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Abstract

The Netherlands aims to achieve a fully sustainable energy system by 2050, with
offshore wind energy as a key contributor due to favorable North Sea conditions.
However, wind energy’s intermittency creates challenges like overproduction during
low demand and underproduction during high demand, highlighting the potential of
energy storage systems (ESS). This research develops an offshore wind farm model
using the SIMSEN software, including realistic conditions such as wake effects and
wind variability of an existing wind farm in the North Sea (Hollandse Kust Noord).
The model provides insights into wind farm performance and lays the ground work
for future studies on ESS integration to enhance grid stability and optimize wind
farm operations through the SIMSEN software.
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1 Acronyms

Acronym Definition
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RDP
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RSS
SG
SW
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2 Introduction

As the world shifts towards a more sustainable future, renewable energy sources play a key role
in reducing reliance on fossil fuels. The Netherlands has set a goal to rely entirely on sustainable
energy by 2050, with wind energy expected to be the largest contributor. This is partly due
to the Netherlands’ location on the North Sea, which provides favorable conditions for offshore
wind energy generation [1].

Offshore wind turbines take advantage of stronger winds at sea [2]. However, wind energy is
intermittent, meaning power generation fluctuates with wind speed patterns. This intermittency
brings challenges to grid stability and energy reliability. For instance, during periods of high
wind speeds and low electricity demand, energy that is overproduced often leads to curtailment
whereby valuable energy is wasted. During periods of low wind speeds and high electricity
demand, backup generation is needed which often relies on fossil fuels [3].

Integrating energy storage systems (ESS) offers a promising solution to this waste of renewable
energy. ESS could store energy resulting from overproduction during high wind periods, and
release this energy when the demand is high while there is a low wind period. The process of
storing surplus energy can help to reduce power fluctuations, improves the reliability of energy
supply, and thereby reduces the need for curtailment. Thus, ESS can make offshore wind farms
operate more efficiently and improve their overall economic performance [4, 5, 6, 7].

Accurate modeling of wind farms is crucial for evaluating the impact of systems like ESS. A key
challenge is capturing the complexity of turbine interactions, including wake effects that affect
the energy output of downstream turbines and the variability in wind profiles that influences
overall performance [8, 9, 10]. Realistic operational and environmental conditions are required
for effectively modeling wind variability and wake effects. Once a precise model is created, it can
be used to analyze key performance metrics, such as energy efficiency, velocity deficits and power
outputs, under existing grid conditions. These insights will enhance the understanding of wind
farm performance [11].

Despite existing research on wind turbine modeling, no previous studies were found that focused
on modeling an existing offshore wind farm location in the North Sea. This gap in the literature
led to the decision to model Hollandse Kust Noord (HKN) as the case study for this research. The
SIMSEN software provides a base model for individual wind turbines, and research has explored
the modeling of an offshore wind farms in SIMSEN [12]. SIMSEN is a well-suited simulation
software for modeling systems involving mechanical, electrical, and hydraulic components and
simulates dynamic behavior by using differential-algebraic equations [13]. Existing SIMSEN
elements and models will be used and adapted to reflect realistic conditions specific to the HKN
site.

The main objective of this Bachelor Integration Project (BalP) is to lay the groundwork for
accurately modeling a specific offshore wind farm using SIMSEN, based on data from the HKN
location in the North Sea. While the model developed in this project is not yet fully accurate, it
serves as an important step towards predicting the power output for this particular wind farm.
Future research will build upon this work, eventually enabling the integration of ESS into the
model to assess their impact on grid stability, intermittency, and offshore wind farm operations.



3 Research Design

Section 3 describes the general set-up of this research. Firstly, a problem analysis is provided
from which it becomes clear what the actual problem is. Based on this, a problem statement
and goal statement are formulated. This section is finalized by an outline for the remainder of
the research.

3.1 Problem Context

Wind turbines consist of two primary subsystems which are the mechanical and electrical
subsystem. In the mechanical subsystem, the rotor of the turbine captures the kinetic energy
from the wind and converts it into mechanical energy by the rotation of the blades and hub. In
the electrical system, the rotor of the generator converts the mechanical energy delivered by the
turbine into electrical energy using electromagnetic induction [14, 15].

For modeling and assessing wake effects, both the hydraulic and mechanical domain should be
taken into account. The hydraulic domain falls under the fluid flow dynamics which in this case
involves the wind flow. As wind flows through a turbine, the turbine extracts kinetic energy,
causing the wind speed to decrease in the wake region behind it. This also leads to a significant
pressure drop at the turbine, which will recover as the wake moves downstream. The wind
outside this wake, flowing faster than the wind inside the wake, will interact with the slower
moving wake wind, forming a shear layer. Within this layer, turbulence is generated, which
causes the external air flow to be mixed with the air within the wake. Mixing this air adds
momentum from the external air to the wake, helping the wake to recover some of its speed as it
moves downstream [16, 17, 18, 19, 20].

The mechanical domain includes the interaction of these fluid flow dynamics with the mechanical
system of the wind turbine. Here, it is examined how the turbulence and influenced wind speeds
affect the turbine structure, blades and performance. Turbines, that are located in the wake area
of upstream turbines, experience increased fatigue loads due to these effects. Consequently, this
will reduce the power output and affects the economic benefits and safe operation of the entire
farm [16, 21].

Accurately modeling offshore wind farms under site-specific conditions, accounting for realistic
wake effects and wind variability, remains an ongoing challenge in renewable energy research.
Wakes are one of the main factors affecting the capacity and efficiency of wind farms, making
wake modeling a critical element in performance prediction [22]. The constantly changing wind
pattern variations are highly unpredictable and even the slightest differences in wind speed or
direction can significantly impact the way turbines interact [23, 17]. When wind direction slightly
shifts, the wake generated by one turbine may affect downstream turbines differently, changing
their power output and efficiency to decrease. Similarly, fluctuating wind speeds and directions
influence the wake recovery process, further complicating the accurate prediction of turbine
performance within the wind farm.

In conclusion, understanding and accurately modeling wake effects and their interaction with
both the hydrodynamic and mechanical domains is essential for assessing and predicting the
performance and reliability of offshore wind farms. This integration is key to improving turbine
efficiency, ensuring safe operation, and maximizing the economic viability of renewable energy
Systems.

3.2 Why-What Analysis

A why-what model is shown in fig 1 which highlights the underlying problem for this research.
In the middle block the problem is stated which is that a precise and comprehensive model of



an existing offshore wind farm, considering realistic operational and environmental conditions
is currently lacking in SIMSEN. This results in the question of 'why do we want to solve this
problem?’. First of all, this accurate model needs to be created in order to ensure accurate
performance prediction. Secondly, the goal is to analyze key performance metrics to better
understand the efficiency and eventually create a system that can be integrated with an ESS. The
question "What is stopping us from solving this problem?’ can be divided into two parts. First of
all, models that capture the variability in wind farm performance are currently not available in
SIMSEN. Secondly, the reason why these models are incomplete is that the complexity of wind
farm modeling is high due to environmental factors, wake effects, and turbine interactions.

Analyze key
performance metrics to
better understand wind

farm efficiency

{ Consider realistic N\
operational and
environmental
conditions to ensure
accurate performance

\ prediction /

Why do we want to

solve this problem? Develop an accurate
and comprehensive
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What is stopping us
{ ) from solving this
No models in SIMSEN problem?
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variability in wind farm
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High complexity of

wind farm modeling
due to environmental
factors, wake effects,

and turbine interactions

Figure 1: Why-What Model capturing the main problem (red), why we want to solve the problem
(green) and what is stopping us from solving the problem (orange)

3.3 Problem Statement

The intermittent nature of offshore wind energy, in combination with the complexity of wind
turbine interactions and wake effects, necessitates the development of accurate wind farm models
to enhance performance analysis and enable future integration of energy storage systems for
improved grid stability.

3.4 Research Goal

The goal of this research is to build and test a working model of an existing offshore wind farm
in the North Sea, HKN, using the SIMSEN software by the end of this BalP. The model will
include site-specific wind conditions and turbine setups to simulate energy production and wake
effects. The results of this research will lay the groundwork for future integration with Energy
Storage Solutions (ESS). However, significant adjustments to the model will still be required
before it can be integrated with ESS and used to analyze their impact on offshore wind farms.

3.5 Research Question

The central research question of this BalP is:



How can the HKN offshore wind farm be modeled in SIMSEN to assess wake effects
and turbine performance under site-specific wind conditions, including fluctuating
wind speeds and directions, for accurate performance prediction?

3.6 Software Tool

For this BalP, the simulation software SIMSEN was used, which enables to model and analyze
complex energy systems involving mechanical, electrical, and hydraulic components [24]. SIMSEN
is effective in studying dynamic behaviors such as energy generation, storage, and grid interactions.
Its ability to include site-specific conditions such as wind patterns makes it highly suitable for
renewable energy applications, including wind farms.

The software relies on a reduced-order modeling (ROM) approach, which simplifies complex
systems while maintaining acceptable accuracy. By using differential-algebraic equations, SIMSEN
can simulate dynamic behaviors efficiently [13].

