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On the Study of WEC Prototype Advancement with Consideration 

of Real-Time Life Extending Control 

1 INTRODUCTION 

Renewable energy is becoming an increasingly significant topic 

worldwide. Increasing global pollution, rising oil costs, and rapid depletion of 

natural resources are making research for sustainable, renewable energy 

alternatives of utmost importance [1]. For over twelve years, Oregon State 

University has been one of the leading research universities in the United States 

for exploring ocean wave energy as a viable option. OSU has accompanied this 

research with the development of many prototypes in the on-campus WESRF 

(Wallace Energy and Renewables Facility) laboratory.   

Over the years, it has become apparent that the Oregon Coast has great 

potential for energy production. However, this great potential comes with large 

survivability and maintenance issues. Thus, understanding and addressing these 

issues will be of key importance in ensuring the success of this renewable 

industry [1]. As described in [2] – [3], the projected cost of operations and 

maintenance with offshore renewable devices can be quite large. O & M 

(operations and maintenance) expenditures can range from 10% - 20% of the total 

energy production cost for an average wind farm, and up to 75% - 90% of initial 

investment costs (based on a 20 year life cycle for a 100 MW wind farm in North 

America with 600 turbines) [2]. The unending cycling of the drive train, caustic 

ocean environment, coastal storms, loss of revenue due to long periods of 
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machine downtime, environmental concerns, safety issues concerning technicians 

maintaining the WEC during operation, and so forth, all add to the maintenance 

and operation costs of the average wave energy converter. 

Further complicating the issues that come from the harsh environment is 

the fact that certain control approaches could increase operation and maintenance 

costs. For example, latching control mode sets the actuator in a fixed location 

until the force is at its peak and then releases it to achieve maximum generator 

velocity [4]. For certain power extraction methods this can be very effective, but 

unfortunately this also puts a significant amount of stress on the gearbox and 

drive train bearings (as they operate with max to zero velocity with forwards and 

reverse directionality every cycle, not to mention all of the high impact forces) 

[1]. As illustrated by this point, WEC control algorithms need to take electrical 

and mechanical optimization into consideration when being developed—

otherwise known as LEC (Life Extending Control). 

With this proposition in mind, this study endeavors to test the relevancy of 

Life Extending Control algorithms in the WEC industry as a remedy to the 

difficult maintenance and survivability issues mentioned above. The main 

question put forth in this study is whether extracting the most amount of power 

from a WEC at any given point in time is truly the most effective control strategy 

(given the extremely high O & M costs), or if extending the fatigue life of the 

drive train and shedding some power would actually be a more beneficial control 
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scheme in the long run. This work strives to answer this important question based 

on a real-world case study of the Columbia Power Technologies 1:15 scale 

prototype. 
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2 WEC PROTOTYPE ADVANCEMENT 

2.1 Introduction 

For many nations across the globe, ocean wave energy has the potential to 

be a very great contributor to ever-growing power needs.  OSU has been 

developing many different styles and types of scaled WECs for the past decade to 

help advance the wave energy field and create a better awareness of the 

significant ocean energy potential. The next few sections detail the prototypes 

developed over the past four years to the present time, by the WESRF design 

team in collaboration with Columbia Power Technologies.  

2.2 SeaBeav I 

The SeaBeav I was designed, built, and tested in the spring of 2007 

through the fall of 2007. The main idea behind this prototype was to develop a 

novel linear direct drive wave energy converter that had the least amount of 

energy conversion stages and moving parts possible, yet still produced a 

significant amount of energy from the waves. 

2.2.1 Design 

The power take-off system, floating body design, and mooring for the 

SeaBeav I were all engineered concurrently to ensure that all systems worked 
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together as efficiently as possible. For this design, efficiency of the prototype was 

measured in terms of the overall cost of the system and the power extraction 

efficiency [5]. Fig. 2.1 shows the basic design of the generator inside the buoy. 

 

 
Fig. 2.1. A basic drawing of the linear generator of the SeaBeav I (image from 

[5]). 

 

 

The basic idea was that as the ocean waves moved the float (the outer 

cylinder) up and down in the vertical direction, the motion between the float and 

spar (the inner cylinder) would create electricity by moving the permanent 

magnets in the float past the electrical coils in the spar. Then the power take-off 

cable would transport the generated electricity to shore via an underwater sea 

cable to the nearest substation.  The tubular linear permanent magnet generator 

was designed by the WESRF team specifically for this prototype. Fig. 2.2 shows a 

3D SolidWorks rendering of the buoy, with added detail on the main system 

compartments. 

 



6 

 

 

 
Fig. 2.2. A SolidWorks 3D drawing of the SeaBeav I with component detail 

(image adapted from [5]). 

 

 

In regards to the mooring system, the SeaBeav I was designed using a 

tensioned moored spar to help keep it somewhat rigid as the float moved up and 

down with the oncoming waves. It also limited the watch circle of the buoy which 

would allow for tighter spacing in an array of devices [5]. 

The following figures show some of the overall dimensions, custom 

mechanical design, and general layout of the SeaBeav I. SolidWorks was used for 

all of the 3D mechanical design and 2D prints packages that were given to the 
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contractors to help build the prototype. As seen in Fig. 2.3, this was a fairly large 

prototype, with the spar being about 10.5 feet tall and the float being about 5 feet 

in diameter. 

 

 
Fig. 2.3. A SolidWorks general layout of the SeaBeav I. 

 

 

Fig. 2.4 is a detailed view of what was called ―the magnet compartment‖ 

(later called the ―magnet section‖) and is still in use today on a later prototype. 

This assembly resided inside the float and was an extremely challenging part of 

the generator design, and was actually built in the WESRF laboratory. The team 

had to devise a way to properly align over 1000 of the back iron laminations in a 
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cylindrical pattern (seen in  Fig. 2.5) with around 50 thousandths of an inch of 

tolerance of cylindricity for the inside diameter. Then the 960 neodymium 

magnets  had to be placed around the inside diameter of the iron-lamination lined 

tube without injuring anyone. They were held in place by hand tightened set 

screws (shown in Fig. 2.5), while alternating the poles all the way down the linear 

tube. Once all four quarter-rounds of the tube were built, they were brought 

together with a large wooden jig and glued in place to form one large 4 foot tall 

―magnetic tube‖ for the generator. Needless to say, it was an engineering feat for 

the WESRF laboratory and design team, and resulted in the author‘s first patent 

for the novel mechanical design and functionality of the magnet retention system.  

Fig. 2.6 shows the general arrangement of the spar assembly, detailing the 

top and bottom fiberglass tubes that compressed the center armature section of the 

generator. This was also built in the WESRF laboratory with hundreds of iron 

laminations and fraction pole pitch copper windings.  
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Fig. 2.4. A SolidWorks general arrangement of the magnet compartment. 

 

   
Fig. 2.5. A SolidWorks drawing of the magnet compartment retainer (left side) 

and lamination detail (right side). 
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Fig. 2.6. A SolidWorks general layout of the spar assembly. 

 

2.2.2 Build 

Construction of the SeaBeav I was completed during the summer of 2007. 

The structural components were built by Plasti-Fab Inc., a structural fiberglass 

manufacturer in Tualatin, Oregon, seen in Fig. 2.7. As mentioned above, the 

magnet section and armature section were built in the WESRF laboratory. 

Pictures during the manufacturing process are seen in Fig. 2.8. 
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Fig. 2.7. Pictures of the construction of the float at Plasti-Fab. 

 

 

 
Fig. 2.8. (top left) Pictures of the magnet compartment quarter-round; (top right) 

completed generator armature; (bottom left) spar armature assembly; (bottom 

right) magnet compartment removed from the float (images adapted from [5]). 
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2.2.3 Testing 

The installation and testing of the SeaBeav I wave energy converter were 

completed between August and October of 2007. Testing took place on the pier at 

the Hatfield Marine Science Center and in Yaquina Bay, followed by testing in 

the open ocean. During the bay testing (shown in Fig. 2.9), a large dockside crane 

was used to move the spar and 1 kW of power was generated with a 0.5 m/s 

velocity [5]. 

 

 

     
Fig. 2.9. A picture of testing the SeaBeav I on the pier at the Hatfield Marine 

Science Center with a large dockside crane. 
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However, during the actual open ocean testing (shown in Fig. 2.10), there 

was no visible motion between the float and the spar, and thus no power was 

generated in open seas. It was later determined that this was most likely caused by 

several issues. First, the bearing strips had not been mounted correctly to the 

outside of the spar walls (that had a very tight cylindricity tolerance), which 

created binding between the two bodies. Second, some of the magnets inside the 

magnet compartment started to expand due to a leak of salt water into the float, 

which also added to the binding problem. Lastly, there were issues with the 

damper plate not being big enough to keep the spar stationary, which would have 

allowed the float to move relative to the spar (instead of both bodies moving 

together).  

 

 
Fig. 2.10. A picture of open ocean testing with the SeaBeav I. 
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2.2.4 Results 

The SeaBeav I was a very challenging but rewarding project that, in the 

end, turned out to be a great success. The main highlights are as follows: 

 The nation‘s first linear direct drive ocean wave generator was built and 

successfully tested off the coast of Newport 

 WESRF researchers gained much valuable ocean going experience from 

the ocean testing 

 WEC testing procedures for future deployments were greatly improved 

and valuable data was gathered regarding the reaction plate and linear 

bearings 

2.3 Rack & Pinion and Traction Wheel 

The next wave energy project taken on by the WESRF design team was 

from winter to spring term of 2008. It was called the Navy Plus Up project, 

because each research assistant was given the task of creating or finding the best 

100 kW WEC power take-off system. Specific design goals were given for the 

100 kW prototypes which reflected the criteria used for the final down-select 

process. The primary goals included the following: 

 Reliability 

 Cost 

 Maintainability 
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 Performance 

 Survivability 

 In order to make a sound comparison between the final designs, they were 

all developed to a similar level of completeness (without the float and mooring 

system included). After the designs were agreed upon for each research assistant, 

100 W prototypes were built, based on the 100 kW full scale designs, and tested 

on the lab‘s LTB (Linear Test Bed); the resulting data was presented to the rest of 

the research team. In the end, the models chosen and tested by the author were the 

Rack & Pinion and Traction Wheel designs, and therefore the following sections 

will detail the findings of each.  

