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A smart grid environment is prone to data explosion while controlling a microgrid system. Islanded Microgrid’s stability analysis
involves a large number of system state variables thus consuming more computational memory due to parallel connected inverter
dynamics. Parallel inverters generate reference voltage and frequency using droop controllers, unlike grid-connected inverters
where the primary grid provides the reference voltage and frequency. This paper develops feature-reduced stability analysis of the
parallel inverters thus reducing the computational memory of its stability analysis. Principal component analysis being a feature
extraction technique is applied to reduce the number of variables determining stability. MATLAB is used to develop the average
model of a parallel inverter with an LCL filter and a three-phase AC load. Evaluation of the stability analysis using the state
variable analysis with the virtual resistance method is simulated. Simulation validates stability analysis of the model with reduced
state variables. An average model developed using MATLAB and PCA carried out using Python clearly indicated the validation of
the dimensionality reduction in the stability analysis. The reduced number of variables is validated for a stable range of the parallel
inverter droop controller. Both cases validated the dimensionality reduction in the stability analysis of parallel inverters.

1. Introduction

Renewable energy-based power generators connected to the
distribution system are called distributed energy resources
(DERs). DERs from different renewable sources form a
microgrid. The microgrid, with its dynamic nature, needs
stability analysis to understand the stability limits during
disturbances in the system. Stability analysis uses state vari-
ables that impact the system’s stability. Adopting smart tech-
nologies in the microgrid environment reckons exponential
use of data since it involves localized power generation,
independent power control, and dependency primarily on
renewable sources. State variables are collected as data using
smart devices. Microgrid facilitates the supply of remote end
loads by grid-connected or islanded mode of operation.
Grid-connected mode of operation uses decoupled control-
lers (direct axis/quadrature axis controller (DQ) and instan-
taneous real/reactive power (PQ)) for synchronizing

renewable energy to the main grid. Synchronization is main-
taining the same voltage level and phase angle among paral-
lel inverters using control techniques (Rodríguez-Cabero
[1]). The higher penetration level of renewable energy in a
power system promises microgrid’s islanded mode of opera-
tion possible [2, 3]. Islanded mode of operation is a complex
model involving many state variables for its stability analy-
sis. Microgrid environments adopt soft computing tech-
niques in the energy management system Leonori et al. [4]
and load frequency controller (LFC) Gheisarnejad and
Khooban [5]. Due to the absence of grid power in islanded
mode, droop controllers employ autonomous operation to
manage synchronism Firdaus and Mishra [6] and reactive
power sharing problems (Zandi et al. [7]). Inverters supplied
by renewable energy and connected to a common load are
called parallel inverters. The islanded mode of Microgrid’s
operation uses a parallel inverter structure that synchronizes
with a droop controller. Rasheduzzaman et al. [8] applied
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stability analysis of parallel inverters using Eigen analysis on
the average model.

State space variables from the average model are
obtained for Eigen analysis. Stability analysis of the auton-
omous microgrid that combines diesel and a renewable
energy source is investigated. The droop control strategy
is chosen among the different controls by comparing the
controller performance with Veerashekar et al. [9]. Inten-
tional, active power reduction from renewable sources
caused the loss in the diesel generator during the fault
condition. At the same time, the postfault recovery
demanded complete reactive power from renewable energy
(Veerashekar et al. [9]). Dag M and M T [10] discuss the
stability of the low voltage (LV) inverter-based microgrid.
Inverter-fed distributed system supplied by two inverters
is applied to the harmonic instability analysis (Wang
et al. [11]). Multiple parallel inverters connected deterio-
rate the impedance-based method of analysis. Researchers
used aggregation of inverters to implement the parallel
inverter stability analysis accurately. The small signal anal-
ysis of each component in the droop-controlled parallel
inverter-based distribution system is applied (Rodríguez-
Cabero and [1]). The parallel inverter distribution system’s
critical network settings and control parameters are esti-
mated. An impedance-based stability criterion is used to
analyze the stability of multiple parallel inverters con-
nected to the grid (Alenius et al. [12]).

Offshore long cable parallel inverters are inducted for
impedance-based stability analysis Zhang et al. [13]. Nonne-
gligible long cables and three different inverters are adopted
for stability analysis. Unlike previous stability analyses, dis-
similar inverters and characteristics of the cables are consid-
ered by Zhang et al. [13].

Discussions on impedance-based and eigenvalue-based
small signal stability analysis implementation are limited
to a few states as they require analysis of source load sub-
systems (Amin and Molinas [14]). Literature surveys dis-
cusses an advanced impedance-based controller for
parallel inverters controlled by both PQ-based impedance
and droop controller-based methods. Double-closed-loop
controlled parallel inverters use the impedance method
for stability analysis. Droop controllers are a more fre-
quently used synchronization technique in the above
publications.

