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Abstract: This paper proposes a control strategy for grid-following inverter control and grid-forming
inverter control developed for a Solar Photovoltaic (PV)-battery-integrated microgrid network. A
grid-following (GFL) inverter with real and reactive power control in a solar PV-fed system is
developed; it uses a Phase Lock Loop (PLL) to track the phase angle of the voltages at the PCC
and adopts a vector control strategy to adjust the active and reactive currents that are injected
into the power grid. The drawback of a GFL inverter is that it lacks the capability to operate
independently when the utility grid is down due to outages or disturbances. The proposed grid-
forming (GFM) inverter control with a virtual synchronous machine provides inertia to the grid,
generates a stable grid-like voltage and frequency and enables the integration of the grid. The
proposed system incorporates a battery energy storage system (BESS) which has inherent energy
storage capability and is independent of geographical areas. The GFM control includes voltage and
frequency control, enhanced islanding and black start capability and the maintenance of the stability
of the grid-integrated system. The proposed model is validated under varying irradiance conditions,
load switching, grid outages and temporary faults with fault ride-through (FRT) capability, and
fast frequency response and stability are achieved. The proposed model is validated under varying
irradiance conditions, load switching, grid outages and line faults incorporating fault ride-through
capability in GFM-based control. The proposed controller was simulated in a 100 MW solar PV
system and 60 MW BESS using the MATLAB/Simulink 2023 tool, and the experimental setup was
validated in a 1 kW grid-connected system. The percentage improvement of the system frequency
and voltage with FRT-capable GFM control is 69.3% and 70%, respectively, and the percentage
improvement is only 3% for system frequency and 52% for grid voltage in the case of an FRT-capable
GFL controller. The simulation and experimental results prove that GFM-based inverter control
achieves fast frequency response, and grid stability is also ensured.

Keywords: grid-forming inverter; grid-following inverter; fault ride-through capability; microgrid;
photovoltaic energy; power electronics

1. Introduction

The power system is experiencing stability issues due to the increased penetration of
inverter-based renewable resources (IBRs) due to a drastic reduction in system inertia [1,2].
IBRs are replacing the generation of power from synchronous generators in the power
system due to the increased penetration of renewable energy sources. This leads to reduced
synchronization torque, less inertia and limitations on short circuit current, which become
challenges in IBR-dominated power systems [3]. In addition, the intermittent variations
of renewable power generation create fluctuations in the voltage and frequency of the
power system. The challenges of IBR-dominated power systems are as follows: (a) the
impact of degrading grid strength and short circuit current levels on stability and adequacy
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of protection; (b) degrading system inertia impacts on power system stability; (c) grid
formation in the absence of synchronous generators and islanded mode of operation;
(d) jump-starting the grid after blackouts.

There are two types of inverters by which renewables are integrated into the grid for
injection of renewable power, namely grid-following (GFL) inverters and grid-forming
(GFM) inverters. Most grid-connected renewables in the last decade have operated with
the GFL type of inverter which is dependent on external grid set points, and due to
communication delays, a fast response from a GFL inverter is not possible for any system
changes [4]. As IBR penetration increases, the controllers of inverters must respond more
robustly to a system with faster dynamics and enhance the inverter capability to support
the power system stability [5-10]. A GFL inverter acts as a current source and follows
the grid voltage with proper synchronization. In addition, GFL inverters cannot provide
inertia to the system, and hence, the dynamic behavior of a synchronous generator is not
mimicked for the effect of inertia in the power system. Unlike synchronous generators,
which adapt to variations in grid frequency, GFL inverters normally operate at their rated
output power [11]. The GFL control must be synchronized to the grid using a phase-locked
loop (PLL) which provides a phase angle and frequency to synchronize the renewable-fed
inverter to the grid [12]. GFL consists of two control loops, namely the slower voltage
control loop and the faster inner current control loop [13]. The GFL inverter is not able
to regulate the voltage and frequency of the system directly and hence cannot operate
when voltage or frequency instability occurs in the power system. Hence, in recent years,
researchers have developed the concept of a grid-forming inverter for IBRs. IBRs with GFM
control are capable of supporting the grid during normal and fault conditions, including
islanding situations, by behaving as voltage sources with specified voltage magnitude,
phase angle and frequency. The desirable functionalities of the GFM-based IBRs are as
follows: (a) GFM control works faster than GFL control to maintain voltage and frequency;
(b) system stability contribution; (c) provision of synchronizing and damping torque;
(d) lower rate of change of frequency and black start capability.

