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ABSTRACT Technologies of microgrids (MGs) help power grid evolve into one that is more efficient, less
polluting, reduced losses, and more flexible to provide energy consumers’ want and need. Because of the
nature of various renewable energy sources (RESs) integrated into the MGs such as variability and inability
to accurately predict and control, different technical problems are created. Power quality is one of the most
important issues to be addressed, especially harmonic distortion and voltage stabilization. Many devices
have been proposed to improve these two aspects that may result from loads nonlinearity and sources
uncertainty. In this study, an adaptive switched filter compensator (ASFC) with developed proportional-
integral-derivative (PID) controller is proposed to improve the overall dynamic performance of the MGs. The
PID’s controller gains are optimally tuned via the application of grasshopper’s optimization algorithm (GOA)
to act adaptively with self-tuning as the operating conditions may subject to change during MG operation.
Different case studies are proposed to reveal the robustness of the presented ASFC on harmonic mitigation,
dynamic voltage stabilization, reactive power compensation and power factor improvement considering the
features of RESs such as variations of wind speed, solar PV irradiation and temporary fault conditions.
A distribution synchronous static compensator (D-STATCOM), as one of the most popular D-FACTS, with
optimal tuned PID controller by using the GOA is also proposed. To validate both the proposed ASFC
topology and the modified D-STATCOM, comparative studies including what has been published in literature
are examined by using MATLAB/Simulink platform. The results advocate the effectiveness, robustness and
latency of the proposed devices.

INDEX TERMS Microgrids (MGs), adaptive switched filter capacitor (ASFC), distribution synchronous
static compensator (D-STATCOM), distribution flexible alternative current transmission system (D-FACTS),
power quality (PQ), grasshopper’s optimization algorithm (GOA), PID Controller.

I. INTRODUCTION

Integration of distributed energy resources (DERs), renew-
ables and non-renewables, forming what is called ‘microgrids
(MGs)’ has been widely deployed to benefit both utilities
and consumers. MGs are continuously developed along with
the progress in information and communication technologies
(ICTs).

Three modes of operation MGs can operate in; utility grid-
connected, islanded and isolated. In addition, MG control
strategies can be categorized into three levels; (i) primary con-
trol, which is a local control for each load and each resource
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in the MG. It is based on the local measurements of the
parameters necessary for managing and controlling the MG,
(i1) secondary control that is responsible for MG operation
according to the mode of operation used, and (iii) tertiary
control, which is the highest level of control. It coordinates
multiple MGs interacting with one another in the system and
communicates requirements from the utility grid [1].

Therefore, primary and secondary controls are associated
with the MG operation itself, whereas the tertiary control is
considered as part of the utility grid. Regardless of the kind of
operation mode, MG components should be interoperable and
with interfaces complying with functional standards defined
by the MGs as well as the controller should enable the MGs
to manage themselves and operate autonomously.
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Renewable energy sources (RESs) are nowadays encour-
aged by utility companies to be integrated into the MG.
Because of the nature of various renewable sources (e.g.,
wind and solar PV) such as variability and inability to accu-
rately predict and control, different technical problems are
created. A tremendous amount of research in addition to
attention of power system planners and operators are taken
place in providing the consumers with electrical energy as
economically as possible and with a high degree of reliability
and quality of supply. One of these standards that must be met
is the MG power quality (PQ). Harmonics distortion and volt-
age stabilization are listed as major PQ issues in the literature
which may result from loads nonlinearity due to the presence
of electronic devices and drives in consumers’ premises, and
sources uncertainty due to both of generation intermittency
of renewable sources and the electronic interface devices.

Passive, active and hybrid power filters can be used for mit-
igating harmonic distortion. In [2] two-stage filtering station
of a PV power plant to eliminate the output harmonics from
the PV inverters, and improve the power quality at PCC was
studied. Moreover, the transformer integrated filtering system
(TIFS) was used for PQ enhancement throughout its ability
of harmonic suppression [3].

Meanwhile, multifunctional voltage source inverters or
flexible alternating current transmission system (FACTS)
devices are utilized to process these problems that may
yield voltage instability in the MG. The unified power flow
conditioner (UPFC) on the transmission level provides the
controlling of power flow [4]. For distribution systems, the
dynamic voltage restorer (DVR) is employed to compensate
voltage sag [5], [6], and the distribution synchronous static
compensator (D-STATCOM) provides both voltage sag and
reactive power compensation [7]. DVR and D-STATCOM are
only useful for compensating a specific kind of power quality
issues. So, it is essential to develop a new scheme of uni-
fied series-shunt compensator (USSC), which can alleviate
a wider range of PQ issues. One of them is the multi-function
device that is named as ‘switched filter-compensator (SFC)’.
It can be exploited for mitigating harmonics distortion and
voltage stabilization as well. It acts with trial and error-tuning
for a specific operating condition. As applications of the SFC,
it has been used to enhance the PQ and voltage stabilization
of induction motors [8]. Furthermore, hybrid SFC driven by
two regulators and one of two schemes of FACTS topologies
have been applied to an MG aiming to mitigate harmonics
and improving both power factor and voltage stability [9].
SFC topology for wind energy in a grid-connected system is
studied in [10] to prove its capability of harmonics reduction
at different conditions (load variation and fault conditions)
and compensating the reactive power to satisfy the dynamic
voltage stability.

