
http://www.diva-portal.org

Postprint

This is the accepted version of a paper presented at Ewtec 2017: The 12th European Wave
and Tidal Energy Conference 27th Aug - 1st Sept 2017, Cork, Ireland.

Citation for the original published paper:

Hagnestål, A., Sellgren, U., Andersson, K. (2017)
Durable winch-based point absorbers.
In: Proceedings of the 12th European Wave and Tidal Energy Conference 27th Aug -
1st Sept 2017, Cork, Ireland

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-219531



Durable winch-based point absorbers 
Anders Hagnestål

#1
, Ulf Sellgren

#2
, Kjell Andersson

#3
 

#1
Electric Power and Energy Systems, KTH Royal Institute of Technology 

Teknikringen 33, SE-100 44 Stockholm, Sweden 
#2,3 

Machine Design, KTH Royal Institute of Technology 

Brinellvägen 83, SE- 100 44 Stockholm, Sweden 
1anders.hagnestal@gmail.com 

2ulfse@kth.se 
3kan@kth.se 

 
Abstract— Wave power could give a significant contribution to a 

future sustainable energy system if the Levelized Cost Of Energy 

can be reduced to a competitive level. Winch-based point 

absorbers could potentially accomplish this if a key component – 

a low-cost, durable and efficient winch that can deal with high 

loads – can be developed. In this article the possibilities of winch-

based point absorbers and the challenges that need to be 

overcome are described. Further, the possibilities to design such 

winches are explored and several different design approaches are 

evaluated and compared. At present, we believe that such a 

winch solution can be found although more research is needed to 

develop a full concept, and the most promising solutions so far 

involve inverted tooth chains, flat UHMwPE fiber (Dyneema) 

bands and flat carbon fibre structures.       

 

Keywords— Wave power, point absorbers, winch, power take-

off 

I. INTRODUCTION 

Wave power is a promising future source of renewable 

energy, which potentially could contribute to an energy 

production corresponding to as much as 10% of the world´s 

present energy consumption [1]. It has however been difficult 

to find a way to convert the wave energy into electricity at a 

competitive cost, and although there has been a plethora of 

different innovative concepts and solutions over the last 45 

years none has yet entered a full commercial stage. The main 

difficulties lie in the harsh marine environment and the fact 

that wave power is delivered with high forces and low speeds, 

where the large forces necessitate strong and durable 

mechanical structures and the slow speed makes efficient 

energy conversion challenging. Further, there is a very large 

variation in wave height over time, and during storms the 

largest waves can be 10-25 times higher than the average 

wave height on the site. The maximum forces and motions can 

thereby be tremendous if not handled properly, and the Wave 

Energy Converter (WEC) must be dimensioned to handle the 

mechanical power, large forces, and vertical motions. The 

dimensioning forces strongly depend on the wave power 

concept, the WEC implementation and the actual Power Take-

Off (PTO) system.  

In this article, Winch-Based Point Absorbers (WBPA) are 

explored. In a WBPA, a winch solution is used to connect the 

seabed with the buoy, and power is extracted from the rotating 

motion of the winch drum. The winch is typically integrated 

in the buoy, but can also be located on the seabed or possibly 

between the seabed and the surface. An illustration of a 

WBPA is given in Fig. 1.  

 

 

Fig. 1 An illustration of a winch-based point absorber where the winch is 
integrated in the buoy [2].  

 

WBPA WECs have been explored to some extent [3-5], and 

has many advantages [3]. Most point absorber concepts have 

linear PTOs where the stroke length is limited, and during 

storms large maximum forces might arise from the action of 

end stops. The stroke length of a WBPA is only limited by the 

drum dimensions, which normally gives sufficient stroke 

lengths to completely avoid end stops.  The maximum forces 

that arise are then set by the PTO and the pretension system. 

This can potentially reduce the maximum forces grossly, and 

thereby the mechanical parts can be made more compact, and 

thus considerably smaller in size and weight and less 

expensive. This applies to both the anchor at the seabed, the 
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mechanical power transmitting line and the buoy structure. 

