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Abstract: This paper describes a novel thruster fault-tolerant control system (FTC) for 8 
open-frame remotely operated vehicles (ROVs). The proposed FTC consists of two subsystems: a 9 
model-free thruster fault detection and isolation subsystem (FDI) and a fault accommodation 10 
subsystem (FA). The FDI subsystem employs fault detection units (FDUs), associated with each 11 
thruster, to monitor their state. The robust, reliable and adaptive FDUs use a model-free pattern 12 
recognition neural network (PRNN) to detect internal and external faulty states of the thrusters in 13 
real time. The FA subsystem combines information provided by the FDI subsystem with predefined, 14 
user-configurable actions to accommodate partial and total faults and to perform an appropriate 15 
control reallocation. Software-level actions include penalisation of faulty thrusters in solution of 16 
control allocation problem and reallocation of control energy among the operable thrusters. 17 
Hardware-level actions include power isolation of faulty thrusters (total faults only) such that the 18 
entire ROV power system is not compromised. The proposed FTC system is implemented as a 19 
LabVIEW virtual instrument (VI) and evaluated in virtual (simulated) and real-world environments. 20 
The proposed FTC module can be used for open frame ROVs with up to 12 thrusters: eight 21 
horizontal thrusters configured in two horizontal layers of four thrusters each, and four vertical 22 
thrusters configured in one vertical layer. Results from both environments show that the ROV 23 
control system, enhanced with the FDI and FA subsystems, is capable of maintaining full 6 DOF 24 
control of ROV in the presence of up to 6 simultaneous total faults in the thrusters. With the FDI and 25 
FA subsystems in place the control energy distribution of the healthy thrusters is optimised so that 26 
the ROV can still operate in difficult conditions under fault scenarios. 27 

Keywords: fault-tolerant control; thruster fault; fault detection and isolation; fault accommodation; 28 
ROV; remotely operated vehicle; underwater vehicle;  29 
 30 

1. Introduction 31 

Over the past decades, the use of ROVs has become more widespread. This is due to the 32 
reduction in costs driven by military and oil and gas research, making the technology available for 33 
other commercial and scientific purposes [1]. In more recent years ROVs have been employed for 34 
survey contracts and, with the push in the marine renewable energy (MRE) sector, ROVs will need 35 
to be capable of operating in more difficult environments to carry out close quarters inspections of 36 
the MRE devices and structures, thus reducing operational costs within the sector. The environment 37 
in which ROVs operate can be unpredictable, with the external parts of the system being subjected to 38 
seawater, changes in temperature, high pressures and interactions with solids drifting through the 39 
water column. These factors all contribute toward possibilities of thrusters becoming damaged or 40 
developing faults in their dynamic parts. In the past, it was common to abort a mission if a fault 41 
occurred in a thruster. Due to reduced weather windows at the sites of MRE converters [2], the 42 
expensive nature of ROV operations and the drive to reduce costs this method should be avoided, if 43 
possible. FTC within ROVs can be utilised to combat this. Due to the particular advantages of FTC in 44 
ROV applications, many different techniques have been proposed. One recent approach monitored 45 
the thruster voltage and current and, if a fault was detected, utilised a fuzzy method to 46 
accommodate the faults in the control of the ROV [3]. The FTC system for an ROV, proposed in [4], 47 
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used a modified version of the Moore-Penrose pseudo inverse to redistribute the control effort to 48 
healthy thrusters if a fault occurs. 49 

In the literature the majority of the fault-tolerant control methods proposed for underwater 50 
vehicles have been integrated and evaluated in a simulated environment [5-9]. As a first step for 51 
evaluation this approach is beneficial but, when practical and affordable, real-world trials should be 52 
conducted to evaluate the system in the environment in which it is expected to operate. Real-world 53 
trials have been conducted in some cases to evaluate the FTC of the ROV [10,11], generating more 54 
accurate results. 55 

This paper presents an active fault-tolerant control system for an ROV using a combination of 56 
thruster fault detection and isolation, faulty thruster power isolation and fault accommodation in the 57 
control of the ROV. The word “active” means that the method is based on active monitoring of 58 
relevant signals from the thrusters (currents, shaft speeds, applied voltages and temperatures of 59 
windings). For thrusters that cannot provide these signals, the authors are currently working on 60 
novel “passive” method for fault detection and isolation. It is expected to publish the main features 61 
of the “passive” method and comparison table of both methods in Spring 2018. 62 

Most underwater vehicle fault detection schemes are model-based, and concern the dynamic 63 
relationship between actuators and vehicle behaviour or the specific input-output thruster dynamics 64 
[3]. The proposed thruster FDI approach is a model-free scheme based on a pattern recognition 65 
neural network, trained with simulated and real-world data. New features of the proposed FTC 66 
includes separation of the virtual control space into vertical and horizontal thruster subspaces 67 
(planes) and real-world implementation in the real-time ROV control system for various thruster 68 
configurations. The thruster FA subsystem receives thruster state data from the FDI and, in the case 69 
of a fault, reallocates thruster forces by reducing the saturation bounds of the faulty thruster 70 
(software-level action A). At the same time, in case of total faults, the thruster power is switched off 71 
(hardware-level action B), in order to prevent a threat to full power system and reduce the risk of 72 
damage to other ROV components. 73 

The proposed FTC system has been successfully tested in a virtual environment (using a real 74 
time ROV simulator) and a real world environment (using VideoRay M5 thrusters) in a test tank at 75 
the University of Limerick (UL). The proposed FTC system is part of the OceanRINGS+ ROV smart 76 
control system, currently under development at CRIS, UL. 77 

The paper outline is provided as follows. In section 2 background information is provided, 78 
including links with other research projects and a short description of Inspection ROV (IROV). The 79 
architecture of the FTC, including description and implementation of the FDI & FA subsystems, is 80 
described in section 3. Section 4 presents the testing and evaluation results of the proposed FTC in 81 
real-world and virtual (simulated) environments. Finally, concluding remarks and directions for 82 
future work are provided in section 5. 83 

2. Background 84 

2.1. OceanRINGS+ 85 

OceanRINGS is an Internet/Ethernet-enabled ROV control system, based on robust control 86 
algorithms, deterministic network-oriented hardware and flexible, 3-layer software architecture [12]. 87 
ROV LATIS is a prototype platform developed at UL to test and validate OceanRINGS [13]. System 88 
validation and technology demonstration has been performed over the last eight years through a 89 
series of test trials with different support vessels. Operations include subsea cable inspection/survey, 90 
wave energy farm cable to shore routing, shipwreck survey, ROV-ship synchronisation and oil 91 
spill/HNS incident response. 92 

