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Abstract. 
This paper proposes a kinematic model and an inertial localization system architecture
for a riser inspecting robot. The robot scrolls outside the catenary riser, used for underwater
petroleum exploration, and is designed to perform several nondestructive tests. It
can also be used to reconstruct the riser profile. Here, a realistic simulation model of robot
kinematics and its environment is proposed, using different sources of data: oil platform
characteristics, riser static configuration, sea currents and waves, vortex-induced vibrations,
and instrumentation model. A dynamic finite element model of the riser generates
a nominal riser profile. When the robot kinematic model virtually scrolls the simulated
riser profile, a robot kinematic pattern is calculated. This pattern feeds error models of a
strapdown inertial measurement unit (IMU) and of a depth sensor. A Kalman filter fuses
the simulated accelerometers data with simulated external measurements. Along the riser
vertical part, the estimated localization error between the simulated nominal and Kalman
filter reconstructed robot paths was about 2 m. When the robot model approaches the
seabed it assumes a more horizontal trajectory and the localization error increases significantly.


1.  Introduction
One of the key elements of deep-water petroleum exploration is the production riser. Risers are the ducts that transport petroleum, water or gases from the exploitation well up to the production platform. Either rigid or flexible types of risers may be used in the oil field. Both types are submitted to a broad spectrum of failure causes [1]: mechanical loads, aging, corrosion, erosion, temperature effects, installation or fabrication nonconformities, and so forth. Therefore, the availability of inspection tools to assess riser integrity status in situ is highly desirable. Such procedures are performed mainly by visual inspection with remotely operated vehicles (ROVs) [2] or autonomous underwater vehicles (AUVs) [3]. In some cases, sensors are installed directly on fixed points of the riser surface to measure strain and riser motion [4]. Other types of nondestructive testing (NDT) techniques can be used, such as magnetic, radiographic, or ultrasound methods [5]. In these cases, however, the operational constraints for using human operators are a major problem. A few papers address robotic devices specifically designed for underwater riser inspection. Psarros and his collaborators [6] proposed a robot that moves along the riser by using a mechanism composed of two parts. One part stays attached to the riser body, and the other part moves towards the riser’s side, in a cyclical manner.
A major technical problem in robotic underwater inspection is the navigation and/or localization of the robot in a highly dynamic sea environment. Navigation is especially critical for AUVs and somewhat critical for ROVs. Lee at al. [7] addressed this problem by using several sensors fused by a multirate Extended Kalman Filter (EKF). The sensors set included a strapdown inertial platform, a Doppler velocity log (DVL), magnetic compass, and a depth sensor. However, they had sonar transducers installed in an underwater reference station and in the remote vehicle. Jouffroy and Opderbecke [8] addressed the problem of measuring the horizontal position of a ROV by using a gyro-Doppler together with an ultrashort baseline (USBL) acoustic positioning system. Diffusion-based observers were used to process a trajectory segment, instead of a typical point-by-point localization. He et al. [9] proposed an approach based on an invariance extended Kalman filter (IEKF) to address the problems of using sonar in shallow waters. In the case when the robot is mechanically linked to the inspected structure, the key problem is to localize precisely where it is at every instant of time. Such localization coordinates are associated to NDTs data and the flaws position can be precisely determined.
Recently, our group designed and built a prototype of a robotic device specifically designed to perform nondestructive testing (NDT) in production risers [10]. The robot has neutral floatability and embraces the riser by moving along its outside (Figure 1), using a pair of thrusters for propulsion as well as polymeric wheels to guarantee sliding and correct alignment with the riser surface. In Figure 2 it is possible to observe how the robot attaches the riser by opening and closing its motorized arms. This operation is assisted by a human diver. It communicates with the operator’s computer by means of an umbilical cable that transmits power, images and control commands. The dimensions of the robot and additional parameters used along the work are shown in Table 2. This robot will be able to perform several NDT procedures, such as ultrasound, imaging, and mechanical vibration measurements.