2.3.1 Design 

The Rack & Pinion was chosen as one of the best linear to rotary drive 

converter mechanisms, largely because of three main concepts. First, it is a very 

mature mechanical technology that has been used for many years to convert linear 

power to rotary power and vice versa. From small automated linear actuators to 

medium sized steering wheel transfer mechanisms to very large Oil Rig 

applications, this technology continues to prove itself reliable. Second, compared 

to other linear to rotary mechanisms, the Rack & Pinion is designed to be able to 

deliver high levels of efficiencies with very large load capabilities, while still 

maintaining impressive life expectancies. Third, the overall system complexity 
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level is relatively low. The core of the mechanism is made from the simple 

meshing of two gears—a long toothed bar of steel (called the Rack) and a circular 

toothed plate of steel (called the Pinion).  

For the Traction Wheel, the three main highlights are as follows. First, it is 

mechanically very simple to assemble and maintain. Since it relies heavily on 

spring and frictional forces, there are no tight tolerances to hold and therefore no 

expensive machining and assembly costs. Second, it is also a mature technology 

that has been used for many years on automobiles, forklifts, and other similar 

machinery. Third, compared to other linear to rotary mechanisms, the Traction 

Wheel is designed to be able to deliver reasonable levels of efficiencies with very 

large load capabilities, while still maintaining impressive life expectancies. 

Finally, the overall system complexity (like the Rack & Pinion) is relatively low. 

The core of the mechanism is just a cast iron wheel wrapped with polyurethane, 

rolling on a somewhat high traction surface.  

In answer to the question of how to practically implement these two 

mechanisms into a full scale wave energy converter, the main idea was based 

around the concept of a point absorber (much like the SeaBeav I), where two 

concentric cylinders would move relatively to each other. The outer cylinder 

(known as the ―float‖) would be very buoyant and sit on top of the ocean surface 

like a standard buoy would. The inner cylinder (known as the ―spar‖) would 

reside inside the float and would be anchored to the bottom of the ocean floor. 



17 

 

Connected to the inside of the top of the float would be a long connecting rod 

attached to the top of the rack or traction plate (used for the Traction Wheel), 

housed inside the spar. Fig. 2.11 shows a conceptual drawing of a full scale 100 

kW WEC with a Rack & Pinion drive mechanism (a full scale Traction Wheel 

design would be very similar). 

 

 
Fig. 2.11. A SolidWorks conceptual drawing of a full scale 100 kW WEC with a 

Rack & Pinion drive mechanism. 

 

 

Essentially, as the float would move up and down with the ocean waves, it 

would drive the connecting rod up and down (shown in Fig. 2.11), which would 

in turn drive the Rack & Pinion or Traction Wheel. Then, as the pinion or 

Traction Wheel would oscillate, the main drive shaft would rotate the generator 

back and forth to create electricity. From there, the power from the generator 

would travel out of the spar via a large transmission cable to the bottom of the 
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ocean floor and be routed to a central junction box in the middle of the WEC 

farm. 

2.3.2 Build 

The 100 W prototype (100 W average and 200 W peak) build began with 

creating 2D drawings of all the 3D SolidWorks parts and sending them off to 

machine shops to be fabricated.  The pillow block bearings, driveshaft, Traction 

Wheel, and couplings were ordered from McMaster-Carr.  The 15:1 planetary 

gearbox was purchased from Alpha Gear Drives and the Rack & Pinion were 

purchased from Linn Gear.  In regards to the custom designed components, the 

frame was manufactured by Katon Precision Machining (a local machine shop), 

and the Traction Plate, the sliding plate (the plate which the rack and Traction 

Plate were mounted to), brackets, and UHMW linear guides were machined by 

undergraduate students at Clackamas Community College.  

For the 100 W prototype build, since the Rack & Pinion and Traction 

Wheel were very similar to each other in design, it was decided to create them 

both using the same backplane and drive train (i.e. gearbox, couplings, torque 

transducer, and generator). Fig. 2.12 shows a SolidWorks drawing of the 100W 

Rack & Pinion drive mechanism with the shared backplane and drive train. 
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Fig. 2.12. A SolidWorks drawing of the Rack and Pinion 100 W prototype, with 

details of the different components. 

 

 

Fig. 2.13 shows a SolidWorks drawing of the 100 W Traction Wheel drive 

mechanism with the shared backplane and drive train (as seen in Fig. 2.12). 

 

 
Fig. 2.13. A SolidWorks drawing of the Traction Wheel 100 W prototype, 

detailing the Traction Wheel and Traction Plate. 
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Once all the parts were procured, the prototype was assembled in the ECE 

Machine Shop with the help of Manfred Dittrich, the resident ECE machinist. 

Then the prototype was mounted to the LTB and prepared for testing. Fig. 2.14 

and Fig. 2.15 show pictures of the final assembly in the WESRF laboratory. 

 

     
Fig. 2.14. (left) A close up picture of the Traction Wheel assembly and (right) a 

picture of the Rack & Pinion assembly. 

 

 
Fig. 2.15. A picture of the author and CCC students with the 100 W Rack & 

Pinion final build in the WESRF LTB. 
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2.3.3 Testing 

Overall, the 100 W Rack & Pinion and Traction Wheel testing went very 

well. Efficiencies were close to expected theoretical values, thousands of data 

points were collected at different velocities and loads, and there were no major 

mechanical or electrical failures. 

In regards to the Rack & Pinion, probably the most interesting point to 

note was that the drive efficiency greatly increased as the load increased. This was 

most likely because the initial losses in the individual drive components stayed 

almost constant as the load increased. As seen in Fig. 2.16, when the pinion was 

running at about 0.2 m/s, it lost approximately 4.4 W with a 125 N load. At the 

same speed, it lost only 5.6 W with a 375 N load. Even when the load was around 

0 N from the LTB, the mechanical losses were around 4 W. 

 

 
Fig. 2.16. A plot of Rack & Pinion mechanical power loss versus load on the LTB 

during prototype testing. 
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The resulting data for the Traction Wheel were similar to the Rack & 

Pinion (shown in Fig. 2.17), but different in that it had a higher initial loss and a 

much larger slope of power loss versus force. However, this was somewhat 

expected from the friction-based drive mechanism and the rolling resistance of the 

polyurethane wheel.  

 

 
Fig. 2.17. A plot of the Traction Wheel mechanical power loss versus load on the 

LTB during prototype testing. 

 

2.3.4 Results 

From the testing data, both designs had many positives and a few negative 

results. The positives for the Rack & Pinion are that it is extremely robust, could 

enjoy a very long life, and most importantly, has incredibly high efficiency for 

power transfer. As for the Traction Wheel, it is also very robust and could enjoy a 

very long life, but differs from the Rack & Pinion in that is has great inherent 

capabilities of easily handling misalignment issues. 
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For the negative qualities of the Rack & Pinion, it was very apparent that 

the design tolerances of this particular style of drive system are very tight and not 

able to handle much misalignment. All through the design and build, a 0.004‖ 

tolerance had to be held between the Rack & Pinion, which made the assembly 

process extremely cumbersome. For the Traction Wheel, the biggest negative that 

showed up in the resulting test data was the large decrease in efficiency as the 

load was increased. 

In summary, the Rack & Pinion was consistently higher efficiency (10%-

15% more than the Traction Wheel), with the exact same drive train. However, in 

this case, the higher efficiency was really ―paid for‖ with the tighter machining 

tolerances and very little room for misalignment. Therefore, in future WEC 

designs, engineers would have to consider their priorities. If overall efficiency 

was not as high a concern as the overall cost and build-complexity, then the 

Traction Wheel would more than likely be the better option, but if drive efficiency 

needs to be at its maximum, then the Rack & Pinion would be the better choice.  

2.4 L10 

In the summer of 2008, the WESRF design team started another major 

project with Columbia Power Technologies, which was basically the re-design of 

the SeaBeav I. After the project was finished, the re-worked model was called the 

―L10‖ because it had the ability to produce around 10 kW of peak power.  
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2.4.1 Design 

The main endeavor of the L10 was to fix the outstanding issues related to 

the linear bearings and reaction plate that surfaced during the testing of the 

SeaBeav I. Fig. 2.18 shows the initial re-design in SolidWorks. 

 

 
Fig. 2.18. A SolidWorks drawing of the L10 (SeaBeav I re-design). 

 

 

The major design goals were as follows: 

 Mount the bearings to the float (instead of on the spar bearing strips) 

 Machine the spar to be more cylindrical for the bearing surface 

 Re-machine and fiberglass the inside of the magnet section to fix the 

rusted magnet problems 
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 Create a larger surface area for the float  

 Fix all ballasting and reaction plate issues 

2.4.2 Build 

The WESRF design team‘s main tasks were centered around the re-design 

and re-build of the buoy‘s main controls and data acquisition system. This 

included building the PADA (i.e. the data acquisition system), testing the PADA, 

programming the main buoy controller, creating the GUI (graphical user 

interface) for monitoring and controlling the buoy, building the controls 

enclosure, and finally, testing everything to make sure it all worked properly 

together. In regards to the physical re-modeling and re-designing of the SeaBeav 

I, most of this work was done by CPT staff engineers and sub-contractors, due to 

the large physical magnitude of the re-design. Since the author was mainly 

involved with the buoy control system, this topic will be further discussed in the 

following sections.  

Fig. 2.19, Fig. 2.20, and Fig. 2.21 are just a few examples of the 2D 

drawing package that was created in SolidWorks to serve as a roadmap for 

building the controls enclosure. They show the general layout of the controls 

hardware, power distribution for the independent components, and wiring details 

for individual terminal connections.  
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Fig. 2.19. A SolidWorks 2D general layout of the L10 controls enclosure. 

 

 

 
Fig. 2.20. A SolidWorks 2D power distribution layout of the L10 controls 

enclosure. 
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Fig. 2.21. A SolidWorks 2D wiring detail of the L10 controls enclosure. 

