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Novel Design and Implementation of a Permanent Magnet Linear Tubular Generator for 
Ocean Wave Energy Conversion 

1 Introduction 

1.1 Energy and Our Future 

The solutions to today’s energy challenges need to be explored through alternative, 

renewable and clean energy sources to enable a diverse national energy resource plan. An 

extremely abundant and promising source of energy exists in the world’s oceans.  The 

oceans store energy in the form of waves, tides, marine currents (tidal flow streams), 

thermal gradients, and salinity. Among these forms, significant opportunities and benefits 

have been identified in the area of ocean wave energy extraction, i.e. harnessing the 

motion of the ocean waves, and converting that motion into electrical energy.  Wave 

energy is a form of solar energy.  Uneven heating of Earth’s surface creates the wind, 

which in turn sheers across the ocean surface generating waves.  The winds which create 

the waves of the Northwest blow from west to east over the Pacific Ocean. The length of 

water over which the wind has blown is commonly called the fetch length. Wind energy 

is gathered by the Pacific Ocean fetch length, and the ocean waves act as a great 

conveyor belt, delivering this power to Oregon’s shores. Strong easterly winds create 

excellent wave energy potentials along the coasts of Oregon, Washington, Northern 

California, and Alaska. 

Ocean wave energy has several advantages: the waves have a high seasonal 

availability, are predictable, and closely match the seasonal electric utility load variations 

in the Northwest. Ocean wave energy densities are high compared to other forms 

renewable energy sources which enables devices to extract more power from a smaller 

volume, resulting in a reduction to cost and visual impact. Offshore energy sources would 

provide electrical power west of the heavy loading along the I-5 corridor and have 

minimal local electrical transmission impacts. This new power source could provide 

relief of heavy winter stress loading on the transmission infrastructure that traverses the 

Cascades. For these reasons, ocean wave energy in Oregon has the potential to help meet 

the energy demands of the future. 
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The Electric Power Research Institute (EPRI) has estimated that the wave energy 

resource potential that could be harnessed in the U.S. is equivalent to the nation’s existing 

hydro power resource which is about 6.5% of the total U.S. electricity supply.  These 

estimates correspond to 260 TWh/yr, or an average power of 30,000 MW.  Considering 

that 50% of the U.S. population lives within 50 miles of the coastline, wave energy 

presents a promising addition to the nation’s renewable energy portfolio, by providing 

power where it is needed. The Pacific Ocean has the significant wave potentials, with 

higher energy levels in the north as you approach the poles.  The Oregon coastline has a 

vast potential to take advantage of wave energy.  

In a 2005 study EPRI conducted in partnership with OSU assessing the wave energy 

potential off the US coastline, EPRI identified seven sites along the Oregon coast which 

showed great potential for the development of “Wave Parks” based on utility 

interconnection and substations. Development of wave energy technologies could provide 

a economic stimulus to Oregon’s coastal communities. Oregon has the opportunity to 

become the national leader in wave energy research and demonstration, and, commercial 

wave energy device manufacturing and wave park development. Oregon State University 

(OSU) wave energy pioneers have viewed this as an opportunity to research, develop, 

and optimize designs which will prove to be economically and environmentally 

sustainable. Overall, wave energy is considered a benign form of renewable energy with 

regards to the environmental impact. 

Currently, there are commercial wave energy device manufactures; however there are 

still many economic hurdles. According to the Federal Energy Regulatory Commission 

(FERC), it can take up to seven years to license and develop a single site. Within 10 to 15 

years ocean wave energy engineers could be in high demand by the industry. The 

developments in wave energy seem to parallel the historical developments of wind 

energy and therefore there is a lot to learn from the wind industry. Ocean wave energy is 

still in its infancy, and thus requires a lot of coordination among federal, state and local 

agencies as they work out new policies and regulations.  
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 Wave energy has a strong potential to benefit our energy future. It even has a number 

of advantages over wind power. Fifty percent of the U.S. population lives within 50 miles 

of the coastline, which means the energy produced by wave parks would experience less 

transmission losses prior to reaching its load destination. The energy density of the ocean 

water is about 800 times that of the air:  there’s more energy there to capture. On the 

Oregon coast, three feet of wave front containing the raw energy equivalent of 50 

kilowatts of electricity in winter and 10 kilowatts during summer. Fig.1.1 shows the 

seasonal power available per meter of wave crest averaged over the last 10 years. If 

energy developers are able to reliably extract even 50 percent of the available power per 

buoy profile, wave energy would be a huge success. 

 

Europe and Australia have very active government R&D programs, and there are 

several demonstration projects underway.  Currently, there are minimal US Government 

R&D programs although Oregon State University has approached the USDOE to be the 

nation’s ocean wave energy research center. OSU is working on a demonstration site near 

Newport in hopes of becoming the U.S Center for Ocean Wave Energy Research and 
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Fig.1.1 Wave power estimated from 5 buoys off the Oregon coast over past 10 years 

(Wave data From National Data Buoy Center (NDBC)) 
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Demonstration. Oregon is an ideal location for such a center due to existing industries 

and coastal communities. Currently there have been a number of preliminary FERC 

permits submitted for the development of commercial wave parks which are shown in 

Fig. 1.2.  

 

The wave energy extraction devices currently being designed and developed at OSU 

are point absorber buoys which float on the surface of the ocean. The proposed locations 

would be less than three miles offshore, just on the edge of the visible horizon. Efforts 

have been focused on converting the linear heaving motion of oceans waves directly to 

electrical power. Wave energy technologies are at the early stages of development, 

similar to where the wind power industry was 20 years ago. Early designs and 

demonstration projects fall into three broad categories:  floating devices, oscillating water 

columns, and wave surge devices. Most current floating (or pitching) designs use 

hydraulic or pneumatic mechanisms to convert the wave action into electrical power; 

however, OSU has demonstrated direct conversion using a “linear” generator [4]. 

 
Fig. 1.2 Preliminary FERC permits submitted for Wave Parks 
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1.2 Current Technological Developments 

Current commercial ocean wave energy technologies are in the preliminary stages of 

optimized design development.  There are several topologies developing, and no clearly 

superior engineering solution yet established. Advancement in technologies and material 

sciences, and lessons learned from other renewable industries, offer encouraging 

predictions that the development of wave energy technologies can be accelerated to 

exceed historical renewable development time lines.  

                   

    a) Ocean Power Technology PowerBuoyTM                     b) Pelamis Wave Power  

 

        c) Oceanlinx Oscillating Water Column                           d) Finavera AquaBuOY                          

Fig. 1.3 Example existing commercial technologies 

Current commercial wave energy companies, such Ocean Power Technologies (OPT), 

Finavera Renewables, Pelamis Wave Power, and Oceanlinx, shown in Fig. 1.3, are using 

mature hydraulic and pneumatic technologies. Besides the hydrodynamic design, these 
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systems are primarily composed of standard manufactured components. This design 

philosophy reduces the overall cost of development. However, many existing 

technologies have not yet been optimized to survive in an ocean environment while 

extracting energy efficiently and reliably.  Current systems have been maintenance prone, 

and suffer low availability due to the necessary down time. On occasion complete system 

failures have also occurred. The economics of the current designs reflect their operational 

history and show a large opportunity for design improvement. 

The first commercial wave energy device deployments are planned by the summer of 

2008.  After surmounting the necessary regulatory hurdles, it is estimated that the first 

full-scale (e.g. 100MW) wave energy parks may be permitted and deployed in the next 

seven to ten years. The rapid development of the wave energy industry provides hope that 

ocean wave power may soon become a clean and reliable source of affordable renewable 

energy. 

1.3 Ocean Wave Energy at OSU 

Since 1998, Oregon State University (OSU) in Corvallis, OR, has been developing a 

wave energy program to educate students who are motivated to responsibly develop 

renewable energy resources. A multidisciplinary wave energy team of engineers  and 

scientists at OSU has been pursuing wave energy developments in four areas:  1) 

researching novel direct-drive wave energy generators, 2) developing an action plan for a 

National Wave Energy Research and Demonstration Center in Oregon, 3) working 

closely with the Oregon Department of Energy (ODOE) and a variety of stakeholders to 

promote Oregon as an optimal location for the nation’s first commercial wave parks, and 

4) examining the biological and ecosystem effects of wave energy systems. 

 The novel direct-drive wave energy research at OSU focuses on a simplification of 

the energy conversion processes; i.e. replacing systems employing intermediate 

hydraulics or pneumatics with direct-drive approaches to allow generators to respond 

directly to the movement of the ocean. The use of magnetic fields for direct 

electromechanical energy conversion and or contact-less mechanical energy transmission, 
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has been theorized for the conversion of the heaving buoy forces into electrical power. 

The term “direct” drive describes the direct coupling of the buoy’s velocity and force to a 

generator without the use of a pneumatic or hydraulic medium. The direct drive systems 

are designed to be controlled advanced power electronic systems using novel control 

algorithms.  The research team is also developing new mooring systems and advanced 

buoy hydrodynamic designs which will optimize the wave energy to linear thrust 

conversion in a point absorber buoy.  

 

 Oregon State University is a prime location to conduct ocean wave energy research, 

noting the following strategic facilities shown in Fig. 1.4: 

• OSU is the home of the nation’s highest power university-based energy systems 

laboratory, the Wallace Energy Systems & Renewables Facility (WESRF) with a 

750kVA dedicated power supply and full capabilities to regenerate back onto the 

grid. 

• OSU is the home of the O. H. Hinsdale Wave Research Lab (WRL) with world-class 

wave tank facilities including a 342 ft. wave flume.  

• OSU is the home of the Hatfield Marine Science Center (HMSC) with a 40 year 

history of marine research, education, and outreach from a 49 acre site on Yaquina 

  
                 WESRF     O. H. Hinsdale WRL 

Fig 1.4 Research laboratories at OSU 
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Bay in Newport.  This location provides OSU with the ability to rapidly access the 

coastal ocean for instrument deployment and retrieval. 

The Oregon State University Wave Energy team has developed several novel 

direct-drive prototypes including a Permanent Magnet Linear Generator (PMLG) Buoy, a 

Permanent Magnet Rack and Pinion Generator Buoy, and a Contact-less Force 

Transmission Generator Buoy.  Inside the PMLG Buoy, the wave motion causes specially 

designed electrical coils to move through a magnetic field, inducing voltages and 

generating electricity.  In the Permanent Magnet Rack and Pinion Generator Buoy, linear 

to rotary conversion is developed as an extension of the concept of permanent magnet 

gears.  The Contact-less Force Transmission Generator Buoy exhibits linear force 

transmission using large, high-strength permanent magnets configured in a “piston.”  The 

motion of the piston is then transformed to rotation using a ball screw to drive a 

permanent magnet rotary generator.  Advanced designs of these prototypes are also being 

developed to achieve higher efficiencies and power output performance. 

The OSU researchers are also interested in small scale wave energy generators, 

which could be integrated into boat anchor systems to power a variety of small craft 

electronic devices.  These similar small-scale systems could enable ocean data collection, 

navigation and monitoring buoys to become self-powered.  In order to comprehensively 

research, test, evaluate and advance wave energy conversion devices, OSU installed a 

Linear Test Bed (LTB) in the WESRF laboratory for wave energy research.  The LTB 

shown in Fig. 1.5 was designed to simulate the relative linear motion created by ocean 

waves.  Simulation of the relative motion experienced by a point absorber buoy will help 

researchers optimize wave energy device technologies.  The LTB can be controlled to 

simulate the hydrodynamic response of an actual buoy topography based on 

hydrodynamic models or used directly to drive linear generators acting as a reciprocating 

dynamometer.  The LTB will greatly aid the development of direct drive systems for use 

in wave energy extraction buoys as well as contribute to the research of high power linear 

electromechanical energy conversion. 
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In the future through continued funding, OSU is aiming to advance wave energy 

developments through a number of initiatives; 1) Demonstrate and compare existing 

ocean energy extraction technologies. 2) Research and develop advanced power 

generation systems, 3) Investigate efficient and reliable integration with the utility grid 

while addressing intermittency issues. 4) Advance wave forecasting technologies. 5) 

Conduct experimental and numerical modeling for device and wave park array 

optimization. 6) Develop a framework for understanding and evaluating potential 

environmental and ecosystem impacts of wave energy. 7) Establish protocols for how the 

ocean community best interacts with wave energy devices/parks.  8) Develop wave 

energy power measurement standards. 9) Determine wave energy device 

identification/navigation standards etc.  

Fig. 1.6 illustrates the OSU conceptual wave park which highlights the first wave 

energy prototype buoy with a permanent magnet linear generator.  At about two to three 

miles offshore, the parks would be virtually invisible from the beach, thus preserving 

ocean views, however close enough to make mooring and transmission feasible.  The 

 

Fig. 1.5 Wave Energy Linear Test Bed installed at WESRF 



10 
 

 

buoys would be placed in water depths of 120 – 200 feet, beyond where the waves start to 

break and dissipate larger percentages of their energy.  As shown below, each buoy 

would have a power cable dropping down along the mooring line to the anchor. The 

shore power cables would be routed to a central junction box located on the seafloor then 

delivered to the shore through a single undersea cable.  At the shore substation the power 

provided by the wave park could be conditioned and connected to the grid. 

There are many research and development challenges that exist in the areas of 

survivability, reliability, maintainability, efficiency, cost reduction, identification of 

suitable sites, reliable interconnection with the utility grid, wave resource measurement 

methodologies for reliable wave energy forecasting and scheduling, better understanding 

of potential environmental/marine impacts, permitting and regulatory issues, and 

synergistic ocean community interaction with wave parks. The research and development 

of wave energy converter (WEC) technologies is the center of OSU research at WESRF. 

Through development economically feasible technologies which optimize the extraction 

of wave energy with minimal environmental risk, ocean wave energy may more quickly 

be put to use around the globe. 

 

Fig 1.6 Oregon State University Conceptual Wave Park 
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1.4 Design Objectives and Project Justification 

The design objective of this project was initiated as a novel solution [4] to directly 

extracting energy from the heaving motion of the ocean by way of a permanent magnet 

linear tubular generator (PMLTG) incorporated into a point absorber buoy. For this 

research project to be satisfied, the energy systems group was tasked with the objective of 

deploying a 1kW wave energy buoy in the ocean by the end of the summer of 2007.  The 

use of a PMLTG for this project paralleled existing research paths and allowed for the 

implementation of a novel proposed control method [14].   

The PMLTG buoy was designed to simplify the complex and inefficient conventional 

mechanical system that would require the use of many working seals, bearings and 

hydraulic fluids in order to convert the heaving motion of the ocean into a high speed 

lower torque output which would be coupled to a standard type of rotary generator. The 

simplicity of PMLTG as a complete point absorber buoy system replacement shadows the 

complexity of the generator design and construction.  The novelty of the design presented 

significant pioneering in wave energy device engineering and manufacturing which will 

be described in this thesis. 

As with the design and development of any leading edge technology, the economics 

do not accurately represent the significant advantages of such a theoretical design. The 

energy market will only increase in demand under current socioeconomic philosophy, 

and therefore all current power plant designs will be updated or put aside for designs 

which are more efficient, less polluting, and more cost effective to operate. Wave energy 

is no different.  Finding an optimized design which will satisfy all the design criterias will 

prove to be the best solution in the future.  Direct drive technologies have shown promise 

in becoming the optimized solution, which therefore justified the development of a scale 

prototype employing the use of a PMLTG.  
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2 Permanent Magnet Linear Tubular Generator (PMLTG) Design  

2.1 Introduction  

 This chapter covers the theory, design and construction of a PMLTG and includes 

specific design integration challenges of the device into a point absorber buoy.  PMLTG 

was designed for the specific purpose of directly extracting electrical energy from the 

heaving motion of the ocean without the use of any working seals. Fundamental 

techniques of rotary permanent magnet (PM) machine design are employed with 

consideration of the difference in machine topography. In order to eliminate working 

seals, the buoy is composed of two components, a float and a spar; each contains an 

active component of the PMLTG.  The PMLTG extracts electrical energy from the 

relative motion between the float and the spar which are separated by a salt water 

lubricated bearing.  

The decision was made to proceed with a PMLTG because of the high energy density, 

high system efficiency and the simplicity of the theoretical design. The complexity of the 

design arose from the difficulty in manufacturing linear tubular device of this size, the 

criteria by which the armature magnet section airgap was filled by a sea water lubricated 

machine bearing, and minimizing high cogging forces a linear PM machine.  The 

PMLTG specifications were initially developed from the point absorber buoy design 

criteria.  The design criteria for the project rated the point absorber buoy as 1 kW.  Since 

design standards for direct drive wave buoys have not yet been developed, the systems 

RMS output power during the summer was used as the rated value. Therefore, the 

PMLTG would have extracted an average of 1kW if it had been deployed for the entire 

summer off the coast of Newport Oregon with average wave heights of 1-1.5 m.  The 

classification of the PMLTG meant that the actual peak output must be much greater than 

the nominal power output.  The other obvious design criterion was that the device had to 

be able to survive an ocean deployment unscathed.   The design criteria for OSU wave 

energy buoys are based on the four primary design objectives.  The OSU design 
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objectives for direct drive wave energy buoys in order of importance are; survivability, 

maintainability, reliability and efficiency.   

The design of the wave energy buoy was divided between a lead ocean engineer and a 

lead electrical engineer. The ocean engineer was in charge of the hydrodynamics, buoy 

mooring, and buoy component construction. The electrical engineer was tasked with the 

design and construction of a linear generator which would fit modularly into the buoy 

components and produce the electrical power.  

 

The initial stages of design focused on reconciling the feasible size and shape of the 

SeaBeav I buoy components with that of the PMLTG. The hydrodynamics of the buoy 

 

Fig. 2.1 SeaBeav I model of Buoy and Spar      
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dictated minimum generator weights to establish the buoyancies developed in the linear 

wave dynamic models.  The concentric cylinders of the SeaBeav I buoy, as shown in Fig. 

2.1, were designed to perform within allowable stability factors which relate to the center 

of buoyancy for each cylinder. The PMLTG components were mounted in the center of 

the spar and buoy float therefore contributing to the designed margin of stability.  The 

size and weight of the PMLTG were limited by the allowable stability point to achieve 

proper hydrodynamic relative motion. If the theoretical hydrodynamic state of the buoy 

was achieved, the relative motion and back thrust from the PMLTG onto the buoy float 

would still allow the extraction of an average of 1kW of wave energy in a 1m wave. 

From these initial design criteria the PMLTG had four additional major buoy 

mandated design constraints; power output, size, weight, and operational velocities of 

relative motion.   Standard low voltage distribution components were desired to be used 

for the ease of manufacturability of the generator power take off, therefore was desired to 

keep the peak voltages below 1kV.  The current densities less were further limited to less 

then than 3 A/mm2 with regard to theoretically higher generator efficiencies by limiting 

heat loss.  Developing design constraints for a generator is an excellent start, however as 

the constraints overlap, design compromises must be made to fit the specific application.  

     Initially, the buoy’s design was given priority as it was envisioned as being reusable 

for future testing of other generator designs and hydrodynamic research in the O.H 

Hinsdale Wave Research Laboratory.  For these reasons, the PMLTG was designed to be 

placed into and removed from the buoy modularly. Access to the interior of the spar was 

necessary to allow access to the PMLTG terminal connections and auxiliary buoy 

systems. A compromise between the necessary access and ideal spar diameter was 

reached as a starting point to develop the buoy design. 

