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Chapter 1 

1. Introduction  

Electricity and electricity generation has become an essential topic in our day to day 
life. The environmental impact of electricity generation cannot be disregarded which 
are the pollution due to the usage of coal, oil, and gases, even though Nuclear energy 
does not directly emit carbon dioxide but the waste from the nuclear power plant is 
kept under water which undesirably increases the water temperature and effect on 
aquatic life. Hence to minimize the life cycle global warming emission renewable 
energy is an appropriate selection [1]. 

Renewable energy is vital for the environment because it provides the clean source of 
energy with less environmental impact than other non-renewable sources. Renewable 
energy is infinite when it comes to power sources and can be easily extracted when 
proper technique is invested. As per the International Energy Agency (IEA) the 
renewable energy includes wind, solar, wave, geothermal, hydro, certain biofuels and 
peat in CHP plants [2]. The demand for renewable energy is increased over the decade 
due to the increase in pollution and climate change.  

The drivetrain is essential not only in vehicle industry but also in wave energy or Ocean 
Industry. The purpose of the drivetrain in a vehicle is to deliver power to the driving 
wheels whereas wave energy converters capture the energy contained in ocean energy. 
The wave’s which can be considered as driving force transports energy to the drivetrain 
and a wave energy converter (WEC) is used to exploit the wave power. The essential 
components of a WEC can vary depending on the technology used for power take off. 
There are different types of WEC available in the market e.g. point absorber, 
attenuator, oscillating wave surge converter, oscillating water column, 
overtopping/terminator device, submerged pressure differential, rotating mass etc [3]. 

CorPower Ocean AB is moving towards the excellence in the field of wave energy and 
a beginning is initiated after the development of a unique WEC. The technology in the 
WEC such as pneumatic pretension module, phase control with wave spring 
technology makes the system reliable and intrinsically resonant for waves and 
magnifies the power absorption phenomenon. The type of WEC used is a point 
absorber type for CorPower Ocean AB.  

The electromechanical drivetrain for the WEC consists of gearbox, flywheels, 
freewheels, generators and drives. A detailed description of all the components is 
discussed in the Chapter 2 System description of the thesis. The WEC has to satisfy the 
extreme requirement of reliability, safety and economic viability which pushes for 
improvement in every step. To achieve the requirement and criteria in future it is 
necessary that WEC performs to its full potential and hence the study is carried out to 
optimize the electromechanical drivetrain for CorPower Ocean AB.  

Optimization is a method of finding the best, the maximum or minimum solution 
among all the feasible solutions to a problem [4]. There are multiple taxonomies of 
optimization problems in mathematics such as uncertainty, deterministic, and multi-
objective optimization however the process optimization technique is implemented in 
this notion to determine the optimized solution. Process optimization is the method of 
calibrating a process to optimize some parameters by keeping the constraints in mind. 
The parameters can be efficiency, weight, cost and losses whereas the constraint can 
be dimension, volume, weight and standards [5].  
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The study is carried out for a ½ scale and a full scale model of the WEC drivetrain. The 
½ scale model has an output power capacity of 25 kW and the full scale model has a 
predicted power capacity of 300 kW.  

Firstly the study comprises of analysis of motion profile of waves and its effect on the 
drivetrain. Based on the data collected from the simulation model of the WEC the 
ratings of generator and drives for the ½ scale model are analyzed.  

A comparison of the operating profile of the ½ scale generators to their (data sheet) 
efficiency maps has been performed. The improvements in efficiency that would be 
gained from better optimization of the generator ratings has been predicted.  This has 
been done by taking the hydrodynamic performance as a requirement (generator 
operating profiles), in order to optimize the hardware.   

The next step includes verification of this method of analysis, by comparing the 
predicted improvements in annual efficiency by the full WEC model. The full WEC 
model includes gearbox, flywheels, freewheels, generators and drives. A similar study 
is carried out for the full scale model of the WEC. 

1.1 Background of wave energy 

According to Mark Z. Jacobson and Mark A. Delucchi water, solar and wind energy can 
replace non-renewable source of energy i.e. fossil fuels in future by 100%[6]. The 
potential of renewable energy gives motivation among researchers to strive for finding 
different ways of extracting electricity and wave energy is also one of them. Waves are 
generated by wind passing over the surface of the sea [7] and these waves are used to 
generate electricity from the sea. Wave energy has been constantly within the topic of 
research and development since 1970s according to IRENA [8]. The idea of converting 
the energy of ocean surface waves into useful energy form is patented in early 1799 by 
‘Girard and Son’ in France [9]. The development of a wave powered device is patented 
by Leishman and Scobie in early 1855 up to 1973. Different countries in Europe mainly 
in United Kingdom, Portugal, Ireland, Norway, Sweden, and Denmark are aiming for 
technologies for extracting wave power in industrial level for medium and long term 
[9]. Figure 1 explains about the nature of a waves [10]  [11]. 

   

 
Figure 1: Waves motion and depth   

The power in the waves is proportional to the square of the amplitude and to the period 
of motion. The units of periods and amplitudes are in second and meter. The barriers 
for the wave energy is the peak to average load ratio (largely random) and the 
prediction of loads are very difficult before implementing the device in the ocean. The 
advantages of implementing the WEC to extract energy from ocean are sustainable 
with various environmental benefits including social factors [12]. 
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The technologies used in the wave energy converters are mainly classified into three 

different categories [12]: 

 Oscillating water column (OWC).  

 Oscillating body converter (OBC). 

 Overtopping converters (OTC).  

Figure 2 shows a flow chart of different technologies available in the wave energy 

sector. 

 
Figure 2: Taxonomy of WEC Technologies 

 

Oscillating water column are the type of WEC which absorbs the energy from the 

oscillation of seawater inside a chamber structure caused by the waves. The chamber 

can either be fixed or floating structure depending upon the usage. Some example of 

OWC is given in Figure 2 . 

Oscillating body converter are the devices which are either floating or fully submerged 

and oscillates with the waves. This type of devices exploit more powerful waves 

available in the ocean. CorPower Ocean AB develops floating type Oscillating body 

converter. These devices are also called as offshore devices (Third generation devices) 

and are considered as complex when compared with OWC. 
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Overtopping Converters elevates ocean waves to a reservoir above sea level and the 

water is allowed to run through a turbine generating electricity. The graphical 

representation of all type of WEC technology is shown in Figure 3: 

   
a) Oscillating water column  

e.g. Pico [12] 
b) Oscillating body converters  

e.g. CorPower Ocean AB [13] 
c) Overtopping converters  

e.g. wave dragon [14] 
 

Figure 3: WEC technology 

1.2 Purpose and Objective 

The purpose of this thesis is to develop a method to optimize the electromechanical 
drivetrain of a WEC. The optimization involves the process optimisation technique, it 
helps to optimize each components of the drivetrain individually without violating the 
constraints of the overall system. 
The work in this thesis can help to understand the oscillating body converters (OBC) 
working principle and also the WEC design. The WEC drivetrain design demonstrate 
similar functionality of drivetrain of hybrid and electric vehicles. This thesis could also 
help to understand the components of the drivetrain for hybrid vehicle and 
optimization technique to get better performance and higher efficiency. The thesis 
discuss about the benefit and improvement of power generation results due to the 
usage of an optimized generator and drive ratings. The objective can be graphically 
represented in Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The objective of the thesis is to determine the best combination of components for OBC 

wave technology. Different combination of drivetrain configurations will be tested in a 

½ scale model  Optimisation Technique 

Optimized 
Ratings of all 

component in ½ 
scale model 

Final full scale 
model 

component 
ratings 

Optimisation Technique 

Different 
drivetrain 

configuration 

Analyse 
results 

Figure 4: Thesis objective layout 
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modelling platform to provide a conclusion. Some data would also be real time data for 

testing the results to increase the reliability and to have internal and external validity 

by comparing with HIL data.  

1.3 Methods  

There are several optimization techniques which can be used for this kind of problem, 
but it is very important to determine the problem type before selecting the ideal 
method. There are different mathematical optimization techniques available such as 
continuous, discrete, unconstrained, constrained, deterministic and stochastic 
optimization, but process optimization is the discipline which seems ideal for these 
kind of problems [4]. The discipline which optimize specified set of parameters without 
violating some constrain satisfies the problem criteria of this thesis, hence the process 
optimization is being selected instead of mathematical optimization process [5]. 

The empirical method is executed to provide the goal and objective of this thesis. The 
method involves replicating a test case scenario in modeling platform. The software 
used for modeling and analysis is Matlab and Simulink. To provide higher confidence 
of the data, the repeatability and reproducibility factor is considered and it’s repeated 
constantly until the significance factor reached to a satisfactory level. The results are 
also compared with HIL rig test results to find out the standard deviation of the data. 

1.4 Outline  

The content of this thesis report involves 7 chapters. In chapter 2 each component is 
described with detailed theoretical background to have better understanding of the 
model used for the electro-mechanical drivetrain. Chapter 3 explains the method 
implemented to optimise the ratings of generator and drive, it compares the ½ scale 
model and optimised ½ scale model to provide the understanding of factors that 
influences the efficiency. Chapter 4 gives an idea on how the electrical machine and 
drives can influence on improving the efficiency involved with the drivetrain. The 
comparison is carried out between several generator drive combinations to find the 
best suitable and optimised solution. Chapter 5 deals with the optimisation of other 
components of the drivetrain which includes the gearbox and flywheel. A different 
configuration are analysed and tested to find the efficient system comparing with 
current ½ scale model. Chapter 6 is defining the full scale model drivetrain ratings 
based on the results obtained during the work. Chapter 7 is the final conclusion of 
results obtained from the study. 

1.5 Delimitations  

The thesis results are purely based on the wave developed by the Scapa Flow software. 
The real test case scenario in ocean would be different than modeling and HIL rig and 
it is because of the coordinate system and degree of freedom. The WEC will have six 
degrees of freedom in the ocean such as surge, sway, heave, roll, pitch and yaw. But the 
results are obtained by considering only the heave movement of the buoy. There are 
other external factors which are not considered while modeling the drivetrain system. 
To overcome this problem it is therefore necessary to test the buoy in the ocean, which 
is being done by CorPower Ocean AB and the work is currently in progress. 
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Chapter 2  

2 Theoretical framework 

This section of the study gives a description in detail about the theoretical knowledge 
of all the components involved in the drivetrain of the WEC and also about the wave 
power. The theoretical framework consist of concepts and their definitions used for the 
particular topic of research. The framework gives a background information for better 
understanding of wave energy and its application.  

2.1 Wave Power  

The energy generated from the ocean waves is termed as wave energy. The waves are 
generated by wind passing over the surface of the sea. The motion of the wave contains 
kinetic energy, which is captured by the wave energy technologies to generate electrical 
energy. To absorb this kinetic energy from the ocean there are several technologies 
available in the market which are in common term defined as Wave Energy Converter 
(WEC). The energy output from the wave can be measured by wave speed, wave height, 
wave length and water density. According to the linear wave theory the mean wave 
energy flux can be calculated by the following expression: 

 𝐸 =
1

2
(𝜌𝑔𝐴2𝑉𝑔 ) (1) 

 
Where 𝜌 is the water density, 𝑔 is the gravitational constant, 𝐴 is the wave amplitude 
and 𝑉𝑔is the wave speed. Even though tremendous energy is available in the ocean, it is 

important to have an efficient technology to extract the energy. The regular waves are 
thus amplified for higher energy density with phase control which gives better power 
output, several process have been tried by CorPower Ocean AB which involves, linear 
damping, latching and wave spring. The current technology usage provides five times 
more energy for CorPower [13].  

2.1.1 Types of waves  

The waves are classified based on the height (m) and time period (s). The sea state are 
studied in various locations e.g. Yeu (France), Scapa Flow (Scotland) and the gathered 
information’s of wave states in the matrix form by CorPower Ocean. For simplification 
of data analysis three sea states are defined in this thesis such as small, medium and 
high sea state for analyzing the drivetrain characteristics.   

 Small sea state has a wave height of 1.5 m and a period of 7 seconds.  

 Medium sea state has a wave height of 3 m and a periods of 9 seconds. 

 High sea state has a wave height of 4.5 m and a periods of 12 seconds. 
 
The Yeu location is selected for analyzing the annual power output and efficiency 
values. The characteristics of the sea state for the location of Yeu is collected in a scatter 
plot. The scatter plot contains approximate information of long term sea state for a 
specific location in matrix form. Each sea state is defined with significant height (m) 
and periods (sec). Each bin in a matrix contains a value which indicates the occurrence 
of sea state in hours per year. The matrix in Table 1 illustrate the annual trend of sea 
state for the Yeu site: 
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Table 1: Annual data of sea state for Yeu site 

𝑻𝒑(sec) 

𝑯(𝒎) 
3 5 7 9 11 13 15 17 

0.5 0 39.810 32.219 18.953 0 0 0 0 

1.5 0 36.326 129.410 107.370 51.33 11.182 0 0 

2.5 0 0 60.048 144.100 60.901 21.606 2.9692 0 

3.5 0 0 11.34 110.750 58.405 24.670 10.266 0 

4.5 0 0 0 11.868 25.649 8.0233 3.5694 0 

5.5 0 0 0 0 9.4131 2.9376 0 0 

6.5 0 0 0 0 1.8953 0 0 0 

 
The first column denotes the wave height (𝑯) and the first row denotes time period 
(𝑻𝒑) of waves. 

2.1.2 Froude scaling law  

The Froude scaling law is used for developing a half model from a full scale platform. 
The scaling ratios of any variable can be used for scaling up or down. The significance 
of such scaling factor determine the influence of parameters involved in the model. The 
data available from the drivetrain model is in full scale i.e. (1:1), hence a Froude scaling 
law is used for transforming it to half scale model (1:2). Each parameter has a different 
scaling ratio for the transformation. The common properties of scale ratio for different 
variable are listed in Table 2 : 
 

Table 2: Froude Scale ratios 

Physical Parameter Unit Multiplication factor 

Length [𝐦] λ 

Structural mass [𝐤𝐠] 𝛌𝟑 ∗ (
𝛒𝐅

𝛒𝐌
) 

Force [𝐍] 𝛌𝟑 ∗ (
𝛒𝐅

𝛒𝐌
) 

Moment [𝐍𝐦] 𝛌𝟒 ∗ (
𝛒𝐅

𝛒𝐌
) 

Acceleration [𝐦/𝐬𝟐] 𝐚𝐅 = 𝐚𝐌 

Time [𝐬] √𝛌 

Pressure [𝐩𝐚 = 𝐍/𝐦𝟐] 𝛌 ∗ (
𝛒𝐅

𝛒𝐌
) 

 

2.1.3 Hydrodynamics of waves  

The study of hydrodynamics for the WEC can be similar to the dynamics of ships in 
wavy seas. The only difference would be the requirement of maximizing the extracted 
energy with the help of the PTO mechanism[12]. The equation of motion for a waving 
buoy can be expressed with the equation as given below: 

 (𝑚 + 𝐴)�̈� = 𝑓𝑑 − 𝐵�̇� − 𝜌𝑔𝑆𝑥 + 𝑓𝑃𝑇𝑂 (2) 

Where 
m - mass of the WEC. 
A - added mass, inertia of the water (hydrodynamics coefficient) surrounding the 
body. 
𝑓𝑑 - the excitation force in vertical direction. 
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B - damping co-efficient. 
𝜌𝑔𝑆𝑥 - hydrostatic restoring force. 
𝑓𝑃𝑇𝑂 - power take off force experienced by the WEC due to the waves. 
 