This paper exploits soft computing methods for
feature-reduced stability analysis of parallel inverters. The
proposed approach applies principal component analysis
(PCA) to a set of state variables to reduce the number
of state variables used for eigenvalue-based stability analy-
sis. State variables chosen from the parallel inverter’s aver-
age model that affect the actual steady state analysis of the
parallel inverters are obtained from the PCA. Eigen anal-
ysis of state variables on the average model developed
from MATLAB is observed. PCA extracted using Python
defines the critical variables that affect the stability of
the average model. Droop control of parallel inverters is
detailed in Section 2. Section 3 and Section 4 elaborate
on the results and discussion, followed by the conclusion
and references.

2. Droop-Controlled Inverters

Traditional grid-connected (PV) comprises an energy source
and an inverter. The main grid’s voltage and phase angle ref-
erence synchronize the inverter with the grid. In weak grid
conditions (mode), the inverters connected in parallel need
self-synchronization. Two parallel connections are shown
in Figure 1.

Exploiting the stochastic nature of the inverters, one is used
as a reference inverter and the other as a slave inverter. DER1
and DER2 are photovoltaic power generators connected in par-
allel in the islanded mode. ZL is the impedance of the three-
phase AC line between the photovoltaic generators. The droop
controller of the parallel inverters adopted the droop character-
istics. The voltage and frequency of the VSI changed with reac-
tive and real power, respectively. The slope from (P − ω) and
(Q −V) curves is obtained to develop the droop controller for
synchronization. For high-frequency noise attenuation from
the inverter, the LCL filter is utilized.

Droop controller block diagram is defined in Figure 2.
The droop controller maps the voltage and phase angle from
the real and reactive power calculated from the droop char-
acteristics curve. Oscillation in real and reactive power is fil-
tered using the low pass filter to get a steady waveform.
Synchronous reference frame (SRF) reference voltage and
phase angle from the droop controller regulated the syn-
chronization between the inverters. Voltage and phase angle
generated from the phase-locked loop (PLL) at the load is
compared with the droop characteristic curve. One of the
two parallel inverters acted as the master and the other as
the slave. The voltage and phase angle of the master inverter
is followed by the slave inverter. It is assumed that the pho-
tovoltaic source is providing a constant DC voltage as the
input to the parallel inverters.

2.1. Parallel Inverter State Space Modeling. The inverter is
designed to operate based on droop characteristics which
originate from the principles of power balance in synchro-
nous generators. The droop characteristics allow power
sharing between distributed grids. For modeling the
dynamic behavior of the inverter, we chose state space
modelling. The different components of the inverters are
also modelled in the state space.

Grid
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Load1 Load2

DER1 DER2ZL

Bus1∠𝛿
1

Bus2∠𝛿
2

Figure 1: Islanded Microgrid Parallel Inverters.
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p = 3
2 vodiod + voqioq
� �

, ð1Þ

q = 3
2 voqiod − vodioq
� �

: ð2Þ

Here, vod,, iod , voq, and ioq are direct axis voltage, current,
quadrature axis voltage, and current before the capacitor in
LCL filter.

2.2. Inverter Model. Instantaneous power at the inverter out-
put is given below. Real power is defined by Equation (1),
while Equation (2) defines the reactive power. Both real
and reactive power are calculated from the synchronous ref-
erence frame components of the voltage (vod , voq) and cur-
rent (iod , ioq) measured,

P = ωc

s + ωc
p = −Pωc + 1:5ωc vodiod + voqioq

� �
, ð3Þ

Q = ωc

s + ωc
q = −Qωc + 1:5ωc voqiod − vodioq

� �
, ð4Þ

where ωc is the corner frequency.

2.3. Droop Characteristics. Generally, the internal reference
voltage and angle are obtained from the grid. During weak
grid conditions, the inverter generates the reference from
droop characteristics which mimic the operation of a syn-
chronous motor. Droop characteristic P − ω and Q −V
curves are shown in Figures 3 and 4, respectively. In addi-
tion, during autonomous operation, when the inverter is
operating in the islanded mode, self-synchronizing is
achieved by using the slopes of P − ω and Q −V curves
(which are set before hand) (Rasheduzzaman et al. [8]).

