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ABSTRACT
In recent years, there has been a growing interest in full-

scale wind turbine nacelle testing to complement individual com-
ponent testing. As a result, several wind turbine nacelle test
benches have been built to perform such testing with the intent of
loading the integrated components as they are in the field. How-
ever, when mounted on a test bench the nacelle is not on the top
of a tower and does not have blades attached to it—this is a form
of abstraction. This paper aims to quantify the influence of such
an abstraction on the dynamic response of the nacelle through a
series of simulation case studies. The responses of several na-
celle components are studied including the main bearing, main
shaft, gearbox supports, generator, and yaw bearing interface.
Results are presented to highlight the differences in the dynamic
response of the nacelle caused by the abstraction. Additionally,
the authors provide recommendations for mitigating the effects
of the abstraction.

INTRODUCTION
Several wind turbine nacelle test laboratories in the United

States and Europe have equipment to perform mechanical and
electrical testing of wind turbine nacelles ranging from less than
1 MW to 20 MW in size [1–6]. The term nacelle refers to the

∗Address all correspondence to this author.

FIGURE 1: Profile view of the drivetrain used to study the in-
fluence of abstraction. Image captured by Ryan Schkoda from
SIMPACK.

enclosure at the top of a wind turbine’s tower and all the com-
ponents inside of it including the main shaft, main bearing, main
frame or bedplate, gearbox, high-speed coupling, generator, and
yaw interface as depicted in Fig. 1 (which shows a multibody
model based on a GE 1.6-100 wind turbine nacelle).

These nacelle facilities are not wind tunnels. They gener-
ally consist of mechanical dynamometers with the added ability
to apply nontorque loads to the nacelle’s main shaft and some
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FIGURE 2: Photograph of a nacelle installed on Clemson Univer-
sity’s 7.5-MW test bench. Photograph taken by Ryan Schkoda.

type of electrical grid simulator for realistic emulation of electri-
cal loads. As such, the nacelle and down-tower assembly (grid
interface power electronics) are installed on the test bench and
tested without blades or a tower, as shown in Fig. 2. This paper
describes the effect that the absence of the blades and tower has
on the dynamic response of the nacelle.

ANALYSIS APPROACH
The abstraction is strictly related to the absence of the blades

and tower. As such, the influence of abstraction is independent
of the test bench and the influence of the test bench must be ad-
dressed separately. The analysis approach in this paper quantifies
the influence of abstraction independent of the test bench by us-
ing simulation tools to study the device under test in isolation
(Fig. 3). In this configuration, the nacelle is mounted to an “ideal
test bench.” The nacelle is fixed to a rigid floor and is acted
upon by a six-dimensional load vector with infinite bandwidth
at the main shaft interface and by an ideal air gap torque in the
generator, again, with infinite bandwidth. This is impossible in
reality, but achievable in simulation allowing for the influence of
abstraction to be studied independently. A next step is to include
the test bench in the analysis and determine how the nacelle’s
response is further influenced by the presence of the test bench
components.

A diagram of the analysis steps is shown in Fig. 4. In the
case of nacelle testing, the system input consists of a wind field
and grid conditions. This input may be constant or time varying.
The input is applied to the full wind turbine and a full system re-
sponse is captured. From this full system response, the hub loads
and generator torque are extracted and applied to the abstracted
nacelle. Finally, the subsystem response of the full turbine is
compared to the corresponding response from the abstracted na-
celle and test bench model.

FIGURE 3: Ideal test bench configuration. Nacelle is rigidly at-
tached to the ground and the hub point loads are controlled per-
fectly. Image captured by Ryan Schkoda from SIMPACK.

FIGURE 4: Diagram of the analysis methodology.

