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Stability Analysis of an Autonomous Microgrid 
Operation Based on Particle Swarm Optimization 

Waleed AI-Saedi, Student Member, IEEE, Stefan W. Lachowicz, Senior Member, IEEE, Daryoush Habibi, Senior 
Member, IEEE, and Octavian Bass, Senior Member, IEEE 

Abstract-This paper presents the stability analysis for an in­
verter based Distributed Generation (DG) unit in an autonomous 
microgrid operation. The small-signal model of the controlled 
Voltage Source Inverter (VSI) system is developed in order to 
investigate the dynamic stability for the given operating point 
and under the proposed power controller. This model includes all 
the details of the proposed controller, while no switching actions 
are considered. System oscillatory modes and the sensitivity to 
the control parameters are the main performance indices which 
are considered, particularly when the micro grid is islanded or 
under the load change condition. In this work, the proposed 
power controller is composed of an inner current control loop 
and an outer power control loop, both based on a synchronous 
reference frame and conventional PI regulators. These controllers 
also utilize the Particle Swarm Optimization (PSO) for real-time 
self-tuning in order to improve the quality of the power supply. 
The complete small-signal model is linearized and used to define 
the system state matrix which is employed for eigenvalue analysis. 
The results prove that the stability analysis is fairly accurate and 
the controller offers reliable system's operation. 

Index Terms-Microgrid, power controller, Particle Swarm 
Optimization (PSO), small-signal stability. 

I. INTRODUCTION 

A MICROGRID is a recent innovation of the small-scale 
power generation network that aggregates a cluster of DG 

units using power electronic devices such as the VSI system. 
This scenario can represent a complementary infrastructure to 
the utility grid due to the rapid change of the load demand. The 
high market penetration of the micro-sources such as wind, 
photovoltaic, hydro, and fuel cell emerge as alternatives which 
provide green energy and a flexible extension to the utility grid 
[ 1]. These sources are usually connected to the power system 
by widely used Pulse-Width-Modulation (PWM)-VSI systems. 
While they offer flexible control and operation compared to 
the conventional power generators, the microgrid is more 
susceptible to the oscillations occurring across the system due 
to network disturbances such as fault or load change [2]. 

An example of the microgrid is shown in Fig. 1, grid­
connected and islanding being the two operation modes of 
this system [ 1]. In grid-connected mode, the grid dominates 
most of the system dynamics and no significant issues need 
to be addressed except the power flow control, whereas in 
the islanding mode, once the isolating switch disconnects the 
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Fig. 1. An example of the microgrid 
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utility due to network fault or market decision, the micro­
sources directly influence the system dynamics, thus a reliable 
operation can be only achieved by adopting an adequate 
control mode. 

The small-signal stability is one of the most important issues 
of the system's reliable operation. It can be defined as the 
ability of the power system to return to normal operating 
condition following a small physical disturbance. The stability 
analysis substantially depends on the linearized state-space 
equations that define the characteristics of the power system 
model. Thus, stability can be easily studied by determining 
the solution of the system characteristic equation [3]. 

The problem of dynamic stability of the microgrid is being 
increasingly important and directly influenced by the network 
dynamics, a well-established model of the inverter and its 
control loops is necessary to obtain realistic evaluation of the 
system's operation [4]. For the stand-alone mode, the small­
signal state-space analysis of the microgrid is well developed 
in [5], the system is modeled to identify the oscillatory modes 
for the transient response, and the sensitivity analysis is also 
considered which aims at evaluating the designed controller. In 
[6], the small-signal model is presented to assess the proposed 
power management strategies, and also to find the optimum 
values of the control parameters. 

In this paper, the small-signal state-space model is devel­
oped for an individual inverter based DG unit in autonomous 
microgrid operation. An optimal power controller is proposed 
for voltage and frequency regulation. This controller is com­
posed of an inner current control loop and an outer power 
control loop. The PSO algorithm is an intelligent search 
process that is incorporated to find the optimal power control 
parameters when the microgrid transits to the islanding mode 
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or during the load change condition. In this work, the small­
signal dynamic model is constructed for the given operating 
point in order to investigate the system stability through 
eigenvalue analysis. The sensitivity to the control parameters is 
also presented to identify the validity of the controller design. 
The analysis results prove that the proposed controller provides 
stable and reliable operation, with the aim of maintaining the 
system voltage and frequency within acceptable limits. 