Voltage source
inverter (DER1)

Voltage source
inverter (DER2)

LCL filter LCL filter

SVPWM SVPWM

V,I measured V,I measured
RL load

Droop
controller

Droop
controller

Direct and
quadrature

components

Direct and
quadrature

components

Figure 2: Droop controller overall block diagram.
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Figure 3: Droop characteristics P − ω curve.
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Figure 4: Droop characteristics Q − V curve.
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Slopes of P − ω and Q −V are m and n, respectively,
given in

m = ω1 − ω2
P2 − P1

, ð5Þ

n = v1 − v2
Q2 −Q1

: ð6Þ

Instantaneous real and reactive power is used to obtain
the voltage and angular frequency values using Equations
(5) and (6). The reference angular frequency and reference
voltage are obtained from the equations that are shown
below in Equations (7) and (8). These equations provide
the reference voltage and angular rad/sec.

ω∗ = ωn −mP, ð7Þ

v∗oq = voq,n − nQ: ð8Þ
where ω1, ω2 are different angular frequency instants from
the droop curve from Figure 3. While P1, P2 are real power
amplitude instance at the inverter output when sinusoidal
output with 60Hz is delivered. Instantaneous angular fre-
quency ωn when applied for synchronization in the parallel

inverters, voq,n is the instantaneous quadrature axis voltage
component. Reference angular frequency ω∗ and reference
quadrature axis voltage component v∗oq for synchronization
is calculated using the Equations (7) and (8).

2.4. Phase-Locked Loop (PLL). Actual voltage and angular
rad/sec are obtained from PLL as shown in Figure 5. It is a
PI-based PLL controller that generates input to the voltage
and current controllers. The input to be compared is first fil-
tered by a low pass filter of corner frequency ωc,pll. Since syn-
chronization frequency must be constant, the ωPLL is
compared with 377 (rad/sec for 60Hz) to generate instanta-
neous angle (δ) from the phase-locked loop.

The direct axis voltage is locked to zero in the PLL. Dur-
ing the autonomous inverter’s operation, the PLL is respon-
sible for synchronizing the frequency with that of the main
inverter.

2.5. Voltage Controller. The voltage controller is comprised
of two PI controllers. The voltage and phase angle are com-
pared for both actual and droop characteristics to obtain the
droop control. The PI controllers for the reference current
generation obtained from the controller are shown in
Figure 6.

Voq

Voq
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ilq
⁎+

–

1/S Kiv,q

Kpv,q

+

(a) (b)

Figure 6: Voltage controller (a), quadrature axis current reference, and (b) direct axis current reference.
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Figure 5: PLL module.
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The voltage controller uses a PI controller to generate
the reference current. The state equation for the voltage con-
troller is given as,

Фd′ = ωPLL − ω∗ ; i∗ld = kiv,dФd + kpv,dФd′ , ð9Þ

Фq′ = v∗oq − voq ; i∗lq = kiv,qФq + kpv,qФq′ , ð10Þ

where Фd′ is the angular rad/sec difference with the reference,
Фq′ is the voltage difference with the reference, obtained from
the droop characteristics.

The direct axis reference current i∗ld after the filter capac-
itor and quadrature axis reference current i∗lq after the filter
capacitor (LCL) are calculated using the Equations (9) and
(10). Integral and proportional gain kiv,d , kpv,d to generate
direct axis reference current and kiv,q, kpv,q for quadrature
axis reference current is used as in Equations (9) and (10).
This is depicted in Figure 6.

2.6. Current Controller. The voltage controller’s output is fed
to the current controller. PI controller compares the current
from the droop controller and the actual is measured. The
input to the current reference is fed into the voltage control-
ler. The comparator compared the reference and the mea-
sured currents from the output of the LCL filter. The
output of the current controller is the reference voltage v
i∗dq. This comparison controlling the inverter using the
space sector PWM (SVPWM) is generated from the current
controller as shown in Figure 7.

The state equation is shown below in Equations (11) and
(12) to generate direct axis voltage reference v∗id and

(a) (b)

Figure 7: Current controller (a) quadrature axis voltage reference, (b) direct axis voltage reference.

rf Lf rc Lc

Cf

Rd

Figure 8: LCL filter circuit.

Lload

Rload

Lpert
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Figure 9: Load configuration.

VbDQ,i VbDQ,j

rline Lline

ilineDij

Figure 10: Distribution line.
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quadrature axis voltage reference v∗iq.

v∗id = −ωnLf ilq + kic,d〠 i∗ld − ildð Þ + kpc,d〠 i∗ld − ildð Þ, ð11Þ

v∗iq = −ωnLf ild + kic,q〠 i∗lq − ilq
� �

+ kpc,q〠 i∗lq − ilq
� �

,

ð12Þ
where kpc,d , kic,d are proportional and integral gain of PI con-
troller to generate direct axis voltage reference, while kpc,q,
kic,q are proportional and integral gain to generate quadra-
ture voltage gain. Input given to the PI controller is the dif-
ference of actual (without ∗) and reference direct (i∗ld , ild)
and quadrature ði∗lq, ilqÞ current.
2.7. LCL Filter. The LCL filter for the inverter is designed
without considering the losses in the IGBTs and diodes.
Command voltage generated from the current controller is
sent to the LCL filter. The LCL filter with its inherent resis-
tance values is depicted in Figure 8.

