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Abstract. The aim of this article is to present the developinod a test bench that sinates oscillations of boat mode
their instrumentation and the tests of an activ&ey. The advantage of developing the experimplatibrm is that it
does not require a test tank and the manufacturee refducecthe vessel model fwerform experimess. This simplifies
testing procedures and reduces costs.
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1. INTRODUCTION

In the Amazon region of Brazitransport is mostly done by waterways, as the Amdpoest hinders and limit
transportation by land. Most of thisahsportation is made ltypical boat with avooden hull, shallowraft and raised
deck structure as shown in Fig.1.

Figure 1.Amazoniartypical boat (Soares and Vidal Filho, 2014)

The Amazonian typical bodhas i specific design and carries bopgassengers and car¢(Vasconcelos and
Nascimento, 2010Soares and Vidal Filho, 20). The importance of these boats can be evaluatethdoyumber o
passengers and cargo thiay carry in the Amazon region annu: about 8.8 millon passengers and 4.5 million t
of cargo (ANTAQ, 2014)The nautical accidents withe highespercentage of fatal victims are related to thietgp
boat, considering that theye responsible for the majority of the transpéthe regiol. Accordirg to the data provided
by the region's naval authority, thisssels wreck accounted for 31% of fatalities betw2001 and 20( (Soares and
Vidal Filho; 2014). Magalhaes at. (2015 observed through a statistical study of the judgmehtheMaritime Court
that the typical Amazonian boatcounted for 40.8% of fluvial accidents betweeh128nd 201: A study of the type
of accident that most victimizgaeoplewas not done. Tipping occurs less fredlyethan collisions with other bc or
with submerged objects, howevahen a sudden tipping occurs, passengers do nettirag to put onife jackets and
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leave the boat safely. In order to contributeatety against boat tipping due to dynamic factemne studies have
been done. In Soares and Vidal Filho (2014) theadyio characteristics of the vessels were studiedstatic stability
curves and the natural frequency of the vesselrémsverse roll oscillations were determined. IdoRst al. (2016) it
was studied the use of a passive system for thessels, meanly u-shaped tanks with water, wherutteoscillates
out of phase with the boat, mitigating the boassili@ations at the natural frequency point. In Magas etl. (2015)
the use of Bilge Keels in a riverboat was stud@ohtrease the the hull hydrodynamic drag duridgoszillations.

The Bilge Keels has the advantage of its low codttae fact that they do not occupy internal spadbe boat. The
Paravanes are other passive systems that alsdheidgydrodynamic drag to damp the oscillations. Taey "glider"
shaped elements that are dragged submerged osidaabf the vessel by cables hanging from side sri@siss, 1998).
Though if one of these cables break, this solutiecame a hazard to the boat stability. Figure 2vshbe three major
passive systems.

Figure 2. (a) Paravanes (b) BilgeKeels (c) UKrstabilization

In Bass (1998) the stabilization tanks and Paravamere compared in small fishing vessels. The Bigels
provide a reduction of 30 ~ 40% of the amplitudeha ship oscillations (Windén, 2009). Stabiliziagks have two
main models, the U-tube and the free surface tafikdén, 2009). U-tube tanks are more commonly txeehuse they
promote better cargo accommodation on the vessklamitigation of up to 75% of the oscillation (Wén, 2009;
Taskar, Dasgrupt, etl., 2014). A tank volume equivalent to 1.5 ~ 5%k tvater displacement provided by the hull of
the vessel is required for minimum effectivenessigiek, 2008 ). A passive system employed in talldings that
could be employed in the naval area is the magdadisment passive system, known in the acadengi@liire as
Tuned Mass Damper (TMD). This type of device cassi$ a mass, a spring and a damper. In this sygtermass and
spring are adjusted to remove the maximum oscilagnergy of the structure, and this energy isighs$sd by the
inertia damper (Connor and Laflamme, 2014).

There are active stabilization systems which usetednic system to measure the oscillations and sigmals to the
elements that act against these oscillations. /Aamge is the Active Fin Stabilizers which are paifdins coupled to
the side of the vessel hull, acting as a smallriiegewing, generating hydrodynamic forces downwandse angle of
attack in relation to the water flow is controllalib generate forces in opposition to the osailfeti It is recognized as
the most effective system in its class, with a ganance of 70 ~ 90% of attenuation of roll oscidas (Weng, 1995).
However it only work with the boat in motion andngeate energy consumption by dragging in the water.

In this paper, the development of an experimengéakmbly to test an active system to mitigate bi@atsversal
oscillations is proposed. A boat dynamics are rggted by the torsional pendulum mathematical madhith was
used for data validation of the test bench. Sonpeemental results are shown in order to emphabkieefficiency of
the proposed platform.

