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Abstract

This paper presents the droop-based co-ordination for active and reactive power-sharing between grid-forming (GFM) and
grid-following (GFL) inverters. A 12 MVA inverter-based microgrid with two photovoltaic (PV) systems, 1 km apart is
simulated to analyze the impact of different inverter control strategies on power-sharing and microgrid’s frequency
response. Three simulation cases are studied for different combinations of GFM and GFL inverters, keeping the total PV
headroom same (4 MVA) for regulation in all cases. Two grid-supporting GFM units (2 MVA headroom on each unit) in
parallel operation results in 61% RoCoF reduction and 0.54 Hz less frequency nadir as compared to the case when one
grid-supporting GFM operates in parallel with a grid-supporting GFL unit. When a GFL unit is operating together with a
GFM unit, the choice of droop coefficients, inverter control mode and headroom capacity allocation plays a crucial role in
overall frequency response. A grid-supporting GFM unit (4 MVA headroom capacity) in parallel with a grid-feeding GFL
unit provides comparatively improved damping and frequency response with 39% reduction in RoCoF and 0.42 Hz
improvement in the frequency nadir as compared to the case when both GFM and GFL units in parallel regulate the

frequency.

1 Introduction

Distributed energy resources (DERs) are interfaced to the
power grid via power electronic converters directly or are
integrated through a microgrid [1]. A microgrid is a
localized energy system that consists of interconnected
loads and DERs which can supply reliable, efficient, and
sustainable energy either independently in islanded mode or
in grid-connected mode [1]. However, the ongoing
transition from synchronous generators (SGs) to inverter-
based resources (IBRs) introduces stability challenges due
to their lack of inherent inertia, reduced system strength, and
sensitivity to disturbances [2], [3], [4]. Solar and wind-
based IBR generation often requires long-distance
transmission due to feasible location and land availability
which leads to higher line impedance, reduced short-circuit
strength, and weaker grid conditions [4]. Traditionally,
most of the IBR units are operating in grid-following (GFL)
control mode because of its mature technology and
controllability over current through device power
electronics [5], [6]. GFL inverters synchronize with the grid
voltage phasor using phase-locked loops (PLLs) and use
vector current control to inject active and reactive power to
the grid [6], [7]. However, their dependence on a strong
voltage source or synchronous generation poses challenges
in weak grids, as disturbances can lead to PLL instability,
synchronization issues, unstable converter control, low
frequency oscillations and transient synchronization
instability [7], [8].

Grid-Forming (GFM) inverters have emerged as a
promising alternative to GFL inverters. Unlike GFL
inverters, GFM inverters emulate synchronous generator
behavior by acting as voltage sources with fast response
capabilities. They generate their voltage and angle
reference, autonomously, thereby supporting grid voltage
and frequency even in weak grid conditions [5], [7]. With
adequate energy resource behind the inverter, they could
potentially reduce the minimum inertia requirements that
the grid needs for secure power system operation. GFM
inverters can provide ancillary services such as black start,
synthetic inertia and fault current contributions thereby,
tackling the limitations of GFL control and enabling stable
operation in both grid-connected and islanded modes [5],
[6], [9]. GFM technology was basically introduced for
purely inverter-based microgrids where at least one inverter
must operate as a constant voltage source in islanded mode.
In grid-connected mode, GFM inverter synchronization is
achieved through the interaction between active power and
grid frequency, controlled by the inverter’s primary control
loop [7], [10].

Grid-forming inverter (GFM) control methods differ in how
they generate voltage references, with common approaches
including droop control, synchronverter, virtual
synchronous machine (VSM), matching control, and virtual
oscillator control. Droop-based methods are the most
widely studied due to their simplicity and scalability. [11].
There are three categories in droop-based control including
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Fig. 1. Microgrid model studied in simulations

frequency-based-droop, angle-based-droop and power
synchronization control (PSC) [7]. Alternative non-droop
and synchronous generator-based control strategies are also
available in literature [5], [12]. Many contemporary studies
in literature discuss the challenges of parallel operation of
droop-based inverter control. The Consortium for Electric
Reliability Technology Solutions (CERTS) Microgrid
concept demonstrates automated power-sharing of different
IBRs and SGs in parallel and investigates the system's
ability to operate in grid-connected and islanded modes,
ensuring high reliability and compliance with IEEE
Standard 1547 [13]. A field demonstration of parallel virtual
synchronous generators for six different penetration
scenarios of GFM, GFL inverters with BESS and diesel SG
shows that these units respond to the load disturbances
automatically [14].

