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Abstract. Wind farm simulation tools are used for a multitude of purposes, including energy
yield calculations, wind farm control optimization, layout optimization, structural load analysis,
and many more. However, the vast majority of farm software either fails to capture the
dynamic nature of both the flow and the turbine structural response or demands a high
computational cost such as large-eddy simulations (LES). In this study, we present a new mid-
fidelity aeroelastic wind farm simulation software, HAWC2Farm, which can perform dynamic
wind farm computations at the same temporal and spatial resolution as LES using a fraction
of the computational resources. Wind farm simulations are performed with wake steering, and
statistics are verified with results from LES performed using Ellipsys3D.

1. Introduction
Dynamic wind farm modeling tools have been a growing topic of interest in recent years. In
particular, promising results have been investigated in the field of wind farm flow control,
including wake steering [1], static induction control [2] and dynamic induction control [3]. Using
these control strategies, power output in a wind farm can potentially be increased by several
percent as shown in various simulations, wind tunnel experiments, and field tests [4]. Despite
the promising results in terms of power gain, there are very few studies that identify the dynamic
loading experienced by the turbines when such control strategies are implemented. Past studies
suggest that wake steering can lead to varying loading in both the upstream [5] and downstream
turbines [6], for example. Axial induction and wake steering control can either alleviate or
exacerbate structural loading in wind turbines depending on the scenario, for which further
research is needed for a deeper understanding [7, 8, 9].

Aeroelastic wind farm simulation platforms can provide valuable information on the dynamic
response of a wind farm. In this study, we introduce a new aeroelastic wind farm simulator,
HAWC2Farm. HAWC2Farm models each turbine using the aeroelastic code, HAWC2 [10, 11],
while also modeling the wakes using the dynamic wake meandering model [12] and the turbulent
wind field, either using the Mann model [13] or a pre-generated LES flow field. Hence, we couple
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a mid-fidelity multi-body finite element solver and flow solver, providing a computationally
efficient wind farm simulation platform with applications in farm flow control for power or load
optimization, and layout optimization. Other aeroelastic wind farm simulators exist, such as
FAST.Farm which runs on OpenFAST [14]. The motivation for developing HAWC2Farm is to
leverage the structural modeling strengths of HAWC2 in a wind farm setting. We present a
numerical verification of HAWC2Farm with wake steering and load analysis in a large wind
farm using large-eddy simulations (LES) performed using Ellipsys3D [15, 16] as the high-fidelity
reference.

2. Methodology
In this study, we verify both the power and dynamic loads from HAWC2Farm against Ellipsys3D
LES combined with aeroelastic actuator disc representations of the wind turbines. The Lillgrund
wind farm is simulated at various partial-wake wind directions and yaw control set-points. We
are therefore able to verify the deficit, and summation of wakes for power output, and the
loads of all turbines under normal operation and wake steering farm flow control. This large-
scale verification exercise is essential for the conceptual proof of the HAWC2Farm mid-fidelity
aeroelastic wind farm simulator. The comparison between HAWC2Farm and LES is performed
by running the same simulation scenario in both simulation frameworks, illustrated in Fig. 2.

2.1. Aeroelastic wind farm simulations with HAWC2Farm
Dynamic aeroelastic wind farm simulations are performed using the software, HAWC2Farm.
HAWC2Farm couples aeroelastic turbine simulations with dynamic wake instances, a collective
turbulent wind field, and a wind farm controller. Simulations are performed in a time-stepping
fashion with loose coupling between each component, where a simplified flow of information is
illustrated in Figure 1. Each turbine-wake pair is parallelized using the Message Passing Inter-
face (MPI) protocol, allowing for scalability when used on high-performance computers. The
coupling uses the Python programming language, whereas each component is written in various
other languages. The main components are briefly described below.

Aeroelastic Turbines are simulated using parallel instances of HAWC2, each describing
a single turbine in the wind farm. HAWC2, which is written in FORTRAN, was modified to
expose several functions to Python using C-compliant interfaces as described in [17]. Controller
set points and high-resolution wind field data are passed to HAWC2 before a time step. Then,
an instantaneous axial induction profile, as well as turbine sensor data, are returned to the wake
components and wind farm controller respectively. The HAWC2 turbine model can include a
turbine controller which can interpret set-points provided by the wind farm controller if it is in
use. HAWC2 provides high-resolution time-series simulations of the turbine, including turbine
operating conditions and structural loads.