 

 

Fig. 2.22 shows the finished version of the L10 controls enclosure, with 

the author in the upper right hand corner. 

 

 
Fig. 2.22. A picture of the finished L10 controls enclosure. 
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2.4.3 Testing 

The L10 testing took place at the OSU permitted test birth site for several 

days, located about 2 miles southwest of Yaquina Head off the coast of Newport, 

Oregon. Fig. 2.23 shows the L10 beside the pier at the Hatfield Marine Science 

Center before the ocean testing.  

 

 
Fig. 2.23. A picture of the L10 beside the pier at the Hatfield Marine Science 

Center before ocean testing. 
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The towing and launch was made possible by Columbia Power 

Technologies and the Oregon State University Research Vessel the ―Pacific 

Storm‖. Fig. 2.24 shows a picture of the Pacific Storm pulling the L10 out to the 

OSU test birth site, with the new large damper plate attached to the back of the 

vessel. Once the test birth site was reached, the damper plate was lowered into the 

water and attached to the bottom of the spar. 

 

 
Fig. 2.24. A picture of the Pacific Storm pulling the L10 out to the OSU test birth 

site. 
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Fig. 2.25 shows the L10 at the test birth site powering a large spot light 

with clean and renewable ocean wave energy.  

 

 
Fig. 2.25. A picture of the L10 at the OSU test birth site. 

 

 

The major goals of the launch were to demonstrate the L10‘s linear 

generator system performance in summer waves (with power levels in the 2.5 kW 

range), use the buoy to power a 1 kW spot light for demonstration purposes, 

validate the newly designed damper plate and bearing system, test the different 

control modes of the buoy with the PADA, and collect as much data as possible 

(such as wave height, EMF from the power cable, buoy power production, 

voltage, current, component temperatures, buoy heave response, etc.). Fig. 2.26 
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shows a picture of the onboard laptop which was connected directly to the data 

acquisition system.  

 

 
Fig. 2.26. A picture of the controls laptop showing the data acquisition GUI. 

 

This GUI enabled real-time viewing of the power, amperage, and voltage 

characteristics of the power electronics and generator. Furthermore, another GUI 

on the same laptop showed all of the control settings and allowed real-time 

changes and viewing of all the other control variables under consideration. 

Fig. 2.27 shows three of the WESRF design team members on their way to 

board the Pacific Storm in a small, flat-bottomed, open boat called a ―skiff.‖ 
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Fig. 2.27. A picture of three WESRF design team members on their way to board 

the Pacific Storm in the skiff. 

 

Fig. 2.28 shows a few more of the design team members (including the 

author) during safety training on the Pacific Storm. 

 

 
Fig. 2.28. A picture of three WESRF design team members during safety training 

on the Pacific Storm. 
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2.4.4 Results 

Overall, the L10 was a very successful design, build, and launch. The 

serious issues that were not able to be overcome on the SeaBeav I were overcome 

on the L10, and all the major testing goals were accomplished. Most importantly, 

a significant amount of power was generated in the open seas. This project was an 

excellent team effort and all parties involved did a fantastic job in the re-design 

and completion of this project. 

2.5 SeaRay 

The last major WEC prototype discussed in this paper is called the 

Columbia Power Technologies‘ ―SeaRay.‖ This project started in the winter of 

2009 and has continued to the present time with three different scaled prototypes 

based on the full scale model—the 1:33, the 1:15, and the 1:7 scale. Currently, the 

1:7 scale model is being tested in the Puget Sound and the full scale model 

conceptual design is under way.  

As a precursor to the next few sections, it should be noted that over the 

past few years, several papers have been published on the design, build, and 

testing of the different SeaRay prototypes, and that the scope of this section is not 

to re-write all those papers, but to simply serve as an overview of each project. If 

further information is desired, please reference [6] - [9]. 
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Fig. 2.29 shows the initial concept design of the full scale SeaRay, 

developed in SolidWorks.  

 

 
Fig. 2.29. A SolidWorks drawing of the initial design of the full scale SeaRay 

(image from [7]). 

 

Naturally, parts of the initial design shown in Fig. 2.29 have changed 

throughout the years, but the basic energy conversion method has stayed the 

same. It is a point absorber designed to convert heave and surge wave energy 

directly into rotary motion, in order to harness twice the energy of a point 

absorber operating solely in heave [10].  The SeaRay is a direct drive rotary 

(DDR) machine made up of three moving bodies: a forward float, aft float, and 

spar. The forward float is connected to the starboard side generator, and the aft 

float is connected to the port side generator.  The floats are designed to rotate up 

and down with the oncoming waves, relative to the center spar, which is moored 



35 

 

in such a way that it stays relatively stationary in the vertical direction. The aft 

and forward floats have approximately a 90° max range of motion centered about 

the horizontal axis, but typically only move up to 10°-15° off axis during normal 

operation.  

2.5.1 1:33 Scale 

The 1:33 scale model was physically designed as closely to the full scale 

conceptual model as possible, using the typical Freud scaling method. It was 

tested in OSU‘s own O.H. Hindsdale (HWRL) Tsunami Wave Basin using a high-

precision monitoring system.  Three separate data acquisition systems were 

utilized in the testing—a PhaseSpace optical motion tracking system, the HWRL 

data acquisition system, and a dSPACE DS1103 data acquisition system. Fig. 

2.30 shows the Tsunami Wave Basin and the 1:33 scale prototype in the Tsunami 

Wave Basin [7]. 

 

     
Fig. 2.30.  (left) An overhead picture of the Tsunami Wave Basin in HWRL, 

(right) and a picture of the 1:33 scale SeaRay in the tank (images from [7]). 
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Monochromatic wave sets scaled to the proper frequency and amplitude, 

as well as real-seas wave profiles were run in the wave basin to provide varied 

WEC data collection. During each test, the wave data from the wave gauges were 

captured to a PC located in the HWRL control room, an onshore PC stored the 

data reported by the vision tracking system, and another onshore PC (Fig. 2.31) 

coupled with dSPACE was used to control and monitor the buoy [7]. The internal 

operating parameters of the SeaRay were reported to the dSPACE system by a 

custom designed embedded micro-controller, located in the nacelle of the WEC.  

 

 
Fig. 2.31.  A picture of the onshore dSPACE PC with power electronics and data 

acquisition system (image from [1]). 

 

 

dSPACE used a Simulink add-on module (seen in Fig. 2.32) to provide a 

powerful control platform that was easily modified to test several different control 

methods [7].  These systems worked very well together to allow precise control of 

the generator damping and buoy monitoring. 
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Fig. 2.32.  A picture of Simulink with a custom linear damping control approach 

used by dSPACE on the 1:33 scale model (image from [7]). 

 

 

A custom GUI was created using dSPACE‘s ControlDesk software, which 

allowed the operator to view various buoy data capture points in real-time, as seen 

in Fig. 2.33.  

 

 
Fig. 2.33. A screen shot of the ControlDesk GUI during a wave trial (image from 

[7]). 
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The 1:33 scale testing went smoothly and everyone involved seemed to be 

pleased with the new direct drive rotary design. Probably the most significant 

takeaways from the build and testing were: 

1. The stiffness of the power take-off cable actually had a large affect on 

the movement of the buoy and skewed the scaled position data for the 

hydrodynamics modeling 

2. Testing procedures in the HWRL Tsunami Wave Basin using all three 

data collection systems proved to be a valuable endeavor, yielding 

high resolution data  

3. After post-processing the buoy data, the 1:33 scale model proved to be 

a promising wave energy converter design 

2.5.2 1:15 Scale 

For the 1:15 scale testing, CPT and the WESRF design team used most of 

the same data tracking hardware and software that were used in the 1:33 scale 

prototype. The main difference was that it was tested in the Large Wave Flume, 

instead of the Tsunami Wave Basin. 

Fig. 2.34 shows an overhead picture of the Large Wave Flume running a 

series of waves, as well as a picture of the 1:15 scale SeaRay in it. Also, the 

picture shows the PhaseSpace motion tracking frame around the buoy, used to 

mount the array of high-speed cameras.  
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Fig. 2.34. (left) An overhead picture of the Large Wave Flume in HWRL, (right) 

and a picture of the 1:15 scale SeaRay in the tank (images from [8]). 

 

 

Fig. 2.35 shows a close up of the 1:15 scale in the Large Wave Flume. 

Also, the LED markers attached to the top of the buoy (used by the PhaseSpace 

motion tracking cameras) can be seen in this picture. 

 

 
Fig. 2.35. A close-up of the 1:15 scale SeaRay in the Large Wave Flume (image 

from [8]) with the LED markers. 
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Fig. 2.36 shows great agreement between the PhaseSpace position 

tracking system and the prototype‘s onboard encoders. 

 

 
Fig. 2.36. A plot of the PhaseSpace wing position and the buoys onboard 

encoders, showing great agreement (image from [8]). 

 

Overall, this prototype went very smoothly, especially since the design 

team was able to use most of the same controls hardware and software from the 

previous scale model, and did not have to do too much re-engineering work. One 

of the most intriguing highlights for the author was getting to design a novel 

homing sequence in Simulink that used a state machine (in the block 

diagramming language) to move both wings to their zero homing positions, while 
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the buoy was dynamically floating in the wave tank. Again, this testing was 

successful and all parties seemed to be very pleased with the SeaRay‘s progress. 

2.5.3 1:7 Scale 

The 1:7 scale prototype‘s latest design was very similar to that of its 

predecessors (same control platform, basic energy extraction method, etc.), minus 

the fact that the wing shapes were drastically changed due to much hydrodynamic 

shape optimization in ANSYS AQWA by CPT [9]. It is interesting to note that the 

new wing shapes look very similar to the Salter‘s Duck shape, which is 

supposedly the optimal shape for harvesting ocean wave power. Fig. 2.37 shows a 

recent picture of the 1:7 scale SeaRay on a large vessel in the Puget Sound, 

waiting for ocean deployment. 

 

 
Fig. 2.37. A recent picture of the 1:7 scale SeaRay on a large vessel in the Puget 

Sound getting ready for ocean deployment. 
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During the building phase of this project, despite many hurdles and 

obstacles, CPT did a phenomenal job of ―keeping their heads above water‖ and 

moving things forward. The 1:7 scale prototype was recently launched in the 

Puget Sound, and Fig. 2.38 shows a close up of the prototype with the vice 

president of R & D for CPT, Ken Rhinefrank, a week before launch. 

