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Abstract— The rapid expansion of wind power has led many 
transmission system operators (TSOs) to demand modern wind 
power plants (WPPs) to comply with strict grid interconnection 
requirements. Such requirements involve various aspects of 
wind power plant operation, including fault ride-through and 
power quality performance as well as the provision of ancillary 
services to enhance grid reliability. During recent years, the 
National Renewable Energy Laboratory (NREL) of the U.S. 
Department of Energy has developed a new, ground-breaking 
testing apparatus and methodology to test and demonstrate 
many existing and future advanced controls for wind power 
generation (and other renewable generation technologies) on the 
multi-MW scale and medium-voltage (MV) levels. This paper 
describes the capabilities and control features of NREL’s 7-
MVA power electronic grid simulator (also called a controllable 
grid interface, or CGI) that enables testing many active and 
reactive power control features of modern wind turbine 
generators—including inertial response, primary and secondary 
frequency responses, and voltage regulation under a controlled 
medium-voltage grid environment. In particular, this paper 
focuses on the specifics of testing the balanced and unbalanced 
fault ride-through characteristics of wind turbine generators 
under simulated strong and weak MV grid conditions. This 
paper also describes the test results for some advanced control 
features, such as wind generation’s participation in power 
system oscillation damping. In addition, the paper provides 
insights on the power hardware-in-the-loop (PHIL) feature 
implemented in the CGI to emulate (in real time) the conditions 
that might exist in various types of power systems under normal 
operations and/or contingency scenarios. Using actual test 
examples and simulation results, this paper describes the value 
of CGI as an ultimate modeling validation tool for all types of 
“grid-friendly” controls by wind generation. 

Keywords- electric grids; power system faults; power quality; 
wind energy integration; wind turbine  test facilities 

 INTRODUCTION I.
Power systems throughout the world are undergoing a 
significant transition from those that are based on large, 
centralized power plants to more distributed systems that 
have large numbers of generation units based on renewable 
energy sources [1]. Integrating high levels of power 
converter-coupled variable renewable energy resources (wind 
and solar) into an electric grid requires significant changes to 
electricity system planning and operations to ensure 
continued reliability [2]; therefore, it is important to better 

understand how power-converter-based renewable energy 
systems interact with the grid and how to utilize the advanced 
grid-friendly controls by renewables to maintain or enhance 
grid reliability. Several national and international standards 
and test procedures ensure that variable renewable 
technologies can meet the evolving reliability and 
controllability requirements by grid operators. Manufacturers, 
developers, and power plant operators of renewable energy 
systems need to perform series of tests to demonstrate plant 
operation under grid disturbances and the systems’ abilities to 
provide various types of ancillary services to enhance 
reliability. For instance, the latest edition of International 
Electrotechnical Commission Standard (IEC) 61400-21 for 
power quality testing of utility-scale wind turbine generators 
provides procedures for low-voltage ride-through (LVRT), 
active power and frequency responsive controls, and reactive 
power controls [3]. The newer, in-process edition of the same 
standard will be setting test requirements for an even larger 
scope of advanced controls, such as inertial response by wind 
turbine generators. The performance of converter-coupled 
generation requires verification at all power ranges under 
realistic operating conditions. In conventional field-testing, 
the device under test (DUT) is connected to a specific grid for 
long periods of time; however, this does not guarantee that 
the DUT will experience the entire range of possible grid 
conditions—e.g., frequency variations, balanced or 
unbalanced voltage fault conditions for testing LVRT or high-
voltage ride-through (HVRT) controls—and changing grid 
characteristics, such as the inertia of the grid and stronger or 
weaker interconnections. 