This paper presents a modification of the SFC to act adap-
tively with self-tuning as the operating conditions are sub-
jected to change during MG operation. The proposed device
is named as ‘adaptive switched filter-compensator (ASFC)’.
In addition, the gains of the proportional integral derivative
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(PID) controller, which is an element in the ASFC topology
is optimally tuned using the grasshopper’s optimization algo-
rithm (GOA) [11]. The GOA parameters are used to verify
the GOA-PID controller’s performance by searching for PID
controller gains with an objective of minimizing the integral
time absolute error (ITAE). This helps achieve fast processing
and more accurate results rather than those obtained by trial
and error method. Moreover, D-STATCOM is developed to
be a self-tuning device. Comparative studies are introduced
in this study including different cases to illustrate, to any
extent, the effectiveness of applying either the ASFC or the
developed D-STATCOM to an isolated MG. The MG com-
prises renewable energy sources (RESs) such as solar PV
energy, wind energy system (WES), battery energy storage
system (BESS) and the proton exchange membrane fuel cell
(PEMFC) supplying AC loads at the point of common cou-
pling (PCC). More details about the MG architecture and
the mathematical modelling of its components, which the
simulation modelling is based on, are described in the next
section. The results of applying the proposed ASFC to the
case studies confirm that it provides more accurate solution
at less computation time. The main contributions of this work
can be summarized as:

o A proposed ASFC with optimal tuned PID controller is
introduced.

« A modified model of D-STATCOM with optimal tuned
PID controller using GOA is presented.

« Different case studies are performed considering the
features of RESs and temporary fault conditions in order
to validate the effectiveness of the proposed devices.

Accordingly, this paper is organized as follows. In section II,
the architecture of MG is illustrated. Section III presents a
modification of the ASFC for mitigating power quality prob-
lems. In section IV, the results of applying either ASFC or
D-STATCOM are examined by using different case studies.
Finally, the conclusions are introduced in section V.

Il. ISOLATED MG ARCHITECTURE

The MG central controller (MGCC) manages the operation
of integrated DERs and loads. Each of DERs is connected to
a local controller (LC) to adopt their reliable and economical
operation. The main tasks of MGCC can be summarized as:

« Providing the individual power and voltage set point for
each power flow/DER control strategy.

« Satisfying the electrical loads’ requirements.

« Alleviating emissions and network losses.

« Exploiting the operational efficiency of the DERs.

The proposed MG includes solar PV, WES, BESS and
PEMEFC. Each of these resources is connected to its LC,
which in turn is connected to the MGCC. The MGCC can be
connected to the host (or utility) grid through the distribution
system operator (DSO) if it is desired or needed. The LC
encompasses a breaker for switching operation of its con-
nected resource and maximum power point tracking (MPPT)
circuit. DER-bus is connected to the load-bus at 380V, 50 Hz.
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FIGURE 1. Diagram of an isolated MG with control system structure including ASFC.

Fig. 1 shows the isolated MG with a control system structure
including the power quality enhancement device (PQED) at
the PCC.

A. MATHEMATICAL MODEL OF THE SOLAR PV
The PV generation power output, Ppy, can be calculated as:

Ppy = nngvAmGt (n

where:
ng: The instantaneous efficiency of the PV generator.
Npy: The number of modules.
A,;: The area of one module used in a system (m?).
G;: The global irradiance incident on the titled plane
(W/m?)
The efficiency of the PV generator instantly is denoted as:

Ng = NrNpt [1—B(T. —T,)] )

where 7, is the PV reference efficiency of the generator,
npt 1s the power tracking equipment efficiency, which equals
1 when using a perfect maximum power point tracker. 7,
and T; are the PV cell and reference temperatures in °C,
respectively. B; is the efficiency temperature coefficient [12].

The artificial neural network (ANN) is used to forecast the
required voltage value at the MPP [13] at which the desired
duty cycle of the boost converter is calculated. The ANN
comprises of three layers; (i) the input layer that has two
neurons corresponding to the irradiation and temperature,
(ii) the hidden layer including 10 neurons, and (iii) the output
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layer with one neuron. The maximum number of epochs to
train the ANN equals 100 and the learning rate equals 0.02.
The parameters of the PV model are specified from a practical
PV module (KC200GT) manufactured by KYOCERA [14]
as given in Table 11, (Appendix A). The LC of the PV
system is designed for extracting the power when: 0 < T, <
60 & 100 < G; < 1000.

