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 Figure 10: The amplifiers and the accelerometers used in the force experi-
ment.  

The amplification circuit 

 
Figure 11: Schematics of amplification and accelerometer circuit. 

The Wheatstone bridge needs a fixed DC excitation voltage and an amplifi-
cation circuit to produce a voltage that is well suited for input to the data 
logger. The excitation voltage sets the maximum output voltage of the force 
sensor; the sensor used has an output of 2 mV/V of its specified range. A 
high output voltage is beneficial because it gives a higher signal to noise 
ratio, unfortunately it also results in higher energy consumption. The feeding 
voltage to the force transducer is one big energy consumer in the designed 
data logging system hence there is a trade-off between this two design pa-
rameters. One 12 volt 340 Ah battery was chosen. The sensor resistance 
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between the connections of the DC source is 345 Ohm. For the first experi-
ment the feeding voltage was chosen to 7.5 V. This voltage was stabilized by 
a voltage reference. The sensor signal was amplified by two different opera-
tional amplifier circuits, one with a gain of 100 and the other with a gain of 
400. This was done to increase the resolution of lower forces after digitizing 
of the data logger, and still be able to measure up to 200kN. 

6.3.4. The data logger  
It was a time consuming task to find a useful data logger to place inside the 
buoy because of two very important design parameters of equal importance: 
the data logging system must consume low power and be able to sample fast 
enough to detect the peak forces. The power consumption demand, led to 
that no measuring system based on a consumer- or standard industrial com-
puter could be used, solutions where the sampling frequency is not a prob-
lem. The other problem is that data loggers with low power consumption are 
most often used to measure slow changing processes. Temperature monitor-
ing is the big market; hence most data loggers are designed to sample with a 
maximum sampling frequency of 1 Hz.  

The data logger chosen, shown in Figure 12, has a maximum sampling 
rate of 16 Hz and a storage capacity of 32000 samples. The A/D converter 
uses 12 bits. If all 8 channels are used the logger can store 4 minutes of data 
before data has to be transferred from the logger through the GSM network 
to a hard disk drive on a personal computer. In the force measuring project 
the sampling frequency 8 Hz was chosen to extend the time between data 
transmissions from the logger. It was discovered when processing the data 
presented in Paper XXIII that 8 Hz are a low sampling frequency for meas-
uring extreme forces originating from ocean waves. The maximum sampling 
frequency 16 Hz was used when force was measured on real WECs.  

 
Figure 12: The data logger placed inside a water tight box.  
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6.4. Calibration 
The force transducer, the differential amplifier and the data logger were cali-
brated all together by applying 15 different forces with an Instron 8516 ser-
vihydralic fatigue tester2. The test system has an accuracy of 0.5 % of the 
indicated load. The data logger has an accuracy of 0.1% of the measurement 
range. The measurement range is 200 kN. The force transducer has a linear-
ity variation of < 0.1 % and an influence of temperature on sensitivity that is 
0.01 %/ºK.  Force measurement range is 200 kN. The calibrated measure-
ment system was used to measure the package spring constant by measuring 
the force at different spring lengths. 

6.5. The launch of the first force measurement at the 
 research site 

The experimental equipment was constructed and built at the Department of 
Electricity in Uppsala. After assembling at the Lysekil harbor, Figure 13(a)  
it was towered to the research site, Figure 13(c), and submerged at Lat N 58° 
11.7317’, Long E 11° 11.4479’, Figure 13(d). The wave measuring buoy 
was positioned at Lat N 58° 11.740’, Long E 11° 22.340’. The distance be-
tween the measurements was roughly 100 m. 

 

 
Figure 13: The preparations of the launch of the experiment at the Lysekil 
harbor are performed by local workers (a). The author stands beside the buoy 
(b). The towing of the barge (c). Submersion of the foundation connected to 
the set of springs and the buoy (d).  

                                                 
2 http://www.instron.us/wa/home/default_en.aspx (retrived 2012-07-08) 
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6.6. Developments and changes of the measurement 
 system in following experiments 

6.6.1. Buoy measurements with the first WEC L1 
We were not able to capture any force data during the first offshore test of 
the full scale WEC because of data log failure. The electronic were well 
sealed inside the buoy, and could not be accessed offshore. In the following 
experiments the electronics were placed behind a water tight inspection 
hatch.  During the second test period force data was collected during 12 
days. The maximum measured force during the period was 148 kN, see 
Figure 14.  The peak was measured at a significant wave height of about 2.5 
m (the extreme value was found in the shift between two calculated half 
hours of higher and lower wave heights). The reason for measurement fail-
ure in the second test period was that the signal cable to the force sensor 
broke. This was probably due to the lack of support of the cable between the 
buoy and the sensor. Accelerometer data was collected during the whole 
second test period. 

 
Figure 14: Measured peak force for the cylindrical buoy. The significant 
wave height was 2.3 - 2.7 m.  

A few changes were made before the buoy was reconnected to the generator. 
In the dedicated force measurement experiment the accelerometers were 
placed in the same container as the measurement electronics and the battery. 
The equipment needed to be placed as close to the center as possible because 
of the acceleration sensors, that had the consequence that it was not possible 
to access the data logger in the buoy during the offshore experiment because 
the man hole was positioned off center. To solve this problem for the second 
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test period of L1 the accelerometers was mounted separately in the centre of 
the buoy and the data logger directly beneath the man hole, the lid that the 
antenna is attached to in Figure 15(b). The hose that protected the signal 
cable 2006 is seen in Figure 15(a). Figure 15(c) shows the force sensor and 
the hose 2007.    

 
Figure 15: The buoy is loaded in Lysekil harbor 2006 (a). Kalle Haikonen is 
preparing the buoy for reconnection with the generator in 2007 (b). The 
force transducer, the chain and the hose protecting the sensor cable (c). 

6.6.2. The torus-shaped buoy 
In the torus-shaped buoy the accelerometers are placed together with the data 
logger inside the torus (off centre) Figure 16 (d). The measuring system was 
complemented with yaw rate sensors to be able to compensate for the influ-
ence of gravity due to tilt of the buoy, which was considered the main pa-
rameter disturbing the horizontal accelerometer measurements. It was antici-
pated that the rotation of the buoy would be small and the influence of a 
small rotation on the acceleration measurement could be neglected, this was 
an incorrect assumption. It became very clear when we processed the 
measured values used for Paper XIV, that the rotation of the buoy can not be 
neglected even if it is small. Because the acceleration is measured in the 
buoy coordinate system and the calculated displacement is presented in the 
coordinate system of the earth. For example if the buoy is accelerated to-
wards the east and then rotated 90 degrees before it is accelerated back to-
wards the west, the acceleration is picked up by the other sensor, resulting in 
an unchanged speed from the first measurement. The calculated speed from 
the measurements will be erroneous booth in speed and direction. Hence 
both tilt and rotation (or angular position) are needed to compensate for er-
rors when calculating the horizontal movement of a cylindrical point ab-
sorber from acceleration measurement.  
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The major change of the measuring system constructed for the torus buoy is 
the force measurement system. One flexible suspended force sensor is re-
placed with three sensors fixed to the hull and used as brackets for the chains 
connecting with the generator, se Figure 16(a, c, e). This configuration 
eliminates the risk of cable failure due to sensor and sensor cable movement. 
To calculate the force in the line connected to the generator the angles be-
tween the line and the chains must be known. An approximation can be done 
by assuming that the angle of the wire is fixed perpendicular to the plane of 
the torus. For the torus buoy no. 2, Figure 16(b), calibration constants in this 
special case were achieved by hanging a weight in the buoy and measure the 
force in each sensor. The calibration constants for torus 2 are shown in equa-
tion 15.  

 
Figure 16: The author is working with the first torus buoy tested 2007 (a). 
The second torus buoy tested from October 30 2009 (b). The buoy is con-
nected to the generator wire with chains forming a tripod (c). The measuring 
equipment in one of the battery boxes (d). The connection between the force 
sensor and the chain, the protection of the signal cable is seen as a snake on 
the surface (e). Halvar Gravråkmo (f). The force sensor is mounted on the 
buoy (g-j).   

63465.06557.019078.0 321 −+++−= GGGFWire  (15)  
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The correct force in the wire connected to the generator is found by calculat-
ing the resulting force of the three forces in the chains forming a tripod 
structure. The three forces in the chains forming the tripod structure are 
known. The angles of the chains towards the buoy plane are known. For 
torus no. 2 the design angles is 45° but the calibration formula indicates that 
the real angle for G1 is 51.3, G2 is 44.2 and G3 is 40.5 degrees. On torus no 
1, the force sensors are mounted with an angle of 55 degrees towards the 
plane of the buoy. 

6.6.3. Cylindrical buoys 2 and 3  
Yaw rate sensors were also mounted inside the cylindrical buoys 2 and 3. 
The specification from the manufacturer was used to calculate the yaw rate 
from the yaw rate sensor voltage output. The total redesign of the buoys 
allowed locating space with easy access to the measurement electronics in 
the centre of the buoys. The cable to the force sensor was protected by a 2 
inch armed rubber tubes wired around the sensor.  
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7. The measuring station 

7.1. Introduction 
The measuring station is the onshore connection point of the Lysekil re-
search site wave power test area. It is briefly described in Paper IV, VII, XII, 
XV and XVI. Historically most experiments with wave power devices have 
either been performed in a basin or with the measuring equipment and loads 
placed inside the device where data has been logged for later analysis. One 
of the base criteria for the Lysekil research project was that the energy 
should be transferred to the mainland. Of course we realized that some kind 
of on shore structure was needed but at first we thought that a steel cabinet 
containing the measuring equipment would be sufficient. When the plans 
emerged it became clear that a measuring station was necessary to house the 
measurement equipment and the electric loads. The outside of the station is 
shown in Figure 17. The meadow at Härmanö before the measuring station 
was built is shown in (a). The Station during installation of the first loads 
and the measuring equipment, (b). The station in the spring during the first 
test period of L1, (c). The station the day after the substation was submerged 
at the research site 2009, (d).       