The assumption that  𝑓𝑃𝑇𝑂 = −𝐶�̇� − 𝐾𝑥 consist of a linear spring and a linear damper 
which makes the whole system linear. The equation of motion written in frequency 
domain becomes: 

 𝑋 =
𝐹𝑑

−𝜔2(𝑚 + 𝐴) + 𝑖𝜔(𝐵 + 𝐶) + 𝜌𝑔𝑆 + 𝐾
 (3) 

The excitation force 𝐹𝑑  is proportional to the wave amplitude and the power is the 
product of force and velocity. Therefore the power absorbed depends on the amplitude 
of the sea i.e. X. The maximum power absorbed is given by the following equation 
derived from equation (3)  

 𝑃𝑚𝑎𝑥 =
1

8𝐵
|𝐹𝑑|2 (4) 

Two factors influence the maximum power absorption, which are optimal damping 
coefficient (C) and resonance condition 𝜔. 

2.2 Drivetrain components 

The drivetrain of the WEC refers to a group of components that absorbs the power from 
sea and generate electricity. The components of the drivetrain in a PTO system for 
CorPower Ocean AB consist of gearbox, flywheel, freewheel, generator and drives.  

2.2.1 Gearbox  

A gearbox is a transmission device which contains a set of gears to transfer and 
transform the rotational or translational speed and torque to the desired value. 
Depending on the requirement, the speed and torque can be controlled with gear ratio 
or speed ratio. The speed ratio for a pair of meshing gears can be determined from the 
ratio of the radii of the pitch circles and the ratio of the number of teeth on each gear. 
Consider two gears A and B, where gear A is an input gear with radius 𝑟𝐴 and gear B is 
an output gear with radius 𝑟𝐵. The angular speed of gear A and gear B is  𝑤𝐴 and  𝑤𝐵 
respectively. The general equation of velocity at the point of contact of teeth is equal 
for both gears i.e. 
 

 
𝑤𝐴

𝑤𝐵
=

𝑟𝐵

𝑟𝐴
=

𝑁𝐵

𝑁𝐴
 (5) 

here 𝑁𝐴 and  𝑁𝐵 are the number of teeth in gear A and gear B respectively.  

The gearbox for the WEC is designed in such a way that it converts the axial force into 
rotational torque with an increase in energy output per ton by a factor of 5 because of 
its phase control technology. The axial force is the resulting force due to the movement 
of the buoy and it is distributed equally among the pinions. The gearbox has four (or 
eight) pinions two (or four) on each side of the rack and it is fixed so that it is connected 
to the rack all the time. Each pinion has two larger gears connected in the same shaft, 
the arrangement of the gears is in such a way that the rack provides force to all the four 
(or eight) shafts and drives the outgoing shaft. There are two outgoing shafts, one is 
connected to upper part of the larger gear and the other is connected to the lower part 
of larger gear. The diagrammatical representation of the gearbox is presented in Figure 
5 to illustrate the arrangement of rack, pinion and gears in details: 



- 9 - 
 

 

Figure 5: Cascade Gearbox CAD view [13] 

The rigidity and strength of the gearbox is ensured by providing four plates, which are 
fastened together by pin bolts. The complete structure of the gearbox is shown in 
Figure 6:  

 

Figure 6: Complete Gearbox structure [13] 

The gear ratio (u) for the cascade gearbox can be calculated from the following equation  

 𝑢 =
𝑀2

4 ∗ 𝑀1
 𝑜𝑟

𝑀2

8 ∗ 𝑀1
  (6) 

Where M1 is the torque from the larger gears (4 or 8 pinions) and M2 is the torque 
from the outgoing shaft. The torque is distributed among four pinions and that’s where 
the factor of 4 or 8 comes in the equation. The high torque is transformed into high 
rotational speed with the help of a cascade gearbox. The requirement for higher speed 
comes from the operating range of the generator to provide better efficiency. The 
dimensional details and technical specification of the cascade gearbox is not provided 
because of confidential agreement.  
The 4 pinions and 8 pinions are used in 1:3 scale and 1:2 scale model respectively. 

2.2.2 Flywheel and freewheel 

The flywheel is a mechanical device which is designed to store rotational energy as an 
energy storage device. The amount of energy stored in a flywheel is proportional to the 
square of the speed. The main function of the flywheel is to smoothen out the variation 
of speed.  
The design of the flywheel depends on two important parameters, i.e. inertia of the 
flywheel and the geometry of the flywheel. The inertia of the flywheel can be calculated 
by using the known energy change for a specific speed variation or by the geometric 
proportion. The equations for inertia calculation are given below [15]: 

 𝐼𝑚 =
𝐸𝐾

𝐶𝑓∗𝜔𝑎𝑣𝑔
2
  or  𝐼𝑚 =

𝜋𝛾

2𝑔
(𝑟0

4 − 𝑟𝑖
4)𝑡 (7) 

𝐸𝐾- kinetic energy, 𝐶𝑓- coefficient of speed fluctuation, 𝛾- average speed of flywheel, 

 𝑟0-outer diameter, 𝑟𝑖- inner diameter, 𝑡- thickness. 



- 10 - 
 

The flywheel in the PTO drivetrain is used for the following application: 

 Energy storage system.  

 The smoothing of power output. 

  Hydrodynamic damping in three levels. 
The flywheel is designed for three levels of sea states such as high, medium and small 
sea state to provide hydrodynamic damping in the WEC. The mechanical damping 
which is via the flywheel focuses on amplitude control and is constrained to a certain 
inertia value, nevertheless it is useful for the WEC design in the ½ scale model. 

The flywheel is engaged to the gearbox with the help of a freewheel, It decides the 
engagement status of the flywheel. The gearbox has two output shafts connected to the 
freewheel. When a freewheel is engaged to the flywheel, motion from the sea is 
transmitted to the generator. Both freewheels are engaged simultaneously to the 
flywheel depending on the rack motion profile. If the rack is moving upward then left 
side of freewheel is engaged and if it is moving down then right side of freewheel is 
engaged or vice versa. Figure 7 shows the arrangement of freewheel and flywheel. 
 

 
Figure 7: Flywheel and freewheel arrangement 

 

The freewheel is a device in the drivetrain which is used for disengaging the driver shaft 
from the driven shaft. The function is similar to a clutch hence it is also known as 
overrunning clutch.  

2.2.3 Generator  

The generator is used to convert the mechanical power into electrical power. There are 
several generic types of generators which can be used for WEC and are categorised into 
three main types such as: 

 DC generator. 

 AC Asynchronous generator. 

 Squirrel cage induction generator. 

 Wound rotor induction generator. 

 AC Synchronous generator. 

 Wound rotor synchronous generator. 

 Permanent magnet synchronous generator. 
 
This section will give a basic electrical background on the working principle of different 
generators and also the trends of generator used in the drivetrain of the WEC. All the 
electrical machines follow Faradays law of electromagnetic induction. Faradays law 
gives a relation between magnetic flux and electrical circuit and states that ‘whenever 
there is relative motion between conductor and a magnetic field, the flux linkage with 
a coil changes and this change in flux induces a voltage across a coil’ [16]. 
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2.2.3.1 DC generator  

Conventional DC generators have a field winding in the stator and a armature winding 
in the rotor. The stator has number of poles excited by either DC field winding or 
permanent magnet. The electrical output from the DC generator is extracted through 
brushes on the rotor. The output is rectified by the commutator from AC to DC power 
in a DC generator.  

2.2.3.2 AC asynchronous generator  

Asynchronous generators are also known as induction generators. When the three 
phase winding in the stator is connected to three phase supply a rotating magnetic field 
is produced in the air gap. The magnetic field then passes through a short circuited 
rotor winding which produces current due to induced voltages and produce torque due 
to the interaction with magnetic field. To induce current in a asynchronous machine 
the speed of rotor and magnetic field must be asynchronous. 
 

2.2.3.3 AC synchronous generator  

In a synchronous generator the rotating magnetic field and rotor rotates in the same 
speed synchronously. The synchronous machine is also known as doubly excited 
machine. The three phase winding in the stator produces a rotating magnetic field 
when three phase AC power is supplied. The rotor can be either an electromagnet or 
permanent magnet depending on the type, the DC power is supplied to the 
electromagnet which produces constant flux. The rotor must come in synchronism to 
the magnetic field to produce power. The synchronous machine has an ability to 
produce reactive power which is an advantage over an induction machine.  

2.2.3.4 Comparison between different electrical machine  

Table 3 lists the advantage and disadvantage of DC brushless and AC induction 
machine. 

Table 3 DC Brushless vs AC Induction machine [17] 

DC Brushless AC Induction machine   

Less rotor heat is generated with the 
DC brushless drive. 
 

Induction motor has the ability to 
start under load and no inverter is 
required. 
 

The DC brushless drive can also 
operate at unity power factor. 
 

Induction motors are directly 
compatible with conventional 
utility power which is the main 
reason for their success. 
 

Peak point energy efficiency for a DC 
brushless drive will typically be a few 
percentage points higher than for an 
induction drive. 
 

Induction drives require only a 
speed sensor. 
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Disadvantages 

In an ideal brushless drive, the strength of the magnetic field produced by the 
permanent magnets would be adjustable. When maximum torque is required, 
especially at low speeds, the magnetic field strength (B) should be maximum – so that 
inverter and motor currents are maintained at their lowest possible values. This 
minimizes the I² R (current² resistance) losses and thereby optimizes efficiency. 
Likewise, when torque levels are low, the B field should be reduced such that eddy and 
hysteresis losses due to B are also reduced. Ideally, B should be adjusted such that the 
sum of the eddy, hysteresis, and I² losses are minimized. Unfortunately, there is no 
easy way of changing B with permanent magnets. 

Axial vs Radial machine  

 The axial motor designs have some outstanding characteristics that are 
particularly attractive for the construction of highly efficient electric motors.  In 
particular, a flux concentrating design using interior ferrite permanent magnets 
can make a highly efficient, compact motor using low cost materials.  This 
improvement in motor technology is capable of greatly improving the efficiency 
of motor driven systems, even beyond the level of the IE4 proposed standard, 
while avoiding the supply source issues of rate earth magnets. 

 High torque density on the other hand helps for applications with size 
constraints especially in axial direction but would be very effective for radial 
machine. 

Generator suitable for variable speed operation  

 The synchronous machines have many advantages over induction machines. 

One of them is a higher efficiency. 

 The amount of deliverable active power from a synchronous generator (SG) 

depends on rating of a converter in Volt-Amperes and the power factor of SG. 

 The rotor speed does not depend on the electrical load conditions for Permanent 
magnet synchronous machine (PMSM). 

DC brushless AC Induction machine   

Without inverters and drives 

brushless motors are useless 

motors. 

 

3-phase induction motors cannot 
operate from DC. Shaft speed is 
proportionate to line frequency and 
hence when used with utility power, 
they are constant speed machines. 

A brushless DC motor produces no 

starting torque when directly 

connected to fixed frequency 

utility power. 

Variable speed of IM depends truly on 
inverters. 
 

DC brushless drives require an 
absolute position sensor. 

High efficiency at 85% unity power 
factor. 
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 Synchronous machine can have longer air gaps compared to induction 

machines. In induction machines, the airgap length is kept small to limit the 

magnetisation current and to improve the power factor. In synchronous 

machines, on the other hand, it is desirable to have a longer airgap as it helps to 

reduce armature reaction and the synchronous reactance which in turn 

improves the stability. 

The reason for the selection of PMSG for the WEC can be easily justified [18] with the 
above explanation. The WEC encounters variable speed due to wave property and also 
due to the design of the power take-off. 

There are two generators connected to both sides of the gearbox with flywheel and 
freewheel which are termed as Generator-A and Generator-B. The ratings of the ABB 
generator for ½ scale WEC is listed in Table 4 : 

Table 4: ABB Generator ratings 

Parameters Value 

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑡𝑜𝑟𝑞𝑢𝑒 (𝑇𝑛𝑜𝑚) 170 𝑁𝑚 

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑆𝑝𝑒𝑒𝑑 (𝑁𝑛𝑜𝑚) 1500 𝑟𝑝𝑚 

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (𝐼𝑛𝑜𝑚) 41 𝐴𝑚𝑝 

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒(𝑉𝑛𝑜𝑚) 400 𝑉 

𝑃𝑜𝑤𝑒𝑟 𝑟𝑎𝑡𝑖𝑛𝑔(𝑃𝑟𝑎𝑡𝑒𝑑) 25 𝑘𝑊 

 
The ABB PMSG rating is chosen based on the demand of power-output. The efficiency 
data of a 25 kW generator is available from the data sheet provided by ABB. The 
efficiency data is limited to the nominal value of speed and torque and is shown in 
Figure 8 : 

 

Figure 8: Part-load Efficiency data ABB 25 kW 

The efficiency data is very important not only within the nominal limit but also above 
the nominal value because of the application for variable speed operation. According 
to the NEMA definition the energy efficiency is the ratio between usable power outputs 
to its total power input. There are several methods for estimating generator efficiency. 
These are categorised into three method i.e. analytical method, software method, and 
special devices.[19]. To calculate the efficiency above the rated value an extrapolation 
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and interpolation method can be used based on IEC standard developed by Martin 
Doppelbauer [20] which will be discussed later in detail. 

2.2.4 Drives  

The drives are the critical and most important part of the electrical system used not 
only for exporting power to the grid but also for the generator control. The component 
of drive system includes the control circuit and the power converter. The drives are 
considered to be the largest electrical component hence it is important to find a 
compact and suitable system for the WEC.  
In the last couple of years different topologies of converters has been investigated for 
the power conversion and conditioning in the domain of wave energy. A detailed 
background picture of power converters with trends will be discussed in this section to 
provide the understanding of the thesis work. The different topologies of power 
converters which could be useful for wave energy converter are mentioned below: 

 Diode rectifier based converter. 

 Back to back converter. 

 Matrix converter. 

 Z-source converter. 

 Cycloconverter. 

 Multilevel converter. 

2.2.4.1 Diode rectifier based converter 

In this converter a variable frequency and AC power from the WEC generator is 
converted into DC power and then converted back to an AC power with the help of 
controlled inverter. These kind of converters are suitable for PMSG rather than IG. To 
cooperate with variable speed operation for PMSG, it is provided with a step-up 
chopper circuit. The control of inductor current in this circuit provides the control of 
torque and speed of generator. The output voltage of a diode rectifier based converter 
is in the range of 380-690V[21].The advantage of this system is low cost for production 
and easy to implement, whereas the limitation are higher harmonic losses which affects 
the performance of the utility system. 

2.2.4.2 Back to back converter 

The back to back converter differs from the diode rectifiers based converters based on 
the rectification stage. The step-up chopper circuit is replaced by a controlled rectifier. 
The controlled rectifier makes it possible to flow the power in both direction. The 
harmonics and harmonic losses are reduced due to the controlled rectifier. The grid 
side converter controls the active and reactive power flow to grid and improve power 
output quality whereas the generator side controls magnetism demand thus 
maintaining the rotor speed of the generator. Both sides of the converter works 
individually because of decoupling capacitor. There are lot of hard switches available 
in both grid side inverters and generator side inverters which increases switching 
losses. The combined control of rectifier and inverter is quite complicated [21]. 

2.2.4.3 Matrix converter 

The matrix converter is a unique converter which converts AC to AC power. There is 
no requirement of including an intermediate DC conversion stage. The converter 
consist of bi-directional switches at the connection point of input and output phase. 
The output is fused by a switching strategy of opening and closing. There are two 
phases in the Matrix converters one is filter and the other is converter with selective 
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switches for controlling output power. Due to the absence of capacitors and DC links it 
provide significance weight and size reduction. Thermal stresses of semiconductors are 
lower in matrix converters but if the input voltages are unbalanced then the output 
voltage can also be distorted because of the absence of DC links [21]. 

