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Abstract

Objectives: This work focuses on the stability analysis of grid connected
microgrids. It considers the impact of load disturbance and grid voltage
change on voltage and current levels, as well as reactive and active
power responses, is analysed. Methods: A comprehensive small-signal state-
space model is developed for an inverter-based microgrid, incorporating
submodules of inverters, phase-locked loops (PLLs), and LCL filters. The model
is linearized around a stable operating point, and eigenvalue analysis is
performed and validated through MATLAB/Simulink simulations. A current
controller operating in the d-q frame is proposed to enhance stable power
conversion and maintain microgrid stability. Findings: The proposed model
and control strategy demonstrate the microgrid's ability to maintain transient
voltage stability under severe dynamic conditions. During a 10% grid voltage
fluctuation, the microgrid exhibits stable active and reactive power responses,
with currents and voltages at the point of common coupling stabilizing
within 0.2 seconds. Furthermore, when a 25 kVA active load is disconnected,
the microgrid effectively manages the power transition, maintaining stable
operation with minimal deviations in key parameters. The current controller
simplifies AC current control, integrating active power management from solar
input, DC-link voltage stability, and reactive power control. Novelty: The
novelty lies in the comprehensive analysis of transient voltage stability in grid-
connected microgrids under grid voltage fluctuations and load disturbances,
areas that have received limited attention in previous research. By developing
a detailed small-signal state-space model incorporating PLL and LCL filter
dynamics and proposing a robust control strategy with the current controller,
this study offers new insights into enhancing the resilience and reliability of
grid-connected microgrids during transient events.
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1 Introduction

Emerging developments in localized power generation systems on a smaller scale, coupled with progress in power electronics,
have paved the way for concepts in upcoming network technologies like microgrids. These compact, self-contained segments
within power systems hold the potential to elevate dependability and effectiveness and play a pivotal role in seamlessly
integrating renewable energy and various modes of distributed generation (DG) (1.

Fuel cells, photovoltaic and microturbines are among the types of distributed generations connected to the network through
power electronics converters. These converters give these sources more flexibility in how they work and are controlled, unlike
traditional machines®). These converters could cause oscillations in the system when there are disturbances due to negligible
physical inertia in them. Under grid connected mode, behaviour of microgrid is largely influenced by main grid due to relatively
small size of the micro sources®. Control methods and stability analyses for grid integration of distributed generation units
is seen as one of the most accomplished through the use of microgrid®. Considering that microgrid has significantly less
physical inertia than the main grid, even minor disruptions like variations in the power output from photovoltaic arrays or
wind turbines, as well as the connection or disconnection of local loads, can give rise to concerns about power quality and
stability . In particular, the frequency and voltage levels within microgrid might experience various that may lead to a decline
in the overall stability of the system (), Efficient way for integrating distributed energy resources into microgrids with stable
control systems are discussed 7.

While microgrids offer benefits such as dynamic islanding during faults and voltage dips, and improved value proposition
for utilities and customers, several technical challenges remain unaddressed. Previous studies have explored control schemes
for inverter-based microgrids®), variable droop methods for improved frequency control and load sharing®), droop control
approaches for islanding detection ') and algorithms to mitigate frequency distortion and voltage drop issues'). In grid-
connected mode, Phase-Locked Loops (PLLs) are crucial for synchronizing the inverter’s output with the grid, ensuring stable
power flow, while LCL filters are essential for reducing harmonic distortions and maintaining power quality. Although some
research has been conducted on modelling and steady-state analysis of islanded microgrids1?,the dynamics of PLLs and
filters have received limited attention '3, Furthermore, while small-signal stability analysis of grid-connected microgrids
has been explored !, transient stability analysis during grid voltage fluctuations and load disturbances remains largely
unexplored. Existing studies on grid-connected microgrids have primarily focused on steady-state conditions, overlooking
the transient behaviour during disturbances !> While efforts have been made to improve the stability of grid-side converters
under weak grid conditions!® and address LCL filter resonance issues!”), a comprehensive analysis of transient voltage
stability considering the combined effects of grid voltage fluctuations, load disturbances, and the dynamics of PLLs and LCL
filters is lacking. While extensive research has been conducted on microgrid stability during islanded mode, considering
factors such as control parameters and load variations, limited attention has been given to transient stability analysis of grid-
connected microgrids under dynamic conditions, such as grid voltage fluctuations and load disturbances. These disturbances
can significantly impact the stability of grid-connected microgrids, as they are generally considered stable due to the dominant
influence of the main grid.

