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Abstract: The world today is plagued with problems of increased transmission and distribution
(T&D) losses leading to poor reliability due to power outages and an increase in the expenditure on
electrical infrastructure. To address these concerns, technology has evolved to enable the integration
of renewable energy sources (RESs) like solar, wind, diesel and biomass energy into small scale self-
governing power system zones which are known as micro-grids (MGs). A de-centralised approach
for modern power grid systems has led to an increased focus on distributed energy resources and
demand response. MGs act as complete power system units albeit on a small scale. However, this
does not prevent them from large operational sophistication allowing their independent functioning
in both grid-connected and stand-alone modes. MGs provide greater reliability as compared to
the entire system owing to the large amount of information secured from the bulk system. They
comprise numerous sources like solar, wind, diesel along with storage devices and converters. Several
modeling schemes have been devised to reduce the handling burden of large scale systems. This
paper gives a detailed review of MGs and their architecture, state space representation of wind energy
conversion systems & solar photovoltaic (PV) systems, operating modes and power management in
a MG and its impact on a distribution network.

Keywords: state-space representation; distributed energy sources; penetration ratio; relief factor;

power management; prosumer

1. Introduction

The critical dependence of today’s society on a secure supply of energy is well known.
The heightening worries for the accessibility of primary energy and the ever mellowing
infrastructure of the present transmission and distribution (T&D) networks pose a continu-
ous threat to security, reliability and standard of power supplied. Conventional generation
sources (CGSs) like diesel and natural gas-based generation plants steadily add to green-
house gas emissions (GHGs) resulting in increased global warming and sudden climate
changes. Hence, the generating capacity of CGSs to meet the growing global demand for
energy is severely limited. This has given a massive push to alternatives called as renewable
energy sources (RES) which include energy from solar, wind and biomass sources. The
setup of RES integrated in a distribution system is commonly referred to as distributed
generation (DG). DG is typically installed at medium voltage (MV) and high voltage (HV)
levels and power flow is uni-directional keeping in mind the passive nature of consumer
loads. Due to this, extensive research has been carried out on the linkage of DG within
distribution networks. This includes topics stretching from control and protection of DG
integrated distribution networks to the quality of power supplied by them. A number of

Sustainability 2022, 14, 126. https:/ /doi.org/10.3390/su14010126

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su14010126
https://doi.org/10.3390/su14010126
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-0153-1009
https://orcid.org/0000-0003-2484-6169
https://doi.org/10.3390/su14010126
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14010126?type=check_update&version=1

Sustainability 2022, 14, 126

2 0f 33

RES including photovoltaics (PV), wind energy conversion systems (WECS), micro-turbines
(MT) and fuel cells (FC) have come up as encouraging alternatives to meet the ever increas-
ing load demands without compromising on power quality besides addressing different
economic and environmental concerns. Out of different RES, solar PV systems and WECS
are the most utilised ones owing to their high energy potential and easy availability [1].
DG has led to massive improvement in power quality besides engineering a remarkable
decrease in T&D losses by meeting the load demands locally. Furthermore, it has improved
service quality by decreasing the distance between load and point of generation.

The most efficient way to meet the growing energy needs is to include novel technolo-
gies in DG systems and grid architectures. Power electronic converters (PECs) interfaced
with DGs have led to tenable structures called (MGs) [2-6]. A MG is defined as a network
that can inventively combine the activities of all entities linked to it—generators, consumers
and loads to competently provide tenable, profitable and fixed power supply. It utilizes
intelligent monitoring, control and communication technologies to achieve these objectives.
Until very recently, AC MG used to be the main electrical architecture for supplying power
to remote and inaccessible networks [5,7,8]. Eventually, it has been replaced by the concept
of a DC MG owing to increased use of DC loads over the years and also due to the fact
that DC power is generated by a bulk of DG sources. The major benefits of a DC MG
include absence of AC-DC or DC-AC conversion stages leading to increased efficiency and
reliability [9-13]. However, AC MGs are still presiding due to the use of AC based DG
and loads. An AC MG can also be directly linked with the traditional distribution systems
with least adjustments. Hence, it is profitable to design a new architecture to merge these
two types of MGs by means of a bidirectional interlinking converter (ILC) to extricate the
advantages of both these categories [14-17]. This notion of merging DC and AC MGs is
referred to as a hybrid MG. This type of architecture can accommodate both types of DG
sources and loads to warrant trouble-free transfer of power between two sub-grids. It can
operate in both grid connected and stand-alone modes while regulating power flow by
means of the ILC. However, the stand-alone mode of a hybrid MG is relatively way more
perilous due to demand-generation regulation and the intermittent nature of DG sources.