Currently, researchers at UL are developing the next generation of the ROV control system 93 
(OceanRINGS+, the extended version of OceanRINGS). The highly adaptive 3-layer software 94 
architecture of OceanRINGS+ includes fault-tolerant control allocation algorithms in the bottom 95 
layer, transparent interface between an ROV and supporting platforms (surface platforms, 96 
surface/subsea garages and/or supporting vessels) in the middle layer and assistive tools for mission 97 
execution/monitoring/supervision in the top layer. Software modules have been developed for 98 
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advanced control modes, such as auto compensation of ocean currents based on ROV absolute 99 
motion, robust speed/course controller with independent heading control, semi and full auto pilot 100 
capabilities, auto-tuning procedure for low-level controllers, ROV high precision dynamic position 101 
& motion control in absolute earth-fixed frame, or relative to target or support platform/vessel. This 102 
paper is focused on the description of the FTC, the module at the bottom layer of the full 103 
OceanRINGS+ control architecture. 104 

2.2. Inspection ROV (IROV) 105 

As part of the ongoing MaREI research project “Smart Inspection ROVs for Use in Challenging 106 
Conditions”, researchers at the Centre for Robotics & Intelligent Systems (CRIS), University of 107 
Limerick have designed and developed a reconfigurable, inspection-class ROV (IROV) in the period 108 
of 2014-2018, aimed to perform periodic and post storm inspection of offshore MRE converters, 109 
moorings and foundations, reducing the need for commercial divers to be employed in this difficult 110 
and potentially dangerous environment. The IROV (Figure 1) is a reconfigurable system with the 111 
option to utilise two types of thrusters in different configurations. 112 

 113 
Figure 1. Observation class IROV, developed by CRIS researchers, UL. 114 

The reconfigurable propulsion system of IROV includes two thruster configurations (Table 1): 115 

• Configuration 1: Eight VideoRay M5 thrusters configured in two layers: Horizontal Layer with 116 
four thrusters and Vertical Layer with four thrusters. These thrusters provide active monitoring 117 
of relevant signals from thrusters (currents, shaft speeds, applied voltages and temperatures of 118 
windings). 119 

• Configuration 2: Twelve BlueRobotics T200 thrusters configured in three layers: Horizontal 120 
Layers L0 and L1 with four thrusters each and Vertical Layer with four thrusters. These 121 
thrusters cannot provide monitoring of relevant signals and the passive FTC system for this 122 
class of thruster is under development. 123 

  124 
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Table 1. Thruster configurations. 125 

Configuration 1: 8 x M5 Thrusters Configuration 2: 12 x T200 Thrusters 

  

Horizontal Layer: HT1, HT2, HT3, HT4 Horizontal Layer (L0): HT1, HT2, HT3, HT4 

 Horizontal Layer (L1): HT1, HT2, HT3, HT4 

Vertical Layer: VT1, VT2, VT3, VT4 Vertical Layer: VT1, VT2, VT3, VT4 

It should be emphasized that the OceanRINGS+ control architecture has been designed to be 126 
generic, i.e. not limited to exclusive use by IROV, but any ROV with standard physical layout of 127 
thrusters. Although testing and validation of proposed FTC is performed with IROV configured as 128 
Configuration 1, the active FTC proposed in this paper and implemented as part of OceanRINGS+ is 129 
applicable to open-frame ROVs with a maximum of 12 thrusters subject to the constraint that each 130 
thruster can provide measurement of relevant signals (currents, shaft speeds, applied voltages and 131 
temperatures of windings). The FDI subsystem detects faults in thrusters regardless of their physical 132 
layout. However, for successful fault accommodation, the physical layout of thrusters plays an 133 
important role. 134 

3. Fault-Tolerant Control (FTC) System 135 

3.1. FTC architecture 136 

The overall functional architecture of the proposed FTC system is shown in Figure 2. The 137 
description of the architecture is provided in a hierarchical manner, such that the general description 138 
and the main idea are introduced first, while more details about individual components can be 139 
found in the following subsections. This architecture is an extension of the control architecture 140 
proposed in [14]. 141 

In contrast to the Fault Diagnosis and Accommodation System (FDAS), proposed in [15] and 142 
implemented in the original version of OceanRINGS, there are a number of new features in the FTC 143 
architecture shown in Figure 2 and implemented in OceanRINGS+. Firstly, there is a clear separation 144 
between horizontal and vertical thrusters using decomposition of motion into horizontal and 145 
vertical subspaces (planes). Secondly, there is provision for two layers of horizontal thrusters and 146 
one layer of vertical thrusters. Thirdly, the Fault Detection Units utilize a pattern recognition neural 147 
network for real-time fault detection instead of self-organising maps. 148 

 149 
 150 
 151 
 152 
 153 
 154 
 155 
 156 
 157 
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Figure 2. Architecture of the Fault Tolerant Control (FTC) system: (a) Horizontal Subspace (Plane); (b) Vertical 199 
Subspace (Plane). 200 

The virtual control input τ for the control allocation is a normalised vector of forces and 201 
moments: ߬ = ሾ߬௑ ߬௒ ߬௓ ߬௄ ߬ெ ߬ேሿ், where ߬௑ is surge force, ߬௒ is sway force, ߬௓ is heave 202 
force, ߬௄ is roll moment, ߬ெ is pitch moment, and ߬ே is yaw moment. Decomposition of this vector 203 
into the horizontal and vertical planes is presented in Table 2. 204 

The Control Clusters (Figure 2 and Table 2) are links between the FTC module in the bottom 205 
layer and upper layers in control architecture. The HT Control Cluster consists of two subclusters: 206 
Virtual Joystick (to mimic direct surge & sway forces and yaw moment generated by human or 207 
virtual pilot) and a set of settings for Low-Level Controllers (set points for surge speed ݑௗ (m/s), 208 
sway speed ݒௗ (m/s) and heading ௗܻ (°), feed-forward inputs and on/off switches to enable/disable 209 
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individual controllers). The VT Control Cluster has two subclusters: Virtual Joystick (to mimic direct 210 
heave force and roll & pitch moments generated by human or virtual pilot) and a set of settings for 211 
Low-Level Controllers (set points for depth/altitude ݖௗ  (m), roll ܴௗ  (°) and pitch ௗܲ  (°), 212 
feed-forward inputs and on/off switches to enable/disable individual controllers). Inside the 213 
Synthesis module the LLC Settings subclusters are used as one of the inputs to the LLC loops (the 214 
other inputs are navigation data and parameters of controllers). There is a single controller for each 215 
degree of freedom (DOF). Surge and Sway controllers are velocity controllers, while Heave, Roll, 216 
Pitch & Yaw are position controllers. Further information about the internal structure of LLC loops 217 
can be found in [16]. Individual outputs of LLC loops are bundled into vectors ߬௅௅஼. The final 218 
outputs of the Synthesis module are vectors ߬ு்  and ߬௏் , obtained by summation and 219 
normalisation of corresponding vectors ߬௏௃ and ߬௅௅஼ for each subspace, respectively. 220 

