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 Traditionally, steady-state assessment involves analyzing numerous variables 

using Eigen analysis. This paper presents a decision support application for 

diagnosing the steady-state assessment of droop-controlled voltage source 

inverters in islanded microgrid operations or weak grid operations with 

reduced input attributes. This paper proposes an approach using feature 

extraction from the state space variables of the droop-controlled voltage 

source inverter (VSI). Photovoltaic (PV) and wind energy sources are 

considered with their stipulated power-delivering capability considered. To 

improve the generalization of the predictive model, preprocessing techniques 

are employed to eliminate data distortions. Dimensionality reduction is 

achieved through principal component analysis (PCA) applied to the steady-

state variables. The evaluation of the VSI's steady-state stability is conducted 

utilizing support vector classification algorithm. To ascertain the reliability of 

the steady-state stability classification, an assessment of the support vector 

machine (SVM) model's performance is carried out, which includes the 

examination of metrics like the area under the curve (AUC) and the receiver 

operating characteristics (ROC) curve. The findings from the assessment of 

VSI's steady-state stability indicate a commendable level of performance, 

achieving an accuracy rate of 93.5%. 
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1. INTRODUCTION  

Distributed generators can be installed in rural areas using the right power electronics converters. The 

islanded mode of the distributed generators (DG's) operation helps with rural electrification because of its 

autonomous operation. The connection between the primary grid and the DGs operates in a stiff grid mode, 

wherein voltage and frequency measurements derived from the primary grid assume the phase-locked loop 

(PLL)-based synchronization, a concept in the study by Dağ and Aydemir [1]. Analyzing the stability of an 

islanded microgrid is a complex process that requires the examination of steady-state variables and performing 

eigen analysis on those variables [1]. The stability assessment of an islanded microgrid involves studying the 

behavior of steady-state variables and performing eigen analysis to determine its stability. 

Microgrids working in islanded mode adopt the droop controller for voltage and frequency regulation 

as discussed by Rajamand [2]. Inverters connected in parallel are synchronized using the droop controller. They 

https://creativecommons.org/licenses/by-sa/4.0/
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also act as an effective power-sharing strategy. Instability due to changing load from each inverter is regulated 

by the droop controller. In islanded mode, these VSI need to self-synchronize and distribute power to the load. 

This setup of the voltage source inverters (VSIs) called parallel inverters is supplied from renewable energy 

resources as discussed by Sanabria et al. [3], and Veerashekar et al. [4]. The stability study of an autonomous 

microgrid, which incorporates a combination of a renewable energy source and a diesel generator, focuses on 

investigating the droop control method. During fault situations, deliberate intentional power reduction from 

the renewable source results in a loss of synchronization in the diesel generator. In an islanded microgrid setup, 

the power-sharing capability of inverters can be disturbed by harmonic resonance, which occurs when multiple 

inverters are connected in parallel. Harmonic resonance is an instability that affects the system and hinders the 

efficient sharing of power among the inverters. The number of parallel inverters that can be connected in the 

grid-connected microgrid environment is decided by impedance-based calculations [5] with stability as the 

constraint. A nonlinear model of the network sensed the resonance mode from the network as discussed by 

Cabero and Prodanovic [6]. Offshore inverters with long cables are introduced to impedance-based stability 

analysis. Three different inverters and non-negligible lengthy cables are used for the stability investigation. 

Inverter’s fault ride-through capability is exploited using the droop controller in the multiple resonant 

converters and the state space model is developed to explore the stability limit of the parallel inverters [7].  

A magnitude reshaping strategy is implemented to improve the stability of the parallel inverters in the 

weak grid environment when the Nyquist stability criterion is complicated since the impedance ratio of the 

grid-connected system is insufficient to satisfy the criterion [8]. A region-based stability analysis is developed 

on active dampers of the AC microgrid environment [9]. This method provides a parameter selection of the 

active damper, making it more flexible. The output impedance of the voltage source converter (VSC) is 

controlled by finding the difference between the real and reactive power observed from both the inverter output 

and the point of common coupling (PCC) [10]. The virtual impedance is controlled by varying X/R ratio at the 

inverter output thus acting as the damping controller at the PCC. Low-frequency oscillations in isolated 

microgrid with battery energy storage and fueled by renewable energy source is investigated with smart  

loads [11]. Oscillations are associated with the droop controller of the interfaced distributed generators (DGs). 