B. MATHEMATICAL MODEL OF THE WES

The wind turbine generator power output can be determined
as:

0, V < Vg
P = av3 —bP,, Vi<V <V, 3)
P, Vi<V <V
0, V=V
where a = V}Ii’ Vi) b = Vrg,V_“"i”ﬁ, P, is the rated power of

the wind generatoLr. Veis Veo, and V,. are the cut-in, cut-out
and rated speeds of the wind turbine [15]. The extracted real
power from the wind turbine is denoted by:
1 Roop |
m=§mquﬂﬂk ]

where p is the density of the air (p = 1.2250 kg/m3), Ais
the blade swept area, R is the length of the blade, w,; is the
optimum speed of wind turbine and A, is the optimum tip-
speed ratio. The power coefficient C, is a function of the pitch

“

opt
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FIGURE 5. The PID controller using (GOA) with PWM circuit.

angle g and the tip speed ratio A, which is given by:
__ oR
=

where o is the rotational speed of the wind turbine and
Vv is the wind speed. The MPPT is carried out by using
the perturbation and observation (P&O) technique [16]. The
parameters of the WES model are specified from practical
data (E3120) manufactured by ENDURANCE [17] as given
in Table 12 (Appendix A).

A &)

C. BESS MODELLING

The battery bank is used for storing/supplying electrical
energy in case of charging/discharging process. The most
frequent type used is the lead-acid. The accessible battery
bank capability at hour ¢ during charging/discharging can be
expressed as:

Eloaa (t)

120%

Cpar =Cpar(t — D1 —0) £ [ - pv(t)Ew(t):| Nbat
(6)
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FIGURE 6. The implementation of the GOA technique for determining the
controller parameters.

where Cpys(t) and Cpg (t — 1) are the battery bank capacity
in (Wh) at the hour (¢) and (¢ — 1), respectively. npq 1S
the efficiency of the battery, o is the self-discharge rate of
the battery bank. Ej,(¢) and E,(¢) are the PV and wind-
generated energies, respectively. Ejyqq(t) is the load energy
consumption of the MG at hour (¢) and 7;,, is the inverter
efficiency [18].

The positive and negative signs refer to the charging and
discharging state, respectively. The aim of the battery LC
is to control the charging and discharging of the battery
according to the renewable power, state of charge (SoC) and
load demand available. The battery’s SoC is provided by:

t

/%mw ™

10

SoC = SoCy —

nom

where Cp,, and Ipq(t) are the battery capacity (Ah) and
the battery current (A), respectively [19]. The parameters
of the BESS model are specified from real BESS data
(S2-2160GEL) manufactured by Rolls battery [20] as given
in Table 13 (Appendix A).

D. PEMFC MODELLING
The PEMFC is the most common type of FCs and the best
choice for housing and vehicle applications because of its
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error-driven PID.

performance features such as fast start-up, lightweight and
high-power density.

The FC parameters, in general, such as open-circuit volt-
age (E,), the exchange current (/) and the Tafel slope (A)
depends on variations in temperature, pressures, composi-
tions and flow rates of fuel and air. Therefore, to calculate
the FC parameters, the following formulas are used:

Ve = [ Eoc — NAIn(Z ! RI; 8
te = | Eoc — n(z)de—_i_1 — Rl 3

S3
and
E,c = K.E, )
Fk(P P —AG
I = 2Fk(PH2 + Po2) e( RT) (10)
Rh
4= K a1
"~ zaF

where K. is the voltage constant in nominal operating condi-
tion (V), E, is Nernst voltage, which is the thermodynamic
voltage of the cells and relies on the temperature and partial
pressure of reactants and products inside the stack (V), R is
universal gas constant (8.31450 J/(mol. K)), F is Faraday’s
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D-STATCOM, (b) with the modified D-STATCOM.

constant (964850 A.s/mol), z is number of electrons moving,
« is charge transfer coefficient, T is the operating temperature
(K), Pgy and P,y are partial hydrogen and oxygen pres-
sures inside the stack (atm), respectively, k is the constant of
Boltzmann (1.380 x 1023 J/K), h is the constant of Planck
(6.6260 x 1073* J.s), and AG is the size of the activation
barrier which depends on the type of electrode and catalyst
used [21].

Table 14. shows the parameters of the PEMFC model,
which are specified from real data (PowerCells S3) manu-
factured by POWERCELL [22]. The LC of the PEMFC is
designed for extracting power at Py, > 4 bar.

E. THE LOAD LOCAL CONTROLLER (LLC)
Real load data is given from Hurghada city, Egypt. It consists
of two daily load curves for active and reactive power of (i)
commercial load as shown in Fig. 2a,b, and (ii) residential
load as shown in Fig. 2¢,d.

Based on the mathematical models of each component of
the MG, the overall structure of the MG simulation model
including a PQED is shown in Fig. 3. It is to be noted that
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TABLE 1. PID controllers’ gains for modified and traditional D-STATCOM.

Control Modified Traditional
parameters D-STATCOM D-STATCOM
K, 22.523 12.5

K; 17.125 26.7

Ky 8.642 14.3

the simulation model leads to results that may differ from
the practical solutions because of the delays occurred in real
system (in measuring paths, data processing and execution
systems).