These components constitute a large part of the cost of the 

device. Also, a linear PTO requires space in the stroke 

direction, and is always more than two times as high as the 

stroke length. If a linear seal is added, this potentially adds 

another stroke length, making the PTO more than 3 times as 

high as the stroke length. The height of a WBPA WEC is not 

related to the stroke length, and thereby the buoy or other 

structures that contains the PTO typically can be made 

considerably smaller in height and is only determined and 

constrained by hydrodynamics and some space requirements. 

A third advantage is that tidal compensation can be 

implemented directly with the winch if the pretension system 

is appropriately designed, and that no extra function carrier 

sub-system has to be added. A forth advantage is the rotating 

motion of the PTO, which will make the PTO unit less costly, 

smaller and more standard, and a fifth advantage is that 

standard high-performing rotating seals can be considered 

instead of linear seals. Rotating seals are low-cost standard 

products, but linear seals are expensive and cause tolerance 

problems for mating surfaces of the sealed components. It is 

also problematic to handle the bending torque that arise when 

the linear bearing is not aligned with the mechanical power 

transmitting line connected to it, especially if the stroke length 

is long.  

All these advantages can potentially lead to substantial cost 

savings of the device. If the winch system can be combined 

with a phase control system and a low-cost and highly 

efficient PTO system, the electric power production to unit 

structural mass ratio could potentially be larger compared to 

wind power, and we would then expect that the Levelized 

Cost of Energy (LCOE) from such a device would be 

relatively low, probably lower than for offshore wind power. 

This however requires three key components. The first is a 

low-cost, durable and very efficient phase control system that 

could provide the control force, which is several times larger 

than the PTO damping force, without having excessive losses. 

The second is a low-cost, maintenance free and highly 

efficient PTO system. Our hypothesis is that a rotating version 

of the direct driven linear transverse flux wave power 

generator that is currently being developed at KTH by Anders 

Hagnestål [6] can be used as PTO for such a winch-based 

WEC. The third sub-system is a very strong, durable and 

efficient winch system that can deal with the large phase 

control forces in the harsh and corrosive sea environment for 

20 years of operation or so. It has proven very difficult to 

develop such a winch system. This paper discusses different 

approaches to address the durable winch challenge. 

Several WBPA concepts have been presented during the 

last 15 years or so. In Norway, Ingvald Straume developed 

WBPA with his company Straumekraft AS [3], and later 

Purenco. It seems, however, that they are no longer active. In 

Sweden, Ocean Harvesting Technologies developed a WBPA 

concept for several years, where a counter weight was used as 

a pretension system [4]. They, however, abandoned the idea 

since they could not find a durable winch solution. Fred Olsen 

has developed several WBPA during the last fifteen years and 

a prototype of their current concept Lifesaver, which has 

several winches working in parallel, has successfully operated 

outside Hawaii [7]. The relatively new concept Nemos also 

employs winches for the Power Take-Off function. Their 

concept is adapted for sites with offshore wind power, where 

they can share the same power connections and mechanical 

structures to reduce cost [8]. This system is however not a 

point absorber, but rather a broader structure.  

As far as we know, there is no WBPA system existing 

today that can deal with the large forces required for efficient 

phase control. At KTH Royal Institute of Technology, a 

multidisciplinary cooperation platform for ocean energy has 

recently been formed, and we intend to develop such a winch 

system within that platform. A development project for such a 

winch system is ongoing, where a prototype will be built by 

the end of 2018. If the project is successful, the intension is to 

develop a WBPA and to demonstrate that wave power can be 

a competitive future source of renewable energy.  

In the remainder of this paper the principal requirements for 

a WBPA is briefly presented, and principal solutions are 

suggested. 

II. WINCH REQUIREMENTS AND DELIMITATIONS 

As guiding information, we are currently focusing on 

winch-based solutions that targets the preliminary 

requirements listed in Table 1. Two different sizes are listed, 

where the 1/10 force scale winch corresponds to design 

requirements for a downscaled winch that is suitable for wave 

climates with smaller waves such as Baltic Sea conditions and 

the full force scale size is for Atlantic wave climate. Note that 

the scale 1/10 and full force scale refers to the scaling of the 

maximum force of the winch, not the size of the buoy or wave. 

