Design of aLinear Electrical Machinefor a Wave Generation System in the M altese Waters
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Abstract

This research concerns the design of an electmealhine that shall be implemented on a wave enevgyerter
(WEC). Analysis of the available wave data and rogation of the WEC were carried out so as to desigp
optimum system that will interact efficiently withe conditions of the selected location. The elegtmodel was
designed for wave heights and periods that yielthedmaximum power throughout the year. The initiaite
element simulations were undertaken on the dedigndepole tubular permanent magnet (PM) lineaickyonous
machine. The performance of the system was optirigea wave height and period of 3 meters anddorss,
respectively. The capacity of the linear generatas set at 15kVA and the dimensions of the WEGCaiitg point
absorber) were determined accordingly through th@ieation of a simplified model for predicting tre®upled
dynamic response of the absorber and the lineagrgtor. It was necessary that the machine givesasonable
performan+ce when operating under the slower angt m@mmon waves. Thus an 8-pole and a 16-pole aubul
linear PM machine were also simulated and theifoperance was compared. Through this analysis thpol®
design resulted in the best performance, espedallyw speeds. Simulations were initially compaaefixed speed
but were later simulated with variable speed caonlit so as to represent more accurately the waweton and
monitor the power generator performance at varikdadings.

1. Introduction

Utilisation of renewable resources of energy isstantly becoming a necessity in the power generatidustry.
This led to the design of new concepts while imprgwhose which are already in operation. Wave gnés one
important source of renewable energy for small toes like Malta which have severe spatial restiitd onshore
due to a high population density but on the ottarthhave a large accessibility to the coastline.

The design of a wave energy converter is drivethigyneed to achieve efficient operation in the ll@caditions.
Thus analysis of the actual wave power data waisngonrtant step in the machine design optimizatioocess. In
the present study, wave data was gathered throwsgtuimentation located on a floating buoy that esashored at a
selected location in Maltese waters. Analsyis of theasurement data confirmed that wave conditiors a
characterized by low frequency waves with relagivemall amplitudes. This indicated that a point caber
converter would be a suitable concept[1]. The stadgsidered a point absorber converter coupled lioear
electrical generator as a power take-off systermetoerate electricity from vertical oscillations ianged by wave
motion.

Different linear machine configurations were invgated, the ultimate aim being that of maximisihg amount of
power extracted at relatively low speeds as thecgsdl locations. A design concept involving a tedthubular
linear machine was selected. The latter was dedigiith a fixed armature and a moving magnetic fedos. The
linear generator design was optimised through sitiarls that were carried out in ANSYS Maxwell[2]N8YS
Maxwell is a finite element modelling software ftihe design and analysis of electromagnetic fieldd a
electromechanical devices. Further simulations vedése carried out on ANSYS Simplorer [3]so as tonitar the
electrical characteristics of the machine.



2. Analysisof Local Wave Power Data

Wave monitoring at the location chosen for impletagan was an important step in the system’s dedigita was
gathered through wave measuring instrumenclosed in a floating buanchored on the North West sideGozo
(the most northern island of the Maltese Isla close to 2km away from lanat a depth of 200m. Due to
rounded shape, the direction of the wave front doasinfluence the buoy's moti and the buoy oscillated
vertically on the wave's surfacEhe location selected is far away from land or atiher floating structure. Thithe
effects of diffraction, reflection and radiatiorstdting from coastal features or other buoyantcstmes could b
assumed to by minimal.

