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Abstract:

Recent advances interfacing computationakoftware with experimentahardware have
expandedthe area of applicationof virtual reality (VR)beyondthat of visualization to simulation
basedtraining and education. TWVR can now be directly interfaced with hardware and physsed
computationalmode$ to form asophisticatedhybrid simulation system. Thietegrated simulation
system developed in thissearchdemonstrateshe motion of a heavinuoyin irregular waves in
order to demonstrate the process of wave energy conversienvVRIsystentonsists othree main
function blocksA physicsbased simulator in MATLAB a game studio in Unity 3D, analhardware
manipulator in LabVIEW. These three bloclaperatein a decentralized mode and communicate w
each other asnterconnectedhodes of an integratednetwork. Tis article details the developmenof
each of these function blocks and addessssues associated with data transmission and lock:
synchronization Theeffectivenessf thedevelopechybrid VR systenis demonstrated to conclude th
presentation.
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. INTRODUCTION

Thisresearch ol | ows t he Mi kropoul os and Natsis [ 1] not i i
mosaic of technologies that support the creation of synthetic, highly interactivedihmeresional spatial
environments that represent real or meal situations The domi nant technol ogy
representation, namely virtual environment (VE). VE and VRaalige ofteninterchangeable in the literature.
VE along with technologies such as immersion, multisensory interaction and haptic desieaatiiad VR0
offer afirst-order experiencén emulating the natural environment and visualizing abstract ideas. As a result,
VR has been proven to be effective in increasing knowledge construction and, thus, enhancing the learning
outcome.

Many educational institions haveecentlyincorporated VR in classrootaaching particularly in the engineering
and science disciplines such as factory production proce3k fhemistry [4], electrical [5] and mechanical engineering
laboratories [6].Recent advances in sefirehardware interfacing have increased the level of the VE sophistication and
broadened the range of applications of VR to altbe/VE to interact with physical modeis real time For instanceHu
and Zeigler [7] developed an interface tréacllowfor direct interaction betweenrabotandthe VE. Richardson, et al [8]
incorporated the machine code in the virtual environment to simulate the microcontrollers interactively. Morris et al [9]
developed a physidsased simulation to model sound and fadgeamics in a virtual environment to train physicians for
temporal bone surgery. Fu et al [10] introduced risk models in the virtual environment for safe navigation training in the
three gorges reservoir area. In addition to those pro@ctourseorierted VEs, many educators and IT experts have
proposed proper frameworks and simulation tools to develop a distributed VE shared by multiple scH@jls [11

In order to investigatéhe effectiveness of using VR as aducationaktool, Mikropoulos and Nats
recently eviewed 53 research articles on educational virtual environmamsummarized their findings in [1]
in terms of educational context, characteristics and featuresadfVR, and the associated learning theory.
Abulrub et al [14] stressed @ative learning in an interactive and immersive virtual environment in which the
students can create and investigate design alternafivedly, Li ndgr en [ 15] used an exper
factory for saf ety trai ni npmprspectve ip a @irtual envitorartent loehefite gi n g

learning.
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The goal of this research is to develop a hardwatkehoop VR simulationsystem that can be used to
demonstrate the ocean wave energy harnessing pracdsbhe associated technologi®cean wags offer an
attractive green and renewable energy source and have generated considerable interest in research, development
and test in recent yearSor the purpose of this research, thever energy harnessimg performed by a heaving
buoy, which is conreed to apower takeoff deviceand a generator in order to convert the wave energy first
into mechanical energy and finally into electricity. Tihtegratedhybrid VR system developed to demonstrate
the wave energy conversion (WEC) procesmpriseshreemajor componentsA physicsbhasedoceanwave
simulation and waweuoy interaction software hardwaremechanisio convert the heaving buoy motion into
electricity, and a virtual environment to display the interaction betwleebuoy andthe waves. TheWEC
simulatorsends the buoy ntien signal simultaneously to both the hardware stand an¥fhso thatthe buoy
moves in synchronin real and virtual environment¥he challengdaced in this taskorresponds to achieving
a lock-stepped synchronizationmang the involved three platforms: physkiased simulation, virtual reality,
and hardwarenechanism