The two inductors, Lf and Lc have parasitic resistances rf
and rc, respectively. The filter capacitor Cf along with the
damping resistor Rd are connected as part of the LCL filter.

The state equation governing the filter characteristics of
the LCL filter is shown below.

ild′ ′ =
1
Lf

−rf ild + vid + vod
� �

+ ωPLLilq, ð13Þ

ilq′ ′ =
1
Lf

−r f ilq + viq + voq
� �

+ ωPLLild: ð14Þ

Equation (13) defines the direct axis current (ild′ ′) and
Equation (14) defines quadrature axis current ilq′ ′ from the
inductor to the capacitor in the LCL filter.

iod′ ′ =
1
Lc

−rcioq + vod − vbd
� �

− ωPLLioq, ð15Þ

ioq′ ′ =
1
Lc

−rciod + voq − vbq
� �

− ωPLLiod: ð16Þ

Equation (15) defines the direct axis current (ild′ ′) and
Equation (16) defines quadrature axis current ðilq′ ′Þ from

OUT1
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b
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LOADDISPLAY
CONTROL-CKT

+

Figure 11: Overall simulation diagram-feature reduced stability analysis.
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the capacitor to load side inductor in the LCL filter.

vod′ = 1
Cf

ild − iodð Þ + ωPLLvoq + Rd ild − iodð Þ, ð17Þ

voq′ = 1
Cf

ilq − ioq
� �

+ ωPLLvod + Rd ilq − ioq
� �

: ð18Þ

Equations (17) and (18) define the load side direct and
quadrature axis voltage vod′ and voq′ , respectively, in LCL filter.

2.8. Load Perturbation. An RL load is introduced during the
inverter operation to study the dynamic behavior. The
steady state output frequency and voltage are evaluated.
Figure 9 depicts the load configuration of the load perturba-
tion added as the load to the inverter. Rload and Lload are
taken as load resistance and inductance, and the perturba-
tion resistance and inductance are defined as Rpert and Lpert
. The perturbation elements are used for the stability analysis
of the parallel inverters with load dynamics introduced using
these elements.

The state equation describing the dynamic behavior is
shown below in Equations (19) and (20). Load direct axis
current (iloadD) and load quadrature axis current (iloadQ) are
as given in Equations (19) and (20).

iloadD = 1
Lload

−RloadiloadD +VbDð Þ + ωplliloadQ, ð19Þ

iloadQ = 1
Lload

−RloadiloadQ +VbQ

� �
− ωplliloadD: ð20Þ

The introduction of capacitive load during load pertur-
bation is a novel study carried out in this paper, which
helped us evaluate the dynamic response of the inverter
under autonomous operation.

2.9. Distribution Line. The distribution line represents the
lumped resistance and inductor similar to that of the load.
Since these wires are connected to other inverters in the dis-
tributed grid, the resistance and inductance play important
roles in the response of the inverter during load perturba-
tion. The state equation describing the distribution line is
shown below in Equations (21) and (22). The line configura-
tion for this parallel inverter setup is given in Figure 10. Sub-
script “i” is of DER1 and subscript “j” is of DER2.
Distribution line is connected between these two DERs as
given in Figure 10. Direct axis current (ilineDij) and quadra-
ture axis current (ilineQij) between “i” to “j” DERs.

ilineDij =
1

�Lline
rlineilineD + vbD,i − vbD,j
� �

+ ωpllilineQ, ð21Þ

ilineQij =
1

�Lline
rlineilineQ + vbQ,i − vbQ,j
� �

+ ωpllilineD, ð22Þ

where rline is line resistanc, �Lline is the line inductance,
between two DERs and vbD,ivbQ,i direct and quadrature volt-
age at the line in the “ith” DER. vbQ,i, vbQ,j are direct and
quadrature voltage at “jth” DER.

The average model of this parallel inverter is used to
obtain the state variables. These state variables are linearized
to obtain stability analysis using Eigen analysis.

MATLAB average model is developed as given in the fol-
lowing section for the mathematical model defined in this
section.