 

 
Fig. 2.38. A close up picture of the 1:7 scale prototype with the vice president of 

R & D for CPT, Ken Rhinefrank. 

 

 

For this prototype, the author‘s main tasks were working with the rotary, 

slow-speed, high-torque generators. This involved specing out the proper 

industrial drives that would run the very-unique, permanent magnet motors  

without any following issues (which was somewhat challenging, considering most 

industrial drives are designed for induction motors), and using it to command a 

wave speed profile for the motor/generators to follow. It also meant characterizing 
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the motor/generators for many different torques, speeds, and generator loads to 

find their torque and current constant values. Furthermore, the water rheostat in 

the WESRF laboratory was used to simulate the changing electrical loads, and all 

of the winding inductance and resistance values were individually measured to 

make sure the generators were not damaged during their long trip from China. 

In conclusion, it will be very interesting to see how the 1:7 scale SeaRay 

behaves in the open seas with all of the new design implementations and added 

modifications. 
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3 LIFE EXTENDING CONTROL 

3.1 What is LEC? 

Life Extending Control (LEC) is simply a type of control algorithm that 

endeavors to optimize both the electrical and mechanical priority components of 

any given machine or system. Lorenzo and Merrill, the authors of the original 

LEC concept paper, described it by saying ―the fundamental concept of Life 

Extending Control is to control rates of change and levels of some performance 

variables to minimize damage (or damage rates) critical components while 

simultaneously maximizing dynamic performance of the plant. It is emphasized 

that a fundamental tradeoff exists between the level of achievable performance 

and the ability to extend the life of system components generating that 

performance.‖ [11] 

Using the SeaRay prototypes as an example, the main governing control 

algorithm of the 1:33 and 1:15 scale machines simply looked at extracting the 

maximum amount of power for any given wave, which seems to be the industry 

standard. Fig. 3.1 shows a close up of Fig. 2.32, highlighting the actual Linear 

Damping control strategy used on the prototypes. Moving from left to right, a 

user-entered damping command (a constant, with units of kNms, generated from 

previous wave testing and hydrodynamic modeling for the buoy‘s specific 

frequency response [6]) is simply multiplied by the current angular velocity of the 
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float to create the torque command for the PI controller, which closes the torque-

loop for the rotary generator. 

 

 
Fig. 3.1. A close up of the Simulink Linear Damping control strategy used on the 

SeaRay prototypes. 

 

 

Although this approach did quite well at optimizing the electrical 

characteristics of the system, in many different wave conditions, one must ask the 

question of what was happening with the mechanical system during this same 

time period. The short answer is that no one really knows; it was not monitored. 

So then a second question is how the mechanical system is optimized or 

monitored in the average machine design. This question is usually answered in 

one of two ways, or in a combination of both. One is that the mechanical system 

is designed with a significant safety factor based on the projected loads of the 

machine, and then checked periodically during its lifetime within routine 

maintenance intervals. Then if a particular component shows premature signs of 

wear or completely fails, it is serviced, replaced, or noted in the maintenance log. 
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The only major problem with this method is that the current status of the machine 

is only analyzed at the time of inspection.  

A second approach is to install various kinds of component monitoring 

equipment that sense sonic distortions and gearbox vibrations, or to use a variety 

of other methods discussed in [3], [12], [13], and many others.  This option works 

well for many applications and is better than the first, but problems surface as it 

tends to add overall system complexity, can be very expensive to integrate and 

maintain, and (most importantly) is mainly used as a means of failure detection 

and component survivability rather than for preventative maintenance [1]. 

The major benefit of LEC is that is allows real-time monitoring of key 

mechanical components, which means a preventative style of maintenance. To 

illustrate this point, if a rogue wave were to approach the SeaRay (a wave that 

was under, but close to the ―survival mode‖ shut-off point), it would extract the 

maximum amount of energy from the wave, while shedding enough power to 

keep mechanical damage at a minimum. Therefore, a Life Extending Control 

algorithm is presented in this study as a cost effective, simple damage-mitigating 

alternative that does not involve extra monitoring equipment or maintenance 

intervals. 

To practically illustrate how a LEC might be used in the wave energy 

industry, Fig. 3.2 shows an example Simulink model with a Life Extending 
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Control algorithm for the SeaRay, integrated with the Linear Damping control 

technique (seen in Fig. 3.1).   

 

 
Fig. 3.2. An example Simulink model LEC for the SeaRay, integrated with the 

Linear Damping technique. 

 

 

This model is much like the former control technique, in the sense that it 

inputs float velocity and outputs the final commanded torque to the generator‘s PI 

controller. However, it is different in the sense that it also inputs float position and 

float force to calculate the instantaneous damage rate for the mechanical system, 

and then outputs a final torque command based on optimal power extraction and 

damage accumulation rules setup in the final overhead controller. In this case, a 

Fuzzy Logic style of controller was chosen due to the ease of use and human-like 

decision making qualities (as discussed in [14]), but many different types of 

control techniques could be employed here (i.e. neural networks, predictive 

control, etc.). Therefore, a Life Extending Control algorithm could have been 
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implemented on the smaller scale SeaRay prototypes with only a few minor 

programming changes and engineering time. 

3.2 Quantifying Damage 

One of the most important steps in developing a good Life Extending 

Control algorithm is attaining the proper damage accumulation model. There are 

multiple algorithms and different theories available today on quantifying damage 

(as discussed in [15]-[19]), but it seems as though finding the best damage model 

is largely dependent on the specific application at hand and the particular 

mechanical components under question. The following subsections are a brief 

overview of some of the most popular models today. 

3.2.1 Linear Damage Rule 

The most widely used damage model available today is actually the first 

one recorded by Arvid Palmgren in 1924. It was a linear fatigue model developed 

for the purpose of predicting the life of ball bearings, and more than twenty years 

later in 1945, Miner expanded this discovery to what is currently known as the 

Linear Damage Rule (LDR) or Palmgren – Miner‘s Rule [15]. The rule simply 

states that at a constant stress level, if a part is cyclically loaded for a known 

number of cycles, each cycle becomes a small piece of the total life of the 

component [1]. This allows a basic equation for summing the variable fatigue 
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loadings and estimating a final failure point (when   = 1). It is algebraically 

expressed as follows: 

 
  
  

 
  
  

  
  
  

   (3.1) 

 

                               
   is the total amount of cycles (for the given part) at the i

th
 stress level,    is the 

total amount of cycles to failure (for the given part) at the i
th

 stress level, and   is 

the fractional amount of accumulated damage incurred by the part [15]. 

 In practice, the Linear Damage Rule is used in conjuncture with the S-N 

(Stress – Cycles to Failure) curve for the given part or material that is being 

analyzed [20]. Fig. 3.3 shows a typical S-N curve for wrought steels.  

 

 
Fig. 3.3. A typical S-N curve for wrought steels (image from [1], adapted from 

[20]). 

 

 

In the plot, the y-axis is the loading stress level, the x-axis is the amount of 

cycles to failure, and the red line is the average empirically tested failure point 
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referenced between the two axes. Se (the material endurance limit) is usually 

estimated to be about fifty percent of the ultimate strength (Su) and S1000 is 

usually about ninety percent of the ultimate strength [20].  

Fig. 3.4 shows a simple plot of three separate loading scenarios during the 

lifetime of a given part, in order to illustrate how the LDR is typically used to 

predict fatigue life under variable loading situations.  

 

 
Fig. 3.4. A typical S-N curve showing different stress levels on the y-axis and 

total cycles to failure on the x-axis (image from [1], adapted from [21]). 

 

The material S-N curve in Fig. 3.4 shows that a particular part endured 

10,000 loadings at the bottom stress level in blue, 1,000 loadings at the middle 

stress level in green, and 500 loadings at the top stress level in red [21]. Equation 

(3.2) shows how the LDR is used to sum each of the three loadings on the red, 

green, and blue trend lines. It is predicted to have used 51% of its total fatigue life 

[21]. 
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        (3.2) 

 

Now that the LDR has been developed, one last key component to this 

equation needs to be mentioned, and that is Rainflow Counting. First, it should be 

stated that the Linear Damage Rule was initially intended to be used with constant 

speed, single direction loading applications. The load/stress levels were really the 

only intended variable. However, as technology has rapidly progressed over time, 

many applications started including variable stress loadings, variable speeds, and 

variable directions. In order to account for these types of irregular and more 

natural types of applications, and still use the LDR, a special type of cycle 

counting was needed. Hence, Rainflow Counting was developed as a special 

method of tracking stress cycles and half cycles for complex, random loading 

histories, as described in [22] and [23]. 

3.2.2 Double Linear Damage Rule 

Although the LDR model was proposed many decades ago, it is still the 

most commonly used life prediction model today. However, it is not perfect in 

trying to predict damage accumulation in solid material parts (like drive shafts, 

turbine blades, etc.) and is known to have one major flaw—it neglects the fact that 

the order of loading can greatly affect the remaining number of cycles to failure. 
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It is a well known fact that when the highest loading takes place first in the stress 

history and lower stresses are applied later, the part tends to fail much sooner. 

In order to account for these types of unbalanced loading situations and 

better predict damage accumulation in solid material parts, the LDR was further 

developed a few decades later by Manson and Halford [16]. Commonly, it is 

referred to as the DLDR (Double Linear Damage Rule). Budynas and Nisbett 

recommend this technique as the preferred modern-day method for predicting life 

for solid parts with variable loading applications, as it seems to incorporate all of 

the simplicity of the LDR, while correcting the major deficiencies [17]. It is much 

like the LDR, but the strength versus cycles plots consist of two trend lines 

instead of one (one being the damaged material line and one being the ―virgin‖ 

material line) on a log S – log N plot. Further equations, explanations, and 

application details on the DLDR are found in [16]. 