Majority of the microgrid systems in near future would
deploy IBR units with a myriad of GFL and GFM inverters
operating in  proximity = with different control
methodologies. This may introduce dynamic interactions
between different types of inverter controls operating in the
vicinity and may impact the overall response speed of the
system. Thus, an in-depth evaluation of the interoperability
of GFM and GFL controls is required. While most of the
contemporary studies made on microgrids consider mixed
SG-IBR systems, therefore there is a need to evaluate the
performance of fully inverter-based microgrids with parallel
GFM and GFL inverters. This paper studies the droop-based
co-ordination of active and reactive power-sharing for
different combinations of GFL and GFM inverters
operating in parallel in an islanded microgrid. The paper
addresses the following research questions:

e How does the interaction between the GFM and GFL
inverters impact the microgrid’s frequency response
and dynamic performance?

e  What is the effect of different headroom capacities on
inverter units in ensuring effective frequency support?

e How do different inverter control strategies influence
system performance such as frequency nadir, rate of
change of frequency (RoCoF), settling time, and
power-sharing.

To address these questions, the study implements PSC-
based droop control for GFM inverters without inner current
and voltage control loops (PSC-based single-loop GFM).
GFL inverter is simulated either as a grid-feeding unit or as
a grid-supporting unit in parallel with the GFM inverter.
The resource behind each inverter is photovoltaics (PV)
which needs some percentage of the headroom capacity
available to provide frequency and voltage support. The
impact of available headroom capacity on co-ordination and
frequency response is analyzed using performance
indicators such as RoCoF, frequency nadir, settling time,
steady-state frequency error, and active/reactive power
response profiles.

2 System architecture and methodology

2.1 Microgrid

A 12 MVA, medium voltage inverter based microgrid is
implemented in PSCAD/EMTDC software as shown in Fig.
1. The topology of the microgrid includes two 6 MVA PV
systems behind the voltage source converters (VSC)
connected to a 21 kV bus via separate transformers. Three
constant power loads are connected to the 21 kV bus of the
microgrid. An 8 MW load is connected at the time of
islanding whereas a 3 MW active power load and a 1 Mvar
of reactive power load are used to model load changes for
simulation scenarios. Two PV systems are electrically 1 km
apart. The simulation model is established such that the
islanding is done by opening the grid-side isolation switch
and one PSC based single loop GFM inverter establishes the
voltage and frequency for the microgrid under islanding.
After islanding, microgrid local sources are responsible for
maintaining and regulating the voltage and frequency. To
enable active and reactive power-sharing among the
inverter units without communication link, droop control
strategy is utilized.

2.1.1 Grid-Following Inverter: The GFL inverter is
modeled as a current source in parallel with a high
impedance. It consists of a synchronization loop, an outer
active-reactive power control loop and an inner current
control loop. It tracks the phase angle of the grid voltage at
the PCC using a phase-locked loop (PLL), which
synchronizes the inverter’s local dg reference frame with
the grid. Through vector control, GFL inverter adjusts the
active and reactive currents injected into the grid. The
simplified representation is illustrated in Fig. 2 (a). The
basic control strategy in GFL converters is active-reactive
power (PQ) control, where the measured active power (P)
follows the reference (Pry) based on the PV's available
energy and headroom allocation while determining the
reactive power (QOry) needed for the voltage support at
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Fig. 2. Implementation of grid-following control (GFL) and grid-forming control (GFM).

PCC. The outer PQ-controller regulates the d-axis current
reference (idr) for active power and adjusts the g-axis
current reference (igzrs) for reactive power. These dg-
reference currents are used by the current controller which
then generates references for the modulated voltage en s and
emq through PI controllers. However, PQ-control as such
does not provide frequency and voltage regulation from the
GFL inverter, therefore active power-frequency (P-f) and
reactive power-voltage (Q-V) droops are implemented for
the grid support. In this method, frequency and voltage
deviations dynamically adjust the reference power from the
operating active power, Poyer and reactive power Qoper, as
depicted in Fig. 2 (a) where, K, is the voltage droop constant
and Kris the frequency droop constant.

2.1.2 Grid-Forming Inverter: (Power Synchronization
Control based Single Loop Droop): The grid-forming

(GFM) control system maintains its internal voltage phasor
under disturbances and is modelled as a voltage source in
series with low impedance. The general control structure of
GFM is presented in Fig. 2 (b). The outer loop can have
different types of GFM controls however, droop control
method is the most widely used method with power-sharing
capability without the need of communication. In this paper,
power synchronization control (PSC) based droop is
implemented. PSC is the control method which uses power
synchronous loop to replace PLL [5], [12]. It has self-
synchronization mechanism and can mimic the relationship
between active power and rotor angle, 8. in SGs as shown
in Fig. 2 (c). The active power, Py is being controlled
through an integral controller which directly adjusts the
phase angle, 6. and thus eliminates the need of PLL. The
GFM control block generates the output voltage amplitude
and phase angle. The generated voltage signals are directly
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Fig. 3. Active and reactive power of the inverters with
droop coefficients for three simulation cases (a) Case 1, (b)
Case 2 and (c) Case 3.

feedforwarded to pulse width modulation (PWM)
algorithm. This strategy is referred to as single loop control.
Single loop architecture of GFM is widely available in
literature and needs current limitation method [2], [15],
however overload mitigation is out of the focus of this

paper.