2.10. Simulation Setup. MATLAB-based simulation is setup
and developed to obtain the average model of the mathemat-
ical description in previous section. The overall simulation
diagram of the average model is as given in Figure 11. Two
three inverters considered to be supplied from PV panels
are assumed to supply constant DC voltage. Designated with
name Inverter 1 and Inverter2, these two inverters are con-
trolled using the droop characteristics to obtain synchro-
nism between them. An LCL filter is used at the inverter
output to filter the output to obtain sinusoidal output volt-
ages. Line impedance and RL load are designed that can vary
overtime. PI controller parameters are adjusted to obtain
synchronism in the voltage waveform of both the inverters.
Droop controller is designated as “Control Circuit” for both
the inverters. The simulation is developed for 4 secs duration
in both lower load (steady state) and higher load conditions
(unsteady state). The results obtained are as given in the

Table 1: Parameter value.

Parameter Value

rc 0.09Ω

Lf 4.20mH

r f 0.50Ω
Lc 0.50mH

Rd 2.2025

Cf 15 uF

ωc 50.26 rad/s

ωc,pll 7853.98 rad/s

m 1/1000 rad/Ws

n 1/1000V/var

rn 1000

Rload 25Ω
Lload 15mH

Rpert 25Ω
Lpert 7.50mH

rline 0.15Ω
Lline 0.40mH

Voq, n 85V

ωn 377 rad/s

ωpll 377 rad/s
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following section. The parameters used for simulation are
shown in Table 1.

The average model of the parallel inverter is developed
using MATLAB Simulink using the parameters used in
Table 1. MATLAB simulation developed as per Figure 11
is used for stability analysis and feature reduction analysis
as given in the following section.

3. Results

Photovoltaic generator output is discussed in Figure 12. Both
direct and quadrature components are obtained, while a load
variation in the perturbation impedance at 1.5 secs is intro-

duced. The mode changed from stable to unstable mode
when the load impedance is changed drastically.

The voltage and current waveform obtained in the steady
state operation are as shown in Figure 13. Waveforms of
both parallel inverters are similar during steady state
operation.

The radians and radians/secs during the steady opera-
tion of both inverters are shown in Figures 14 and 15,
respectively. The angular radians/sec of 377 corresponding
to 60Hz is maintained in both inverters during the steady
state operation.

The angular radians/sec for both the photovoltaic gen-
erators are shown in Figure 16. The variation between the
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Figure 12: Photovoltaic Generators, Direct and Quadrature-voltage and current.
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angular variations of both photovoltaic generators during
the steady state region is found to be very close to each
other.

Variation in the angular rad/sec is near the actual desired
377 corresponding to 60Hz. Due to higher load, controller
oscillations in the inverter are higher. Thus, the variation
of angular rad/sec is more oscillatory. Due to the higher load
variation in the slave photovoltaic generators, its angular
rad/sec varied as shown in Figure 17.

Perturbation in the load is increased to the unstable
region also to validate the dimensionality reduction for sta-
bility analysis. Real and reactive power variations in the
unstable region are shown in Figure 18. A negative reactive
power is observed in the slave photovoltaic generators.

A total of 36 states completely describe the two full
inverters. These states are defined in the following array.
xinv1 ,xinv2 , and xload are state variables of DER1, DER2, and
load, respectively. Linearization of these variables is the col-
lection of these state variables, equilibrium values, or the
steady state values, given as

xinv1 = δ1P1Q1Фd1Фq1γd1γq1ild1ilq1vod1voq1iod1ioq1ФPLL1vod1,f
� �

,

ð23Þ

xinv2 = δ2P2Q2Фd2Фq2γd2γq2ild2ilq2vod2voq2iod2ioq2ФPLL2vod2,f
� �

,

ð24Þ
xload = iloadD1 iloadQ1 iloadD2iloadQ2

� �
, ð25Þ

xline = ilineD21ilineQ21
� �

: ð26Þ
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Figure 14: Angular radians and radians/sec for DER1.
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400

Wpll

380

360

340
0 0.5 1 1.5 2 2.5 3 3.5 4

Figure 16: Angular rad/sec during stable region.

9International Journal of Photoenergy



By combining the vectors, one master vector is obtained
as shown in

x = xinv1xinv2xloadxlineð �: ð27Þ

An operating point of the variables defined in Equation
(27) is observed in the average model developed for lineari-
zation. These linearized values thus obtained are used for

Eigen analysis. State space Equation (28) is developed using
the master vector defined in Equation (27).