2.2.4.4 Z-source converter 

Z-source converters are impedance fed power converters, which can be used as DC to 
DC, AC to DC, AC to AC and DC to AC converter. It overcome all barriers of traditional 
VSC and CSC and provide a very new technique of power conversion. The X shape is 
formed with the help of two inductors and two capacitors to connect to DC source and 
provide impedance source. The benefit of this converter is that the output voltage can 
be varied in any range without depending on the input voltage. It is intrinsically a 
unidirectional converter which is a disadvantage. The improved version of Z-source 
converters has the potential to overcome the constraint of unidirectional converter. 

2.2.4.5 Cycloconverter 

The cycloconverter is similar to a matrix converter because it does not have a DC link 
converter as an intermediate phase. It is known as a frequency converter. The benefit 
of these converters are in the transmission of high voltage AC and high voltage DC. The 
frequency transmission where the cycloconverter reduces the system frequency for 
offshore wind industry and wave energy industry would reduce the transmission cost 
by replacing HVDC system. These converters have inherent bi-directional property 
with compact design. The limitation for these converters are lower voltage transfer 
ratio and poor input power factor. 

2.2.4.6 Multilevel converter 

These converters can operate in multilevel both in rectifier or inverter mode. A 
multilevel converter uses a series of low voltage DC switching devices to achieve high 
voltage at the output. There are three types of multilevel converters which are 
commonly used for high voltage and medium voltage application i.e. neutral point 
clamped, flying capacitor, and series connected H-bridge converter. Flying capacitor 
converter is bulk in dimension and hence it is not suitable for wave energy application. 
It has lower switching losses and high efficiency but provide stress on the 
semiconductor due to unequal current. 

2.2.4.7 Drives for the WEC in ½ scale model 

The converter used in the ½ scale converter is a matrix converter from Yaskawa 
U1000. The efficiency of drives has a significant effect on the system but the combined 
efficiency of generator and drive is more important than the individual efficiency. In 
case of the WEC the drive spend most of the time below rated operation hence the 
efficiency of the drive at part load is important to analyse the performance. The Layout 
of the matrix converter used for ½ scale model with generator is shown in Figure 9 : 

 
Figure 9: Layout of matrix converter with generator [21] 
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The devices used in the ½ scale model need to go through some witness test to secure 
the grid connection without causing distortion and stability problem for weak electrical 
output. The type testing verifies that the drives are capable of connecting to weak 
electrical network in the ½ scale model. The drives from Yaskawa are also capable of 
operating at 130% of generator nominal speed and 170% of nominal torque. 

2.3 Interpolation and extrapolation technique  

The interpolation is a method of constructing new data points within the range of 
known data point, whereas extrapolation is the process of estimating the data point 
beyond the range of known data point. Both the processes are used in numerical 
analysis. These techniques would help to find efficiency values from the data sheet 
within the nominal limit or above depending on the requirement.  

The losses are more meaningful than efficiency data because losses have a smoother 
behavior than efficiency and hence the priority is given to calculate losses and then 
finding efficiency from losses. This method fulfils the criteria of the IEC standard and 
hence it will be used in this thesis for mapping efficiencies at different operating points. 

The interpolation method based on the IEC standard is developed by Martin 
Doppelbauer and it is being used to calculate the power losses and energy efficiency at 
different operating points. The interpolation method helps to find the value of power 
loss and efficiency at any point till it satisfies the criteria of the IEC standard. The 
criteria is that the standard deviation should not be more than 20%. The proposed 
interpolation formula based on the IEC standard is listed below[20]: 

 𝑃𝐿(𝑓, 𝑇) = 𝐴 + 𝐵 ∗ 𝑓 + 𝐶 ∗ 𝑓2 + 𝐷 ∗ 𝑓 ∗ 𝑇2 + 𝐹 ∗ 𝑇 + 𝐺 ∗ 𝑇2 (8) 

𝑓= Speed, 𝑇= Torque, 𝑃𝐿= Power loss and 𝐴, 𝐵. . . . . 𝐺 = co-efficient 

With the help of this equation the power loss can be calculated at any point, which 
would help not only to plot efficiency map but also provide accurate power output 
calculation. The above equation is a linear equation and it is easy to solve and find the 
coefficient (A, B, C, D, E, F, and G). The coefficient are analytical determination of 7 
parameters from the 7 operating points and with those coefficients the alternative 
operating point can also be interpolated easily. To find out the stability index of 
interpolation 16 known operating points can be used to calculate the standard 
deviation. The mathematical expression for calculating the standard deviation is listed 
below: 

 𝑄𝐼𝑆𝐼 = √
1

16
∑ ∑ (

𝑃𝐿(𝑓,𝑇)
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑃

𝐿(𝑓,𝑇)
𝑖𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑒𝑑

𝑃𝐿(𝑓,𝑇)
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 )

2

𝑇𝑓

 (9) 

The value of 𝑄𝐼𝑆𝐼 determines whether the interpolated value of power loss and 
efficiency can be reliable or not. Standard deviation below 5% is considered very well 
and if it above 20 % it is not usable. The efficiency map is important for finding the 
optimised rating of generator and drive. Similar method is implemented for 
extrapolation with the help of a Matlab function. Implementation of these methods are 
low cost and less time consuming with high accuracy for optimisation purpose. There 
is no extrapolation method in motor industry which is being standardized by IEC.  
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Chapter 3 

3 Optimization of generator and drives of WEC for ½ scale model 

The initial phase of this thesis is to find the optimised ratings of generator and drives 
which would provide higher efficiency and maximum power output from the WEC. The 
current ½ scale model WEC ratings are firstly analysed and then with the help of 
optimised method developed in this thesis an optimised rating is being calculated. 
Initially the power loss and efficiency of a 25 kW PMS generator are plotted in Matlab 
with the help of the data sheet provided by ABB. The method for calculating the 
optimised ratings involves the following steps:   

 Plot the efficiency map with the help of the data sheet for a generator and drive. 
 Use interpolation and extrapolation technique to find the efficiency between 

and above the nominal values. 
 Find the speed and torque from the flywheel.  
 Run the speed and torque from the flywheel as an input to the generator and 

pass through the efficiency map modelled in Matlab. 
 The model is constructed in such a way that for each value of speed and torque 

the efficiency is calculated and saved as a sets of array for future reference. 
 The power output is calculated from the efficiency and power input. 
 The benefit of this method is flexibility and less time consumption. Different 

types and different ratings of generators can be tested by simply replacing the 
efficiency map. 

 The accuracy of data is then compared with HIL rig testing results. 

The speed and torque value as an input to the generator is the value achieved after 
processing with different sea state from CorPower Ocean AB ½ scale model. Initially 
only three sea state are used for calculation and analysis and later to calculate the 
annual data, Yue site is chosen. 

3.1 Efficiency map of generator with power loss  

The power loss and efficiency plot of the ½ scale model generator i.e. ABB 25 kW is 
calculated from the data sheet provided by ABB. The data sheet is attached in the 
appendix. The contour plots are plotted with the data provided by ABB as shown in  
Figure 10a and 10b  

  

a. Efficiency plot between torque vs speed 
for 25kw 

b. Power loss plot between torque vs speed 
for 25kw 

Figure 10: Contour plot of efficiency and power loss within the nominal range 

The significance of this plot is that it provides the details of efficiency and power loss  
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behaviour of the generator at different operating points within the rated range. The 
data provided by ABB is only till rated speed and rated torque which is not enough in 
this application because the generator runs above rated speed and rated torque hence 
an interpolation and extrapolation technique of data is adopted to calculate the range 
beyond rated operation. The procedure is already mentioned above, with the help of 
the standard method of numerical analysis the interpolation and extrapolation of data 
is carried out based on the IEC standard and the graph in Figure 11 were achieved above 
rated operation: 
 

  
a. Efficiency plot of generator above rated  

power 

b. Power loss plot of generator above rated 
power 

Figure 11: Contour plot of efficiency and power loss above rated operation 

The idea of plotting the efficiency and power loss curve above rated power is to track 
the behavior of a generator at different torque and speed. The generator range is not 
limited to only rated operation in the WEC, it goes beyond the range depending on the 
input torque and speed from different sea states. Once the frequent operating range of 
the generator is calculated from different sea states the losses at that specific range can 
be predicted by comparing it with efficiency and power loss plots. The losses however 
can be controlled and efficiency can be improved by choosing different strategies at a 
particular range, such as choosing different types of windings or by selecting different 
ratings of the generator. 

The interpolation and extrapolation value can be reliable but it is not so accurate above 
1.5 per unit and below 0.1 per unit. Generally the standard deviation defines how good 
and reliable the value is in accordance to IEC standard. In this case the standard 
deviation lies between 5-10% which is acceptable above 1.5 and below 0.1. The ratings 
of the generators are given in Table 4.  

3.1.1 Power limit of generator  

It is very important to determine the limitation of the electrical machines. The power 
limit of synchronous generators generally depends on the following factors. 

 Thermal  

 Mechanical  

 Electromagnetic  
The maximum temperature rise cannot exceed a certain limit in the generator because 
of thermal limitation. The temperature rise is directly related with losses in the 
generator which dramatically influences the performance hence it is important to study 
the thermal limitations. The temperature rise in the generator strongly depends on 
load, hence it is important to study the torque and speed profile of wave energy to 
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analyses where the generator operates in average. Thermal loading value helps to 
determine the power rating of the generator and also to select the type of cooling 
system required. 

The input power to the generator is limited by the physical capacity of the prime mover.  
The mechanical limitation of the generator sets the power output of the generator. The 
final limitation of the power rating is the electromagnetic capabilities of generator, it 
is the ability to create a torque electromagnetically equal and opposite to the 
mechanical torque [22]. 

Rotor Heating Limit: Sets Voltage Limit (𝑉𝑚𝑎𝑥) 
Stator Heating Limit: Sets Apparent power (S) and phase current (𝐼𝑎) 

Prime Mover Limit: Sets maximum power limit (𝑃𝑚𝑎𝑥) 
Static Stability Limit: Sets load angle (𝛿) 

The peak power limit and continuous power are also set in the graph of speed vs torque 
for the 25 KW ABB generators to examine the range of operation above and below the 
continuous power. Three limiting factors are considered for finding the peak power 
limits, which are prime mover limit (Mechanical limit), Voltage and current limit 
(electrical limit). The mechanical and electrical limits are assumed with the help of the 
ABB data sheet and some assumption have also been done by looking into the interest 
of WEC operation. The generator capability curve is also referred for describing the 
power limit of the generator. The curve shown in Figure 12 gives an impression of how 
the power limit can be achieved: 

 
Figure 12: Generator capability curve [23] 

The efficiency map of the generator is assigned with continuous and peak power limits 
with the help of the capability curve from ABB data sheet. The peak power/torque limit 
is the assumption made based on the typical ABB PM motors.  The limitation of power 
is only on the basis of the generator there is no consideration of drives constraints in 
this case of study. 

 
Figure 13: Power limit of generator 
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When the operation is performed above the continuous power limit, it is recommended 
to build a thermal model to maintain higher efficiency. This limit would help to ensure 
that generators are well below operating limits and eventually avoid damage. Once the 
limit is all set the next step is calculating the operating range and its profile. 

3.1.2 Operating profile of generator  

There is a detailed simulation model developed by CorPower Ocean which is 
apparently in full scale. To use the data for the ½ scale from that model a scaling 
method is used which is explained in section 2.1.2. The data is collected from 
simulation of the full scale model and converted into half scale (1:2 scale) with the help 
of the Froude scaling method. The parameters used from the full scale model are torque 
and speed. The torque and speed are the values collected from the flywheel of the WEC 
which is an input to the generator. The torque and speed values depend completely on 
the type of sea state. Hence to optimize the drive train the most important parameter 
which needs to be taken into consideration is the sea state. For now three different sea 
states are considered to study the behavior of generator performance. These three sea 
states does not help to find the objective knowledge of all the sea states, but the usage 
of these three sea states helps to develop a method to determine the operating range of 
the generator and its efficiency. Once the method is verified for choosing the optimum 
ratings of the generator, all the sea states can be used to calculate the required 
parameters. The definition of the sea state chosen for performing the task is listed 
below: 

 High waves (4.5 meter height with time period of 12 sec). 

 Medium waves (3 meter height with time period of 9 sec). 

 Small waves (1.5 meter height with time period of 7 sec). 

It would have been better to choose the sea state which is very frequent and practical 
in the real scenario to analyze the generator performance at the preliminary stage 
however once the method of determining the generator rating is established there is 
always a possibility of following the procedure for different sea states. 

Each sea state has a time span of 30 minutes for full scale, so if the same data is to be 
use for the half scale model it is to be scaled with the Froude scaling model i.e.  

Time span for 1:2 scale model = 30 ∗ √𝜆  

                                                       = 30 ∗ √0.5 = 21.2 𝑚𝑖𝑛 

Speed for 1:2 scale model         = 𝑁𝑓𝑢𝑙𝑙𝑠𝑐𝑎𝑙𝑒 ∗ (
1

√𝜆 
) 

                                              = 𝑁𝑓𝑢𝑙𝑙𝑠𝑐𝑎𝑙𝑒 ∗ (
1

√0.5
) Rpm 

Torque for 1:2 scale model       = 𝑇𝑓𝑢𝑙𝑙𝑠𝑐𝑎𝑙𝑒 ∗ 𝜆4 

                                         = 𝑇𝑓𝑢𝑙𝑙𝑠𝑐𝑎𝑙𝑒 ∗ 0.54 Nm 

The different sea states can be chosen as a representative of the annual operating range 
of sea states. But to find out the annual energy produced in each type of sea state, firstly 
the time spent in each type of sea states on annual basis is to be determined. Generally 
the following formula can be used to calculate the annual power production  

 𝐴𝑛𝑛𝑢𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = ∑ 𝑃𝑜𝑤𝑒𝑟(𝑃)

𝑆𝑒𝑎 𝑆𝑡𝑎𝑡𝑒

∗ 𝑡𝑖𝑚𝑒(𝑡)𝑦𝑒𝑎𝑟 (10) 

 In this phase of the work it is difficult to generalize and find the annual power 
generation by only picking three sea states. The possibilities to find out the annual 
power generation depending on the type of sea state and the location are also being 
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explored as a part of this work. To find the annual power generation the Yue site is 
considered. 

The performance of the generator truly depends on the speed profile hence a thorough 
study is carried out to analyze the speed characteristics. Firstly the speed profile of the 
WEC motion during 3 sea states are plotted as a graphical representation in Figure 14-
16: 

  
Speed profile of Generator-A Speed profile of Generator-B 

Figure 14 Speed Profile of High wave sea state 

  
Speed profile of Generator-A Speed profile of Generator-B 

Figure 15 Speed profile of medium wave sea state 

  
Speed profile of Generator-A Speed profile of Generator-B 

Figure 16: Speed profile small wave sea state 
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The trend of the speed profile for both generator-A and generator-B is a bit different 
for all the sea state. When comparing the speed profile the generator-B is more 
aggressive than generator-A for all three sea states. The comparison of speed are listed 
in Table 5: 

Table 5: Speed profile 

Speed 

(Rpm) 

High wave Sea state Medium wave Sea state Small wave Sea state 

Generator-A Generator-B Generator-A Generator-B Generator-A Generator-B 

Maximum 1690 1912 1261 1422 850 953 

Mean 445 473 293 308 100 121 

Minimum 0 0 0 0 0 0 

The maximum speed of generator-A is lower than the generator-B in all the sea state 
and the reason to have the higher speed of generator-B is mainly because of the nature 
of the WEC movement. When the WEC gets upward motion the weight of the buoy acts 
as an opposing mass due to the gravitational force and when it moves downward the 
gravitational force adds up resulting in higher speed of WEC movement which 
eventually increases the speed of Generator-B. This analysis can give an idea that the 
generator used for different motion can have different ratings but it would not be 
beneficial for balancing the WEC and also the amount of efficiency improvement is not 
even 2%, hence it is better to use the same ratings. 

