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Chapter

Modeling and Simulation of
Offshore Wind Farms for
Smart Cities

Cheng Siong Chin, Chu Ming Peh
and Mohan Venkateshkumar

Abstract

Wind turbine models and simulations are widely available, but the simulation of
a wind farm is scarce. This chapter presents a systematic approach to simulate an
offshore wind farm for smart cities. The subsystems of several variable-pitch wind
turbines, namely, rotor blades, drivetrain, and induction generator, are modeled to
form a wind farm. The total output power of the wind farm by considering multiple
wind turbines with the wake losses (using the Jensen wake model) can be simulated
with any input wind speed. In order to validate the accuracy of the simulation, a
case study was performed on a German offshore wind farm called NordseeOst. The
simulation shows promising results with an average error of approximately 5%
when compared with the real-time output of the wind farm. The results showed
that the simulation of a wind farm that often impeded by the lack of exact infor-
mation is feasible before any site implementation for smart cities.

Keywords: variable-pitch wind turbine, modeling and simulation, offshore wind
farm, smart cities

1. Introduction

As a measure to resolve the declining rate of fossil fuels and the current state of
emission levels, renewable energy has become an attractive source of clean and
sustainable energy. The wind is a powerful and abundant source of renewable
energy. Wind power installations, both onshore and offshore, have expanded rap-
idly over the world to harness the energy from wind. However, these wind power
plants are not cheap for offshore installations. Hence, the inception of a wind farm
entails many considerations and careful planning to justify the associated high cost.
As a result, alternative consideration is the wind farm layout that can be optimized
to increase the profitability [1].

However, the optimization of the layout is a complicated and challenging pro-
cess due to a phenomenon known as wake effect. After a turbine extracts wind
energy [2], the downstream wind will be turbulent and reduced in speed. It is
essential to consider the wake losses when positioning the turbines to maximize
energy production taking into account the additional costs for infrastructure if they
are spaced far apart. By using modeling and simulation as a tool, analysis can assist
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in managerial and technical decisions [3]. It is to be mentioned that manufacturer-
specific models are sometimes not easy to obtain [4].

Presently, there are few studies performed on wind turbine modeling. Some
examples of these studies are available [5-7]. The focus of their works was primarily
on the wind turbine dynamics and its efficiency. They did not consider the imple-
mentation of a wind farm or multiple wind turbines. Nevertheless, there are a few
researches conducted on wind farm simulation. For instance, the wake loss was not
taken [8] into account. Hence, there is a need to systematically model the wind farm
instead of just a wind turbine with the wake losses. The wind farm simulation tool
should be widely available to users to simulate the feasibility of the wind turbines
on the specific site before actual implementation. The approach adopted in this
study encompasses the different wind speed for each turbine with consideration of
wake losses. The main contribution is to provide a systematic approach to model the
output power from the wind farm by considering the wake losses before
implementing the wind turbines on the actual site for smart cities.

The chapter is organized as follows. In Section 2, a proposed modeling method-
ology is presented followed by Section 3 on a simulation model of NordseeOst wind
farm. Section 4 describes the results and discussion followed by the conclusion in
Section 5.

2. Modeling methodology

The NordseeOst, an operational offshore wind farm in Germany, will be used
here as a case study, and the wind turbines are modeled based on the governing
equations that can be implemented through the function block available in the
Simulink Library. The parameters for the wind turbine model will be based on
manufacturer Senvion 6.2M126 used in the German farm. The turbine model is
duplicated and positioned to follow the layout of NordseeOst wind farm. By con-
sidering the wake losses of each turbine using the Jensen wake model, the wind
speed input for the turbines can be computed. The wind conditions and tempera-
ture in the wind farm site will be obtained from an online resource. For any given
timeframe, the output power of the simulated farm can be determined and verified
with the real-time data obtained from the actual farm.

2.1 Wind turbine modeling

Multiple wind turbine models were created to form the wind farm. From a
modeling viewpoint, the turbine model can be broken down into three blocks,
aerodynamic, mechanical, and electrical, as shown in Figure 1. When the passing
wind interacts with the rotor blades, lift and drag forces create the rotation of the
turbine blades. This turning force is high in torque, but the speed is low. The speed
of the rotating rotor shaft will be increased using a gearbox. The purpose of
increasing the rotational speed is to match the requirements of the generator. The
turbine and generator shaft is coupled as a drivetrain to transmit the driving force to
the generator. The electrical block consists of the generator that creates a magnetic
field from the rotor into electrical energy. Each block is modeled using few differ-
ential and algebraic equations that describe their functions.

