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ABSTRACT:
Wind energy is a major part of renewable energy production. With fossil fuel
depletion and climate change at the cusp, it is an absolute need to implement or evolve the
current source or utilization of renewable energy. The wind has been dominating the onshore
for many decades and offshore wind turbines are available at shallow depths. To extract more
wind energy source deep sea location is recommended. Also, in deep seas, ocean current energy
is utilized very sparsely compared to the dominating wind and solar energy. So far no hybrid
offshore horizontal axis and ocean current system are in existence.
Based on the depth of the sea water the offshore floating structure is classified. Usually, for
any floating structure stability is an apprehension. In an offshore floating structure, the damping
with respect to the thrust force exerted on the wind turbine will affect the life of the wind
turbine. During high wind speed, the angle of inclination would go up to about 4 degrees. The
time required for the floating structure to come to rest may also be high. We present an analysis
based on an existing floating structure which is a ballast stabilized the floating structure. In this
paper, we add an additional submerged turbine and do a 2D analysis on the floating structure
to find out whether the structure’s oscillation is well damped or not. We also discuss whether
the weight of the submerged will influence the stability or by changing the radius of blades of
the submerged turbine will affect the damping.
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SAMMANFATTNING:
Vindkraft utgör en stor del av dagens förnybara kraftproduktion. I takt med att de fossila
bränslena sinar och klimatförändringarna accelererar, finns ett tydligt behov att utveckla
användningen av förnybar energi. Inom vinkraft har landbaserade installationer hittills
dominerat, men en hel del havsbaserade turbiner installeras också på grunt vatten. För att utöka
den havsbaserade vindkraftsproduktionen rekommenderas att utnyttja djupare vatten. På
djupare vatten finns också havsströmmar, en energiform som inte utnyttjas lika mycket som de
mer dominerande formerna vindkraft och solenergi. Hittills har inget hybridkoncept med ett
havsbaserat horisontalaxlat vindkraftverk och havsströmverk byggts.
Flytande havsbaserad vindkraft kan klassificeras utifrån det havsdjup de är avsedda för.
Stabilitet är en viktig fråga när det gäller flytande strukturer. För livslängden på ett havsbaserat
flytande vindkraftverk är det viktigt att svängningsrörelser som uppstår pga varierande vältkraft
effektivt kan dämpas. Vid hög vindhastighet är lutningsvinkeln upp till ca 4 grader. Tiden som
krävs innan det flytande vindkraftverket åter är i vila kan också vara hög. Vi presentarar en
analys som bygger på ett existerande flytande vindkraftverk, som har en ballaststabiliserad
flytande konstruktion. I detta arbete adderar vi en undervattensturbin och utför en 2D-analys
av den flytande konstruktionen för att ta reda på hur väl dämpad den är. Vi utreder också om
vikten på den extra turbinen påverkar dämpningen, samt hur radien på den extra turbinen
inverkar på denna.
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1 Chapter: Introduction
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1.1 Introduction:
Energy demand is increasing at a rapid pace and the need for developing an
alternative energy resource which is environmentally sustainable is a challenge. With the
melting of polar ice caps due to global warming, which in the long run may cause a serious sea
level rise, it is an absolute necessity to implement an alternative resource for our future
generations. The renewable energy share in worldwide power generation reached 7.5% in 2016,
it doubled almost in five years from 4.0% in 2011 [1]. It should also solve the increasing need
for electricity due to the increasing use of electronic gadgets and increasing automation at
industries, homes and public places.

Figure 1: Global Energy Usage and Prediction [2]

Wind energy has shown a promising growth in recent years as it is becoming an increasingly
feasible source of renewable energy in the energy market [3]. There has been one common
problem though, steady wind speed and noise problems in locals. This is where offshore wind
9

power showed the more promising area where we can harness the wind power more effectively
due to more constant wind speed with less drag and no noise issues. The next stage of evolution
in wind energy has been offshore wind turbine and it has taken good shape in the offshore wind
industry. Due to its rigid structures, offshore wind could not use the vital wind energy in deep
seas due to increasing depths. This is where floating wind power is very much suitable at deep
waters, the floating structures is not a new area, offshore floating structures are more prominent
since 1938 when offshore oil rig started exploring oil in deep seas at Gulf of Mexico [4] .