The relative motion determined from the buoy’s expected hydrodynamics provided 

some of the generator characteristics such as peak linear velocity, stroke length, and 

force. These values, which were initially derived from the scaled average wave heights 

during the summer months off the coast of Newport Oregon, allowed the preliminary 

PMLTG design to begin.  As with classical motor and generator applications, the desired 
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mechanical fixed parameters drive the type and size of the electromechanical conversion 

device. For rotary machines, designs for most applications have already been developed, 

and it’s only a matter of choosing which type and size of electromechanical conversion 

device best suits the application.  There are currently are no commercial scale linear 

devices of this type, and therefore some aspects of the design were solely based on 

translating rotary PM machine technologies into linear tubular PM machine design.  

 

2.1.1 Generator Classification  

A permanent magnet linear generator can be constructed in a number of different 

fashions to suit various applications.  All designs have two components, the magnet 

section, and the armature.  The magnet section translates the magnet flux of the 

permanent magnets through the armature in a precise manner determined by the design 

geometries and dynamics of operation. The armature is the part of the machine in which 

voltage is induced and electrical power is produced.  In classical machine design one of 

these components would be held stationary relative to the other by mechanical mounting, 

and therefore called the ‘stator’.  However in wave energy applications, both components 

are free to move and the difference in the hydrodynamic design and mooring creates 

relative motion.  

One noticeable benefit of a PMLTG is that it allows one of the components to have 

no electrical connection.  The absence of wires, contacts, and controls in the magnet 

section provides a degree of simplicity in the construction, and a benefit of fewer 

components to maintain and control. Simplicity in an ocean environment aids in 

successful fulfillment of the design goals.  

During a cross comparison of buoy configurations a market value study was 

performed on the costs of raw materials required for construction as well as the pros and 

cons of several different generator configurations.  The region of the PMLTG where 

magnets and coils are sliding passed each other producing electricity is called the active 

region of the PMLTG.  Magnets or coils that are at that moment in time not contributing 

to the generation of power are called non-active. The lengths of excess non-active 
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magnets or coils factor into the efficiency of the device. Additional magnets contribute to 

magnet volume efficiency, were as additional copper coils increase machine inductance 

and copper losses during operation and increasing the cost and weight of the generator.  

For this comparison, the weight per volume of the magnet section was designed to 

approximately equal the weight per volume of an armature section. Therefore, as shown 

in Fig. 2.2, one light, one dark grey block combined would weigh approximately the 

same as one coil block shown. The weight congruence was an important factor for the 

system comparison because of the buoys inherent dependence on weight distribution. The 

design weights of the buoy components change hydrodynamic relative buoyancies and 

the stability of the buoy while floating in a stochastic sea state. 

The magnet section and armature of a PM linear machine can be arranged flat, 

polygonal, cylindrical, and helical or a number of combinations of these shapes.  The 

simple cross sections of proposed initial PM linear tubular machine design configurations 

are shown in Fig. 2.2.  The center spars shown represent a relative increase in required 

buoyancy. Configuration 1 provides continuous excitation of all of the armature windings 

during the entire stroke.  Configurations 2 and 3 only provide 25% activation of the 

armature windings while oscillating with a maximum stroke length. The inactive winding 

losses would reduce the overall generator efficiency rating.  With configuration 2 and 3, 

individual inactive coil windings would be switched out of the generator circuit using 

 

1 32 4

 
 

Fig.2.2 PMLTG topography configurations  
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power electronics (PE). Extending the total armature iron height to the full range of linear 

motion of the translator makes the reluctance of the magnetic circuit constant over the 

entire range of motion which is proven to greatly reduce PM linear generator cogging 

forces.  A relatively light spar, as seen in configuration 1, was also beneficial because of 

the tension mooring system which uses the excess buoyancy of the spar to provide 

upward force during the float’s downward stroke. The lighter the spar, the more excess 

buoyancy is available which contributes to a higher level of stability. In configurations 1 
 

Table 2.1 PMLTG Configuration Comparison 

#  Pros Cons Material  
Price 
[$] 

Total 
[$] 

 - Light Spar  -  $ Magnets Silicon Steel (Si-Iron) 109946 

 - Stationary Cable  - Non-magnetic Copper (Cu) 86 

     Construction Stainless Steel (SS) 31 

    Lead (Pb) -12706 

1 

    NdFeB magnets* 48946 

146302 

 - $ Magnets  - Flex Cable Silicon Steel (Si-Iron) 38987 

 - Light Spar   Copper (Cu) 86 

 - Metal   - Power  Stainless Steel (SS) 31 

 - Construction     Electronics Lead (Pb) 949 

2 

    NdFeB magnets* 12236 

52289 

 - $ Magnets  - Heavier Spar Silicon Steel (Si-Iron) 38987 

 - Metal   - Power  Copper (Cu) 86 

   Construction     Electronics Stainless Steel (SS) 31 

 - Stationary Cable   Lead (Pb) -1267 

3 

    NdFeB magnets* 12236 

50073 

   - $ Magnets Silicon Steel (Si-Iron) 109946 

   - Flex Cable Copper (Cu) 86 

   - Heavier Spar Stainless Steel (SS) 31 

   - Non-magnetic Lead (Pb) -1267 

4 

     Construction NdFeB magnets* 48946 

157742 

* Neodymium Iron Boron (NdFeB) rare-earth magnets with BHmax = 35 MGOe 
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and 4, non-magnetic construction of the spar was required in the non-active region to 

prevent eddy current losses in the structure which would be induced by the magnets in 

the magnet section. The efficient use of magnetic material was also a consideration, 

however it was deemed not as important because the modularity of the design would 

allow the magnets to be used in the future for larger PMLTG configurations. 

Constructing the buoy using steel was initially viewed as a benefit however with industry 

support composite fiberglass construction proved to be an excellent option.  Fiberglass 

composites have excellent corrosion resistance, mechanical strength, and ease of 

manufacturing, as well as offer desired non-conductive and non-magnetic properties. 

Table 2.1 lists the initial cross comparisons of Pros and Cons of the different design 

configurations with material prices based on market values per kilogram. 

The use of a flexible umbilical cable from buoy components would add another 

degree of complexity and a probable point of failure. It was preferred to have the cable 

connected to a relatively stationary point.  Therefore, the armature (i.e. coils) was placed 

on the spar. This configuration reduces cyclic cable flexing which contributes to the 

deterioration of the cable insulation over time. Configuration 3 required additional 

switching power electronics (PE) which were thought to bring an unnecessary degree of 

complexity into a device of this scale. Therefore configuration 1 was chosen for two 

primary reasons. First, the design’s theoretical survivability was excellent. Second, 

configuration 1 allowed for the use of a shorter spar, which was necessary for conducting 

a hydrodynamic study at O.H. Hinsdale Wave Research Laboratory. The draft of the spar 

was designed short to provide ample room for testing in the large wave flume which has a 

maximum depth of 15 feet. Configuration 1 also allowed for a more efficient 

electromechanical conversion by eliminating the additional coils in the non-active region. 

The additional cost was acceptable considering the benefits of survivability, 

electromechanical efficiency, and future up-scalability. 

In recent years, novel permanent magnet linear generator buoys developed at 

Oregon State University [4] were similar to a small version of configuration 4 shown in 

Fig. 2.2. The center magnet sections had inner diameters on the order of a few inches.  
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The ends windings, which are a source of power loss and increased machine reactance in 

rotary machinery as well as linear non-polygonal and non-cylindrical machines, are 

eliminated by the PMLTG’s cylindrical design.  The cylindrical shape had additional 

hydrodynamic benefits and is not adversely affected by rotation about the center spar. 

The results from prior research contributed to the preliminary design decision process of 

the PMLTG. 

With the decided design topography and general initial mechanical parameters of 

the PMLTG, the relationship between mechanical power input and relative velocity is 

related negating efficiency factors to the thrust (Te) of the generator as; 

vTeffPP ehydromech == )(      (2.1) 

v

effP
T hydro

e

)(
=     (2.2) 

  When a linear machine is provided with a force, as in the case of a linear 

generator, the generator, as a function of producing electrical power provides a thrust 

back onto the magnet section.  In a sinusoidal PM machine the thrust is co-linear as the 

power output oscillates, similar to a rotating 3-phase providing unidirectional torque in a 

rotary machine.   The bidirectional forces between the translator and armature are known 

as cogging forces. The cogging forces are a function of geometry, magnetic circuit 

design, machine electromagnetic properties, such as reactance, and armature reaction.   In 

a low power linear PM machine, these forces can be a significant portion of the thrust, 

which can provide high levels of undesired oscillating thrust feedback in the machine 

system which the linear PM machine is attached. In the case of wave energy extraction, 

all PMLTG forces affect the hydrodynamic performance of the buoy. The cogging forces 

can be detrimental because they add yet another non-symmetrical force ripple in an 

already stochastic wave state. Control aspects and wave energy buoy extraction 

efficiency and performance could be adversely affected by cogging forces, and therefore 

the cogging forces of this PMLTG were thoroughly explored.  

 Prior to designing for cogging forces reduction the fundamental question of 

machine design must be answered [2]. What size linear machine is required to produce 
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the desired power output?  In classical machine design, this question is much more easily 

answered using the fundamental operating frequency and or speed, which would lead to a 

required force or thrust depending on whether it’s a linear motor or a linear generator.  

The mechanical force of a PM linear machine is directly proportional to the power and 

inversely proportional to the velocity.  From this observation the force of the machine can 

be determined to allow for an initial rule of thumb estimate on the machines size.  [2] The 

rule of thumb translated from rotary machine design to cylindrical machine design is;   

LCkF mechmech
2=    (2.3) 

where F is the force, k is the machine constant, C is the circumference, and L is the 

machine length.  The difficulty with this rule of thumb is that it assumes that the machine 

constant is preexisting, derived from a formally designed machine similar in design.  

Unfortunately, there are currently no other machines of this nature and therefore the 

machine size would have to be estimated from other methods such as desired thrust. The 

method of PMLTG classification was derived initially by calculating copper length for 

the designed voltage output using Maxwell’s equations and limiting the current density of 

the copper to less than 3 A/mm^2 for reasons of efficiency.  These design limitations 

allowed initial size and shape requirements of the generator to be established. 

In linear synchronous reciprocating machines mechanical position and velocity are 

related to electrical phase rotation and frequency by the pole pitch of the translator. The 

higher the velocity the higher the frequencies for a given pole pitch.  In the case of a 

point absorber buoy, the operating speeds of the relative motion are very slow; on the 

order of less then a few meters per second.  For this reason, it is desired to have a small 

pole pitch to allow for higher electrical frequencies of operation.  A trade off between 

feasibility of construction and desired peak operating frequency leads to a designed pole 

pitch from which the PM magnet circuit of a machine can be derived. However the slow 

speed also dictates that the machine work primarily on thrust, or force applied to produce 

the desired power output. In order to research some of these issues, a team of 

undergraduates in electrical engineering built a small scale prototype generator.  
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2.1.2 Undergraduate Research Project Design Influence 

The senior project team of 2006-2007 working with the energy systems group was 

tasked with building a 1/15 scale sectional PMLTG prototype in order to collect 

empirical data on proposed design paths for the 1kW PMLTG.  For the PMLTG, two 

pole pitches were explored; 36mm and 72mm.  The 36mm pole pitch design moved 

forward as the sectional design that was built as shown in the model in Fig. 2.3.  The data 

from the sectional testing provided a comparison between flux concentrating and surface 

mounted magnets as well as data on cogging forces, generator specification, and 

electromechanical efficiencies.  The sectional testing also explored the details of 

construction techniques, and the cogging effects of the various tooth shoe designs for the 

salient armature laminations.  

A sectional describes a small portion of the complete generator which is composed 

of magnet section and armature laminations with coils which identically represent the 

proposed larger tubular magnet circuit design. Sectional testing was completed to provide 

a rapid means of gathering data and performance comparisons with out needing to 

construct a full scale machine. For accurate comparison with a full scale device, the end 

effects on the magnetic circuit, and the increased inductance and resistance of the end 

windings are modeled, calculated, and then compensated for during the results 

  

Fig. 2.3 Sectional armature, 3-phase, 2-pole, 36mm pole pitch 
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comparison. Ideally equal volumes of machine active region would be compared on the 

basis of the machine characteristics, energy density, cogging forces, efficiency and 

difficulty of construction. Even though the theoretical performances of rotary and linear 

machines are easily compared electromechanically, the necessary mechanical 

construction constraints have great variation.  The variations in necessary mechanical 

features mandate specific electromechanical design changes.  

The comparison between surface mounted and interior flux concentrating magnets 

focused on exploring the advantages and disadvantages of each configuration. Fig. 2.4 

shows an example surface mounted design configuration as well as a proposed flux 

concentrating design. The flux concentrating designs do have the advantage of the airgap 

flux not being limited by the flux density for the magnets used.  However the flux 

concentrating also show reduced magnet volume efficiency due to increased flux leakage. 

Flux concentrating magnet design volume efficiency can be compensated for by using a 

 

Fig. 2.4 Surface mounting vs. flux concentration initial consideration 
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dual-side magnet section, in which there are armatures on both sides of the magnets. The 

flux concentration also theoretically shields the magnets from the affects of the higher 

order harmonics associated with high speed rotary PM machines. The flux concentrating 

magnet mounting structure has an added degree of simplicity allowing for the use of 

smaller diameters [4], and there are also possible control advantages in some 

configurations [7].  However in this case, the PMLTG is an extremely low speed variable 

reciprocating linear PM machine in which high order harmonics were deemed less 

important than efficient magnet usage.  

The undergraduate team was guided to investigate 30 degree two-pole sectionals 

involving the construction of two magnet sections and two armature sections. A small 

sectional linear test bed (LTB) was designed and constructed as shown in Fig. 2.5. The 

sectional components were designed to mount horizontally with the magnet sections 

above the armatures.  The small LTB design also allowed the airgap to be adjusted. 

 

Fig.2.5 Small LTB, complete SolidWorks model 
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Scaled sectional research and development reduced research cost as well as time to 

develop of an optimized generator design.  

 The sectional testing performed on the small LTB employed a torque transducer 

and high resolution linear potentiometer. The torque transducer had a high accuracy in 

tension and compression and the output of the potentiometer signal was processed with a 

voltage divider for linear position that was further differentiated for the measurement of 

velocity and acceleration. The data collected provided efficiency and cogging force 

comparisons between the two designs. 

The pole pitch length was investigated thoroughly in order to find the ideal 

electromechanical design geometry for PMLTG.  No single factor provided a constraint 

on this characteristic other than the mechanical limitations of physical construction. The 

PMLTG 36mm sectional pole pitch shown in the Fig. 2.6 targeted a maximum frequency 

output between 10-20 Hertz. Studies on direct drive wind turbines [12] have shown that 

the nominal pole pitch for direct drive wind turbine permanent magnet generators is 

 

Fig. 2.6 Flux concentration and surface mounted models  
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between 30mm and 70mm with a frequency output usually lower than 40Hz.  Power loss 

in the core of a machine due to hysteresis affects is proportional to the frequency of 

operation.  For a core constructed of high grade lamination steel the area of the B-H 

curve which represents the loss per cycle is relatively small at the low operational 

frequencies.  However, losses due to higher frequencies were considered.  The frequency 

for the active rectifier design [15] and ease of construction proved to be more pertinent 

factors. The efficiency of the magnet circuit can be optimized for any given pole pitch 

around the limitation of the airgap length. 

The senior design pole pitch was set at 36 mm which translates to a peak 

frequency of around 20 Hz at 0.76 m/s.  The magnet geometry design was based on using 

the same magnets for the surface mounted and flux concentrating magnet sections.  The 

magnet design implemented a partial edge taper which served to provide mechanical 

retention as well as theoretically lowering the cogging forces. Using the same magnet for 

both designs did cause a change in the static operating point between the two magnet 

sections.    

Cogging force ripple could be reduced in the sectional design by varying some or 

all of the following characteristics [2]; 1) Pole shape: the non-uniform (bread loaf) pole 

shape of the permanent magnets or pole tips to reduce cogging torque, 2) Pole arc to pole 

pitch ratio: there is a minimum cogging torque as the pole arc to pole pitch ratio is varied, 

3) Airgap size and 4) Placement of shoes on the armature slot teeth. 

All four armature and magnet section combinations were modeled, constructed and 

tested.  The knowledge gained during the construction phase proved to be extremely 

useful. The assembly of laminations by hand proved difficult.  The required lamination 

alignment was had to maintain. If the lamination back-iron was resin baked and 

manufactured by a machine, this may not present a difficulty. The flux concentrating 

design had six times the number of laminations which were each a fraction of the size of 

the surface mounted laminations. The number and size of the laminations made the 

assembly even more difficult.   
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The armatures presented similar difficulties in construction. The armature slots 

were only 6mm wide with a 2mm gap between the teeth which made it difficult to wind 

the copper coils accurately by hand.  Another issue was keeping the designed arc of the 

armatures true without structural backing for reinforcement. Once assembled, all four 

design combinations were tested and the data was analyzed.  

The magnetostatic models from the Maxwell SV simulation were confirmed by the 

empirical data from the sectional testing. This confirmation inspired confidence in the use 

of Maxwell SV to determine the performance of PMLTG magnetic circuits. The results 

proved with experimental data the prior calculations of radial lamination performance 

and magnetic circuit efficiency.  Although the flat shoe armature design showed high 

power outputs because of the lower effective airgap, the round shoe design reduced 

cogging forces.  

Conclusions derived from the sectional testing guided the PMLTG design in the 

direction of surface mounted magnets with rounded armature shoe tips. In addition the 

initial design work highlighted the need for a robust mechanical design.  The magnetic 

forces were strong enough to shift the laminations after the magnets were mounted on the 

backiron.  Due to these results extensive research and design went into the mechanical 

aspects of the PMLTG.  The magnet pole pitch was doubled in size to make the winding 

procedure feasible and mechanical engineers were consulted throughout the remainder of 

the electromechanical design of the PMLTG. 

 

2.1.3 PMLTG Design Parameters    

During the design of a PM machine there are many unknown parameters which 

play a role in the final desired design. In this case, there were even more parameters to 

consider because of the nature of the device being linear, modular, and weight dependent.  

In the beginning of the design, while developing theoretical magnetic circuit geometries, 

design constraints were used to help determine the remaining parameters. The constraints 

of the buoy design determined the inner diameter, airgap, and weight while the objective 

power output and hydrodynamic sea states determined relative velocities and thrust.  
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Table 2.2 PMLTG fixed design parameters 

Parameter Description Value Units 

P Power 1000 Watts 

Fmech Mechanical Force 1315.8 Newtons 

v Linear rated velocity  0.76 m/s 

lg Length of the air gap  5 mm 

Dso Active spar outer diameter 0.6096 m 

Dfi Active float inner diameter 0.6146 m 

Lmr Mean length per turn 1.81 m 

Nsp Number of slots per phase 4   

Nph Number of Phases 3   

Nm Number of poles active spar region 4   

Nspp Number of slots per pole per phase 1   

kd Distribution factor 1   

Ns Number of slots  12   

Nsm Number of slots per pole 3   

Bg Magnetic flux density of the air gap 0.8 Telsa 

Bbi Magnetic flux density of the back iron 1.6 Telsa 

Vpk Peak rated phase voltage 1000 Volts 

Vrms Phase voltage 245 Volts 

Irms Average current  2.95 Amps 

J Current density of coil wire 2.25 A/mm2 

Aw Wire cross sectional area 2.08 mm2 

Vdc Active rectifier DC bus voltage 600 Volts DC 

AWG Magnet wire, bondable 14 AWG 

R 14 AWG resistance per meter 0.00828 Ohms/m 

kst Lamination stacking factor 0.945 variable 

lsl Thickness of lamination 0.635 mm 

Br Magnet Remanence (NdFeB-35) 1.23 Tesla 

Hc Coercivity (NdFeB-35) 899255 A/m 

µo Permeability of free space 1.3E-06 H/m 

BHmax Max energy product 35 MGOe 

Bmax Maximum steel flux density  1.6 Tesla 
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Neodymium Iron Boron (NdFeB) rare earth magnets were chosen for use in the design 

due to their availability, energy density, and cost.   