II. SMALL-SIGNAL MODEL OF AUTONOMOUS MICROGRID 
In this paper, the small-signal dynamic model of the mi­

crogrid is divided into three individual sub-models, namely: 
inverter, network, and load. The model of the inverter includes 
the dynamics of the power controller, current controller, an 
output LC filter and the coupling inductance (if applicable). 
These dynamics are described based on their own reference 
d - q frame, while for the purpose of the whole microgrid 
analysis, all the sub-models must be represented in a common 
reference D - Q frame, so the inverter output signals can be 
converted into a common reference D - Q frame using the 
following transformation technique [7]: 

[T] = [ c�s(e) 
sm(e) 

-sin(e) 
cos(e) 

( 1) 

(2) 

where e = wst + eo is the synchronous rotating angle, eo 
represents the initial value. 

A. State-Space Model of a 3-phase VSI System 

The schematic diagram of the controlled VSI system is 
shown in Fig. 2. This system can be divided into two main 
circuits. First, the power circuit that includes the inverter 
and the output LC filter. Second, the control circuit which 
involves the power controller, current controller, and the 
power calculation loop that sets the feedback voltage and 
frequency values. Assuming that the DG unit is a constant 
DC source, the dynamic of the DC bus can be ignored. 
Also, because the inverter is a switch-mode device with the 
switching frequency sufficiently high, thus the switching 
action does not impact the states when a good attenuation 
of the switching frequency ripple is achieved through the 
output LC filter [8]. In this work, the state-space model of 
the remaining parts are developed as follows: 

1) Power Controller: Fig. 3 shows the block diagram of 
the proposed power controller. System voltage and frequency 
are regulated with standard PI controllers based on real-time 
self-tuning method using the PSO algorithm. This controller 
represents the outer control loop which is employed to gen­
erate the reference current vectors i'd and i�, so a relatively 
slow change of the reference current trajectory would ensure 
high quality of the inverter output power, which indicates that 
the control objective has been achieved. The corresponding 
state-space equations can be expressed as: 

: L ________ � __ 
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Fig. 2. The controlled VSI system 
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PSO algorithm 

The block diagram of the proposed power controller 

d'fd = V* - V 
dt ' 

d'fq = 1* - f dt 

and the output equations are given by: 

2 

(3) 

(4) 

(5) 

Since the input to the power controller can be divided into 
two terms: the reference and the feedback inputs, the linearized 
small-signal state-space equations can be written as: 

where 

6.'fdq = [ 6.'fd [ -1 0 ] 
BP2 = 

0 -1 

where 
6.i'dq = [ 6.i'd 

Dpl = [ Kpv 
0 

6..
* f C = [ Kiv Zq ' P  0 

0 ] _ [ -Kpv 
Kpf ,DP2 - 0 

0 
Kif 

0 
-Kpf 

o 
1 
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Fig. 4. The block diagram of the current controller 

2) Current Controller: Fig. 4 shows the block diagram of 
the current controller, the objective of this controller is to 
ensure accurate tracking and short transients of the inverter 
output current. This controller is usually used in such a way 
that the voltage is applied to the inductive R-L impedance, so 
that an impulse current in the inductor has a minimum error. 
Two PI regulators are used to eliminate current error, and both 
the inverter current loop and the grid voltage feed-forward 
loop are employed to improve the steady-state and dynamic 
performance. Here, the coupling inductance is not considered 
(Vb = Vo), so the corresponding state-space equations can be 
expressed as: 

(8) 

and the output equations are given by: 

V� = Voq + wnLsizd + Kpc(i� - izq) + Kic¢q (10) 

The linearized small-signal state-space equations can be 
written as: 

Cc = [ �iC 

o 
-1 

0 
Kic 

6¢q ] T, Ac = [0], BCl = 

� � � �] 