Stability analysis using the linearized state space model is developed by extending it to the smart loads, which 

depicts the impact of low-frequency oscillations on the islanded microgrid. A microgrid with four RES working 

both in grid-connected and islanded mode is controlled using the three hierarchical controllers which can 

handle both the small signal and large signal disturbances [12]. The nonlinear fuzzy logic controller which 

controls the reactive power increases the ride-through capability and system stability margins. An improved 

virtual impedance method called the distributed adaptive virtual impedance control (DAVIC) is used to 

coordinate the virtual impedance of the inverter automatically using global information. The difference 

between the active power of a local module and the average active power of all the other modules of the 

uninterrupted power supply (UPS) is measured to obtain the virtual impedance thus providing an enhanced 

power-sharing capability of the parallel inverters [13]. A small AC signal (SACS) is injected into the output of 

the inverter to control the unbalanced and harmonic power by the use of the adaptive virtual impedance control 

method [14]. Injected SACS synchronizes the inverters and adjusts the selected harmonic frequencies and 

fundamental negative sequences. A low X/R ratio in the power lines impedance and no inertia in the inverter-

based microgrids demand a better droop controller in the microgrid with multiple renewable energy sources. 

A novel consensus protocol using fuzzy logic is developed that takes care of both the power-sharing capability 

of the droop controller and power quality enhancement using average voltage profile restoration [15]. Stability 

analysis in AC/DC hybrid microgrid for a varied range of R and X for the microgrid cables. Frequency is 

controlled by controlling the reactive power with resistive cables and active power with inductive cables [16]. 

The flexibility of renewable energy-based islanded microgrids is enhanced using electric springs. Electric 

springs is the device that can improve the power quality issues in the islanded microgrid by effectively 

regulating the supply voltage. A model predictive controller is applied on the non-critical loads like the water 

heating system on the electric springs to effectively control the voltage regulation [17] and sensitivity analysis 

on the ramping capability of a microgrid is observed. 

The small-time constants of the power electronic devices make the small signal stability a challenge 

in the power electronics-based power system. The power system is thus divided into smaller portions and 

individual components like inverter, load, and impedances and state space models of these portions are 

algebraically assembled to validate the stability analysis [18]. The distribution network’s linearized state space 

model connected with electric springs is developed which can later add the inverter interfacing with DG, 

batteries, and loads. Analysis including the effect of the R/X ratio, the impact of distance between the 

distribution network and the electric spring, and the effect of proximity between different electric springs on 

the stability is discussed [19]. Although traditional droop controllers are capable of power-sharing between the 

parallel inverters, the mismatch in impedances of the parallel inverters introduces reactive power that is unequal 

between the inverters. Reactive power-sharing in parallel inverters is developed using the novel droop 

controller called the adaptive virtual impedance controller. Optimal control parameters are obtained using the 
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small signal stability analysis of the parallel inverters using the adaptive controller [20]. A photovoltaic (PV) 

inverter with a non-renewable energy-based generator when connected in the islanded mode without energy 

storage need to regulate the maximum power generated from the PV inverter. Power wastage due to power 

more than the load demand and unstable power due to power less than the load demand at the PV inverter is 

experienced. An improved droop control loop is utilized to increase the utilization efficiency of the PV power 

and also maintain the system stability [21]. A current sharing strategy between the grid and the parallel inverter 

system in a grid-connected microgrid with master-slave topology is developed using the self-constructing fuzzy 

neural network (SFNN). The SFNN imitates the sliding mode controller that implements grid-connected 

current tracking in the grid-connected microgrid topology [22].  

Multi-inverter grid connected system experiences instability due to resonance caused by grid 

impedances. A multi-input, multi-output matrix is generated which involves both the self-stability of the multi-

inverter and interactive stability since it is grid connected. The grid impedance effect on the multi-inverter is 

nullified by adopting the phase-lead compensator which improves the robustness of multi-inverter control when 

connected to the grid [23]. The feeder impedance estimation method is developed in a non-invasive method. It 

is first deducted that the inverter impedance is negligible in the lower-order harmonics and then the feeder 

impedance is calculated using the current and voltage at a specific harmonic frequency. This feeder impedance 

is introduced as the virtual impedance and power-sharing capability is enhanced using a hierarchical control 

structure [24]. Instead of the conventional stability assessment using the characteristic equations from the state 

space model, system synchronization stability is localized to inverters. The passive synchronization behavior 

of the inverters is considered to analyze the stability [25]. Impedance-based stability analysis is adopted in such 

a system by modeling the equivalent circuit of the transmission line as a current source grid. Both Euler’s 

formula and Nyquist’s stability criterion are used to assess the stability of the system [26]. The dynamics in 

the current controller of the phase locked loop (PLL) controlled grid-connected parallel inverters deteriorate 

when connected to a weak grid. This negative effect of the PLL is compensated using the proportional integral 

(PI) controller combined with the capacitive-current-feedback active damping strategy [27]. A complete 

stability analysis of the parallel inverters in weak grid condition is discussed in [28]. Eigen analysis is used to 

find the stability of the system with virtual impedance method. Various contributions from researchers on 

Microgrid and intelligent controllers on microgrid can be witnessed in literatures [29]–[36]. 