The parameters which were fixed due to the stated design requirements are shown 

in Table 2.2.  The current density was set low for efficiency reasons and flexible magnet 

wire was desired to help ease the construction process.  After careful consideration of 

various standard magnet wire gauges, 14 AWG was determined to be the largest gauge 

which would still allow the armature to be hand wound.  Using 12 AWG would result in 

difficulty forming the coils. The chosen wire gauge and resultant constraint on current 

density established a target size for the cross sectional area of the copper as well as 

relative values of electromotive force (emf).   

  The limitations set by the power electronic components and the magnet wire’s 

continuous current rating were referenced as necessary during the design. The PMLTG 

was designed to produce a nominal voltage of less than 1kV, allowing the device to stay 

in the range of supply utilization equipment standardized by IEEE. Due to the oscillation 

in the generators relative velocity between 0.5 m/s and 3m/s, with a nominal output at 

0.76 m/s, it was necessary to design for a nominal peak output voltage with amplitude 

four times nominal average.  This implied that the average power output would need to 

be less than 250 volts per phase to continue using low voltage equipment.  It was also 

determined that a 600 volt active rectifier should be used [15].  These considerations 

dictated that the generator would be designed for an average of 245 volts per phase.   

 

2.2 PM Machine Concepts 

Permanent magnet generator operation is described fundamentally by Faraday’s Law 

of Induction which states that the induced electromotive force (emf) of a closed loop is 

equal to the negative time rate of change of the magnetic flux through the loop.  The 

closed loop of magnetic flux in the PMLTG passes from a magnetic north across the 

airgap, through the armature teeth and back to the airgap again returning to the magnetic 

south, and back through the backiron of the magnet section.  The geometry, mechanical 
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construction, and materials used in the machine are inherently linked to the performance 

of the electromagnetic conversion of kinetic energy into electrical energy. In a linear 

device, the generator’s relative motion oscillates along one axis.  

In the ocean, wave energy is constantly rolling between kinetic and potential energy, 

as the waves migrate towards land.  When a wave breaks and crashes onto the shore, all 

of it’s the energy is dissipated, therefore buoys are placed outside of the breaking waves. 

In order to directly convert the kinetic and potential energy of an ocean wave using a 

point absorber buoy, the relative motion is along one axis of the buoy as the buoy 

components react to the waves. , The linear tubular generator is incorporated between the 

moving components, the spar and float of the buoy. The relative motion needed to induce 

voltage in the PMLTG is provided by the waves moving the float with respect to the 

relatively stationary spar.  The velocity profile of the PMLTG will be relatively 

sinusoidal and of small amplitude.  The design focus of the PMLTG was to create a linear 

generator which had high efficiency and low cogging forces and was capable of surviving 

the ocean environment.  

 

2.2.1 Fundamental Relationships   

To design a PM machine an understanding of permanent magnet design is 

important, helping to ensure the correct utilization of the material as well as providing 

insight into the design limitations presented by the magnets themselves.  Magnetic 

circuits can be modeled linearly according to relationships which relate reluctance (R), 

magnetic flux (Ф) and magnetomotive force (F) as Ohm’s law is applied directly to 

magnetic circuit models.   

RF Φ=     (2.4) 

A PM machine’s magnetic circuit model can be developed and simplified; 

however, as vital as the circuit model is to fundamental design, the inaccuracies are 

magnified by the idealization of the flux path. In truth, the magnet flux of a permanent 

magnet in a PM machine has an infinite number of dynamic reluctance paths during 



30 
 

 

operation.  Only through linear generalizations using statistical constants, or finite 

element modeling will a reasonable approximation be achieved.  Even after modeling the 

generator, years of prototyping and empirical data collection is required to optimize a PM 

machine design.  There are an infinite number of possible solutions to satisfy Faraday’s 

law, inducing voltage in a coil of wire, although performing this task perfectly according 

to desired machine characteristics is quite another challenge.  

Rotary machine designs are commonly based on a linear translational model 

analysis. In this type of analysis a section of a rotary machine was assumed to be 

infinitely linear; for the sake of mathematical simplicity, angular motion is reduced to 

linear motion.  Some motor designs have parallel tooth widths from stator to rotor to 

eliminate variations in the magnetic flux density in the teeth across the airgap due to the 

circular geometry in which the arc length is larger per radian for larger diameters.  If the 

teeth were all drawn outward radially from the center, the magnetic flux density would 

lower as the width of the teeth increased. The same affect is true in a tubular linear 

generator. In the case a PMLTG, the magnetic flux density increases toward the center 

from the toroidal magnetic pole pairs because of the circular concentration of the flux 

towards the center armature.  

The magnet relationships are derived for the fundamentals of Ampere’s magnetic 

circuit law, which simplified, relates the magnetic flux density (B) to the length of the 

flux path by way of relation of the cross-sectional surface area and relative permeability 

(µR).  The concept of continuity of magnetic flux, all flux lines returning to their source in 

a closed circuit, reduces the magnetic circuit equations to: 

ggmm ABAB ==Φ     (2.5) 

0=+ ggmm lHlH     (2.6) 

Using Gaussian units, where the permeability of free space is equal to one, provides 

some simplification of the relation of magnetic properties. The BHmax energy product of 

the proposed magnetic material, the fixed volume of the airgap, and the desired airgap 

flux density are related to the volume of proposed magnetic material. Doing volume 
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analysis is beneficial not only for the economics in the PMLTG case, but also for 

determining the physical weight of the design. Ideally, the magnetic circuit operating 

point is located at BHmax, however consideration of dynamic instabilities may lead to a 

designed higher permeance coefficient (Pc) for safe operation.  The volume of the 

permanent magnet sets a starting point for the geometric design and material selection 

necessary to produce a specific voltage.  
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For a static magnetic circuit, at a specific temperature, the highest magnetic 

material volume efficiency is reached when the operating point of the magnetic material 

is set at BHmax for the material.  The quantity commonly known as the energy product 

(BmHm) has units of an energy density [kJ/m3], and is used solely as a qualitative measure 

of the magnetic performance.   Understanding magnet property variations and limitations 

due to magnet materials and magnet shape is important prior to any magnetic design.  

 

2.2.2 Material Considerations  

The magnet circuit for a 3-phase PMLTG contains three slots for phase windings, 

two magnetic poles, an airgap, and back-iron laminations. Since the PMLTG design was 

for maximum energy density, rare earth magnets were the best option because of their 

high magnetic flux density, and corresponding energy product.  The generator magnetic 

circuit parameters for dynamic operation were calculated by first modeling the rare earth 

magnets as shown in Fig. 2.7 [17]. From the NdFeB-35 magnet properties the magnet 

recoil permeability µR was calculated. 

CorR HB µµ /=     (2.8) 

moRrm HBB µµ+=      (2.9) 

The permeance coefficient (Pc) correlates to the flux concentration factor (Cθ) as shown.  
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This equation allows the concentration of flux to be calculated effectively, yet it can be 

more accurately shown through modeling. The concentration factor does not take into 

 

Fig. 2.7 Magnet and magnetic circuit equivalent 

 

Fig. 2.8 Rare earth magnet (NdFeB) B-H curve  
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account the effective airgap length which is affected by the leakage flux and the fringing 

around the tooth shoes. 

The permeance coefficient can also be described by the slope of the line drawn 

between the origin and the static operating point of the magnet as shown in Fig. 2.8.  The 

static operating point is the center point of which the magnet experiences flux oscillations 

during dynamic power operations.  The reluctance of the circuit changes dynamically as 

the shoes of the teeth of the armature pass the magnet faces and as current is drawn from 

the armature. The reactionary flux of the current in the coils of the armature is called 

armature reaction. Once the armature passes the face of the magnet, the magnet 

experiences a large increase in the magnetic circuit reluctance due to the absence of 

backiron. This drastically reduces the permeance coefficient of the magnet, bringing the 

operating point of the magnet closer to its coercivity (Hc).  A static operating point at a 

permeance coefficient of less than one is not suggested if the magnet is going to 

experience high temperatures or external magnetic flux.  In the PMLTG design, when the 

NdFeB magnets shown in Fig. 2.9 are no longer in the presence of the armature, they no 

longer experience armature reaction and are cooled by the sea water in the airgap. In a 

more thermally isolated design, where the entire PM machine might reach temperature 

equilibrium above 100ºC, the change in permeance coefficient due to changes in 

 

Fig. 2.9 NdFeB magnet design SolidWorks model 
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magnetic circuit topography should be closely analyzed, thermally and dynamically 

during operation. NdFeB magnets have relatively low Curie temperatures which require 

design compensation in higher temperature applications [11].  

 

The magnet parameters of two NdFeB magnets strengths are shown in Table 2.3. 

The NdFeB-38H magnet has a higher energy product; however it has lower operating 

temperatures and costs more per volume. NdFeB-35 magnets are more common and are 

readily available.  They are currently made in China, which has some of the largest 

mineral reserves in the world and currently is the leader in NdFeB magnet manufacturing. 

The magnet parameters were used to determine the magnet length and circuit geometries 

which would yield the best magnetic efficiency for the linear generator. The final 

magnetic design parameters are shown in SI units in Table 2.4 and Gaussian units in 

Table 2.5.  Gaussian properties are the current industry standard.  However, modeling 

was performed using SI units because of the more direct correlation to electrical 

engineering standard units of current and voltage. The use of a Tesla as a standard unit 

for magnetic flux density is a more familiar term to most engineers.   

The magnet circuit for a 3-phase PMLTG contains four magnetic poles in the 

active region, each containing three slots per phase, for a total of twelve slots and thirteen 

teeth. Of the sixteen total magnetic poles, only the relative sums of four are active in 

producing voltage in the armature at any one time. Both the armature and the magnet 

section were composed of single piece laminations using a high grade M19 lamination 

steel with a C5 coating. Initially in the PMLTG design, there was research into 

 

Table 2.3 NdFeB magnetic properties 

Temp. 
Coefficient 
of Br 

Grade 
Br 
(Gauss) 

Hc 
(Oersteds) 

Hci 
(Oersteds) 

BHmax 
(MGOe) (%/°C) 

Max. 
Op. 
Temp. 
(°C) 

Density 
(lbs/in3) 

35 12,300 11,300 14,000 35 -0.11 150 0.271 

38H 12,550 11,700 17,000 39 -0.1 130 0.271 
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constructing the armature using bobbins and stacked laminated rings. The design process 

Table 2.4 SI Design Parameters 

Parameter Description value Units 

Cθ Flux concentration factor 0.72   
Pc Permeance coeficient 2.77   
kml Magnetic leakage factor 1.07   
lgc Eff. Airgap for Carter coefficient  17.70   
kc Carter coefficient 1.0073   
Bg Air gap flux density (average) 0.94 T 
kag Air gap flux concentration factor (Rfi/Rso) 1.00   
Ag Eff. Area of air gap  0.0200 m per m 
Фg Air gap flux 0.8088 Webers/m 
ωtb Tooth bottom width (minimum) 10.1 mm 

ωbi Back iron width (minimum) 15.2 mm 

    

Table 2.5 Gaussian Design Parameters 

Parameter Description value Units 

Ag Area of air gap per meter (circular height) 72 mm 
lg length of air gap 5 mm 
Am Area of magnet per meter (circular height ) 52.0 mm 
lm Length of the magnet 10.00 mm 
Pc Permeance coefficient 2.77   
Tc Curie temperature 130.00 °C 
Pm Permeance of magnet 5.20   
Pg Permeance of air gap 14.40   
Фr Magnet residual flux  639600 Mx 
Фm Magnet flux 469910 Mx 
Bm Magnet flux density 9037   
Hm Magnetic field strenght 3263   
BH BH energy product 29 MGOe 
Br Residual  12,300 Gauss 
Hc coercivity 11,300 Oersted 
µ Permeability  1   

BHmax Maximum energy product 35 MGOe 
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and cross comparison of bobbin construction is explained in the appendix VI.E.  

Lamination cost, which is increased by the number of cuts required to make the 

shape as well as the amount of lamination material required, was also a factor in the 

chosen design. The bobbin design would have used the same amount of material however 

it would have cost more because it would have taken twelve times the number of 

laminations to construct. Research into lamination materials showed current stock 

availability to be the most important factor in price and selection. Silicon steel grades are 

listed by M numbers, the higher the number the higher the core loss.  M19 is the most 

common and one of the best performing silicon steels in its class. M19 is one of the more 

cost effective grades. The common gauges are 29, 26, and 24 (0.014in, 0.0185in, and 

0.025in respectively).  Since the PMLTG was to be constructed by hand, it was beneficial 

for the lamination material to be as rigid as possible, and to have as few laminations as 

possible. The 24 Gauge M19 with the C5 coating was available in common stock, 

 

Fig. 2.10 M19 Silicon Steel B-H curve at 60 Hz  
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provided excellent core efficiencies, and was semi rigid and resilient to deformation 

during production. The B-H curve for M19 silicon steel is shown in Fig. 2.10.  

Choosing materials can be a time consuming process, yet knowing the exact 

material properties is necessary to accurately model the magnetic circuit. Each material 

change during design iteration must be entered into the magnet model and analyzed. 

Checking for the dynamic effects of a geometry or material changes using a 

magnetostatic simulator can also be tedious.  It is important to have an intuitive 

knowledge of how the performance of the machine will be affected by mechanical design 

decisions.   

 

2.3 Magnetostatic Modeling and SolidWorks Modeling 

Magnetic modeling was performed using Maxwell SV magnetostatic simulator in RZ 

and XY formats. The cogging force study was primarily performed using the RZ format 

focusing on the force fluctuations on the armature due to the magnet section. The 

magnetic circuit analysis studied variations in the geometries derived from magnetic 

circuit modeling and required some slot geometry approximations.  Variations in the 

design were compared and analyzed in order to find an ideal minimum cogging force that 

was still able to induce a sinusoidal voltage around the maximum magnetic energy 

product operating point. In the RZ simulation, radial flux concentration is compensated 

for as part of the finite element analysis, however the effects of lamination stacking 

variations must be calculated manually. The final model was drawn in Maxwell SV using 

exact geometries without compensation for necessary machine tolerances.  The addition 

of machine tolerances increases the effective airgap in the magnetic circuit model,   

Magnetic modeling was used as the primary procedure for determining accurate 

machine parameters within an acceptable level of error. There are recorded tests which 

show magnetostatic modeling as an acceptable method for determining the performance 

of a machine when compared to more highly advanced magnetodynamic simulators. All 
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models used to develop the PMLTG were performed statically, stepping through 

increments of the machines stroke to estimate the dynamic changes in flux densities.    

The change in flux about a length of wire is directly proportional to the magnitude of the 

voltage induced.  The change in flux will produce a current in any closed path of a 

conductor, which is the primary source of eddy current losses.  

 

The final design model shown in Fig. 2.11 shows all 16 magnetic poles of the 

translator interacting with the armature of the PMLTG. The bifurcation of the magnetic 

 

Fig 2.11 PMLTG magnetostatic simulation 
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flux into magnetic pairs is clearly seen as the flux density is intensified by the presence of 

the low reluctance M19 armature laminations. Initially only partial pole pitches were 

modeled and correlated to the linear magnetic calculations.  The accuracy of the model 

was increased by including leakage coefficients. However, the true effects of the entire 

machine were not visualized until the final model was observed. The neighboring 

magnetic poles above and below the armature in this topography play a significant role in 

the flux distribution, and therefore the resulting machine parameters of voltage, armature 

reaction, and cogging forces. Final decisions were made from the models based on best 

case comparisons between the varying designs. This was done as a first pass at design 

 

Fig 2.12 PMLTG SolidWorks model cross-section  
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optimization. The research was driven by the necessary construction and deployment of a 

PMLTG in a timely manner.  Due to the number of possible variations in design that 

would have only a minor impact on generator operation, it was necessary to base some 

design decisions simply on intuition.  Faraday’s law is simple once explained; however 

perfecting the efficiency of electromechanical energy conversion is a design challenge.  

The design modeling was enhanced using a spread sheet containing the magnetic 

circuit parameters and geometries which were linked with mathematical design 

equations.  The spread sheet calculations and approximations of flux levels provided the 

initial geometries which were drawn into the models of the finite element analysis 

software. The models were then stepped through statically to acquire a cross comparison 

of cogging forces. The 2D magnetostatic iterative process was used to approach the best 

solution given the desired generator characteristics and buoy design constraints. This 

method was proven by the results of the sectional linear test bed (LTB).  

Once preliminary models were made in Maxwell SV, 3-D SolidWorks models were 

constructed, as shown in Fig. 2.12, to help visualize the actual PMLTG machine 

characteristics. During the 3D modeling process many design flaws can be found and 

corrected before production begins. The manufacturing of PMLTG components, the 

auxiliary control wiring, and the power acquisition and data analysis equipment were all 

completed in the WESRF laboratory. This meant that there were limitations on lifting, 

alignment, and manufacturing capabilities. As the design process proceeded, these 

limitations had some influence on the methods of construction.  

Each component’s size and weight was considered when designing the PMLTG and 

buoy, and SolidWorks provided a simple means for estimating the weight of the modeled 

parts based on volume and material properties.  The SolidWorks mechanical design 

drawings used for manufacturing are in appendix IX.  The designed 5mm wide salt water 

airgap had beneficial effects relating to the reduction of cogging forces; however the 

airgap was still small enough that it presented the team with a significant mechanical 

design challenge. The magnet section components of the airgap needed to hold the 

magnets securely in place, provide a watertight barrier, and provide a bearing surface for 
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the proposed bearing strip material. Since the permeability of the airgap materials 

remained close to the permeability of free space (µo), statically they presented no 

significant source of error in the model. However, since there were changes in the 

magnetic flux density of the magnet section, there were eddy current losses in the 

stainless steel bearing sleeve, the aluminum retainers, and the magnets. SolidWorks 

allowed for the modeling to incorporate a low tolerance bearing surface between the buoy 

components. The final mechanical design and the magnet section assembly set the final 

width of the airgap.   

Once a final airgap length was established with mechanical detail, magnetic circuit 

and component design continued. With the geometric proportions of the magnetic circuit 

fixed in the design, along with the desired power output, phase voltage, and current 

densities, geometric modifications to minimize cogging forces were made in the model. 

The machine was designed to smoothly produce 1kW of power while heaving up and 

down in a stochastic sea state, which was only achievable through cogging reduction. 

 

2.3.1 Pole, Slot, and Tooth Design 

The design of slots in machine stators developed from the concentrating and 

overlapping of phase windings in a rotary machine. The individual salient poles are 

wound like a solenoid and connected in series for each phase to produce a unidirectional 

torque in a rotary machine. In some cases, windings are over lapped, where a single slot 

will contain more than one phase; this is called lap wound. In rotary machines of this 

nature, there are many more slots then there are poles, which is achievable through the 

use of larger circumferences and large pole arc length to slot arc length ratios. Thus, there 

is ample room to fit slots and winding of copper mechanically into the circumferential 

area. With a rotary machine at a fixed frequency, as the diameter is reduced, so is the 

number of slots, and the torque rating.  Higher power rotary machines, in general, have 

larger diameters for the same mechanical speed rating.   



