

  jmse-10-00974




jmse-10-00974







J. Mar. Sci. Eng. 2022, 10(7), 974; doi:10.3390/jmse10070974




Article



On the Adaptation of an AUV into a Dedicated Platform for Close Range Imaging Survey Missions



Yevgeni Gutnik *[image: Orcid], Aviad Avni, Tali Treibitz[image: Orcid] and Morel Groper





The Hatter Department of Marine Technologies, Leon H. Charney School of Marine Sciences, University of Haifa, 199 Aba Khoushy Ave. Mount Carmel, Haifa 3498838, Israel









*



Correspondence: ygutnik@campus.haifa.ac.il; Tel.: +972-548022772







Academic Editor: Giacomo Picardi



Received: 12 June 2022 / Accepted: 11 July 2022 / Published: 15 July 2022



Abstract

:

This study presents the redesign of an existing autonomous underwater vehicle (AUV) with limited maneuverability, transforming it into a platform optimized for autonomous, near-seabed visual imaging missions. This work describes the enhancement of the AUV’s maneuverability through the addition of thrusters, the leveraging of a state-of-the-art thrust allocation algorithm, and the development of both a path-following controller and a dedicated imaging system. The performance of the optimized platform is demonstrated in a simulation and in actual real sea visual survey missions.
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1. Introduction


Visual surveys of the seabed enable us to quantify underwater benthic communities [1,2], explore archaeological sites [3], inspect sub-sea structures [4], and map the seabed [5,6]. These attributes make them extremely important tools in marine research. The underwater medium, however, presents significant challenges to imaging survey platforms. The rapid attenuation of light and the water turbidity force such platforms to operate close to the surveyed object, in particular when high-resolution data are required. Consequently, to map a large area, sets of images must be collected and stitched together into a photomosaic [7,8]. High-quality photomosaics comprise images collected under homogeneous optical conditions and depend on the amount of overlap between the images in the set [6,9]. Acquiring such an image set requires roaming the camera with high precision along the mapping transects while maintaining constant altitude and orientation.



Often, image sets are collected by scuba divers; however, divers are limited by dive time and depth. In addition, they are unable to precisely navigate long transects while maintaining their cameras at a constant orientation and altitude. The development of advanced underwater platforms such as remotely operated vehicles (ROVs) and autonomous underwater vehicles (AUVs) has allowed researchers to execute complicated missions while extending the effective time and depth, improving data quality and eliminating the inherent risks of human involvement. ROVs are generally powered and remotely controlled from surface support vessels via a tether that provides power, real-time control and video stream channels. The tether, however, limits the range and mobility of the vehicle. Furthermore, the deeper the missions are, the higher the deployment complexity is [3].



AUVs are increasingly employed in underwater missions previously performed by human divers or by ROVs. Multiple on-board sensors allow AUVs to navigate autonomously through predefined missions without the need for constant human supervision. In addition, their untethered operation enables them to maneuver freely without the risk of tether entanglement, in particular when operated close to the seabed and in complex environments.



These features make AUVs an excellent candidate platform for underwater visual survey missions [2,10]. Consequently, dedicated imaging and lighting systems have been developed [11,12,13]. Methods for improving the capabilities of AUVs’ during autonomous visual mapping and survey missions were also recently introduced [14,15], and new concepts of low cost AUVs for close-to-seabed and high-resolution imaging in shallow water have been proposed [16,17]. Mature AUVs are currently being employed in visual surveys of archaeological sites [18], hydrothermal vents [19], coral reefs [20] and benthic communities [21].



To collect high-quality image sets, AUVs are required to operate with high precision at low altitude. Achieving such precision is challenging, particularly in shallow waters and over rugged terrains. Hovering type AUVs are optimized for precise motion control at low speed, mainly by employing several thrusters for motion control. Such AUVs are commonly designed with an ROV-like frame such as the Hobalin AUV [19] or with multiple streamlined hulls such as the Girona 500 [22], SeaBED [2], ABE [23] and TriMARES [24]. Operation of multiple-hull-shaped AUVs, however, may be cumbersome in a vicinity adjacent to a cluttered seabed or complex objects such as shipwrecks or coral reefs.



AUVs with a single streamlined, torpedo-shaped hull, such as the Gavia [25], REMUS 600 [26], HUGIN [27], and LAUV [28], are also employed in imaging missions. Their streamlined shape provides better hydrodynamic efficiency and a small form factor that eases the operation in confined environments. To maintain their superior hydrodynamic characteristics and endurance, these AUVs are typically controlled by a single tail propeller and planes. The underactuated configuration, however, results in a coupled motion that sometimes limits the AUV’s ability to accurately follow transects and to perform delicate maneuvers at slow speeds. In complex and confined environments, in particular when currents are present, these capabilities are essential for close-range imaging missions. In addition, a single hull structure is characterized by close proximity of the vehicle’s center of gravity (   C G  ¯  ) and center of buoyancy (   C B  ¯  ), which results in inferior hydrostatic stability due to small restoring moments, in particular in roll and pitch. Therefore, torpedo-shaped AUVs are mainly employed for long-range and high-altitude surveys and less suitable for close to seabed imaging missions [22].



To better adapt this AUV type for close range and high-resolution imaging missions, a dedicated motion control system may be incorporated [29]. Such a system will facilitate accurate and decoupled motion control and path following along imaging transects to support high quality data collection and achieve the required amount of overlap for the generation of photomosaics.



The Hatter Department of Marine Technologies at the University of Haifa (UH) operates a SPARUS II AUV as a platform for research in the field of underwater technologies, sensors, and marine robotics. We recently proposed to develop new and enhance existing high-resolution seabed imaging survey performance capabilities as part of an Israel Ministry of National Infrastructure, Energy and Water Resources and Israel Ministry of Science, Technology and Space call. Our proposal entailed enhancing the maneuverability of the vehicle through the addition of two strategically positioned thrusters, providing sway and decoupled yaw control. A novel thruster allocation algorithm was implemented to optimize the new, over-actuated propulsion system configuration and an improved path-following controller was developed and integrated into the vehicle’s control system. To study and evaluate the enhanced propulsion system, a dynamic model was developed and incorporated into a software-in-the-loop simulation. In addition, a dedicated imaging payload, consisting of stereo, downward-looking cameras, and a system of strobes was developed and integrated. Finally, the upgraded platform named “ALICE” (see Figure 1) was tested in a real underwater visual survey mission, where a substantial improvement in the vehicle’s performance capabilities for this type of mission was demonstrated. This paper describes this development and improvement process.