	
		
			
		
		
			
		
		
			
				
			
		
	


Figure 1: Robot prototype.







	
		
			
		
		
			
		
		
			
				
			
		
	
	
	
	
	
	
	
	
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
	


Figure 2: Transversal view of the robot frame showing how it attaches the riser, by opening and closing its motorized arms. The polymeric free wheels that effectively touch the riser surface are also shown.


This paper proposes a kinematic model of the robot performing a riser profile cast mission, in a realistic simulated environment. Initially, a riser dynamic profile is estimated using a finite element model of the riser subjected to sea and ship motions. The nominal robot kinematic path (including position, velocity and acceleration), as it scrolls by the riser, is contaminated with experimental errors, simulated by IMU and depth sensor models. The simulated sensor data is used by a Kalman filter to estimate the original robot path. This path is a good estimate of the actual riser profile, if robot mission time is small, compared to platform motion.
The obtained profile can be used as an imposed displacement data for some structural analysis software based on finite elements techniques, that allows stress to be calculated. In addition, the localization algorithm can be used to associate each NDT measurement with its riser geometrical coordinate. These two aspects are intimately connected, and the localization algorithm can be used either to cast the profile, for fast robot runs, or localize the NDTs.
Reproducing the expected environmental conditions, to test the proposed approach, in a laboratory experiment is essentially impracticable. Field tests, by his turn, should require a expensive positioning system such as a 3D sonar, which does not operate at the required frequency resolution, due to the presence of vortex induced vibrations (VIVs). Therefore, a simulation of the riser application, together with simulated sensors, was used to assess the performance of the localization algorithm.
Actually, a particular environmental and riser configuration scenario is being addressed in this paper. However, the approach is likely to be applicable to similar situations. Other devices that move along subsea pipe systems, such as flowlines, jumpers, and umbilicals, could employ some of the main ideas presented in this paper. No additional localization devices, such as sonar beacons, are needed.
The localization problem formulation used a standard Kalman filter as a sensor fusion algorithm based on a simple kinematic model of a strapdown IMU fused with a depth sensor. More sophisticated sensor fusion algorithms or state-space models for the system (e.g., dynamical models) could also be tested in future implementations, but the problem formulation would be probably quite similar.
2.  Riser Simulation Conditions
The particular sea and ship motion conditions selected for running the simulations corresponded to a severe condition, relatively similar to that typically found in Campos Basin, in the southeast of South America coast. Actually, they were designed to be worse than the most severe scenario in which a robot is expected to operate (Table 1). Additionally, under milder sea conditions, the localization performance should be expectable to be better than shown here.
Table 1: Parameters used in the simulations.
	

	 Parameter	 Value
	

	 Robot length	 1133 mm
	Robot max. outside diameter	 800 mm
	Robot mass	 73 kg
	Riser outer diameter	 295.5 mm
	Riser inner diameter	 203.5 mm
	Riser length	 1530 m
	Riser internal pressure	 60 bar
	Outer riser drag coefficient (Cd)	 1.2
	Water depth	 1180 m
	Seabed axial friction	 0.35
	Seabed transversal friction	 0.9
	Seabed vertical stiffness	 104.3 
	
		
			
				N
				/
				m
			

			

				2
			

		
	

	Wave height	 5 m
	Wave period	 10 seconds
	FPSO length	 330 m
	



Table 2: Identified parameters for the IMU sensor model1.
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Used in the simulations.