2.1.3 Simulation Cases: Four simulation cases are studied
in which droop coefficient and controller parameters are
tuned so that both inverter units share equal amount of
active and reactive power in grid-supporting mode. The
details of the studied simulation cases are as follows,

e Case 1: GFM and GFL inverters are operating in
parallel in grid-supporting mode with 2 MVA of
available headroom on both units for voltage and
frequency regulation.

e  Case 2: Grid-supporting GFM inverter with 4 MVA of
available headroom is operating in parallel with a grid-
feeding GFL inverter.

e Case 3: Two grid-supporting GFM inverters are
operating in parallel with 2 MVA of available
headroom on both units.

GFL inverter in case 1 and case 2 is 1 km away from the
GFM inverter and load connection point. In case 3, one
inverter (GFM-2) is 1 km away from the other GFM inverter
(GFM1) and load connection point.

Fig. 4. Frequency response of the microgrid in three
simulation cases.

3 Simulation Results

Active and reactive power response along with the droop
coefficients for frequency and voltage regulation for all
three cases are presented in Fig. 3. Frequency response of
the microgrid along with the frequency metrics including
rate of change of frequency (RoCoF), frequency nadir and
frequency settling time are mentioned in Fig. 4. Since the
two inverter units are electrically 1 km apart and are
operating in parallel therefore the frequency and voltage
droops are configured such that the two inverter sources
share equal active and reactive power. In case 1, a GFL
inverter unit is providing frequency and voltage support in
parallel with a GFM inverter, the droop coefficients of GFL
unit were set smaller than those of GFM inverter unit to
ensure no overloading of the GFM inverter unit. Fig. 3 (a)
shows that the GFM unit’s active and reactive power
response is faster as compared to that of GFL inverter. GFL
inverter, however, effectively follows the GFM inverter and
supplies half of the active and reactive power load change.
The frequency response in case 1 in Fig. 4 shows the largest
RoCoF and frequency nadir among all the cases. Droop-
based co-ordination between a distant PLL-dependent
regulating reserve and a GFM reserve impacts the overall
frequency response of the system. A GFL inverter first
tracks the voltage and frequency deviations through its PLL
before adjusting power injection. This results in a slight lag
compared to a GFM inverter, which reacts immediately
based on its own control loop. In case 2, GFL unit operates
in grid-feeding mode with active power set point of 6 MW
and reactive power set point of 0.05 Mvar. GFM inverter
alone is responsible for regulating the nominal frequency
and voltage with relatively smaller droop coefficient to
ensure stable frequency and voltage regulation without
excessive transients and allow smooth power adjustments in
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response to load changes. However, GFL inverter maintains
its set point at 6 MW with slight power oscillations after the
load change at 0.3s. Case 2 results in 3.17 Hz/s reduction of
RoCoF as compared to case 1 thus, preventing sharp
frequency deviations, which is crucial in preventing
protection tripping in microgrids. Moreover, active power
damping is significantly improved due to reduced dynamic
interactions between the two units for frequency regulation
as presented in Fig. 3 (b) and the frequency settles down in
0.46 s with 0.36 Hz less deviation than that of case 1. Case
3 corresponds to 100% GFM penetration with two parallel
GFM units (GFM-1 and GFM-2). Unless GFM units are in
the same location, there will be different amount of reactive
power output provided by the inverters with the same Q-1
droop settings. Therefore, in this case, GFM-1 which is
closer to the load has larger O-V droop i.e. 0.085. Case 3
corresponds to the best frequency response as indicated by
the frequency settling time of 0.40 s. Parallel operation of
two GFMs result in 61 % RoCoF reduction with frequency
nadir decreased by 0.54 Hz as compared to that of case 1.

4 Conclusion

This study examines the co-ordination of grid-forming
(GFM) and grid-following (GFL) inverters in an islanded
microgrid. The results highlight that GFM inverters
significantly enhance frequency stability, reduce the rate of
change of frequency (RoCoF), and improve overall system
response. While GFL inverters can provide frequency and
voltage support, their dependence on PLL synchronization
introduces delays, leading to higher RoCoF and frequency
deviations. When GFL inverters operate in grid-feeding
mode, the responsibility of frequency and voltage regulation
shifts entirely to GFM inverters, resulting in improved
damping and 39% reduction in the rate of change of
frequency (RoCoF). A fully GFM-based microgrid offers
the most stable response, but proper reactive power droop
tuning is crucial for balanced power-sharing between
inverters located at a distance.
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