The maximum force is a sum of the damping force from the 

PTO, the control forces from the phase control system if any 

and inertial forces from the winch and PTO, where the forces 

from the phase control system typically dominate and strongly 

depend on which phase control algorithm that is used. 

However, although the maximum forces do not directly 

depend on buoy size, the PTO and phase control forces are 

dimensioned according to buoy size and the wave climate on 

the site. The prototype we are building corresponds to the 1/10 

force scale winch. In this project, the winch, the bearings with 

housing and the seals are addressed. Furthermore, as 

delimitation, we assume the existence of an auxiliary safety 

system that handles the overvoltages or other power related 

problems such as overheating in the PTO system caused by 

high speed during the largest waves, e.g. 25 m wave height or 

so. Such a system can be implemented either electrically or 

mechanically, and a mechanical solution with a centrifugal 

disconnection mechanism between the PTO system and the 

winch has been proposed and patented by Ingvald Straume [9]. 

Avoidance techniques based on weather forecast can also be 

used. Other emergency situations, such as collisions with sea 

vessels, are not addressed.  
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TABLE I 
PRELIMINARY WINCH REQUIREMENTS 

Winch unit 1/10 force 

scale 

Full force scale 

Maximum stroke 25 m 37 m 

Peak vertical speed 7 m/s 8 m/s 

Typical speed (peak) 0.5-2 m/s 3-4 m/s 

Maximum force 200 kN 2000 kN 

Winch efficiency > 97 % > 97 % 

Requirements from 

operational 

environment 

Resistance to 

corrosion, 

biofouling 

Resistance to 

corrosion, 

biofouling 

Environmental 

impact 

No leakage 

of non-

biodegrad-

able fluids 

No leakage of 

non-

biodegradable 

fluids 

Design life 20 years, 80 

million 

cycles 

20 years, 60 

million cycles 

Service intervals > 5 years > 5 years 

Winch width < 2 m < 3 m 

 

III. THE MAIN WBPA DESIGN CHALLENGES 

To implement a durable winch solution for WBPA units, a 

number of issues must be treated properly: 

1. An ordinary wire-based winch system will not be able 

to take more than in the order of 100 000 to 1 000 000 

cycles (compare with the required 80 million cycles) 

due to bending fatigue and wear when the wire is 

rolled on and off the drum, which gives far too short 

service intervals and consequently very low system 

availability. Note that maintenance at sea is expected to 

be very expensive. 

2. The chosen diameter of the winch drum must be based 

on balancing contradictory requirements. To reduce the 

input torque and maximize the rotational speed to the 

PTO system, the winch drum diameter should be 

minimized. The cost and size of the PTO is 

approximately proportional to the input torque. 

However, to reduce the bending fatigue or wear on the 

rope, wire, chain or other solution that is wound up on 

the winch drum, which hereafter will be called force 

transmitter, the winch drum diameter should be as 

large as possible. To reduce costs, a solution that 

works even with smaller diameters is preferable. It is 

important to point out that it is considerably harder to 

implement such a winch solution for large forces due 

to the larger thickness and consequently larger 

minimum bending radius of the force transmitter. The 

winch drum diameter will also affect the efficiency of 

the winch, which is very important. A larger winch 

drum diameter will cause lower losses from bending 

the force transmitter, and less friction losses in the 

winch shaft bearings and seals. 

3. The winch must be very efficient, and we aim for an 

efficiency of  > 97 %, preferably > 98.5 %. The reason 

why this is important is that the winch is intended for 

use in combination with a phase control system, where 

the most efficient phase control algorithms require the 

phase control system to circulate several times more 

energy than what is extracted by the PTO system 

during one wave cycle. The circulated power goes 

through the winch, and 1 % losses in the winch then 

corresponds to several % losses in the electrical output 

from the PTO.   

4. The forces are highly fluctuating, which is a general 

problem for wave power if a control system is used. 

The force fluctuates between almost 0 and maximum 

load for a large fraction of the cycles, maybe 25-50% 

dependent on site, which implies that they must be 

over-dimensioned with up to an order of magnitude 

compared to the breaking force to be able to survive 

the large number of cycles. 