The wave data was collectedery 30 minutes and spanned over a year fromegabing of October 2011 till t
end of September 2012The measurements and subsequent analysis were ateddty the International
Oceanographic Institute of the University of M. The analysis showlethat the lowest wave heights were at
10cm and had a correspondipgriod of 2.26s. As expected, an increase in waughh brings with it an increase
wave period and the buoy even experienced an egtiebm waves with a period of 8.9s. The mommon waves
at the wave buoy station had a time period betvgeand 3.5 seconds and a wave height that variesebat0.2 an
0.4 meters. Further calculations also sed a peak vertical velocity fdhe recorded wavein the range 0.14m/s
and 2.65m/s. Hoewer power is higher for waves with larger wavegh&s and periods arconsequently waves with
a lower frequency of occurenomay result in a largequantity of energy beingenerated over a period of time. Tt
to examine which waves are in possessicthe highest energy potential throughout the yeanendata was als
analysed in terms of its probability of occurreiacross the recorded period. Figurshbws that the most comm
waves did not result in the highest po distributed throughout the recorded year. Theseutations show that tt
waves which yielded most energy over the reed year have a period between 5.5 and 6 secondaye heigh
varying between 2.8 and 3 meters arpeak vertical velocity reaching 1.57m/s.
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Figure 1. Number of wave occurrences i power potential distributions efaves in a year for different wa
heightH¢,(m) and zero up-crossing peridg(s)

3. Dynamic Modelling of the WEC

The aim of this project was to develop the desiga knear electrical generator for a direct did&C system. Du
to the wide range of wave speeadghe selected locatiothe linear generator beiqpgopose was coupled to a point
absorber convertePoint absorbers are floating devices that can eitleeserr-submerged or ful-submerged.
These converters are anchored to the seakd operate by varying their displacement from themlevel of the
water's surface with every cresttoough[4].

The dynamic response of a point absorber systemoidelled by a simple me-sprinc-damper-system having a
singledegree of freedom. The system consis a floating buoy coupletb a PTO syste as shown in Figure 2. The
proposed design concept includedineargeneratorwhich is modelled by a damper and anchored to dadex
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through additional retracting mechanical springsege springs are used so as to maintain the libkele@ the
floating buoy and the translator in tension.

In the present analysis a single floating mass asssimed to be anchored to the sea bed through asiStém.
During the analysis it was also assumed that the&CWéEsubjected to single frequency waves and tiaflbating
mass is allowed to move only in heave mode. Thiy thie vertical components of the forces actingtum system
were considered. It was also assumed that the waeplitudes and motions are relatively small far governing
equations to work out. Using these assumptionsebigonse may then be also analysed in the frequomgin [5].
In practice there will exist both vertical and fmmtal components which require a more complex meichal
system model. It was also assumed that the budybeilarge enough to be able to pull the transisteeight
upwards and will be continuously floating at the seater surface, unless the wave height is beyoadfiowable
displacement of the linear generator.
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Figure 2: Point absorber model with the linear generatoresgnted by a damper

With these assumptions in mind the linear genenats therefore assumed to follow a vertical motibime linear
machine design shall thus be based on a sinuse@la motion with a maximum vertical velocity of Trb/s for
the 3m and 6s waves selected. Following this arsaly® final generator design shall also be tefted/ariable
speed conditions.

The heaving force of the incident wafjecan be represented as [5]

fa= (m+ ma)jé + (bhyd + Dpto)x + (Kpto + Png)x D

wherem is the mass of floating buoy, is the hydrodynamic coefficient of added massateicfor the effect of
the inertia of the water on the floatéy,,, is the hydrodynamic damping coefficient to accdiantthe damping of
the floating buoy when energy is transferred thtotige radiated waved),, is the damping coefficient of the
linear damperk,,, is the linear spring stiffness constaig; the sea water density, is the acceleration due to

gravity;4, is the cross sectional area of the floater andl andiare the position, the vertical speed and vertical
acceleration of the buoy.