Power sharing in a hybrid MG is an emerging topic and has been extensively re-
searched about in this decade. An AC MG employs active power-frequency and reactive
power-frequency droop characteristics for power sharing while as current-voltage and
active power-voltage droop characteristics are employed in a DC MG. As a result, control
algorithms of both the individual MGs should be synchronised with the ILC to warrant
supply of quality power to the end users. The control techniques of a MG are mainly
categorised into three sections namely primary control, secondary control and tertiary
control. The primary control stablises voltage and frequency without the need of com-
munication links. The voltage and frequency deviations then are recompensed by the
secondary controller which regulates power quality and energy management of MGs. It
is further sub-categorised into centralized and decentralized control. In the former, a
central controller optimises the control decisions by acquiring pertinent data from the
network. In the latter, all DG sources operate in parallel to regulate energy management
by employing the information acquired from neighboring sources. The tertiary control
improves the power quality by regulating energy management between various MGs and
the utility grid and it is administered by collaboration between a MG and the utility grid.
The non-dispatchable and intermittent nature of electric power produced by DG sources
requires a MG system for their trouble-free working and productive integration with the
power system [5,17-20]. Energy Storage Systems (ESS) and CGS are employed to address
the sporadic nature of DG power [21,22]. However, ESS alone can’t alleviate the problem
of balancing and keeping in mind the environmental constraints, alternative substitutes
are required due to high GHG emissions of CGS. Demand response and prosumers are the
finest alternatives unfolding that could assist in stabilising power demand locally [23,24].
This paper presents a review of AC/DC micro-grids and their architecture, their state-space
modeling and power management aspects and their impact on a distribution system. This
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paper is organised as follows: Section 2 introduces the architecture and classification of
MGs, Sections 3-5 discuss the state space modeling of different MG components, Section 6
discusses MG protection, Section 7 discusses the power management strategies of a hybrid
MG in grid connected and stand-alone modes, Section 8 presents the MG impact on a
distribution network and finally, the review conclusions are summed up in Section 9.

2. Microgrid and Its Architecture

Numerous definitions of MG have been put forward over the years taking into con-
sideration various characteristics associated with its applications [25-28]. MG has been
defined as “the idea of nomadic DG sources like PV, wind, storage devices and different
loads in the prevailing power system which can be controlled either in grid-connected or
in stand-alone modes” in [25]. The authors in [26] have explained MG as “a scaled-down
power system which comprises DG sources, controllers and loads”. MGs consist of low
voltage (LV) distribution systems and they work in grid-connected or stand-alone modes.

2.1. MG Architectures

Hybrid MGs work on the concept of both AC and DC power and their architectures
are dictated by the character of loads, DG sources involved, the room to adjust ESS and
their energy needs. MG architectures can be divided into three classes depending on
architecture of the system and its voltage characteristics. These are AC MG, DC MG and
hybrid MG [29-31]. Additionally, MGs can be categorised as per their utilisation areas like
utility MGs, institutional MGs, commercial and industrial MGs, transportation MGs and
remote-area MGs [32]. Figure 1 illustrates the classification of a MG into different categories.
A flexible MG has to be able to import/ export energy from/to the grid, while controlling
active and reactive-power flow by managing energy storage. Based on operating modes,
MGs are categorised into grid-connected, transited, or island, and reconnection modes,
which increase their reliability by disconnecting them from the grid in case of network
failures. In terms of power or voltage characteristics, MGs are categorized into AC power
system, DC power system, hybrid system networks or simply as AC, DC and hybrid MGs.
In addition, MGs can be categorised based on their application areas like utility MGs,
institutional MGs, commercial and industrial MGs, transportation MGs and remote-area
MGs. In addition to this, campus MGs support multiple loads situated in a constrained
geographical location, community MGs which support penetration of local energy and
millitary base MGs which focus on physical and cyber security for military facilities. A
tabular comparison of AC, DC and hybrid MGs is given in Table 1.

2.2. Microgrid Toplogies

Different architectures are required to regulate the flow of energy from various sources
into the utility grid. MGs are largely categorised into AC, DC and hybrid MGs.

2.2.1. AC Microgrids

This is the most traditional form of MG where PECs are employed to integrate DG
sources with electrical networks [33] and needs minimum modifications for its integration.
These MGs are integrated with MV and LV distribution networks to increase power flow
and decrease transmission line losses in distribution networks. Here, power moves directly
from/to the grid sans any converter. The connected loads, DG sources and ESS must be
grid-adaptable as the feeder voltage and frequency matches with the grid conditions. This
gives rise to the main advantage of AC MGs which is their affinity with the conventional
grid which can be recomposed to an AC MG strategy. However, the presence of complex
PEC interfaces to synchronize DERs with the utility grid and to supply good quality AC
currents which is devoid of harmonics presents one of the major drawbacks of AC MGs
which reduces the efficiency and reliability of the system. Also, certain issues crop up upon
their integration like system stability, power quality and shortage of reactive power. These
are addressed by applying advanced control techniques [34,35]. The MG is able to adjust
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power generation and load demand to any working condition by switching its topology
by means of circuit breakers. The inter-connection of the MG with the distribution grid is
governed by the static switch. It can disengage the MG when the quality of power being
supplied to the distribution grid is below par making it to operate in is-landed mode. At
times of a grid fault, the static switch as well as the circuit breaker open to disengage the
non-critical loads from the grid to elude their impairment [36]. This sustains good quality
and reliable power supply to delicate loads that are catered from DG sources and ESS.