1ll. ADAPTIVE SWITCHED FILTER COMPENSATOR (ASFC)
To improve the performance of the isolated MG, the pro-
posed ASFC is applied to the load bus at PCC. The ASFC
is a switched/modulated filter that consists of a fixed shunt
condenser bank linked to the AC side of an uncontrolled
rectifier’s arm. The proposed ASFC is a low-cost device
compared to other shunt-connected FACTS devices, e.g.,
the D-STATCOM as reported in Reference 7. It only uses
one solid-state low-power switch with a 2-pulse low rat-
ing diode rectifier. This is approximately one-fourth of the
D-STATCOM cost. The ASFC construction and the PID
controller circuit are shown in Figs. 4 and 5.

The proposed PID control strategy comprises of three loops
as voltage stabilization loop error, current loop limiting error,
and dynamic power loop error. The first loop controller input
is the voltage at PCC (V). The aim of this loop is to reduce
voltage deviations at the PCC bus voltage from a reference
voltage level, i.e., a unity voltage level (V;,;_rer). Therefore,
the output is the first signal error (e4) of the PWM, as indi-
cated in (12) and (13), respectively.

ea = yvL X eyL (12)
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where:

1
Vm_ref - VL (TSTl)

Vm_base

ey =

13)
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The input of the second loop controller is the measured
current at PCC (I1). The concept behind this controller loop
is to limit the inrush current and the dynamic RMS current
changes. So, the loop controller compares the current at PCC

57930

TABLE 2. PID controllers’ gains for ASFC, modified D-STATCOM for
Harmonic analysis.

Control ASFC Modified
parameters D-STATCOM
K, 96.454 72.244

K; 23.183 9.325

Ky 7.586 2452

TABLE 3. PID controllers’ gains for ASFC and modified D-STATCOM during
PV irradiation variation.

Control ASFC Modified
parameters D-STATCOM
K, 40.854 85.531

K; 32.172 25.062

Ky 12.623 4.837

with a reference value (I, puse). The output of this compari-
son is the second signal error (ep) as given in (14) and (15).

e =YL X el (14)

I, 1 1
ey = P —— l1—- — (15)
Ly base \ 1+ sT 1+4sT»

and

The third loop controller’s inputs are the measured current
and voltage at the PCC bus. This loop decreases the effects
of load changes and sudden excursions of the dynamic power
changes. The loop controller, therefore, compares the mea-
sured voltage Vy , current I7 , and calculates power Py (VL. *I1)
with their reference values, and then feeds the third error ec
given by (16) to the PWM module.

ec = ypL X ep (16)

1, 1
epL = <L x —= ) (1 - —> (17)
Vm_base Im_base 14T,

Subsequently, the total error (er) is calculated in terms of
the three control system errors, Thus,

where:

er(t)=es+ep+ec (18)

The difference between the signals is processed by a PID
controller to obtain the phase angles (delta) needed to drive
the error to zero.

A. FORMULATION OF THE OPTIMIZATION PROBLEM
1) FITNESS FUNCTION

The fitness function, given by (19) is used to fine-tune the
proposed ASFC-PID controllers’ gains (K, K; and Ky).

min(J) = min(/TAE) 19)

where J is the total controller error of the ASFC and ITAE.
The performance index of the ITAE is expressed in a mathe-
matical term as:

T

J = ITAE = /tleﬂdt (20)
0
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FIGURE 12. The PQ indices at the PCC using ASFC, modified D-STATCOM and without using FACTs schemes under PV irradiation variation.

o The PCC voltage level is within its limits, that is

VOLUME 8, 2020

0.95 <V, < 1.05 @1

o Total harmonic distortion of the voltage at the PCC

(THD,), given by (22) must be following the IEEE
Standard 519 [23], that is limited by a maximum value
(THDy jpax = 8%), as given in Table 15. Thus,
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FIGURE 13. The PQ indices at the PCC using the ASFC, modified D-STATCOM and without using FACTS schemes under wind speed variation.

i V2 o Total harmonic distortion of the current at the PCC
— h (THD;), given by (24), according to the IEEE Stan-
h=2 g y g
THD, = v (22) dard 519 [23], should be limited by a maximum value
THD, < THDy max (23) (THD; jax = 5%), as given in Table 16. Hence,
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FIGURE 14. The PQ indices at the PCC using the ASFC, modified D-STATCOM and without using FACTs schemes under short circuit tests.
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> I2

h=2
THD; = 1 ——

I
THD; < THD; pax

(24)
(25)

3) IMPLEMENTATION OF THE GOA

The GOA is a proposed single objective, population-based
heuristic algorithm imitating grasshopper swarm’s behav-
ior in nature and mathematically modelling it to solve
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TABLE 4. PID controllers’ gains for ASFC and modified D-STATCOM during
wind speed variation.

Control ASFC Modified
parameters D-STATCOM
K, 66.234 75.327

K; 12.456 42.251

K 3.256 15.236

TABLE 5. PID controllers’ gains for ASFC and modified D-STATCOM during
the three-phase short circuit test.

