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Abstract: This paper investigates effects of wind speed and solar irradiance uncertainties on oscillatory stability of 

Microgrid (MG). Novel estimation technique based on Student’s t-Copula is applied to estimate the probability 

distribution function (PDF) of wind speed and solar irradiance by taking into account the stochastic dependencies 

between those energy resources. A detailed MG system comprising of Wind Energy Conversion System (WECS), PV 

system and Diesel Engine (DE) based distributed generation (DG) units is considered to provide a complete dynamic 

response of the investigated MG. Distribution of critical modes damping ratio is thoroughly investigated by means of 

Monte Carlo Simulation (MCS). Probabilistic study of small signal stability in MG implies that the renewable energy 

resources (RES) uncertainties result in a dynamic change of power-sharing strategies and introduce adverse effects on 

small signal stability. In addition, the damping value is variated from critical damped (with probability around 0.004), 

well damped and under damped. Moreover, it was monitored that wind speed fluctuation brings more severe impact 

on system damping than irradiance variation. Consequently, the MG experienced more oscillatory conditions and even 

lead to unstable situation at high wind speed circumstances. While under solar irradiance change, the investigated MG 

system can maintain its stable operation. 

Keywords: Copula, Microgrid, Monte-carlo, Renewable energy, Oscillatory stability, Uncertainties. 

 

 

1. Introduction 

A cluster of RES based DG units such as WECS, 

PV and its combinations might be operated into a 

single coordinated and controlled power system 

namely as microgrid (MG). The MG system mostly 

operated in islanding mode due to the absence or 

limitation of distribution line provided by the utilities. 

When operated independently from the existing grid, 

MG should be able to provide an accurate power-

sharing scheme among DGs while maintaining the 

stability of local voltage and frequency. Moreover, 

uncertain RES condition such as wind speed and solar 

irradiance variations introduced novel challenges to 

MG operation, involving small signal stability. As 

wind speed and solar irradiance varied, power output 

from the corresponded DGs fluctuated accordingly. 

Power sharing scheme should be adjusted 

continuously to manage with random RES change or 

variation. Change of power-sharing might bring 

adverse effect on system dynamic response [1–3]. 

Oscillatory stability concern potentially emerges due 

to change of MG operating point after being 

subjected to a small perturbation in the power-sharing 

scheme.  

Since the RES uncertainties significantly affect 

the contribution of each DGs in MG, risk assessment 

and small signal stability analysis of islanding MG 

operation is crucial. Comprehensive small signal 

stability study involving all possible conditions of 

RES should be considered to evaluate dynamic 
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performance and determine the system stability 

boundaries. The conventional method to analyse the 

oscillatory stability is the modal analysis based on a 

deterministic approach. However, the main 

consideration of deterministic analysis is the 

incapability to capture random or stochastic 

behaviours due to uncertainties [4, 5]. Since the RES 

varying continuously, the system operating point 

would be stochastically uncertain. As a consequence, 

it is difficult to obtain a complete picture regarding 

the risk of instability and the distribution of possible 

system operating point using the deterministic 

approach [6]. This limitation motivated the 

development of novel approach in analysing 

oscillatory stability considering uncertainties. Monte 

Carlo Simulation (MCS) has been a popular method 

for solving a probabilistic oscillatory stability 

problem in power system. Although MCS required a 

high computational time, it provides an accurate 

result and flexibility to handle a large number of data 

samples compared with another analytical method [7]. 

Implementation of MCS to investigate the impact of 

wind generation uncertainty on angle stability has 

been investigated in [8–10]. In [8], it was found that, 

representing intermittent wind speed by using 

probabilistic approach has significant influence of 

small signal stability. Research effort in [9], 

investigate the application of monte carlo simulation 

for modelling the uncertainty of wind speed. In 

addition, research effort in [10] shows that the impact 

of integrating probabilistic wind power system can be 

handled by adding SVC and PSSs. It was observed 

that an adverse effect on small signal stability was 

monitored as power injection from WCES increase. 

Dynamic behaviour of PV-Diesel MG under the 

uncertain condition of solar irradiance and load was 

investigated in [11, 12].  

The accuracy of MCS is highly dependent on the 

estimation of random variable probabilistic 

distribution functions (PDFs). The distribution 

functions of RES such as wind speed and solar 

irradiance are difficult to be accurately estimated 

since they are strongly dependent on ambient 

temperature, climate, and geographical positions [13]. 

Many studies have been developed for modelling the 

distribution function of RES for stability analysis 

purpose [4–6]. However, those previous studies did 

not consider dependencies among varying variables. 

Since both of wind speed and solar irradiance are 

influenced by environmental circumstances, it is 

important to take into account the potential 

correlation between variability of wind speed and 

solar irradiance in modelling their PDFs. In [14, 15], 

the correlation and analysis of the climatological 

relationship between wind and solar energy are 

presented. It was monitored that at certain areas, there 

is a complementary relationship between wind speed 

and solar irradiance.  

To take into account the correlation or dependence 

in RES modelling, a copula estimation technique is 

proposed. Copula method is a popular method to 

generate a multivariate distribution function from 

their marginal univariate distribution and provide a 

correlation structure between random variables. 