x = Ax + Bu, ð28Þ

where x is the state vector and u is the input. The input vec-
tor is given below. u = ½vbD1 vbQ1 vbD2 vbQ2�.
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PCA analysis is applied to the variables to choose the
total number of primary variables for stability analysis in
the parallel inverter. Principal component analysis (PCA)
is used as the dimensionality reduction procedure in
machine learning applications. Larger number of variables
is reduced to principal components (PC) which represent
all the variables. Linear combination of all variables form
the PCs. Stability analysis of the any system can be analyzed
by means of Eigen analysis. Eigenvalues of the state space
variables at steady state if positive it means that the system
is unstable. While the eigenvalues if negative indicates that
the system is stable. PCs are the eigenvalues of the state
space variables. From the PCs the variables that affect the
PCs can be found. Thus, finding the state space variables
that affect the eigenvalues that determine the stability and
instability of the system. The correlation diagram of all the
36 variables are as given in Figure 19.Waveform of the vari-
ables in Equation (27) are extracted. The extracted variables
are plotted on a heat map in Figure 19 using Python to ana-

lyze PCA. The eigenvalues of the unstable operation are
given in Table 2. Thus, for the stability analysis of the paral-
lel inverters, top three variables can be accepted as the prin-
cipal components.

Applying PCA to the number of variables in Equation
(27) obtained during both stable and unstable regions,
showed the three variables to be affecting the stability of
the parallel inverters.

First step in PCA is standardizing the state space vari-
ables to a range of values. This is because PCA is sensitive
to higher range of values which will lead to more affiliation
to values with higher range. Space variables are normalized
to be able to apply the PCA on the data. Matrix is generated
to find the relation between the state space variables after
standardization. Then vectors and values are computed from
the matrix to obtain the principal components of the data.
These PCs are uncorrelated and thus defining unique infor-
mation about the data. For 36 state variables, 36 PCs will be
available. But the first component will inherit maximum
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information about all the 36 variables to the maximum. And
the information about the input variables in the PCs are
found to be diminishing from second component. Percent-
age of variance of the state space variable is reflected in the
PCs.

The first PC would exhibit the higher values of variance
of the state space variables and it diminishes for the PCs fur-
ther; the other PC values are negligible in percentage vari-
ance as they can be removed from the table.

4. Discussion

To choose the state space variables of importance principal
components are scrutinized. The PC for 36 variables will
be a 36 × 36 matrix. How each of the 36 state space variables
affects the 36 PCs is defined. Since top three eigenvalues are
contributing to most of the variance, only these three PCs
are selected for further analysis.

Variables δ1 ,δ2 , and P1 have higher eigenvalues as com-
pared to other variables in Table 2. This exhibits that these

variables can act as the principal components in obtaining
the stability analysis of the parallel inverter topology in
islanded mode. Thus, feature reduction in the implementa-
tion of stability analysis is evident from the PCA implemen-
tation. Although the PCA is affected by the variables, the
stability will be affected by the variables that affects the
PCs. Variables that affect the PCs can be obtained by plot-
ting the coefficients of the variables that calculates the PCs.
From Table 2, it can be observed that the principal

Table 3: State variables eigenvalues at an unstable state.

Parameter Eigenvalues

δ1 [3:47599901e + 01 + 0:j]
δ2 [9:52223038e − 01 + 0:j]
P1 [1:78572064e − 01 + 0:j]
P2 [8:28196679e − 02 + 0:j]
Q1 [2:06535450e − 02 + 0:j]
Q2 [3:76254413e − 03 + 0:j]
φ · d1 [9:30223166e − 04 + 0:j]
φ · d2 [3:23647650e − 04 + 0:j]
φ · q1 [2:74738000e − 04 + 0:j]
φ · q2 [2:04843474e − 04 + 0:j]
γd1 [7:96401036e − 05 + 0:j]
γd2 [5:58565136e − 05 + 0:j]
γq1 [4:43907914e − 05 + 0:j]
γq2 [2:70049207e − 05 + 0:j]
ild1 [1:98019468e − 05 + 0:j]
ild2 [1:00697856e − 05 + 0:j]
ilq1 [6:62528703e − 06 + 0:j]
ilq2 [9:68277124e − 07 + 0:j]
vod1 [5:18866118e − 07 + 0:j]
vod2 [2:58497381e − 07 + 0:j]
voq1 [1:81588836e − 07 + 0:j]
voq2 [1:27296585e − 07 + 0:j]
iod1 [6:33469747e − 08 + 0:j]
iod2 [2:38383770e − 08 + 0:j]
ioq1 [8:57436145e − 09 + 0:j]
ioq2 [5:42819444e − 09 + 0:j]
vod1,f [:72146918e − 09 + 0:j]
vod2,f [:90209533e − 09 + 0:j]
iloadD1 [:00005811e − 10 + 0:j]
iloadD2 [:44779676e − 10 + 0:j]
iloadQ1 [:61968142e − 10 + 0:j]
iloadQ2 [:58108118e − 10 + 0:j]
ilineD21 [:70795635e − 11 + 0:j]
ilineQ21 [:61576758e − 14 + 0:j]

Table 2: State variable eigenvalues at steady state.