Control parameters ASFC Modified
D-STATCOM

Kp 90.334 75.368

Ki 82.725 38.262

Kd 29.639 12.293

FundamenITaJ (50Hz) = 378.85, THD= 3.79%
e T T v T T T T T T T

[ with Traditional sFC] |

Mag (% of Fundamental)

T

Ilnnns

(0] 1 = & 5 6 7 O TONT AN 281 3
Harmonic order
(a)

Fundgmelnta{ (SOHZ) = 3.79'5.2 a -,._HD,= 7/ 70%

I \Vith ASFC

10 - 1

Mag (% of Fundamental)

o 1 2 ) 4 5 6 7 8 9 10 11 12 13
Harmonic order

(b)
FIGURE 15. The THDy at the PCC (a) with the traditional SFC, (b) with the
ASFC.

optimization problems with contentious variables [24], [25].
The algorithm simulates grasshoppers’ forces of repulsion
and attraction. While repulsive forces allow grasshoppers to
explore the search space, they are urged by attraction forces
to exploit the promising areas. GOA has been fitted with
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a coefficient that reduces the distance of the grasshoppers’
comfort zone to balance exploration and exploitation phases
during optimization. This helps GOA not to become trapped
in local optimum and find an accurate global optimum esti-
mate. As the best solution obtained so far by the swarm
considered as a target to be pursued, grasshoppers have a
great opportunity to find the global optimum by improving
the target through iterations. The updating position of GOA
equation is obtained as

N Upg — L
xt=r (S0, bd deOX]gi_Xi"

X — X;
- +Td
i 2

dij
(26)

where Xid is the position of the current solution in the d-
th dimension, r is a coefficient of diminishing that narrows
the zones of comfort, repulsion, and attraction. Upg and Lpg
are the upper & lower bounds in d-th dimension, d;; is the
distance between j-th grasshopper (X;) and i-th grasshopper
(X;) in absolute value, S is a function that defines the social
forces between grasshoppers and 7y is the target value in d-th
dimension, which is the best solution found so far.

Equation (26) indicates that the grasshopper’s next posi-
tion relies on its current position, the position of all other
grasshoppers, and the target position. The social forces func-
tion in (26) can be depicted as follows:

S=fT - (27)

where f is the attraction strength and [ is the scale of the
attractive length. To balance exploration and exploitation,
the parameter r in (26) must be decreased in proportion to
the number of iterations. This promotes exploitation as the
number of iterations rises. This parameter also decreases
the number of iterations in the comfort zone and then, it is
determined as:
F = Fmax — ; [max — Tmin (28)
T

where ry,ux & Fiin are the maximum and minimum values that
are taken as 1 and 0.0004, respectively, and ¢ is the current
iteration. 7 is the maximum number of iterations.

The GOA parameters used to check the GOA-PID con-
troller’s performance are:

The number of search agents and iterations are 25 and
number of 20, respectively.

Fig. 6 illustrates the implementation of the GOA method
for determining the controller parameters to identify the
global minimum error.

B. THE MODIFIED D-STATCOM

D-STATCOM is one of the most popular fast-response
D-FACTS topologies. It can be utilized to enhance poor PQ
issues throughout various system conditions [26]. A mod-
ification of D-STATCOM through using a three-level PID
driven-error is done to increase its effectiveness and being
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FIGURE 16. The PQ indices at the PCC using the ASFC and SFC under PV irradiation variation.

comparable to the proposed ASFC. Fig. 7 shows the con-
troller of the modified D-STATCOM with detailed parame-
ters given in Appendix B. The total error of D-STATCOM

VOLUME 8, 2020

can be expressed as

0.5

er2 = yva(eva) + via(ew) + yra(epa)

0.5

(29)

57935



IEEE Access

A. H. Elmetwaly et al.: Adaptive D-FACTS for PQ Enhancement in an Isolated Microgrid

1.2 T T 1 T T
s With Traditionl SFC
0.9 r seneaea With ASFC
1 [ -
/ 0.8
0.7
=08 t 1 —_
a 2
- — -—With ASFC (GOA) = 0.6
[
Soell | e With Traitional SFC | | o
= 0.6 1 raitional ‘:_’ 0.5
2 o
Q O
S g o4
204 _ a
0.3
0.2 .
0.2 g
0.1 _
o ! ‘ ! ! o I ! : !
0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Time (s) Time (s)
(a) PCC voltage vs. time (b) PCC current vs. time
0.7 T T T r 0.6 v v ' .
WithTraditional SFC N .
_______ With ASFC With Traditional SFC
o6t V] e With ASFC
05Ff i
051 =
g 5 04
= =
(<5
204l &
o
a 2
] = 0.3
> o
B 03t 3
< o
S So2
02 1 a.
0.1
0.1 g
0 L L L L 0
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Time (s) Time (s)
(c¢) PCC active power vs. time (d) PCC reactive power vs. time
1 . . . r
With Traditional SFC
oosh 11 |emesee With ASFC
0.9
2
=o0.85
=]
o
(v}
w08
)
g
@ 0.75
Q
g
07+t .
0.65 - -
0.6 ! ! ‘ !
0 0.1 0.2 0.3 0.4 05
Time (s)

(e) PCC — PF vs. time
FIGURE 17. The PQ indices at the PCC using the ASFC and traditional SFC under wind speed variation.

