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A control-oriented wind turbine dynamic simulation framework which

resolves local atmospheric conditions

Z. Feng & R. Ferrari & J.W. van.Wingerden

Delft Center of System and Control,Delft University of Technology, Delft, Netherlands

Y. Liu

Electric Power Research Institute (Europe), Dublin, Ireland

ABSTRACT: Wind turbines may experience local weather perturbation, which is not taken into account by
the commonly-used wind turbine simulation packages. Without this information, it is extremely challenging to
evaluate the controller performance with regard to the effect of the variation of local atmospheric conditions.
On the other side, it is too late and costly to wait until field test time. To fill this gap, in this paper, we develop
a control-oriented turbine dynamic simulation framework to evaluate the controller performance considering
the perturbation of local atmospheric conditions. This goal is achieved by integrating an internal wind turbine
(IWT) model in the Weather Research and Forecasting (WRF) simulation tool. The proposed framework is
implemented on a SMW reference wind turbine, where the effects of the local atmospheric conditions are
illustrated. The proposed WRF-IWT model are validated by comparing the results with those derived from the
Fatigue, Aerodynamics, Structures, and Turbulence (FAST).

1 INTRODUCTION

In past decades, wind energy has received an increas-
ing attention in the international energy market. This
motivates more research on developing efficient wind
turbine controller to optimize power generation and
alleviate structural loads. However, it remains a chal-
lenge to simulate the generated power and the struc-
tural loads in real-world conditions, due to the com-
plex time-varying meteorological phenomena that are
involved. In addition, there is a lack of simulation
tools oriented to wind turbine control that can account
for the local atmospheric conditions during the con-
troller design process. Finally, waiting for field tests
to evaluate the influence of such local conditions on
controller performance is neither timely, nor econom-
ically convenient. Therefore, there is an urgent need
to develop a control-oriented numerical approach to
simulate the interaction of a wind turbine with local
atmospheric effects.

The generalized actuator disk (GAD) and the gen-
eralized actuator line (GAL) are two widely used tur-
bine models to compute the aerodynamic loads under
a given incoming flow field (Boersma et al. 2017).
To capture the aerodynamic performance, they are
integrated with the flow model in control-oriented
numerical simulation tools, such as the Simulator
for Wind Farm Applications (SOWFA) (Churchfield

et al. 2012) and the Flow Redirection and Induction
in Steady-state (FLORIS) (Gebraad et al. 2016) nu-
merical model. Although very effective, these mod-
els usually assume that the vertical shape of the wind
flow can be ideally approximated by the uniform,
power law, logarithmic wind profile models or a given
boundary condition (Sharma et al. 2018). However,
such an assumption is not always valid when a wind
farm experiences short-term local weather perturba-
tion (Liu et al. 2017). This, due to the lack of the at-
mospheric information, will lead to the sub-optimal
design of the control system of the wind turbine.
Thus, the designed controller based on these simula-
tion tools might be less applicable for the wind turbine
operating in the real world (Rai et al. 2017).

To consider a condition which is more representa-
tive of actual ones, the wind field can be derived by
a physics-based model. Weather Research and Fore-
casting (WRF) i1s an advanced atmospheric predic-
tion system that integrates fully compressible, non-
hydrostatic Euler equations (Skamarock et al. 2021).
The solver of WREF has the ability to resolve the flow
around the wind turbine in a realistic, time-varying
atmospheric environment. For this reason the wind
field solution produced by WRF is widely used in
SOWFA as an initial condition (Churchfield et al.
2013, Maché, M. et al. 2014). A WRF based large
eddy simulation (LES) model with control strategies



was developed to consider the local atmospheric con-
dition above complex terrains in (Wang et al. 2020).
A control-oriented LES model was designed to sim-
ulate the wind turbine wake, considering the Corio-
lis force, in (Qian et al. 2022). Nevertheless, these
numerical simulation methods use a one-directional
coupling from the flow to the turbine, where the ef-
fects that turbines have on the surrounding wind field
are not be considered. Thus, the finer details of the
actual atmospheric conditions around turbines cannot
be resolved.

To derive a more accurate atmospheric conditions,
in previous literature a turbine simulator is devel-
oped by two-way coupling between a turbine model
and WRF-GAD model is integrated in the WRF
code (Mirocha et al. 2014). The proposed model is
able to simulate the turbine aerodynamic performance
in realistic atmospheric condition. Nevertheless, it
simplifies the model of rotation speed of the turbine
by a piece-wise linear function versus wind speed,
where the generator dynamics and control law are not
captured. Thus, it leads to a limited capability of serv-
ing for control-oriented simulation in realistic atmo-
spheric conditions. In addition, both the WRF-GAD
model and the WRF-LES models mentioned above
are not able to consider the turbine structural dynam-
ics model. Thus, they are not able to simulate the tur-
bine structural vibration and capture its effects, such
as the influence of the relative wind speed at the rotor
due to the tower movement.