MODEL DESCRIPTION
The analysis presented in this paper is based on a simulation

of a full wind turbine as well as the nacelle in isolation. Re-
searchers from Clemson University and the National Renewable
Energy Laboratory (NREL) have developed various dynamic
models to study the influence of abstraction. This section elabo-
rates on the specific models used in this study. NREL researchers
developed reduced-order, lumped-parameter pure torsional mod-
els to perform modal surveys and calculate system dynamic re-
sponses in real time. Clemson researchers developed multibody
dynamic models in SIMPACK for comprehensive load path anal-
ysis. For detailed descriptions of the Clemson test equipment/test
benches, see [7].

Lumped-Parameter Models
Three reduced-order lumped-parameter models were estab-

lished to provide fast solutions of the torsional assembly’s dy-
namic response and modal survey. These models are: (1) wind
turbine rotor and test article assembly (WT model), (2) test ar-
ticle only, and (3) test bench and test article assembly (Dyno
model). Figure 5 shows the torsional model representation of
NREL’s 5-MW dynamometer test bench and test article assem-
bly model. The figure includes the dynamometer drive motor,
dynamometer drive gearbox, nontorque load system, test article
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FIGURE 5: Block diagram of the torsional drivetrain model used
to derive the mathematical model. UUT stand for unit under test.

gearbox, and test article generator. Subcomponents of these gear-
boxes, motor, and generator are not included in the model.

The final form of the Dyno model is given by

J̃Ẍ +C̃Ẋ + K̃X = T̃ , (1)

where

J̃ = diag{Jbm,Jbg,Jntl ,Jtg,Jtm}
C̃ = diag{Cbm,Cbg,Cntl ,Ctg,Ctm}
X̃ = diag{θbm,θbg,θntl ,θtg,θtm}.

The external forces of the system are

T̃ = diag{Tbm,0,0,0,Ttm},

and the stiffness matrix

K̃ =


k1 −k1 0 0 0
−k1 k1 + k2 −k2 0 0

0 −k2 k2 + k3 −k3 0
0 0 −k3 k3 + k4 −k4
0 0 0 −k4 k4

 . (2)

The derivation of the Dyno model is in the Appendix. The
other two models have been established in a similar fashion but
their derivations are excluded for brevity.

Multibody-Dynamics Models
Two multibody configurations were established to study the

full wind turbine response and the abstracted nacelle response:
(1) the abstracted nacelle model, and (2) the full wind turbine
model. In both configurations, the nacelle was modeled after a
GE 1.6-100 machine head (see Fig. 1). However, the lumped-
parameter torsional model presented earlier is not based on it.
The nacelle model is purely mechanical, neglecting any pitch,
yaw, and generator torque control action, and is designed to cap-
ture the structural response of the nacelle.

The full wind turbine is shown in Fig. 6 and includes a flexi-
ble tower and blades, as well as the nacelle model. The wind pro-
file required to drive the full turbine model is generated by using

FIGURE 6: Full turbine model used to generate truth data for the
load path analysis. Image captured by Amin Bibo from SIM-
PACK.

TurbSim and the aerodynamic loads on the blades are calculated
with AeroDyn. The blade and tower parameters are based on
the FAST WindPact 1.5-MW certification test case wind turbine
model in lieu of using GE proprietary data. This model is used
to generate the truth data for the Clemson analysis.

RESULTS
The loading cases studied in this paper were based on design

load cases outlined in International Electrotechnical Commis-
sion 61400-01 [8], as well as standard experimental load cases.
Specifically, the load cases are normal power production, power
production plus occurrence of fault, and generator torque steps.

The drivetrain component loads are studied using the multi-
body models during normal power production. The goal of this
analysis is to understand how the abstraction of the nacelle af-
fects the load path and dynamic content of drivetrain component
loads. The lumped-parameter torsional model was used to study
the main shaft’s torque, speed, and torsional displacement during
power production plus occurrence of fault (grid loss) and for the
torque steps. The goal of this analysis is to determine to what
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extent the torsional properties of the nacelle are influenced by its
abstraction as well as the effects of having the nacelle coupled to
the test bench in ways that do not affect field conditions.