Data from a flexible free-hanging riser installed in a PETROBRAS (Brazilian State oil company) Turret Floating Production Storage Offloading (FPSO) oil platform, which is currently in operation in the Campos Basin, was used as the inputs for the riser simulation software FLEXCOM. This is a finite elements software customized for nonlinear static and dynamic analysis of offshore systems, used worldwide by the petroleum industry from the last 20 years, and validated against experimental tests and other finite elements packages [11, 12]. The software allows riser responses to be simulated with several kinds of platform characteristics, sea current profiles, hydrodynamic loads, regular and irregular waves, and so forth. Two situations were studied: static and dynamic. In the static analysis, only the equilibrium configuration of the riser is considered, without motions other than from the robot itself. Three positions of the platform with relation to the wheel head were considered: standard and with a ship offset of 150 m in the directions near and far. For the dynamic analysis, sea conditions with regular waves, reaching the ship 45° obliquely, were used to generate the riser motion profiles.
To estimate numerically the localization system performance and calculate the associated displacement errors, the arrangement shown in Figure 3 was used. By simulating the kinematic model (Section 4), a physical profile of Euler angles, inertial accelerations, and depth was calculated. These simulated variables are then contaminated by noise, using the IMU and depth sensor instrumentation error models (Section 5), providing realistic sensor outputs. The trajectory run by the robot is estimated by a sensor fusion algorithm (Kalman filter), using such noisy sensor data (Section 6). Finally, both physical and estimated riser shapes are compared, to estimate the localization error along the run (Sections 7 and 8).



	
		
			
			
				
			
		
		
			
			
				
			
		
	
	
	
	
		
			
			
				
			
		
	
	
	
		
			
			
				
			
		
	
	
	
	
		
			
			
				
			
		
	
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
	
		
			
			
				
			
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 3: Overview of the system simulation analysis. A dynamic riser profile is generated through an FEM analysis. Using robot’s kinematical and instrumentation model, the expected sensor readings are used to reconstruct the riser profile by the localization algorithm, which is compared to the original profile from FEM output.


3.  Architecture of the Localization System
The proposed localization system, that will be simulated numerically here, is shown in Figure 4. An IMU measures three accelerations, angular velocities, and Euler angles from the robot as it scrolls along the riser. Accelerations are measured in the local reference frame (see definition in Section 4). Using the Euler angles, the accelerations are transformed to the global reference system, using the classic strapdown inertial navigation approach [13]. The simulated measurements from the IMU are fused by the Kalman Filter (KF) with the processed simulated external measurements from the depth sensor. Its output is an estimated state vector, that includes robot position, in the global reference frame.



	
		
			
			
				
			
			
				
			
		
	
	
	
		
			
			
				
			
		
	
	
	
		
			
			
				
			
		
	
	
	
	
		
			
			
				
			
		
	
	
	
		
			
			
				
			
		
	
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	

Figure 4: Architecture of the proposed localization system architecture. The robot scrolling along the riser generates a set of kinematic variables that is measured by the IMU. The accelerations are transformed to the global reference system, using IMU attitude outputs, and considered as the inputs of the KF. To compensate the drift caused by integrated sensor noise, the KF fuses the IMU with depth sensor data, that is, an absolute measurement. Before entering in the KF, the external measurements are processed by the method described in Section 6, using IMU attitude data.


4.  Generation of Static and Dynamic Sensor Profiles
A simulated profile of inertial sensor physical excitation was obtained. First, the nominal or static riser geometry was obtained from the FEM (finite element model) analysis. The global reference system (
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 is orthogonal to both (Figure 5). This reference frame is attached to the FPSO, being thus a slowly moving frame. However, due to the very low frequency of the FPSO movement compared to robot mission time span, the global reference frame was considered as being inertial.
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(b)
Figure 5: Side and upper views of the FPSO and riser configuration. Global (
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				1
			

			

				𝑧
			

			

				𝑋
			

			
				1
				𝑧
			

			

				𝑌
			

			
				1
				𝑧
			

			
				𝑍
				1
			

			

				𝑧
			

			
				⎤
				⎥
				⎥
				⎥
				⎥
				⎦
				,
			

		
	

					where 
	
		
			

				𝐗
			

			

				𝐥
			

			
				=
				(
				𝑋
			

			
				1
				𝑥
			

			
				,
				𝑋
			

			
				1
				𝑦
			

			
				,
				𝑋
			

			
				1
				𝑧
			

			

				)
			

			