5. The guiding of the force transmitter on the winch must 

be carefully made, so that no sliding occurs. This 

requires a guiding system. Biofouling can complicate 

this further. 

6. The tilting angle of the buoy in two degrees of freedom, 

roll and pitch, needs to be dealt with in one way or 

another. 

 

IV. GUIDING SYSTEM AND HANDLING OF ROLL AND PITCH 

The buoy movement in general has 6 degrees of freedom, 

surge, sway, heave, roll, pitch and yaw. The winch orientation 

is, however, not in general aligned with the waves since both 

the buoy orientation in yaw and the wave direction will vary 

over time. To simplify further discussions, a local coordinate 

system ( ), , , , ,x y z α β γ that is in the winch’s reference frame 

rather than a reference frame of the waves is introduced, see 

Fig. 2. 

 

 Fig. 2  Coordinate system for WBPA where corresponding coordinate axis 

for the special case when the winch is aligned with the waves are given within 

parenthesis.  

The winch system needs primarily to deal with the roll and 

pitch movements. The yaw movement will twist the force 

transmitter, and movements of about half a lap or so will for 

sure be acceptable, since the force transmitter is long. One 

however needs to restrict the yaw movement so that the force 

transmitter is not twisted several laps. This is especially so if 

the PTO is integrated into the buoy so that a dynamic 

electrical cable, an umbilical cord, is connected to the buoy. 

This cable would then be wound around the force transmitter, 

and most likely break. Such a control could be implemented 
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by the mooring system or by having several winches like in 

the Lifesaver concept [7], and the problem is common to all 

point absorber concepts.    

To deal with the roll and pitch movements two main 

strategies have been identified, which we call strategy 1 and 

strategy 2. Strategy 1 is to allow tilting of the winch in α   

compared to the buoy and to control this winch α  angle, 

either passively or actively, so that the force transmitter 

always is perpendicular to the winch axis. Thereby, the force 

transmitter only needs to be flexible in the β  direction, which 

allows for more robust force transmitter solutions and 

simplifies the guiding system for the force transmitter. A 

drawback here is increased complexity of the PTO and that 

the force transmitter may break if the winch tilting system 

fails. An idea of how such a system could be implemented is 

given in Fig. 3, where a fork-like swing system is used for 

aligning the winch in the α  direction [2].  

 

 

Fig. 3 A fork like swing system for aligning winch in α  direction [2]. 

Strategy 2 is to not allow tilting of the winch, but instead 

have a force transmitter that is flexible in at least two degrees 

of freedom, either β  and α  or β  and γ . This excludes 

some robust solutions for the force transmitter and makes the 

guiding system more complex, but will simplify the PTO and 

winch structure. The most suitable choice of force transmitter 

is therefore dependent on the choice of strategy for managing 

this tilting problem. 

 

V. FORCE TRANSMISSION CONCEPTS 

As mentioned above, the requirements on the force 

transmission depend on the solution used for the roll and pitch 

handling. This separates the force transmission solutions into 

one degree of freedom solutions and multiple degree of 

freedom solutions. Ropes and wires are flexible in all 3 

rotational degrees of freedom, and are potential candidates for 

all cases. Flat fiber bands can also be used, and they are 

flexible in β  and γ . Ordinary chains wear out too quickly 

for this type of application, and are not regarded here. Special 

chains either with integrated bearings or non-sliding contact 

surfaces can be designed for either case, but the chains for 

only one rotational degree of freedom can be made stronger 

and more durable. There is also a possibility to use separated 

flexible pins that bends or twists without being in contact with 

other pins. Also flat bands of carbon fiber can be used. Below, 

these different alternatives are described. Generally, the 

requirements of 60-80 million cycles during 20 years of 

operation, high load, high efficiency, the sea water 

environment and the high maintenance costs at sea is very 

demanding for the force transmitter.  

A. Chains with sliding contact surfaces  

Chains with sliding surfaces include a large number of 

different chain designs. The general problem with chains for 

WBPA solutions is twofold.  