 

Figure 17: The meadow (a). The station during installation of the first loads 
in the winter 2006 (b). The measuring station in the spring 2006 (c). The 
measuring station in the “spring” 2009 (d).   
 



 50 

The equipment inside the measuring station has developed and expanded. 
The first results were measured with a data logger connected to a lap top, 
Figure 18(a,b). Now the station has specially designed equipment inside the 
cabinets as shown in Figure 18(c). 

 
Figure 18. The author checking the measurements on a laptop the day when 
L1 was submerged at the research site (a). Stefan Gustafsson helps with the 
final connections of the WEC to the loads (b). Deepak Elamalayil Soman, 
Remya Krishna, Wei Li and the author at the measuring station 2011 (c). 

The power cable from the research area is connected to this station. A sche-
matic of the generator and the sea cable is shown in Figure 19.  

 
Figure 19. The circuit model of the generator and cable without the voltage 
symbol in the generator. 
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The assembling of the loads were in Uppsala, Figure 20 (a). The loads were 
then transported to the measuring station where they were mounted on the 
back of the garden shed that has developed to the measuring station.  

 
Figure 20. Cecilia Boström and Erik Leijerskog are building loads, super-
vised by the author (a). The first loads mounted on the back of the station 
(d). The loads are exchanged to wire wound resistors, loads connected to DC 
to the left (c). High voltage loads on the roof for the loading of the substation 
(e). 

The power produced in the generator during the first test period was con-
verted to heat over a three phase delta-connected resistive load. The first 
measurements were made with an oscilloscope and a USB data logger NI 
6009 controlled by a laptop running a Labview program. It sampled with 128 
Hz and measured both voltages and currents. Unfortunately this system was 
demolished due to short circuits between the generator neutral and Computer 
neutral. It was replaced with a compactRIO system with better isolation be-
tween the measurement ground and mains ground. The control, load and 
measurement system have since then been successively expanded.  

The first loads used in the measuring station were built from semiconductor 
resistors, Figure 21 and Figure 20(a, b). It was discovered that they could 
not withstand any overvoltages from the generator and where therefore soon 
replaces by wire wound resistors, Figure 20(c, d). 

 
Figure 21: The loads at the measuring station, as was, when the first data 
from the WEC were retrieved.  
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7.2. The first substantial data  
The data from the day when the WEC was submerged showed that it worked 
but the wave height was very low, hence no conclusion could be made from 
the measurements. Internet was not connected to the measuring station until 
a few weeks after the WEC become operational. The data for the first 
evaluation of the experimental is seen in Figure 22 and were transfered to 
the crew in Uppsala by MMS. 

 
Figure 22: The original pictures with the first substantial data on which the 
first conclusions were drawn and the continuation of the project was de-
cided. 

7.3. Measuring Station Control System 
7.3.1. The first compactRIO system  
CompactRIO is an industrial computer designed and manufactured by Na-
tional Instruments. It is their version of the industrial computer system that 
generally is called Programmable Automation Controller (PAC). The PAC 
from National instruments consists of three major hardware parts: a real-time 
controller, one Field-Programmable-Gate-Array chip (FPGA) located in a 
separate backplane and different input and output modules. 

A FPGA consist of a large number of programmable logical gates. The 
main advantage of FPGA is that all calculations are made in one clock cycle; 
hence, the FPGA is very fast. It is also very stable. The drawback is that it 
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only handles binary values. In the CompactRIO system the fast binary data 
processing in the FPGA is combined with the generality of real time com-
puter system. 

 
Figure 23: The parts of the first CompactRIO system. The real time com-
puter enclosure includes the communication and network connection (a). 
The back plane where the FPGA chip is located (b). Analog input modules 
(c and d). 

The first CompactRIO system used in the measuring station shown in Figure 
23 consisted of: a 4 slot 1MGate FPGA, a 9002 Realtime controller, one 
9201 8 channel analog input module and one 9215 4 channel analog input 
module. The 9201 was used to measure the line voltages from the generator 
at the measuring station. The line voltages are measured over a resistor net-
work because the module only measures voltages up to 10 Volt and the gen-
erator voltage is a few hundred volts. When the measured voltage is damped 
with the resistor network before measuring with the measurement module, 
the noise impact from the module noise on the measured signal is increased. 
Figure 24 shows a voltage measurement of the line voltage close to zero. 
The digital peak to peak noise voltage in the module is 25 mV but as seen in 
the figure it multiplies with the damping factor and becomes about 1 volt of 
the measured real voltage. Luckily the RMS noise is about seven times 
lower. Hence the impact of digital noise on average power calculated from 
measurements with this measuring set-up is not as big problem.  

 
Figure 24: Noise on measurement data 
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In the 20 second example of the voltage output in Figure 25 the noise is not 
visual. The problem with the noisy data has been to detect the zero crossings 
of the generator voltage when calculating the translator speed.   
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Figure 25: Example of output voltage from WEC connected to resistive 
load. 

7.4. Non-linear load 
During the second test period, the measuring station was upgraded with a 
rectification bridge and a huge capacitor bank paralleled with resistive loads. 
The total resistive values that can be selected are 9.17, 13.75, 18.34, and 
27.5 ohm. This system was installed in the measuring station during the au-
tumn 2006 and spring 2007. Electrical circuit is shown to the left in Figure 
26 and the physical implementation to the right.  

 
Figure 26: The measuring set-up during the tests with non-linear load. 
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The upper colored part of Figure 27 shows the voltage from the generator 
before rectification. The horizontal lines show the capacitor voltage. Beneath 
the current is presented, current only appears when the generator voltage is 
higher than the capacitor voltage plus the diode voltage.  

 
Figure 27:  Voltage and currents from the WEC when it is connected to the 
non-linear load. 

7.5. The measuring station during the park experiments 
 2009 
During the wave park experiments the measuring station was fully remotely 
controlled. The control was performed by remotely logging in to a personal 
computer placed inside the station. With a Labview program the station PAC 
was controlled. Another computer was assigned the task to communicate 
with the CompactRIOs in the substation; it was accessed via the first com-
puter. Other peripheral instruments as oscilloscopes were also connected to 
the local network and could be remotely accessed from Uppsala. New loads 
designed for the loading of the substation were mounted on the roof of the 
station. The communication structure is shown in Figure 28. Short periods of 
data could be transferred through the internet but large amount of data 
needed to be transport by a car.   

  
Figure 28: The communication structure of the research area and the data 
transfer to Uppsala 
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8. The Marine Substation 

The marine substation is described in Paper VI, Paper VIII, Paper XI, Paper 
XVI and Paper XVIII. 

8.1. The enclosure  
The marine substation is designed for installation at 25 m water depth at the 
Lysekil Research site. The base material for the enclosure is a 3 bar pressure 
vessel with a volume of 3 m3. This has been equipped with connectors and 
mounting plates welded to the enclosure. Electronics are mounted on these 
plates  

 
Figure 29: The enclosure is bolted and the substation is ready for transport 
in the left picture. The inside of the substation is presented in the middle and 
to the right the switchgear is transported to harbor for service.  

8.2. The electrical system 
8.2.1. The electrical main circuit 
The electrical main circuit of the substation is shown in Figure 30. The 
schematic is shown in (c). The contactors and the transient voltage surge 
suppressors are shown in (a). It is possible to connect all the generators via 
rectifiers (b) or bypass the whole substation and connect one generator to the 
main output. The rectified currents are collected in capacitor storage (d). The 
DC voltage is transformed to AC with the inverter (e) and sent to the trans-
former (f).    
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Figure 30: The main circuit of the first substation. 

8.2.2. Auxiliary Power Supply System  
The substation is powered by 24 volt DC. The distribution system is shown 
in Figure 31. The batteries are charged from the AC output of the substation 
via a transformer and of-the-shelf battery chargers. The distribution circuit 
does not contain any fuses because it is not possible to replace them. Instead 
the power is distributed via diodes and resistors calculated to withstand a 
short circuit. Critical resources are powered from all three 24 volt systems.   

 
Figure 31: The schematics of the 24 volt battery system. 
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9. The control system of the marine 
 substation 

The control system is described in Paper VI and briefly mentioned in Paper 
XVIII and Paper XIX. In Paper VI the substation is denoted Low Voltage 
Marine Substation (LVMS).  

The substation control and measurement system consists of three PACs in-
side the substation and one land based PAC in the measurement station (sec-
tion 7.3). The measured data is stored on the hard disk drive of a land based 
personal computer. The communication structure is shown in Figure 32.  

  
Figure 32: The communication structure including the point to point com-
munication between the substation and the measurement station. 

PAC 1 is a safety and relay control system. PAC 2 forms together with the 
switching transistors and the drivers the inverter, which converts the DC 
voltage to AC voltage. PAC 3 is a dedicated data acquisition system that 
logs WEC data and environmental data from sensors inside the Substation. 
PAC 4 controls the resistive power loads placed outside the measurement 
station. It also measures the voltages and currents in these loads.  
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Figure 33: One PAC (a). Interface card (b). PAC1(c, h). PAC2(d, g).  
PAC3 (e, f). Supply system (i). Modem (j).  