2.1.1 Aerodynamic block

The aerodynamic block is characterized by three subsystems, namely, the tip
speed ratio, power coefficient, and rotor torque, that are developed. The maximum
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Figure 1.
Wind turbine model [4].

power that can be extracted from the wind is 59.26% [9]. The power coefficient Cp
expresses the ratio of extractable power by the rotor to the available power in the
wind. The amount of power that can be extracted is given as follows:

P,==-p-A-0>-Cp(A,p) (1)

where p is the density of air in kg/ m?, A is the rotor swept area in m?, v is the
wind speed in m/s, and Cp is the power coefficient.
The density of air can be determined from the turbine elevation above sea level [3]:

p=p,—1194 x10°* - H (2)

where p, is the density of air at the sea level at a specific temperature in kg/m?
and H is the hub height in m.

The efficiency of the rotor can be described by power coefficient Cp since it is a
ratio of extracted power to available wind power. It is usually expressed as a
function of tip speed ratio and blade pitch angle. The ratio of linear speed at the
rotor blade tip to the wind speed is defined as tip speed ratio A as shown:

(3)

where w, is the rotor angular velocity in rad/s, r is the radius of the rotor (blade
length + hub radius) in m, and v is the wind speed in m/s.

For a specific airfoil type, the power coefficient may be expressed as a function
of the tip speed ratio and blade pitch angle as follows [8]:

Cp(2, ) = c1(c2/Ai — e3P — ca)e /% + cel (4)

where ¢; = 0.5176, ¢, = 116, ¢3 = 0.4, c4 = 5, ¢5 = 21, and cg = 0.0068 with A;
defined as

1 1 0.035

A A+0088 B +1 )
where 4 is the tip speed ratio and f is the blade pitch angle.
The rotor torque developed by the turbine can be calculated as follows:
r=> (6)
Wy
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where I, is the torque developed at the rotor in Nm, P, is the power developed
by the rotor in W, and w, is the rotor angular speed in rad/s.

2.1.2 Mechanical block

The purpose of a drivetrain is to transmit the torque generated by the rotor
blades from the rotor hub to the generator. The torque generated is filtered by the
drivetrain via the gearbox and ultimately drives the generator shaft. In this
mechanical block, the drivetrain is modeled by a two-lumped-mass model as shown
in Figure 2. The two-mass model [10] is accurate enough for the analysis of tran-
sient stability in wind power generation systems when compared with higher-order
drivetrain model with three or six masses:

The stiffness and damping of the low-speed shaft are represented by a spring
and damper with coefficient k;; and cj;, respectively. The equation of motion for the
turbine rotor is expressed as follows:

o T (t) — Ty ]<t> —cp€2:(t) 7)

where €, is the rotor angular speed in rad/s, T, is the aerodynamic torque
developed by rotor in Nm, I is the torque of the low-speed shaft in Nm, cfis the
frictional damping, and J, is the inertia of rotor in kgm2.

The mechanical torque of the shaft is modeled as follows:

Tls (t) - kls [81’ (t) - 915 (t)] + Cis [‘Qr (t) — £ (t)] (8)

where T, is the torque of low-speed shaft in Nm, k; is the stiffness coefficient, 6,
is the rotor angular position in rad, 6, is the angle of low-speed shaft in rad, cj is the
damping coefficient, Q, is the rotor angular speed in rad/s, and € is the angular
speed of low-speed shaft in rad/s.

Assuming an ideal gearbox, the step-up ratio of the transmission speed is shown:

T _ (0 _60)
Ths (t) £ (t) 915 (t)

Mg )

where [, is the torque of the low-speed shaft in Nm, T}, is the torque provided to
the generator in Nm, £, is the angular speed of generator shaft in rad/s, €2 is the
angular speed of the low-speed shaft in rad/s, 6, is the angle of generator shaft in
rad, and 6 is the angle of the low-speed shaft in rad.

Ths Tem
T:I Tls kis
" e
Q. | ) =
Jﬂ
Cig o
Jr
Figure 2.

Two-mass model [10].
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The equation of motion for the shaft at induction generator is written as shown:

@@:M@—nﬁ%@%@
g

(10)

where T}, is the torque provided to the generator in Nm, T,,, is the electromag-
netic torque in Nm, ¢, is the damping experienced at the generator, €, is the angular
speed of generator shaft in rad/s, and J, is the inertia generator in kgmz.

