore, it
can be seen that the inspection takes place stably when performed
with the depth-adaptive controller.



Fig. 10. Target - system distance comparison graph and result.

Fig. 11. System yawing degree comparison graph and result.
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Fig. 12. Top view comparison.
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4.3. System speed graph comparison

The system speed can be represented by calculating the ten-
value average of the variation in the target-system distance
graph. The Fig. 13 below is a system speed graph showing the
average values of the speed in the 60 cm, 75 cm, and 90 cm
environments.

Under identical test environments, the energy consumed by the
system is proportional to the square of the speed. Therefore, in the
60 cm experiment, the normal controller performed the inspection
as rapidly as 19.4% faster than the depth-adaptive controller, but
the time cost was longer. This indicates that the depth-adaptive
Fig. 13. System speed com
controller can perform the inspection with 42.6% less energy.
Thus, the proposed system can reduce energy use by 56.5% in the
75 cm environment and 24.4% in the 90 cm environment.
4.4. Experiment results

During the experiment, the overshoot by the depth-adaptive
controller was less by as much as 21.2% and yawing correction of
10.09� was accomplished when inspecting a target at a depth of
60 cm. In addition, the inspection was completed 10.9 s faster and
the inspection could be performed with 42.6% less energy. When
inspecting a target at a depth of 75 cm, the overshoot of the depth-
parison and result.
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adaptive controller was less by as much as 27.7% and yawing
correction of 14.58� was realized. Thus, the inspection was
completed 2.4 s faster and the inspection could be performed with
42.6% less energy. In the 90 cm experiment, there was 28.7% less
overshoot and 10.79� of yawing correction. The inspectionwas able
to finish in as soon as 0.7 s and used 24.4% less energy (see Table 1).
Hence, the depth-adaptive controller showed better performance
at all depths. Therefore, SNF inspection robots using the proposed
depth-adaptive controller are expected to perform optimally at
nuclear power plants worldwide without pre-tuning. However, it is
difficult to compensate for overshoot and yawing in the system
completely with the proposed depth-adaptive controller, as the
controller only uses data recognized by the camera. If the system
uses the actual speed at which the robot moves with an external
camera or device, the robot will be able to move more precisely. In
addition, the control signal of the current controller can be influ-
enced by the swirling of water. Therefore, it is expected that there
will be a greater effect if a device that predicts or compensate for
water turbulence can be developed.

From the perspective of users in the relevant field, the current
system is difficult to use in a radioactive environment. Because no
experiment was conducted on how radiation would affect the
system, whether radioactive sources could be effectively decon-
taminated was not confirmed. Therefore, future researchers can
test whether this is a reliable system by examining how well the
components of the present system can operate stably in a radio-
active environment and can ascertain whether a radioactive
contamination source can be suitably cleaned by the system.

5. Conclusion

The SCV (spent fuel check vehicle) presented here is an auto-
matic fuel inspection system. The SCV was able to solve all tasks at
IRC2017. However, one problem was that overshoot and yawing
were considerable when inspecting a target in an environment in
which the depth changes.

In order to solve this problem, we improved on a previous
control algorithm so that it could measure the depth of a SNF
storage pool with a mono-camera with depth-adaptive control.
Because SNF samples are standardized, their sizes are identical.
Therefore, we could extract depth data with a mono-camera rather
than a stereo camera. Experiments were carried out to compare the
depth-adaptive controller using the extracted depth data with an
existing controller. Unlike the previous system, the improved sys-
tem showed less variation in the system instability depending on
the depth. In addition, at all depths tested in the experiment, it was
possible to correct the yawing up to 20� compared to the previous
system, and the time required for the inspectionwas reduced by up
to 20% by suppressing the overshoot. Considering that the number
of spent nuclear fuel units stored in a nuclear power plant can be as
high as several thousand in each case, a time reduction of 20% can
be significant. However, then the robot was unable to mount the
zoom lens due to space constraints. With a zoom lens and using the
depth-adaptive controller at the same time, we can expect more
stable control. Thus, we believe that conducting further studies on
the system with zoom lenses will be beneficial.

Therefore, if the SNF inspection robot with the depth-adaptive
controller is used, it is expected that the SNF inspection task of
the IAEA, which is currently performed manually by an operator,
can be done more efficiently. Efficient inspections using the depth-
adaptive controller presented here will allow a change of such in-
spection tasks from only a few SNF samples at present to an entire
pool of samples. This could lead to the transparent and mutually
reliable use of nuclear energy. Therefore, this system will play an
important role in the safe use of nuclear energy andwill help efforts
to prevent the proliferation of nuclear weapons.
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