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In this paper, we present a study on a navigation and control system including a new
navigation algorithm for an unmanned underwater track vehicle (UTV). Generally, in
underwater navigation, a Doppler velocity log (DVL) is used to measure the velocity of
underwater vehicles. However, the UTV cannot use the DVL since it is operated at the bottom
of the seafloor. Therefore, in this study, we developed a hybrid navigation system (HNS)
consisting of an inertial measurement unit (IMU), a ring laser gyro (RLG) sensor, and an
ultrashort baseline (USBL) sensor for underwater vehicles. The system states of the UTV were
estimated using the navigation model and the navigation system composed of the RLG and
USBL sensors with an extended Kalman filter (EKF). In the navigation system, the attitude
control was designed using the RLG sensor, and the position of the UTV relative to that of the
global positioning system (GPS) of the surface ship was estimated using the USBL sensor. A
new position and orientation estimation algorithm called the compensating hybrid navigation
algorithm (CHNA) was developed using the HNS. The developed CHNA was based on a
Kalman filter to more accurately estimate the location of a real underwater trenching vehicle
called URI-R using hybrid RLG and USBL sensors by filtering out noises and disturbances. To
apply the CHNA to the underwater robotics its rocker (URI-R), we developed a small UTV as
a test bed and applied the CHNA to the UTV. Then, we applied the CHNA to the URI-R and
verified the superior performance of trajectory tracking through a real underwater test.

1. Introduction

Korea Institute of Ocean Science and Technology is developing track-based underwater
construction robots named underwater robotics its rocker (URI-R) such as that shown in Fig.
1. The purpose of developing the URI-R is to carry out the task of burying cables along the
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Fig. 1. (Color online) Tack-based underwater construction robot under development.

desired path in water. In underwater navigation, the development of the URI-R such as a
remotely operated vehicle (ROV) is essential.(V

In general, the sensors used for underwater navigation include an inertial measurement unit
(IMU), a global positioning system (GPS), a Doppler velocity log (DVL), an ultrashort baseline
(USBL), and a depth sensor. The equipment currently under development will be developed
in the form of track-based construction equipment and used under a turbid environment due to
the nature of underwater construction. If an impact disturbance occurs during trenching, the
acceleration signal measured as the motion of the equipment may be evaluated to be relatively
small and disturbed, such that the navigation operation using the sensor may not be performed
appropriately. Also, the DVL and USBL cannot be used if the surrounding turbidity is very high.?
Therefore, a method of reducing the position error by underwater navigation using the IMU
should be studied.

The IMU can be used as the main sensor of an integral navigation system (INS),®) and
the USBL is an underwater acoustic sensor that recognizes the absolute coordinates in water,
similarly to the GPS on land. Bijker and Steyn used an extended Kalman filter (EKF) twice to
combine a GPS and an INS (loosely coupled system).”) The reason for using the EKF twice is
that the first EKF estimates the attitude of the hull and the second EKF is used to estimate the
velocity and position of the hull. Wendel and Trommer used a tightly coupled system consisting
of a GPS and an INS because of the pseudo-range information of a GPS in strong coupling,
and it is confirmed that the data is processed and the loosely coupled system is excellent.>)
Ridao et al. and Ribas et al. studied DVL fusion considering the time delay of the USBL
measurement signal and applied it to the underwater navigation of autonomous underwater
vehicles (AUVs).®7 Lee et al. proposed a complex navigation algorithm that combines the
distance information with the inertial navigation algorithm.(g) In 2015, a fusion of USBL, DVL,
and IMU signals was performed@ Jung et al. conducted a study to monitor the position of a
ROV in a USV by combining an IMU and a USBL.!'? In particular, when a USBL cannot be
used owing to high turbidity, a hybrid integrated navigation system composed of a ring laser
gyro (RLG) or IMU with an EKF for the accurate tracking of the trajectory is utilized.
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Section 2 of this paper describes the appearance and specifications of the URI-R and
underwater track vehicle (UTV) under study. In Sect. 3, the construction of a hybrid navigation
system (HNS) using an IMU, an RLG, and a USBL and the study of compensating hybrid
navigation algorithm (CHNA) applied to the HNS are discussed. In Sect. 4, the navigation
system developed and experimented on land and sea is presented, and Sect. 5 shows the
conclusions of this study.

