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Abstract—Hybrid renewable farms with a mix of solar and
wind resources, along with a bulk energy storage system (BESS)
are growing. Such farms include numerous inverters, pad-
mounted transformers, collector feeders, and dc-side components
depending on the type of generation. Additionally, inverters in
such farms typically employ different control strategies, such as
‘grid following’ (GFL) and ‘grid forming’ (GFM), based on the
resource type or system requirements, where an inverter exhibits
similar steady-state response but different fault behavior. This
paper lays out a physics-based hypothesis to advocate the use
of an aggregated model, while avoiding detailed modeling of all
components of a hybrid farm. The hypothesis is substantiated
by simulation of a hybrid farm using Electromagnetic Transient
(EMT) Program, documenting how hybrid farms should be
aggregated for short circuit studies with minimal errors.

Index Terms—BESS, fault, inverter, short circuit, solar farm,
wind farm.

I. INTRODUCTION

A hybrid farm comprises of solar, wind, and bulk BESS
system (BESS) operating in a single farm. Over the past few
years, there has been a rapid growth in installation of hybrid
farms in the United States (US). According to a recent report
by Berkeley Lab [1], five such hybrid farms are currently
operational, and additional 28 farms with a total capacity of
12 GW are in the pipeline, and one under construction in
Oklahoma [2].

As modeling of inverters, even if averaged, is computation-
ally expensive. Aggregated model that can reduce the farm to
a single equivalent inverter is therefore highly desirable. We
have shown in [3] that such aggregation is possible for solar
and Type-IV wind farms that deploy ‘grid following’ (GFL)
controls. This was possible because the combined impedance
of the pad-mounted transformer and the inverter-filter reflected
to the collector side is much greater than that of the collector
cables. The GFL control used in [3] acts as a power-regulated
current source for the grid [4]. It uses grid voltage and
frequency as references, synchronizes with the grid voltage
angle, and adjusts its internal voltage magnitude to produce
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the necessary real and reactive power output. However, its
inability to independently regulate voltage and frequency has
raised concerns about system stability, especially for a large
penetration [5]. To address these concerns, another type of
control known as ‘grid forming’ (GFM) has emerged. In this
mode, inverter behaves as a controllable voltage source and
adjusts its internal voltage magnitude and angle to synchronize
with the grid voltage and frequency [6]. It effectively regulates
active and reactive power to provide essential support to the
grid by adjusting the angle of internal voltage and closely
mirrors the functionality of a synchronous generator, thus
ensuring system stability. Hence, while grid-connected, the
steady-state performance of these two controls is almost the
same and follows the unit commitment commands, but their
fault behavior significantly differs.

As the next step in our studies on aggregating EMT models
of inverter based resources (IBRs), this paper presents a study
of aggregation of hybrid farms with inverters employing GFL,
GFM or both modes of control. It first explains these control
modes and how they are modeled. Then, it simulates a scaled
26 MW hybrid farm in Simulink to illustrate how it can be
aggregated for short-circuit studies in EMT simulations. It also
explores the impact of increasing line lengths in the collector
network on the proposed aggregation.

II. MODELING INVERTER CONTROL MODES

An inverter with a 2 MVA, 690V rating is modeled, to be
used for both, solar and Type IV WTG units, in either GFL or
GFM mode, based on a switch position as seen in its control
diagram in Fig. 1, which also includes a droop control unit, low
voltage ride-through (LVRT) unit, and both current and voltage
control units. The droop control unit, modeled based on [6],
demonstrates a linear trade-off between frequency and voltage,
enabling voltage regulation and automatic load sharing among
multiple inverters.

In GFL mode, its control is designed in conventional dgq
reference frame, as described in [7]. This design incorporates
Siemens Gamesa logic from [8] to generate current references
when the inverter terminal voltage (Vt(l)) falls below 0.9
per unit (pu), entering into LVRT operation. It supplies only
positive sequence current output, even during unsymmetrical
fault scenarios.
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Fig. 1. Control diagram of the inverter model.

In GFM control, described in [9], droop-derived voltage
magnitude (Vi,.¢) and frequency (fief) reference values create
a pre-requisite instantaneous voltage reference. This reference
is then fed into a voltage control loop to generate the neces-
sary current references. This control loop uses proportional-
resonant (PR) control in the natural (abc) reference frame
due to its superior performance over proportional-integral (PI)
control [9]. The generated current reference includes both
positive and negative sequence components, resulting in both
positive and negative sequence current outputs during GFM
operation, especially evident during unsymmetrical faults.