Dynamic Wake Meandering instances are advected after each HAWC2 iteration. In-
formation from the wind turbine, such as the axial induction profile and yaw misalignment,
are used as inputs to the DWM instances, manifesting themselves in the profile and deflection
of the wake. Compared to past implementations [18, 19, 20], the presented DWM model has
been adapted for real-time time-stepping calculations. In particular, each wake consists of a
string of wake time-varying passive tracers. The movement of the tracers is determined by a
high-resolution wind field, unlike other implementations which use numerous turbulence fields of
varying resolutions [14]. This is achieved by using a digital second-order low-pass Butterworth
filter to ensure the tracers react only to the low-frequency components of the wind field in real-
time. Wake deflection is modeled using a Hill’s vortex method which has been described and
verified in [21]. Calculations in the DWM layer are performed using a Python library written in
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the Rust programming language for computational efficiency and memory safety [22].

The collective wind field synthesizes all aspects of wind farm flows, including the ambient
turbulence, wind shear, wind direction changes, wake deficits, and wake added turbulence. It
is iterated after both the HAWC2 and DWM layers. A large, high-resolution turbulence box
is pre-generated and incrementally advected at each time step. It should be noted that the
turbulence box is typically generated using the Mann turbulence model as it is computationally
and memory-efficient for generating turbulence at the size of a wind farm with a resolution fine
enough to accurately model turbine loads[13]. However, for the presented verification study, an
LES-generated turbulent precursor field as described in Section 2.2 is used instead.

The wind farm controller provides set-points to each wind turbine based on sensor infor-
mation received from each turbine. While the use of the wind farm controller is absent in the
present study, it allows closed-loop wind farm control strategies to be simulated, such as wake
steering or derating.

Figure 1: HAWC2Farm iteration flow diagram.

2.2. Large eddy simulations with Ellipsys3D
The LES presented here are performed using the incompressible Navier-Stokes flow solver Ellip-
Sys3D [15, 16]. The subgrid-scale stresses are modeled using the model by Deardorff [23] and
since EllipSys3D uses a finite volume discretization the filtering of the governing equations is
implicit.

The turbulent inflow conditions for the wind-farm simulations are generated in a separate
precursor simulation where the flow is driven by a constant pressure gradient over a flat surface
with a roughness height of z0 = 2 · 10−4 m. The driving pressure gradient is dP/dx = −u2τ/H,
where uτ = 0.28 m/s is the friction velocity and H is the height of the computational domain.
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Table 1: Yaw misalignment values simulated in both Ellipsys3D and HAWC2Farm for the most
upstream turbines in the target turbine clusters.

Upstream turbine yaw misalignment (degrees)

Turbine ID A02 A04 A06

Ellipsys3D -20, -25, 0 0, 15, 20 0, 25, 30

HAWC2Farm -30, -25, .. 30 -30, -25, .. 30 -30, -25, .. 30

The grid used for the precursor has dimensions L×W ×H = 7440m × 7440m × 1500m and is
discretized with 800 × 800 × 256 cells. The boundary conditions are as follows: periodic on the
sides, no-slip at the wall (z = 0), and symmetry at the top (z = H) [24].

The simulations of the wind farm are carried out on a grid with the same dimensions as the
precursor but using only 512 × 384 × 96 cells. In the region defined by 0m ≤ x ≤ 4464m and
2220m ≤ y ≤ 5220m is resolved by 480 × 354 cells, which leads to the same horizontal grid
spacing as used in the precursor. Outside of this region, the cells are stretched away toward
the outer boundaries. At the upstream boundary, the turbulent flow field from the precursor is
applied and at the downstream boundary, a zero gradient condition is applied. The remaining
boundaries are the same as for the precursor.

The wind farm is located inside the finely resolved region and different wind directions
are modeled by rotating the entire wind farm. The turbines are modeled using the actua-
tor disc/sector (AS) method [25], which has been fully coupled to the aero-elastic tool, Flex5
[26, 27, 28].

2.3. Wind farm case specifications
The simulations are based on the Lillgrund offshore wind farm located between Denmark and
Sweden. Lillgrund consists of 48 2.3MW turbines with a turbine inter-spacing ranging from
3.3 to 4.3 turbine diameters (D). Aeroelastic simulations are performed for 1 hour at 100Hz
in HAWC2Farm and 25Hz in Ellipsys3D, with a mean wind speed of 8.5m/s and turbulence
intensity of 8.2%. Two wind directions are chosen to simulate: the full-wake case (119o azimuth),
where the mean wind direction is in line with the turbine rows, and the partial-wake case (110o

azimuth), where there is a 9o between mean wind direction and turbine rows. Although all
48 turbines are simulated, only three turbine clusters (A, B, and C) consisting of alternating
turbine rows, are chosen as the focus for the investigation, illustrated in Figure 2. The figure also
show flow field snapshots of both EllipSys3D and HAWC2Farm to provide a visual impression
of the instantaneous turbulence and wake dynamics. Both HAWC2Farm and LES turbulence
simulations are performed at the same spatial resolution, so the visual differences between LES
and HAWC2Farm are largely attributed to a difference in snapshot resolution. To observe the
effects of wake deflection, wake steering is performed on the most upstream turbines of the
target turbine clusters. Due to differences in computational costs between HAWC2Farm and
Ellipsys3D, only a selection of yaw angles is simulated in Ellipsys3D, whereas yaw angles between
-30 and 30 degrees in 5 degree increments are simulated in HAWC2Farm, as described in Table 1.
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(a) Full-wake case (b) partial-wake case (9o)