Previous literature has discussed the stability assessment in islanded microgrids using different 

analytical methods. This paper attempts to assess the steady-state stability in the islanded microgrid using 

machine learning methods with feature extraction-based data preprocessing techniques on the state space 

attributes. Support vector machine is used as the machine learning algorithm to predict the steady-state 

`assessment for the islanded microgrid using PCA. The average modeling of the droop-controlled islanded 

microgrid is discussed in section 2, the steady-state prediction algorithm is discussed in section 3 and the results 

and discussion of the proposed implementation are discussed in section 4 followed by the conclusion and 

references. 
 

 

2. STATE SPACE MODEL OF DROOP-CONTROLLED ISLANDED MICROGRID 

The steady-state stability of the synchronous machines defines the condition that allows two machines 

to work in synchronism. Similarly, islanded microgrids controlled using droop control in an islanded mode 

need to be analyzed for steady-state stability. The droop controller of the islanded microgrid is based on the 

synchronous generator’s power balancing principles. The comprehensive droop control system for the islanded 

microgrid is illustrated in the block diagram provided in Figure 1. Within this diagram, the inverter's droop 

controller, equipped with the inductance capacitance inductance (LCL) filter, is depicted. The microgrid 

employs two inverters operating in parallel, with one serving as the master inverter and the other as the slave 

inverter. This arrangement ensures that one inverter acts as the reference for maintaining voltage and frequency 

consistency in the other inverter. The voltage source inverter (VSI) mentioned in Figure 1 is one of the islanded 

microgrids which will act as either the master or the slave inverter. Similarly, another inverter with the droop 

controller is used for the droop controller that synchronizes with the VSI shown in Figure 1. The droop 

controller starts with the calculation of instantaneous real power and reactive power from the inverter output. 

The current measured after the inductance and capacitance of the LCL filter at the inverter output is used to 

obtain the direct axis voltage and current, and quadrature axis voltage and current denoted as vodr, iodr, voqr, and 

ioqr. Instantaneous real and reactive power is calculated using these four attributes and a low pass filter is applied 

to get the stable real and reactive power as given in (1) and (2). The inverter is modeled using these real and 

reactive power equations.  
 

𝑃filt = 𝑐ornpinst / (𝑠+𝑐orn) =−pinst𝑐orn + 1.5𝑐 (𝑣𝑜𝑑r𝑖𝑜𝑑r + 𝑣𝑜𝑞r𝑖𝑜𝑞r) (1) 
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𝑄filt = 𝑐orn qinst/ (𝑠+𝑐orn)= −qinst𝑐orn + 1.5𝑐 (𝑣𝑜𝑞r𝑖𝑜𝑑r − 𝑣𝑜𝑑r𝑖𝑜𝑞r) (2) 

 

Here pinst and qinst are instantaneous real and reactive power and Pfilt and Qfilt are smoothened real and 

reactive power respectively and 𝑐 is the corner frequency. When connected to the weak grid, the inverter 

generates the reference voltage and angular frequency using droop characteristics, acting like a synchronous 

machine to determine the voltage and phase angle from the droop curves, we leverage the smoothed real and 

reactive power curves. These droop curves illustrate the relationship between real power and angular frequency 

(P-ω) as well as reactive power and voltage (Q-V). Analyzing these curves allows for the derivation of voltage 

and phase angle information. The use of the smoothed power curve enhances the accuracy and reliability of 

this information, facilitating efficient system monitoring and control. The slopes, denoted as '𝑚omega' and  

'𝑚volts' are extracted from the droop curves by examining angular frequency for real power variations and 

voltage for reactive power variations, as depicted in Figures 2(a) and 2(b), respectively. The droop 

characteristics graph from Figure 1 generates instantaneous voltage and angular frequency based on the 

calculated real and reactive power. 
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Figure 1. Droop controller of inverter with LCL filter 
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Figure 2. Droop curves (a) real power (P) versus Angular frequency(ω) and  

(b) reactive power (Q) versus voltage (V) 
 

 