Drafted inthe early 2000s, Unity 3has beenisedsince as a crogslatformto create many new 3D
games and applications for mobile devices, desktop B the web. It is also suitable for creating menu
interfaces usingpuilt-in animation and coding scripts. In this project, Unity 3D is utilizedréate the VEbased
on the data provided by the physlased simulator. In Unity 3D, a game scene is ttcoaed to demonstrate
the working principle of the WEC proces., absorb the wave energy through the heaving motion of the buoy
and convert it into mechanical ener@# scriptsare usedprimarily to control every action in this game scene
from the sulight reflectionon the surface of the oceand the propagation of the waves to the motion of the
floating buoy At the beginning of each simulation, all the scripts used in the game scene are compiled and later
utilized to regulate the game object acling to the data input from the physisased simulator.

The paper is organized as follows: Sectgoresents the wav@ectrunmodelused in the Unity 3D to
generate ocean waves in Unity 3D. The same wave spedsrutilized to excite the floating buoyn the
physicsbased simulator. The equation ofotion of the heavingouoy that results from the wavesuoy
interaction and the equation of the corresponding energy absorptiater@red in SectiorB. The data flow
amongthe VR systenand theWEC hardwaremechanismis describedn Section4. A few examples are given
in Section5 to demonstrate theimulation of the wavenergy conversion processing the hybrid VR system
Conclusions and directions for improvement of the presented system are pres&attbirb.

1. MODELLING OF OCEAN WAVES

Considering the stochastic nature of ocean waves, the ocean free surface elevation can be described as
a random process; for design purposes it is often assumed that it is an ergodic random process, i.e., Its statistica
properties will not change with time and these properties can be deduced from a single, sufficiently long sample
of the process. Therefore, it can be modeled by a wave spectrum (polychromatic waves), which distributes the
wave energy over wave frequenapd direction. The spectral density can be computed by utilizing existing
parametric wave spectra, e.g., the JONSWAP (Joint North Sea Wave Project) spectrum [16], which is capable of
modeling both developing and fulljeveloped opesea conditions. In thisvork, the unified directional
spectrum, proposed in [17], is utilized in order to model the ocean waves. The spectrum is modeled considering
the contribution of both short and long widdven waves

YK kLB +B, (1)
whereS; is the wavenumber spectruknis the wavenumbeB, is the spectrum curvature for low frequencies,
and B,, is the spectrum curvature for high frequencies. The wavenumbefingedi@s a function of the wave

length Jd, £ cy ¥g . Assuming operadn in deep water, the relation between wavenumber and wave
frequency (dispersion relation) is defined as:

v =kiy (2)

with g being the acceleration of gravitg € 9.81 m/é). The spectrum curvature for low frequencies is
calculated using the following equation:

B =-( —0 ©)
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where®is the wave phase spead¥/k), & is the wave phase speed at the spectral peak frequénisythe
generalized PhillipKitaigorodskii equilibrium range parameter for long waves, @@ the longwave side
effect function. The parametér is computed using the following expression [18]:

a,=0.0 0A*°° (4)

where2 is theinverse wave age defined &="Y J®. Y is the wind speed at a height of 10 m from the
water surface. The following relationship is proposed in fétjveenthe fetchx, i.e., the distance over which

the wind blove with amost constant velocity?, and™Y
8 8

=@ VOAT B2 (5)
with & = 2 .%.2nAHisCesearchwe assume that tH&EC system is operating in fullfleveloped seas, thus,

with a typical fetch value of 150 km afd that can vary between 2 and 10 m/s, the corresponding valds of
are in the range [84, 1.11]. The longvave side effect function is calculated as:

