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Abstract: Two interconnected AC microgrids are proposed based on three renewable energy sources
(RESs): wind, solar, and biogas. The wind turbine drives a permanent magnet synchronous generator
(PMSG). A solar photovoltaic system (SPVS) with an appropriate inverter was incorporated. The bio-
gas genset (BG) consists of a biogas engine coupled with a synchronous generator. Two interconnected
AC microgrids, Mj and M,, were considered for study in this work. The microgrid M; is connected
to a diesel engine (DE) characterized by a continuous power supply. The distribution power loss of
the interconnected AC microgrids comprises in line loss. The M; and M; losses are modeled as an
objective function (OF). The power quality enhancement of the interconnected microgrids will be
achieved by minimizing this OF. This research also created a unique frequency control method called
virtual inertia control (VIC), which stabilizes the microgrid frequency using an optimal controller.
In this paper, the following five controllers are studied: a proportional integral controller (PI), a
fractional order PI controller (FOPI), a fuzzy PI controller (FPI), a fuzzy fractional order PI controller
(FFOPI), and a VIC based on FFOPI controller. The five controllers were tuned using particle swarm
optimization (PSO) to minimize the (OF). The main contribution of this paper is the comprehensive
study of the performance of interconnected AC microgrids under step load disturbances, step changes
in wind/solar input power, and eventually grid following/forming contingencies as well as the
virtual inertia control of renewable energy resources used in the structure of the microgrids.

Keywords: contingency of power system; energy storage system (ESS); fuzzy fractional order PI
(FFOPI); fuzzy PI (FPI); multi-objective optimization; microgrid; power quality enhancement; particle
swarm optimization (PSO); virtual inertia control

1. Introduction

The rapid growth of renewable energy sources (RESs) in recent years has been at-
tributed to the growing concerns about environmental factors, greenhouse gases (par-
ticularly CO;), and global warming. As a result, numerous issues with the integration
of renewable energy into networks as well as their solutions have been discussed in the
literature. The primary traits of RESs that make it difficult to integrate them with the grid
and the load are the intermittent availability of the input source, which results in extremely
intermittent power, inconsistent power output and low flux density, meaning they require
more space per unit of power generation than conventional generators, and low inertia.

RESs, such as SPVSs (solar photovoltaic systems) and WECSs (wind energy conversion
systems), have lower inertia than conventional sources, limiting the grid’s potential to
improve stability.

Various integrations of RES sources and their data have been discussed in the literature.
The stability of microgrids is of particular interest. Many authors [1] have discussed and
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introduced some aspects of microgrids in the literature. Sustained low frequency deviations,
as studied in [2—4], are one of the problems in microgrids. Another issue in microgrid
systems is voltage control [5,6]. There is literature that solves these problems separately and
jointly. Because of the intermittent nature of solar and wind power, a backup is required.
One of the proposals made in [7,8] is inverter-connected battery backup. The other option
is a connected diesel /biogas power plant [9]. In a wind-solar-a diesel system, many control
strategies are implemented using various optimizing techniques [10-12]. Some proposals
on AC and DC microgrids have been made [13,14]. Furthermore, the rate of generation
deviation in SPVS is extremely high due to cloud changes [15]. An inverter connects the
SPVS’s PV plant to the power system. As a result, control of the PV unit is provided by
inverter control [16].

Due to its aerodynamic properties, a wind turbine’s output power is proportional to the
square of the rotor diameter and the cube of the wind speed [17]. In WECSs, a permanent
magnet synchronous generator (PMSG) is frequently used. PMSGs, however, are reliable
and do not require a separate field control system [18]. Power inverters connect SPVSs
and WECSs to the point of common coupling (PCC). Additionally, the network receives
virtual inertia from the associated inverter [19]. There is literature that demonstrates how
the virtual inertia of WECSs and SPVSs, which is based on inverters, can almost act as
conventional generators that can be employed for power grid dynamic stability. However,
it is necessary to keep an energy buffer [20].

As the fuel input for a BG-based Genset can be regulated, a biogas Genset (BG)
and diesel Genset may be utilized as the controlled generating unit for a low power
network, such as an SPVS and WECS. In the last decade, urban electrification has advanced
dramatically. Electrification has occurred in developing countries, but uninterrupted
power supply remains a problem. These areas have been without power for some time.
The primary causes of disrupted power supply are insufficient grid supplies, reliance on
conventional generation, long-length transmission, and the value of urban and industrial
parts [21,22]. The authors presented numerous microgrid methods based on a review of
the literature. However, it was not reasonable to donate an interconnected self-sufficient
city with power availability relying on load segregation and setting the priority loads.
To ensure an uninterrupted power supply, a stability enhancement for interconnected
microgrids has been proposed to observe network dynamics while transferring power
among both microgrids.

The importance of reducing power loss in the production of electricity is being em-
phasized in another effort to reduce CO, emissions and the effects of global warming.
As a result, there is little heat produced. The amount of heat that needs to be cooled is
modest [23-25], so in theory energy conservation can further reduce the price and energy
used by the cooling apparatus. To minimize online power loss, it is possible to deter-
mine the ideal reference voltage [26] and the best power flow [27,28] for each microgrid.
An offline optimization approach [29] is offered to improve the load sheading machine’s
working point and reduce loss, but using an offline solution requires optimum opera-
tional conditions with little to no variable change. Meanwhile, power converter losses are
given consideration.

In the AC microgrid, the converter loss may account for more than half of the total
distribution loss [30]. Therefore, incorporating it into the control structures would signifi-
cantly reduce the distribution power loss. In [31], a function of active and reactive power
was almost perfectly suited to the entire distribution power loss of two connected AC
microgrids. The active and reactive power of each generation unit was then divided using
the optimization algorithm. The objective function of the power loss of each generator
unit and the AC link between two areas was used to estimate the overall distribution
power loss of two interconnected AC microgrids, which includes line loss and power loss
of each region. In order to meet the need of the load according to the objective function,
you should also think about splitting power between two locations. Therefore, by offline
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adaptively modifying the controller’s optimal settings, the minimization of the distribution
loss can be achieved.

A distributed optimization approach for global distribution loss minimization is given
with power sharing across generation units [32,33]. The findings of the simulation support
the proposed control method for lowering the distribution power loss of two connected
AC microgrids.

The final difficulty is enhancing the frequency of the microgrid under the conditions of
the significant penetration of renewable energy sources. Installing low-inertia power gener-
ation units through fast-acting energy storage systems (ESS) with virtual inertia controllers,
which have been the subject of much recent research [34—41], is one approach. Every
control method has advantages and limitations of its own. The microgrid system’s position
enables ideal energy management. To maximize power flow inside the setup, a local energy
management system may control generators (and presumably also loads). Depending on
the kind of operation, several objectives are set for energy management: grid-connected or
an island [42]. The typical goals in the grid-connected mode are to reduce the price of the
energy import at the PCC, advance the power factor at the PCC, and optimize the voltage
profile through the microgrid [43]. The primary objectives of power management in the
islanded mode, as described in [43], are system improvement and the encouragement of a
high frequency and voltage flexibility. We concentrated on a virtual inertia control method
intended to reduce frequency deviation issues in islanded AC interconnected microgrids as
opposed to the following thorough reviews, which concentrated on the implementation of
virtual inertia topologies [41], virtual inertia and frequency control for distributed energy
generation units [44], and inertia valuation improvement in power systems [45]. In particu-
lar, we sought to explain why specific control methods are more effective under various
circumstances and which control methods will receive greater attention in the coming years.
Finally, we suggest some analyses for the AC interconnected microgrid applications” use
of the virtual inertia control approach. In this paper, five controllers, i.e., a proportional
integral controller (PI), a fractional order PI controller (FOPI), a fuzzy PI controller (FPI),
a fuzzy fractional order PI controller (FFOPI), and a VIC based on FFOPI, are used for
controlling the frequency, voltage, and optimal power management of two interconnected
microgrids. The optimal parameters of the controllers were optimized using particle swarm
optimization (PSO). The objective function was considered to be the multi-objective func-
tion of integral time square error (ITSE) of the frequency, voltage, and the total distributed
power loss of the two AC interconnected microgrids. This model was developed based on
realistic city generation availability and was tested in a typical scenario.