To fill this gap, in this paper we develop a control-
oriented wind turbine dynamic simulation framework
which can be used to validate a given control de-
sign under local atmospheric conditions. This goal
is achieved by integrating an internal wind turbine
(IWT) model in the Weather Research and Forecast-
ing (WRF) simulation tool. WRF is a physics-based
meteorological simulation tool, which is capable of
generating a variety of local atmospheric character-
istics by a series of parameterized physical schemes.
Thus, it is able to simulate the perturbation of local
atmospheric conditions. In addition, the IWT model
includes a generalized actuator disk (GAD) model,
drive-train dynamics and a tower top vibration model.
It is then integrated in WRF such that the turbine and
control dynamics under the time-varying local atmo-
spheric conditions can be taken into account. We em-
ploy the proposed model to numerically simulate a
SMW wind turbine developed by the US National Re-
newable Energy Laboratory (NREL) (Jonkman et al.
2009). The turbine is situated in the sea, near the
Oceanic Platform of the Canary Islands (PLOCAN)
site. The effects of the local atmospheric conditions
are illustrated on the SMW turbine with a BTC. Sim-
ulation results show that the proposed WRF-IWT
model is able to capture the turbine dynamics and
controller performance regarding the perturbation of
the complex local atmospheric conditions. The re-
sults of controller performance are compared to those

derived from the Fatigue, Aerodynamics, Structures,
and Turbulence (FAST) simulator. The comparison
validates that the drive-drain dynamics and controller
work properly in the proposed WRF-IWT model. The
results show significant potential for using the pro-
posed framework to develop and validate wind turbine
control law under time-varying realistic atmospheric
conditions.

The remainder of this paper is organized as fol-
lows: Section 2 outlines the theoretical framework
of WRF and GAD models. Section 3 introduces the
tower top vibration model, where its effects on the
relative wind speed is elaborated. In Section 4, a case
study is carried out to exhibit its potential for con-
troller design and to verify the results. Finally, con-
clusions are drawn in Section 5.

2 NUMERICAL MODEL

This section introduces the theoretical framework of
the GAD model developed in WRE, the drive-train dy-
namics and the BTC algorithms.

2.1 WRF-GAD Model

The schematic of GAD model in presented in Fig.1,
where z is the stream-wise direction aligned with the
incoming wind speed V{. V] is the velocity normal to
the disk, which is reduced from its upstream value as
a result of the widening of the stream tube. The induc-
tion factor a, is introduced to account for this effect,
then we have:

Vi=W(l—ay).
A similar expression can be derived for the down-
stream velocity V, based on Bernoulli’s equa-

tion (Burton et al. 2011) as:

Vo =Vo(l —2ay) .

Stream Tube Boundary I

Figure 1: GAD model schematic.

In GAD model, the turbine blades are represented
by a rotating disk model, where the lift and drag
forces are calculated based on the blade element the-
ory (Burton et al. 2011). The forces and angles on an



airfoil section are presented in Fig.2. The relation of
the angles then is derived by:

B:1/1—Oé—§,

where [ is the pitch angle, « is the angle of attack,
¥ is the advance angle, ¢ is the twist angle. The lift
F7 and drag F'p produced by the wind can be derived
(Manwell et al. 2002) as:

1
Fr = §pVTQCCl
; (1)
1
Fp= §prch

where p is the air density, V. is the relative wind speed
over the airfoil, c is the the chord length of the blade,
and C; and C; are the coefficients of lift and drag,
respectively.

Normal Direction

A
F;, .
Fp Chord Line
Vi
§ % o = -
OB N Tangential Direction

AR 0
A

Figure 2: Forces and angles on an airfoil section, where « is the
advance angle, V; is the relative wind speed.

