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Abstract: This study proposes a decentralised robust fuzzy control strategy for islanded operation of an AC microgrid with
voltage source inverters. The objective is to design a robust controller for regulating the load voltage and sharing power among
distributed generators (DGs) in the presence of uncertainties in the system and non-linear loads. The AC microgrid consists of
parallel DGs connected to a main AC bus. A Takagi-Sugeno fuzzy approach is developed in this article to achieve stability and
desired performance in dealing with non-linearities in the islanded microgrid and H.. criterion is used to obtain a robust control
strategy in presence of uncertainties raised by unmodelled and high frequency dynamics. Therefore, a non-convex condition in
H.. optimisation problem is converted to a convex linear matrix inequality (LMI) condition and is solved by MATLAB LMI toolbox.
In order to develop a decentralized system, P—f and Q-V droop controllers are used to specify set-points for local inverter
controllers in each DG. The effectiveness of the proposed control strategy in presence of constant power load and DG
accidental outage is validated by the simulation of a microgrid test system in MATLAB SimPowerSystems toolbox. Comparison

with cascaded proportional integral controller shows advantages of robust T-S controller.

1 Introduction

Today a considerable share of the electrical energy needed for
various consumptions is provided by renewable energy sources
such as solar and wind powers. Microgrids, as an emerging
technology in power systems, integrate small- and medium-sized
DGs and connect them to the main electricity grid. A microgrid can
operate in the islanded mode when it is disconnected from the main
grid because of faults or pre-planned events. However, islanded
operation of microgrids imposes unsatisfactory dynamical
responses such as voltage and frequency fluctuations or even
instabilities [1, 2]. Therefore, appropriate controlling of the
microgrids can increase the power quality and reliability of
electricity provided to the loads.

Microgrid control strategies can be divided into two main
categories: (i) centralised (non-droop based) and (ii) decentralised
(droop based). The centralised controller needs communication
among DGs and uses a high share of bandwidth to control the
microgrid. However, droop-based controller does not need high
bandwidth communications, because it mainly uses DGs'
characteristics to decide on main variables in the microgrid.
Moreover, centralised controller may cause failure of the whole
microgrid if one of the units fails down, nevertheless, decentralised
strategies provide more reliability in the case of DG failure [3].
Although droop-based control can cause voltage and frequency
deviations, hierarchical strategies including primary, secondary,
and tertiary can compensate such deviations [4].

In recent years, numerous control strategies to control DG-
based microgrids have been proposed. Linear robust controller with
high reliability has been widely used in the literature. In [5],
authors have proposed a power management system and a robust
control strategy for an autonomous microgrid with pre-defined load
dynamics. However, no discussion has been made about load
sharing among DGs using decentralised controller and also they
assumed a GPS-based common time-reference signal is available
to DGs for controlling frequency of the system. However, the
system becomes vulnerable due to any possible faults in this signal.
In [6], a master—slave 2DOF controller is utilised to control
microgrid using communication among DGs. However, the
master—slave method cannot be effective in the case of
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communication faults and delays. Moreover, the performance of
such controller has not been evaluated for highly non-linear load
such as constant power loads (CPLs). Karimi et al. [7] have
proposed a control strategy for an autonomous four-wired
microgrid. However, since the load model is specified to be used
for designing controller, if the load structure changes, the controller
should be redesigned. Furthermore, no discussion is made about
power sharing among DGs. In [8], a fully centralised controller for
power management in an AC microgrid has been proposed. As it
was mentioned before, the system vulnerability is increased in
centralised structure due to the faults in communication system.

Use of non-linear controller with large region of attraction can
provide better performance in a wide range of operation points [9—
13]. In [10], robust feedback linearisation is utilised for controlling
an islanded AC microgrid with parametric uncertainty by canceling
the intrinsic non-linearities within the defined structure. However,
this method imposes a restrictive assumption for uncertain
dynamics and also it cannot be used in case of unmatched
uncertainty in input channel. Cucuzzella et al. [11] first proposed
second-order sliding mode controller for a master—slave microgrid
system and after that, to alleviate chattering problem designed a
higher order sliding mode controller. Main restrictive assumption
in this paper is considering linear load model in controller design
procedure which makes controller performance unsatisfactory in
case of non-linear load dynamics. In [12], backstepping controller
is applied to an inverter in both islanded and grid connected modes.
In this approach, unbounded amplitude pulses and chattering
phenomena may occur because of variables with the second
derivative and also non-smooth function in control law. Mahmud et
al. [13] used robust feedback linearisation theory for controlling 3-
phase grid connected inverter, but the main drawback of the
approach is that it is not extendable to other AC microgrid
topologies.

