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Abstract 

This paper proposes a novel, simple and high-efficient submerged structural stabilization system for a self-stabilizing 
buoy that provides a stable platform for oceanographic and meteorological sensors. The proposed stabilization 
system is a Seesaw-like Tuned Mass Damper (STMD) combined with a foil and is designed in a way to harvest the acti-
vation energy from incoming waves. A fixed rudder in the rear underside of the buoy, as well as physical properties of 
the buoy, help to keep its balance in yaw and roll directions while encountering lateral waves. Therefore, the orien-
tational stabilization of the whole structure is achieved by controlling only the pitch deviation. The proposed model 
is then simulated in a marine dynamic analysis software. Two different shapes of a thin rod and a foil were proposed 
for the sliding mass (slider) of the STMD and their performances are investigated and compared to each other in two 
different modes of passive and active control. In the passive mode, different mass ratios were conducted for the thin 
rod-shaped slider (i.e., a ratio of the effective mass of the stabilizing system to that of the whole structure) and a mass 
ratio of 8% could suppress the pitch deviation up to 81.3% in the resonance condition. The same STMD system with 
a mass ratio of 2% suppresses the pitch deviation by only 7%. In the active mode, the STMD with a thin rod-shaped 
slider and a mass ratio of 8% exhibits only 49.1% suppression effect in a multiwave condition. However, by chang-
ing the shape of the slider to a foil while controlling its angle of attack (AOA) mechanically, the system with the mass 
ratios of 2% and 8% could suppress the pitch deviation of the buoy up to 69.4% and 79.1%, respectively.
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Introduction
Forecasting and predicting natural hazards has been a 
continuing concern. Correct and real-time data collec-
tion and transmission is one of the applicable methods 
to answer this issue. In this regard, the stabilization of 
meteorological and oceanographic sensors mounted on 
floating weather buoys is of great importance [1, 2]. It is 
preferred to have a reliable and low-cost stabilization sys-
tem that is easy to deploy and would not require frequent 
maintenance [3].

Wind sensors such as Light Detection and Ranging 
(LiDAR) module mounted on weather buoys play a key 

role in obtaining reliable measurements of the wind pro-
file and surface wave properties [4, 5]. The most practi-
cal and commercialized stabilizers used for this purpose 
are the gyroscopic and gimbal types, which are large, 
heavy and costly and require frequent maintenance [6, 
7]. Another popular solution is using parallel hydraulic 
arms to actively control the posture of a plate on which 
the module is mounted. Studies have shown that this 
mechanism is unable to respond to large deflections and 
suffers from the same shortcomings of gyroscopic sta-
bilizers [8]. Likewise, vision systems are attached to the 
buoys to monitor unattended maritime areas. These sys-
tems require further stabilization to prevent the image 
sequence from being disturbed by irregular vibrations [3, 
9, 10]. Although there are some mechanical systems pro-
posed for stabilization of vision systems [11], the most 
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common stabilization approach is to use a motion com-
pensation software to apply some algorithms and image 
stabilization frameworks to the collected data [12]. Even 
though these approaches resolve the mechanical stabi-
lization drawbacks, they are computationally demand-
ing and their application is limited to a small range of 
vibrations.

The majority of the offshore structures such as wind 
turbines, jacket platforms, risers, and spar structures 
include structural stabilization systems to compen-
sate for the orientation deviation of the whole structure 
against the external disturbances. General approaches 
proposed for this purpose are categorized as passive, 
active, and semi-active ones [13]. Usually, the structural 
stabilization systems are either mounted on or embed-
ded inside the main structure. This type of Tuned Mass 
Dampers (TMD) are designed to mechanically damp the 
vibration either passively, actively or even semi-actively 
[14–17]. The efficiency of these systems is associated 
with their mass, stiffness and damping coefficient. Anti-
rolling tank devices and Tuned Liquid Column Damper 
(TLCD) systems are also structural stabilization systems 
that are commonly used in boats and wind turbines [18, 
19]. These stabilizers consist of a U-shaped container 
partially filled with a viscous liquid that is free to oscillate 
as a mass of damper. Although these stabilizers are pop-
ular and commonly used, they still require a large space 
inside the structure. In the meantime, there are few cases, 
in which the frame of the structural stabilization system 
undergoes a seesaw-like excitement, so-called Seesaw 
Active Mass Damper (SAMD). A similar approach has 
been applied to vibration suppression of tall buildings 
subjected to large seismic excitations [20]. Neverthe-
less, due to limited available space in weather buoys and 
their nonlinear response against external disturbances, 
far too little attention has been paid to the stabilization 
of the whole buoy. On the other hand, the unique prop-
erties of the foil-shaped blades moving through a fluid 
(i.e., lift and drag effects) have been always known as an 
alternative source of energy. The well known fin stabiliz-
ers and wave devouring propulsion systems (WDPS) are 
successful examples of this type that are used for roll sta-
bilization of the moving ships and propulsion of boats, 
respectively [21–23].