MICROGRID CLASSIFICATION

| 1L ! L R Ry 2 L

Distribution Distribution

—  Size —| Application | [~| Operation [~ system |[1 Architecture | — oo Gy | Scenario | Source

Small . Grid DC Radial Single . .
Premium adial
<S1?J?(ISV CO’\nAnOEdceIEd i o
Medium
Scale - i
L AC Ring Three :
o) Redl?stsion Microgrid Grid Phase Industrial Renewable
iMw
el Resilience Hybrid Mesh LS ! )
>Slclal\e/3v = Oriental Microgrid Type Fr)\lr;istifl‘ Commercial Hybrid
Figure 1. Classification of a MG.
Table 1. Comparison of AC, DC and hybrid microgrids.
AC Microgrids DC Microgrids Hybrid Microgrids
Multiple energy Less conversion Less conversion
conversions. processes. stages.
Presence of continuous reactive  Absence of reactive Presence of circulating
current loss component. components. reactive currents.
Reduced efficiency. Greater efficiency. Improved efficiency.
Affected by external Free from external
. . Increased robustness.
disturbances. disturbances.
No synchronisation No synchronisation

Synchronisation issues. . .
issues. issues.

Supply may be compromised Power supply generally

during seamless transfer. reliable. Highest reliability.

Complex control process

due to frequency. Simpler control approach.  Complex control.

Simple, cheap and mature Complex and costly Adaptive intelligent
protection schemes. protection components. protection schemes

2.2.2. DC Microgrids

A majority of the current consumer loads work on DC. Hence, their integration with
DC MGs is a smart choice due to increased efficiency and power quality independence
from the distribution grid. Around 35% of the generated AC power is fed to a PEC before
its utilization [37]. Majority of DC loads, DC-based DG sources and PECs are employed
for varied applications due to the technological prowess of the latter [38]. This has created
a sea of new opportunities in the field of DC MGs due to reduced losses during power
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conversion and absence of reactive current circulation [39,40]. An AC/DC bi-directional
interface called as the interlinking converter (IC) is the primary architect in a DC MG which
links it to the AC grid after providing the necessary voltage shift and galvanic isolation.
All DG sources and storage devices are linked with the DC bus via a PE interface (DC/DC
or AC/DC).

DC MGs possess a plethora of advantages as there are relatively lower transmission
losses owing to the non-existence of reactive current circulation. They possess simple archi-
tecture and control requirements as grid synchronization, harmonics and reactive power
do not bother them. Additionally, they possess fault-ride-through ability and are least
influenced by blackouts or voltage sags due to the presence of capacitors. However, they
have their own shortcomings which include the need to construct DC distribution systems
and the need to address their incompatibility with traditional electrical systems. Also,
they face challenges in protection schemes due to immature guidelines and constrained
practical involvements. As such, they need special protection mechanisms to address DC
short-circuit current interruption due to the absence of zero-point crossing of the current
waveform. Also, DC MGs need additional converters as they are not feasible for direct
connection of AC loads. However, the biggest drawback of this architecture is the presence
of series-connected IC which handles power flow with the utility grid as it decreases system
reliability [41].

2.2.3. Hybrid MGs

Hybrid MGs are a combination of AC and DC MGs and are gaining attention because
they facilitate the direct integration of DGs, loads and storage devices with the traditional
distribution system [36,42]. They possess the advantages of both MGs like increased
reliability and efficient economic operation. Hybrid MGs cater to all types of loads and
reduce inverter and rectifier power losses. However, they demand a robust coordinated
control and increased investigation due to the intermittency of DG sources and reactive
power compensation. Hybrid MGs are further classified as coupled and decoupled AC
configurations on the basis of the interfacing device and the grid connection. The AC bus
of the MG is directly integrated with the grid by means of a transformer and an AC/DC
converter is employed for the DC link in the former while as the latter comprise an AC/DC
and a DC/AC stage with no direct linkage between the grid and the bus.

