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Abstract
Natural disasters may result in grid outages, which can impact critical loads. Thus, a resilience enhancement-oriented

critical load restoration strategy is required. As transmission lines are exposed to these events, critical loads cannot rely on

the grid. The microgrid must be able to deliver power to these critical loads during such events. In this scenario, the

restoration of critical loads is facilitated by a microgrid, which monitors voltage level disruptions at the point of common

coupling (PCC). These disruptions, such as a voltage drop of up to 60%, may occur due to faults or disturbances elsewhere

in the network. When the voltage at the PCC drops drastically, an islanding condition arises, during which the inverters

should ride through the low voltage (LVRT) condition for up to 0.4 s. A detailed model encompassing both grid-forming

and grid-following inverters has been created and simulated using MATLAB. The model accurately replicates the dynamic

behavior of active and reactive power supplied to critical loads during grid disturbances. For instance, in the event of a grid

fault, the active power delivered to critical loads recovers from 3.26 to 9.05 kW, while reactive power recovers from 1.07

to 2.96 kVAR, ensuring a robust and resilient critical load restoration. The proposed approach is validated by controlling

inverters in the microgrid to enhance overall system resilience during disturbances.

1 Introduction

The rapid incorporation of renewable energy sources into

the power grid is enhancing the significance of power

electronics (Khan et al. 2020; Lin et al. 2020), which

presents difficulties for grid operators in maintaining sys-

tem frequency and rotational inertia. These may cause

voltage imbalances as well as frequency imbalances which

may lead to a complete blackout (Bose et al. 2020).

Therefore the improvement of the resilience (Chanda and

Srivastava 2016; Mandal et al. 2021) of the system and

restoration of critical loads (Gope et al. 2022) after any

operational failure is the biggest challenge. Two inverters

are specifically designed for the microgrid. When con-

nected to the grid, Inverter 1 operates in grid-following

mode (GFL) and transitions to grid-forming mode (GFM)

when operating in islanded mode. Conversely, Inverter 2 is

set up to operate in grid-following mode (GFL) whether it

is linked to the grid and operating in islanded condi-

tions (D’silva et al. 2023). Inverter 1 is able to sense the

islanded condition, and immediately the mode of control is

changed from GFL to GFM.

D Bose et al. (Bose et al. 2022) examined the use of

blockchain in distributed energy markets, highlighting its

ability to facilitate peer-to-peer (P2P) trading without

intermediaries, thus reducing transaction costs and

increasing efficiency. A case study conducted within this

framework demonstrates a tangible improvement in local

power system resilience (Bose et al. 2024). This approach

highlights the importance of real-time monitoring and

adaptive battery operation in ensuring reliable power sup-

ply in the face of growing external threats (Ungerland et al.

2023). D. Bose et al. (Bose et al. 2023) partition the grid

into manageable sections or voltage control areas to enable

more flexible and effective control. A. Selim et at. (Selim

et al. 2024) explores the use of grid-forming inverters

(GFMs) as a solution for enhancing the stability of low-
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inertia distribution systems. F. Sadeque et al. (Sadeque

et al. 2024) proposed a novel method that allows inverters

to autonomously detect when the utility grid is available for

reconnection without relying on external communication.

1.1 Grid connection of inverter

A two-level voltage source inverter has been used here, as

the AC side of the voltage source converter provides two

levels of outputs þ VDC

2
and –VDC

2
. The Voltage Source

Converter (VSC) has the ability to transmit power in both

directions. The realization of a two-level voltage source

inverter can be done by the average modeling of the

inverter. Figure 1 depicts the DC-AC half-bridge con-

verter. It consists of two switches, one upper switch (Tþ)
and one lower switch (T�). The converter is connected to

two ideal voltage sources with a magnitude of þ VDC

2
. The

DC midpoint is chosen as the reference node for the

measurement of voltage. The AC side of the converter is

then linked to the grid via a reactor, which is symbolized

by the series RL branch. This reactor will also act as a filter

for the AC side of the inverter since it contains harmonics.

The power flow direction from the converter to the grid is

assumed to be positive.