2.1.3 Electrical block

The ideal induction generator dynamic model consists of three stators and three
winding rotors. The differential equations are derived from the state space vector
representation using synchronous reference frame for the d-q model. The modeling
is simplified and preferable when represented as DC values. In order to do so, the
stator and rotor are each transferred onto a direct and quadrature axis (d-q model).
The direct and quadrature axes for the stator are represented by ds and ¢s, respec-
tively. The same axis for the rotor can also be represented by dr and gr. To simulate
the induction generator, an equation to represent both the direct and quadrature
axis voltages for the stator Vy, V,, and current I, I is required. Egs. (11)—(18) are
the models of an induction generator expressed in a d-q reference frame [3].

The stator and rotor magnetic flux linkages are given as follows:

Qg = X5 Lgs + X - 1y (11)
G = X Ly + Xou - I,y (12)
Par =Xy Ly + X - Ls (13)
g = Xr L+ X - I (14)

where X; is the stator reactance in Q, X, is the rotor reactance in Q, X, is the
mutual reactance in L, I is the stator current at d axis in A, I is the stator current
at q axis in A, I, is the rotor current at d axis in A, and I, is the rotor current at q
axis in A.

The stator and rotor voltage equations are given by Egs. (15)—(18). During start-
up, the rotor in an induction generator does not require a supply of voltage. Hence
the rotor voltage V,, and V,, are equal to zero [3]:

Vas = —Rs - Iys + w5 - g — % (15)
V= R Ips— s e — d;”tqf (16)
O:—RV-Idr-l—s-a)x-q)q,—% (17)
0=—R, I —5 w5 g — d;l’fr (18)

where R; is the stator resistance in Q, R, is the rotor resistance in Q, I is the
stator current at d axis in A, I gs 18 the stator current at q axis in A, I, is the rotor
current at d axis in A, I, is the rotor current at q axis in A, ¢,; is the stator magnetic
flux at d axis in weber, ¢, is the stator magnetic flux at q axis in weber, ¢, is the
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rotor magnetic flux at d axis in weber, ¢, is the rotor magnetic flux at q axis in
weber, w; is the synchronous speed in rad/s, and s is the slip.
The rotor slip can be calculated as follows:
w5 — g

§=—" (19)

Wy

where w; is the synchronous speed in rad/s and w, is the rotor speed in rad/s.
The electrical torque developed by the generator is given as follows:

Te =< (pqr : Id}" \ | ¢d7‘ : IqV (20)

where ¢,, is the rotor magnetic flux at q axis in weber, I, is the rotor current at d
axis in A, ¢y, is the rotor magnetic flux at d axis in weber, and I, is the rotor current
at q axis in A.

The power equations for the generator can then be expressed by Egs. (21)-(23).
The true power can be computed as shown:

P= V- Lis+ Vi - I (1)
The reactive power is calculated as follows:
Q =V Lis — Vs - Is (22)
The apparent power can be written:
S =V Li+ Vs Ips+ Vi - Lig — Vs - I (23)

where V is the stator voltage at d axis in V, V,, is the stator voltage at q axis in
V, 1, is the stator current at d axis in A, and I is the stator voltage at q axis in V.

2.1.4 Jensen wake model

The Jensen wake model was used to calculate the wind speed after subjecting to
wake loss. The model is simplified for a single wake where the diameter of the wake
is assumed to be expanding linearly. For a single wake model, the resulting wake of
a wind turbine is treated to be turbulent where the near field behind the turbine is
neglected. The spread of the resulting wake can be represented by the linear
dimension (radius ) which is proportional to the downwind distance, x as shown in
Figure 3. The start of the wake, u, that is directly behind the turbine is assumed to
be equal to the turbine diameter:

A balance of momentum gives the following equation:

m%u + 71'(7‘2 — 1%)1)0 = 7r’v, (24)

where 7 is the rotor blade length in m, u is the wake speed in m/s, » is the radius
of wake cone in m, v, is the incoming wind speed in m/s, and v is the resultant
wake speed in m/s.

The radius of the wake cone 7 that represents the path of incoming wind after
passing through the turbine is shown:

r=ry+ax (25)

where 7 is the rotor blade length in m, a is the dimensionless scalar, and x is the
distance from a wind turbine in m.
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Figure 3.

Linear expansion of wake cone for a single wake model.

The speed of wake expanding with distance which depends on the dimensionless
scalar « is defined as follows:

!
" 2In (%)

where z is the hub height in m and 2, is the surface roughness.

The surface roughness constant is dependent on the characteristics of the local
terrain, while the dimensionless scalar « depends on both the local terrain and wind
climate conditions. The paper [2] had mentioned that a value of 0.04 can be used
for a for free stream wind which has yet to pass through any wind turbine or
otherwise the value of 0.08 can be assumed.