Load Path Analysis During Power Production
The multibody model was used to study the nacelle’s load

path. In an effort to reduce the number of influencing factors,
the blade pitch was kept constant throughout the simulation and
the generator torque was slowly increased before being held con-
stant. Figure 7 shows the component wind velocities at the hub
center (a) and the extracted hub point loads (b). Figure 8 shows
the extracted generator torque and the speed and power through-
out the simulation. The loads in Fig. 7b and Fig. 8 were applied
to the nacelle only model in order to generate the responses that
are compared to the full wind turbine response. The comparisons
are in Fig. 9-11.

Please note that the magnitude of the forces shown in these
figures do not reflect the actual forces on a GE 1.6-100 wind
turbine nacelle because of the assumptions made for the tower
and blades (use of WindPACT data versus proprietary GE data),
and constant blade pitch assumption (no pitch control). The loads
shown in Fig. 9-Fig. 11 represent a similar class of wind turbine
operating at constant pitch.

Figure 9 shows the main bearing loads calculated during the
full turbine simulation compared to those resulting from the ab-
stracted nacelle simulation (see Fig. 1 for the coordinate axis).
The figure shows a significant difference in the load spectrum for
the two scenarios. The Fx, or thrust direction, shows a decrease
in low-frequency content around 0.25 Hz, as well as a modest
increase in high-frequency content. The Fy, or lateral, and Fz, or
vertical, components of the main bearing load show good agree-
ment across the spectrum except for significant spikes between
5 Hz and 6 Hz. Results of modal analysis, not presented in this
paper, show that these peaks are related to the pitch and yaw
modes of the abstracted nacelle. Although the results may not
be in full quantitative agreement with the field response because
of damping and other model parameter uncertainties, the results
show qualitative changes in the nacelle response as a result of the
abstraction.

From a testing perspective, it is important to avoid exciting
these newly introduced modes because of the possibility of arriv-
ing at an incorrect conclusion regarding component fatigue and
life. This could be achieved by making sure that the hub loads are
low-pass filtered before being applied to the abstracted nacelle.

A similar analysis was performed for the gearbox supports
and the results are shown in Fig. 10. The vertical loads expe-
rienced by the gearbox supports were all but unaltered by the
differing boundary conditions. In the full turbine, the gearbox
was located near the center line of the tower, thereby giving the
gearbox a relatively stiff support structure in the vertical direc-
tion. The fixed boundary provided a similarly stiff vertical sup-

(a) Hub center wind velocities

(b) Hub point loads

FIGURE 7: Component wind velocities at the hub center (a) and
the resulting hub point loads (b).

port structure resulting in a similar vertical load profile.
The thrust and lateral loads revealed different load spec-

trums between the full turbine and abstracted nacelle in the
higher frequency range wherein the abstracted nacelle shows
spikes between 5 Hz and 6 Hz—similar to those observed in the
main bearing analysis.

Finally, the analysis was performed for the tower interface,
or yaw bearing loads, and the results are shown in Fig. 11. The
results for the linear forces observed at the tower interface are
similar to those of the main bearing, but not identical. The thrust
direction saw a decrease in the low-frequency content and a mod-
erate increase in high-frequency content. The lateral direction
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FIGURE 8: Generator loads.

FIGURE 9: Main bearing loads.

(a) Left-hand side

(b) Right-hand side

FIGURE 10: Gearbox support loads.

experiences a very significant increase in frequency content be-
tween 5 Hz and 6 Hz. The vertical direction shows perhaps the
most overall distortion of any location. Not only is there addi-
tional frequency content between 5 Hz and 6 Hz but the peaks
near 0.5 Hz and 2.5 Hz are subdued.

The results for the bending moments at the tower interface
are much more uniform than any other group. The full turbine
and abstracted nacelle have similar responses below 4 Hz with
the addition of peaks between 5 Hz and 6 Hz.