Figure 2 depicts the architecture of a typical hybrid MG. It clearly distinguishes
between the AC and DC grids and interlinks them by means of a bidirectional AC-DC
converter [36]. The AC bus caters to the AC loads while as the DC bus caters to the DC
loads while as the DG sources and storage units are connected at either of the buses. A
PE converter is employed for maintaining the necessary voltage levels. This architecture
lets the installation of critical loads onto the DC feeder while as more robust loads are
installed onto the AC feeder [34,36]. It decreases conversion phases and consequently
the energy wastage. It is straightforward to limit harmonics into the AC side from the
DC side thus improving the quality of power in the grid. Voltage transformations in the
AC side can be carried out in a simple manner by means of conventional transformers
while as DC-DC converters do the job in the DC side of the network. Although the initial
investment of a hybrid MG is higher due to the inclusion of a principal AC-DC converter
and a communication system for device interconnections, it is beneficial in the long run as
it reduces the number of interfacing converters as number of attached devices increases.
However, the DC side of a hybrid MG is still under study as far as protection problems
of the MG are concerned. Also, the reliability of a hybrid MG takes a hit owing to the
main interface PE converter. The power flow management is relatively complex because
appropriate control strategies need to be applied for the connected devices to ensure a
stable and reliable power flow. Power balance between the AC and DC side of a hybrid
MG is a major challenge and it is still under study.
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Figure 2. Architecture of a basic MG.

3. State Space Representation of PV Model

A MG integrates large number of DG sources into power system to provide greater
reliability and continuity to critical loads. The dynamic properties of various RES like
PV and wind and their inverter controls need to be integrated as state space models to
increase system accuracy. This is necessitated due to the intermittency of solar and wind
power and various disturbances in the power system. This section presents a state space
model for MG components comprising double stage PV systems, WECS and mathemati-
cal model of parallel inverters explicitly in equations considering system dynamics and
control functions.

Regarding the power circuit modeling of PV arrays, most of the literature considers
simplified models [43—49] only in continuous conduction mode (CCM) for the dc/dc
converter [50-52]. However, discontinuous conduction mode (DCM) is frequently noticed
at lower power intensities arising due to less irradiance and faulty conditions which
conclusively changes the system dynamics. This paper discusses the need of both CCM
and DCM modes in PV models. PV control is of extreme significance for dynamic system
evaluations [49,53]. The classic control strategy of a double-stage PV system includes: (a) a
maximum power point tracking (MPPT) algorithm for the converter, (b) a PI controller
dedicated for the DC-link capacitor, (c) decoupled inverter control (current) and (d) a phase
locked loop (PLL) structure to track grid voltage. The dynamics of MPPT is abandoned in
some literature [54] which presumes that the system operates at MPP at all times and ensues
an erroneous reaction to sudden changes in irradiance [49,51]. Another key feature includes
a detailed dynamic model formulation. Most of the above mentioned literature depicts
models employing an amalgamation of system block diagrams, differential equations and
flowcharts. Only a small number of models are presented completely in the rigorous state-
space form which encompasses an extensive range of applications. This review specifies
that all the mentioned dynamic PV models till date are designed for particular applications
and there is plenty of room to develop a generic relevant solution which addresses all the
contemporary demands. The purpose of this work is to obtain a dynamic double stage PV
model that subdues these constraints and presents a state-of-the-art generic PV dynamic
model applicable in all circumstances. This model is composed in state-space form and it
considers the DC-side dynamics and appropriates a non-simplified single-diode PV model
and covers both CCM and DCM operations of the boost converter (BC). The control strategy
comprises MPPT control, DC link control, reactive power control aided with suitable PLL



Sustainability 2022, 14, 126

7 of 33

mechanism. The electric circuit and control strategy of a double stage PV system is depicted
in Figure 1.

The electric circuit comprises a PV cell, BC, DC link capacitor, inverter and filter.
The control arrangement consists of MPPT control and curtail control for the BC and DC
link control, reactive power control and current control subsystem for the inverter. The
state-space representation of the overall PV system consists of 20 state variables together
with a combination of differential and algebraic equations:

1= f(x0), y=gxv) ey

where x represents the state vector, v represents the input vector and y represents the output
vector. Mathematically,

X = [Vp’()/ Id/ IQI VdC/ Pmp/ VT/ 47mp/ 4)C7'tl (Pml/ (me/ ()bdc/ ()bd/ 4)q/ q)pll/ V;;i/ Vg—;/ Vg_d/ Vg_q/ 9] T (2)

0= [T/ G, Pres, Qreq/ Vgar ng/ Vgc]T 3)

y= [Pg/ Qg, Vo, Ppo, Vdc]T 4)

3.1. System Description
3.1.1. PV Generator

The PV array model is generated with the help of the well known single-diode PV
model. It is governed by five variables namely I, Is, 4, Rs and Rgy,. The algebraic equation
involving the dynamics of the PV system [51] is difficult to solve and involves a lot of
computational intricacies. However, the use of ‘lambert W’ function eases and modifies the
equation [55,56] which is given as:

Rop (RsLph 1 vp)
= Rshlph - VPU _ M RsRgpls EW (5)
P Rs + Rgp Rs (Rsh + Rs)a
. . NgkT
where I;;; and I are PV and saturation currents, respectively and V; = represents

thermal voltage of the array with N; series cells. Rs and Ry, represent equivalent series
and shunt resistance of the array. 'k’ represents the Boltzmann constant, ‘T’ represents p—n
junction temperature and ‘a’ is the diode ideality constant. The Lambert W function is
computed by means of the built-in lambertw MATLAB function.

