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Advanced Control in Marine Mechatronic
Systems: A Survey

Yang Shi, Fellow, IEEE, Chao Shen, Member, IEEE, Huazhen Fang, Member, IEEE,
and Huiping Li, Member, IEEE

Abstract—This paper surveys the recent advances in ma-
rine mechatronic systems from a control perspective. The
survey is by no means exhaustive, but introduces some no-
table results in marine control area. New developments in
terms of control system designs for surface vessels, un-
derwater robotic vehicles, profiling floats, underwater glid-
ers, wave energy converters, and offshore wind turbines
are briefly reviewed. In addition, a few avenues for future
research are identified.

Index Terms—Advanced control, Marine mechatronics,
ocean wave energy converter (OWEC), offshore wind tur-
bine, profiling float, surface vessel, underwater glider, un-
derwater robotic vehicle (URV).

I. INTRODUCTION

THE OCEANS cover two thirds of the Earth and have a
crucial impact on our ecosystem. Besides their traditional

significance as sources of food, natural resources, and biodiver-
sity, the ecological, economic, and social importance are now
better understood. Lakes, rivers, and canals spread all over the
land, making the interaction with the marine environment a com-
mon daily experience for humans. The increasing reliance on
oceans and waterways in a spectrum of human activities such as
resource exploitation and transportation have demonstrated the
large demand for advanced marine mechatronic systems that fa-
cilitate multifarious in-water tasks with improved performance
and robustness.

Marine mechatronics are the integration of mechanical,
electrical, control, and computer disciplines applied in the
marine environment. This demanding environment brings many
challenges in design, building, operation, and maintenance
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of the marine mechatronic system. Harmful consequences
of multiple adverse factors, such as hydrostatic pressures,
material corrosion, hydrodynamic impact, and attenuation
of electromagnetic signals have to be avoided or carefully
addressed. Though intractable, these challenges have been
promoting the development of marine science and technology
toward a promising future.

In this paper, we briefly review the recent advances in marine
mechatronics from a control perspective. Surface vessels, under-
water robotic vehicles (URVs), profiling floats, underwater glid-
ers, ocean wave energy converters (OWECs), and offshore wind
turbines are representative marine mechatronic systems which
exemplify the developments of marine transportation, underwa-
ter intervention, ocean sampling and monitoring, and offshore
energy harvesting technologies. In the following, we attempt
to summarize the existing results for these marine mechatronic
systems in terms of control system design.

II. CONTROL OF SURFACE VESSELS

Surface vessels are recognized one of the oldest marine
mechatronic systems and play a critical role in oversea trans-
portation. Early days, the maneuvering of marine vessels greatly
depended on sailers’ experience. In 1911, the first autopilot was
invented by Elmber Sperry [1], which preluded the extensive
control system designs for marine surface vessels.

The dynamic positioning (DP) system is the typical control
system for surface vessels and is essential for many marine
applications, such as marine oil exploration, pipeline laying
and so on; see the survey paper in [2] and references therein.
Generally speaking, a DP system refers to the control system of
a surface vessel, usually in low-speed, fully-actuated mode, that
automatically maintain its position and heading at a fixed point
or preset way points along track, by only using its propellers and
thrusters. The main challenges for the design of a DP system
are as follows.

1) The ship dynamics are nonlinear.
2) The velocities are not available in practice, and only the

measurements of positions are available, but subject to
noises.

3) The exact system model is unknown and the working con-
dition is generally very harsh, introducing the uncertain
external forces from ocean waves, currents, and winds.

To solve the issue of model nonlinearity, the backstepping
techniques are widely used in the design of DP systems [3].

1083-4435 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Furthermore, to deal with the second challenge, the Luenberger
observer [4], nonlinear observer [5], passivity-based nonlinear
observer [3], and Kalman filters [6] are proposed to provide
velocity estimates for the control system design.

Recent progresses on DP control are focused more on
dealing with the third challenge (i.e., model uncertainties
and disturbances) to improve control performance. The
hybrid control strategy is one of the most practical choices.
Tutturen and Skjetne [7] developed a hybrid control strategy in
proportional-integral-derivative (PID)-based controller design
of a DP system, and this strategy allows a flexible tuning, lead-
ing to improved transient performance. In order to remove the
requirement of velocities measurement, Muhammad et al. [8]
propose an advanced passivity-based control strategy, where
the interconnection and damping assignment-passivity-based
control methodology is applied for solving the DP problem. To
handle disturbance and input delays caused by the command
transmission via radio channels, Wang et al. [9] develop a
robust output “consecutive compensator” for robotic vessels.
In addition, the intelligent control strategies also represent an
effective way to deal with model uncertainties, nonlinearities
and disturbances simultaneously, such as the high-gain observer
and radial basis function neural networks-based adaptive DP
strategy in [10] and the adaptive fuzzy controller in [11].