The paper is organized as follows: Section 2 describes the basic configuration of the existing platform while Section 3 describes the development of a dedicated imaging payload and its integration with the SPARUS II platform. Section 4 details the requirements for high-resolution imaging survey, based on the developed imaging payload and Section 5 describes the hardware configuration of ALICE, the modified vehicle. Section 6 describes the development of a dynamic model of ALICE to facilitate performance evaluation and control system design. ALICE’s motion control system, including the development of an optimized thruster allocation algorithm and improved path-following controller, are described in Section 7. Evaluation of ALICE’s performance in simulation is provided in Section 8, and a demonstration of ALICE in real imaging survey missions is presented in Section 9. Conclusions are presented in Section 10.




2. The SPARUS II AUV


Our existing platform, the SPARUS II [30], is a torpedo-shaped AUV with partial hovering capabilities, developed by IQUA Robotics Inc. (http://iquarobotics.com/, accessed on 13 May 2022). The vehicle’s operating speed is 0–2 m/s, and its maximum operating depth is 200 m. Its small dimensions (1.6 m in length and 230 mm in diameter) and low weight (approx. 52 kg) facilitate its deployment from and retrieval to relatively small support surface vessels. For underwater navigation, the vehicle is equipped with an inertial measurement unit (IMU), pressure sensors, an acoustic Doppler velocity logger (DVL), and an ultra-short baseline localization modem (USBL). The control and communication architecture is based on the COLA2, open source software architecture, implemented in the ROS environment [31]. The vehicle’s payload volume can be configured to support payloads with a maximum capacity of 8 L and weight in air of 7 kg.



The original configuration of the UH SPARUS II employs three thrusters to control the AUV in three degrees of freedom (DOF). Two horizontal thrusters were mounted at the tail to control surge motion, by creating equal thrust, and yaw motion, by creating differential thrust. A single vertical tunnel thruster, located at the vehicle’s center of buoyancy, controls heave motion. The sway, roll, and pitch motions are not actively controlled. Consequently, compensation for lateral drift, which may occur due to environmental disturbances, is indirectly controlled by employing the horizontal thrusters. This method, however, results in side-slip [32], causing slow and inaccurate response to unpredictable perturbations. Moreover, when the yaw motion is controlled by the horizontal thrusters, an unequal torque is created, causing an undesired roll moment.




3. Development of a Dedicated Imaging Payload


As part of the modification of the existing SPARUS II platform to enable it to provide accurate, close-to-seabed visual surveys and especially to create high-resolution (∼1 mm) 3D photomosaics of the seafloor, a stereo imaging system (Figure 2) was developed. Two 9.2 megapixel Allied Vision (https://www.alliedvision.com/, accessed on 13 May 2022) Manta-G917 cameras were selected. To avoid distortion that may be caused by the employed flat ports [33], lenses with a focal length of   12.5   mm were attached to the cameras, providing a field of view of    70 ∘   . The cameras were installed in two compact pressure-resistant housings that were designed in-house to fit the vehicle’s payload section. Each housing consists of a camera, a flat port, and a SubCon Ethernet connector. The stereo pair was installed at a baseline of 100 mm between the cameras, which is the maximum distance the payload section supports. Two high-power LED strobes were integrated within in-house designed housings. Each strobe consists of an array of 20 Cree XHP-35 LEDs, providing 30,000 lumens at 4000 k color temperature. The strobes’ beam angle was set to   120 ∘  , fully covering the camera’s field of view (FOV). The cameras’ housing, installed inside the vehicle’s payload section, and the rear strobe, installed in the tail cone, are presented in Figure 3.



An Arduino based microcontroller was used to control the strobes’ intensity and trigger the cameras and the strobes synchronously at a frame rate of up to 10 fps. An NVIDIA (https://www.nvidia.com/, accessed on 13 May 2022) Jetson TX2 GPU was employed for image acquisition, camera control, and communication with the vehicle’s navigation system. Both the microcontroller and the GPU were installed inside the main hull and connected to the cameras and strobes through underwater cables and SubCon pluggable connectors.




4. Mission Planning for High-Resolution Imaging


Our survey missions are planned based on the selected imaging altitude, the cameras’ parameters, and in line with the guidelines described in [13]. The direct heave control enables the SPARUS II to operate close to the seabed. Operation at low altitude, however, increases the risk of collision with obstacles on the seabed. Consequently, we conducted a series of experiments at sea, and following their results, an altitude of 2 m was determined as the optimal altitude allowing safe operation during imaging survey missions. A typical mission is defined by way-points in the commonly used “lawnmower” pattern, consisting of equally spaced one-meter straight transects that provide an overlap of   45 %   between two adjacent transects. To avoid motion blur, the vehicle surge speed was limited to 0.3 m/s and the camera frame rate r was set according to Equation (1) to provide an overlap of   60 %   along the transects (in the direction of propagation):


  r =  u  H · ( 100 % − O )    



(1)




where u is the surge speed, H is the altitude above the seabed, and O is the desired percentages of overlap.



Accordingly, the camera parameters were optimized to acquire images from an altitude of 2 m as follows: to avoid motion blur, the exposure period was set to 3 ms, the aperture was set to   F / 4.0   for the desired depth-of-field of 2 m, and the lenses were focused to a distance of 2 m in the water (  1.5   m in the air). The camera gain was adjusted to suit the visibility conditions at the surveyed site. To determine the gain, the vehicle performed a short dive prior to the survey mission and control images were collected. Once the vehicle surfaced, the gain was evaluated and corrected accordingly.




5. Modified SPARUS II AUV—ALICE


It was found that the underactuated configuration of the SPARUS II propulsion system was insufficient for precise tracking of the imaging transects and maintaining the required overlap, particularly when currents are present and a side-slip angle is necessary to create a thrust component to compensate for drift. To improve the vehicle’s capability in performing the required maneuvers, the existing propulsion system was upgraded with two Blue Robotics (https://bluerobotics.com/, accessed on 13 May 2022) T-200 lateral thrusters, providing direct sway control and improved yaw motion control. These thrusters were selected as a preferable choice, due to their small dimensions, competitive price, high depth rating, and sufficient thrust, as required for the performance evaluation described in Section 8.



To maximize the yaw moment, the lateral thrusters were positioned as far from the buoyancy center as possible. The forward thruster was installed inside a tunnel, in the wet payload section, while the tail thruster was installed inside a new wet tail cone section, as illustrated in Figure 4. This section was completely redesigned to accommodate the thruster and rear strobe. The thrusters’ power cables were connected to dedicated drivers located in the AUV’s dry pressure-resistant section through watertight SubConn Inc. (https://www.macartney.com/what-we-offer/systems-and-products/connectors/subconn/, accessed on 13 May 2022) connectors. The tunnel thruster configuration preserves the hull’s streamlined shape, resulting in a relatively small drag penalty. In addition, this design has minimal impact on the vehicle’s launch and recovery operations.