The voltage source inverter (VSI) shown in Figure 1 is supplied with the DC power supply. When PV 

and Wind are connected it is variable. This paper uses the controlled three-phase supply with active and reactive 

power limits to represent PV and Wind sources. The slope from the droop characteristic curve 𝑚omega and 𝑚volts 

is calculated using the formula as given in (3) and (4). As shown in (5) and (6) provide a means to compute the 

reference angular frequency and reference voltage by assessing the disparity between the system's current 

instantaneous power outputs (Pfilt and Qfilt) and the desired power outputs (Pfiltref and Qfiltref). Control systems 

rely on these reference values to adjust the operation of generators and other power equipment, ensuring the 

maintenance of the required frequency and voltage levels. These reference values are derived from the 

instantaneous real power and reactive power, enabling the calculation of instantaneous angular frequency and 

voltage. 
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𝑚omega = (1−2)/(𝑃2filt−𝑃1filt) (3) 

 

𝑚volts = (𝑣1−𝑣2)/(𝑄2filt−𝑄1filt) (4) 

 

∗ref = 𝑛at − 𝑚omega 𝑃filt (5) 

 

𝑣𝑜𝑞∗ref = 𝑣𝑜𝑞 − 𝑚volts 𝑄filt (6) 

 

Here 1,2 are different angular frequency instants chosen from the droop curve in Figure 2. 

Whenever the inverter produces sinusoidal output at 60 Hz, P1filt, and P2filt represent actual power amplitude 

samples. The reference quadrature axis voltage component (𝑣𝑜𝑞∗ref ), and the reference angular frequency 

(∗ref) are critical for synchronization and can be found using (5) and (6). The phase-locked loop (PLL) 

controller, which depends on a proportional-integral (PI) controller to produce inputs for voltage and current 

regulation, cannot function without these computations. Before comparison, the input undergoes filtering 

through a low-pass filter with a corner frequency of ωc,pll to ensure consistent synchronization frequency. The 

phase-locked loop locks the instantaneous angle to a reference value of 377 (in rad/sec for a 60 Hz frequency), 

while the direct axis voltage is regulated to zero within the PLL. The PLL, responsible for generating the angle 

𝛿, is depicted in Figure 3. 
 

 

Vod +
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Figure 3. The instantaneous angle from PLL 
 

 

The controller is used to derive the PI controllers that produce the reference currents in the direct axis 

and quadrature axis. These PI controllers are essential to the voltage controller's functionality. They contribute 

to the state equations of the voltage controller, as shown by (7) and (8), by providing the necessary reference 

current values. The direct and quadrature axes' currents are properly regulated by the PI controllers, allowing 

for precise control and stabilization of the system. 

The direct axis reference current (𝑖𝑙𝑑∗ref) and quadrature axis reference current (𝑖𝑙q∗ref ) as they flow 

through the filter capacitor (LCL) are crucially determined by (7) and (8). These equations involve both 

proportional and integral gains, which are expressed as (kivgain,d, kpvgain,d) for quadrature axis reference current 

generation and (kivgain,q, kpvgain,q) for direct axis reference current generation. Utilizing these gains allows the 

system to accurately compute and regulate the reference currents in both the direct and quadrature axes, 

contributing to overall control and system stability. 
 

Ф𝑑
′
ref = 𝑃𝐿𝐿− ∗ref

; ild
∗ref = 𝑘𝑖𝑣gain,Ф𝑑 + 𝑘𝑝𝑣gain,𝑑Ф𝑑

′
ref (7) 

 

Ф𝑞
′ ref= 𝑣𝑜𝑞∗ref − 𝑣𝑜 ; ilq

∗ref = 𝑘𝑖𝑣gain,Ф𝑞 + 𝑘𝑝𝑣gain,𝑞Ф𝑞
′
ref (8) 

 

The angular frequency variation relative to the reference, represented as Ф𝑑
′
ref, and the voltage change 

relative to the reference, denoted as Ф𝑞
′
ref, are derived from the droop characteristics. These values signify the 

deviations from the intended reference values. The voltage controller receives its input from the current 

reference. The output currents from the LCL filter are measured, and a comparator assesses them against the 

reference current. Both the reference voltage vid*ref and the reference voltage viq*ref are generated by the current 

controller. This comparison is orchestrated by the current controller, which regulates the inverter using space 

vector pulse width modulation (SVPWM), as depicted in Figures 4(a) and 4(b). The state equations  

for generating the quadrature axis voltage reference viq and the direct axis voltage reference vid are given in (9) 

and (10).  