It is worth mentioning that the use of tugboats is effective to
improve the control performance in the DP, especially for large
vessels. An adaptive position control problem is investigated
relying on the communication among tugboats in [12], but the
location information of the tugboats is not needed. In the same
framework, [13] further deals with parameter uncertainties and
the work in [14] considers the control saturation. Furthermore,
by only using multiple unidirectional tugboats, the work in [15]
proposes a robust DP strategy for underactuated vessels. To
learn the properties of the model uncertainty, the work in [16]
develops an artificial neural network (ANN) based strategy.

Different from DP, the path-following controller is designed
such that the vessel, usually in underactuated mode, can auto-
matically converge to and follow a specified path with desired
speed profile. Therefore, the first challenge in path-following
control is the underactuation of the marine vessel. For most ma-
rine vessels, in high-speed applications, such as path-following,
the surge, and yaw directions are directly actuated but the sway
direction is not, leading to an underactuated system that cannot
be stabilized by a pure-static state feedback controller. (Refer to
[1] for detailed modeling and nomenclature.) The second chal-
lenge faced by the path-following control is model uncertainties
and the external disturbances generated by sea waves, currents,
and winds.

In general, the tool of backstepping and Lyapunov’s direct
approach is used to handle the problem caused by underactu-
ated dynamics. The issues on model uncertainties and external
disturbances are generally resolved by adaptive control strat-
egy [17], estimation strategy [18] and integral action [19] to
compensate for the side-effect of uncertainties and the robust
stability of the closed-loop system can be obtained.

For the path-following control problem considering full sys-
tem model including dynamics and kinematics, three different

frameworks have been developed. The first one, e.g., [20], casts
the path-following problem as driving the vessels to follow a
virtual ship centered at the path and finally moving along the
path with desired speed profile. The second one is referred to
as the Serret–Frenet frame-based on approach. In this approach,
the Serret–Frenet frame is utilized to characterize the yaw angle
and cross-track errors, and the yaw moment is used as the con-
trol input to make these errors converge to zero. This framework
is adopted in [21] for following linear paths and those in [22]
and [23] for curve paths. These two frameworks only bring local
stability to the path-following controller due to the singularity
issues. The third framework, such as in [24], is the global path-
following approach that is a combination of the trajectory track-
ing and path-following, and the path-parameter is utilized as
an additional control variable to drive the lateral cross-tracking
error to become zero. In this framework, the singularity in the
cross-track error dynamics can be avoided by adjusting the lat-
eral path-following error, leading to global results.

To reduce the complexity introduced by vessel dynamics,
some researchers study the path-following problem by con-
sidering only the kinematic model assuming that the speed
of vessel is controlled independently. The ideas are based on
the light-of-sight (LOS) guidance law, including proportional
LOS and proportional-integral LOS. The LOS guidance law is
simple, computationally cheap, and easy to be implemented.
The main idea behind the LOS guidance-based path-following
approaches is to mimic an experienced sailor. The controller
design in [25] utilizes the proportional LOS guidance strategy
to follow straight line paths, and in [26], the authors develop a
sliding mode controller within the framework of proportional
LOS guidance law.

In comparison with the proportional LOS guidance law, the
proportional-integral LOS is more effective in terms of handling
external disturbances induced by wave, current, and wind. The
proportional-integral LOS-based control strategy is introduced
in [18] to handle constant ocean current. Recently, in [19], a
novel proportional-integral LOS-based path-following system
is developed to follow Dubins paths where the sideslip caused
by drift forces is fully compensated. A more general framework
is proposed in [27], by simultaneously considering kinematics
and dynamics for marine vessels, where the simulation and
experiment results are reported.

Besides DP and path-following, the trajectory tracking is an-
other practical functionality for surface vessels. In comparison
with path-following, apart from steering control laws we now
need specific speed laws in the trajectory tracking. Formally, the
trajectory tracking problem is defined by controlling a surface
vessel to track a spatial and temporal trajectory with strict time
requirement. The main challenges identified in trajectory track-
ing include model uncertainties, unknown disturbances, system
constraints, and unmeasurable system states.