9.1. The safety and relay control system. 
PAC 1 uses only the FPGA section of the PAC. The real-time computer is 
not used to increase system stability. A real-time program consists of many 
processes that depend on each other. There is always a risk that one process 
blocks another process, if this occurs hardware reset might be the only way 
to solve the problem.  

The contactors controlled by PAC 1 are shown in Figure 30(a, c) and 
Figure 31. The PAC is programmed so that the WECs are either switched to 
rectification, or one WEC is connected directly to the output of the substa-
tion and the other is disconnected. The third alternative is that all WECs are 
connected to individual resistive loads.  

From the beginning the protection algorithm in PAC 1 was designed to 
measure the voltage and current in neutral conductor of the WEC. The WEC 
should was to be disconnects from the substation if the current exceeded a 
pre defined value. When the WEC is connected to an unlinear load as a DC 
voltage, the loading of the generator is not symmetrical and the current in the 
neutral conductor is much higher than for a three phase generator connected 
to a symmetrical load. It was decided that the neutral conductor should be 
disconnected. With PAC 1 it is possible to choose one of the five trans-
former outputs. It also controls the power supply to the two real-time sys-
tems. In this way, it is possible to make a manual reset of these systems in 
case of deadlock. It measure temperatures on the rectifier modules and on 
the IGBTs, located inside the inverter, see Figure 30(e). If the temperature 
reaches a critical temperature, the WECs are switched off by PAC 1.  
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9.2. The control of the inverter 
PAC number two controls the conversion of the DC voltage to 50 Hz AC 
voltage. The inverter inside the Substation consists of a PAC, IGBT driver 
electronic and 6 IGBTs, the drivers and the IGBTs are shown in Figure 34. 
The PAC measures the voltages and currents on the DC bus, the IGBT out-
puts and the transformer output. Based on the measured voltages and cur-
rents, it sends pulses to the IGBTs. It also sends the measured values to the 
land based PC that stores the data on a hard disk drive.  

 
Figure 34. The drivers to tle left and the IGBTs beneath the DC supply cop-
per bars to the right. 

9.3. Dedicated data acquisition system 
The third system is a dedicated data acquisition system that measures the 
voltages and currents from each WEC and from sensors placed inside two of 
the WECs and inside the substation. The sampling rate is 256 Hz. The fre-
quency of 256 Hz is chosen because the generator measurements could more 
easily be synchronized with measurements of the buoy described in chapter 
6. 256 is a multiple of the sampling frequency of data logging system inside 
the buoy.  

The dedicated data acquisition system uses two 16 channel differential 
analogue input modules to measure the three phase voltages and currents 
from the three WECs. Two modules are used to measure the sensors in WEC 
2 and one module is used to measure the sensors in WEC 3.    
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10. Sensors and measurements during the 
 park test 

Measurements inside the generators are made with the dedicated measure-
ment system placed inside the substation. The analog output from the sen-
sors was signal-conditioned inside the generator and then sent through a 70 
m twisted pair cable to the substation where it was digitized. The collected 
data was then transferred 3 km with a point to point copper link from the 
substation to the measuring station, where it was stored on a hard disk drive.   

In both WEC 2 and WEC 3: the position of the translator, the magnetic 
flux at the stator teeth, the temperature on the stator segments and water 
leakage are measured. WEC 2 is also equipped with strain gauge sensors 
placed on the metal structure and laser sensors that measure the horizontal 
movement of the translator. Temperature, pressure and humidity inside the 
substation are measured by PAC 3.  

10.1. Position of the translator 
10.1.1. Measurement set-up 
Translator position is measured with a standard wire sensor from Micro Ep-
silon. The translator is seen (resting on a board) in Figure 35(i) and the sen-
sor in Figure 35( f). The sensor is attached to the upper end stop plate of the 
inner mechanical framework via a 50 mm thick rubber mat to protect the 
sensors from vibrations, see Figure 35( f). A hole is drilled in the plate for 
the wire that is fastened to the top of the translator, Figure 35(g). The wire is 
attached to the translator, Figure 35( h).  
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Figure 35: Measurement of the position of the translator in L2. The picture 
is adapted from Paper XIX. 

10.1.2. Calibration 
Two different measurements were the basis for the calibration of the position 
of the stator in the linear generator L2, the stator position relative to the 
translator position, Figure 35(a-c) and the distance from the top of the rod 
piston to the top of the seal housing, Figure 35(d, e). Paper XIX discusses 
the two calibration measurements the Paper suggests that the most accurate 
curve fit is based on the measurement of the length of the piston outside the 
generator. The maximum difference between any of the three linear trend 
lines presented in the paper is 35 mm.  
 
In Paper XIV an error estimation of the calibration of L3 is made. The cali-
bration is based on two measurements; one with the top of the translator and 
the stator in line with each other and one with the translator lowered 500 
mm. The estimated error is 7.17±  mm plus an additional 5.18 % of the 
movement of the translator from the midpoint of the measurements, which is 
55 mm below the point where the translator and the stator centre are in line 
with each other.  
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There are two main reasons for the big error estimation. First the sensor was 
calibrated with a separate voltmeter and not the measuring system inside the 
substation; because of this both the error from the voltmeter and the meas-
urement system must be added to the error estimation. Second the endpoint 
positions of translator could not be measured because of the limited height of 
the overhead crane in the assembly hall. The error with which the calibration 
points were measured will propagate with increasing distance from the cali-
bration points. 

The first value 7.17± mm is the sum of all inaccuracies that are inde-
pendent of position of the stator. It includes: the linearity of the sensor 
( 3± mm), accuracy of the voltmeter and the measurement system, the im-
pact of a 20 degrees temperature shift on the amplification circuit and the 
measurement system.   

10.2. Strain measurements 
Strain was measured on the structure and the enclosure of L2. 

 
Figure 36: Strain gauge placement. 

The inner framework structure consists of four corner pillars connected by 
twelve cross bars distributed between the capsule bottom plate and the upper 
end stop. WEC L2 is provided with strain gauge circuits both for bending 
strain measurements and for uniaxial strain measurements. The placements 
of the sensors are shown in Figure 36 Ch 13 and 14 measure bending strain 
of the capsule wall. The data are used in Paper XXI, most of the other sen-
sors are used for Paper XX.    

The strain gauge amplifying electronics has two major design parts. First 
one discrete amplifier placed close to the strain element amplifies the differ-
ential signal from the measurement bridge. This signal is sent to an instru-
ment amplifier that increases the gain further before the signal is sent to the 
substation, where it is sampled. 
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10.3. Search-Coil sensors 
Basic induction or “search” coils are inductive sensors composed of coils 
based on Faradays law. Air coils are very stable and linear, but their sensitiv-
ity is limited. A low noise preamplifier is usually mounted in close proximity 
to the induction coil, Figure 37(e). The search coil used is designed as 
squares on a two layer printed circuit board (PCB) with ten turns on every 
side, Figure 37(b, d). This design enables two ways of calculating the mag-
netic field. By summing the contribution from each conductor the magnetic 
flux can be calculated by using the formula for a straight wire. To use the 
method of the straight wire, the length of every conductor must be known. 
The other method is to calculate the total area of the coil and from that calcu-
late the magnetic flux. The placement of the sensors are shown in Figure 
37(a, c). 

 
Figure 37: The search-coil measurements. The placement of the search coil 
as seen from above (a). The sensor (b). View from the side (c). Picture of the 
mounted sensor (d). The amplifier circuit (e).    
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10.4. Temperature measurements 
The stator temperature is measured with the precision centigrade sensor 
LM35. The sensor has an output of 10 mV/degree Celsius. Time multiplex-
ing has been used to measure eight different temperatures. In this way only 
one conductor, between the WEC and the substation, has been used for the 
stator temperature measurement. The stator temperature and the air tempera-
ture inside the WEC are presented in Paper XVIII . It was found that  

10.5. Water level and leakage detection 
Sensors were placed inside the WEC to detect water leakage, if a leakage 
found it also measures the water level inside the generator. The water level 
indicator circuit is a rather simple design with four wires installed on one of 
the corner pillars. The wires are cut at four different heights, 25 cm, 50 cm, 
75 cm and 100 cm above the capsule bottom plate. Water contact results in a 
current in the conductor between a voltage source and ground, this current 
that can be detected with an amplification circuit.  

The leakage detector sensors were mounted close to the sealing for early 
detection of leakage. 

10.6. Piston and seal housing displacement 
The piston and seal housing displacement was measured with laser sensors. 
This is described in detail by Strömstedt in Paper XIX. 
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11. Buoy and translator movements 

Paper I, Paper III, Paper IV, Paper XIV, Paper XVII, Paper XXIII describes 
different measurement methods of the buoy motion. 

The Lysekil project is all about converting kinetic energy to electric en-
ergy adapted to be distributed in the electric grid. The first stage is to harvest 
the energy in the ocean wave and transfer it to buoy movement. During the 
experimental period described in this thesis several types of measurements 
of the position of the buoy have been performed.  

In the first force experiment with a buoy connected to a set of springs, de-
scribed in Paper I and Paper XXIII accelerometers were placed inside the 
buoy. Speed can be calculated by integration of the measured acceleration. 
With a second integration position is calculated. Another method to find the 
movement of the buoy in the first experiment is to use the force sensor used 
in the experiment. The length of the springs could be calculated from the 
measured force and the spring constant, this method can not be used with 
experiments when the generator is connected to the buoy [35]. 