&=0 /“N:éxpm—_ — P (6)

whereQ is the wavenumber at the spectral peak frequeicy,is the PiersoiMoskowitz shape spectrum [19],
andv is the JONSWAP peak enhancement factor [16] given by the following equations:

0 =exp-0— (7)

0= hs pXAEIMT ¥ pAT A& pg eI AEpdY¥Y v

®w Ap h migp T (8)

The spectrum curvature for high figgncies is calculated as:
B.=-® —O 9)

where ¢ is the generalized Phillipiitaigorodskii equilibrium range parameter for short wav@s,is the
minimum phase speed at the wavenumler associated with the gravityapillary peak in the curvature
spectrum, andO is the shorwave side effect function. Assuming th& = 370 rad/m [17], the = 0.23
m/s. The shortvave side effect function is calculates:

O=exp-0— p (20)

The equilibrium range parameter is calculated assuming a linear relation bebweem thefriction
velocity 6° at the water surface:

O =0 (11)
where the constanfh) i s s et e qt fallowing the dbsedalich(n [17] that this value compares

favorably with the frequency spectrum parameter values reported in [20]. The calculafioms gferformed
through the logaw equation for boundary layer flows

z

Yo=—ii— (12)
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with &= 10 m, the universal constant= 0.4, andx is the neassurface aerodynamic roughness length, which is
estimated from the following serampirical equation [21]:

a=0xPpm — — (13)

In order to demonstrate a more realistic ocean environment;lested seas, i.e., seas where the wave
propagation is not unidirectional relative to the wind direction, are also included in the wave simulation. This
can be accomplished by multiplying eq. (1) by a spreading function to obtain a directional spectrum. The latter
is the Fourier transform of the autovariance of the fresurface elevation, which is a real and even function
and, thus, the Fourier seriespaxision of the spreading function must contain only even harmonics. In this
researchthe spreading function proposed in [17] is utilized:

Who=—2p Y QAT @ (14)
where%ois the wave propagation direction relative to thedadirection and’ "Q is the coefficient of the second harmonic
of the truncated Fourier series expansion of the spreading functi€¥o , which is computed as:

8

. A c oA s z 8
2 0=0ATE 10— ™ O—0 — (15)

Therefore, by combining the omnidir@artal spectrum from eq. (1) and the spreading function from eq.
(14), we obtain the unified directional spectrum [17]:

i o = -0 ko OY Q (16)
The computation of the wave elevatiencfufd at the location of the buoy can be performetigh a

linear superposition ol discrete wave components, each with wavenuridemandM discrete values of the
angle%o , i.e., the angldetween the wave propagation direction and the wind dire#tign

s BT B h QYQY% OBT 0 QoAT% VodBd - 17

where- is a random phase angle uniformly distributed in [,&hd the anglé. can take values if", "].
The computation of the wave elevation can be facilitated by utilizing an inverse Fast Fourier Transform (FFT).
In order to apply the inverse FFT, eq. (17) is written in the following form:

—aufd B T, 0 @0 (18)
with,
@ EQYQY% AT QoA T% TQoOBd -
@ P QYOY% OEROAT% TQwOBd -

In the WEC simulations, we have used 256 componeni®fand%. , i.e.,N = 256 andVl = 256 with
Q in the range [0.04, 4] rad/m.

l"l. WAVE -BUOY INTERACTION A ND WAVE ENERGY ABSORPTION
The timedomain simulation of the wave energy conversion process using a hemispheriesiifinadirged) buoy
is described in this section. The incident wave exerts a force on the buoy. This force can be computed by utiliaohe) the m
for the shorcrested, irregular waves, eq. (16), to obtain the spectrum of the wave excitation force,

Y =801 s O (19)
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where"O] is the force transfer function, which facilitates the computation of the magnitude afrtieeper
unit input, i.e., wave force per unit wave amplitude. According to Faltinsen [22], the force transfer function for a
heaving spherical buoy can be written as:

07 — (20)

whereé 1 s the radiation damping coeffent, which for a hemispherical (halfibmerged) buoy can be
obtained from [23], and is the fluid density. The wave frequencyis obtained from the corresponding wave
number from eq. (2). By combining eqgs. (18§20) and usingn inverse FFT, the time series of the incident
wave excitation forcéO is obtained.

