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Abstract—The in-field validation of wind turbines behavior
is very time consuming and cost intensive, especially when fault
ride-through (FRT) tests are conducted. Full-size wind-turbine
test benches allow a realistic operation of wind turbines in an
artificial environment. Due to the independency of wind and
grid conditions, the cost and duration of the test program and
certification can be reduced. This paper presents the development
of 4 MW full-size wind-turbine test bench following a multi-
physics hardware in-the-loop (HiL) concept. With the currently
installed test bench setup, a synchronization of the device-under-
test converters is possible. Through the measurement results of
the test programs conducted on the test bench, the capability of
the test bench in replicating the field conditions is demonstrated.
In addition, a time consuming efficiency measurement can be
performed with the reduced duration on the test bench. This
shows another main benefit of the test bench compared to the
conventional test method for wind turbines.

I. INTRODUCTION

The contribution of wind energy to the world’s energy mix
was steadily increasing during the last decades. Due to the
depletion of fossil energy, its share is expected to rise further
in the future. As a consequence, the security of energy supply
will strongly rely on the performance of wind turbines. Hence,
not only the efficiency to ensure the economic operation of
wind turbines is highly important. The wind turbines are also
required to offer a high reliability for minimizing the downtime
and loss of power generation. It is also necessary, that the wind
turbine is able to support the grid stability during failures.

These aspects have to be considered when designing a new
wind turbine system. However, after the development process,
test and certification procedures have to be conducted to ensure
a successful product deployment. Since in-field testing and
certification depend on wind and grid conditions, a system
test bench accelerates the process of product deployment con-
siderably. Also in contrast to in-field tests, the reproducibility
of measurements is given.

Furthermore, the laboratory environment allows the instal-
lation of additional measurement points that enable a more
advanced and more detailed characterization of the wind
turbine nacelle. Hence, test benches for wind turbine systems
offer a more effective and efficient method to accomplish the
design validation of wind turbines (WT).

At the Center for Wind Power Drives (CWD) at RWTH
Aachen University, a 4 MW full-size wind-turbine test bench

has been built for conducting comprehensive studies on wind
turbine nacelles. The implemented multi-physics hardware-in-
the-loop (HiL) concept reproduces realistic stresses on the
device-under-test (DUT) as it would experience in the field.
The mechanical stress caused by the wind field is emulated
as well as the electrical interaction of the DUT with the grid.
Furthermore, critical test scenarios such as fault ride-through
(FRT) tests can be performed consuming less time and cost.
The concept has already been validated with a 1 MW test
bench developed at RWTH Aachen University [1].

This paper presents the newly developed 4 MW full-size
wind turbine test bench. The construction of test bench is
discussed followed by the details about the DUT. Before
demonstrating the test results, the measured emulated grid
-voltage profile as well as the influence on the DUT are
presented and discussed. Afterwards, the application of the
some possible load scenarios for the DUT is demonstrated.
Furthermore, an efficiency measurement that can also be
conducted on the test bench finalizes the demonstration of the
test bench capabilities before conclusions are drawn.

II. TEST BENCH CONSTRUCTION

The schematic of the developed 4MW full-size wind-
turbine test bench is given in Fig. 1. A medium-voltage (MV)
active-front-end (AFE) converter links the test bench to the
10 kV public ac grid and ensures simultaneously a constant
voltage of 5 kV at the dc bus. An MV power electronics
converter connected to the 5 kV dc bus drives the 4MW direct-
drive permanent-magnet (DDPM) motor. Due to the direct-
drive concept, a gearbox to adapt the rotational speed is not
required. Hence the DDPM is directly coupled to the rotor hub
of the DUT. The mechanical coupling includes a non-torque
loading (NTL) unit that is used to emulate forces on the shaft
caused by the rotor operating in realistic wind fields.

The electrical energy generated by the DUT is fed into the
emulated grid. The voltage of the point of common-coupling
(PCC) with the artificial grid is 20 kV. The ac voltage at
the PCC is emulated by a MV grid emulator with a current
power rating of 3.5MVA. However, this power rating will
be increased up to 17MVA in the next step to allow the
emulation of severe grid faults. Currently, the power capability
of the grid emulator has been adjusted to minimize the size of
the overall passive elements while still facilitating the tests

978-1-4799-8586-9/15/$31.00 c©2015 IEEE



Fig. 1. Schematic of the 4MW full-size wind-turbine test bench

Fig. 2. Photography of the 4MW test bench

of the currently installed device-under-test setup. The grid
emulator is connected to the same dc-link feeding the power
electronic converter that drives the DDPM. Hence, the power
flow circulates within the test bench and only the losses have
to be compensated by AFE connected to the grid.

