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Abstract—The validation of GFM control strategies through
simulation and hardware demonstration is important before their
large-scale deployments in the real grid. Considering the impor-
tance of testing and validation, several works have explored the
GFM inverter’s capability to blackstart a microgrid, synchronize
and share loads, and interact with various types of generation
sources and loads present in the grid. This paper complements
the existing works by presenting the results and analysis of a field
demonstration in an actual AC microgrid. The capability of a
three-level neutral point clamped (NPC) GFM inverter equipped
with a recursive feedback type of non-linear device level control
to operate with PV source on its DC input and off-the-shelf PV-
GFL inverters and EV chargers of different kinds on the AC side
is explored. The analysis and conclusions drawn would inform the
readers to make better decisions during the field demonstration
process.

Index Terms—blackstart, EV chargers, grid forming inverters,
hardware testing

I. INTRODUCTION

The control of inverter-based resources (IBRs) to achieve
grid-forming (GFM) functionality has been an area of ac-
tive research recently. The existing works on GFM inverter
have focused on various aspects: roadmaps for research and
development, performance specifications, robust and flexible
controller design, and validation of such controllers and speci-
fications through simulation and hardware demonstrations [1]-
[7]. To avoid any surprises after the deployment of these GFM
IBRs, it is imperative that they go through extensive testing
and validation in a test environment that closely resembles the
real grid.

Considering the gravity of the testing and validation as-
pect, several existing works have provided their experi-
ences/lessons learned from the validation of GFM control
through high fidelity simulations, laboratory demonstrations,
and field demonstrations [3]-[7]. During testing and validation,
these works have focused on several key aspects such as a)
blackstart capability of the GFM inverter, b) synchronization
and load sharing capability of GFM inverter, and c) ability
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of GFM inverter to handle loads of various kinds (linear
loads, non-linear loads, etc.). The potential of GFM IBRs to
blackstart a microgrid has been demonstrated in [3]-[6]. Ref
[3] has introduced a softstart technique to limit the current
inrush from inductive elements such as transformers and motor
loads present in the grid during restoration and this technique
has been validated through field demonstration in [4]. On the
other hand, the capability of GFM IBRs and smart circuit
breakers (SCBs) to restore a microgrid through bottom-up
approach is demonstrated through laboratory testing in [5].
Ref. [6] has demonstrated, using GFM controller equipped
with sequence-based voltage control capability, how the GFM
IBRs can be used to blackstart unbalanced microgrids.

Similarly, the interaction of GFM inverter when PV-GFL
inverters are present in the microgrid is presented in [4]. It
was demonstrated that GFM and GFL inverters can perform
well in parallel, and are capable of riding through significant
system transients, if provided with the correct trip setting.
With regards to the nature of loads considered in these
demonstration works, simple linear loads are considered in
lab demonstration presented in [5], [7]. On the other hand,
more realistic loads such as motor loads are considered in [3],
[4], [6].

The authors have identified two research gaps in terms of
validation and demonstration aspects in the existing literature.
Firstly, the existing works have used either an ideal DC source
or a battery energy storage system (BESS) on the input side
of the inverter. Therefore, the feasibility of GFM inverter to
use variable sources such as PV on its input side has been
left unexplored previously, in particular, when operating in a
utility scale microgrid. Secondly, none of the existing works
have explored the capability of the GFM inverters to support
converter-based loads such as electric vehicles (EV) which are
very common in today’s grid. The behaviors of the various
types of EV chargers (Level-1, Level-2, and DC fast chargers)
are different from the behaviors of other loads in terms of the
current, and active and reactive power they draw from the grid.
If GFM inverters are to be used abundantly in the future grid,
it is important to check how they react to different types of
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Fig. 1: Block diagram of the test system

commercial EV chargers.
As such, this paper has addressed the above mentioned
research gaps through the following key contributions:

o This paper presents the hardware demonstration of the
recursive state-feedback type of non-linear GFM con-
troller. The use of three-level neutral point clamped
(NPC) inverter and PV source on the DC side of the
inverter comes with a challenge in terms of balancing
the DC voltage across two series connected capacitors
in the NPC configuration [8]. This paper discusses how
such a challenge was addressed.

e The inrush current phenomenon during the blackstart
process due to the transformer present in the grid and
the ways to mitigate it are discussed.

e The interaction of GFM inverters when generation
sources such as PV-GFL inverters and converter-based
loads such as EV chargers are present in the AC microgrid
is presented in this paper. These test cases would inform
the readers about the harmonic current that the GFM IBR
would need to provide and the reactive power demands
from such types of loads.