Direct torque control method is used in drives for controlling the PMSG in the current 
1:2 scale model. It cannot operate above nominal torque in the regenerative quadrants, 
hence there is no variation in torque profile of the generator above the nominal torque 
as shown in Figure 17. 

  
Torque profile of Generator-A Torque profile of Generator-B 

Figure 17: Torque profile for Medium wave state  

If the torque profile is prominently observed in case of high waves there is not much 
variation in torque and the graph is not dense with lines. The mean value of torque is 
also high compared to small waves. The values in Table 6 gives an information of 
torque variation. 

Table 6: Torque profile 

Torque 

(Nm) 

High wave Sea state Medium wave Sea state Small wave Sea state 

Generator-A Generator-B Generator-A Generator-B Generator-A Generator-B 

Maximum 170 170 170 170 170 170 

Mean 164 167 140 160 83 91 

Minimum 0 0 0 0 0 0 
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The torque profile of other sea states can be found in appendices. When the speed and 
torque profile is combined then the operating profile of the generator is attained. Since 
there is not much of a gain by using differently rated generators for upward and 
downward movement of the WEC it is beneficial to have same power rated electrical 
machines. The operating profile of Generator-A and Generator-B are combined 
together which means that both the generators are having same power ratings. The 
results of operating profile for upward and downward motion of all the three sea states 
for the WEC can be found in appendices. Figure 18 is the operating profile of both the 
generators in High wave sea state: 

  
(a) Generator-A in High Sea State (b) Generator-B in High Sea State 

Figure 18: Operating profile of generator in High wave sea state 

The power band of the generator can be investigated with the help of the operating 
profile. The power band refers to the range of operation where the generator can be 
able to operate efficiently. To check the operating profile of the both the generators, 
speed versus torque profile is plotted. The operating profile is then merged with the 
efficiency curve of the generator to check the efficiency at particular range of operation. 
As discussed in the theoretical background these efficiency maps are created with the 
help of interpolation, and extrapolation technique. The data of efficiency is collected 
from the data sheet of the ABB generator. 

The graph in Figure 18 gives a rough idea about where the generator is operating 
frequently but to find the value in exact detail a histogram is plotted for all the 3 sea 
states. If the range where the generator is operating frequently can be found the 
efficiency of the operation can also be calculated from the efficiency graph. 

A histogram is represented in Figure 19 to find the generator frequent operating points. 
The three sea states are utilized in a similar way as before to generate the histogram. 
The graph in Figure 19 is the combined operating points of both Generator-A and 
Generator-B. The histogram represents the operating profile of the generator and the 
region where the generator operates frequently based on different sea states. The 
graphical representation of histogram and combined operating range of both 
generators are shown in Figure 19 : 
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(a) Generators range in High Sea State 
(b) Operating points in High Sea 

State 

  
(c) Generators range in Medium Sea 

State 
(d) Operating points  in Medium 

Sea State 

  

(e) Generators range in Low Sea State 
(f) Operating points in Low Sea 

State 

Figure 19: Combined Operating range of both generators in  ½ Scale throughout the 
range of sea-states 

 
The operating profile of the low sea state is very different from the other two sea states. 
The torque and speed is distributed over the operating range, hence the efficiency over 
a wide range is vital to generate maximum power output. The range of the generator 
for different sea states are shown in Table 7:  
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Table 7: Operating range for 25 kW generator 

Parameter High Wave sea state Medium wave sea state Small wave sea state 

Speed 
(Rpm) 

300-1200 150-1125 300-600 

Torque 
(Nm) 

152-170 152-170 17-34 

Mean Efficiency 
(%) 

81 76 53 

The efficiency value in Table 7 is only considering the generator output because it gives 
a better picture of calculating the optimum rating of the generator. The drives are 
considered to be ideal with no losses and 100% conversion rate. To find the optimum 
rating for the ½ scale generator a different analysis is carried out on the operating 
range. Since the operating range of the generator is known, if there is a possibility to 
shift the efficiency range towards right providing maximum efficiency at the operating 
range of the generator then there is a possibility of extracting more energy with better 
efficiency. For example if the speed and torque range from the flywheel is within the 
range of 1000 rpm and 160 rpm respectively for most of the time then the electrical 
machine should have a rating which provide maximum efficiency at that specific range 
of speed and torque. With this reasoning the analysis is carried out to find the optimum 
ratings of the generator. 

3.1.3 Optimum generator rating for ½ scale 

To improve the efficiency of the operation the optimum generator rating is compulsory. 
The optimum rating of the generator are calculated by processing the following data.  
Table 8 shows the time spent above 1000 rpm with the maximum, mean, minimum 
and total value.  These data gives an idea about how many times it goes above 1000 
rpm based on the number of peaks occurs in the speed profile above 1000 rpm. The 
amount of time peaks spent above 1000 rpm is recorded and the time spent above 1000 
rpm is calculated i.e. for High sea state and medium sea state  it reaches 78 and 29 
times respectively. The time spent above that specific range is also being calculated in 
the Table 8. 

Table 8: Generator operation above 1000 rpm 

Parameter High wave sea level Medium wave sea level Small wave sea level 

Maximum time 
(sec) 

9.207 1.34 0 

Meantime  
(sec) 

1.731 0.749 0 

Minimum time 
 (sec) 

0.077 0.105 0 

Total time  
(sec) 

100.45 21.58 0 

Percentage of 
occurrence (%) 

7.89 1.7 0 

 
From the data it can be clearly seen that the percentage of time spent above 1000 rpm 
is only 7.89% for High wave sea state and for Medium Wave Sea state it is 1.7%. There 
is no point above 1000 rpm in small wave sea state. Table 9 gives the operating range 
of the generator spent below 1000 rpm. 
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Table 9: Generator operation below 1000 Rpm 

Parameter High wave sea level Medium wave sea level Small wave sea level 

Maximum time 
(sec) 

48.315 140 418.03 

Mean 
time (sec) 

11.195 45.77 251.155 

Minimum time 
(sec) 

4.88 4.83 3.85 

Total 
time (sec) 

1149.08 1248.33 1272 

Percentage of 
occurrence (%) 

90.3% 98.165 100 

 

After comparing all the sea states in Table 9 the generators attains rated operation only 
in high sea states that too only for 15.3 sec which is only 1.2% of the total time and the 
maximum amount of time the generator spend above rated operation is 3.92 sec. 
Hence there is a possibility of choosing different ratings of the generator to achieve 
higher efficiency and improved power quality. After examining the input torque and 
speed profile of the generator it can be clearly seen that the fluctuation of speed is very 
high which also lead to a wide operating range. To improve the efficiency a wide range 
electric machine needs to be implemented, which is available in automotive industries 
or some other generators with variable speed application. 

3.1.3.1 Efficiency improvement of generator  

There has been a brief discussion on different approaches of efficiency improvement 
on the existing generator platform after examining the sea state. Since the speed is 
varying frequently and most of the time the generator operates below 1000 rpm a 
decision has been taken after analyzing the results to change the rating to analyze the 
efficiency improvement.  

 The generator operating points are unchanged (solid red & blue lines are the 
same as in section 2.3.   

 The rating of the generators have been changed (speed, torque), in order to 
move the efficiency contours. 

 In this example, the generator nominal torque has been reduced by 30 %, 
reducing the active length by 30%, likely having no significant effect on 
generator volume or weight.  The nominal speed has been reduced by 50%, this 
has no effect on generator dimensions and would be achieved by changing the 
windings. 

The rating of the generator is chosen to have 120 Nm of torque and 750 rpm of speed 
to get the insight of the efficiency improvement and its influence on different losses. 
The procedure of estimating the frequent operating range of the generator is repeated 
to calculate the efficiency range of the generator at 750 rpm nominal speed and 120 
Nm nominal torque. The focus is to find out how efficiency improvement is possible 
with new ratings and how it effects on annual power production. The efficiency 
mapping of the generator changes with some factors influenced by copper losses, 
friction loss, windage loss and stray load loss. These loss parameter are reduced when 
the new ratings i.e. 12 kW are considered resulting in an improved efficiency map. Both 
the generators are analyzed simultaneously for better understanding. The graphical 
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representation of the operating point and efficiency curve for newly rated generator is 
shown in Figure 20: 

  
(a) Generator-A in High Sea State (b) Generator-B in High Sea State 

  
(c) Generator-A in Medium Sea State (d) Generator-B in Medium Sea State 

  

(e) Generator-A in Small Sea State (f) Generator-B in Small Sea State 
 
Figure 20: Operating profiles for the ½ Scale 750 rpm, 120 Nm generators throughout 

the range of sea-states 

The reason for the requirement of higher operating range of the generator can be 
clearly seen from the graph above. The generator goes above peak power limit on this 
type of generator although it also has an emergency standby power limit on this 
generator which is above 250 Nm. For the requirement of the generator it must have 
high efficiencies at low speed and low torque, simultaneously it should also be able to 
produce peak power limit with wider range. Important factors to remember for 
generator selection are [24] : 
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 High efficiency at low speed and torque. 

 Wide range of operation. 

 High peak power capability. 

 Cooling system. 
The time spent above peak power limit is important for thermal modelling hence it is 
shown in Table 10: 

Table 10: Time spent above peak power limit 

 
High Wave sea state Medium wave sea state Small wave sea state 

Generator-A Generator-B Generator-A Generator-B Generator-A Generator-B 

Total Time 
Spent 

above peak 
power 

limit (sec) 

83.6 119.7 18.2 20.3 0 0 

Maximum 
time spent 
above peak 

power 
limit (sec) 

7.6 5.6 1.97 1.24 0 0 

 
The control strategy would have to be changed in these cases, to limit torque above 
certain speeds. This might affect flywheel control, and perhaps hydrodynamic 
movement slightly. Table 11 represents the mean efficiency of operating point for three 
different sea states. 

Table 11: Frequent operating Range value of the generators 

Parameter 
High Wave sea state Medium wave sea state Small wave sea state 

Generator-A Generator-B Generator-A Generator-B Generator-A Generator-B 

Speed 
(Rpm) 

300-1200 200-900 150-1125 150-1150 300-600 300-675 

Torque 
(Nm) 

152-170 152-170 152-170 152-170 17-34 26-52 

Mean 
Efficiency 

(%) 
91 88 86 88 72 78 

 
The average efficiency for all the sea states is 83.83% for the 12 kW generator which is 
13.83% higher than for the 25 kW generator. This efficiency improvement is due to the 
higher efficiency at low speed and low torque which have been achieved by changing 
the generator ratings. 

3.1.3.2 Efficiency comparison between two differently rated generators. 

Table 12 below gives the comparison of efficiency of two differently rated generator at 
three different sea states, high, medium and small.  

Table 12: Efficiency of generators at different rating 

 Efficiency of 1500 
Rpm 170 Nm 

Efficiency of  750 Rpm 
120 Nm 

HIGH WAVE SEA  
STATE 

Generator-A 81% 91% 
Generator-B 83% 88% 

MEDIUM WAVE SEA 
STATE 

Generator-A 76% 86% 

Generator-B 79% 88% 

SMALL WAVE SEA  
STATE 

Generator-A 53% 72% 
Generator-B 58% 78% 
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There is an improvement in the efficiency figures as the ratings of the generator has 
been changed and it is crucial to analyze how much is the influence on improving the 
annual power generation with this rated generator. In the next section a study would 
be carried out to find the overall efficiency in combination with drives and generator 
and also study the annual power generation for different sea states in parallel.  

 The efficiency map of drives and generator in combination is to be derived with 
the classification of losses related to it. 

 Thermal model of generator and drive to check the operational limit. 

3.2 Efficiency map of Drives 

There are no internationally accepted standard method for determining the efficiency 
map of variable speed drives (VSD) at different load points. The reason can probably 
be because of the nature of multiple degree of freedom that influences the system 
efficiency and there is no harmonized system for the classification of VSD efficiency 
over the entire operating range. 
The efficiency mapping of drives for VSD is calculated from the data sheet provided by 
the manufacturer. The efficiency chart which is being used to calculate the efficiency 
map of the drives is not the same drive in terms  but it is very close to the drive that 
have  been used in the ½ scale model. Based on the efficiency chart the required value 
has been collected to plot the efficiency map which is listed in Table 13: 

Table 13: Efficiency of the drives at different torque and speed 

   Speed 
 

Torque  
0.2 0.33 0.50 0.66 0.79 1.00 

0.2 0.823 0.842 0.874 0.894 0.904 0.938 

0.33 0.850 0.871 0.896 0.916 0.925 0.951 

0.50 0.878 0.900 0.919 0.939 0.945 0.965 

0.66 0.882 0.905 0.925 0.942 0.948 0.968 

0.79 0.897 0.915 0.931 0.948 0.952 0.970 

1.00 0.904 0.926 0.939 0.952 0.959 0.972 

The difficulty of finding the efficiency over the operating range of inverter-fed 
generators is mainly due to the fundamental frequency and switching frequency which 
depends on the inverter and control algorithm. Hence there is no common procedure 
which can be followed to calculate the iso-efficiency map of the drive alone. The 
procedure below is one of the simplest method adopted by CorPower Ocean to find the 
efficiency of drives. 

The efficiency values of drives are usually depending on the voltage and current of the 
generator side of the drive. There are certain equations and coefficient which relates 
the characteristics of voltage and current with speed and torque. Table 13 gives the 
efficiency relation of the drive with respect to speed and torque all thanks to the 
coefficient which makes it possible. Figure 21 is the efficiency chart which is being used 
to calculate the efficiency of drives at different torque and speed. 
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Figure 21: Efficiency chart of the drive 

Based on these values the lookup table of drives are created in the main Simulink 
model. The model then provides the efficiency of both the drives A and B, based on the 
same torque and speed range as the generator. The generator efficiency has already 
been calculated in the previous section and the same procedure is followed for the 
drives as well. Since the values are limited to 1p.u and 0.2 p.u an interpolation method 
is followed to find the value above 1 p.u. and below 0.2 p.u. The interpolation and 
extrapolation function used is a built-in function of Matlab in case of drives. 
The graphical representation of the Drive efficiency for full speed and torque range is 
shown in Figure 22: 

 

Figure 22: Drive efficiency plot for full scale model 

3.2.1 Iso-efficiency plot of drives 

The idea for finding the efficiency plot of the drive is same as the previous approach. 
But the focus in this work would be to find the system efficiency which includes the 
generator and drive efficiency together. The reason is that efficiency of the generator is 
influenced by the drive efficiency, and its control algorithm in variable speed drives 
(VSD). It is not accurate to study only the generator and drive individually to find out 
the system efficiency.  
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Firstly the study would only be limited to find the contour plot of drive efficiency alone, 
which would provide a trend of losses and efficiencies of drives and later a standard 
method would be approached to calculate the system efficiency based on the 
experimental result. Based on the efficiency chart from Figure 21 and Table 13 a 
contour map of drive efficiency is plotted for 1:2 scale model as shown below: 

 

Figure 23 Contour plot of drive efficiency 

Once the contour plot is established based on the characteristics of speed and torque 
of the generator the system efficiency can be calculated by combining the generator 
and drive efficiency. The iso-efficiency or efficiency map of the drive and generator is 
diagrammatically represented in Figure 24: 

 

Figure 24 Contour plot of generator and drive combined efficiency for ½ scale WEC 

The procedure to calculate the loss of drives analytically is very intricate without the 
test result and hence it is easier to use the test result value from the efficiency chart to 
plot the loss and efficiency map.  