Despite the rich literature review, and much research dealing with power quality
enhancement in interconnected microgrids, the contributions of this paper are manifold.
(a) The novelty of this modelling, in contrast to [22], is demonstrated to achieve the sharing
of the active and reactive power of both generation units and between both microgrids
through a tie line to guarantee the conception of an uninterrupted power supply. (b) The
novelty of this work, in addition to [22,26,28], is demonstrated to achieve optimal power
management for two areas’ interconnected hybrid microgrid systems by using a multi-
objective function equation for minimizing voltage deviation, frequency deviation, and the
total distribution power loss of the AC interconnected microgrid. (c) In addition to [38], the
proposed ESS based on virtual inertia control is a grid-forming element that can operate
with an RES without requiring conventional energy sources. As a result, it improves the
supply reliability during grid forming unit outages and solves the frequency regulation
problem in islanded AC interconnected microgrids. (d) In addition to [46,47], under step
load disturbances, step changes in wind/solar input power, and severe disturbances such
as eventual grid following/forming contingencies, the improvement of the system perfor-
mance using a PI, FOPI, FPI, FFOPID, and VIC based on FFOPI controllers for mitigating
frequency and voltage oscillation and achieving optimal power management in two AC
interconnected microgrids with a multi objective function is investigated. (e) The PSO
technique is utilized to automatically optimize the controller parameters while considering
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the system nonlinearity, converters and line dynamics, and the interaction components.
This technique helps to reduce design work and costs. Additionally, any other optimization
technique may be employed in future work to be compared with the PSO technique. This
paper is organized as follows: In Section 2, the system under study and the mathematical
modelling of the individual components system is explained. A study of the stability
and power quality enhancement problems are discussed, and the utilized multi-objective
function is stated, in Section 3. FPI and FFOPI block diagrams, membership functions,
and rules are presented in Section 4, and virtual inertia control is proposed in Section 5.
The optimization technique PSO is used in the optimization of five controller parameters
in Section 6. The results and discussions are given in Section 7. Finally, Section 8 pro-
vides an overview of the provided work’s conclusions. The appendix contains the system
parameters, a list of symbols, and a list of abbreviations.

2. System under Study and Mathematical Modelling of the Two Interconnected
Microgrids Component

The connected system is modelled under the presumption that microgrid M; has
50 kW of excess power that is sent to microgrid M,. Under any circumstance, a steady-state
variation in the power delivered over the interconnection occurs. Changes in demand or
generation are handled locally by the microgrid systems. Figure 1 is a single line diagram
(SLD) that shows the interconnected microgrid system.
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Figure 1. SLD of interconnected microgrid system.

Equations (1) and (2) can be used to express the real and reactive power balance at a
steady state.
P.p = Pw + Ppg + Ppy + Ppg + Pic 1)

Qrp = Qw + Qpe + Qpv + Qe £ Qic ()
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Equations (1) and (2) can be expressed as follows for a minor disturbance in power flows:
A Prp=APw+ A Ppg+ A Ppy+ A Pgg = A Prc 3)

AQrp = AQw + AQpg + AQpv + AQpc = AQic 4)

Real power demand and generation changes would affect the system’s frequency,
which in the Laplace domain can be expressed as follows:

KFEs

AF(S): 1—|—S*Tp5

(A Pw + A Ppg+ A Ppy + A Pgg += AP — APLD) 5)
The system bus voltage changes as a result of a change in the reactive power mismatch,
as shown by:

Kys

AV(S): 1+4+sx*Tys

(A Qw +A Qpe +A Qpy +A Qpe £A Qric —AQrp) (6)

2.1. Modelling of WECS with PMSG

A wind turbine with a permanent magnet synchronous generator that is connected
to the common bus by a transformer and an AC/DC/AC power electronic interface was
considered as a WECS. An easy line diagram is displayed in Figure 2. The real and reactive
power flow equations are described by [22].

(Viaw) (V) (sin (6inw +0))

Py = 7
v Xrws @
o ((Vinw)(V)(COS (GinW + 9))) — (Vz)

Qw = e (8)

TWS

Vin“" LOinV\" JXT“"S V L- 9

Pw, Qw
Output from WECS Q » PCC

Figure 2. SLD of WECS.

In the Laplace domain, a slight disturbance in power flows can be expressed as:

APy, (S) = Kw1AViuw (S) + KAV (S) + KyzAPiyw + KipaAiy (S) €))
AQ{/\/ (S) = KWSAVinW (S) + Kw6AV(S) + Kw7APinW + KwSAeinw(S) (10)
where,
JPyy dPyy dPyy 0Py
K pr— 7, K pr— 7, K p— 71 = —-—
Wl aVz W w2 aV ws apinw e aeinw
IQw IQw 9Qw IQw
Kys = =———, Ky = ——, Kjy7 = d Kyyg =
W5 WV W6 oy /w7 Wi ana Kwg 30,10
The system’s inertia is credited with the delay as:
APw(S) = — L AP (S) (1)
WA T ¥ S«Tyy = W
1
AQw(S) AQyy (8) (12)



Energies 2022, 15, 7026 6 of 30

The block diagram of the WECS can be created using Equations (9)-(12), as shown in
Figure 3.

APy (S)

AeinW(S)

AvinW(S)

8Qw(S)
Figure 3. The block diagram of WECS.

2.2. Modelling of a Solar PV System with an Inverter (SPVS)

A PV panel generates direct current as its form of power. Therefore, power is routed
through a DC/DC/AC power electronic interface before connecting to the common bus,
and it is then connected to the bus by a transformer. In Figure 4, the SLD figure is displayed,
as in the case of the WECS. The following are the power flow equations that take into
account internal reactance (Xtpy) are described by [22]:

_ Vinpv) (V) (sin (6inpy +6))

Ppy Xrovs (13)
Opy = ((Vinpy) (V) (COSX(einPV +6)) — (V%) (14)
TPVS

APpy (S) = Kpy1AViupy (S) + KpyaAV(S) + KpyaApinpy (s) + KpyaAb,py (S)  (15)
AQpy (S) = KpysAViupy (S) + KpyeAV(S) + KpyrApinpy (s) + KpysAbiypy (S)  (16)

where
_ 0Ppy _ dPpy _ dPpy _ dPpy _ 9Qpy _ 9Qpy _ 0PQpy _ 9Qpv
Kpy1 = Wopy V2= Gy Kpys = Py Kpva = Wopy Kpys = Wopy” Kpve = v Kevr =55 and Kpyg = Wnpy
Vinrv[Qinpv JXtpVs A L- 0
Prv, Qrv
Output from SPVS . — PCC
Figure 4. SLD of SPVS.
The delay due to inertia of the system is accounted as:
1
APpy(S) = —————— APLy, (S 17
pv(S) 15 S+Toy pv (S) (17)
1
AQpy(S) AQpy () (18)

T 1+ S«Tpy



Energies 2022, 15, 7026 7 of 30

Using Equations (15)—(18), the transfer function block diagram of SPVS can be con-
structed as shown in Figure 5.

AP, py(S)

AB;ppy (S

T AVippy(S)

Figure 5. The block diagram of SPVS.

2.3. Modelling of BG

The BG model is based on [22]. Figure 6a,b demonstrate the transfer function block
diagrams of a real power generation model and a reactive power generation model.

AF (8)

V()
- Vref () Saturation
/ref (§ Function
APBG (5) (z}*—
APCB (8) AXact(S) AX valve () e
p AVAB(S)
K AVAB(S N
- <Z>—‘ ilar g:'u AE 1as(S)
Electronic Actuator Engine/Generator ; Amplifier v min Exciter
Speed SKep
Governor 1+STyp
(@) (b)
Figure 6. (a) Block diagram of real power generation of biogas and (b) block diagram of reactive
power generation of biogas.