The remainder of this paper is organized as follows: Section
II describes the test system used in this work. The test results
are described and their implications are discussed in Section
III. Section IV concludes the paper.

II. TEST SETUP OF AN ISLANDED AC MICROGRID

For the field demonstration of a grid-forming (GFM) in-
verter, the microgrid at Orlando Utility Commission (OUC)
was used in islanded mode. The single line diagram of the
islanded test system is given in Fig. 1. The GFM inverter is
a three-phase three-level NPC inverter. The EV chargers are
unbalanced loads as they connect to only two phases of the
distribution transformer T2. The three power quality meters
(PQM#s) record the RMS values of the desired quantities in

each cycle. Similarly, two four-channels oscilloscopes with
voltage probes and current probes are used to monitor the
signals at the secondary of the step-up transformer T1.

The GFM control system implemented in the GFM inverter
is a recursive feedback based non-linear controller proposed
in [9]. The PV-GFL inverters are off-the-shelves commercial
inverters. It has to be noted that a three-level NPC inverter
suffers from unequal voltage sharing among series-connected
capacitors [8]. To solve this problem, the control in (1) was
implemented.

0. (1) = / wolt) 5t + K, AVpo () + K / AVpe(t) 5t (1)

Here, 0.(t) is the phasor of the modulating signal in the PWM
stage, w,(t) is the control frequency, AVp¢ is the difference
in voltage between the two series connected capacitors in the
NPC configuration. Similarly, K, and K; are the control gains.

III. TEST RESULTS AND DISCUSSIONS
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Fig. 2: GFM inverter output voltage and current at PQM2

A. Blackstart of AC Microgrid

The success of a blackstart process is determined by GFM
inverter(s) picking up the total load, both during the transient
and at the steady state. The challenge is the magnetizing



inrush current(s) of all the transformer(s). A magnetizing
inrush current occurs when the polarity and magnitude of the
instantaneous flux are different from those of the steady state
flux required for the voltage wave(s) at the instant of closing
the breaker. Inrush currents are typically the highest at the
onset of a black start, and their total should not exceed the
current limit of GFM inverter. There are two ways to control
the inrush currents: 1) choosing the best time (depending on
the point on the voltage wave) to engage the transformer, and
2) reducing the amplitude of the excitation voltage [10]. The
former is complicated as it requires the precise monitoring of
the wave signals corresponding to the voltage and flux while
the latter is much easier as the GFM inverter’s output voltage
can be controlled. Fig. 2 demonstrates a soft blackstart of a 75
kVA transformer using a 2.5 kVA GFM inverter. Initially, CB3
is closed, CB1 is kept open, the GFM inverter is turned on
with an initial low-voltage output, and afterwards the breaker
CBI is closed followed by ramping up of the voltage. It can
be observed that there is a large inrush current immediately
after CB1 is closed at time ¢ = 09:28:30. It should also be
noted that the inrush current is unbalanced which is justified
by the helping effect theory [10]. Basically, when a three-phase
three-limb transformer is energized with a three-phase supply,
the instantaneous values of voltages are different across each
phases. Consequently, flux saturation of each phase occurs at
different times which results in asymmetrical inrush currents.
It is worth mentioning that the unbalanced inrush currents
could induce a large DC imbalance if the GFM inverter has a
floating DC ground (or NPC).

Should the GFM inverter attempt to establish the full voltage
at the onset, the inrush current would become much higher
and, due to the mismatch of inverter capacity and transformer
rating, the GFM inverter would have to saturate its current
output at the maximum limit, which automatically results
in a lower voltage initially and hence a hard and saturated
blackstart. This option may be preferred in practice because a
soft blackstart requires tuning, but engagement of transformers
may not always be predictable. To accommodate larger inrush
currents and quickly establish the rated voltage, the GFM
inverter can be supported by pre-charged super-capacitors,
which is being investigated.