Table 2.  Decomposition into Horizontal and Vertical Subspaces (Planes). 221 

Virtual 
Control Input 

Horizontal Plane ࣎ࢀࡴ Vertical Plane ࣎ࢀࢂ 

߬ = ێێۏ
ۍێێ
߬௑߬௒߬௓߬௄߬ெ߬ேۑۑے
 ېۑۑ

߬ு் = ൥߬௑߬௒߬ே൩ ߬௑ – Surge Force ߬௏் = ൥߬௓߬௄߬ெ൩ ߬௓ – Heave Force ߬௒ – Sway Force ߬௄ – Roll Moment ߬ே – Yaw Moment ߬ெ – Pitch Moment 

Each layer of horizontal thrusters has its own FDI, FA and Control Allocator module. It should 222 
be emphasized that both layers of horizontal thrusters are independent from each other, i.e. they can 223 
have a different physical layout and number of thrusters. In the Horizontal Plane, both layers have 224 
the same input (vector ߬ு்), which is the output of HT Synthesis module.  225 

3.2. FDI subsystem 226 

Fault Classification: Thrusters are liable to different fault types during the underwater mission 227 
e.g. propellers can be jammed, broken or lost, water can penetrate inside the thruster enclosure, 228 
communication between the thruster and the master node can be lost, applied voltage or 229 
temperature of the winding can exceed the threshold, etc. Some of these faults (partial faults) are not 230 
critical and the thruster is able to continue operation in the presence of a fault with the restricted 231 
usage, i.e. reduced maximum velocity. In other cases (total faults – failures) the thruster must be 232 
switched off and the mission has to be continued with remaining operable thrusters. Thruster faults 233 
are classified into two main classes: 234 

• Internal faults (e.g. temperature of the windings is out of range, drop in bus voltage etc.), 235 
• External faults (e.g. lightly jammed, jammed, heavily jammed, lost or broken propeller). 236 

Fault Code Table: Relationships between thruster states, fault types and remedial actions are 237 
stored in the thruster fault code table (Table 3). It must be emphasized, at this point, that this fault 238 
code table is just a suggestion, intended to reveal the main ideas of the proposed FTC system. New 239 
states (rows) can be added, and the existing relationships can be changed, in order to accommodate 240 
specific requirements and available thruster data. 241 

 242 
 243 
 244 
 245 
 246 
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Table 3. Thruster Fault Code Table. 247 

Thruster State Class Type 
Action A: 

Saturation Bounds
Action B: 

Thruster Power
Invalid - - 1.00 ON 
Healthy - - 1.00 ON 

Lightly Jammed External Partial 0.75 ON 
Jammed External Partial 0.25 ON 

Heavily Jammed External Total 0.00 OFF 
Broken Propeller External Total 0.00 OFF 

Unknown External Total 0.00 OFF 
Voltage outside threshold Internal Total 0.00 OFF 
Temp. outside threshold Internal Total 0.00 OFF 

Fault Detection Unit (FDU): It is assumed that each thruster is driven by a Thruster Control 248 
Unit (TCU), with integrated power amplifiers and a microcontroller (Figure 3). The input to the TCU 249 
is desired shaft speed ݊ௗ (%). The outputs are current ܫ (A), shaft speed ݊ (rpm), bus voltage ܸ 250 
(V) and temperature ܶ (°C) of windings. The outputs of each thruster are sent to the associated FDI 251 
module in real-time. The FDI module utilises the Fault Detection Units (FDUs) to monitor the state 252 
of the thrusters. The FDU is a software module associated with the thruster, able to detect internal 253 
faults and external faults. The output of the FDU is a fault state vector ௜݂. Connections between the 254 
FDU and the TCU for an arbitrary thruster ௜ܶ are indicated in Figure 3. 255 

 256 
Figure 3. Block diagram showing connections between the FDU and the TCU for thruster ௜ܶ. 257 

Signals for detection of internal faults are already available in existing TCUs for VideoRay 258 
thrusters M5. In particular, the communication protocol for the M5 provides monitoring of the 259 
winding temperature ܶ (°C) and bus voltage ܸ (V) of each thruster. In order to build a universal 260 
FDU, able to detect both internal and external faults, it is necessary to augment the existing internal 261 
protection with a software module for fast and reliable detection of external faults. 262 

For detection of external faults available signals are desired: shaft speed ݊ௗ (%), actual shaft 263 
speed ݊ (rpm) and current consumption ܫ (A) of the thruster. By monitoring ݊ and ܫ, together 264 
with desired shaft speed ݊ௗ, obtained as the output of the Control Allocation, the FDU is designed 265 
to detect, isolate and categorise external thruster faults using Pattern Recognition Neural Network 266 
(PRNN). 267 

Finally, the universal FDU integrates both parts (internal and external) into one unit, which is 268 
able to detect both internal and external faults (Figure 3). Integration includes a priority scheme, 269 
where total faults have higher priority than partial faults. The fault state vector ௜݂, the output of the 270 
FDU, is the code of the fault. 271 
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Implementation: Implementation involves two phases: off-line training and on-line fault detection. 272 
Off-line training phase 273 
The first stage in the training phase is acquisition of training data. In the virtual environment, 274 

thruster faults are simulated by varying properties of the thruster dynamic model (load, friction, 275 
etc.) inside the propulsion subsystem of the ROV dynamics simulator. In the real-world 276 
environment, various jammed propeller faults are simulated such that the objects of different sizes, 277 
shapes and weights were attached to the blades, while a broken propeller was simulated with all 278 
blades removed from the shaft.  279 

Further details about acquisition of training data in real-world environment is given in the 280 
following. A normal state and four different fault cases were considered (lightly jammed, jammed, 281 
heavily jammed and broken (lost) propeller). A test rig has been set up and thruster mounted in a 282 
test tank in the University of Limerick. To mimic the jammed thruster states various objects 283 
(“blockages”) have been attached to the thruster propeller during tests. The thruster test setup and 284 
“blockages” are shown in Figure 4. Each “blockage” reduces efficiency of the thruster due to 285 
increased load on the shaft and reduced flow of the water through the duct. 286 

 287 
Figure 4. Thruster setup for acquisition of real-world data: (a) 30% area “blockage”; (b) 60% area “blockage”; (c) 288 
90% area “blockage”. 289 

  290 

(a) 30% area 
“blockage” 

(a) 60% area 
“blockage” 

(a) 90% area 
“blockage” 

Jammed 
propeller 

Broken 
propeller 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 March 2018                   doi:10.20944/preprints201803.0057.v1

Peer-reviewed version available at J. Mar. Sci. Eng. 2018, 6, 40; doi:10.3390/jmse6020040

http://dx.doi.org/10.20944/preprints201803.0057.v1
http://dx.doi.org/10.3390/jmse6020040


 9 of 30 

Table 4. Thruster states & setup for real-world data acquisition. 291 

Thruster State Setup 
Healthy No blockage 

Lightly Jammed Blockage (30% area) 
Jammed Blockage (60% area) 