Fuzzy logic has been widely used in AC, DC and hybrid
microgrid systems for energy management, voltage and frequency
regulation purposes [14-20]. A neuro-fuzzy controller based on
data analytics is suggested in [15] to guarantee stable operation of
AC microgrid in both grid connected and isolated modes. Sefa et
al. [16] has designed proportional integral (PI) controlled grid
interactive inverter where parameters of PI are tuned by fuzzy logic
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controllers. Although design procedure is intuitive in Mamdani-
type fuzzy system, but expert knowledge is needed for designing
fuzzy rules and moreover, stability of the system is not guaranteed
theoretically in both of the papers. In [17] fuzzy logic controller is
applied to a microgrid with a single voltage source inverter (VSI)
for controlling load voltage by ignoring the load variability and
uncertainty. However, the defined microgrid structure is relatively
simple and also due to Mamdani-type fuzzy controller designing
method, stability of the system is not explored. Bevrani ef al. [18]
have proposed a combination of the fuzzy logic and the particle
swarm optimisation techniques for optimal tuning PI controller in
AC microgrid. However, considering power resources as a linear
time invariant system limits the approach to be applicable for AC
microgrids. In [20], a DC distribution voltage control for DC/DC
converters which combines a gain-scheduling procedure with fuzzy
control is proposed. The main benefit of the proposed control is
where the load model is unknown or is mathematically complex.
However, the fuzzy membership functions are regulated by trial
and error method. It is inferred from the above discussion that,
designing a decentralised non-linear robust controller with smooth
feasible signal, applicable in a wide range of load dynamics, is
important in AC microgrid. Therefore, the main purpose of this
paper is to design a controller with such capabilities.

This paper presents a fuzzy decentralised robust control strategy
for an islanded AC microgrid, comprising several DG units with
voltage source inverters. First, the mathematical model of a three-
phase voltage source inverter with output LC filter and general
connected load (linear or non-linear) is presented. The
corresponding non-linear state-space model for the inverter with
LC filter is obtained using instantaneous power balance between
the inverter output terminal and the load side. Then, a Takagi—
Sugeno (T-S) fuzzy interference system is designed to model the
above system. In fuzzy linearised model, a lumped uncertainty (A)
has been considered as a finite energy uncertainty, representing the
unmodelled and high frequency dynamics. Therefore, L, norm in
controller design is needed to guarantee the robustness against it.
This problem is solvable in the context of H, method without
unnecessary conservativeness. Other robust methods such as L, and
sliding mode controller impose excessive assumptions which are
neither realistic nor applicable in the microgrid systems. In order to
design T-S H,, controller, a non-convex optimisation problem to
achieve L, gain performance and robust stability criteria are
formulated. Then, the non-convex optimisation problem is
converted to a convex linear matrix inequality (LMI). The LMI
conditions are solved by MATLAB LMI toolbox in finite time
which is another advantage of the proposed H,, approach. Also, P—

common coupling (PCC) voltage and frequency for linear and non-
linear loads and also in case of an accidental outage of a DG.
Moreover, comparison with the conventional cascaded PI
controller illustrates the advantages of T-S robust controller for the
studied microgrid. The contributions of the paper could be
summarised as follows: (see (1))

* Deriving T-S fuzzy model of an AC microgrid using non-linear
sector method

* Designing a decentralised non-linear robust T-S-based controller
through convex optimisation and LMI formulation for the VSIs
in the AC microgrid

» Providing sufficient conditions for the robust performance of the
microgrid system, while power sharing among DGs are achieved
through droop controllers

» Verifying the proposed controller performance in case of highly
non-linear loads and accidental outage of DGs, and

e Comparing controller performance with the conventional
cascaded PI controller

The paper is organised as follows: Section 2 describes the
system under study. In Section 3, fuzzy T-S model of AC microgrid
is derived. Section 4 provides T-S H,, robust controller design for
the system under study. In Section 5, simulation analysis and
comparison with the cascaded PI controller are investigated.
Section 6 draws the conclusion of the paper.