1.2 Problem Formulation:
The offshore floating concept has been in research for many years and now the world’s first
floating turbine is installed in the coast of Scotland named Hywind Scotland [5]. Five turbines
are installed at the coast of Peterhead 25km from the shore [6]. Each is a 6 MW Siemens 6.0154 turbine and a total project had 5 turbines accounting for 30 MW of total capacity. Since
ocean currents are present at the location there is a possibility of increasing the electricity
production by including a second submerged turbine. Additionally, for floating structures, there
is a concern of stability and any oscillations has to efficiently damped.

1.3 Aim and Objective:
When the depth of water level increases floating is a preferable way as it is cost effective
and reliable. The depth of offshore floating is suitable for depth 50-100 m [7]. We are going to
study the effect of add an additional submerged turbine in the spar buoy structure, which adds
power production, but perhaps most importantly the structure becomes more stable and better
damped. Spur body is used as a floating structure below the tower of the wind turbine. So, we
are going to do a 2D analysis by adding this substructure, we are going to analyze whether the
mass of the submerged turbine or the radius of the submerged turbine will influence in
increasing the damping and improve stability to the floating structure.

1.4 Limitations:
We have only performed a simplified 2D analysis of the hybrid concept. There are many
secondary forces that are neglected, e.g., forces from waves, downward forces from the
anchoring cables.
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2.1 Wind Energy:
Wind happens to be one of the oldest forms of energy resource in recorded human history.
Wind power has been used in many ways from irrigation, sail the boat at the ocean, grinding
grains [8]. Windmill has come into existence in 200 BC where they were used for grinding
grains [9]. Wind energy has evolved to be the fastest growing energy resource in today’s energy
market. The energy demand rose by 2.1% in 2016 [10] and in 2017 renewable energy
production accounts 25% as there was 6.3% increase in the expansion of wind (accounting for
36% of the renewable generation, solar PV 27%, Hydropower 22 %, bioenergy 12%) and it is
estimated to rise in future [11].

Figure 2: Offshore Wind Turbine [12]

The offshore wind farm was first installed at Vindeby, Denmark in 1991. At a depth of 4m
stands 11 turbines producing 450 KW each [13]. Over a span of more than 25 years offshore
wind power has evolved to greater by installing at deeper sea’s, powerful turbines are installed
globally. It is a well-known fact that installing offshore wind requires huge capital compared
to an onshore turbine, but the cost has been decreasing in recent years. From 7 GW in 2013
offshore wind power is expected to produce about 29 GW globally in 2020 [14].
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2.2 Ocean Current Energy:

Figure 3: Ocean current energy

Ocean current is at an early stage of development compared to wind and solar, very less has
been installed. However, due to the higher density of water, small turbines can be quite
powerful. An underwater turbine with 9m blades may generate the same power as an onshore
wind turbine with 30m blades [15] . Worlds first commercial underwater tidal turbine was
installed by Seagen along the coast of Strangford Lough, in Northern Ireland in 2008, rated at
150 kW [16].
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Figure 4: Atlantis Resources [17]

Recent trends have shown that the government and companies are coming forward to
explore this new sector of renewable energy. In 2016 the first large-scale tidal power was
installed on the coast of Scotland; four turbines are installed and each accounting about 1.5
MW and each has a mass of about 200 tonnes [17]. They are even planning to invest in
installing 269 turbines accounting of about 398 MW.

The concept of hybrid offshore wind and wave or ocean current is in research and has the
potential to be implemented in near future, so we can be positive at least that offshore wind
and ocean power is about to dominate the seashores and deep seas in near future.
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3.1 Introduction:
Wind is basically a form of solar energy, sun heats up the earth and heats the air so the hot
air which has less density moves up in the atmosphere and the cold air which has high density
goes down and due to this there is variation in atmospheric pressure, when there is difference
in atmospheric pressure air flown from higher to lower pressure areas. This results in the wind
and its variation in speeds [18].