A. Wind Load Emulator

The wind load emulator is part of the multi-physical HiL
environment that represents the physical rotor hub interfaces.
It includes a real-time simulation of the aerodynamic and
mechanical characteristics of the rotor as well as a load
application system (LAS) to apply forces and moments to the
DUT.

Simulation Process: The aerodynamic simulation com-
prises two separate processes. The first process is responsible
for the generation of a stochastic 3D wind-field that is based
on the average wind speed and turbulence intensity at discrete
sections of the rotor plane. The second process calculates the
resulting forces and moments at the virtual load application
point in the center of the rotor hub as a function of wind di-
rection, measured rotational speed and pitch angle. Afterwards
the calculated forces and moments are forwarded as reference
values to the LAS.

Load Application Process: The LAS can be divided into
two parts. The first part is responsible for the distribution
of the simulated torque to the main shaft of the test drive



train which is realized by the DDPM motor. It is capable
of delivering torque of up to 2.7MNm. The direct-drive
prime-mover concept leads to improved torque transmissibility,
controllability and dynamic behavior of the test drive-train
compared to the concept in [1]. The second part applies the
calculated forces and bending moments by means of an NTL
unit. It consists of a support frame and 6 pairs of pre-stressed
actuators that are located on a spinning journal bearing disc
and a radial bushing. With the NTL unit in the test setup it
is possible to apply the load in all 6 degree-of-freedom (DoF)
and to realize maximum bending moments of about 7 2MNm.
During uniaxial performance the LAS supports a thrust force
up to 4MN in addition to radial and vertical forces of about
3.25MN.

B. Grid Emulator

The grid emulation can be split-up into two tasks. First,
a model of the electrical grid has to be implemented within
a real-time simulation environment that allows the HiL setup.
Second, the simulated behaviors of the power grid has to be
mapped to power level with a power interface. The power
interface is realized with the MV power electronic converter
setup that emulates the behavior of the PCC. The input to the
control of the power converter is the signal-level output of the
grid simulation. In Fig. 1 the topology of the converter setup is
presented. A MV power electronic converter based on a three-
level neutral-point-clamped (3L-NPC) topology [2] is utilized
to provide a 50Hz 3.1 kV voltage at its terminal.

A three-phase LC-filter with passive damping is installed
to mitigate the voltage harmonics caused by the switching of
the converter. Its resonance frequency is tuned at fres = 627Hz
in order to obtain a total harmonic distortion (THD) of the PCC
voltage lower than 8%. This THD level already complies with
the specification in the standard DIN EN 50160 [3] describing
the maximum values wind turbines have to deal with. Finally,
a transformer rated to 7MVA steps the voltage up to 20 kV
at the PCC.

The grid simulation is realized with a Real-Time Digital
Simulator (RTDS) modeling the behavior of the electrical
power grid at the PCC. The grid model allows the simulation
of different operational states of the power grid. Hence, the
operation behavior of DUTs can be investigated under various
grid conditions. That includes normal operation points as well
as faulty states. The RTDS therefore builds the simulation part
of the electrical HiL setup.

The simulation of the grid has to be conducted in real time
as it is necessary for the HiL setup. For mapping all relevant
dynamics of the electrical network, the time step of the simu-
lation is chosen to be 50 μs. This implies the need for a high
performance characteristics of the simulation hardware. The
RTDS is a highly-parallel simulation environment specialized
on electrical grids simulations.

Next to the need for real-time simulation, the signal inter-
face between RTDS and the power converter has to be operated
in real time. This means it has to be deterministic with a
low latency communication setup. As a result from the small
simulation time-step the latency of the communication link
has to be within μs range maximum. In order to minimize the

interference caused by the high-power converter environment
a digital connection was chosen. Due to the use of the Ethercat
protocol, all of the demands on the communication between
the RTDS and the power-converter control is fulfilled.

A real-time simulation of the power grid implies the
advantage that different kinds of power grids can be modeled.
This supports the investigation of the wind turbines at any
type of PCC connection e.g. weak or strong power grids. In
addition to certification the combination of power electronics
for the HiL interface and the real-time simulation of the power
grid helps with research and the design process itself for any
relevant type of the grid connection of wind turbines.