6. Dynamic Modeling for Performance Evaluation of ALICE


To facilitate design decisions and evaluate the vehicle dynamics and motion control for the required imaging missions, a detailed dynamic model and a simulated environment were developed. The model computes the vehicle’s response to control forces and environmental disturbances and focuses on the vehicle’s dynamics in delicate maneuvers at slow speeds.



6.1. Equations of Motion


The dynamics of the vehicle are modeled according to the generalized form of the equations of a fully submerged vehicle as specified by Fossen [34]. This form employs the SNAME notation in the body-fixed frame with the origin fixed at the vehicle’s center of buoyancy, the x-axis extending along the hull axis of symmetry directing toward the nose, the y-axis directing toward the starboard side, and the z-axis directing downwards. The Earth-fixed frame employs the North–East–Down (NED) convention to describe the vehicle’s trajectory and orientation, as illustrated in Figure 5. The relation between the body-fixed and the Earth-fixed frames is given by:


    η →  ˙  = J  (  η →  )   ν →   



(2)




where   η =   [ x , y , z , ψ , θ , ϕ ]  T    represents the generalized position and orientation of the vehicle with respect to the Earth-fixed frame,   ν =   [ u , v , w , p , q , r ]  T    represents the linear and angular velocities in the body-fixed frame and   J  ( η )  =   [  J 1  ,  J 2  ]  T    is the transformation matrix between the body-fixed and Earth-fixed frames.



The sea currents are measured in the Earth-fixed frame. Assuming irrotational flow, the sea current vector is defined by      ν →   c  =   [  u c  ,  v c  ,  w c  ,  0  1 x 3   ]  T    and transformed to the body-fixed frame by:


    ν →  c b  =  J 1   (  η →  )    ν →  c   



(3)







Thus, we define the relative velocity vector as:


    ν →  r  =  ν →  −   ν →  c b   



(4)







Under the assumption that the change in the current’s velocity vector is negligible, such that     ν ˙  c  = 0  , the nonlinear equations of motion in the body-fixed frame are expressed by:


  M   ν →  ˙  + C  (   ν →  r  )    ν →  r  + D  (   ν →  r  )    ν →  r  +  g →   (  η →  )  =    τ →   c   



(5)




where M is the system inertia matrix (sum of the rigid body system inertia matrix   M  R B   ; the added mass   M A   matrix);   C (  ν →  )   is the Coriolis/centripetal matrix consisting of the rigid body matrix    C  R B    (  ν →  )   ; the added mass matrix    C A   (  ν →  )   ;   D (  ν →  )   is the hydrodynamic damping matrix combining the nonlinear damping matrix and the body lift matrix;    g →   (  η →  )    is the hydrostatic restoring forces and moments vector; and      τ →   c  =   [ X , Y , Z , K , M , N ]  T    is the control forces vector acting on the vehicle’s DOF.




6.2. Modeling of ALICE’s Propulsion System


The control forces vector      τ →   c    combines the thrusters’ open water performance, the effect of the interaction between the thrusters and the hull, and the thrusters’ configuration matrix, which defines the contribution of each thruster to the control forces vector. The axial (thrust) force T and torque Q created by a thruster’s propeller are defined by [35]:


  T = ρ  D 4   k t  n  | n |   



(6)






  Q = ρ  D 5   k q  n  | n |   



(7)




where D is the propeller diameter, n is the rotational speed, and   k t  (J) and   k q  (J) are the thrust and torque coefficients, respectively, for a specific advance ratio J. The thrust and torque coefficients were estimated using the experimental data presented in [35,36] and employing results from bollard pull experiments provided by the manufacturer.



6.2.1. Interactions between the Tunnel Thrusters and the Hull


Tunnel thrusters are considered jet producing devices. When the vehicle moves, the flow around the hull deflects the jet, creating a low-pressure area [37] as illustrated in Figure 6. As a result, due to the offset between the center of the low-pressure area and the thruster axis, the net thrust is reduced and a moment is created. Assuming the frictional effects due to the interactions between the jet and the tunnel are negligible and considering the effects of the jet deflection, the thrust created by the tunnel thrusters is expressed by [37]:


  T = ρ  D 4   k t   e  − C   (  u  u j   )  2    n  | n |   



(8)




where C is a thrust deduction factor and   u j   is the jet speed, given by:


   u j  =    T 0   ρ  A th      



(9)




where   T 0   is the open water thrust as given by Equation (6) and   A th   is the cross-section area of the tunnel.




6.2.2. Thruster Configuration Matrix


The contribution of each of ALICE’s thrusters to the control force vector,      τ →   c   , is defined by:


     τ →   c  = B   f →  th   



(10)




where     f →  th  =   [  T  th 1   ,  T  th 2   ,  T  th 3   ,  T  th 4   ,  T  th 5   ]  T  ∈  ℜ n    is a column vector, representing the thrust created by each thruster and   B ∈  ℜ  6 x 5     is the thruster configuration matrix, given by:


  B =     1   1   0   0   0     0   0   0   1   1     0   0   1   0   0     0   0   0   0   0     0   0   0   0   0      y  th 1      −  y  th 2      0    x  th 4      x  th 5        



(11)




where the distances   y  th 1   ,   y  th 2   ,   x  th 4   ,   x  th 5    are measured from the vehicle’s center of buoyancy to the thrusters’ center of action.





6.3. Identification of the Hydrodynamic Coefficients


The hydrodynamic forces and moments acting on the vehicle due to added mass, drag and lift are described in terms of hydrodynamic coefficients (derivatives). In this work, the vehicle’s coefficients were assumed to be independent of the vehicle’s speed. Considering the vehicle’s appendages and cavities (i.e., mast, external thrusters, camera window and tunnel thrusters), estimating these coefficients by commonly used semi-analytical and empirical methods, such as employed by Fossen [34] and presented by Horner [38,39], may be insufficient as these methods mainly approximate the vehicle’s components to basic shapes and neglect interactions between components [40,41,42].



Computational fluid dynamics (CFD) methods are able to provide better estimation of the hydrodynamic coefficients; however, their results may be unsatisfactory due to the difficulty in modeling the smoothness of the vehicle’s surface and and the interaction of the propulsion system with the hull [43]. Therefore, as the actual vehicle was available, to achieve a better estimation, the vehicle’s major coefficients were derived from experimental data while only derivatives that were difficult to obtain were estimated by semi-analytical or pure empirical forms.



We were unable to conduct dedicated tank tests for the purposes of this study. Consequently, hydrodynamic coefficients were estimated using data from experiments conducted at sea.



ALICE underwent dedicated sea trials off the coast of Sdot Yam, Achziv, and Haifa Bay. To minimize the possible influence of sea currents, the trials were conducted in a confined area and only in an extremely calm sea state. In addition, the vehicle’s mission was defined as straight segments in different headings to allow the deduction of sea current out of the measured velocities.