3.2 Concept:
A wind turbine works by a concept that when the kinetic energy of air is moving at a velocity
hits the blades it rotates to produce electrical energy from the turbines. The power production
of a wind turbine depends on various factors like wind speed, hub height, the surroundings like
if it is a barren land, forest area or sea surface. It is due to the factor of roughness length ranging
from 0.0002 m for sea and forest 0.5 m and cities 1-2 m. The more the value more the roughness
of the surface. So generally, wind turbines are installed in places with less roughness length.
There is always a need to improve the efficiency of the wind turbine at any cost. In this report,
we are going to discuss the floating offshore wind turbine and how its stability changes when
we add an additional turbine.

Figure 5: Types of Offshore Wind Structures [19]
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Many offshore wind turbines are installed in shallow waters at depth of 30 m to floating
structures at 120 m or more. There are various types of floating structures in wind turbines like
tension leg platform (TLP), spar buoy and semi-submersible [20]. Based on the location and
investment the suitable one is selected. To get more power at 5-10 MW deep seas spar buoy is
recommended. When it is a floating structure stability is a big concern. Oscillations can occur
if the structure is floating and it affects the efficiency and life of the wind turbine [21]. To
improve and increase the damping of oscillations we are going to add an additional submerged
turbine (The total dynamics of the thrust force will then change in such a way that damping is
improved).

3.3 Conclusion:
We have to analyze an existing offshore floating turbine which is also the world’s first
floating wind turbine installed on the coast of Peterhead Scotland by Statoil [22]. We have
done a 2-D analysis of the forces acting on the floating structure and we have obtained a
correlation of wind speed and angle tilting due to the wind speed. We also would know that
adding an additional tidal turbine would reduce the damping or not. Since the spar buoy is used
in the location it is predictable that there will be good ocean current due to its depth. It would
help to increase the overall power production as we would add an additional tidal turbine.

17
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4.1 Location:
The offshore wind turbine is located 25km offshore at the coast of Peterhead, Scotland [23].
The location is also well suited for experimenting ocean current power production as the depth
is favorable and has the scope of the hybrid system which we will discuss in next chapter

Figure 6: location of floating wind turbine [24]

The ocean depth is not same it is about 10-20 m near the coastal areas and increases
gradually to 20-50m and 50-100m in-between to the precise location Butchan deep where the
wind turbine located has about 100-200 m depth [25].
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4.2 Hywind Scotland:
The offshore wind turbine manufacturer is Siemens 6 MW rated power, turbine model SWT
-6.0-154 [26]. The cut in wind speed is 4.0m/s and cut out speed is about 25 m/s. The rated
wind speed is 13m/s. It has a total of three blades accounting for a total 18,600 m2 of the swept
area [27]. It has a rotor diameter of 154 m and each blade is about 75m and has a weight of 25
tonnes. The tower is about 100 m and 670 tonnes and top head mass and nacelle are about 310420 tonnes. The total turbine height is about 253 m and the submerged depth is about 78m.

Figure 7: Model of Siemens floating structure [28]

The steel in the substructure is about 2300 tonnes in which the substructure accounts most
of the weight about 10,000 tonnes [29]. The total weight of the structure is about 12,000 tonnes.
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5.1 Hybrid system:
Since it is a floating structure we are going to add an additional turbine at a depth
of 40 m from the bottom of the substructure so both from wind and ocean current power can
be extracted. There is a good flow of ocean current which will be influential in implementing
the hybrid concept. The ocean current and wind speed data will be discussed in the next chapter.
There is also an added advantage in adding an ocean current turbine to the submerged structure.
There is a need for stability for a floating structure so adding a turbine to the submerged
structure should increase the stability of the whole structure as the damping could be increased
which will increase the life of the floating structure.