A first multimegawatt grid simulator of this kind, the 
controllable grid interface (CGI), was commissioned at the 
National Wind Technology Center (NWTC) at the National 
Renewable Energy Laboratory (NREL) in Boulder, Colorado 
during 2013–2014 [4]. It became the central point of a testing 
infrastructure that enables the electrical integration testing of 
various types of renewable energy sources; see Figure 1. This 
system makes it possible to test devices in fully controllable 
conditions, including wind turbine nacelles in dynamometer 
buildings, as well as devices operating on-site: wind turbines, 
photovoltaic arrays, and energy storage systems. The first 
results from wind power-related tests conducted with NREL’s 
CGI were demonstrated in [5] and [6], which showed 
examples of experiments to validate dynamic models of wind 



2 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

turbine generators and test advanced active power controls by 
wind power. This paper provides a more in-depth review of 
the grid simulator’s functionality, controls, and emulation of 
voltage fault and frequency fluctuation conditions that occur in 
real power systems. 

 
Figure 1. NREL/NWTC infrastructure for renewable energy systems grid 

integration testing. Illustration by Josh Bauer, NREL 

 POWER CONVERTER FOR GRID SIMULATOR II.
The unit power capacities of renewable energy systems are 

increasing. This imposes certain challenges for testing 
infrastructure because test apparatuses often need to meet 
more stringent standards than the DUT itself. The continuous 
power rating of the CGI is 7 MVA. It includes a 9-MVA 
active line-side rectifier unit that allows power to flow from 
the DUT to the steady grid with a controllable power factor; 
however, the test-side converter faces many challenges 
because it needs to provide grid simulator functionality and 
maintain full controllability under transient conditions that 
may exist at the point of common coupling (PCC). Transient 
overcurrent capability is one important feature of the grid 
simulator because certain types of generators under test can 
inject high short-circuit currents that exceed their nominal 
rating multiple times [7]. For example, a wind turbine that 
uses a doubly-fed induction generator (DFIG) topology can 
produce currents up to ten times stronger than its nominal 
rating under zero-voltage conditions for short time periods [8]; 
therefore, substantial short-term overcurrent capacity is 
needed by the grid simulator to maintain stable operation 
during such transient events. For this purpose, the CGI 
topology is based on four 3.3-kV medium-voltage, neutral-
point-clamped (NPC) inverter units that are normally used to 
drive industrial-grade motors and a custom step-up 
transformer to produce 13.2 kV on the test article terminals, as 
shown in. Under continuous 7-MVA operation, the amplitude 
of the nominal continuous current at the inverter side of the 
transformer is at 500A. To allow for a significant overcurrent 
capability, the selected medium-voltage NPC inverters are 
based on integrated gate-commutated thyristor (IGCT) 
devices. Their maximum current is 2.7 kA, which allows for a 
540% overcurrent margin assuming a 7-MVA DUT. 

The custom transformer is designed to match DUTs with 
various nominal voltages by utilizing multiple transformer 
taps. The transformer is rated for 7-MVA continuous 
operation and 560% short-term overcurrent operation to 
handle short-circuit currents that may be produced by the test 
articles. The special configuration of the transformer allows 

synthesizing 17-level low-distortion voltage waveforms by 
interleaving 3-level phase voltages. 

 
Figure 2. CGI block diagram 

For a given semiconductor device, the power capacity can 
be increased by decreasing the switching frequency, which in 
turn can lead to voltage quality degradation, which is normally 
measured as total harmonic distortion (THD). Normally, the 
desired THD level in power converters can be maintained by a 
harmonic filter; however, filters also decrease the dynamic 
range of operation. To maintain dynamic performance as fast 
as possible, the CGI uses advanced modulation control 
methods rather than a hardware filter. Thus, a balance is found 
among three conflicting requirements of power conversion: 
multimegawatt power ratings, sub-1% THD, and extremely 
fast response times, typically smaller than 1 ms. 

 PWM MODULATION SCHEME III.
 The CGI supports two multilevel modulation schemes, 

each optimized for different objectives. A pulse-width 
modulated (PWM) scheme is used for highly dynamic 
operation, and an optimized pulse pattern (OPP) modulator is 
used to achieve minimum line-to-line voltage THD levels. It is 
possible to transition from one mode to another during 
operation; therefore, advanced test scenarios utilizing high 
power quality in normal operation and high dynamic response 
during faults can be implemented. This paper describes both 
modulation techniques that are used to achieve high-quality 
voltage waveforms utilizing a relatively low switching 
frequency of the IGCT devices of less than 500 Hz. 