This work addresses this research gap by investigating the transient voltage stability of a grid-connected microgrid under
grid voltage fluctuations and load disturbances. A comprehensive small-signal state-space model of the microgrid is developed,
incorporating submodules of inverters and their individual state-space equations, combined in a common reference frame. The
complete microgrid model is linearized around a stable operating point, and eigenvalue analysis is performed and validated
against MATLAB/Simulink simulations. Furthermore, a current controller is proposed in the inverter control scheme to
enhance stable power conversion and maintain microgrid stability during grid voltage fluctuations and load disturbances.
Operating in the d-q frame, this controller simplifies AC current control, integrating active power management from solar
input, DC-link voltage stability, and reactive power control. Through simulations involving grid voltage alterations and load
disturbances, the transient voltage stability of the microgrid is evaluated with the proposed controller. The results demonstrate
the microgrid’s ability to maintain stability, as evidenced by the stabilization of active and reactive power, currents, and voltages
at the point of common coupling.

2 Methodology

System Description

A control design for a microgrid is presented in this paper, which can operate in either grid-connected mode or islanded
mode. However, it focuses solely on the grid-connected mode of operation. In this configuration, the PV system is directly
connected to an inverter, which, in turn, is connected to the grid through filters as shown in Figure 1. The mode of operation is
determined by a switch located at the point of common coupling (PCC) between the grid and the inverter.
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The inverter’s output is passed through an LCL filter, which eliminates high-frequency switching disturbances. Subsequently,
the voltage and current, once filtered, are transformed into dq-axis components via a Clarke reference frame transformation.
These transformed measurements are used to determine the output power of the inverter. This calculated power is then subjected
to alow-pass filter that removes any high-frequency interference before it is sent to the power controller. Under power controller
power calculated at the input side of inverter is compared with the measured total power after filter, error is further processed
to receive reference limit voltage across inverter capacitor. This reference voltage along with the reference DC voltage from
Maximum point tracking technique (MPPT) is passed through voltage controller which produces limit current for capacitor
current and DC voltage at the inverter input. Current reference signals derived from the Maximum Power Point Tracking
(MPPT) are matched against the respective measured currents of the filter inductor, subsequently being processed by a set of
Proportional-Integral (PI) controllers to generate voltage commands. These command voltages then appear at the LCL filter’s
input. The inverter is connected to the bus through the filter’s coupling inductor. This voltage commanded signal is transformed
into abc frame using Clarke transformation and is fed into space vector pulse width modulation (SVPWM) which produces
PWM pulses for voltage source inverter. A resistor positioned in series with the filter’s capacitor provides the necessary damping
for the resonant frequency related to the output filter.

In a dg-based Phase-Locked Loop (PLL), the system’s frequency is determined by setting the d-axis voltage component to
zero. The PLL serves a dual purpose: it measures the system’s frequency and also determines the voltage’s phase angle. This
angle is instrumental in performing conversions between stationary and synchronous reference frames. The dynamics of the
inverters are regulated by several components: the output filter, the coupling inductor, the computation of average power, the
PLL, as well as the voltage and current controllers, all of which are modelled within the individual reference frame of each
inverter as specified by the phase angle measured by the PLL. System parameters are listed in Table 1.
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Fig 1. Proposed control strategy of microgrid
Table 1. System Parameters
Parameter Value Parameter Value
DC Link voltage (V) 700 V Damping Resistance (Ry) 3Q
PV voltage (V},) 700 V PLL constant (Kp,,;) 0.9428
System frequency (@sys) 314.15 rad/sec LPF cut-off frequency (@) 100 kHZ
Switching frequency (fs) 10 kHZ PLL operating frequency (@ ;) 7853.98 rad/sec
DC Link Capacitor (Ciyy) 100x 103 F Current Controller Constant (K¢, T, ) 1.880,1.58 x 103
Filter Inductor (L f), Resistance (R f), 420 mH, 0.5 Q, Voltage Controller Constant (K, T;) 3.571,5.2x10™%
Filter Capacitance (C) 50 uF Grid Side Inductor (L), Resistance (R,) 0.50 mH, 0.09 Q
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System Modelling