The vehicle’s motion during these trials was measured by the on-board sensors, where vehicle   [ u , v , w ]   and sea current   [  u c  ,  v c  ,  w c  ]   velocities were measured by Doppler Velocity Log (DVL). The angular rates   [ p , q , r ]   were assessed by an inertial measurement unit (IMU) and the angles   [ ψ , θ , ϕ ]   were computed by the vehicle’s angle estimator algorithm. The vehicle’s depth was measured by the pressure sensor. For the extraction of the hydrodynamic coefficients, a hybrid approach (vehicle—dynamic model) was employed. The real-time vehicle thrusters’ RPM commands as recorded in the sea trials were fed as input to Equation (12) and the obtained solutions (i.e., computed trajectories) were compared with the real ones as recorded during the sea trials.



The computation of the hydrodynamic coefficients was performed in a decoupled fashion (i.e., vertical and horizontal planes) employing the following maneuvers:




	
Forward motion at various surge speeds to determine   X  u ˙    and   X  u | u |   ;



	
Vertical ascent/descent at a constant heave speed to determine   Z  w ˙    and   Z  w | w |   ;



	
Horizontal turns, performed by the horizontal thrusters, to determine   N  r ˙    and   N  r | r |   .








To differentiate the thruster-produced forces from the hydrodynamic forces in the calibration process, the thrust coefficients (and thus the thruster-produced forces) were initially calibrated according to Bollard pull test results while the hydrodynamic coefficients were adjusted to fit the vehicle’s measured response in each of the listed maneuvers.



In particular, first the hydrodynamic damping coefficients were identified by manual and iterative adjustment of the related coefficients until the velocities, computed by the model, corresponded with the measured velocities. Then, the added mass coefficients were determined by adjusting the related coefficients until the computed and measured accelerations matched.



A list of the calibrated coefficients is presented in Table 1 and a comparison between the recorded vehicle’s dynamics and the results of the simulation, employing identical control inputs, is presented in Figure 7.



A second data set was used for the validation of the calibrated model. The data set was recorded during navigation between way-points in a lawn mower pattern at a surge velocity of 0.2 m/s and depth of 2 m. Comparison between the solution of the calibrated model and the measured dynamics, as presented in Figure 8, shows good agreement and suggests successful calibration of the dynamic model.



The developed dynamic model was then employed when fine-tuning ALICE’s control system. This allowed ALICE to perform the required precise imaging survey missions.




6.4. Numerical Implementation of the Dynamic Model


The differential equations of motion, presented in Equation (5), are highly nonlinear and coupled. To compute the acceleration, velocity, and orientation of the vehicle, Equation (5) was rearranged:


     ν →  ˙   ( t )   =  M  − 1         τ →   c    ( t )   − C  (   ν →   ( t )   )    ν →   ( t )   − D  (   ν →   ( t )   )    ν →   ( t )   −  g →   (   η →   ( t )   )    



(12)




and implemented in the MATLAB-SIMULINK (https://www.mathworks.com/products/simulink.html, accessed on 13 May 2022) environment, solving     ν →  ˙  ,  ν →    for the input   τ c  , where   ν →   is solved by numeric integration of    ν →  ˙   and the vehicle’s trajectory and orientation, referenced to the Earth-fixed frame,   η →   are obtained by numeric integration of Equation (2).





7. AUV Motion Control System


The ALICE control architecture consists of a three-level control hierarchy. The top-level controllers compute the required position and orientation of the vehicle according to the required behavior: (1) Keep Position controller for anchoring and station keeping, (2) Go-To controller for reaching a specific point and (3) Line-of-Sight (LOS) controller for following a straight path. The output of the top-level controller consists of a set of decoupled position and velocity requests in surge, sway, heave, and yaw. An inner loop employs a PID controller for each DOF to compute the required forces and moments in each direction to achieve the desired position and velocities. A low-level controller is used to allocate the required forces and moments to a specific thruster, and the thruster’s set-point is computed by a force to set-point mapping.



With its upgraded configuration, ALICE’s sway motion could now be directly controlled by the additional lateral thrusters while the yaw motion has become over-actuated DOF since it can be controlled by both the horizontal and the lateral thrusters. These upgraded motion control capabilities were realized in the development of the upgraded thruster allocation algorithm and an improved path-following controller.



The dynamic model, described in Section 6, was used to optimize both the low-level and the top-level controllers’ parameters to achieve the desired performance for close range imaging missions, as described in Section 4.



7.1. Upgraded Thruster Allocation Algorithm


Since ALICE’s yaw motion is an over-actuated DOF, the thrust distribution for yaw motion control can be optimized to reduce power consumption, achieve desired dynamic response, and facilitate redundancy in case of thruster failure. Considering Equation (8), at high surge speeds, where the efficiency of the lateral thrusters is low, the horizontal thrusters are preferred over the lateral thrusters. At slow speeds, however, and, in particular, during imaging surveys, the torque produced by the horizontal thrusters may cause undesired roll motions. Therefore, in this scenario, the lateral thrusters are preferred. To optimize the thrust distribution according to this logic, the redistributed pseudo-inverse (RPI) method [44,45] was implemented, solving      f →   th    by iterative computation of Equation (13):


     f →   th  = − c +  W  − 1    B T    B  W  − 1    B T  + ϵ  I 3    − 1       τ →   c  +  B 0  c   



(13)




where   B 0   is the unconstrained allocation matrix (11), B is initialized with   B 0   and updated according to the thrusters’ availability, c is initialized with zeros and updated according to the thrusters’ saturation, and   I 3   is an identity matrix.  ϵ  is a small regularization parameter defined to avoid singularity in the RPI expression when B does not possess full rank and W is a weighting matrix.



To optimize the vehicle’s stability in roll when operating at low speeds, the weights of the lateral and horizontal thrusters in W are dynamically updated according to the measured roll angles  ϕ :


  W =       w 1   ( ϕ )     0   0   0   0     0     w 2   ( ϕ )     0   0   0     0   0   1   0   0     0   0   0     w 4   ( ϕ )     0     0   0   0   0     w 5   ( ϕ )        



(14)




where   w  1 , 2    are the weights of the lateral thrusters and   w  4 , 5    are the weights of the horizontal thrusters, defined as follows:


     w  1 , 2      = m i n    | ϕ |   ϕ  m a x    , 1      



(15)






     w  4 , 5      = 1 −  w  1 , 2       



(16)







The implemented RPI method with real-time reconfigurable weighing matrix is summarized in Algorithm 1.  



	Algorithm 1: RPI method with dynamic weighting matrix.