As maintaining the synchronous generation online during grid failure and grid island-
ing is expensive and difficult, energy storage systems have provided a better alternative
solution. Many articles have focused on the development of controllers for GFL inverters,
and GFM inverters have received increased attention in recent years. In [14], a droop-
controlled GFM inverter is compared against a frequency-support-based GFL inverter. The
system performance is analyzed at different penetration levels of renewables and various
inertia levels of the system. The frequency-controlled GFL inverter results in reduced damp-
ing and higher frequency excursion. But for the system with a GFM inverter, the frequency
damping is increased and smoothly transfers the overloading to the other sources, hence
maintaining the reliability of the system.

The performance of GFL and GFM inverters in a low-inertia dynamic model with
a BESS is presented in [15], which gives a comparison between the various case stud-
ies. The results allowed the conclusion that GFM control outperforms GFL control in
terms of system frequency. In [16], the authors proposed the duality between GFM and
GFL inverters with respect to synchronization loop, grid interfacing characteristics, swing
characteristics, control gain characteristics, grid strength compatibility and transient sta-
bility. The investigation in [17] made it clear that the voltage control function may lessen
voltage fluctuations following fault, improving the active power response of virtual in-
ertia GFL. Virtual synchronous generators is a concept proposed in [18] for stabilizing
frequency fluctuations on grids with IBR dominance. A simulation-based analysis of a
GFEM power inverter controller is performed in [19] to better understand voltage and fre-
quency stabilization, as well as to ensure that critical electrical loads are not affected during
prolonged power outages. The review paper [20] examines droop-based GFM inverters,
virtual synchronous generator (VSG)-based GFM inverters, compensated generalized VSG
(CGVSG)-based GFM inverters and adaptive VSG (AVSG)-based GFM inverters. Various
operational scenarios are compared in terms of their performance and robustness in the
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article. In [21], a power converter for PV systems is investigated during system faults. GFM
inverters are being used in microgrid projects in a variety of topologies and configurations.
However, several challenges need to be addressed before synchronous machines can be
replaced by GFM inverters at the transmission level. Developing hardware, software and
controls for network models; standardizing inverter models; integrating renewable energy
sources into the system; energy storage; stability analysis; networking capabilities for black
starts; dynamic islanding topology solutions; and economic dispatch are some of these
challenges and research gaps identified with respect to grid-forming inverters connected to
microgrids [22-26].

The voltage control function has the ability to reduce the eigen oscillation among
synchronous generators. In terms of system frequency stability, the virtual inertia GFL
control did well in raising the nadir to the same level as the virtual inertia GFM control, but
it was unable to raise the rate of change of frequency (RoCoF) by the same amount. During
frequency disturbance, a GFM-based inverter can provide an instantaneous response
without any external measurements, whereas a GFL-based inverter experiences a delay
of ten to hundreds of milliseconds. The dependency of the PLL in GFL-based inverters
in reacting to system disturbances in a low-inertia system makes the system weak due to
the loss of synchronism during disturbances, which can be overcome by GFM inverters
by reducing the rate of change of frequency and frequency deviation. GFM control also
supports the voltage stability of the system following a disturbance. There is the additional
support of the capability to damp the power oscillations in both sub-synchronous and super-
synchronous modes. The black start capability of the GFM inverter supporting restoration
processes makes the controller more attractive in a power system. Based on the literature
study, it is understood that the study of the transient response of GFM-based inverter
control during system disturbances is very critical, and hence, control should improvise
the dynamic capability of GFM control. The enhancement of grid synchronization of
the proposed inverter control is essential without external grid support. Proper control
strategies are required to provide plug-and-play operations of renewable energy integration
into the system in GFM-based inverters. FRT-capable inverter control is essential for
sustaining the system under fault conditions.