Moreover, the proposed technique is feasible to 

estimate the PDFs of stochastic variables which have 

distributions, not from a standard multivariate 

distribution. A copula method for estimating 

correlation of instantaneous solar irradiance in the 

spatial network is presented in [16]. Estimation of 

wind speed and solar irradiance cumulative 

distribution functions (CDFs), considering their 

dependencies, using a diagonal band copula is 

presented in [13]. Moreover, the stochastic 

correlation among wind power generator in a certain 

area was modelled using Gaussian copula as 

presented in [17]. 

Even though the dependence of RES might 

influence the dynamic behaviour of MG, only a few 

works considering the RES correlation in the 

probabilistic small signal stability analysis were 

reported. This paper presents an analysis of 

oscillatory stability performance in islanding MG 

operation considering the dependence model of wind 

speed and solar irradiance. A copula estimation 

technique is adopted in this paper to generate more 

practical PDFs of wind speed and solar irradiance 

scenarios. The determined stochastic RES model is 

applied to hybrid MG system comprising of WECS, 

PV and diesel engine (DE) based DG units. Dynamic 

response, damping performance and oscillatory 

frequency of the hybrid MG under the stochastic 

condition of RES are observed through MCS. The 

eigenvalues obtained from the MCS are clustered 

using a spectral clustering technique to extract the 

critical modes. Risk of instability and small signal 

stability performance of the investigated MG system 

are then evaluated based on statistical properties of 

the critical eigenvalues.  

The remainder of the paper is organized as follows. 

Estimation procedure of the wind speed and solar 

irradiance using copula approach and MCS of 

probability small signal stability are presented in 

Section II. In Section III, a detailed modelling 

procedure of hybrid MG involving dynamic models 

of the control system, distribution network and load 

are presented. The simulation results are presented 

and discussed in Section IV. Eventually, conclusions 

and contributions of this paper are highlighted in 

Section V. 
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2. Microgrid model 

Fig. 1 depicts the investigated hybrid Microgrid 

(MG) system comprising of Wind-PV and Diesel 

Engine (DE) based DG units. Full Converter WECS 

incorporates back-to-back AC/DC/AC converter as 

interfacing device between the wind turbine and local 

bus. While in two stages PV system, boost DC/DC 

and DC/AC inverter system facilitated the connection 

between solar PV array and local bus. Moreover, high 

order component due to high frequency switching 

features of power electronic devices in RES based 

DGs is handled by one order L-C-L low pass filter.  

It was clearly reported in [18, 19] that MG 

dynamic behaviour is strongly influenced by power 

contributions of each DG units within MG. The 

contributions of RES based DG units are determined  

through power sharing control scheme which are 

realized using droop control method. In order to 

ensure a balance condition between generated and 

demanded power, droop parameters of WECS and 

PV based DG units should be updated continuously 

in proportion with wind speed and solar irradiance 

changes. In this research, a modified droop method is 

proposed to facilitate an adaptive power sharing 

scheme from each RES based DG unit. The proposed 

control strategy is then applied in grid-side converter 

controller of WECS and PV based DG unit as 

depicted in Fig. 2. 

As depicted in Fig. 2, the grid side inverter 

control involves a modified droop control strategy, 

voltage and current control loops. The modified 

droop control adjusts droop parameter adaptively to 

provide a precise power sharing scheme among DG 

units when the MG is operated under fluctuated 

condition of wind speed and solar irradiance.  

Calculated reference values from the modified droop 

control are then applied to voltage and current control 

loops. Voltage control loop enhances the system 

dynamic response while current control loop is 

responsible for generating a modulation signal for 

DC/AC inverter. 

Average active (Pmeas) and reactive (Qmeas) 

power are determined by filtering the instantaneous 

active and reactive power as given by  

 

∆𝑃𝑚𝑒𝑎𝑠 = {
𝜔𝑐

(𝑠 + 𝜔𝑐)
} 𝑝 

𝑑∆𝑃𝑚𝑒𝑎𝑠

𝑑𝑡
=  𝜔𝑐𝑝 − 𝜔𝑐∆𝑃𝑚𝑒𝑎𝑠 

∆𝑄𝑚𝑒𝑎𝑠 = {
𝜔𝑐

(𝑠 + 𝜔𝑐)
} 𝑞 

𝑑∆𝑄𝑚𝑒𝑎𝑠

𝑑𝑡
=  𝜔𝑐𝑝 − 𝜔𝑐∆𝑄𝑚𝑒𝑎𝑠                                 (1) 

 

Reference values of frequency (ω*) and voltage 

(v*) are determined as a function of droop parameter 

according to the following equations 

 

 𝜔∗ = 𝜔𝑛 − 𝑚𝐷𝐺−𝑣𝑎𝑟(∆𝑃𝑖𝑛 − ∆𝑃𝑚𝑒𝑎𝑠) 

𝑣𝑜𝑑
∗ = 𝑣𝑛 − 𝑛𝑞(∆𝑄𝑖𝑛 − ∆𝑄𝑚𝑒𝑎𝑠)                    (2) 

 

Active and reactive droop gains selection are 

conducted as a compromise between accurate power-

sharing, enhancement of dynamic response and 

 
Figure. 1 Investigated microgrid model 
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voltage regulation. In this study, only active power 

variation from RES is considered since MG small 

signal stability less sensitive to reactive droop gain 

variation [1–3]. Reactive power droop gains in each 

DGs are maintained constant throughout this work. 