1.2 Pulse-width modulation

The average output of the AC side of the converter relies

upon the duty ratio of the switches. It is mandatory that two

switches in a leg should not be in the ON position simul-

taneously in order to prevent a short circuit of the DC

source. Since f sw � f grid, assuming a constant value, Vgrid

remains unchanged throughout a period of Tsw. Here, f sw
represents the converter’s switching frequency, f grid
denotes the fundamental frequency of the grid, and Vgrid

represents the instantaneous value of the grid voltage. From

the Fig. 2, the average terminal voltage of VSC is derived

as

VTavg
¼ m tð ÞVDC

2
; 0�m tð Þ� 1 ð1Þ

where m is the three-phase balanced modulating signal.

Therefore, the average terminal voltage of the VSC in

three phases can be written as:

VTa
¼ ma tð ÞVDC

2

VTb
¼ mb tð ÞVDC

2
ð2Þ

VTc
¼ mc tð ÞVDC

2

2 Power transfer control across two AC
systems

The active power flow between two sinusoidal AC sources

that have the same fundamental frequencies interconnected

with inductance is given by the equation:

P ¼ VgridIS1cos hð Þ ¼ VinvVgrid

XS
sind ð3Þ

The reactive power flow is given by the equation

Q ¼ VgridIS1sin hð Þ ¼
V2
grid

XS
1� Vinv

Vgrid
cosd

� �
ð4Þ

Vinv represents the root mean square (RMS) value of the

converter output voltage when it operates as an inverter.

Vgrid represents the RMS value of the grid voltage. XS

represents the reactance at the fundamental frequency of

the power supply. d represents the phase difference

between the inverter output and the grid voltage phasors,

shown in Fig. 3.

The preceding two equations demonstrate that the nec-

essary active power and reactive power flow can be

attained by regulating the phase difference and magnitudes

of two voltage phasors. From Fig. 3,

Fig. 1 Average model of the converter Fig. 2 Inverter interfaced with the grid through reactance
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Vgrid ¼ Vinv þ VLs

and

VLs ¼ jxLsI1 ð5Þ

VLs represents the voltage decrease across the reactor

XS, while I1 represents the basic component of the current.

According to Fig. 4, the flow of reactive power is

determined by the respective magnitudes of the two volt-

ages, whereas the flow of active power is determined by the

relative phase difference between them.

PWM is used to regulate the terminal fundamental

voltage of the converter, assuming that the DC bus voltage

remains constant. By altering the modulation signal, one

may effectively regulate both the active and reactive

power, as indicated in (1).

3 Control of converter

The dynamical equations of the AC side of the converter

(Harnefors et al. 2021) can be obtained from the average

model of the converter, as shown in Fig. 1.

VTavg
� Vgrid ¼ L

di

dt
þ Ri ð6Þ

From (6), i is the state variable, VTavg
is the control

variable, and Vgrid is the disturbance input. Power trans-

ferred to the grid is the output which is given by

PS ¼ Vgrid � i. From Eq. (1), control variable VTavg
is pro-

portional to the modulating signal. So, the control objective

is to regulate i at a desired reference value. Figure 5 rep-

resents the closed-loop structure to control the value of i at

the reference value.

The error signal e is compensated by the compensator

KðsÞ and provides the control signal u. For simplicity, VTavg

is written as VT and Vgrid is written as Vg from now

onwards. In a balanced three-phase system, (6) can be

written as (Fig. 6):

VT að Þ � V að Þ ¼ L
di að Þ
dt

þ RiðaÞ

VT bð Þ � V bð Þ ¼ L
di bð Þ
dt

þ RiðbÞ ð7Þ

VT cð Þ � V cð Þ ¼ L
di cð Þ
dt

þ RiðcÞ

From (7), in order to have a closed loop control the

instantaneous AC voltage and the current flow need to be

monitored. In order to reduce the complexity, control is

performed in dq-frame.

In dq-frame,

P tð Þ ¼ 3

2
vd tð ÞidðtÞ þ vq tð ÞiqðtÞ
� �

QðtÞ ¼ 3

2
�vd tð ÞiqðtÞ þ vq tð ÞidðtÞ
� �

ð8Þ

If vq ¼ 0, active power and reactive power will be

directly proportional to id and iq respectively. This allows

simpler control for the P/Q control of a three-phase Voltage

source converter.