The main contributions of this paper are as follows:

e  The proposed IBR control strategy consists of two control operations in a renewable-fed
inverter, namely grid-following control and grid-forming control.

e  Avirtual synchronous machine (VSM)-based GFM inverter control is developed to
regulate the voltage and frequency of the power system along with active power con-
trol and reactive power control which significantly improve the dynamic performance
of the grid-connected microgrid network.

e  Two methods of PLLs are used for synchronization: phase-locked loop for obtaining
the phase voltage at the PCC, and power balance synchronization, to regulate the
frequency.

e  The proposed inverter control strategy is developed and implemented in a simulation
environment of a 1 kW grid-connected microgrid system and the hardware setup of a
100 kW microgrid network.

e The proposed control strategies are tested under different system conditions like
varying irradiation, varying demand conditions and fault conditions.

The organization of the paper is as follows: The proposed framework of coordinated
control of GFL and GFM inverters in an inverter-fed solar PV-BESS tied with a utility grid
is explained in Section 2. The description of the simulation test system and hardware setup
is provided in Section 3, and Section 4 provides the simulation results and experimental
results of the microgrid network. Section 5 concludes the paper and provides the scope for
future work.
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2. Proposed Framework of Coordinated Control of GFL and GFM Inverters

In an inverter-based renewable-dominated grid, the associated challenge is that as the
synchronous generation is replaced by inverter-based PV generation, the synchronizing
torque and inertia of the power system are reduced and exhibit a change in voltage and
frequency due to the intermittent nature of the inverter-fed PV system. The proposed IBR
control strategy consists of two control operations in a renewable-fed inverter, namely
grid-following control and grid-forming control. In this proposed work, the stability of
the power system is investigated by integrating solar PV and energy storage systems into
the grid through grid-following inverter control and grid-forming control for a BESS. The
schematic diagram of GFL and GFM control in a microgrid network is provided in Figure 1.
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Figure 1. Schematic diagram of GFL- and GFM-based inverter control in PV-BESS-integrated microgrid.

The GFL-based inverter control works in current control mode and has an outer
synchronization loop and an inner control loop. The GFL converter works according to
the reference values of the grid and tracks the phase angle of the voltages at the PCC and
adopts a vector control strategy to adjust the active and reactive currents that are injected
into the power grid. The GFM inverter control works in voltage control mode to produce
the reference frequency and voltage of the grid. The requirement of GFM-based control is
highly required whenever the network is disturbed due to faults or in an islanded mode of
operation during which GFM control regulates the voltage and frequency, increasing grid
strength, and maintains stable operation even under high IBR penetration. The structural
overview the GFL- and GFM-based inverter control in the microgrid is depicted in Figure 2.
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Figure 2. Structural overview of grid-following and grid-forming inverter control.
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(a) GFL-based inverter control for Solar PV:

The grid-following-based inverter control consists of a phase-locked loop and inner
current control loop for providing the control for the inverter currents as shown in Figure 3.
This work utilizes active-reactive power control (PQ control) in the outer control loop. The
GFL-based control in the solar PV system needs voltage measurement for acquiring the
grid voltage. In GFL-based inverter control, the synchronization and reference waveform
are provided by the PLL loop by which the angle of the grid voltage, 6, is determined. In
this control strategy, the outer loop is used to regulate the active and reactive power injected
into the grid, while the inner current is used to adjust the converter currents according to
the reference values set by the outer power loop. In this work, low-voltage ride-through
capability is also incorporated into the GFL inverter-fed PV system. This control technique
is activated during the low-voltage conditions that occur due to system faults. This ensures
stability to the power system even during system faults by injecting sufficient reactive
power into the grid.