2 AC microgrid modeling
2.1 DG modeling

In an islanded AC microgrid, there is a main AC bus which is
connected to the distributed resources and/or energy storage
systems through power converter/inverters and appropriate filters.
The AC bus feeds the local loads. In order to derive a mathematical
model for such a system, first we consider a simplified structure as
shown in Fig. 1, in which a VSI is connected to the AC bus
through an LC filter. The DC side of the converter is connected to
an energy source/storage system such as photovoltaic, wind
turbine, or storage device. Without loss of generality, such energy
source/storage system provides almost a constant DC-bus voltage
for the VSI input. Therefore, no dynamics is considered for the DC
side here. Moreover, Cy and Ly are the filter parameters.

Using Kirchhoff's voltage and current laws, one can obtain the
system equations as follows:
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Fig. 1 Single DG unit connected to an unknown load
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Fig. 2 Controller design procedure used in this paper

where v and i; stand for the three phase load voltages and currents,
respectively, v; represents the input voltage and 7 is the inductor
current. The above equations are transformed using Park
transformation as follows:

1. 1.
Vg — al]q + alq

1. 1.
Vg — =g+ =1,
vq _ Cf 9 Cf 9 (3)
d —Lvd + wiy + ivid
T L

1 o1
— Vg — Wig + 7V

Le Ly

where (3) shows mathematical model in the dg framework.
Defining p; and ¢; as instantaneous inverter output active power

and reactive power, respectively, iy and i, can be represented as
functions of p, and g as follows [21, 22]:
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Pr = Vaira + Vyirg

4)
. . 2 .12 (
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5 2 (5)
. PtVg—qtVa wLi(ig+ ig)va
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Using (3) and (5) state-space model of the system can be
reformulated as

1. Pr qy — wL(iq + iy)
|~ 73 N Vd — 7 2 Vq
. Cr (va+vy) (vi+vg)
Vd 2 )
I [ P S olia+i)
a| _| Cr (va+vg) (va+v3)
g Wi, | V,
. (L - 5
lq q Ll‘ d
—wig — %vq
6
0 O ©)
0 O
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+H—= 0
L (Vw)
1
0 —
I

2.2 Design procedure

In Fig. 2, controller design procedure pursued in this paper is
shown. First, the system (6) is per unitised using Spase and Vipgee.
Then, it can be represented as (1) in this step. After that, the non-
linear terms in (1) are appropriated by the fuzzy premise variables
and their corresponding membership functions are defined. Next,
T-S robust controller is designed for T-S fuzzy approximation of
the non-linear system and at the end, controller is applied to the
actual non-linear system. Details of each step are explained
thoroughly in the following sections.

It should be noted that conventional droop controllers are used
for power sharing between DGs in the microgrid. The voltage and
frequency droop characteristics for the ith DG are as follows:

fi= fo—miP;—P})

(7
Vi=Va—n(0; - Oi)

where f, and V, are nominal frequency and nominal voltage
magnitude, respectively, m; and n; are the droop coefficients which
are chosen based on the active and reactive power ratings of each
DGs, P; and Q; are the active and reactive power of each DGs
measured at the DG's output terminal and then filtered by a low-
pass filter (LPF) and P}, Q! are nominal active and reactive power
for each DG, respectively. V; and f; are the voltage magnitude and
frequency references for the primary controller (proposed robust T-
S controller), respectively. The block diagram of the overall system
is shown in Fig. 3 for an AC microgrid with two distributed
resources. Designing an output non-linear robust controller for (1)
is not a straightforward procedure. Therefore, in the next section,
we aim to derive a fuzzy T-S description of the system to facilitate
the design objectives.
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Fig. 3 Islanded microgrid system including robust T-S and droop controller

3 Fuzzy T-S system description of AC microgrid

It has been shown that T-S fuzzy models with linear rule
consequences can approximate any smooth non-linear system [23].
This approach uses linear approximated subsystems to describe
non-linearity of the system dynamics. They also offer a systematic
procedure to design controllers and observers for non-linear
systems such as the one in (6). T-S models are based on IF-THEN
rules like other fuzzy inference systems, while each rule describes
a region of the physical system's behavior.