				𝑇
			

		
	
 is the unit vector that defines 
	
		
			

				𝐗
			

			

				𝐥
			

		
	
, and similarly 
	
		
			

				𝐘
			

			

				𝐥
			

		
	
 and 
	
		
			

				𝐙
			

			

				𝐥
			

		
	
.
Euler angles 
	
		
			

				𝜓
			

		
	
, 
	
		
			

				𝜃
			

		
	
, and 
	
		
			

				𝜙
			

		
	
 were defined between the 
	
		
			

				𝐗
			

			

				𝐆
			

		
	
 and 
	
		
			

				𝐗
			

			

				𝐥
			

		
	
, 
	
		
			

				𝐘
			

			

				𝐆
			

		
	
 and 
	
		
			

				𝐘
			

			

				𝐥
			

		
	
, 
	
		
			

				𝐙
			

			

				𝐆
			

		
	
 and 
	
		
			

				𝐙
			

			

				𝐥
			

		
	
 axis, respectively. In every step, these angles were derived from the DCM matrix, by using the formulas presented by [14]. The resulting transformation matrix from local to global reference system 
	
		
			

				𝑅
			

			
				𝐺
				1
			

			
				=
				𝑅
			

			

				𝑥
			

			

				𝑅
			

			

				𝑦
			

			

				𝑅
			

			

				𝑧
			

		
	
 was posteriorly verified to be the same as DCM, in order to determine if singularities were present. A fixed point 
	
		
			

				𝑃
			

			

				𝑆
			

			
				=
				(
				0
				,
				0
				.
				5
				,
				0
				)
			

		
	
 expressed in the local reference frame corresponds to the robot body point where the IMU will be possibly installed. This point was arbitrarily chosen within a reasonable 
	
		
			

				𝑌
			

		
	
 distance from the riser section center, where the origin of the local reference frame is positioned. The coordinates of 
	
		
			

				𝑃
			

			

				𝑆
			

		
	
, expressed in the global coordinate frame, were assumed as the sensor displacement profile.
4.1. Sea Current Effect
A linear current profile 
	
		
			

				𝐕
			

			
				𝐜
				𝐮
				𝐫
			

		
	
 from the maximum sea current velocity (
	
		
			

				𝑉
			

			
				c
				u
				r
				m
				a
				x
			

		
	
) at sea level to 0 at seabed [15] was considered as being aligned with the riser catenary plane. 
	
		
			

				𝑉
			

			
				c
				u
				r
				m
				a
				x
			

		
	
 was assumed as 1.68 m/s, from Campos Basin data:
	
 		
 			
				(
				4
				)
			
 		
	

	
		
			

				𝐕
			

			
				𝐜
				𝐮
				𝐫
			

			
				(
				𝐢
				)
				=
				𝑅
				𝑍
			

			
				c
				a
				t
			

			
				⎡
				⎢
				⎢
				⎢
				⎢
				⎢
				⎣
				0
				𝑉
			

			
				c
				u
				r
				m
				a
				x
			

			
				(
				𝑧
				(
				𝑁
				−
				1
				)
				−
				𝑧
				(
				𝑖
				)
				)
			

			
				
			
			
				𝑧
				0
				⎤
				⎥
				⎥
				⎥
				⎥
				⎥
				⎦
				(
				𝑁
				−
				1
				)
				−
				𝑧
				(
				1
				)
				𝑖
				=
				1
				,
				…
				,
				𝑁
				,
			

		
	

							where 
	
		
			
				𝑅
				𝑍
			

			
				c
				a
				t
			

		
	
 is the rotation matrix associated with the catenary angle in the 
	
		
			

				𝑋
			

			

				𝐺
			

			

				𝑌
			

			

				𝐺
			

		
	
 plane, given by the following expression:
	
 		
 			
				(
				5
				)
			
 		
	

	
		
			

				𝜙
			

			
				c
				a
				t
			

			
				
				=
				a
				r
				c
				t
				a
				n
				𝑥
				(
				𝑁
				)
				−
				𝑥
				(
				1
				)
			