P = Pref o mp(wmezzs = wref) v
meas  Wmeas

Qi = Qres + mq(Vgrid - Vref)

0 v
idref
Current Inner Vinaq | da/
Controller gu"teml’- abe [—1PWM PLL
- ontro
T
la lg v, v,

il
iy SS 3
w e Ay, — 1
il I

Vmeas

Figure 3. Flow diagram of GFL-based inverter control.

The block diagram representation of GFL-based inverter control is shown in Figure 4.
The measured voltage and frequency of the grid side are fed as inputs to the GFL-based
inverter control algorithm. The control inputs to the model are real and reactive power
references, voltage references and frequency references. The real power, reactive power
and their corresponding reference currents are estimated as follows [21]:

Prgf* = Pref+m,, (w,gf *wmeas> 1)
Qrefx = Qref+mq (Vref_Vgrid) (2)
. Pref*
Lgref= 3
dref Vgrid ( )
. Qref*
lgref= 4
aref Vgrid ( )

In GFL-based inverter control, the speed of response is very limited because of the
measurement delay and control delays which overall create considerable delay in the
response of 10-100 ms when compared with GFM-based inverter control.
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Figure 4. GFL-based inverter control for solar PV system.

(b) Virtual synchronous machine-based grid-forming inverter control for BESS:

The grid-forming-based inverter control consists of a virtual synchronous machine
(VSM) for regulating the voltage and frequency of the power system along with active
power control and reactive power control for significantly improving the dynamic per-
formance of the grid-connected PV system. In this work, GFM-based inverter control is
deployed for the energy storage system as mentioned in flow diagram of Figure 5. The
VSM-based inverter control offers an alternative grid-synchronization method as it mimics
the performance of synchronous machines which inherently synchronize to the grid, and
it largely takes part in the stabilization of the grid frequency during system dynamics.
The proposed model of a virtual synchronous machine can be operated in grid-connected
mode and islanded mode of operation as depicted in Figure 6. The VSM are based on the
measurements of the local quantities and do not depend on the external quantities as in case
of the conventional synchronous machine. Further, the inertial characteristics of the VSM
can provide frequency support and enhance the power sharing capability during dynamic
conditions. The synchronous machine can be modeled using a swing equation to note its
dominant behavior. As a key difference of the VSM, it is worth mentioning that the VSM
does not depend on the tracking of reference currents or voltages. This inverter control
algorithm with added virtual inertia, called virtual SGs, can contribute to the short-term
stabilization of the grid frequency.

dw 1
- 2H (B~ Bneas DA w)
V¥ = Vref + kq (Qmeas— Qref)
[S] l lv
idref
Inner
Voltage Vindq | da/
Controller gurrtenr abc A
ontro
T
ia lq v, v
d Yq
A
=3 ESS| ||| 1
-.E.'_ Energy S5 7 A Vac T 1 I \0)
== T i I Vineas

Figure 5. Flow diagram of GFM inverter control.
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Figure 6. GFM-based inverter control for BESS.

The active power is controlled using the VSM strategy by generating the reference
phase angle of the voltage for the inverter in the BESS as shown in Figure 6. The control
algorithm has two variables, phase angle (6) and frequency (w), that are used to generate
the state space equations required for the controller. The swing equation of the VSM is
as shown in Equations (5)-(7) [17,18], where w,, £ is the reference frequency, Py is the
active power generated by the inverter, P,.f is the reference power and Py, is the mechanical
power output. The active power is controlled using a VSM-based inverter control strategy
by generating the reference phase angle of the voltage for the inverter of the BESS.

0 — /wdt 5)

Py = P — K, (a) - wref) ©6)
d 1

TC: = E(Pm_Pmeas_DAw) (7)

Droop control for the reactive power is used to achieve the voltage control of the
inverter by setting the voltage magnitude of the reference voltage for the BESS as shown in
Equation (8).