Parameter Eigenvalue

δ1 [−6:28087237e + 01 + 0:j]
δ2 [−3:38236020e + 00 + 0:j]
P1 [−2:07011345e − 01 + 0:j]
P2 [−9:6778641e − 02 + 0:j]
Q1 [−2:0002787e − 02 + 0:j]
Q2 [−3:78336738e − 03 + 0:j]
φ · d1 [−1:9386353e − 03 + 0:j]
φ · d2 [−8:78333632e − 04 + 0:j]
φ · q1 [−3:948444725e − 04 + 0:j]
φ · q2 [−2:0927252e − 04 + 0:j]
γd1 [−9:636353563e − 05 + 0:j]
γd2 [−6:093736637e − 05 + 0:j]
γq1 [−4:73833663e − 05 + 0:j]
γq2 [−3:383839829e − 05 + 0:j]
ild1 [−2:838383333e − 05 + 0:j]
ild2 [−1:33229282e − 05 + 0:j]
ilq1 [−6:82792911e − 06 + 0:j]
ilq2 [−9:6373627e − 07 + 0:j]
vod1 [−5:02920245e − 07 + 0:j]
vod2 [−4:95743920e − 07 + 0:j]
voq1 [−1:23938022e − 07 + 0:j]
voq2 [−1:0563929e − 07 + 0:j]
iod1 [−6:09729201e − 08 + 0:j]
iod2 [−3:04746379e − 08 + 0:j]
ioq1 [−1:0272611e − 08 + 0:j]
ioq2 [−5:08372729e − 09 + 0:j]

12 International Journal of Photoenergy



components observed from the steady state variable are the
linear combinations of the different variables thus obtained
from the PCA. Correlation among the variables in the stabil-
ity analysis needs to be removed by applying PCA. Corre-
lated variables do not give more idea about the stability.
Thus, finding the important variables that can highlight
the stability of the system is necessary for feature reduction.
PCs obtained from PCA analysis represent the uncorrelation
between variables utilized in the stability analysis. Primary

PCs obtained are PC1 and PC2. From the PCs, the variables
with higher contribution to the PCs can be observed using
PCA analysis. These variables affect the stability of the sys-
tem both in the steady state and the transient state of the
implementation. Stability analysis of the parallel inverter
uses 36 variables. Negative eigenvalues indicate the stability
of the system. Eigenvalues are the PCs in PCA. Variables
that affect the first PC will eventually affect the stability of
the system. The first PC represents around 96% of all the
36 variables. Depiction of the contribution of state variables
to the PC1 and PC2 values is shown in Figure 19. State var-
iables with higher contribution to PC1 are observed. These
variables which contribute higher values to the PC1 value
are extracted from the PC1 coefficients and those variables
are further used for eigenanalysis of the system. The stability
or instability of the system is analyzed by using the stipu-
lated number of the state space variables instead of using
the total state space variables coefficients of different state
space variables are as given in Table 3. It can be observed
that the variables ild1, ilq2, vod2, iod1, ioq2, iloadQ1, and ilineQ21
have higher PC coefficients. The Eigen analysis with vari-
ables corresponding to higher PC coefficients will be enough
for the stability analysis of the system. These higher PC coef-
ficients clearly indicate that those variables claim higher var-
iance. The variables corresponding to higher PC coefficients
are used for Eigen analysis of the overall system. The

Table 4: State space variable and PC coefficients.

Parameter PC coefficients

δ1 0.06530153

δ2 0.04732331

P1 0.15161765

P2 -0.08395888

Q1 -0.03838542

Q2 -0.02207935

φ · d1 -0.04568406

φ · d2 -0.00449388

φ · q1 0.06953892

φ · q2 0.07450347

γd1 0.01676722

γd2 0.06794937

γq1 0.06727851

γq2 0.06731414

ild1 0.27944524

ild2 0.11183713

ilq1 -0.10433537

ilq2 0.2636996

vod1 -0.28665887

vod2 0.28775177

voq1 -0.07699026

voq2 -0.0361415

iod1 0.27949993

iod2 0.11100814

ioq1 -0.10424233

ioq2 0.2634316

vod1,f .28355328

vod2,f 28515001

iloadD1 .09540814

iloadD2 21144811

iloadQ1 26672235

iloadQ2 20395906

ilineD21 10466113

ilineQ21 28019509
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Figure 20: State variable PC1 and PC2 coefficient.

Table 5: Selected state space variables with high PC coefficients.