FRT Tests define a subset of possible grid faults which
can be realized with a power electronic converter setup as
well. This way, certification of grid code conform behavior of
the wind turbine can be proven. Certification on test benches
implies significant advantages as there is not any dependency
on the outer weather situation as it is the case in an in-field
test. Moreover, the testing procedures are repeatable.

III. DEVICE-UNDER-TEST

The DUT that is shown in Fig. 3(a) is integrated into the
setup on the 4MW test bench as depicted in Fig. 2. It is a
highly integrated gearbox-generator unit named HybridDrive
manufactured by Winergy [4]. The HybridDrive consists
of a two-stage planetary gearbox directly coupled to a
medium-speed permanent-magnet synchronous generator en-
closed within the same housing. However, the generator of
the HybridDrive has three electrically isolated three-phase
winding systems. The main characteristics of the Winergy’s
HybridDrive are given in Table I.

Since the frequency of the generator’s output voltage
depends on the rotational speed of the shaft, a power electronic

(a) Winergy’s HybridDrive

(b) Power electronics converters

Fig. 3. Device under test (DUT)



TABLE I. MAIN CHARACTERISTICS OF THE WINERGY’S

HYBRIDDRIVE

Max. input torque 2549kNm
Rated speed on high-speed shaft 431 rpm
Gearbox transmission ratio i = 35
Rated electrical frequency 86.2Hz
Electrical output power 3.12MW
Rated voltage 720V

converter is applied for the grid connection. Each three-
phase system of the HybridDrive generator is connected to an
individual frequency converter. On the grid side, these power
electronic converters are connected to a transformer that steps
the output voltage of 690V up to the PCC voltage of 20 kV.
The transformer is rated for 3.5MVA and provides a leakage
inductance of 7.5%. Power capacity overload is detected by
the frequency converter. In case of exceeding the maximum
operation temperature, the DUT and the test bench will be
shut down automatically.

IV. GRID SYNCHRONIZATION OF THE DUT

An important aspect regarding the development of the test
bench is that the DUT has to synchronize with the emulated
electrical grid at the PCC. Also, any negative impacts to the
DUT as a result of the construction of the grid emulator
have to be ensured minimum. In the following, the emulated
grid-voltage profile at the PCC during no-load operation will
be assessed. Afterwards, the characteristic of the measured
power quality during static operation is analyzed to investigate
eventually interactions between the grid emulator and the DUT.

A. Emulated Grid-Voltage Quality

During the commissioning, the quality of the emulated grid
under no-load condition is in the focus to ensure the grid
synchronization of the DUT at the PCC. Besides, assessing the
quality of the grid voltage under no-load condition improves
the characterization of the DUT during operation. Hence, the
contribution of the DUT and grid emulator at the PCC can
be distinguished. The measured profile of the grid voltage is
assessed by comparing with the recently valid standards.

The DUT monitors the grid voltage on the 690V level
and evaluates voltage quality before connecting to the artificial
grid. Fig. 4(a) shows the measured three-phase voltage on
the 690V side of the DUT transformer between the line and
neutral point of the transformer. As shown in this figure, the
grid emulator setup is capable of replicating a three-phase
50Hz grid voltage with a relatively low harmonic content
although it is emulated by means of a converter system.

To obtain a better information about the harmonic content
in the emulated grid-voltage, a Fast-Fourier Transformation
(FFT) can be applied to the voltage curve in Fig. 4(a). The
FFT transforms the time domain waveform of the voltage into
the frequency domain to obtain the harmonic content. Addi-
tionally, the information about the harmonic content allows
the calculation of the total harmonic distortion (THD) using
(1) [3]. The calculation is based on the geometrical summation
of the amplitude of the voltage harmonics Vh normalized to

TABLE II. PROFILE OF THE EMULATED GRID-VOLTAGE

Parameter Measurement Reference Evaluation
RMS voltage 687.4V 690V ± 10% ok

Frequency 49.99Hz 50Hz ± 0.5Hz ok

THD 4.92% < 5% ok

Unbalance factor 0.3% < 2% ok

the amplitude of the fundamental voltage V1.

THDV =

√
50∑
h=2

|Vh|2

V1
× 100% (1)

(1) considers only the harmonic frequencies between 100Hz
and 2500Hz for a 50Hz power system. It gives a harmonic
order (h) range between 2 and 50. For the THD calculation,
the standard EN 50160 considers a harmonic order range only
up to 40th order. However, the guideline for grid compliance
tests in the standard IEC 61400-21 [5] requires the voltage
harmonics to be assessed up to the 50th order. Compared to the
standard EN 50160, the IEC 61400-21 gives the more critical
restriction.