4 Grid following control

In (Rocabert et al. 2012), different types of converter

control were discussed. It reveals the detailed analysis of

control parameters during the steady state and transient

state for the application of microgrids. From (7) and

selection of qðtÞ at ðxt þ h0Þ, following equations can be

deduced,

Fig. 3 Phasor diagram showing (i) Rectification and (ii) inversion at

UPF

Fig. 4 Phasor diagram of reactive power transfer Fig. 5 Closed loop current control of VSC
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L
did
dt

¼ Lx0 tð Þiq � Rid þ VTd � Vgd

L
diq
dt

¼ �Lx0 tð Þid � Riq þ VTq � Vgq ð9Þ

Due to the term Lx0, id and iq are coupled. It can be

decoupled by, determining modulating signals md and mq.

mdðtÞ ¼
2

VDC
ud � Lx0 tð Þiq þ Vgd

� �

mqðtÞ ¼
2

VDC
uq � Lx0 tð Þid þ Vgq

� �
ð10Þ

where ud and uq are two new control inputs. Therefore,

VtdðtÞ ¼ ud � Lx0 tð Þiq þ Vgd

� �
VtqðtÞ ¼ uq � Lx0 tð Þid þ Vgq

� �
ð11Þ

where,

ud ¼ L
did
dt

þ Rid

uq ¼ L
diq
dt

þ Riq ð12Þ

A grid-following inverter operates as a current source

that runs in parallel with a high impedance, which is sub-

sequently linked to the grid. Therefore, it requires a gen-

erator that can create a grid voltage. Any fault or

disturbances in the system which may require the isolation

of the converter from the grid, results in the maloperation

of the inverter. During the islanded condition, if the grid-

following converter is supported by another grid-forming

converter.

5 Grid forming control

The control of the converter during islanded conditions is

depicted in Moubarek Bouzid et al. (2016). Grid forming

control is used for maintaining the amplitude and fre-

quency of the load voltage even if some disturbances are

present in the load current. Since the VSC is interfaced

with the load through an RLC filter which consists of a

series RL branch and a shunt capacitor. The capacitance

can also provide an impedance to the high-frequency cur-

rent harmonics.

Dynamic equations of the load voltage are given by the

following equations:

C
dVga

dt
¼ ia � iLa

C
dVgb

dt
¼ ib � iLb ð13Þ

C
dVgc

dt
¼ ic � iLc

In dq-frame, Eq. (13) can be written as:

C
dVgd

dt
¼ Cx0Vgq þ id � iLd

C
dVgq

dt
¼ �Cx0Vgd þ iq � iLq ð14Þ

The coupling due to Vqd and Vgq are decoupled with

feed forward compensation, thus Vgd and Vgq are con-

trolled by idref and iqref respectively. From Eq. (14),

ud ¼ C
dVgd

dt

uq ¼ C
dVgq

dt
ð15Þ

where ud and uq are two new control inputs. Therefore,

Eq. (14) can be written as:

idref ¼ ud � CxVgq þ iLd

iqref ¼ uq � CxVgd þ iLq ð16Þ

These dq-frame current reference values are now acting

as the reference values of the current control loop. The

grid-forming inverters operate in a closed loop with desired

AC output voltage V� and frequency f �. They function as a

perfect voltage source connected in series with an

impedance.

6 LCL filters in grid-tied inverters

Passive filters play a vital role in ensuring that grid-con-

nected inverters comply with grid rules. The inverter output

voltage and current are going to have ripple components

Fig. 6 Current controlled P/Q controller in dq-frame
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(Kim and Kim 2019). This ripple needs to be attenuated or

eliminated. These waveforms need to be nearby sinusoidal.

The L filter can attenuate the harmonics but cannot elim-

inate higher-order harmonics. LC filter will eliminate

higher-order harmonics to a further extent. However, the

LCL filter is more cost-efficient as it reduces the size of the

inductor. However, the design of an LCL filter is far more

intricate than that of a L filter (Tang et al. 2015; Liserre

et al. 2005; Guzman et al. 2019).

The suggested control of the voltage source converter

utilizes the pulse width modulation approach. The har-

monics from the VSC need to be within the standards for

maintaining the power quality of the grid. LCL filter is a

third-order LPF that consists of an LC filter and an L filter.

The presence of resonance creates problems that impact

both the power quality and the stability of the inverter. The

resonant frequency needs to be calculated for designing the

LCL filter.

The LCL filter comprises three components. The

inverter side inductor was assigned to reducing the

amplitude of inverter current harmonics, while the grid side

inductor is responsible for mitigating grid side current

harmonics. Additionally, a capacitive filter is employed to

eliminate higher-order harmonics. The ideal selection of

the grid side inductor and inverter side inductor is made.