This equation expresses I, explicitly as a function of V),,. The parameters of Equation (5)
are calculated by extracting the reference variables [57] I, i Is, 17 Aref s Rs,, ; and Ry, ;-

3.1.2. Boost Converter

The BC of a double-stage PV system [45,46,51] is designated by the ensuing equations
by taking into consideration the average models:

 _ AMVpo — Raclt) = (A~ D)V ©
t de

where I} represents inductor current, V. represents DC link voltage, D is the duty cycle
and Cpy, Ry, Lgc represent the circuit parameters and A represents the complete time of
conduction of the inductor for period Ts;. A = 1 during continuous conduction mode.

The inductor’s continuous conduction mode current is calculated by putting I; = 0
and is given as

@)

jcom _ Vo = (1= D)Vige
k Rge
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The inductor’s discontinuous conduction mode current is calculated as
2
[DCM _ Vic = Vpo n V;.D?Ts i VpoVaeD?*Ts Ve — Vo Vg D?Ty ®)
L ZRdc 4de 2RdCLdC 2Rdc 4de
The current in the inductor is the highest of the following two values:
Iy = max[IfM, IPM] )

3.1.3. DC Link Capacitor

The general equation for a DC link model that counts for both the conduction modes [45,46]
is given as:

: Vo — RaclL I 3Vigla+ Vigly
Vi = 1—AP7+A—D —_—— - 10
e { ( ) Vdc Cdc 2 Cdc Vdc ( )

where C;, represents DC link capacitance and Viy, V;
currents in d-q frame.

g 14, I represent inverter voltages and

3.1.4. Filter

The state-space model of the interfacing inductance is given as [45,47,54,58]:

. V-V —R/I

[ = i‘i 144wl (11)
f

. Vi — Voo — R¢I

Iq:wﬂm (12)
Ls

where Vj4, Vi, represent inverter voltages, V,4, Vgq represent grid voltages and Iy, I, repre-
sent inverter currents in the d-q frame rotating at synchronous speed w. Ry, Ly represent
parameters of the filter.

4. Solar PV Control Model

This section explains the typical control scheme for enhancing the frequency response
of the system.

4.1. Boost Converter Control

Traditionally, the control of a BC entails an MPPT algorithm to draw peak power all
the time. However, the PV system should be adept at decreasing power output during
contingencies. Usually, this is achieved by regulating the voltage of the PV system to
sub-optimal levels during times of power curtailment [59,60]. The control strategy depicted
in Figure 3 executes this task. It comprises two control modules viz; the MPPT control and
curtail control which are activated or deactivated in line with the operating mode.

4.1.1. MPPT Control

Different algorithms like Perturb & Observe (P&O), Incemental Conductance (INC)
are used during MPPT control to establish the optimal reference PV voltage. The state
space representation [51] employs reference voltage, PV voltage and PV power as state
variables and is given as:

=1 _ k-1
Vo —Vinpp

k-1 . Py 1Pk} .
Ve tsignd 0 5 Vipey , Timestep = 1 13)

vkl , Timestep = 0
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vk Vr’,‘; L Timestep = 1 (14)
mppt — k—1 . o
Vippt - Timestep =0
pk _ p’f,;l , Timestep = 1 (15)
mppt p'fn;;t , Timestep = 0
step — 1 ,MPPTmode (16)
F 0 ,Otherwise

where ‘k’ represents discrete time instant. The sign function yields £ 1 as per the sign of the
argument and the time-step equals 1 when the converter is in MPP mode. Else, it returns 0.

The duty cycle D is regulated by the PI controller to adjust the actual and reference
PV voltages, Vpy and V;,¢. The duty cycle D is contained between 0 and 1 by the following
equations using the state variable ¢y,

[D - K}Tpp(vpv - Uref - AZ71’(2}‘) - (Pmpp]
Tstep

Pmpp = K (0p = Vpop — Dvres) + (17)

D = sat{K,"" (vpy — vyef — AOef) + Pmpp, 0,1} (18)

where K;,npp , K:.npp represent controller gains and sat represents saturation within range.

State Variable

Figure 3. Power circuit and control scheme of a two-stage PV system.
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4.1.2. Curtail Control

Curtail mode pauses the MPPT operation by making reference voltage constant and
activates curtail control mode in which a PI controller makes a voltage adaptation AV, to
adjust PV power Py, with the setpoint value P;g”.

Avref - K;Wt(va - Pfuzit) - (Pcurt

<Pc.urt _ Klgurt(PpU _ Pfuvrt) T (19)
step
K (Ppy — PEL) + et , Mode = Curtail
AVyer = 20)
0 ,Mode = MPPT

where ¢+ represents the state variable and K;””, Kf“” represent the gains of the controller.
The set-point power P is given by:

pv Sat[effpmax - Apfrgq - P?‘ESIOI Slzm]
curt — eff

Here Py,x denotes the peak obtainable PV power and APf,Eq, Pres, Spim, ‘eff indicate
the frequency-response power adaptation, the needed reserve power, apparent power limit
of the inverter and the converter efficiency, respectively.