Note that even with perfect controllability of the hub loads
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(a) Linear loads

(b) Bending moments

FIGURE 11: Yaw bearing loads.

(ideal test bench) the component loads may not be as they are
in the field. These differences are caused by differences in the
physical configuration of the test bench when compared to the
full nacelle and are present even in the ideal test bench scenario.
This issue can be addressed by selectively modifying the input
loads using load path analysis results.

Torsional Displacement During Transients
The lumped-parameter models were used to study both the

influence of abstraction as well as the effects of coupling the na-
celle to the test bench (nonideal or realistic test bench). Recall
that the lumped-parameter model is based on a different nacelle

than the multibody model. Two transient events are discussed in
this section including a torque ramp and emergency stop. Torque
ramps are one of the typical dynamometer test profiles but the
emergency stop event differs from the field measurement. Using
NREL’s 5-MW dynamometer, a mechanical torque-limiting de-
vice built into the high-speed shaft is attached to the output of the
drive motor. This device prevents the dynamometer from induc-
ing excessive torque loads from a motor or test specimen fault,
or other unusual transient condition. The torque limiter consists
of five modules that can be engaged individually or adjusted to
a lower setting if the maximum desired torque during testing is
limited. The dynamometer emergency stop event was created by
engaging a single module of the torque limiter while leaving the
remaining four modules disengaged, and then gradually increas-
ing the torque command until the device was activated.

The input torque during the torque ramp is shown in Fig-
ure 12 and Figure 14. The torsional dynamic responses of the
test article generator during these events calculated using three
aforementioned lumped-parameter models are shown in Figure
13 and Figure 15, respectively. The Dyno model calculated the
highest displacement of the generator torsional response com-
pared to other approaches because the overall assembly stiffness
is reduced by the test bench compliance. The stiffness of the dy-
namometer test bench has the same order of magnitude of the test
article, therefore, the equivalent stiffness of the test bench and
test article assembly is a part of the test article. The stiffness be-
tween the wind turbine rotor and test article is much greater than
the test article stiffness. Thus, the WT model prediction of the
torsional displacement agrees with the test-article-only model.
Moreover, the Dyno model calculated the highest torsional vi-
bration (oscillations on the static values) of the generator than
the other approaches. The inertia of the rotor in the WT model is
nearly twice that of the dynamometer test bench, resulting in the
lowest torsional vibration.

During the stop, torque in the system quickly dropped to
zero and the reflected inertia and backlash in the system created
torque reversals afterwards for about 10 s. As shown in Fig-
ure 15, the system oscillation lasted nearly 50 s after torque re-
duced to zero. The oscillation length is determined by the system
impedance implemented in the model. Among the three models,
the Dyno model predicted the largest oscillation because of rel-
atively low inertia compared to the WT model (field condition);
however, the overall vibration and displacement amplitudes dur-
ing the torque transient were small compared to system backlash
or tolerance.

Natural Frequencies
Eigenvalue analysis of a representative 3-MW-scale wind

turbine drivetrain using the lumped-parameter models provided
torsional natural frequencies and mode shapes of the studied sys-
tems. The natural frequencies were compared among various
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FIGURE 12: Drivetrain input torque during a torque step event.
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FIGURE 13: Test article generator torsional response during a
torque step event.

models and experimental data at NREL’s 5-MW dynamometer
facility as shown in Table 1. The number of natural frequen-
cies calculated by the models equals the number of degrees of
freedom that each model has. Because each model calculates
different numbers of natural frequencies, we focused only on the
first drivetrain mode in this study. The first natural frequency
of the test article is greater than the WT and Dyno models be-
cause both the dynamometer and wind turbine have large inertia
from the drive motor and wind turbine blades. The Dyno model
agrees reasonably with experimental data. Moreover, the WT
model prediction is close to the model output of the Dyno model
(within 10%), which suggests that the dynamometer test bench
is able to reproduce the drivetrain torsional modal properties of
the test article.