The ith rule of the T-S fuzzy model is of the following form:

rule i: IF z(¢) is M;y(2) and ... and z,,(¢) is M;,(?)

mheN | = AAOFBUO

(1) = Cix(2)
where 7 is the number of total rule, z(f)...z,(¢) are the premise
variables that can be function of state, disturbance and/or time.
M\ (), ..., M;,(t) are the fuzzy sets which correspond to their
premise variables. Final outputs of T-S inference system can be
indicated by

> wilzO){Ax(®) + Bu(h)}

x(t) =
i wilz(®)
= )0 WO Ax(®) + Bu(®)}
®)
i wilz){Cx(t) + Du(n)}
OES p
i wilz()
= D WO Cx(t) + Du(t)}
where in such equations we have
=]z @ ... 0]
wiz(1) ©)

p
(z(2) = M;j(z;(D)), hi(z(1)) = —
wilZl j=H1 .I(Z./ ) z T w0

pcc )
Line2 : ‘v2id ’v2iq s

: D Controller

Ah A
I
Load I l
L t
T I
—=—==—===4

It is always possible to choose suitable premise variables and
membership functions to attain a T-S model with desired accuracy
[23]. To obtain fuzzy T-S system for our defined non-linear system
(1), premise variables are considered as non-linear terms in (1) and
they are given as follows:

X / 2 _ / 2 + 2
a0z s L Ot
Va+ Vg Va+ Vg

. (10)

System states iy, i, V4 and v, are inputs to the fuzzy system and for
driving z, and z,, they are required to be measured for each DGs. In
our case, based on non-linear sector method, z, and z, are
approximated by two membership function as follows:

a(t) = Mi@(O)Z) + Ma(zi(D)(Zy)

_ 11
2(t) = Ni((D)(Z,) + No(z())(Z2) (ah

where (Z;) and (Z;) are upper and lower bound for premise
variables, respectively. Also in this method, we should have

M\(z(1)) + Ma(z:(1) = 1

(12)
Ni(z(1) + No(z(1)) = 1

From (11) and (12), the membership functions can be calculated as

-7
MGz = % M) = 1 - M@ (@)
w-2) 1
Ni((0) = fzfz—) Na(=(1)) = 1 = Ni((0)

and finally, by using non-linear sector method, T-S model can be
written as follows: (see (14)) where in these equations, B and C are
constant matrices defined in (6), A;, A,, A; and A, are matrices
calculated using non-linear sector method and the fuzzy sets in
(13). An additive uncertainty with (AA, AB, AC) realisation is
considered at (14). Since it is a common assumption that the model
is quite accurate for low frequencies but deteriorates in the high-

Rule 1: IF z; is M,(z,) and z, is N,(z,) THEN x = diag(A,, AA)x + (B, AB)TM
Rule 2: IF z, is M,(z,) and z, is Nx(z,) THEN i = diag(A,, AA)x + (B, AB) u
Rule 3: IF z, is Ms(z,) and z, is N,(z2) THEN x = diag(A;, AA)x + (B, AB) u (14)
Rule 4: IF z; is M,(z,) and z, is N»(z,) THEN x = diag(A,, AA)x + (B, AB)Tu

Output for all fuzzy rules: y = (C AC)x
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frequency range. The reason is that the effects of parasitics and
non-linearities become more significant at higher frequencies.

Fig. 4a shows controller structure which is used in the design
procedures. This controller comprises several locally linear
controllers and the whole control system is known as parallel
distributed compensator (PDC).

Although, linear dynamic robust controller can be designed for
each subsystem separately, but such an approach does not
guarantee robust performance or even stability of the whole
system. Therefore, in the next section, a unified control system
design is proposed which is based on just one optimisation problem
instead of dealing with four separate cases.

