Edith Cowan University
Research Online

ECU Publications 2012

2012

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

Waleed Al-Saedi
Edith Cowan University

Stefan Lachowicz
Edith Cowan University

Daryoush Habibi
Edith Cowan University

Octavian Bass
Edith Cowan University

10.1109/PowerCon.2012.6401291

This article was originally published as: Al-Saedi, W. A., Lachowicz, S. W, Habibi, D., & Bass, O. (2012). Stability Analysis of an Autonomous
Microgrid Operation Based on Particle Swarm Optimization. Proceedings of 2012 IEEE International Conference on Power System Technology
(POWERCON). (pp. 1-6). Auckland, New Zealand. IEEE. Original article available here

This Conference Proceeding is posted at Research Online.

http://ro.ecu.edu.au/ecuworks2012/231


http://ro.ecu.edu.au
http://ro.ecu.edu.au/ecuworks2012
http://dx.doi.org/10.1109/PowerCon.2012.6401291
http://dx.doi.org/10.1109/PowerCon.2012.6401291

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

Waleed Al-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 microgrid 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

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

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 — () frame, so the inverter output signals can be
converted into a common reference D — () frame using the
following transformation technique [7]:

[fpqQ] = [T1[fud4] (1)
n-[o8 0] e

where § = w,t + 0, is the synchronous rotating angle, 6,
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 iy and ij, 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:

Control circuit

‘ v PSO algorithm
N

Power circuit

4| Power i" | Current
controller controller
/ A K
itV __1 Voltage calculation “
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Fig. 3. The block diagram of the proposed power controller
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and the output equations are given by:

Z; = K;Dv(V* - V) + Kivva )

iqg = Kpr(f" = f) + Kisg ®)
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:

[Avaq] = Ap [Aag)+Bpy [AV* AT +Bp, [AV AT (6)

where
Dvag = [ Ava Dy ]T’ Ap = 0], By, =

-1 0
Bm{ 0 1}

(A% = Cp [Dyag) +Dpy [AVF AF ] +Dp, AV AFIT (D)

1 0
01

where
Aizq = [ ALY Ai; , Cp =

]T
0
_ | Kpv 0 _ | —EKpv 0
Dm{ 0 Kpf}Dm_{ 0 —Apf
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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
(vp = 1,), so the corresponding state-space equations can be
expressed as:

%:iz—ild, E:ZZ—
and the output equations are given by:

ilq (8)

/U; = Vod — wanilq + Kpc(lz - Zld) + ch¢d (9)

U; = Voq + wanild + KpC(Z; - ilq) + Kic¢q (10)
The linearized small-signal state-space equations can be
written as:
. Niygq
[A‘bdq] = Ac [A¢dq] + BC1 [Ai;;q] + BC2 AUodq (11)
Aiodq
where Lo
Bosg=[ Ba 00y 1T Ac=101Be, = | ¢ § |
-1 0 0 0 0 O
BCZ_[O -1 0 0 0 0}
Aildq
(A}, ] = Cc[Adag] + De, [Aif,] + Do, | Avoag | (12)
ANipdg
| Kie O | Kpe O
Cc_|: 0 Ki },Dcl_|i 0 Kpc:|
D. — —Kpe —wnLs 1 0 0 0
2| w,Ly —Kp. 0 1 0 0

3) Output LC Filter and Coupling Inductance : Assuming
that the inverter drives perfect tracking (v; = 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:

ddLid = —Iz—;ild + wiyg + L—fvid - LifUOd (13)
% = IZ—;% —wilg + Lif'Uiq - Lifvoq (14)
% = Wlpq + C’Lfild = C’iind (15)
dg:q = —WUoq + Cith Cifioq (16)
dzlfzd = —}Z“—ziod + Wiog + Licvod - Licvbd a7
fg _ —IZ—Zioq — Wioa + 7V — Licqu (18)

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

A'L.ldq AZ'ldq
Avogq | = Arcr | DVodq | + Brori [Avidg)
JAVEE D Nipdq
+Brcr2 [Avpag]  (19)
h
e —L_ij w T 0 0 0
R _1
—lw L_ff 0 L_f 01 0
ALCL = C_f ? w Cy _01
1 —R,
0 0 £ 0 £
0 0 0 £ —w He
LY i . e
i (1) 0 0
i 0
Brer = 8 8 »Brere=| o
0 0 o 0
0 0 0 =

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

[AioDQ] = [T] [Aiodq} (20)

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

[Avbaq) = [T] ™" [Avepq)] (21)



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), (11), (12), (19), (20) and (21), respectively. The
dynamic model of the inverter can be expressed as:

[Axm'u] = Ain’ul [Awinv} + Ainvz [AV*AJC*}T

+Ainv, [AVAS)T + Biny [Duspg]  (22)
[AioDQ] = Ciny [Ax'mv] (23)

where r
AZing] = [ Avaqg Dbag Digg  Dvodg  DNiogq |

Be,C, 0 B.,
Ainoy = Brci,De,Cp Brern,Ce Arcr
+Brcr, De,
+BLCL2T71 10x10
Aim;z = [Bpl + (Bcl Dpl) + (BLCL1 DC1DP1)]2><2
Ainvs = [Bps + (Bey Dpy) + (BrLor, Dei Dps )laxo
Binv = Bror, 117! Cinw=[0 0 . T ]y