The voltage regulation operation of the AVR (automatic voltage regulator) and exciter
is responsible for controlling reactive power in biogas (Figure 6). The equations for real
and reactive powers are obtained and provided by considering the dynamic state after
disregarding the saturation function:

1

AEjp(S) = o |KigAE KapAV(S)] 19

48(5) 17 5+1p <18 a5 (S) + KapAV (S) (19)

AQgp(S) = KspAEgg(S) + KapAV(S) (20)

where
T X! X! (X — X}) cos(6 + 6) Vcos(8 +6) Eqpcos(6+6) —2V
Tp = 94 Kip = =2, Ko = d K3p = ——— and Kgp = —
B X, s IN1B Xd, 2B X, 7 N3B X‘lj an 4B XL/1
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2.4. Modelling of DE

In a power-controlled DE system, the energy delivered daily is left unchanged but
with a lowered, consistent, and continuous power supply. This keeps the power given by
the diesel engine constant during the time period.

EpgVasin(6

Ppg = 71)}5}? (62) (21)

DE

EpgVacos(6y) — V2

OpE = DE 2637(5( 2) 2 22)

DE

Following a perturbation, Equations (21) and (22) can be written as:
APpg(S) = KipeA02(S) + KapeAVa(S) (23)
AQpE(S) = KspeA0a(S) + KyppAVa(S) (24)
where ap ap 20 20
Kipg = %, 2DE = T‘[;E, 3DE = ?DE, and Kypg = WDE

2.5. Modelling of AC Interconnection

The interconnection was modelled taking into account an AC short transmission line.
The line cannot be regarded as lossless because of its high R/X ratio. Figure 7 displays the
AC line’s transfer function block diagram. Such a line’s source of power flow is:

2

A% v
Pic = 1Z2cos(9Z — Q) — Z%ZRQ (25)
ViV . V2
Qic = ~—sin(6: — On2) — 5 X (26)

where 67 is the line’s angle between R, and X and ¢, is the difference between the voltage
angles of bus 1 and bus 2. The Laplace domain Equations (25) and (26) have the following
form for a minor perturbation:

APic(S) = KyicAVi(S) + KaicAV2(S) + K31c ADin12(S) (27)
AQrc(S) = KarcAViu1(S) 4 Ks1cAVina(S) + Kerc AD12(S) (28)
where
oPrc dPrc dPrc Q¢ 9Qic 9Qrc
K :7,K :7,1( = —, = =, = =, dK e
1IC R 2IC YA 3IC 901, 4]C v 5IC VA and Rerc 901,
AV (S)
AV2 (S) ‘
> I i APIC (S)
AG12 (S) ] AGIn12 (S) +
1 Controller 7 I
AVinl (S) AQIC (S)

Figure 7. Transfer function block diagram of AC line.
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The microgrids were modelled using the above individual models of generation units.
The data for microgrid M, was taken from [22,23] and the data for M; arose from slightly
changing the data for M. Four medium-sized villages, each of which is anticipated to
use roughly 1600 kW of electricity, are served by M,, which was created to satisfy their
demands. M; has a maximum diversity demand of 1000 kW. (approx.). The power supply
has a frequency of 50 Hz and a rated voltage of 1 pu. The M; model was created for a
group of both tiny and medium sized settlements. M; has a nominal generating capacity
of 1150 kW and a maximum demand capacity of 700 kW, 50 Hz, and a rated voltage of 1
pu. Table 1 shows the steady state generation characteristics of the two microgrids. In total,
50 kW of continuous power are transmitted through an AC link from the M; microgrid
to the M microgrid, and, after losses, 40.6 kW are delivered to the M, microgrid. Table 2
provides a summary of the total power consumption, the power transfer from the AC link,
and the generation from all the generating units in M; and M.

Table 1. Steady-state generation values for both microgrids.

Real Power (kW) Rated Capacity (kW)

Sources
M; M, M; M,
DE 0 300 0 350
BG 350 309.4 550 550
WECS 200 200 400 400
SPVS 150 150 200 200
Total 700 959.4 1150 1500

Table 2. Energy balance at a steady state in both microgrids.

M, M,

Local load (kW) 1000 650
Total generation (kW) 959.4 700
AC Interconnection (kW) 40.6 —50

The novelty of this modelling, in contrast to [22,23], is demonstrated to achieve the
sharing of active and reactive power together for the wind and solar generation units s well
as between both microgrids to guarantee the conception of an uninterrupted power supply
through a continuous generation—-demand balance.

3. Fuzzy PI (FPI) and Fuzzy Fractional Order PI (FFOPI) for Interconnected Microgrids

The FPI controller has three coefficients, with these three being the normalized gains
K1, Ky, and K3, as shown in Figure 8a, whereas the FFOPI controller has four coefficients,
with three of them being the normalized gains K, K5, and K3 and one being a fractional
order control system A, as shown in Figure 8b. The FPI and FFOPI have two inputs
named error E and rate of change of error CE and one output. PSO was used to make
offline tuning for the three parameters for the FPI and four parameters for the FFOPI of
each controller on the six controllers that are associated with each microgrid and the three
controllers responsible for tie lines between them. There are fifteen controllers in the two AC
interconnected microgrids. PSO was used to search the optimized parameters of the FPI and
FFOPI controllers to minimize the objective function according to the following equation:

J= / (|BF20)| + [8ER ()| + [8VE(W)| + [8VE()| + |asisie” () yar - 29)

loss
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1/S b— 1/ SA —
Signal Signal
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Derivative

(a)

Derivative

(b)

Figure 8. Block diagram of controller (a) Fuzzy PI and (b) Fuzzy fractional order PI.

The fuzzy logic (FLC) rules are listed as follows in Table 3. Figure 9 show the member-
ship of output and input, where N = negative, p = positive, SP = small positive, Z = zero,
SN = small negative, LP = large positive, and LN = large negative [47]. Any crisp value is
defined in two fuzzy sets thanks to the uniform distribution of the input sets, which are
triangle and cross neighbor sets with a membership value of 0.5. For ease of defuzzification,
the output membership functions are assumed to be uniformly distributed singletons.

Table 3. Fuzzy rule base.

E\CE N z P

N

LN

SN

Z

SN

SP

P

SP

LN

Neggtive
1

0.5

0

Zero

PoJitive

-1 -08

-0.6

-0.4

-02 0 0.2

C)

04 0.6

08 1

Large

1

0.5

0

Negative  Small Negative

Zero

Small Positive Large

Positive

-2 -1.5 -1

-0.5

0

(b)

0.5 1 1.5

Figure 9. Membership for E and CE (a) input membership and (b) output membership.

The first phase in the design method was to transfer the PI and FOPI gains to the
linear fuzzy controller by replacing the known PI and FOPI with a linear FPI and linear
FFOPI. According to the feed-back error signal e(n), the traditional PI controller and FOPI
controller signal u(n) at any given time instant n can be stated either in absolute form, as in
Equations (30) and (31), or incremental form, as in Equations (32)—(34).

u(n) = Ky e(n) + Ky XL e(n)Ts (30)
u(n) =Ky e(n) + K2, e(n)Ts (31)
Au(n) = Ky Ae(n) + K; Ts e(n) (32)
Au(n) = K, Ae(n) + K} Ts e(n) (33)
Ae(n) =e(n) —e(n—1) (34)

where, T5 is the sampling period, Kp and K] are the proportional and integral gains, respec-
tively, and A is the integral fractional order control system.

The most often used defuzzification technique uses the concept of the center of gravity
and is expressed as follows:
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Tiog u(u;) uj
Z; u(u) )
where u(u;) represents the element’s membership grade or weight, which is the result of
the rule i.