3.7 BalP Outline

First of all, section 4 provides an introduction to the single wind turbine behavior, wake effects,
and wake effect models. Section 5 will provide all formulas necessary for modeling a single wind
turbine in SIMSEN. Section 6 explains the setup and elements used of the simulation software
SIMSEN. Section 7 introduces the necessary information about HKN and explains the different
case scenarios that have been developed for examining the influence of changes in wind speeds
and directions. Section 8 will explain all assumptions and key considerations that have been made
for modeling HKN in SIMSEN. Section 9 covers all results that were obtained for modeling the
lower section of HKN where the influence of wake effects for two case scenarios will be compared.
In section 10 it is explained how the model created in SIMSEN has been validated. This BalP is
concluded by interpretation of the model results, and recommendations for future research are
provided in section 11. Last, in section 12 the goal of this research will be reflected and a final
conclusion is given.



4 Literature Review

Section 4 further elaborates on the key parameters and variables that are required for effectively
modeling wind turbines in SIMSEN. It will first explain the affect of increasing wind speeds on
the turbine behavior. Then, wake effect models will be introduced.

4.1 Operational Regions of a Wind Turbine

It is important to understand how a single wind turbine behaves at steady-state for different
incoming wind speeds in order to accurately model the system. This section includes the key
parameters that need to be correctly modeled for accurately modeling a single wind turbine.
Different controls can be used for limiting or regulating the power output of wind turbines, which
is highly important as turbines are completely dependent on wind flow for generating power.
The two main controls are a blade pitch controller and a generator torque controller [25].

The generator torque controller is designed to maximize power extraction below rated wind
speeds. It important to know the distinction between the aerodynamic torque and generator
torque for this matter. Aerodynamic torque drives the rotor and is generated by the wind acting
on the blades of the turbine. It results from the aerodynamic lift and drag forces produced as
the wind passes over the blades, and acts as an accelerating load. In the contrary, the generator
torque acts as a braking load applied by the generator as it converts the mechanical energy from
the rotor into electrical energy.

The second control is a blades collective pitch controller which is designed to regulate rotor and
generator speed above rated wind speed. These two controls are applied across four distinct
operational regions: I, II, III, and IV (see Fig. 2) [26, 27, 28]

In region I, where wind speeds are lower than the cut-in wind speed and therefore the turbine
doesn’t generate power. The cut-in wind speed is usually set at 3 or 4 m/s. The generator torque
is set to zero in this region to allow the rotor to accelerate without extracting power, preparing
the turbine for start-up. The blade pitch angle is set to zero in this region, causing the blades to
capture the most possible energy coming from the incoming wind flow [26, 27].

In region II, between the cut-in wind speed and rated wind speed, the main goal is to maximize
power extraction. Here, the tip speed ratio (TSR) is kept constant at its optimal value, meaning
that the rotor speed increases proportionally with wind speed. This optimal TSR, creates the
optimal power coefficient. Keeping the TSR constant at its optimal value is achieved by adjusting
the generator torque to be proportional to the square of the rotor speed. Furthermore, rotor
speed is bounded by a lower and upper limit as a turbine can only operate within these rotor
limits. The turbine operates at its specified TSR until either rated power or the maximum rotor
speed is reached. The pitch angle is still set to zero in this region to capture the highest amount
of wind energy [26, 27].

In region III, above rated wind speeds, the rotor speed exceeds its rated condition. Here, the
generator torque is kept constant at its rated value and the pitch angle is adjusted to maintain
rotor speed at its rated value and thereby protect the turbine from potential damage. The power
output of the system is now maximized to its rated value.

In region IV, wind speeds exceed the cut-out wind speed, which is the maximum wind speed for
safe turbine operation. Here, the turbine is automatically shut off [26, 27]. The different regions
are shown in Figure 2.

As the generator torque corresponds to the electrical subsystem of the turbine which is outside the
scope of this research, aerodynamic constraints will be added to the model. These constraints will
ensure that the turbine maintains a constant TSR, as well as a defined minimum and maximum



rotor speed. The methodology for adding these constraints to the model is further explained in
Section 5.
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Figure 2: Operational Regions of a Wind Turbine in Steady-State [27]

4.2 Wake Effects

When designing a wind farm, the primary objective is to maximize energy output using the
fewest turbines and the least amount of space. The wake effect refers to the region of altered
airflow that forms downstream of a wind turbine as a result of energy extraction from the wind
by the turbine rotor. The wake created by a single turbine can be divided into two regions: the
near wake and the far wake.

The near wake region extends approximately 2—4 rotor diameters downstream of the turbine
[20] [29] [17] [30]. In this region, the wind flow is highly influenced by the geometry of the rotor
resulting in high-pressure air on the upstream side of the blades moving to the low-pressure
side, creating tip vortices [17]. These significant changes in pressure and wind speed lead to the
expansion of the wake. As the fluid moves downstream and and returns to atmospheric pressure,
the velocity deficit in the wake region reaches it maximum value. This point represents the
transition from the near wake region to the far wake region [16].

In the far wake region, the primary factor becomes turbulence and the impact of the rotor on
the wind flow decreases. Atmospheric turbulence mixes with turbulence generated by the rotor,
speeding up the recovery of the wake where wind speeds deficits are reduced as explained in
Section 3.1. The layout of a wind farm is crucial to minimizing these impacts, as changes in wind



direction or wake interactions directly affect the wind farm’s overall performance [11]. Figure 3
provides a visual representation of the wake effect between upstream and downstream turbines.

Turbine A disrupts downstream airflow
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Turbine B
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surface means less turbulence
and more persistent wake

Figure 3: Wake Effect on Downstream Wind Turbine

4.3 Wake Models

There are many different models available in literature for assessing the impact of wake effects
on velocity deficits and energy yields. These wake models have been categorized in 1D and 2D
models. Examples of 1D models are Jensen’s model, Frandsen’s model, Larsen’s model, and
Ishihara’s model to name a few. All these 1D models have in common that they assume a linear
expansion of velocity profiles, which can lead to overestimated wind speeds in the wake [31, 32].
While this assumption does not perfectly align with the complexity of real world wind patterns,
these 1D models still provide useful approximations in many contexts.

Among these 1D models, the Jensen’s model is most widely used in academic research due to its
computational efficiency and simplicity [30, 33, 10, 34]. Despite its top-hat distribution shape
and constant wake decay parameter, it remains a valuable tool as its prediction accuracy is still
within an acceptable degree [20, 35].

Jensen’s 1D model has one other key limitation. The second key limitation is the assumption of a
constant wake decay parameter through the entire wake flow field [36]. This wake decay coefficient
denoted as k [-], describes the rate at which the wake expands when traveling downstream.

For more precise modeling, 2D wake models are often preferred. These models improve the
1D models by offering a more realistic representation of velocity deficits using Gaussian of
trigonometric distributions (see Figure 4) [31, 30, 19, 35]. Literature has introduced multiple
2D wake effect models that represent important extensions to Jensen’s 1D model, such as the
2D Jensen, 2Dk Jensen, and Jensen-Gaussian model. These models include more realistic
wind velocity profiles and turbulence by making the following adjustments. Jensen’s 2D wake
model replaces the simplistic top-hat velocity deficit profile with a more realistic cosine-shaped
distribution. Jensen’s 2Dk model further modifies the wake decay parameter to account for both
ambient turbulence and wake-generated turbulence, as well as the downstream distance from the
turbine. The 2D Jensen-Gaussian model is an extension that combines Jensen’s 1D model with
a Gaussian distribution [37].

While these 2D models are better suited for more accurate predictions of wake dynamics, Jensen’s
1D wake model remains a reliable starting point for understanding wake effects [20, 35]. Currently,



no explicit publications have been found in literature that address turbine interactions in detail at
the HKN. In this case, Jensen’s 1D model provides a useful way to estimate the influence of each
turbine on downstream turbines by its linear wake expansion. Even though it may overestimate
velocity deficits, this model is computationally efficient and offers a good foundation for future
studies. It can be used as a starting point, after which more advanced 2D models could be
introduced to assess the performance of the HKN wind farm. By first developing a Jensen’s 1D
model and then comparing it with a new 2D model, results can be compared with real-time data.
These findings can be used to draw conclusions on the effectiveness of wake models.

4.4 Comparison of Different Wake Models

As discussed in the previous section, extending Jensen’s 1D wake model to 2D versions, such
as the Jensen 2D and 2Dk models, offers a more realistic prediction of wake effects. The graph
shown in Figure 4 shows that Jensen’s 2Dk model produces results that are closest to those from
Large Eddy Simulations (LES), further supporting the use of 2D extensions for improved wake
prediction accuracy. However, it is worth noting that another comparison study by Gao et al.
(2020) found that the Jensen-Gaussian model outperformed both Jensen’s 1D and 2Dk models in
certain scenarios.

The study by Gao et al. (2020) [37] compares Frandsen’s 1D, Jensen’s 1D and 2Dk, and the 2D
Jensen-Gaussian model in three different scenarios; (a) one with a constant wind speed of 12
m/s and a fixed wind direction, (b) one with a constant wind speed of 12 m/s and variable wind
directions, and (c) one with variable wind speeds of 8, 12, 17 m/s respectively and variable wind
directions.