 

𝑣𝑖𝑑∗ref = −inst𝐿𝑓𝑖𝑙𝑞 + 𝑘𝑖𝑐,∑(𝑖𝑙𝑑∗ref − 𝑖𝑙𝑑) + 𝑘𝑝𝑐,𝑑∑(𝑖𝑙𝑑∗ref − 𝑖𝑙𝑑)  (9) 

 

𝑣𝑖𝑞∗ref = −𝑛at𝐿𝑓𝑖𝑙𝑑 + 𝑘𝑖𝑐,∑(𝑖𝑙𝑞∗ref − 𝑖𝑙𝑞) + 𝑘𝑝𝑐,𝑞∑(𝑖𝑙𝑞∗ref − 𝑖𝑙𝑞) (10) 
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Figure 4. Voltage reference generators (a) quadrature axis voltage and (b) direct axis voltage 
 

 

The PI controller employs the proportional gain (kpcd for direct axis and kpcq for quadrature axis) and 

integral gain (kicd for direct axis and kicq for quadrature axis) to determine the direct and quadrature axis voltage 

references. The discrepancy between the actual (without the asterisk *) and reference direct (ild, ildref
*) and 

quadrature (ilq, ilqref
*) currents serves as the input to the PI controller. The current controller generates a control 

voltage, which functions as the reference voltages. The LCL filter includes a damping resistor (Rd), the filter 

capacitor (Cf), and parasitic resistances like rf for the filter inductor (Lf) and rc for the capacitor (Lc). The state 

equations controlling the LCL filter's filter properties are defined by (11) through (12). 
 

𝑖𝑙𝑑′′ = 1/ 𝐿𝑓 (−𝑟𝑓𝑖𝑙𝑑 + 𝑣𝑖𝑑 + 𝑣𝑜𝑑) + 𝑃𝐿𝐿𝑖𝑙𝑞 (11) 

 

𝑖𝑙𝑞′′ = 1/ 𝐿𝑓 (−𝑟𝑓𝑖𝑙q + 𝑣𝑖𝑞+ 𝑣𝑜𝑞) + 𝑃𝐿𝐿𝑖𝑙𝑑 (12) 
 

According to (11) and (12) provide a detailed representation of the direct axis current (ild′′) and the 

quadrature axis current (ilq′′) within the LCL filter. These currents are explicitly described by equations (13) 

and (14), indicating the current flow from the capacitor to the load-side inductor within the LCL filter. The 

(15) and (16) define the load-side direct axis voltage (vod′) and quadrature axis voltage (voq′) within the LCL 

filter, establishing the voltage characteristics associated with the direct and quadrature axes of the load-side 

components in the LCL filter. 
 

𝑖𝑜𝑑′′ = 1 /𝐿𝑐 (−𝑟𝑐𝑖𝑜𝑞+ 𝑣𝑜𝑑 − 𝑣𝑏𝑑) − 𝑃𝐿𝐿𝑖𝑜𝑞 (13) 
 

𝑖𝑜𝑞 ′′ = 1/ L𝑐 (−𝑟𝑐𝑖𝑜𝑑 + 𝑣𝑜𝑞 − 𝑣𝑏𝑞) − 𝑃𝐿𝐿𝑖𝑜𝑑 (14) 
 

𝑣𝑜𝑑′ = 1 /𝐶𝑓 (𝑖𝑙𝑑 − 𝑖𝑜𝑑) + 𝑃𝐿𝐿𝑣𝑜𝑞 + 𝑅𝑑 (𝑖𝑙𝑑 − 𝑖𝑜𝑑) (15) 
 

𝑣𝑜𝑞′ = 1/ 𝐶𝑓 (𝑖𝑙𝑞 − 𝑖𝑜𝑞) + 𝑃𝐿𝐿𝑣𝑜𝑑 + (𝑖𝑙𝑞 − 𝑖𝑜𝑞) (16) 
 

In order to introduce load dynamics into the system, perturbation elements are used in the assessment 

of islanded microgrid stability. As shown in (17) and (18) are the state equations that describe the dynamic 

behavior. The load quadrature axis current (iload,Q) is defined by (18), whereas the load direct axis current 

(iload,D) is defined by (17).These equations, which take into account the direct and quadrature axes, describe 

the behavior and flow of current in the load. It is possible to gain a deeper knowledge of the stability and 

performance of the islanded microgrid by taking into account these load dynamics. The state equations 

contribute to a thorough understanding of the stability of the system by offering insightful information about 

how the load currents change over time. 
 