(21)

4.2. Inverter Control

The inverter control arrangement comprises DC link control, reactive power control
and current control to address unbalanced operation of grid and the urgent need for
injection of reactive currents.While the former is mentioned here, the latter has not found a
mention due to its extensive reference in the literature [54,61].

DC Link Control

The DC link controller compares DC link voltage with the reference voltage and
maintains it at a constant value and regulates the quantity of power transferred to the grid.
Initially, Vjf is calculated from the sensed voltage by filtering it from 100 Hz oscillations
occurring due to asymmetrical faults [50].

(P;zl = *271’100([)”2 (22)
P 2n100{4>n1 _ {Vdcgf“}} (23)
Vier = Vac + Pn2 (24)

where ¢,1, pn2 represent state variables and Qy, is the quality factor.
The reference power P,.f is exported under a higher limit Sj;;, to limit flow of active
power during faults. The reference power input to the PI controller is calculated as:

{P"ef - Kgc(vdch o decref) - CPdC}

25
Tstep ( )

(P;ic = K?C(decf - Vd2cref) +

Pref = sat{Kgc(decf - decref) + 4)dC/ 0, Slim} (26)

where Kff and K% represent controller gains.
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5. Modeling of Wind Energy Conversion Systems

The application of wind energy has grown markedly over the years and its significance
in its integration with power system has assumed tremendous importance [62]. Several
studies have carried out extensive analysis of a design of wind farm [63,64]. This includes
the effect of wind generation with regard to power flow, voltage profile, flow of short-circuit
currents, reactive power ability and transient stability [65,66]. Different wind turbine mod-
els have been described in the literature as per their application. A comprehensive depiction
of separate units and their inter-connection with the system is considered at times. On the
other hand, wind farms may be modeled as lumped equivalent machines as seen from
the system [65]. Nonetheless, the model response hangs on the kind of equipment being
used. Numerous derived dynamic models find a mention in the literature [67-69]. This
section presents state-space modeling of synchronous and induction machines employed
in wind energy conversion systems. Reduced order models can be derived directly from
these models which can prove to be important tools in power system evaluations. These
models are derived with multiple state variables employable in different control strategies
for a convenient and compact assessment in terms of controllability and stability of wind
energy conversion systems. The two common type of wind turbine configurations are
fixed speed wind turbines and variable speed wind turbines. While the former are simple
devices comprising a gearbox, shaft and a generator, the latter have evolved owing to the
increased size of wind turbines [67,68,70]. The state-space representation is acquired by
assuming that

(a) If flowing inwards, the stator current is taken as negative.
(b) Synchronous reference frame is used to derive the equations.
(¢) g-axis leads the d-axis by 90°.

The state space representation employed by all models is given as
X =Ax+ Bu y = Cx+ Du (27)

5.1. System Description

The suggested system is depicted in Figure 4 and represents a single WTS which
comprises a variable-speed, variable-pitch, horizontal axis, lift turbine. The WTS may or
may not comprise a gear between turbine and generator (PMSG in this case). The generator
supplies power through a back-to-back converter and filter to the point of common coupling
(PCC). The VSI operates in grid-feeding mode as the grid is presumed to be symmetrical.

Wind VsC DC Link VvSC Filter PCC Transformer Grid
Turbine ]
/o\'l he 1 | e - QD
U/ e | [ AC Y Y\
PMSG Y K
Machine
i abc abc abc i abc abc
yOom vl 5  Yde St v Yg
| CONTROL SYSTEM |
Fy Y 7} 7} 7}
Bref O, ref Udc,ref ppcc Qpcc

[ OPERATIONAL MANAGEMENT |

VA [
[ v Ppcc‘ref qpcc‘ref

Figure 4. A typical WECS.
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5.1.1. Turbine Aerodynamics and Torque

The wind turbine translates wind energy into rotational energy. The wind power
extracted is given as

1
Pw = 5 pnrzva (28)

where p is the air density, r is the rotor radius and vy, is wind velocity. However, the power
that can be extracted by the turbine is limited by the Betz limit and is given as

pt = ¢p(vw, w, B) pu(vw) < cppuw(vw) (29)

Cp,Betz = 0.592 is a function of wind velocity vy, angular velocity w, pitch-angle p and tip

speed ratio A = % The coefficient of power c, (A, B) is calculated by the following function
w

cp(A,B) = ciler f(A, B) — e3P — et — cs]e 6/ (1) (30)
The constants cy, .., ¢ are > 0 and “f” is a continuously differentiable function.