RES uncertainties in terms of fluctuating conditions 

of solar irradiance and wind speed significantly 

influence the power-sharing scheme among DG units. 

To handle RES uncertainties, the droop gain values 

should be adjusted continuously to ensure accurate 

power sharing in accordance with RES variations. 

Moreover, during islanding operation, each of DGs 

should contribute to maintaining the system 

frequency. The frequency support from each DGs is 

feasible if there is sufficient power margin. Hence, to 

ensure adequate power preserve for frequency 

regulation purpose, the WECS and PVs might be 

operated slightly below its maximum operating point. 

A proposed dynamic droop parameter considering 

RES variation and power preserve for frequency 

regulation purpose is given by 

 

𝑚𝐷𝐺−𝑣𝑎𝑟 = (𝑚𝑚𝑎𝑥 − (𝑚𝑚𝑎𝑥 − 𝑚𝑚𝑖𝑛) {
𝑃𝑖𝑛𝑝𝑢𝑡

𝑃𝑚𝑎𝑥
}) (3) 

 

Where Pinput and Pmax represent actual input 

power from RES and maximum power of DGs 

respectively.  

The active droop gain control is regulated within 

the specified maximum (mmax) and minimum (mmin) 

limit. 

For PV based DG, the droop gain can be 

calculated by substituting generated input power 

from PV as a function of solar irradiance [20] to Eq. 

(10) as given by 

 

𝑚𝑃𝑉−𝑣𝑎𝑟 = (

𝑚𝑚𝑎𝑥 − (𝑚𝑚𝑎𝑥 − 𝑚𝑚𝑖𝑛) ×

𝑉𝑃𝑉𝑁𝑃

𝑃𝑚𝑎𝑥
× {𝐼𝑠𝑐 (

𝐺0

𝐺𝑟𝑒𝑓
) − 𝐼𝑠𝑒

𝑞𝑉𝑃𝑉
𝑛𝑘𝑇𝑁𝑠}

)     (4) 

 

Where Gref  and G0 represent a reference and 

initial values of solar irradiance around a certain 

operating point respectively. Number of parallel and 

series solar panel are represented by Np and Ns 

respectively. Electrical variables of PV arrays which 

represent short circuit current and voltage of PV array 

are represented by ISC and VPV respectively. While, T 

shows an ambient temperature. n and k represent 

constants values of PV arrays. 

Similarly, for wind based DG unit, the droop gain 

can be calculated by substituting generated input 

power from WECS as a function of actual wind speed 

[21] to Eq. (10) as given by 

 

𝑚𝑊𝐸𝐶𝑆−𝑣𝑎𝑟 = (
𝑚𝑚𝑎𝑥 − (𝑚𝑚𝑎𝑥 − 𝑚𝑚𝑖𝑛) ×

{
0.5𝜌𝐶𝑜𝑝𝑡(𝜆𝑜𝑝𝑡,𝛽)𝐴𝑟𝑣𝑤0

3

𝑃𝑚𝑎𝑥
}

)       (5) 
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Where vw0 represents an initial condition of wind 

speed around a certain operating point. It is assumed 

that power input from a certain wind speed is a 

function of a given wind speed with constant tip 

speed ratio and blade pitch angle. Copt represents an 

efficiency constant of wind turbine.  

Development procedure of state space model of 

the investigated MG system, comprising of WECS, 

PV and Diesel engine based DG units, is represented 

in [18, 19]. The complete model of the hybrid MG 

system incorporates state space model of solar array, 

wind turbine, electrical machines, power electronic 

devices, controller, distribution network and lumped 

load. The dynamic behaviour of the MG system 

which is refleted in variation of critical eigenvalues, 

is then investigated under uncertain condition of wind 

speed and solar irradiance. 

3. Method 

3.1 Copula for wind speed and solar irradiance 

estimations 

Annual historical data of wind speed with three-

hour measurement resolutions and an hourly solar 

irradiance between 2014-2015 from two weather 

stations in Rockhampton, Queensland, Australia are 

considered. The collected data are seasonally 

clustered. The seasonal data are then further divided 

into 24 hourly data segments. For small signal 

stability analysis of islanding MG operation, it is 

assumed that all DG units in MG participate in 

supplying load demand. Hence, the only dynamic 

behavior of hybrid MG during daytime is considered. 

Thus, there are 4 combinations of wind speed and 

solar irradiance data for the year in each location. 

Considering a month is equivalent to 30 days, each 

season time segment comprising of 90 wind speed 

and solar irradiance data. 