Firstly, the large number of cycles involved in combination 

with the large forces requires a very durable and wear resistant 

material combination for the link contact surfaces. Thereby, 

some kind of bearing is more or less required between the 

links, where plain bearings are preferred due to their high load 

capacity and low cost. Plain bearings are normally considered 

worn out after a wear of 0.1-0.2 mm, since they often are used 

to position an axis or similar. The same applies to roller chains, 

since it is often unacceptable that the length of the chain is 

increased. For the winch application, such properties are not 

important, and the links can in principle wear until they cut 

through the link. Thereby, one could in principle allow 1-2 cm 

wear, which might increase the life expectancy with 2 orders 

of magnitude. The plain bearings are however typically not 

designed for such applications, and more thorough studies are 

needed.  

Secondly, if an efficient phase control system like reactive 

control is used, the friction losses in the chain must be small, 

in the order of 1-2 %. To accomplish this, a low friction 

coefficient should be combined with a small bearing radius 

compared to the winch drum radius. There are a large number 

of bearings of different designs and materials available from 

manufacturers. 

Plain bearings are the simplest types of bearing, with a 

journal sliding over the bearing surface. The dimensioning 

parameter for a plain bearing is the pv number, i.e. the contact 

pressure times the relative sliding velocity. The life of a plain 

bearing, or bushing, is limited by a too large contact pressure 

or a too large sliding velocity, where the velocity limit is 

typically related to heating. A too small relative sliding 

velocity is however also limiting, since a proper boundary 

lubrication contact state will not be created under such 

conditions with increased coefficient of friction and excessive 

wear as consequences. That is, small reciprocating motions 

will significantly reduce the service life compared to more 

continuous relative rotation speed which might be problematic 

for the pendulum-like motions of chain links in a winch 

application.  

B. Inverted tooth chains 

Due to their ability to handle large power, inverted tooth 

chains (also known as silent chains), are commonly used in 

vehicle transmission systems. Fig. 4 shows an inverted tooth 

chain with single pin joints, which is a compact and simple 

design that can be manufactured quite efficiently and at a 

relatively low cost. To reduce friction losses, and thus wear, 

further, inverted tooth chains with rocker pin joints (see Fig. 5) 

can be used.  
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Fig. 4 An inverted tooth chain with single pin, from [10]. 

The drawback of inverted tooth chains is that they require 

proper lubrication, which can easily be applied in contained 

vehicle transmissions, for friction control and cooling of the 

contact surfaces. To address the lubrication challenge for an 

open sea WBPA, chain materials that are non-corrosive in sea 

water and also benefit from water lubrication are required.  

 

 

Fig. 5 An inverted tooth chain with rocker pin joints, from [10]. 

 

C. Flexible pin 

Chain-like solutions require handling of the problem with a 

sliding or rolling contact between the links. This sliding or 

rolling contact can be avoided if this movement can be 

replaced with an elastic deformation. The main idea is that 

elastic components are placed between load carrying links in 

the transmission. In Fig. 6 below, two possible arrangements 

are shown; the use of a rubber-like elastic part (left) and the 

use of metallic fins in spring steel (right). 

 

Fig. 6 Two possible arrangements using a flexible pin; the use of a rubber-like 

elastic part (left) and metallic fins in spring steel (right). 

In this type of arrangement only elastic deformation will 

occur when winding the chain-like transmission on the drum 

and no sliding will occur between the components of the chain. 

Making a rough estimate for dimensioning for our 1/10 

force scale test case with the steel fins we can start with 

considering only shear load for the pin. With a load of 200 kN 

and a yield stress limit of 300 MPa this gives an effective 

diameter of about 35 mm (sn = 1,5).  

 

Fig. 7 Force analysis for the solution with the metallic fins when winded on 
the drum. 

 

A simplified graph with some of the forces that are acting 

on the link when it is in operation and is being winding up on 

the drum is shown in Fig. 7. When the link is loaded and not 

winded up on the drum only about half of the numbers of fins 

are taking the load. The length and thickness of the fins must 

be balanced such that all fins can contribute in taking the 

torsional load when the chain is angled. When the right side of 

the link gets in contact with the drum, the torque load that is 

acting on the flexible pin can be expressed as; 

 

cos( )
2

tot fin

R
F F rα=∑    ,   (1) 

 

and the bending moment (on each fin) that is accomplishing 

the flexibility can be expressed as; 

 

( )0( ) / cosb finT F r r α= −     (2) 

After combining these loads with the 200 kN of power 

transmitting force, bending stresses and deflections can be 

calculated using linear beam theory and by varying the 

geometry of the fins we can find an optimal size of the fins. 