			
				
			
			
				
				,
				𝑦
				(
				𝑁
				)
				−
				𝑦
				(
				1
				)
				𝑅
				𝑍
			

			
				c
				a
				t
			

			
				=
				⎡
				⎢
				⎢
				⎢
				⎢
				⎢
				⎣
				
				𝜙
				c
				o
				s
			

			
				c
				a
				t
			

			
				
				
				𝜙
				s
				i
				n
			

			
				c
				a
				t
			

			
				
				0
				
				𝜙
				−
				s
				i
				n
			

			
				c
				a
				t
			

			
				
				
				𝜙
				c
				o
				s
			

			
				c
				a
				t
			

			
				
				0
				⎤
				⎥
				⎥
				⎥
				⎥
				⎥
				⎦
				.
				0
				0
				1
			

		
	

The robot can move freely along the riser in the 
	
		
			

				𝐙
			

			

				𝐥
			

		
	
 direction, but it was constrained in the other directions because it embraced the riser on the outside. If no water current was present, the nominal robot velocity propelled by a pair of thrusters should be 
	
		
			
				‖
				𝐕
			

			

				𝐫
			

			

				‖
			

		
	
 in the direction of 
	
		
			

				𝐙
			

			

				𝐥
			

		
	
. However, due to the presence of the current, the absolute velocity of the robot was found by considering the sea current velocity component that is projected over the robot’s trajectory, which can change the robot’s progression velocity:
	
 		
 			
				(
				6
				)
			
 		
	

	
		
			

				𝐕
			

			

				𝐫
			

			

				_
			

			
				𝐚
				𝐛
				𝐬
			

			
				=
				−
				𝐕
			

			

				𝐫
			

			
				+
				𝐕
			

			
				𝐜
				𝐮
				𝐫
			

			
				⋅
				𝐙
			

			

				𝐥
			

			

				,
			

		
	

							where 
	
		
			

				𝐕
			

			

				𝐫
			

			

				_
			

			
				𝐚
				𝐛
				𝐬
			

		
	
 is the absolute velocity and 
	
		
			

				⋅
			

		
	
 the dot product. From a preliminary study, 
	
		
			
				‖
				𝐕
			

			

				𝐫
			

			

				‖
			

		
	
 was estimated as 1 m/s. Figure 6 illustrates robot 
	
		
			

				𝐙
			

			

				𝐥
			

		
	
 velocity in the particular sea current and thrusters conditions adopted in this paper.





	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
		
		
			
		
		
			
	


	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
			
		
		
			
		
		
		
			
			
			
		
		
			
			
			
			
			
		
	


Figure 6: Velocity of the robot in 
	
		
			

				𝐙
			

			

				𝐥
			

		
	
 direction considering a linear sea current profile.


The effect of the longitudinal sheer between the robot and the riser due to the transversal current was not taken into account. This current component was expected essentially to increase the normal force that the robot applied to the outer surface of the riser. Because the riser was tightly fitted among the robot’s rigid free wells to avoid longitudinal and torsional slipping, the increase in the shear force of the wheels that could decelerate the robot was considered to be negligible.
Since all the elements of the FEM mesh have approximately the same length, the time steps are no longer uniformly distributed with such variable velocity profile. The resulting variable time array was calculated by:
	
 		
 			
				(
				7
				)
			
 		
	

	
		
			

				𝑡
			

			
				v
				a
				r
			

			
				‖
				(
				𝑖
				)
				=
				‖
				𝐃
				(
				𝐢
				)
			

			
				
			
			
				‖
				‖
				𝐕
			

			

				𝐫
			

			
				‖
				‖
				,
				𝑖
				=
				1
				,
				…
				,
				𝑁
				.
			