In the literature, several approaches can be utilized to design
the trajectory tracking system. The most popular approach is
based on the backstepping technique. The tracking controller
is designed via backstepping procedure and the Lyapunov’s
direct method [28]. The second widely adopted approach is the
sliding model control (SMC), where the sliding surfaces are
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introduced for characterizing the tracking errors, e.g., [29].
Other approaches mainly include model predictive control
(MPC) [30], dynamic surface control (DSC) [31], linear algebra-
based approach [32], and intelligent control strategies [33].

In particular, to handle the model uncertainties and external
disturbances, Li investigates the trajectory tracking problem of
surface vessels with general nonlinear dynamics and model un-
certainties in [34], where a modified backstepping procedure
is developed. Do studies of trajectory tracking problem for un-
deractuated surface vessels subject to stochastic disturbances in
[35], where an adaptive backstepping strategy is adopted to ad-
dress the effects of disturbances. The effects of wind, ocean
current, and wave are modeled by an uniformly distributed
stochastic process in [36], and the nonlinear MPC framework is
developed to solve the trajectory tracking problem. An observer
is designed to provide estimates of the unknown disturbances
for the trajectory tracking control system of the vessel in [37].

To address practical constraints, Huang et al. [28] study the
global trajectory tracking problem of underactuated surface ves-
sels with input saturation, where two separate controllers are
designed based on the backstepping strategy. Chwa [31] uti-
lizes the DSC approach to solve the global trajectory track-
ing problem of underactuated surface vessels with input and
velocities constraints. The nonlinear MPC is utilized to solve
the same problem for underactuated surface vessels with input
constraints in [36]. The fact that the system states cannot be
directly measured is another practical issue, requiring the out-
put feedback trajectory tracking strategies. Consolini et al. in
[38] provide theoretical results on designing output feedback
trajectory tracking controller for nonminimum phase underac-
tuated surface vessels. The output tracking problem is solved
using complete vessel dynamics including Coriolis and cen-
tripetal forces and nonlinear damping in [39], where an ob-
server is designed to offer state estimates. A sampled-data sys-
tem setup is considered in [40], and both state and output feed-
back tracking controllers are designed for underactuated surface
vessels.

III. CONTROL OF URVS

URVs exemplify the recent advance in underwater mecha-
tronic systems. Submarine science projects such as EMSO [41]
have revealed the convenience, efficiency, and safety of the use
of URVs. In fields of marine geoscience, offshore industry, and
deep-sea archaeology, URVs have been proven effective tools
and have been contributing significantly during the past several
decades. The integration of robotic manipulators greatly im-
proves the intervention capability in ocean engineering projects,
and the widespread use of URVs is becoming an irreversible
trend in the future [42]–[44].

The motion control is the key to various URV applica-
tions. Similar to surface vessels, the control system designs
for DP, path-following, and trajectory tracking are still relevant
to URVs. The major difference is probably the availability of the
position and external sensor information. For URVs, the global
positioning system is unavailable due to the exponential decay-
ing rate of electromagnetic signals in water. Instead, acoustic
positioning systems (APSs) are used for practical underwater

navigation. The integration of Doppler velocity log and iner-
tial measurement units (IMU) into APS has greatly improved
the accuracy and update rate of the measurement. The coming
of microelectromechanical IMUs makes the significant drop in
both price and size, which stimulates the growth of the URV
community. The techniques and challenges in underwater lo-
calization are reviewed in [45]. Underwater navigation sensor
technology and existing navigation algorithms are summarized
in [46]. Nevertheless, from control point of view, the control
strategies designed for surface vessels, in principle, work for
URVs. However, the motion of URVs is extended from the
two-dimensional (2-D) surface workspace to the 3-D underwa-
ter workspace. Therefore, besides the horizontal plane, motion
in the vertical plane needs to be considered [47]. Likewise,
the technical challenges arising in URV motion control mainly
come from the following aspects:

1) highly nonlinear and inherently coupled dynamics;
2) parametric uncertainties caused by poor knowledge of the

hydrodynamic coefficients;
3) unpredictable external disturbances such as the tether

force, end-effector payloads and ocean currents;
4) underactuation of the vehicle.

Various controller designs have been proposed to tackle these
challenges [48].