Further investigations are needed to estimate the wear rate 

due to sliding and the fatigue life. 

D. UHMwPE woven fiber 

The Ultra-High Molecular Weight Polyethylene (UHMwPE) 

[11] fiber is very strong and is used to manufacture high 

performance ropes and flat bands. Ropes and flat bands made 

from these fibers are very strong, light and durable, are sea 

water resistant and have frequently been employed as tug lines, 

on winches and for various other applications in the maritime 

industry. For the durable winch application, the challenge is to 

reduce wear and fatigue in the ropes or flat bands.  

The DSM Company is marketing the Dyneema fiber made 

of UHMwPE as the World´s strongest fiber [11]. 

A typical Dyneema rope winch can take about 100 000 

cycles, which is typically limited by bending fatigue and 

abrasion due to sliding. Furthermore, even without bending or 

abrasion the Dyneema ropes cannot take more than 100 000 – 

1 000 000 cycles or so if they are cycled between 5 and 75 % 

of their breaking load due to fatigue [12]. The fatigue life of 

Ftot 

R 

Ffin 

α 

r 

r0 
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Dyneema SK75 ropes are tested in [12], where it is indicated 

that they must be over-dimensioned with a factor of several 

compared to the breaking load to be able to take the large 

number of cycles. Communication with DSM indicate that an 

over dimensioning with a factor of 5, so that the force is 

cycled between 0 and 20 % of the breaking load, will 

significantly increase the fatigue life.  

To decrease the wear and to reduce the bending stresses 

and thus increase the fatigue life, flat bands are preferred over 

ropes. A flat band is thin in the direction of bending, and 

thereby has a smaller acceptable bending radius than a rope of 

the same strength rating. Also, if the flat band is of the same 

width as the winch drum, the flat Dyneema band can be 

wound up on itself layer after layer without experiencing any 

sliding if a proper guiding system is applied. There are two 

ways of manufacturing flat bands. One is by using needle 

looms. These looms are fast and can perform the weaving at a 

low cost, but are currently limited to a band thickness of 4 mm 

or less due to the weaving process. Such bands can however 

be sewn together to form thicker and stronger bands, but the 

resulting larger band have reduced strength by approximately 

20% due to the sewing and the weaker bond between the 

different merged bands compared to if the resulting larger flat 

band would have been woven in one piece. The other 

manufacturing process is by using a shuttle loom. This is the 

old classical weaving technique that has been used for 

centuries for textiles but is a slow and expensive method of 

weaving. However, considerably larger flat Dyneema bands 

can be produced with this method. To give an indication of 

how much load these flat Dyneema bands can take, a band 

with dimensions 3.5x100 mm has a breaking load of about 

300 kN. If 20 % of the breaking strength of such a flat band is 

lost in sewing, combining four of them would give a breaking 

load of about 1200*0.8=960 kN, which then approximately 

would be suitable for the force scale 1/10 200 kN case.    

E. Ropes of other synthetic fibers 

A rope is a bundle of fibres twisted together. Ropes are 

used, for example, as suspension cables that benefit from a 

large Young´s modulus and tensile strength, as well as a low 

weight. Only the high-perfoming syntetic fiber materials 

carbon fiber, aramid and glass are treated here. 

Carbon fiber is a high-strength and light-weight material 

and is used in many applications, e.g. for elevator functions in 

super-tall buildings, because of its high strength/density ratio. 

In this case we are more interested in the high strength 

property than the low density. Furthermore, carbon-fiber ropes 

made with Carbon T-700 or similar have a good chemical 

resistance, zero creep and a good fatigue life. 