A. PWM Modulation 
This modulation mode is based on multilevel PWM with 

eight-level shifted carriers (), allowing high-quality voltage 
waveforms with fast voltage dynamics. An example of a 
measured line-to-line voltage waveform with harmonic 
spectrum is shown in. The voltage THD measured on the line-
to-line voltage is less than 5% (calculated up to the 50th 
harmonic order, as specified in) for the wide range of nominal 
voltage, from 65%–105%, as shown in a. The PWM 
modulator gives the best dynamic performance because the 
reference voltage is compared and updated after every half 
cycle of multilevel carrier. Due to the utilization of multiple 
slow-switching NPC stacks, it is possible to use a high, 3,360-
Hz carrier frequency. At 60-Hz operation, this results in 
switching band harmonics that are above the 50th harmonic 
order. Apart from the high dynamics, the PWM modulator 
ensures precise and uniform accuracy of the fundamental 
voltage amplitude. Using advanced calibration techniques, it is 
possible to achieve less than 0.5% amplitude accuracy. 
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Figure 3. PWM modulation scheme 

 
Figure 4. Voltage waveforms at PWM and OPP modulation 

a)  

b)  
Figure 2. Voltage THD depending on reference voltage at different 

frequencies: a) PWM mode, b) OPP mode 

 
Figure 3. Spectrum of OPP mode up to 70th harmonic 

B. Optimized Pulse Pattern Modulation 
Very low THD levels (less than 1%) within a certain 

frequency band, up to the 50th harmonic, with low switching 
frequency for semiconductor devices can be achieved by 
utilizing sophisticated mathematical methods for harmonic 
elimination by shifting the harmonic components to higher 
frequency bands. The modulation patterns are pre-calculated 
and optimized to reach this goal. An example of a measured 
voltage waveform with harmonic spectrum is shown in. The 
OPP results in nearly 0% THD for a wide range of reference 
voltages—more than 60% of nominal; see b. The fundamental 
voltage is accurately tracking the reference with <0.5% 
accuracy, similar to the PWM. 

Because the CGI is built using switching devices with no 
hardware filter, all known limitations of harmonic control are 
present in the existing design; however, with OPPs the 
harmonic content can be controlled in a frequency range, but 
due to the so-called water-bed effect, the harmonic energy is 
shifting to the uncontrolled bands, as shown in. 

Table 1 compares measured voltage THD (including the 
first 50 harmonics) to the of the fundamental component for 
both PWM and OPP modulation. 

TABLE I.  STEADY-STATE THD AND FIRST HARMONIC 
MEASUREMENTS 

Measurement PWM OPP 
THD50 (%) 3.0639 0.39832 
U1 (kV) 13.1055 13.0908 

 LVRT AND HVRT TESTING USING GRID SIMULATOR IV.
LVRT and HVRT testing is usually done according to 

voltage drop profiles defined in the specific test scenario or 
according to the relevant grid code requirements similar to 
those shown in. The CGI by its design does not contain 
preprogrammed voltage profiles; instead, it is designed as a 
voltage amplifier that follows a reference set point from the 
supervisory controller with a certain dynamic and static 
tolerance so that any desired voltage profile can be emulated 
(). This approach allows for great flexibility when designing 
test profiles. An example waveform of a 100-ms zero-voltage 
event achieved using the grid simulator without the DUT 
connected is shown in. More details about the dynamics of the 
system and its limitations can be found in. 