In this research, a novel and simple system is designed 
to stabilize the orientation of the buoy by utilizing ocean 
wave energy and applying submerged Seesaw-like Tuned 
Mass Damper (STMD). Two different shapes of a thin rod 
and a foil are proposed for the sliding mass of the system 
and their performances are investigated and compared 
to each other in two different control modes of passive 
and active. To the best of our knowledge, the previous 
works have only been focused on stabilizing each of the 

sensors mounted on the weather buoys separately, either 
mechanically or by using algorithms on the obtained 
data. These approaches are often costly, energy-consum-
ing and complicated [6, 12]. Moreover, in previous works 
the proposed TMD stabilization mechanisms are either 
mounted on or embedded inside the main structure and 
have no contact with the surrounding water [14–17]. The 
proposed system in this study, however, provides a sta-
bilized buoy, as a result of which, the sensors mounted 
on it might no longer require individual mechanical sta-
bilization systems. Moreover, in the active mode control, 
only one actuator is required to stabilize the whole buoy 
structure carrying several sensors. Additionally, the pro-
posed comparison between different shapes of sliders in 
the proposed mechanism may inspire future works using 
a combination of structural stabilization systems and 
a foil-shaped mass in various areas. The outline of this 
paper is as follows: first, the final concept and working 
principles of the proposed system will be described. Sec-
ond, the dynamic model and controlling strategies will be 
disclosed. In the final section, the simulation results and 
discussion will be provided.

Concept and working principles
The final conceptual scheme of the stabilized buoy is 
illustrated in Fig. 1. The structure is formed of three main 
parts: a typical buoy with a fixed rudder at its rear under-
side, wave energy harvesting floaters connected to the 
four corners of the buoy, and a submerged stabilization 
mechanism.

Buoy with a fixed rudder
Inspired by the boat-shaped buoys such as a 6-meter 
NOMAD buoy [24], which is well-known for its highly 
directional and quick rotational response, a rudder is 
fixed to the rear underside of the buoy. In the proposed 
structure, the buoy tends to always be heading the 
incoming waves. Following any change in the direction 
of the incoming waves, the fixed rudder causes a rotation 
of the buoy around its central axis to turn it towards the 
incoming waves. This is due to the difference between the 
effective area against incoming waves (see Fig. 1).

Wave energy harvesting floaters
Using wave-induced forces to suppress the external dis-
turbances is the main motivation for this paper. Studies 
have shown that a one-directional mechanism could be 
more efficient than multi-directional mechanisms in har-
vesting energy from ocean waves [25]. Among all the pro-
posed methods in the literature, mechanisms that can use 
the wave energy in one of the heave, pitch or surge direc-
tions, are popular [25]. The shape and size of a floater are 
of the key elements to pick the right motion mode. Based 
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on the definitions provided elsewhere [26], if the effec-
tive length of a floater is less than 1/6 of the wavelength, 
it is considered as a small body, i.e., the heave motion 
is the most volumetric efficient and the other modes of 
motion could be neglected. As shown in Fig. 1 one cylin-
drical floater is placed at each of the four corners of the 
buoy. Therefore, when a wave reaches the buoy, the float-
ers at both ends will follow the crest and trough of the 
incoming wave. This will result in a harmonic heave and 
pitch motion in the floaters and the buoy, respectively. 
This way the floaters will excite the submerged stabiliza-
tion system while preventing the buoy from rolling over 
against lateral waves.

A typical floating buoy has 6 degrees of freedom (DOF). 
Mooring a buoy to the sea bed will keep its position in 
an acceptable range reducing its DOF to only pitch, roll, 
and yaw rotations. As a result of a balanced model and 
attaching floaters at the four corners of the buoy, its roll 
rotation could be neglected. In addition, the fixed rudder 
would cause a constraint in yaw rotation. Consequently, 
the stabilization of the buoy in only pitch direction could 
possibly result in an acceptable stabilization of the buoy 
platform.

Submerged stabilization mechanism
In order to meet the main goal of this research, i.e., con-
trolling the pitch motion of the buoy via a simple and 
reliable system without need for any external actuators, 
a submerged STMD connected to the heaving floaters is 
proposed. The main strategy of STMD is similar to the 
widely applied TMD structural stabilization systems. 
The incoming waves result in a harmonic heave motion 
in each floater due to the pressure difference between the 
top and bottom surfaces of the floater. As shown in Fig. 2, 
this motion induces a pitch rotation in the buoy as well as 
the frame of the STMD due to the parallel design of the 
whole structure. A sliding mass (slider) is mounted on 
the submerged STMD frame and is free to move along it. 
The potential energy of the slider causes a linear motion 
along the submerged frame, in response to its oscilla-
tion. Eventually, the phase difference between the STMD 
frame’s rotation and the slider’s linear motion suppresses 
the pitch deviation of the buoy. Besides, unlike previous 
studies in TMD systems, there is direct contact between 
the slider and the surrounding water and thus its shape 
is one of the determinative factors alongside its mass in 
the proposed STMD’s performance. For this aim, chang-
ing the shape of the slider from a thin rod to a foil, as 
seen in Fig. 2, leads to an additional resistive force aris-
ing from its motion. The hydrodynamic forces acting on a 
foil could be divided into two main forces of drag and lift, 
which are related to its velocity. As it is well-known in the 

Fig. 1 Concept of final stabilized buoy. Three main parts of proposed 
stabilized buoy structure, a typical weather buoy with a fixed rudder, 
four wave energy harvesting floaters at each corner of the buoy, and 
the structural stabilization system are shown in the figure

Fig. 2 Mechanism of the proposed structure. (a.1) Surface waves 
cause a heave motion in floaters, (a.2) The underwater frame swings 
due to the parallel mechanism, (a.3) The slider moves along the frame 
with a phase difference and its weight results a suppression force, 
(b.4) Changing the shape of the slider to a foil, rises lift force as an 
additional suppression force
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hydrodynamics, the drag force is a resistive force in the 
direction of a foil’s velocity. On the other hand, the lift 
force is a result of a non-zero angle of attack (AOA) of the 
foil and pushes the foil in a direction perpendicular to its 
forward velocity direction, i.e., up and down (see Fig. 2). 
By adjusting the AOA of the foil, the magnitude and the 
direction of the lift force could be controlled. Therefore, 
the lift force is treated as an external source of force to be 
used in the suppression of the buoy’s pitch deviation.