Aramid, also known as Kevlar, has a similar tensile 

strength and density as carbon fiber (see Table 2). Aramid has 

successfully been used in mooring systems for marine 

instrumentation boys [13]. The tensile strength of E-glass is 

also similar to carbon fiber and aramid, but the density is 

approximately twice the density of carbon and aramid. The 

three rope materials score differently with respect to important 

performance criteria, as shown in Table 3. 

 

TABLE 2 
PROPERTIES FOR CARBON FIBER, ARAMID AND E-GLASS [14] 

Material Young´s 

modulus 

(GPa) 

Tensile 

strength 

(GPA) 

Density 

(kg/m³) 

Carbon fiber 125-400 4.127 1580 

Aramid 70-112 2.757 1440 

E-Glass 30-40 3.450 2660 

 

In a marine the WBPA application, carbon fibers are 

superior to aramid fibers, also known as Kevlar, since they 

show no creep. The density of carbon fiber is roughly 23% of 

the density of alloy steel and with a 2.5 times larger tensile 

strength, 3.4 GPa, compared to 1.3 GPa. 

TABLE 3 

PROPERTIES (EXCELLENT, GOOD, FAIR, POOR) FOR CARBON FIBER, ARAMID 

AND E-GLASS, FROM [14] 

Criteria E-glass Aramid Carbon fiber 

Cost E F P 

Weight to strength ratio P E E 

Tensile strength E E E 

Compressive strength G P E 

Stiffness F G E 

Fatigue resistance G-E E G 

Abrasion resistance F E F 

Sanding/machining E P E 

Conductivity P P E 

Heat resistance E F E 

Moisture resistance G F G 

Resin adhesion E F E 

Chemical resistance E F E 

 

From Table 3, it is quite clear that carbon fiber and aramid 

are superior to E-glass from several aspects. The main 

differences between carbon fiber and aramid are that carbon 

fiber shows no creep, is more insensitive to UV than aramid, 

is more chemically stable, is stiffer and does not absorb 

water/humidity. Furthermore, the fact that the tensile strength 

of carbon fiber is 50% larger than aramid gives a potential to 

reduce the rope diameter by 33%, which consequently also 

reduces the bending stress, relative to aramid, with the same 

amount when winded onto the drum. The drawback for carbon 

fiber is basically the higher cost and a slightly lower fatigue 

resistance and wear resistance than aramid. 

The company Kone introduced their carbon fiber based 

Ultra Rope for high-rise elevator applications in 2013. This 

rope has a weight that is approximately 20 % of the weight of 

a steel wire. Furthermore, the Ultra Rope has a rectangular 

cross section, which reduces bending stresses, and built-in 

cable wear sensors, enabling condition monitoring and thus 

by-passing routine maintenance checkups [15]. 

Carbon fiber ropes can be manufactured using a pultrusion 

process where the fibers are pre-processed in a twisted or 

braided shape before entering the pultrusion. The idea here is 

to use carbon fiber and the pultrusion process, but not the pre-

processing part keeping the fibers straight through the process 

and add a lubricant to the fibers to avoid friction between 

them and thus reduce friction and extend endurance. The 
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lubricant is added before the fibers are pulled through the 

resin.  

The idea here is to order the fibers into a flat belt shape 

with a relatively small thickness and large width. This will 

give a better load distribution on the fibers when winding the 

belt on the drum.  

 

VI. EVALUATION OF FORCE TRANSMISSION ELEMENTS 

The five principal transmission element concepts (A-E) 

described above are compared to the requirements (criteria) in 

Table 4. This is a qualitative comparison where it is judged for 

each criterion if the actual concept is better (+1), worse (-1) or 

equal (0) compared to the steel wire which is used as a 

reference. 