42 
 

 

 For the PMLTG design in which the input speed is reciprocating with a nominal 

peak velocity of less than 1 m/s, the high thrust required was achieved by using a larger 

diameter. The PMLTG could also be designed longer, including more poles to increase 

the thrust; which would also increase the power output. One of the other desired buoy 

characteristics was interior accessibility for humans, which led to the design decision to 

make the spar diameter two feet wide. The two foot wide armature related to a single coil 

mean length of 1.85 meters, which correlates to the rotary design parameter of machine 

axial length. The stroke of the generator was limited to three feet.  The weight of the 

armature was limited in order to maintain the necessary excess buoyancy required by the 

spar for the tension mooring system.  Optimization of the armature length was initially 

performed by making the slots as narrow as possible allowing for the magnetic poles to 

be short. The magnetic pole length correlates the input speed to the output frequency. The 

shorter the poles, the higher the output frequency for the set input speed. For direct drive 

wave energy converters the maximum achievable frequency is desirable.  Typically, the 

frequencies are so low that losses dependant on frequency are insignificant [9]. The 

active rectifier designs currently used for PM direct drive wind energy devices operate at 

frequencies as low as 20 Hz [10]. The initial design of using a 36mm pole pitch would 

only correlate to a nominal frequency of 10.6 Hz. The 36mm pole pitch presented issues 

in ease of winding, and therefore the magnetic pole pitch was doubled to 72mm, which 

reduced the nominal output frequency at 0.76m/s to 5.27 Hz.  This output frequency is in 

the low range of extremely low frequency (ELF).  

 With the pole pitch set at 72mm, the armature design was limited to four poles, 

which set the active region length to 288mm (11.34 inches). The designed peak 

hydrodynamic stroke during full load operation was 3 feet. As with many designs, one of 

the design challenges involved in this project was coming to an acceptable level of 

compromise between SI units used in electrical machine design and English units which 

are used in ocean engineering.  The first compromise was developed in regards to the 

maximum stroke length of the active region which was to be set at 1154 mm or 3.78 feet. 

Using 17 magnetic poles, instead of 16 was considered, which would have brought the 
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total length to 4.02 feet; however the extra non-paired magnetic pole imposed magnetic 

flux incongruence in the backiron. With the fundamental geometric constraints set, 

design modeling proceeded using PM machine design equations and techniques typically 

used for rotary generators transposed to linear machines as necessary. 

 Magnetic flux leakage factor was an important parameter to determine using the 

slot geometry and pole lengths of the machine due to the self inductance of PM machines, 

and the effects on efficiency.  The Carter coefficient (kc) was used to calculate the 

effective airgap during the armature slot design.  One of the least conservative solutions 

of the Carter coefficient which sets the flux leakage for a particular geometric machine 

slot design is given as: 
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Where (τs) is slot pitch in the airgap and (ωs) is the width of the slot opening. The 

effective airgap used for the Carter coefficient (lgc) calculation is determined by: 

Rmggc lll µ/+= .   (2.12) 

 An important consequence of using a PM surface mounted longitudinal flux generator 

design is that the presence of the slots in the armature squeezes the magnetic flux from 

the airgap into the cross-sectional area of the teeth which are smaller than the cross-

sectional area of the entire airgap by: 

)1(
s

sb

τ
ω−     (2.13) 

For this reason the saturation limitations of the lamination material are approached at slot 

tooth base which is the limiting factor in the material design.  The dimensional 

definitions for the slot geometries are shown in Fig. 2.13. The actual permeance of the 

airgap was calculated using the effective airgap for the Carter coefficient;    
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gegog lAP /µ=
    (2.14) 

Where the airgap area was calculated by; 

( )
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=    (2.15) 

Where (Cfi) is the inside circumference of the active spar, and (αm) is the magnetic 

fraction, which is the ratio between the magnet pole length (τm) and magnetic pole pitch 

(τp).  The average length of the airgap was determined with consideration to the tubular 

design using radial laminations, as a per meter length around the circumference with 

respect to the magnetostatic analysis. 

The magnetic flux density in the airgap was calculated using magnetic circuit 

parameters incorporating the magnetic leakage factor and the Carter coefficient. Where 

the effective airgap flux density (Bg) is; 

 

Fig. 2.13 Basic Slot, Tooth and Shoe dimensional model  
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The flux leakage factor (kml) is a constant based on designed magnetic circuit geometries 

derived from circular arc models of the straight line permeance which render the actual 

effective magnet permeance. The closer the magnetic leakage factor is to 1, the better the 

performance of the magnetic circuit. These initial considerations acted as the building 

blocks for the magnetic circuit model.  The closer the initial model is to the final solution, 

the less work is necessary to conclude on an optimized design. The width of the backiron 

is classically calculated using the maximum allowable flux for saturation, with the inner 

buoy float diameter for circumference and stacking factor; 

maxmax 22 BCkB
g

rst

g
bi

φφ
ω ==    (2.17) 

The minimum tooth width to avoid saturation was calculated using the same references 

incorporating the number of slots per magnetic pole (Nsm); 

bi
sm

tb N
ωω 2=

    (2.18)  

 The final design of the slots, teeth, and shoes closely resembles a linearized form 

of a standard synchronous stator lamination with the exceptions of the shoe front arcs and 

end teeth which are specific to cogging minimization on the PMLTG.  Shown in Fig. 2.14 

are two slots with rounded corners to minimize the affects of corner flux saturation and 

one end tooth with tapered 45 degree edges.  The front taper served to reduce cogging 

affects while the rear taper provided a mechanical stop for lamination alignment to the 

machined radial surface on the compression rings.  The slots were designed for round 

magnet wire with a high stacking factor, the larger front slot opening provided room for 

the manual insertion of the 77 turns per slot, while limiting the self-inductance and 

capturing the fringing flux at the sides of the shoe ends.    
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The width of the backiron for the magnet section was designed for structural 

rigidity as well as to minimize magnetic flux leakage due to environmental concerns. The 

magnet section back iron was made to limit back subsurface flux to less then 0.25 T 

which limited the leakage to less than 100 µT (1 Gauss). Since the back of the magnet 

section was surrounded by two feet of fiberglass, the residual flux at the outside of the 

buoy float was well below the background noise resulting from the earth’s magnetic flux. 

The sixteen magnetic poles were set alternating north and south in rings along the z-axis 

of linear motion. The magnets were held in place by quarter round aluminum retainers 

with T-groves which fit into the laminations. A cross-section of the SolidWorks model as 

well as a photo of the magnetic section is shown in Fig. 2.16 for comparison. The T-

groove and the end slot were designed into the backiron as mechanical alignment guides 

for the laminations during assembly.  Once the laminated quarter round backiron was 

assembled and resin baked, the retainers and quarter ring frames provided structural 

support and a means to hold the magnets in place using brass set screws. The T-groove 

was designed to avoid interference with the magnetic flux path in the backiron. The depth 

 

Fig. 2.14 Final Slot, Tooth and Shoe dimensional model  



47 
 

 

of the groove into the backiron increased the overall width of the backiron laminations. 

The backiron lamination dimensions are shown in Fig. 2.15. The magnetic fraction was 

calculated from the magnetic pole length (τm) and the pole pitch (τp );    

pmm ττα /=     (2.19)  

The 20mm spacing between the poles was filled with ¾ inch (19.05mm) quarter round 

aluminum square retainers each fitted with 15 set screws equally spaced with tolerance to 

allow for radial lamination stacking without the laminations binding on the aluminum 

retainers.  The 0.95mm difference in aluminum retainer height provided space for resin 

build-up between the magnets and aluminum retainers during resin dipping.  Clearance 

was also necessary in order to place and fix the individual magnets to the back iron. For 

each stage of the mechanical design, the electromagnetic design of the PMLTG was 

adjusted and simulated to minimize the adverse effects of necessary mechanical 

constraints.  

 

Fig. 2.15 Backiron lamination design 
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2.3.2 Magnetic Circuit 

In order to satisfy the requirements of the project, the magnetic circuit went 

through several iterations of design and analysis with respect to both the electrical and 

mechanical requirements. The changes in the design were modeled in Maxwell SV and 

SolidWorks.  The goal of the magnetic circuit geometric design was to find a solution 

which would provide minimal cogging force with minimal adverse effects on the output 

voltage. The minimum tooth width to avoid saturation was pushed to the limit in 

anticipation of imperfections in the final assembly. It was expected that imperfections in 

 

Fig. 2.16 Magnet section cross-sectional views showing magnetic poles 
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manufacturing would increase the airgap and flux leakage. Solutions were chosen to err 

 

Fig. 2.17 PMLTG armature flux model for fraction pole pitch  
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in the favor of maximum flux density in the presence of armature reaction; therefore high 

magnetostatic flux levels were acceptable. The first model was based on calculated 

geometric values for a single magnet circuit. The single circuit simulation values were 

compared to calculations of anticipated magnetic flux from the magnetic circuit equations 

with success.  The finite element analysis allowed the effect of corner geometry on 

fringing flux and flux leakage to be more accurately determined.  The final complete 

active magnetic circuit for the PMLTG consisted of four poles and thirteen teeth as 

shown in Fig. 2.17. Fractional pole pitch [8] was one of the methods used to reduce the 

cogging forces on the armature. With 4 slots per phase wound in alternating directions for 

the north and south poles respectively (reverse winding direction is indicated as prime 

value in the figure).  The designed fractional pole pitch causes a geometric fractional 

misalignment of coils which produces a proportional fractional reduction in the change in 

the flux linkage per coil and therefore a small percent reduction in the phase voltage. This 

compromise was acceptable in light of the reduction of PMLTG cogging force.   

Cogging force reduction theories and the designed levels of sinusoidal voltage 

induction inspired further investigation into the effects of shoe tip shaping.  A sinusoidal 

 

Fig. 2.18 Magnet pole and airgap flux densities 
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change in the flux density in the armature correlates to a sinusoidal output voltage. The 

flux densities of the final design are shown in Fig. 2.18 for the airgap, magnet face, and 

internal to the magnet.  A common practice in PM machine design is to arc the magnetic 

poles towards the pole edges, which creates a smoother transition of magnetic flux 

density. The transition can also be emulated by varying the length of the airgap, instead 

of the length of the magnet at the edges of the poles. This technique allows the reluctance 

of the magnetic circuit to change sinusoidally during dynamic operation. This method of 

reluctance variation was desired for two reasons; one to simplify the shape of the 

magnets, which reduced their overall cost, and secondly to provide a structural surface 

area to tighten the magnet set screws on to.  

The sintered NdFeB magnets are brittle and required special care while mounting. 

Original designs for magnet pole shaping did prove to reduce the cogging forces further 

than shoe tip shaping alone. However the magnets were designed simple for fixing the 

magnets using set screws and for reducing the cost of the magnets.  Shoe tip shaping was 

initially analyzed by the undergraduate research team and showed promising results. 

Therefore shoe arc design was researched and developed for incorporation into the final 

design.  

 

 

Fig. 2.19 PMLTG two pole equivalent magnetic circuit 
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Since in the magnetic circuit of the PMLTG, the reluctance (R), and 

magnetomotive force (F) have a high level of dependence on shape as well as material 

permeability, the circuit performance was analyzed using magnetic flux density plots. 

Initial circuit model calculations, shown in Fig. 2.19, were performed and were used as a 

method for comparison. Once the material’s properties were established in the magnetic 

circuit model, the primary method of design was using finite element analysis software.  

In the circuit model, the remanence flux (Φr) is shown with the reluctance of the magnet 

(Rm). The modeled parallel airgap reluctance (Rg) dominates the performance of the 

airgap. The leakage reluctance (Rml) between the slots affects the slot leakage flux shown 

in the simulator model at less than 0.1 Tesla and dominates the calculated the value of 

self inductance per coil, where there are four coils per phase.    

 

2.3.3 Tubular Effects and Radial Laminations 

The radial flux concentrating and the variations in flux leakage due to the radial 

laminations were calculated as a percentage change to values obtained from the finite 

elements model.  The SolidWorks model in Fig. 2.20 provided a means to obtain accurate 

dimensions during the iterative design process. The ability to measure geometries in 3D 

space was an excellent resource since the magnetostatic model was only 2D. The number 

of laminations used in the backiron multiplied by the thickness of the lamination steel 

gave an estimate of effective circumference which was compared to the actual 

circumference in a ratio. The same ratio was developed for the armature. These ratios 

were then multiplied by the finite element model flux levels. These ratios quantified the 

error of the RZ simulation due to the actual construction because of the difference in 

stacking factors. The calculations were the least conservative values of flux because of 

the absence of the compensation for the added leakage between the laminations as the 

stacking factor reduced radially. The radial lamination material stacking factor varies 

linearly with the radius of the machine.  For this reason further analysis into the effects of 

flux concentrations due to the fanning of the laminations was performed. Less 
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laminations are used in the spar (armature) than the float (magnet section), and therefore, 

the spar tooth flux concentration would be over saturated if the construction was 

performed perfectly. However, the nickel-copper coating on the magnets adds to the 

effective airgap, and reduces the flux density.  It was also expected that any other small 

manufacturing or assembly errors in the spar and float would reduce the airgap’s flux 

density. The abilities of the software limited this analysis and therefore without further 

empirical data, true flux variation ratios could not be developed. The SolidWorks 

physical modeling was used for final manufacturing and assembly as well as to shed light 

on possible assembly errors and their electromagnetic effects.  

 Estimated final tooth flux change is shown in Fig. 2.21, and was developed using 

flux concentration ratios. Because the magnet section is on the outside diameter of the 

 

Fig. 2.20 Cross-sectional SolidWorks model of PMLTG 
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armature, flux concentration due to radial lamination had a combined positive influence 

on the flux densities. These results shown an optimized PMLTG using this similar 

magnetic circuit geometry could use slightly thinner surface mounted magnets.  The 

additional magnet volume was to err on the conservative side. 

 

2.4 Electrical and Mechanical Relationships 

While in the development stages of design it is important to have a firm understanding 

of how changes made to mechanical parameters also changes magnetic parameters, and 

how those changes will affect machine performance. In electromechanical design, 

mechanical and electrical parameters are inherently linked and therefore both mechanical 

and electrical models of the components must be created as shown in Fig. 2.22.   

The induced voltage and resulting current in a closed loop, as described by Lenz’s 

Law of induction, will oppose the field which induced the voltage and therefore exhibit a 

reactionary thrust back on to the machine. In a rotary machine, when torques are 

 
Fig. 2.21 Magnetic flux density change in radial laminations 
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matched, and angular velocity is constant, steady state operation is experienced.  In a 

wave energy buoy, the reactionary thrust on the buoy’s float changes the float’s relative 

buoyancy, and resulting hydrodynamic performance.  For this reason, all system transfer 

functions for the energy conversion process must be thoroughly investigated and 

understood.  Once a full system analysis for the optimum power transfer has been 

completed, the effects of force transients due to cogging could be more thoroughly 

comprehended. Once again, empirical data of the direct drive system performance is 

necessary, and will be completed in future research and testing on the PMLTG. 

 

 

2.4.1 Flux Linkage and Inductance  

When making the connection between magnetic performance and electrical 

characteristics, flux linkage is commonly referred to.  It is defined as, the number of turns 

 

Fig. 2.22 SolidWorks and Maxwell SV fractional pole armature model 
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linked to the flux of the magnetic circuit. In electromagnetics, a correlation can be 

derived between flux and the number of windings of a coil. In a magnetic circuit, with 

materials which exhibit linear characteristics of reluctance, this correlation can then be 

used to relate current to inductance as shown in the following equations;  

R

N

I
L

2

== λ
      (2.20) 

R

NI=φ     (2.21) 

 Where the inductance (L) is simply related to the flux linkage (λ) divided by the 

current (I). The flux (Φ) of the circuit can be found by the relating the number of turns 

(N) times the current (I) in the coil, divided by the reluctance (R) of the circuit.  These 

relations prove to be very useful when developing properties of a PM machine. 

 

2.4.2 Energy and Coenergy 

The fundamental theory behind all aspects of this design relates to the transference 

and conservation of energy.  To design an optimized magnetic circuit, all aspects of 

energy must be understood, from the energy used for production and manufacturing, to 

the energy used during creation and design, and finally ending with the limitations of the 

real world. When it comes to magnetic design, the magnet’s energy product is the key to 

successful performance. The concepts of the magnetic energy product were researched 

and discussed in detail for the design of the PMLTG.  The desired operating point for the 

best usage of energy per volume is described by; 
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     (2.22) 

Where  MGOeHB mm 35=   for NdFeB-N35 magnets  

Clarification of magnetic circuit design posed the question of what the maximum 

operating frequency should be.  The design criterion of existing permanent magnet 
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machines has been established for set operating speeds and/or frequencies. The 

establishment of a nominal operating speed and frequency sets the magnetic wavelength 

of the machine, and therefore the pole pitch. In the case of a linear generator for direct 

drive wave applications, speed varies from zero to less than a few meters per second.  

This variation in speed causes the generators voltage and frequency output to vary in a 

like manner. 

The magnetic field interactions dictate the conversion of power from mechanical to 

electrical. Knowing how energy is stored in a magnetic field allows the instantaneous 

power transfer to be characterized.   The power output for a coil in a magnetic flux is; 

dt

d
iP

λ=    (2.23) 

The electrical power is a measure of the amount of energy transferred during a unit of 

time. Therefore, by integrating the time rate of change of the current times the differential 

of the flux linkage with respect to time; you get energy (E) and co-energy (Ec)    
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Fig. 2.23 Demagnetization curve with graphical representation of energy 
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The two values are numerically the same because of the linear relation to inductance; 

however it is more convenient to express energy in terms of current. Assuming that the 

energy initially is equal to zero, substitution of the linear relation between the inductance 

and the flux linkage allows for the calculation of a value for the instantaneous energy 

potential of the magnetic field with respect to the electric circuit; 

L
E

2

2λ=    (2.26) 

2

2

1
LiEc =    (2.27) 

 

The energy equations in Table 2.6 are for the excitation of a single coil, describing the 

energy stored in its own self inductance. In the presence of a permanent magnet the co-

energy of the system then becomes;  

mrmc NiRLiE Φ+Φ+= 22

2

1
   (2.28) 

Where the last term relates to the mutual flux, which is the primary thrust component in 

the PMLTG, and the second term is the co-energy of the magnet.  

 

Table 2.6 Energy Relationships 

Parameter Co-energy Energy 

Electric Circuit 
L2

2λ
   2

2

1
Li  

Magnetic Circuit 
P2

2Φ
   2

2

1
PF  

Magnetic Field  
µ2

2B
  2

2

1
Hµ  
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2.4.3 Force, Thrust, and Power 

One of the most important qualities in linear PM machine design is force.  In a 

direct drive system for a wave energy converter, the system power, and correlating 

transference is based primarily on force, and the opposing thrust.  In reference to the 

SeaBeav I, at 1 m/s the PMLTG must produce 1000 Newtons of thrust to produce 1kW 

assuming 100% electromechanical efficiency. In the case of the PMLTG, the reactionary 

thrust of the armature on the magnet section is derived from the energy transference.  

Using co-energy for the relation to current, the thrust equation becomes; 

dz
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2
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   (2.29) 

From a basic viewpoint, the force of a machine can be related using the Lorentz 

force equation. In the absence of an electric field, the Lorentz force equation charge and 

velocity can be substituted by current (i) along a length of wire (L), in magnetic flux 

density (B), therefore producing a force in a direction according to the right hand rule as; 

      )(tiBCnNBLiF msm==    (2.30) 

This is a very useful approximation for a force created in a machine on a current 

carrying conductor.  The instantaneous per phase force calculation for the PMLTG uses 

the mean circumference of the windings (Cm) and number of magnetic poles (Nm) and the 

number of turns per coil (ns).  It does not consider the small dynamic changes in the flux 

densities due to armature reaction and reluctance variations.   