Equation (1) shows that the behaviour of a heayioigt absorber converter can be modelled by a skcoder
expression. Such systems achieve their optimunopednce when operating at the resonant frequencyhe
natural frequency of the complete WEC is equal to:

,Dng + Kpto
— (229 "pto 2
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Equation (1) may be expressed in the s-domainring®fX, (s) as

Fa

X,(s) =
° s?2(m+my) + s(bhyd + Dpto) + (Kpm + pgAO)

(©)

The energy absorbed by the PTO system is mainlytatiee damping component. The stiffness of the By&em
K,:, does not contribute to the effective power absiitne the electrical machine. This leads to a timeraged
power absorbed of:
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Thus Equation (4) shows that the power is dependilemhotion’s frequency and the maximum displacemexy.
Besides that, in [5], the author also shows thatfaximum power absorption, apart from operatinthatresonant
frequencyw,, the hydrodynamic constahy,, needs to be equal to the PTO damiyg,.

The dynamic response of a WEC system was analgseéetail and optimisation of the floating buoy veasried out

in WAMIT; a commercial code to simulate hydrodynanidads on offshore structures, not only WECs. This
analysis was possible through the invaluable supgothe research institute in WavEC Offshore Real@es in
Portugal. Simulations were carried out on a 1m 4mddraft buoys, which were expected to reach ttesionance
frequency at 2rad/s (3.1s wave) and 1.5rad/s (#2&) respectively. The shorter buoys were ablbsorb power
from slower moving waves but a larger range of vgawvas absorbed by the 1m draft buoy.

In[5], Falcdo shows that for maximum power absompthe damping of the floating system needs tocheleto the
damping created by the linear machine. The lattes valculated using the machine’s force and vel@atameters
and a 2m radius buoy with a draft of 1m was setkdtevas also required to ensure that the seldmtieg will float

when selecting the mass required for correct ojgeratith the PTO system at 1.05rad/s. Since a aiusawould

not be able to accommodate the mass calculatenh edius buoy was considered. Consequently thigmidoy

obtained a larger hydrodynamic damping effect ttizat obtained for the linear generator. Thus thecéfof

different values of PTO damping of the 4m radiusybwas analysed through the equation of motiogoltld be

noted that for low values of PTO damping the pesponse is closer to 2rad/s however a system vwgtiehvalues
of PTO damping exhibit a wider-banded wave enetggogotion characteristic which allow for correcteagtion

even with the linear generator selected. More Betai the above results can be found in [6].

4. Linear Generator Design

The tubular linear permanent magnet (PM) synchrermmoachine model was initially based on a desigonted in
[7] with a fixed armature and a moving magnetim$tator. Ring magnets magnetized parallel to thectlon of
motion were mounted in alternating directions onalrminium shaft to form the translator. Ring phasedings
make up the stator of the tubular design and actosed in steel covers and separated by aluminiogs ras in
Figure 3 and Figure 4.
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Figure 3: 3D view of the 16-pole tubular linear machine



Simulations were carried out in ANSYS Maxwell. Tim@del was initially simulated through the Transisalver

and later coupled to the electrical loading cimguith Simplorer. In Simplorer the model is couplad a star
connected resistive load of Q2per phase and the machine is operated at a sgeedom/s. The simulation
schematic is shown in Figure 5.
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Figure4: Sectional view of the 16-pole tubular linear maehi

Initial simulations were carried out on a 4-polefiguration to optimise a 15kVA machine at 1.57nkswever the
electrical outputs of this machine at the requispdeds had a very low electrical frequency andrg distorted
output. Thus simulations on models with shorterch®d translators were carried out. To keep the ld-po
configuration the width of each armature segmerns veluced with a similar factor and in order to mtein a
similar performance the total number of windingnkiper phase must remain constant. Consequentbotlseneed
to be thinner for shorter pitched machines, bugiério fit in the same number of coils.
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Figure5: Maxwell model block coupled to the electrical compnots in Simplorer

Thus the number of turns per coils was subdivied different stator segments so as to model am8-a 16-pole
linear machine which are equivalent to the 4-pasigh. Attention was given to the saturation levelthe stator
which led to the modification of the stator te€fhus the teeth are modelled with a semi-open cardigpn so as to
allow the flux lines to flow through a wider pathcareduce the saturation stresses on the teetls.edge

Simulations comparing the different configuratiosisowed that the translator of the larger pole cuméition
exerted a smoother force and managed to achiewmatler voltage with an increase in the electri@juency for
the same velocity of 1.57m/s, as shown in Figure 6.