Instead the three phase voltage can be used to calculate the position of the 
translator. From the number of zero crossings and the generator pole width 
the distance can be calculated. The phase order gives the direction of motion. 
If the translator position is known the buoy position relative to the generator 
is known when the rope is stretched, translator position calculated with this 
algorithm is presented in Paper IV and Paper VII. 

An observation tower equipped with a camera was installed at the re-
search site to monitor the area and by image analysis track the buoy move-
ment, Paper XIV, [48]. 

The fourth method used at the research site to measure buoy position was 
to attach strain gauges to the enclosure of the wave energy converter, Paper 
XXI. 

11.1. Time and “unnecessary measurements” 
One important task that is easy to overlook when designing individual meas-
urement systems, is the time perspective and time correlation between other 
measurements. This became surprisingly clear when the force measurements 
should be plotted in the same diagram as the generator voltage in Paper IV. 
The curves did not match when we plotted them based on the stored time 
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data of each data series. The reason was that the clock inside a computer is 
not very precise. The time error of a computer clock increases with seconds 
every day. It was impossible to guess how to fit the force measurements to 
the voltage measurements by only using these two measurements. Luckily 
acceleration was measured and logged with the same measuring system as 
the force. Hence the buoy speed could be calculated and compared to the 
speed of the translator.  

11.2. Accelerometer measurements and influence
  of gravity and rotation 
By integrating acceleration twice position is calculated. Integration will in-
duce drifting errors but with a high pass filter the movement can be balanced 
around zero. It is shown in paper XIV that the filter parameters can be found 
that results in good accuracy of the vertical displacement of the buoy. Calcu-
lating the position from horizontal acceleration measurements is much more 
complicated for a buoy moving on the ocean surface. The big problem is 
how to compensate for the disturbance from gravity and how to keep track of 
the two coordinate systems, i.e. the coordinate system of the buoy and the 
earth coordinate system  

The outputs from the accelerometers do not purely reflect the movement 
of the buoy in surge and heave. The measurements are also affected by the 
incline relative to the earth. If the sensor is directed toward or from the earth 
centre the accelerometer will be 100 % influenced by earth gravity. If it is 
shifted exactly 90 degrees there is no influence of gravity. The impact of the 
angle variation is not the same in the horizontal plane as it is in the vertical 
plane. The sensor output due to gravity is a sinus function of the angle to-
wards the earth. Hence the influence of the pitch variation is small around 
the z direction but contribute substantially to the output of the accelerome-
ters in the x and y direction. To compensate for this the buoy angle towards 
the sea surface can be measured. One method is to measure the yaw rate with 
yaw rate gyros. Yaw rate gyros were implemented but the usefulness of 
these could not be evaluated because of a second disturbance parameter, the 
slow and small rotation of the buoy (maximum 180 degrees). It was antici-
pated that the rotation of the buoy could be neglected when calculating hori-
zontal measurements but Paper XIV shows that it can not be neglected. The 
paper also shows that the accuracy of the vertical acceleration measurement 
of buoy movements in this application is good.  
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11.3. Measurement of the buoy position with strain
  gauges placed on the capsule  
Paper XXI describes a very interesting method of measuring the position of 
the buoy. The strain gauge mounted on the generator capsule seen in Figure 
38, measures the bending strain of the capsule.  

 
Figure 38. The placement of the strain gauges for bending strain. 

The horizontal force on the funnel induces tension in the enclosure of the 
WEC. Hence the horizontal force from the wire can be calculated. Together 
with the measured line force between the line and the buoy, the angle of the 
line can be calculated. If the position of the translator is measured, it is pos-
sible to calculate the x, y and z position of the buoy. 

11.4. Optical measurements 
The optical measurements of buoy movement with a camera placed in the 
surveillance tower are thoroughly described in [22] and Paper XIV. An 
overview of the system is given in Paper IV. 

11.5. Comparison of the different measurements 
The presented measurements with the strain gauge sensors in Paper XXI, 
Figure 39(a, b) was performed during a wave climate of 1.3 m on a buoy 
with a 3 m diameter. The presented measurement in Paper XIV, Figure 39(c) 
was measured in a wave climate of about 2 m with a buoy of 4 m diameter. 
It is then from the presented data in the articles not possible to quantitatively 
compare the measurement accuracy of the two measuring methods from the 
published results, but the measurements with the smaller waves measure less 
movement than the measurement performed in a wave climate with higher 
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waves. The maximal horizontal movement as seen from the position of the 
camera is about 4 m and the maximum movement measured by the strain 
sensors is about 2 m. In Paper XIV the accelerometer measurements are 
evaluated and compared with the optical measurement and the translator 
motion. The calculated vertical motion shows good agreement with the other 
measurement methods. The calculated horizontal movement from acceler-
ometers over estimates the motion mainly because of the rotation of the buoy 
that could not be compensated for. 

 
Figure 39: The measured position with strain gauges @ Hs=1.3 m (b) and 
the line angle (a). The horizontal position as seen by the camera @ Hs=2 m 
(c). 
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12. Comments on presented power data from
 one single generator 

Power output from one generator is mainly presented in Paper II, Paper VII, 
Paper XII (Journal version of Paper B) and Paper XXIV. 

12.1. Power absorption with resistive linear load 

 
Figure 40: The absorbed power, presented in Paper II (Applied Physics Let-
ters, 90:034105, 2007). 

The data presented in App. Phys. Lett, Paper II and Figure 40 called the 
“absorbed power” is calculated from the measured line voltages at the meas-
uring station.  The in addition to the produced power, resistive losses origi-
nating from the winding resistance and the sea cable is included in “absorbed 
power”. All other losses, as for example the friction between the stator and 
translator and losses in the magnetic circuit are not included. Hence the 
power absorbed by the WEC is higher than what is presented in Figure 40.  
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12.2. Power absorption with a unlinear load 
In Paper VII, Paper IX and Paper XII the WEC connected to a rectifier and 
then loaded with a smoothing capacitor in parallel with a resistive load. The 
measurement set-up is described in section 7.4. Figure 41 presents the ab-
sorbed power. The phase voltages and currents are measured before rectifi-
cation inside the measuring station and power is calculated from these meas-
urements. The electrical losses are calculated from the measured currents 
and the known resistance of the sea cable and the generator winding.  

Out of the tested loads, most power is absorbed when the one with the 
lowest resistance is connected in parallel with the capacitor. More data is 
needed to draw a conclusion about an optimum load in high energy states.  

The benefit of the capacitor storage is that the power peaks from the gen-
erator can be absorbed and smoothened. The drawback is that no power is 
absorbed when the voltage from the generator is lower than the capacitor DC 
voltage. A common DC bus is also a simple way to aggregate generators.  

The first time I saw the voltage and currents originating from the genera-
tor connected to the unlinear load, it became very clear that Newton’s third 
law “To every action there is always opposed an equal reaction” is superior 
and governs any other application formulas. The force in the rope ends are 
the same and there is a balance between force from the wave working on the 
buoy and the force in the generator governed by Lenz’s law “An induced 
electromotive force (emf) always gives rise to a current whose magnetic field 
opposes the original change in magnetic flux”.  The instant voltage on the 
DC bus will limit the voltage from the WEC as seen in Figure 27.  To match 
the speed of the buoy and the force working on it the current is varied in-
stead of the voltage, as seen in Figure 25.  

 
Figure 41: The power from the generator in the non-linear load experiment. 
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Figure 42: Absorbed power from the generator at DC load, relative to sig-
nificant wave height. 

12.3. Generator power output 
In the first papers focus is on power absorption of the available energy in the 
waves. The achievements that the early papers describe have had a very im-
portant impact on the general view on wave power as one of the sustainable 
energy sources for the future. When the technology matures, the focus must 
change towards system design to achieve efficiency, durability and service-
ability. The ultimate goal is long term energy production. In Paper XXIV the 
data from the first experiments is presented with focus on the produced- 
instead of the absorbed power. Generator output is related to significant 
wave height instead of the energy flux. The delivered power at the generator 
output is presented in Figure 43. In a commercial wave power park the 
losses in the cable from the generator to the substation should be low be-
cause the WEC is located close to the substation. Therefore the 3 km cable to 
the measuring station is seen as part of the load.    
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Figure 43: The output power from the generator without any losses added (x 
on purple squares). 

For a brief comparison between the figures in this chapter, the transfer func-
tion between significant wave height and energy flux can be approximated 
with equation 16. It is based on the measured wave climate at the research 
site in March 2007.  

210558795569 2
2007 +−≈ ssMarch HHfluxEnergy  (16)  

The power output in Figure 43 increases up to a significant wave height of 
almost 2 m corresponding to an energy flux of 12 kW/m. Above this level 
the absorbed energy shown in Figure 40 continues the smooth reduction of 
power absorption. However the output power in Figure 43 shows a much 
steeper change in the output above a wave height of 2 m. 

The simulation results presented in Figure 43, show the behavior of the 
WEC if the buoy would follow the motion of the water surface. Simulations 
are done with and without inductance and limited stroke length. The mag-
netic and other losses are omitted in the simulation.  
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12.4. Power calculations from L2, L3 
When the generators are loaded with resistive loads different methods can be 
used to calculate the power.  If the output voltage can be assumed to be a 
balanced three phase voltage the load can be delta-Y transformed and the 
phase voltages can be used. This is accurate for a perfect sinusoidal and bal-
anced three phase voltage, but if the three phase output is not perfect the 
calculation introduces errors. The correct method would be to calculate the 
voltage over each load or by use phase currents and phase voltages. The 
correct method must be used if one phase is shifted 180 degrees as the case 
was with L2 and L33. 