Figure 4(b) shows the frequency spectrum of the phase u
voltage. The calculated THD is about 4.95%. This THD value
already complies with the standard EN 50160 and IEC 61400-
21. The maximum THD level according to the standard EN
50160 is 8%. The standard IEC 61400-21 limits the maximum
THD of the voltage to 5% for grid compliance tests of wind
turbines.

The frequency spectrum of the voltage in Fig. 4(b) proves
the low harmonic content in the grid voltage. It can be
seen from this figure that the designed LC-filter for the grid
emulator reduces the voltage harmonics due to switching of
the grid emulator converter. This means that the emulated
grid-voltage on the developed test bench already represents
a realistic grid voltage in terms of the voltage quality.

Beside the voltage quality, other parameters that describe
the profile of the grid voltage have to be assessed before
connection of the DUT. Table II summarizes the voltage
profiles of the emulated grid-voltage as well as the comparison
with the recently valid standards. In addition to the THD that
has been previously discussed, the root mean square (RMS),
the frequency and the unbalanced factor are presented in the
Table II. The measured values presented in the table are the
average values over ten fundamental cycles.

Similar to the THD, all parameters in Table II are assessed
referring to the standard IEC 61400-21. As it can be seen, the
profile of the emulated grid-voltage fulfills the criteria. Such
a voltage profile ensures the grid synchronization of the DUT
with the emulated grid. Additionally, the grid emulator does
not generate any excessive voltage unbalance that may also
distort the operation of the DUT.

B. Operation of the DUT

The test bench has been commissioned up to the nominal
power of the HybridDrive generator. The commissioning aims
the operation of the DUT with the emulated grid and the
recuperation of the generated electrical energy into the artificial
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Fig. 5. Measured phase current on the low-voltage side of the DUT transformer

grid. During the commissioning, the basic functionality of a
wind turbine drive train where the DUT converters regulate
the load torque on the drive-train shaft was also tested.

Figure 5 shows that the emulated grid-voltage contains har-
monics where the highest magnitudes appear between 1 kHz
and 2 kHz. These voltage harmonics may result in a harmonic
distortion in the DUT current once it is in operation. To further
examine the influence of the voltage harmonics, the phase
current of all of the individual DUT converters as well as the
total current flowing into the grid are recorded as depicted in
Fig. 5. The measurement is taken with a generator power of
about 2.67MW.

Additionally, the frequency spectrum of the captured cur-
rent waveforms are also obtained as shown in Fig. 5(b). Within
the frequency range between 1 kHz and 2 kHz where the
voltage harmonics with the highest amplitudes exist, no sig-
nificant harmonic distortion in the total DUT current (orange
curve) can be observed. The THD of the DUT current within
this frequency range is below 0.35%. This means that the
emulated grid-voltage has a negligible impact on the DUT
during operation.

As shown in Fig. 5, all DUT converters feed current
harmonics into the emulated grid with frequencies around the
switching frequency. Their magnitudes almost reach 2% of
the fundamental current. The current harmonics with such a
characteristic are mainly caused by the switching operation
of the DUT converter. Even so, these current harmonics
compensate each other at the collection point of the converters
due to the interleaved switching strategy implemented in the
DUT converters. Such an operation helps minimizing injected

current harmonics into the grid to fulfill the grid requirements
keeping the size of the filter on a minimum.

V. REPRODUCTION OF THE FIELD LOAD CASES

A. Mechanical loads

Due to the stochastic and unsteady wind conditions, wind
turbines in the field are exposed to very heavy and highly
fluctuating wind loads in all six degrees of freedom (6DOF).
The ability to measure the local load conditions caused by
wind loads offers in return the potential to improve the design
process of wind turbine gearboxes and generators by reducing
the design uncertainties. The influence of these 6DOF wind
loads on the local loads in a wind turbine gearbox is analyzed
in the first measurements on the 4MW wind turbine system
test bench.

The DUT is mounted on the test bench similarly to the
field operation via elastomeric elements at the gearbox input
flange as well as in the bushings at the torque arm of the DUT
housing. This type of mounting ensures a realistic displace-
ment behavior of the DUT relative to the test bench frame
during operation. Moreover this mounting concept reduces the
occurrence of parasitic forces resulting from the unavoidable
geometrical deviations in the assembly of the DUT and the
deformation of the test bench frame.