3.2.3 New Damage Models 

Today, there are many new linear and non-linear damage accumulation 

models for solid metal fatigue life estimations. Before the 1970‘s, most of the 

damage models (like the LDR and DLDR) developed were empirically-solved, 

linear equations. After the 1970‘s, the models gradually became more and more 

theoretically based, and Fatemi and Yang placed these models into six major 

categories, including: ―linear damage rules; nonlinear damage curve and two-
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stage linearization approaches; life curve modification methods; approaches based 

on crack growth concepts; continuum damage mechanics models; and energy-

based theories.‖ [18] For more information on the most modern damage models, 

please see [18] and [19] for details on specific strengths and weaknesses.  

3.2.4 Conclusions 

In summation, there are many different damage models available today 

that have been developed for a wide variety of different applications. As a general 

rule of thumb, if the application requires very high data resolution and is outside 

the bounds of the standard damage modeling needs, one of the newer models 

might be the best option. However, if the project data resolution needs are not 

very demanding, and the application is not highly specialized, probably the LDR 

or DLDR would be the best choice. Budynas and Nisbett quoted Collins who 

explained it well, ―In spite of all the problems cited, the Palmgren linear damage 

rule is frequently used because of its simplicity and the experimental fact that 

other more complex damage theories do not always yield a significant 

improvement in failure prediction reliability‖ [17]. 

3.3 History of LEC 

In the early 1990‘s, a significant amount of research was being done in the 

area of what was then called ―active controls technology‖ by two different 
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research groups—Noll and co-workers from Pennsylvania State University and 

Lorenzo and Merrill from NASA.  Both groups were trying to develop the 

concept of mitigating damage in mechanical systems with the use of active 

control systems. At this time, there had been a substantial amount of work done 

with material damage modeling and fatigue life prediction, as well as on ―active 

controls technology,‖ but the integration of the two had received very little 

attention  [24]. Hence, in 1991, Noll and co-workers set out to rectify this 

problem and published [25]. In this paper, the research team endeavored to 

decrease the amount of accumulated damage to key structural components found 

on aeronautical vehicles by combining the two disciplines into one governing 

damage-mitigating control system [25].  

At the end of their study, the authors concluded by saying that, ―this 

article highlights the integration issues related to structural dynamics, 

aerodynamics, active controls, and structural integrity and provides evidence that 

suggests very little interaction between researchers in these fields. Since 

multidisciplinary cooperation will be a necessary step towards improving the 

designs and reducing the life-cycle costs of new aircraft, research activities 

dealing with multidisciplinary integration should be more aggressively pursued. 

Since increased interaction is needed between experts in these disciplines to 

narrow the gaps in knowledge and communication throughout the aerospace 

industry, continued workshops which stress the interaction and integration of key 
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technical disciplines are recommended.‖ [25] Their passion was to solve the 

multidisciplinary integration issues posed by the new control algorithm and keep 

the innovative technology moving forward.  

Parallel to Noll‘s work in 1991, Lorenzo and Merrill published [11] on the 

topic of active control technology with reusable rocket engines, and called their 

governing control system a ―Life Extending Control‖ algorithm, which is where 

the term LEC comes from today. In this research, the authors describe two 

approaches to LEC. First, they talk about predicting the mechanical stresses of the 

system (i.e. the accumulated damage) by implementing a commonly used cyclic 

stress-strain approach, and second, they describe several different continuous-

time, damage prediction models [11]. In the conclusion of the paper, the case is 

made that LEC is a very beneficial type of algorithm, based on a study they 

performed on a hydraulic actuator. 

After Noll and co-workers and Lorenzo and Merrill published their two 

papers independently, they decided to collaborate and co-author  [24], [26], and 

[27] a few years later, extending the work done by Lorenzo and Merrill. The 

major goal of this research was to achieve a reasonable amount of system 

performance, while still increasing the mechanical fatigue life of the system on a 

continuous-time basis  [24].  

Over the past twenty years however, LEC has received very little attention 

from the controls community at large, and besides a handful of papers written by 



56 

 

a handful of researchers (as seen in [11], [14], [24] – [33]), to the author‘s 

knowledge, there has been very little published on the subject. This is not likely 

because the concept or resulting test data from the researchers were poor, but 

likely because LEC theory shares strong contributions from both electrical and 

mechanical disciplines, which are generally viewed as two distinct areas of study 

[26].  

3.4 Future Applications 

LEC has strong potential in the renewables industry today. Since computer 

speeds are faster than ever, and mechanical component failure is one of the 

prominent issues in renewable energy devices, this style of algorithm could be a 

very elegant solution to the problem, especially in the wave energy industry. And 

because using a LEC algorithm on a wave energy converter is a novel concept, 

the following sections detail the results of a ball bearing, damage case study 

performed on the 1:15 scale SeaRay. 
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4 SEARAY DAMAGE CASE STUDY 

4.1 Introduction 

As a first step to implementing a Life Extending Control algorithm on a 

wave energy converter, a case study was performed on the 1:15 scale SeaRay 

WEC prototype (described in section 2.5.2) that was tested in the O. H. Hindsdale 

Large Wave Flume [1]. The main control algorithm governing the SeaRay 

prototypes was the ―linear damping‖ technique (described in section 2.5.1), which 

simply focuses on optimizing power extraction. As this is a very high priority for 

any renewable energy device, it seems to make sense that energy capture should 

not be the sole priority (especially since maintenance is one of the highest cost 

factors). Thus, the following sections discuss the damage study and try to 

characterize the incurred damage during tank testing on the forward float main 

drive shaft bearing of the 1:15 scale SeaRay in several real-seas wave trials. 

Please note that the majority of this chapter is based on a previously published 

paper by the author et al. at the PowerTech 2011 conference in Trondheim, 

Norway [1]. 

4.2 SeaRay Damage Modeling 

Before choosing the proper damage model to use for the case study, the 

proper mechanical component(s) to be monitored by the damage model must be 
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selected. Since rotary bearings seem to be statistically the first component to fail 

in wind turbines [2] – [3], and they have a very similar drive train compared to the 

SeaRay, they will be the primary focus in the next few sections [1]. Also, based 

on the author‘s literature review of LEC algorithms, using rotary bearings as the 

primary mechanical component for a real-time Life Extending Control algorithm 

is a relatively novel concept—it would appear that most published LEC 

algorithms strictly deal with material damage modeling for wind turbine blades, 

hydraulic actuators, drive shafts, and so forth.  

4.2.1 L10 Bearing Fatigue Life 

Even though most published research on LEC algorithms describe using 

the Linear Damage Rule (or an extension thereof) with material modeling (as 

described in section 3.2.1), this study focuses on one of the main drive shaft 

bearings of the prototype, which does not have a standard material S-N curve for 

estimating fatigue life. Because rotary bearings are a combination of many parts 

and materials, the normal mechanical stress equations (based on loadings in 

compression, torsion, or tension) will not work. Nevertheless, there is a standard 

life estimation equation available that is commonly used in industry to calculate 

bearing fatigue life that plots a curve very similar to a material S-N curve. It is 

known as the     bearing life equation. References [17], [34], and [35] all talk 
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about using this equation with the Linear Damage Rule to help estimate bearing 

fatigue life with random loading sequences.  

In 1947, the     was researched and developed by Palmgren and Lundberg 

(very close to the time that Miner and Palmgren created the LDR), and more than 

sixty years later, it is still the most widely accepted ball bearing life prediction 

method used [36]. While collaborating with Waloddi Weibull on probability 

functions, they created the following basic      formulation [35]: 

 

         
 

 
  
 

      (4.1) 

 

Where     is the calculated life of the bearing, typically in millions of 

revolutions. The letter ―L‖ stands for ―Life‖ and the subscript ―10‖ refers to the 

reliability of the equation that most likely 90% of the bearings under question will 

survive the calculated life span and 10% will not.     is the manufacturer‘s life 

expectancy to go with the given capacity factor, which is usually 10
6
 revolutions 

for ball bearings. In this term, the ―L‖ stands for ―Life‖ and the subscript ―R‖ 

stands for ―Rated.‖.   is the dynamic capacity factor given by the bearing 

manufacturer (typically in Newtons or pounds-force). The uppercase   is called 

the ―equivalent load‖ (typically in Newtons or pounds-force), and is calculated as 

the main axial and/or radial loads seen by the bearing in different loading 
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conditions. Finally, the lowercase, superscript   is the load-life exponent which 

ranges from 3 - 4 for ball bearings, depending on the application [35]. 

 Fig. 4.1 is a generalized log-log plot of (4.1) showing a typical      

bearing life curve, with the equivalent load on the y-axis and millions of 

revolutions on the x-axis. 

 

 
Fig. 4.1. A generalized log-log plot of bearing fatigue life with bearing equivalent 

load versus life (image from [1], adapted from [17]). 

 

4.2.2 L10 Adjustment Factors 

Although the     has not changed its base form in over sixty years, it has 

become standard practice in the bearing industry to add adjustment factors to the 

    to help shape the equation to the individual needs of each application and 

better predict fatigue life. [35]- [39] talk about varying types of adjustment 

factors, and how (4.2) was developed in the 1960‘s because of the need to 

improve the accuracy of (4.1) [36]. Essentially, it adds three unique constants that 

are designed to help tailor the equation based on desired reliability, ball bearing 

material, and lubrication conditions. 
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        (4.2) 

 

 

Where    is a life factor based on the desired probability of failure for the 

bearing under question, and Table 4.1 gives the different values of    for the 

corresponding percent probability of failure (the default is 10% reliability). 

 

Table 4.1 
   VALUES FOR PROBABILITY OF FAILURE (ADAPTED FROM [36]). 

% PROBABILITY OF FAILURE GIVEN VALUE FOR     

10 1.00 

5 0.62 

4 0.53 

3 0.44 

2 0.33 

1 0.21 

 

 

   is the material-life constant and if      the ball material is precision 

ground and hardened to a specific hardness level [37]. Theoretically, the constant 

decreases as the material quality decreases and specific values for    given 

varying ball materials can be found in [38]. 

Finally,    has to do with the bearing‘s projected lubrication quality, 

which is derived from the specific bearings‘ operating temperatures, oil viscosity, 

and so forth. 