The selected hourly data of wind speed and solar 

irradiance are applied to copula function to generate 

stochastic distribution variables for MCS. The copula 

is a function that links or join multivariate 

distribution functions to their one-dimensional 

marginal distribution functions [22].  Derived from 

Sklar’s theorem, the random variables of X and Y 

with their CDF of FX and FY respectively can be 

linked by a copula function C as given by 

 

𝐹𝑋𝑌(𝑥, 𝑦) = 𝐶 (𝐹𝑥(𝑥), 𝐹𝑦(𝑦))                                (6) 

 

Multivariate distribution function in a copula can 

be presented as a uniform distribution by 

transforming the CDF of an arbitrary random variable 

X and Y. Consequently, a uniform variables 

distribution can be transformed into its actual values 

by using the inverse of CDF (iCDF). Transformation 

of actual random variables of X and Y values into the 

uniform distributions on the interval [0,1] can be 

stated as 𝐹𝑥(𝑥) = 𝑢 and 𝐹𝑦(𝑦) = 𝑣 respectively. By 

applying iCDF to the uniform values, the copula 

function of the actual values of u and v is given by 

 

𝐶𝑈𝑉(𝑢, 𝑣) = 𝐹 (𝐹𝑥
−1(𝑢), 𝐹𝑦

−1(𝑣))                         (7) 

 

Students’ t copula is employed in this study to 

provide a stochastic model of wind speed and solar 

irradiance considering possible dependence between 

those RES. The t-copula has been selected due to 

superior features comparing with the Gaussian 

copula. Moreover, it had the better feasibility to 

capture the extreme values of random variables [23]. 

In simulating t-copula, a multivariate t-distributed 

random vector 𝑿~𝑡𝑑(𝑣, 𝛍, Σ) is generated according 

to the density function as given by the following 

equation 

 

𝑓(𝑥) =
Γ(

𝑣+𝑑

2
)

Γ(
𝑣

2
)√(𝜋𝑣)2|Σ|

× (1 +
(𝑥−𝛍)′Σ−1(𝑥−𝛍)

𝑣
)            (8) 

 

Where v is degrees of freedom,  is mean of vector 

random variables and  represents positive-definite 

dispersion or scatter matrix.  

Under normalization of the marginal distribution, 

the t-copula remains invariant, hence it can be 

considered that the copula of 𝑿~𝑡𝑑(𝑣, 𝛍, Σ)  is 

identical to 𝑿~𝑡𝑑(𝑣, 𝟎, 𝑃). Where P represents the 

correlation-matrix implied by the dispersion of 

matrix . For estimating purposes, the density of t-

copula might be determined from Eq. (2) and given 

by the following equation [23]. 

 

𝐶𝑣,𝑃
𝑡 (𝐮) =

𝑓𝑣,𝑃(𝑡𝑉
−1(𝑢1),…,𝑡𝑉

−1(𝑢𝑑))

Π𝑖=1
𝑑 𝑓𝑣(𝑡𝑉

−1(𝑢𝑖))
, 𝐮 ∈  (0,1)𝑑          (9) 

 

Where 𝑓𝑣,𝑃 is the joint density of a 𝑿~𝑡𝑑(𝑣, 𝟎, 𝑃) and 

𝑓𝑣 represents the density of univariate standard t-

distribution with v degrees of freedom. 

The strength of dependence between random 

variables can be measured through rank correlation 

(ρr) values. The rank correlation of random variables 

X and Y with CDFs of FX and FY is defined as [13, 

17]. 

 

𝜌𝑟(𝑥, 𝑦) = 𝜌 (𝐹𝑥(𝑋), 𝐹𝑦(𝑌))                              (10) 

 

The rank correlation varies in the range of [-1,1] 
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which corresponded to perfect negative and positive 

dependence respectively. Negative dependence 

represents the complementary relationship between 

random variables; increase values of one variable 

associated to decrease of another random variable. 

While positive dependence indicated a monotonic 

relationship between variables to which large or 

small values of one variable related to large or small 

values of other variables. The product moment 

correlation of stochastic variables is given by the 

following equation [17]. 

 

𝜌(𝑋, 𝑌) = 2 sin (
𝜋

6
𝜌𝑟(𝑋, 𝑌))                               (11) 

 

Estimation of t-copula parameters (v and P) can 

be approached by using maximum likelihood method 

based on maximization of the joint probability 

density of random variables as given by 

 

log 𝐿 (𝑣, 𝑃; 𝐔̂1, … , 𝐔̂𝑛) =  ∑ log 𝐶𝑣,𝑃
𝑡  (𝐔̂𝑖)𝑛

𝑖=1    (12) 

 

Where 𝐶𝑣,𝑃
𝑡   denotes density function of the t-

copula as stated in Eq. (4). 

By applying the inverse of CDF (CDF) to the t-

copula function as given by Eq. (2), the estimated 

actual values of a stochastic variable can be 

determined. 

3.2 Monte carlo simulation for small signal 

stability 

The influence of uncertain conditions of wind 

speed and solar irradiance on the dynamic behaviors 

of hybrid MG system is evaluated through MCS 

method. The distribution of wind speed and solar 

irradiance historical data from two weather stations 

were estimated by means of t-copula, considering 

uncertainties and possible dependencies among RES. 

The framework of probabilistic small signal stability 

analysis using MC method is depicted in Fig. 3 

The values of wind speed and solar irradiance 

obtained from joint distribution function from the t-

copula method are randomly sampled to realize the 

uncertain condition of hybrid MG operating points. 

The non-linear dynamic response of critical 

eigenvalues in different operating points under RES 

variations are assessed using modal analysis method. 