External forces
In order to suppress the pitch deviation of the buoy by 
a structural stabilization system, it is required to under-
stand the fundamentals of the active forces on the whole 
structure connecting the buoy to the submerged STMD. 
As explained at the end of the “Wave energy harvesting 
floaters” section, the buoy is assumed to have only a pitch 
motion while the floaters at its corners show a harmonic 
heave motion. Fig.  3 shows a heaving floater that faces 
linear waves. Based on the definitions provided else-
where [25, 26], the water surface elevation in the floater’s 
location (see Fig. 3) is calculated as

where H, k, ω , and x are the wave height (i.e., crest to 
trough), the wave number, the wave frequency, and the 

(1)ξ(t) =
H

2
cos

(

kx − ωt
)

horizontal position of the floater with respect to the 
origin at the mean water level, respectively. Here, the x 
is a constant value because the floater has only a heave 
motion and its horizontal location is assumed to be fixed. 
The water surface elevation is a result of the elliptical 
motion of the water particles. The vertical and horizon-
tal motion of the water particles in the floater’s location 
(with respect to the origin) could be written as follows:

where d is the water depth and the Z(t) is a vertical dis-
placement of the floater, which does not necessarily fol-
low the water surface elevation ξ(t) (see Fig.  3). Note 
that the Z0 in Fig. 3 is the immersed height of the floater 
at its stationary condition [27]. The velocity and accel-
eration equations of the water particles will be obtained 
from first and second derivatives of the equations (2) and 
(3). However, since by getting to deep waters (where the 
water depth d exceeds half of a wave length [25]), the 
motion of the water particles transfers to a circular one 
(not elliptical), the terms related to water depth will be 
simplified and removed from the derived velocity and 
acceleration equations according to the dispersion rela-
tion [25]. Therefore, the vertical velocity and acceleration 
of water particles in the floater’s location are obtained as 
follows:

where g is the gravity acceleration.
In general, each floater experiences four groups of forces, 

described as follows:

where Fb is the difference between gravity and buoyancy 
force and is proportional to the height of the displaced 
water. Fa.m and Fd are the added mass force (proportional 

(2)ξZ(t) =
H

2
cos

(

kx − ωt
) sinh(kZ(t)+ kd)

sinh(kd)

(3)ξx(t) =
−H

2
sin

(

kx − ωt
) cosh(kZ(t)+ kd)

sinh(kd)

(4)ξ̇Z(t) =
gkH

2ω
ekZ(t)cos

(

kx − ωt
)

(5)ξ̈Z(t) =
gkH

2
ekZ(t)cos

(

kx − ωt
)

(6)Fb = ρwgA[ξZ(t)− Z(t)]

(7)Fa.m =CaρwA[Z0 + ξZ(t)− Z(t)][Z̈(t)− ξ̈Z(t)]

(8)FF .K = ρwA[Z0 + ξZ(t)− Z(t)]ξ̈Z(t)

(9)Fd =CdŻ(t)

Fig. 3 A single floater facing waves. The surface wave elevation and 
vertical displacement of a single buoy when facing a linear wave is 
shown
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to body acceleration) and damping resistance force (pro-
portional to body velocity), respectively, being raised 
due to the floater’s motion. FF .K  denotes the excitation 
force, also known as the Froude-Krylov force. The exci-
tation force is proportional to wave acceleration and is 
felt by the floater when it is kept fixed against incoming 
waves. [Z0 + ξZ(t)− Z(t)] is the submerged height of 
the floater (see Fig. 3) with respect to the wave surface. 
The [Z̈(t)− ξ̈Z(t)] is the relative acceleration between a 
floater and the water particles. ρw,Cd,Ca , and A are water 
density, damping resistance coefficient, added mass coef-
ficient, and effective area of a floater, respectively.

Looking closer at the equations above, all the active 
forces are functions of either displacement, velocity or 
acceleration. Thus the environmental condition of the buoy 
with floaters could be replaced by a set of a mass-spring-
damper system at each floater. Fig. 4 displays a planar sche-
matic of the buoy platform and the floaters at both ends 
being connected to a set of spring and damper indicating 
the external active forces.

Likewise, a moving body inside the water experiences the 
Froude-Krylov force and added mass force as comes below:

where

(10)FF .K .s = ρwVsξ̈r(t)

(11)Fa.m.s =Ca.sρwVs[ξ̈r(t)− r̈(t)]

here, Ca.s , Vs , and Zs are added mass coefficient of the 
slider, the volume of the slider, and height of the slider 
from mean water level respectively. Zs is assumed to be 
constant due to small-angle approximations at pitch 
deviations (i.e., deviation is less than 10°). r(t) and r̈(t) 
are the linear position of the slider on the STMD frame 
and linear acceleration of the slider alongside the STMD 
frame respectively, as shown in Fig. 4. It is important to 
note that in case of the foil-shaped slider lift and drag 
forces arise (see Fig. 2) that have a substantial role in the 
dynamics of the model while in the equations above, we 
have only focused on a thin rod-shaped slider, which 
experiences neither drag nor a lift force due to its small 
cross-section area. Therefore, the resistive drag force and 
the lift forces have been neglected while calculating the 
effective forces. It is worth mentioning that considering 
the fact that the wave-induced forces are strongest on 
the surface, the stabilization mechanism is connected to 
the floaters using vertical rods and deployed in a depth of 
more than half of a wavelength, where the wave-induced 
forces are less than 4% of those in the surface.