A vertical axis wind ocean current hybrid system has been designed for installation on the
coast of Japan by Modec [30]. So far no horizontal axis offshore wind structure have been
complemented by an ocean current turbine in the same structure. Various research has been
carried out on the potential of the offshore floating horizontal axis wind turbine and ocean
current but there is no prototype for this concept and it’s still in theory [31]. With the available
data, we are going to do a 2 D analysis of the forces acting on the floating structure and its
damping in the upcoming chapters.
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6.1 Wind data:
The wind blows mostly from the south and west, the location has a good wind speed
of average 10m/s. The data were recorded from a period of 1958-2010 and compiled by Statoil.
N [28] The intensity of wind and its frequency is given below
Table 1: Wind Frequency

m/s

Wind Frequency
(%)

2.5

20.4

7.5

42.2

12.5

30.2

17.5

6.1

22.5

1.1

27.5

0

30

0

The wind blows more at south-west direction and the intensity for wind speed 5-10 m/s and
10-15 m/s is maximum in that direction. The power produced for each frequency has been
estimated using (equation 1) for a rated power of 6 MW.
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Figure 8: Wind Speed Vs Frequency
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30

35

For simplicity, the radius of the turbine 75m and r=1.23 kg/m3, 𝑐𝑝 = 0.45 , using the
formula
1

P = 2 𝑐𝑝 𝜌𝐴𝑣 3 …………………………..………. (Equation 1)
we then get the total power of yearly output 27.526 GWh.

6.2 Ocean Current:
The main ocean current enters from the north and then moves south as it
reaches the southern coast of the North Sea basin. The ocean current data are recorded at
25m,40m, and 60m depth. The data is recorded from November 2013 to February 2014 and
compiled by Statoil.

6.2.1 Ocean current at 25m,40m,60m depth:

Table 2: Ocean Current Frequency

m/s

Frequency (%) at
25 m

Frequency (%) at
40 m

Frequency (%) at 60
m

0.1

15.5

19

21.6

0.3

30.8

32

33.3

0.5

29

27.5

29

0.7

19.2

17

13.5

0.9

5

4.5

2.5

1.1

1

0.3

0.5

The frequency of various ocean current speed is tabulated above. Based upon the frequency
the ocean current is tabulated at each speed.
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Figure 9: Ocean Current Speed Vs Frequency at Various Depths

It could be understood from the graph that the frequency is increasing from 0.2 m/s and has
a peak of 30.8, 32, 33.3 at 0.3m/s and reduces gradually to 5, 4.5 and 2.5 at 0.9m/s and at 1.1m/s
it is about 1, 0.3 and 0.5. Based on these data’s the yearly power output is computed in a similar
way like we calculated in wind power. We have the values such as r=1000 kg/m3, 𝑐𝑝 = 0.45
and the radius of the turbine is assuming to have an area of 4000 m2

6.3 Yearly Output:
So, for an area of 4000 m2 which has a radius of 35.7m the yearly output is calculated using
the (Equation 1) and tabulated below.

Table 3: Yearly Output
Ocean current depth (m)

Yearly output (GWh)

25

1.26

40

1.07

60

0.91

The data and power production for different depths has been calculated and the suitable
depth is selected from the next chapter calculations.
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7.1 Mechanical Calculations:
The turbine exercises on the floating principle by spur buoy floating platform.
The spur buoy platform generally decreases the motion of wind turbine in response to sea
condition. The structure has more mass on the bottom below the surface which is more resistant
to the action of waves even if is not predictable. The floating structure also experiences an
upward buoyancy force FB which will be added in the calculations The bottom structure weight
can be water with some permanent rocks at the bottom surface [32]. The given data from the
structure make clear that the entire floating structure weights about 10,000 tonnes. The
mechanical calculations for the floating structure are calculated in a 2D approach alone and we
can know how the structure is with respect to the forces in the X and Y axis so at first by
recording the physical dimensions as shown below

Figure 10: Structural Dimensions for the floating wind turbine
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Table 4: Floating structure

Data of the floating structure:
Total Mass of the Submerged Structure

10,000.103 kg

Mass of steel in the submerged structure

2,300.103 kg

The diameter of the submerged structure (D)