From their findings, it was concluded that for scenario (a), no major differences were found
between the 1D and 2D models. In scenario (b), which involved changing wind directions, the two
2D wake models predicted the velocity profile more accurately than the 1D models. However, in
scenario (c), the 2Dk model showed chaotic results. This behavior occurred because the velocity
in the wake is described using a cosine function, which follows a repetitive cycle. Thus, while the
Jensen 2Dk model offers accurate performance in somse cases, the Jensen-Gaussian model had
the best performance results for the three scenarios [37].
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Figure 4: These graphs show the horizontal profile of the normalized velocity deficit at turbine hub
height, plotted against the normalized axial distance, for various wake models. The comparison
highlights the differences between Jensen’s 1D, 2D, and 2Dk models. Notably, Jensen’s 2Dk
model produces results that most closely align with the LES (Large Eddy Simulation) results,
demonstrating its improved accuracy in capturing wake dynamics [35]

4.5 Jensen’s 1D Single Wake Model

Jensen’s 1D wake model was selected to analyze wake effects, as explained in the previous section
to offer a solid foundation for future studies. Jensen’s 1D model still enables the calculation of



velocity deficits across the farm while balancing computational efficiency with practical accuracy.
This model also enabled to visually represent the effect of expanding wakes on downstream
turbines, which is essential for calculating multiple wake effects.

As mentioned earlier Jensen’s 1D wake model assumes that the velocity profile expands linearly
and is only a function of the distance x [m] downstream. The x-direction in this case is defined
as the direction of the incoming wind flow [19, 33]. The radius in the wake expands linearly as:

Ry(z) =R+ kx (1)
where k [-] is known as the wake decay constant, for which a constant value of 0.4 is used for

offshore wind farms [19, 33]. R [m] is the radius of the wind turbine and = [m] denotes the
distance downstream of the turbine in line with the wind direction.

The wind velocity deficit of one wind turbine is calculated including the wake radius as follows:

vsilw) = v (1— (Rﬁx)f (1—@)) (2)

where v is the uninfluenced incoming wind speed [m/s|, Cr is the thrust coefficient [-], and vy, (x)
[m/s] is the wind speed in the wake at any distance = [m] along the wind direction investigated
[38, 36, 20]. A visual representation of Jensen’s 1D single wake model is shown in Figure 5 where
the near wake and fake wake regions are shown and the expansion of a wake with a linear velocity
profile [31].

_____ " Entrainmeni

Figure 5: Jensen’s single wake effect split up into three different regions, A, B, and C is shown
in the figure. The wind speeds Uz [m/s] are identical along the vertical axis of each cross-section.
Region A, which includes the area in front of the upstream turbine and the near wake region
behind it, is characterized by significant wind speed reduction and increased turbulence due to
energy extraction by the turbine rotor. In region B, the far wake, the wind velocity deficit recovers
slowly and turbulence intensity decreases as the wake expands and mires with the surrounding
air. In region C, beyond the far wake region, the airflow has typically stabilized, and the velocity
deficit and turbulence intensity are minimal, returning to ambient conditions [31].

4.6 Multiple Wake Model

Once the single wake effect has been calculated the next step is to calculate downstream
overlapping wake effects, known as the multiple wake effect, by using one of the superposition
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formulas. The four different superposition formulas are shown in Figure 6. Research by Shao
et al. (2019) [18] provides that the precision and effect of the different superposition models
on wind turbine’s performance were tested and the model predictions were compared with
wind tunnel experiments, leading to the Root Sum of Squares (RSS) model obtaining the most
accurate results. Similarly, Tian et al (2017) [36] integrated the 2Dk Jensen Model into these
four superposition models to calculate the power loss of a wind farm and compared the results
to wind tunnel data leading to the same conclusion.

Using the RSS model together with the classical 1D Jensen model is actually the most commonly
used method for predicting the wake deficit in wind farms, as shown in several studies [18]. The
widely adopted use of the RSS model in combination with Jensen’s 1D model, together with the
established reliability of RSS led to the choice of using RSS for the multiple wake calculations in
this research.

Geometric sum (GS) : © — I u;

Uo J=1 U_o
Linear superposition (LS) : (1 — ulo) = Z?:l <1 _ ﬁ)

Energy of balance (EOB):  uj—u’ =37 (ug — u2.>

2 2
. u . n Uj
Root sum of squares (RSS) : (1 - %) =D i (1 — —)
Figure 6: Four superposition Formulas for Calculating Multiple Wake Effects

Rewriting the RSS with the defined parameters in this research paper gives:

Nr

(%) -20-%) ®

where Np is the total number of upstream turbines that affect the target turbine i and j denotes
the specific downstream turbine that affects the target turbine i. vy, [m/s] is the incoming
velocity at target turbine i, vo [m/s] is the undisturbed initial velocity, and vj [m/s| denotes
the wind speed at turbine i due to the single wake from turbine j. By rewriting the formula
according to the steps presented below, the formula can be easily implemented into SIMSEN.

Nr
(Vo= Vai)® _ - (o= Vi) @

1% Vi

Nr

(Vo — Vii)? = Z (Vo — Vji)? (5)
Nt

Vo—Vui= |3 (Vo—Vji)? (6)
J
Nt

Vi =Vo— | Y (Vo= Vji)? (7)
J




(@ (b)
Figure 7: On the left, the 1D wake expansion behind a single wind turbine is illustrated according
to Jensen’s model. On the right, the overlapping of multiple wake effects is shown, representing
how the wakes from multiple turbines interact and influence downstream turbines [39].
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5 Mathematical Model

For accurately modeling the wind turbine’s key parameters and its dynamics, it is essential to
understand the underlying formulas. Section 5 introduces all the formulas and relationships that
are necessary to model the wind turbine, excluding the effects of wake interactions and other
surrounding influences.

As discussed in Section 4.1, the power output, power coefficient, tip speed ratio, blade pitch
angle, and rotor speed were plotted as a function of wind velocity. These plots represent the
general behavior of a single wind turbine in steady-state condition and all formulas attached to
these different parameters will be introduced [40, 41].

To calculate the mechanical power that is produced by a wind turbine, it is considered that the
kinetic energy E, [J] in the air mass of an object m [kg], moving with a velocity v [m/s] is given
by:

1
E, = §mv2. (8)

Therefore, the power of moving air P, [W], assuming that the wind speed Co [m/s] is constant,

P, is determined by:
de, 1

where 71 is the mass flow of air per second [kg/s]. As the air passes through an area A [m?],
considering the air density p [kg/m?], the air mass flow is expressed by:

1 = pACs. (10)
Applying Equation 10 in 9, the following is obtained:

1
P, = 5pAC;jO. (11)
Since A,o is the rotor swept area of the turbine blades, it can be expressed by:

2
Arot = % (12)

where D, [m] is the rotor diameter.

The mechanical power transmitted by the fluid to the wind turbine can be expressed as:
1
P=ApQ = <2pcp()§o> (ArotCoo) (13)

where the pressure p [Pa], air density p [kg/m?], power coefficient Cj, wind speed Cs [m/s], and
the wind turbine cross section A,r [m?] are the key variables [40, 41].

This yields to:
1
P= §pAthng’o. (14)

The power coefficient C), [-] represents how efficiently a wind turbine converts the energy in the
wind into mechanical power. It shows the proportion of the wind’s energy that is captured by
the rotor blades and is a function of the TSR A [-] and the blade pitch angle 6 [deg] [42]:

C, = Cy(\, 0).
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The blade pitch angle is based on a lookup table in this research and the TSR A [-] is given by:

Drotw
A= 15
where w is the rotor speed expressed in [rad/s] and is given by: [41]
A2C
= ) 1
“ Drot ( 6)

The TSR is set to its constant optimal value in region II, as explained in Section 4.1, to maximize
power extraction. As D, [m] is constant, the rotor speed w [rad/s] should increase proportionally
to the wind speed Cj,s. This is only possible in the operating range of a wind turbine, which is
bounded by wpin and wmax. To use a simple approach that includes this information, the rotor
speed is modeled based on the following [27]:

Aot C.
w = min (wmax, max (wmin, Ogt too>> . (17)
T2

The aerodynamic torque T [Nm)] that is generated as the wind exerts force on the blades, causing
them to rotate around the turbine’s hub, is calculated by the following formula:

T = (18)

P
o
Saint et al. (2020) provides a generic approximation for the power coefficient based on six
different exponential models, which can be found in Appendix Table 8. The values that have
been used for the parameters in the research by Saint et al. (2020) [27] are presented in 1. These
values will also be used for this model to be able to compare and validate the model based on
the model by Saint et al. (2020) [27]:

Cp(N,0) =1 (iQ — 30 — ey — 507 — 06> exp (—f() 4 cgA (19)

where 1
Ai = — : (20)

1
Acob - 010(93+1)

Table 1: Parameter values for the Cp formula

Parameter C1 Co C3 Cy4 Cs Ce (64 C8 Cg C10 z
Value 02212004 |0 | 0| 5 |125| 0 | 0.08 | 0.035 | 0

The maximum aerodynamic efficiency of the power coefficient, known as the Betz limit, is
Cpopt = 0.59259, representing the theoretical maximum fraction of power that can be extracted
from an ideal wind stream. The power coefficient and the thrust coefficient are related through
axial induction factor a [-]. The axial induction factor represents the factional decrease in wind
speed between free stream and rotor plane, where a = 0 indicates that none of the winds energy
is extracted by the turbine and ¢ = 1 indicates that the turbine extracts all the wind’s kinetic
energy [43, 44, 45, 46].