4 Robust H controller design for T-S model

H, controller can handle uncertainties and external disturbances in
the defined model (6) appropriately. Unfortunately, its designing
method is not straightforward at all because solving Hamilton
Jacobi Isaacs partial differential equation is required, by a closed
form solution, to drive non-linear robust controller. Therefore, T-S
fuzzy system provides us a systematic paradigm for designing
locally linear H, controller. H,, linear controller design is a well-
established method in control system theory where its design
procedure is generally accomplished by using LMIs [24, 25]. The
conventional design procedure can be extended to T-S models with
some appropriate assumptions. The additive unstructured
uncertainty A which represents unmodelled and high-frequency
dynamics is considered in design procedures as follows:

Ao <¥
G= Gi+A = Gi+ WDAL‘
A= {Ac ec™ I Aclleo < 1} (15)

Ay Ap
AL‘: WD<7

where G; is the nominal transfer function for each subsystem (4;, B,
C), W, indicates upper bounds and frequency behavior of
uncertainty and A, represents lumped uncertainty.

(see (106)) .

+ y T8
AR > »| T-S Model
Controller

Fig. 4b shows virtual closed-loop diagram with appropriate
weighting functions that represent design objectives in this
problem which are listed as follow:

) Il Tw,z, ll, < 1 Robust Stability
(ii) || Tz, I, < 1 Nominal Performance

where Tyw,z,, and Tz, are the transfer functions from w, and r
to za and gz, respectively. It can be shown that the first two

objectives can be achieved by a vector norm inequality as follows
[26]:

TWZ
” < (17)

TrZ 1

o0

We need to construct the linear fractional transformation equation
Z w,

to solve (17). By defining z = ( A) and w= ( A), open-loop
2 r

interconnected (18) can be written using the derived T-S model and

weighting function state-space realisation as follows:
. 4 ~
¥= ( > (W@DA)E|+ Bw + B
=1

P: R (18)
z2=CXx+Dyw+Du

y=Cyx+D,w

where X = (x,xWA,xWZ])T and P follow the same T-S fuzzy

inference system as described in (8)—(14). Consider the following
T-S controller K as

4
(= Z hi(2)(Axi€ + Bgiy)
k! 7 (19)

4
u= Z hi(2)(Cki + Dxiy)

i=1

By applying controller (19) to (18) the closed-loop system is
obtained as

min y
such that
~ ~ A AT
AX + XA} +B,Ci+ (B.C) * * *
A ~ A T ~ ~ A A T
Ai+(Ai+ BDICy) AY +YA +BC,+ (B.C,) * * .
. A <0 i=1234. (16)
(Bw +B.DiD,) (vB, + B,»DW) —yI *
CX+DC; Cz+ D;D,C, D,,+D.DD, —yI
X I
>0
1Y
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4
Xe1 = 2 hi(2)(Axe + Bw)
T: =t (20)

4
z= ; hi(2)(Cixer + Dyw)

where

A _ Ai + BuDKiCy B”CK,* B’ _ (BwBuDKti
' BKiCy AKi ’ , BKti
Ci = (C: + DsziCy DZCKi)7 D_i = (Dzw + DzDKti)

@1

It should be noted that the whole closed-loop system uses inference
engine given by (14). It can be shown that the closed-loop system
(20) has L, gain less than y > 0 if there exist a matrix P > 0 such
that [27]

PA;+PA] PB, C;
B'P —y1 Dr|<0 i=123.4 22)
C; D; —yl

It can be derived that (22) is the sufficient condition for having L,
gain performance which is known as the H,, criterion.

However, controller K cannot be calculated using (22), since it
is not a convex problem. By defining

Y N (X M . .
P= , P = T and also introducing a new set of
M *

variables as

n

A= NAgM" + NBy,C,X + YB,Cx;M"
+Y(A; + B,DgC,)X
B;:= NBy; + YB,Dx:
Ci:= CxM" + DiC X
D;:= Dy

i=1,2,3,4 (23)

non-convex offline optimisation (22) is converted to an LMI-based
offline convex optimisation problem. It is shown that H, problem

(22) admits a solution, if there exists X > 0, ¥ > 0 and Ai, éi, CA'i, ﬁi
such that LMI formulation (16) is satisfied (see bottom of the page
5). Controller parameters Ag;, By, Cki, Dg; are given by

Dk; = D;