State space variable Eigenvalues

ild1 [5:15132354e + 00 + 0:j]
ilq2 [2:43332788e + 00 + 0:j]
vod2 [3:94566725e − 01 + 0:j]
iod1 [2:02298986e − 02 + 0:j]
ioq2 [5:07587063e − 04 + 0:j]
iloadD2 [2:89596201e − 05 + 0:j]
iloadQ1 [:55388696e − 06 + 0:j]
ilineQ21 [:85207779e − 06 + 0:j]
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stability condition or the instability condition of both the
reduced dimensional and without dimensionality reduction
is found to be giving the same stability or instability condi-
tion. The PCA output from all 36 variables is obtained as
PC1 and PC2 as given in Figure 19. As per PC1 and PC2
values are the coefficient values of the variables at the steady
state. Both PC1 and PC2 values coefficient values for each
variable are plotted to know the importance of the variables
in Eigen analysis. The coefficient values of each variable tell
the importance of these variables on the eigenvalues
obtained that indirectly indicate the stability or instability
in the system. Among all the variables, those values that
are having higher coefficient values are chosen to determine
the variables or state space variables that affect the stability
of the system. The unstable region of the output is consid-
ered, and the eigenvalues are as given in Table 3.

The PCs are obtained by the linear combinations of the
state space variables and the PC coefficients. PC coefficients
represent the importance of those variables in the principal
components. The PC coefficients for all the state variables
are as given in Table 4.

Similarly, the eigenvalues of the 8 variables are positive
to indicate that the system is unstable as the output obtained
from the 36 variables. Table 4 shows the variables and their
corresponding eigenvalues from the linearized average
model of the parallel inverters.

The correlation graphs obtained from the heatmap of the
implementation show that the correlation values between
these 8 variables chosen from the PCA implementation is
having good correlation values between them. And the sta-
bility analysis of the system using these 8 variables also
depict that the system is in an unstable region. Eigenvalues
of all the 8 variables are positive as is the same when applied

with 36 variables. The correlation values between those 8
variables with higher PC coefficients are given in Figure 20.
The correlation obtained between the eight state variables
is shown in Figure 20.

These eight variables are selected using PCA from the 36
variables are clearly having moderate values unlike the 36
variables which had extreme values. Stability analysis of both
the actual and feature-reduced analysis is found to be giving
the same results. The primary PCs of both PC1 and PC2 are
as shown in Figure 20. As per Table 5, the important vari-
ables that contribute to these primary PCs are taken, and
the correlation diagram of these state variables are as shown
in Figure 21.

5. Conclusion

Dimensionality reduction in the stability analysis of parallel
inverters is implemented. Results obtained from PCA analy-
sis indicated that the parallel inverters stability analysis does
not require many variables as discussed in previous publica-
tions. The dimensionality reduction applied to the variables
from the linearized average model indicated validation of
dimensionality reduction. An average model developed
using MATLAB and PCA is carried out using Python which
clearly indicates the validation of the dimensionality reduc-
tion in the stability analysis. The reduced number of vari-
ables is validated for both the stable and unstable range of
the parallel inverter droop controller. Both cases validated
dimensionality reduction in the stability analysis of parallel
inverters.

Feature reduction for stability analysis in the future can
lead to a reduction in the need for more variables needed
for stability analysis of the complex system. Memory
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allocation for the stability analysis will get reduced due to a
lesser number of variables. In future work, the dynamics of
photovoltaic characteristics can be introduced in the imple-
mentation to obtain the in-situ dynamics of the microgrids.
This can be extended to other renewable sources which is
having voltage at the DC link to be varying. Other feature
extraction algorithms like linear discriminant analysis
(LDA) can be implemented instead of PCA to get further
insights into the variables that affect the stability analysis
of the islanded mode converters. Other renewable energy
sources like wind turbines and tidal can be introduced by
introducing the dynamics of the renewable sources. Since
the DC link voltage of the parallel inverters used in the
implementation is constant, it is meant for only the constant
DC supply at the DC link. Introducing the dynamics of
renewable energy resources gives a better idea about the sta-
bility of the system.

Abbreviation

P: Real power
p: Real power (instantaneous)
Q: Reactive power
q: Reactive power (instantaneous)
ωc: Corner frequency
vod : Direct axis voltage (inverter)
voq: Quadrature axis voltage (inverter)
iod : Direct axis current (inverter)
ioq: Quadrature axis current (inverter)
m, n: Droop real power-angular radian/sec and reactive

power-voltage slope, respectively
c, PLL: Reference corner frequency
kp , PLL: Proportional parameters for PLL generation
ild : Direct axis current (line)
ilq: Quadrature axis current (line)
Lf : Inductor (filter)
Lc: Inductance
rf ; rc: Parasitic resistance
Rload: Load resistance
Lload: Load inductance
δ1: Phase angle reference for master inverter
δ2: Phase angle slave inverter.
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