		
	

This nonuniform time array was inconvenient for future calculations of velocity and acceleration profiles, and a new set of 
	
		
			
				(
				𝑥
				(
				𝑖
				)
				,
				𝑦
				(
				𝑖
				)
				,
				𝑧
				(
				𝑖
				)
				)
			

		
	
 was found by spline interpolation using a uniform time array with the same limits of 
	
		
			

				𝑡
			

			
				v
				a
				r
			

		
	
. In the sequence, the local reference systems 
	
		
			
				(
				𝐗
			

			

				𝐥
			

		
	
, 
	
		
			

				𝐘
			

			

				𝐥
			

		
	
, 
	
		
			

				𝐙
			

			

				𝐥
			

			

				)
			

		
	
, the DCM matrix and the Euler angles were recalculated using this new set of coordinates, which were sampled by a uniform time array. All profiles were resampled at 5 Hz by spline interpolation, such that the high frequency riser motions could be followed (next subsection). The total mission time was 
	
		
			

				𝑇
			

			

				𝑚
			

			
				=
				1
				5
				2
				6
				s
			

		
	
, and a total of 
	
		
			
				𝑀
				=
				𝑇
			

			

				𝑚
			

			
				(
				s
				)
				×
				5
				(
				H
				z
				)
				=
				7
				6
				3
				0
			

		
	
 points were generated.
4.2. Riser Motion Effect
The dynamic FEM analysis allows finding, along the time, the altered geometry of the riser, with respect to the nominal static profile. The finite elements model had 170 beam elements with flexion, axial, and torsional deformations. Each element had a nominal length of 10 m. Dynamic FEM analysis provided the 
	
		
			

				𝐗
			

			

				𝐆
			

		
	
, 
	
		
			

				𝐘
			

			

				𝐆
			

		
	
, and 
	
		
			

				𝐙
			

			

				𝐆
			

		
	
 coordinates of only ten nodes with respect to time at 
	
		
			

				𝑓
			

			

				𝑠
			

			
				=
				2
				0
				H
				z
			

		
	
 sampling rate. The analysis was run for a 100 second time span, but the first 50 seconds were disregarded to avoid the transient effect of the FEM solution. The second half of the time window was then replicated to reach the total mission time. Thus, the offset, phase, and amplitude parameters were preserved. This adjustment provided a matrix of ten lines (one for each node) and 
	
		
			

				𝑇
			

			

				𝑚
			

			
				×
				𝑓
			

			

				𝑠
			

		
	
 columns, which was resampled by successive spline interpolations. The first interpolation reduced the number of columns to 
	
		
			

				𝑀
			

		
	
, the second expanded the lines up to the original FEM mesh (171 nodes) and the third resampled the lines again up to 
	
		
			

				𝑀
			

		
	
. Therefore, three 
	
		
			
				𝑀
				×
				𝑀
			

		
	
 perturbation matrices 
	
		
			
				P
				e
				r
			

			

				𝑥
			

		
	
, 
	
		
			
				P
				e
				r
			

			

				𝑦
			

		
	
, and 
	
		
			
				P
				e
				r
			

			

				𝑧
			

		
	
 were obtained, one for each coordinate 
	
		
			

				𝐗
			

			

				𝐥
			

		
	
, 
	
		
			

				𝐘
			

			

				𝐥
			

		
	
, and 
	
		
			

				𝐙
			

			

				𝐥
			

		
	
. In these matrices, each row was a particular riser deviation from the nominal profile and each column was a time step. The three components of a displacement vector 
	
		
			
				𝐝
				(
				𝐢
				)
			

		
	
 were defined for each node 
	
		
			

				𝑖
			

		
	
:
	
 		
 			
				(
				8
				)
			
 		
	

	
		
			
				
				𝐝
				(
				𝐢
				)
				=
				P
				e
				r
			

			

				𝑥
			

			
				(
				𝑖
				,
				𝑖
				)
				P
				e
				r
			

			

				𝑥
			

			
				(
				𝑖
				,
				𝑖
				)
				P
				e
				r
			

			

				𝑥
			

			
				
				(
				𝑖
				,
				𝑖
				)
				,
				𝑖
				=
				1
				,
				…
				,
				𝑀
				.
			