Demonstrating the effect of a foil-shaped slider on the 
STMD’s performance in the suppression of the buoy’s 
pitch deviation is the primary objective of this research. 
Despite the fact that a dynamic model of the system is 
essential for designing a controller, as long as our focus 
is the study of the motion of bodies without regard to the 
controlling forces, a kinematic model is sufficient to con-
trol a simulated system. The proposed mechanism con-
sists of a buoy with floaters and submerged STMD is a 
parallel mechanism (see Fig. 2). Taking into account that 
obtaining a kinematic model for parallel mechanisms in 
coupled systems is demanding, an alternative modeling 
approach is considered. System identification methods 
are widely used in controlling the offshore structures [28, 
29]. In this approach using a limited number of measure-
ments of the inputs and outputs, a model is predicted for 
the system. In this regard, first, a specific range of signals 
are input to the system. Second, the resulting output sig-
nals are recorded. Based on the recorded inputs and out-
puts, an identification algorithm is used to determine the 
optimal parameters that govern the kinematic behavior 
of the system [29]. Specifications of the input signal have 
a crucial role in the accuracy and validity of the identi-
fied model. It is important to ensure that the input data 
used to determine the model covers all the range of fre-
quencies and all amplitudes that are likely to be encoun-
tered during system operation. In order to benefit from 
the system identification approach, a fundamental step 
is the design of the experiment, either by a physical or a 

(12)ξ̈r(t) =
gkH

2
ekZs cos

[

kr(t)− ωt
]

Fig. 4 Floaters attached to a spring and a damper. A set of 
mass-spring-damper system is replaced with the environmental 
active forces
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simulated model, to examine the inputs and outputs. In 
this work, a simulated model has been provided, which 
will be described in the “Simulation and results” sec-
tion. Note that the system identification methods are 
only applicable to the thin rod-shaped slider due to the 
existence of an extra parameter (i.e., AOA of the foil) and 
technical limitations of the simulation in the foil-shaped 
slider.

Control strategies
The controlling approaches studied in this research are 
based on a combination of the STMD concept and the 
foil effect. First, the control of the thin rod-shaped slider 
in the passive mode (see Fig.  5a) is explained. Then to 
confirm the efficiency of the STMD combined with a foil, 
the active mode control is studied in both thin rod and 
foil-shaped sliders, as schematically shown in Fig. 5b, c, 
respectively.

Passive control
In this approach, due to the passive nature of the con-
trol, no actuator is used to move the slider of the STMD. 
As an alternative, the mass and stiffness of the thin 
rod-shaped slider in STMD are tuned according to the 
natural frequency of the buoy and its operational condi-
tion. Therefore when encountering external waves, the 
STMD gets excited and utilizing the potential energy 
of the slider originated from its mass and stiffness, sup-
presses the pitch deviation of the buoy. The main point of 

this strategy is the absence of any external control force 
on the linear motion of the slider along the frame. The 
foil-shaped slider is not studied in passive mode control 
in the current paper because changing the shape of the 
slider from a thin rod to a foil will add extra hydrody-
namic forces to the governing dynamics of the system 
including drag and lift coefficients, which depend on the 
AOA and physical properties of the foil (e.g., its profile 
and span length). Therefore, in addition to the mass ratio 
and stiffness of the slider, the AOA of the foil as well as 
its shape should be tuned to the optimum values. Tuning 
all these parameters requires solving several optimiza-
tion problems, which falls out of the scope of this paper 
and are left for the future modifications. In this paper, 
we have considered STMD-Foil only in the active mode 
control.

Active control
The active mode control consists of two different cases; 
the thin rod and foil-shaped sliders. In both cases, an 
actively controlled linear motion is applied to the slider 
in order to suppress the wave-induced pitch deviation of 
the buoy. Note that in the case of the foil-shaped slider, 
no actuator is used for controlling its AOA. The AOA 
is designed to be controlled mechanically by a mecha-
nism attached to the frame. Fig.  6 shows the motion of 
the foil-shaped slider along the frame. As seen, when the 
frame is subjected to a pitch deviation ( θ(t) ), the active 
mode controller applies a linear motion (r(t)) to the 

Fig. 5 Schematic concept of controlling strategies. a A thin 
rod-shaped slider moves along the submerged STMD’s frame with 
no control. b A thin rod-shaped slider moves along the submerged 
STMD’s frame with a PID controller. c A foil-shaped slider moves along 
the submerged STMD’s frame with a PID controller

Fig. 6 Active control of foil-shaped slider. The figure shows the 
direction of the slider’s linear motion r(t) and its rotaion (AOA) with 
respect to the frame, in two cases of clockwise (upper figure) and 
counterclockwise (below figure) pitch deviation θ(t) of the frame