By solving Eq. (25) in terms of v;, the velocity of the wake at a downwind
distance x from the wind turbine can be calculated:

vlzvo+vo<\/1—CT—1> <V70>2 (27)

where v, is the wake speed in m/s, v is the incoming wind speed in m/s, Cr is
the thrust coefficient, 7, is the rotor blade length in m, and r is the radius of wake
cone in m.

A thrust coefficient is a dimensionless number that defines the thrust of a wind
turbine. The value of thrust coefficient varies with wind speed, and the paper [11]
has shown that it has a maximum value of 1.

(26)

a

3. Simulation model of NordseeOst wind farm

NordseeOst is a 295 MW offshore wind farm located 35 km northeast of Heligo-
land, a German archipelago in the North Sea region. The wind farm consists of 48
turbines [12]. The site has an average wind speed of 9.77 m/s and an area of
approximately 36 km?. The site coordinates are 54° 26’ 24” N and 7° 40’ 48" E that
are used to determine the wind condition. The layout of the wind farm used in the
simulation is shown in Figure 4.
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Figure 4.
Wind turbine layout of NordseeOst (RWE international SE, 2016).

The wind turbines used in the German wind farm was manufactured by
Senvion. The 6.2M126 wind turbine model has a rated power of 6.15 MW and a
designed rotor diameter of 126 m. The parameters for the wind turbine model
presented are based on the design data provided by the manufacturer in Tables 1
and 2. The data from Table 1 are the specifications for the wind turbine used in the
aerodynamic and mechanical blocks. The data in Table 2 are the parameters of the
electrical system used in the induction generator block.

With all the structure and framework laid out, the next step is to implement the
model in the Simulink environment. The mathematical model for each block was
created and coupled together to form a wind turbine as shown in Figure 5. Within
each respective block, few mathematical equations governing their functions as

Nominal power (kW) 6150
Cut-in wind speed (m/s) 35
Nominal wind speed (m/s) 14
Cutout wind speed (m/s) 25
Tip speed (m/s) 79.8
Rotor diameter (m) 126
Rotor area (m?) 12,469
Rated rotor speed (rpm) 12.1
Hub height (m) 92
Blade length (m) 61.5
Gear ratio 1:97
Table 1.

Design data for the 6.2M126 [13].
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Nominal power (kW) 6150

Nominal voltage (kV) 20/30/33

Nominal frequency (Hz) 50

Stator voltage (kV) 6.6

Nominal speed (rpm) 1170

Speed range (rpm) 750-1170
Table 2.

Parameters for the generator [13].

Wind Speed

[
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Generator Rotor Speed F—
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Pitch - Electromagnetic Torque
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g outl
Constant1 Induction Generator
Figure 5.

Wind turbine model in Simulink.

described in Section 2.1 were modeled. The parameters available from both
Tables 1 and 2 were used in the equations.

The same approach was applied to the Jensen wake model. In the Simulink
environment, the wind turbine model in blue and the wake model in red were
duplicated and arranged to mimic the NordseeOst in Figure 6. The wake model was
used when there is a wind turbine directly ahead of another. There is a spacing of
one or two grid lines that corresponds to 914 m and 1828 m, respectively, with
reference to Figure 4. For instance, the first column of wind turbines is not affected
by any wake losses; hence the wake model is not required. The wind speed for the
second column of turbines that are influenced by the wake effect from the first
column is calculated from the first wake model block in Figure 6. The process is
repeated for the remaining wind turbines. With a user-defined wind input, the
simulation will compute the output of each turbine and collectively will be summed
up to give the total power production of the wind farm.

The wind data is gathered from an online resource known as Earth. It is a
visualization of global weather and ocean conditions forecasted by supercomputers.
The platform is a hub of information from collective national agencies. The weather
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Figure 6.
Simulated NovdseeOst in Simulink.

Figure 7.
Wind speed at NovdseeOst from earth online.

and the wind information were obtained from the National Weather Service in the
United States of America. Using the platform, the wind speed for the simulation
input at any time frame was gathered from the NordseeOst coordinates as shown in
Figure 7.

The live production data of NordseeOst in Figure 8 is available online through
an interactive map by RWE Innogy, the owner of the mentioned wind farm. This
value is used as cross-reference in conjunction with the simulated results. The
accuracy and functionality of the simulation can be validated by comparing the
results.
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% Nordsee Ost @ @
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Country Germany
Location close to coast of Helgoland
Bidding Zone Austria - Luxembourg - Germany
Installed power 295,20 MW
Golive 2015
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Link (>

Figure 8.
Real-time output of NovdseeOst [14].