As mentioned earlier, one important aspect of voltage fault 
performance of some wind turbine generator topologies is 
their ability to produce large short-circuit currents during the 
voltage faults. The magnitude of the short-circuit current 
depends on the wind turbine’s electrical topology. High short-
circuit currents represent a certain challenge for the grid 
simulator design because it should be able to absorb such high 
reactive currents without damaging its power electronics and 
other converters. For this purpose, NREL’s grid simulator was 
designed to handle currents with magnitudes almost six times 
that of the rated current. In addition, nonsymmetrical faults 
create additional challenges in the form of large active and 
reactive power oscillations. The grid simulator must be 
designed to provide stable voltage performance in the presence 
of such oscillations. 
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Figure 4. Examples of LVRT/HVRT requirements 
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Figure 5. Dynamic tolerance limits of grid simulator 

 
Figure 6. No-load 100-ms zero-voltage fault profile measured at PCC 

A number of LVRT and HVRT tests were conducted on a 
2.75-MW wind turbine drivetrain, which was installed on 
NREL’s 5-MW dynamometer and connected to the CGI 
(Figure 10). These tests were conducted when the wind 
turbine was operating at different power levels (capacities 
from 0%–100%). The wind turbine under test utilizes a full 
power converter topology (often referred to as Type 4 
topology) coupled with a permanent magnet synchronous 
generator and a three-stage gearbox. This topology is not 
prone to producing high short-circuit currents because the 
generator is fully decoupled from the grid. This is unlike 
some other wind turbine topologies, such as a DFIG 
topology, or Type 3, which can produce large short circuit 
currents. The example results of some symmetrical and 
nonsymmetrical zero-voltage fault tests when the turbine was 
operating at rated power are shown in Figure 11 and Figure 
12, respectively. In both cases, the CGI was commanded to 
emulate a 100-ms self-recovering voltage fault that typically 
takes place in power systems. During both tests, the wind 
turbine resumed its prefault production after normal voltage 
conditions were restored. The CGI demonstrated stable 
operation under both balanced and unbalanced voltage 
conditions following the commanded voltage profiles. 

 
Figure 7. 2.75-MW WTG drivetrain under test 

 
Figure 8. Single-phase zero-voltage test 

 
Figure 9. Three-phase zero-voltage test 

 
Figure 10. Testing three-phase LVRT profile 
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Another case, shown in Figure 13, depicts the turbine’s 
reaction to a three-phase LVRT event with slow voltage 
recovery realized using a 1-s ramp. The DUT continued to 
deliver reactive current to the system while trying to assist in 
the PCC voltage recovery. Active power ramped up along 
with the voltage, and the turbine resumed its prefault 
production level at t=2.4 s. 

A number of 130% symmetrical and nonsymmetrical high-
voltage tests also demonstrated stable operation of the CGI. 
One example of such a test is shown in Figure 14, wherein a 
130% three-phase overvoltage event was emulated by the 
CGI for 100 ms. The wind turbine rode through this condition 
and resumed its prefault production after the voltage 
recovery. The CGI provided stable voltage operation during 
the whole test in accordance with the commanded profile. 

 
Figure 11. High-voltage test 

 TESTING FREQUENCY RESPONSIVE CONTROLS USING GRID V.
SIMULATOR 

The ability of a power system to maintain its electrical 
frequency within a safe range is crucial for stability and 
reliability [14] [15]. An IEEE task force report studied this 
issue with great detail and developed a number of conclusions 
and recommendations, including those on the importance of 
wind generation to provide primary frequency response (PFR) 
to prevent future declines in the frequency response of the 
U.S. interconnections [16]. From this perspective, the ability 
of the power electronic grid simulator to emulate various types 
of frequency profiles allows testing such controls by emulating 
realistic frequency events that can occur in any power system 
for both 50-Hz and 60-Hz grids. One example of this type of 
test is shown in Figure 15, when the grid simulator was 
commanded to emulate a real frequency event time series that 
was measured by NREL in the U.S. Western Interconnection. 
Such events are typical in power systems and caused by the 
loss of a large generator due to a temporary imbalance 
between generation and load. The PFR of conventional 
generators responds to such events immediately after the 
frequency decline has passed beyond their governor dead-band 
thresholds. In this case, the wind turbine under test provided a 
similar response with 5% frequency droop setting when 
operating at lower power so that it had enough headroom for 
up-regulation. As shown in, the wind turbine increased its 

power output in accordance with the droop setting after the 
frequency decline exceeded the preset dead band. Similar tests 
were conducted for overfrequency events as well. 