For most practical wind turbine designs the factor usually does not exceed 0.6. In well-optimized
turbine blades a tends to be around 0.33 during most of the turbine’s operational range, which
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aligns with Betz limit for efficient power extraction. Considering that 0 < ¢ < 1 and «a rarely
exceeds 0.6 the values of a can be obtained by solving Cp = 4a(1—a)? [45]. The thrust coefficient
Cr is used for the wake effect calculations, which represents the ratio of the axial thrust force Fa
[N] on the turbine blades to the dynamic pressure of the incoming wind. The Cr [-] is related to
Cp [-] as shown in Equation 24 and will be defined based on the power coefficient curve of the
SIMSEN model:

Cp = 4a(1l — a)* (21)
Rewriting Equation 21 for obtaining the axial induction factor gives:
Cp = 4a® — 8a® + 4a. (22)
Solving Equation 23 for a [-] will result in three different solutions.
4a® — 8a® 4+ 4a — Cp = 0, (23)
al,a2,and a3.

These values are shown in Appendix Table 9. With the obtained values for a, the thrust coefficient
can be determined based on the following equation:

Cr =4a(1 —a). (24)

The axial thrust could then be calculated using the following expression [45, 47]:
1 2
F, = §PArotCTCoo- (25)

These equations will be used for a case-study on HKN, where real-life data will be used for the
input parameters of the models.
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6 Simulation Setup SIMSEN

This section further explains how SIMSEN is used for modeling a wind farm, with the specific
simulation parameters and building blocks.

6.1 Building Blocks SIMSEN

For building a model based on the mathematical formulas described in Section 5 and lookup
data, different functions have been used in SIMSEN. For the lookup data a points function is
implemented in SIMSEN. This function allows to introduce special curves that could be difficult
to introduce with the program unit. The input signal x of this unit is equal to the sum of all
the inputs xi (REFERENCES X). The Points Function provides one output signal y. The data
points are specified in a table where each point has an x value and a corresponding y value.
This is similar to a lookup table. The only difference is that a lookup table provides direct
input-to-output mapping, while the SIMSEN Points Function offers advanced features such as
summing inputs, smoothing, and handling complex relationships.

A program unit is used for the calculation of all parameters that are defined by a formula, such
as the TSR [-], wret [rad/s], the Cp [-] and the Cr. The user can calculate diverse logical and
mathematical functions with only one block. It uses the input values xi (REFERENCES X) and
generates up to 20 output values yi that can be read from another unit, where i represents a
counting number (1,2,3,4,...,100). In the DATA section constant values can be added, such as a
blade radius of R=100 [m] for example.

The wind turbine built-in block (see Figure 8) calculates the power output and the torque based
on the formulas in section 5. However, for the calculation of the axial thrust Fa [N] the power
coefficient is used instead of the thrust coefficient which does not fully accurately represent the
thrust force as Cp and Cr are related through axial induction factor a but do not represent the
same The wind turbine built-in block (see Figure 8) is designed to calculate power output and
torque based on the formulas detailed in Section 5. However, for determining the axial thrust
Fa [N], the power coefficient Cp [-] is used instead of the thrust coefficient C'r. This approach
introduces inaccuracies, as Cp and Cr represent different physical behaviors as introduced in
Section 5. Cp focuses on power extraction efficiency, while Cp represents the aerodynamic thrust
force acting on the rotor. As a result, this substitution may lead to an incomplete representation
of the actual thrust force exerted on the wind turbine.
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Figure 8: SIMSEN Model of a Single 11 MW Wind Turbine

6.2 Sensitivity Analysis 24h One Wind Turbine

A sensitivity analysis has been performed for the single wind turbine SIMSEN model as this
model serves as the base model for each wind turbine throughout the wind farm. From the
results shown in Table 2 it can be observed that from an integration time step of 0.01 seconds,
the extracted data is no longer influenced. It is therefore decided that an integration time step
of 0.01 seconds will be used for the simulations as this is more time convenient than smaller time
steps while still giving the same results.

Table 2: Sensitivity Analysis Results for Different Integration Time Steps.

Integration Average Power Maximum Energy Yield over
Time Step [s] Output per Power Output 24h [MWh]
Hour [MW] [(MW)]
0.0001 7.4615 11 186.54
0.001 7.4615 11 186.54
0.01 7.4615 11 186.54
0.1 7.4562 11 186.41

6.3 Simulation Parameters

The simulation parameters that need to be defined when running a model are displayed in Table
3, with the corresponding units and values used for the modeling of single and multiple wind
turbines. A lookup table was used to simulate over 24 hours while the maximum duration was
still 125 seconds. This allowed to quickly obtain results.
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Table 3: Simulation Parameters

Parameter Unit Value Description

Time min sec 0.0000E+000 | Start time of the simulation.

Time max sec 1.2500E4-002 | Maximum duration of the simulation (125
seconds).

Integration step sec 1.0000E-002 | Time interval for the numerical solver (0.01
seconds).

Precision for immediate events % 1.0000E+4-000 | Precision for handling immediate events
during the simulation.

Precision for simultaneous events % 1.0000E4+-000 | Precision for managing simultaneous
events during the simulation.

Integration process - RK45 Numerical integration method used
(Runge-Kutta 45).

Write in output files every - 1.0000E4-001 | Frequency of writing simulation outputs
(every 10 steps).

Initial conditions from E/M/C E E = Element, M = Main File and C =
Combined. If E is selected, the program
sets initial value of all the state variables
to the corresponding value defined in each
element’ own INTIAL CONDITIONS sec-
tion.

Disturbances activated Y/N NO Indicates whether disturbances are acti-
vated during the simulation.

6.4 From One Wind Turbine To a Wind Farm

Once the single wind turbine was validated, its code was duplicated for additional turbines. The
turbines were positioned and numbered in the model to match their layout in GeoGebra [48],
allowing easy identification of turbines affected by wake effects from upstream ones. Turbines
that were most upstream in the layout (e.g., WT1) used the same wind velocity input. For
downstream turbines affected by wake effects, modifications were made to include all individual
wake disturbances. This was achieved by adding program blocks to account for each wake effect
impacting the target turbine.
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7 Hollandse Kust Noord Case Setup

This section provides all necessary data that needs to be defined in order to accurately model
HKN in SIMSEN, followed by the different case setups will be explained.

7.1 Hollandse Kust Noord

The system modeled and analyzed in this BalP begins with a single wind turbine in SIMSEN.
This wind turbine must operate similarly to the defined operational regions explained in 4.1 to
ensure that the model performs as specified. After validating the single wind turbine model,
it will be expanded to represent the HKN (HKN) wind farm in the North Sea. Instead of
applying equivalent conditions as done by Nicolet et al. (2014) [12], the individual performance
of each turbine is considered. This site was chosen because it is one of the Netherlands’ largest
operational wind farms, with a total capacity of 759 MW [49].

HKN consists of 69 Siemens SG 11.0-200 DD offshore wind turbines. Each turbine has a hub
height of 125.5 meters, a rotor diameter of 200 meters, blade lengths of 97 meters and a swept
area of around 31416 m2. The nominal power output of each turbine equals 11 MW by which
the total output of 759 MW is realized. These turbines are distributed over an effective area of
92 km2 where most of them are placed more than one kilometer apart from one another [50].
The Siemens Gamesa SG 11.0-200 DD wind turbines have a cut-in wind speed of 4.0 m/s, a
rated wind speed of 14 m/s and a cut-out wind speed of 32 m/s. These values will be used to
investigate the different regions for the 11MW wind turbine. [51]

| Medegebruik Windenergiegebied Hollandse Kust (noord) |

Natuurinclusief Bouwen (NIB) — Leidingen (olie / gas)
tische Mijl
idszone TenneT platform 500 m

012024
2024001

1:90.000

Figure 9: Locations of all wind turbines at HKN with scale [49]
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7.2 Hollandse Kust Noord Case Scenarios

To analyze wake effects at HKN, two case studies were conducted using wind data. These
case studies aim to provide insights about the influence of wind pattern fluctuations on the
performance and layout of the wind farm HKN. The first case study evaluates the impact of a
270° Western wind direction on the energy yield, while the second evaluates a 225° Southwestern
wind direction to account for the two most dominant wind patterns at the site.