4. Multi-Objective Function for Interconnected Microgrids

Numerical simulations were used to demonstrate the stability study (SS) in two in-
terconnected systems for a disturbance, such as an increase in real and reactive power
demand in both microgrids by each one, increased wind speed, solar radiation, and emer-
gency/recovery from generation. The five controllers can reduce the step disturbance-
induced steady-state error in frequency and voltage in the interconnected microgrids. The
distribution power loss (DPL) in two interconnected microgrids is composed of eight parts:
three parts for the first microgrid, which includes the power loss from the wind, PV, and
biogas sources; four parts for the second microgrid, which includes the power loss from the
wind, PV, biogas, and diesel engines; and one part for the AC interconnected line power
loss. The average conduction losses of the PMSG, rectifier, inverter, and transformer are
included in the wind power loss, whereas the average conduction losses of the DC-DC
converter, inverter, and transformer are included in the PV power loss, the average conduc-
tion losses of the synchronous generator are included in the BG power loss, the average
conduction losses of the diesel engine and transformer are included in the DE power loss,
and the average conduction losses of the tie-line impedance are included in the line power
loss. The distribution power loss of two interconnected microgrids is given by:

ASloss ASZVL\)]SEC51 + ASpo‘s/sl + Asﬁ)gsl (36)
ASM2Z — ASIVECS2 4 AGPVZ 4 AGBG2 | AgDE2 (37)
Angégl - Sloss + ASloss + AS;ggg (38)

where

WECS1 _ AV} WECS2 _ NG pvs1 AV pvsa . AVZ
ASloss 4 AS ASlass - 'Asloss - 4
- Xrwst Xrws2’ Xrpv1 XTpv2

ASBG1 _ AVlz AsBGZ AVZ AsDEZ AVZ ,an dAsllne _ A‘222 Ra 4+ =2 AVZ X

loss — X,,ﬂ 4 loss X! loss X E loss — 7 72

To guarantee power quality enhancement, the OF must include two terms. The first
term will achieve stability study by minimizing the OF based on ITSE criteria for the
voltage and frequency of two interconnected microgrids. The second term will achieve
optimal power flow by minimizing the OF based on ITSE criteria for the DPL of two
interconnected microgrids. The five controllers’” parameters are tuned using the PSO
algorithm for minimizing the OF based on ITSE criteria for the voltage, frequency, and
distribution power loss of two interconnected microgrids, as shown in Equation (39), and
the tuned values are listed in Tables 4—6.

] = / (|BER)| + [AB3 ()] + |AVE()| + |aVE(H)] + [asize™p)jar (39)
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Table 4. Controller gains of microgrid system M; for PI, FOPI, FPI, and FFOPI controllers.

Controllers PI Controller FOPI Controller FPI Controller FFOPI Controller
Parameters KP KI KP KI A K1 K2 K3 K1 K2 K3 A
Controllerl 0.2 1 0.2 1 1 76.92 0.3947 0.013 76.92 0.3947 0.013 0.99
Controller2 —40 —8.4 —50 —18.4 0.99 5555.6 0.0139 0.0663 5555.6 0.0051 0.1923 0.98
Controller3 0.2 1 0.2 1 1 76.92 0.3947 0.013 76.92 0.3947 0.013 0.999
Controller4 —140 -3 —150 -3 0.965 5555.6 0.0111 0.0635 5555.6 0.0046 0.1895 0.9653
Controller5 6.04 2.36 6.04 2.36 0.98 76.92 0.0127 0.0307 76.92 0.0127 0.0307 1
Controller6 —3.15 —25.60 -3.15 —25.60 0.999 500 0.1591 0.0512 500 0.1591 0.0512 1
Table 5. Controller gains of microgrid system M, for PI, FOPI, FPI, and FFOPI controllers.
Controllers PI Controller FOPI Controller FPI Controller FFOPI Controller
Parameters KP KI KP KI A K1 K2 K3 K1 K2 K3 A
Controllerl 0.2 1 0.2 1 1 76.92 0.3947 0.013 76.92 0.3947 0.013 0.98
Controller2 —340 -5 —350 -15 0.98 76.92 1.09 x 1074 4.745 76.92 55 x 1075 13.85 0.889
Controller3 0.2 1 0.2 1 1 76.92 0.3947 0.013 76.92 0.3947 0.013 1
Controller4 240 -5 230 —-15 0 76.92 0.0428 4.745 76.92 0.0078 13.85 0
Controller5 3.76 8.51 3.76 18.51 0.96 76.92 0.0205 0.2406 76.92 0.0205 0.2406 0.899
Controller6 —1.54 —32.68 —1.54 —32.68 0978 333.3 0.2195 0.098 333.3 0.2195 0.098 1
Table 6. Controller gains of AC line for PI, FOPI, FPI, and FFOPI controllers.
Controllers PI Controller FOPI Controller FPI Controller FFOPI Controller
Parameters KP KI KP KI A K1 K2 K3 K1 K2 K3 A
Controller7 0.2 1 0.2 1 1 76.92 0.3947 0.013 76.92 0.3947 0.013 1
Controller8 —40 —84 —50 —18.4 0.899 5555.6 0.0139 0.0663 5555.6 0.0051 0.1923 0.98
Controller9 —340 -5 —350 -15 0.897 76.92 1.09 x 10~* 4.745 76.92 55 x 107° 13.85 0.9868

5. Virtual Inertia Control for Interconnected Microgrids

The substitute power for the real synchronous machine is provided by the virtual
synchronous generator (VSG) [35,39]. In networks with a significant amount of renewable
energy, this generator can be employed to increase the frequency stability. A particular VSG
component known as a virtual inertia (VI) is used to make up for a lack of inertia via a power
injection approach. Active frequency support is not possible due to the limitations of the
virtual inertia mechanism. To handle nonlinearities in low-inertia systems, an extra robust
controller is therefore required. The virtual inertia control structure (Figure 10) contains a
derivative unit, a designed controller FFOP], virtual inertia control (energy storage system
and virtual inertia variable gain), and a power limiter (AP;,ertin maxs APinertia min)-

APinertia,max
AF g y I- AT
— 2¢ | Controller7 Limiter g2

Derivative  Controller Virtual J
Inertia APiyertiamin
Control

Figure 10. Typical structure of a virtual inertia control block.

The energy storage system (ESS), which may offer frequency smoothness and bal-
ance for subsequent dispatch, has emerged during the past ten years as a crucial com-
ponent in renewable energy networks. The following characteristics of the ESS model
are distinguishable:
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1
 Ty1S+1
Using the ITSE criteria, the FFOPI controller is set to minimize the OF. According to
the ITSE requirements and as given in Equation (38), the PSO algorithm is used to optimize
the FFOPI controller’s parameters. Tables 7-9 include information on the FFOPI’s tuned
gain parameters. PSO also gives the values of K1, Ty1, which are 0.8 and 10, respectively.

G(S) (40)

Table 7. FFOPI controller gains of microgrid system M; in the case of VIC.

FFOPI M;

Controller K1 K2 K3 A
FFOPI1 76.92 0.3947 0.013 0.99
FFOPI2 5555.6 0.0051 0.1923 0.98
FFOPI3 76.92 0.3947 0.013 0.999
FFOPI4 5555.6 0.0046 0.189 0.965
FFOPI5 76.92 0.0127 0.0307 1
FFOPI6 500 0.1591 0.0512 1
FFOPI7 50 0.005 0.2 0

Table 8. FFOPI controller gains of microgrid system M, in the case of VIC.

FFOPI M,

Controller K1 K2 K3 A
FFOPI1 76.92 0.3947 0.013 0.98
FFOPI2 76.92 5.5 x 1075 13.85 0.889
FFOPI3 76.92 0.3947 0.013 1
FFOPI4 76.92 0.0078 13.85 0
FFOPI5 76.92 0.0205 0.2406 0.899
FFOPI6 333.3 0.2195 0.089 1
FFOPI7 50 0.005 0.2 0

Table 9. FFOPI controller gains of AC line in the case of VIC.

FFOPI AC Line
Controller K1 K2 K3 A
FFOPI8 76.92 0.3947 0.013 1

FFOPI9 5555.6 0.0051 0.1923 0.98
FFOPI10 76.92 5.5 x 1075 13.85 0.8968

6. Particle Swarm Optimization (PSO)

PSO replicates a swarm’s collective activity when looking for food. The method is an
iterative procedure that seeks to locate a solution within a search space that fulfils a fitness
function [48]. The inherited composite nature, however, has been updated in various ways
by PSO [46]. The PSO method is predicated on the idea that particles update their location
and velocity after each iteration. As a result, with each iteration k, the current position Xi-‘ is
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modified in accordance with the particle’s new velocity using the personnel best (PB) and
the global best (GB), as shown in Equations (40) and (41), respectively.

k k—1 k
Xk = X1 v (41)

VE = wo-VE 4 ¢pry- ( GB — Xf_l) + o1y (PB _ xf—l) (42)

For the suggested PI, FOPI, FPI, FFOPI, and VIC based on FFOPI controllers, the
PSO was employed in this study to improve controllers” parameters. Figure 11 depicts
the PSO flow chart for the suggested application on the microgrid. Section 4 provides a
thorough illustration of the objective function (j). The parameters for the optimization
method are population = 50; iterations = 70; velocity clamping factor v = 2; cognitive C; = 2;
social constant C, = 2; minimum inertial constant w,;, = 0.4; maximum inertia constant
Wmax = 0.9. The PSO method has only been suggested for results analysis. Additionally,
any other optimization technique may be employed without greatly affecting on the results.