The current reference generated from either GFL or GFM
mode of operation is fed into a common current control
loop that uses current reference in the abc reference frame.
Therefore, current references generated in the dgq reference
frame in GFL mode are converted to the abc reference frame
before being fed into the current control loop. In this loop, the
reference current passes through a current limiter block, de-
signed based on [9], to ensure current output within inverter’s
maximum current limit of 1.3 pu based on [8] to model inverter
overcurrent protection. Subsequently, the generated reference
undergoes a comparison with the output current, and finally,

the result is fed into a PR controller to generate the modulation
waveform required for the pulse width modulation (PWM)
control.

III. MODELING OF HYBRID FARM

Fig. 2 shows the topology of the scaled 26 MW hybrid
farm, implemented in MATLAB (Simulink) and consisting of
five units each of 2 MW solar and wind generation, and a 6
MW, 24 MWh BESS unit. Since only the fundamental fault
response is needed, an averaged inverter model is chosen [10]
to reduce the computation burden. Justification for the choice
of cable lengths can be found in [3]. The farm is operated
at unity power factor to deliver maximum real power to the
grid under normal operation. Description of components of the
IBRs in the farm follows.
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Fig. 2. Scaled hybrid farm model.

A. Solar Farm

1) Photovoltaic (PV) Array: This hybrid farm consists of
five PV arrays, each rated at 1.5 kV (dc), 2 MW. In this model,
constant values for irradiance and temperature are applied to
achieve the maximum real power output during simulation.
These are kept constant during faults, which last only for a
few fundamental cycles. The generated voltage and current
from each PV array are then fed into a maximum power point
tracker (MPPT) unit, which extract the maximum energy from
an array at the time of operation.

2) dc-dc Converter: The dc output voltage generated by
each PV array is regulated through an individual dc-dc boost
converter to maintain a constant input voltage to the inverter
dc-terminal for any variation in input voltage (not an issue
here due to constant temperature and irradiance), which is then
boosted to 2 kV dc-output at the inverter terminal through a
dc-link capacitor.

3) Grid-Side Converter (GSC) Unit: Each GSC unit con-
verts 2 kV dc to 690 V, 60 Hz ac. It employs the control
strategy described in Section II and is capable of operating in
either GFL or GFM mode. The LCL filter in Fig. 2 filters the
harmonics and comprises of resistors (10 m{2, 1 m{2 and 60
mS?2), inductors (370 xH and 105 pH), and a capacitor (600

uF).



B. Wind Farm

1) Wind Turbine Unit: This paper implements a generic
GE 2 MW wind turbine model, designed according to [11],
and is operated at a constant wind speed to ensure maximum
energy extraction throughout the simulation and assumed that
this value will not change significantly during a fault event that
lasts only for a few fundamental cycles. This energy is then
transferred to a Permanent Magnet Synchronous Generator
(PMSG) unit which incorporates machine parameters from
[11]. This unit converts the extracted mechanical energy into
electrical energy at 1.5 kV ac output voltage, depending upon
the constant wind speed.

2) Machine Side Converter (MSC) Unit: This unit has a
diode-bridge rectifier that converts the ac output of the PMSG
to a fixed 2 kV dc-voltage. Its control, based on [11], is
set to the active power reference command, depending upon
the mechanical power available in the wind, which will be
converted to electrical power by the PMSG. It is connected
to the GSC unit through a dc-link capacitor along with a dc-
chopper circuit.

3) GSC Unit: This unit converts 2 kV dc to 690 V, 60 Hz
ac. The same GSC as described in Section II is employed for
the Type IV WTG as well.

C. Bulk Energy Storage System

The BESS is included to enhance the dispatchability of solar
and wind resources [12]. It consists of a battery bank, a bi-
directional dc-dc converter (buck-boost), and a GSC.

1) Battery Unit: This battery bank incorporating commer-
cial Li-ion cells for their extended life cycle is modeled based
on [13] to produce a nominal voltage of 1.5 kV and a nominal
capacity of 4kA x 4hours = 16kAh (6 MVA, 24 MWh).