Wind data for these case studies was obtained from Windfinder [23], which provides hourly wind
speeds and directions over a 24-hour period as shown in Appendix Table 5. The average wind
direction obtained from a regular day in December 2024 was 267° West, which was rounded to
270° West for simplicity. Additionally, the wind rose in Figure 10 illustrates wind patterns from
1999 to 2013 at 128 meters altitude, corresponding to the hub height of 125.5 meters at HKN. It
specifically shows that SSW and WSW are the most common wind directions at HKN. Since the
hub heights of the wind turbines at HKN are approximately 125.5 meters, this wind rose was
considered the most representative.

The 270° West direction was selected for the first case study, as it was both the average of the
24-hour dataset and the third most frequent direction according to the wind rose. The second
case study evaluates the 225° Southwest direction, representing the average of the two dominant
wind directions (SSW and WSW). Both case studies use the same hourly wind speeds obtained
from Windfinder to clearly observe the impact of different wind directions on wake effects [52].

Since the layout is fixed in HKN, the evaluation would also focus on how well the turbines are
distributed to minimize wake effects. As the prediction accuracy of wake models is highly affected
by the spacing and downstream distance between wind turbines, it is important to use the precise
locations at the chosen site. Due to the absence of precise coordinates for the turbines at HKN,
a scaled map (Figure 9) was used to obtain the positions of the turbines as accurate as possible.
These positions were implemented in GeoGebra [48], a measurement tool, to analyze and extract
precise values from the geometric construction of the wind farm. With the use of GeoGebra the
exact inter-turbine distances could be easily calculated based on the newly created scale. This is
further explained in 8.8.

Wind rose mis
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ESE
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Figure 10: Hollande Kust Noord Wind Rose at 128m High from 1999-2013 [52]
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To optimize the analysis process and focus on delivering results within the given time frame,
the lower 19 turbines of HKN are initially modeled. This selection provides a representative
segment of the wind farm that allows for a manageable starting point to test the methodology
and validate the approach, particularly the wake effect calculations and RSS. In figure 11 the
wake effects are shown resulting from a 270 degrees Western wind flow.

In Figure 12 the wake effects caused by setting the wind direction constant at 225 degrees South
West are shown. Comparing this Figure with Figure 11, it can be immediately observed that less
downstream wind turbines are affected by the wakes of upstream turbines than in Case I. This is
therefore also expected to be the outcome of these two cases in terms of velocity deficits and
power outputs. The distances between all downstream turbines affected by an upstream turbine
are shown in Appendix Table 6 for Case I and 7 for Case II.

@

»

WT2 VT4

SCALE 1 : 3200 [m]

Figure 11: Wind Turbines with Wake Effects Plotted Based on Jensen’s 1D Wake Model for a
270° West Wind Direction

}1 : 3200 [m]
Vo

Figure 12: Wind Turbines with Wake Effects Plotted Based on Jensen’s 1D Wake Model for a
225° Southwest Wind Direction
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8 Assumptions and Key Considerations for Modeling HKN in
SIMSEN

This section outlines and elaborates on the key assumptions and considerations made in modeling
the wake effects of the HKN wind farm.

8.1 Identical Behavior of Each Single Turbine

It is important to understand that all the wind turbines at the HKN site are identical, indicating
that the turbines will exhibit similar behavior at corresponding wind speeds. Consequently,
parameters such as the minimum and maximum rotational speeds, the optimal tip speed ratio,
the pitch angle lookup table, and, by extension, the power coefficient at different wind speeds,
are all considered constant across turbines.

However, when modeling an entire wind farm, rather than a single turbine, variations in velocity
deficits due to wake effects must be accounted for. A downstream turbine is assumed to behave
identically to the upstream turbine that is not influenced by the wake as explained previously.
The primary distinction is that the downstream turbine experiences a delay in reaching the
wind speed characteristic of the upstream turbine, causing its power curve to lag behind. This
delay results in a both a spatial- and time-dependent difference in performance between turbines,
which are critical factors in accurately simulating the behavior of wind farms as a whole.

8.2 Determination of Optimal Tip Speed Ratio

The optimal TSR [-] was determined through an iterative process. By systematically adjusting the
TSR and evaluating the corresponding power coefficient at each step, the value that maximized
Cp was identified. In region II, the objective of the optimal TSR is to maximize the power
output by keeping the power coefficient constant at its maximum value for increasing wind speeds.
Through this process, an optimal TSR of 6.5 [-] was obtained, giving a maximized Cp of 0.425 [-].
This value not only ensures the highest aerodynamic efficiency but also smoothens the Cp-curve,
by which any irregularities or inaccuracies are avoided. The TSR of 6.5 will be used as a key
parameter for modeling the wind turbine’s behavior.

8.3 Pitch Angle Lookup Table

For the pitch angle, a lookup table was initially created based on the curve presented in the
research by Saint et al. (2020) [27]. This curve was used for modeling the 2 MW turbine. Since
no exact values are provided in the research paper, the newly created curve will not be completely
identical to the one shown in the research by Saint et al. (2020). As the pitch angle directly
influences the power coefficient’s behavior, the Cp curve will also not match exactly to the one
presented in the article.

Previous studies by Saint et al. (2020), Liew et al. (2020), and the IEA Wind TCP Task
37 technical report (2019) [27, 53, 54] did not show significant differences between the pitch
regulation of a 2 MW turbine and a 10 MW turbine, as illustrated in Figure 13. Therefore, it is
expected that the pitch behavior of the 11 MW turbine will also be comparable to that of the 2
MW and 10 MW turbines.

Although the curves are very similar, they are not completely identical and therefore the pitch
angle curve of the 10 MW turbine was chosen for modeling the 11 MW turbine. This is due to
the fact that a 10 MW turbine lies more in the range to an 11 MW turbine than a 2 MW turbine
and because of the direct lookup table that is provided by the IEA Wind TCP Task 37 technical
report (2019) [54].
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Nonetheless, it is important to note that this lookup table was based on a rated wind speed of 11
m/s, whereas the 11 MW turbine has a rated wind speed of 14 m/s [55]. To address this, the
values in the lookup table were shifted to align with the 14 m/s rated wind speed as part of the
blade pitch control strategy. Additionally, the values were adjusted in such a way that the pitch
angle stays zero between cut-in and rated wind speed, as this was also explained in Section 4.1.
This newly created lookup table can be found in Appendix Table 10.
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Figure 13: Pitch Angle Curve of (a) a 2 MW turbine where the pitch angle is adjusted for a rated
wind speed of 11 m/s to regulate power output [27], and (b) a 10 MW turbine where the pitch
angle is adjusted to a rated wind speed of 10.75 m/s to requlate power output [54]

8.4 Determination wmin and wmax

In the paper by Saint et al. (2020) [27], formulas for calculating the minimum and maximum
rotor speed are presented. However, implementing the formula for these rotor speed limits in the
2 MW base model gives different outcomes than the minimum and maximum rotor speed that
are presented in their graph. The graph of a 2 MW turbine in the research by Saint et al. (2020)
[27] provides a minium rotor speed of around 10.8 RPM and a maximum rotor speed of around
16 RPM for a D,4tor = 80m, while the formulas in their article give the following estimation of
the rotor speed being:
wmin = 1046.558D, ;o' = 8.776 RPM

rotor

wmazx = 705.406 D7 %3349 — 18 178 RPM

rotor

It is assumed that the values in their graph were obtained by previous works. Therefore, to
match the 2 MW SIMSEN model for validation, the minimum and maximum rotor speed have
been extracted from the graph instead of using the formulas. When adjusting the model to a 11
MW turbine, different sources have been used to ensure that the scaling of the system behaves
within in the desired operating range of the turbine. The minimum and maximum values for 10
MW wind turbines could be found in literature. As a 10 MW turbine is considered to lie within
an acceptable range compared to the 11 MW turbine, the average of five different sources has
been used. First of all, the general formulas provided by Saint et al. (2020) [27] were used to
estimate the rotor speed limits for a D, = 200m:

wmin = 1046.558 D 10911 — 3 999 RPM

rotor

wmazx = 705.406D-%8349 — 8 459 RPM

rotor

A wmin = 0.62 rad/s = 5.921 RPM and a wmax = 0.905 rad/s = 8.642 RPM were obtained
from Liew et al. (2020) for the IEA 10 MW turbine [53]. All of the maximum and minimum
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rotor speeds are displayed in 4, from which an average wmin = 5.288 RPM and a wmaz = 8.896
RPM were obtained. These values will be used for modeling the 11 MW turbine.

Table 4: Overview of Wpyin and wWmypa, values from different sources.

Turbine Type and Source | wpin (RPM) | wne: (RPM)
10 MW IEA Turbine [53] 5.921 8.642

10 MW DTU Turbine [56] 6.0 9.6

10 MW Turbine [54] 6.0 8.68

11 MW SG Turbine [55] - 9.1

Any Turbine [27] 3.229 8.459
Average 5.288 8.896

8.5 Thrust Coefficient

The thrust coefficient Cr [-] is a dimensionless value that represents the ratio of the actual
aerodynamic thrust force on the wind turbine blades to the dynamic force in the wind that is
available for extraction. To determine the thrust coefficient no direct values could be obtained
from the SIMSEN model. This is due to the fact that in the built-in SISMEN wind turbine block,
the axial thrust is calculated based on the Cp which can’t be changed [40]. Thus, when trying to
extract the C'p values in steady-state from the thrust graph, this will result in the values of Cp
[-]-

Based on Equation 21 and 24 the Cp could be manually calculated. By solving Equation 23
with Cp values extracted from the Cp curve in SIMSEN shown in Figure 14, the axial induction
factor a [-] could be calculated.