0 100 200 300 400 500

−400

−200

0

200

400

600

800

10001000

1200

1400

In
p
u
t 
T
o
rq
u
e
, k
N
m

250 255 260 265

0

400

800

1200

−400

1400

1000

600

200

−200

FIGURE 14: Drivetrain input torque during an emergency stop
event.
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TABLE 1: Torsional Natural Frequencies.

Frequency,
Hz

Test article WT Dyno
model

Experiment

1st 0.99 0.75 0.78 0.85

2nd − 1.37 3.89 3.72

3rd 6.83 − 7.30 −

4th − 27.35 24.68 28.50

CONCLUSION
A simulation-based study was performed to quantify the in-

fluence of abstraction on the dynamic response of a wind turbine
nacelle. The dynamic multibody models presented in this study
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were used to obtain the response of the full wind turbine model
and the abstracted nacelle for different loading conditions. The
influence of coupling the nacelle to the test bench on the torsional
response is also studied with the help of the lumped-parameter
torsional models. Results comparing the responses in the time
and frequency domains are presented and discussed.

We found that the different boundary conditions experienced
by the abstracted nacelle in the ideal test bench configuration
have little to no effect on the lower frequency component loads.
However, this abstraction introduces additional high-frequency
content in the component loads that is not present in the full tur-
bine response. As such, it is important to avoid exciting these
newly introduced modes by low-pass filtering the input loads to
accurately match the intended load profile. Failing to do so may
lead to an incorrect conclusion regarding component fatigue and
life. Despite the moderate influence of the abstraction on wind
turbine nacelle loads, we anticipate a relatively strong influence
on the dynamic displacement and vibration of the nacelle.
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APPENDIX: LUMPED-PARAMETER TORSIONAL
MODEL DERIVATION

Lagrange’s equations were derived for the studied assembly
by carrying out the following steps. The kinematic energy of the
system can be expressed as

T =
1
2
[
Jbmθ̇

2
bm + Jbgθ̇

2
bg + Jntl θ̇

2
ntl + Jtgθ̇

2
tg + Jtmθ̇

2
tm
]
. (3)

The potential energy of the system is

V =
1
2

{
k1
(
θbm−θbg

)2
+ k2

(
θbg−θntl

)2
+ k3(θntl−θtg)

2

+ k4(θtg−θtm)
2

}
.

(4)
The final form of the Lagrangian L = T −V can be expressed as

L =
1
2


Jbmθ̇ 2

bm + Jbgθ̇ 2
bg + Jntl θ̇

2
ntl + Jtgθ̇ 2

tg + Jtmθ̇ 2
tm

−k1
(
θbm−θbg

)2− k2
(
θbg−θntl

)2

−k3(θntl−θtg)
2− k4(θtg−θtm)

2

 . (5)

The virtual work performed by the applied forces can be written
as

δW̄nc = δ (Tbmθbm +Ttmθtm) = Tbmδθbm +Ttmδθtm. (6)

The expression

d
dt

(
∂L

∂ θ̇bm

)
− ∂L

∂θbm
=

∂W̄nc

∂θbm

leads to

Jbmθ̈bm +Cbmθ̇bm + k1(θbm−θbg) = Tbm. (7)

Following the same process, remaining equations of motion are
derived as

Jbgθ̈bg +Cbgθ̇bg− k1(θbm−θbg)+ k2(θbg−θntl) =0 (8)

Jntl θ̈ntl +Cntl θ̇ntl− k2(θbg−θntl)+ k3(θntl−θtg) =0 (9)

Jtgθ̈tg +Ctgθ̇tg− k3(θntl−θtg)+ k4(θtg−θtm) =0 (10)

Jtmθ̈tm +Ctmθ̇tm− k4(θtg−θtm) =Ttm. (11)
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