In addition to the force due to the incident wave, the powerdaéfk@echanism that converts the wave
energy into mechanical energy exerts a force on the,B@oy. In this work, we assume that this force is
modeled as a viscous (linear) damper:

O 6 86 30 (21)

where the damping coefficiedt is constant and equal to the radiation damping coefficient at the apectr
peak frequencyy) 1 , and- O is the vertical velocity of the buoY¥he heaving motion of the buoy results in

the production of waves radiated away from the buoy, which causes an additional force exerted on the buoy by
the fluid, theradiation force;O:

00 a B30 _ o t-10Qf (22)
whered Hb is the added mass of the buoy at infinite frequency, is the vertical acceleration of the buoy,

andll o is the radiation force kernel. For a hamyhemisphered H is equal to approximately half the mass
of the buoyd& [23]. The radiation force kernel is computed as:

o &a - 61 AT100Q (23)
The convolution integral in eq. (22) is computed numerically using dipezoidal rule. Finally, the net
force between buoyancy and weight of the buoy generated due to the displacetn@ftthe buoy from its
equilibrium position corresponds to the hydrostatic foi©e;

O 0 " "Q0- O (24)

whered is the crosssectional area of the buoy at the fieeface plane. For a floating buoy with a single
degree of freedom (heave), the rigid body equation of motion is [24]:

a -0 00 O 0 o O o (25)
Equation (25) comibed with eqgs. (21), (22), and (24) result in the following intedjfterential equation:
G a b-0 _ o t-1Qt 6 30 "™Mo6-0 O (26)

This equation is solved using & #rder RungeKutta solver with a fixed time step of 0.05s. The
average absorbed power oetime periodl can be calculated using the following equation:

0 - O 03000 27)

If the instantaneous absorbed power is measurbiddatcrete time intervals over a time periodthen
eg. (27) can be rewritten in the lfmlving form to compute its root mean squared value:

B O 6 @b B 8 o (28)

C2
=
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The physicsbased simulatoused in the VR system is based on the aforementioned equations for the
ocean waves and the walgoy interaction and it was develapén MATLAB ®. The wind speed can be
configured to create different settings of the ocean.

V. SOFTWARE INTEGRATION AND INTERFACE WITH WEC HARDWARE
MECHANISM
TheintegratedVR system waslevelopedaround the three main blocks showrFig. La The physics
baed simulator in MATLAE’, the game engine in Unity 3D, and the hardware controller in Lab\VIEW
Whereas Unity 3D helps to visualize the waves and the buoy in real time, LabVIEW is responsible for
controlling the hardware (stepper motor). These three bledkk in a decentralized mode and communicate
with each other as nodes in a netwdrke entire WEC system is showhig. 1.b.