DP functionality traditionally refers to the station-keeping
control of marine vehicle with solely thrusters. Recently, the
conventional DP functionality has been generalized to a uni-
fied system that contains all of the low-speed maneuvering ap-
plications of URVs. For feedback control in the DP system,
multivariable PID type controllers are universally used due to
their easy implementations [2]. The linear-quadratic-regulator
(LQR) often combined with Kalman filtering technique repre-
sents another effective control method as DP is the low-speed
application and a linear approximation of the motion may be
sufficient [1]. However, when the transient control performance
is pursued, the nonlinearity of the motion has to be considered.
The well established nonlinear dynamic model can be arranged
in the form of ẋ = f(x) + g(x)u, so the feedback lineariza-
tion appears a straightforward way to deal with the nonlinearity
by setting u = −f(x)/g(x) + ū/g(x). However, the feedback
linearization-based controllers often require an accurate system
model due to its sensitivity to disturbances. To enhance the ro-
bustness, the Lyapunov-based beckstepping technique is widely
used in DP applications [49]. The Lyapunov-based beckstep-
ping control sometimes suffer from the problem of “explosion
of terms,” which motivates the designs of dynamic surface con-
trollers [50], [51].

The SMC technique has been successfully applied to URV
DP problems in [52]. The charm of SMC owes to its insensi-
tivity to imprecision in URV dynamic models, hence gorgeous
for control of marine vehicles whose model inevitably contains
parametric uncertainties due to the infinite dimensional fluid
dynamics. However, the discontinuity in the control law bring a
drawback known as the chattering effect. Therefore, the SMC-
based DP controllers have to be enhanced by, for example, an
adaptive law [52], [53] or higher order sliding mode [54], to
eliminate this side effect. Practical issues, such as input nonlin-
earities [55], can also be handled.
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Adding adaptation mechanism to DP controllers is an ef-
fective way to deal with parametric uncertainties. The control
performance is improved significantly by involving an adaptive
law to the combined PID-SMC controller in [56]. The recently
developed L1 norm minimization technique is integrated into
the adaptive control of URVs in [57], which demonstrates an
improved robustness and faster adaption convergence. ANNs
can be viewed as a special type of adaptive control technique
which have been applied to the URVs in [58]. Though effective,
one drawback of ANN-based controller may refer to the diffi-
culty in analyzing the closed-loop properties such as stability
and robustness. A similar approach based on the reinforcement
learning is exploited in [59].

Recent studies on DP system consider more practical issues.
The lower-level thruster dynamics is incorporated into the fuzzy
SMC-based controller in [60], so that the DP performance can be
significantly improved. To handle system constraints in the con-
troller design, the MPC [61], [62] technique is exploited. The
constrained DP problem is well studied in a pure theoretical
perspective in [63], and the recursive feasibility and asymptot-
ical stability are guaranteed. The combined path planning and
DP problem is solved in [64], using a receding horizon opti-
mization method. A fast nonlinear MPC algorithm is developed
to improve the computational efficiency in [65]. Fault-tolerant
control of URVs is discussed in [66], where the DP system
enables the built-in thruster fault tolerance via an optimization
setup. An interesting approach is reported in [67], where a ro-
bust controller is designed based on a Smith controller and the
linear quadratic Gaussian (LQG)/LTR methodology to address
the tethered cable induced disturbance in terms of time delays.

A subproblem in DP is the thrust allocation (TA) problem.
The DP systems generate the generalized commanded control
force and moments, and finding the corresponding thrust force
for each thruster that meets the DP commands is called TA. One
prominent approach is the 2-norm-based optimization which
aims at minimizing the overall control effort. The (weighted)
pseudoinverse method [68] is a closed-form solution assuming
that the calculated control commands never exceed the thruster
limits. Pseudoinverse method is cheap in computation but barely
adequate to guarantee the feasibility. More often the TA prob-
lem is formulated as a quadratic programming (QP) problem
that explicitly takes care of the individual limit on each thruster.
To alleviate the burden on the online computation side, a para-
metric QP solution is proposed in [69]. When the thrusters are
rotatable, the allocation problem becomes nonlinear. The direct
nonlinear programming solution is discussed in [70]. A piece-
wise linear approximation is made in [71], extending the results
in [69] with the azimuth angle considered as an augmented de-
cision variable. Another effective technique used in TA is the
singular value decomposition (SVD). The filtering technique is
combined with SVD to perform the optimal allocation in [72].
Other approaches mainly include the 1-norm minimization [73]
and infinity-norm minimization [53]. A notable variant is pro-
posed in [74], where a dynamic update law is proposed instead
of the static optimization procedure. The asymptotical stability
of the update law can be guaranteed providing that an exponen-
tially stable trajectory tracking controller is working. Recent

studies on MPC-based URV controller design [75] imply that
the TA problem might be simultaneously addressed within the
DP control.