Figure 2: Birdseye view of the full-wake case and the partial-wake case. The target turbine
clusters and cylindrical volumes used in the analysis are highlighted as colored turbine markers
and shaded regions, respectively. The flow field snapshots underlaid are from (a) Ellipsys3D and
(b) HAWC2Farm. Note: Both simulations use the same resolution for the wind field. Quality
differences in the snapshots are due to the way in which the snapshot was recorded.

3. Results
Four comparisons between HAWC2Farm and Ellipsys3D are performed on the three target
turbine clusters in terms of; the waked wind field along a row of turbines (Sec. 3.1), the turbine
operating conditions (Sec. 3.2), and the power output for the wake steering cases (Sec. 3.3), as
well as structural loads (Sec. 3.4).

3.1. Waked wind field
The longitudinal wind speed is calculated along three cylindrical volumes which overlap the tar-
get row clusters as illustrated in Fig. 2. The wind speed is averaged spatially over the circular
area of the cylinder and temporally over the hour-long simulation for both the full-wake (Fig.
3) and partial-wake (Fig. 4) cases.

The wake deficit, wake recovery, and blockage effects can be seen in the full-wake LES results
in Fig. 3a. HAWC2Farm, which models the wake using the DWM model, shows similar trends in
Fig. 3b, including increased wake recovery in the internal turbines along the rows, despite being
discontinuous through the turbine rotor disc. This discontinuity is due to the blade element
momentum implementation in HAWC2, which only captures the wind field correctly at the
rotor disk, but not upstream or downstream of it [11]. Similarities between the wind fields of
HAWC2Farm and LES are also present in the partial-wake case (Fig. 4).
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(a) LES (b) HAWC2Farm

Figure 3: Rotor averaged wind field along the target row cluster of turbines for the full-wake
case. Shaded regions indicate a range of one standard deviation.

(a) LES (b) HAWC2Farm

Figure 4: Rotor averaged wind field along the target row cluster of turbines for the partial-wake
case. Shaded regions indicate a range of one standard deviation.

3.2. Turbine response under normal operation
To better quantify the turbine state along the target rows of turbines, the operating conditions
of the turbines are investigated. In this case, the distributions of hub height wind speed, power
output, and rotor speed are plotted in Fig. 5 for each downstream turbine. The distribution of
these three time-series as well as their mean values are illustrated for both the HAWC2Farm
and LES simulations. The hub height wind speed includes the effect of blockage due to rotor
induction. All quantities are normalized by the most upstream turbine using the formula xi−x0

x0
,

where xi is the quantity of interest at the ith turbine downstream.

A large power drop can be seen between the first and second turbines in the full-wake case
as expected with a slow recovery for the third turbine onwards. The partial-wake case shows
a lower reduction in wind speed due to the small overlap between rotor and wake, however,
the distribution of power measurements tends to increase significantly. This is likely due to the
meandering of the upstream wakes, which more frequently pass in front of and away from a
partially-waked turbine compared to a turbine in full wake, causing an increase in variability.
While both HAWC2Farm and LES show good agreement in the power, hub wind speed, and
rotor speed statistics, HAWC2Farm shows lower variability in the second turbine in the partial-
wake case. This could indicate shortcomings in the wake meandering model for internal turbines,
which was previously suggested in [29].



The Science of Making Torque from Wind (TORQUE 2022)
Journal of Physics: Conference Series 2265 (2022) 022069

IOP Publishing
doi:10.1088/1742-6596/2265/2/022069

7

(a) Full-wake (b) Partial-wake

Figure 5: Distributions of turbine operating conditions as a function of turbine number along
the turbine row, with i = 1 being the must upstream. Data is normalized by the most upstream
turbine. Black markers indicate the distribution mean.

3.3. Power with wake steering
Wake steering is performed via yaw misalignment of the most upstream turbine of the target
rows to the local incoming wind direction. Fig. 6 focuses on the change in power output as
a result of the yaw control. The second and third turbines downstream (green and yellow
lines, respectively) show comparable trends for both HAWC2Farm and LES in the full-wake and
partial-wake cases. In particular, the second turbine exhibits a matching power increase due to
wake deflection within the variability of the simulations. There is a discrepancy in the power
loss due to the yaw of the first turbine. Using the fitting function Pγ = P0 cosα(γ), where Pγ is
the power output if a turbine with yaw angle, γ, HAWC2Farm exhibiting a power-yaw cosine
exponent of α ≈ 1.90, which is within a comparable range to other literature on the matter [30].
LES, on the other hand, exhibits α ≈ 0.88, which is likely due to a combination of differences
in how wind shear, induction, and the turbine controller are implemented in HAWC2Farm,
Ellipsys3D, and Flex5.