Complete state space small signal model of the system is presented into five submodules. Each submodule is linearized and
represented in the state space form and a complete microgrid system small signal model is formed by combining all of the
submodules on a common reference frame.

2.1 Solar PV

The fundamental component of a photovoltaic (PV) generator is the solar cell, a P-N semiconductor junction converting solar
radiation directly into DC current through the photovoltaic effect!®). It consists of photo current (,;,) which is driven by
temperature and irradiation, shunt resistance (Iy,) which describes leakage current. The load current is given as:

I= I, —Ip—Ig (1)

Iplz:[lsc+Ki(Tk_T)] X 1000 (2)
ISC
Ips =
[exp(qxvxkxAxT)—l] 3
N

T1° GXEp (1 1
In=1Igs | — LEND G 4
R i @

g %XV X +IpyR;

Ipy = Np X Ip, — Np X I —— 5 —1 5
py = Np X Ipj, PXD[EXP{ N, % AKT (5)

Where, Ipy represents the current flowing through the diode, while Ip denotes the diode’s reverse saturation current. Iy, refers
to the leakage current, and Vpy stands for the voltage across the diode. V indicates the voltage when the circuit is open, R; is
the resistance in series with the diode, and Ry, is the resistance across the shunt. I is the short circuit current, q symbolizes the
charge of an electron, and k represents the Boltzmann constant. A signifies the diode ideality factor, and T is the temperature at
the p-n junction. Np and N; are the counts of cells connected in parallel and in series, respectively. Solar PV output is maximised
using MPPT technique with Perturbation & Observation (P&O) method 9.

2.2 Power states

Instantaneous active power (p) and reactive power (q) generated by the inverter is measured by calculating the dq axis output
of voltage and current. Active and reactive power is represented as:

3 . .

pP= E(Vcdlcd + chlcq) (6)
3 . .

q= D) (Vcdlcq - chlcd) (7)

Vedq and icq, are the voltage and current in dq axis at PCC. Instantaneous power is passed through a low pass filter (LPF) with
the cut off frequency (@,) to obtain active and reactive power.

@
s+ @,

@,
P= pransz q (8)

s+

From above Equations (6), (7) and (8) states for power can be determined,

P=—Pa+1.50: (Vegiga + Vegieq) 9)
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0= -0+ 1.50; Veqigg — Vegiga) (10)

AP and AQ are small power variations from operating point, P and Q from Equations (9) and (10). Al;yg, AV,4q and Al 4, are
small variations of voltage and current with respect to their respective operating points. Thus, the small signal dynamic model
of power control is given by:

: [ ALy ]

AP AP laq
T l=a +Bp | AV, 1
{AQ} P[AQ} P Alchq (11)

[ AL, |

Ap AP 1aq
=C +Dp | AV, 12
[Aq} P [AQ} P Al,jqq (12)

_|—oc 0 . 0 0 Iy Iy Via Vi
A”_[ 0 —a)c] BP_I'S“’C[O 0 Iy lu Veg —Vu

0 0 00 Ly Iy Va V.
Cp= Dp=15 e eg Vea Veg 13
P {o 0] 4 [0 0 —~ly g Ve — cd] (13)