Equation (4.3) shows the modern revision of (4.2), which combines     

and    into one term (   ) to create a unified material and lubrication adjustment 



62 

 

factor, seen in [36]. Values for this term can be found in the ISO and ANSI-

ABMA standards, from 1990 and 2000. 

 

              
 

 
  
 

        (4.3) 

 

 

The final adjustment factors chosen for the SeaRay WEC case study, are 

seen in (4.4) (proposed in [35]), and are much like the factors seen in (4.3). They 

were chosen because of the relevance to the specific prototype‘s design. 

 

           
 

   
  
 

        (4.4) 

 

Where    is used to decrease the entire life prediction, depending on the 

desired reliability level (essentially the same as   ). Juvinall and Marshek show a 

percent probability to failure curve (much like Table 4.1) that starts    at 1 for 

90% reliability and decreases exponentially to about 99% reliability for a    

value of about 0.1 [35].    is like     in (4.3), in the way that it is based on the 

unique operating condition of the specific application. However, it is also very 

different in the sense that it looks at the type of impact loading the bearings will 

see under normal operating conditions and does not consider lubrication quality 

and the bearing material. It‘s basic design is to increase the equivalent load  , 

depending on the real-time loading environment. Table 4.2 shows different values 

for    depending on the application‘s loading conditions [35]. 
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 Table 4.2 
   VALUES FOR LOADING CONDITIONS (ADAPTED FROM [35]). 

APPLICATION TYPE VALUE OF    

NO IMPACT—UNIFORM LOADING 1.0 

GEARING 1.0-1.3 

LIGHT IMPACT 1.2-1.5 

MODERATE IMPACT 1.5-2.0 

HEAVY IMPACT 2.0-3.0 

 

4.2.3 L10 Oscillating Capacity Factor 

In the introduction of [40], Rumbarger poses an example problem of using 

a manufacturer‘s given dynamic capacity factor with large diameter bearings on 

wind turbine blades, used for position control in the yaw and pitch directions. 

Because these bearings encounter small, bi-directional position changes 

somewhat randomly as a function of the wind speed, it becomes very difficult to 

accurately predict fatigue life using the standard life prediction approach. Since 

the 1:15 scale SeaRay normally functions in a non-continuous, bi-directional 

fashion, the last important modification to the     used in this case study is 

described in this section, known as an ―oscillating capacity factor‖ (discussed in 

[40] and [41]). 

The first important piece to deriving the correct oscillating capacity factor 

is solving the critical amplitude of oscillation (in degrees). Rumbarger describes it 

as, ―the angle of rotation of one race relative to the other race for which the race 

path stressed by one rolling element (ball or roller) just touches, but does not 
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overlap, the race path stressed by adjacent elements‖ [40]. Equations (4.5), (4.6), 

and (4.7) give the inner and outer race formulations: 

 

                  
   

        
                 (4.5) 

 

                  
   

        
              (4.6) 

 

   
          

   
      (4.7) 

 

 

Where                  is the critical angle for the inner race, and 

                 is the critical angle for the outer race.   is the physical number of 

balls or rollers in the bearing,   is a geometry function,    is the diameter of the 

balls,   is the ball contact angle, and     is the ball or roller pitch diameter [40]. 

All of these variables are typically given by the bearing manufacturer upon 

special request.  

Once the critical amplitude of oscillation has been solved, the next step is 

to compare it to the amplitude of oscillation,  , (also in degrees) which is defined 

as the total distance from peak to trough of one oscillation (essentially a half-

cycle, as discussed in [40]). For example, an oscillatory motion from negative 

eighty degrees to positive twenty degrees back to negative eighty degrees would 

be an oscillation amplitude of one hundred degrees. Furthermore, if   is greater 
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than or equal to                  or                 , then the individual ball stresses 

overlap (which is the same as a bearing in constant rotation), and the following 

equation is used to calculate   : 

 

       
   

 
  
   

   (4.8) 

 

 

Where    is the oscillating dynamic capacity factor,   is the given 

manufacturer‘s dynamic capacity factor (for continuous loading), and   is 

amplitude of oscillation. If the amplitude of oscillation is less than either of the 

critical amplitudes of oscillation, then as Rumbarger states, ―overlapping of the 

individual element stresses does not occur. The arc of the race path receives two 

stress repetitions per oscillation cycle and each rolling element has its own 

discrete stressed volume. These individual stressed volumes must then be 

statistically combined to calculate the overall race capacity and life‖ [40]. 

Therefore, the following equation is used to account for the non-overlapping ball 

stresses: 

 

       
   

 
  
   

               (4.9) 

 

 

However, due to the fact that all of the real-seas wave trials used for 

testing the SeaRay in this study do not have a constant oscillation amplitude, a 

characteristic oscillation amplitude was developed. It was derived using the 
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Rainflow Counting method (discussed in 3.2.1) to separate each wave trial‘s 

position feedback data into individual cycles (or amplitudes) larger than 0.5 

degrees, and then calculated as the mean of the amplitudes rounded to the nearest 

integer value. The use of the mean of the oscillating amplitudes is justified in this 

case because the exponents in (4.4) and (4.10) are about unity when multiplied 

together, and developing an adaptive or real-time calculation of the characteristic 

amplitude of oscillation is reserved for future research. Equation (4.10) shows this 

designation as      : 

 

       
   

     
  
   

               (4.10) 

 

Once the oscillating dynamic capacity factor in (4.10) is calculated, it is 

then substituted for the manufacturer‘s dynamic capacity factor, and the    term 

becomes     because the equation now predicts life in millions of oscillations, 

instead of millions of revolutions [40]. The final     expansion becomes the 

following, using (4.10) as the oscillating capacity factor: 

 

            
  
   

  
 

         (4.11) 

 

 

Lastly, it should be noted that in the last several decades, more 

sophisticated fatigue life models have been researched based on standard stress 

equations and multi-axial stress-life calculations [1]. However, due to the long 
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computation times, added complexity, and the oscillating capacity factor needed 

for this particular application, the final equation shown in (4.11) will serve as the 

main bearing life prediction method for this study [41]. 

4.2.4 Final Bearing Equations and Parameters 

Once all of the bearing life modeling equations had been selected and 

defined (as detailed in the previous sections), they were used to create the 

projected bearing life curve for the actual bearings used on the 1:15 scale SeaRay. 

Matlab was used as the primary mathematical simulation software to integrate all 

of the equations and plot the resulting data; Table 4.3 shows the final selected 

values and engineering data used. 

 

Table 4.3 
SEARAY BEARING LIFE EQUATION VALUES AND PARAMETERS (ADAPTED FROM [1]). 

VARIABLE VALUE UNITS DESCRIPTION 

   0.62 - 95% Reliability 

Adjustment Factor 

    1e6 Oscillations Manufacturer Specification 

   Newtons Bearing Equivalent Force 

Calculated per Time Sample 

   2 - Application Loading 

Adjustment Factor 

  3.33 - Load-Life Exponent 

 for Ball Bearings 

  17,188 Newtons Manufacturer Specification 

      Wave Trial 

Dependent 

Degrees Characteristic Amplitude of 

Oscillation 

  10 - Number of Bearing Balls 

 

Where    was chosen as 0.62 (a 95% reliability factor) because of the 

need for a higher probability-of-survival than the standard onshore-application,  
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   was given a value of 2 due to the impact loading in the open-seas possibly 

being on the higher end of ―moderate‖ (from Table 4.2),   was given a value of 

3.33 due to the recommendation from [35] for ball bearings, and because       is 

individually calculated for each wave trial, it has no value. The variables     , 

and   were collected from the bearing manufacturer as constants [1]. 

Finally, in order to find the correct value of the equivalent load,  , (which 

was re-calculated for every 20ms time sample) a free body diagram was 

constructed and the forces imposed on the bearing were found based on the 

dimensions of the prototype relative to the forward float bearing. Equations (4.12) 

and (4.13) show how the equivalent force on the bearing was solved every time 

sample, given the measured torque on the drive shaft from the onboard torque 

transducer and calculated lever distance. 

 

                     (4.12) 

 

    

      
              (4.13) 

 

 

Where      is the measured drive shaft torque in Newton-meters 

connected to the forward float.     is the forward float‘s central buoyancy force in 

Newtons, and        is the distance in meters from the center of buoyancy on the 

forward float to the center of the drive shaft—essentially, the length of the lever 
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arm creating the torque on the drive shaft. Fig. 4.2 shows a simplified one line 

diagram of the 1:15 scale prototype spar, measured drive shaft torque, float 

buoyancy force, and the distance from the center of the drive shaft to the center of 

buoyancy on the float. 

 

 
Fig. 4.2. A simplified one line diagram of the 1:15 scale SeaRay showing the 

Spar, Tmds, dlever, and Ffb. 

 

 

During the design, it was decided that the radial force would be the only 

force experienced by the bearing during the wave tank testing, because the axial 

forces were low enough to be neglected. Hence, the equivalent load was 

calculated using (4.13), where     was effectively set to equal  . Because the 

typical angle between the float and spar was less than 15°, Ffb was assumed to be 

constantly at a 90° angle to the float, using the small angle approximation rule [1]. 

Fig. 4.3 shows a picture of the actual ball bearing and high-resolution torque 

Spar 

 dlever 

Fwd. 

Float 

 

 Tmds 

 Ffb 
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transducer (enclosed in a water-tight aluminum housing) on the 1:15 scale SeaRay 

prototype. 

 
Fig. 4.3. A picture of the ball bearing and high-resolution torque transducer on the 

1:15 scale SeaRay prototype. 

4.3 Resulting Data 

The next few sections detail the findings of the damage case study done on 

the forward float drive shaft bearing on the 1:15 scale SeaRay in three different 

real-seas wave trials. Please note that the wave heights and periods of the trials 

were scaled down from the real-seas environment to the 1:15 scale size.  

4.3.1 Wave Trial Selection 

Three specific wave trials were chosen for the case study and all of them 

are variable wave height and period, real-seas conditions that were designed to 

Ball Bearing 

Torque 

Transducer 
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simulate different sea states off the Oregon Coast. The first trial is a mild climate 

in the summer month of July; the second is a stronger wave climate in the winter 

month of December; and the third is an extreme wave condition, simulating a 50 

year storm. Also, it is important know that a 100 year storm wave condition is not 

one of the trials under study, because the SeaRay would most likely be in some 

kind of survival mode during this kind of radical weather. Fig. 4.4 shows a picture 

of the 1:15 scale SeaRay during a wave trial in the Large Wave Flume. 