IV. RESULTS AND ANALYSIS (A) Comparison between the modified and traditional

To test the feasibility of the proposed ASFC to miti- D-STATCOM.
gate the harmonic distortion and improve the voltage sta- (B) Comparison between the ASFC and the modified
bilization, different case studies are discussed as in the D-STATCOM

following. (C) Comparison between the ASFC and traditional SFC.

57936 VOLUME 8, 2020



A. H. Elmetwaly et al.: Adaptive D-FACTS for PQ Enhancement in an Isolated Microgrid

IEEE Access

TABLE 6. PID controllers’ gains for ASFC and traditional SFC during
harmonic analysis.

Control parameters ASFC Traditional SFC
K, 96.454 38.6

K; 23.183 7.5

Ky 7.582 9.3

TABLE 7. PID controllers’ gains for ASFC and traditional SFC during PV
irradiation variation.

Control parameters ASFC Traditional SFC
K, 30.221 25.5
K; 11.864 21.7
K, 42.128 52.8

TABLE 8. PID controllers’ gains for ASFC and traditional SFC during wind
speed variation.

Control parameters ASFC Traditional SFC
K, 15.723 11.3
K; 48.251 32.8
Ky 9.356 20.6

TABLE 9. PID controllers’ gains for ASFC and traditional SFC during
harmonic analysis.

Control paramters ASFC Traditional SFC
K, 10.956 7
K; 2.654 1.2
Ky 3.712 0.8

(D) Comparison with related literature.

Cases A to C are performed on the MG shown
in Fig. 1 whereas case D is carried out through the system
in Reference 10.

A. COMPARISON BETWEEN THE MODIFIED AND
TRADITIONAL D-STATCOM

A comparison between the traditional (tuned by trial and
error) and modified D-STATCOM that is tuned by the GOA
for harmonic mitigation and reactive power compensation
at the PCC is described. The THD, is the main index for
quantifying the level of harmonics in voltage waveforms.
As shown in Fig. 8, the results obtained by using the modified
D-STATCOM yield a better reduction in the THD, as well as
less reactive power received at the PCC, Fig. 9. The results
satisfy the effectiveness of the modification. The controller
parameters of both modified and traditional D-STATCOM are
tabulated in Table 1.

B. COMPARISON BETWEEN THE ASFC AND THE
MODIFIED D-STATCOM

Different scenarios such as harmonic distortion analysis, PV
irradiation variation, wind speed variation and short circuit

VOLUME 8, 2020
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FIGURE 19. The THDy at the PCC (a) with the traditional SFC [10], (b) with
the ASFC.

test at the PCC are considered. For each scenario, the results
obtained from the original system without FACTS devices are
the base of comparison with those resulted when using the
proposed ASFC or the modified D-STATCOM.

1) HARMONIC ANALYSIS
The THD, and THD; at the PCC are measured and com-
pared as shown in Figs. 10 and 11, respectively. For the
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TABLE 10. PID controllers’ gains for ASFC and traditional SFC during wind
speed variation.

Control parameters ~ASFC Traditional SFC
K, 8.962 7

K; 0.423 1.2

Ky 0.946 0.8

TABLE 11. The parameters of the PV module.

Open circuit voltage (Voc) 32.9v
Short circuit current (Zsc) 8.21A

Module voltage at the maximum power point 26.3V
Module current at maximum power point (7,,) 7.61A
Maximum Power (P,,) of a PV module 200W
Reference temperature 25°C
Reference solar radiation 1000W/m*
No. of series PV modules in a string 8
No. of parallel-connected PV strings 63
TABLE 12. The wind generations specification.
Rated Vi Veo Vv, Hub Swept
Power (m/s) (m/s) (m/s) Height Area
&W) (m) ()
60 2.5 16 12 12 10.235
TABLE 13. The parameters of BESS.
Capacity  Efficiency  Min. Max. Maximum Max.
(Ah) (%) charge charge discharging charging
(%) (%) rate rate
2160 85 20 80 20 kW -40 kW
TABLE 14. The parameters of PEMFC.
Type Stake Nominal Nernst Fuel cell
power Voltage resistance
(En)
PEM 50 kW 1.1342V 0.66404 Q

uncompensated system, Fig. 10a shows an increased per-
centage of the THD, at the PCC. On the other side, using
the modified D-STATCOM has the effect of reducing this
value as shown in Fig. 10b. A more reduction of this value
is noticed when using ASFC as shown in Fig. 10c. Simi-
larly, results for the THD; can be noticed from Fig.11. The
results show the effectiveness of the proposed ASFC as the
reduction of THD; is greater than those using the modified
D-STATCOM or the original system without compensation.
The parameters of both ASFC and D-STATCOM controllers
are given in Table 2.