5.1.2. Pitch Control System

The pitch control regulates the pitch angle p within range of its defined reference ..
Its nonlinear dynamics are approximated by

d Bmax
E.Bunsatumted(t) = Satéﬁ'mux (;ﬁ(_ﬁ(t) + ,Bref(t))> (31)
.B(t) = Sat?)go (,Bunsatumted(t)) (32)

where B usaturated= Bunsaturated(0) > 0 and fmax and Tp represent peak workable change
rate of pitch angle and time constant of pitch control system, respectively (see Figure 5).

Tﬁ 'Bmax Bmax 0° 90°

7y . 7y
Bref ‘ %&P Bsat » T > > ﬁ

Figure 5. Block diagram of the dynamics of pitch system.

Y

5.1.3. Turbine Torque

The turbine facilitates the conversion of wind energy into rotational energy. Turbine
torque is computed from turbine power and turbine angular velocity as follows:

1 cy(B, A
m (v, A, B) = Epnr%iip(/j\ ) (33)

5.2. Electrical System in Three-Phase Reference Frame

In Figure 6, the electrical network of the considered PMSG is shown. The net-

work of the machine-side depicts the stator phase voltages uf = (uf,uf,uS)7T, sta-

tor phase current i?¢ = (i%,i,i¢)T, stator phase resistance Rs and stator flux linkage
abc _

e — (2, b, psi€)T. The grid-side network comprises filter and grid with filter phase
abc _ (0 b . c\T ¢ iabc _ (ia ;b c\T g ;
voltages u = (u Foup,u f) , filter phase currents i = (i g f) , filter resistance Ry,
filter inductance Ly and grid phase voltages ugbc = (ug, ug, ug)T. Power is exchanged

between converters via DC-link capacitor.
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Figure 6. Electrical network of a WECS: PMSG, back-to-back converter, DC-link, grid-side filter, PCC
and balanced grid.

5.2.1. DC-Link Dynamics

The extensively utilised two-level back-to-back converters are considered for DC link
dynamics of WECS. The VSC is modeled by employing ideal switches and is shown in
Figure 7.

\ 2

Oz

J

o—

Figure 7. Electrical circuit of VSC.

ufe refers to the generator phase voltages that are fed from the stator side while as

u?¢ refers to phase voltages of the line filter generated by the filter-side converter. The
converter output voltage is generated by appropriate modulation techniques with the help
of switching vectors s2¢ = (s7,s%,5¢)T and sj”fbc = (sj’(,sjbr, s;)T. There are eight possible
switching vectors for the considered two-level VSCs such that Sg = {000,001, ..., 111}. The
stator and filter voltages are given as
2 -1 -1
uobe = Mde | g5 _q|gabe (34)
Sl a1 2
The charging or discharging of DC-link capacitor is dependent upon the machine-side
and grid-side currents (Figure 6). The DC-link dynamics are calculated as
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d ] c 1 ~aouc avc :aovc aoc
Snalt) = S — L (et - e T se(r) @)

where 14.(0) > 0

5.2.2. Grid Side Dynamics

This includes filter, PCC and grid. A line filter is employed to filter out switching
ripples and induce sinusoidal phase currents in the grid. An RC filter and a filter inductance
is considered for this purpose. The grid-side voltages u,, are applied to the filter which
outputs sinusoidal filter phase currents i,,.. The copper losses are dissipated in the filter
resistance Ry, The grid-side electrical network of a WECS is depicted in Figure 6. The
grid-side dynamics are given by

cos(4>g(t)%
d -abc _ 1 abc - -abc 7 Cos((P (t) _ 7'[)
— )= — t R t t 36
ar’r = |0 = R —ug(h) | TS (36)

cos(9g(t) = 1)

where the term inside the short parentheses represents grid voltages whose amplitude
depends on i/ and grid angle ¢,.

5.3. Control Configuration of Wind Systems

This section discusses the individual controllers employed in the simulation of WECS
systems. The machine side and grid side controls are depicted in Figures 8 and 9, respectively.

The closed-loop systems on machine side and grid side comprise two PI controllers
and two feed-forward controllers to address disturbances. The control law is a summa-
tion of two terms that represent the PI controller output and disturbance compensation,
respectively. The control law is given as

w8 = u®(#) + 4y (1) (37)

zref — Zzpi

The aim of the compensation term is to acquire decoupled dynamics of current for
design of the controller in the d-q frame.

Speed Pl
Control Controller o PWM Vsl
US ef

Figure 8. Machine-side control.

5.4. Generator Representations

This sub-section gives a complete-order state-space modeling of permanent magnet
synchronous generator (PMSG) and induction machines for wind energy uses. The state-
space models are depicted such that they yield various reduced order substitute models
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applicable in different control schemes. These state-space representations permit a suitable
and compact manner to evaluate the induction and PMSG driven wind energy systems.

DCLink Current Pl

Pl Controller 4 Controller
et

W, oy VS Rl RO Gid

salion

Use

Figure 9. Grid-side control.