𝑖𝑙𝑜𝑎𝑑𝐷 = 1/𝐿𝑙𝑜𝑎𝑑 (−𝑅𝑙𝑜𝑎𝑑𝑖𝑙𝑜𝑎𝑑𝐷 + 𝑉𝑏𝐷) + 𝑝𝑙𝑙𝑖𝑙𝑜𝑎𝑑𝑄 (17) 
 

𝑖𝑙𝑜𝑎𝑑𝑄 = 1/𝐿𝑙𝑜𝑎𝑑 (−𝑅𝑙𝑜𝑎𝑑𝑖𝑙𝑜𝑎𝑑𝑄 + 𝑉𝑏𝑄) − 𝑝𝑙𝑙𝑖𝑙𝑜𝑎𝑑𝐷 (18) 

 

The total resistance and inductance of the load are shown by the distribution line. These lines play 

crucial roles in determining how the inverter responds to load disturbances since they are coupled with other 

inverters in the distributed grid. As shown in (19) and (20), they provide the state equation for the distribution 

line. Both the subscript “i” and the subscript “j” belong to distributed energy resources (DER1) (PV) &  

DER2 (Wind). Distribution line connecting these two DERs. Amongst "i" and "j" DERs, there exists a direct 

axis current (ilineDij) and a quadrature axis current (ilineQij). 
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𝑖𝑙𝑖𝑛𝑒𝐷𝑖𝑗 = 1/ 𝐿𝑙𝑖𝑛𝑒 (𝑟𝑙𝑖𝑛𝑒𝑖𝑙𝑖𝑛𝑒𝐷 + 𝑣𝑏𝐷j − 𝑣𝑏𝐷i) + 𝑝𝑙𝑙𝑖𝑙i𝑛𝑒𝑄 (19) 

 

𝑖𝑙𝑖𝑛𝑒𝑄𝑖𝑗 = 1 /𝐿𝑙𝑖𝑛𝑒 (𝑟𝑙𝑖𝑛𝑒𝑖𝑙𝑖𝑛𝑒𝑄 + 𝑣𝑏𝑄j− 𝑣𝑏𝑄i) + 𝑝𝑙𝑙𝑖𝑙𝑖𝑛𝑒𝐷 (20) 

 

The direct and quadrature voltages at the "ith" DER are shown by the variables vbD,i vbQ,i rline, and Lline, 

which stand for the line resistance and line inductance between the two DERs, respectively. Direct and 

quadrature voltages are present at the "jth" DER, respectively. The average model is utilized to calculate the 

state variables of this islanded microgrid. These state variables are linearized in order to perform an Eigen 

analysis for stability analysis. 
 

 

3. RESULTS AND DISCUSSION  

Table 1 displays the input parameters for the simulation. The development of the average model for 

the islanded microgrid is carried out using MATLAB/Simulink, with the variables detailed in Table 1. In 

accordance with Figure 1 and as explained in the subsequent section, MATLAB simulation is employed to 

conduct an analysis of stability and feature reduction, with two inverters connected in parallel. 
 

 

Table 1. Parameters of droop controlled islanded microgrid [28] 
Parameter Value  Parameter Value 

ωpll 377 rad/s  n 1/1000 V/var 

ωn 377 rad/s  m 1/1000 rad/Ws 

Voq,n 85 V  ωc,pll 7853.98 rad/s 

Lline 0.40 mH  ωc 50.26 rad/s 

rline 0.15 Ω  Cf 15 uF 

Rpert 25 Ω  Rd 2.2025 

Lpert 7.50 mH  Lc 0.50 mH 

Lload 15 mH  rf 0.50 Ω 

Rload 25 Ω  Lf 4.20 mH 

rn 1000  rc 0.09 Ω 

 

 

3.1. State space variables of droop-controlled islanded microgrids 

Xinv1, Xinv2, and Xload are the state variables for each of the three variables: DER1, DER2, and 

load. The process of gathering the equilibrium values, steady-state values, or state variables that are shown in 

(21)-(24) is referred to as the linearization of these parameters. One master vector is created by combining the 

vectors, as illustrated in (25) 
 

𝑥𝑖𝑛𝑣1 = (𝛿1𝑃1𝑄1Ф𝑑1Ф𝑞1𝛾𝑑1𝛾𝑞1𝑖𝑙𝑑1𝑖𝑙𝑞1𝑣𝑜𝑑1𝑣𝑜𝑞1𝑖𝑜𝑑1𝑖𝑜𝑞1Ф𝑃𝐿𝐿1𝑣𝑜𝑑1,) (21) 
 