Besides DP, the trajectory tracking and path following con-
troller designs for underactuated URVs are of practical interest,
especially in the 3-D setup. In context of URV, the underac-
tuation results from the fact that only surge, pitch, yaw, and
in a few cases, heave are directly controllable. The trajectory
tracking control of underactuated URV is challenging because
the vehicle dynamic model cannot be fully feedback linearized
and nonholonomic constraints exist in the vehicle motion. (Re-
fer to [76] for these concepts.) Local linearization may be used
and followed by the classic linear control techniques, but the
drawback is obvious that stability properties can only be en-
sured in a neighborhood of predefined operating points. For
URV tracking control of curves, linear controllers often exhibit
unsatisfactory performance because the application of trajec-
tory tracking, by nature, emphasizes the nonlinearity and cross-
coupling in motion. Lyapunov-based nonlinear control meth-
ods, therefore, become the mainstream in the trajectory track-
ing controller design. The trajectory tracking problem is well
studied for underactuated vehicles in [77]. Based on the direct
Lyapunov method, a recursive backstepping procedure is
provided with application to underactuated URVs in 3-D
workspace. This work has been extended in [78] by adding
an adaptive supervisory control to the nonlinear tracking con-
troller to deal with parametric uncertainties. For some practical
situations that only position and orientation (but not velocities)
are measurable, the observer-controller structure is motivated
for solving the trajectory tracking problem. The Luenberger ob-
servers together with Lyapunov-based nonlinear tracking con-
trollers are designed in [79]. Experimental results demonstrate
quite satisfactory tracking performance. An important alterna-
tive is SMC-based URV tracking controller design, e.g., [80]. It
has advantages in handling model uncertainty but the chattering
phenomenon needs to be carefully avoided.

In many cases, however, we are mainly interested in tracking
a specified path, i.e., the spatial requirement and the tempo-
ral requirement may be relaxed. Therefore, the path-following
problem is much more investigated and used URV application
than trajectory tracking. For path-following of underactuated
URVs, early results are extended work of those in land robots
area. The Serret–Frenet framework developed at the kinematics
level is extended to the dynamics level by means of Lyapunov-
based backstepping technique, e.g., [81], [82]. However, the
target point selected in the Serret–Frenet framework to be the
closest point on path relative to the vehicle yields an inherent
limitation: there exist singularities for certain initial positions of
the vehicle, located exactly at the centers of path curvature. To
eliminate the singularities, a different path-following strategy is
used in [83], where the target point becomes a virtual moving
point, known as path parameter, along the path. The path pa-
rameter essentially creates an additional degree of freedom in
the controller design which can be utilized to meet the dynamic
assignment. (Refer to [84] for detailed concepts.) To further en-
hance robustness against parametric uncertainties, in [85], an
adaption scheme is involved in the Lyapunov-based nonlinear
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controller design using the same path-following control strategy.
The guidance-based path following controller has also been ex-
tended to 3-D settings for URV applications. A guidance-based
path-following controller is designed for a 5 DOF underwater
vehicle addressing the interaction between the LOS guidance
and the heading/pitch controller in [86]. In a recent study [87],
by means of multiobjective MPC, the prioritization between the
geometric assignment and dynamic assignment can be explicitly
considered.

There are also some studies devoted to the point stabilization
problem of underactuated URVs. However, the nonholonomic
constraints prevent the use of smooth feedback control laws
to perform the point stabilization [88]. Various discontinuous
control are designed for URVs. A hybrid control law with a
logic-based switching is proposed in [89] and the global uni-
form stability is claimed. A notable result is reported in [90],
where a nonsmooth coordinate transformation is introduced and
followed by the Lyapunov-based backstepping procedure in the
transformed coordinate system. An adaptive control law is then
provided to make the controller robust against parametric un-
certainties. External disturbances are considered in [91], where
URV is modeled as a switched seasaw system and a switched
controller is designed.

When the URV is equipped with robotic manipulators, the
coordination between the vehicle and manipulators will be im-
portant. At the early stage, the motions of the vehicle and manip-
ulators were controlled independently. The coordination control
hence focused on retaining the set-point of the vehicle while per-
forming the manipulation. Therefore, the influence of manipula-
tion is often considered as external disturbances and compensa-
tion schemes are developed complementary to the control law.
As proposed in [92], the hydrodynamic interaction force be-
tween the vehicle and manipulator is predicted via an accurate
model and then fed to the vehicle controller for the improved
station-keeping capability. The dynamic coupling effect of the
manipulator motion is viewed as disturbances in [93] and an
observer is designed to estimate the force-torque information,
which is used to compensate the coupling effect. However, in
the independent control paradigm, the redundant thruster ar-
rangement of the URV is not fully exploited. Therefore, recent
researches incorporate the TA into the motion coordination be-
tween the vehicle and manipulators. By means of redundancy
resolution, a secondary objective can be achieved without de-
grading the end-effector’s performance. A series of secondary
objectives have been defined, among which the most typical
include minimal vehicle movement [94], joint limit avoidance
[95], manipulability maximization [96], and drag force mini-
mization [97]. Practical issues such as fault-tolerant capability
[98] and time-delay compensation [99] are explicitly considered
in the most recent results of the coordinated control.