2.3 Phase Locked Loop (PLL)

In order to provide current with a power factor of one and ensure alignment with the grid, the PV system requires information
about the grid’s phase angle, voltage, and frequency. The microgrid system is modelled in dq frame, hence filter dynamic model
is also derived in dq frame. A dq based PLL has been chosen ??). Only the q component of the voltage measured after the filter
capacitor is used as the input in PLL so that phase is locked such that V,, = 0. K, p; and K; p;;, are the proportional and
integral constant of PI controller. § and @py; are the phase angle and inverter frequency respectively. Block diagram for PLL is
mentioned in Figure 2 and following are the three states relevant for PLL:

0—f +} » 1/s
v _WepLL . 314.15
cq S+ WeprLL ch‘f

Fig 2. Block diagram PLL structure

From Figure 2, the following equations can be formed

ch,f = wcPLLch - wcPLLch,f (14)
OpL = —Vegr (15)
§ = opLL (16)

https://www.indjst.org/ 2028


https://www.indjst.org/

Sharma & Palwalia / Indian Journal of Science and Technology 2024;17(19):2024-2037

wprr = 314.15 =K, priVeq s + Ki PLL@pLL (17)

The state space model matrix of PLL is given as follows:

AV:cd, f N Aligq
Aprr| =Aprr | AQprr| +Bprr | AVedq (18)
AS AS Alag
AVeq g Aligq
[Awprr] = Cprr | A@prL| +Dprr | AVeaq (19)
AS Ay
¢ PLL 0 0 0 0 —@c.PLL 0 0 O
AprL = —1 0 0 Bpip=10 0 0 0 0 O
—Kpprr Kiprp 0 00 0 0 00
Cri. = [—Kppe Kipee 0] Dppe=[0 0 0 0 0 0] (20)

2.4 Voltage Controller

The voltage controller’s main function is to maintain the DC-link voltage at its desired reference value, V.. The controller
compares this reference value with the actual DC-link voltage, V. to generate an error signal. This error signal is then processed
through a PI controller to produce a reference current for the DC-link capacitor, I cq, as shown in Figure 3. K, and T, are
proportional gain and integral time constant.

e PI controller
VyF—» +

R K, (sTy+1) . 1
sTy, P

Ve ——| —

Fig 3. Block diagram of voltage controller

The corresponding state equations are:

K
Idcap = Kv(vd*c - Vdc) + Tv((Pd) (21)
v

@4 =Vj.—Vac (22)
Using Equations (21) and (22), small signal dynamic model of voltage controller is presented as:

Alig
Al

AVeq
AVey
Al cd
Al

[A@g] =Ay [A@q ]+ By +By» {VJC] (23)

Vdc
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V*
[Aljeap) = Cy [A@y ]+ Dyy +Dy> [ dc} (24)

Cy = {} Dy; =[0] Dy, =[K, —K] (25)

2.5 Current control

The current controller’s purpose is to regulate the inverter currents, ensuring that they follow the desired references. This
controller takes two main inputs for the d-axis: the reference current /,,, from the MPPT and /;.,,, from the voltage controller.
The combined d-axis reference becomes I, 4- I5cqp. For the q-axis, the objective is usually to regulate the current to zero, making
the reference I;; = 0. The errors in the d and q axes are computed and then fed into separate PI controllers, yielding the control
voltages V;;; and V7 accordingly as shown in Figure 4. From the MPPT, we have Ip,,, which can be used as I; for the current
controller. So,

=1, (26)

Now, the current controller will take both I, (from MPPT) and I;.,, (from voltage controller) to determine the appropriate
modulation signals for the inverter. K. and T are proportional gain and integral time constant. Cross coupling and feed forward
compensation terms are included in the controller to ensure accurate and dynamic tracking of the inverter’s currents in the
presence of grid inductance.