3.2.2 Annual Power output and efficiency calculation of ½ scale WEC 

The annual power output and system efficiency is firstly calculated for the 25 kW ½ 
scale model and then for the optimised 12 kW ½ scale model. The system efficiency is 
the combined efficiency of generator and drive. The value of efficiency for the Yeu site 
is given in Table 14: 
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Table 14: The system efficiency at Yue site for 25 kW generator 

𝑻𝒑(sec) 

𝑯(𝒎) 
3 5 7 9 11 13 15 17 

0.5 0     0.4565     0.4740     0.4946 0 0 0 0 
1.5 0     0.5087     0.5544     0.5661     0.5733     0.5663 0 0 
2.5 0 0     0.5960     0.6150     0.6173     0.6123     0.5980 0 
3.5 0 0     0.6576     0.6572     0.6530     0.6525     0.6372 0 
4.5 0 0 0     0.6931     0.6833     0.6850     0.6704 0 
5.5 0 0 0 0     0.7058     0.7098 0 0 
6.5 0 0 0 0     0.4915 0 0 0 

The mean efficiency of the wave at each sea state in Yeu site is calculated with the help 
of the WEC model designed in Simulink and Matlab. To calculate the annual efficiency 
of the system the efficiency values are multiplied with the occurrence period of the 
waves and the system mean efficiency is calculated. The mean system efficiency of the 
Yeu site annually for 25 kW ABB permanent magnet synchronous generator is 60.04%.  

The annual power output is calculated as per the following equation: 

 𝐴𝑛𝑛𝑢𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 𝑚𝑒𝑎𝑛 =
∑ 𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡(𝑃)𝑆𝑒𝑎 𝑆𝑡𝑎𝑡𝑒 ∗ 𝑡𝑖𝑚𝑒(𝑡)𝑦𝑒𝑎𝑟

𝑛𝑜 𝑜𝑓 𝑠𝑒𝑎 𝑠𝑡𝑎𝑡𝑒 (𝑛)
 (11) 

The mean value is easiest way to compare the existing system with other system. The 
mean power output of the existing system at the Yeu site is 2.668 kW/h. 

The efficiencies and power output are compared with the optimised rating of generator 
and drives. The system efficiency of the 12 kW generator with drives are shown in Table 
15: 

Table 15: The optimised system efficiency at Yeu site for 12 kW generator 

𝑻𝒑(sec) 

𝑯(𝒎) 
3 5 7 9 11 13 15 17 

0.5 0 0.5534 0.5618 0.5770 0 0 0 0 
1.5 0 0.5804 0.6297 0.6320 0.6319 0.6198 0 0 
2.5 0 0 0.6701 0.6797     0.6793 0.6623 0.6466 0 
3.5 0 0 0.7226 0.7269 0.7196 o.7087 0.6886 0 
4.5 0 0 0 0.7681     0.7549 0.7481 0.7291 0 
5.5 0 0 0 0     0.7789 0.7793 0 0 
6.5 0 0 0 0 0.5539 0 0 0 

The same procedure is followed for calculating both mean efficiency and mean power 
output. The mean system efficiency annually for 12 kW ABB permanent magnet 
Synchronous generator at the Yeu site is 66.29%. The mean power output of the 
optimised system with optimised ratings for the Yeu site is 2.973 kW/h. The 
improvement of power generation is 0.305 kW/h i.e. annually can be generated 
2673.57 kW more power than current ½ scale model. 

3.3 Comparison between current ½ scale and optimized ½ scale model 

The comparison between the two drivetrains is based on the different power ratings of 
the generator and drives, the improvement due to the optimised ratings is presented 
in Table 16: 

Table 16 Comparison of efficiency and power output 

Parameter ½ scale model ½ scale optimised 
Mean Efficiency/year 60.04 % 66.29% 
Power output/year 23.387 MW 26.061 MW 

The efficiency improvement is 6.25% and the power output is 11.43% more than the 
current model. Hence new ratings of generator and drive are recommended for the ½ 
scale model to get better efficiency and power output. 
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Chapter 4 

4 Comparison of efficiencies with different combination of 
generators and drives  

The flexibility of the model contributes towards getting information even in minute 
level. The generator and drives used in the ½ scale model can be replaced with other 
types of generators and drives to obtain the optimum efficiency and the best 
combination of drivetrain for the WEC. All the components of the drivetrain except the 
generator and drive is remained unchanged. There are three types of premium 
generators compared, which are as follows: 

 Synchronous reluctance generator (ABB). 

 Three phase squirrel cage induction generator (WEG). 

 Induction generator (Siemens). 

This study not only helps to choose the best combination of generator and drives but 
will help to freeze the concept of the WEC drivetrain for the full scale model. The 
primary idea is to find the best efficiency at a variable speed range. The premium 
generators are IE5 standard and all the efficiency maps are the combined efficiency of 
generator and drive which termed as system efficiency in this thesis. For the selection 
of best type and best performance of generator for the WEC application the same rated 
generators are compared, even though the type of the generators are different. There 
are in total 16 different motor drive combination that were analyzed out of which the 
three best industrial generator are presented in the report. 

4.1.1 Synchronous reluctance generator (ABB) 

The detailed efficiency curve of the synchronous reluctance generator (SRG) from ABB 
datasheet is used to plot the efficiency map of the generator for the WEC in Matlab. 
The efficiency map from ABB is for 37 kW 1500 Rpm with drives and is plotted in 
Matlab as shown in Figure 25 : 
 

 
 

Efficiency map ABB data sheet [25] Efficiency map CorPower  
Figure 25 Efficiency map of SRG ABB [25] 

The efficiency map in Matlab is plotted for the power rating of a 21 kW generator. The 
efficiency values are accomplished by considering the losses and other factors which 
might affect a generator when the ratings are decreased. The ratings of the generator 
used in the drivetrain of the WEC is 21 kW with nominal speed and torque as 1500 rpm 
and 140 Nm respectively. 
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The efficiency is extended above the rated value with the help of extrapolation and 
interpolation method as per the IEC standard which results in the efficiency map of the 
generator as presented in Figure 26: 

 
Figure 26 Efficiency range in full range of operation  

Based on the ratings of the generator the peak power limit and continuous power limit 

of the generator is calculated. The generator and drive combined efficiency map are 

then added to the model of the ½ scale WEC to calculate the efficiency and power 

output. The value of efficiency from the drivetrain is represented in Table 17: 

Table 17 Efficiency table of ABB generator for Yeu site 

𝑻𝒑(sec) 

𝑯(𝒎) 
3 5 7 9 11 13 15 17 

0.5 0    0.5292     0.5395     0.5527 0 0 0 0 
1.5 0    0.5723     0.6274     0.6478     0.6626     0.6594 0 0 
2.5 0 0     0.6785     0.7034     0.7131     0.7135     0.6976 0 
3.5 0 0     0.7496     0.7481     0.7496     0.7541     0.7404 0 
4.5 0 0 0     0.7854     0.7785     0.7848     0.7701 0 
5.5 0 0 0 0     0.7996     0.8068 0 0 
6.5 0 0 0 0     0.5900 0 0 0 

 
The mean efficiency of the Yeu site annually with ABB synchronous reluctance 
generator with a drive of ACS850-04-050A-5 of 22 kW is 67.89%. 

4.1.2 Three phase induction generator (WEG)  

The generator is an IE5 ultra-premium generator with a nominal speed of 1000 rpm 
and 210 Nm torque. The three phase induction generator has the following 
characteristics at different percentage of rated load see Figure 27. The efficiency map 
includes only the generator efficiency without the drives. 
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Figure 27 Performance curve and efficiency map at rated power output for WEG 

From the performance curve of the WEG an efficiency map is plotted in Figure 27 for 
IE5 ultra-premium induction generator. The efficiency plot is almost flat at different 
load range which is absolutely a good sign for the wave energy application. The 
efficiency curve of this generator is always in the range of 90-96 percent at different 
range of speed and torque. The speed and torque profile is not sufficient till rated range 
of speed and torque because of the nature of waves hence an extension of the efficiency 
map is performed with interpolation and extrapolation technique. 

Since the efficiency map is only for the generator without drives it gives less flexibility 

to compare the overall efficiency, hence a drive efficiency is added to the generator 

efficiency map with the help of the model in Matlab. Similar drive is used as in the ½ 

scale model U1000 from Yaskawa. The efficiency map of the generator and drive 

combined is shown in Figure 28: 

 
Figure 28 Efficiency map of WEG generator 

The same procedure is followed to find the system efficiency of the drivetrain by 
replacing the generator and drive type. With the help of efficiency values and the input 
power to the generator the power output from the drives are calculated. The efficiency 
value for each individual sea state is represented in Table 18: 
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Table 18 Efficiency table of WEG generator for Yeu site 

𝑻𝒑(sec) 

𝑯(𝒎) 
3 5 7 9 11 13 15 17 

0.5 0     0.5663     0.5912     0.6170 0 0 0 0 
1.5 0     0.6373     0.6808     0.7043     0.7179     0.7212 0 0 
2.5 0 0     0.7192     0.7502     0.7563     0.7633     0.7493 0 
3.5 0 0     0.7902     0.7868     0.7871     0.7962     0.7872 0 
4.5 0 0 0     0.8141     0.8109     0.8206     0.8109 0 
5.5 0 0 0 0     0.8275     0.8364 0 0 
6.5 0 0 0 0     0.6917 0 0 0 

 
The mean efficiency of the Yeu site annually for three phase induction generator WEG 
with a drive of Yaskawa U1000 rated 22 kW is 70.45%. 

4.1.3 Synchronous reluctance generator Siemens  

The data sheet used for the efficiency map of Siemens synchronous reluctance 
generator is shown in Figure 29: 

 
 

Power loss of a system  Power loss of a converter 

Figure 29 Data sheet from Siemens for 1FP10041EB421GF4 motor type 

From the power loss data of generator and drives form a data sheet an efficiency map 
of the system is plotted. The specification of the motor and the drive is listed in Table 
18: 

Table 19 Specification of generator and drive Siemens 
Parameter  Value  

Nominal speed (Rpm) 1500 

Nominal torque (Nm) 140 

Power  rating (kW) 22 

Motor type 1FP10041EB421GF4 

Converter type 6SL32101PE245.L0 

Line voltage (V)  400 

The power loss of the motor and converter helps to find the efficiency values at different 
operating range of synchronous reluctance generator from Siemens. The efficiency 
below 0.1 p.u of speed and torque is not accurate when the IEC interpolation technique 
is used hence the efficiency value is compared with the efficiency provided by the ABB 
data sheet [20]. The ABB data sheet is only for the generator without drive and the 
power loss chart from Siemens is a system efficiency with generator and drive. To 
compare these efficiencies first of all the power loss of the system is subtracted with 
converter power loss and generator data is extracted, which then gives a flexibility to 
compare the generator result with the ABB data sheet to find the efficiency below 0.1 
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p.u. The data above rated operation is unavailable in the data sheet, hence an 
extrapolation technique is used to find  the value above rated operation as described 
by Martin Doppler [20]. The extracted generator data is then extrapolated and the 
drive losses are added to find the system efficiency of combined generator and drive. 
The extrapolated value is listed in the table on appendices and marked with yellow 
color. The efficiency map from the above is shown in Figure 30 : 

 

Figure 30 Extrapolated value above rated operation 

This efficiency map is used in a same way as for the previous model to find the system 
efficiency and power output. The model is in modular platform which provides 
flexibility to replace any component of the drivetrain easily. The efficiency is calculated 
based on the operating range of the generator for the Yeu site and is listed in Table 20: 

Table 20 Annual data of efficiency for SRG at the Yeu site 
𝑻𝒑(sec) 

𝑯(𝒎) 
3 5 7 9 11 13 15 17 

0.5 0     0.4328     0.4487     0.4621 0 0 0 0 
1.5 0     0.4838     0.5371     0.5567     0.5717     0.5668 0 0 
2.5 0 0     0.5942     0.6211     0.6279     0.6270     0.6092 0 
3.5 0 0     0.6711     0.6712     0.6699     0.6730     0.6573 0 
4.5 0 0 0     0.7128     0.7037     0.7095     0.6931 0 
5.5 0 0 0 0     0.7286     0.7356 0 0 
6.5 0 0 0 0     0.4850 0 0 0 

The mean efficiency of the Yeu site annually for a synchronous reluctance generator 
Siemens with a drive type of 6SL32101PE245L0 rated 22 kW is 60.45%. 

4.1.4 Comparison of efficiency, dimension, and power output of combination of 
generator and drives  

The comparison of generators and drive combinations are done among 16 different 
combinations of industrial generators and drives but only the three best combinations 
are shown in the report. When it comes to the WEC the dimension of generator and 
drives are also as important as efficiency and power generation. The efficiency of the 
WEC is defined as the ratio between electricity output from the drives in a specific time 
and the energy supplied to the unit within the same time. This definition of efficiency 
is used for comparing different generator and drive combinations. The nominal 
efficiency mentioned in Table 21 are obtained by performing the IEEE 112 standard at 
full load. These values are important for single speed applications but in case of the 
WEC it is not given much preference. The preferences are given for efficiency at a 
variable speed operating range. The above efficiency values are calculated by operating 
the generator at variable speed motion provided by the WEC due to the different sea 
states, which is helpful for choosing the optimum system to provide maximum 
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efficiency during electricity generation. Table 21 below gives the information of 
electrical and mechanical parameters in detail: 

Table 21 Comparison of dimension and ratings 

Parameter ABB SynRG 
WEG Induction 

generator 
Siemens SynRG 

ABB PMS 
Generator 

Power 22 kW 22 kW 22kw 25kW 

Speed 1500 Rpm 1000 Rpm 1500 Rpm 1500 Rpm 

Torque 140 Nm 210 Nm 140 Nm 170 Nm 

Weight 304 kg 228 kg 152 kg 200 kg 

Motor inertia 0.287 kgm^2 0.331 kgm^2 0.18kgm^2 0.5 kgm^2 

Dimension 220*405 214*396 230*412 ------- 

Drives ACS850-04-050A-5 EUCFW110045T4OFAZ 6SL32101PE245.L0 U1000 Yaskawa 

Drive dimension unknown  unknown unknown unknown 

Rated efficiency 94.50% 95.20% 94.50% 93.20% 

Motor + Drive eff 92.20% 92.31% 92.50% 90.00% 

Insulation class B F F F 

 
The mean efficiency value is obtained after allowing the WEC to operate in all sea states 
of the Yeu site. The assumptions and pre-conditions which are taken into account for 
performing this analysis is as follows:  

 All the components of the drivetrain and ratings are remained unchanged 
except the generator and drive combination. 

 The gear ratio is kept the same in all three combinations. 

 The same control strategy is followed for torque control. 

 The same site is used for analysing the results from generator and drives. 

 The analysis is performed in Matlab and Simulink. 

The mean efficiency is the efficiency calculated for each sea state in Yeu site. Each sea 
state has a time span of 21.6 min in ½ scale. The individual sea state is run in the model 
which provides sets of efficiency values. The mean value is calculated from each sea 
state. The occurrence of the sea state in the Yeu site is shown in Figure 31: 

 
Figure 31 Annual occurrence of sea state in Yeu site 

The X-axis is the time period of the wave length and the Y-axis is the wave height. The 
occurrence of the sea state is distributed throughout the limit and is represented by the 
colour bar. The mostly occurred sea state at the Yeu site is 2.5 m height with a period 
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of 8-9 s. The mean efficiency comparison among different generator drive 
combinations is shown in Table 22: 

Table 22 Efficiency Comparison between different generator and drives 

Generator ABB SynRG WEG  
Siemens 
SynRG 

ABB ½ scale 
Modelling  ½ 
scale result 

Mean Efficiency 
(%) 

67.89 70.45 60.45 60.04 62.10 

Annual Power 
output (MW) 

26.1678  26.32168  23.54128 23.38718 24.47249 

The maximum efficiency is obtained when the WEG generator is used with the drives 
in the Yeu site. It provides better efficiency over the variable range of operation hence 
power output of 26.32168 MW/year can be generated which is 0.6% more than the 
ABB SynRG, 11.8% more than Siemens SynRG and 12.5% more than the ABB PMSG 
used in ½ scale generator. Hence the WEG generators are recommended for a variable 
speed operating profile. 