Initialization

Initialize the PSO’s parameters

1

Initialize particles positions and velocities l

1
Set global best population and personal best of each
particle with large numbers

Select the objective function 1or 2 or 3

’ Select the first particle in the current population i.e =1 I
L

+
‘ Run the model using the controller parameters of particle(i) |
1
’ Evaluate the objective function Fk (i) of particle (i) |
i
YES :_,;—’/‘/- Is the \-\"‘\»\_:_ —
—— FK (i) < Fk-1 (i) ? o i=i+l
Update the personal best \“~—~\\\ o T
particle (i) with the current T
posiltion T NO
I
_____ — T Population
_____ e Is population TT—— NO Update
Sl checked e
T letely? T i
Population Search \\\meP etre !/—’" Upd_a?e the :_)art-cles
= — positions using (35)
IYES €3
[ Global Best s - T Update the particles
YES == Is the T velocities using (36)
o . Mk<Mk-1? o t
Update the global best of the swarm \‘\‘\-\11 (_/_,«-»“"'7 K=K+1
with the global best of current T
population NO
T
I
e = Is stopping T _\NO
TT— —____ condition satisfied? B
____lves
[ Stop )

Figure 11. PSO algorithm flowchart.

7. Result and Discussion

The stability study, optimal power management, and virtual inertia control of the
proposed interconnected two microgrids using five controllers based on PSO through a
multi-objective function that were investigated by each controller include multiple distur-
bances. Each controller includes load disturbances, wind speed variation, solar radiation
variation, and contingency/recovery of generation. The simulation results of the studied
microgrid were carried out using MATLAB/Simulink software. The PI, FOPI, FPI, FFOPI
and VIC based on FFOPI controllers using PSO through a multi-objective function will be
discussed for each disturbance. The data of the system considered for simulation studies is
given in the Appendix A.
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7.1. Increasing Wind Speed with Load Variation Disturbance

The overall power generated on the microgrid increases as a result of the increased
wind speed output power. This variance results in a power differential between the
power that is generated and that which is needed, which may affect the microgrid’s power
management and frequency. In this scenario, the wind speed is suddenly increased by
1% in both microgrids at zero seconds while the load change demand is maintained at
0.01 pu. Without VIC, the inertia of the BG and the virtual inertia of the inverter coupled
to the PVS and WECS balance out the energy imbalance. Contrarily, with VIC, the energy
imbalance is balanced by the BG’s inertia, the virtual inertia of the inverter connected to
the PVS and WECS, and then the ESS of VIC, which supports the frequency during the
period of disturbance until the BG’s isochronous governor reacts to restore the steady-state
frequency, thereby improving the frequency response. The change in the frequencies and
voltages of microgrids M1 and M2 are shown in Figure 12.

-3 -3
10 x 10
1.5 = -
1t 1 — == FOPI
ﬁ FPI
=05} 1 1 e = = FFOPI
o~ = /| C based on FFOPI
g =10
5 —— P &
-0.5 = = FOPI . <1_1
FPI
-1 = = FFOPI 1
m— /| C based on FTOPI -2
-1.5 2 . . . .
0 1 . 2 3 4 S
Time (Seconds) 0 1 Til%e (Secm%ds) 4 5
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I P[ T T T T
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< e P == = m FFQOP]
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Figure 12. Interconnected microgrid’s frequency and voltage measurements versus time for each
controller at wind speed disturbance: (a) AF; (P.U), AF, (P.U), (b) AV (PU), AV, (P.U).
The dynamic specification (settling time (Ts), overshoot (Os), and undershoot (Us)) of
frequencies and voltage deviation at each controller can be summarized in Table 10.
Table 10. Dynamic specification of frequencies and voltage deviation for each controller at wind
speed disturbance.
Dyr!an_\ic VIC Based on Dyn_an_lic VIC Based on
De\]/é[alhon PI FOPI FPI FFOPI FFOPI Devll\;‘aztlon PI FOPI FPI FFOPI FFOPI
AF1Ts (S) 3.8 35 32 3 0.9 AF2Ts (S) 2.5 22 19 15 0.5
Os (PU) 1.04 x 1073 1.02 x 1073 097 x 1073 088 x 1073 3.06 x 1072 Os (PU) 22x 1073 2x 1073 18x 1073 15x 1073 38 x 1075
Us (PU) ~12x 1073 -13x1073  ~133x 1073 ~14x1073 ~75x 1075 Us (PU) —2x 1073 —22x 1073 —2x1073 —2x1073  —012x 1073
AV1Ts (S) 9 8.5 8 6.5 1 AV2Ts (S) 9 7 5 4 0.015
Os (PU) 35x 1072 355 % 1070 2x 1079 83 x 1076 0 Os (PU) 3x 1073 27 x 1079 24 %1079 13x107° 47 x 1077
Us (PU) ~55x 1075 ~54x107° ~26x1075 ~1.6x 1075 39 %1076 Us(PU)  —0.16x1073  —013x 1073 —4x1075 ~13x 1075 27 x 1077
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From Table 10, after the comparison of the five controllers, the VIC based on FFOPI
minimizes overshoots Os and undershoots Us, improves system stability, and reduces the
settling time Ts of the system for frequency deviation of both interconnected microgrids
and, as a result, employs VIC based on FFOPI, which offers a superior response in terms of
frequency enhancement compared to other controllers.

Table 11 demonstrates the power-sharing of each generating unit in two microgrids at
each controller, balancing for the power differential during this disturbance through a multi-
objective function which supports the minimum total power loss. The investigation of ??
and Figure 14 can be justified in Table 11. Due to the increase in wind speed disturbance,
the new value of the change in the active power of the WECS for both microgrids, M; and
My, equals (0.01 * Pyy) added to the change in the active power of the WECS at step load
change only without wind speed disturbance.

Table 11. Power flow in pu of microgrid system M; and M, for each controller at wind
speed disturbance.

M; Power

VIC Based on M, Power VIC Based on

Deviation et FOPI FPI FFOPI FFOPI Deviation P FOPI FPI FFOPI FFOPI
APpGy ~02x 1073 26 %1075 03x1073 02x 1073 0.6 x 1073 APpGH 27 %1073 25x 1073 21 %1073 22x 1073 21x 1073
APyyp 28x 1073 36 x 1073 43x1073 41x103 55x 1073 APy 85x 1073 82x 1073 73 %1073 75 %1073 71 %1073
APpyq ~01x1073 03x1073 1x1073 09 %103 22x1073 APpyy 62 %1073 56x 1073 49 %1073 51x1073 47 %103
APRsg) - - - - —1.7 x 1073 APEgsy - - - - —0.46 x 1073
APyc1p —75x10°3 —62x 1073 —44 %1073 —48x10°3 —34x 1073 APy 75x10°3 62x10°3 44 %1073 48x10°3 34x10°3
APyall 25%x 1073 38x 1073 56x 1073 52x 1073 83x 1073 APy a2 17.4 x 1073 163 x 1073 143 x 1073 148 x 1073 139 x 1073
AQw1 73%x 1073 10.1 x 1073 49 %1073 73 %1073 6x1073 Qw2 —2x103 13x 1073 33x1073 21x1073 56 %1073
AQpy1 121 x 1073 79 x 1073 65x 1073 86 x 1073 72 %1073 AQpyy 13x 1073 —062x1073  39x1073 0.69 x 1073 282 x 1070
AQpG1 ~0.1x1073 01x 1073 02x1073 01x1073 03x 1073 AQpGa 137 x 1073 122 x 1073 12x 1073 121 x 1073 093 x 1073
AQic12 93 x 103 81x 1073 16 x 1073 6x1073 35x 1073 AQjco1 —93x 1073 —81x1073 —16x 1073 —6x10-3 —35x10°3
AQqotall 19.3 x 1073 181 x 1073 11.6 x 1073 16 x 1073 135 x 1073 AQtotal2 0.67 x 1073 19 %1073 841073 4x1073 65x 1073
3 -3
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Figure 13. Cont.
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Figure 13. M; and M, “’s active power measurements versus time for each controller at wind speed
disturbance: (a) APpy1 (PU), APpyz (PU), (b) APyotar1 (PU), AP to1a12 (PU), (€) APyy1 (PU), APy2 (PU),
(d) APgg1 (PU), AP (PU), (e) APpE; (PU), APy (PU).