2) Converter Unit and GSC: A buck-boost converter de-
signed based on [13], is used to charge the battery cells at
a 1.5 kV bucked dc-output voltage and discharge them at a
2 kV boosted dc-output voltage. Its 2 kV dc-output voltage
serves as the input to the GSC unit, which employs the control
strategy explained in Section II and provides a 690 V, 60 Hz ac
output. Since the GSC, including its filter, is designed in pu, its
parameters and the parameters of the pad mounted transformer
are simply scaled up to increase the power rating to 6 MVA. In
this model, BESS operates in discharging mode with a 90%
state of charge of the battery bank to ensure the maximum
current contribution from this unit during short circuit study.

IV. AGGREGATION OF HYBRID FARM

In this model, the combined impedance of the LCL
filter (0.194£86.7°Q2) and the pad-mounted transformer
(7.14290°m$2) for an individual generation unit, when re-
flected to the collector side, is 492.82/86.82°€). On the
other hand, the impedance of the longest collector feeder
is 0.373£76.4°€), and the maximum collector impedance
from the POI to any GSC unit is 1.46£76.4°Q2. Given that
the combined impedance of the inverter and transformer is
overwhelmingly larger than the collector line impedances, the
collector network can simply be ignored without significant

error. Therefore, this paper, based on [3], ignores the collector
network and considers the total of 11 inverters of this farm
to be in parallel for the short circuit study. Additionally,
since individual GSCs primarily control the fault current, all
these inverters, along with the pad-mounted transformers, are
lumped into a farm-equivalent single GSC and pad-mounted
transformer [3]. While the dc-side components of all units may
be affected by such an event, its impact on the system output
and fault current is expected to be negligible during a fault
time-frame of a few fundamental cycles. The following section
further investigates this aggregation-hypothesis for different
control modes.

A. GFL Mode

In this mode, all the 11 GSC units within the hybrid farm of
Fig. 2 are operated in GFL mode. Following our hypothesis,
this hybrid farm is aggregated into a farm-equivalent single
inverter and pad-mounted transformer, ignoring the collector
network, as shown in Fig. 3(a). The pad-mounted transformer
is scaled to a rating of 26 MVA, and LCL filter components
scaled to resistors (76 mf2, 76 uf), and 5 m{?), inductors
(28.46 pH and 8.1 pH), and capacitor (7800 pF) [3]. Then,
to compare the fault current output of the lumped hybrid farm
model with the detailed model, a single line to ground (SLG),
line to line (LL), and 3¢ fault with a fault resistance of 1mf2,
are created at the POI terminal of both models at 3s, which are
cleared at 3.2s. The instantaneous voltage and current outputs

26 MVA
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GSC
(GFL)
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GSC 34.5KkV : 230kV
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Fig. 3. Hybrid farm model aggregated as (a) GFL or GFM, (b) GFL and
GFM.

at the POI of both models during a LL (BC) fault event are
shown in Fig. 4, where ‘det’ and ‘agg’ represent responses of
the detailed model and aggregated model, respectively. Since
all GSCs operate in GFL mode with a current limit of 1.3 pu,
only balanced positive sequence currents are injected by the
GSCs during all the faults, as observed in the instantaneous
current output of Fig. 4(b). The responses from both models
essentially overlap, indicating minimal error. For a more
comprehensive analysis, the phasor values of the measured
voltage and currents were calculated using a moving window
DFT. Errors in phasor values obtained for all three types of
faults are tabulated in Table I, which reveal that the maximum
errors in voltage magnitudes and angles are less than 1%, and
1.5°, respectively. For currents the errors are less than 2% in



For currents, errors are less than 2% in magnitude and 1.5°
in angles. This validates the aggregation hypothesis for GFM
mode of operation as well.