14.5 m

Length Of the Submerged structure

78 m

Mass of ballast ( 𝑀𝑏𝑎𝑙𝑙𝑎𝑠𝑡 )

7,700.103kg

Mass of the tower (M tower)

670.103 kg

Top head mass rotor and nacelle

310-420.103 kg

The hight 𝐿𝑏𝑎 of the ballast material (here considered with the same density thoughout) is
assumerd to be 15 m, which is seen to make the structure sufficiently stable.
The wind blows at an average of 8-10 m/s [22] so for a blade radius of 75m we can calculate
the thrust force acting on the turbine by using the formula

1

FT = 2 CTrAV2……………………..…. (Equation3)

The thrust force acting on the wind turbine top at 10 m/s is about 942000 N. So the amount
of force acting is taken as in x-direction as shown in the figure below will push the floating
structure to a certain degree. Similar to this, various weights of the structure and forces are
taken into consideration, so a force balance and torque balance are computed to get a 2D
analysis of the forces and its effects.
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7.1.1 Force Balance:
The forces are resolved in the x and y direction so the forces are separated and written below
X – direction
FA = FT
Y – direction
FB = Fnacelle + Ftower + Fsteel + Fwater

7.1.2 Torque Balance:
we are going to resolve the parameters to get the torque balance equation so that we can get
a correlation of the angle tilted for a particular wind speed. The resolved forces are described
in a figure so that the forces are acting on x and y-direction is clearly depicted.

Figure 11: Torque balance
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The force FA is the anchoring point and it is chosen as a reference point for the movement
of the floating structure. we can calculate the impact of the oscillation or angle tilted due to
the thrust force, we can get a correlation of for wind speed and angle tilted.

FT . cosθ . La +
Fnacelle . sinθ.La +
Ftower . sinθ
Fb . sinθ .

La
2

+

Lb

= Fsteel .sinθ 2 + Fballast . sinθ . Lba

Lb
2

with this equation above we solved the correlation of wind speed and angle of tilting in the
table below

Table 5: without adding ocean current turbine

Wind Speed (m/s)

Angle Of tilting (θ)

4

0.67

6

1.51

8

2.68

10

4.18

For a wind speed of 4 m/s we get an angle of 0.1 and for 10 m/s, we get 0.8 So, there is
closely 8 times increase in tilting of angle. We already know that the average wind speed is 10
m/s [22], so it is expected that this could be the average tilting angle in the floating structure.
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7.2 Hybrid Case:
Now as we know the correlation of wind speed, let us see how and where we can add an
additional ocean current turbine. We already discussed the ocean current data available from
the methodology chapter previously and calculated the power output for various depths like
25,40 and 60 m depth. Since we have a submerged substructure of 78m of the total length 91m
and it bears most of the weight so it is desirable to select a depth of 40m from the bottom of
the structure.

Figure 12: Hybrid Concept
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Since we know the position of the ocean current turbine, we can calculate the power rating.
The maximum ocean current is 1m/s, so let’s take the rated speed to be 0.9m/s. so the power
production for a swept area of 4000m2 is 660 kw which is close to 0.7 MW. It is found by the
(Equation 2)
So, after the rated power is calculated, we need to find out the thrust force exerted by the
ocean current turbine and it is found out to be 1440000 N from the formula similar to
(Equation 2)
1

FTsub = 2 CTrAV2

…………………………….…. (Equation3)

The thrust force acting on the ocean current turbine at 0.9 m/s rated power is about 1440000
N. we calculated the value for 0.75m/s So, the amount of force acting is taken in x direction in
a similar fashion as we did the torque balance previously. so now we are going to add a turbine
weight of 60 tonnes and redo the correlation and tabulate the results. In the next chapter, we
are going to simulate the oscillations and damping by changing the mass of the turbine and
radius of the turbine and find out which is more efficient.
FTsub . cosθ . La +
Fnacelle . sinθ.La +
Ftower . sinθ
Fb . sinθ .