 

 
Fig. 4.4. A picture of the 1:15 scale SeaRay during a wave trial in the Large Wave 

Flume (image from [8]). 
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The following three figures show plots of the raw forward float shaft 

position and torque measured from the onboard drive shaft encoder and torque 

transducer for the first 300 seconds of each wave trial. 

 
Fig. 4.5. Wave Trial #1—Two plots showing measured position and torque on the 

SeaRay in conditions much like the Oregon Coast in July. 

 

 
Fig. 4.6. Wave Trial #2—Two plots showing measured position and torque on the 

SeaRay in conditions much like the Oregon Coast in December. 
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Fig. 4.7. Wave Trial #3—Two plots showing measured position and torque on the 

SeaRay in conditions much like a 50 year storm on the Oregon Coast. 

 

 

As previously mentioned, all the wave heights and periods were scaled to 

match the 1:15 scale prototype dimensions. For Wave Trial #1, the scaled 

significant wave height was about 0.13 meters and the dominant wave period was 

about 2.06 seconds. For Wave Trial #2, the scaled significant wave height was 

about 0.26 meters and the dominant wave period was about 2.2 seconds. For 

Wave Trial #3, the scaled significant wave height was about 0.95 meters and the 

dominant wave period was about 3.34 seconds. The following table shows the 

wave conditions for each trial, including the peak torque values and characteristic 

amplitude of oscillation. 
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Table 4.4 
SEARAY INDIVIDUAL WAVE TRIAL VALUES AND PARAMETERS. 

WAVE TRIAL # VARIABLE VALUE UNIT DESCRIPTION 

OREGON COAST 

JULY 

    

1 Hsig 0.13  meters Significant Wave Height 

1 TDom 2.06 seconds Dominant Wave Period 

1 TPK ~50 Nm Peak Torque 

1       4 degrees Characteristic Amplitude of 

Oscillation 

     

OREGON COAST 

DECEMBER 

    

2 Hsig 0.26  meters Significant Wave Height 

2 TDom 2.2 seconds Dominant Wave Period 

2 TPK ~100 Nm Peak Torque 

2       11 degrees Characteristic Amplitude of 

Oscillation 

     

OREGON COAST 

50 YEAR STORM 

    

3 Hsig 0.95  meters Significant Wave Height 

3 TDom 3.34 seconds Dominant Wave Period 

3 TPK ~180 Nm Peak Torque 

3       25 degrees Characteristic Amplitude of 

Oscillation 

 

4.3.2 Bearing Life Prediction 

Once the wave trials were selected, the unique characteristic 

oscillating amplitudes were calculated for each trial (shown in Table 4.4), and 

plots of the     bearing equation (4.11) were generated based on these 

equations, including all of the entered values from Table 4.3, and the 

oscillating dynamic capacity factor in (4.10). The following figure shows 

three trend lines for each wave trial, based on their differing       values.  
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Fig. 4.8. A plot showing the     bearing life equation with trend lines for each 

wave trial, based on their differing       values. 

 

 

It should be noted that the main difference between the plotted     trend 

lines for the three wave trials is simply the different definitions for one oscillation. 

Since the distance travelled per oscillation is calculated as two times      , the 

total distance to failure per torque level is different for each wave trial. For 

example, the distance traveled during one oscillation for Wave Trial #1 is a much 
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shorter distance than one oscillation for Wave Trial #3, hence the trend line has 

higher oscillations to failure at the higher torque levels, and vice versa. 

Another key point of interest is that even though a defined endurance limit 

is not shown in the figure as seen on most material S-N curves, when the torque 

range goes above 50 - 80 Nm, the projected bearing life significantly decreases 

[1]. Above 160 Nm, the curve seems to be almost vertical, whereas below 30 - 60 

Nm, the curve seems to be almost horizontal. Here, the power of the load-life 

exponent with a value of 3.33 is very evident. 

4.3.3 Real-time and Accumulated Damage 

Once the bearing life estimations were calculated, the actual real-time 

damage values could be formulated using the recorded torque and position data 

from the buoy drive shaft and the Linear Damage Rule with the    . As an 

example, Table 4.5 shows the first five data samples from the large damage 

matrix array, created in Matlab from Wave Trial #3. 

 

Table 4.5 
WAVE TRIAL #3 DAMAGE MATRIX EXAMPLE. 

Sample  # Torque  

Level     [Nm] 
Change in 

Oscillations 
Oscillations 

to Failure 
Instantaneous 

Damage  
1 24 0.1466 4.47E+13 3.28E-15 

2 30 0.0356 2.12E+13 1.68E-15 

3 29 0.0192 2.38E+13 8.09E-16 

4 30 0.0119 2.12E+13 5.61E-16 

5 30 0.0076 2.12E+13 3.60E-16 
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Every 20 ms, a new data sample was taken and stored in this matrix, for 

typically 300 to 400 seconds. There were many data points collected in the test, 

but the two pertinent variables to this study were the torque level (which was 

rounded to the nearest integer and stripped of its sign) and change in position 

from the previous time sample (which was converted from radians to oscillations). 

Columns 2 and 3 of Table 4.5 show the actual measured values. Then, as shown 

in section 3.2.1, the damage was calculated for each sample time by simply 

dividing the current change in oscillations (column 3) by the number of 

oscillations to failure (column 4) for the given torque level. Column 5 shows the 

final calculated instantaneous damage values using the LDR. Equation (4.14) 

illustrates the calculation for the first row of the table. 

 

   
  
  

  
      

        
           (4.14) 

 

Where    is the measured change in oscillations for the first sample,    is 

the calculated oscillations to failure at the given torque level for the current 

sample, and    is the instantaneous damage calculated for the first sample. 

The next three wave trial figures show two plots each—the absolute value 

of measured torque versus time and the calculated instantaneous damage (as 

exemplified in (4.14)) versus time.  
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Fig. 4.9. Wave Trial #1— (top plot) Torque versus time and (bottom plot) 

instantaneous damage versus time. 

 

 
Fig. 4.10. Wave Trial #2— (top plot) Torque versus time and (bottom plot) 

instantaneous damage versus time. 
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Fig. 4.11. Wave Trial #3— (top plot) Torque versus time and (bottom plot) 

instantaneous damage versus time. 

 

In addition to plotting the instantaneous damage, Fig. 4.12, Fig. 4.13, and 

Fig. 4.14 show the summation of the accumulated damage values versus time for 

the length of each wave trial.  
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Fig. 4.12. Wave Trial #1— (top plot) Torque versus time and (bottom plot) 

accumulated damage versus time. 

 

It is interesting to note that the damage curve in Fig. 4.12, which has the 

mildest wave conditions of all the trials, has several apparent ―flat spots,‖ whereas 

the other two wave trials show damage curves with steadily inclining slopes. By 

referencing the torque curves, one can see that the torque values below the 30 Nm 

range almost receive no accumulated damage compared to the higher torque 

values seen in Fig. 4.13 and Fig. 4.15.  
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Fig. 4.13. Wave Trial #2— (top plot) Torque versus time and (bottom plot) 

accumulated damage versus time. 

 

 

 
Fig. 4.14. Wave Trial #3— (top plot) Torque versus time and (bottom plot) 

accumulated damage versus time. 
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Fig. 4.15. A plot showing accumulated damage versus time for all three wave 

trials. 

 

Fig. 4.15 shows the accumulated damage for all three wave trials on the 

same plot. It becomes apparent from this figure that the relative amounts of 

damage incurred from Wave Trial #3 compared to Wave Trial #1 is quite large. In 

fact, Wave Trial #1 (the red trend line at the very bottom) seems almost horizontal 

on this plot. Also, it should be noted (as seen in Fig. 4.9 through Fig. 4.15) that 

the damage levels at the various time samples are small numbers. Since a damage 
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value of 1 is the estimated failure point of the bearing, this particular component 

could last a very long time given the same operating conditions [1]. Usually, this 

kind of feedback would be very encouraging; unfortunately, it is a very poor 

example of how the full scale SeaRay bearings will operate in real-seas conditions 

because of the extremely large operating torques, custom manufacturing costs, 

and safety factors. Hence, further investigation of the total amounts of 

accumulated damage for the bearing will be reserved for a future study. 

The final two figures in this section show a histogram of the total 

accumulated damage for ten different damage levels (or bins) for each wave trial.  

 

 
Fig. 4.16. A histogram of ten different damage levels on the x-axis and total 

accumulated damage in each level on the y-axis. 
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Fig. 4.17. A close up of the histogram in Fig. 4.16. 

 

Fig. 4.16 and Fig. 4.17 show that Wave Trial #1 and Wave Trial #2 only 

incur damage in the first bin, while Wave Trial #3 incurs damage in every bin. 

These two figures show that most of the serious damage acquired by the prototype 

happened in Wave Trial #3. 

4.3.4 Real-time Power versus Damage 

Not only are the relative amounts of damage incurred between wave trials 

interesting, but also are the relative amounts of generated power compared to the 

incurred damage at the higher and lower torque levels [1]. To illustrate this point, 

the following figures show torque versus time, instantaneous generated power 

versus time, and instantaneous damage versus time—all with the same x-axis time 
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scale. What should be noted about these plots is that the higher torque on the 

generator produces more power, but it also adds significant damage to the 

bearings. 

 

 
Fig. 4.18. Wave Trial #1— (top plot) Torque versus time, (middle plot) power 

versus time, and (bottom plot) damage versus time. 
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Fig. 4.19. Wave Trial #2— (top plot) Torque versus time, (middle plot) power 

versus time, and (bottom plot) damage versus time. 
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Fig. 4.20. Wave Trial #3— (top plot) Torque versus time, (middle plot) power 

versus time, and (bottom plot) damage versus time. 