Heavily Jammed Blockage (90% area) 
Broken Propeller Propeller detached 

The relationship between the thruster states and setup for real-world data acquisition is given 292 
in Table 4. For each state in Table 4, the thruster was actuated with a saw-like command signal ݊ௗ 293 
(%) with the following pattern: 0% » MAX% » 0% » - MAX% » 0%, with a step size 1%. The total 294 
duration of signal was 20 seconds, sampling period 50 ms and max. value MAX = 100%. In each 295 
iteration the desired shaft speed ݊ௗ (%), actual shaft speed	݊ (rpm) and current consumption ܫ (A) 296 
have been logged. The real-world raw data acquired for each thruster state are presented in Figure 5. 297 

Analysing the distribution of the training data in Figure 5, the first feature that can be noticed is 298 
that each fault type creates a certain pattern. The presence of measurement noise is noticeable in 299 
acquired data for currents, resulting in patterns which exhibit a fuzzy (“cloudy”) look. The second 300 
feature is that it is very difficult to distinguish individual patterns in the zone around ݊ௗ ≈ 0 (called 301 
the critical zone). This makes successful fault detection and isolation in the critical zone difficult to 302 
achieve. In particular, for the near-zero velocity case ݊ௗ ≈ 0 the thruster does not rotate or rotates 303 
very slowly, reliable fault detection is impossible. The solution to this issue is the exclusion of the 304 
critical zone from FDI during the on-line fault detection phase. For this reason, the critical zone is 305 
called the forbidden zone with associated “Invalid” thruster state. When desired shaft speed is in this 306 
zone, the FDI algorithm goes to sleep mode and outputs the “Invalid” state without any action. 307 

Each fault type in Figure 5 is characterised by specific features, which makes them different 308 
from the other types. These features are discussed in the following. In general, all the variables (݊ௗ, 309 ܫ 
and ݊) are correlated, i.e. they tend to rise and fall together in a non-linear way. For lightly jammed, 310 
jammed and heavily jammed propeller states, objects (“blockages”) attached to the blades generate 311 
an additional load for the motor, leading to higher current ܫ and lower ݊ than in the fault-free case 312 
for the same value of ݊ௗ. In the case of a broken propeller, the absence of the blades means that the 313 
load for the motor is much smaller than in other cases, yielding a reduction in current consumption 314 
and a significant increase in shaft speed. However, the thruster does not generate any propulsion 315 
force in this case. 316 
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 317 
Figure 5. Time diagrams of raw training data: (a): 	ܫ versus ݊ௗ plot; (b) ݊ versus ݊ௗ plot. 318 

The main idea of the second stage in the training phase is to use the acquired data from the first 319 
stage to train a Pattern Recognition Neural Network (PRNN). In order to improve the PRNN 320 
classification accuracy, the raw data shown in Figure 5 have been first replaced with best fit curves, 321 
as shown in Figures 6 & 7, before creating input-output data sets for NN training. The MATLAB 322 
App “Curve Fitting” has been employed to generate best fit curves. Details of the Curve Fitting 323 
functions and their parameters can be found in Table 5. 324 
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 325 
Figure 6. Time diagrams of raw & best fit training data: 	ܫ versus ݊ௗ plot. 326 

 327 
Figure 7. Time diagrams of raw & best fit training data: ݊ versus ݊ௗ plot. 328 
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Table 5. Curve Fitting functions for thruster states. 330 

Thruster State 
Dataset Plot 

Curve Fitting 
Function Type 

Curve Fitting 
Function Coefficients 

Healthy nd v I 
positive 

Gaussian 
f(x) = 

a*exp(-((x-b)/c)^2) 
a = 19.15, b = 147.8, 

c = 63.78 
Healthy nd v I 

negative 
Gaussian 

f(x) = 
a*exp(-((x-b)/c)^2) 

a = -16.07, b = -140.2, 
c = 62.24 

Healthy nd v n 
positive 

Hyperbolic 
tangent 

f(x) = a*tanh(b*x) + c 
a = 4008, b = 0.01298, 

c = 7.086 
Healthy nd v n 

negative 
Hyperbolic 

tangent 
f(x) = a*tanh(b*x) + c 

a = 4212, b = 0.01134, 
c = -42.63 

Lightly Jammed 
nd v I positive 

Gaussian 
f(x) = 

a*exp(-((x-b)/c)^2) 
a = 20.04, b = 147.8, 

c = 64.41 
Lightly Jammed 
nd v I negative 

Gaussian 
f(x) = 

a*exp(-((x-b)/c)^2) 
a = -19.26, b = -145.9, 

c = 65.05 
Lightly Jammed 
nd v n positive 

Hyperbolic 
tangent 

f(x) = a*tanh(b*x) + c 
a = 3908, b = 0.01274, 

c = 30.12 
Lightly Jammed 
nd v n negative 

Hyperbolic 
tangent 

f(x) = a*tanh(b*x) + c 
a = 3764, b = 0.01237, 

c = -37.82 
Jammed nd v I 

positive 
Gaussian 

f(x) = 
a*exp(-((x-b)/c)^2) 

a = 16.27, b = 133.9, 
c = 59.91 

Jammed nd v I 
negative 

Gaussian 
f(x) = 

a*exp(-((x-b)/c)^2) 
a = -20.4, b = -146.1, 

c = -65.54 
Jammed nd v n 

positive 
Hyperbolic 

tangent 
f(x) = a*tanh(b*x) + c 

a = 3565, b = 0.01289, 
c = 60.38 

Jammed nd v n 
negative 

Hyperbolic 
tangent 

f(x) = a*tanh(b*x) + c 
a = 3352, b = 0.01355, 

c = -29.18 
Heavily Jammed 

nd v I positive 
Gaussian 

f(x) = 
a*exp(-((x-b)/c)^2) 

a = 22.92, b = 147.3, 
c = 66.57 

Heavily Jammed 
nd v I negative 

Gaussian 
f(x) = 

a*exp(-((x-b)/c)^2) 
a = -17.17, b = -134, 

c = 60.65 
Heavily Jammed 

nd v n positive 
Hyperbolic 

tangent 
f(x) = a*tanh(b*x) + c 

a = 2875, b = 0.01468, 
c = 68.49 

Heavily Jammed 
nd v n negative 

Hyperbolic 
tangent 

f(x) = a*tanh(b*x) + c 
a = 3007, b = 0.01488, 

c = -14.55 
Broken Propeller 

nd v I positive 
Exponential f(x) = a*exp(b*x) 

a = 0.05542, 
b = 0.03747 

Broken Propeller 
nd v I negative 

Exponential f(x) = a*exp(b*x) 
a = -0.05494, 
b = -0.03735 

Broken Propeller 
nd v n positive 

Polynomial 
f(x) = p1*x4 + p2*x3 + 

p3*x2 + p4*x + p5 
p1 = -0.0001074, p2 = 0.01742, p3 = 

-0.8264, p4 = 72.56, p5 = -46.07 

Broken Propeller 
nd v n negative 

Polynomial 
f(x) = p1*x4 + p2*x3 + 

p3*x2 + p4*x + p5 

p1 = 0.0001022, 
p2 = 0.0163, p3 = 0.7478, p4 = 

70.58, p5 = 34.14 
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A two-layer feed-forward network, with 16 sigmoid hidden and 5 softmax output neurons has 331 
been trained to classify input vectors. The architecture of the Pattern Recognition Neural Network is 332 
shown in Figure 8. 333 