Cxi = (c,- - DK,-CyX)M'T
By = N‘l(é,- - YBL,DK,-) i=1,2,3,4 24)

AKi = Nﬁl(Al- b NBKL'CyX - YBuCKiMT)

—Y(A; + B,DC,)X)M"")

where M and N are non-singular matrices satisfy the following
equation:

YX+NMT=1. (25)

In this problem, desired closed-loop response characteristics such
as system bandwidth and steady-state error, W, is selected as

performance weighting function. The performance weighting
function (W) should be similar to step function since steady-state

values for V; and V, have DC forms. Precise location of the poles

and zeros are degrees of freedom which can be used to achieve
better performance by controller designer. In our design W, is

considered as
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s+ 50 0
W = s+ 0.02 26)
an 0 5+ 50
s+ 0.02

Moreover, W, is chosen as robust stability weighting function for

having suitable sensitivity function and as an upper bound for
uncertainty A. W, should be considered as a stable transfer
function with maximum singular value placed at frequencies higher
than AC microgrid nominal frequency. Thus, W, is considered as
follows:

s+09 0
W= s+ 1.1 7
A s+0.9 @7
0
s+ 1.1

Designed controller matrices are given in Appendix. Both DGs in
studied microgrid uses same controllers although they have
different power ratings.

5 Simulation results

In this section, the performance of the proposed T-S robust
controller for the studied AC microgrid in Fig. 3 is investigated
under different scenarios. Microgrid system parameter and interval
for fuzzy variables are given in Table 1. When premise variable
bounds have been set, considering permissible values for the
system states (1), regardless of their values, desirable performance
of the T-S robust controller can be achieved by appropriate
choosing of weighting function (26).

The system is simulated by MATLAB/SimPowerSystem
toolbox. Specifically, robust stability and nominal performance of
the microgrid system with respect to the linear and non-linear load
dynamics and accidental outage of a DG are studied. Moreover, the
performance of the T-S robust controller is compared with
conventional cascaded PI controllers at defined load dynamics for
T-S robust controller performance test.

5.1 Performance with linear load

In this case study, at # = 0.5s a 3 kVA linear load with PF = 0.85 is
connected to the microgrid. When system states reached to stable
condition, at r=0.8s a 1.5kVA linear load with PF =0.85 is
subtracted from the PCC PCC main load. Fig. 5a shows d—q
components of PCC voltage. As it can be seen from the figure, T-S
controller can damp oscillations caused by load increase and
decrease, appropriately. Figs. 5b and ¢ show active and reactive
power, respectively. As these figures indicate active and reactive
power of the linear load is shared between DGs according to their

Table 1 Parameters of the microgrid system

Quantity Value
Sbases S1, 52 10, 5, 10 kVA
Ly (series inductance) 5mH
Cy (shunt capacitance) 470 uF
fow (PWM carrier frequency) 6 kHz

droop parameters of DG1
droop parameters of DG2

my = 0.006,n; = 1.5
my, =0.002,n, =1

V.. (microgrid phase voltage) 220

fo (system frequency) 50 Hz

V4. (DC bus voltage) 600V
Ziinel 0.018 + j0.039
Ziine2 0.015 + j0.034
LPF time constant 1ms
Z,é -0.1,0.3
72,2, -0.2,0.1
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Fig. 5 Imposition and reduction of linear load at t = 0.5 s and t = 0.8 s:
(a) dg components of PCC voltage, (b) real power of DG units and load, (c) reactive
power of DG units and load, (d) DGs droop frequencies

droop coefficients. Fig. 5d shows frequency profile of each DG
changed according to their droop coefficients. Therefore, robust T-
S controller shows satisfying performance in the presence of
imposition and reduction of linear load.

5.2 Performance with non-linear load

Power electronic converters with regulated output power have
response characteristic as CPL with negative impedance effect (e.g.
motor drive with regulated speed) [28]. To show the robustness of
the proposed controller structure with such loads, a 3—ph rectifier
connected to a buck converter while supplying a 2kW CPL, is
imposed to the AC bus while microgrid is supplying a SkVA linear
load with PF =0.9 and required power is provided by DGs
according to their droop coefficients.

d—q components of PCC voltage are depicted in Fig. 6a. As it
can be seen from this figure except for a short-time transient, T-S
controller successfully regulates PCC voltage. Fig. 6b shows 3—ph
instantaneous load current which has harmonic due to highly non-
linear load. Figs. 6¢ and d show active and reactive power increase
are shared appropriately between DGs. Consequently, robust T-S
controller could maintain system stability in the presence of CPL.