Then the axial force F;, and the tangential force F;
of each unit length can be derived by:

F, = F{ cosY + Fpsiny

, (2)
Fi = Fy siny — Fpcos

The projection of dF}, and dF; onto the [z,y, z| co-
ordinate system in presented in Fig.3. The relations
can be derived (Mirocha et al. 2014) as:

F, = F,cos® + F;sin(sin P
F,=F,sin® — F;sin(cos®, 3)
F, = —F,cos(

where ® and ( describe the orientation of P on the ac-
tuator disk with respect to [z, y, z] coordinate system
in WRF. Then F,, F, and F, are added to the momen-

North

Fgsin{
N -
' F, = —F, cos{
¢ R West x East
F,sin®
" F
k cos d

Bottom South

Figure 3: The projection of dF,, and dF; onto the [z,y, z] coor-
dinate system in WRF

tum equation in WRF (Mirocha et al. 2014) as:
ou 1

— = d,) F

ot 27erG( n) F

ov 1

ot _27rrpG (dn) Ey “)
ow 1

ot _27erG<d"> E

where u, v, and w are the the three components of ve-
locities. And G (d,,) is a normal distribution, which is
used to avoid numerical instabilities due to the strong
forces applied at isolated grid points. G (d,,) is with 0
mean and a standard standard deviation that is set to
be the grid size.

Based on the above momentum analysis, F; is de-
rived by Eq.(2). Then the aerodynamic power F; is
defined as:

P = Z Fordr. )
Then we can derived 7 by:
Tr = Pr/wr .

2.2 Drive Train Dynamics

For the WT dynamics, we model the turbine, drive-
train and generator as a single rotational system, with
generator speed w, in rad/s, and rotor speed w, (t) =
wy/N inrad/s, where N is the gear ratio of the drive-
train. We let J,; and J,. denote the inertia of the genera-
tor and rotor, respectively, and we let J = J, + J,. /N?
denote the equivalent inertia at the generator shaft.
Neglecting losses, the dynamics is given by (Hov-
gaard et al. 2015) as:

Ji(t) = TH)/N = Ty(t).
where T:(t) and T,(t) are the rotor and generator
torque, respectively.

2.3 Baseline Torque Control Algorithms

Then we develop the BTC based on the Kw? torque
control law (Jonkman et al. 2009) as:

7, = Kw? /N, (6)



where 7, is the generator torque. K € R* is the opti-
mal mode gain derived by.

_ mpRCy(N, B)

B 2\3 ’

where R is the rotor radius, /3 is the blade pitch angle,
vy, 1s the wind speed, A is the tip-speed ratio. C), is
the power coefficient, which can be derived from a
lookup table.

K

3 WRF-IWT MODEL

In this section, the tower vibration model in WRF-
IWT framework is introduced, as well as its influence
on the relative wind speed between the rotor and the
inflow wind.

3.1 Tower Top Vibration Model in WRF

The thrust on an annular cross-section d7' can be
determined by the following expression that uses
a, (Mirocha et al. 2014, Manwell et al. 2002) as:

dT = BF,dr, (7)

where F}, is derived by Eq. (2), B is the number of
blades, which equals to 3. Then the total thrust force
T is calculated as:

T:Z}T (8)

The dynamics of the fore-aft bending mode of the
tower is modeled as a second-order system as Eq.(9)
(Shaltout et al. 2017):

Mryir + Brar + Kraor =T, )

where 27 is the fore-aft displacement of the tower
top, and My, By and Kt are the tower equivalent
mass, structural damping, and bending stiffness, re-
spectively.

3.2 Interaction between Tower Vibration and
Inflow Wind

To construct an accurate turbine simulation approach,
it is important to consider the effects on relative wind
speed due to the turbine vibration. As shown in Fig.
4, the tower fore-after vibration Vfa is along the axial
of the turbine, the same direction as XZ Then we can
derive the actual relative wind speed 17;0 as:

Ve =V 4 Vi (10)

Then the I7ac is used in Eq.(2) to derive more accurate
nominal and tangential forces. Then based on Eq.(5)
and Eq.(7), power and thrust force are derived.

Based on this WRF-IWT model, the proposed
framework is able to take into consideration of the ef-
fect of the tower vibration on the aerodynamics loads
and power production.

y \ North

Tangential Direction

> o »  East
\f/’/ x

Xpa >0

South

Figure 4: The relation between WRF and tower vibration coor-
dination

4 SIMULATION

In this section, the performance of the proposed nu-
merical simulation framework is exhibited on the
NREL 5MW reference wind turbine with BTC. In
section A and B, the turbine parameters and WRF
configuration are introduced, respectively. In section
C, the results derived by the WRF-IWT framework
are presented, which are used to verify the BTC per-
formance under local atmospheric conditions near
PLOCAN site. The results are also analyzed by be-
ing compared with those derived from FAST.

4.1 Wind Turbine Configuration

The wind turbine is situated in the PLOCAN site. The
parameters of NREL-5SMW wind turbine model are
listed in Table 1. The tower top vibration model is
constructed based on the natural frequency f; and the

damping ratio d; of the first fore-aft vibration mode,
based on Eq.(9).