] D - [ Kpc ' Cl - 0 
0 

Kpc 

DC2 = [ -Kpc -wnLs 1 0 0 � ] wnLs -Kpc 0 1 0 

1 
o 

o 
1 

( 1 1) 
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3) Output LC Filter and Coupling Inductance : Assuming 
that the inverter drives perfect tracking (Vi = v*), and for 
further investigation of using the coupling inductance, the 
small-signal state-space equations of the output LC filter and 
the coupling inductance can be expressed as: 

dizd Rf . . 1 1 
dt 

= - L f 
2Zd + W2Zq + L f 

Vid - L f 
Vod 

dizq Rf . . 1 1 
dt 

= - L f 
2Zq - W2Zd + L f 

Viq - L f 
Voq 

dVod 1 .  1 . 
dt = WVoq + Cf 

2Zd - Cf 
20d 

dVoq 1 .  1 .  
dt = -WVod + Cf 

2Zq - Cf 
20q 

( 13) 

( 14) 

( 15) 

( 16) 

ili� �. . 1 1 
ill 

= - Lc 20d + W20q + Lc Vod - Lc Vbd ( 17) 

The linearized small-signal state-space equations can be 
written as: 

where -Rj 
Lf 
-w 

1 
Cf 
0 
0 
0 
1 

Lj 
0 
0 
0 
o 
o 

W 
-Rj 
Lf 

0 
1 

Cf 
0 
0 

0 
1 

Lj 
0 
0 
o 
o 

6iZdq 
6Vodq 
6iodq 

-1 
Lj 
0 
0 

-W 
1 

Lc 
0 

1 + Tlw,", [/\ v,,,,, I 

+BLCL2 [6Vbdq] ( 19) 

0 
-1 
Lj 
W 
0 
0 
1 

Lc 

o 

o 
-1 
Cf 
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-Rc 
Lc 
-W 

o 

o 
o 

-1 
Cf 
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-Rc 
Lc 

, BLCL2 = 

o 
o 
o 
o 

-1 

o 
o 
o 
o 
o 

-1 
Lc 

For the reason that the inverter is modeled based on its own 
reference d - q frame, the inverter output current 6iodq must 
be expressed in a common reference D - Q frame using the 
transformation technique given by ( 1) as follows: 

(20) 

In contrast, the bus voltage (Vbdq) is the input signal to the 
inverter model which is represented in a common reference 
D - Q frame, so the bus voltage can be converted into the 
inverter reference d - q frame using the inverse transformation 
technique as follows: 

(2 1  ) 



The overall state-space model of the inverter can be 
defined by combining the state-space equations of the power 
controller, current controller, and the output LC filter given 
by (6), (7), ( 1 1), ( 12), ( 19), (20) and (2 1), respectively. The 
dynamic model of the inverter can be expressed as: 

where 
[ ]T [LXinvl = L'"Ydq L¢dq Lildq LVodq Liodq 

o BC2 
ALCL 

+BLCLiDc2 
+BLCL2T-l 

Ainv2 = [Bpi + (BCiDpi) + (BLCLiDciDpi)hx2 
Ainv3 = [Bp2 + (BCiDp2 ) + (BLCLi DCiDp2 )hx2 

(23) 

Binv = BLCL2 [Tl-1 Cinv = [0 0 T LX10 

B. State-Space Model of the Network and Load 

The small-signal state-space model of the network and load 
are reported in [5]. Assuming that there are number of loads 
(L) and number of network nodes (N), thus LN is the number 
of lines, the corresponding state-space equation of the load can 
be written as: 

• 
[6iloadDQ] = Aload [6iloadDQ] + Bload [6VbDQ] (24) 

In (24), for the ith load connected to the /h node: 

[6iloadDQ] = [6iloadDQ1 6iloadDQ2 ... 6iloadDQL]T 

[ 
-Rloadi W 1 Aloadi = Llnadi 

-Rloadi -w Lloadi 

[ 
1 0 ] Bloadi = Lloadi 
0 1 

Lloadi 

Similarly, the state-space equation of the network can be 
expressed as: 

• 
[6ilineDQ] = Anet [6ilineDQ] + Bnet [6VbDQ] (25) 

In (25), for the network with ith lines: 

[ 
-Rlinei W 1 ' i=1,2 ... LN Aneti Ll'inci = -Rlinei -w Lli,nci 

[ 
1 0 -1 0 

Bneti = Llinei 1 Llinei -1 0 Llinei 0 Llinei 
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C. Overall Microgrid Model 