2. System Overview

2.1 URI-R

The URI-R is a track-based underwater work robot that performs underwater submarine
cable/pipeline submergence and subsea underwater construction work on the seabed. Currently,
the URI-R is under development, and various driving and navigation experiments are under
way. As shown in Table 1, the developed URI-R was designed to have a length of 5800 mm, an
endpoint distance of 3495 mm on both sides of the infinite orbit, and a range of 2595 mm from
the bottom to the top.!" A total of two hydraulic motors control each endless track individually
and can be turned forward/backward and left/right depending on the control method. In the
paper, the application of the developed HNS and CHNA to the URI-R is presented.

22 UTV

We designed and manufactured a small UTV to apply the HNS to the URI-R and CHNA
to navigate it along the desired trajectory. For this, the UTV shown in Fig. 2 was designed and
constructed as a test bed in a reduced of URI-R form and equipped with infinite tracks for
movement on the land and seafloor. As shown in Table 2, the external shape was designed to
have a length of 1200 mm, the endpoint distance of both endless tracks was 700 mm, and the
distance from the bottom to the top was 800 mm. A total of two electric motors control each
infinite track independently and can be rotated forward, backward, and left or right depending
on the control method. The navigation sensor is also shown in Fig. 3. As shown in Fig. 3, we
constructed a compact HNS that combines an RLG, a magnetic compass, and a USBL. We
applied the CHNA to the UTV equipped with the developed HNS to operate the UTV along the
desired path accurately in various underwater environments.

Table 1

Specifications of URI-R.

Index Value Units
Length 5800 mm
Width 3495 mm
Height 2595 mm
Weight 35 t
Contact length of track 400 mm
Track width 900 mm

IMU, Depth, USBL, GPS, TCM, altimeter, camera (analog/HD),

Standard components . . . .
P image sonar, oil hydraulic motor, trenching tool
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Fig. 2. (Color online) Developed UTV.

Table 2

Specifications of UTV.

Index Value Units
Length 1200 mm
Width 700 mm
Height 800 mm
Weight (dry) 100 kg
Weight (water) 5 kg

IMU, depth, USBL, GPS, TCM, altimeter,

Standard components .
P camera, forward looking sonar, DC motor

USBL Navigation

[USBL] Position, Velocity Solution
USBL
Magnetic Initial Attitude ®_' Integration
compass + Kalman Filter
Integrated
A4 Navigation
3 . Solution
IMU —1 Mechanization +
[INS] Position, Velocity, Attitude
& 1
!--------------'_ ______________________________ d
Bias Corrections Position, Velocity, Attitude Corrections

Fig. 3.  (Color online) Picture and structure of HNS.

3. Compensating HNA

The IMU, which is the primary sensor of a strap-down INS, outputs the acceleration and
angular velocity in a body-fixed coordinate system, so it is convenient to convert it to an earth-
fixed coordinate system. Figure 4 shows the body-fixed and earth-fixed coordinate systems
fixed to an ROV for submarine operations.!? In navigation, the IMU is important and provides
fast acceleration and angle data, but the accumulated error increases with time even when
using a very expensive analog IMU. The USBL generally obtains position information and
the position error does not increase with time. However, its interval is usually over 2 to 10
such that the error of position data occurs during the interval. For this reason, we devised the
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Fig. 4. (Color online) Relationship between ROV and global coordinates.

HNA using the IMU and USBL. By using the IMU data, the intermediate data of the USBL
are compensated. However, in the real application of the HNA using the IMU and USBL,
there exist sensor errors due to noises and disturbances in underwater environments. Thus, we
developed the CHNA using the KF to more accurately estimate the location of the URI-R using
hybrid RLG and USBL sensors by filtering out the noises and disturbances.