 

2.5 Theoretical Design Parameter Calculations 

Theoretical design parameter calculations were performed during the preliminary 

stages of the design process in order to develop the machine’s geometry, (i.e. shapes, 

volumes, and weights) which might affect the buoy’s hydrodynamic design.  Many 

iterations of design were performed while finalizing the PMLTG.  The design of the 

magnet section was dominated by the structural requirements, and some of the initial 
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fundamental design parameters were overlooked, such as weight limitations. The 

theoretical equations based on known methods for developing PM machine parameters, 

such as leakage coefficients, were entered in a spread sheet using macros to help quantify 

the effects of the numerous geometry changes. These changes related to the manufacture 

of an actual device instead of an ideal model.  The actual magnet section was divided into 

four quadrants for assembly reasons.  The variations in the design parameters due to 3D 

manufacturing changes were difficult to quantify without a 3D magnetodynamic model. 

The 3D model of the PMLTG in SolidWorks contained too many assemblies and parts 

for the COSMOS software to process. Therefore of the PMLTG changes due to 

mechanical design were theorized and hand calculated for the 3D variations. 

 

2.5.1 Electromotive Force (emf) and Flux Leakage 

In order to develop a theoretical value for emf for a particular PM machine 

geometry, an accurate theoretical value for magnetic flux density in the airgap (Bg), must 

be calculated using estimated values for the permeance of the magnet (Pm).  In magnetic 

circuits, permeance is the reciprocal of reluctance, such as conductance is to resistance in 

electric circuits.  Permeance is more commonly used in permanent magnet motor design 

because of the direct relation to the permeance coefficient (Pc) which determines the 

 

Fig. 2.24 Simplified magnetic circuit equivalent  
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static operating point of the magnet.  Translating the magnetic circuit equivalent in Fig. 

2.19 into a simplified form which uses permeance values as shown in Fig. 2.24 allows for 

the calculation of the effective permeance factor (Pm-eff) and correlated magnet leakage 

factor (kml).  Both values relate to the estimated value for the magnetic flux leakage, 

which is a function of the leakage permeance calculated using circular arc natural log 

functions on the edges of the magnet poles. The flux leakage is affected by the distance 

between the edges of the surface mounted magnet poles and the length of the airgap. The 

effective magnet permeance is therefore a function of magnetic leakage permeance (Pml) 

as; 

mlmmmleffm PPPkP 4+==−    (2.31) 

The magnet permeance is modeled as the inverse of the reluctance.  Using the magnet 

fraction (αm), and magnet pole pitch (τp) and the inner circumference of the magnetic 

section (Cfi); 

m

fipmro
m l

C
P

ταµµ
=     (2.32) 

A per meter of arc length equivalent value was derived to simplify the sectional 

calculations. The equations for magnet leakage permeance and magnet permeance allow 

for the direct calculation of the magnetic leakage factor from circuit geometries and 

relative permeability [1]:   
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The flux leakage is a factor in the calculation of the actual magnet flux density in the 

airgap (Bg). When designing a PM machine with slots, the effective airgap (lge) is 

calculated using the Carter coefficient (kc) [1]:    

Cgge kll = .    (2.34) 

Where the calculated permeance of the airgap presents the least conservative solution, an 

important consequence of using a PMLTG design is that the presence of the slots 
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concentrates the flux in the airgap into the cross-sectional area of the teeth according to 

the flux concentration factor (Cφ): 

m

mC
α

α
φ +

=
1

2
    (2.35) 

The radial design of the PMLTG creates an additional flux concentration factor of 

approximately 8% due to the difference in circumference of the armature and magnet 

section. For this reason the saturation limitation of the lamination material (Bmax= 1.6 T 

for M19 lamination) was approached at the slot tooth base.  The magnetic flux density in 

the airgap was calculated using magnetic circuit parameters incorporating magnetic 

leakage factor and the Carter coefficient. Where the effective airgap magnetic flux 

density is; 
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From the determination of the airgap flux density, which can also be accurately plotted 

using a precise stepped model in static finite element analysis; the emf can be calculated.  

The emf is proportional to the change in flux linkage. The flux linkage oscillation is a 

function of the geometries and dynamics of operation where the electrical frequency is 

determined by the mechanical components.  For the emf (Eb); 
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λλλ ===    (2.37) 

By using the chain rule and substituting for the relative velocity (v) of the spar and the 

buoy float, the emf becomes a function of the change in flux linkage with position. For a 

machine design with one coil per magnetic pole, the per phase emf magnitude is 

calculated as a function of the number of turns (ns) and number of magnetic poles (Nm): 

vBCnNE msm=φ    (2.38) 
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These calculations are plotted for the no-load PMLTG phase voltage in Fig. 2.25. In 

machine design, regardless of whether the design is for a generator or a motor, emf is 

universally calculated.  However, common design practice is for motors, and therefore 

back emf is used.  It is a matter of conservation of energy as described by the polarities of 

Lenz’s Law which states that the current of induced electromotive force in a closed loop 

conductor will create a flux which opposes the change in flux which created it.   

 The PMLTG designed no-load output voltage for 77 turns at 0.76 m/s was 274 V.  

This voltage corresponds to a nomimal load voltage of 245V with an 11% reduction due 

to armature reaction.  Typical values of armature reaction are approximately 10% of the 

magnetic flux density arcoss the airgap. Due to the large number of unknowns in the 

design, a conservative approach was taken to determining these values.  Prior to actually 

winding the armature, the slot was designed for between 70 and 90 turns per coil which 

allowed variations in the type of insulation required to safely protect the wires from 

shorting out during dynamic operation. 

No-Load Phase Voltage Magnitude vs. Velocity
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Fig. 2.25 Phase voltage magnitude output as a function of velocity  
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2.5.2 Self and Mutual Inductances 

The resistance calculation is quite simple in comparison to that of the machine’s 

magnetic inductances. For this reason, general calculations were performed based on 

Carter coefficients [1], and then these values where cross compared with finite element 

analysis flux linkage values.  The machine geometries of the slot and magnetic poles 

provide most of the constants for the calculation. The inductances are related to the 

reluctance, hence the flux linkages of the machine. The airgap inductance (Lg) and slot 

leakage inductance (Ls) calculations allow for total phase inductance (Lph) estimation as 

shown by the equations below: 

)(4

2

gcRm

dcmoRs
g lkl

kCn
L

µ
τµµ

+
=          (2.39)   

    







+

+
+=

s

o

sbs

o

s

o
mss

dd

A

d
CnL

ω
µ

ωω
µµ 12

2
32

2/)(3
    (2.40)      

( )sgspph LLNL +=       (2.41) 

3
g

g

L
M =         (2.42)   

Once all the equations for the inductances were entered in a spread sheet, the inductance 

values could be automatically calculated and updated as new geometries were entered.  

Table 2.7 shows the predicted final values based on the as-built PMLTG design. The 

values for per phase leakage inductance shown in Table 2.8 closely compare to the 

calculated values of leakage inductance.  Phase inductance and resistance was measured 

at the bottom of the buoy with an LRC meter while the armature was outside of the 



65 
 

 

magnet section at the WESRF laboratory.  Minimum measurement frequency for the 

LRC meter was 11.7 Hz.  

Table 2.8 PMLTG LR Measured Parameters 

Parameter Description Value Unit Qs  Frequency 

R1φ Phase Resistance 4.5872 Ω 1.958  11.7 Hz 

R2φ Phase leakage inductance 4.5878 Ω 1.966  11.7 Hz 

R3φ Phase leakage inductance 4.5912 Ω 1.966  11.7 Hz 

Parameter Description Value Unit Qs  Frequency 

L1φ Phase leakage inductance 122.09 mH 1.959  11.7 Hz 

L2φ Phase leakage inductance 122.48 mH 1.965  11.7 Hz 

L3φ Phase leakage inductance 122.63 mH 1.966  11.7 Hz 

Parameter Description Value Unit Qs  Frequency 

L1φ Phase leakage inductance 121.47 mH 15.360 100 Hz 

L2φ Phase leakage inductance 121.86 mH 15.260 100 Hz 

L3φ Phase leakage inductance 122.04 mH 15.180 100 Hz 
 

Table 2.7 PMLTG Calculated Inductance Parameters 

Parameter Description value Units 

Ls Slot leakage inductance 3.05E-02 H 
Lphs Phase leakage inductance 1.22E-01 H 
Lg Air gap inductance 1.36E-02 H 
Lphg Phase air gap inductance 5.43E-02 H 
Lφ Total phase inductance 1.76E-01 H 

Mφ Mutual phase inductance 4.52E-03 H 

fn Nominal frequency 5.28 Hz 

fpk Peak frequency  20.8 Hz 
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2.5.3 Winding Resistance 

In a classical rotary motor design, the winding resistance is composed of two 

sections of copper, the active region in the slots, and the end turn of the windings, which 

are both sources of copper losses.  End turn windings can significantly affect the 

inductance and reduce the efficiency of a machine.  Since PMLTG coils have no end turn 

windings, the copper loss was only due to active copper; however the active copper 

length had to be very long to output the design voltages.  The slots of the PMLTG were 

still relatively narrow which complicated the winding process. The slot width was limited 

to achieve higher frequency output while operating at low velocities set by the buoy 

hydrodynamics. The operational relative velocity (v), the magnetic flux density (B) and 

the length of wire (L) determine the voltage output. The magnetic flux density was 

optimized and therefore the only variable remaining to dictate the voltage output was the 

length of wire. Due to the extensive length of magnet wire required, the copper losses 

were minimized by limiting the current density.  High values of impedance, resistance, 

and inductance, were unavoidable.   Table 2.9 lists the final copper design parameters.  

 

The per phase resistance value for the PMLTG was calculated from the resistance 

per foot of 14 AWG magnet wire copper. The mean radius of the slot was used to 

estimate the length per turn. With the total length per phase of copper approximately 555 

m (1820 ft), the total length of copper used in the PMLTG was roughly 1.38 miles long.  

Table 2.9 Copper Design Parameters 

Parameter Description Value Units 

Nsp Number of slots per phase 4   

ns Number of Turns 77   

Lr Mean length per turn 1.80 m 

AWG Magnet wire, Essex MR/GP-200 14 AWG 

R 14 AWG resistance per meter 0.00828 Ohms/m 

Irms Average current  2.95 Amps 

J Current density of coil wire 2.25 A/mm^2 

Rφ Resistance per phase 4.58 Ohms 
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To keep the winding resistance consistent from coil to coil, motorized hand winding 

device was developed and each turn was precisely inserted into the slot and counted.  

 

2.5.4 Armature Reaction 

Drawing current for the generator phases produces a flux which opposes the 

magnetic flux change which induced the phase voltage. This result is commonly known 

as armature reaction. The armature reaction ideally can be calculated using superposition 

where the magnetic circuit is modeled with reference to the coils and their respective 

currents.  Using magnetic circuit analysis with reference to the PMLTG magnetic circuit 

parameters, the ampere-turns of the coils is inserted as the magnetic flux source.  The 

magnitude of the armature reaction magnetic flux density in the airgap (Ba) is calculated 

using the number of turns (ns), geometric magnetic circuit lengths, relative permeabilities, 

and current limit from the design as; 
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=         (2.43) 

The armature reaction is usually less than 10% of the airgap flux density. 

However, depending on the relative position of the coil along the stroke with reference to 

a particular magnetic pole, the armature reaction will cause an oscillation about the static 

operating point along the line of relative permeability as shown in Fig. 2.26. This 

indicates that the armature reaction brings the magnet closer to its coercivity (Hc).  The 

PMLTG design takes into account normal operating temperatures and theoretical typical 

operating conditions. The change in the permeance coefficient would normally not 

present a problem. The PMLTG magnets are cooled by salt water and theoretically would 

never experience a fault condition extreme enough to cause irreversible demagnetization.  

When designing a PM machine for service duty as a commercial power source, 

fault current conditions should be carefully analyzed with respect to the magnetic circuit 

design parameter fluctuations.  Higher currents in a PM machine can also drive the 

lamination steels further into saturation during normal operation which can adversely 
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affect the expected performance of the machine. Careful dynamic analysis and empirical 

data should be collected prior to commercial production [1].   

 

2.6 Cogging Forces  

The linear force or thrust oscillation of a PM machine result from variations in machine 

alignment as well as the fluctuation in the reluctance along the stroke. The position 

dependence variations in force are called cogging forces. In a well designed PM motor, 

the force is primarily produced by the Ampere-turns of the coils interacting with the 

airgap flux density, while the reluctance variations which cause cogging are compensated 

for using standard techniques. In the PMLTG the major thrust component is produced the 

same way, however there are considerable reluctance design challenges because of the 

topography configuration.  The PMLTG cogging forces are broken up by superposition 

into two groups; first the internal reluctance which can be nearly eliminated using 

classical techniques, and second the external cogging forces, which are inherent to this 

particular configuration because of the drastic variation in the magnets effective 

 

Fig. 2.26 NdFeB B-H curve showing dynamic change about static operating point  
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reluctance between active and inactive regions of the armature stroke. The regions of 

concern for the PMLTG are detailed in Fig. 2.27.  

In a PMLTG, in which the armature section is shorter than the magnet section, the 

magnets have essentially two magnetic operating points. The primary magnetic operating 

point is in the active region and was the design focus for all electrical and magnetic 

machine characteristics. The second magnetic operating point is when the magnets are 

outside of the active region of the armature, where they are no longer in the presence of 

armature iron.  This operating point has a permeance coefficient less then one, which 

means that the magnets are closer to their inherent coercivity.  Two problems in the 

design arise from this characteristic; one is that the severe step change in reluctance can 

 

Fig. 2.27 Cogging force regions of reluctance variations 
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produce extremely high values of cogging force, and second, magnets in this state are 

more susceptible to demagnetization due to temperature.   

The second problem was not a concern with the PMLTG because of the theoretically 

low operating temperatures.  However, it was necessary to research the reduction of 

cogging forces to a level that is acceptable for a direct drive buoy system. Strong cogging 

forces would increase the break away force required for movement, change the inertial 

requirements for smoother linear thrust progression, and present ripples in the output 

voltage due to the inherent small fluctuations in the linear velocity. 

To eliminate cogging forces in rotary machines, or machines with magnet sections 

shorter than the armature, there are six general techniques; 1) Shoes on the slot teeth, 2) 

lengthening the airgap, 3) fractional pitch winding, 4) skewing, 5) magnet pole shaping 

and 6) variation of the coil pitch to pole pitch ratio. All techniques present different 

beneficial affects on the reluctance variation in the airgap; however some present 

undesirable affects on other machine characteristics.  This degradation of performance 

depends on whether the machine is a PM synchronous or a Brushless DC, and whether 

the voltage is sinusoidal or trapezoidal.  

In general, shoes on the slot teeth render excellent cogging force reduction results, 

however depending on the type of machine, the slot leakage inductance from shoe to shoe 

may cause some detrimental effects at much higher frequencies. Airgap lengthening, 

though effective, is not always desired due to the reduction in magnetic volume 

efficiency.  The longer airgap allows the magnetic flux to fringe more between teeth prior 

to interacting with the low reluctance of the backiron, which alters the effective 

reluctance variation, making it less like a step change.  Shoe or pole shaping can achieve 

very similar results as airgap lengthening. Skewing of a linear device of this size 

presented mechanical design challenges.  Also, the skew would introduce a non-radial 

component to the eddy currents in the back iron. Theoretically, the non-perpendicular 

angle difference between the coil and laminations would increase the eddy current loses 

along the new perpendicular axis to the coils due to the skew. All these techniques were 

researched for possible methods of application to the design of the PMLTG.  
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In the case of the PMLTG, shoe shaping was used initially along with the larger airgap 

which provided ample room for the bearing materials.  The large airgap was not desired 

for the electromagnetic design; however an airgap length compromise was used to 

achieve both design goals.  Magnet pole shaping was investigated thoroughly with 

excellent results; however the magnet shape complicated the mechanical mounting 

method and assembly techniques.  Skewing would have been an innovative approach 

however mechanical problems developed by adding a radial skew in the armature 

outweighed the benefits of such a design. Therefore only three potential cogging force 

reduction techniques remained; ideal shoe shaping, altering the magnet pole to pole pitch 

with the ideal ratio between 65-85%, and fractional pitch design. 

The additional cogging forces due to the PMLTG configuration were still not fully 

understood; therefore the three classical approaches were researched. The desired end 

result was to achieve a smooth unidirectional back force while in a reciprocating sea 

state. The smoother the linear response to the waves, the easier it would be to apply novel 

current control of the output for optimum wave energy extraction [15]. 

The initial design, which included the large 5mm airgap, shoes with arced tips, and 

minor magnet pole edge taper, still had over 2000 N (550 lbf) of cogging force potential. 

Variations in the cogging force in the z-axis showed symmetry in reluctance changes 

along salient armature. This observation invoked further improvements in the design 

geometry by compensating net upward forces with net downward forces, to create a 

lower cogging force ripple. Unfortunately, the result was nowhere near the desired values 

of PMLTG design. The design criteria of high efficiency with low cogging forces while 

operating at relatively slow reciprocating speeds proved to be a difficult task which 

needed a novel solution. Therefore, the magnetic circuit of the machine was optimized by 

using superposition to divide the cogging forces into two distinct areas of interest; 

internal and external.  

In the PMLTG, the two primary areas for the change in reluctance which cause 

cogging forces are; first, internal cogging forces in the active region which can be 

virtually brought to zero using typical methods, and second, the external cogging forces 
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due to the step change in reluctance because of geometric length variations between 

armature and magnet section.  The final results were then combined to theoretically 

develop a minimal cogging force PMLTG armature design.  

 

2.6.1 Internal Cogging Forces 

Internal cogging refers to the cogging forces which are due solely to the sections of 

low effective reluctance, where the permeance coefficient is within the designed ideal 

static operating range as seen by the magnets.  In a rotary machine, the low reluctance 

and saliency of the slots in the stator iron are continuously present. The techniques 

developed to reduce cogging forces in rotary PM machines are here applied and 

incorporated into the 1kW PMLTG design. The cogging forces of the PMLTG were 

reduced by; 1) Tooth tip shape was arced for smooth flux transition, 2) Magnet pole to 

pole pitch ratio was idealized between 65-85%, 3) the airgap width was increased, and 4) 

reduced fractional pole pitch (α3cp). 

Depending on the geometry of the salient teeth shoe tips of the armature, the forces 

of the magnetic poles of the magnet section will have either positive or negative vector 

force sums along the z-axis, which fluctuate frequently throughout the stroke of the 

armature. Hence the cogging forces are bidirectional and represent a type of Fourier 

series of force when plotted along the z-axis. In addition to the geometric affects of 

armature position, there is a dynamic flux oscillation due to armature reaction during 

operation. Armature reaction presents another variable relating to the flux concentration 

in the airgap.  However, since the ideal calculation for PMLTG armature reaction was 

less than 6% of the airgap flux density during nominal current operations, the additional 

effect was neglected during this study.  

  Variations in the reluctance (R) as seen by the magnets are the cause for the 

fluctuations in the magnetic flux (Ф) and are generally calculated for the average flux as; 
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This equation also indicates that there are small flux variations in the active region of the 

magnet section, and ever larger flux variations at the interface between external and 

internal active magnet section due to the change in reluctance.  The change in flux results 

in eddy current losses in the translator. 