	[image: Jmse 10 00974 i001]









7.2. Improved Path-Following Controller


The under-actuated original configuration of the SPARUS II AUV employed the popular LOS controller [46] to follow a straight path, created by way-points. The controller computes the required heading toward an interception with a moving point on the track:


   ψ LOS  =  tan  − 1       Y LOS  −  Y o     X LOS  −  X o      



(17)




where   (  X o  ,  Y o  )   are the vehicle’s coordinates and   (  X LOS  ,  Y LOS  )   are the coordinates of the moving point of interception determined by the look-ahead distance,   Δ h  , as illustrated in Figure 9. Ideally, the cross-track error e will converge to zero and the vehicle’s heading will converge to the direction of the path  β . When lateral disturbances such as cross-current are present, lateral drift is avoided by steering the vehicle at a side-slip angle. This method, however, results in an undesired heading and may result in poor path following due to slow response by the indirect motion control. This behavior impairs the vehicle’s capability to accurately follow the imaging transects.



With ALICE’s upgraded configuration, the additional thrusters are able to counter drift, thus addressing lateral disturbances effectively, and eliminating the need to crawl at a side-slip angle. This allows the heading aligned with the direction of the path to be maintained, thereby improving the accuracy of the path following during the required mission.



The sway motion control is incorporated into the LOS controller to eliminate the lateral component of the cross-track error   e v  , defined by:


   e v  = e · cos  ( β − ψ )   



(18)







A PID controller is designed to control the sway motion as follows:


   v req  =  k P  ·  e v  +  k I  · ∫  e v  d t +  k D  ·  v ˙   



(19)




where   k P  ,   k I  , and   k D   are, respectively, the proportional, integral, and derivative gains. Initially, the gains were fine-tuned according to the response of the modeled vehicle in a simulated mission with simulated currents, as described in detail in Section 8. Later, the gains were adjusted according to the vehicle’s behavior during sea experiments, described in Section 9. The sway motion is, however, considered inefficient due to the vehicle’s high lateral drag compared to the axial drag dominating the surge motion. Therefore, a switching strategy between the classic, heading control law and the proposed sway motion controller is implemented such that, for a small cross-track error, the vehicle follows the path laid out by the sway controller presented in Equation (19) and maintains the path direction (   ψ req  = β  ). For a large cross-track error, the vehicle will converge to the path dictated by the heading control law as presented in Equation (17).





8. Software-in-the-Loop Simulation for ALICE’s Performance Evaluation


The vehicle’s ability to accurately perform imaging survey missions was evaluated by employing software-in-the-loop simulation implemented in the COLA2 architecture, provided by IQUA Robotics. This simulation allows the vehicle’s control and navigation software to be tested while simulating the vehicle’s sensors and dynamics. To match the upgraded vehicle configuration and improve the simulation results, the existing simulation was modified using the dynamic model described in Section 6 with the obtained hydrodynamic coefficients, described in Section 6.3.



To begin with, the simulation was used to calibrate the PID gains of the modified LOS controller (Equation (19)). These gains were calibrated according to the dynamic response of the simulated vehicle during motion along two, opposite in direction, transects that were defined by four way-points.



To investigate the effect of uncertainties of the hydrodynamic coefficients and external disturbances on the AUV’s performance, the obtained hydrodynamic coefficients, associated with motion in the horizontal plane, were altered and different sea currents were applied as follows:




	
The added mass terms   X  u ˙   ,   Y  v ˙    and   N  r ˙    were multiplied by a factor of 0.5 and 2 (see Figure 10 and Figure 11);



	
The hydrodynamic damping terms   X  u | u |   ,   Y  v | v |    and   N  r | r |    were multiplied by a factor of 0.5 and 2 (see Figure 12 and Figure 13);



	
Simulated cross-current of 0.1, 0.2, 0.25 m/s were applied (see Figure 14, Figure 15 and Figure 16).








The results of the simulations suggest that the proposed controller is able to compensate for a relatively high uncertainty in the hydrodynamic coefficients and for cross-currents up to 0.25 m/s.



Following the completion of the fine-tuning process, the simulation was used to test the vehicle’s control system in a complete sequence of an imaging survey mission. The mission was defined according to the requirements described in Section 4 by designating way-points to create 22 equidistant straight transects at one-meter intervals. The vehicle’s velocity along the transects was set to 0.25 m/s and a sea current of 0.1 m/s with the direction perpendicular to the transects (cross-current) was defined to simulate real sea conditions.



To compare the modified vehicle’s configuration to the original one, the mission was first performed by simulating the original configuration (SPARUS II), which employs 3DOF motion control and the basic LOS path-following controller. The results of the computed path (Figure 17, left), the cross-track error (Figure 18), and the heading error, as measured between the vehicle’s heading and the direction of the path (Figure 19), illustrate the inability of the original configuration to perform such accurate path following under real sea conditions, where a cross-track error of about 0.5 m and a heading error (due to side-slip) of   20 ∘   were computed.



The modified configuration of the vehicle (ALICE), consisting of the two additional tunnel thrusters, the optimized thruster allocation described in Section 7.1, and the improved path-following controller discussed in Section 7.2, were incorporated into the COLA 2 architecture and tested by performing the defined mission in the software-in-the-loop simulation.



The computed path (Figure 17, right), the cross-track error (Figure 18), and the heading error (Figure 19) show a significant improvement in the vehicle’s ability to accurately follow the desired path, where a cross-track error of less than 1 cm and heading error of   1 ∘   were obtained, implying that the ALICE configuration improves the vehicle’s ability to perform the required imaging missions.




9. Real Sea Experiments and Discussion


The performance of ALICE was evaluated in real sea experiments. To begin with, an experiment was conducted to test the upgraded path-following controller and fine-tune the controller’s gains. The test mission was defined by equidistant straight transects at two-meter intervals and constant depth. To evaluate the upgraded controller, the mission was repeated twice. First, with the ALICE configuration and upon completion of the first mission, its architecture was switched back to the original SPARUS II configuration. The vehicle’s position and orientation during the experiments were recorded and processed to determine the cross-track error and heading error. The recorded path of ALICE is presented in Figure 20, the cross-track error in Figure 21, and the heading error in Figure 22. The recorded path of the SPARUS II configuration is presented in Figure 23, the cross-track error in Figure 24, and the heading error in Figure 25.



The results of the experiment performed with ALICE present small cross-track (∼0.1 m) and heading (∼  5 ∘  ) errors in addition to fast convergence to the path while the SPARUS II configuration presents high cross-track (∼  0.4   m) and heading (∼  10 ∘  ) errors as well as slow convergence to the path.



Following the test mission, ALICE was tested in an actual imaging survey mission that was conducted over Israel’s Mediterranean Sea seabed in a coastal area near Achziv at an altitude of 2 m above the seabed. The mission was defined as surveying an area of 15 m to 17 m around a part of a shipwreck. As was done in the first experiment, the mission was repeated with the ALICE and the SPARUS II.