The importance of this phenomenon is shown in Paper XXII were the 
damping factors for the three WECs are calculated when they are connected 
to equal resistive loads. “The damping factors applied to the WEC genera-
tors of L1, L2 and L3 during the second experiment of 19.7 days (linear 
damping) were 16.2, 7.4 and 7.3 kNs/m, respectively, all with the accuracy 
of +5%. These were calculated from 12 1-min raw data files sampled at 256 
Hz”. 
 

 
 

                                                 
3 WEC L2 and L2 were faulty assembled.  
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13. Power smoothening effects from two or 
 more WECs. 

The power smoothing effect of many WECs in a wave power park described 
in chapter 2.2 is evaluated in Paper XXII. The effect of power smoothing is 
described with two generators connected to the DC bus of a submerged sub-
station. The effect is also evaluated with three generators connected to indi-
vidual resistive loads. The measurements were done with the measuring 
system inside the substation.  

 
It was found that the electrical power from an array of directly driven point 
absorber WECs calculated from 88 min of data in a 4.6-kW/m sea state was 
found to be smoother than that from individual array members. The standard 
deviation of electrical power was reduced by 30% as a mean for converters 
L2 and L3. Results from a 19.7-day record, taken in mixed seas of mean 
intensity 2.24 kW/m (a maximum 20.6 kW/m), show that the reduction in 
standard deviation of electrical power was 80% as a mean for an arbitrary 
device in the three-WEC array.  

13.1. Discussions about power smoothening effects 
  and the outline of the collecting system 
The outline of the collecting system was described by Thorburn [13], [29].  
Theoretically the specification of this voltage could be the same as for the 
grid connection point, but that has some drawbacks. Most often the grid 
connection point is an alternating current system. There is then a need of one 
inverter for each single generator to convert the varying frequency from the 
individual generator to one fixed common frequency. This inverter has to be 
designed to handle the maximum power from each generator, or some of the 
energy is lost. If the power from all generators could be collected on a com-
mon bus before the voltage is adapted to fit the grid voltage, the rating of the 
inverter is based on the peak power that should be transferred from the DC 
bus. The rating of the inverter connected to a common DC bus may be lower 
than the total rating of inverters connected to individual WECs.  
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14. Results from force measurements  

Results from the dedicated force measurements are presented in Paper 
XXIII. Trend-lines for the average and peak values during the experiment 
period is presented in Figure 44. The slope of the peak line is about ten 
times the slope of the average line. The highest measured force was 84.5 kN, 
that is 26 % above the trend at Hs=1.94 m. The highest measured force with 
a WEC connected to the buoy shown in Figure 14 was 148 kN at a wave 
height of about 2.5 m. 

 
Figure 44: Trend-lines for half hour bins of force data. 

Figure 45 shows the number of peaks at different wave heights. When the 
wave height is low there are many peaks because the frequency of the waves 
is high. When the wave height increases the force of the peaks increases. 

Figure 46 shows a bubble diagram that displays the number of peaks as a 
function of both wave height and wave period. Three regions can be clearly 
distinguished. In the lower left, the wave height is low and the energy period 
is short. In the upper left only forces lower than 10 kN are detected. In this 
region Te is longer and Te peak is of the same magnitude, hence this region 
consists mainly of swell waves. Between the two areas there exist wave cli-
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mates with both swell and wind generated waves. Waves resulting in the 
maximum forces have a high wave height and energy period between 5 and 
6 meters. Waves generated purely by local winds are probably distributed 
along a line connecting the lowest energy periods for each measured wave 
height. Swell and combinations of swell and wind generated waves are likely 
to be above this line. 

 
Figure 45:  Number of peaks at different wave height. 

 
Figure 46: Number of peaks as a function of wave height and wave period. 
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14.1. Peak and average power 
The peak force and the repeating medium forces are very important as input 
parameters for the mechanical design of the WEC. The design parameters 
for the power collecting system are the currents and the voltages from the 
WEC. Peak power and average power are the key parameters. These parame-
ters are the most important for the design of the collecting substation but all 
the connections between the WECs and the onshore grid connection point 
are influenced. Paper XXIV tries to evaluate the first WEC as a power 
source. In Figure 47 the power output from the generator are presented in 
relation to the wave height divided in bins of 0.1 m. Peak and average output 
power are calculated and displayed. The relation between peak and average 
is also displayed. At low wave heights the peak power can be more than 50 
times the average power, this is not very important because the power is low. 
What is very important is that the relation between average and peak power 
is high when the energy state in the sea is high. For the bin with the highest 
wave height measured the relation is 17.    

 
In Figure 48 simulation of the generator following the vertical motion of the 
waves is presented. Different generator parameters are excluded to show the 
impact of the parameter. The simulation may help to interpret the results 
from offshore measurements presented in Figure 47 and Figure 43. The 
tendency of the results from the simulations was expected but it was a sur-
prise that it was this clear. The inductance will decrease the peak to average 
relation. The stroke length will increase the peak to average relation starting 
a significant wave height 30 percent lower than the stroke length. The simu-
lation with the same stroke length and inductance as the real generator show 
good agreement regarding the peak to average value.   
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Figure 47: Measured peak and average power output from WEC. 

 
Figure 48: Simulated peak to average output with parameters from the first 
WEC. 
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15. Summary of Papers 

Paper I 
Experiments at Islandsberg on the West Coast  of Sweden in Prepara-
tion of the Construction of a Pilot Wave Power Plant 
The author contributed to the building of the experimental set up together 
with the first author. The author designed and built the measurement system. 
The author also was been responsible for the collecting of the measured data.  

Paper II 
Experimental results from sea trials of an offshore wave energy system 
This is the first paper that was published on the results of the WEC L1. The 
information covers two and a half month of data from the WEC operation in 
a range of sea states and with various loads connected to the generator. The 
paper was the first to verify the studied concept for wave energy conversion. 
It showed energy absorption dependency on load and demonstrated voltage 
and power output. The results indicate that optimal load does not vary with 
wave climate.  

The author was a member of the design team that carried out the experi-
ment. The author was involved in the design discussions regarding the WEC 
and the assembling the WEC. The author played one of the leading roles in 
building the onshore infrastructure for securing the measurement data that 
resulted in this (pioneering) paper.  

Paper III 
Wave power absorption: Experiments in open sea and simulation 
In this paper, experimentally collected data of energy absorption for different 
electrical loads were used to verify a model of the wave power plant that 
includes the interactions of wave, buoy, generator, and the external load 
circuit. 

The wave-buoy interaction was modelled with linear potential wave the-
ory. The generator was modelled as a non-linear mechanical damping func-
tion that is dependent on piston velocity and electric load. The results 
showed good agreement between experiments and simulations and potential 
wave theory was found to be well suited for the modelling of this point ab-
sorber in normal operation as well as for the design of future converters.  

The author was a member of the design team that carried out the experi-
ment and had extensive reasonability for the collection of experimental data. 
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Paper IV  
Wave energy from the North Sea: experiences from the Lysekil research 
site 
This paper was the first paper that provided a detailed and thorough over-
view of the Lysekil research site. One of the objectives of the paper was to 
present the different research areas in the group within the same paper to 
give an overall picture of the project. The initial studies of wave height at the 
research site started 2004. Almost a full year of sea states, as measured by 
the wave measurement buoy, is presented with the conclusion that the aver-
age energy flux during 2007, excluding August, was 3.4 kW/m. The initial 
force measurement experiment is described. The installation of the WEC in 
the spring of 2006 is illustrated, and the paper includes a discussion on envi-
ronmental studies at the site and some results on the artificial reefing effects 
of the installed WEC. Time synchronised data from measurements inside the 
buoy (vertical buoy speed and line force) are presented together with volt-
ages and power from the WEC connected to a resistive load. The vertical 
buoy speed is calculated from measured acceleration. Furthermore, power 
and voltage when the WEC is connected to a non-linear load is presented.  

The author contributed to the written material: the text about the measur-
ing station, the text about the WEC output and forces, the time synchroniza-
tion of the measurement data, the text about the force measurement and being 
involved in the discussion section and the conclusions. The vertical buoy 
speed was essential to synchronise the measured force with the output from 
the generator, the author did this calculations. The author also contributed to 
the article with pictures and participated in the work with the experimental 
set-up at the Lysekil research site. 

Paper V 
Catch the Wave to Electricity - The Conversion of Wave Motions to 
Electricity Using a Grid-Oriented Approach 
The paper describes the challenges in wave power research and the different 
verification stages in the process that resulted in conversion of wave motion 
to electric energy.  

The author played one of the leading roles in the second stage of the veri-
fication process, the measurements of the forces in the line between a buoy 
with a diameter of 3 m attached to a set of powerful springs located on a 
concrete foundation on the ocean floor. The author was also a member of the 
team that carried out the successful experiment that converted wave motion 
to electricity. 
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Paper VI 
Description of the control and measurement system used in the Low 
Voltage Marine Substation at the Lysekil research site  
This paper describes the design of the control and measurement system used 
in the substation. The control system was developed on The National In-
strument CompactRIO platform consisting of a real-time controller with 
real-time operating software, one FPGA chip and different input and output 
modules. Three CompactRIO systems were placed inside the substation. 
Each system is dedicated to one task. One system controls the contactors in 
the substation and disconnects the WECs if there is a faulty current. The next  
system logs: voltage, current and sensor data. The last system controls the 
switching of the IGBT that convert a DC voltage to alternating voltage.  The 
result shows how the control system can manage to control the inverter in a 
laboratory experiment. 