As can be seen from Table 11, the ESS acts through VIC as a load to support the
frequency. Equation (38) can be used to calculate the power loss of two interconnected
microgrids, and the results are 7.6 x 102 for the PI controller, 2.7 x 10~ ? for the FOP]I,
1.96 x 107! for the FPI, 6.3 x 10~!2 for the FFOPI, and 2.2 x 10~ '3 for the VIC based on
FFOPI due to the minimum value of power sharing (APjc and AQjc) through the tie line at
the VIC case. As a result, the best frequency performance and the optimal power flow are
achieved in the case of the VIC based on FFOPI controller.

7.2. Increasing Solar Radiation with Load Variation Disturbance

The overall power generated on the microgrid increases due to an increase in solar
radiation output power. With this variance, there is a power differential between the
power that is generated and the power that is demanded, which may affect the microgrid’s
frequency and power management. In this scenario, the solar radiation is abruptly increased
by 1% in both microgrids at zero seconds while the load fluctuation demand is maintained
constant at 0.01 P.U.
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Figure 14. M; and M, ’s reactive power measurements versus time for each controller at wind speed
disturbance: (a) AQy1 (PU), AQwz (PU), (b) AQpy1 (PU), AQpy2 (PU), (€) AQ tota11 (PU), AQ totar 2
(PU), (d) AQic (PU), AQpE: (PU).

Without VIC, the inertia of the BG and the virtual inertia of the inverter coupled to the
PVS and WECS balance out the energy imbalance. While using VIC, the energy imbalance
is balanced by the BG’s inertia, the inverter’s virtual inertia when connected to the PVS and
WECS, and then the ESS of VIC, which supports the frequency during a disturbance period
until the BG’s isochronous governor reacts to recover the steady-state frequency. Figure 15
shows the change in frequencies and voltages of microgrids M1 and M2. The dynamic
specification (Ts, Os, and Us) of frequencies and voltage deviation at each controller can be
summarized in Table 12.

As can be seen from Table 12 and a comparison of the five controllers, the VIC based
on FFOPI provided the best response properties in terms of the Ts, Os, and Us of the system
for both frequency deviations of the two interconnected microgrids. As a result, using
VIC based on FFOPI offered a better response in terms of frequency enhancement when
compared to the other controllers.
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Figure 15. Interconnected microgrid’s frequency and voltage measurements versus time for each
controller at solar radiation disturbance: (a) AF; (P.U), AF, (P.U), (b) AV, (P.U), AV, (PU).
Table 12. Dynamic specification of frequencies and voltage deviation for each controller at solar
radiation disturbance.
Dynamic VIC Based on Dynamic VIC Based on
Deviation PI FOPI FPI FFOPI FFOPL Deviation PI FOPI FPI FFOPI FFOPL
M My
AF1 Ts (S) 3.8 3.5 3.2 28 0.9 AF2 Ts (S) 28 25 1.8 1.1 05
Os (PU) 09 x 1073 0.8 x 1073 07 x 1073 06 x 1073 2% 1072 Os (PU) 1.8 x 1073 1.6 x 1073 13x 1073 11x 1073 29 %1073
Us (PU) —08x 1073 —09x1073 —1x1073 —11x 1073 —54 %1075 Us (PU) —18x 1073 —17x1073 —16x1073 —15x 1073 —9.6x 1075
AV1Ts (9) 9 8 7 65 1 AV2Ts (9) 9 7 5 4 0.025
Os (PU) 28 x 1073 26 %1075 1.6 x 1072 64 %1076 0 Os (PU) 3x1073 21 %1075 12 %1073 7 %106 12x 1077
Us (PU) —48x 107 —4x107° —17 x 1075 ~1x1073 ~35x 1076 Us(PU)  —015x1073  —011x 1073 —38x107° —11x 1075 —3x1077
Table 13 show how the power-sharing of each generation unit in M; and M, at each
controller compensate for the power imbalance during this disturbance through a multi-
objective function to minimize the total power loss. The investigation of Figures 16 and 17
can be justified in Table 13. Due to the increase in solar radiation disturbance, the new
value of the change in the active power of the SPVS for both microgrids M; and M, equals
(0.01 * Ppy) added to the change in the active power of the SPVS at step load change only
without solar radiation disturbance.
Table 13. Power flow in pu of microgrid system M; and M; for each controller at solar
radiation disturbance.
M; P VIC Based M, P VIC Based
Desiation” Pl FOPI FPI FFOPI fort T Diataer PI FOPI FPI FFOPI rorr "
APBG1 —02x1073 17 %1073 03x1073 02x1073 0.63 x 1073 APpc) 27 %1073 25x 1073 21x1073 22x1073 21x1073
APyyp 02x1073 0.6 x 1073 13 %1073 11 %1073 25x 1073 APy 63x 1073 59 x 1073 51x1073 53x 1073 48 %1073
APpyq 28 %1073 32x1073 41x1073 38x1073 51x1073 APpyy 85x 1073 78x 1073 72x1073 73x1073 69 x 103
APpggy - - - - ~1.6x1073 APpggy - - - - —0.41 x 1073
APy —75x1073 —62x1073 —44 %1073 —48x 1073 —34x1073 APicoy 75%x 1073 62x 103 44x10°3 48x103 34x10°3
APyl 24 x 1073 38x 1073 57 x 1073 51x 1073 823 x 1073 APy a2 175 x 1073 162 x 1073 144 x 1073 148 x 1073 138 x 1073
AQw1 74%x 1073 103 x 1073 51x1073 73%x 1073 63x 1073 AQwo ~18x 1073 15 %1073 31x1073 25x 1073 56 %1073
AQpy 12x10°3 78x 1073 64 %1073 82x 103 71 %1073 AQpy) 12x1073 —072x1073  41x1073 0.65 x 103 —02x10-3
AQpG1 ~0.1x 1073 ~0.1x1073 02x1073 02x 1073 03x 1073 AQpGa 13 %1073 122 x 1073 11x 1073 115 x 1073 09 x 1073
AQic12 93 %103 8x 1073 17 x 1073 57 %1073 37x 1073 AQjco1 —93x 1073 —8x10-3 —17x 1073 —57x 1073 —37x10°3

AQotall 193 x 1073 18 x 1073 117 x 1073 157 x 1073 137 x 1073 AQotal2 07 x 1073 21073 83x 1073 43x 1073 63 x 1073
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Figure 16. M; and M, ’s active power measurements versus time for each controller at solar radiation
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disturbance: (a) APgg1 (PU), APggy (PU), (b) APw1 (PU), APw, (PU), (c) APic (PU), APyopa1 2 (PU),
(d) APpyy (PU), APpy; (PU), (e) APpg2 (PU), APyoa11 (PU).