La
2

+

Lb

= Fsteel .sinθ 2 + Fwater . sinθ . Lw+ Fturbine . sinθ.Lst

Lb
2

Table 6: with adding ocean current turbine

Wind Speed (m/s)

Angle Of tilting (θ)

4

2.41

6

3.25

8

4.42

10

5.92

33

7.3 Dynamic Case:
Based on Newton's second law for rotation
𝑇 = 𝐼𝜃̈
where 𝐼 = 𝑚𝐿2 for a point mass and 𝐼 = 𝑚𝐿2 /3 for a rod. The speed at the turbines are
corrected in the dynamic according to
𝑣 = 𝑣0 + 𝐿𝜃̇
where 𝑣0 is the ambient speed, whereas the speed experienced by the turbine is different
due to the angular velocity of the whole structure. This affects the thrust force so that damping
is introduced into the dynamics.
With this equation when solved in MATLAB, the thrust force of the turbine is accounted
with and without adding a submerged structure. So the angular acceleration is changed in the
dynamic of the structure and increases the damping factor. The angle of tilting is in accordance
with the time taken for the structure to get well damped, the results are discussed in the next
chapter.
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8.1 Result & Discussion:
In our previous chapter, we discussed the calculations and its tabulated
correlations. Now we are going to use MATLAB software, we entered all the data’s and we
found a moment of inertia. Figure 13-16 below shows a MATLAB simulation of different
setups for a hybrid system with different parameters. Initial conditions are in all cases that we
start at zero angles with zero angular velocity (𝜃 = 𝜃̇ = 0). The results are graphed in two
cases, first one with cha ange in mass of the submerged structure and the second one with cha
ange in blade radius of the submerged structure.

8.1.1 Case 1:

Figure 13: Mass of 60-tonne turbine

Parameters:
wind speed at 10m/s,
ocean current speed at 0.75m/s
mass of submerged structure = 60 tonnes
36

ζ is the damping factor, the more the damping factor the more the structure is well damped.
So, from the graph, we can see that for the hybrid system ζ = 0.42444 whereas for a standard
system ζ=0.12188 it means that the damping factor is very good if it is closer to 1. The graph
portrays that with adding submerged turbine the floating structure is stabilized in less than 60
seconds but without adding submerged turbine the structures takes more than 150 seconds to
stabilize.

Figure 14: Mass of 100 tonnes for turbine

If we keep all the input data’s and change the mass of the submerged structure to 100 tonne
the result is still same but the damping for the hybrid has reduced at a very less level of
ζ=0.42403 instead of ζ=0.42444. so, the mass of the turbine has less influence on damping or
stability of the structure.
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8.1.2 Case 2:
if we change only the radius of blades of the substructure from 35.7m to 20m and 40m

Figure 15: 20m radius ocean current turbine

Figure 16: 40m radius ocean current turbine
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In case 2 from the two graphs above it is very clear that the radius of the submerged turbine
plays a vital role in the damping of the floating structure, and for 45m it is very well damped
at less than 100 seconds where as for 35m the damping occurred after 60 seconds. The other
suitable one is with radius 20 m as balanced the angle is less than 5 degrees.
The calculations are mainly proceeded in a way of 2 D alone so we did not take into the
account of 3D forces like the wave hitting on the submerged structure and the upward
movement of the force created by buoyancy etc. This hybrid concept has the potential for more
analysis in 3D and the scope of real-time implementation is an absolute possibility if we
proceed with the above-suggested considerations.
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8.2 Conclusion:
The analysis of hybrid offshore floating wind turbine is calculated. At first, the
wind data and ocean current data is collected and their weighted power with respect to wind
speed is calculated. Secondly, the floating structure’s physical dimensions and their weights
are noted so a correlation of wind speed and the angle tilting is calculated and tabulated in two
different ways, one with adding a submerged turbine and another without the submerged
turbine. The dynamic case was simulated in MATLAB with different sizes for the submerged
turbine. Compared to the wind-only case, the hybrid scenario introduces very efficient damping
of oscillations, at least for a 0.7 MW turbine or larger.
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