The author is the main author of the paper and has written the paper and 
constructed the signal conditioning hardware and written all application 
software code. The paper was presented orally by the author at the 8th Euro-
pean Wave and Tidal Energy Conference, EWTEC, 7–10 September, Upp-
sala, Sweden, 2009. 

Paper VII  
Study of a Wave Energy Converter Connected to a Nonlinear Load 
This paper focuses on how the generator operates, i.e. how it moves and 
produces power when it is connected to a rectifier and a filter. The results 
show that a smooth power can be achieved with only one direct driven linear 
generator. The absorbed power will increase when the resistive value of the 
load is decreased. (The paper has been on the IEEE Journal of Oceanic En-
gineering “top ten accessed articles”-list from June to October 2009 (except 
for August) and in January 2010.) 

Besides assisting in the expansion of the equipment in the measuring 
cabin to perform the nonlinear loading of the generator, the author has con-
tributed to the article by a thorough review of the text. 

Paper VIII 
Laboratory experimental verification of a marine substation 
In this paper, the initial testing of the interconnection of several PMSGs on a 
common DC-bus is made by means of an offshore underwater substation. 
The paper presents laboratory measurements from the interconnection and 
the results are compared with simulations in MATLAB Simulink. The elec-
trical system of the substation in explained and the way the interconnection 
will work in offshore operation is discussed. It is emphasized that the DC-
bus voltage level will determine at which LG translator speed the buoy mo-
tion of the WEC will start to be damped.. 
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The author was one of three people that had a leading role in the design 
and implementation of the tested substation. This paper was presented by the 
author at the 8th European wave and tidal energy conference, EWTEC, 7-10 
September, 2009. 

Paper IX 
Design proposal of electrical system for linear generator wave power 
plants  
Paper IX presents two different marine substation designs, one built and 
developed by Uppsala University and one built and developed by Seabased 
Industry AB. Power data from L1 are presented during a three month period 
and the difference between a linear load and a non-linear load is discussed. 

The author worked with the design and implementation of one of the de-
scribed substations.  

Paper X 
Determining the service life of a steel wire under a working load in the 
Wave Energy Converter (WEC) 
The service life of the steel wire appears to be a very important characteristic 
for the WEC. In order to prevent metal-to-metal contact between the steel 
wire and a funnel, the steel wire was impregnated in a black high density 
(HD) jacketing compound. The paper describes the result from a full-scale 
experiment of the dynamic behaviour of the steel wire under a working load 
in the WEC.  
The author has contributed with the presented force, voltage and power data 
and has thoroughly discussed the data presented in the figures with Dr Savin. 

Paper XI 
Offshore underwater substation for wave energy converter arrays 
The paper takes an engineering approach and gives as such a description of 
most of the important aspects on the design, implementation, deployment, 
recovery and maintenance of the substation. It elaborates on various design 
considerations and explains the various systems in the substation in detail. 
Results from initial laboratory measurements using two PMSG are compared 
with simulations. Results from interconnection of two WECs in offshore 
operation in the Lysekil wave energy research site are shown and the differ-
ence between these and the laboratory measurements are discussed. 

The author was involved in building and testing the substation. 
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Paper XII  
Experimental Results From an Offshore Wave Energy Converter 
In this paper, the performance of the WEC is investigated at different 
nonlinear loads. The results show what impact the damping of the WEC has 
on the power production. The highest absorption reached was about 26% and 
the average absorption was 5–10%.  

The author contributed to the experimental set-up at the Lysekil Research 
site. 

Paper XIII 
Description of a Torus Shaped Buoy for Wave Energy Point Absorber 
The paper discusses the dynamics of the WEC system. Added mass for a 
sphere buoy and a torus buoy are presented and discussed.  

The author designed the three point force measuring system used on the 
torus buoy.     

Paper XIV 
Wave Buoy and Translator Motions—On-Site Measurements and  
Simulations 
In the process of improving the concept in the Lysekil project, it is important 
to be able to quantify and predict several different entities in the wave en-
ergy converters. This paper has an engineering focus, and its aim is to com-
pare different ways of measuring buoy motion, as well as relating these 
measurements to simulations made in Simulink. Buoy motion was measured 
using a land based optical system, and a buoy based accelerometer system. 
The measurements were found to correlate well in the vertical direction. 
However, in the horizontal direction the difference was substantial. The 
main reason for this was that the buoy rotation about its axis of symmetry 
was not measured. In a first comparison, the simulations and the measure-
ments showed good agreement. Further on translator position inside the gen-
erator was measured and compared with simulations and buoy motion. 

The author has been very much involved in the discussions with the first 
author and contributed with: text, data processing and a figure about the 
accelerometer measurement. The author has also contributed with the  meas-
urement of translator position. 

Paper XV 
Ocean wave energy absorption in response to wave period and ampli-
tude – offshore experiments on a wave energy converter 
The ability of a wave energy converter to capture the energy of ocean waves 
has been studied in offshore experiments. This study covers 50 days during 
which the converter was subjected to ocean waves over a wide range of fre-
quencies and amplitudes as well as three different electrical loads.  
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The results present the wave energy converter’s energy absorption as a 
function of significant wave height, energy period and electrical load. It is 
shown that the power generated overall continues to increase with wave 
amplitude, whereas the relative absorption decreases towards the highest 
periods and amplitudes. The absorption reached a maximum of approxi-
mately 24% with the used combination of buoy, generator and electrical 
load. Absorption to cover for iron and mechanical losses has not been in-
cluded.  

A brief study of the nature of the electromagnetic damping force has also 
been included in the study. The wave energy converter is of the technology 
that is being researched at Uppsala University and experimented on off the 
Swedish west coast at the Lysekil wave energy research site. 

Published in IET Renewable Power Generation Received on 15th July 
2010 

The author has contributed to the experimental set-up. 

Paper XVI 
Lysekil Research Site, Sweden: A Status Update 
The paper presents a status update of the Lysekil project since 2008. The 
paper includes also important results and areas of further research. It in-
cludes a short description of 11 WECs, of the floating buoys connected to 
the WECs, the different connection lines as well as information about the 
marine substation, the observation tower and the measurement results.  

The author was deeply involved in the development and construction of 
the sensor system mounted inside WEC L2 and WEC L3 as well as in the 
development and construction of the measurement and control system placed 
inside the substation. The author was also main responsible for collecting 
and securing data from the research site. 

Paper XVII 
Sensors and Measurements inside the Second and Third Wave Energy 
Converter at the Lysekil Research Site 
The paper presents an overview of the sensor system and interactions of the 
measurements in the WEC L2 and L3. The WECs were instrumented with 
sensors for the measurement of the translator position, magnetic flux, tem-
perature, rod piston vibrations and structure strain. Signals from the sensors 
were converted to electrical signals, amplified inside the WECs and sent via 
a cable to the substation. In the substation, the analogue signals were digi-
tized. A correlation between different signals was found.  

The author was the main author of the paper and the poster. The paper 
was presented in a poster session at the Ninth European Wave and Tidal 
Energy Conference EWTEC, 2011. 
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Paper XVIII 
Temperature measurements in a linear generator and marine substation 
for wave power  
The temperatures in the WEC and in the marine substation are studied in the 
paper. Two different experiments are presented. In the first experiment, the 
temperature was measured in the WEC during 34 hours. The sea state was 
quite good during the experiment, 15 kW/m. In the second experiment the 
temperatures were also measured in the substation during 158 minutes. No 
drastic temperature increase was found in the two experiments. 

The author has implemented the measurement system and the sensors that 
have med used. The author has also written the part about the calibration. 

Paper XIX 
A Set-Up of 7 Laser Triangulation Sensors and a Draw-Wire Sensor for 
Measuring Relative Displacement of a Piston Rod Mechanical  
Lead-Through Transmission in an Offshore Wave Energy Converter on 
the Ocean Floor 
The wave energy converter in contains a piston rod mechanical lead-through 
transmission for transmitting the absorbed mechanical wave energy through 
the generator capsule wall while preventing seawater from entering the cap-
sule. A set-up of 7 laser triangulation sensors has been installed inside the 
WEC to measure relative displacement of the piston rod and its correspond-
ing seal housing. A draw-wire sensor has also been set up to measure trans-
lator position and the axial displacement of the piston rod. The paper gives a 
brief introduction to the Lysekil research site, the WEC concept, and the 
direct drive of WEC prototype L2. A model of operation for the piston rod 
mechanical lead-through transmission is given. The paper presents sensor 
choice, configuration, adaptation, mounting, and measurement system cali-
bration along with a description of the data acquisition system. Results from 
60 s measurements of nominal operation two months apart with centered 
moving averages are presented. Uncertainty and error estimations with sta-
tistical analyses and signal-to-noise ratios are presented. Conclusions are 
drawn on the relative motions of the piston rod and the seal housing under 
normal operating conditions, and an assessment of the applicability of the 
measurement system is made.  

The author contributed with the measurement system; from the analog 
output of the laser sensor until the measurement data is secured on a hard 
disk drive. The author also contributed with the implementation of the trans-
lator position measuring system. 
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Paper XX 
Estimation of Stress in the Inner Framework Structure of a Single 
Heaving Buoy Wave Energy Converter 
This paper presents a method for strain measurements in the inner frame-
work structure of the single heaving buoy Wave Energy Converter (WEC). 
The study focuses on estimation of stress in the inner framework structure of 
the WEC using strain measurements in material. Among the results the time 
histories of stresses and forces and bending moments. The objective is to 
extrapolate this study to other forms of Wave Energy Converters. This paper 
is a step towards the future design of wave energy devices in terms of mate-
rial aspect, survivability in a hard wave climate and cost-effective renewable 
energies. 