B. Interactions with PV-GFL Inverters and Level-2 Charger

Fig. 3 shows the profiles of active power and reactive power
during a test that a GFM inverter control performs blackstart,
brings on a set of PV-GFL inverters (by automatically adjust-
ing its power output as PV-GFL inverters come online at t =
11:05:00), and then feeds the level-2 charger jointly with PV-
GFL inverters. It should be noted that the output from the
GFM inverter is not equal in the three phases, as the level-2
charger is an unbalanced load. The GFM inverter is able to
respond to the events by fine tuning its output (e.g., around ¢ =
11:11) as well as significantly changing its output (e.g., around
t = 11:05 and t = 11:22). It is also observed that the level-2
charger draws a significant amount of reactive power which
is unbalanced in nature. This implies that the GFM inverter

would have less headroom for supplying the active power in
response to either PV-GFL inverter’s power variations or load
changes or both. Furthermore, this unbalanced loading also
makes the voltage waveforms at the output terminal of the
GFM inverter slightly unbalanced, as evidenced in Fig. 4(a).
Fig. 4(b) also shows that the current output from the GFM
inverter is distorted (non-sinusoidal) while being unbalanced,
because the level-2 chargers generate harmonic currents [11].
Nonetheless, the GFM inverter is effective in executing its
control strategy and maintaining stable microgrid operation.

C. Interactions with PV-GFL Inverters and DC Fast Charger

The profiles of active power and reactive power are given in
Fig. 5 for the test involving GFM inverter, PV-GFL inverters,
and a DC fast charger. Interactions between GFM inverter and
the other inverter-based devices are similar to those in the
previous subsection, but there are several differences. Firstly,
when clouds were passing over the test site (from ¢ = 11:45
to t = 11:49), the output from the PV-GFL inverters became
highly volatile, and the GFM inverter was able to respond
swiftly and maintain the grid operation. Secondly, the DC fast
charger does not draw any reactive power (unlike the level-2
charger), and this means the GFM inverter has more headroom
to provide active power. Thirdly, as shown in Fig. 6(b), the DC
fast charger’s current is highly distorted, which is the main
issue in the microgrid operation, and the GFM inverter was
able to operate properly even for such a highly non-linear load.

D. DC Balancing within GFM Inverter

It has been demonstrated through various tests discussed
above that the GFM inverter is able to maintain its function-
ality while its source of PV energy is stochastic on the DC
side. The DC balancing controller (1) was able to attenuate
the DC voltage variations down to within an acceptable range
(less than 10%). The imbalance is typically of most concern
degree at the onset of blackstart, as discussed previously.
It was observed that unbalanced operation also elevated DC
imbalances; for instance, the DC voltage imbalance across the
two series capacitors in the DC stage increased from 30 VDC
to 60 VDC during an EV-charging session using either of the
two types aforementioned.

IV. CONCLUSIONS

Field demonstration of a three-level NPC GFM inverter
is done in an AC microgrid which consisted of a 75 kVA
distribution transformer, PV-GFL inverters, EV chargers, and
programmable loads. The presented results are analyzed to
draw following conclusions:

e The GFM inverter equipped with recursive feedback

nonlinear control (of current, voltage, and power) and
PV source on the DC input side is able to successfully
black-start an AC microgrid using softstart technique.

o If the GFM inverter is of multi-level neutral point
clamped type, DC balancing needs to be carefully consid-
ered by implementing an appropriate control. DC imbal-
ances may be most prominent at the onset of blackstart
and during operation of unbalanced, nonlinear loads.
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o The GFM inverter is able to maintain the grid by adjusting
its output depending on the outputs from the PV-GFL
inverters, but this ability is limited to its current capacity
headroom which can be optimized by minimizing the
total reactive power need of all the loads.

Level-2 EV chargers consume substantial amount of
reactive power and induce less current distortion, while
DC-fast chargers do not require any reactive power,
but their currents are highly distorted. This means that
appropriate compensation devices such as capacitor banks
and active harmonics filters should be incorporated to
optimize microgrid operation.
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