5.3 Accidental DG outage

The objective of this case study is to show that robust T-S
controller can maintain microgrid voltage and frequency stability
after a sudden accidental outage of DG1. This scenario can happen
when a DG should be overhauled, or in the case of primary energy
source disturbances.
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Fig. 6 Imposition of non-linear load at t = 0.2 s:
(a) dg components of PCC voltage, (b) 3-ph instantaneous load currents, (c) real
power of DG units and load, (d) reactive power of DG units and load

At t = 0.4s, while microgrid is supplying a SkVA linear load
with PF = 0.85 at its PCC, DG breaker is opened. Figs. 7a and b
show that after a very short transient, PCC voltage is regulated at
droop reference outputs. Figs. 7¢ and d show active and reactive
power of DGs and load. As depicted in these figures, T-S controller
robustly regulates voltage and current such that deficit power in the
microgrid is compensated by DG2.

5.4 Comparison with conventional Pl controller

PI controller is one of the first options for microgrid control
problems because of its simple intuitive design and relative
robustness against external disturbances [29, 30]. However, using
linearised equation for system model around operating point can
degrade system performance in case of changes in load dynamic
and configuration of the system. In this section, inner current and
outer voltage loop PI controllers are used instead of T-S robust
controller to show the effectiveness of the T-S controller. PI
controllers are designed such that (1) have appropriate gain and
phase margin for each input and output channels. PI controller
parameters are given in Table 2.

Simulation conditions in these scenarios are similar to T-S
robust controller cases so results can be compared
conveniently. The obtained results of V,; and V, have been included
in two separate Figs. 8 and 9 to improve comparability of robust T-
S fuzzy controller with the conventional PI controller. Figs. 8 and 9
depict in almost all scenarios robust T-S controller yield better
performance with respect to settling time and oscillation than the
conventional PI controller for both V,; and V, components of PCC
voltage. Moreover, it can be seen from Figs. 8 and 95, ¢ that the
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Fig. 8 V, component of PCC voltage for robust T-S and cascaded PI

controllers for defined load dynamic:
(a) Linear Load, (h) Constant power load, (¢) Accidental outage

controller performance has been deteriorated drastically in CPL
and accidental outage of DG1 cases. In these two scenarios, V,; and
V, response oscillate around the references provided by droop
controller and PI controller is unable to diminish these oscillations.
As a result, complexity of the T-S robust controller is justified by
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Table 2 Cascaded PI controller parameters
Output channel Current controller ~ Voltage controller
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Fig. 9 V, component of PCC voltage for robust T-S and cascaded PI
controllers for defined load dynamic:
(a) Linear load, (b) Constant power load, (¢) Accidental outage

its better performance in different load dynamics and disturbances
for the system.

6 Conclusion

A fuzzy decentralised robust control strategy for the autonomous
operation of an islanded AC microgrid to regulate voltage and
frequency was proposed in this paper. A dual locally linear model
for the non-linear state-space equation in d—q frame using T-S
fuzzy interference engine is derived. Sufficient conditions for
guaranteeing robust stability and L, gain performance (H,,
criterion) are expressed using an extension of Bounded Real
Lemma. Design objective is formulated as a non-convex
optimisation problem reduced to a convex LMI problem which is
solvable in finite time using MATLAB LMI toolbox. Design
procedure can be extended to other microgrid topologies very
conveniently by defining new premise variables and design
objectives. The proposed controller shows very good performance
characteristics in various scenarios with different load dynamics
(linear and non-linear) and DG accidental outage. Moreover,
simulation results for cascaded PI controllers confirm the
superiority of T-S robust controller in the non-linear load condition
and accidental outage of DGs.
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9 Appendix

Matrices of controller used in simulation section are as follows:
(see equation below) (see equation below) (see equation below)
(see equation below)
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