The recorded path (Figure 26, left) and heading (Figure 27) of the SPARUS II configuration present slow convergence to the path with a mean cross-track error of   0.36   m. This result demonstrates the inability of this configuration to follow the targeted path with the desired precision while maintaining the heading aligned with the direction of the path. With the ALICE configuration, the recorded path (Figure 26, center) and heading (Figure 28) demonstrate precise path following along the imaging transects with a mean cross-track error of   0.12   m. In addition, a comparison between the vehicle’s roll angles as recorded with the SPARUS II configuration (Figure 29) to the roll angles as recorded with the ALICE configuration (Figure 30) shows an improvement in the roll stability where the roll angles during the horizontal turns decreased from 20–30   ∘   to less than   10 ∘  .



The results of the test and the survey missions suggest that the ALICE configuration significantly enhances the vehicle’s capability to follow imaging transects with high precision while maintaining heading alignment with the direction of the path and maintaining small roll angles during the transition between transects. It produced improved overlap between data sets and maintained a homogeneous perspective throughout the mission, thus improving the quality of the data collected.



The data collected with ALICE was processed using the Agisoft Metashape (https://www.agisoft.com/, accessed on 13 May 2022) commercial 3D photogrammetry software to produce large-scale mosaics (Figure 26, right and Figure 31) and a reconstructed 3D model of the shipwreck (Figure 32). The vehicle path, as computed by the software, is marked by white dots in Figure 31, providing additional validation of the path-following accuracy.



Finally, ALICE was employed in an additional seabed survey mission as part of a collaboration with the marine division of the Israel Antiquities Authority with the goal of surveying and reconstructing the submerged ancient harbor of Caesarea. The survey area was selected to be an area of 10 m to 30 m at 8 m depth around an ancient dock. The survey was performed at an altitude of 3 m to provide additional safety margins due to large rocks and unstructured seabed at the site. ALICE’s ability to collect high-resolution images and to provide the necessary data for precise 3D reconstruction is also demonstrated by the results of these surveys, which are shown in Figure 33.




10. Conclusions


The present study reports modifications performed on a small-sized AUV so that it could serve as a powerful imaging platform for precise and high-resolution visual seabed mapping and inspection. Two lateral thrusters were added to enable sway and decoupled yaw control, and an imaging system, consisting of stereo cameras and strobes, was developed and integrated into the vehicle. To study the vehicle maneuverability and develop the upgraded propulsion and control systems, a dynamic model was developed and validated using experimental data in a hybrid simulation process. A dedicated thruster allocation algorithm was developed and implemented to optimize the vehicle’s dynamic stability in roll and enable decoupled motion control in yaw and sway. In addition, an improved path-following algorithm was developed to increase the vehicle’s ability to follow the imaging transects in real sea conditions. A comparison between the vehicle’s original configuration and the modified configuration demonstrates the improved performance. Finally, the abilities of the modified AUV, ALICE, were successfully demonstrated during a series of missions at sea, where imaging data were collected and then processed into 3D photomosaics.
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Figure 1. ALICE AUV during sea experiments in the Mediterranean sea. 
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Figure 2. In-house developed stereo camera housing. 
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Figure 3. Stereo cameras inside the payload section (left) and rear strobe inside the tail section (right). 
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Figure 4. ALICE AUV—An autonomous platform for acquiring high-resolution 3D photomosaics. The wet payload section consists of the nose lateral thruster, the stereo cameras, and the front strobe. The tail section was redesigned to fit a second lateral thruster and the tail strobe. A GPU, LED drivers, and a microcontroller to trigger the strobes were fitted in the vehicle’s dry section. 
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Figure 5. Body-fixed and Earth-fixed reference frames. 






Figure 5. Body-fixed and Earth-fixed reference frames.



[image: Jmse 10 00974 g005]







[image: Jmse 10 00974 g006 550] 





Figure 6. Interaction between the jet of the vertical tunnel thruster and the ambient flow. 
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Figure 7. Model calibration results for surge (top left), heave (bottom left), depth (top right) and yaw rate (bottom right) as determined by the experiments. 
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Figure 8. Comparison between the vehicle’s dynamic response, as computed by the calibrated model and the actual response, as measured at sea for surge (top left), sway (middle left), heave (bottom left), depth (top right), yaw rate (middle right) and pitch (bottom right). 
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Figure 9. LOS controller geometry. 
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Figure 10. Simulation results for path following employing the modified controller with added mass terms multiplied by a factor of 0.5. 
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Figure 11. Simulation results for path following employing the modified controller with added mass terms multiplied by a factor of 2. 
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Figure 12. Simulation results for path following employing the modified controller with hydrodynamic damping terms multiplied by a factor of 0.5. 






Figure 12. Simulation results for path following employing the modified controller with hydrodynamic damping terms multiplied by a factor of 0.5.



[image: Jmse 10 00974 g012]







[image: Jmse 10 00974 g013 550] 





Figure 13. Simulation results for path following employing the modified controller with hydrodynamic damping terms multiplied by a factor of 2. 
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Figure 14. Simulation results for path following employing the modified controller with cross-current of 0.1 m/s. 
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Figure 15. Simulation results for path following employing the modified controller with cross-current of 0.2 m/s. 
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Figure 16. Simulation results for path following employing the modified controller with cross-current of 0.25 m/s. 
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Figure 17. Simulation results for a lawn mower pattern employing the vehicle’s original configuration—SPARUS II (left) and the modified configuration—ALICE (right). 
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Figure 18. Simulation results for cross-track error during lawn mower pattern path following employing the vehicle’s original configuration—SPARUS II and the modified configuration—ALICE. 
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Figure 19. Simulation results for heading error during lawn mower pattern path following employing the vehicle’s original configuration—SPARUS II and the modified configuration—ALICE. 
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Figure 20. Vehicle’s path, employing the ALICE configuration along the test mission. 
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Figure 21. Cross-track error, employing the ALICE configuration along a single transect. 
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Figure 22. Heading error, employing the ALICE configuration along a single transect. 
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Figure 23. Vehicle’s path, employing the SPARUS II configuration along the test mission. 
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Figure 24. Cross-track error, employing the SPARUS II configuration along a single transect. 
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Figure 25. Heading error, employing the SPARUS II configuration along a single transect. 
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Figure 26. (Left) Vehicle’s path, employing the SPARUS II configuration along a survey mission; (Center) Vehicle’s path, employing the ALICE configuration along a survey mission; (Right) Actual path calculated from camera positions on top of the generated mosaic. 
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Figure 27. Vehicle’s heading during the mission, employing the SPARUS II configuration. The direction of the survey transects was defined from/to North to/from South (0–180). 
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Figure 28. Vehicle’s heading during the mission, employing the ALICE configuration. The direction of the survey transects was defined from/to North to/from South (0–180). 