Pl Controller

Lig* o O Ko(sTe+1) V.
— id
ST,
»l
]dcap LG..)...I:J
Ko(sTe+1
I* c(sTc+1) Vig*
ST,
PI Controller
Fig 4. Block diagram of current control loop
Following equations represents the linearized small signal state space form of current controller:
Vd = I,f‘;j +Idcap — Iy (27)
V=1~ I (28)
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K
Vi = Ke (I + lacap = lia) + - (Ya) = @Lylig + Vea (29)
C
* " K.
C
Aly
Al
YAV iy
Nal| _ ANYa AVeq id
[ij =Ac {qu +Bci AV, +Bco AAIqu (31)
Alcd dcap
Al
Al
Al
; AIF
AVz:i _ AYd AVcd lf
{A iZ] =Cc |:A’}/q + Dc1 AV, + D¢ Aliq (32)
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00 1 0 000 O 1 1
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““lo K| YT oL, -K. 1 0 0 0

(33)

2.6 LCL filter

In order to reduce the high-frequency current harmonics, LCL filters are used in most applications. The microgrid model is
in dq frame, hence filter dynamic model is also derived in dq frame. Filter used in this microgrid is shown in Figure 5. We
assumed that the commanded voltage (V) appears at the input of the filter inductor, V") = Vi 44. Under this approach all the
IGBT and diodes losses are neglected. The resistors Ry, R, are the parasitic resistance of the inductors. Passive damping using
a damping resistor (R,) in series with the filter capacitor is often employed to further suppress the resonance frequency and
enhance the stability of the LCL filter shown below. Filter inductance and filter capacitance is represented by Ly and Cy.

The state equations governing the filter dynamics are as follows:

. 1
Iig = ff (=Rilig +Via = Vea) + 0puliy (34)
, 1
lig = ff (_Riliq +Vig— ch) — Opliy (35)
. 1
INES T (—Relea +Vea — Vipa) + @piileq (36)
g
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Vigq

Fig 5. LCL Filter

, 1
o= 1 (~Raleq+Veg = Vi) — Opiilea (37)
8
] 1 , ,
Ved = C—f (lig —1.q) + Wp11Veq + Ry (Lia —1ca) (38)
] 1 , .
ng = Ff (qu — Icq) - wpllvcd +Rd (Iiti - ICﬂl) (39)

In this set of equations, @), is the operating frequency of system that is generated by PLL. The following equations represent
the linearized small signal state space form of LCL filter with @, as the system frequency.

Al}d Al
Al Al
AVeq| _ AVeq AVig AVpg
A‘:/cq =ArcL AVeg +Brcr AV, +Brcro AVhy +Brcr3[Awprr] (40)
AI.Cd Ach
Al | Al
B2 ew o0 B0
—Oprp  — (Ri+,1e‘l> 0 —+ 0 %‘f
i 1
Ay = CTc 0 0 wpr 1, —Cff 0
= 1 1
0 C7f —pLL 0 RO . _Ff
* o L0 (%) om
0 IZZ 0 flg —@p  — (RKZREI )_
! 7 ro 0 7
L 0 0 I
0 1 0 0 —liy
L; 0 0 V.
Brei=|qo o Brez=| 7 Brcis = 7‘C/qd (41)
—— 0 ¢
0 O L, Iy
0 0 0 _i —Aed
L0 0] L L,
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2.7 Complete Model of Inverter

The frequency of the Phase-Locked Loop (PLL), which matches the frequency of the inverter, is used as the standard frame
of reference for the entire system. Consequently, every equation is formulated based on the inverter’s frame of reference. An
exception to this is the voltage present at the grid bus, which must undergo a conversion utilizing a specified transformation
matrix mentioned in Equations (42) and (45). According to Equation (45), the grid voltage undergoes a transformation to align
with the common reference frame, and within this transformation, the angle & is employed to denote the difference in phase
angle between the grid and inverter voltages. Equations are linearized and state space form is represented as:

[Alepo] = [T] [Aeag] + [Te] [ 8] (42)
_ |cos(8) —sin(0)
Ts= [sin(B) cos(0) ] (43)

| —Lgsin(8) —I4cos(0)
T = [chcos(S) —ICZSI'”(‘S)} “w

[AViag) = [T [AVing] + [T,71] [A8] (45)

T, =

v

[—VhDsin(5) Viocos(0) } (46)

—Vipcos(8)  —Vigsin(§)

A complete state space small signal model of the microgrid is obtained by combining the individual states of power controller,
PLL, voltage controller, current controller and LCL filter from Equations (11), (12), (18), (19), (23), (24), (31), (32), (40), (42)
and (45). There are 14 states, 2 inputs and 2 outputs for the system.