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:

[ANi10adDQ) = Aload [DtioadDqQ] + Bioad [Avepg]  (24)

In (24), for the i*" load connected to the jth node:

. . . . T
[At1oadng] = [DiioadD1 DlioadDQ2 - DiloadDQL)

—Rioadi
— w
— Lioadi
Ajoadi = [ toad —Rivadi ]
—w "Lioadi
loadi

1
0
Bioadi = [ L“6““ 1 }

Lioadi

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

[Atlinenq] = Anet [DNitineD@| + Bret [AvpD] (25)

In (25), for the network with i** lines:

[Ainetpg] = [Dinetpg1 Dinetpg2--- AinetDQLN]T

—Riines
=inei w
_ Liinei )
Aneti = l ! — Riines ],z:l,?...LN
W linu
1 0 —. 0

Breti = " Liinei 1 Liine: 1
e 0 T
inei

Liinei

C. Overall Microgrid Model

The complete models of the inverter, network, and load can
be combined to represent the microgrid 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 (rN >
1000€?) 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:

Avppgi = TN (Diopgi — DiioadDQi + Dinetngi)  (26)

The node voltage of the microgrid model is given by:

[AvbDQi] = RN(Minv [AioDQi] + Moad [AiloadDQi]
+Mnet [AinetDQiD (27)

where Ry is the diagonal matrix of size (2N x 2N) with
elements equal to r/N. Assuming that [ is the inverter, My,
is a (2N x 21) matrix that defines the inverter connection. For
instance, if the I*" inverter is connected to the N** node, the
element M, v,y is 1, and the rest of the elements of that
row are 0. Mj,qq is @ (2N x 2L) matrix with -1 for the loads
connected. Similarly M,; 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:

[ ]
Aminv Axin'u
DNijinenq | = Ama | Ditinedo (28)
NijoadDQ NiloadDQ

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

eigen matrix Ay
+ Biny BN MinyCino Biny Bn Mpet ...
Am Bret RN Miny Cing Anet + Bret RN Mpet...
BloadRN Minu Cinu BloadRN Mnet---
..Bino RN Mioad
<..Bret RN Mioad (29)

<. Aioad + Bioad RN Mioad

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]:



TABLE II
EIGENVALUES AND THE PSO ALGORITHM RESULTS

Eigen Islanding mode Load change
values Real Imaginary PSO algorithm results Real Imaginary PSO algorithm results
Parameter | Value Parameter | Value
1,2 -899.5546087 | +328.7569687 Ky 3.010859051739 | -899.4335534 | +328.7635152 Ky 2.561841587350
34 -40.29167979 | +314.0002674 Ky 3.77937167e-04 -32.67425223 | +314.0000938 Ky 3.77826970e-04
5,6 -227.8599673 | £304.2016626 Kpv -0.993692883859 | -231.9889082 | +305.5816123 K, -1.012858708331
7,8 -189.6937473 | +319.0404344 Ky 0.003377691047 | -184.0032894 | +317.6541118 Ky 0.003196350678
9,10 -45.51999665 | +308.7666893 -45.51999665 | +308.7666893
11,12 -3.34904e-06 +2.27168e-05 -3.34904e-06 +2.27168e-05
13,14 0 0 0 0
15,16 | -41.86424517 0 -42.69199105 0
17,18 | -129.0789640 0 -109.6873983 0
TABLE 1 TABLE III
NOMINAL SYSTEM PARAMETERS PARTICIPATION FACTORS OF THE SYSTEM STATES
| Parameter | Value [  Parameter [ Value | States Eigenvalues (islanding mode)
DG unit 50 KW Caeinput 35000 (F 1,2134]56] 78] 910 T1,12] 13,14] 15,16] 17,18
Frequency 50 Hz Line resistance 0.4 Ydq 1
Ry 1Q Line inductance 2 mH Pdq 0.5
Ly 3 mH Kpe 12.656 1dq 0.5
Cy 1500 pF Kic 0.00215 Vodgq 0.3
iodg 0.73 0.46[ 0.23
Ve, T i
V, f 1
oo ine 0.06[ 0.1
Pri = LT, (30)  [Foua 0.4 [ 027] 035

where py; is the participation of the i** mode in the kt*
state, I} and 7}, 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 [11].

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

VT = w Ve [X,’;best _ X{“] tcaT [X;“bm - X{“] 31

XP=Xxp v (32)

where i is the index of the particle; V;¥, XF are the velocity
and position of particle i at iteration k, respectively; w is
the inertia constant; c¢; and cy are the cognitive coefficients;
ry and re are random values which are generated for each
velocity update; Xgpesr and Xppes; are the global and local
best positions, respectively.

To evaluate the search process, the Integral Time Absolute
Error (ITAFE) given by (33) is considered as an objective
(fitness) function which calculates Simpson’s 1/3 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.

ITAE = / te(t)|dt 33)
0

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 Ap;¢ 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 K,y and Ky,
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
microgrid 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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