The internal cogging forces of the PMLTG were reduced initially as part of the 

pursuit of sinusoidal changes in the magnetic flux density to produce ideal sinusoidal 

voltage output waveforms. This was done by shaping the shoes and changing the magnet 

pole lengths to create a smooth flux transition between peak magnetic pole flux of north 

and south. The ideal magnet pole to pole pitch ratio, known as the magnet fraction (αm) 

was between 0.65 and 0.85.  The initial magnetic fraction was set at 0.75 which 

minimized the magnet pole flux leakage and reduced the cogging forces. The retainers for 

the magnets were to made of ¾ inch (19.05 mm) aluminum bar stalk which left 52.95 

mm of room for the magnetic poles. The final design was set at a magnetic faction of 

0.72.  A magnet width of 52mm was used, which reduced the cogging forces further, and 

satisfied the required tolerance for mechanical assembly.  

The next design challenge was to find the ideal arc of the shoe tips for this 

specific pole pitch. Intuitively, after numerous variations of the finite element model, the 

design progressed towards a shoe arc which was 1/3 of the pole pitch.  The 1/3 pole pitch 

length set the arc radius of the pole tips at 24 mm, however an analytical confirmation of 

this near ideal result was needed. Therefore an analysis was completed with respect to the 

ideal shaping of magnet poles from the perspective of the electrical output waveform in 

radians. In the PMLTG, a single 72mm pole pitch represents a 180° change in electrical 

phasor angle. Therefore a radian movement of a single pole pitch correlates to one half of 

the circumference of the circle, where the arc radius (r) of the shoe tip equals; 

π
τ pr =     (2.45) 
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The new calculated value for the theoretical ideal shoe arc pitch was 22.92 mm.  The new 

value for the shoe arc had a very small improvement over the researched best arc of 24 

mm; therefore the shoe arc design was finalized with this new theoretical basis. 

Even using three of the four available methods for cogging force reduction, the 

expected cogging forces were beyond the limits of the system design. Therefore 

fractional pole pitch winding was investigated and modeled. Fractional pole pitch is 

defined as the geometric ratio between the width of the total slots per pole and the pole 

pitch [8]; 

p
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3 =     (2.46) 

The use of fractional pitch winding, as well as skewing, are known techniques which 

allow for complete reduction in cogging forces, however the non-symmetry of the phase 

coil positions with respect to the poles reduces the per phase induced voltage.  The use of 

fractional pitch winding also mandates that the width of the copper slot or the width of 

the tooth be changed to compensate for the fractional difference. The PMLTG copper 

design was already established with physical limitations of insulating slot materials and 

copper winding techniques. Therefore, to achieve a fractional pitch the width of the teeth 

was changed.  Investigation into the external cogging forces limited the widening of the 

tooth because of the limitation on overall armature length; therefore the tooth width was 

reduced.  Reduction in tooth width pushed the armature lamination steel further into 

saturation in peak flux areas. The additional flux was not of high concern because it was 

expected that the unknown tolerance factors in the build would reduce the actual flux.  

The decrease in peak voltage due to fractional pitch coil misalignment was proportional 

to the designed value of fractional pitch winding.  In the PMLTG design, the fractional 

pitch was; 

917.0
72

2233
3 =×==

mm

mm

p

c
cp τ

τα      

The value of fractional pitch winding correlates to roughly an 8.3% reduction in peak 

phase voltage. 
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The cogging forces for each design were modeled using finite element analysis. 

The magnetostatic models were stepped by 3mm of machine stroke per simulation over 

the magnetic pole pitch of 72 mm. The cogging forces repeat the force pattern for each 

pole pitch throughout the magnet section stroke. Using the RZ radial simulation setting in 

Maxwell SV, the z-axis forces were mapped in a spread sheet and magnetic flux linkage 

characteristics were noted. Shown in Fig. 2.35 is the cross comparison of the internal 

forces with and without fractional pole pitch.  For comparison, the PMLTG final design 

cogging forces which include the external cogging forces are mapped on Fig. 2.28. Note 

that the internal cogging forces for the fractional pole pitch design are nearing zero.  In an 

ideal case the sum of the forces would equal zero, however it has been shown in practice 

that a residual amount of cogging always remains even in rotary PM machines.  
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Fig. 2.28 Internal cogging force analysis 
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2.6.2 External Cogging Forces 

The dominant PMLTG cogging forces are due to the fact that the permanent 

magnet section is longer than the armature.  The use of iron outside of the active armature 

region could reduce or even eliminate the step change in reluctance. The iron would have 

to be created of steel laminations or resin embedded mu-metal which would reduce the 

eddy current losses. The PMLTG design implementation viewed end reluctance as an 

unnecessary complexity with regard to machine construction and hydrodynamic weight 

constraints.  Avoiding this complexity also was thought to minimize construction costs 

for future machine up-scaling of the device. Therefore, techniques for limiting the end 

cogging forces in linear machines of this configuration were researched in detail.   

For any linear generator in which the magnets experience a full change in 

reluctance, from a minimum at the armature, to a maximum in air, the length of low 

reluctance steel dominates the cogging forces. The length of the PMLTG was designed to 

be 4 poles long, or 288 mm. To reduce the cogging forces end laminations with tapered 

reluctance variations were researched initially. The idea behind tapered lamination ends 

was to smooth the change in reluctance to reduce the effects of the cogging forces. From 

this investigation the effective length of the armature was changed, which varied the 

profile of the cogging forces with minimal reduction to peak force. It was only the 

lamination steel in close proximity of the magnets which seemed to have significant 

impact on the forces. The magnetic flux density reduces proportionally by the square of 

the radial distance from the magnets. The research was then focused on determining how 

armature length related to cogging forces for a specific magnetic pole pitch. It was 

determined empirically with simulations that the optimum armature length to minimize 

the cogging force on a linear PM machine of this configuration is governed by the 

following equation: 

[ ] mpplengtharmature ττ +×−= )1(_ ,   (2.47) 

Where magnet pole length (mτ ), and pole pitch (pτ ) are set by design speed, frequency, 

and desired sinusoidal voltage characteristics.  The number of poles (p) is suggested to be 
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an even number for continuity of flux across the airgap of the armature.  However since 

the PM machine is linear, research into the effects of using an odd number of magnetic 

pole pairs in the magnet section may be beneficial for symmetry about the center of the 

stroke.  The solid armature magnetostatic models were stepped 3mm of machine stroke 

per simulation over the magnetic pole pitch of 72 mm and the cogging forces were 

plotted in Fig. 2.30. Note that the fractional pitch also contributes to the minimization of 

cogging forces on the final PMLTG design. Techniques developed during this study set 

the calculated design length of the armature as: 

[ ] mmmmmmlengtharmaturePMLTG 2745272)14(__ =+×−=  

The final design of the PMLTG to reduce external cogging forces used a variation 

of length and small tapered ends as shown in the shoe tip design shown Fig. 2.14.  The 

small taper at the end of the laminations further reduced the cogging forces by a small 

percentage. The small tapered ends were modeled at a number of different angles and 
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Fig. 2.30 Final design cogging force compared to lengths of solid back iron 



78 
 

 

arcs.  The final taper was a 45° angle which provided excellent qualities for the cogging 

forces as well as providing an easily machined angle for the compression rings to be 

seated on.   

 

2.6.3 Stroke End Cogging Forces  

During the preliminary design stages of the PMLTG and buoy components the 

stroke length was established at a maximum of 3 feet.  The PMLTG was designed to 

continuously have the armature in the vicinity of the magnet section. Finite element 

analysis modeling of cogging forces were observed to be much higher at the ends of the 

magnet section when the displacement of the armature moved past the center alignment 

of the end poles. This observation was perceived as beneficial since the additional force 

would help to contain the armature within the magnet section in the case of an over stroke 

force was applied to the buoy float. When the armature leaves the vicinity of the magnet 

section, voltage is no longer induced into the coils. The armature’s power production 

 

Fig. 2.31 Maxwell SV model of armature withdrawn 144mm from pole end 
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reduces simultaneously as well as its ability to provide thrust on the magnet section and 

buoy float. With a continuous current control scheme this armature stroke position would 

represent a loss of control. For these reasons, it was viewed as a benefit to confine the 

armature’s stroke to the length of the magnet section..   

During the deployment of the SeaBeav I in October of 2007, it was noticed that the 

end cogging forces seemed higher than anticipated.  When the armature went beyond the 

magnet section end as shown in Fig. 2.31, the armature would bind in place. The binding 

theoretically could be caused by the end force cogging in combination mechanical 

frictional forces. During the crane operations for deployment, the binding forces were 

high enough to suspend the entire spar above the ground inside the buoy. Binding in the 

bearings was a known problem; however the effect inspired further magnetostatic 

modeling around the ends of the magnet section. In Fig. 2.32 the cogging forces of the 

PMLTG are plotted according to distance from the end of the magnet section. Note that 
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Fig. 2.32 Final design armature withdrawal cogging 
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the peak cogging forces reach levels of over 5500 N (1237 lbf), which could explain the 

levitation of the spar during dock side testing. 

End withdrawal cogging forces should be carefully considered when designing a 

WEC with a PMLTG.  The maximum stroke also relates to the maximum velocity 

achievable within the limits of the hydrodynamic acceleration due to the relative forces. 

Theoretically, the elimination of all generator cogging forces is desired, where the back 

force on the buoy float due to the linear generator would be solely controlled by the 

current output. The end cogging forces complicated the deployment and resulted in the 

buoy being functional only under the ideal mooring tension. All other states of system 

buoyancy had the stroke limitation of the end cogging force.   

 

2.6.4 Final Cogging Force Reduction Design 

Cogging forces in the PMLTG were reduced by a factor of 10 throughout the 

design process. The design shown in Fig. 2.33, and in the appendix IX, incorporated the 

larger airgap, arced shoes on the armature teeth, a properly proportioned magnet fraction, 

 

Fig. 2.33 PMLTG SolidWorks final design cross-sectional detail 



81 
 

 

fractional pole pitch, and armature length adjustment, and tapered ends on the armature.  

The dominant machine cogging forces were still due to the step change in reluctance 

between the two operating points of the magnets. Although cogging forces in the PMLTG 

were not completely eliminated, the theories developed during the research did prove 

beneficial. In theory, the vector sum of the forces in the z-axis could be reduced more by 

creating a more perfect balance between the force vectors along the axis of motion; 

however it would present more of a mechanical engineering challenge. The PMLTG 

design was simple yet highly refined to reduce the high cogging forces which were 

inherent to the nature of the configuration.  The plots in Fig. 2.34 show a comparison of 

the as-built model cogging forces to the final design model. The slight variation was due 

to the magnet shape simplification.  The final design had a minor taper and was an ideal 

length of 52.95mm. The as-built peak cogging forces was 400 N (90 lbf), which 

represented an actual reduction of 7.2% from the initial design.  
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Fig. 2.34 Final design cogging force compared to as-built 
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When the vector sum of magnetic attraction forces on the armature does not equal zero 

there is a net force on the armature which causes an increase in the bearing normal force. 

This occurs when the armature is not exactly concentric with the magnet section.  The 

non-ideal alignment is difficult to model in 3D and was not thoroughly investigated yet. 

It was another probable cause for the binding of the bearing strips.  The change is 

concentric alignment would affect the cogging force magnitudes. In theory, with the 

proper geometric design, the forces along the z-axis could be reduced further, and 

concentric alignment issues could be address with more accurate manufacturing.  

 

2.7 Armature Design and Coil Winding   

The design of the construction of the armature was performed in conjunction with the 

analysis of the magnetic circuit performance. The primary design issue was minimizing 

eddy currents in all components. To satisfy this design objective, all spar components 

other than the armature laminations were constructed of high grade composite fiberglass. 

Fiberglass besides having excellent structural qualities and resistance to corrosion, is non-

magnetic and non-conductive, and therefore has no eddy current losses.  Eddy currents in 

the armature were minimized by using high grade M19 silicon steel laminations. These 

 

Fig. 2.35 Armature assembly 
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laminations were spaced equally apart using adhesive shims to create a radial lamination 

armature tube. Slip-fitting the armature laminations into the compression rings worked 

well. In Fig. 2.35 the armature laminations are being placed between the two fiberglass 

compression rings. The compression ring cross-sections shown in Fig. 2.36 have 

machined 45° tapered circular groves which allows the lamination to be inserted from the 

interior of the armature, then shifted forward to align with the exterior grooves 

in the fiberglass. Once all the laminations were in place, clip rings made of piano wire 

were inserted between the bolts on the twelve threaded rods and the back side of the 

laminations. A portion of the armature lamination steel was replaced with a section of ¼ 

inch aluminum square bar stalk which had 24 holes drilled through it to allow for the 

penetration of each coil wire into the center of the armature from their respective slots. 

High temperature nylon tubing was used to provide a smooth surface to guide the magnet 

wire into each respective slot. Both compression rings had dual o-ring groves, on top and 

bottom of the armature to provide a water tight seal with the spar components.  Because 

of armature symmetry, the labels of top and bottom were only for convention.  The coils 

 

Fig. 2.36 PMLTG armature SolidWorks model cross section 
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were terminated and Y-connected in a 3-phase with four coils per phase. The phases were 

connected to 30 A, 600V time delay fuses then routed with 12 gauge multi-strand cable to 

a bulkhead connector at the bottom of the spar for the umbilical power connection. 

 

2.7.1 Copper Design  

The design of the area for the copper was based on providing enough room for the 

windings necessary to produce the design voltage and current rather than maximizing the 

area for copper in the magnetic circuit. The typical machine design philosophy usually 

guides the machine designer to maximize the copper volume within the given magnetic 

circuit. However the PMLTG had the additional limitation of weight which forced the 

design to use only what was necessary to produce the required power output. The 

PMLTG design involved developing the highest thrust constant by maximizing the flux 

linkage of the copper windings while retaining the flux density in the airgap at the 

optimized value. The method for winding coils into longitudinal flux slots on the exterior 

of a circumference was unknown and therefore the stacking factor for the magnet wire 

was a concern. Research into typical winding methods showed that the winding would be 

difficult and tedious to perform by hand. A method for winding the coils was developed 

using a coil winder shown in appendix VI.A. An insulating electrical fiberglass tape was 

 

Fig. 2.36 Coil model for estimated stacking factor 



85 
 

 

used to protect the magnet wires from internal coil shorts. Since each layer of copper was 

wound with insulating tape between the copper coils, the stacking factor was reduced.  

This construction issue was anticipated, which was the reason that the cross section of 

copper was conservatively designed as shown in Fig 2.36. Having 77 turns of 14 gauge 

wire was still within the design criteria for the PMLTG.  The process for achieving the 

coil winding was unproven until the actual construction. The alternative process of 

bobbin winding is explained in the appendix VI.E. 

 

2.7.1 As-built Characteristics 

There were two tedious aspects of the construction; the shimming of each 

lamination with adhesive shim tape, and winding the armature. The adhesive shim tape 

was applied to each lamination by the graduate research team over a period of a week. 

The application of the tape could be automated by a machine to expedite the process. For 

the armature wind, completing a coils entrance and exit from the slot was a difficult task 

 

 

Fig. 2.38 Armature  
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to achieve without scratching the magnet wire insulation. Further design of the coils 

termination would be suggested prior to duplication of this armature build.  The use of 

fiberglass electrical tape was to reduce the chance of an internal coil short.  The most 

common failure mode for prototype machines is to have a coil internally short due to 

mechanical vibration during operation. The vibrations of the magnet wires combined with 

the operating temperatures have a tendency to wear off the thin magnet wire insulation 

coating. A failure of this type would be nearly impossible to correct because the entire 

armature was design to be incased in fiberglass, eliminating the ability to re-wind the 

coils.  The end result of the PMLTG armature construction was excellent.  

 

2.8 PMLTG and Buoy Efficiency 

The system efficiency is the last of the primary design objectives of which to optimize. 

The optimization of the electromechanical conversion, without reference to the effects the 

optimized machine parameters will have on a hydrodynamic system, could result is a less 

then desirable outcome.  In a direct drive system, the generator response to input forces is 

ultimately the key to successfully extracting the most power out of the design. For this 

reason, clear understanding of the parameters of the wave energy direct drive generator 

system and then controlling those parameters with novel control schemes which relate to 

the hydrodynamics of the buoy for maximum energy extraction have been proposed [14].  

In a direct drive system with mechanical linear to rotary conversion, coupled to a well 

characterized rotary generator, this control scheme would be easier to implement because 

of the optimized rotary generator design.  Linear PM machines are currently still in the 

developmental stage, (the reason for this thesis) and would require further design 

optimization prior to implementing efficient control of a WEC. 

In a direct drive wave energy converter, there are essentially two energy conversion 

systems. First the energy in the wave is converted to mechanical energy by the buoy’s 

hydrodynamics, and second the direct drive system converts the linear mechanical force 

and velocity into electrical power.  In this project, the direct drive system had no 
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intermediate mechanical power conversion which allowed the theoretical efficiency of 

the direct drive system to approach 90%.   

Electromechanical efficiencies take into account the losses from the core, the 

windings, and the mechanical bearings. In rotary systems, bearings losses are usually 

neglected because of the insignificant amount of frictional force they present.  Although, 

the use of magnetic bearings has been implemented in designs in which bearing losses 

were a consideration. The PMLTG design used an experimental bearing design in which 

bearing materials were placed strategically in the airgap lubricated by the presence of salt 

water.  

 

2.8.1 Winding, Core Loss, and Eddy Current Losses 

Efficiency was maximized by limiting the flux leakage, current and eddy current 

losses in the generator.  The current losses were compensated for by minimizing the 

current density in the magnet wire.  The eddy currents were dealt with by using radial 

laminations, and minimizing the cogging forces which induce eddy currents in the 

magnet section. The primary source of inefficiency in the PMLTG electromechanical 

energy conversion, other than the mechanical bearing in the airgap, was the eddy currents 

induced in the magnet section. The presence of cogging forces proves that there were flux 

variations in the airgap. The variations in flux in the airgap are transferred to the magnet 

section components, inducing voltages and currents in any available closed loop 

conductive path. The presence of eddy current losses in magnet section components was 

known and designed for. The magnet section shown in Fig. 2.39 was constructed in 

quarter sections insulated from each other during the final assembly.  The magnets, the 

retainers, the quarter rings, and the stainless steel sleeve all were potential sources for 

eddy current losses.  Insulating material used between quarter rounds was theorized to 

reduce the complete loop of a conductor.  Between the magnets there was no insulating 

material. However, the combined circumference of the 60 magnets around a respective 

magnetic pole did not fill the loop; therefore there was a small airgap between the 
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individual magnets preventing closed loop eddy currents. The stainless steel sleeve 

required for the linear bearing had unavoidable eddy currents losses which theoretically 

composed the highest percentage of eddy currents in the PMLTG. The magnet flux 

density plots of the backiron and armature over the entire length of the PMLTG are 

shown in Fig. 2.40.  The bottom plot shows the symmetrical flux bifurcation when the 

armature is centered about 4 magnetic poles. The top plot shows the shift in the flux 

densities when the armature is moved one-half of a pole pitch; 36mm shift. The 0.35 T 

change in magnet flux in the stainless steel correlates to the amount of induced eddy 

 

Fig. 2.39 Quarter round magnet section assembly model 
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currents over the entire circumference of the stainless steel tube.  Accurate efficiency 

measurements will be performed in the future on Oregon State University’s Linear Test 

Bed (LTB). 