[Axin| = Ay [Dxi] -+ Biny [Dtti] (47)

Ajnv represents the state matrix of complete model and B;yy represents the input matrix to the system. Ax;,, are the total states
associated with the system and Au;,, are the inputs for inverter.

T

Axim=(P Q Veay @pe 6 @0 Ya Yo lia lig Vea Veq La Iq | (48)
T
Atiny =Vipo = ( Vap  Vio | (49)
Ap 0 0 0 Bp
BpriCp AprL 0 0 Bprr
Ay = BcDyCp By1CprL Ay 0 By» (50)
Brcr1Dc1Dy1Cp+ Bc1Dy1Cprr Bc1Cy Ac Bc1Dyy + B

BrcrsCp+Brera [T,' 0 0] BrerDeiDviCrre BreraiDeiCy - BreriCe o Arcr+ Breri(DeiDvi+De2) | |y 14

After linearization of the entire small signal model of microgrid around the stable operating point, the eigenvalue analysis
has been done. The eigenvalue plot shown in Figure 6(a) and (b) are from developed linearized model and Simulink linmod
command respectively. It can be observed that the results from simulink model match with the developed linearized model. It
is observed the introduction of a damping resistor in an LCL filter of a microgrid model leads to a more stable system, with
eigenvalues moved towards the left half-plane, indicating better damping and reduced risk of oscillatory behaviour.

The comparison of eigenvalues derived from a linearized model with those from a Simulink model reveals consistency,
indicating the linearized model accurately represents the Simulink system’s dynamics as shown in Table 2 below. Almost all
eigenvalues have negative real parts, signifying stability; however, the presence of a positive eigenvalue suggests a potential for
system instability, warranting further investigation or the implementation of control strategies to maintain stability. Complex
eigenvalues with negative real parts indicate the system exhibits damped oscillations, with the oscillatory behaviour diminishing
over time. The eigenvalue with the largest negative real part suggests rapid system dynamics, while those closer to zero imply
slower responses.
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Fig 6. Eigenvalue plot using (a) linearized model and (b) simulink model

Table 2. Eigen values comparison

S. No. Eigenvalues derived from linearized model Eigenvalues derived from simulink model
1. -8000 -8000

2. -3000 + 10* -3000 + 10*

3. -3000 - 10% -3000 - 10%

4. -2200 -2200

5. -2400 -2400

6. -1300 + 0.1*10* -1300 + 0.1*10*
7. -1300 - 0.1*10% -1300 - 0.1*10%
8. -1200 + 0.1*10% -1200 + 0.1*10*
9. -1300 - 0.1*10* -1300 - 0.1*10*
10. -300 + 0.5*10% -300 + 0.5*10%
11. -300 + 0.5%10% -300 + 0.5%10%
12. -100 -100

13. 0 0

14. 100 100

3 Results and Discussion

The microgrid as shown in Figure 1 was simulated in MATLAB Simulink with model parameter reported in Table 1 and analysis
was carried out to understand the challenges in microgrid system. System consist of 10 kW of solar PV module as source is
connected at point of common coupling (PCC) with the grid of frequency 50 Hz and line to line voltage of 400 V and a 25 kVA of
ACload. Under normal conditions microgrid works stable as shown in figures below. Figure 7 shows active and reactive power
delivered from the source at normal operation of microgrid. It presents voltage at PCC in dq- frame and the corresponding
currents in the same frame. It can be observed that reactive power supplied by sources is zero in steady state because controller
has been designed such that V,, component is maintained at zero.