 334 
Figure 8. The architecture of Pattern Recognition Neural Network. 335 

As indicated in Table 4, there are five classes (Healthy, Lightly Jammed, Jammed, Heavily 336 
Jammed and Broken Propeller). The input data set (matrix thrusterInputs_RWE) has dimension 337 
3x1005 and consists of five Input Blocks: thrusterInputs0_RWE, thrusterInputs1_RWE, …, 338 
thrusterInputs4_RWE (one block for each class, see Table 6). Network inputs are stored in columns 339 
of the matrix thrusterInputs_RWE. For each class, values of ݊ௗ are -100, -99, …, +99, +100. 340 

Table 6. Structure of the input training data set thrusterInputs_RWE. 341 

Class Input Block Size Column(j) 
Healthy thrusterInputs0_RWE 3x201 ݊ௗ(݆); ܫ(݆); ݊(݆) 

Lightly Jammed thrusterInputs1_RWE 3x201 ݊ௗ(݆); ܫ(݆); ݊(݆) 
Jammed thrusterInputs2_RWE 3x201 ݊ௗ(݆); ܫ(݆); ݊(݆) 

Heavily Jammed thrusterInputs3_RWE 3x201 ݊ௗ(݆); ܫ(݆); ݊(݆) 
Broken Propeller thrusterInputs4_RWE 3x201 ݊ௗ(݆); ܫ(݆); ݊(݆) 
The target data set (matrix thrusterTargets_RWE) has dimension 5x1005 and consists of five 342 

Target Blocks: thrusterTargets0_RWE, thrusterTargets1_RWE, …, thrusterTargets4_RWE (one 343 
block for each class, see Table 7). For class k columns of corresponding Target Block have 1 at 344 
position k, while all other column elements have value 0. 345 

Table 7. Structure of the output training data set thrusterTargets_RWE. 346 

Class Target Block Size Column 
Healthy thrusterTargets0_RWE 5x201 1; 0; 0; 0; 0 

Lightly Jammed thrusterTargets1_RWE 5x201 0; 1; 0; 0; 0 
Jammed thrusterTargets2_RWE 5x201 0; 0; 1; 0; 0 

Heavily Jammed thrusterTargets3_RWE 5x201 0; 0; 0; 1; 0 
Broken Propeller thrusterTargets4_RWE 5x201 0; 0; 0; 0; 1 

Algorithms used in PRNN training are provided in Table 8. 347 

Table 8. Pattern Recognition Neural Network training algorithms. 348 

Algorithms 
Data Division Random (dividerand) 

Training Scaled Conjugate Gradient (trainscg) 
Performance Cross-Entropy (crossentropy) 
Calculations MEX 
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The input matrix thrusterInputs_RWE has been randomly divided up into training samples 349 
(70%), Validation samples (15%) and Testing samples (15%). These samples were presented to the 350 
network during training, and the network was adjusted according to its error. Validation samples 351 
were used to measure network generalization, and to halt training when the generalization stops 352 
improving. The testing samples have no effect on training and provide an independent measure of 353 
network performance during and after training. The training, Validation and Confusion Matrices are 354 
shown in Figure 9. On the confusion matrix plot, the rows correspond to the predicted class (Output 355 
Class), and the columns show the true class (Target Class). The diagonal cells show for how many 356 
(and what percentage) of the examples the trained network correctly estimates the classes of 357 
observations. That is, it shows what percentage of the true and predicted classes match. The off 358 
diagonal cells show where the classifier has made mistakes. The column on the far right of the plot 359 
presents the accuracy for each predicted class, while the row at the bottom of the plot shows the 360 
accuracy for each true class. The cell in the bottom right of the plot shows the overall accuracy. 361 

 362 
Figure 9. Plots of Training, Validation, Test and All Confusion Matrices. 363 

Figure 10 displays the Neural Network Cross-Entropy and Performance plots. Minimizing 364 
Cross-Entropy within the neural network results in enhanced classification. 365 
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 366 
Figure 10. Neural Network Cross-Entropy and Performance plots. 367 

The Receiver Operating Characteristic (ROC) is a metric employed to check the quality of 368 
classifiers. For each class of a classifier, the ROC applies threshold values across the interval [0,1] to 369 
outputs. For each threshold, two values are calculated, the True Positive Ratio (TPR) and the False 370 
Positive Ratio (FPR). For a particular class i, the TPR is the number of outputs whose actual and 371 
predicted class is class i, divided by the number of outputs whose predicted class is class i. The FPR 372 
is the number of outputs whose actual class is not class i, but predicted class is class i, divided by the 373 
number of outputs whose predicted class is not class i. Figure 11 displays the ROC for each output 374 
class of PRNN. The more each curve hugs the left and top edges of the plot, the better the 375 
classification. 376 
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 377 
Figure 11. Receiver Operating Characteristic plots. 378 

The classification performance of the PRNN in the real-world environment is verified in section 379 
4. 380 

In the third and last stage of the training phase, the structure of the trained PRNN is saved as a 381 
MATLAB function nn_pr_16_RWE on the hard disk for future use. In this way, time consuming 382 
training calculations are performed off-line, during the training phase, which enables fast and 383 
efficient detection during the on-line phase. 384 

On-line fault detection phase 385 
From the preceding discussion, the problem of thruster fault detection is considered as a 386 

pattern recognition problem. An original method for on-line fault detection, adapted to the specific 387 
features of the underlying pattern recognition problem, will now be described. 388 

During the initialisation stage of the on-line fault detection phase, training data for each class 389 
(acquired in the off-line training phase) are loaded into memory and displayed as separate static 390 
background plots 	ܫ versus ݊ௗ and ݊ versus ݊ௗ for each layer (HT Layer 0, HT Layer 1 and VT 391 
Layer). These plots are utilised to represent the relationship between variables for different thruster 392 
states and for visualisation of actual thruster measurements in real-time. Additional activities during 393 
initialisation phase include memory allocation for buffers, reading fault code table settings from file 394 
and the creation of action lists. 395 
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After the initialisation is finished, the fault detection is performed by repeating the steps from 396 
the FDU Algorithm (Table 9) for each thruster at each programme cycle: 397 

Table 9. FDU Algorithm – On-line fault detection. 398 

FDU Algorithm 
1. Read values for external faults (݊ௗ, ܫ and ݊) and internal faults (ܸ and ܶ) from TCU. 
2. Create vector ݔ = ሾ݊ௗ ܫ ݊ሿ் and execute ݕ = nn_pr_16_RWE(ݔ); ݕ =  1 ;(ݕ)݀݊ݑ݋ݎ
3. Combine fault code table (Table 3) and thruster target table (Table 6) to determine thruster 

external fault state and corresponding actions A & B. 
4. Determine internal fault state and actions A & B from thruster fault code table by 

examining if values of ܸ and ܶ exceed the limits. 
5. (Optional) Use prioritisation scheme to resolve simultaneous appearance of external and 

internal faults: total faults have higher priority than partial faults. 
6. Deliver the final thruster state and actions A & B as output. 