 The copper losses for the PMLTG are calculated from the general equation for 

heat loss in a conductor using the RMS design current rating; 

 

Fig. 2.40 Maxwell SV PMLTG magnetic flux (B) vectors 
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θθθ RINP lossC
2

)( =    (2.48) 

Copper losses are the primary source of heat in the PMLTG which was a concern in the 

center spar because of the thermally insulating properties of fiberglass.  The average 

copper losses for the PMLTG were 70 Watts.  

 

2.8.2 Airgap Bearing Losses and Performance 

The airgap was initially proposed to be as small as 3.8mm for the senior design 

project however the reality of the material and manufacturing limitations mandated a 

larger airgap.  During the PMLTG design reviews the airgap and proposed bearing 

methods were a known weakness in the design. The electromagnetic issue of the stainless 

steel in the airgap was discussed as a source of eddy current losses.  From a mechanical 

engineering point of view, the tolerance of the airgap was very small and would be 

difficult to manufacture given the proposed size of the device and the limited resources. 

The final assembly of the spar was not exact and posed complications in achieving the 

designed slip fit of the magnet section over the spar.  The end result was a poorly 

functional bearing. The PMLTG normal forces between the armature and the magnet 

section would theoretically sum to zero if the cylindrical spar was perfectly centered in 

the magnet section.  However, any offset of the armature to one side of the magnet 

section would increase the normal force on the bearings exponentially.  Increased normal 

forces correlate to frictional forces which could limit movement by exceeding the 400 lbf 

of excess buoyancy provided by the spar.  A low estimate value of 150 lbf of frictional 

force would be present with a 2mm offset with the static friction coefficient of the wet 

bearing material of µb = 0.056 on the vertical movement.  Further research into the effects 

of a non-concentric armature is suggested with reference to proposed bearing methods.  

Shown in Fig. 2.41 is the half-round assembly of the magnet section with a cross-

sectional view of the stainless steel sleeve insert. The gap between the aluminum quarter 

rings and the stainless steel sleeve was sealed with marine grade epoxy.  However a 



91 
 

 

thermal expansion analysis of the two components was not performed.  Research should 

be conducted on the effects of thermal expansion and contraction on the PMLTG.   

 

Fig. 2.41 Stainless steel sleeve inside magnet section 
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3 SeaBeav I  

The SeaBeav I fiberglass buoy components were designed by OSU graduate student 

engineers working with engineers at Plasti-Fab, Inc. located in Tualatin, Oregon. 

Structural composite fiberglass was chosen for the buoy components because of the 

resistance to salt water corrosion, the excellent structural characteristics, and ease of 

manufacturing. The complete SeaBeav I and PMLTG assembly cross-section is shown in 

Fig. 3.1.  

 

 

Fig. 3.1 SeaBeav I with 1kW PMLTG 
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3.1 PMLTG and Buoy Component Integration 

The design development of the mechanical assembly of the PMLTG was performed 

congruently while designing and developing the point absorber buoy components. This 

allowed for all design changes to be integrated into both designs. The final assembly of 

the SeaBeav I fiberglass components and the PMLTG was performed at Plasti-Fab, Inc. 

which required that the magnet section, armature and all the electrical wiring was 

finished prior to transport.   

The magnet sections were aligned and assembled in quarters as shown in the appendix 

under construction techniques.  The magnet section quarters were placed into 

compression crates which served two purposes.  The compression crates provided a 

means of mounting the magnets as well as acted as the mechanical structural alignment 

platform for the two half-magnet sections, The magnet mounting required 40 lbf of 

compression per magnet and each magnet was held in place by friction with a 10-32 brass 

set screw which was tightened to approximately 35 inch-pounds of torque.  The two 

magnet sections had a theoretical repulsion of 3800 lbf at 5mm based on finite element 

model, and therefore required a compression fixture.  The compression fixture was 

composed of the two compression crates which allowed for the center alignment of the 

stainless steel sleeve and the final assembly of the magnet section.  Once compressed, the 

magnet section was trucked to Plasti-Fab using the compression fixture as a crate.  

The armature and all four magnet section quarters were electrically insulated with 

resin and cured in an oven at Fisher’s RPM Electric in Albany. The resin baking is a 

standard procedure for motor manufacturing. The resin is thin enough to penetrate all the 

cracks between the lamination and hardens to a very tough insulating coating when cured 

in an oven. Once the armature was finished with the resin coating, it was faired with 

marine fiberglass to smooth out the surface between coil slots due to the shoe arcs. Then 

the armature was terminated electrically and transported to Plasti-Fab.  

The scheduling was tight due to narrowing weather windows, and the auxiliary 

systems were wired at WESRF and installed at Plasti-Fab.  From Plasti-Fab, the SeaBeav 
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I was trucked directly to the OSU docks at HMSC. The short timeline did not allow for 

enough quality control. The bearings required machining at the docks before the spar 

could move the entire stroke length.  

In order to collect data from the auxiliary systems a CompactRIO was employed 

which also controlled the ballast tank pump. The auxiliary control box shown in Fig. 3.2 

was powered by a marine battery located in the center of the armature. The auxiliary 

power box contained relays, and a boost converter for the linear sensor and fuses. All 

boxes were water tight fitted with splash proof enclosures for secondary containment. 

The spar was water tight; however it had a non-isolated ballast tank in the bottom.   

 

3.2 Dockside Maneuvers and Results 

The SeaBeav I was tested at the OSU docks at the Hatfield Marine Science Center 

located in Newport, Oregon. The testing was performed in two primary steps, first 

dockside testing to establish deployment procedures, and second was the ocean testing.  

The dockside testing ensured the watertight integrity of the SeaBeav I, practiced the 

 

 
 

Fig. 3.2 Auxiliary control box with NI CompactRIO 
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mooring, ballasting, and umbilical installation procedure, and tested the data collection 

system and auxiliary control.  

During the dockside testing, a large vertical cradle was erected to allow for dockside 

testing of the PMLTG out of the water using the OSU crane.  The 3-phase shore power 

cable from the bottom of the SeaBeav I was connected to a mobile 3-phase power resistor 

bank which had a per phase resistance of 14 Ohms. The 3-phase voltage waveform from 

the PMLTG testing was captured by a high accuracy oscilloscope and plotted using time 

stamped data shown in Fig. 3.3.  The PMLTG output voltage was sampled at 5000 

samples per second which allowed for accurate speed calculation from the frequency 

output since the PMLTG produces synchronous output voltages.  The magnification of 
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Fig. 3.3 PMLTG 3-phase pulse voltage output 
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the PMLTG output voltage plotted in Fig. 3.4 shows the time between voltage peaks to 

be approximately 0.5 seconds.  The distance between congruent poles is 144mm, 

therefore; 

sm
m

vPMLTG /288.0
sec5.0

144.0 ==  

 

The speed of the PMLTG correlates to a no-load output voltage of 104 V when 

compared to the calculations of Fig. 2.25.  The armature reaction of the PMLTG due to 

the current draw correlates to the reduction in output voltage. There was no current 
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Fig. 3.4 PMLTG VLN output magnified to frequency 
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measurement taken, however the power to the 3-phase resistive load can be estimated 

using power system equations; 

pf
R

V
IVP LN

LLN

2

3

3
)cos(3 =−= βδθ    (3.1) 

Since the actual phase angle of the current was unknown, the resistive load power factor 

(pf) was assumed to be unity which allowed for the per phase current of the resistive load 

of the PMLTG to be plotted in Fig. 3.5.  

 

The design power output of the PMLTG was based on the total 3-phase power output.  

The per-phase values of the machine are more easily compared to the PMLTG designed 

machine parameters of the phases in the magnetic circuit.  The initial comparison shows 

higher power output for the velocity, which is because the forces on the spar were not 

PMLTG 3-phase IL

-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
6
7
8
9

10

0 1 2 3 4 5 6

Time [sec]

C
u

rr
en

t 
[A

]

Phase A

Phase B

Phase C

 

Fig. 3.5 PMLTG 3- phase load current 
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hydrodynamically current controlled for optimum power output.  The crane force data 

was not attainable for the electromechanical efficiency calculation. These data sets were 

only done as a preliminary systems check of the SeaBeav I prior to scheduled 

deployment. An accurate PMLTG characterization test on the 10kW LTB which has been 

installed in WESRF will determine the final machine parameters.   The current load on 

the PMLTG would be affected by the inductance of the coils and the 100 m long 

transmission line which would have an effect on the actual operational power factor. A 

change in the power factor would correlate to a small change in the actual real output 

power.   The real power output of the PMLTG is shown above 1kW in Fig. 3.6.       
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Fig. 3.6 PMLTG power output 
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For comparison purposes the per-phase power output was also plotted to show the 

variations in the peak powers per phase during the resistive loading.  The plot in Fig. 3.7 

shows that peak powers per phase of just fewer than 900 Watts.  More accurate analysis 

will clarify some of the anomalies in the data. 

 

3.3 Deployment 

In water observations confirmed the importance of keeping the center of mass as low 

as possible, while keeping the center of buoyancy near the top of the buoy. A more 

appropriate design for this type of application might be comprised of a longer spar with a 

counter balance.  The dockside testing proved the mooring system would work with some 
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Fig. 3.7 PMLTG 3-phase power output 

 



100 
 

 

difficulty tensioning the mooring line. The SeaBeav I had excess buoyancy in the spar 

and the spar was binding occasionally on the magnet section.  The binding seen at the 

docks was also a problem during the deployment.  

On Saturday October 13th, 2007, the SeaBeav I was towed by the OSU research vessel 

(R/V) Pacific Storm off the coast of Newport Oregon where it was mooried off a reaction 

plate. The reaction plate was square 2 ft by 3 ft and weight approximately 360lb.  The 

SeaBeav I was not designed to be moored in this manner and relative motion was not 

achieved.  The tension mooring system was theorized to work more effectively however 

the danger of the higher sea states late in the season prevented the divers from attempting 

the mooring task.  During the deployment, the shore power cable from the bottom of the 

spar was connected directly to the resistive load bank on the Pacific Storm.  In the 

photograph shown in Fig. 3.8 the cable is visibly marked with line floatation between the 

SeaBeav I and the Pacific Storm.   

 

 

Fig. 3.8 SeaBeav I Deployment 
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4 Conclusion 

Wave energy has been viewed by some as controversial because the many stakeholders 

involved.  As engineers we have the responsibility to design systems which have the 

public welfare set above all other standards.  The public welfare today, is also the welfare 

of tomorrow, and therefore engineering in energy systems to be sustainable is our duty.  

Sustainable is the wave of the future, and wave energy is sustainable.  

4.1 Wave Energy Conversion Approach 

The conversion of wave energy using direct drive linear generators is an excellent 

method to reduce system losses and eliminate the use of hydraulic fluids which pose 

environmental hazards. Eliminating the working seals of a direct drive device is a novel 

concept, however may prove to be problematic without the development of suitable linear 

or rolling bearings specific to WEC applications.   The concept behind the design of 

SeaBeav I is elegant and has great potential. Modular and completely sealed system 

components with inherent buoyancy to prevent accidental submersion increase the 

survivability.  

4.2 Buoy Specifications  

 A complete dynamic analysis of the system must be done to find the actual forces 

needed for correct hydrodynamic operation. The PMLTG was constructed overweight on 

the magnet section, which was compensated for by foam buoyancy added to the outside 

of the buoy float.  The additional buoy float weight changed the water-born stability 

factor, making the SeaBeav I more prone to tipping. However this unwanted design 

change was not a cause of buoy dysfunction. A simple force calculations shows that the 

designed excess buoyancy of 1780N (400lbf) would only have a remaining 340 (76 lbf) 

on an ideal down stroke with no losses. The lack of excess buoyancy would limit the 

relative motion of the buoy components while the buoy is drawing electrical power.   A 
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more stable and longer spar with more buoyancy and inertia the resist PMLTG load 

change is proposed.   

 

4.3 Lessons Learned   

The amount of time and energy which went in to the theoretical design of the PMLTG 

was shadowed by the amount of work it took to manage, design, develop, manufacture, 

and test the SeaBeav I. To achieve this work, regardless of outcome was an engineering 

feat for which all involved should be proud of.  The construction of the PMLTG alone 

would have made any research and development group proud. The magnitude of labor to 

achieve these design goals is highlighted in the appendix, and should not be 

underestimated.   

Generator Components: The PMLTG was constructed of magnetic materials which 

are highly susceptible to rust.  Even though the components had two coats of electrical 

grade machine resin, there was still rust on the inside of the armature laminations. The 

translator lamination and magnets also have some exposure to salt water due to a leak in 

the stainless steel sleeve seal.  For these reasons, it is suggested that all generator 

components be covered in a salt water sealant coating.  In addition all components should 

be inspected with a quality control check performed by designated personnel after they 

are coated and sealed.  

Magnetic Normal Forces: In a perfectly machined and centered device with no 

mechanical play in the bearing strips, the normal force due to the armature’s attraction 

between one side of the magnet section and the other would be net to zero. Any offset in 

the equal distance airgaps will produce high levels of magnetic normal force for the entire 

length of the armature.  High magnetic normal force can contribute to the bearing strips 

frictional force despite the proposed bearings strips having low theoretical friction 

coefficients.  In a device of this nature, the effects of this should be better understood and 

incorporated into the design.  Other contributions to this effect would be the bearing 
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design, the design tolerances, versus what was actually achievable with the method of 

construction implemented.  

PMLTG Stroke limitation: Early in the design process it was known that there 

would be a natural stroke limiting force imposed by the presence of the low reluctance 

armature in the center of the 16 pole magnet section. Within the three foot stroke, 

cogging forces were minimized to within acceptable limits of the design geometry and 

the armature is relatively free to move under high force.  The forces to remove the 

armature outside of the translator stroke limits are much greater. The magnetic limit end 

effect hinders the relative motion of the spar and float system outside the strike of the 

PMLTG.  This end effect limit seemed to have detrimental effects on the overall 

hydrodynamic functionality of the buoy.  A generator which would allow the float to 

move more freely beyond the limits of the generator may prove to be an advantage.  

PMLTG Efficiency verses System Operation and System Efficiency:  During the 

PMLTG design process there was a large emphasis on magnetic efficiency as well as 

electromechanical conversion efficiency to develop an ‘ideal’ linear generator of this 

particular configuration of a short armature and long translator.  Further system 

understanding may have rendered a different configuration. The end results seemed to 

produce a well functioning generator at the expense of buoy system functionality. 

Producing a well functioning system at the expense of generator efficiencies may be a 

beneficial compromise, since the energy results are, in the end, dependent on the overall 

economic life.  It is already theorized that direct drive wave energy devices have lower 

operation and maintenance costs.  

 

4.4 Future PMLTG Work 

After deployment, the SeaBeav I was disassembled at the OSU docks and transported 

back to WESRF testing on the LTB.  The LTB currently is in the process of being 

prepared for the full load testing of the PMLTG.  In the near future the spar and magnet 

section, which was removed from the buoy float, will be mounted in the LTB.  The 
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testing will involve resistive loading of 25, 50, 75, and 125% of rated current for the 

PMLTG in order to characterize the linear machine.  The testing will also involve reverse 

motoring the PMLTG with the LTB locked, variable speed input to max capability of the 

LTB, and simulated dynamic sea state for control testing.  The testing will develop the 

actual name plate data of the 1kW PMLTG design.  The dockside maneuvers and results 

proved that the nominal output of the PMLTG would be at least 1kW during normal 

operation.  

The PMLTG was designed as a linear PM machine, not limited solely to ocean wave 

energy applications.  Machine classifications for the name plate data will be based on the 

full load current capabilities of the PMLTG.  Force verse speed characteristics will be 

developed and the cogging forces will be mapped and compared to finite element models.  

The actual machine parameters and testing results from the LTB dynamics testing will be 

documented in a future publication.  The computational studies of the empirical data from 

the LTB testing will calculate the armature reaction effects, bearing loss, copper loss, 

inductance values, PMLTG power factor, and overall efficiency. The control of the 

PMLTG will look into possible compensation of cogging forces using armature reaction.  

Future design decisions based on this data will influence the topography configurations of 

future direct drive linear generators. 
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Appendix I: PMLTG Fixed Design Parameters 
 

Fixed Design Parameters 

Parameter Description Value Units 

P Power 1000 Watts 

Fmech Mechanical Force 1315.8 Newtons 

v Linear rated velocity  0.76 m/s 

vpk Peak linear rated velocity  3 m/s 

lg Length of the air gap  5 mm 

lm Length of the magnet 10 mm 

Dso Active spar outer diameter 0.6096 m 

Dfi Active float inner diameter 0.6146 m 

Dsi Active spar inner diameter 0.50672 m 

Dfo Active float outer diameter 0.682822 m 

Lmr Mean length per turn 1.81 m 

τp Pole Pitch  72 mm 

τc Coil Pitch 22 mm 

τm Magnet pole length 52 mm 

τs Slot pitch length 24 mm 

n Number of Turns 77   

αcp Coil-Pole fraction (τc/τp) 0.31   

α3cp Fractional pole pitch (3*τc/τp) 0.917   

αm Magnet fraction (τm/τp) 0.72   

Nsp Number of slots per phase 4   

lph Length of Phase 556 m 

Nph Number of Phases 3   

Nm Number of poles active spar region 4   

Nspp Number of per pole per phase 1   

kd Distribution factor 1   

Ns Number of slots  12   

Nsm Number of slots per pole 3   

Bg Magnetic flux density of the air gap 0.76 Telsa 

Bbi Magnetic flux density of the back iron 1.6 Telsa 

Vpk Peak rated phase votlage 1000 Volts 

Vrms Phase voltage 245 Volts 
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Irms Average current  2.95 Amps 

J Current density of coil wire 2.25 A/mm^2 

Aw Wire cross sectional area 2.08 mm^2 

Vdc Active rectifier DC bus voltage 600 
Volts 
DC 

AWG Magnet wire, bondable 14 AWG 

R 14 AWG resistance per meter 0.008284 Ohms/m 

Rφ Resistance per phase 4.61 Ohms 

kst Lamination stacking factor 0.945 variable 

ρbi Steel mass density 7800 Kg/m^3 

ρcu Density of copper 8230 Kg/m^3 

lsl Thickness of lamination 0.525 mm 

Nfl Number of float laminations 3678   

Nsl Number of spar laminations 2632   

kcp Conductor packing factor 0.85   

Br Magnet Remanence (NdFeB-35) 1.23 Tesla 

Hc Coercivity (NdFeB-35) 899255 A/m 

µo Permeability of free space 1.257E-06 H/m 

µR Magnetic recoil permeability 1.0884598   

BHmax Max energy product 35 MGOe 

Bmax Maximum steel flux density  1.7 Tesla 
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Appendix II: Magnetic Calculations 

 

SI Calulations of design parameters 

Parameter Description value Units 

Cθ Flux concentration factor 0.72   
Pc Permeance coeficient 2.77   
kml Magnetic leakage factor 1.07   
lgc Eff. Airgap for Carter coefficient  14.19   
kc Carter coefficient 1.0199   
Bg Airgap flux density (average) 0.93 T 
kag Airgap flux concentration factor (Rfi/Rso) 1.01   
Ag Eff. Area of airgap  0.0200 m per m 
Фg Airgap flux 0.8068 Webers/m 
ωtb Tooth bottom width (minimum) 10.1 mm 

ωbi Back iron width (minimum) 15.2 mm 

    

Gaussian Calculations 

Parameter Description value Units 

Ag Area of airgap per meter (circular height) 72 mm 
lg length of airgap 5 mm 
Am Area of magnet per meter (circular height ) 52.0 mm 
lm Length of the magnet 10.00 mm 
Pc Permeance coefficient 2.77   
Tc Curie temperature 130.00 °C 
Pm Permeance of magnet 5.20   
Pg Permeance of airgap 14.40   
Фr Magnet residual flux  639600 Mx 
Фm Magnet flux 469910 Mx 
Bm Magnet flux density 9037   
Hm Magnetic field strenght 3263   
BH BH energy product 29 MGOe 
Br Residual  12,300 Gauss 
Hc coercivity 11,300 Oersted 
µ Permeability  1   