 
Figure 15. Frequency droop test 

The CGI was utilized to test advanced active power controls 
by wind turbines for power oscillation damping (POD). Such 
oscillations may exist in power systems under certain 
conditions. This particular testing is described in great detail 
in. One example of a POD controls test on a real wind turbine 
generator is shown in, which compares test data and modeling 
results. This particular test illustrates another value of the grid 
simulator as a platform for DUT model validation. 

 
Figure 12. POD test results 

 POWER HARDWARE-IN-THE-LOOP CAPABILITY VI.
Tests described in previous sections utilized predefined 

patterns of voltage or frequency (open-loop tests). This 
approach is normally sufficient for testing a particular 
functionality of power converters; however it neglects the 
impact of currents being injected onto a power system’s 
voltage and frequency. This type of impact can be a significant 
factor when operating renewable energy generation connected 
to weaker grids, so it is important to account for the DUT 
current impact when testing under simulated grid conditions. 
Therefore, a closed-loop setup is necessary to a) test the 
reliable operation of a power system with the DUT providing 
various types of ancillary services and fault performance and 
b) identify any undesirable stability issues in the form of 
interactions between various parts of the power system, such 

Time [s]
20 30 40 50 60 70 80 90 100

P
W

TG
1

 [k
W

]

100

150

200

250

300

350

400

450

500



6 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

as frequency instability and oscillations or subsynchronous 
voltage oscillations. For this purpose, a power hardware-in-
the-loop (PHIL) capability was developed for the CGI 
utilizing the real-time digital simulator (RTDS) system. The 
PHIL setup allows for conducting experiments with a real 
generator and for testing its controls with the real-time models 
of various power systems realized in RTDS. A simplified 
diagram of the existing PHIL setup is shown in Figure 17. 

 
Figure 17. PHIL test setup with CGI and RTDS 

Certain power plants or groups of power plants selected 
from the model can be replaced with any real device available 
at the NWTC site, including wind turbines in the field and 
dynamometers, battery storage, etc. The RTDS 
communications interface allows commanding CGI frequency 
and voltage set points according to the state of a real-time 
model running in RTDS. At the same time, actual current 
response is measured at the PCC and communicated back to 
RTDS where the current is being injected into the modeled 
grid. A standard nine-bus IEEE test case has been modified 
and implemented in RTDS to test frequency responsive 
controls by wind generation (). An example result of a closed-
loop PHIL frequency test realized with the nine-bus test 
system is shown in, which shows a very close match between 
the commanded and measured frequency during the generation 
and load-loss events triggered in the model. These are the 
initial results of testing to demonstrate the CGI PHIL 
capability. Another publication that is in progress will provide 
detailed information on such PHIL tests. 

 
Figure 18. RTDS model of nine-bus power system 

 
Figure 19. Time series of simulated frequency on CGI terminals 

Results of measured inertial responses by a real 1.5 MW wind 
turbine connected to CGI terminals exposed to the same 
frequency profile emulated by PHIL/RTDS is shown in. 
These inertial responses were produced by the wind turbine 
under various grid conditions, so the profile of each 
individual response is highly depending of initial turbine 
conditions (wind speed, power level, rotational speed) at the 
beginning of underfrequency event. In this case, CGI also 
appears to be an extremely useful tool for measuring inertial 
controls by wind power under real frequency conditions when 
the whole turbine (including its auxiliary equipment) is 
exposed the real frequency variations. 