It’s a general practice to design the inverter side inductor to

be slightly greater than the grid side inductor.

The goal of the filter design is to have an optimal filter

inductance ratio, current ripple within acceptable limits,

resonance frequency, and reactive power absorbed by the

filter.

6.1 LCL filter design

Considering the converter and the grid have symmetrical

phase voltages in each phase, the three-phase system can

be analyzed as a single-phase system.

Figure 7 describes the LCL filter configuration consid-

ering the internal resistance of inductors of the filter in a

single-phase system.

if ¼
VI � Vc

sLf þ Rf

ig ¼
Vc � Vg

sLg þ Rg

ic ¼ sCf Vc

ic ¼ if � ig ð17Þ

The above equations can be derived from Fig. 7 to

create a block diagram for the LCL filter shown in Fig. 8.

The transfer function of the LCL filter can be expressed

as the quotient of the grid side current (ig) and the output

voltage of the inverter (VI). The equation for this transfer

function is as follows:

G sð ÞLCL ¼ ig sð Þ
VIðsÞ

ð18Þ

Let sf ¼ Lf =Rf , and sg ¼ Lg=Rg be the time constants of

the inductors from gid side and inverter. Ifsf ¼ sg ¼ s, then
GLCL is

G sð ÞLCL ¼ 1=r 1� rð ÞL2Cf

ðsþ 1
sÞðs2 þ 2nxressþ x2

resÞ
ð19Þ

where,

xres ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

r 1� rð ÞLCf

s
ð20Þ

n ¼ 1

2xress
ð21Þ

Here, L ¼ Lf þ Lg, and r ¼ Lf =L.

The selection of the LCL filter parameters is determined

by the converter’s power rating, switching frequency, and

basic grid frequency. The filter impedances must be rep-

resented in terms of the base values.

G sð ÞLCL ¼
1

Lf LgCf

s3 þ 1
sf
þ 1

sg

� �h i
s2 þ 1

sf sg

� �
þ LfþLg

Lf LgCf

� �h i
sþ 1

sf LgCf

� �
þ 1

sgLf Cf

� �h i

ð22Þ

Figure 9 depicts the design for the LCL filter and bode

diagram.

Fig. 7 LCL filter configuration Fig. 8 Block diagram for LCL filter
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Zb ¼
Vnð Þ2

Pn
ð23Þ

Cb ¼
1

xnZb
ð24Þ

Vn represents the nominal rms line voltage, xn repre-

sents the fundamental grid frequency, and Pn represents the

active power rating of the converter. The filter inductance

ratio is selected to be 0.6. The overall inductance of the

filter can be determined by design as shown below:

L[
VDC

12f swDiLPPmax
ð25Þ

Additionally, it is necessary for the total inductance to

be below 0.1 pu in order to minimise the voltage drop

across the inductors.

2pf g L1 þ L2ð Þ\0:1
v2g

Srated
ð26Þ

To avoid excessive consumption of reactive power, the

capacitor filter should draw a reactive power that is less

than 5% of the rated power.

2pf gCV
2\0:05Srated ð27Þ

To avoid passive damping, inductance values are chosen

such that the resonant frequency lies in the region:

f s
6
\f res\

f s
2

ð28Þ

where f s is the swiching frequency and f res is the resonant

frequency.

Different parameters of the designed LCL filter have

been shown in Table 1.

7 Simulations and results

The controllers designed for the operation of microgrids in

both grid-connected and islanded modes of operation with

the help of synchronization algorithms were tested under

various situations. The complete block diagram of the

Simulink model is shown in Fig. 10.

The inverters DG1 and DG2 were initially not connected

to the grid. Let the DG1 operate as grid forming initially

and waited till t ¼ 0.15 s for settling the transients. DG2 is

connected to DG1 only at t ¼ 0.15 s to avoid any oscilla-

tion problems when grid forming on DG1. At this instant,

DG2 takes DG1 as the reference to operate. The circuit

breaker is closed only at t ¼ 0.3 s, for settling the transients

produced by DG2, and now it is operating in grid-con-

nected mode as depicted in Fig. 11 and 12.

Each inverter has a power rating of 5KW with a toler-

ance of ± 10% for active power and ± 10% for reactive

power in KVAr at the filter output under steady-state

conditions. The inverter converts the DC bus voltage to the

nominal three-phase AC grid voltage of amplitude 400 V,

Vrms and fundamental frequency 50 Hz. The inverter is

capable of detecting and switching between grid-connected

mode and islanded mode.