1 Vector y will have one of the following six values: [1;0;0;0;0], [0;1;0;0;0], [0;0;1;0;0], [0;0;0;1;0], [0;0;0;0;1], 399 
[0;0;0;0;0]. The last value is obtained in cases when a thruster operates in an unknown regime i.e. out-of-normal 400 
regime, different from faulty cases shown in Table 5. Typical examples for this case from the real-world 401 
environment include propeller jammed with rope or seaweed. The thruster state associated with value y = 402 
[0;0;0;0;0] is “Unknown” (see Thruster Fault Code Table in Table 3). 403 

It should be mentioned that, in order to avoid false detection due to outliers and measurement 404 
noise, the outputs of FDU Algorithm are buffered i.e. the final decision about thruster fault is not 405 
derived from a single measurement, but is accomplished using present and past thruster states (FDU 406 
Algorithm outputs), which are stored in the buffer. This buffer operates similar to the shift register: 407 
when the new state is pushed into the buffer, the other states are pushed (shifted) down and the 408 
″oldest″ state is pushed (shifted) out. Elements of the buffer are compared to each other, and if all 409 
buffer elements have the same value (state), then the aggregate thruster state is set to this value. 410 
Otherwise, the previous value is kept as the aggregate state. 411 

3.3. FA subsystem 412 

The proposed FA subsystem is an extension of the hybrid approach for control allocation based 413 
on integration of the pseudoinverse and the fixed-point iteration method which compensates the 414 
thruster fault effect [13,14]. It is implemented as a two-step process. The pseudoinverse solution is 415 
found in the first step. Then the feasibility of the solution is examined, analysing its individual 416 
components. If violation of actuator constraint(s) is detected, the fixed-point iteration method is 417 
activated in the second step. In this way, the hybrid approach is able to allocate the exact solution, 418 
optimal in the l2 sense, inside the entire attainable command set. This solution minimises a control 419 
energy cost function, the most suitable criteria for underwater applications. 420 

As stated in section 3.1, the HT Synthesis and VT Synthesis modules create virtual control 421 
vectors ߬ு்  and ߬௏் . These vectors represent the total control effort (normalised forces and 422 
moments) to be produced by the actuators (thrusters). Control Allocators in Figure 2 find individual 423 
actuator settings (true control vectors ݑு்  and ݑ௏்  for horizontal and vertical thrusters, 424 
respectively) to be applied in order to produce desired control effort. The Fault Accommodation 425 
(FA) subsystem uses FDI outputs (aggregate thruster states) and associated software-level actions 426 
(action A) and hardware-level actions (action B) to solve the control allocation problem for each 427 
thruster layer in presence of partial/total thruster faults. Action A (see Table 3) includes penalisation 428 
of faulty thruster in the solution of control allocation problem by restricting saturation bounds i.e. by 429 
increasing the corresponding weight in the weighting matrix [14]. Action B includes power isolation 430 
of faulty thrusters (total faults only in Table 3) such that the entire ROV power system is not 431 
compromised. Hence, if the aggregated thruster state is a partial fault, the thruster is penalised, but 432 
will continue to operate. However, in the case of a total fault, the thruster is removed from the 433 
control allocation process, and its power is switched off in parallel. 434 
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3.4. Software Implementation 435 

The proposed FTC has been implemented as a LabVIEW VI named “Thruster Active FDI”, 436 
which is a software module integrated with other OceanRINGS+ modules. The user interface, which 437 
shows FDI results, is presented in Figure 12. This image is just an example; it has been artificially 438 
generated by injecting faults in the simulated thruster models, and it is intended to illustrate various 439 
options available in the software to detect, isolate and accommodate faults. The display is divided 440 
into 3 groups: horizontal thrusters (Layer 0 & Layer 1) and vertical thrusters. Each state has an 441 
associated colour code box. The external faults are represented with a column named “States”, while 442 
internal faults are displayed as columns named “Voltages” and “Temperatures”. The fault code 443 
table for the individual layers can be edited on the configuration tab of the main application. The 444 
fault code table for the horizontal thrusters (Layer 0) can be viewed in Figure 13. 445 

 446 
Figure 12. User Interface showing thruster FDI states and actions. 447 

Action B

Action A 
“Enable Action“ button Power Relay State 
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 448 
Figure 13. Fault Code Table for horizontal thrusters (Layer 0). 449 

In order to increase the flexibility of the proposed FTC scheme, each thruster has associated 450 
individual “Enable Action” buttons. If the “Enable Action” is true, actions A & B will be applied. If 451 
the “Enable Action” is false, no actions will be applied i.e. the FDI subsystem will detect fault, but 452 
no action will be executed by the FA subsystem. 453 

Thrusters HT1, HT2, HT3 & HT4 in Layer 0 in Figure 12 have “Enable Action” buttons set to 454 
true. The FDI subsystem has detected external faults (partial faults) in HT3 (Lightly Jammed) and 455 
HT4 (Jammed) and no presence of internal faults. All four thrusters remain powered on, while the 456 
software-level actions resulted in Saturation Bounds set to 0.75 and 0.25 for HT3 and HT4, 457 
respectively. 458 

In a similar way, thrusters HT1, HT2, HT3 & HT4 in Layer 1 in Figure 12 have “Enable Action” 459 
buttons set to true. In this case, the FDI has detected external faults (total faults) in HT1 (Heavily 460 
Jammed), HT2 (Broken) and HT3 (Unknown), and presence of an internal fault in HT4 (Voltage < 461 
Threshold). Hardware-level actions resulted that the power to all four thrusters is switched off (as 462 
was confirmed by the power relay states for HT1-HT4, Layer 1), while software-level actions 463 
resulted in Saturation Bounds set to 0 for all four thrusters. 464 