 
Figure 20. Measured inertial responses by 1.5 MW wind turbine 

 VIRTUAL GRID IMPEDANCE CONTROL VII.
The electrical characteristics of the grid, such as line 

impedance and short-circuit ratio at the PCC, might impact the 
ability of inverter-coupled generation to ride through various 
types of voltage faults and other transient conditions. For 
example, some wind turbine electrical topologies such as 
DFIGs need to absorb reactive power from the grid for 
magnetization, which may deteriorate weak grids. During 
voltage faults, wind turbines, photovoltaic, and energy storage 
inverters are capable of supplying reactive current to weak 
grids to increase the grid voltage and assist with recovery. 
Also, inverter-coupled generators can provide voltage, reactive 
power, or power factor control to enhance stability. 
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A. Short-Circuit Power and Impedance of Matching 
Transformer 
With simplifications, the CGI can be viewed as an ideal 

voltage source inverter with a series impedance of the 
matching transformer; therefore, the transformer impedance 
has a significant impact on the parameters of the emulated 
grid. A short-circuit power (𝑆𝑆𝑆𝑆𝑆𝑆) that allows for the evaluation 
of grid strength can be estimated using (1): 

𝑆𝑆𝑆𝑆𝑆𝑆  =  𝑈𝑈𝑁𝑁
𝑍𝑍𝑡𝑡

   =  𝑆𝑆𝑁𝑁
𝑍𝑍𝑡𝑡𝑡𝑡𝑡𝑡

 (1) 

The impedance of the CGI transformer 𝑍𝑍𝑃𝑃𝑃𝑃 = 5% for 50-
Hz operation and 6% for 60-Hz operation; therefore, the short-
circuit ratio of the emulated grid 𝑆𝑆𝑆𝑆𝑆𝑆  is 20 or 16.66 times 
higher than the nominal power of grid simulator (𝑆𝑆𝑁𝑁) for 50 
Hz an 60 Hz, respectively (𝑆𝑆𝑆𝑆𝑆𝑆 = 140 𝑀𝑀𝑀𝑀𝑀𝑀  at 50 Hz and 
116 𝑀𝑀𝑀𝑀𝑀𝑀 at 60 Hz). This value is significantly higher than the 
rating of any DUT, so the CGI naturally emulates a strong grid 
interconnection. Note that the impedance of the emulated grid 
can be accurately estimated at any frequency, making it a 
useful feature when analyzing the transients with current 
waveforms consisting of any harmonic or subharmonic 
components. 

B. Programmable Impedance at Reference Frequency 
To test the DUT’s performance under emulated strong and 

weak grid conditions, a programmable line impedance feature 
has been implemented in the CGI’s controls. The impedance 
control is implemented for the reference frequency, and it 
allows for a) compensating the transformer impedance, 𝑍𝑍𝑡𝑡,and 
b) introducing an additional impedance, 𝑍𝑍𝐷𝐷. Depending on the 
commanded reference voltage, 𝑈𝑈𝑅𝑅𝑅𝑅𝑅𝑅 , the controller sets the 
impedance value, so the voltage at the PCC follows Eq. (2), 
whereas in reality it is the sum of the inverter voltage and 
voltage drop of the transformer, as indicated in Eq. (3):   

𝑈𝑈𝑃𝑃𝑃𝑃𝑃𝑃������  =  𝑈𝑈𝑅𝑅𝑅𝑅𝑅𝑅������  +  𝑍𝑍𝑑𝑑���𝐼𝐼 ̅ (2) 

𝑈𝑈𝑃𝑃𝑃𝑃𝑃𝑃������  =  𝑈𝑈𝐼𝐼𝐼𝐼𝐼𝐼������  +  𝑍𝑍𝑡𝑡� 𝐼𝐼 ̅ (3) 

To ensure that the CGI emulates the requested impedance, 
a voltage vector is generated by the inverter based on equation 
(4): 

𝑈𝑈𝐼𝐼𝐼𝐼𝐼𝐼������ =  𝑈𝑈𝑅𝑅𝑅𝑅𝑅𝑅������ + (𝑍𝑍𝑑𝑑��� − 𝑍𝑍𝑡𝑡� )𝐼𝐼 ̅ (4) 

The CGI controller calculates the output current vector in 
real time and modifies the inverter voltage by adding an 
equivalent of voltage drop on the requested impedance and 
negative transformer impedance. This way, the CGI can 
emulate any impedance requested. If zero impedance is 
requested, the SGI will act as a strong grid because only the 
transformer voltage drop will be compensated. 