The frame used in the INS is the local-level frame (LLF), and the navigation equation used
io(13)
is
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where r is the position vector, v is the velocity vector, R is the Euler angle, g is the local gravity
vector, /7 is the acceleration received from the IMU, and be is the skew-symmetric matrix of

the rotational velocity from the gyro.
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Here, Ry, is the radius of curvature of the meridian, Ry is the radius of curvature, /4 is the height
of the USBL, ¢ is the latitude of the USBL, 4 is the longitude of the USBL, « is the radius at the
equator, and e is the eccentricity of the ellipsoid.('¥
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Here, w,, wy, or o, indicates the rotation speed of each axis and Qfl = R;’(Qie + Qle,)Ré.
In general, the nonlinear dynamic system is used as a first-order differential equation using
the state equation. The error equation of the INS is derived and applied as

i =F'x' +G'w, ©)

where x is the vector of the internal parameters of the dynamic system that is referred to as the
state vector, £ is called the dynamic matrix that propagates errors over time, w is the random
forcing function, assumed to be the Gaussian white noise associated with the inertial sensors,
and G is the noise distribution matrix.
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It is set to G’ = w=0.
The KF can be divided mainly into a prediction step and a correction step.'>'” 1In the
prediction step, the following equations are used:

X () =Py 41 (+) (12)
B (=) =®p—1Ha (+)<I>E|k_1 +Gy 101Gl (13)

where x; (—) is the estimated state variable, @ is the state transformation matrix, x is the state
variable, P(—) is the estimated state covariance, G is the disturbance noise, and Q is the process
noise covariance.

Equations (14)—(16) are used for calibrating the predicted value using an externally measured
source.

Ko =R OHI [ HAOH +R ] (14
X () = x. () + Ky, [Zk —kak(—)] (15)

B (+)=[1 - K H B (-) (16)



1582 Sensors and Materials, Vol. 31, No. 5 (2019)

Here, K is the Kalman gain, H is the observation matrix, R is the measurement noise covariance,
and z is the external measurement vector. P, R, and Q are selected as shown in the equations

P=diag{10*> 10*> 12 0.05% 0.05> 0.05> 1> 12 1%}, 17)
R =diag{(0.1d)* (0.1d)*> 1> 0.2% 0.2* 0.2 (0.1)* (0.1)* 1%}, (18)
O =diag{l®> 1> 17 0.1 0.1 0.1 17 1> 1%}. (19)

4. Experiment of CHNA

In this study, two experiments were conducted to verify the performance of the proposed
CHNA. First, the heading motion obtained using the CHNA was tested and the performance
of the CHNA was confirmed on land using the small UTV. Second, a navigation experiment
in an actual sea area was conducted by applying the CHNA to the URI-R, which is the target
platform of this study.

4.1 Heading experiment using UTV

To confirm the heading estimation of the proposed CHNA, experiments were conducted
on land using the UTV (Fig. 2). The estimated value of the heading motion experiment when
moving along a square track of 10 m on one side using the UTV is shown in Fig. 5, where the
dotted line indicates the desired path. As a result of three times of rotation tracking test, the
target was observed to converge to 90, 180, and 270° at the initial 0°. The observed slightly
large error is due to the rotation at the corner along the target heading in Fig. 5, and the
estimated small convergence error to the target heading is due to an uneven track floor.

Heading [deg]

50 I 1 1 1
0 10 20 30 40 50 60 70

Time [s]

Fig. 5.  Result of rectangle trajectory experiment.
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4.2 Navigation experiment using URI-R

To verify the performance of the designed CHNA, the trenching and navigation experiments
of the URI-R were carried out in August 2018 in the East Sea. The latitude and longitude
coordinates of the experimental area were 36°05°53.8 “N and 129°26°59.8” E, and the depth was
23 m. Figure 6 shows the launching of the URI-R to the sea area for navigation experiment.

First, Fig. 7(a) shows the USBL acquisition signal sequence number on the abscissa each
time the USBL signal is updated during the experiment, and the vertical axis indicates the time
interval of the acquisition signal. Figure 7(b) shows a histogram showing the frequency of the
sample time interval and the vertical axis as a log scale. The data update period of the USBL
was set to | s, and the experimental result shows that the update cycle of more than half a data
is about 1 s. The time to update the data was increased up to about 5 s, but there was no case in
which an invalid signal was measured. If the data update time exceeds 1 s, it is considered that
the transponder of the USBL is affected by the vibration caused by the platform performing the

Fig. 6.  (Color online) Picture of field experiment.
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Fig. 7. (Color online) Sample intervals of USBL measurements of navigation experiment. (a) Sample intervals of
USBL measurements and (b) their histogram.
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trenching operation or passing through an uneven ground. Because the depth of the experiment
was not as large as 23 m, it is considered that the data update was performed well.