Figure 28. Vehicle’s heading during the mission, employing the ALICE configuration. The direction of the survey transects was defined from/to North to/from South (0–180).
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Figure 29. Vehicle’s roll angle during the mission, employing the SPARUS II configuration. The “spikes” are the moments of turns. 
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Figure 30. Vehicle’s rollangle during the mission, employing the ALICE configuration. 
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Figure 31. Close-up of the mosaic in Figure 26, right, acquired at Achziv, along the northern section of Israel’s Mediterranean coast. It depicts a part of a shipwreck lying a rocky reef. The AUV’s path is depicted using white dots. 
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Figure 32. Different viewpoint of the 3D reconstruction of the shipwreck shown in Figure 31. 






Figure 32. Different viewpoint of the 3D reconstruction of the shipwreck shown in Figure 31.
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Figure 33. 3D mosaic of a Roman underwater harbor, in Caesarea, Israel. (Top) Mosaic of an area of 8 m × 27 m; (Middle) 3D reconstruction of the same area; (Bottom left) another viewpoint of the reconstructed 3D; (Bottom right) zoom-in of an area marked with a red rectangle in the top mosaic. Full model can be viewed in https://sketchfab.com/3d-models/caesarea-roman-underwater-harbour-da2ca77fcf6141bb8e1261fb6f1d1187, accessed on 13 May 2022. 
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Table 1. ALICE hydrodynamic coefficients.






Table 1. ALICE hydrodynamic coefficients.





	Coefficient
	Value
	Coefficient
	Value





	   X  u ˙    
	−28.06
	   X  u | u |    
	−15.23



	   Y  v ˙    
	−23.53
	   Y  v | v |    
	−321.59



	   Z  w ˙    
	−27.81
	   Z  w | w |    
	−326.16



	   K  p ˙    
	−0.04
	   K  v | v |    
	−3.4



	   M  q ˙    
	−10.48
	   K  p | p |    
	−0.19



	   M  w ˙    
	−5.6
	   M  q | q |    
	−180



	   N  r ˙    
	−11.26
	   M  w | w |    
	26.63



	   N  v ˙    
	−8.53
	   M  u | u |    
	0.14



	   Z  u w    
	−39.7
	   N  r | r |    
	−54.1



	   M  u w    
	−8.49
	   N  v | v |    
	−1.95
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file56.jpg
[—Vehicle heading
— Direction of the path)

150

g
8

Yaw angle [deg]

g

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
tlsecl





media/file8.jpg
Tail lateral thruster Nose lateral thruster

\ 7 \

Tail strobe Stereo cameras  Front strobe





media/file64.jpg





media/file48.jpg
[T
E e

[w] Jo113 ¥des3-s501D)

260

240

220

200

180

160

t [sec]





media/file27.png
y [m]

[

(]

—— Desired path

—— Model with the presented damping terms
——Model with the modifed damping terms

—

10
X [m]

12 14

16

18

20





media/file43.png
Cross-track error [m]

|
220

|
240

|
260

|
280
t [sec]

|
300

|
320





media/file61.png
30

20 -

Roll [deg]

0
0

200

400

600

800
t [sec]

1000

1200

1400

1600





media/file12.jpg
Suction force, F,

Jet spoed,u,
N Ambient flow,u
e —
fr
Xo
2

Thrust, Z,






media/file14.jpg





media/file35.png
y [m]

Ty

20 -

15+

— Desired path |
—Vehicle path with original LOS controller

|
C

w

[
o
=
w
]
(=]

x [m]

y [m]

—Desired path g
| —Modified LOS controller and lateral thrusters

0 g -

- —9

15+ E:F_ ﬁ

= =

10} — —

I

K —~3

5+ - — 3

. —q

o S i
0 5 10 15 20

x [m]





media/file20.jpg
yiml

[—sied poin

= odel win the presented added mass terms
=" ol viththe modte ade mase terme.

=

10

x(m]

1 18 20





media/file53.png
—Plaqned path ' o 20(—Planned path
Vehicle path with original LOS controller I~ Vehicle path with modified LOS controller

— J B A I e A _ L

[ o T I P = o= g = 3 16 | r‘.—v— A e — = T ,—_—.--J:

— — — \ | C - . = SN SN W - e iy,
— e —————— —— i
I F, 3

e T T e =

= _ J

10+ e e ——— P e ——

;I__ i PR e e i = E e
. & I > 3 —_— e e e

*L—y-—--—r-—- - e o A . i, . = —

_ﬁ =_':%¥=1: ——— o —— e Eiha ; 6 __ (S T I A i

3 - = — e e T

o E S | N . R P S S P, ., W
B _ l 2 — ‘--—--,—E’Ee———l—'—_—.l,—__’
e = D TS YRR £ 55 =S
T s - | 0 - S RS,

[ — o e =






media/file5.png
[ 100 mm baseline |

SubCon
Ethernet
connector

Manta-G917
camera

12.5 mm
lens






media/file19.png
WP k+1
(X105, Yios)
wp*

Earth fixed
frame





media/file58.jpg
Roll [deg]

30

20

10

200

400

600

800
t [sec]

1000

1200

1400

1600





media/file45.png
N

o

Heading error [deg]
IS N

1
(@)

350

360

370

380

390
t [sec]

400

410

420

430

440





media/file54.jpg
[— Vehicle heading
|— Direction of the path

150+

g
8

Yaw angle [deg]
3

0 200 400 600 800 1000 1200 1400 1600 1800
t[sec]





nav.xhtml


  jmse-10-00974


  
    		
      jmse-10-00974
    


  




  





media/file11.png
Zp
Heave 7Z w
Yaw N r

Y
Surge X u
Roll K p

Earth frame





media/file67.png
‘] ‘3"
Y,

\
r D )
I
g
4 .
3
" ”
o
z 3
| v Rt
‘ . .
. .
., ;
~
) _ _

o






media/file41.png
——Desired path

—Vehicle path with modified LOS controller

LY F. W }Bibbﬁﬁ?h}?