Finally, thrusters VT1, VT2 & VT3 have “Enable Action” buttons set to true. The FDI has 465 
detected external fault (total fault) in VT1 (Broken Propeller), and internal faults (total faults) in VT2 466 
(Temperature < Threshold) and VT3 (Temperature > Threshold). Hardware-level actions resulted 467 
that the power to all three thrusters is switched off (as confirmed by Power Relay States), while 468 
software-level actions resulted in Saturation Bounds set to 0 for all three thrusters. Thruster VT4 has 469 
“Enable Action” button set to false. The FDI has detected an external fault (total fault) in VT4 470 
(Broken Propeller) and no presence of internal faults. However, the FA subsystem did not execute 471 
action A (set Saturation Bounds to 0) and action B (switch off power to the thruster, as confirmed 472 
with power relay state for VT4). 473 

An event log table is used to log Fault Detection and Isolation (FDI) events i.e. details of thruster 474 
external and internal faults as they occur. The FDI Event Log Table data includes event I.D., date and 475 
timestamp of fault occurrence, thruster in which fault occurred, type of external and internal fault 476 
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and, if the “Enable Action” button is set to true, the software-level and hardware-level actions that 477 
were applied. An example of the FDI Event Log Table is shown in Figure 14. 478 

 479 
Figure 14. Thruster Fault Detection and Isolation (FDI) Event Log table. 480 

4. Testing and Evaluation of the FTC 481 

The performance of the FTC, proposed and described in section 3, is evaluated and tested in a 482 
real-world and virtual (simulated) environment. In the real-world environment, a single M5 483 
VideoRay thruster has been utilised to evaluate the FTC performance for various fault conditions. In 484 
the virtual (simulated) environment, various thruster fault conditions were simulated in order to 485 
examine the behaviour of the FTC in different situations (open-loop/closed-loop control 486 
performance with enabled/disabled FA actions). 487 

4.1. Evaluation of the FTC in real-world environment 488 

A single M5 VideoRay thruster, configured as VT4, has been used for post-training validation of 489 
the trained PRNN and to evaluate the performance of the FTC in fault-free mode (no object attached 490 
to the propeller) and faulty modes (with “blockages” of various sizes and shapes attached to the 491 
blades, see Figure 4). The main objective was to evaluate the capability of the FDI subsystem to 492 
detect thruster states for external faults only, with a disabled FA subsystem (the “Enable Action” 493 
button set to false for VT4). The thruster was actuated with the same signal that has been used to 494 
acquire training data (Figure 15) i.e. with saw-like command signal ݊ௗ  (%) with the following 495 
pattern: 0% » MAX% » 0% » - MAX% » 0%, step size 1%. The total duration of signal was T = 20 496 
seconds, sampling period 50 ms and max. value MAX = 100%. The critical (forbidden) zone has been 497 
set to ݊ௗ ∈ ሾെ20%, 20%ሿ. Screenshots of the FDI results for various thruster states are shown in 498 
Figures 16 – 20. Note that the results are for VT4 only. All other thruster states are shown as Invalid. 499 

 500 
Figure 15. Time responses of command signal and thruster states. 501 
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 502 
Figure 16. Thruster FDI result for thruster state = “Healthy”. 503 

 504 
Figure 17. Thruster FDI result for thruster state = “Lightly Jammed”. 505 
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 506 
Figure 18. Thruster FDI result for thruster state = “Jammed”. 507 

 508 
Figure 19. Thruster FDI result for thruster state = “Heavily Jammed”. 509 
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 510 
Figure 20. Thruster FDI result for thruster state = “Broken Propeller”. 511 

The FDI subsystem registers events only when the command signal ݊ௗ  leaves the critical 512 
(forbidden) zone. Two events have been logged for each fault: the Event 1 with timestamp ݐଵ (time 513 
instance when the command signal ݊ௗ left the critical zone for the first time, see Figure 15), and the 514 
Event 2 with timestamp ݐଶ (time instance when the command signal ݊ௗ left the forbidden zone for 515 
the second time). While passing through the forbidden zone, the FDI subsystem went to “sleep” 516 
mode indicating a thruster state = “Invalid”. The PRNN correctly recognised a thruster state outside 517 
the forbidden zone in all five cases. Test results confirmed that the PRNN has 100% classification 518 
accuracy outside the forbidden zone, and that the miss-classification appears exclusively inside the 519 
critical (forbidden) zone, as predicted in section 3.1. 520 

4.2. Evaluation of the FTC in virtual (simulated) environment 521 

As mentioned in section 3.2, in the virtual (simulated) environment thruster faults are 522 
simulated by varying properties of the thruster dynamic model (load, friction, etc.) inside the 523 
propulsion subsystem of the ROV dynamics simulator. Off-line training and on-line fault detection 524 
phases are performed in the same way as described in section 3.2 for the real-time environment but, 525 
in this case, faults are simulated by varying efficiency of thruster or by pushing the “Broken 526 
Propeller” button on the Thruster Configuration tab, shown in Figure 21. 527 
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 528 
Figure 21. Thruster Configuration tab for horizontal thrusters (Layer 0) in the ROV dynamics simulator. 529 

A description of the simulation test cases, presented in this section, is given in Table 10. 530 

Table 10. Description of simulation tests. 531 

ID Type LLC Settings Thruster Fault “Enable Action” 

1 

Open-Loop ߬௑(ܸܬ) = 0.3 ߬௒(ܸܬ) = 0.0 ߬ே(ܸܬ) = 0.0 

Heading: OFF 
Surge Speed: OFF 
Sway Speed: OFF 

HT2 (L0) Broken 
Propeller False 

2 
Closed-Loop ܱܵܩௗ = ௗܩܱܥ ݏ/0.54݉ = 60° Yd = COGd 

ud = proj(SOGd)x 
vd = proj(SOGd)y 

HT2 (L0) 
Broken 

Propeller False 

3 
Closed-Loop ܱܵܩௗ = ௗܩܱܥ ݏ/0.54݉ = 60° Yd = COGd 

ud = proj(SOGd)x 
vd = proj(SOGd)y 

HT2 (L0) Broken 
Propeller 

True 

The test cases described in Table 10 enable investigation of the influence of thruster faults on the 532 
overall control performance of the ROV and demonstrate the ability of the FTC to accommodate the 533 
faults and minimise the negative impact on control performance. It should be emphasized that 534 
similar test cases have been conducted with total and partial faults in vertical thrusters, and the main 535 
conclusion is that the ROV control system with active FDI and FA subsystems is capable of 536 
maintaining full 3 DOF in the vertical plane in the presence of a partial or total fault in a single 537 
vertical thruster. 538 

Test 1: Impact of “Broken Propeller” in Open-Loop mode with disabled fault accommodation 539 
In this case, the Surge, the Sway and the Yaw LLCs are disabled and the virtual control vector 540 ߬ு் = ሾ0.3 0.0 0.0ሿ் is constant during the duration of the test. At time instance ݐ଴ the “Broken 541 

Propeller” fault occurs in HT2, Layer 0. The FDI subsystem detects the fault and logs the FDI event, 542 
but the FA subsystem does not perform any action, since the “Enable Action” button is set to false 543 
(Figure 22). For this reason, the Control Allocator still assumes that the thruster HT2 is healthy and 544 
does not modify the solution of the control allocation problem. However, since HT2 does not 545 
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produce any thrust/moment, the ROV drifts to the right side, with continuous change in heading 546 
(Figure 23). 547 