IV. CONTROL OF PROFILING FLOATS AND UNDERWATER

GLIDERS

The capability of ocean sampling and monitoring without the
need for human presence in the dangerous underwater environ-
ments makes AUVs a sustained interest among the worldwide

oceanic scientific research community over the past decades
[100]. Key for the development of advanced AUVs is an integra-
tion of control, communication, and computation technologies,
which benefited significantly from the recent sweeping advances
in these fields. The technological sophistication, however, usu-
ally comes with high economic costs, making AUVs expensive
and thus less available to a wide range of ocean-related research.
This has been providing impetus for the research and use of a
class of small and cheap, though less capable, AUVs, known as
profiling floats. A profiling float only has buoyancy control to
adjust its vertical position and depends on the ocean currents
for lateral motion. Despite underactuation, it can transverse the
ocean at different depths for long durations to observe the tem-
perature, salinity, and currents [101], [102]. About 3900 such
instruments have been being deployed in global oceans through
the internationally collaborative Argo program to collect data
for climate and oceanographic research [103].

Depth control of profiling floats, central for their task exe-
cution, turns out to be a challenging task—for example, those
deployed by the Argo program often exhibit a coarse depth
regulation and thus become unsuitable for some marine envi-
ronments, e.g., shallow coastal waters [104]. This results from
1) the limited precision of depth measurements due to complex
marine settings and 2) the lack of effective control mechanisms.
There has been ongoing research effort to overcome these dis-
advantages in the design of new types of profiling floats specif-
ically for observing coastal currents [105]. This is partly due
to the progress of sensing technologies, affording better pres-
sure, water density, and salinity sensors for depth determination.
Another contributing factor is the improved control. Currently,
both model-free and model-based methods find application in
this regard. For the former category, the PID control is popular
and used in [106]. An approach dependent on trial-and-error,
open-loop control is used in [107] for the float in [108]. When a
model becomes available to capture the dynamics of the profil-
ing floats, it can be used to achieve better control. A model-based
on/off switching controller is designed in [109] and a backstep-
ping controller in [110] for the float in [111].

Underwater gliders are another type of low-cost AUVs that
can move forward horizontally while profiling, often considered
an extension of the profiling floats [112]. In a torpedo-like shape,
a glider does not depend on external active propulsion systems
like thrusters or propellers; instead, it propels itself through
lower-power buoyancy, movable internal mass, wings, tail, and
rudder. By adjusting these propelling units, it can change depth
to glide, moving upward or downward in a seesaw pattern at a
relatively slow speed. Operating with extreme energy efficiency,
the gliders have long-range and long-duration capabilities, some
models in use today are able to travel as far as several thousand
kilometers, dive to over one kilometer deep, and collect data at
spatial resolutions of several meters [113]. Their significant po-
tential for oceanographic research has driven a rapidly growing
interest in the research and development effort.

The control system is a glider’s performance enabler, ex-
pected to achieve accurate navigation and maneuverability with
minimum energy consumption. A glider’s operation mainly de-
pends on steady motions that include gliding in the seesaw

Ex. 1035 – Safegate Supplemental Evidence 
Safegate v. Honeywell – PGR2023-00053 

                                   Page 7



1126 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 22, NO. 3, JUNE 2017

pattern, turning, and gliding in a vertical spiral. The gliding dy-
namics under the movable internal mass is modeled in [114]
using the Newton–Euler formulation. The model identification,
however, can be difficult due to the nonlinearities and large
number of parameters. Data-driven black-box identification is
studied in [115], and parameter-specific identification discussed
in [116], where different parameters are determined in turn us-
ing either practical knowledge, sensor measurements or least
squares. Given a dynamic model, control of buoyancy, pitch
(diving angle), and heading angle for steady motions will then be
of much interest and importance. One way will be to let the glider
follow piecewise linear paths by finding the equilibria of dy-
namics throughout the gliding [114], [117]. A mix of open- and
closed-loop control can be used here. For instance, switching be-
tween downward and upward gliding is performed in open loop
by changing the buoyancy and moving mass [118]. For the pitch
and heading control, the proportional control has become widely
deployed in operational gliders [119], but more sophisticated de-
signs, such as PID [120], LQR [121], MPC [122], and integrated
switching control and backstepping [123], have also been ex-
ploited in the literature. As gliders can have a limited set of sen-
sors and often have no direct location measurements for a long
time, effective state estimation is needed for both practical oper-
ation and control. In this regard, the extended Kalman filter has
been leveraged in [120] and linearized observer design in [118].