MATLAB User Datagram Protocol
Physics-based Simulator

LabVIEW
Hardware Manipulator

A4

i i-i :[

User Datagram Protocol

N7
Unity3D |-
Visual Engine |

Figure 1.b The Wave Energy Converter

In order to capture the motion of the buoy frtie physicsbasedsimulator, the data in MATLAB is
streamed in a lock step synchronously to both UBiy and LabVIEW. Once the time step and other
simulation parameters have been selected, the simulation code in MATgexiRrates the motion profile tife
buoy at a single time inteal. The User Datagram ProtodtIDP) is then employed to transfer the buoy motion
profile at every time intervato the other two blocks: fle hardware controller to actuate IWEC mechanism
motor and the game engine to \atme the simulation. UDP is the networking protocol that grants the
applications direct access to the data transport seff@ real time synchronization is achieved by imposing
the MATLABE simulator to send budoylUnity 3pandthe hardwareand v e
controller at the interval of 0.1 second clock ti me.
equation, eq. (26) numerically.
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The simulation time used in the ODE solver is in general shorter than the reatiaieclOnce the
simulator finds the buoybds profile at 0.1 seconds,
second interval and then send out the data wirelessly. The Unity 3D spends its simulation time to generate
random wave pattesnand render their image. The duration of the simulation time for wave generation depends
on the size of the random numbers associated with wavenumber k_n, and the_amd@te wave generation
and while the rendering time depends on the grid size. The@ament number is set to be 256 for both
wavenumber and angle and the grid size is 300x300. The Unity 3D has-m lmailinter for clock time. The
wave patterns generated by its simulator will be updated at every 0.1 second interval of clock time.DUnity 3
will start rendering its image as soon as it receives the buoy profile data. The process will generate a
synchronized and smooth motion of waves and the buoy at 10 frames pet isett@nvirtual environment

LabVIEW® is the software responsible foontrolling the hardwareof the WEC mechanismia a G
Rio 9012 controllerIt was programmed to accept the data fitxaMATLAB © simulation codeand then use
this data to actuate the hardware in real tiffiee controller was programmed to listen to a-ptentified port in
the network at all timesn addition to the controllea WEC mechanism was built, as shown in Fig. 2, in order
to convert the mechanical energy into electricity and, thus, produce a hybrid WEC VR systeemhveitited
simulation capabiligs. When the datasent by MATLAB® through UDPhas arrived at the port, the-Rlo
immediately seizest. The buoy position data is stored in theR® memory first, and then is utilized to
calculate andransmitthe right signal to the motor controller teplicatethe heavingbuoy motion provided by
the simulation inMATLAB ®. Since LabVIEW requires at least 20 data points of the buoy motion profile
initially in order to calculate the contour that the stepper motor will follow, there is atitightag béweenthe
instant data is receivezhdthe instant th&VEC mechanisnstarts to move.

The WECmechanism consists of a crane, a magnetic rod, a coil, an LED board, and a spring at the top.
The crane, which is about 40 inches in height, was built to prokiElenbunting places and hold all the other
components in place, as shown in Fig. 3. While tiecB-long magnetic rod travels up and down in sync with
the buoy motion, the coil remains stationary. Thega8ge diameter coil collects the change in flux tedy
the moving magnetic rod and convelttto currentin orderto light the LED on the circuit board. The spring at
the top of the crane helps to hold the rod in place and allows it to move only in the desired difbetimotion
of the magnetic rois adjusted proportionally in the WEC mechanism so as to satisfy the limits of the power of
the motor and the distance of the rail so that the heaving motion of the buoy is faithfully replicated in the
hardware. For theelectedvind speed and wave patterselectedhn this study no such adjustment is needed as
the rail length can cover the vertical traveling distance of the buoy.

(1) - Crane Mechanism
(2) - Linear Spring

(3) - Amplified LED Circuit
(4) - Permanent Magnet
(5) - Copper Solenoid

(6) - Stepper Motor & Rail
(7) - Stepper Amplifier

(8) - DC Power Supply

(9) - C-Rio Controller

Figure 2. Overview of hardwarewgefor the WEC mechanism.

|

Figure 3. Details of the crane used in the WEC mechanism.
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V. DEMONSTRATION OF THE WAVE ENERGY CONVERSION PROCESS