		
	

This vector was decomposed into its normal 
	
		
			

				𝐝
			

			

				𝐧
			

		
	
 and tangential 
	
		
			

				𝐝
			

			

				𝐭
			

		
	
 parts. Because the robot was free to move along the riser, only the normal component of 
	
		
			

				𝐝
			

		
	
 vector was effectively transmitted to the robot:
	
 		
 			
				(
				9
				)
			
 		
	

	
		
			

				𝐝
			

			

				𝐭
			

			
				=
				𝐝
				(
				𝐝
				⋅
				𝐃
				𝐮
				)
				𝐃
				𝐮
				,
			

			

				𝐧
			

			
				=
				𝐝
				−
				𝐝
			

			

				𝐭
			

			

				.
			

		
	

Therefore, the new coordinates 
	
		
			

				𝑥
			

		
	
, 
	
		
			

				𝑦
			

		
	
, and 
	
		
			

				𝑧
			

		
	
 (in the local reference frame) of the riser path were given by the following sequence of 
	
		
			
				
			
			

				𝑃
			

			
				1
				𝑖
			

			
				n
				e
				w
			

		
	
 points, 
	
		
			
				𝑖
				=
				1
			

		
	
,
	
 		
 			
				(
				1
				0
				)
			
 		
	

	
		
			
				
			
			

				𝑃
			

			
				1
				𝑖
			

			
				n
				e
				w
			

			

				=
			

			
				
			
			

				𝑃
			

			
				1
				𝑖
			

			
				n
				o
				m
				i
				n
				a
				l
			

			
				+
				𝐝
			

			

				𝐧
			

			

				.
			

		
	

4.3. Vortex-Induced Vibration (VIV) Effect
The sea current passing through a circular cylinder produces vortex-shedding in the wake, which causes the structure to vibrate. This complex fluid-structure interaction is called Vortex Induced Vibration (VIV), and it occurs predominantly on the cross-flow direction [16]. Simulating this effect is an arduous numerical problem. In this paper, we used experimental data obtained from a scale-model available at the Open-Source VIV Data Repository of the Center for Ocean Engineering at MIT [17]. Cross-flow displacement data that is available for tests performed in a bare cylinder, 20 mm diameter and 10 m length, which was donated by ExxonMobil, was used in our simulations. Several fluid velocities and both linearly sheared and linear flow conditions may be used. We chose a strong condition of regular flow, of approximately 1 m/s, which provided greater displacements compared to the sheared flow for the same nominal velocity.
To adapt the experimental data to the riser that was being analyzed, the displacement was scaled by the test riser diameter and multiplied by the actual riser diameter. The frequency of shedding (
	
		
			

				𝑓
			

			
				s
				t
			

		
	
) in cylinders with cross-flow is given by the following:
	
 		
 			
				(
				1
				1
				)
			
 		
	

	
		
			

				𝑓
			

			
				s
				t
			

			
				=
				S
				t
				𝑈
			

			
				
			
			
				𝐷
				,
			

		
	

							where 
	
		
			
				S
				t
			

		
	
 is the Strouhal number, 
	
		
			

				𝑈
			

		
	
 is the fluid velocity, and 
	
		
			

				𝐷
			

		
	
 is the cylinder diameter. Keeping 
	
		
			
				S
				t
			

		
	
 fixed, the ratio of 
	
		
			

				𝑓
			

			
				s
				t
			

		
	
 between the experiment and the riser was 14.78. This factor was used to scale the time vector, such that the frequency vector of the data spectrum, which was used to simulate riser VIV, was divided by this quantity. The set of ten points along the cylinder where displacements were measured was associated with the closest nodes of the FEM model. A window of data, without transient effects, was replicated ten times until the total mission time was achieved, similar to the previous section, and the same interpolation procedure was applied. Finally, the displacement caused by VIV was rotated to become perpendicular to the catenary plane and added to (10).
Figure 7 shows the RMS profiles of the riser displacements in the 
	