Both profiling floats and gliders have only limited control
and actuation authority. The underactuation, while posing limi-
tations for control, has stimulated the pursuit of control enhance-
ment leveraging the environmental dynamics. The standpoint is
that the effects of ocean currents on profiling floats, if well
understood and exploited, will help expand the floats’ auton-
omy. For instance, ocean model-based predictions are utilized
to guide the depth control of a profiling float and even enable
the horizontal motion control at certain level in [105]. Increased
accuracy is brought to glider navigation through the use of pre-
dictive ocean models in [124]. Though still under formation, this
research line represents an integration of AUV-ocean dynamics
and will be in a critical role for the future AUV control.

V. CONTROL OF OWECS

Ocean waves are constantly on the move with tremendous ki-
netic energy. Harnessing them for electricity generation has long
captured the imagination of humans. This dream is being turned
into reality by significant headway made in the past decades
in the development of various OWECs and the construction of
commercial wave farms globally [125]. This trend has been
pushed by the mechatronics technology. Today’s OWECs can
be divided three main categories as follows.

1) Oscillating water columns that use wave-induced inward
and outward passage of air in a water column to run a
turbine.

2) Oscillating body converters that are buoy-like devices,
using the wave motion from all directions (up/down, for-
ward/backward, side to side) to generate electricity.

3) Overtopping converters that use reservoirs to collect and
funnel wave water to drive a turbine [126].

One can conduct subdivision of each category based on dif-
ferent criteria, e.g., the ways of converting convert wave energy
into pneumatic/mechanical energy (rotation/ translation), power
generation (air turbines, hydraulic turbines, hydraulic engines),
structures (fixed, floating, submerged), and deployment loca-
tions (shoreline, near shore, off shore) [126], [127].

The control system essentially governs the power take-off
(PTO) system of an oscillating body converter. To maximize
power extraction, PTO control regulates the oscillation of the
converter for an optimal interaction between the converter and
the incident wave. [128]. Static damp or stiffness was often
used in the past for this purpose, yet only useful at a single
frequency. Nowadays, the sights are mainly set on active control
in two categories: 1) causal control that depends only on wave
measurements up to the present, and 2) noncausal control that
requires a forecasting of the wave. For the former type, the
design thinking of optimal has been well applied, leading to
LQG [129], PID-like [130], and bang-bang-type [131] control
strategies. It was found in [132] that optimal OWEC control
needs information about future wave and thus is noncausal.
Fortunately, ocean waves are more predictable and steadier than
solar and wind energy. This offers an opportunity to forecast
the wave dynamics for the benefits of noncausal control.
Different ways have been proposed for wave prediction,
e.g., adaptive-filter-based [133], fuzzy-logic-based [134], and
Kalman-filter-based [135]. The integration of wave preview
data with control design toward better efficiency of converters
has been studied for a fuzzy logic controller [136] and
constrained optimal control, especially MPC [137]. Besides,
the use of controls strategies, including PID and MPC, is
studied [138] to balance power output and structural fatigue of
wave energy converters for maximum economic value.

Commercialization of wave energy harnessing requires the
installation of converter farms. In the past, a large body of work
was proposed to characterize and model the dynamic behavior
of wave energy converter arrays in specific configurations [139].
Recently, coordination of converters has aroused some interest
with its potential benefits for the entire system. Decentralized
optimal control provides a significant tool to increase the overall
PTO by optimizing the power absorption of individual convert-
ers as studied in [140]. However, this area still remains nascent
and needs further research and development to push the tech-
nology into practice.