4.1.5 Automotive electrical machines and drives 

The electrical machine used in the automotive industry is for variable speed 
application. The speed and torque profile for different sea states for WEC appears to 
be similar with automotive drive cycles, hence a study needs to be carried out to look 
for different generators and drives available in the market used for wide operating 
range application. Figure 32 compares the speed of the WEC movement and Artemis 
urban cycle. 

  
Artemis urban cycle[26] Speed profile of WEC 

  Figure 32 Comparison of speed profile between WEC and UA Drive cycle  

Since the speed profile of the WEC and the automotive drive cycle is similar hence the 
motor and drives used in the automotive industry could offer some optimum 
possibilities for wave energy. A lot of vehicle powertrain companies such as GKN 
driveline, AVL etc. has already invested their time to find the optimum generator drive 
combination. The aim should be to analyze optimum solutions of motor and drive 
combinations available for a wide operating range and comparing with the system 
available in CorPower Ocean AB. This recommendation is based on the study 
performed on the industrial generators and drives and analyzing the speed profile and 
acceleration of WEC.  
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Chapter 5 

5 Optimization of drivetrain components flywheel and gearbox 

The CorPower S3 system uses two generators connected to the gearbox via a system of 
multiple flywheels. This system allows a range of “effective system inertias” to be 
implemented, with specific flywheels and specific generator torque profiles used for 
each sea-state, to implement the required level of damping. 

This report analyses the gearbox motion profile of the S3 system, to investigate the 
component ratings of a system where the generators are directly connected to the 
gearbox output shaft, and the flywheel system is removed.   

In order to limit the scope of this work, the hydrodynamic damping profile of the 
current S3 system is taken as a requirement.  The motion profiles (generator speed & 
torque) are thus defined, and used to determine possible components.  The defined 
components are then compared to each other, and to the current system, in terms of 
volume, weight, and generated power.  The most promising solutions are then specified 
for the S4 (full-scale) system.  As the flywheels contribute somewhat to energy storage 
and thereby power-smoothing in the current S3 system, the effects of removing 
flywheels on the power quality & energy storage requirements of the S4 (full scale) 
system are also defined. 

The S3 design incorporated this system of multiple flywheels, as this was believed to 
offer the following advantages over a system with generators directly connected to the 
gearbox.  This work therefore quantifies the difference between the specified systems, 
with respect to these perceived advantages of the current S3 design: 

 Simplification of control. 

 Complex servo-level control is unnecessary. 

 A pre-determined amount of hydrodynamic braking can be included in a 
system that is not active (not operating). 

 Higher efficiency. 

 The flywheel system reduces the peak torque required to be absorbed by 
the generators, and reducing the ratio of peak to average power, 
increasing the system efficiency, and thereby the generated power. 

 Power smoothing. 

 The flywheel system acts as an energy (power) storage system, improving 
grid compliance. 

 Reducing component volume, weight & cost. 

 The reduction in peak power for the generator & inverter systems, is 
considered to give a larger reduction in the overall volume, weight & cost, 
of the power conversion system, than the penalty of the flywheel system’s 
additional volume, weight & cost. 

Alternatively, removing the flywheels and absorbing power inside the WEC by directly 
connecting generators to the gearbox, has the following potential advantages: 

 Improved hydrodynamic damping. 

 Control of generator torque would be the primary source of 
hydrodynamic damping, allowing alternative damping profiles than that 
used in the S3 design.  Previous work has suggested that improvements 
in the damping profiles could significantly increase the amount of power 
absorbed by the WEC in a given sea-state.   
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 The S3 system has a finite number of damping levels (3 levels).  Direct 
generator connection would allow significantly more levels of damping, 
thereby allowing the damping profiles to be better optimized for each 
sea-state (and potentially to be further optimized for each wave).  This 
increased optimization of damping profiles would likely increase the 
power absorption of the WEC.  

 Simplified design. 

 Whilst directly connecting generators to the gearbox could add certain 
complexity w.r.t. the S3 design, the removal of the multiple-flywheel 
system is potentially a simplification of the WEC design.  

 
The potential advantages of improved hydrodynamic damping are considered outside 
the scope of work for this study.  Likewise the potential system simplifications are 
considered outside the scope of work. 

5.1 Speed and torque profile of gearbox without attaching generator 

In this section the torque and speed profile of the drivetrain is analysed without 
attaching the generator and flywheel. The inertia of overall system is now deducted 
from the model when the generator is detached. The component of the drivetrain is 
related with the inertia value and hence when the inertia changes the acceleration 
would also have a different result. Since the model does not give a lot of flexibility the 
acceleration is kept after compensating with the inertia value. Figure 34 gives a 
diagrammatical representation of component attached to the WEC drivetrain.  

 
  
 
 
 
 

In this new design the input force from the sea state is absorbed and transferred to the 
gearbox. As per the S3 WEC design it must go through the flywheel and provide an 
input to the generator but when there is no generator and flywheel attached how the 
motion profile would be is the question that needs to be answered. Figure 33 gives the 
motion profile of the gearbox output shaft without flywheel, for typical sea-states.  
These shaft motion profiles are then used to define the generator ratings for speed and 
torque ranges necessary to ensure that the damping/motion profile is unaffected by 
the removal of the flywheels. The graphical representation below gives a speed torque 
curves of the drivetrain at different sea states. 

 
a) Low sea state – 1.5m, 7s 

 
b) Medium sea state – 3 m, 9 s. 

 
c) High sea state – 4.5 m, 13 s 

Figure 34 Speed and torque profile from gearbox 

 Gearbox  

Gearbo
x  

Figure 33 Motion profile without generator and flywheel 
 



- 42 - 
 

The motions from the gearbox are of two types, one is called upward motion and the 
other is downward motion. In Figure 34 only one quadrant is shown and the complete 
motion profile is shown in the Appendix.  

5.2 Speed and torque profile of gearbox with generator attached 

The speed and torque input is given to the gearbox, which transform the high torque 
and low speed to low torque and high speed. The gearbox is connected with a generator 
in this model. The generator has an inertia equal to the inertia of total flywheel used in 
the half scale model. The output speed and torque from the gearbox is directly given as 
an input to the generator as shown in Figure 35. 

 𝐼𝑓 ∗ �̈� = 𝑇𝑔 − 𝑇𝑓 (12) 

𝑇𝑔=Torque from gearbox, 𝑇𝑓= Torque demanded and �̈�= acceleration 𝐼𝑓= generator 

Inertia 
 
 

  
 
 
 
 
 
The typical equation which can be used to calculate moment of inertia of any circular 
disk is given below: 

 𝐼 =
𝑚𝑟2

2
 (13) 

Where, 
m = mass of flywheel, r = radius of flywheel, I = inertia of flywheel 

 
The electric torque equation for the above arrangement of the drivetrain is shown 
below: 

 𝑇𝑒 = 𝑇𝑔 − 𝑇𝑓 (14) 

 
a) Low sea state – 1.5m, 7s 

 
b) Medium sea state – 3 m, 9 s. 

 
c) High sea state – 4.5 m, 13 s 

Figure 36 Speed and torque profile from gearbox 

 
When the inertia is added to the drivetrain with a similar value of the flywheel i.e.  
3 𝑘𝑔𝑚2 the maximum torque and mean torque of the system is decreased because of 
acceleration torque required to overcome the inertia. The speed behaviour is similar to 
the previous system and the influence of inertia on speed could not be studied with this 
model because the acceleration taken as an input cannot be changed. 

 Gearbox  

Gearbo
x  

Generator 

Figure 35 System design with only generator  
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5.3 Comparison of torque profile within the drivetrain  

The reason to study the configuration of drivetrain without flywheel is to find out the 
torque level from the output of gearbox. Since the flywheel was used and the torque 
was controlled with torque controller in the ½ scale model it was unclear about what 
would be the suitable torque limit. To find the ratings of the generator without using 
the flywheel the comparison of torque is essential because the torque is the only 
parameter which is depending on the inertia value. Hence the torque profile of the 
gearbox without any other component attached is shown in Figure 37:  

 
a) Low sea state – 1.5m, 7s 

 
b) Medium sea state – 3 m, 9 s. 

 
c) High sea state – 4.5 m, 13 s 

Figure 37 Torque profile from gearbox 

The Figure 37 gives the amplitude of torque at various sea state. These torque values 
can be compared with the configuration of drivetrain when generator are connected to 
gearbox without flywheel. The benefit of analyzing these properties would help to 
determine the influence of inertia and the optimum torque limit which would provide 
an efficient drivetrain. The torque profile from the gearbox is shown in Figure 38 

 
a) Low sea state – 1.5m, 7s 

 
b) Medium sea state – 3 m, 9 s. 

 
c) High sea state – 4.5 m, 13 s 

Figure 38 Torque profile from gearbox coupled with generator 

Since the torque profile of the drivetrain in Figure 38 is not clear, the figure is enlarged 
at different sections of time which enables to view the different component of torque 
clearly related to the drivetrain. The demanded torque is the input torque to the 
generator, the torque from the gearbox is the gearbox torque and the acceleration 
torque is the torque required to overcome the inertia.  
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a) Low sea state – 1.5m, 7s 

 
b) Medium sea state – 3 m, 9 s. 

 
c) High sea state – 4.5 m, 13 s 

Figure 39 Torque profile from gearbox coupled with generator 

The torque at high sea state i.e. 4.5 m is important for providing the rating of a 
generator. Table 23 shows the maximum and mean torque at three sea states which 
helps to give a better understanding of torque profile statistically. 

Table 23 Input Torque to the generator directly from gearbox 

Parameter Low sea state Medium sea state High sea state 

Maximum torque 1070 1561 2450 

Mean torque 95 240 301 

Based on the torque value, the rating of the generator is selected. This is a simplified 
study to understand the potential of using generator directly without flywheel. The 
rating of the generator which would satisfy the need of the current configuration 
demand is as Table 24: 

Table 24 New generator rating 

Rated power 220 kW 

Rated speed 1500 rpm 

Rated torque 1450 Nm 

Inertia value 5.52 kgm2 

Nominal efficiency 97.2% 

Manufacturer WEG 

Usually in the ½ scale model configuration the two generators are used in parallel to 
generate power. If there is no flywheel connected to the drivetrain and only one 
generator is connected to the gearbox output the above rated generator needs to be 
connected. The type of generator used here is WEG three phase induction generator 
IE5 ultra-premium. Based on these ratings the efficiency value of the WEG generator 
is collected from the data sheet and plotted in Matlab. The selection of WEG generators 
are because it provides higher efficiency and various operating range which has been 
discovered in previous sections by carrying the test in the Simulink model. 

The graphical representation of the efficiency map of a 220 kW WEG generator with a 
nominal speed of 1500 rpm and Nominal torque of 1450 Nm in High operating sea 
state is shown in Figure 40: 
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Figure 40 Efficiency map with operating profile for 220kW generator 

The efficiency and power output value is calculated for High sea state (4.5m 13sec) only 
in this section. The torque and speed profile for the WEG generator without flywheel 
and freewheel can provide an overall mean efficiency value of 67.47%. The mean power 
output value is 28 kW. The dimensions are also important because of the volume 
constraint of the WEC, hence Table 25 provides dimensional information of the 220 
kW generator. 

Table 25 Dimension information 

Manufacturer WEG magnet 

Weight 850 kg (570 kg for PMSM) 

Diameter 657 mm 

Axial length  1134 mm 

 

5.3.1 Parallel configuration of generators 

The parallel connection of generators helps to maintain a low torque value by splitting 
the torque among the generators. Two different configurations of parallel connections 
are analysed comparing with the one generator configuration. Figure 41 is the single 
generator connected to the drivetrain: 

1. Two generators in parallel 
2. Four generators in parallel 

 

 

Figure 41 Single generator connected to drivetrain 

The single generator connected drivetrain has the maximum load on the generator 
which is both electrically and mechanically. To distribute the load, improve reliability 
and functionality it is connected in parallel as shown in Figure 42. The important factor 
to consider before finding the generator rating is the torque profile. 
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a) Two generator in parallel b) Four generator in parallel 

Figure 42 Configuration of Parallel connection WEC drivetrain 

The ratings of the generators when two generators are connected is 90kW with nominal 
speed of 1500 rpm and nominal torque of 600 Nm. Similarly the ratings are calculated 
for four generator in parallel configuration as 45 kW. The efficiency map of the 90 kW 
generator with an operating profile at High sea state is shown in Figure 42. 

 
Figure 43 Efficiency map with operating profile for 90kW generator 

The torque and speed profile for the WEG generator without flywheel and freewheel 
can provide an overall mean efficiency value of 67.02% for a 2 parallel generator 

connection and 66.70% for 4 parallel generator connection. The mean power output per 

generator for 2 generator configuration is 13.6 kW but the usage of two generator in 

parallel gives the overall mean power output is 27.20 kW, similarly for 4 parallel 

connection it is 27.08kW. The value in Table 26 is only for high sea state. 

Table 26 Comparison of generators in parallel for High sea state  

Type 
Ratings 

(kW) 

Mean 
efficiency 

(%) 

Mean power 
output/Gen 

(kW) 

Total mean 
power 

output (kW) 

PMSM 
Weight  

(Kg) 

Dimension/
generator 

(D*L) mm 

1 generator 220  67.47 28.21 28.21 570*1 657*1134 

2 generators 
in parallel 

2 x 90  68.02 2 x 13.60 27.20 250*2 320*645 

4 generators 
in parallel 

4 x 45 66.70 4 x 6.77 27.08 135*4 260*451 

To get a clear picture of a complete operating cycle, the WEC must be operated for at 
least a year. To get the annual data different sea state are run using the model in various 
configurations of the WEC and is shown in Table 27:  
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Table 27 Annual data of power output and efficiency at Yeu 

Type 
Ratings 

(kW) 

Mean 
efficiency 

(%) 

Mean power 
output/Gen 

(kW) 

Total 
mean 
power 
output 
(kW) 

PMSM 
Weight 

(Kg) 

Dimension/
generator 

(D*L) mm 

1 generator 220  65.25 13.69 13.69 570*1=570 657*1134 

2 generator 
in parallel 

2 x 90  66.67 2 x 7.011 14.02 250*2=500 320*645 

4 generator 
in parallel 

4 x 45 66.70 4 x 3.41 13.64 135*4=540 260*451 

½ scale with 
flywheel 

2 x 25 62.10% 2 x 3.115 6.23 **** **** 

This table gives the efficiency, dimension, weight and power output for comparison. It 
is now the development team of CorPower Ocean to decide what configuration is 
suitable for them. Let’s consider the WEC is now without the flywheel configuration, 
now this configuration is analysed with automotive electrical machines as generators. 

5.4 Automotive machines as Generators in WEC 

In automotive industry the motors are used for wide operating ranges. In this section 
the industrial generators are replaced by automotive generators to extract the overall 
benefit available. According to the previous studies on automotive generators which is 
not included in the thesis gives three potential manufacturers in the market which can 
provide beneficial results for the WEC application i.e. Borg Warner, Ashwood and 
SRAM. The study is carried out for all the three types of generators. The efficiency map 
used is only for a generator, the drive efficiency is not included in the calculation 
because the usage of drive in automotive industry is customized. Three sea states are 
used for calculating efficiency and power output, high sea state (4.5m-12sec), medium 
sea state (3m-9sec) and low sea state (1.5m-7sec). The efficiency map used in 
automotive generator does not include the information of drive efficiency, hence the 
results cannot be directly compared with industrial generator results in the above 
section. 