𝑥𝑖𝑛𝑣2 = (𝛿2𝑃2𝑄2Ф𝑑2Ф𝑞2𝛾𝑑2𝛾𝑞2𝑖𝑙𝑑2𝑖𝑙𝑞2𝑣𝑜𝑑2𝑣𝑜𝑞2𝑖𝑜𝑑2𝑖𝑜𝑞2Ф𝑃𝐿𝐿2𝑣𝑜𝑑2,) (22) 
 

𝑥𝑙𝑜𝑎𝑑 = [𝑖𝑙𝑜𝑎𝑑𝐷1𝑖𝑙𝑜𝑎𝑑𝑄1𝑖𝑙𝑜𝑎𝑑𝐷2𝑖𝑙𝑜𝑎𝑑𝑄2] (23) 
 

𝑥𝑙𝑖𝑛𝑒 = [𝑖𝑙𝑖𝑛𝑒𝐷21𝑖𝑙𝑖𝑛𝑒𝑄21] (24) 
 

𝑥 = [xinv1 xinv2xload xline] (25) 
 

In the typical model developed for linearization, an operational point of the variables defined in (25) is seen. 

For Eigen analysis, these consequently generated linearized values are used. The master vector specified in 

(25) is used to generate the state space (26). Here u stands for the inputs and x is the state vector. The following 

is the input vector defined in 27. 
 

�̇�= Ax + Bu (26) 
 

u = [vbD1 vbQ1 vbD2 vbQ2] (27) 

 

To establish the total number of primary factors to be tested for islanded microgrid stability, the 

variables are processed for PCA analysis. PCA acts as the dimensionality reduction algorithm for the SVM-

based steady-state prediction algorithm. The set of 36 variables indicated in (25) are obtained by measuring both 

the steady-state and unstable-state conditions during the operation of the islanded microgrid. These variables are 

then utilized as input for the principal component analysis (PCA) feature extraction algorithm. The measurement 

of these variables encompasses capturing data from various aspects of the microgrid, representing different 
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parameters and characteristics of the system. By incorporating measurements from both steady-state and 

unstable-state scenarios, a comprehensive dataset is obtained, encompassing a range of operating conditions. 

 

3.2. PCA analysis  

This dataset is used by the PCA feature extraction technique to find the most important variations and 

patterns within the measured variables. It seeks to capture the underlying structure of the system's behavior and 

decrease the complexity of the data while preserving crucial information. A more condensed representation of 

the dataset is generated by identifying pertinent features through PCA, enabling further analysis and decision-

making procedures. The chosen features can then be applied to a variety of tasks, such as stability evaluation, 

fault detection, or control design, to improve knowledge of and control over the islanded microgrid. The system 

is unstable if the eigenvalues of the state space variables are positive in a steady state. Traditional steady-state 

estimation is replaced with machine learning-based steady-state assessment in the islanded microgrid. Instead 

of using the DC supply in the input of the inverter the three-phase source with a stipulated power limit is 

considered in order to obtain the out-of-synchronism condition for higher load conditions. Steady-state stability 

is disturbed when the power limit of the load is crossing the power limit of the renewable source. Load 

perturbation is applied in the droop-controlled islanded microgrid setup to analyze the stability of the system 

for load variations. Rpert and Lpert are the perturbation resistance and inductance values that are introduced at 3 

seconds along with the load in the simulation running for 4 seconds. The MATLAB-based simulation 

developed using the specifications in Table 1 is supplied with the three-phase supply with the PQ bus 

configuration. Case 1 is run by stipulating the real power to 250 W and reactive power to 200 W from the PQ 

bus which is emulated to be a renewable energy source with limited power capability. The results obtained by 

applying the load within the steady state condition are given in Figures 5-7. 

Figure 5 depicts that the load variation at 3 seconds in the simulation affects a small transient and 

again the angular rad/sec settles to 377 which corresponds to 60 Hz. Output analysis is conducted at the LCL 

filter's location, specifically after the LC segment of the filter, to assess the stability of both the inverter output 

and the droop controller. At this point, measurements of the direct and quadrature axis voltages and currents 

are obtained for both DER1 and DER2, which are operating in parallel. 

The direct axis and quadrature axis current and voltage at the LCL filter during the steady state 

operation of the system is as shown in Figure 6. It can be observed that after the load variation applied at 3 secs 

the steady state condition continues with a minor transient in the voltage and current waveform. This steady 

state condition waveforms are used as the input data for the stability condition of the assessment carried out 

using SVM model. 