 

TABLE 4 

COMPARISON OF THE FIVE TRANSMISSION CONCEPTS 

Criteria Steel wire A B C D E 

Force R -1 0 -1 1 1 

Velocity E 1 1 0 1 1 

Stiffness F -1 0 -1 1 1 

Fatigue E 0 1 -1 1 1 

Friction loss R 1 1 0 1 1 

Wear E -1 1 0 1 1 

Chemically N 0 0 0 0 0 

UV C 0 0 -1 0 0 

H2O absorption E 0 0 -1 -1 -1 

Total  -1 4 -5 5 5 

 

From Table 4, the total scores gives an indication that the 

inverted tooth chains with rocker pin joints, the woven 

Dyneema flat bands and the carbon fiber (rectangular shaped) 

are superior transmission elements compared to steel wires 

and are the most promising concepts, where the carbon fiber 

and Dyneema solutions are top rated. The key evaluation 

criterion is of course LCOE, but in this case the maintenance 

costs (OPEX) could potentially dominate the total costs of the 

force transmitter by a large margin, and focus should be put 

on finding a force transmitter solution that is durable rather 

than having low investment cost (CAPEX).  

 

VII. DISCUSSION 

The durable winch challenge is a key problem to solve for 

WBPA units, and if this problem is solved point absorbers 

with low LCOE could potentially be constructed. The problem 

is rather hard to solve, but far from impossible and several of 

the approaches discussed here could potentially solve the 

problem with the requirements given in section II at a 

sufficiently low cost. It is important to realize that the problem 

gets harder for larger forces and larger WECs. This is mainly 

since larger forces require thicker force transmitters, and that 

the winch drum diameter needs to be larger for thicker force 

transmitters due to space requirements and bending fatigue. 

This is not necessarily compensated by a higher speed for the 

larger forces. When designing a WBPA system, the maximum 

force is a parameter that should be chosen from an economic 

viewpoint to minimize LCOE. The maximum force is 

obviously dependent on the buoy size and wave climate, but 

also strongly on the phase control algorithm that is employed. 

It is probably necessary to employ a phase control algorithm 

of some kind to increase the power production in order to get 

a sufficiently low LCOE. The phase control system typically 

generates several times larger forces than the PTO system, and 

the choice of control algorithm strongly affects both the 

maximum forces of the system and the power production. 

Also, the efficiency requirements of the winch are set by the 

phase control system since some algorithms require that 

several times more energy is recirculated in the phase control 

system than in the PTO. This mechanical reactive power goes 

through the force transmitter. Thereby, 1 % losses in the 

winch system could potentially correspond to more than 5 % 

losses in power output. The winch efficiency is therefore 

considerably more important than a first glance on the system 

would imply, and efficiency might become one of the most 

important evaluation criteria for the winch solution. The 

choice of phase control algorithm is strongly dependent on the 

combined losses in the phase control system and the winch. 

Although the most effective control algorithm from a 

hydrodynamic perspective is reactive control, the most 

effective control algorithm from an LCOE perspective might 

be a control algorithm that behaves differently and extracts a 

somewhat lower hydrodynamic average power but reduces 

maximum forces and power loss.  

To calculate the wear, fatigue and efficiency for a winch 

system is very difficult and both wear and efficiency can be 

influenced by the sea water and bio fouling. Fatigue properties 

are affected by UV radiation for many force transmitters, but 

this is likely to be of less importance since the force 

transmitter is submerged or in shadow. Also, many practical 

problems with for example force transmitter guiding systems 

can be hard to predict before offshore tests have been 

conducted. Therefore, in practice, only estimates on these 

properties can be made before sea trials are conducted.        

 

VIII. CONCLUSIONS AND FUTURE WORK 

In this article, the ongoing work to develop a durable winch 

that could be used in combination with phase control is 

presented. A number of different potential solutions to the 

problem has been described, evaluated and discussed as well 

as the problem as such. The most promising solutions we have 

found so far for the force transmitter is flat Dyneema bands, 

flat carbon fiber structures and inverted tooth chains, although 

we do not exclude other solutions like special chains with 

integrated durable plain bearings or chains with flexible pins. 

Of these, the carbon fiber and inverted tooth chain solutions 

require a system that either passively or actively aligns the 

rotation axis angle of the winch drum perpendicular to the 

force transmitter. The woven flat Dyneema band does not 

require such a system, but instead an appropriate guiding 

system for the force transmitter.  

This work is ongoing, and the concepts presented here will 

be carefully evaluated during the remainder of 2017 and 

71156-



beginning of 2018. A full winch solution of the selected 

design will then be built in our lab, where dry testing will be 

performed. 
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