Figure 13 depicts the electrical current passing through

the circuit breaker under normal operating conditions.

Figure 14 displays the active and reactive power flow

during typical operation.

The local load at the inverter terminals is rated for

operating at 10 KW at 0.95 power factor lagging.

Fig. 9 Bode diagram of GðsÞ

Table 1 Parameters of LCL filter

Sl no Parameter Value

1 Power at rated supply 5 kW

2 Voltage at the Grid 400 V

3 Voltage at DC Link 800 V

4 Frequency for Switching 10 kHz

5 Fundamental Frequency at Grid 50 Hz

6 Lf 1.5 mH

7 Lg 1 mH

8 Cf 2 lF

Fig. 10 Complete block diagram of the Simulink model
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7.1 Case study

The grid disturbance needs to be simulated for the response

of the inverters during the event. At t ¼ 0.8 s, a three-phase

fault occurs at any part of the network. The high short

circuit current result in a large voltage dip as shown in

Fig. 15. Eventually, the RMS voltage at PCC was reduced

to 60%. As per IEEE 2800, if any fault in the system

occurred, DERs should not be tripped immediately. It

should have the Low Voltage-Ride Through (LVRT)

capability. It should stay connected to the network, pro-

viding some voltage support by injecting reactive power at

PCC. If the low voltage condition at PCC prevails greater

than a certain time, it should then be tripped.

The inverters waited for 0.4 s to check whether the

voltage level at PCC is improved. At t ¼ 1.2 s, CB was

open and the inverter turned to islanded mode operation/

grid forming control.

From Fig. 16, it is clear that the voltage dip at PCC

causes a huge current to draw from PCC to meet the load

demand. The islanding detection is done, and then the

inverter turns to grid-forming mode at t ¼ 1.2 s.

From Fig. 17, a severe dip in the voltage at PCC causes

a huge depression in the power fed to the local critical load.

Figure 17 is the graph that plots the active power and

reactive power fed to the critical loads during the grid

disturbances as a function of time, which is nothing but the

resilience curve. It is evident from the figure that the

resilience has been improved by the microgrid.

The entire event can be described as follows:

• At t ¼ 0.15 s, DG2 is connected to DG1.

• At t ¼ 0.30 s, the microgrid is in grid-connected mode/

grid following mode.

• At t ¼ 0.8 s, a large voltage dip at PCC occurred due to

a fault at any other part of the network.

Fig. 11 Output current from DG1

Fig. 12 Output current from DG2

Fig. 13 Current through circuit breaker

Fig. 14 Active and reactive power drawn by the local load

Fig. 15 Three phase Voltage (VLLrms ) at PCC

Fig. 16 Current flow through CB during grid disturbance
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• From t ¼ 0.8 s to t ¼ 1.2 s, the inverter still operated in

the grid following mode to check whether the voltage

profile at PCC will improve.

• At t ¼ 1.2 s, inverter operated in islanded mode/ grid

forming mode.

The voltage dip at PCC causes the active power fed to

the critical load drastically drops from 9.05 KW to 3.26

KW and the reactive power drop from 2.96 KVAr to 1.07

KVAr. The active power which is not served is thus 5.79

KW and the reactive power not served is 1.89 KVAr.

8 Conclusion

A detailed model of grid-forming and grid-following

inverters has been developed using MATLAB to precisely

simulate the dynamic response of active and reactive

electricity delivered to the essential load during grid dis-

ruptions. The model includes a current control loop for

following the grid and an inner voltage loop for creating

the grid. Both loops are implemented using PI control.

The suggested technique prioritizes the restoration of

critical loads in a microgrid by utilizing control over the

inverters, with a specific emphasis on resilience. The

inverter control was rapidly switched from grid following

to grid forming mode, resulting in the restoration of critical

load in an impressive timeframe of only 0.4 s. The quick

response time guarantees uninterrupted support for critical

loads, even during grid outages, hence improving the

overall reliability and resilience of the microgrid system.

Moreover, the effectiveness of the suggested control

method exhibits its capability for implementation in prac-

tical situations, where ensuring continuous power delivery

to critical loads is of utmost significance. This research

contributes to the advancement of microgrid control and

resilience, which in turn leads to the development of more

dependable and reliable power systems in response to

changing grid problems and uncertainties.
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