Based on the domains defined in Section 5, where 0 < a < 1 and a rarely exceeds 0.6, one of
the three solutions obtained by solving Equation 23 immediately cancels out as it exceeds the
upper limit of 1. For the remaining two solutions, this research defines a < 0.6 as the valid
range. Appendix Table 9 presents the three solutions for each Cp value that result from solving
Equation 23. Among the solutions, only the values for a; satisfied the condition a < 0.6 for all
Cp values. Therefore, these axial induction factors were used for calculating the Crp.
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Figure 14: Cp Curve of the 11 MW Wind Turbine

8.6 Limit on Power Output

Wind turbines are designed to keep the power output constant at its rated value for wind speeds
exceeding the rated wind speed [27]. A constraint has been added in the SIMSEN model that
maximizes the power output to 11MW once the power curve exceeds this value, which is the rated
power output of the wind turbine. Since generator torque control is not explicitly implemented
in the current SIMSEN model, the power output constraint serves more as a protective measure
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rather than a direct control over the torque. This added constraint of the model helps prevent
unrealistic power generation at higher wind speeds than rated wind speeds.

8.7 Time Delays

When analyzing Jensen’s 1D wake model an important observation is that this model primarily
focuses on the spatial effects of the wake, where the wake deficit in wind speed is a function of
the distance downstream from the turbine. However, the model doesn’t explicitly account for
time delays. Thus the results that are obtained in this research only provide insights on the effect
of the spatial distance between turbines on their velocity deficits and thereby power outputs. As
it takes time to travel downstream to the other turbine this is highly important for accurately
evaluating the performance of a wind farm and is suggested to include for future studies.

8.8 Scale of Hollandse Kust Noord

Due to the unavailability of exact coordinates for the wind turbines located at the HKN offshore
wind farm, an alternative approach was necessary to create an accurate representation of the
turbine layout as explained in 7.1. To overcome this limitation, GeoGebra was used to construct
a new scale model [48].

The first step involved plotting the dots from the provided Figure (9), placing them precisely at
the same positions as indicated in the original image. Using the given scale in the Figure, the
real distances between Wind Turbine 1 (WT1) and Wind Turbine 2 (WT?2), as well as between
WT1 and Wind Turbine 3 (WT3) were calculated. These distances served as the foundation for
establishing the scale of the plot.

With the real-world distances determined, the scale of the newly created plot was calculated
based on the measurements between specific wind turbines. The real-life distance between WT1
and WT2 was 1.02 km, while the corresponding distance in the plot was 0.32 units. This resulted
in a scale calculation of 0.32:1.02 km, which simplifies to 0.32:1020 m, yielding a scale of 1:3187.5
m.

Similarly, the real-life distance between WT1 and WT3 was 0.9 km, with the plot distance being
0.28 units. This gave a scale calculation of 0.28:0.9 km, which simplifies to 0.28:900 m, resulting
in a scale of 1:3214 m.

To ensure consistency and accuracy, the average of these two scales was taken:

3187.5 + 3214
Average scale = + ~ 3200 m

Thus, a final scale of 1:3200 m was established for the entire wind farm layout. This approach
ensured a reliable and consistent representation of the turbine positions in the plot. With this
new scale all distances could be determined between the different turbines of HKN for the wake
effect calculations.

8.9 Single Wake Effects

For the single wake effects, the wind speed at the upstream turbine is considered the initial wind
speed. For the downstream turbine, the distance x in the wind direction represents the precise
distance between the center of the upstream turbine and the center of the downstream turbine.
Using perpendicular lines in GeoGebra this distance can be calculated exactly. Two examples
(one for each wind direction) of how these distances were obtained are shown in Figure 15.
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(b)

Figure 15: Example of Computed Distance (a) Between Turbine 2 and 7 for 225 Degrees
South Western Wind Speeds, and (b) Between Turbine 2 and 4 for 270 degrees Western Wind

Speeds

A disadvantage of Jensen’s original 1D wake model is that no partial wake theorem is included.
Thus if only one part of a turbine’s rotor plane is affected by the wake of the upstream turbine,
the wake velocity deficit will be over-predicted when Jensen’s original model is implemented. An
example of a wake in which velocity deficit will be highly over predicted is shown in 16. This
wake effect occurring in Case I is considered negligibly small as only a very small part of WT7’s
rotor place is affected by the wake of WT6. For all other wake effects in both case I and II no
partial wake effects have been taken into account. For future research, accounting for partial
wake effects is highly recommended as this significantly influences the expected velocity deficits
[36].

Currently in both SIMSEN models no partial wake effects were considered. The only wake effect
that was considered negligibly small is the influence of WT6 on W'T7 in the 270 degrees West
Model. In 16 this partial wake is shown. However it is highly important to account for partial
wakes for all downstream turbines as this is part of indicating the influence on velocity deficits
[36]. Research by Tian et al. (2017) [36] states that Jensen’s 2Dj, model doesn’t need additional
partial wake corrections since the model already has a two-dimensional feature. Therefore the
current model could be extended easily to Jensen’s 2D, model as only a few adjustments have
to be made in the already implemented formulas.

Another paper investigates the influence of full and partial wakes on the power output of wind
turbines within a wind farm based on Jensen’s 1D model. This paper could also be used to
further explore how to effectively account for partial wake effects within a wind farm [57].
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8.10 Multiple Wake Effects

As discussed in Section 8.9, the wake effects from upstream turbines on downstream turbines are
modeled assuming full wake impact, except for the wake effect of WT6 on WT7. In the current
model, the wake from each upstream turbine is considered for all downstream turbines where
the wake intersects the rotor diameter. For the multiple wake calculations, it is assumed that
each wake persists for at least 64 rotor diameters downstream. This assumption is based on the
findings of Dong et al. (2022) [58], who reported that wind velocity in a wind farm wake recovers
95 percent after 55 rotor diameters downstream.

The choice of 64 rotor diameters ensures that the model captures the full extent of wake effects on
all 19 investigated downstream turbines in the wind farm. This slightly overestimated approach
minimizes the risk of overlooking significant wake interactions. For modeling the multiple wake
effect, each upstream turbine’s single wake effect on the target turbine is first calculated and
afterwards all these results are combined by the tip speed formula.
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9 Model Results

This section provided the results of the models that were created in SIMSEN. First, the validation
of the single wind turbine models are discussed. Afterwards, the results obtained by the two case
scenarios are discussed.

9.1 2 MW Single Wind Turbine

The first step to be made was recreating a 2MW wind turbine model based on the article written
by Saint et al. (2020) [27]. The curves obtained by the SIMSEN model are shown in 17 and
completely correspond to the curves obtained by Saint et al. (2020). The only differences, as
explained in 8.3, are that the pitch angle, and Cp curve are slightly different. This is due to the
approximated values of the pitch angle that were extracted from the graph by Saint et al.(2020).
As this small inconsistency is for now assumed to be negligible the 2 MW model is validated. [59]
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Figure 17: 2 MW Turbine With Its Different Operational Regions and the Corresponding Cut-in,
Rated, and Cut-out Wind Speeds
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9.2 11 MW Single Wind Turbine

Once the 2 MW wind turbine model was validated, its parameters were adjusted to match the
11 MW turbines placed at HKN. The 11 MW turbine behavior with the adjusted cut-in, rated,
and cut-out wind speeds obtained by [55] is shown in 18. It can be observed that the power
curve does not correspond to a rated wind speed of 14 m/s but instead to a speed of 11 m/s.As
observed in other research such as the one by Saint et al. (2020), [53], and the IEA Wind TCP
Task 37 technical report (2019) [27, 54], the power outputs do reach their rated power once the
rated wind speed is reached. Therefore, there might be an inconsistency in the newly created
model.

After carefully examining the model and its associated formulas, it can be concluded that the
power curve below the rated wind speed primarily depends on the increasing wind speed Cyo,
the power coefficient Cp [-], A;, the TSR [-], and wyot [rad/s]. The pitch angle 6 [deg] is not
explicitly a factor in this region, as the angle is set to zero below rated wind speed according to
the control strategy defined in Section 4.1.

Since the Cp [-] and \; are approximated formulas based on scientific research, where different
values can be chosen, one solution would be checking whether changing these values (outlined
in Table 8 in the Appendix) with their corresponding optimal TSR [-] would solve the issue.
However, none of the alternative values tested resulted in a power curve behaving towards a
rated wind speed of 14 m/s. Then, it was checked whether calibrating the TSR [-] within the
model would work. Unfortunately, it was observed that changes in TSR only produced a minor
decrease in the power curve. This also led to irregularities in the Cp curve and was insufficient
to address the discrepancy of the power curve.