The complete models of the inverter, network, and load can 
be combined to represent the micro grid model. The linearized 
equations given by (22), (24), and (25) show that the node 
voltage is the input to each model. To ensure well defined 
node voltage, a virtual resistance of a large magnitude (r N � 
1000D) is assumed between each network node and the ground 
[7]. The node voltage in terms of the inverter output current, 
load current, and the line current can be expressed as: 

6VbDQi = rN(6ioDQi - 6iloadDQi + 6inetDQi) (26) 

The node voltage of the microgrid model is given by: 

where RN is the diagonal matrix of size (2N x 2N) with 
elements equal to r N. Assuming that I is the inverter, Minv 
is a (2N x 21) matrix that defines the inverter connection. For 
instance, if the 1th inverter is connected to the Nth node, the 
element Minv(N,I) is 1, and the rest of the elements of that 
row are O. Mload is a (2N x 2L) matrix with - 1  for the loads 
connected. Similarly Mnet is a (2N x 2LN) matrix with ± 1 
elements taking into account the direction of the node current. 

Using the linearized state-space equations (22), (24), and 
(25), the overall small-signal state-space model of the micro­
grid can be written as: 

• [ 6Xinv 1 
6ilineDQ 
6ZloadDQ 

6Xinv 1 
6ilineDQ 
6iloadDQ 

(28) 

where AMG is the system state matrix which is given by 
(29). The stability analysis can be investigated through the 
eig

A

en

M

V

G

al�es[o�:�� 
;;i

r�:R��nVCinV BinvRN Mnet ... 
BnetRNMinvCinv Anet + BnetRNMnet ... 
BloadRN Minv Cinv BloadRN Mnet ... 

... BinvRN Mload 1 

... BnetRNMload 
... Aload + BloadRN Mload 

(29) 

D. Eigenvalue and Sensitivity Analysis 

The eigenvalue analysis is the solution of the characteristic 
equation of the system state matrix. This solution produces 
eigenvalues (modes) that clarify the system stability around 
an operating point [3]. In conventional power systems, the 
eigenvalue analysis is extensively used to investigate the 
stability by identifying the oscillatory modes of the system 
components. 

The sensitivity analysis is the method that measures the 
participation between state variables and the modes. The 
matrix of the participation factors can be defined once the 
eigenvalues are obtained. Using the right and left eigenvectors, 
the participation factors can be calculated as follows [9]: 
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TABLE II 
EIGENVALUES AND THE PSO ALGORITHM RESULTS 

Eigen Islanding mode 1 Load change 
values Real Imaginary PSO algorithm results 1 Real Imaginary PSO algorithm results 

Parameter Value 1 Parameter 1 Value 

1,2 -899.5546087 ±328.7569687 Kpf 3.010859051739 -899.4335534 ±328.7635152 Kpf 2.561841587350 
3.4 -40.29167979 ±3 I 4.0002674 Kif 3.77937167e-04 -32.67425223 ±314.0000938 Kif 3.77826970e-04 
5,6 -227.8599673 ±304.2016626 Kpv -0.993692883859 -231.9889082 ±305.5816123 Kpv -1.012858708331 
7,8 -189.6937473 ±319.0404344 Kiv 0.003377691047 -184.0032894 ±317.6541118 Kiv 0.003196350678 

9,10 -45.51999665 ±308.7666893 
11,12 -3.34904e-06 ±2.27168e-05 
13,14 0 0 
15,16 -41.86424517 0 
17,18 -129.0789640 0 

TABLE I 
NOMINAL SYSTEM PARAMETERS 

Parameter I Value Parameter Value 

DG unit 50 kW Cdc-input 5000 !JF 
Frequency 50 Hz Line resistance 0.4 Sl 

Rf 1 Sl Line inductance 2 mH 

Lf 3 mH Kpc 12.656 

Cf 1500 !JF Kic 0.00215 

(30) 

where Pki is the participation of the ith mode in the kth 
state, l1 and r1 are the left and right eigenvectors, respectively. 

E. PSO Algorithm 

The PSO algorithm is an evolutionary computation tech­
nique proposed by Kennedy and Eberhart in 1995. The basic 
concept of this technique is to simulate the social behavior 
of the swarm in nature such as schools of fish or flocks of 
birds [10]. To solve the optimization problem, this algorithm 
evaluates itself based on the movement of each particle as well 
as the swarm collaboration [ 1 1]. 