Test 2: Impact of “Broken Propeller” in Closed-Loop mode with disabled fault accommodation 548 
In this case, the Surge, the Sway and the Yaw LLCs are enabled, while all components of the 549 

Virtual Joystick vector are set to zero. The Speed Mode is set to SM2 (Follow Speed and Course) and 550 
the Heading Mode is set to HM2 (Follow Course). The Desired Speed Over Ground (SOGd) is set to 551 
0.54m/s, and Desired Course Over Ground (COGd) is set to 60°. The set points ud for Surge Speed LLC 552 
and vd for Sway Speed LLC are found as projections of the velocity vector in the horizontal plane on 553 
the x and y axis of the body-fixed {b} frame. At time instance ݐ଴ the “Broken Propeller” fault occurs 554 
in HT2, Layer 0. The FDI subsystem detects the fault and logs the FDI event, but the FA subsystem 555 
does not perform any action, since the “Enable Action” button is set to false (Figure 24). Similar to 556 
Test 1, the Control Allocator still assumes that the thruster HT2 is healthy. However, robustness of 557 
closed-loop low-level controllers limit the ROV drift to the starboard side with a heading offset of 558 
4.833° (Figure 25). 559 

Test 3: Impact of “Broken Propeller” in Closed-Loop mode with enabled fault accommodation 560 
Similar to Test 2, the Surge, the Sway and the Yaw LLCs are enabled, all components of Virtual 561 

Joystick vector are set to zero, the Speed Mode is set to SM2 (Follow Speed and Course) and the 562 
Heading Mode is set to HM2 (Follow Course). At time instance ݐ଴ the “Broken Propeller” fault 563 
occurs in HT2, Layer 0. Since the “Enable Action” button is set to true (Figure 26), the FDI 564 
subsystem detects the fault and logs the FDI event, and the FA subsystem sets Saturation Bounds to 565 
zero for HT2 (action A) and switches off the thruster power (action B). The Control Allocator 566 
penalises (excludes) the faulty thruster in the solution of the control allocation problem and 567 
reallocates control energy among the operable thrusters (Figure 27). Small changes in the surge & 568 
sway speeds and heading are visible during the transient stage. The appearance of these transients is 569 
unavoidable, since operable thrusters need time to spin to new setpoints. However, after a short time 570 
period, all these changes diminish and the ROV continues in a straight-line motion, following the 571 
desired speed and course without error (Figure 27). 572 

 573 
Figure 22. Test 1 (Open-Loop): Total fault in HT2 (“Broken Propeller”) with disabled fault accommodation. 574 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 March 2018                   doi:10.20944/preprints201803.0057.v1

Peer-reviewed version available at J. Mar. Sci. Eng. 2018, 6, 40; doi:10.3390/jmse6020040

http://dx.doi.org/10.20944/preprints201803.0057.v1
http://dx.doi.org/10.3390/jmse6020040


 26 of 30 

 575 
Figure 23. Test 1 (Open-Loop): Total fault in HT2 (“Broken Propeller”) occurred at t0; the lack of fault 576 
accommodation causes the ROV to drift with continuous change in heading. 577 

 578 
Figure 24. Test 2 (Closed-Loop): Total fault in HT2 (“Broken Propeller”) with disabled fault accommodation. 579 
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 580 
Figure 25. Test 2 (Closed-Loop): Total fault in HT2 (“Broken Propeller”) occurred at t0; the lack of fault 581 
accommodation and robustness of the closed-loop controllers causes limited drift to the starboard side with a 582 
heading offset of 4.833°. 583 

 584 
Figure 26. Test 3 (Closed-Loop): Total fault in HT2 (“Broken Propeller”) with enabled fault accommodation. 585 
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 587 
Figure 27. Test 3 (Closed-Loop): Total fault in HT2 (“Broken Propeller”) occurred at t0; excellent control 588 
performance is achieved due to fault accommodation and robustness of closed-loop controllers. 589 

5. Conclusions and Future Work 590 

This paper described a novel thruster fault-tolerant control system (FTC) for open-frame 591 
remotely operated vehicles (ROVs), developed by researchers at the Centre for Robotics & Intelligent 592 
Systems (CRIS), University of Limerick. The proposed FTC system is part of the OceanRINGS+ ROV 593 
smart control system, currently under development. 594 

The proposed FTC consists of two subsystems: a model-free thruster fault detection and 595 
isolation subsystem (FDI) and a fault accommodation subsystem (FA). The FDI subsystem employs 596 
fault detection units (FDUs), associated with each thruster, to monitor their state. The robust, reliable 597 
and adaptive FDUs use a model-free pattern recognition neural network (PRNN) to detect internal 598 
and external faulty states of thrusters in real time. The FA subsystem combines information 599 
provided by the FDI subsystem with predefined, user-configurable actions to accommodate partial 600 
and total faults and to perform an appropriate control reallocation. Software-level actions include 601 
penalisation of faulty thrusters in solution of the control allocation problem and reallocation of 602 
control energy among the operable thrusters. Hardware-level actions include power isolation of 603 
faulty thrusters (total faults only) such that the entire ROV power system is not compromised. 604 

Using simulations and real-world tests, the performance of the FTC was evaluated through a 605 
series of representative test cases, in order to examine the behaviour of the FTC in fault-free and 606 
faulty conditions. In the real-world environment, a single M5 VideoRay thruster has been used to 607 
evaluate the FTC performance for various fault conditions. Test results confirmed that the PRNN has 608 
100% classification accuracy outside the forbidden zone, and that the miss-classification appears 609 
exclusively inside the critical (forbidden) zone. In the virtual (simulated) environment, various 610 
thruster fault conditions were simulated in order to examine the behaviour of the FTC in different 611 
situations (open-loop/closed-loop control performance with enabled/disabled FA actions). 612 
Simulation results show that the FTC provides automatic reallocation in faulty conditions, keeping 613 
all the DOF in the horizontal plane fully controllable and providing the opportunity to continue the 614 
mission with a minimal loss of control performance. 615 

t0 

t0 

t0 

t0 

t0 

t0 
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In the worst case scenario, the proposed FTC is able to maintain full 6 DOF control of the ROV 616 
in presence of up to 6 simultaneous total faults in thrusters (one layer with four horizontal thrusters 617 
fully disabled plus one disabled thruster in the other layer of horizontal thrusters plus one disabled 618 
vertical thruster). 619 

Future work includes extension of the proposed FTC to interface with other ROVs and 620 
development of a “passive” method for fault detection and isolation for ROVs with thrusters that 621 
cannot provide active real-time monitoring of relevant signals from thrusters (currents, shaft speeds, 622 
applied voltages and temperatures of windings). 623 
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