Wrot [rad/s] is constrained by an upper and lower limit, which can’t be changed without justifica-
tion for this purpose. Given that these parameters are the primary factors influencing the power
curve, and further adjustments failed to achieve the desired results, it was ultimately decided to
leave the model as is. This might lead to over predicted performance of the wind farm.
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Figure 18: 11 MW Turbine With Its Different Operational Regions in Steady-State and a Cut-in,
Rated, and Cut-out Wind Speed of 4, 14, 32 m/s Respectively

9.3 Effect of Fluctuating Wind Speeds

Fluctuating wind speeds significantly impact the power output of wind turbines, as wind
speeds constantly vary in real life. This section illustrates how these fluctuations affect turbine
performance. Figure 19 compares the power output of a single turbine under linearly increasing
wind speeds to that under fluctuating wind speeds. The intention of these figures is to only
highlight the impact of fluctuating wind speeds on turbine performance. However, it is important
to note that linearly increasing wind speeds are not realistic in real-life scenarios.
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Figure 19: Figure (a) and (b) Show the Influence of Fluctuations in Wind Speed on the Power
Output.

9.4 Effect of Inter-Turbine Distance on Velocity Deficits

This section provides insights into the velocity deficits caused by wake effects within the HKN
offshore wind farm. Figure 20 shows the fluctuating wind speeds applied in both case scenarios
of this research. Figure 21 shows the resulting incoming wind speeds in front of seven individual
turbines, calculated using both single and multiple wake effects for a wind direction of 270° West.

The analysis compares WT10, influenced by wakes from three upstream turbines, and WT4,
influenced by wakes from two upstream turbines. The velocity deficit in front of WT4 is larger
than that in front of WT10, despite WT10 being affected by more upstream wakes. This is
caused by the differences in spacing between the turbines, which can be seen in Figure 11 and in
Appendix Table 6. These results highlight the importance of inter-turbine distances affecting the
wake effects, and thereby the performance of a wind farm.
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Figure 21: Wind Speeds in Front of Turbine 1 (V0), 2 (Vw2), 8 (V3), 4 (Vwi), 5 (Vws), 9
(Vw9), and 10 (Vw10) Caused by the Single and Multiple Wake Effect of a 270° West Wind
Direction

9.5 Case Scenario Results

In Figure 22 the total power output per hour is shown with influence of wake effects, together
with the nominal (theoretical) power that could be produces when no wake effects are taken
into account. The dotted lines represent the corresponding average power output per hour. The
actual power curve led to a total energy yield of 2191 MWh with an average power output of
91 MW per hour. The nominal power curve led to a total energy yield of 3488 MWh with an
average power output of 145 MW per hour. By dividing the actual energy yield by the theoretical
yield an efficiency of 63 % was calculated.
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Figure 22: Case II; the Green Curve Represents the Total Nominal Power Output Pom [MW]
without Wake Effects and the Blue Curve the Actual Total Power Output P,y [MW] With
Accounting for Wake Effects

In Figure 23 the total power output per hour is shown with influence of wake effects, together
with the nominal (theoretical) power that could be produces when no wake effects are taken into
account. The nominal power curves are identical to the ones in Figure 22 as the same initial
wind speeds are used. The dotted lines represent the corresponding average power output per
hour [MW]. The actual power curve led to a total energy yield of 3110 MWh with an average
power output of 130 MW per hour. The nominal power curve again led to a total energy yield of
3488 MWh with an average power output of 145 MW per hour. By dividing the actual energy

yield by the theoretical yield an efficiency of 89 % was calculated, which is significantly larger
than 63% obtained in case I.
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Figure 23: Case II; the Green Curve Represents the Total Nominal Power Output Pyom [MW]

without Wake Effects and the Orange Curve the Actual Total Power Output Py [MW] With
Accounting for Wake Effects
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10 Model Validation

Based on existing research of a 2 MW wind turbine, a new model will be built in SIMSEN using
the same formulas as presented in the article by [27]. This model serves as the basis of this
research as it enables to validate the modeling approach by comparing the obtained results with
the ones presented in the reference article by Saint et al. (2020) [27].

Once this model is validated, it will be expanded to represent an 11 MW wind turbine corre-
sponding to the ones located at HKN. Previous studies have shown that a 2 MW, 5 MW, and 10
MW turbine show similar operational behavior across the different regions as explained in 4.1
[27, 54, 59]. Therefore, it is reasoned that the 11 MW turbine will show similar behavior.

To validate the 11 MW turbine model, its behavior will be compared to the patterns observed
in literature sources for other turbines sizes. The main difference between the models is that
parameter values, such as the cut-in wind speed, maximum power output, TSR, and rotational
speed to name a few, depend on the size of the turbine. Thus graphs will align in operational
behavior, but the scaled values will be different. However, a limitation of this approach is the
absence of detailed 11 MW wind turbine models in literature. This indicates that the validation
can’t be completely confirmed. Nonetheless, the aim is to develop a model that aligns closely
with actual performance.

This 11 MW turbine model will serve as the base model for modeling the HKN wind farm, where
all turbines are identical. Once the single wind turbine model is complete, it will be duplicated
and the spatial element between each turbine will be incorporated into the software accounting
for wake effects based on the methodologies explained in Section 4.5 and 4.6, obtained from
different research articles.
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11 Discussion

The results of the SIMSEN models created for this research provide an approximation of the
power output from the HKN wind farm, but they are unlikely to represent it fully accurately.
This is due to several factors, including the simplifications and assumptions made in the current
research, as well as the ongoing complexity of wind patterns and their intermittent nature. The
accuracy of the model is influenced by these complexities, especially when considering how wind
speed fluctuations and varying wind directions affect the wind farm’s performance.

A primary challenge in the current model is the over prediction of power output, particularly
due to the behavior of the power curve. The model assumes that the wind farm reaches its
maximum power output before the rated wind speed is reached, which leads to an overestimation
of the power produced for certain wind speeds. The different parametrization formulas for the
Cp, shown in Table 8, did not solve this issue. The moment of inertia might actually affect the
power curve but needs to be further investigated as the electrical domain is not accounted for in
this research.

On the contrary, the assumption in Jensen’s 1D model that the velocity profile expands linearly,
results in over predictions of velocity deficits. This leads to an underestimation of power output.
Additionally, the 1D model does not account for partial wake effects, which further leads to over
predictions in velocity deficits.

Furthermore, Jensen’s 1D model only considers the spatial aspect of the wake, without accounting
for time delays associated with wind flows traveling downstream. The absence of these time
delays leads to an under prediction of the power output as it takes time for wind flows to travel
downstream. Adding this delay is crucial for more accurate predictions of energy production,
which is not captured by the 1D approach.

On the other hand, the more advanced 2D wake models include a two-dimensional wake expansion
by which partial wakes are captured and more accurate velocity predictions can be obtained.
Among the 2D wake models discussed in Section 4.4, the Jensen-Gaussian 2D model was found
to be most accurate. Adding the extensions of Jensen-Gaussian to the 1D model allows for more
accurate performance prediction of HKN under varying conditions.

From the model results in Section 9 it was found that fluctuating wind speeds and wind directions
have a significant impact on the power output. Even small variations in wind speed directly
cause the power curve to change, which highlights the sensitivity of wind farm performance
influences by wind fluctuations.

Wind fluctuations can be easily integrated into the model using forecast data, with the wind
turbines adjusting their behavior based on wind speeds. This forecast data can be quickly
modified via a lookup table in the model. However, wind directions present a more significant
challenge, as the distances between turbines are currently calculated manually. This process
is time-consuming and difficult to adapt quickly, making the modification of wind directions
more complex compared to wind speed adjustments. While the manual calculation provides an
accurate estimation, further improvements in this area could enhance the model’s accuracy.

The impact of wind direction is particularly important, as proven in Figures 22 and 23. Namely,
the efficiency of the wind farm is highly sensitive to the incoming wind direction. When the
wind comes from a 270° direction, the total efficiency of the wind farm drops to 63%, while the
efficiency increases to 89% when wind comes from a 225° SW direction. This highlights that the
wind direction plays a crucial role in wind farm layout optimization.

The wind rose in Figure 10 shows that, in the HKN area, winds typically come from the SSW
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and WSW directions. Therefore, optimizing the wind farm layout to minimize wake effects from
these directions is essential for maximizing energy yield. The results from this study confirm that
this consideration has been effectively addressed, as the SW direction (representing the average
of the SSW and WSW) leads to a significantly higher energy yield than the West direction.

To sum up all points made above, while the current results provide useful insights into the power
output of the HKN wind farm, there are several limitations that need to be addressed in future
studies. These include, refining the modeling of wake effects in terms of adding time delays and
exploring the potential of more advanced 2D wake models such as Jensen-Gaussian, which also
include partial wakes. Additionally, optimizing the wind farm layout based on wind direction
and minimizing wake effects will play a significant role in improving overall efficiency. Last,
the current model shows promising results, indicating its potential for accurate performance
prediction. However, it remains a simplified representation and requires further refinement and
validation in future research. Particular attention should be given to reviewing the assumptions
outlined in Section 8, as these play a critical role in influencing the model’s outcomes and may
need adjustment for improved accuracy and applicability.
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12 Conclusion

This research developed and tested a model of the HKN offshore wind farm in SIMSEN, simulating
energy production and wake effects under site-specific wind conditions. The model provided
an approximation of the wind farm’s power output and successfully included fluctuating wind
speeds using lookup tables based on forecast data. This method allows for the effects of wind
speed variability on turbine performance to be simulated accurately.