Va = Vieg +kp (Qe = Qrey) ®)

where V,,r and Qs are the voltage and reactive power references of the droop controller
and Q. is the reactive power output of the BESS inverter.

The BESS is employed for high-frequency curtailment and stabilizes the system fol-
lowing a system fault. However, the BESS control strategy for curtailing the frequency
in a grid with low inertia has been designed such that it is capable of working effectively
during uncertainties and grid fault conditions.

(c) PLL-based grid synchronization:

The synchronization of the grid is maintained by regulating the terminal voltage of the
PV inverter such that it matches the phase voltage, amplitude and frequency as defined by
IEEE 1547-2018 [7]. In this work, two methods of PLLs are used for synchronization: a phase-
locked loop for obtaining the phase voltage at the PCC and power balance synchronization,
to regulate the frequency as shown in Figure 7. The phase detector block will output a
signal that is proportional to the phase difference between the reference voltage and voltage
generated by the internal oscillator of the PLL. The loop filter block is usually made up
of a first-order low-pass filter or PI controller which will attenuate the high-frequency
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components of the signal output of the previous block. The voltage-controlled oscillator
generates an AC signal whose phase is compared with the input signal of the phase detector
block, and the phases are matched by adjustments made to the oscillator.

Voltage Controlled Oscillator

Phase Detector Loop Filter
[ \[ | I
Vo] .
Vi abc to dq0 Vaq Variable Pl
frequency Controller
Ve —

Figure 7. PLL-based grid synchronization.

3. Description of Test System

The grid-connected PV-BESS microgrid network consists of two three-phase central
inverters for solar PV and energy storage systems. The PV inverter can deliver 100 MW of
maximum power at a temperature of 25 °C and irradiance of 1000 W/m?, and the BESS
consists of a battery unit with 60 MWh capacity. The PV inverters are connected to a
medium-voltage power network through a 4 kV/24.9 kV distribution transformer. The
single-line diagram of the test system is shown in Figure 8. The PV array is forced to
operate at its maximum power point by regulating the dc link voltage to its reference value.

Solar Farm |
70kVA, 7812.2V I
Inverter ' a16kv/24.9kV. 249 kV /230 kv

B

- 50MW, 7812.2V -

24.9 kV 230 kV

: SM 2
60MWhr, 6000V

1 i =
=
[

'

el Uil

[STRE I T

|

70kW, 7812.2 | Circuit Breaker —_}—
ol [ESS A | sy T o Sy Transformer @
L B | El]c3450 Mw Sl
= Bidirectional Inverter i+

Eroray Storage  Converter 70KVA, 78122V | l Lot 2

l System | 50 MW

Figure 8. Single-line diagram of simulation test system.

The BESS is connected to the grid-connected PV system through a two-stage power
conversion process, and the specifications of the test system are provided in Table 1.

Table 1. Specifications of simulation test system.

Parameters Component Ratings
PV Module 100 MW

PV-Fed Inverter 120 MVA, 7 kV
Battery 60 MWh
Bidirectional Converter 70 MW, 7 kV

Battery-Fed Inverter 70 MVA, 7 kV
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Voltage Magnitude at POI

4. Discussion of Simulation Results

The system parameters are analyzed during normal and abnormal conditions such as
load curtailment, grid outage, solar PV power variation, and temporary and permanent
faults. The proposed controllers are designed based on the recommendations of IEEE
standard 2800 [27]. During the ride-through period, the proposed controller generates
the reference current for the PV inverter. The test system is deployed with the proposed
coordinated grid-following inverter control for solar PV and grid-forming inverter control
for energy storage systems. The performance of the inverter control in the energy storage
side is validated by comparing the performance of the grid-following and grid-forming
inverter control algorithms under different case studies.