VI. CONTROL FOR OFFSHORE FLOATING WIND TURBINES

Wind energy is a primary solution to the global demand for
clean and sustainable energy supply for its cost-competitiveness
and environmental friendliness, with a rapidly growing pene-
tration now and in the foreseeable future. Control systems are a
vital part of wind turbines for their ability to increase the wind
turbine efficiency and reduce structural loading, which means
practical economic savings and service life extension [141].
Their key application includes blade pitch control that changes
the orientation of the blades for optimizing the aerodynamic
forces and the wind power capturing, and generator torque
control that regulates the rotor speed in order to capture as
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much power as possible. A variety of methodologies have been
put in place thus far [142]–[144]. While the land-based wind
energy technology has reached a certain level of maturity, there
is a shift of attention to the utilization of offshore winds for
their higher speeds and less turbulence [141]. The majority
of the offshore wind resources are in waters deeper than 30
m, and a wind turbine installed in these areas needs to be
mounted on a floating base for stability. However, the floating
platform, e.g., spar buoys, tension leg platforms, and barges,
introduces extra degrees of freedom and is exposed to additional
motions and uncertainties created by winds and waves. Without
effective control, consequences will result including less power
production and increased turbine structural load [145]. This
makes the development of control systems specifically for
floating wind turbines a necessity.

For a floating wind turbine, the blade pitch control has par-
ticular importance for stabilizing the platform, capturing power,
and reducing fatigue. Because the turbine control is wind-speed-
dependent and subjected to significant nonlinearities, a common
practice is to design multiple controllers and pick one via gain
scheduling in operation [146]. Gain-scheduled PID control for
a floating turbine is investigated in [147], which has been often
used as a baseline control approach in this area. A synthesis of
gain scheduling with the LQR control and the linear parameter-
varying model is made in [148] to deal with plant nonlinearity
with respect to wind speed. Similar to OWEC control, predic-
tive control [149] taking advantage of future wind information is
considered more competent. This thus has led to the application
of linear and nonlinear MPC, along with wind preview, to float-
ing turbine control, e.g., [150], [151]. However, wind preview
must be obtained prior to the control run. The light detection and
ranging (LIDAR), a remote sensing technology, is used to mea-
sure the wind speeds in front of the turbine in [151]. The LIDAR
data are then fed to the controller in a feedforward manner to
improve control. In addition to this, data-driven wind prediction
and wind field reconstruction have drawn much interest, with
the aid of the Kalman filtering techniques in [152]. Because the
running of floating turbines is affected by motion uncertainties
and incident wave conditions, the disturbance rejection theory
is combined with adaptive control in [153] and the disturbance
accommodating control used in [154] to cope with this problem.
Another way to handle certainty is through robust control, and
a study of robust H∞ control is presented in [155] for a floating
wind turbine.

For floating wind turbines, an emerging research topic is
structural control. An actively pursued research subject in the
area of civil engineering, structural control aims to mitigate
dynamic loading imposed on structures by wind, waves, and
earthquakes. Its significance naturally extends to floating wind
turbines that often operate in adverse meteorological and
oceanographic conditions. In this direction, the status quo
mostly concerns passive control, which uses passive systems,
e.g., a tuned mass-damper (TMD) system, to take away energy
at one of the natural frequencies of the entire system [156].
Active structural control, which includes an actuator to regulate
the TMD system, is more complex but more powerful. Recently,
H∞-based control has been applied in this regard, see [157]. A

joint floating turbine structure and control design is proposed to
optimize the floating platform concurrently with the controller
in [158].

VII. CONCLUSION

Historically, the oceans have been an essential part of the hu-
mans’ life as food sources and transportation routes. The world
is looking more to them today to seek solutions to various grand
challenges, such as natural resource and energy shortage and cli-
mate change. This has stimulated an ongoing effort to develop
multifarious mechatronic systems in order to better understand
and use the oceans, which have unanimously capitalized on ad-
vanced control theory. We have briefly reviewed, in this paper,
the recent developments of advanced control system designs for
six representative marine mechatronic systems, namely, surface
vessels, URVs, profiling floats, underwater gliders, OWECs, and
offshore wind turbines.

It is anticipated that the humans’ marine activities will ex-
pand exponentially in the next decades, and a key enabler of
this future will be the mechatronic systems, at the core of which
will be high-caliber control. Accordingly, we can envision a
growing research and development of advanced control systems
specific for marine mechatronics to fulfill this demand. Numer-
ous exciting research challenges will be ahead on the road, of
which three primary ones are identified as follows. First, how
to achieve precise control of an individual marine vehicle in the
presence of severe nonlinearities, underactuation, limited sens-
ing capabilities, and complicated ocean environments? Second,
how to coordinate a swarm of marine vehicles, especially the un-
derwater ones, under restricted communication, heterogeneous
dynamics, and individual operating constraints? Third, how to
enable the execution of advanced control algorithms through the
embedded marine mechatronics platforms subjected to compu-
tational and communication constraints?
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