TABLE I
ERRORS IN PHASORS IN GFM MODE

3.04 3.25

Fault Error Cycle after Fault Inception
Type | (%.°) e nd 3 M 50
SLG [VZ6] | 0.33/1.45° | 049/1.54° | 0.2940.31° | 0.21£0.34° | 0.26£0.38°
[1/6] 0.8770.52° | 0.8320.08° [ 0.9370.15° | 0.71/0.12° | 0.80£0.17°
LL [VZ6] | 0.2320.56° | 0.1920.43° | 0.31£0.35° | 0.36£0.34° | 0.27.20.28°
[126] 1.87/0.88° | 1.76/1.39° | 1.13Z0.98° | 0.63£0.61° [ 0.680.52°
36 [VZ6] | 0.2420.49° | 0.17£0.93° | 0.13£0.66° | 0.22£0.43° | 0.15£0.41°
[120] 2.1020.87° 1.9770.92° 1.5970.89° | 0.5270.37° | 0.56/0.32°

319 3.2
(b) Time(s)

Fig. 4. GFL mode: Comparison of instantaneous outputs at POI during a BC
fault - (a) terminal voltage, (b) injected current.

magnitude and 2° in angles. This validates the aggregation
hypothesis for GFL mode of operation.

TABLE I
ERRORS IN PHASORS IN GFL MODE

Fault Error Cycle after Fault Inception

Type | (%.°) s ond 3rd pLY 50

SLG [VZ0] | 032/1.05° | 0.27./1.34° | 0.1920.33° | 0.18£0.24° | 0.1420.14°
[7Z6] ] 0.7770.48° | 1.3770.27° | 1.8220.25 1.4270.22 1.2270.21

LL [VZ0] | 0.18£0.34° | 0.220.24° | 0.2470.25° | 0.210.21° | 0.32/0.37°
[120] 1.3970.87° [ 1.99/1.42° | 1.08/1.41° [ 0.45/0.77° | 0.4870.71°

36 [VZ6] | 0.21£0.68° | 0.20£0.67° [ 0.15£0.05° [ 0.17£0.03° | 0.13£0.02°

) [1206] 0.4570.68° | 0.6520.88° | 0.31£0.84° | 0.1420.61° [ 0.16£0.59°

B. GFM Mode

In this mode, all the 11 GSC units within the hybrid farm
of Fig. 2 are operated in GFM mode. For this simulation, the
same aggregated model is used (Fig. 3(a)), but the control
mode is switched to GFM. The same fault scenarios were
simulated, as mentioned in Section IV-A. The instantaneous
voltage and current outputs at the POI of both models during
a LL. (BC) fault event are illustrated in Fig. 5. Note that the
fault current output significantly differs from that for GFL
mode (Fig. 4(b)), because both positive and negative sequence
currents are contributed in the GFM mode. Still, responses
from both models essentially overlap in this case as well.
The errors in phasor values for all three faults are tabulated
in Table II, revealing that the maximum errors in voltage
magnitudes and angles were less than 1% and 1°, respectively.
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Fig. 5. GFM mode: Comparison of instantaneous outpus at POI during a BC
fault - (a) terminal voltage, (b) injected current.

C. Mixed Modes

In this case, the solar and wind GSC units operate in GFL
mode, while the GSC unit of the BESS operates in GFM
mode, which is conventional in a hybrid farm configuration.
In this case, this paper uses two lumped GSC units based
on the mode of operation, as depicted in Fig. 3(b), instead
of using a single inverter for the entire farm. This choice is
made due to the different current outputs of GSCs in GFL and
GFM operation during a fault event, as observed in Section
IV-B. These two lumped GSC units filter and pad-mounted
transformers are scaled by changing their corresponding base.
Same fault scenarios were simulated, as created for the GFL
and GFM modes. The instantaneous voltage and current out-
puts at the POI of both models during a LL. (BC) fault event
are shown in Fig. 6. Note that its fault current output differs
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Fig. 6. Mixed mode with separate aggregation: Comparison of instantaneous
outputs at POI during a BC fault - (a) terminal voltage, (b) injected current.

from the previous two cases, as it is the summation of both
GFL and GFM operation current outputs. Still, the responses
from both models overlap. The errors in phasor values for
all three faults are tabulated in Table III, revealing that the
maximum errors in voltage magnitudes and angles are less
than 1% and 1°, respectively. For current, errors are less
than 1.7% in magnitude and 1.5° in angles, which validates
the aggregation hypothesis in mixed mode of operation with
separate aggregation for GFL and GFM modes. However, if
this mixed-mode operated hybrid farm is aggregated as a single
GSC operated in either GFL or GFM, as done in section IV-A
and IV-B, it leads to significantly higher errors in currents, as