Trajectories and damping ratio of critical modes are 

evaluated to determine the risk of instability and 

small signal stability performance. 

Under uncertainties, sensitive eigenvalues 

behaved randomly. Hence, it is difficult to observe 

the dynamic response of the critical modes.  

 

Complete small signal model 

of hybrid Microgrid

i=1

Generate random wind speed 

and solar irradiance

Modal Analysis

i≤N

Statistical Analyis of 

Critical Modes

i=i+1

Clustering of Sensitive 

Eigenvalues

Read historical 

wind speed and 

solar irradiance 

data

Estimate wind speed and solar 

irradiance distribution and 

dependence using Copula 

 
Figure. 3 Monte carlo simulation for probability small 

signal stability analysis 

 

Conventionally, eigenvalues characterization is 

performed by monitoring contributions of state 

variables in those corresponded modes. However, in 

stochastic small signal stability analysis with a large 

number of eigenvalues obtained from MCS, it is 

difficult to specify the eigenvalues. To overcome this 

problem, the participation factor analysis should be 

combined with clustering method such as K-means 

clustering method. In this paper, the K-means 

clustering is applied to cluster the eigenvalues with 

an oscillatory frequency less than 2 Hz since most of 

the critical eigenvalues which dominantly influence 

the dynamic response of investigated hybrid MG are 

characterized by oscillatory frequency below 2 Hz. 

Euclidean distance among those selected modes is 

evaluated iteratively to determine the cluster of 

eigenvalues. 

From the clustering stage, the statistical features 

corresponded to the distribution of real and imaginary 

parts of critical eigenvalues, system damping and risk 

of instability are evaluated. The damping ratio (ζ) of 

the sensitive modes are characterized into three 

categories as follows: well-damped condition with ζ 

≥ 5%, critically damped with 5% ≥ ζ ≥ 0% and 

undamped with ζ ≤ 0%. The well-damped and 

critically damped categories are related to stable 
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system situation and marginally stable situation with 

more oscillatory conditions or even continuously 

oscillatory conditions when the system damping ratio 

is nearly to 0% respectively. While the undamped 

situation corresponds unstable situation which 

typically characterized by growing amplitude of 

oscillatory condition when the system is subjected to 

small disturbance.  

4. Results and Discussions 

The small signal model of hybrid MG comprising 

of 3 MVA WECS, PV and DE generator, as 

illustrated in fig.3, was investigated. Parameters of 

the proposed RES based DGs and DE were derived 

from [18], [19]. Detailed hybrid MG model combined 

with the state space model of the network impedance 

to supply aggregated 5 MW central load. Since 

stability in MG during islanding operation is 

significantly influenced by dynamic power sharing 

scheme among DGs, the modal analysis in this study 

was focused on critical eigenvalues corresponded to 

the power output of each DGs in MG considering 

uncertainties of wind speed and solar irradiance. 

Statistical features of critical eigenvalues related to 

its damping ratio and oscillatory frequency 

distributions are thoroughly observed to assess the 

system dynamic performance and risk of instability 

events. 

4.1 Wind speed and solar irradiance estimation 

Annual wind speed data and solar irradiation 

from two different locations in Australia are 

considered. From collected hourly measurement of 

RES data, it is difficult to fit the stochastic RES data 

into a standard distribution function. Moreover, to 

provide better fitting RES data, possible correlation 

or dependence between wind speed and solar 

irradiance should be taken into account in developing 

proper distribution RES functions. Due to the 

limitation of the standard functions, the RES 

estimation can be approached using bivariate 

distribution function method such as Copula. The 

student t-copula considering the possible dependence 

and stochastic nature characteristic of RES is 

employed in the proposed modelling strategy. 

Obtained fitting data results of wind speed and 

irradiance from the proposed Copula are compared 

with the conventional Weibull and Gaussian Mixture 

distribution functions.  

The connection between wind speed and solar 

irradiation might emerge due to their dependencies to 

the weather conditions. The rank correlation between 

seasonal wind speed and solar irradiance in both  

 

Table 1. Rank correlation between wind speed and solar 

irradiance 

Seasons Location 1 Location 2 

Jan-Mar 0.1297 0.0765 
Apr-Jun 0.1991 0.3172 
Jul-Sep 0.0684 0.1726 
Oct-Des -0.0118 -0.0146 

 

locations is presented in Table 1. It was monitored 

that connection between those two stochastic RES 

variables varied accordingly either in complementary 

or monotonic trends, indicated by negative and 

positive rank correlation respectively. In general, a 

weak dependence between wind speed and solar 

irradiance existed in both locations, indicated by low-

rank correlations varied from -0.0118 to 0.3.  While 

higher correlations observed during fall season in 

location 2 as indicated by 0.3172 of rank correlation. 

Root Mean Square Error (RMSE) between the 

CDF of actual and simulated RES values is employed 

for evaluating the obtained results from Copula and 

standard distribution methods. The calculation of 

RMSE is given by the following equation 

 

𝑅𝑀𝑆𝐸 =  √
1

𝑁𝑑
∑ (𝐶𝐷𝐹𝑎𝑐𝑡

𝑗
− 𝐶𝐷𝐹𝑒𝑠𝑡

𝑗
)

2𝑁𝑑
𝑗=1                (13) 

 

Where Nd represents number of data sampling. 