Page 7 of 15Malek Azari et al. Robomech J            (2020) 7:30  

foil-shaped slider to move it from the middle of the frame 
to the sides. However, the AOA of the foil-shaped slider 
is defined regardless of the controller’s output and is cal-
culated with respect to the frame and is set to increase 
from 0◦ at the middle of the frame to a maximum angle 
of 3◦ at the end points of the frame. The 3◦ for the maxi-
mum AOA is selected based on the existing data set for 
the selected foil profile (NACA 0015) at low Reynolds 
numbers [30], based on which the drag coefficient ( CD ) 
decreases by increasing the AOA of the foil and meets a 
minimum value. Lower CD means lower actuation energy 
required for the linear motion of the slider. Moreover, by 
increasing the AOA of the foil-shaped slider with respect 
to the frame from 0◦ to 3◦ , the ratio of the lift coefficient 
to drag coefficient (i.e. CL/CD ) increases to almost 20 
times. This leads to a larger lift force while keeping the 
drag force low. Note that for the simulations in this paper, 
the mechanically control of the AOA is applied by user 
defined functions that are independent from the active 
controller. In other words, in the active mode control, 
the motion of the slider at both thin rod and foil-shaped 
sliders is controlled by only one linear actuator along the 
STMD frame.

In the active control strategy, it is attempted to deter-
mine the linear position of the slider along the frame in 
such a way to damp out the pitch deviation of the buoy 
as efficiently as possible. A block diagram shown in Fig. 7 
demonstrates an overall control flow of the system in the 
active mode control. Since it is desired to stabilize the 
buoy in a pitch direction, the desired input pitch angle of 
the control system is 0◦ . As shown in Fig. 7, the controller 
receives the error in the pitch angle, which is exactly the 
pitch deviation of the buoy, and then applies the proper 
linear displacement of the slider in order to compensate 
the pitch deviation. Meanwhile, the controlling algorithm 
should be selected carefully to ensure that the obtained 
results in both thin rod and foil-shaped sliders are compa-
rable. For this purpose, a proportional-integral-derivative 

(PID) controller is proposed. The fundamental challenge 
in designing a satisfactory PID controller is tuning the 
PID parameters. In this research, a MATLAB toolbox 
named Control System Toolbox (CST) is used for tuning 
the PID parameters of the active controller for a thin rod-
shaped slider based on the identified model from System 
Identification Toolbox of MATLAB. After utilizing dif-
ferent apps and algorithms provided in the CST, the best 
achievable results for the tuning were obtained by the 
manual tuning of the gains using the PID Tuner interface. 
Due to the absence of a model for the stabilization sys-
tem with a foil-shaped slider, the CST could not be uti-
lized for tuning the PID gains of the active controller in 
this case. Therefore, the application of a non-rule based 
tuning (manual tuning) method was inevitable in a foil-
shaped slider. In order to achieve adequate results in both 
cases (i.e. a thin rod and a foil-shaped slider), the steps 
considered for the manual tuning were derived from the 
Ziegler-Nichols method.

Simulation and results
To determine optimal design parameters in the realistic 
operational conditions, the proposed model of the buoy 
and floaters with a stabilization system is simulated using 
ProteusDS (PDS). PDS is a marine dynamic analysis soft-
ware being widely used in ocean industries to model and 
evaluate various systems that are exposed to wind, cur-
rent, and waves by simulating actual operational condi-
tions [31]. A number of studies have performed PDS and 
provided reliable results being comparable with real-
world data [32, 33]. In this regard, first, the performance 
of the fixed rudder is investigated. Then, a kinematic 
model is identified, i.e., a linear equation that relates the 
position of the thin rod-shaped slider with the pitch angle 
of the buoy. Finally, the passive control strategy and the 
active control strategy (PID controller) are implemented 
using an Application Programming Interface (API).

Simulated model
The physical parameters of the simplified simulated 
model in the PDS environment are listed in Table 1. Fig. 8 
shows the simulated model in the PDS environment that 

Fig. 7 Active control block diagram. The pitch stabilization control 
flow is shown in this figure. The control plant G consists of the whole 
structure of buoy together with stabilization mechanism. θ and θd 
are the observed and the desired pitch angle (i.e., zero degree) of the 
buoy, respectively. The controller C gets the pitch deviation θe and 
sends the proper linear displacement r of the slider to the G. Wave 
induced external forces are input as a distubance d to the system

Table 1 Physical properties of simulated model

Parameter Value Unit

Area of the buoy’s platform 6× 6 m2

Overall height of the structure 15 m

Deployement weight 6000 kg

Water density 1025 kg

m3

Water depth 150 m

Wave type Airy
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consists of a buoy held above the sea level by four float-
ers at the corners. The STMD stabilization mechanism 
is connected to the floaters using rigid rods located deep 
enough to minimize the effect of the surface waves. The 
submerged STMD is in direct contact with surrounding 
water and consists of a frame on which a thin rod or foil-
shaped mass is sliding freely. A mooring cable connects 
the buoy structure’s center of gravity to the seabed. The 
materials considered in the simulated model are selected 
based on a real model of buoy structure to ensure its 
applicability. To reduce the computational time, the 
model is mostly formed of cylinders and rectangles with-
out rounding off the corner edges.