The PSO search process mainly depends on each particle's 
position and velocity update in the specific dimension using 
the following equations [ 12]: 

(32) 

where i is the index of the particle; �k, Xf are the velocity 
and position of particle i at iteration k, respectively; w is 
the inertia constant; Cl and C2 are the cognitive coefficients; 
rl and r2 are random values which are generated for each 
velocity update; Xgbest and Xpbest are the global and local 
best positions, respectively. 

To evaluate the search process, the Integral Time Absolute 

Error (IT AE) given by (33) is considered as an objective 
(fitness) function which calculates Simpson's 113 rule. The 
process can be terminated either when the algorithm completes 
the maximum number of iterations, or else when it achieves 
an acceptable fitness value. 

I'l'AE = 1= tle(t)ldt (33) 

-45.51999665 ±308.7666893 
-3.34904e-06 ±2.27168e-05 

0 0 
-42.69199105 0 
-109.6873983 0 

TABLE III 
PARTICIPATION FACTORS OF THE SYSTEM STATES 

States Eigenvalues (islanding mode) 
1,2 3,4 1 5,6 7,8 9,10 1 11,12 13,14 15,161 17,18 

Idq 1 
¢dq 0.5 
ilda 0.5 
Vodq 0.3 
iodq 0.73 0.46 0.23 
V*, f* 1 
V, f 1 
iline 0.06 0.1 
iload 0.4 0.27 0.35 

III. MODELING RESULTS 

The model depicted in Fig. 2 is simulated using MAT­
LAB/Simulink environment with the parameters given in Table 
I that represent the nominal operating condition. In this paper, 
the small-signal dynamic model is developed as in (28). Using 
the eigenvalue analysis, the stability has been investigated 
through the location of the eigenvalues of the system state 
matrix AMG in the complex plane. 

Table II shows the results of the eigenvalue analysis of 
the oscillatory modes and the PSO algorithm. This analysis 
demonstrates that the model exhibits 9 eigen pairs: 6 complex 
conjugates and 3 real parts. The eigenvalues 1-14 represent the 
seven oscillatory modes of the controlled VSI system, all these 
modes are negative except 13 and 14 which are zero. That 
indicates the system has good dynamic properties under the 
given operating condition and the power control parameters 
which are found by the PSO algorithm. The negative real 
pairs ( 15, 16) and ( 17, 18) describe the oscillatory modes of the 
network line and load, respectively. In the simulation results, 
the load is considered to be active power for simplicity and set 
to 4.65 p.u. for the islanding mode, then reduced to 4.55 p.u. to 
emulate the load change condition. Figs. 5 and 6 show that the 
power controller provides an excellent response of regulating 
the microgrid voltage and frequency. Thus, the eigenvalue 
analysis and the simulation results confirm that the proposed 
controller provides stable and reliable operation based on the 
PSO algorithm. 

Table III presents the model's participation factors which are 
used for measuring the influence of the states in the modes, 
the states who heavily impact the modes have the maximum 
value in each row. In this paper, this analysis is only described 
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for the islanding mode in order to explain the sensItivIty of 
the proposed power controller. While the factors less than 0. 1 
are ignored, the states of the power controller participate with 
the maximum values in modes 13-18. To confirm that these 
modes are largely sensitive to the state variables of the power 
controller, Figs. 7 and 8 show that changing Kpf and Kpv 
moves these modes to the right hand side, thus the system 
becomes more oscillatory and unstable. 

IV. CONCLUSION 

In this paper, the small-signal state-space model has been 
developed for an inverter based DG unit in an autonomous 
micro grid operation. This model is used to examine the system 
stability by using the eigenvalue analysis in order to evaluate 
the system operation around the given operating point and 
under the proposed power controller. The system dynamic 
model is constructed based on the three main sub-models, 
namely: inverter, network, and load. The eigenvalue analysis 
is driven by the linearized system state matrix to investigate 
the system oscillatory mode and the sensitivity to controller 
parameters. This controller is proposed to improve the quality 
of the power supply by regulating the voltage and frequency 
when the microgrid is in islanding mode or during load 
change. Also, the PSO algorithm has been incorporated to find 
the optimal control parameters. The eigenvalue analysis and 
the simulation results confirm that the system produces stable 
and reliable operation under the proposed power controller. 
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