As can be seen from Table 13, the ESS acts through VIC as a load to support the
frequency. The power loss of the two interconnected microgrids can be calculated using
Equation (38), which resulted in 7.5 x 1077 in the case of the PI controller, 2.7 x 10~
in the case of the FOPI, 1.6 x 10~ in the case of the FPI, 7.3 x 10~!2 in the case of the
FFOPI, and 7.1 x 10~* in the case of the VIC based on FEOPI due to the minimum value
of power sharing (APjc and AQjc) through the tie line at the VIC case. So, the VIC based
on FFOPI controller provided a superior response with respect to frequency enhancement
and optimal power managements compared to the other controllers.
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Figure 17. M; and M;’s reactive power measurements versus time for each controller at solar
radiation disturbance: (a) AQpy1 (PU), AQpy: (PU), (b) AQ toa11 (PU), AQ totar 2 (PU), (¢) AQic (PU),
AQpg, (PU), (d) AQw1 (PU), AQw: (PU).
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7.3. Contingency Event Disturbances Analysis

In this section, the microgrid was subjected to a large disturbance that resulted in a
severe power imbalance, impacting on the frequency and power response as well as a brief
outage of the tie line.

Casel: Disconnecting the Tie Line with Load Variation Disturbance

Other severe disturbances include the sudden outage of the tie line, which prevents
power from transferring from one microgrid to another. Each microgrid is in charge of
satisfying the demand load at its PCC. The tie line between two microgrids is activated at
zero seconds in a sudden outage, while the load change demand is maintained at 0.01 pu
throughout the simulation period. This variance results in a power differential between
the power that is generated and that which is required, which may affect the microgrid’s
power management and frequency.

The inertia of the BG and the virtual inertia of the inverter instantly linked to the PVS
and WECS of each microgrid correct for the frequency variation. However, employing
the ESS could improve stability during a disturbance period until the BG’s isochronous
governor intervenes to restore the steady-state frequency. Figure 18 displays the variations
in frequencies and voltages of microgrids M; and M,. The dynamic specification of
frequencies and voltage deviation at each controller can be summarized in Table 14.
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Figure 18. Interconnected microgrid’s frequency and voltage measurements versus time for each
controller at disconnected tie line disturbance: (a) AF; (P.U), AF, (P.U), (b) AV; (P.U), AV, (P.U).
Table 14. Dynamic specification of frequencies and voltage deviation for each controller at discon-
necting tie line.
1])):’\:::::. PI FOPI FPI FFOPI VICng)s;f on 1]))3‘:::; PI FOPI FPI FFOPI VIC;;;’;;? on
M My
AF1 Ts (S) 3.8 3.5 3.2 3 0.9 AF2 Ts (S) 25 22 1.9 1.5 0.5
Os (PU) 9x 1073 89 x 1073 88x 1073 87 x 1073 31x107° Os (PU) 36x 1073 34 x1073 1.7 x 1073 1.6 x 1073 37 %1079
Us (PU) —4x1073 —38x1073 —2x1073 —18x 1073 —0.1x1073 Us (PU) —39x 1073 —38x1073 —2x1073 —18x 1073 012 x 1073
AV1Ts (9) 9 85 3 2 15 AV2Ts (9) 8 7 3 1 0.002
Os (PU) 0 0 0 0 0 0Os (PU) 0 0 0 0 0
Us (PU) —22x107° —2x10°5 —45x 1076 —16x 1076 —17x 106 Us (PU) —14x1073 ~13x 1073 —7x 1076 —3x106 —28x 1076

As can be seen from Table 14 and a comparison of five controllers, the VIC based
on FFOPI minimizes the Os and Us, improves system stability, and reduces the Ts of the
system for both frequency deviations of the two interconnected microgrids; as a result,
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employing VIC offered a superior response in terms of frequency enhancement compared
to the other controllers.

Table 15 illustrates the power-sharing of each generating unit in two microgrids at
each controller balance for the power imbalance during this disturbance through a multi-
objective function which supported the minimum total power loss. Table 15 facilitates the
investigation of Figure 19.

Table 15. Power flow in pu of microgrid system M, and M, for each controller at disconnecting

tie line.
M; Power VICBasedon M, Power VIC Based on
Deviation P Fort EPL FFOPIL FFOPI Deviation e FOPI FPI FFOPL FFOPI
APpG1 14 %1073 14 %1073 13 %1073 14 %1073 16x 1073 APpc) 13 %1073 13 %1073 17 x 1073 1.7 x 1073 2x1073
APy 44x10°3 44 %1073 44 %1073 44x10°3 5x1073 APyo 152 x 1073 152 x 1073 42x10°3 45x103 5x10°3
APpyy 42x 1073 42x1073 43x1073 42x 1073 5x 1073 APpyy 65 x 1073 6.5 %1073 41x1073 38x 1073 46x 1073
APRgg) - - - - —1.6x 1073 APEgs)y - - - - —1.6x 1073
AP 0 0 0 0 0 APiCor 0 0 0 0 0
APy a1 10 x 1073 10 x 1073 10 x 1073 10 x 1073 115 %1073 APy a1 10 x 1073 10 x 10~3 10 x 1073 10 x 1073 116 x 1073
AQw1 36x 1073 54 %1073 41x103 41x1073 42 %1073 AQwo 46x1073 97 x 1073 46x1073 95x 1073 92x 1073
AQpyq 57x 1073 4x1073 53x 1073 49x 1073 5x1073 AQpy» 46x 1073 0.6 x 1073 46x1073 —44 %1075 02x 103
AQpG1 07x 1073 0.6 x 1073 06x1073 1x1073 08x 1073 AQpGa 08x 1073 09 x 1073 0.8x 1073 054 x 1073 06x 1073
AQic12 0 0 0 0 0 AQico1 0 0 0 0 0
AQotall 10 x 1073 10 x 1073 10 x 10-3 10 x 1073 10x 1073 AQqotal2 10 x 10-3 10x 103 10 x 1073 10 x 1073 10 x 1073

As can be seen from Table 15, the ESS acts through VIC as a load to support the
frequency. Equation (38) can be used to calculate the power loss of two interconnected
microgrids, and the results are 8.9 x 10~!! for the PI controller, 9.97 x 10~!3 for the FOPI,
1.6 x 1071 for the FPI, 6.4 x 10~ for the FFOPI, and 1.6 x 10~ ' for the VIC based
on FFOPL As a result, the best frequency performance and the optimal power flow are
achieved in the case of the VIC based on FFOPI during the disturbance of disconnecting
the tie line.

Based on the analysis of the total power loss at each disturbance, the magnitude of the
total power loss of two interconnected microgrids at disconnected tie line disturbance is
smaller than the magnitude of the total power loss at wind speed disturbance and solar
radiation disturbance due to the lossless power of the tie line in the event of a disconnected
tie line disturbance.
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Figure 19. Cont.
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Figure 19. M; and M, ’s active and reactive power measurements versus time for each controller at
disconnected tie line disturbance: (a) APw7 (PU), APw» (PU), (b) APpy (PU), APpy, (PU), (¢) APpg1
(PU), APpG2 (PU), (d) APpg2 (PU), AQpE, (PU), (e) AQw1 (PU), AQw: (PU), (f) AQpv1 (PU), AQpyv:
(PU), () APrc (PU), AQic (PU), AQ totar 1 (PU), AQ gotal 2 (PU), (h) APyoga1 1 (PU), APyogar 2 (PU).

8. Conclusions and Perspectives

The need for clean but intermittent energy sources, as well as for power, is increasing
in growing countries. Power delivery that is reliable and constant is extremely difficult. The
use of microgrids has been suggested as a solution to the problem of grid outages. There
were two types of microgrids taken into consideration, one without diesel engine support
and the other with diesel engine support. The microgrid M; was without diesel engine
support, while the microgrid M, had diesel engine support. An AC short transmission
line was used to connect these two microgrids. It was suggested that additional power
produced in M is transmitted to M; to maintain a steady supply of electricity for the
group of villages represented by My. Photovoltaic (PV) modules, a WECS, and biogas
gensets are all forms of renewable energy sources found in the microgrids M; and M.
In order to achieve optimal power management in two AC interconnected microgrids
and to improve frequency stability, VIC was used to compensate for the lack of inertia
using a power injection mechanism through a multi-objective function when subjected to
different disturbances of wind speed variation, solar radiation variation, load variation, and
generation contingencies. The paper investigated how to tune PI, FOPI, FPI, FPI, FFOPI, and
VIC based on FFOPI controllers using PSO to mitigate frequency and voltage oscillation.