The 𝐶𝐷𝐹𝑎𝑐𝑡
𝑗

 and 𝐶𝐷𝐹𝑒𝑠𝑡
𝑗

 respectively corresponded to 

actual and estimated RES values.  
The RMSE values were calculated for each CDFs 

from t-copula, Weibull and Gaussian Mixture 

Distributions. Table 2 and 3 represents the obtained 

RMSE values of seasonal wind speed and irradiance 

CDFs from location 1 and 2 respectively. From the 

results presented in both tables, it was evident that 

proposed copula method provides better performance 

than other standard distribution functions in 

modelling stochastic variables of wind speed and 

solar irradiance. Much lower RMSE values from t-

copula than Weibull and Gaussian Mixture 

distribution functions were observed. Lower RMS 

values indicated more accurate data fitting than other 

technique using standard distribution functions. 

Statistical analysis corresponding to the expected 

values and standard deviation of the estimated wind 

speed and solar irradiance in location 1 and 2 are 

presented in Table 4. Higher mean and standard 

deviation values of wind speed in location 2 than 

location 1 suggested that the location 2 had more 

fluctuating wind speed situation throughout the year. 

Moreover, it was also observed that solar irradiation 

was relatively similar in the two areas. 
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4.2 Probabilistic small signal stability analysis 

considering RES uncertainties 

Stochastic data from t-copula technique were 

applied to investigate dynamic behaviour of the MG 

system under uncertain conditions of wind speed and 

irradiance. During autonomous mode, all DG unit in 

MG participated in the power-sharing scheme. To 

investigate effects of uncertain RES condition on the 

oscillatory and dynamic response of MG, it was 

assumed that WECS and PV based DGs dominantly 

contributed in supplying power for the load demand. 

While DE was operated as a reference DG unit which 

provides a reference synchronization signal and 

overcomes the shortfall power from those two RES 

based DG units.  

Power contribution of WECS and PV based DGs 

strongly correlated to the wind speed and solar 

irradiance conditions respectively and setting of 

droop controller. Hence, the droop gain should be 

adjusted continuously within its maximum and 

minimum setting to manage with RES variation. In 

this paper, a maximum and minimum active power 

droop gain were set at 8% and 4% respectively. As 

wind speed and solar irradiance fluctuated, the droop 

gain would vary accordingly, result in a change of 

operating points and power contributions of each DG  

 

Table 5. Investigated critical modes 

Eigenvalue Complex 

values 

Damping 

(%) 

Participation 

Factor 

λ42,43 -0.399±7.68 5.199 

PWECS, 

QWECS,PPV, 

QPV 

λ45,46 -1.382±10.83 14.219 
PPV, QPV, 

PWECS, QWECS, 

 

units. When a stable operating point was perturbed, 

an oscillatory condition emerges until a new stable 

operating point was attained. However, if system 

damping was not sufficient to damp the oscillation, 

critical or even unstable conditions might happen.  

Since power contribution from WECS and PV 

predominantly affected MG stability, the modal 

analysis was focused on critical modes correlated to 

output power from those DG units. Non-linear 

dynamic behaviour of the critical modes should be 

monitored to evaluate the small signal stability 

performance of hybrid MG. According to small 

signal stability analysis in [18, 19], The investigation 

focused on critical modes corresponded to the output 

power of WECS and PV based DGs which 

represented as λ42,43 and λ45,46 respectively. 

Participation factor analysis suggested that critical 

modes related to DG unit power output were 

characterized by low-frequency oscillation as  

Table 2. Comparison of RMSE for copula, Weibull and gaussian mixture in location 1 

Estimation 

Method 

Summer Fall Winter Spring 

Wind 

speed 

Solar 

Irradiance 

Wind 

speed 

Solar 

Irradiance 

Wind 

speed 

Solar 

Irradiance 

Wind 

speed 

Solar 

Irradiance 

t-copula 0.087175 0.033221 0.056798 0.039828 0.067773 0.048591 0.07445 0.028225 

Weibull 0.137607 -- 0.101921 -- 0.087687 -- 0.08015 -- 

Gaussian 

Mixture 
-- 0.145305 -- 0.172018 -- 0.197105 -- 0.309846 

 

Table 3. Comparison of RMSE for copula, Weibull and gaussian mixture in location 2 

Estimation 

Method 

Summer Fall Winter Spring 

Wind 

speed 

Solar 

Irradiance 

Wind 

speed 

Solar 

Irradiance 

Wind 

speed 

Solar 

Irradiance 

Wind 

speed 

Solar 

Irradiance 

t-copula 0.067951 0.037029 0.063574 0.043197 0.041458 0.067203 0.056235 0.037533 

Weibull 0.166232 -- 0.100875 -- 0.085699 -- 0.109611 -- 

Gaussian 

Mixture 
-- 0.141647 -- 0.174367 -- 0.16809 -- 0.239005 

 

Table 4. Statistical analysis of four solar irradiance regimes 

Period 

Location 1 Location 2 

Wind Speed Solar Irradiance Wind Speed Solar Irradiance 

Mean Std. Mean Std. Mean Std. Mean Std. 