The author played a leading role together with the first author of the paper 
in the installation of sensors for strain measurements on the inner framework 
structure of the WEC L2. One very important task performed by the author 
was the design of the low noise amplifiers used to amplify the signal from 
the strain sensors. A large and time-consuming effort were put into finding 
the right gain of each sensor before the analog signal was transferred to the 
substation. 

Paper XXI 
Azimuth-inclination angles and snatch load on a tight mooring System  
This paper presents a method for the measurement and evaluation of the 
normal force on the guiding system. The experimental data allow us to de-
fine the inclination and azimuth angle between the generator and the floating 
buoy. The inclination angle is one of the key parameters for the design and 
the construction of the outer structure. The azimuth angle allows the evalua-
tion of the direction of the loading on the guiding system. The inclination 
and azimuth angles allow the reproduction of the position of the floating 
buoy on the water surface. 

The author played a leading role together with the first author of the paper 
in the installation of sensors for strain measurements on the capsule of WEC 
L2. The main structure of the measurement method and how it could be 
implemented arose in discussions between the first author of the article and 
the author of this thesis. The author has also helped with line force data and 
time synchronisation between the line force data and the strain measure-
ments. 

Paper XXII 
Experimental results from the operation of aggregated wave energy 
converters 
Wave energy comes in pulses and is unsuitable for direct conversion and 
transmission to the grid. One method to smooth the power is to deploy arrays 
of wave energy converters (WECs), the geometrical layout and damping 
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optimisation of which many have studied analytically and numerically, but 
very few by experiments at sea. In this study, the standard deviation of elec-
trical power as function of various parameters is investigated. Two offshore 
experiments have been conducted. During the longer run, three WECs were 
operated in linear damping during 19.7 days. It is shown that the standard 
deviation reduces with the number of WECs in the array up to three WECs. 
The reduction compared to single WEC operation was found here to be 30 
and 80% with two and three WECs, respectively, as a mean for an arbitrary 
array member. It is found that in sea states above 2 kW/m, the standard de-
viation is independent of sea state parameters. This is contradictory to a pre-
vious study on the same device. The results are, however, in accordance with 
numerical results of the SEAREV device but show larger reduction in stan-
dard deviation with number of WECs. This could be because of suboptimal 
damping conditions 

The author contributed to the design of the marine substation and the col-
lection of data. The author also investigated the individual damping factors 
of the three WECs used in the experiment.  

Paper XXIII 
Peak Force Measurements on a Cylindrical Buoy with Limited Elastic  
Mooring 
This paper investigates the line force of a moored floating buoy. The ex-
periment was the first experiment made at the Swedish wave energy research 
area located close to Lysekil on the Swedish west coast. The Lysekil project 
is run by the Swedish Centre for Renewable Electric Energy Conversion at 
Uppsala University. The experimental set-up consists of a cylindrical buoy 
with a diameter of 3 m and a height of 0.8 m. The buoy is moored with a line 
connected to a set of springs in parallel with a rope. The rope in parallel with 
the springs represents the limited stroke length of a linear generator type 
wave energy converter. The measurement system consists of a force trans-
ducer between the buoy and the rope, a three axis accelerometer inside the 
buoy and a data logger remote operated through the GSM network. The peak 
forces related to the significant wave height showed a trend of 33 kN/m. 
Trends were also calculated in 10 kN bins. The data could be used in fatigue 
simulations of similar devices. The result was very important to set the me-
chanical design parameters of the first wave energy converter that was de-
ployed at the Lysekil Research Site in March 2006.  

The author is the main author of the paper and has written the paper and 
retrieved the data that it is based on.  
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Paper XXIV 
A Study of the Possible Power Extraction from a Point Absorbing Wave 
Energy Converter 
Today there exist several different ongoing wave power projects around the 
world. One of them is carried out by researchers at Uppsala University, 
Sweden. The concept is based on a point absorbing wave energy converter 
(WEC). A buoy is placed on the ocean surface and connected to a direct 
driven linear generator placed on the seabed. When the buoy moves with the 
waves, the moving part of the generator will move and a voltage is induced 
in the stator windings. The speed of the moving part will vary between zero 
and a peak value twice every wave period. The maximum speed and also the 
power depend on the wave height, the wave length and the damping of the 
generator. Moreover, the maximum speed of the real sea wave will be differ-
ent for every wave period. Thus, the electrical system must be designed to 
handle the peak power that the generator generates even though the average 
power is significantly lower. This paper aims to investigate the difference 
between the peak power and mean power further. An analytical investigation 
of the possible maximum and mean power extraction of the WEC is per-
formed. A comparison and discussion between the analytical results and 
results from experiments are presented. Moreover, the ongoing research 
activities at the university's research site are presented. 

The author is the main author of the paper. The author has written the text 
and produced the figures. The author also made the simulations and proc-
essed the experimental raw data.  
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16. Conclusions 

This thesis describes how the experiments at the Lysekil Research Site for 
wave power have been carried out. Collected data from the experiments 
were used to verify the theoretical models simulated in previous work at the 
department. The theoretical and practical results indicate that wave power 
has the potential to be implemented as a sustainable energy source for the 
future. 

The key finding is that it has been shown possible to transform the mo-
tions of ocean waves into electrical energy and distribute it to solid ground. 
This process includes many conversion stages; each conversion must be 
carried out effectively and with durability, for the technology to be long time 
profitable. The author has been involved in developing technology to per-
form these steps. 

During my time as a graduate student, we have transferred energy to the 
on shore measuring station in two ways: The first way it was implemented in 
was by connecting the output of one generator directly to a cable whose 
other end was connected to the loads placed at the measuring station.  

The second implementation was by rectifying the AC voltage from each 
of three generators and connect all three to a common DC bus in a substation 
placed on the ocean floor close to the WECs. The aggregated energy is 
inverted to alternating voltages and transformed to a higher voltage before it 
is distributed to the on shore measuring station.  

16.1. The control system 
I have had special responsibility for measurement and control system of the 
substation. The control system implemented in the substation was more than 
a simple system that controlles the on and off of the generators in the main 
circuit. It also included control of the transformation of voltage from the DC 
voltage of 50 Hz AC voltage.  

The computer used; a CompactRIO manufactured by National 
Instruments, forms together with transistors and filters an inverter. This 
system has become "de facto standard" at the department of Electricity when 
inverting voltages. 
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16.2. Measurements inside the buoy 
The first measurement arrangement was designed to measure the force in a 
rope between the buoy and a package of springs. The package of springs 
affects the buoy in the same manner as a WEC if it does not dissipate any 
power. This measurement circuit consists of a force transducer, a signal am-
plifier, a data logger and a GSM modem. In addition to the force in the line, 
buoy acceleration was measured. The basic design of this measurement set-
up is reused in full-scale WEC experiments.  

The main reason that it is problematic to convert the energy in ocean 
waves into other energy forms is that energy is randomly dispersed in time. 
This has the consequence that the average power of the waves is much 
smaller than the maximum power. 

16.2.1. Force measurements 
The results of test of force shows the variations between peak and average 
force. The measured force data from the first experiment was divided in half-
hour bins. The mean and the maximum measured force was calculated 
within these bins. The maximum measured force in the line, when the buoy 
motion is limited by a stiff stopper rope is ten times the average force in that 
particular sea state, if compensation is performed for the static lifting force 
of the buoy. 

The frequency of the peaks, as well as the strength of each peak are 
investigated. At half-meter-high waves, it is a peak roughly every three 
seconds. When the wave height increases, the number of peaks increases. If 
only the wave lengt was concidered the peaks shuld become fewer as the 
wavelength increases. One reason that the number of peaks does not 
decrease is oscillations when reaching the top limit. Another is that the real 
water waves contains many different frequencies and peaks are detected 
even if it is not the highest peak whitin the wave. 

16.2.2. Measurements of buoy movement 
One area that is studied and measured in detail is the buoy motion. An 
important early measurement result was the vertical acceleration of the buoy, 
this measurement gives, after integration, buoy velocity and position. When 
the voltage data from the generator is to be interpreted it helps a great deal if 
the direction of the buoy is presented. The translator position in two of the 
WECs have been measured, it gives almost the same information but there is 
a problem. Measuring a quantity on the inside of a wave power plant is a 
rather expensive and difficult operation, because the signal must be 
transmitted to the shore or to an external mast for radio transmission. An 
accelerometer measurement inside the buoy is implemented relatively 
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simple. It is also durable because all the parts: accelerometer, logger, 
antenna, battery, do not move relative to each other. 

This has however been a problem when the line force was measured, be-
cause the force transducer is constantly changing its angle towards the buoy. 
The sensor cable is repeatedly flexing and if it is not properly designed it 
will wear out and break.  

On the inside of one of the generator housing strain gauges are mounted. 
Together with the measured force in the rope we were able to calculate the 
buoy position in the horizontal plane, which is not possible with a simple 
accelerometer measurement. Accelerometer measurements in the horizontal 
plane are much more influenced by buoy motions in other directions than the 
measured direction; than vertical measurements are. Angular displacement 
of the buoy affects the influence of Earth's gravity on the measurement. 
Buoy rotation affects the measured value picked up by the sensor. 

16.3. Relation between peak energy and average 
  energy 
In the latest article, the average power from a WEC is compared with the 
maximum power. For small waves the ratio is large, up to 50 times. This is 
not very important as energy is small. What has much greater significance is 
that the peak power is up to 20 times greater than the average power in a 
wave height about three meters.  