A noteworthy observation is that there is a consistent correspondence between the voltage amplitude 

and the current amplitude. Thus, the synchronization is intact in this case. Even after the load variation at 3 

Secs, there is a small transient observed before the steady state is reached. Droop controller apart from the 

synchronization between the parallel inverters also takes care of the power-sharing between the inverters. Both 

the real and reactive power of DER 1 and DER2 are shown in Figure 7 along with the direct and quadrature 

axis current at the load. Equal power sharing between both inverters is evident in the results thus obtained. 

The results thus obtained at steady state operation of the DER 1 and DER2 are given in Figures 5-7. 

The load disturbance is applied on the islanded microgrids such that the out-of-synchronism condition occurs 

in the droop-controlled islanded microgrid due to the power capability limitations of renewable energy sources. 

Instability is introduced in the system by applying a load that is more than the capable power of the supply. 

The results obtained in case 2 are with the limitation of the PQ bus supplying 250 W of real power and  

200 VAR. A high load of 2000 W is applied to introduce instability in the system. The results obtained after 

an increase in the load are given in Figures 8-10. The angular frequency of both the DERs has gone out of 

synchronism as shown in Figure 8. Direct and quadrature axis current and voltage waveform at the LCL filter 

is as given in Figure 9. Real power, reactive power, and direct and quadrature axis current of both DERs are 

given in Figure 10. 

For both the steady-state and unstable simulations of the islanded microgrid, all 36 state space 

variables are monitored as specified in (25). Figure 11 depicts a correlation diagram of these state space 

variables, offering a visual representation of the interrelationships among various variables. Upon examination, 

it is observed that while some variables exhibit higher correlations, the majority of the variables do not display 

strong correlations. Therefore, all 36 variables are considered for the prediction algorithm, except for a few 

cases. This approach ensures that no important information is overlooked, as each variable may contribute to 

the overall prediction accuracy in a unique way. Thus, the inclusion of all variables enhances the robustness 

and reliability of the prediction algorithm, enabling it to effectively capture the complex relationships within 

the system. PCA multivariate variation graph for the 36 state space variables is given in Figure 12. 
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Figure 5. Angular rad/sec for both DER1 and DER2 
 

 

 
 

Figure 6. Direct axis and quadrature axis current and voltage at LCL filter 

 

 

 
 

Figure 7. Real power, reactive power, direct axis current, quadrature current of DER1 and DER2 
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Figure 8. Angular rad/sec during instability 
 

 

 
 

Figure 9. Direct axis and quadrature axis current and voltage at LCL filter 
 

 

 
 

Figure 10. Real power, reactive power, direct axis current, quadrature current of DER1 and DER2 
 

 

The SVM-based steady-state assessment is implemented using the PC1 since it represents 99 percent 

of the state space variables. The classification accuracy is observed to be 93.5% and the receiver operating 

characteristic (ROC) is obtained for the SVM implementation and the area under the curve (AUC) is obtained 

to be 0.95 as shown in Figure 13. The confusion matrix obtained for the SVM classification of steady state in 
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an islanded microgrid is given in Figure 14. With an accuracy of 93.5% and AUC of 0.95 in the ROC-AUC 

curve and good confusion matrix parameters, the SVM-based steady-state assessment is found to be 

satisfactory. Algorithms with better performance can be implemented to further improve the performance of 

the steady state assessment since it is dependent on the distribution system that supplies the customers. 
 

 

 
 

Figure 11. Correlation diagram of the state space variables 
 

 

 
 

Figure 12. Principal component analysis plot showing multivariate variation for 36 variables 
 

 

 
 

  

Figure 13. AUC-ROC curve Figure 14. Confusion matrix 
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4. CONCLUSION 

In conclusion, this study employs the support vector machine (SVM) algorithm to predict the steady-

state stability of droop-controlled islanded microgrids. A comprehensive model of the islanded microgrid 

involving multiple inverters is constructed within the MATLAB Simulink platform. In order to streamline the 

variables, principal component analysis (PCA) is employed on the state space variables derived from the 

average model. This process entails extracting characteristics from the state space variables and consolidating 

them into the principal component (PC1), facilitating the development of an SVM classification algorithm. The 

steady-state assessment using SVM achieves an accuracy of 93.5%. Although the accuracy is reasonably high, 

there is still room for improvement by implementing more advanced algorithms to enhance performance 

further. Overall, this work shows the possibility of applying SVM and PCA methods for steady-state stability 

evaluation in droop-controlled islanded microgrids, with the results serving as a starting point for further 

investigation and improvements in microgrid stability analysis. 
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