2. MATHEMATICAL MODELING
The simplified mathematical model of a boat ostiilig in the water in roll can be approximated téoesional

pendulum representation, as shown in Fig. 3. Thesefa test bench was conceived using a torsioeatiydum
modeling.
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Figure 3. Torsion pendulum representation
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The boat oscillating in roll has a similar behaviompared to a torsion pendulum whose model isngaceording
to equation (1):

_ & et ko =0 @
]—W<P CpP The=

Correlating equation (1) with the boat parametessiits in equation (2):

d? d 2)
Ixxw(p +BE([) +AGZ((p(t)) =0

Wherel,,, B, A and theGZ function correspond respectively to the inertianmat of the vessel around the x-axis,
the roll-damping coefficient, the weight of the sek equivalent to the weight of the volume of watisplaced by its
hull, and the distance from the point of actuatidrihe thrust force in relation to the point of &pgtion of the force
weight, the so-called lever arm. To adjust the beilcthe model, the inertia, the friction, and Hpeing constant must
be adjusted to have similarity with the model oate simulated.

3 A-GM, 3)
R

B = {:Bcp (4)

Ber = 2" wg * Ly (5)

Whereanyq, wg, GMo, { andBcg correspond respectively to the angular roll fregye which can be inferred from the
oscillation period of the boat, to the natural daguwoll frequency of the boat, to the metaceneaht of the boat; to
damping factor, approximately 2 ~ 3% at low speed & ~ 6% at high speed, being able to reach 10#% lafge
oscillations (Sheikh, 2008); and the critical dangpcoefficient of the vessel.

The GZ(op) function can be obtained by:

GZ(p) = GM, - sin(p) (6)
Considering that for most boats, for the inclinatigp to 10 degrees, the metacentre height gradiernstant, the

GZ function can be approximated by a first-order fiorcas a function of slope and initial metacettegght (Ibrahim
and Grace, 2010).

GZ(p) = GM, ¢ (7)

Simplifying equation (2) the equation (7) can bé¢agied:

d? d ) (8)
F‘p'i_zszEQD"'wd =0

The parameters for simulation were obtained fromr&»and Vidal (2014), where the dynamic charazztsan of a
regional boat was made using a reduced model & dcale. Using the experimental GZ curve of Fignd equation
(8), supposing small inclinations, the metacenéiglit can be estimated.
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Figure 4.GZ experimental curve (Soares and Vidal Filho, 2014)
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Replacing the remaining experimental data in theagqn described above:

m kg-m
A= 6.45kg - 9.81— = 63.2745 g - (10)
S S
21 11)
Wy = 1= 5.7120 rad/s
L, = 0.0444 kg - m? (12)
kg ' m2 (13)

Beg = 0.5084

The mechanical bench system can be designed vathlibve parameters. The stabilization system chimsethe
analysis was modeled. It is intended to test a desgdacement stabilization system, Active Mass pan(AMD), as
shown in Fig. 5. A mass is moved on rails from sitke of the vessel to the other, generating a apntorque to the
oscillation movement, reducing oscillation.

Figure 5. Proposed mitigation system

The AMD system is commonly utilized in civil engaming applications, acting in the suppression diration
caused by earthquakes and wind loadings (lkedal,.,e2001).The system modeling can be achieved frarstim of

the forces (Ikeda, etl., 2001):

: (14)
Ma =7 %a(t) = u®)
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Wherex,, m,, andu correspond respectively to the car linear displamgnabove the rails, the car weight with the
coupled load, and the control force imposed byctirgrol system. A more advanced model is proposdkeda, egl.,
2001, in which a Columb friction is also evaluatetween the car and its supporting rails, howedae, to the project
scale and the magnitude of that friction, such rha@e not considered.

Through the angle of rotation of the mothymeasured by the encoder sensor, and the tranemisdio of the gear
set, represented by the constgrit is possible to determinate the linear disptaertx, of the car and its load.

xq(t) = 6 (8) - 4 (15)
Replacing the equation (15) into equation (14), lbambtained:

w1 E (16)
u(t) =Mmg E m(t)

For equating the mechanical torque, it is considi¢hat the DC motor has a rotating shaft with artinal moment
Jm, and internal friction characterized by a constant The external torque component due to the car loaps
described by the relation of the control forg® and one of the gears from the transmission getanfsdiameteD, in
which the belt connected to the car makes contact.