Power imbalances between generated and consumed energy can result from variations
in wind, solar, and other energy sources, which can affect the microgrid’s frequency and
power management. The inertia of the BG, the virtual inertia of the inverter connected to
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the PVS, and a WECS in the absence of VIC all work together to balance out the energy
imbalance. But when VIC is present, the compensatory method used in the absence of VIC
is followed by the ESS’s virtual inertia control, with the ESS acting as a load to support the
frequency. The best power-sharing between each generating unit is used in each controller
to compensate for the power differential during disturbances through a multi-objective
function, with the smallest value being recorded for total power loss in the case of VIC
based on FFOPI controller, compared to the other controllers, due to the minimum value of
power sharing (APc and AQjc) through the tie line at the VIC case. The results demonstrate
that, in comparison to the other controllers, the VIC based on FFOPI controller achieves the
greatest frequency performance and the optimal power flow.

The dynamics of the system can be significantly impacted by the severity of contingen-
cies. Due to the inertia of the BG and virtual inertia of the inverter connected to the PVSS
and WECS of each microgrid in the case of an outage of the tie line, an outage of the tie
line without VIC affects microgrid stability but not a factor in microgrid instability. The
VIC based on FFOPI controller provided a reaction that is superior in terms of frequency
enhancement and optimal power management compared to the other controllers. How-
ever, using the ESS could enhance the stability during the disturbance period until the
BG’s isochronous governor responds to return the frequency to steady-state. The power
imbalance during contingency disturbance is balanced by the optimal power-sharing of
each generation unit at each controller through a multi-objective function which supported
the minimum total power loss in the case of the VIC based on FFOPI controller.

The voltages and frequencies of both microgrids fluctuate within the allowable limits
and then settle with zero steady-state error following a disturbance within 0.5s with less
overshoots/undershoots (3.7e-5/—0.12e-3) using FFOPI based on VIC, which validates the
technical feasibility of the model and VIC technique. The power loss of two interconnected
microgrids recorded 7.5 x 10~? in the case of the PI controller, 2.7 x 10~ in the case of
the FOPI, 1.6 x 107! in the case of the FPI, 7.3 x 10~ '? in the case of the FFOPI, and
7.1 x 10~ in the case of the VIC based on FFOPI due to the minimum value of power
sharing (APjc and AQjc) through the tie line at the VIC case for solar radiation disturbance.
The magnitude of the total power loss of two interconnected microgrids recorded the
smallest value, 1.6e-15, in the case of the VIC based on FFOPI controller due to the lossless
power of the tie line in the event of a disconnected tie line disturbance. As a result, when
compared to other controllers, the VIC based on FFOPI controller showed a superior
response in terms of frequency improvement and ideal power management.
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Appendix A

Active and reactive power demand, respectively

Active and reactive power generation from a WECS, respectively
Controlled active power generation from a WECS

Controlled voltage and voltage angle generation from a WECS, respectively
Active and reactive power supply from a diesel engine, respectively

Active and reactive power supply from a photovoltaic system, respectively
Controlled active power generation from a SPVS

Controlled voltage and voltage angle generation from a SPVS, respectively
Reference voltage and reference voltage angle for M;

Reference voltage and reference voltage angle for M,

Difference between the voltage angles of bus 1 and bus 2

Internal reactance of a diesel engine

Active and reactive power supply from a biogas genset, respectively

Active and reactive power inflow through interconnection to the microgrid, respectively
Gain and time constants of the system real power, respectively.

Gain and time constants of the system reactive power, respectively
Damping coefficient of the real and reactive power, respectively

Time constants of the WECS and SPV systems, respectively

Thevenin equivalent reactance of the WECS and SPV, respectively

Direct axis synchronous reactance and transient reactance of thelternator, respectively
Direct axis open-circuit transient time constant

Time constants of speed governor, actuator, and engine

Voltage regulator time constant and gain constant, respectively

Exciter time constant and gain constant, respectively

Stabilizer circuit time constant and gain constant, respectively

Renewable energy system

Point of common coupling

Virtual synchronous generator

Energy storage system

Wind energy converting system

Solar photovoltaic system

Bio-gas genset

Diesel engine

Permeant magnet synchronous generator
Single line diagram

Stability study

Distribution power loss minimization
Virtual inertia control

Fuzzy fractional order PID

Particle swarm optimization

Integral time square error

Objective function based on Equation (39)

According to the load and generation values given in Section 2, all the parameters
have been calculated and listed in this appendix section with the time and gain constants
that have been used to solve the model.

Microgrid 1 parameters

Dys =

_JoPp P
1
Krs = 88.46 Hz/PU.kWTrg = 15s

~ Drs
Q1 Qr 153

= 0.57 PU.kVAR/PU.kV

9V~ Qr*V  DPr+F

Kys = DL =1.77 PU.kV /PU.kVARTys = 0.002513s

Vs
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Table Al. Microgrid 1 parameters values.

Biogasl

WECS1

SPVS1

Ppg = 0.3043 pu Qgg = 0.1473 pu

Py =0.1739 pu Qu = 0.2126 pu

Ppy = 0.1304 pu Qpy = 0.1621 pu

Xg=1puXyq=015puTg=5sTp =

0.75s TBl =0.01s TBZ =0.02s TB3 =0.15s

TB4 =02s TB5 =0.014 TB6 =0.04s TB7 =
0.036 s Kap =200 Tap = 0.05 s Kgg = 1
TEB =2s KFB =05 TFB =1s KlB =0.15

Xtws = 0.36 pu Tyy = 1s Tyyg =0.001 s

Kwi = 2.99 Ky = 2.99 Kyys = 0.161 Kyys

=0.17 Kys = —0.17 Ky = —0.17 Kyyy =
2.124 Kyg = —2.57

Xtpys = 0.36 pu Tpy = 0.001 s Kpyp = 2.94
Kpyy =2.94 Kpys = 0.12 Kpyy = 0.13 Kpys
= —0.13 Kpyg = —0.13 Kpyy = 2.78
Kpyg = —2.61

Kop = 0.846 K3 = 2.86 Ky = —3.039

Microgrid 2 parameters

D _o _ B
ES™9f 7 Pr«F

=0.0133 PU. kW/ Hz

KFS = DL =75 HZ/PUkWTFS = 15s
FS

Q1 Qr Pr

D = = =
VSTV T Qr#V  Pr+F

= 0.67 PU.kVAR/PU.kV

Kys = Divs = 1.5 PUkV/PUKVARTys = 0.00212s

Table A2. Microgrid 2 parameters values.

Biogas2
Ppg = 0.2062 pu Qpg = 0.0998 pu

Xg=1puX4q=015puTy4=5sTp=
0.75s
TBl =0.01s TBZ =0.02s TBS =0.15s TB4 =
0.2 s Tps = 0.014s Tpg = 0.04 s Ty = 0.036
SKAB =200TAB =0.058KEB :1TEB =2s
Kpp = 0.5 Trg = 1 s Ky = 0.15 Kop = 0.847
Kap = 2.44 Kyg = —2. 34

WECS2
Py =0.1333 pu Qw = 0.1658 pu

SPVS2
Ppy = 0.1304 pu Qpy = 0.1621 pu

XTWS =047 pu TW =1s TWl =0.001s
Kwi = 2.99 Ky = 2.293 Kz = 0.123 Ky
= —0.133 Kys = —0.133 Kyyg = —0.13 Kyy7

=212 Kwg = —1.96

Xtpys = 0.36 pu Tpy = 0.001 s Kpyp = 2.25
Kpys =2.25 Kpys = 0.094 Kpys = 0.1 Kpys
= —0.1 Kpyg = -—0.1 Kpyy = 2.13
Kpyg = -2

Table A3. Diesel engine and AC tie line parameters values.

DE
PDE =02 pu QDE =0.09686 pu

Kipg = —2.874 Kopg = 0.2
Kspg = 0.2 Kypg = —2.681

Interconnection Data
R=0.05 pu X =0.00676 pu PRES =50 KW PIRES =40.6 KW

Plogs = 9.39 KW Ky = 19.68 Kp = —19.61 K3 = 2.364 K, = 2.364
Ks = —2.95Kq = —19.68
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