It was also important to analyse how the linearegator would perform at variable speed conditiofsus a
sinusoidal velocity input was prescribed to the eiddock in Figure 5 with a peak velocity of 1.5%ahd a period
of 6s (the period of the selected waves for whighlinear generator is being designed). Under thesditions the



translator will move a peak to peak distance of Bor.a continuous output from all the coils on skegor the length
of the translator needs to be longer than the sutheodistance that the translator will move anel lgngth of the
stator. Thus the PM machine was designed withreskator of 4m length for a stator of 0.7m lengtll @m outer
radius of 0.9m. However since there exists theipibisg that the wave displacement can even exdb&llength, a
mechanical braking system needs to be incorpoiatéde WEC to limit its oscillations when the buisyhit by
large wave heights. Waves recorded with a displaceriose to 3.5m had a peak velocity of 1.83m/s.
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Figure 6: The force exerted on the translator of the 4-18-,pole machines

Energy in larger waves can also be absorbed ifigdptranslator is used. Slower conditions were alwlysed and
the speed of 0.359m/s was selected to represer@swaith a period of 3.4s and a maximum wave heiit.6m.
This condition was selected based on the most comtyee of waves recorded. Simulations of the thieear
machines were carried out with maximum speeds 88ri/s (the highest speed allowed by the 4m tramslat

system) and 0.359m/s (speed of the most commonsjave
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Figure 7: Performance of the 16-pole machine with variabksesp peak velocities of 0.359m/s, 1.57m/s and
1.83m/s respectively

The variable speed scenarios highlight the impegast having a high number of poles, especiallglaiv speed
conditions. Had there been less poles the sinuissidge wave would have been lost due to the sppl¢he force
waveform. When the input velocity was represensiuyver, but the most common waves, a significaffeidince
was clearly visible between the performances ofittear machines.



The variable speed conditions have a direct effecthe generator's electrical outputs and on theefomn the
translator. Even though the direction of the foceontinuously changing the machine is constaintlgenerating
mode as the direction of the velocity is always agpg that of the force. Through this analysis opald also
notice that the ripple in the force is lower forehmes with a larger number of poles especiallyia speeds. The
voltages induced at slow speeds in the 4-pole machill have a larger harmonic content than thduaed in the
16-pole machine. The frequency of the electricapots are higher as there are more complete cytlere wave
cycle in the 16-pole machine. This results in aatimer current flowing through the windings and asther output
force from the 16-pole machine. These slow speepesent the most common waves thus a smootheutowilp
increase the efficiency of the linear machine des®mulation result show that at 1.57m/s the-1& poachine
would be 90% efficient.

For comparative reasons the double sided flat edgriv of the 16-pole machine was also simulatea model
resulted with a lower flux density in the air gapem compared to the tubular equivalent. A loweugsd voltage
was obtained and consequently a lower currenthi@isame input velocity and resistive loading. Ferrtietails can
be found in [6].

5. Conclusionsand Further Work

Through this analysis it was therefore concludeat the 16-pole machine would be more suitable & dlven
application. The selected machine resulted to lzalmver force ripple on the moving translator. Rertmore this
machine design was also found to offer superiofoperance at slow speeds due to its higher outgugfuiency. The
higher the frequency the less rippled the outpatl $ie. However it was not possible to lower thegfrency further
due to constraints related to the dimensionindnefrhechanical system.

The analysis presented in this paper was mainlyded on the design of the electromechanical liRdamachine.
Testing of the performance of the linear machins warried out by operating the linear generatorgdetgether
with a 3-phase resistive load bank. Further testargalso be carried out on the effects of norglities introduced
when connecting such a machine to the rectificadtage of a grid-connected inverter.
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