Case 1: Variation in solar PV penetration under grid-connected mode:

The performance of the system is investigated by comparing the performance of GFM
and GFL controls in the inverter side of the BESS and solar PV system, respectively. When
there is a dynamic variation in solar irradiation, the system parameters are disturbed,
deteriorating the stability of the system. The developed model is tested with inverter
controls under GFL- and GFM-based control algorithms in the BESS side, and the results
are provided in Figure 9. The voltage at PCC is stabilized at 0.99 pu in a response time of 300
ms. It is clear that the frequency of the system becomes stabilized in 300 ms with reduced
switching transients in GFM inverter control. It is observed that the BESS with GFM
control responds more effectively during disturbances than that with the GFL algorithm by
providing inertial power, making the system obtain a quick response under varying solar
irradiations. Hence, it is clear that the GFM inverter control reduces the transients during
the switching period, and the values are within the nominal limits. Figure 10 displays the
rate of change of frequency (RoCoF) of the different inverter control algorithms. Table 2
provides the system performance of the proposed controllers under varying levels of PV
penetration in the simulation test system. The GFM-based inverter control for a BESS, when
compared to GFL control, provides high inertial response capability which reduces the rate
of change of frequency.
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Figure 9. Cont.
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Figure 9. Performance of the system under (a) GFL and (b) GFM-based inverter control.

Table 2. System parameters under varying solar irradiation levels.

Parameters Value Switching Response (ms)
Voltage at PCC 0.99 pu 300
Frequency 59.75 Hz 300
Active power 76 MW 200
RoCoF 0.55 Hz 1.7s

Reactive power 2 MVAR 300
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Figure 10. RoCoF comparison for GFL- and GFM-based inverter control.

Case 2: Performance of the system under varying demand conditions in a grid-
connected system:

The performance of the system is tested under varying load-switching operations
in a power network. The responses of the BESS-fed inverter unit under GFL and GFM
control are compared for a sudden increase in the medium voltage demand as depicted in
Figure 11. From the figure, it is observed that the BESS-fed inverter with the GFM control
algorithm responded much faster to an increase in load and delivered the required real
and reactive powers to maintain stable operation. The voltage and frequency are stabilized
in a time frame of 100 and 200 ms, respectively. Table 3 depicts the performance of the
coordinated GFM- and GFL-based inverter control for the grid-connected system under
varying demand conditions. The GFM control regulates the active power in the prescribed
range of 70% as per IEEE standard.

Case 3: Grid outages leading to islanded mode of operation:

In this case, a three-phase fault is created on the grid side at 1.5 s, and the response
of the BESS with a GFM inverter during a grid outage in an islanded mode of operation
is shown in Figure 12. From the simulation analysis, it is observed that the BESS with
GFM control is able to deliver the required power to satisfy the medium voltage load in
an islanded mode with a very fast response of 60 ms, with voltage and frequency within
the acceptable limits recommended by IEEE standards. During system faults, the system
parameters settle down in a shorter period for the GFM-based inverter control than the
GFL control, and switching transients are much reduced in the GFM-based control system.
In an islanded mode, as the BESS is connected, it provides good frequency regulation for
the microgrid network. When there is a grid outage, we can observe that the BESS with
GEM control can proceed to deliver the power needed by the load and run the network in
an island mode with acceptable system voltage and frequency. Table 4 provides the system
parameters during grid outages, and we can observe that the voltage at PCC is 1.02 per
unit, and the frequency is 59.8 Hz. Table 4 depicts the performance of the coordinated GFM-
and GFL-based inverter control for an islanded mode of operation due to grid outages.
As the GFM-based inverter control can generate voltage and frequency without a grid in
islanded operation, it is the most suitable control method for weak grid networks.
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Figure 11. Performance of system parameters with (a) GFL and (b) GFM control for varying demand

conditions.

Table 3. System parameters system under varying demand conditions using proposed controllers.

Parameters Value Switching Response (ms)
Voltage at PCC 1.05 pu 100
Frequency 60.2 Hz 200
Active power 70 MW 150
RoCoF 0.7 Hz 200
Reactive power 1.5 MVAR 150
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Figure 12. Performance of system parameters with (a) GFL and (b) GFM control under grid outages.
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Table 4. System parameters under islanded mode of operation due to grid outages.