Dpoannsr Lb!:35§>
ty i ) _ﬂ

R L T a2 =

LA P > I W P Py ¥ . |

Y Y T T e 1

40

10

X [m]





media/file37.png
N

—

Cross-track error [m]
- o

1
N

— Original LOS controller and thruster configuration
—— Modified LOS controller and lateral thrusters

I

50

100

150

200 250 300 350 400 450
Time [s]





media/file66.jpg
Distance
from AUV






media/file46.jpg
y [m]

40

30

x [m]

10

12





media/file10.jpg
Earth frame

4

Roll K p






media/file40.jpg
y [m]

40

30

10

esired path T
-Vehicle path with modified LOS controller|

10





media/file16.jpg
oo
o
Soz

v (misec)

w [mysec)

o

1

2

tlsec] tisec]
T
%0
20

tlsec] tisec]
g5
Zo
S

0 W0 60 80 1000 1700 1400 1600 0 300 60 80 1000 1300 1900 1600

tisee)





media/file3.png





media/file22.jpg
¥ (m]

—besied patn
I~ Model with the presented added mass terms|
I~ Model with the modfed added mass terms.
B }
o

10
x[m]

12 1

6 18

0





media/file55.png
150

Yaw angle [deg]
on
o

—Vehicle heading

—Direction of the path

100

—F

o

I

lad

v

-

BEE

e

0

200

400

600

800

1000

t [sec]

1200

1400 1600

|
1800





media/file25.png
y [m]

—— Desired path
B : : - |=——Model with the presented damping terms
—— Model with the modifed damping terms

: : e S P S L S S SO S W SO AW
_}vf\vhvf\vf\vf\v’"\vf\vhvﬁvﬁv . AT WA VNl B T \

e e I L MY, Y WO G 0.
’ﬁwﬁwﬂvﬂvﬁuﬂvﬁu&vﬂwﬂv R N v ‘ul’ e Vl R | |
0 2 = 6 8 10 12 14 16 18 20

X [m]






media/file52.jpg





media/file26.jpg
[—esied patn
I Model wit th presented damping terms.
[~ Model vt the moatied damping terme

=

o 2 B O 5 0 1 1 v 18 2
i)






media/file65.png





media/file57.png
—Vehicle heading
= Direction of the path

| el e
|
AN IRV YRV VY

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
t [sec]





media/file34.jpg
Desired path ] [Eoemapse I
s e——— v P
1CTE = = =
|G =) —
=< = =
SE =
z ] = =
e > =i
: = IS 2
L: T = =
s (_" ] s —
= =
] 5
= w) = . |
ol SF = B
[T : s oo
.-

=)





media/file60.jpg
Roll [deg]

30

20

10

200

400

600

800
t[sec]

1000

1200

1400

1600





media/file13.png
Suction force, F,

Ambient flow,u

Thrust, Z,





media/file31.png
y [m]

[\

X [m]

——Desired path|

L — Vehicle path
~y |

\§ | [
\ — | | | | | y |





media/file39.png
Heading error [deg]

150

—Original LOS controller and thruster configuration
—— Modified LOS controller and lateral thrusters

100 f
50
(N RSN
-50 -
-100 | ' ' | | 1 | | '
0 50 100 150 200 250 300 350 400 450

Time [s]





media/file18.jpg
X105 Yios)





media/file9.png
Tail lateral thruster Nose lateral thruster

Tail strobe Stereo cameras Front strobe





media/file42.jpg
o~

w o n
° <
[W] J0LIB 3781)-55017

260 280 300 320
t [sec]

240

220





media/file23.png
y [m]

[\

—— Desired path
—— Model with the presented added mass terms
—— Model with the modifed added mass terms

e

10 12 14 16 18 20
X [m]





media/file50.jpg
s ° 3 8 8§

[65p] 10115 BuipesH

280 290 300 310 320 330 340 350 360 370

270

t[sec]





media/file36.jpg
Cross-track error [m]

Original LOS controller and thruster configuration|
|—Modified LOS controller and lateral thrusters

50

100

150

200 250 300 350 400 450
Time [s]





media/file15.png
—— Measured ——Simulated

v
2
E
o
200 400 600 800 1000 1200
t[sec]
g ﬂ ’
ECN
= -0.17 ~
0.2 .|.4
1 1
0 50 150 300 350 400 450
t[sec]

Z [m]

r [deg/sec]

20

15

1 1 1 1 1
0 50 100 150 200 250 300 350 400
t[sec]

1 1 1 1 1 1
2100 2200 2300 2400 2500 2600
t[sec]





media/file28.jpg
yiml

Desired path
vehicle path

10
x(m]

12

14

16

1B 20





media/file49.png
Cross-track error [m]

o
U

o

1
o
ol

1
=

|
160

|
180

|
200

t [sec]

|
220

|
240

|
260





media/file2.jpg





media/file32.jpg
y [m)

—oesied path
I veticie patn
—
8 o = o
x[m]

1B 20





media/file62.jpg





media/file59.png
Roll [deg]

30

-30 |

40 |

1400

1600

200

400

600

800
t [sec]

1000

1200





media/file6.jpg





media/file24.jpg
[—besired patn
= Model withthe presented damping terms
=" Hodel vith the modifed camping terme.

=

10
x(m)

12 14 16 18

20





media/file29.png
y [m]

M

— Desired path
— Vehicle path

R

: r
I I |

10
X [m]

12

14

16 18 20





media/file1.png
Data: By, 7, Roll angle (¢), Thrusters saturation vector
R 2

esult: f,
B«

Bo;
¢+ [0,0,0,0,0;

W(g) < ¢;
while (i < max iterations) do
fn=—c+W1BT[BW-1BT + ely] "' [% + Boc];

if fouax(n] < fipn] then
&ln] = —fonaxlnl;
B:J[n] < 0;

\ Ret urn i

end
i+t

end

(Fonax)





media/file63.png





media/file7.png





media/file33.png
y [m]

— Desired path |

—\_/ehicle path |

TN

i

| b |

o H

10
X [m]

12

14

16

18 20





media/file44.jpg
N o 8 ¥ e

[63p] Jousd BuipeaH

360 370 380 390 400 410 420 430 440

350

t[sec]





media/file47.png
40 - ——Desired path
—Vehicle path with original LOS controller
30 < - <
E20f
>
10+
0F <] = ]
| | | | | | |
-2 0 2 4 6 8 10 12





media/file38.jpg
150
[ F—original LG controller and thruster configuration

_ e e et
100

G

2|

5 50

H

o ol

? o

£

3 o

s 50‘

L s,

Time [s]





media/file0.png





media/file17.png
Measured

Simulated |

200 400 600 800 1000 1200 1400 1600
t[sec]

200 400 600 800 1000 1200 1400 1600
t[sec]

200 400 600 800 1000 1200 1400 1600
t[sec]

3 =

Z [m]
e

200 400 600 800 1000 1200 1400 1600

t[sec]
o 10 l l
“g-,' 0 [ l.l .
] Yy
2 .10
T .20 - - - - - - :
200 400 600 800 1000 1200 1400 1600
t[sec]
U
@
u
o
Q
5,
i

200 400 600 800 1000 1200 1400 1600
t[sec]





media/file4.jpg
100 mm baseline

connector





media/file30.jpg
y [m]

—Desired path

— venicie path

s

10
x[m)

12

14

16

18 20





media/file51.png
Heading error [deg]

270

280

290

300

310

320
t [sec]

330

340

350

360

370





media/file21.png
y [m]

M

—— Desired path
—— Model with the presented added mass terms

—— Model with the modifed added mass terms

—

bt

10
X [m]

12 14 16 18

20