2) PV IRRADIATION VARIATION

When the irradiation is suddenly reduced from 500 to
200 W/m? at t = 0.2 s and then increased to 500 W/m? at
t = 0.4 s, the simulation results for the PQ indices at
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TABLE 15. Voltage distortion limits.

Bus Voltage (V)at PCC Individual harmonic Total harmonic
(%) distortion THD (%)
V< 1kV 5.0 8.0
1KV<V<69KV 3.0 5.0
69KV<V<I61KV 1.5 2.5
161KVSV 1.0 1.5

TABLE 16. Current distortion limits for systems.

MAXIMUM HARMONIC CURRENT DISTORTION IN PERCENT OF /,

INDIVIDUAL HARMONIC ORDER (ODD HARMONICS)

I /1, 3<H<11 11<H<17 17<H<23 23<H<35 TDD
<20 4.0 2.0 1.5 0.6 5.0
20<50 7.0 35 2.5 1.0 8.0
50<100 10.0 45 4.0 1.5 12.0
100<1000 12.0 5.5 5.0 2.0 15.0
>1000 15.0 7.0 6.0 2.5 20.0

the PCC such as bus voltage (V,y;), current (), active
power (P), reactive power (Q) and power factor (PF) in per
unit, respectively. It is remarked that during this variation,
the proposed ASFC has a positive effect on the improvement
of the MG’s power quality and dynamic response. The active
power decreases during the recovery time with a reduced
dynamic response. Moreover, the reactive power consump-
tion is reduced and then the power factor is improved rather
than those using modified D-STATCOM or without compen-
sation. The controller parameters of the ASFC and modified
D-STATCOM are given in Table 3.

3) WIND SPEED VARIATION

Wind speed variation has a significant importance when
studying the MG dynamic response and power quality. So,
the system is tested by rising the wind speed instantly from
6 to 12 m/s at t = 0.2 s and then reduced to 6 m/s at
t = 0.3 s. Fig. 13 illustrates the simulation results of the
different PQ indices such as V,,;, I, P, O and PF at the
PCC under the variation of the wind speed. While the results
are similar, the proposed ASFC demonstrates a significant
improvement in the dynamic response compared to the results
of both modified D-STATCOM and uncompensated system
application. It can be noticed that in Fig.13a, the voltage
rate of change at the PCC bus is increased above 1 p.u
when using the D-STATCOM, whereas this value is kept
constant at 1 per unit with ASFC. The controller parame-
ters of the ASFC and modified D-STATCOM are written
in Table 4.

4) SHORT CIRCUIT TEST

The MG is studied when a fault occurs at the PCC to indicate
the flexibility and the dynamic response of the proposed
ASFC. For instance, three-phase short circuit is applied at
t = 0.2 s, then, cleared after 0.03 s, i.e., at t = 0.23 s. The
Vims and I are shown in Figs. 14a,b. It is remarked that the
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FIGURE 20. The PQ indices at the PCC using the ASFC and traditional SFC under wind speed variation.

ASFC topology yields a better dynamic response to recover or without compensation. The controller parameters
its initial state after fault occurrence compared to the respec- of the ASFC and modified D-STATCOM are given
tive waveforms when including modified D-STATCOM in Table 5.
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TABLE 17. The Controller parameters of the ASFC.

TABLE 18. Controller parameters of D-STATCOM.

System Part Specifications System Part | Specifications
Vin_base 380V Vin_base 380V
Ln_pase 150 A Ly_pase 150 A

Cy 300 pF Is_pase 525A
R/ 0.150 Q Yva=Yid 1
Ly 3.0 mH Vpa 0.5
Rd 10 kQ T}ZDj 15 ms
Vin_rer 1 pu T,=Dy 40 ms
Y=y 1 PWM frequency 3000 Hz
Vp 0.5
T)=D, 10 ms
T,=D; 20 ms TABLE 19. Controller parameters of AC loads.
PWM frequency 3000 Hz

C. COMPARISON BETWEEN THE ASFC AND TRADITIONAL
SFC

1) HARMONIC ANALYSIS

Fig. 15 shows the THD, at the PCC when using either tra-
ditional SFC as in Reference 10 or the ASFC. The math-
ematical and simulation model of the traditional SFC is
given in Appendix A. It is noticed that the THD, of the
ASFC reaches 1.19%, which is lesser than that of the tra-
ditional SFC, 3.79%. Moreover, the proposed technique
consumes less processing time, around 87 s compared to
that of the SFC, which takes around 10 m using the same
computer configuration. This shows the extent of ASFC’s
ability for mitigating the harmonic distortions. The con-
troller parameters of ASFC and traditional SFC are given
in Table 6.

2) PV IRRADIATION VARIATION

The same test performed in the previous section, case B,
is applied to the MG, Fig. 1, using the ASFC or the tra-
ditional SFC. The results are tackled in Fig. 16 indicat-
ing that they are better in the case of using the proposed
ASFC than those of the traditional SFC. Both active and
reactive power consumption are decreased resulting in an
improvement in the power factor. The controller param-
eters of both ASFC and traditional SFC are given in
Table 7.