However, there are still challenges, especially when it comes to modeling fluctuating wind
directions. This study analyzed two constant wind directions (270° W and 225° SW) and found
that changes in wind direction significantly influence power output due to varying wake effects.
Currently, the inter-turbine distances for different wind directions are calculated manually, which
makes it difficult to analyze directional variability efficiently. Automating these calculations
would improve the model and enhance the computational efficiency of evaluating the impact of
changing wind directions on wind farm performance.

The current model also has limitations due to simplifications. For example, assumptions in
Jensen’s 1D wake model lead to over predictions of velocity deficits, which result in underes-
timating power output. Furthermore, the model does not account for time delays associated
with wakes traveling downstream, which affects the accuracy of energy production predictions.
Advanced wake models, such as the Jensen-Gaussian 2D model, provide more accurate results
by including partial wakes and two-dimensional wake expansions. Adding these features and
accounting for time delays would improve the model significantly.

This study also showed the importance of optimizing wind farm layouts to reduce wake effects
from the most common wind directions. The wind rose for the HKN site shows that winds
typically come from the SSW and WSW directions. Results revealed that the efficiency of the
wind farm drops to 63% when the wind comes from 270° W, compared to 89% when it comes
from 225° SW. This demonstrates that optimizing the layout for the dominant wind directions is
crucial for maximizing energy production for future offshore wind farms.

In conclusion, this research addressed the main question introduced in Section ?7: How can the
HKN offshore wind farm be modeled in SIMSEN to assess wake effects and turbine performance
under site-specific wind conditions, including fluctuating wind speeds and directions, for accurate
performance prediction? While this research provides valuable insights, there are still opportuni-
ties for refinement. Future work should focus on refining wake modeling by integrating more
advanced 2D wake models, automating calculations for changing wind directions, and addressing
the assumptions outlined in Section 8. These enhancements would increase the accuracy and
reliability of the model. By addressing these challenges, future research could further support the
integration of energy storage systems and contribute to the stability and efficiency of renewable
energy systems.
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1 Appendix

1.1 Case Data

Table 5: Wind Speed Data of a Regular Day in December 2024 in Knots, Meters per Second, and
Corresponding Wind Direction [[8]

Time [h] | Cins [kts] | Cinr [m/s] | Wind Direction [deg]
0 10 5.144 302
1 10 5.144 301
2 12 6.173 298
3 11 5.659 292
4 16 8.231 279
5 19 9.774 268
6 17 8.746 257
7 19 9.774 253
8 18 9.260 249
9 17 8.746 250
10 21 10.803 249
11 20 10.289 267
12 21 10.803 270
13 22 11.318 264
14 19 9.774 272
15 18 9.260 271
16 25 12.861 267
17 23 11.832 264
18 21 10.803 261
19 19 9.774 258
20 19 9.774 257
21 22 11.318 254
22 21 10.803 254
23 22 11.318 261
24 20 10.289 261

Table 6 and 7 present the inter-turbine spaces between downstream turbines affected by the
wakes of upstream turbines. x4.,e represents the distance on the map created in GeoGebra and
Tactual TEPresents the actual distance between the turbines at HKN.
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Table 6: Inter-spaces Between Wind Turbines Experiencing Wake Effects From Upstream Wind
Turbines Case I (270 degrees)

Upstream - Downstream WT No. | Zscale [-] | Tactual [Mm]
1-2 0.3224 1031.68
1-4 0.645 2064
2-4 0.3226 1032.32
3-5 0.9155 2929.6
6-8 1.3792 4413.44
3-9 1.83969 5887.008
5-9 0.92419 2957.408
3-10 2.18886 7004.352
5-10 1.27336 4074.752
9-10 0.34917 1117.344
3-11 2.5473 8151.36
5-11 1.6318 5221.76
9-11 0.70761 2264.352
10 - 11 0.35844 1147.008
3-12 2.90043 9281.376
5-12 1.98493 6351.776
10 - 12 0.71157 2277.024
11-12 0.35313 1130.016
14 - 15 0.53824 1722.368
15-16 0.54532 1745.024
13- 17 1.73228 5543.296
16 - 17 0.54662 1749.184
13- 18 2.2743 7277.76
17 - 18 0.54202 1734.464
7-19 2.15082 6882.624
13-19 2.8145 9006.4
18-19 0.5402 1728.64

Table 7: Inter-spaces Between Wind Turbines Fxperiencing Wake Effects From Upstream Wind
Turbines Case II (225 degrees)

Upstream - Downstream WT No. | Zscale [-] | Tactual [Mm]

2-7 0.88 2816
3-15 1.12 3584
2-16 1.47 4704
4-16 1.22 3904
5-16 0.83 2656
8-17 0.57 1824
9-18 0.87 2784
11-19 0.65 2080
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1.2 Power Coefficient Exponential Model Parameters

Table 8: Comparison of Cp Coefficients from Different sources [27]

Coefficient | Slootweg et | Heier Thongam De Koon- | Ochieng et | Dai et al.
al. (2001, | (2014) et al. | ing et al.| al. (2014) (2016)
2003) (2009) (2013)

c1 0.73 0.5 0.5176 0.77 0.5 0.22

ca 151 116 116 151 116 120

cs 0.58 0.4 0.4 0 0 0.4

Ca 0 0 0 0 0.4 0

cs 0.002 0 0 0 0 0

x 2.14 0 0 0 0 0

Ce 13.2 5 5 13.65 5 5

cr 18.4 21 21 18.4 21 12.5

cg 0 0 0.006795 0 0 0

Co -0.02 0.089 0.089 0 0.08 0.08

€10 0.003 0.035 0.035 0 0.035 0.035
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1.3 Axial Induction Factor «

Table 9: Solutions for axial induction factor a [-] obtained by solving Equation 23 for every Cp
value

Cinf [m/s] | Cp[[] | a1 [-] | as [-] | a3 []
0.0 0.000 0.000 1.000 -
1.0 0.000 0.000 1.000 -
2.0 0.000 0.000 1.000 -
3.0 0.000 0.000 1.000 -
4.0 0.000 0.000 1.000 -
4.2 0.000 0.000 1.000 -
4.5 0.062 0.016 0.86623 | 1.11775
5.0 0.168 | 0.04616 | 0.76581 | 1.18802
6.0 0.310 | 0.09452 | 0.65638 | 1.24908
7.0 0.386 | 0.12646 | 0.59843 | 1.2751
8.0 0.420 | 0.14294 | 0.57128 | 1.28576
9.0 0.425 | 0.14552 | 0.56718 | 1.28729

10.0 0.425 | 0.14552 | 0.56718 | 1.28729
11.0 0.425 | 0.14552 | 0.56718 | 1.28729
12.0 0.425 | 0.14552 | 0.56718 | 1.28729
13.0 0.425 | 0.14552 | 0.56718 | 1.28729
14.0 0.425 | 0.14552 | 0.56718 | 1.28729
15.0 0.351 | 0.11104 | 0.62542 | 1.26353
16.0 0.314 | 0.09607 | 0.65338 | 1.25054
17.0 0.288 | 0.08623 | 0.67288 | 1.24088
18.0 0.268 | 0.07898 | 0.68791 | 1.23309
19.0 0.251 | 0.07302 | 0.70075 | 1.22621
20.0 0.237 | 0.06824 | 0.7114 | 1.22034
21.0 0.224 | 0.0639 | 0.72138 | 1.21471
22.0 0.213 | 0.0603 | 0.72989 | 1.20979
23.0 0.202 | 0.05676 | 0.7385 | 1.20473
24.0 0.192 | 0.05358 | 0.74641 | 1.20000
25.0 0.183 | 0.05077 | 0.75361 | 1.19561
26.0 0.175 | 0.0483 | 0.76008 | 1.19161
27.0 0.167 | 0.04585 | 0.76663 | 1.18750
28.0 0.158 | 0.04314 | 0.7741 | 1.18274
29.0 0.150 | 0.04075 | 0.78085 | 1.17839
30.0 0.143 | 0.03868 | 0.78684 | 1.17446
31.0 0.135 | 0.03634 | 0.7938 | 1.16985
32.0 0.127 | 0.03402 | 0.80089 | 1.16507
32.0 0.000 | 0.000 1.000 -
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1.4 Pitch Angle Lookup Table
Table 10: Wind Velocity and Corresponding Pitch Angles for an 11 MW Wind Turbine

Wind Velocity (m/s) | Pitch Angle (deg)
1 0.000
2 0.000
3 0.000
4 0.000
) 0.000
6 0.000
7 0.000
8 0.000
9 0.000
10 0.000
11 0.000
12 0.000
13 0.000
14 0.000

14.5 2.633
15 4.537
15.5 9.975
16.5 8.250
17.5 10.121
18.5 11.771
19.5 13.280
21.5 16.018
23.5 18.513
28.5 24.110
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