The impedance control is implemented in the CGI’s 
hardware-in-the-loop (HIL) emulator. shows the CGI voltage 
measured at the 13.2-kV PCC for different levels of reactive 
power injected at three different impedance settings. A case 
with transformer-only compensation (green trace) corresponds 

to 𝑆𝑆𝑆𝑆𝑆𝑆 = 5118 MVA,  which can be considered nearly infinite 
compared to the nominal rating of 7 MVA. Other cases for 
𝑍𝑍𝑑𝑑𝑑𝑑𝑑𝑑 = 6% 𝑎𝑎𝑎𝑎𝑎𝑎 𝑍𝑍𝑑𝑑𝑑𝑑𝑑𝑑 = 10%  are shown in red and blue, 
respectively. Measured 𝑆𝑆𝑆𝑆𝑆𝑆  values in show that grid 
impedance can be controlled with sufficient accuracy. 

 
Figure 21. Impedance compensation results using HIL emulation 

TABLE II.  GRID IIMPEDANCE CONTROL MEASUREMENTS 

Impedance Setting Expected 𝑺𝑺𝒔𝒔𝒔𝒔  Measured 𝑺𝑺𝒔𝒔𝒔𝒔 
𝑍𝑍𝑃𝑃𝑃𝑃 =  𝑍𝑍𝑡𝑡𝑡𝑡𝑡𝑡 = 6% 116 MVA 123 MVA 
𝑍𝑍𝑃𝑃𝑃𝑃 =  𝑍𝑍𝑑𝑑𝑑𝑑𝑑𝑑 = 0% inf -5,118 MVA 
𝑍𝑍𝑃𝑃𝑃𝑃 =  𝑍𝑍𝑑𝑑𝑑𝑑𝑑𝑑 = 10% 70 MVA 71.1 MVA 

Test results shown in demonstrate the voltage measured at 
the terminals of a 1.5-MW fuel cell inverter connected to the 
CGI. The CGI was set to operate without transformer 
compensation, and the inverter under test was set to absorb or 
inject reactive power to modify the voltage at the virtual PCC 
in accordance with the 5% transformer impedance. As shown 
in, grid simulator voltage changed linearly with the reactive 
power at two different voltage levels, with a transition from 
one voltage level to another. With the transformer 
compensation enabled, the grid simulator will operate as a stiff 
voltage source with infinite short-circuit power (𝑆𝑆𝑆𝑆𝑆𝑆 .). 

 
Figure 22. CGI impedance measurements using 1.5-medium-voltage fuel cell 
inverter 

 CONCLUSIONS VIII.
This paper presented the capabilities of NREL’s 7-MVA 

power electronic grid simulator to test large, utility-scale wind 
turbine generators. This grid simulator facility is an advanced 
and flexible tool for testing many grid integration controls of 
wind and other renewable generation technologies under 
controlled medium-voltage grid conditions, and it can be used 
for both research and certification purposes. The grid voltage 
fault ride-through testing of wind turbine generators and other 
technologies is one fundamental benefit of this grid simulator 
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facility due its ability to emulate low-, zero-, and high-voltage 
faults of any desired profiles and allow for testing to any grid 
codes and interconnection requirements for both 50-Hz and 
60-Hz systems. Another fundamental benefit of the facility is 
its ability to emulate frequency deviations that can happen in 
any power system, thus enabling testing of advanced 
frequency responsive controls by renewable generation. Over- 
and underfrequency events that happen periodically in power 
systems can be replicated on the grid simulator terminals 
many times, so inertial and PFR controls by renewable 
generators can be tested and tuned to the requirements of any 
system operator. Another important ability of the grid 
simulator is the programmable (virtual) impedance control, 
which allows for emulation of “strong” and “weak” grid 
interconnection conditions. The results demonstrated in this 
paper are unique and clearly show the value of the NREL’s 
power electronic grid simulator for testing advanced grid-
friendly controls of renewable generation. 
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