The significance of connecting two generator in parallel indicates the equal distribution 
of torque on both generators. The peak torque on a generator would be reduced to half 
when two generators are connected in parallel. When four generator are connected in 
parallel the magnitude of the torque would be distributed equally among the four 
generators and its value would be reduced to ¼ of the original value. Three automotive 
manufacturer are selected for analysing the results which are as follows: 

1. Borg Warner 
2. Ashwood  
3. SRAM  

Analysing the result of these three manufacturer with various configuration of 
drivetrain is the discussion in next section. The study is carried out in two section 

 Without changing the gear-ratio. 

 With change in the gear-ratio 

The efficiency map of different generators helps to describe the potential of a wide 
range of operation and their efficiency value within the limit. With the help of 
interpolation and extrapolation method suggested by the IEC standard this efficiency 
map is replicated for three differently rated generator efficiency maps of 220 kW, 
90kW and 45kW for three different configurations of drivetrain.  
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5.4.1 Analysis of result without changing the gear-ratio of gearbox 

The efficiency map of all the three generators at high sea state are shown in Figure 44: 

 
a) Borg Warner 

 
b) Ashwood 

 
c) SRAM 

Figure 44 Operating profile with efficiency map without changing the gear-ratio 

Figure 44 is the single generator 220 kW connected to the gearbox directly and the 
other configuration of drivetrain with different sea state results are in the appendix. 
When the gearbox with same gear-ratio as ½ scale model is used the generator 
operates at low speed range as seen in Figure 44. The efficiency values with detail 
parameter of generators are listed in Table 28: 

Table 28 Comparison between different manufacturers 

Parameter  

Borg Warner Ashwood SRAM 

1 
generator 

2 
generators 
in parallel 

4 
generators 
in parallel 

1 
generator  

2 
generators 
in parallel 

4 
generators 
in parallel 

1 
generator  

2 
generators 
in parallel 

4 
generators 
in parallel 

Ratings (kW) 220 90 45 220 90 45 220 90 45 

Mean efficiency (%) 73.52 76.42 78.11 68.001 68.02 70.56 76.26 76.173 77.69 

Mean power 
output/Gen (kW) 

21.136 10.62*2 5.474*4 19.257 9.679*2 5.094*4 21.156 10.58*2 5.462*4 

Total mean power 
output (kW) 

21.136 21.242 21.902 19.257 19.359 20.378 21.156 21.170 21.848 

PMSM Weight (kg) 
220*1 

=220 

115*2 

=230 

58*4 

=232 

205*1 

=205 

90*2 

=180 

48*4 

=192 

230*1 

=230 

100*2 

=200 

55*4 

=220 

Dimension/generator 

(D*L) mm 
657*1134 

2 x 
(320*645) 

4 x 
(260*451) 

657*1134 
2 x 

(320*645) 
4 x 

(260*451) 
657*1134 

2 x 
(320*645) 

4 x 
(260*451) 

The comparison is carried out not only with the automobile generator manufacturers 
but also including the configuration of the drivetrain. The result shows that SRAM is 
the best choice for single generator and Borg Warner gives higher efficiency for two 
and four generators in parallel. Four parallel connected generator configuration gives 
maximum power generation among all the other configuration. 
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5.4.2 Analysis of result with changing the gear-ratio of gearbox 

The benefits of changing the gear ratio will be discussed in this section. A simplified 
model will be used to study the characteristic of the gearbox. Let’s consider two gears 
in the WEC i.e. drive and driven gear, the drive gears is bigger than the driven gear 
hence the angular speed as an output is higher than input. The complex gearbox design 
is not considered in this section, instead a simplified gearbox design is modelled with 
same gear ratio as the cascade gearbox used in ½ scale the WEC drivetrain. The 
gearbox friction, temperature range of the gearbox and bearing loss is neglected.  

The change in gear ratio can increase or decrease the dimension of the gearbox 
depending on the output requirement. After analysing the results from the previous 
section the decision has been made to increase the gear ratio by twice. Three 
automotive generators, Borg Warner, Ashwood and SRAM will be compared by 
changing the gear ratio of the gearbox. An important assumption is made when 
modelling the gearbox is that the increase in speed would reduce the torque e.g. if the 
angular speed increases by a factor two then the torque would be reduced by the same 
factor.   

 The ratings of the generator are changed when the gear ratio is changed.  

 The ratings of the generators also needs to be taken into account when 
connected to the drivetrain with different drivetrain configurations. 

The ratings of the generator after changing the gear ratio is 120, 60 and 30 kW for 
single, two parallel and four parallel generator configuration and the efficiency map is 
respectively shown in Figure 45. 
 

 
a) Borg Warner 

 
b) Ashwood 

 
c) SRAM 

Figure 45 Operating profile with efficiency map with changing the gear-ratio 

Figure 45 shows the operating profile of the 120kW single generators configuration of 
drivetrain with changed gear ratio at High sea state and the figures for the other sea 
state are attached in the appendix section for reference. The list of ratings of all three 
generator are shown in Table 29: 

Table 29 Generator ratings 

Parameter 
Single 

generator  
2-generator in 

parallel  
4-generator in 

parallel  

𝐏𝐨𝐰𝐞𝐫 𝐫𝐚𝐭𝐢𝐧𝐠 (𝐏𝐫𝐚𝐭𝐞𝐝) 120 kW 60 kW 30 kW 

𝐍𝐨𝐦𝐢𝐧𝐚𝐥 𝐭𝐨𝐫𝐪𝐮𝐞 (𝐓𝐫𝐚𝐭𝐞𝐝) 600 Nm  300Nm  150 Nm  

𝐍𝐨𝐦𝐢𝐧𝐚𝐥 𝐒𝐩𝐞𝐞𝐝 (𝐍𝐫𝐚𝐭𝐞𝐝) 2000 Rpm  2000 Rpm  1800 Rpm  

Nominal efficiency % 95.5% 94.5% 94% 
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The efficiency and power output is calculated for three sea states with three different 
configurations and three different generator manufacturers. The values are listed in 
Table 30: 

Table 30 Comparison of data after changing the gear-ratio 

Parameter  

Borg Warner Ashwood SRAM 

1 
generator 

2 
generators 
in parallel 

4 
generators 
in parallel 

1 
generator  

2 
generators 
in parallel 

4 
generators 
in parallel 

1 
generator  

2 
generator 
sin parallel 

4 
generators 
in parallel 

Ratings (kW) 120 60 30 120 60 30 120 60 30 

Mean efficiency (%) 78.92 79.81 79.23 71.98 72.46 72.59 78.55 78.84 78.92 

Mean power 
output/Gen (kW) 

22.09 11.02*2 5.482*4 20.69 10.32*2 5.126 *4 22.07 11.02*2 5.492*4 

Total mean power 
output (kW) 

22.09 22.04 21.928 20.69 20.64 20.504 22.07 22.04 21.968 

PMSM Weight (kg) 
186*1 

=186 

98*2 

=196 

50*4 

=200 

150*1 

=150 

78*2 

=156 

40*4 

=160 

146*1 

=146 

75*2 

=150 

38*4 

=152 

Dimension/generator 

(D*L) mm 
588*940 

2 x 
(310*494) 

4 x 
(200*420) 

566*1000 
2 x 

(320*495) 
4 x 

(195*405) 
575*984 

2 x 
(300*505) 

4 x 
(210*385) 

 
After comparing the result between changed gear-ratio and unchanged it can be seen 
that the changed gear ratio provides 3.8 % more power than unchanged and the mean 
efficiency of the drivetrain is also increased by 3.2% . When there is no flywheel in the 
drivetrain Borg Warner gives better performance for all configurations when it comes 
to power generation and efficiency improvement. The dimension of the generator are 
roughly calculated from the data sheet of generators available in the online portal[27] 
[28].  
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Chapter 6 

6 Full scale drivetrain  

The full scale (1:1) WEC is capable of generating 300 kW of power from the ocean. The 
drivetrain of the WEC configuration in full scale is not finalised and hence the study 
about ½ scale model is very important to benchmark the requirement for the full scale 
model. Similar analysis procedure is followed as for the ½ scale model to find the 
optimised ratings of the drivetrain components in 1:1 scale. The efficiency map can be 
seen in Figure 46: 

  
a) Iso-efficiency till rated limit b) Iso-efficiency above rated limit 

Figure 46 Efficiency map 300 kW 
The efficiency map of the 300 kW generator is plotted from the ABB data sheet. The 
operating profile of the full scale model is important to determine the ratings of the 
drivetrain components hence a detailed study is carried out to predict the operating 

range of the generator in full scale. If the full scale model uses same control strategy and 
same drivetrain configuration as the ½ scale then the following results can be found in 

Figure 47 Full scale 

 : 

 
 

Speed profile  Torque profile  
Figure 47 Full scale 

The rotational speed input to the generator is below 1400 rpm in all the sea states and 
the torque is controlled at 2720 Nm. If the ratings of the generator is considered to be 
1600 rpm and 1910 Nm obtained from the previous study by CorPower, then the 
generator would always operate in low efficiency region. Therefore some changes in 
the drivetrain is essential to achieve better performance, for example changing the 
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gear-ratio of gearbox or changing the ratings of the generator. If the previous ratings 
and configuration for the full scale drivetrain is analysed in the same way as for the ½ 
scale then the conceivable result can be registered as presented in Figure 48: 

 
a) High sea state 

 
b) medium sea state 

 
c) small sea state 

Figure 48 Operating profile of generator in full scale 

The most of the operating profile of speed is in-between the range of 400 rpm to 650 
rpm. The torque is controlled at 2720 Nm in the full scale model, during small sea state 
the torque is insufficient to reach the controlled limit which might affect the system 
stability. To provide enhanced performance of the generator and other components it 
is essential to explore the current idea of the full scale model. As per the awareness 
established for the full scale model with ratings of 3oo kW, let’s develop a similar 
system model to find the output response. The graphical representation of the 
efficiency map with the operating profile of full scale model is shown in Figure 49 : 

 
a) High sea state 

 
b) medium sea state 

 
c) small sea state 

Figure 49 Efficiency Map with Operating profile of full scale 

The results from the model after operating in three sea states can be seen in Figure 49. 
Maximum speed reached in high sea state is 1300 rpm which is not even close to the 
rated speed of the generator in the full scale model. The low rotational speed as an 
input to the generator might cause a negative effect to the grid. Hence a distinctive 
consideration is required in the full scale model of the WEC over the speed and torque 
range. Table 31 refer to the efficiencies at various range of speed and torque values. 

Table 31 Efficiency at various operating range  

Parameter High sea state Medium sea state Small sea state 

Speed (rpm) 250-900 150-600 150-300 

Torque (Nm) 2400-2720 1900-2720 700-2720 

Mean Efficiency (%) 72.7 71.2 66.3 
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After the above analysis the important factors which need to be taken into account 
before designing the full scale WEC are: 

 Choose the gear ratio of the gearbox in such a way that it provides the operating 
range of the generator within the nominal range of operation. 

 Select the generator which provides higher efficiency at large range of operation. 

 Optimizing the torque limit for control is very important to extract maximum 
power output. 

 The configuration of the drivetrain with and without flywheel is important to 
study for the full scale model. 

This study is similar to the ½ scale model with same configuration and same control 
strategy. The ½ scale is scaled up to full scale by Froude’s scaling factor and the 
experiment is performed. The results from the study are obtained by running the same 
model which aids to find the ratings of the generator and the drive for full scale. The 
requirement for the full scale model are: 

𝑃𝑟𝑎𝑡𝑒𝑑  =  250 𝑘𝑊 

𝑁𝑟𝑎𝑡𝑒𝑑  = 1100 𝑅𝑝𝑚 

𝑇𝑟𝑎𝑡𝑒𝑑  =  2500 𝑁𝑚 

These ratings of the generator would provide higher efficiency and better power 
generation in full scale. The manufacturer can be either WEG or SRAM depending on 
the cost effectiveness and availability, because both provides better efficiency over a 
larger operating range. 

6.1.1 Analysis of result with changing the gear ratio of gearbox for full scale  

If the gear ratio of the gearbox is changed and the flywheel is removed from the 
drivetrain to explore the benefits of hydrodynamic damping with simplified design 
then the following requirement of ratings are needed: 

𝑃𝑟𝑎𝑡𝑒𝑑  =  500 𝑘𝑊 

𝑁𝑟𝑎𝑡𝑒𝑑  = 2000 𝑅𝑝𝑚 

𝑇𝑟𝑎𝑡𝑒𝑑  =  2500 𝑁𝑚 

With these data the similar analysis is carried to get the efficiency of the WEC 
drivetrain and the operating profile is shown in Figure 50. 

 
a) High sea state  

 
b) Medium sea state 

 
c) Small sea state 

Figure 50 Operating profile with efficiency map with changing the gear-ratio 

 

The above ratings is only when a single generator is connected to the drivetrain, the 
overall efficiency can be improved if generators are connected in parallel. The ratings 



- 54 - 
 

can be predicted for a parallel connection by undertaking the optimising procedure but 
roughly it can be calculated by dividing the power rating of a single generator by 
number of generators connected to the drivetrain. Table 32 gives the efficiency values 
at different sea state of full scale. 

Table 32 Full scale results 

Parameter High sea state Medium sea state Small sea state 

Speed range 

(Rpm) 
1200-2000 1000-2000 150-300 

Torque range 

(Nm) 
2400-2720 1900-2720 700-2720 

Mean 
Efficiency (%) 

80.15 76.30 70.14 

 

The suggestion for achieving a better power output and higher efficiency would be by 

using a smart gearbox like continuously variable transmission (CVT) in full-scale. The 

implementation of generator control should be in such a way that the generators are 

connected to the drivetrain depending on the sea state. If the sea state is high, a larger 

generator should be connected to the system and if the wave is low a small generator 

with low rating should be connected. In this way the operating profile can be always 

maintained at a high efficiency range.  
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7 Results and conclusion  

The models developed for finding the optimised drivetrain showcase the results of 
efficiency improvement for an optimised ½ scale model by 6.25% and power 
generation by 11.43% per year in an annual sea state for the Yeu site. Different types of 
generator drive configuration have also been analysed during this study which predicts 
that WEG provides the better performance in terms of efficiency and power generation 
among the other industrial generator manufacturers because of high efficiency over a 
wide range of operation. 

Different automotive generators have also been studied in the model developed in this 
thesis because of their wide operating range ability for WEC which portrays Borg 
Warner to the best suited for wave energy application with change in gear ratio. If the 
gear ratio is remained the same then SRAM gives better efficiency and power output 
for single generator configuration whereas Borg Warner gives better results for two 
and four configuration of the WEC drivetrain. 

Four parallel connection generators provides better efficiency for WEC drivetrain but 
it is always a trade-off between weight and performance. The focus of this thesis is to 
find the best possible drivetrain configuration for the ½ scale and full-scale model. 
Some possible solutions that can be implemented in future are discussed below: 

 If the same configuration of drivetrain were to be used then the torque limit 
value for control must be optimised and the change in gear-ratio of gearbox for 
the current ½ scale model is to be increased. 

 The ratings of the generator depends primarily on the speed profile and torque 
profile, hence if same gearbox is used as for the ½ scale current design then 
power ratings of the generator must be reduced to get better performance at 
small sea state. The ½ scale generator has never operated at maximum 
efficiency operating range which can be seen from the model results. 

 When no flywheel is used the ratings of the generator should be increased which 
would make the system bulky, otherwise it helps to improve the efficiency of the 
overall system by allowing the generator to operate at high efficiency operating 
range. 

 The generator must provide high efficiency at a wide operating range. It is not 
very important to have high efficiency only at nominal ratings, if the high 
efficiency range is spread over the operating profile of the drivetrain that would 
provide a better result. 