3) WIND SPEED VARIATION

To compare the results of using ASFC or traditional SFC dur-
ing wind variation, the same test performed in case B is done
on the MG, Fig. 1. Fig. 17 proves the importance of using the
ASFC to have a great effect on the performance of the system
compared to the traditional SFC. The controller parameters of
ASFC and traditional SFC are written in Table 8.

D. COMPARISION WITH RELATED LITERATURE

For more validation of the proposed ASFC, its application
results are compared with those of reference 10, as another
published work, when using the system shown in Fig. 18. The
system consists of three different loads with ratings illustrated
in Table B.3. As reported in Reference 10, the traditional SFC
is studied using trial and error to find the values of the PID
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Induction motor Linear load Nonlinear load

0.20 MW, 4.0 poles Py=1.70 MW, P,;=0.90 MW,
138 kV, XR=10 On=0.40 MVAr Qi =0.430 MVAr

R, =0.019650 p.u.
Ly,=0.03970 p.u.

R,,=0.019090 p.u.
L,=0.03970 p.u.

Vo nt
;|1 1 Y
Voltage " Vi sae| |1+5T; i v yv“ B
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error 1 s
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Current
loop
error
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Dynamic
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loop

FIGURE 21. The SFC/PID controller circuit.

controller gains (K, K;, and K;), which is time-consuming.
The comparison is carried out on two cases; (i) harmonic
analysis and (ii) wind speed variation.

1) HARMONIC ANALYSIS

Fig. 19 shows the THD, at the PCC for different case studies.
It is remarked that the THD,, of the proposed technique is 2%,
less than that of the work presented in [10]. The controller
parameters of the proposed filter and the SFC controllers are
shown in Table 9.

2) WIND SPEED VARIATION

To compare the results of the ASFC with those in [10] during
wind variation, it is deemed that the wind speed suddenly
rises from 6 to 12 m/s at + = 0.2 s and then reduced to
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6 m/s at t = 0.4 s as shown in Fig. 20 [10]. The results show
the importance of using the ASFC-PID controller. It can be
noticed that in Figs. 20c,d the active and reactive power con-
sumed at PCC are decreased when using the ASFC controller.
The enhancement rate in active power is about 3.5% and that
of both reactive power and power factor is about 3%.

V. CONCLUSION

An ASFC compensation scheme using a GOA/PID controller
for finding the optimum values of PID gains and minimizing
the ITAE has been proposed. Different case studies are per-
formed to validate the effectiveness of the proposed ASFC.
The simulation results illustrate an improvement of power
quality aspects such as dynamic voltage stabilization, mit-
igation of harmonics distortion, reduction of the consumed
reactive power and power factor. The simulation results have
been clarified an improvement in the THD, of 94% using
the ASFC, while the corresponding improvements using the
modified D-STATCOM and the conventional SFC are 50.6%
and 80.2%, respectively. For reactive power compensation,
the enhancement rate using the ASFC is approximately 4.8%,
while for the modified D-STATCOM and conventional SFC
are 2.3 % and 4.2 %, respectively. The proposed ASFC can
operate on real times as its parameters can be self-tuned to
accommodate the present operating conditions. In addition,
the optimal minimization of the ITAE that speeds up the
process is achieved. Furthermore, the D-STATCOM as an
alternative device for improving the PQ of the MG is modified
to be self-tuned and more effective.

APPENDIXES

APPENDIX A

Based on Fig. 21 the following equations are used to calculate
the total error from the three loops, er, which is the input to
the PID controller. The first loop error e4 is obtained as:

€A = Yv X (eVLl) + Vv, X (eVLZ) (30)

where:

1
Vmﬁref - VLl <TST|>

ey, = (31)
t Vm_base
1
Vin_ref — Vi, (m) 32)
e =
V2 Vm_base

The second loop error is calculated as follows:

e =V, X (elu) + Vi, X (elLZ) (33)

where:

_ I 1 1 1 (34)
= Im_base \ 1+ sT} 14 sT»

_ Ii» 1 1 1 (35)
fli2 = Im_base 1 48T 14T

The third loop error is obtained as:

ec = Vv (eVLz) + Vi, (eILz) + VP> (ePLz) (36)
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where e, and ez equations are stated in (32) and (35). The
term epy > equation is given in (37):

V 1 1
epra = (L x L) (1 - —) (37)
Vin_base Li_pase 1 +sT,

Therefore, the total error (e7) is calculated using (38).

er =ep +ep+ec (38)
and
g = ex X KA (39)
ep = ep X KB (40)
e. = ec X K¢ 41

where K4, Kp, and K¢ are selected weightings for the three
separate regulation loops to allow control burdens adjust-
ment. It is remarked that the time consumed for simulation
processing is more than that of the proposed scheme using
ASFC.

APPENDIX B
See Tables 17-19.
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