		
			

				𝐗
			

			

				𝐆
			

		
	
, 
	
		
			

				𝐘
			

			

				𝐆
			

		
	
, and 
	
		
			

				𝐙
			

			

				𝐆
			

		
	
 directions as a function of the normalized riser length. The figure also shows the RMS of VIV perpendicular to the catenary plane. The number 0 is for the wheel head, and 1 corresponds to the turret.
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(d)
Figure 7: RMS of riser motion in 
	
		
			

				𝐗
			

			

				𝐥
			

		
	
, 
	
		
			

				𝐘
			

			

				𝐥
			

		
	
, and 
	
		
			

				𝐙
			

			

				𝐥
			

		
	
 directions and VIV perpendicular to the catenary plane.


4.4. Sensor Velocity and Acceleration Profiles
To simulate IMU output, the expected physical acceleration at the sensor installation point must be found. This acceleration was used to feed the sensor model to find realistic sensor signals. The acceleration at point 
	
		
			

				𝑃
			

			

				𝑆
			

		
	
 expressed in the global reference frame was given by the following well-known kinematic equation:
	
 		
 			
				(
				1
				2
				)
			
 		
	

	
		
			

				𝐚
			

			

				𝐏
			

			

				𝐒
			

			

				𝐆
			

			
				=
				⎡
				⎢
				⎢
				⎢
				⎢
				⎣
				⎤
				⎥
				⎥
				⎥
				⎥
				⎦
				̈
				𝑥
				̈
				𝑦
				̈
				𝑧
				+
				𝜶
				×
				𝑃
			

			

				𝑆
			

			
				+
				𝝎
				×
				𝝎
				×
				𝑃
			

			

				𝑆
			

			

				.
			

		
	

The local acceleration 
	
		
			

				𝐚
			

			

				𝐏
			

			

				𝐒
			

			

				𝐥
			

		
	
 and Coriolis terms are zero because the sensor is fixed in the robot body. 
	
		
			

				𝜶
			

		
	
 is the angular acceleration and 
	
		
			

				𝝎
			

		
	
 is the angular velocity. Angular velocity expressed in the global reference frame was calculated by the methods used in [14, 18]:
	
 		
 			
				(
				1
				3
				)
			
 		
	

	
		
			
				𝝎
				=
				𝑅
			

			

				𝑧
			

			

				𝑅
			

			

				𝑦
			

			
				⎡
				⎢
				⎢
				⎢
				⎢
				⎣
				0
				0
				⎤
				⎥
				⎥
				⎥
				⎥
				⎦
				̇
				𝜓
				+
				𝑅
			

			

				𝑧
			

			
				⎡
				⎢
				⎢
				⎢
				⎢
				⎣
				0
				̇
				𝜃
				0
				⎤
				⎥
				⎥
				⎥
				⎥
				⎦
				+
				⎡
				⎢
				⎢
				⎢
				⎢
				⎣
				0
				0
				̇
				𝜙
				⎤
				⎥
				⎥
				⎥
				⎥
				⎦
				.
			

		
	

To solve (12) and (13), the time derivatives of displacement and rotation 
	
		
			
				̇
				𝑥
			

		
	
, 
	
		
			
				̈
				𝑥
			

		
	
, 
	
		
			
				̇
				𝑦
			

		
	
, 
	
		
			
				̇
				𝜓
			

		
	
, and so forth were found by finite differences and considering all variables in the global reference system.
5.  Instrumentation Model
A low-cost microstrain 3DMGX-1 IMU was the project choice. This is a compact and integrated device, suitable for a high-depth submarine application, where the electronic case must be as slender as possible, for mechanical structural reasons. It delivers 3D accelerations, angular velocities, and attitude/orientation matrix in a single-serial channel. The error characteristics of each output were modeled as a wide-band noise plus a first order moving bias Markov process [19]:
	
 		
 			
				(
				1
				4