Fixed rudder’s performance
In order to investigate the performance of the fixed rud-
der mentioned earlier in the “Buoy with a fixed rudder” 
section, the whole simulated structure was set to encoun-
ter waves from a lateral direction as illustrated in Fig. 9. 
Since the perpendicular component of the wave-induced 
force acts on the fixed rudder, lateral waves with head-
ing angles between 10 to 90° (i.e., the least and the most 
effective angles, respectively) were selected and applied 
during the simulations. In order to prevent the simu-
lated structure from being drifted by external waves, it 
was moored to the seabed using a cable connected at the 
height of its center of gravity. The height and period of 
the incoming waves as well as the speed of the current 

were selected based on a real operational condition, as 
listed in Table 2, and kept fixed at different headings. The 
yaw rotation of the buoy was recorded during each simu-
lation for 100 seconds. As evidenced in Fig. 10, the fixed 
rudder applies a yaw moment to the buoy engendered 
by the lateral wave-induced force. The resulted moment 
then turns the buoy’s fore towards the incoming waves in 
less than one minute.

Buoy structure model identification
Determining the frequency bandwidth of a system’s 
response at its free vibration is a common preliminary 
practice [29]. This study focuses on suppressing the 
pitch deviation of the buoy. Inside the PDS environment, 
the simulated model is initially displaced from its equi-
librium position in the calm waters, i.e., an initial pitch 
angle of 10° is applied to the buoy. In the absence of any 
external waves, the structure freely oscillates back to its 
equilibrium position. The time-domain response of the 
structure is obtained via simulation for 100 seconds at 
a sampling rate of 0.05 seconds. The frequency-domain 
data is calculated from time-domain data using the Fast 
Fourier Transformation (FFT). The natural response of 
the buoy against an initial pitch deviation for both time 

Fig. 8 Simulated model in the PDS environment. A typical buoy 
with a fixed rudder attached to the four floaters at corners and the 
submerged stabilization system is shown

Table 2 Wave conditions used in  investigatin the  fixed 
rudder’s performance

Parameter Value Unit

Wave height 1 m

Wave period 5 s

Wave heading 45  deg

Current speed 0.75 m
s

Current heading 45 deg

Fig. 9 Buoy with fixed rudder against lateral wave. A lateral wave 
with a heading of 45° is reaching the buoy with a fixed rudder
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and frequency domains is shown in Fig. 11. The obtained 
free response of the system indicates that the system 
experiences the resonance phenomenon in pitch rotation 
at the frequency of 0.24 Hertz (period of 4.16 seconds). 

Therefore, the input signal for identification should cover 
this frequency range.

In order to identify an applicable model, a multi-
sine signal with random amplitude and period shown 
in Fig.  12 was input as a linear motion of the thin rod-
shaped slider along the STMD frame and the resulted 
pitch deviation of the buoy was recorded. Using MAT-
LAB System Identification Toolbox, and the recorded 
input-output data (i.e., r(t) and θ(t) , respectively), the 
kinematic model which defines the pitch rotation of the 
buoy as a function of the linear motion of the thin rod-
shaped slider was identified. A transfer function of the 
system was obtained and used in tuning the parameters 
of the PID controller mentioned in the “Active seesaw-
shaped tuned mass damper” section. Fig.  13 compares 
the response obtained by the best fit (82.4%) model and 
the actual output from PDS.

Control strategies implementation
Passive seesaw‑shaped tuned mass damper
In a passive control of the TMD systems, selecting a 
proper mass and stiffness for TMD is a crucial challenge. 
To avoid heavy loadings while achieving acceptable sup-
pression rates, it is a common preference to assume a 
mass ratio (i.e., a ratio of the effective mass of the TMD to 
that of the whole structure) of    0.25–3% [14]. However, 
each structure has individual properties and requires 
proper tuning of the mass ratio. For this aim, a series of 
differing mass ratios in a range of 2% to 20% are consid-
ered. The resultant calculated mass of the slider is further 
added to its buoyancy weight. The stiffness of the slider 
is then calculated based on its mass ratio and the natu-
ral frequency obtained at “Identifying the buoy structure 
model” section.

Fig. 10 Yaw response of the buoy to a lateral wave. Yaw rotation of 
the buoy with a fixed rudder against a lateral wave with a heading of 
45°

Fig. 11 Free vibration response of the system. Time-domain and 
frequency domain response of the buoy structure to an initial pitch 
displacement of 10°

Fig. 12 The input multi-sine signal. Linear motion of the slider in 
STMD is input as a multi-sinusoidal signal for system identification
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To evaluate the performance of the STMD in a passive 
mode at each mass ratio (2% to 20%), a resonance condi-
tion, as the most destructive condition, was considered 
in the simulation. For this purpose, the buoy structure 
model in PDS was simulated facing incoming waves 
with a frequency that equals the natural frequency of the 
buoy structure, i.e., 0.24 Hz. Fig. 14 shows the frequency 
domain response of the buoy structure against a wave at 
a frequency of 0.24 Hz, for the mass ratio of the 2% to 
20%. As expected, the STMD is able to suppress the pitch 
deviation of the buoy in a passive mode in a resonance 
condition. The rate of suppression increases as the mass 
ratio raises. However, a large weight may rise many dif-
ficulties in practice such as higher material cost, larger 
required transportation equipment and hardship of 
deployment and installation [34]. Therefore, a reasonable 
mass ratio should be selected considering both weight 
and suppression rate in each case. A standard deviation 
of the response at each case shown in Fig. 15 clearly dem-
onstrates that in passive mode, increasing the mass ratio 
of the slider up to 8% rises the suppression rate of pitch 
deviation by 81.3% in resonance condition. Above 8%, the 
suppression rate remains almost unchanged. Therefore, 
the 8% mass ratio for the slider is selected as a proper 
ratio in getting a reasonable vibration suppression in pas-
sive mode.