For the measurement of the displacement behavior of the
system, the axial-, radial- and angular displacements of the
gearbox input flange are measured. In addition to this the
bushings at the torque arms of the DUT are equipped with
a displacement sensors to measure the DUT displacement
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Fig. 6. Forces and moments during test program

relative to the test bench frame. Moreover the ring gears and
the sun gears of both planetary gearbox stages are equipped
with strain gauges in the tooth roots to determine the impact of
gearbox input loads on the local loads in the teeth contact of
the DUT. For the analysis of the 6DOF wind loads influence, a
test program that includes varied forces and bending moments
under constant rotational speed and torque is used. An example
of the test procedure is shown in Fig. 6.

The measurement results show, that the displacement be-
havior of the DUT depends strongly on the torque level of
the drivetrain. For operation points with low torque multi-
axis displacements can be observed. This effect can be at-
tributed to the low pretension of the elastomeric elements.
Tests with increased torque result in single-axis displacement
with decreased relative amplitudes based on the additional
gearbox input loads. For example, the application of a single
radial load in z-direction leads at maximum torque to a pure
angular displacement through the y-axis. At 20% torque the
relative displacement based on the z-force is nearly doubled.
In addition to this a multi-axis angular displacement through
the y- and z-axis can be observed. The analysis of the tooth
root stress has shown, that gearbox input loads are affected
strongly by the additional 5DOF forces and moments at the
gearbox input flange. Therefore it is very important to use a
drivetrain suspension concept which is able to create a pure
torque load situation for the gearbox at all torque levels.

The possibility to analyze the capability of the main bearing
and gearbox suspension system to reduce reaction forces at
the gearbox input is another strong advantage of a system test
bench which shows the great potential like the 4MW wind-
turbine system test bench at the CWD.

B. Grid faults

The high penetration of wind energy into the power grid
forces modern wind turbines to contribute more in maintaining
the power system stability and the security of energy supply.

Unlike conventional wind turbines that are allowed to discon-
nect from the grid in case of grid faults, modern wind turbines
have to ride through them without disconnecting from the
grid [6]. On the one hand, this prevents a massive loss of
energy. On the other hand, such operation strategies (FRT)
may result in a severe component stress. In addition, some
grid codes have even extended the requirements for the wind
turbines behavior such that the injected reactive current has
to be increased particularly during grid faults to maintain the
grid voltage level [7].

Such significant extensions in the grid codes have forced
the design concept of wind turbines to a higher level. Besides
testing of the developed system it is also very crucial to check
if the requirements mentioned above are fulfilled. The key to
obtain sophisticated test results is the realistic replication of
the voltage dips during grid faults.

The international standard IEC 61400-21 provides a guide-
line to perform the so-called fault ride-through (FRT) tests.
According to the standard, the grid compliance test program
must cover symmetrical as well as unsymmetrical faults. In
the following, the test results demonstrating the emulation of
grid faults on the test bench are shown and analyzed.

In Fig. 7, the voltage waveforms on the low-voltage (LV)
side of the DUT transformer during grid-fault events are
shown. The waveform of an 80% symmetrical voltage dip is
depicted in Fig. 7(a). As shown in this figure, all three-phase
voltages drop down symmetrically. Due to the symmetrical
behavior, neither negative nor zero-sequence voltages are gen-
erated. Hence, only the amplitude of the voltages at the PCC
and at the terminal of grid emulator are affected while the
phases remain unchanged.

Unlike in symmetrical fault cases, the phases of the emu-
lated voltages are affected by the transformer configuration in
case of unsymmetrical faults. In Fig. 7(b), an unsymmetrical
fault with 90% positive-sequence voltage and 10% negative-
sequence voltage is shown. Similar to the symmetrical fault
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Fig. 8. Propagation of fault-voltage waveform in the test bench

case, the voltage curves are also measured on the LV side of
the DUT transformer. Figure 8 illustrates, how the voltages
are transfered from the terminal of grid emulator through the
transformers towards the measurement point at the DUT. At
the grid-emulator terminals, the simulated unsymmetrical grid
fault results in a voltage constellation type D according to [8].
The vectorial sum of the three-phase voltage vectors remain 0
since the grid emulator is not able to apply any zero-sequence
voltages.