4.2  WRF Configuration

The wind turbine is situated in the PLOCAN site.
The reanalysis data from the Global Forecast System
(GFS) (National Centers for Environmental Predic-
tion, National Weather Service, NOAA, U.S. Depart-
ment of Commerce 2015) are used as initial/boundary
conditions. They are derived from high-resolution
forecasts in both spatial and temporal spaces.

The resolution of the GFS data set is on a 0.25
by 0.25 degree global latitude longitude grid, which
is around 30 x 30 km. With the WRF Preprocessing
System (WPS), the GFS input data can be interpo-
lated to the horizontal grid spacing of 2250 x 2250
km. Then it is designed to be the first domain. A 5-
domain nesting method is implemented to provide the
grid scale fit for the individual turbine simulation. The
details of the nesting method are presented in Table
3. This nesting method is designed according to the
nesting strategy and analysis in Talbot et al. (2012).
The The wind turbine locates in the 5" domain,where
the horizontal grid size is set to be 10 meters. The
first two domains are used for mesoscale simulations,
while the finest three are used for the large-eddy simu-
lation (LES) technique to simulate the turbine aerody-



Table 1: The parameters of NREL 5 MW wind turbine model (Jonkman et al. 2009).

Parameter Magnitude
Rated power, P rated 5 MW

Rotor diameter, D, 126 m

Tower height, H; 87.5m

Cut-in wind speed 3 m/s

Cut-out wind speed 25 m/s

Rated wind speed 11.4 m/s
Rated generator speed, wy raed 122.9096 rad/s
Minimum generator speed, Wy min 41.6470 rad/s
Maximum generator speed, We, max 159.7824 rad/s
Maximum generator torque, 7, 4.3094 x 10* N-m
Generator efficiency, 7 0.9440

Gear ratio, G 97

Rotor Inertia, J, 35,444,067 kg/m?
Generator inertia, .J, 534.116 kg/m?
Optimal tip-speed ratio, \° 7.6

Optimal blade pitch angle, 3° 0 deg
Maximum power coefficient, Cp, 1 ax 0.4868

Mass nacelle, My 240000 kg
Mass hub, My 56780 kg
Mass blade, My 17848.770 kg
Ist tower fore-Aft natural frequency, f; 0.3240 Hz

Ist mode damping ratio, d; 1%

namics performance. Therefore, the Mellor-Yamada-
Janjic (MY]J) scheme is selected as planetary Bound-
ary layer (PBL) of the first 2 domains, while the
LES is selected for the finer 3 domains. Here, MY]J
scheme is an Eta operational scheme, which is a
one-dimensional prognostic turbulent kinetic energy
scheme with local vertical mixing (Peckham et al.
2017). The Grell scheme is only used in the coarsest
domain because in a clear day the scheme is not rele-
vant (Talbot et al. 2012). The Smagorinsky closure is
chosen as it is recommended for real-data case (Peck-
ham et al. 2017). More details of physics options used
for the five domains are presented in Table 2.

The simulations last for 180 seconds. The first 60s
are truncated to avoid the instability at the beginning
periods. The output data from WREF is derived every
second.

4.3  Results and Discussion

Figure 5: Wind speed at the hub height.

The wind speed at the hub height is presented in
Fig. 5. To get a knowledge of the wind profile around

the disc area, the wind field in the vertical plane
around the turbine at ¢ = 90 is presented in Fig. 6. In
Fig. 6(a), the positive value refers to the north direc-
tion; In Fig. 6(b), the positive value refers to the east
direction;In Fig. 6(c), the positive value refers to the
upper direction. As shown in Fig. 6, the wind speed
varies in the overall disk district. Besides, the pro-
posed WRF-IWT model is able to capture the wakes
dynamics. In Fig. 7, the horizontal view of wakes at
hub height is presented. As shown in Fig. 6-Fig. 7,
the proposed WRF-IWT model is able to capture the
turbine’s influence on the surrounding wind field, as
well as the wake influence.

In addition, the proposed WRF-IWT model has
the capability to simulate the turbine dynamics and
controller performance. Under the wind condition
presented in Fig. 5, the wind speed is below the
rated wind speed 11.4 m/s. Thus, the BTC is acti-
vated (Jonkman et al. 2009). In Fig. 8, the controller
performance is presented and compared with results
derived from FAST. In Fig. 8(a), the comparison of
the captured rotor power F; is presented. As shown
in the plot, it matches quite well with the results
derived by FAST. Besides, it is able to capture the
time-varying variation of F; caused by the local at-
mospheric perturbation and the tower vibration. Nev-
ertheless, with the BTC this variation does not affect
the smooth of generator power production P, w, and
T,, as shown in Fig. 8(b)-Fig. 8(d). Thus, the pro-
posed WRF-IWT model is able to simulate the two-
way coupling between the local atmospheric and the
turbine with BTC locating inside that area. Besides, it



Table 2: Physics setting of each domain in WRFE.