Parameters Value (pu) Switching Response (ms)
Voltage at PCC 1.02 100
Frequency 0.996 90
Inverter currents in BESS 0.58 60

Case 4: Grid faults with FRT-capable GFM inverter in grid-connected mode:

The response of the BESS unit during a three-phase symmetrical fault in the transmis-
sion line is created at 1.5 s, and the fault is cleared after 100 ms. The proposed GFM-based
inverter control is provided with FRT capability by which the renewable-fed inverter is not
disconnected from the grid during faults but injects controllable reactive power to support
the grid. The performance of the system is compared with GFL- and GFM-based inverter
control with FRT capability from the simulation results as shown in Figure 13. Table 5
provides the parameter improvement with FRT-capable GFM control. It is observed that
the solar PV system and BESS are able to ride through low voltage and frequency variation
during the fault, which is in compliance with the ride-through requirements according to
the IEEE 2800 standard. Once the fault is cleared, the system returns to its pre-fault state
within 0.5 s, which is also in compliance with the post-fault recovery requirements of the
IEEE 2800 standard.
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Figure 13. Performance of system parameters with (a) GFL and (b) FRT-capable GFM inverter control.

Table 5. System parameters improvement under grid faults with FRT-capable GFM inverter in
grid-connected mode.

Percentage 1 Percentage
Switching N
Svstem Improvement Response Improvement Switching
Paereters with FRT Time with with FRT-Capable = Response Time
Capable GFL Proposed GFM with GFM (s)
GFL (s)
Control Control
System 3% 0.8 69.3% 03
Frequency
Grid Voltage 52% 0.8 70% 0.3
Grid Current 40% 0.6 58% 0.2
Real Power 54% 0.6 81% 0.2

5. Description of Hardware Setup

This proposed GFM-based inverter control and GFL-based inverter control were
implemented in a hardware setup of a 1 kW grid-tied PV-BESS microgrid network, as
shown in Figure 14, and the single-line diagram of the setup is provided in Figure 15.
The specifications of components in the hardware setup are provided in Table 6; the setup
comprised solar PV panels, battery systems, a boost converter, FPGA processors, an inverter
module, a bidirectional converter, a grid sensing module, a three-phase autotransformer
and grid interfaces. The proposed controllers were deployed in FPGA SPARTANG6 processor
boards. The ac- and dc-side measurements were obtained from the sensors in the grid
sensing module. The ac-side measurements included voltages and current at PCC, and the
dc-side measurement was voltage at the dc link acquired using a digital storage oscilloscope.
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The grid fault was sensed by adjusting the isolation transformer to create a dip and rise in
grid voltage, thereby realizing the low-voltage and high-voltage conditions.

/l [
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Figure 15. Single-line diagram of hardware setup.
Table 6. Specifications of microgrid hardware setup.

Components Ratings
PV Rating 1 KW
System Line Voltage 400V
Frequency 50 Hz
DC-Link Voltage 220V
Inverter Rating 10kVA, 400V, 10 A
Inverter Switching Frequency 10 kHz
DC-DC Boost Converter Rating 1.5 kW, 400 V
Boost Converter Switching Frequency 5-20 kHz
Inverter Output Filter Inductance 5mH, 25 A

Inverter Output Filter Capacitance 4 uF, 440V AC
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6. Discussion of Experimental Setup

The proposed control algorithm for GFL- and GFM-based inverters in a microgrid
hardware setup comprising solar PV and battery systems was implemented in FPGA-based
processor boards. The proposed algorithms were tested under grid and islanded modes
of operation. The algorithms were also tested under varying solar irradiation, varying
demand and both varying irradiance and demand conditions. The comparison of GFL- and
GFM-based inverter controls in the hardware setup was implemented and analyzed using
the system parameters.