4, Results and discussion

A simulation is performed over a range of wind speed 3-25 m/s at an interval of
1 m/s. The range is determined by the specified cut-in and cutout wind speed of
Senvion 6.2M126 offshore wind turbine. The projected power output for the simu-
lated farm can be seen in Figure 9. It indicates an upward trend over the increase of
wind speed. From a logical standpoint, the higher the wind speed, the higher the
power is generated. In the simulation, it shows the power increases with the speed
of the wind. The graph shows a steady rise from the specified cut-in speed of 3 m/s
where the turbine can produce useful work. It is evident that the gain begins to
stabilize and reach the specified cutout speed of 25 m/s. The peak power of 300 MW
is quite close to the capacity of NordseeOst at 295 MW.

Theoretically, the 295 MW should be attained at the nominal wind speed of
14 m/s according to the Senvion 6.2M126 offshore wind turbine data sheet. How-
ever, the graph included the wake losses. With the required additional wind speed

300 ~
250 +

200 -

Power (MW)
3

100 -

0 5 10 15 20 25
Wind Speed (m/s)

Figure 9.
Projected power output of simulated wind farm.
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Time (24 hours) Wind speed (m/s) Simulated (kW) Actual (kW) Difference (%)

0800 5.1 8099 7816 3.49
1100 7.4 35,958 33,339 7.86
1400 10.5 112,555 110,678 1.70
1700 10.0 99,691 95,611 4.27
2000 6.4 23,686 22,434 5.58
2300 6.6 25,104 23,297 7.76

Average 5.11

Table 3.

Three hourly data log.

of 11 m/s to achieve a rated output, it is evident that wake losses play a significant
role in power efficiency. It emphasizes the importance of optimizing the wind
turbine position to reduce the effect of wake losses. From the results gathered in the
study of NordseeOst, it can be observed that the wind farm layout optimization can
be further improved.

As seen in Table 3, a test run was performed with a wind speed of 5.10 m/s in a
particular period. The resulted power output of the simulation is 8099 kW, while
the actual power from the wind farm is 7816 kW. There exists a difference of 3.5%
in the results. Due to the limitation of the Earth where the weather forecast was
updated every 3 hours, reading was taken every 3 hours for 18 hours to check for
consistency. The average difference of 5.11% can be seen in Table 3. There are
several possible reasons for the discrepancy. One possible reason could be due to the
sizing of components in the mechanical and electrical systems. With the absence of
a physical system, the parameter of inertia, damping and stiffness coefficient in the
drivetrain, and components such as resistance, inductance, and reactance in the
induction generator are not readily available.

Another possible reason is the lapse in representing wake losses in a wake model.
The Jensen wake model provides a simple and reasonably accurate representation.
The orientation of turbine layout and wind direction will affect the direction and
position of the wake cone. As a result, it caused the interaction of wake cones and
altered the effect on wake loss. It is indicative that the Jensen wake model may have
underestimated the effect of wake loss. Hence, further studies in improving the
Jensen wake model are needed.

Another reason is the limitations of the wind forecast that is updated only every
3 hours. It is not synchronized with the live production data from RWE. It could
cause some slight deviation in the simulated results. The availability of the actual
wind speed at the wind farm site will be useful. It will allow a better and more
accurate model validation.

However, the results attained are valid and have the potential for simulating and
analyzing a wind farm. This methodology offers a solution in modeling the wind
farm before any site implementation. It can contribute to future wind energy-
related studies that have not been addressed in the literature of wind farm modeling
and simulation for smart cities.

5. Conclusions

The systematic approach in simulating an offshore wind farm model was
presented. The simulation tool was used to predict the output power projection with
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consideration of the wake loss using Jensen wake model. The wind turbine model
was adapted from Senvion 6.2M126 offshore wind turbine. Based on the case study
of NordseeOst wind farm in Germany, the wind farm was replicated with multiple
completed wind turbines with consideration of the wake model. The application of
the wind farm was validated with wind speed ranging from 3 to 25 m/s. The
simulated results were compared with the real-time data from the NordseeOst wind
farm. The average difference is approximately 5.11%. The same approach can be
used in the design and developmental phase of any wind farm to predict the output
power for smart cities.

For future works, the wind turbine model can be enhanced by incorporating
details and intricate representative of various systems used in the modeling. The
simulation results can be verified by comparing with other simulation tools such as
Wind Atlas Analysis and Application Program (WAsP). An improved wake loss
model and layout optimization will be considered in future studies.
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