BHmax Maximum energy product 35 MGOe 
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Appendix III: PMLTG Design Parameters; Active Spar design 
 

Generator Design Parameters 

Parameter Description Value Units 

lg Length of the airgap  5 mm 

Acm Area of magnet (2D) 576 mm 
Rso Active spar outer diameter 0.6096 m 
Rfi Active float inner diameter 0.6146 m 
Rsi Active spar inner diameter 0.50672 m 
Rfo Active float outer diameter 0.682822 m 
Lr Mean length per turn 1.83 m 
τp Pole Pitch  72 mm 
τc Coil Pitch 68 mm 

τm Magnet pole length 72 mm 

d1 Shoe depth tip width 1 mm 
d2 Shoe depth pitch width 3 mm 
d3 Tooth shoe to slot bottom depth 23 mm 
ds Slot depth 28.44 mm 
ωt Shoe width 16 mm 
ωs Slot width 2 mm 
ωsb Slot bottom width 12 mm 
ωtb Tooth bottom width 10 mm 
ωbi Back iron width 23 mm 
t Thickness of lamination 0.635 mm 
kst Lamination stacking factor 0.945   
kcp Conductor packing factor 0.85   
ρm Density of NdFeB (sinted) 7580 Kg/m^3 
ρbi Steel mass density 7800 Kg/m^3 
ρcu Density of copper 8230 Kg/m^3 
ρst Density of stainless 7920 Kg/m^3 
ρepoxy Density of epoxy 1557.74 Kg/m^3 
lsl Thickness of lamination 0.5 mm 
Nfl Number of float laminations 3800   
Nsl Number of spar laminations 2700   
ωf Width of active float  68.222 mm 
As Area of slot 299 mm^2 
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Asl Area of spar lamination 1.123E-02 m^2 
Vsl Volume of one lamination 5.613E-06 m^3 
Vss Volume of spar laminations 1.787E-02 m^3 
Vcu Volume of copper 3.469E-03 m^3 
Vspar Volume of active spar 2.598E-02 m^3 
Msl Mass of spar laminations 139.40 Kg 
Mepoxy Mass epoxy fill of empty volume 12.63 Kg 
Mcu Mass of copper 28.55 Kg 
Mcu Mass of copper max capacity 45.31 Kg 

180.58 Kg 
Mspar Mass of Spar 

398.11 lbs 
* Final mass calculations were performed by SolidWorks; weight of active spar = 401 lb 

 
Appendix IV: PMLTG Design Parameters; Active Float Design 
 

Float General Design Parameters 

Parameter Description Value Units 

τpt Length of total number of poles 1152 mm 
ωpt Width of tip of pole 56.642 mm 
ωbs Width of stainless 1.58 mm 
lm Length of the magnet 52 mm 
ωm Width of magnet 10 mm 
ωm Width of float 68.222 mm 
Vfloat Volume of active float  0.1602 m^3 
Amagnet Area of magnet per pole 520.00 mm^2 
Alam Area of lamination per pole 0.06 m^2 
Vmagnet Volume of magnet  0.0293509 m^2 
Vlam Volume of lamination 0.1557101 m^2 
Vss Volume of stainless steel 0.0002435 m^2 
Vepoxy Volume of epoxy 0.0044587   
Mmagnet Mass of magnets 222 Kg 
Mlam Mass of laminations 1215 Kg 
Mss Mass of stainless steel 2 Kg 
Mepoxy Mass of epoxy 7 Kg 

1446 Kg 
Mfloat Mass of active float* 

3188 lbs 
* Final mass calculations were performed by SolidWorks; weight of active float = 2998 lb 
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Appendix V: Generator Inductance and Measured Parameters 
 

PMLTG Inductance Calculations 

Parameter Description value Units 

Ls Slot leakage inductance 3.06E-02 H 
Lphs Phase leakage inductance 1.23E-01 H 
Lg Airgap inductance 1.69E-02 H 
Lphg Phase airgap inductance 6.78E-02 H 
Lφ Total phase inductance 1.90E-01 H 

Mφ Mutual phase inductance 5.65E-03 H 

fn Nominal frequency 5.28 Hz 

fpk Peak frequency  20.8 Hz 
 

PMLTG LR Measured Parameters* 

Parameter Description Value Unit Qs  Frequency 

R1φ Phase Resistance 4.5872 Ω 1.958  11.7 Hz 

R2φ Phase leakage inductance 4.5878 Ω 1.966  11.7 Hz 

R3φ Phase leakage inductance 4.5912 Ω 1.966  11.7 Hz 

Parameter Description Value Unit Qs  Frequency 

L1φ Phase leakage inductance 122.09 mH 1.959  11.7 Hz 

L2φ Phase leakage inductance 122.48 mH 1.965  11.7 Hz 

L3φ Phase leakage inductance 122.63 mH 1.966  11.7 Hz 

Parameter Description Value Unit Qs  Frequency 

L1φ Phase leakage inductance 121.47 mH 15.360 100 Hz 

L2φ Phase leakage inductance 121.86 mH 15.260 100 Hz 

L3φ Phase leakage inductance 122.04 mH 15.180 100 Hz 
* Final measurements were performed using LRC meter WESRF after deployment  
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Appendix VI: Construction Techniques 
 

A. Winding  

The winding of the PMLTG was preformed using a continuous fed coil winder in 

which nylon tubing protected the magnet wire insulation from abrasions. The nylon 

tubing and Essex GP/MR-200 magnet wire are shown in Fig.VI.A.1.  The first layer 

was 5 turns followed by 12 layers of 6 turns, for a total of 77 turns per slot.  Between 

each layer of turns was a layer of 3M™ type 66 glass cloth tape which is silicon 

embedded and rated to 180ºC.  The magnet wire was protected with the 3M type 66 

tape and nylon tubing for the entrance and exit of each turn.    

The coil winder was constructed of machine aluminum structural components 

which support skateboard wheels. The skateboard wheels served two purposes. The 

skateboard wheels were machined to fit inside the o-ring groves of the compression 

rings to act as the three rotational points of the armature turn table. The armature was 

lowered onto the coil winder while the skateboard wheels were aligned into the groves 

on the bottom of the armature. Once aligned, the armature would spin freely on top of 

the skateboard wheels like a turn table.  The magnet wire guide and brake was also 

constructed of two skateboard wheels with groves down the center. The groves in the 

wheels guided the wire through the nylon tubes and provided the tension on the wire to 

make the solid magnet wire shape into the slot to form a compact coil.   

 

Fig. VI.A.1 First slot coil wound with coil winder 
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Once the armature was mounted a 2/3 hp DC motor with a 100:1 reduction gear 

was fitted on to the side of the plywood platform.  The motor shown on the left side of 

Fig. VI.A.2 was controlled by a variable DC drive. The 90º reduction gear was fitted 

with a model aircraft rubber wheel which provided a friction drive on the side of the 

armature. The friction drive with DC motor controller provided the necessary winding 

speed control to prevent accidental damage to the coils.  Each coil was wound 

continuously and took approximately 4 hours of skilled labor.  The process was simple 

yet effective in completing the required task.  

 
 
B. Compression Crate 

The compression crates were constructed by Matthew Prudell Construction LLC, of 

Eugene, Oregon.  The finite element model simulated worst case forces of up to 4 tons of 

repulsion or compression if the poles of the half magnet sections were misaligned.  Each 

half magnet section weighed 1400 lb. The compression crates were also designed to use 

as a protective crate to transport the magnet section to Plasti-Fab.  Therefore the 

compression crates would need to withstand a substantial load from the magnets as well 

as structurally support 1.5 tons during transport once there magnet section was 

compressed.  The crates were constructed with a large safety factor because of the 

number of unknown forces.   The two crates shown in Fig VI.B.1 were constructed of 

4”x4” and 4”x6” capped with layers of 1 1/8” OSB golden edge flooring plywood and 

 

 

Fig. VI.A.2 Simple motorized coil winder 
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5/8” CDX plywood.  Each joint and layer of plywood was glued with construction 

adhesive and screwed together with large self tapping deck screws.  The final assembly 

was fitted with protected 2” x 6” edges and 4” x 4” stand offs which allowed access for 

the pallet jack or lift truck.   Each box was made with a tolerance less then 1/32” out of 

square and less then a 1/16” out round on the curvature for the mounting of the quarter 

rounds. 

 

The crates shown in Fig.VI.B.2 were drilled with alignment holes which matched the bolt 

pattern of the magnet sections. One side of each crate was reinforced with 2” x 4” for 

compression of the magnet section assembly. Once the magnet sections quarter were 

finished with the resin cure and fiberglass backing, two quarter sections were inserted 

into each compression crate, aligned and bolted in place.  The compression crates shown 

 

Fig. VI.B.2 Half round alignment groves and bolt holes 

 

Fig. VI.B.1 Half round compression and alignment crates 
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in Fig.VI.B.3 were fitted with steel rods across the center line and a 2”x4”cantilever 

which pivoted about a cambered slot.  The 2” x 4” provided the necessary force to hold 

the 

magnets in place while the brass set screws were tightened.  The 2” x 4” in Fig.VI.B.4 is 

applying force on the magnet in a circular path along the inside of the magnet section 

laminations. The retainer on either side of the pole also provided a guiding surface which 

 

Fig. VI.B.4 Quarter round magnet section assembly model 

 

Fig. VI.B.3 Quarter round magnet section assembly model 
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kept the magnets aligned.  Once the 960 magnets, 480 North and 480 South magnets 

were mounted the half magnet sections were compressed as shown in Fig.VI.B.5.  The 

stainless steel sleeve was inserted in between the two half magnet sections and sealed in 

place using slow hardening 406 West Systems marine grade epoxy.  The two half magnet 

sections where compressed together using jacking bolts on the four corners of the crates. 

 

Fig. VI.B.4 Magnet section crate transport to Plasti-Fab 

 

 

Fig.VI.B.5 Quarter round magnet section assembly model 
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Once the magnet assembly was completed it was transported directly to Plasti-Fab. The 

final seal and inspection of the magnet section was performed by Plasti-Fab.   

 

C. Armature and Magnet Section Alignment 

The construction of the magnetic section was a strategically performed in steps 

which would allow maximum productivity and flexibility in the build.  Many of the 

fixtures were constructed of wood because of its structural qualities, ease of 

manufacturing, and non-magnetic qualities.  In Fig.VI.C.1 the quarter round alignment 

fixture is an example fixture. The fixture provided the alignment of the aluminum quarter 

rings and end plates while the lamination and retainer were inserted into the assembly.  

Once all the laminations and retainers were in place, another end plate was bolted on to 

 

Fig.VI.C.2 Armature alignment 

 

Fig.VI.C.1 Quarter Round lamination alignment fixture 
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hold the quarter round assembly in together. Each quarter round was bolted in place and 

aligned prior to being transported for resin dip. Constructing a 2900 lb magnet section in 

sections had necessary advantages.  Advantage on weight for transportation limitations 

and size for the resin tank made the entire build possible.   The armature shown in 

Fig.VI.C.2 weighed 400lb and took three days to align properly.  The alignment was 

performed on a machine turn table and the 48 bolts were specifically tightened to provide 

ample compression force on the laminations while not creating deformity. The alignment 

procedures for the assemblies needed to be exact to within 0.015 inches because of the 

design linear bearing in the airgap.  This was a challenging task to achieve by hand. 

 

D. Resin dipping and curing the laminations 

Radial laminations are laminations which are fanned around the origin of a circle. 

The outer radii of the laminations were shimmed prior to the laminations being resin 

baked.  There were nearly 3600 magnet section and 2600 armature laminations, each 

taped in a specific location using 3M™ High Temperature Nylon Tape 855.  The tape is a 

2 mil nylon film which acted as an adhesive shim strip to fan the radial lamination in a 

circular pattern.  Once the magnet sections were assembled, the tape also acted as a high 

temperature masking tape of the resin on surfaces which were desired to remain clean.  It 

 

 

Fig.VI.D.1 3M 855 tape applied as a resin mask 
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protected the brass set screws holes from being filled with resin and the surface of the 

laminations behind the magnet poles.  The Fig.VI.D.1 shows the tape being applied. 

The magnet section quarter shown in Fig.VI.D.2 was 5 inches shorter then the 

resin tank. In the following Fig.VI.D.3 the armature has been coated is resin and is about 

to be inserted into the oven for cure a 10 hour cure time at 275ºF. The normal cure time is 

about 5 hours at 325ºF for smaller motors; the larger the mass the longer the cure will 

take.  The armature was temperature limited because of the structural composite 

fiberglass construction of the compression rings.  An additional fixture to hold the 

 

Fig.VI.D.3 PMLTG Armature coated in resin 

 

Fig.VI.D.2 Quarter magnet section being lower into resin tank 
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armature flat was constructed of scrap metal to ensure that the compression rings held 

their shape during the baking process. For future generator components that require resin 

baking, fiberglass resins are manufactured with higher temperature ratings which would 

allow a normal cure temperature.   

 

 

E. Bobbin wound phases and stacked laminations: 

The PMLTG armature was manually wound using a motorized coil winder a 

single coil at a time.  Alternatively the coils could be wound onto a bobbin and then 

bobbins can then be stacked with lamination rings. The mechanical support could be from 

a structural composite tube. The wire exit strategy built into the bobbin using a slotted 

grove for the conductor would enter and exit the center of the tube. After being stacked as 

shown in Fig.VI.E.1 the armature could be dipped in resin and secured appropriately for 

the mechanical rating. Stacked rings are laminated in an assembly mold which is 

 

Fig.VI.E.1Coil bobbin and lamination stacking Solid Works simulation 
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machined to meet dimensional requirements of the design to include a tightly fitting 

bobbin. Many coil manufacturers possess the equipment needed to make quick and 

precise work of this portion of the armature. The bobbins can be keyed or pinned to 

provide for the rotary position alignment during the armature manufacturing. The bobbins 

can then be stacked to the desired armature height and wired internal for the pole and 

phase relationship. The advantages may include higher volume with reduced cost of 

manufacturing, expandability to higher power levels by stacking more coils and 

extending the active armature length.  The Solid Works designs and Maxwell SV finite 

element models for this type of armature manufacturing was performed.  A proposed 

lamination mold model is shown in Fig.VI.E.2.  The stacking of laminations in the 

armature lengthens the effective airgap length, therefore lowering the operational point of 

the magnets.  For a PM linear machine of this type, a wider magnet would be necessary 

to achieve an ideal static operating point.  

 

  

 

 

 

 

 

 
 

“As we sail thru life, don't avoid rough waters, sail on because calm waters won't make a skillful sailor” 

 

Fig.VI.E.2 Tooth lamination mold assembly cross section 
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Appendix VII: Nomenclature 
 
A Area 

Awm Area of magnet 

Aws Area of slot 

Awsl Area of spar lamination 

Aw Wire cross sectional area 
AWG American wire gauge 
B Magnetic flux density [T] 

Ba Armature reaction flux density 

Bbi Magnetic flux density of the back iron 

Bg Airgap flux density 

Br Magnetic remanence 

Bmax Saturation flux density  

BHmax Maximum magnetic energy product 

CΦ Flux concentration factor 
D, d Diameter, depth 

Dso Active spar outer diameter 

Dfi Active float inner diameter 

Dsi Active spar inner diameter 

Dfo Active float outer diameter 
E, e Energy [J],Voltage, emf [V] 

Eb, Back emf [V] 

Emax Maximum back emf [V] 
F, F Magnetomotive force (mmf) [A t], Force [N] 
H Magnetic field intensity [A/m] 
Hc Magnet coercivity [A/m] 
I Current [A] 

Irms Average current  
J  Current density [A/m2] 
Js Slot current density [A/m2] 
L Length [m], Inductance [H] 

Lg Airgap inductance [H] 

Ls Self inductance [H] 
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Lsl Slot leakage Inductance [H] 
Lr Mean length per turn 
M Mutual inductance [H], Mass [Kg] 

Msl Mass of spar laminations [Kg] 
Mepoxy Mass epoxy fill of empty volume [Kg] 

Mcu Mass of copper [Kg] 

McuMax Mass of copper max capacity [Kg] 
Mspar Mass of Spar [Kg] 
N Number of turns 

Nm Number of magnetic poles 

Np Number of poles pair 

Nph Number of phases  

Ns Number of slots 

Nsm Number of slots per magnetic pole 

Nsp Number of slots per phase 

Nspp Number of slots per pole per phase 

Nmsl Number of magnet section laminations 

Nal Number of armature laminations 
P Permeance [H], Average Power [W] 

Pc Permeance coefficient 

Pcl Core loss [W] 

Pe Eddy current power loss [W] 

Pg Airgap permeance [W] 

Ph Hysteresis power loss [W] 

Php Power [hp] 

Pr Resistive power, or power loss [W] 

Q Heat density [W/m2] 
R Resistance [Ω], Reluctance [H-1], Radius [m] 

Rph Resistance per phase 
T  Torque [N·m], Temperature [ºC] 
V Voltage, Volume [m3] 
Vsl Volume of one lamination 

Vss Volume of spar laminations 

Vcu Volume of copper 
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Vspar Volume of active spar 

Vdc DC voltage [V] 

Vpk Voltage peak [V] 

Vrms Root mean squared average voltage [V] 
W  Energy  

d1 Shoe depth tip width 

d2 Shoe depth pitch width 

d3 Tooth shoe to slot bottom depth 

ds Slot depth 
f  Frequency [Hz] 

fe  Electrical frequency [Hz] 

fm Mechinical frequency [Hz] 
g  Airgap length [m] 

ge Effective airgap length [m] 
k Constant 

kc Carter Coefficient  

kcp Conductor packing coefficient 

kd Distribution factor 

kml Magnetic flux leakage factor 

kp Pitch factor 

ks Skew factor 

kst Stacting factor 
l length [m]  

lg Length of the airgap  

lm Length of the magnet 

lph Length of Phase 

lsl Thickness of lamination 

nc Number of turn per coil 

np Number of turns per phase 

ns Number of turns per slot 

ntpp Number of turns per pole per phase 
r raduis [m] 
v Speed [m/s]  
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ωbi Back iron width [m] 

ωs Slot width [m] 

ωsb Slot bottom width [m] 

ωt Shoe width [m] 

ωtb Tooth bottom width [m] 

ωf Width of active float  
Г Core loss density [W/ kg] 

αcp Coil-Pole fraction (τc/τp) 

αm Magnet fraction (τm/τp) 

αs slot fraction (ωs/τs) 

αsd Magnet fraction (τm/τp) 
δ Skin depth [m] 
µ Permeabilty [H/m] 

µR Magnetic recoil permeability 

µa Relative amplitude permeability 

µr Relative permeability 

µd Relative differential permeability 

µo Permeability of free space (4π·10-7 [H/m], [N·A-2]) 
Φ Magnetic flux [Wb], [V·s] 
θsk Skew angle 
η Efficiency [%] 
λ Flux linkage [Wb] 
ρ Electrical resistivity [Ω·m] 

ρm Density of NdFeB (sinted) 

ρbi Steel mass density 

ρcu Density of copper 

ρst Density of stainless 
ρepoxy Density of epoxy 

σ Electrical conductivity [(Ω·m)-1] 

τp Pole Pitch  

τc Coil Pitch 

τm Magnet pole length 

τs Slot pitch length 
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