TABLE III
ERRORS IN PHASORS IN MIXED MODE - SEPARATE AGGREGATION

Fault Error Cycle after Fault Inception
Tpr (%ZO) 15t ond 3rd 4 5"‘
SLG [VZ0] 1 0.1320.12° | 0.190.18° | 0.15£0.25° | 0.2320.19° | 0.14£0.21°
[T70] 0.8570.52° | 1.5470.28 1.6870.25 1.4420.23 1.3870.26
LL [VZ0] 1 0.1320.16° | 0.290.13° | 0.2470.15° | 0.260.14° | 0.17/0.18°
[170] 1.14/1.20° | 0.9570.64 0.9720.70 0.5270.63 0.4470.57
3¢ [VZ0] | 0.1420.09° | 0.1920.13° | 0.1320.16° | 0.20£0.12° | 0.120.11°
) [126] 1.0920.79 0.7320.86 0.4220.64° | 0.3170.60° | 0.3620.58

listed in Table I'V. This is obvious, since the output currents for
GFL and GFM modes are significantly different as described
in Sections IV-A and IV-B.

TABLE IV
ERRORS IN PHASORS IN MIXED MODE - SINGLE AGGREGATION

Fault | Error Cycle after fault inception (GFL or GFM)
Type | (%£°) 18: GFL 2M: GFL 31: GFL 1%: GFM 2M; GFM 34: GFM
sLG | V20| 0.1470.28° 0.1720.21° 0.2170.13° 0.1220.30° 0.2370.28° 0.2570.14°
S [TZ0] | 691/1.87° | 1824/3.20° | 17.20£2.44° | 214145.63° | 60.16£9.86° | 61.77/8.22°
L | IVZr| 0.13/0.18° 0.1520.12° 0.11£0.15° 0.08£0.17° 0.1620.16° 0.1220.11°

[TZ0] | 17.64£11.97° | 2035/16.84° | 20.65/14.11° | 68.79/25.40° | 76.57£51.11° | 41.84/50.20°
36 | 1VZOL | 00920.16° 0.1120.13° 0.1420.11° 0.1220.10° 0.13Z0.11° 0.1421.20°
’ [TZ0] | 18.52/8.62° | 16.62/13.97° | 10.55/11.68° | 62.56/13.59° | 69.43£41.79° | 15.06/41.22°

V. IMPACT OF COLLECTOR LENGTH ON AGGREGATION

As per Google Earth’s measurements data of a real-world
hybrid farm, this model adopts a minimum collector cable
length of 0.40 km between two adjacent wind turbine units,
which is more than three times the rotor diameter of a typical
2 MW wind turbine model. For solar units, this length is
0.27 km. To investigate the impact of the collector length
on aggregation errors, we multiplied this original collector
feeder lengths by a factor ranging from 2 to 12. Simulations
were run for 1) GFL, 2) GFM, and 3) mixed mode with
separate aggregations. The maximum errors observed in the
voltage and current for each multiplier is shown in Fig. 7,
where ‘*’ indicates the actual error and ‘-—-" represents
the corresponding error trend for each mode of operation.
Errors in currents remain below 5% when the feeder lengths
(hence impedance) are increased to 4 times the original feeder
lengths, where the farthest inverter is situated more than 12 km
away from the POI. This analysis suggests that the proposed
aggregated models for all three types of operation provide
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Fig. 7. Voltage and current errors with increasing length of collector cables.

acceptable accuracy for short-circuit studies in such types of
hybrid farms.

VI. CONCLUSION

This paper illustrates that a hybrid farm, comprising of solar,
wind, and BESS, can be aggregated by configuring all inverters
in either GFL or GFM mode and lumping them into a single
inverter of the same mode. This approach results in an error
of less than 2% in current magnitude, which is acceptable for
short circuit analysis. However, when a hybrid farm operating
in both GFL (wind & solar) and GFM (BESS) modes is
lumped into a single inverter that is operated only in either
GFL or GFM mode, significantly larger errors are observed.
Therefore, this type of aggregation should be avoided, and
inverters operated in different modes should be aggregated
separately. Additionally, a sensitivity analysis is performed
to observe the impact of increasing collector feeder lengths,
showing that the errors in fault currents increase with longer
feeder lengths, but remain within 5% for cable lengths four
times the lengths observed in real-world farms.
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