The results of using the CHNA are shown in Fig. 8. Figure 8 shows the horizontal plane
trajectory on which the URI-R has moved, and the USBL measurement position data are
indicated by a dotted line and the navigation estimation position data obtained using the CHNA
are indicated by a solid line. The navigation test was performed for about 4 h until the platform
was launched and recovered at the same time as it was started. The platform was launched
in a circular position, moved clockwise, and then retrieved from the square position after the
experiment. At the beginning of the experiment, the experiment was conducted to move to the
desired point. This experiment runs straight between the blue diamonds in Fig. 8. The heading
of the URI-R was 30 degrees and moved about 29 m. The error between the navigation result
and the target position [28.5, 1.5] was measured as [0.6, 0.3].

Experimental results show that there are six densely populated parts in the data, which is
due to the vibration of the platform during trenching. In the tests, the maximum speeds of the
URI-R along the axes are 0.3228, 0.3944, and 0.1376, and the movement speed of the platform is
rather low.

Figure 9(a) shows that the results in Fig. 8 indicate the enlargement of the upper right [40,
12]. The A region has a denser shape owing to the larger position error due to the vibration
generated by the tangential movement of the platform. This vibration also causes severe
disturbances to the INS. Tracking errors in the B and C regions show relatively larger
tracking errors that occurred owing to the bad signal state of the USBL, but it is shown that
the application of the CHNA reduces the tracking errors and the smoothing of the trajectory
tracking. Zigzag-like movement paths, such as in the B and C regions are forms of movement
that cannot be achieved with a large, heavy URI-R. The proposed navigation algorithm CHNA
shows the result of compensating the tracking errors compared with the measurement using
only the USBL sensor. Next, Fig. 9(b) shows that the results in Fig. 8 indicate the enlargement
of the right center [35, —6]. Data in the A region show that there are position errors in the USBL

North [m]

05 I I I I I I
10 15 20 25 30 35 40 45

East [m]

Fig. 8. (Color online) X-Y plane trajectories #1.
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Fig. 9. (Color online) X—Y plane trajectories #2. (a) Top right and (b) center right.
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Fig. 10. (Color online) Difference between position estimates obtained using only USBL and CHNA.

signal and that the position data are unsatisfactory. However, the proposed CHNA results show
that these errors are reduced.

Figure 10 shows the position estimation difference of the navigation between the
measurement using only the USBL and the CHNA. Even under the very low movement speed
of the platform and the absence of USBL blackout, the maximum difference between the
measurement using only the USBL and the CHNA is shown to be less than 1 m. The part where
the difference increases is considered as the time when the platform performs the trenching
operation. Through the experimental results, the good performance of the developed CHNA is
verified.
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5. Conclusions

In navigation, an IMU is important because it provides fast acceleration and angle data, but
the accumulated error increases with time. A USBL generally obtains position information and
the position error does not increase with time. However, its interval is usually over 2 to 10 s
such that the position error occurs during the interval. On the basis of this result, we developed
a CHNA based on a Kalman filter to more accurately estimate the location of the URI-R using
hybrid INS (IMU), RLG, and USBL sensors by filtering out noises and disturbances.

To apply the CHNA to a real underwater trenching vehicle called URI-R, we developed a
small UTV as a test bed to test the performance of the CHNA. Then, we applied the CHNA
to the URI-R and verified the superior performance of trajectory tracking through a real
underwater test.

To verify the performance of the proposed algorithm, we analyzed the performance of the
CHNA utilizing the data of the RLG, IMU, and USBL obtained from the UTV and URI-R land/
sea experiments. Experimental results show that the maximum position difference between
the measurement using only the USBL and the CHNA is about 1 m. From the data of the
navigation experiments, it was confirmed that the developed CHNA could follow the desired
position and attitude better than the case of using only the USBL. Through the experimental
results, the good performance of the developed CHNA is verified.
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