Case 1: GFL- and GFM-based inverter control in grid-connected operation

When the microgrid comprising solar PV and battery systems is operated in grid-
connected mode, the generated power from renewables and storage systems is fed into
the grid. Figure 16 displays the experimental results of GFL and GFM control under grid-
connected operation. When the system is subjected to varying solar irradiance conditions
and is implemented with the proposed control models, it is found that GFM has minimum
switching transients when compared to GFL control during grid-connected operation. The
real power and reactive power have fewer oscillations in GFM than in GFL control. The
real and reactive power injected into the grid is more stabilized in GFM-based control when
integrated with the grid. Figure 17 displays the performance of boost and bidirectional
converters of the solar PV system and BESS in a microgrid network. Table 7 provides the
performance of the microgrid experimental setup in grid-connected operation. As the GFM-
based inverter control does not require stiff and stable voltage at the PCC, the microgrid
network with GFM-based inverter control can exhibit more real power penetration than
the conventional GFL inverter control. It is understood from the experimental results that
GEFM control can provide a faster response than GFL control as GFM control can stabilize
the grid conditions instantaneously.
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Figure 16. Performance of system under varying solar irradiation in grid-connected operation.
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Figure 17. Performance of boost and bidirectional converters of the solar PV system and BESS in a
microgrid network.
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Table 7. Parameters of hardware setup under grid-connected operation.
Mode GFL-Based Inverter Control =~ GFM-Based Inverter Control
Voltage at PCC 81.8V 823V
Voltage at DC link 243V 244V
Active power 616 W 618 W
Reactive power 26 VAR 20 VAR

Case 2: GFL and GFM based inverter control in islanded operation

The integrated GFL- and GFM-based inverter controls were implemented in FPGA-
based controller boards in a real-time microgrid setup. When the network is switched
to islanded operational mode in which the local renewable generations and load are
available, the renewable-fed inverter is operated in grid-forming control by which voltage
and frequency are regulated. The hardware setup was tested under islanded operation by
disconnecting the grid and retaining only solar PV, BESS and local load. The system was
analyzed under two cases, namely varying irradiance conditions and varying irradiance
and load conditions, and the experimental results are provided in Figures 18 and 19,
respectively. Table 8 depicts the performance of the system under GFM- and GFL-based
inverter controls. The performance of the system clearly demonstrates that more oscillations
and a longer settling time are observed in the GFL inverter control when compared with
GFM inverter control. GFM-based inverter control provides a fast system response when
subjected to varying irradiance and loading conditions.
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Figure 18. Performance of experimental setup under varying irradiance in islanded mode of operation.
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Figure 19. Performance of experimental setup under varying irradiance and loading conditions in
islanded mode of operation.
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Table 8. Parameters of hardware setup under islanded operation.

Mode GFL GFM
Parameters Value Ressvp:’(i):s},:?ris) Value Ress‘g(i):::r(llis)
Voltage at PCC 579V 5ms 65V 0.3 ms
Voltage at DC link 243V 5ms 244V 0.3 ms
Active power 263 W 4 ms 331 W 0.2 ms
Reactive power 0 5ms 0 0.3 ms

7. Conclusions and Future Scope

In this work, grid-forming inverter-based control is developed and implemented in a
solar PV system- and BESS-integrated microgrid network. The proposed model is tested
under different operating conditions: varying solar irradiation, varying demand conditions,
islanded mode and grid faults. The GFM-based inverter control provides an immediate
response to the system and reduces switching transients, maintaining the reliability and
stability of the system. The FRT capability is incorporated in the control of GFL and GFM
inverters, and the system performances are compared. It is understood from the results
under different test conditions that GFM control offers increased voltage and frequency
stability. The proposed control strategy for renewable-fed inverters achieves a lower rate of
change of frequency under system disturbances. The GFM-based inverter control achieves
a reduced current limit, and the steady state is achieved quickly, which leads to increased
fault-clearing time. In the future works, the authors will concentrate on the development
of implementing soft computing approaches for GFM-based inverter control. The GFM-
based inverter control will be studied in terms of the transient and small signal stability of
the system.
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