Grid voltage is crucial in grid connected microgrid system because DG controller is designed to track the grid voltage and
to inject power into the network as required. In order to analyse the stability and dynamics of microgrid due to grid voltage
disturbance, a 10% step change in grid voltage is introduced in the system at t = 1.5 secs. After applying the disturbance, it can
be observed in Figure 8, that active power is stable in steady state while reactive power is zero as controller is maintaining I,
component of current at zero. A change of voltage (V) from 326 V to 359.18 V and of current (I;) from 13.93 A to 12.66 A is
reported at time t=1.5 sec as shown in figure below.
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Load throw off phenomenon is a test to check dynamic stability of microgrid where a load is suddenly disconnected, it can
cause instability in microgrid, affecting parameters like frequency and power quality. AC load of 25 kVA which is connected to
microgrid has been removed at t = 1.5 sec. After removing the load, active and reactive power are stable and voltage disturbance
at PCC in dq-frame are shown in Figure 9. After removing the load, network Active power (P) changed from -1369.25 W to
6936.08 W and Reactive power (Q) from -3162.31 Var to 1800.33 Var demonstrating transition of power from negative to
positive took place which implies that source power is being injected to network.

The primary aim of this dynamic modelling was to ensure the transient voltage stability of the grid-connected microgrid
under dynamic conditions through appropriate parameter design and control strategies. Unlike previous studies that primarily
focused on steady-state analysis or neglected the dynamics of PLLs and LCL filters, this work comprehensively investigates
the microgrid’s stability during grid voltage fluctuations and load disturbances. During the simulation, a 10% grid voltage
alteration was introduced, and the microgrid exhibited stable active and reactive power responses, with currents and voltages at
the PCC stabilizing rapidly within 0.2 seconds, outperforming the limitations of previous works. Furthermore, a significant load
disturbance was simulated by disconnecting a 25 kVA active load, a scenario that has been less explored in previous microgrid
stability studies. The microgrid effectively managed the power transition within the network, as evidenced by the change from
negative to positive power flow, indicating a shift in the direction of power flow from the solar source to the network. This
seamless transition highlights the microgrid’s ability to adapt to changes in load conditions while maintaining stable operation,
a capability that has not been extensively demonstrated in previous research. The proposed control strategy, featuring a voltage
controller to maintain the DC-link voltage at its desired reference value and a current controller operating in the d-q frame,
played a crucial role in achieving robust transient voltage stability.
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4 Conclusion

This study presents a comprehensive small-signal state-space model of a grid-connected inverter-based microgrid, addressing
a critical research gap in the transient voltage stability analysis of microgrids under dynamic conditions. The novelty of this
work lies in the development of a detailed model that incorporates the dynamics of inverters, phase-locked loops (PLLs),
and LCL filters, elements that have been overlooked in previous studies. Furthermore, a robust control strategy featuring a
voltage controller and a current controller operating in the d-q frame is proposed to enhance stable power conversion and
maintain microgrid stability during transient events. The small-signal model was analysed through eigenvalue analysis, and the
results were validated against MATLAB/Simulink simulations, ensuring the accuracy and reliability of the proposed approach.
The current controller, a key component of the control strategy, simplifies AC current control by integrating active power
management from the solar input, DC-link voltage stability, and reactive power control, outperforming the limitations of
previous works. Through simulations, the microgrid’s transient voltage stability was tested under severe dynamic conditions,
including a 10% grid voltage fluctuation and the disconnection of a 25 kVA active load, scenarios that have received limited
attention in previous microgrid stability studies. The obtained results demonstrate the microgrid’s ability to maintain stable
operation, with key parameters such as active and reactive power, currents, and voltages at the point of common coupling
exhibiting rapid stabilization within 0.2 seconds during the grid voltage fluctuation. Furthermore, the microgrid effectively
managed the power transition within the network during the load disturbance, seamlessly adapting to the change in load
conditions while maintaining stable operation with minimal deviations in key parameters. The proposed control strategy,
featuring the voltage and current controllers, played a crucial role in achieving these robust and quantifiable results, offering a
novel approach to enhancing the resilience and reliability of grid-connected microgrids during transient events. The findings of
this study pave the way for further advancements in microgrid control and stability analysis, contributing to the development
of more resilient and reliable power systems capable of integrating renewable energy sources and distributed generation.
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