Jan-Mar 7.635 3.481 790.029 285.271 9.752 3.132 809.398 270.201 

Apr-Jun 8.111 2.418 628.550 191.848 10.043 3.170 633.202 211.635 

Jul-Sep 6.515 2.503 704.904 216.303 9.788 3.051 707.772 169.767 

Oct-Des 9.378 3.201 912.545 191.313 11.348 2.748 874.148 224.889 
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presented in Table 5. Moreover, it was also monitored 

that WECS and PV were not fully decoupled, 

indicated by contributions of active and reactive 

power output from WECS and PV on critical modes 

of λ42,43 and λ45,46. In base case scenario, both of 

critical modes were stable with the damping ratio 

more than 5%. However, when hybrid MG was 

operated under fluctuating conditions of wind speed 

and solar irradiance, the corresponded modes 

responded randomly and potentially caused 

instability. 

Small signal stability in MG considering 

uncertainties of wind speed and solar irradiance was 

assessed through MCS. Estimated RES distribution 

functions obtained from the proposed copula method 

was employed to generate 10000 samples of wind 

speed and solar irradiance. The generated RES data 

were then randomly sampled through MC simulation 

to realize practical scenarios of uncertainties in MG 

and determine the system eigenvalues in all possible 

circumstances of wind speed and irradiance. Under 

RES variations, the system eigenvalues responded 

randomly. Hence it was difficult to identify 

trajectories of the observed modes. Clustering 

technique such as spectral K-mean can be 

implemented to extract the investigated modes from 

system eigenvalues. The proposed clustering method 

iteratively calculated the affinity matrix of system 

eigenvalues and determine the eigenvalues cluster 

based on the Euclidean distance between two 

eigenvalues. The eigen-clusters were then 

determined based on the minimum distance between 

eigenvalues. When a specific cluster of investigated 

eigenvalues was determined, statistical features 

regarding the distribution of real and imaginary 

eigenvalues components, damping ratio and risk of 

stability can be evaluated. Critical eigenvalues in 

hybrid MG were characterized by low-frequency 

oscillation under 2 Hz as presented in Table 4. Hence 

the K-mean clustering technique was applied to 

cluster the eigenvalues based on the predefined 

oscillatory frequency of critical modes. The obtained 

eigen-cluster was then confirmed with participation 

factor analysis to determine the investigated modes 

corresponded to output power from RES based DGs 

in hybrid MG. 

Statistical properties and distribution of critical 

modes from two locations involving the mean and 

standard deviations of the real part, imaginary part 

and damping ratio are presented in Table 6. Under 

wind speed and solar irradiance fluctuations, the 

critical modes deviated differently. The critical 

modes corresponded to PV based DG unit (λ45,46) 

diverged moderately as denoted by low standard 

deviation of those critical modes. A low standard 

deviation implied that only short movement of 

eigenvalues was experienced during fluctuation of 

irradiance. Conversely, high standard deviations 

related to critical modes from WECS was monitored, 

denoted a significant dispersion of those critical 

modes under wind speed variations. It was suggested 

that the change in wind speed significantly affected 

the dynamic response of hybrid MG than the 

variations of solar irradiance. 

Fig. 4 represents samples of critical modes 

trajectories in a certain season and hour from both 

areas. The critical modes corresponded to the output 

power of WECS and PV based DGs were represented 

as λ42,43 and λ45,46 respectively. Variation of solar 

irradiance influenced the dynamic response of MG 

considerably. As solar irradiance randomly increased, 

the eigenvalues of λ42,43 departed toward the right half 

Table 6. Distribution and statistical properties of critical modes 

Location 1 

Period 

λ42,43 λ45,46 

Real Imaginary Damping Real Imaginary Damping 

Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std 

Jan-Mar -1.532 0.226 10.814 0.067 14.034 2.104 -0.502 0.391 6.547 1.748 6.133 20.766 

Apr-Jun -1.527 0.171 10.801 0.046 14.006 1.581 -0.586 0.176 6.697 1.126 8.669 9.127 

Jul-Sep -1.616 0.148 10.789 0.039 14.818 1.374 -0.506 0.216 7.094 1.071 6.404 12.149 

Oct-Des -1.421 0.226 10.842 0.072 12.992 2.103 -0.587 0.273 5.975 1.865 8.837 21.879 

Location 2 

Period 

λ42,43 λ45,46 

Real Imaginary Damping Real Imaginary Damping 

Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std 

Jan-Mar -1.393 0.221 10.846 0.066 12.741 2.057 -0.606 0.272 5.785 1.742 9.492 16.911 

Apr-Jun -1.376 0.226 10.845 0.072 12.598 2.113 -0.587 0.322 5.619 1.837 8.509 20.231 

Jul-Sep -1.396 0.222 10.841 0.068 12.778 2.066 -0.604 0.262 5.789 1.754 9.373 17.887 

Oct-Des -1.278 0.209 10.883 0.076 11.674 1.963 -0.561 0.435 4.887 2.078 8.058 29.813 
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complex plane, indicated deterioration of small signal 

stability performance. Even though the less damped 

situation was monitored under irradiance variations, 

the corresponded modes relatively stable on the left 

half side of the complex plane. The system dynamic 

response suffered when MG was operated under wind 

speed variations. Sensitive modes of λ45,46 moved 

extensively to the right-hand side of the complex 

plane as wind speed increased. Critical situations 

with low oscillatory frequency were monitored as 

sensitive modes departed toward the right-hand side 

of the complex plane. The unstable situation occurred 

when the wind speed was more than 15 m/s. The 

frequency of WECS modes significantly reduced 

from 1.21 Hz to 0.4 Hz at higher wind speed values. 