3.4. Structural loads with wake steering
Finally, the structural loads of selected components are compared in Fig. 7. In this investigation,
the blade flapwise and edgewise moments, as well as the tower bottom fore-aft and side-side
moments are presented. In the full-wake case, the load response in all turbines tends to be
symmetric with respect to the yaw misalignment of the first turbine, with the exception of the
tower bottom fore-aft moment, which shows an asymmetrical response. This asymmetry in
the most upstream turbine is due to a combination of the direction of rotation of the rotor,
wind shear, and yaw misalignment [31]. The partial-wake case shows several asymmetrical
behaviors as a response to upstream yaw misalignment. Most notably, if the upstream turbine
is misaligned positively, the power output of the downstream turbines will increase as shown in
Fig. 6, however, the mean loads on the blade edgewise and tower will increase. This suggests a
trade-off between power gain and load increase when wake steering is implemented [32]. Similar
to the power output, the blade flapwise loads show a shallower increase in LES compared to
HAWC2Farm. Nevertheless, all loads show matching trends.
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(a) Full-wake case (b) Partial-wake case

Figure 6: Power difference for the three most upstream turbines of the target rows as a function of
yaw misalignment setting of the most upstream turbine. Error regions and bars represented one
standard deviation around the mean. Quantities are relative to the zero-yaw (normal operation)
case. HAWC2Farm results are averaged (mean) over the three target rows, where as the LES
results are not averaged as no two points overlap (as described in Table 1).

(a) Full wake configuration (b) Partial wake configuration

Figure 7: Turbine structural loads for the three most upstream turbines as a function of yaw
angle of the most upstream turbine. Error regions and bars represented one standard deviation
of 10-minute statistics. Quantities are relative to the zero-yaw (normal operation) case.

4. Discussion
The objective of the presented study is to demonstrate the accuracy of HAWC2Farm as an
aeroelastic wind farm simulator through comparisons with LES simulations using Ellipsys3D
and Flex5. The wind field, operating conditions, and loads simulated in HAWC2Farm are com-
parable to those from Ellipsys3D simulations, showing agreement in the distributions of time
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series for both partial, and full wake conditions under upstream wake steering. Discrepancies
between the power-yaw exponent from HAWC2Farm and Ellipsys3D are present, with Ellip-
sys3D exhibiting a milder effect on the most upstream turbine as a result of yaw misalignment.
This discrepancy is likely also connected to differences in the blade flapwise and edgewise loads
as a result of yaw misalignment, which also presents a shallower change.

A trade-off between power gain and structural load increase is observed when the wake steer-
ing is implemented in the presented partial wake case. Due to the asymmetric nature of the
turbine load response, there will be a different trade-off depending on which side of the turbine
the partial wake hits. Such effects are important to capture when optimizing a wind farm layout,
as shown in [32].

The wind field along a row of turbines in HAWC2Farm, while not as smooth as the LES
simulation when passing through the rotor plane, successfully captures the deficit and recovery
of the wake when it comes to comparing the effects on the wind turbines themselves. Due to the
proximity of the turbines in the Lillgrund wind farm case study, further investigation is needed
to determine the validity of the wakes when simulating larger turbine spacing.

HAWC2Farm uses significantly less computational resources compared to LES simulations.
Each run in this investigation, which simulates a 48 turbine wind farm for one hour, completes
in approximately 5 hours for HAWC2Farm and uses 48 processors. In comparison, Ellipsys3D
completes a simulation in the order of one to two days using 576 processors. This makes
HAWC2Farm a valuable mid-fidelity tool capable of producing high-resolution aeroelastic
simulations at the fraction of the cost of LES.

5. Conclusion
Dynamic, high-frequency wind farm simulations were performed using the aeroelastic wind farm
simulator, HAWC2Farm, and large eddy simulations (LES) using Ellipsys3D. By simulating
the Lillgrund wind farm with both full-wake and partial-wake configurations, a comparison is
performed between the two simulation techniques to verify HAWC2Farm. In particular, the
wind fields, power output, turbine operational response, and structural loads were compared.
Furthermore, wake steering is performed on the most upstream turbines to extend the
comparison to wind farm flow control cases. Given the differences in simulation platforms,
aeroelastic codes, and turbine representation, LES and HAWC2Farm show considerable
agreement. The development of HAWC2Farm is an important step towards a computationally
efficient and verified mid-fidelity wind farm simulator with relevant applications in wind farm
loads and control studies. In future investigations, field observations from the Lillgrund offshore
wind farm will be added to the comparison.
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