Active seesaw‑shaped tuned mass damper
To evaluate the active mode control, a PID controller, as 
described in “Controlling strategies” section for both thin 
rod and foil-shaped sliders is tuned and the best achiev-
able results are adopted. Controlling commands are 

implemented by C++ programing language and trans-
ferred to PDS using its API.

During the simulation, a series of continuous linear 
waves with different periods and heights listed in Table 3 
are considered. The values of periods and heights were 
selected based on the real wave properties recorded 
by weather buoys [35], including the resonance condi-
tion of the buoy structure. To evaluate the effectiveness 
of the proposed methods, six cases, either in passive or 
active mode, as listed in Table 4, were simulated. For each 
case, the controlling strategies were implemented and 
their time-domain response against different wave con-
ditions (see Table  3) is shown in Fig.  16. To get a more 
clear understanding, a summary of the obtained results 
in various investigated conditions is provided in Fig. 18. 
As shown, the STMD with an 8% mass ratio in passive 
mode increases the overall pitch deviation of the buoy up 
to 11.9% against a series of continuous waves with differ-
ent conditions. At the same environmental condition, in 
the active mode the overall pitch deviation of the buoy 
for the mass ratios of 2% and 8% [the least and most 
effective ratios in passive mode in resonance condition 
(see Fig. 15)], is suppressed up to 7.8% and 49.1%, respec-
tively. Finally, by changing the shape of the slider to a foil 
in the active mode, the pitch deviation of the buoy is sup-
pressed by an overall 69.4% and 79.1% for the mass ratios 
of 2% and 8%, respectively. Meanwhile, the linear motion 
of the slider along the frame in a time domain that causes 
the suppresion of buoy’s pitch vibration is shown in 
Fig.  17. The data of the slider’s linear motion were cap-
tured from the simulations conducted on the cases listed 
in Table 4 for the passive and active control.

Discussion
According to the information provided by the National 
Oceanic and Atmospheric Administration (NOAA) 
[36], wind-generated waves (known as wind waves) are 
counted as major waves. This is because of their rela-
tively high amplitudes at lower periods compared to swell 
waves. Based on the real recorded data [35], the heading 
of the wind waves and the direction of the surface cur-
rent remain almost unchanged during any given day. 
Therefore, the performance of the proposed fixed rud-
der in Fig.  10 is reasonably acceptable in a real opera-
tional condition. As shown in Fig.  10, the buoy rotates 
faster as the angle between wave heading and the longi-
tudinal direction of the buoy increases. The larger angle, 
however, results in a larger yaw deviation of the buoy 
that should be compensated. It is worth mentioning that 
the performance of the buoy structure in the conducted 
simulations in Fig. 10 was tracked and no structural error 
was detected even after it was subjected to a wave with a 
heading angle of 90°.

Fig. 13 Simulation output and estimated output of the system. 
Estimated output of the identified model fits the output of the 
simulation by 82.4% in response to a multi-sine input signal
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Fig. 14 depicts the results obtained from a set of sim-
ulations that were run to understand the passive effects 
of mass ratio increment from 2 to 20% on the suppres-
sion rate of the pitch deviation in a resonance condition. 
During simulations, when there is no STMD mass on the 
buoy structure, the buoy structure resonates due to the 
equivalent magnitude of the wave’s frequency and its nat-
ural frequency. As seen in Fig. 15, by adding a mass to the 
STMD’s slider, the amplitude of the pitch deviation starts 
to decrease and drops significantly at a mass ratio of 5%. 
From the mass ratio of 8% onwards, it remains relatively 
unchanged. Fig. 15 clearly shows that a mass ratio of 8% 
can reduce the pitch deviation of the buoy from around 
12° (at No STMD) to around 2°. Basically, in TMD stabi-
lizers that are mounted inside or on top of the structures, 
the mass is connected to the main structure via a spring 
and a dashpot. The mass and spring are tuned based on 

a natural frequency of the main structure resulting in 
TMD’s mass vibrating at a frequency equal to the natural 
frequency of the main structure. Then the damper dissi-
pates energy from the whole system in the form of heat 
[14]. The proposed STMD in this paper, however, does 
not include any dashpot or a counterweight. Therefore, 
the only force that causes suppression on the pitch devia-
tion of the buoy is the weight of the slider that produces 
a torque on the STMD’s frame. For this reason, the mass 
ratio of 8% was selected as a proper ratio in getting a rea-
sonable suppression in a resonance condition at a pas-
sive mode. In the meanwhile, the mass ratio of 2% was 
selected as the least effective ratio, since it reduces the 
pitch deviation of the buoy by the only 1° (see Fig. 15).