. PBL Land surface Cumulus ..
Domain Closure o Radiation
scheme model Parameterization
1 MYIJ NJSM Smagorinsky Grell scheme RRTM
2 MYJ NJSM Smagorinsky - RRTM
3 LES NJSM Smagorinsky - RRTM
4 LES NJSM Smagorinsky - RRTM
5 LES NJSM Smagorinsky - RRTM
*NJSM: Noah Land Surface Model; RRTM: Rapid Radiative Transfer Model.
*The Radiation includes both longwave and shortwave radiation.
Table 3: Grids nesting design in WRF.
nx ny dx/m dy/m Lx/km Ly/km
1 105 105 2250 2250 236.25 236.25
2 103 103 750 750 7725 77.25
3 101 101 150 150 15.15 15.15
4 201 201 30 30 6.03 6.03
5 301 301 10 10 3.01 3.01

Height (m)
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Figure 6: Wind field around the GAD region, at ¢ = 90 s.
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Figure 7: Wind turbine wake at the hub height, in the horizontal
plane, at ¢ =90 s.

also provide an insight of the BTC performance under
the local atmospheric conditions with time-varying
perturbation. At the same time, in general they also
match the results derived by FAST. Because the pro-
posed WRF-IWT model uses a simplified drive-train
model. It is reasonable that the results do not match
perfectly but have some minor differences. Therefore,
the dynamics and controller in the proposed WRF-
IWT model is validated to work properly.

Furthermore, based on the model in Section III.B,
the proposed framework is able to simulate the tower
vibration under short-term realistic local atmospheric
conditions. The results are presented in Fig.9, where
V. and Ay, are the tower top vibration velocity and
acceleration, respectively. As shown in Fig.9(a), the
thrust force is influenced by the perturbation of local
atmosphere and tower vibration, which shows a simi-
lar tendency as the F,. Besides, as shown in Fig. 9(b)-
Fig. 9(c), the tower vibration dynamics is also cap-
tured, which indicates that it is also influenced by the
local wind perturbation. Thus, it is able to capture the
tower vibration dynamics affected by the local atmo-
spheric perturbation. This provides important infor-
mation for further controller development with tower
fatigue load mitigation.

In summary, the proposed WRF-IWT model is ca-
pable to capture the influence of a turbine with BTC
on the local wind conditions, as well as the turbine
dynamics influenced by the local atmospheric pertur-
bation. Thus,it achieves to simulate the two-way cou-
pling interaction between the local atmospheric con-
ditions and a turbine with BTC. The simulation results
not only provides an insight of the important informa-
tion, but also show a potential of the proposed model
to assist power optimization and tower fatigue load
reduction controller development.
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Figure 8: Comparison of the control performance between the WRF-IWT framework and the FAST model.
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Figure 9: Tower top vibration simulated via the WRF-IWT
framework.

5 CONCLUSIONS

In this paper, we develop a control-oriented wind
turbine dynamic simulation framework considering
time-varying local atmospheric conditions. This is
achieved by integrating an internal wind turbine
(IWT) model in the weather research and forecast
(WRF) simulation tool. The IWT is composed of a
generalized actuator disk (GAD) model, the drive-
train dynamics and a tower top vibration model. The
GAD model and drive-train dynamics developed in
WREF enables it to simulate the turbine dynamics and
controller performance under short-term local atmo-
spheric condition. By introducing the tower top vibra-
tion model, the proposed framework is able to capture
the tower top motion and its effect on the relative wind
speed between the rotor and the inflow wind speed.
The proposed WRF-IWT framework is employed to
verify the performance of a baseline torque controller
(BTC) on the National Renewable Energy Laboratory
(NREL) 5SMW reference wind turbine situated near
PLOCAN site. Simulation results illustrate that the
WRE-IWT model is able to simulate the wind turbine
and control dynamics where the local atmospheric
condition around the PLOCAN site is considered. The
results derived from the WRF-IWT model matches
well with those derived from the Fatigue, Aerody-
namics, Structures,and Turbulence (FAST) simulator.
Thus, the proposed framework shows high potential
in assisting developing more applicable controllers
for the wind turbine operating in the real world condi-
tions, for both power optimization and tower fatigue
load reduction objectives. Besides, in further research
the current WRF-IWT framework has the potential to



be extended to consider sea wave effects for simula-
tion of offshore wind turbines.
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