D d? d (17)
Tm(t) = u(t) ' E + ]mﬁem(t) + Bmagm(t)

As can be seen in the Eq. (17), there wasn’t alguecomponent of the transmission gear set, ttaaradue to the
utilization of a small and low weight gears. Aslsueplacing the Eq. (16) in the Eq. (17), the infation below can be
obtained:

d? d (18)

Tm(t) = (]s +]m)ﬁem(t) + Bmaem(t)
D-my- A 19
Jo=—= (19)

The termJ, in the equation (18) can be interpreted as thegdsrd inertial moment of the AMD system
coupling to a DC motor. The same equating of thigue can be achieved utilizing the electrical manfethe motor
DC. Therefore, utilizing the conventional equatiith the Laplace Transformation, Eqg. (20) can biaioled:

Ey(s) =Ky O s (20)
Lyns+Ry,

Tm(s) =K

Where the parameters(,, K,,, E,, L, andR,, of the Eq. (20) are respectively the torque coristdne motor
constant, the armature voltage inductance andesistance of the armature circuit of the Motor [Borrelating Eq.
(18) and Eg. (19), the transfer function of thisteyn can be obtained:

K, (21)
LinUm +J9)53 + (BnLm + RyyUm + J5))s? + (BnRp + K.Kp)s

O _
E_a(S) =

Thus, it remains only perform the mitigation systeinfluence equating on the boat oscillations. iFifleence can
be understood as an external torque and descripdtebesulting torque due to the positioning @& #ttuating load on
the rails and the system’s structure weightingti@tato the center of rotation of the oscillatidgtowever, in order to
simplify the equation, weights were added to canctlthe torque component due to the structureighteThus, the
oscillation of the coupled AMD system can be ol#difrom the geometric analysis of the installaisition of the
mitigation system:

d? (22)
Ius(0) 259 = —ma - g(x,(©) - cos(p) + d - sen(e))

Iys(t) = Igsr + Ioap(mg) + ma(x,(£)* + d?) (23)
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Wherelys, Izsr, andl;,,p in the equation 23 are respectively the inertiaimmant of the mitigation system, its
structure component, and the load component. Timaireunexplained component in the equation 23 cdnoas the
utilization of Steiner's theorem to determine tinertial moment due to the load linear dislocationthie rails.The
parameter! corresponds to the distance between the centetaifon of the boat and the car’s rail.

Mixing the Eq. (2) and the Eq. (23), the final qohiequation can be obtained:

d? d (24)
I(t)ﬁ(p + BE(p +A-GZ(p(t)) = —m, -g(@m(t) - A-cos(p)+d- sen((p))
1(t) = Lex + Iys(0) (25)

3. BENCH DESIGN

The idea to build up a test bench arises from theessity to develop a dynamic system model simdathe
Amazonian boat without the costs of building redud®mat models and an instrumented testing watek. taval
applications havealways used instrumented tesstamith mechanisms to produce waves and sensareésure the
behavior of the reduced models of the boats (Cragiod Bishop, 1982). The Fig. 6 shows a reducetinodel being
tested in a test tank (Rylo, @&t, 2016), this model was used as a reference éobéimch design.

Figure 6. Boat model in test tank (Rylo a&t 2016)

As mentioned in the previous section, a torsionatieh was used to represent the roll dynamics obtet. The
moment of restitution can be achieved by springbstha rotational inertia of the model boat can b&imed by the disc
of the pendulum. In this scenario, it can be awbitle put together in the same environment water eledtronic
devices, which drastically reduces the cost andptexity of the experiments. An active vibration atlser system, also
called active mass damper, which consists of a mgstem with uniaxial displacement, in other wormsnechanism
that moves a mass, was also developed and testttedrench. This mass was moved on a pair of gultesigh a
servomotor. An electronic system was specified éasare the movements and communicate with a compute

3.1 Mechanical system and prototype

After the mathematical modeling of the boat, a besich can be designed that physically simulatedéhavior of
the boat, similar to a torsion pendulum form, allogvexperiments with oscillating damping devicefeTbench is
composed of a disc fixed to an axis, where spramgsplaced to represent the torques of thrusttuéeti. With the
values calculated from (8) to (12), it is possitalespecify the device parameters.
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Figure 7. Bench with springs drawing

An initial drawing is seen in Fig., Bhowin¢ wheresprings are displaced. The mathema model of Fig. 7 is given
in Eq. (26) assuming initially that tHigction in the bearings are negligible in relationttee forces involver

Ipisc Fq) + Fysen(p) =0

Using Eq.(5) it is obtained:

K12 (27)
2

A-GM, =

The bench can be adjusted tlyangin¢ the K of the spring or lengths of the levarms to obtain the value that
satisfies the equality eq. (6). The sasimaplificatior done in Eq. (7) can be repeated here.

To adjust the viscous friction it igossible to add a small reservoir of wased a ro that is dragged when the
pendulum oscillates. Aftehat, the figure drawir and the model are complete. To adjhstviscous friction, the rod is
more or less sunk in the reservoir.

42 d K12 (28)
IDiSCOEQD"'CE(p"F 2 =0

Figure ¢ Bench design with viscous friction

Radial holes were made in the discadjust the inertia of the disc. Weights weceewed, adjustir the inertia of
rotation. Rails and a mobile madsver by servo motor were set up to representdtabilization system th was
tested.
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Figure 9. Prototype assembled

The Fig. 9 shows the constructed prototype. The AdyiBtem is assembled on the disc. The inertialosera be
seen above the linear guides. The servomotortteicenter of the disc.