Figure  16 clearly indicates that the resonation of the 
buoy can be suppressed effectively by using only the wave 
energy (i.e., without any external actuator or control on 

Fig. 14 Passive mode response of the buoy in frequency-domain. Buoy’s pitch deviation with the STMD with mass ratios of 2% to 20% in a passive 
mode control is presented in frequency domain
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the movement of the slider) in the STMD with a thin 
rod-shaped slider and a proper mass ratio of 8%. How-
ever, not only it is unable to suppress the pitch deviation 
while encountering waves with different periods, it may 
further cause larger deviations. The main drawback of 
the passive mode control is that it is only applicable to 

a limited range of frequencies. In the active mode con-
trol, after carefully tuning the gains of the PID controller, 
the same thin rod-shaped slider with the same mass ratio 
(i.e., 8%) is able to effectively reduce the pitch deviation 
of the buoy close to a half (see Fig. 18), while lowering the 
mass ratio to 2% results in much less suppression (only 
7.8%). This highlights the importance of the mass ratio 
in the STMD, even in the active mode. By taking this 
point into account and only changing the shape of the 
slider to a foil, the STMD becomes able to suppress the 
pitch deviation up to 69.4% and 79.1% for the mass ratios 
of 2% and 8%, respectively. In other words, the suppres-
sion rate of the pitch deviation using the least efficient 
mass ratio of 2% increases by about nine times (8.89) by 
only changing the shape of the slider from a thin rod to a 
foil. However, in the case of 8% mass ratio, changing the 
shape of the slider from a thin rod to a foil increases the 
suppression rate by 1.6 times. This finding validates the 
effectiveness of the foil-shaped mass in the STMD per-
forming inside the water in small mass ratios. However, 
the combination of two characteristics (i.e. a large weight 
and a foil-shaped) for a slider causes extra suppression 
force (lift force), which exceeds the required amount for 
the buoy’s stabilization, and leads to a disturbance (rather 
than a suppression). Fig. 17 indicating the linear displace-
ment of the slider along the frame is complementary to 
the results shown on Fig.  16. Comparison between the 
results of the active mode controls (either in the thin rod-
shaped or fin-shaped slider) in Figs.  16 and 17 reveals 
higher suppression rates for large displacements of the 
slider, which is reasonable since large displacement of the 
slider results in a larger moment on the frame. However, 
in the passive mode control, the sliders are not able to 
suppress the pitch vibration in some places even with a 
large displacement. A thin rod-shaped slider with an 8% 
mass ratio is able to suppress the pitch vibration even 
with the small range of displacement sicne its stiffness 
was initially tuned to the natural frequency of the system. 
This indicates that while the mass ratio of the slider has a 
significant role in the suppression rate, the stiffness of the 
STMD is also important in its performance.

Conclusion
In the present paper, the effect of a foil-shaped mass in 
increasing the efficiency of the STMD is investigated with 
the aim of stabilizing a weather buoy with mounted sen-
sors on it. In the proposed structural stabilization system, 
a submerged STMD with a sliding mass is connected 
to a buoy. By mechanically harvesting energy from the 
incoming waves (i.e., passive mode control) that cause a 
pitch deviation on the buoy, the stabilization system gets 
excited and compensates for the pitch deviation up to 
81.3% at a resonance condition. It is demonstrated that 

Fig. 15 Passive mode response of the buoy at different mass ratios 
of 2% to 20% . A standard deviation of the buoy’s pitch deviation with 
the STMD with mass ratios of 2% to 20% in a passive mode control is 
presented

Table 3 Random wave conditions for  final evluation 
of proposed control strategies

Number of wave Height (m) Period (s)

1 1 5

2 1.5 8

3 0.5 4.16

4 0.7 10

5 1.2 6

6 0.5 8

7 1 15

8 0.5 3.5

Table 4 Final simulated cases

Case name Description

No STMD Buoy structure

STMD 8% Passive concept shown in Fig. 5a with a mass ratio of 8%

STMD 2% Active concept shown in Fig. 5b with a mass ratio of 2%

STMD 8% Active concept shown in Fig. 5b with a mass ratio of 8%

STMD-Foil 2% Active concept shown in Fig. 5c with a mass ratio of 2%

STMD-Foil 8% Active concept shown in Fig. 5c with a mass ratio of 8%
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using a foil-shaped slider on the submerged STMD in the 
active mode control can effectively cause a suppression 
by 69.4% and 79.1% for various wave conditions including 
a resonance condition when the mass ratio of the slider is 
kept at 2% and 8% respectively. The obtained results from 

various simulations revealed that despite the proposed 
stabilization system shows remarkable performance in a 
passive mode, its performance is highly limited to a small 
frequency range of the incoming waves. To actively con-
trol the linear motion of the slider in a submerged STMD, 

Fig. 16 Time-domain response of the buoy with different control strategies Buoy’s pitch deviation with proposed control strategies in response to 
a series of continuous waves with different heights and periods is presented

Fig. 17 Time domain displacement of the slider at different control strategies The linear motion of the slider along the frame which causes the 
suppresion of the buoy’s pitch deviation at different control strategies is presented
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one actuator is added to the STMD. As a result, the pitch 
deviation of the buoy is suppressed against waves with a 
wide range of frequencies and amplitudes. Furthermore, 
using a foil-shaped slider in the actively controlled STMD 
makes a significant difference in the effectiveness of the 
suppression rate. This verifies that the stabilization of 
the sensors on the weather buoys at various wave condi-
tions could be possible with much lower costs by using 
a submerged STMD system combined with a foil. The 
obtained results can further be extended to a wide range 
of offshore structures that require stabilization systems 
such as spars, jacket platforms and especially wind tur-
bines moored by tensioned cables in offshore places. As 
a future study, contributing authors intend to focus on 
developing a prototype and optimizing a semi-active sup-
pression system applying a combination of STMD and 
foil approaches.
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