Even in a certain unstable circumstance, the sensitive 

modes correspond the hybrid MG aligned in a certain 

point and separated into two real modes. This 

situation leads to non-oscillatory instability which 

results in a chaotic situation in MG. 

System damping was assessed to evaluate the 

hybrid MG oscillatory instability risk under the 

uncertain condition of RES. Assessment of system 

dynamic response was conducted by evaluating the 

distribution of damping ratio of the critical mode for 

every operating state given by random values of wind 

speed and solar irradiance. Hybrid MG operation can 

be clustered into three operating states based on the 

damping condition of the critical modes. The first 

operating state is a stable MG operation which is 

related to a well damped dynamic response of 

islanding hybrid MG. This operating state is 

characterized by critical modes damping ratio more 

than (ζ ≥5%).  Second MG operating state is a 

marginally stable state. In this region, less to the 

critically damped situation is monitored. The 

damping ratio of critical modes varied in the range of 

0% to 5% (0% ≤ ζ ≤ 5%). The undamped oscillation 

with the continuous increase of oscillatory magnitude 

is clustered into the third unstable MG operating state. 

In this region, negative damping ratio (ζ < 0%) was 

observed. Fig. 5 represents cumulative probability 

distribution of WECS and PV critical modes damping 

ratio from location 1 and location 2. From critical 

eigenvalues CDF, it was monitored that when the 

investigated MG system was subjected to solar 

irradiance variations, the damping performance can 

be maintained above the critical limits. A 100% well-

damped system dynamic response was observed, 

characterized by more than 5% damping ratio. 

Conversely, hybrid MG suffered from wind speed 

uncertainties. The poorly damped oscillatory 

conditions possibly occurred when the hybrid MG 

was subjected to wind speed variations. As more 

fluctuating condition under wind speed variations 

was experienced, the stability margin decreased 

  
(a) (b) 

  
(c) (d) 

Figure. 4 Trajectories of sensitive modes from: (a and b) location 1, (c and d) location 2, under RES variations 
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considerably. From 10000 generated operating 

condition samples, a number of critical conditions 

were identified. In location 1, it was monitored that 

probability of critical situation with damping ratio in 

the range of 0% to 5% was 0.004 which was equal to 

40 critical events. While around 500 or 0.05 

probability of unstable events with negative damping 

took place in location 1. More critical situations were 

identified in location 2. The 0.095 possibility of 

instability or 950 unstable events occurred. While 

around 150 marginally stable situations or 0.015 

probability events with damping ratio between 0% 

and 5% were monitored. 

5. Conclusions 

Effects of RES uncertainties in small signal 

stability performance of islanding operation of hybrid 

MG is presented in this paper. Student’s t- Copula 

method is applied for estimating the distribution of 

wind speed and solar irradiance variations, 

considering their dependencies. It is reported that the 

proposed estimation method provides more accurate 

result in estimating the PDF of wind speed and solar 

irradiance than conventional estimation methods 

such as Weibull and Gaussian Mixture. The estimated 

wind speed and solar irradiance from two locations 

were then applied to hybrid MG system to investigate 

the small signal stability performance of the 

investigated MG system under RES changes. From 

the probabilistic study, it was suggested that the 

presence of wind speed and solar irradiance 

uncertainties influence the MG oscillatory stability 

and dynamic response (This is indicated by the 

damping value is variated from critical damped (with 

probability around 0.004), well damped and under 

damped).  Uncertain condition of wind speed 

introduced more severe effect on system damping 

than solar irradiation variation, indicated by the 

extensive movement of the critical eigenvalues 

toward the imaginary axis. 
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Appendix 

Table 7. List of notations used in this paper 

Symbol Meaning 

Pmeas Average active power 

Qmeas Average reactive power 

ω* Frequency reference value 

v* Voltage reference value 

Pinput Actual input 

Pmax Maximum power of DG 

mmax Maximum active droop 

controller gain 

mmin Minimum active droop 

controller gain 

Gref Solar irradiance reference 

value 

G0 Solar irradiance initial value 

Np Number of parallel solar 

panel 

Ns Number of series solar panel 

ISC Short circuit current of PV 

array 

VPV Short circuit voltage of PV 

array 

T Ambient temperature 

n  Constant value of PV Arrays 

k Constant value of PV Arrays 

vw0 Initial condition of wind 

speed 

Copt Efficiency constant of wind 

turbine 

FX CDF of random variable X 

Fy  CDF of random variable Y 

v Degree of freedom 

 Mean of random variables 

 Positive-definite dispersion 

or scatter matrix. 

P The correlation-matrix 

implied by the dispersion of 

matrix  

ρr Rank correlation values 

𝐶𝑣,𝑃
𝑡   density function of the t-

copula 

 