 

Once the instantaneous damage and power values were calculated, both 

were individually summed to reach a final total value. Table 4.6 shows the 

summations for energy and damage accumulation for the duration of each wave 

trial—calculated from Fig. 4.18, Fig. 4.19, and Fig. 4.20. 
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Table 4.6 
WAVE TRIAL TOTAL ENERGY AND DAMAGE MATRIX. 

Wave 

Trial  # 

Total 

Energy [J] 
Increase from 

Wave Trial #1 

Total 

Damage 
Increase from 

Wave Trial #1 

1 300.16 - 3.01E-13 - 

2 2120.81 ~ 7x 1.32E-11 ~ 44x 

3 7197.70 ~ 24x 2.48E-10 ~ 824x 

 

 

The critical information provided by Table 4.6 is the relative amount of 

increased power and relative amount of increased damage from Wave Trial #1 to 

Wave Trial #3. With conditions likened to a mild Oregon summer climate, the 

first trial only generated about 300 W total power, but also enjoyed a very small 

amount of damage accumulation. With conditions like a somewhat rigorous 

Oregon winter, the second trial generated about 7 times as much energy as the 

first trial, but also acquired about 44 times the damage. Finally, with conditions 

similar to a 50 year storm (which would be potentially very close to the 

survival/shutdown mode of the WEC), the third trial generated about 24 times the 

energy, but also accumulated a staggering relative amount of damage—about 824 

times the initial trial.  

The final figure of this section shows a close up of Fig. 4.20, from 120 to 

180 seconds. It highlights only the instantaneous power generation and 

instantaneous damage, with power on the left y-axis and damage on the right y-

axis.  
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Fig. 4.21. Wave Trial #3—a close up of generator power and instantaneous 

bearing damage versus time, from 120 to 180 seconds. 

 

 

The points of interest of this plot are the two spikes to the right hand side 

of the image showing power and damage. The magnitude of the damage is close 

to three times larger than the closest damage peak. However, the closest power 

peak is more than half the magnitude of the tallest power peak. This seems to 

prove that the growth rate of damage and generated power are far from equal. 

Highest Peak 

Closest Peak 
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4.3.5 Power versus Damage Modeling 

The primary reason for the difference in the damage growth rate compared 

to the power generation rate is that the equation that dictates the amount of power 

harvested from the main wave has a much smaller exponential than that of the     

bearing life equation (which is the driving factor used to predict damage). 

Equation (4.15) gives the basic formulation for the rotary generator‘s power take 

off calculation per time sample. 

 

             (4.15) 

 

Where    is the     sampled torque on the main drive shaft in Nm and    is 

the     sampled angular velocity of the drive shaft in m/s.  

The main equation used to predict damage is the LDR coupled with the 

    (described in section 3.2.1 and 4.2.4), which can be written symbolically as 

follows: 

   
  
  

 
      

    
   

                (4.16) 

 

Where (4.16) is an expansion of (3.1), showing    as a simple conversion 

constant,    as the     sampled change in time from the previous sample in 

seconds,     as the     sampled angular velocity of the drive shaft in rad/s (or 

oscillations/s), and      as the     calculated life expectancy for the sampled data 
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in millions of revolutions or oscillations. Equation (4.17) implements the final     

equation (4.11), and (4.18) combines constants into single   terms. 

 

   
      

       
  
   

  
             (4.17) 

 

   
    

   
 

   
 
             (4.18) 

 

Next, variable   is exchanged with equation (4.13), to yield the following: 

 

   
    

   
 

  
      

  

 

             

(4.19) 

 

Again, the constants are combined into one term labeled   , seen in 

(4.20). 

 

   
    

   
 

    
 
             (4.20) 
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In (4.21), the load life exponent (in the denominator of the greater 

fraction) is then applied to the fraction inside the parentheses (creating a new 

constant   ), and multiplied by the constant   . 

 

   
    

 
  

  
      

 

         
(4.21) 

 

Finally, all the constants are combined into one term and the remaining 

torque term goes to the numerator of the fraction, giving the final simplified 

damage equation as: 

     
           (4.22) 

 

Please note, if the Linear Damping control strategy is used, then the 

following two equations can be utilized for calculating the instantaneous damage: 

         (4.23) 

   
  
       
 

   
              (4.24) 

 
Where   is a damping constant given for the specific wave climate 

(discussed in section 3.1), and the torque and angular velocity are no longer 

independent variables.  
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Fig. 4.22 shows a blue scatter plot of Wave Trial #2 and the final 

simplified damage equation (4.22) as a multi-colored mesh behind it. 

Instantaneous damage is located on the y-axis, and the absolute value of torque 

and speed are on the x-axis and z-axis respectively. This plot seems to illustrate 

the excellent agreement between the projected theoretical damage and calculated 

damage using the real-world data from Wave Trial #2 (which incorporated the 

Linear Damping control algorithm with (4.23) and (4.24), with torque and 

angular velocity as non-independent variables). 

 

 
Fig. 4.22. A 3D plot of the absolute value of torque and speed versus 

instantaneous damage from equation (4.22) and Wave Trial #2. 
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On the mesh, the red colors show the highest instantaneous damage, the 

lighter blue colors show moderate damage, and the darker blue colors show very 

little damage. The linear relationship to speed and cubic relationship to torque is 

very obvious in this plot, given the straight line seen on the left hand side and 

exponential curve on the right hand side. Also, the highest damage level can be 

seen in dark red (located at the top of the plot) with the intersection of the highest 

torque and angular velocity levels.  

Therefore, comparing the basic power generation equation (4.15) and the 

simplified bearing damage equation (4.22), the difference in growth rates between 

power and damage becomes clear. Mathematically speaking, the higher torques 

applied to the bearing significantly increase the rate of damage, to the 3.33 power, 

while the rate of power generation grows notably slower, to an exponential of 

unity power. The following two figures present this concept graphically by scatter 

plotting generated power versus accumulated damage for all three wave trials. 

Fig. 4.23 shows the data by itself, and Fig. 4.24 adds a polynomial best fit trend 

line to help show the significant exponential relationship between power and 

damage. The equation and coefficients for the polynomial are as follows (where   

is the y-axis damage and   is the x-axis power): 

                                     (4.25) 

 



95 

 

 
Fig. 4.23. A scatter plot showing power versus damage for all wave trials. 
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Fig. 4.24. A scatter plot showing power versus damage for all wave trials, with a 

polynomial best fit trend line. 

 

4.4 Summary 

This chapter presents the case study of a scaled WEC prototype, 

considering the damage acquired at every time sample within three different wave 

trails, based on three different real-seas conditions. The primary points of 

discussion are summarized (as discussed in [1]) as follows: 
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 ―The relatively high amounts of damage accumulated by the higher torque 

waves (in the 50 Nm plus range), compared to the lower torque waves 

(under 50 Nm), suggest that it may be beneficial to reduce drive train 

loads at higher torque values.  Furthering this analysis with a 

determination of the value of energy revenue versus the cost of O & M at 

a given time is a topic for future research. 

 Finding a balance between capturing as much energy as possible from a 

given wave and mitigating the damage incurred by the main drive train 

components in real-time seems to be a very beneficial endeavour. 

 It would appear that a Life Extending Control algorithm would provide a 

significant increase in service life for the WEC drive train bearing under 

consideration, with a small reduction in overall energy capture (as shown 

in [26]).‖ [1] 
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5 CONCLUSION 

5.1 Conclusions 

There is a significant amount of research to be done in the area of WEC 

Life Extending Control algorithms. Nevertheless, the bearing life prediction 

method presented in this case study, implementing the LDR with the expanded, 

oscillating     bearing life equation, seems like an excellent first step towards 

improving WEC reliability, performance, and the overall cost of energy [1]. 

5.2 Future Research 

5.2.1 WEC Hydrodynamic Modeling 

Future research will consist of creating a full-scale hydrodynamic model 

of the SeaRay, in order to compare and contrast the system‘s total damage 

accumulation and energy capture with LEC and non-LEC algorithms [1]. The first 

control technique employed will be the linear damping algorithm (described in 

section 3.1) followed by the LEC described in the previous chapter, with an 

overhead governing controller to make the decisions between electrical and 

mechanical performance ([14] suggests a Fuzzy Logic controller, which seems 

like a promising option). After proving the algorithm in the simulation world, the 

next step will be testing it in a real-world environment on the next WEC 
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prototype. As statistician George Box once said, ―All models are wrong but some 

are useful.‖ [42] Hence, the hydrodynamic model testing will be helpful to the 

research team, but in order to definitively prove whether this type of algorithm is 

beneficial to the wave energy industry or not, it will need to be tested on a real 

WEC in the open seas. 

Prior to testing in a real-world environment, one can only guess as to 

whether weeks, months, or years will be added to the mechanical life of WECs as 

a result of a LEC algorithm, and as to what kind of decrease in maintenance 

intervals may be seen. Certainly, a valuable study after real-world testing will be 

to compare LEC-driven data to that from previous years of operation.  

5.2.2 WEC Power Shedding Dynamics 

Cut-in and cut-out wave velocities for WECs is another important area of 

research that has not received much attention in the wave energy industry up to 

this point. In the wind industry, these values are very well defined for most 

models and power ratings. However, there is no such standard in the wave energy 

industry. This seems to be a necessary research topic if LEC algorithms are to 

advance, since the governing controller needs to decide when to ―pitch in or out 

of the wind,‖ and how much wave power to shed for any given wave. 
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5.2.3 LEC Cost Analysis 

The final area of research that has yet to be realized is on the matter of 

LEC versus non-LEC cost comparisons. A study should be conducted which 

determines the value of energy revenue versus the cost of pre-mature part 

replacement, shorter maintenance intervals, loss of revenue in machine down 

time, and many other factors [1]. As mentioned in the introduction of this paper, 

one of the most important questions that could be asked about WEC control 

algorithms is if extracting the most amount of power out of a WEC is really the 

most cost effective strategy, or if extending the life of key drive train components 

(while shedding some power) would actually be a more beneficial control scheme 

(financially speaking) in the long run. Though this case study of a 1:15 scale 

model would suggest a strong positive correlation between LECs and overall cost 

of energy for WECs, only future research with real-world testing will provide 

truly reliable data.  
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