There can be several other changes which can be explored for the drivetrain of the 
WEC, one of them would be using a continuously varying transmission (CVT). This 
would make the system operate at an optimum point with better control over speed 
and torque. Also if it’s possible to make a smart drivetrain which could choose 
different ratings of drivetrain components based on the sea state that would also 
provide better performance and better result. 
 

  



- 56 - 
 

8 References 

[1] “Benefits of Renewable Energy Use,” Union of Concerned Scientists. [Online]. 
Available: http://www.ucsusa.org/clean-energy/renewable-energy/public-benefits-
of-renewable-power. [Accessed: 12-Oct-2017]. 
[2] “IEA - Sweden.” [Online]. Available: 
https://www.iea.org/policiesandmeasures/pams/sweden/name-21727-en.php. 
[Accessed: 11-Oct-2017]. 
[3] “Wave devices : EMEC: European Marine Energy Centre.” . 
[4] “Introduction to Optimization | NEOS.” [Online]. Available: https://neos-
guide.org/content/optimization-introduction. [Accessed: 16-Oct-2017]. 
[5] F. X. Zhu, Energy and Process Optimization for the Process Industries, 2013 th 
ed. John Wiley & Sons, Inc., Hoboken, New Jersey. 
[6] M. Z. Jacobson and M. A. Delucchi, “A path to sustainable energy by 2030,” Sci. 
Am., vol. 301, no. 5, pp. 58–65, 2009. 
[7] J. W. Miles, “The Dynamics of the Upper Ocean, 2nd Edition . By O. M. 
PHILLIPS. Cambridge University Press, 1977. 336 pp.,” J. Fluid Mech., vol. 88, no. 04, 
p. 793, Oct. 1978. 
[8] Wave energy. [Online].  Available: 
http://www.irena.org/publications/2014/Jun/Wave-energy. [Accessed: 26-Feb 
2018]. 
[9] A. Clément et al., “Wave energy in Europe: current status and perspectives,” 
Renew. Sustain. Energy Rev., vol. 6, no. 5, pp. 405–431, 2002. 
[10] A. Sešek and J. Trontelj, “Measurement System for Sea Wave Monitoring. 
“Conference paper Research gate publication September 2013.   
[11] “Background,” CorPower Ocean. . 
[12] A. F. de O. Falcão, “Wave energy utilization: A review of the technologies,” 
Renew. Sustain. Energy Rev., vol. 14, no. 3, pp. 899–918, Apr. 2010. 
[13] CorPower, “CorPower Ocean AB.” CorPower Ocean AB, 16-Oct-2017. 
[14] “Wave Dragon - Principles.” [Online]. Available: 
http://www.wavedragon.net/index.php?option=com_content&task=view&id=6&Ite
mid=5. [Accessed: 16-Oct-2017]. 
[15] “Machine Design II.” [Online]. Available: http://nptel.ac.in/courses/IIT-
MADRAS/Machine_Design_II/index.php. [Accessed: 30-Oct-2017]. 
[16] “Faraday’s Law.” [Online]. Available: http://hyperphysics.phy-
astr.gsu.edu/hbase/electric/farlaw.html. [Accessed: 03-Nov-2017]. 
[17] “Induction Versus DC Brushless Motors,” 09-Jan-2007. [Online]. Available: 
https://www.tesla.com/sv_SE/blog/induction-versus-dc-brushless-motors. 
[Accessed: 03-Nov-2017]. 
[18] N. Madani, Design of a Permanent Magnet Synchronous Generator for a 
Vertical Axis Wind Turbine, MSc Thesis, KTH Electrical Engineering, XR-EE-EME 
2011:013, 2011. 
[19] A. A. Al-Talibi, 'The energy trilogy: An integrated sustainability model to bridge 
wastewater treatment plant energy and emissions gaps', PhD Thesis, Wayne State 
University, 2014. 
[20] Martin Doppelbauer, “Interpolation Procedures for determination of losses and 
energy efficiency of Electrical machines,” presented at the Eemods´15, Helsinki, 15-
Sep-2015. 
[21] M. R. Islam, Y. G. Guo, and J. G. Zhu, “Power converters for wind turbines: 
Current and future development,” Mater. Process. Energy Commun. Curr. Res. 
Technol. Dev., pp. 559–571, 2013. 



- 57 - 
 

[22] “Synchronous Generator Operating Chart.” [Online]. Available: 
http://people.ucalgary.ca/~aknigh/electrical_machines/synchronous/ratings/power
_limits.html. [Accessed: 05-Apr-2017]. 
[23] “Generator Sizing & Operation Limits.” [Online]. Available: 
http://myelectrical.com/notes/entryid/62/generator-operation-limits. [Accessed: 19-
Apr-2017]. 
[24] J. Iverson, “How to size a genset: Proper generator set sizing requires analysis 
of parameters and loads,” Cummins Power Tech. Inf., 2007. 
[25] “Synchronous reluctance motor-drive package for machine builders High 
performance for ultimate machine design ABB.” ABB, 20-Oct-2104. 
[26] “Emission Test Cycles: Common Artemis Driving Cycles (CADC).” [Online]. 
Available: https://www.dieselnet.com/standards/cycles/artemis.php. [Accessed: 03-
Aug-2017]. 
[27] “Interior Permanent Magnet Motor | AEM,” Ashwoods Electric Motors.  
[28] “Permanent Magnet Axial Flux Motors,” Ashwoods Electric Motors.  
 

  



- 58 - 
 

9 Appendix  

 Data sheet from ABB 
The data sheet includes the efficiency and power loss curve available from the ABB. 

 
Figure 51 Data sheet from ABB 

 Torque profile of generator for the generator A and generator B is shown in 
Figure 52 .The difference between two generators are very minute and hence the 
study of generator A is good enough to generalise the result. 

  
  Torque profile of Generator-A   Torque profile of Generator-B 

Figure 52 Torque profile of Generator-A and Generator-B in High wave sea state 

 
 Operating profile of Gen-A and Gen-B 25kW generator for high sea state. Gen-

A operates when the rack moves upward and Gen-B operates when the rack 
moves downwards. The efficiency map are obtained at High sea state for the ½ 
scale WEC model. 

  

(a) Generator-A in High Sea State (b) Generator-B in High Sea State 
Figure 53 Efficiency Map of Generator A and Generator B 
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 The power output for 25 kW and 12 kW for three sea states are listed in Table 
33. These efficiency values are used for comparing the results between the 
current ½ scale model and optimised model at the initial stage of comparison 
by considering three sea state only. 

Table 33 Power output for 25 kW and 12 kW 
 Efficiency of 1500 

Rpm 170 Nm 
Efficiency of  750 Rpm 

120 Nm 

HIGH WAVE SEA  
STATE 

Generator-A 81% 91% 

Generator-B 83% 88% 

MEDIUM WAVE SEA 
STATE 

Generator-A 76% 86% 

Generator-B 79% 88% 

LOW WAVE SEA  
STATE 

Generator-A 53% 72% 

Generator-B 58% 78% 

 Figure 54 is the efficiency map with the operating profile of 12kW optimised 
model at three sea states. The operating profile of these model is extended 
towards high efficiency range which gives better performance in terms of 
efficiency and power output.  

  
(a) Generator-A in High Sea State (b) Generator-B in High Sea State 

  
(c) Generator-A in Medium Sea State (d) Generator-B in Medium Sea 

State 
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(e) Generator-A in Low Sea State (f) Generator-B in Low Sea State 

Figure 54 Operating profiles for the ½ Scale 750 Rpm, 120 Nm generators throughout 
the range of sea-states 

 
 Table 34, 35 and 36 provides the efficiency values from data sheet of different 

generator. Based on these values the efficiency range of generators are drawn 
and used in the model. 

Synchronous reluctance generator (ABB) 

Table 34 Efficiency values of synchronous reluctance generator ABB  
Speed(p.u) 
 
 
Torque 
(p.u) 

0.05 0.25 0.33 0.5 0.75 1 

0.05 52.30% 52.70% 49.10% 44.20% 35.00% 31.00% 

0.25 54.00% 82.30% 84.50% 87.77% 89.5% 89.00% 

0.33 56.80% 84.20% 85.50% 88.50% 90.40% 90.80% 

0.5 59.20% 85.60% 87.30% 90.10% 91.50% 92.10% 

0.75 60.90% 86.40% 87.90% 90.80% 92.20% 92.30% 

1 63.00% 86.50% 88.10% 91.10% 92.30% 93.30% 

 
Figure 55 Efficiency map ABB 
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Three phase induction generator (WEG) 

Table 35 Efficiency values of three phase induction generator WEG 
Speed(p.u) 
 
 
Torque 
(p.u) 

0.05 0.25 0.33 0.5 0.75 1 

0.05 42.40% 42.70% 39.50% 35.20% 24.40% 21.00% 

0.25 47.25% 71.91% 78.53% 85.15% 89.57% 91.10% 

0.33 46.80% 75.00% 80.60% 86.39% 89.94% 91.37% 

0.5 47.90% 78.10% 82.86% 87.63% 90.31% 91.64% 
0.75 48.70% 78.60% 83.13% 87.87% 90.80% 92.27% 

1 50.70% 78.60% 83.29% 87.99% 91.05% 92.50% 

 
Figure 56 Efficiency map WEG 

Synchronous reluctance generator Siemens  

Table 36 Efficiency values of synchronous reluctance generator Siemens 
Speed(p.u) 
 
 
Torque 
(p.u) 

0.05 0.25 0.33 0.5 0.75 1 

0.05 42.40% 42.70% 39.50% 35.20% 24.40% 21.00% 

0.25 47.25% 71.91% 78.53% 85.15% 89.57% 91.10% 

0.33 46.80% 75.00% 80.60% 86.39% 89.94% 91.37% 

0.5 47.90% 78.10% 82.86% 87.63% 90.31% 91.64% 

0.75 48.70% 78.60% 83.13% 87.87% 90.80% 92.27% 

1 50.70% 78.60% 83.29% 87.99% 91.05% 92.50% 

 

Figure 57 Efficiency map Siemens 
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Yeu site annual characteristics  

The characteristics of each sea states at Yeu site is shown in Table 38. This is the annual 
sea state data for the Yeu site. 

Table 37 Annual data of Yeu site sea state 

𝑻𝒑(sec) 

𝑯(𝒎) 
3 5 7 9 11 13 15 17 

0.5 0 39.810 32.219 18.953 0 0 0 0 
1.5 0 36.326 129.410 107.370 51.33 11.182 0 0 
2.5 0 0 60.048 144.100 60.901 21.606 2.9692 0 
3.5 0 0 11.34 110.750 58.405 24.670 10.266 0 
4.5 0 0 0 11.868 25.649 8.0233 3.5694 0 
5.5 0 0 0 0 9.4131 2.9376 0 0 
6.5 0 0 0 0 1.8953 0 0 0 

 
 Table 38 39 and 40 are the efficiency table extended above rated power ratings 

of different generators. The extended efficiency region is marked as red and 
these values are obtained with the help of interpolation and extrapolation 
technique. Values within the range of rated operation is obtained from the data 
sheet provided by different manufacturers. 

 
Table 38 Synchronous reluctance ABB generator 

Speed(p.u) 
 
 
Torque (p.u) 

0.05 0.25 0.33 0.5 0.75 1 1.25 1.4 

0.05 52.30% 52.70% 49.10% 44.20% 35.00% 31.00% 29.05% 28.10% 

0.25 54.00% 82.30% 84.50% 87.77% 89.5% 89.00% 86.20% 82.71% 

0.33 56.80% 84.20% 85.50% 88.50% 90.40% 90.80% 87.17% 83.73% 

0.5 59.20% 85.60% 87.30% 90.10% 91.50% 92.10% 88.86% 85.55% 

0.75 60.90% 86.40% 87.90% 90.80% 92.20% 92.30% 90.42% 87.43% 

1 63.00% 86.50% 88.10% 91.10% 92.30% 93.30% 90.90% 88.34% 

1.25 62.00% 85.58% 87.12% 89.70% 91.85% 92.05% 90.28% 88.27% 

1.5 61.50% 83.50% 84.79% 87.03% 89.05% 89.56% 88.56% 87.24% 

1.75 59.30% 80.26% 81.27% 83.10% 84.96% 85.85% 85.76% 85.23% 

2 55.20% 75.80% 76.50% 77.90% 79.58% 80.90% 81.86% 82.26% 

 
Table 39 Three phase induction generator (WEG) 

Speed(p.u) 
 
 
Torque (p.u) 

0.05 0.25 0.33 0.5 0.75 1 1.25 1.4 

0.05 42.40% 42.70% 39.50% 35.20% 24.40% 21.00% 20.5% 20.1% 

0.25 47.25% 71.91% 78.53% 85.15% 89.57% 91.10% 79.68% 70.45% 

0.33 46.80% 75.00% 80.60% 86.39% 89.94% 91.37% 80.89% 71.86% 

0.5 47.90% 78.10% 82.86% 87.63% 90.31% 91.64% 83.18% 74.75% 

0.75 48.70% 78.60% 83.13% 87.87% 90.80% 92.27% 85.82% 78.74% 
1 50.70% 78.60% 83.29% 87.99% 91.05% 92.50% 87.62% 82.41% 

1.25 51.6% 78.79% 81.39% 85.87% 89.85% 90.75% 88.56% 85.75% 
1.5 50.6% 77.96% 79.43% 82.21% 85.41% 87.56% 88.64% 88.79% 

1.75 48.3% 76.11% 76.25% 77.03% 79.29% 82.91% 82.47% 82.70% 
2 43.2% 73.24% 71.85% 70.3% 71.5% 76.82% 76.3% 76.1% 
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Table 40 Synchronous reluctance generator (Siemens ) 
Speed(p.u) 

 
 
Torque 
(p.u) 

0.05 0.25 0.33 0.5 0.75 1 1.25 1.4 

0.05 42.40% 42.70% 39.50% 35.20% 24.40% 21.00% 20.5% 20.1% 

0.25 47.25% 71.91% 78.53% 85.15% 89.57% 91.10% 79.68% 70.45% 

0.33 46.80% 75.00% 80.60% 86.39% 89.94% 91.37% 80.89% 71.86% 
0.5 47.90% 78.10% 82.86% 87.63% 90.31% 91.64% 83.18% 74.75% 

0.75 48.70% 78.60% 83.13% 87.87% 90.80% 92.27% 85.82% 78.74% 
1 50.70% 78.60% 83.29% 87.99% 91.05% 92.50% 87.62% 82.41% 

1.25 51.6% 78.79% 81.39% 85.87% 89.85% 90.75% 88.56% 85.75% 
1.5 50.6% 77.96% 79.43% 82.21% 85.41% 87.56% 88.64% 88.79% 

1.75 48.3% 76.11% 76.25% 77.03% 79.29% 82.91% 82.47% 82.70% 
2 43.2% 73.24% 71.85% 70.3% 71.5% 76.82% 76.3% 76.1% 

 
 

 The Generator motion profile when connected to gearbox for single generator 
configuration without flywheel is shown in Figure 58. This includes the motion 
of rack both in upward and downward direction hence the motion profile is in 
two different quadrants. 

 
 

Speed and torque profile of gearbox at low sea state of 
1.5 m 7 sec 

Speed and torque profile of gearbox at low sea state of 
1.5 m 7 sec in 1st quadrant 

 
 

Speed and torque profile of gearbox at low sea state of 
3 m 9 sec 

Speed and torque profile of gearbox at low sea state of 
3 m 9 sec in 1st quadrant 
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Speed and torque profile of gearbox at low sea state of 

4.5 m 13 sec 
Speed and torque profile of gearbox at low sea state of 

4.5 m 13 sec in 1st quadrant 

Figure 58 Generator motion profile in both quadrants 
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