3.2 Instrumentation

The instrumentation project required four sensarsdentify the movement of the actuation system &mel
pendulum swing for the test bench. The uniaxiapldisement of the mass system was determined bysbeof an
incremental encoder coupled to the motor rotatixia af this system (RH7-1531) with a resolution2®0 pulses per
revolution. The DC motor was actuated by a drivearkd with the IC L298N, allowing the change of difen of the
motor rotation and the control of the average \gd@taupplied, realized by the switching of the inpattage. The
positioning calibration was performed by IC F-3famed sensors, positioned at the ends of therigeies and in the
central position of the apparatus. The central @snkelp to preserve the calibration considerirag tts activation is
used to reset the pulse counter and consequektliglémtification of the car position. The movemefthe pendulum
was measured using inertial sensors, a gyroscopammccelerometer in the InvenSense MPU-6050 eimghted in
the IC GY-521 board. However, due to the noisy biheof such sensors, the values of Roll and Pétiegles used in
the control were identified from a Kalman filterfiseare implementation. The sensors and DC motoplsugabling
had to be assembled separately in order to rececelectromagnetic influence. Figure 10 illustrates test bench
instrumentation assembly.

Inercial
Sensor

Encoder
Sensor

End-of-strokes

Personal Arduino Driver Motar Beneh |  sensor
Computer

Figure 10. Instrumentation diagram

4. RESULTS ANALYSIS

The scale model data of the boat developed in Scard Vidal (2014) were used for the experimeradifiation.
The response of this model was compared with thporese of the simulated system without the staltitin system,
and the obtained results were quite similar, asvehia Fig. 11.The most damped response of the @xpet is related
to the nonlinearities present in the charactegratf the damping moment, where the damping factesed for the
estimation oB varies as a function of the slope and angularcigiof the vessel. The discussion of different lmoaar
models can be found in Taylan (2000).
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Figure 11. Model validation

Once the model was validatd#o simple PID control we implemented to test the effectiveness of the preg
mitigation system. The first one was design to mitnecar once the bowas rolling andhe second was responsible to
restore the car to its neutral position. Fig. 12, ®me simulations were made by varying the massefttive mas
damper to analyze the effect in the damping otibet oscillation, where the load was a certain percentef the boat
weight.

As shown in Fig.12the stabilization process behavior is heavilyuieficed by the stabilization mass of the syst
yielding a quick stabilization. Such as discusse8inith and Thomas Il (1990), it was estimated the load raticfor
this kind of application should be arour-2% and no more than 5% of the ship weigh.

Reference
Load 2%
************ Load 4%
Load 8%

0 0.5 1 1.5 2 2.5 3
Time (s)

Figure 12. Mitigation system response

Almost 30 years laterit's observed thalexcessive increase of the stabilization mass do pmovides ar
improvement on th stabilization procesthat worth’'sthe decrement of the ship’s payload capal and power
efficiency.

A similar experiment was done utilizing the teshdie the results are available in Fi§f3. Having the system at

rest, its disc was impulsed andththe respon was observed and setthe computer. In the following experime
there was 105.7g as the load for the mitigationesys

T T T T T T
****** Reference |7
Load
1 1 1 1 1 1
0 1 2 3 4 5 6 7

Time (s)
Figure 13. Experimental response
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The execution of the experiment in the test benelsgnts some restrictions on its performance, Xample, the
systematic introduction of the perturbations anduparities of the mechanism itself are highlightddue to its
construction, the cabling used for data transmisaiod the DC motor power supply adds a restorer enoithat is not
represented in mathematical models. For the saasonethe initial slope is hardly null, observedha initial part of
Fig. 13. However, despite all constraints of thehamical model, as can be seen in Fig. 13, itorespstill achieves a
mitigation of the external perturbation with greatéficiency than the passive dynamics of the maism.

5. CONCLUSIONS AND FUTURE WORKS

Testing on the developed bench showed that the édlem "dry" bench is very useful for experimentahls.
Similarly to all experimental systems, there weraplementation difficulties, need to deal with noisad
communication difficulties between the sensorsthedcomputer.

The influence of the actuation load ratio on thieafveness of the stabilization system was vatifiehus, the
system load definition procedure consists of theghteng of the safety factor and comfort providedthe mitigating
system to the ship's cargo transportation, mobditg economic capacity. Theses results reaffirm ttia proposed
solution needs to be as effective as it is econalifgiziable. Thus, considering the constraints nenéto the test bench
and ignored nonlinearities in the model developmastshown by the experimental results, such ctersiics did not
prevent the demonstration of the desired osciljaptirenomena.
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