Due to the winding configuration of grid emulator trans-
former, the voltage vector constellation is transformed on the
PCC side into fault type C according to [8]. Fault type C
reflects a fault case where two phases are involved. Thus,
only two phase vectors are affected while the other vector
remains unchanged. On the LV side of the DUT transformer,
a fault type D is obtained, since the transformer is constructed
with the same winding configuration as the grid emulator
transformer.

It can be concluded that single-phase grid faults cannot
be generated at the PCC. However, the capability of the grid
emulator already covers the necessary fault types to be tested
according to the standard IEC 61400-21 and the test guidelines
FGW TR 3 [9].

To demonstrates the emulation of grid-fault events on the
test bench and to observe the reaction of the currently installed
DUT while a grid-fault occurs, several fault scenarios are
emulated. Figure 9 presents the behavior of the DUT during an
80% symmetrical voltage dip. In Fig. 9(a) the characteristic of
the rms voltage is shown during the voltage dip. The behavior

of the DUT during this event is plotted in Fig. 9(b). Each
converter is loaded with approximately 19% of its nominal
power while the test is performed.

The grid-fault is indicated by the decay of the voltage curve
starting at t = 1 s. As can be observed, the DUT starts reacting
and increases the current once the voltage falls below 90%
of the nominal voltage. Firstly, the active current is increased
inversely proportional to the voltage drop to keep the supplied
active power into the grid as constant as possible. Secondly, the
reactive current is enhanced to avoid a further voltage drop as
requested by the grid code [7]. Within a voltage band between
90% and 100% of the nominal voltage, no additional reactive
current from DUT is demanded.

The magnitude of the additional reactive current injected by
the DUT (ΔIreactive) is characterized by a multiplication factor
k as described in [7]. To determine the requested ΔIreactive
by the grid operator for a specific voltage dip, the factor k is
multiplied by the difference between the dip voltage and the
dead-band voltage of 90%. Taking the emulated fault event as
an example, an 80% dip voltage will result in ΔIreactive =
20% with k = 2. k must be coordinated with the grid operator
before integrating the wind turbines to the grid.

As it can be observed in Fig. 9(b), the measured reactive
current supplied by the DUT does not reach the requested
value of 20% according to k = 2. Due to the impedance
between the grid emulator and the measurement point, the
voltage shows an increase while the DUT the current feed-in.
This reaction of the emulated grid forces the DUT to reduce the
ΔIreactive accordingly. Finally, a ΔIreactive of about 15% is
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Fig. 9. Behavior of the DUT during grid fault

obtained at the stable operation. Such a reaction of grid voltage
may also be observed in reality depending on the characteristic
of the grid impedance at the PCC.

VI. EFFICIENCY MEASUREMENT

To further demonstrate the capabilities and advantages of
the 4MW test-bench, an efficiency measurement is performed
on the generator of Winergy’s HybridDrive. The efficiency is
calculated as the ratio between the mechanical input power
and the electrical output power, for different torque and speed
steps.

In order to determine the mechanical power, the torque
is measured at the interface between the gearbox and the
generator of the HybridDrive (at the medium-speed shaft).
The speed is measured at the end of the generator shaft.
The HybridDrive generator is equipped with three parallel-
connected three-phase winding systems, each connected to the
grid via a power electronics converter. In a first step, the
symmetry of each winding system is verified. Then, single-
phase power measurements are performed for each converter
in order to verify their symmetrical power loading. The total
electrical power of the HybridDrive generator is calculated
based on the single-phase power measured for each winding
system.

The hereby determined efficiencies of the HybridDrive
generator are subsequently transferred on a wind speed
characteristic, which is based on the power curve of a 3MW
W2E wind turbine [10]. As shown in Fig. 10, all points are
measured during partial-load operation and a maximum effi-
ciency of 96.2% is recorded. During full-load operation (for
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Fig. 10. Efficiency of Winergy’s HybridDrive generator.

wind speeds above 13m/s), where the generator of Winergy’s
HybridDrive has already reached its rated speed, an efficiency
of 97.5% is expected.

VII. CONCLUSIONS

In this paper, the developed of a 4MW full-size wind-
turbine test bench is presented. With the current setup of
the grid emulator, a synchronous operation of the installed
DUT is possible without any significant negative interactions
with the grid emulator. This enables an application of load
scenarios to the DUT for further observation of the operation
behavior. Also, the efficiency of DUT can be estimated. It can
be concluded that this test bench can improve the development
process of future wind turbine systems.
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