In this section, four cases with different wind speeds, 2, 4, 6 and 8 m/s, respectively, are simulated in
order to demonstrate the working principle of the WEC process under various sea conditionsveT heofila
is generated in the physibssed simulator using the unified directional spectrum from eq.afi@assuming
that the aforementioned wind speedtsurat 10 m above the sea surface and are sustained over a fetch of 100
km; these conditions atgpical of fully-developed seas. A hastibmerged spherical buoy with radius of 1 m is
utilized in the simulations. As the wind speed increases, the average wave amplitude increases as shown in Fig.
4 ()i (d). The corresponding motion of the buoy is atémwn in these figures. The amplification of the
motion of a WEC device is achieved when it operates atnesanance conditions. A necessary condition for
that is the buoy velocity be in phase with the wave excitation [25]. In regular waves, thisazndwed when
the damping of the powdakeoff (PTO) mechanism is equal to the radiation damping of the wave frequency
[26]. When the WEC device is operating in irregular waves, the control of the buoy motion is typically
performed by adjusting the dampgi of the powetakeoff (PTO) mechanism either in a pseuctntinuous
manner or via discrete control, e.g., latching [27]. In the current simulations, a simpler passigtapproach
is employed: the damping of the PTO mechanism is preset to matcddihton damping at the peak spectral
frequency. Even though in this way the energy absorption in irregular waves is suboptimal, it still suffices to
demonstrate the WEC process, without the requirement for prediction of the wave exi@&ition

Wave and Buoy Profile

‘Wave and Buoy Profile
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Wave and Buay Profile

Wave and Buoy Profile

Ammip.
Amp

(dyv=8m/s

(c)v=6m/s
Figure 4. Buoy motion and wave profile (in meters) at different wind speeds.

Next, theocean waves are captured in the U3y game scene, to show the working process of the
wave energy conversioifhe wind speeds in this virtual environment feature diffecetan conditions from
calm and glassy to rough seas as shown ing@)i (d). As already mentioned, the WEC converts the heaving
motion of the buoy to electric current. The time series of the electric current is collected using the WEC
mechanism showim Fig. 2 for each of the four cases. The corresponding power spectrum profiles collected
from the WEC mechanism are plotted in Fég(a) i (d). It can be easily observed that there is no dominant
frequency at which the electric current is generated.robemean squared electrical power can be calculated
as:

(29)

C2
¢
|
o8}
s }
o
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Apparently, while the difference in power between the 2 and 4 m/s wind speedscasesignificant, the two
latter cases show an increase of 22.3% and 46r28pectively, compared to the 2 m/s wind speed case. The theoretical
value of the root mean squared absorbed mechanical power of the buoy, i.e., neglecting friction and peffer take
mechanism losses, obtained from eq. (28) and the corresponding elgxiner for each of the four cases are presented in
Fig. 7. This ratio is indicative of the WEC absorption efficiency. Even though the amount of absorbed power is greater at
higher wind speeds, the efficiency drops mainly as a result of available hatuweatons, i.e., thdimited useful range of
change in magnetic fluaf the utilized coil shown in Fig. 2.

(a)v=2m/s (b)v=4m/s

(c)v=6m/s (d)v=8m/s
Figure 5. Ocean surface in Unity3D at different wind speeds.

VI. CONCLUSIONS AND DIRECTIONS FOR FUTURE RESEARCH

The development of aybrid virtual reality (VR) software that simulates the wave energy conversion (WEC)
process of a heavirguoyis described in this articl&his VR system comprises three main function blocks: a phississed
simulator in MATLAB®, a game studio in Unity 3D, and a haede manipulator in LabVIE® The VR software is also
combined with a WEC mechanism in order to demonstrate the conversion of mechanical energy into electricity. The
software was tested and validated in irregular seas. The absorbed wave energy wasdcaledlghe efficiency of the
conversion process was quantified. The experiments demonstrated that the developed VR system can be utilized as both a
research and an educational tool. Furthermore, the versatility of the employed wave spectrum regarbaglithg of
irregular waves and the modularity of the VR system tools allow for easy implementation of a wide range of WEC
simulation scenarios.

A number of improvements that would enhance the effectiveness aifythiel VR WEC simulation
system are cuently considered. First, as already mentioned, the utilization of a passive control strategy for the
heaving buoy motion is far from optimal, thus, a more effective control method will be implemented in the near
future. In addition to this, the utilizatioof an electromagnetic coil that would allow for increased conversion
efficiency and easier manipulation of the amount of generated electricity is currently under way. Finally, the
code developed for the VR system will be optimized in order to minimizértfeelag in the communication
between its three function blocks.
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