A simulation in the same article examines how the alternator stroke and 
generator inductance affects the relationship between the maximum output 
power and average power. When the waves are higher than the stroke length 
of the translator the ratio increases because the energy is delivered in a 
shorter amount of time. When the inductance increases, the ratio is lowered 
because the WEC delivers less power at high frequencies because of the 
change in impedance. 
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17. Svensk sammanfattning 

Den här avhandlingen berättar om hur experimenten vid Lysekils forsk-
ningsområde för vågkraft har utförts. Insamlade mätdata har använts för att 
verifiera teoretiska samband som modulerats vid Elektricitetslära, Uppsala 
universitet. De teoretiska och praktiska resultaten har visat på att vågkraft 
har förutsättningarna att implementeras som en hållbar energikälla för fram-
tiden. 

17.1. Varierande energikälla 
Vi har länge känt till att det finns mycket energi i havsvågor. Under de se-
naste århundradena har många kommit med idéer om hur vågenergi ska tyg-
las, men endast mycket små energimängder har kunnat omvandlas till att 
utföra ett arbete. Den första som lyckades omvandla vågenergi till användbar 
energi var Yoshio Masuda som 1965 kunde utvinna energi från vågorna och 
använda denna energi för att driva en navigationsboj.  

Den största anledningen till att det är problematiskt att omvandla energin i 
havsvågor till en annan energiform, är att energin är slumpmässigt utspridd i 
tiden. Detta får konsekvensen att medeleffekten från vågorna är mycket 
mindre än den högsta effekten. Det är så inom varje våg, eftersom varje typ 
av vågenergi-omvandlare som hittills konstruerats endast omvandlar rörelse 
energi eller läges energi i vågen. Det är också så inom en tidsperiod av ett 
antal vågor att medeleffekten är lägre än effekten i den största vågen, efter-
som varje våg har olika höjd och längd. När tidsspannet som analyseras ut-
ökas till att gälla månader och år skiljer sig medelenergin även mellan olika 
timmar på grund av att vinden som är upphovet till vågor, blåser från land 
eller mot land och ibland inte alls. 

17.2. Mitt arbete 
Min tid på Elektricitetslära inleddes med att bygga ett experiment för att 
mäta kraften i vågorna vid experimentområdet utanför Lysekil. Jag var med 
om byggandet av det första vågkraftverket som testades. Jag har haft ett spe-
ciellt ansvar för mätstugan som tar emot energin från testerna som utförs ute 
till havs. Jag har varit med i det team som konstruerat det första ställverket 
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som placerats under vattenytan med uppgift att sammanlagra energi från 
flera vågkraftverk. I detta projekt har jag haft speciellt ansvar för mät och 
styrsystemet av anläggningen. De generatorer som testades tillsammans med 
ställverket var försedda med många olika givare. Alla dessa givare och mät-
data från dem var jag på något sätt inblandad i.  

17.3. Mätningar med sensorer och datalagring inuti 
   bojen 
Den första mätuppställningen som byggdes, var avsedd att mäta kraften i 
linan mellan bojen och ett fjäderpaket fastsatt på havsbotten. Fjäderpaketet 
påverkar bojen på liknande sätt som en våg-energi-omvandlare som inte 
levererar någon effekt. Denna uppställning består av en kraftgivare, en mät-
förstärkare, en datalogger och ett GSM modem. Förutom kraften i linan, 
mättes bojens acceleration. Grunddesignen av detta mätsystem användes i de 
följande experimenten. Mätningarna på den ringformade bojen modifierades 
genom att tre stycken kraftgivare användes istället för en . 

17.4.   Mätstugan 
Mätstugan på Härmanö var det andra stora projektet. Mätstugan byggdes 
föra att kunna göra olika tester på de generatorer som testas på området. Den 
innehåller flera olika lastmöjligheter och möjligheter att mäta spänning. Det-
ta kan numera styras från en annan plats via datakommunikation. 

17.5. Ställverket och mätningarna i generatorerna 
Det största projektet under min tid som doktorand var konstruktionen av ett 
ställverk som placerades på havsbotten. Ställverksprojektet bestod at tre 
stora delar där jag hade ansvaret för kontrollsystemet; Magnus hade ansvaret 
för inneslutningen och Cecilia för det elektriska systemet. Det kontrollsy-
stem som implementerades i ställverket var inte bara ett system som kontrol-
lerade påslag och avslag av generatorerna i huvudkretsen. Det innehöll också 
styrning av omformningen av spänningen från DC spänning till 50 Hz AC 
spänning. Den dator som användes var en CompactRIO tillverkad av Natio-
nal Instruments, bildar tillsammans med transistorer och filter en växelrikta-
re. Detta system har blivit ”de facto standard” vid avdelningen för Electrici-
tetslära när omformning av spänning ska ske. 

I två av vågkraftverken placerades sensorer för translator position: det 
magnetiska flödet genom statortänderna, temperaturen på statorsegmenten 
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och i luften samt indikation på vattenläckage. I det ena av dessa monterades 
även givare som mätte töjningen i strukturen samt sensorer som mätte rörel-
sen av kolvstången.  

17.6. Resultat 
Det viktigaste resultatet är att vi har visat att det går att omvandla havsvågors 
rörelse till elektrisk energi som i sin tur kan överföras till fast mark. Denna 
omvandling innehåller många olika steg där varje steg måste utföras effek-
tivt och utan att omvandlingsapparaten går sönder. Först ska rörelsen i vå-
gorna påverka bojen på ett sådant sätt att bojens rörelse överförs till transla-
torn. Sedan ska translatorns rörelse omvandlas till elektricitet.  Den elektris-
ka energi som skapats måste transporteras till land där den kan användas av 
elkonsumenter. 

Under min tid som doktorand har vi överfört energi till land på två sätt: 
dels genom att koppla utgången på generatorn som står på havsbotten direkt 
till en kabel vars andra ände varit ansluten till laster, dels genom att likrikta 
växelspänningen från tre generatorer och sammanlagrat energin i en stor 
gemensam kondensator bank. Denna energi omformas sedan till växelspän-
ning och transformeras upp till en högre spänning innan överföringen till 
land. 

17.6.1. Bojens rörelse 
Ett område som jag studerat och mätt mer ingående är bojens rörelse. Bojens 
rörelse har mätts på flera olika sätt. En viktig tidig mätning som gjorts har 
varit den vertikala accelerationen av bojen, denna mätning ger efter integra-
tion bojens hastighet och position. När spänningsdata från generatorn ska 
tolkas underlättar det mycket om rörelseriktningen av bojen är visualiserad. 

I vågkraftverk två och tre mättes translatorns position. Att mäta inuti ett 
vågkraftverk är en ganska dyr och besvärlig operation eftersom signalen 
måste överföras till land eller till en extern mast för radioöverföring. En ac-
celerometer-mätning inuti bojen implementeras däremot förhållandevis en-
kelt. Den är dessutom hållbar eftersom alla delar: accelerometer logger, an-
tenn, batteri, inte rör sig i förhållande till varandra. 

Detta har däremot varit ett problem när kraften i linan mätts. Kraftgivaren 
ska mäta kraften i linan, därför ändrar den hela tiden sin vinkel gentemot 
bojen. Detta resultera i att kabeln mellan givaren och bojen går av på grund 
av de konstanta vickningarna. 

På insidan av en av generatorns hölje placerades även töjningsgivare. 
Tillsammans med den mätta kraften i linan har vi kunnat beräkna bojens 
position i horisontalplanet, vilket inte är möjligt med en enkel accelerome-
termätning. Accelerometer mätningar i horisontalplanet påverkas mycket 
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mer av bojens rörelser; vinkel förändring av bojen påverkar influensen av 
jordens gravitation och bojens rotation påverkar själva mätningen av accele-
rationen. 

17.6.2. Kraften i linan 
Resultaten av kraftmätningen visar verkligen på variationer. Kraftdata från 
det första experimentet indelat i halvtimmes perioder har databehandlats. 
Medelvärdet samt den högsta uppmätta kraften har presenterats. Den maxi-
mala kraften som mäts i linan under en halvtimme är ca 10 gånger större än 
medelvärdet av kraften. Hur ofta det är en uppkommer en peak och hur star-
ka de är har också undersökts. Vid halvmeter höga vågor är det en peak un-
gefär var tredje sekund. När våghöjden ökar blir peakarna fler. Man skulle 
kunna tänka sig att de blev färre eftersom våglängden ökar med ökad våg-
höjd. En anledning till detta är att translatorn studsar i det övre ändstoppet 
varje gång den slår i den. En annan är att riktiga vattenvågor innehåller 
många olika frekvenser. 

17.6.3. Medelenergin i förhållande till den maximala energin 
 från vågkraftverket 

I den sista artikeln har medeleffekten från ett vågkraftverk studerats och 
jämförts med den högsta effekten. Vid små vågor är förhållandet stort, upp 
till 50 gånger. Detta är inte så viktigt eftersom energin är liten. Det som har 
mycket större betydelse är att effekten ut från vågkraftverket är upp till 20 
gånger större än medeleffekten vid en våghöjd kring tre meter. 

Simuleringar i samma artikel undersöker hur generatorns slaglängd och 
generatorns induktans påverkar relationen mellan den högsta uteffekten och 
medeleffekten. När vågorna är så höga att translatorn begränsas av genera-
torns längd ökar förhållandet eftersom energi levereras kortare del av tiden. 
När induktansen ökar minskar förhållandet eftersom lägre effekt kan lämna 
generatorn vid höga frekvenser.  
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