5.4.1. State Space Model of a PMSG Wind Turbine with a Back to Back Converter

Figure 10 depicts a PMSG driven WECS integrated with the utility grid via a two-level
back to back (BTB) converter. This topology provides flexibility of expanding the degrees of
freedom in the system. The former VSC regulates the active and reactive power output of
the PMSG while as the latter one regulates the DC-link voltage and reactive power output
at PCC.

Two-Level VSC
Wind

I *H *I[I *lfl i *l[l *I[I

—

o=l | 7| o
e pobobe |pobebe

Gating
Pulses

Figure 10. Grid connected WECS topology.

Considering the turbine aerodynamics and torque equations discussed previously,
a state-space representation of a PMSG WT is formulated. Equations (38)—(43) give the
state-space representation of a PMSG driven BTB integrated WECS. It portrays a complete
dynamic response of the system and is immensely useful for design considerations and
analysis of various control algorithms employed in various studies.

d Bu  3P2Ani P
— _ - 1 7’1"
s i 8] T (38)
d 4 1 d ) m‘fv d
it = [ IR = RO + (L4 Lyl + dr = T2 @9)
d q 1 .q .d m?vcd
1= |5 IR = R = (L Loy = 50 )
D Ro ity o 0 (41)
dt 2~ Ly 2 22 Ly, 2UpLp
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d q q d vg Mmy0cd
- _ e —Z _ 42
a2 L2 T T oun, (42)
d 3 did | 44 3 did | 44
73 0cd = m(”ﬁh +myiy) + m(mzlz + myiy) (43)

d, . .
where, v;; and Vig represent Voltages, 1 1 represent line currents, R;, L; represent resistance

and inductance of VSC, v, represents DC link voltage, m?’q represents modulation signal
and Ur; represents the peak triangular wave value for pulse width modulation (PWM).
Equation (38) depicts the shaft model involving electromagnetic torque; Equations (39)
and (40) depict the dynamics of 1st VSC; Equations (41) and (42) depict the dynamics of
2nd VSC; and Equation (43) represents the dynamics of the DC-link voltage. Also, v?’q
represent voltages, ifl’q represent line currents, R;, L; represent resistance and inductance of

VSC;, respectively, v, represents DC link voltage, m'j’q represents the modulation signal
and Ur; represents the peak value of triangular wave for pulse-width modulation (PWM).

5.4.2. Single Cage Induction Generator Current Model

This model is employed while implementing vector control of the generator side
converter for fully rated converter induction generator based wind turbines. The rotor and
stator currents are considered as the state variables. x, u and v depict the state, input and
output vectors.

x = [igs igs igy igr) (44)

u= (Vg Ugs Ugy vf,r}T (45)

y = liar ig]" (46)

The matrices determining the system, feed-forward, control and output equations are

given as:

__Rs}(_rr 0(1(475_ —_Rer —_ﬁrazs
_ wli _Dflf‘-ZS —Rs Xyr @r(ﬁs_ —R; X
Xos Xpro —Rs X @s@s_ —R; X —_0(2(425 !
_;Bsws —Rs Xy X Ws — Ry Xss
_XTI’ 0 Xm 0

A=

Wh 0 _X_rr 0 X_m 0 01 O
P=%x ¢ : = D= 47
Xes Xpro | =X 0 Xss 0 C {0 00 J/ 024 (47)
0 Xm0 X

w

where s = (‘75%:‘7’, N = X_ssX_yr — SX_mz, Ny = X_m2 - SX_ssX_rrr ,Bs = X_mX_ss(1 - S)r ,BV =

XinX(1—38),0 = %))?’ Other commonly employed configurations like the flux model

and double cage induction generator model have been omitted and are detailed in [71].

6. Microgrid Control and Protection

A MG switches into islanded mode in the face of contingencies like MV network faults
or during maintenance activities [72]. In such cases, the MG generation is modified to
decrease the disconnection transient [73] and disparity between load and generation. In the
face of faults, MG must be separated from the network immediately so as to have least effect
of switching transients on MG dynamics. In the absence of synchronous machines which
balance demand and supply, a voltage regulation strategy is needed to counter voltage and
reactive power oscillations [3]. If a MG comprising a group of sources and the main power
supply is accessible, all VSIs can be run in PQ mode due to available references in voltage
and frequency. An abrupt disconnection of the supply would result in the loss of MG due
to zero possibility of frequency and voltage control. However, a VSl is able to operate a MG
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in islanded mode by generating a reference voltage and frequency and paving way for a
smooth transition without switching the inverter control modes. It reacts to disruptions in
the network based on its terminal information by providing primary voltage and frequency
regulation in the islanded mode. Two control strategies are realizable:

1.  Single Master Operation (SMO)
2. Multi Master Operation (MMO)

6.1. Single Master Operation

An overview of an SMO is depicted in Figure 11. A master VSI is employed as voltage
reference during disconnection of main power supply while all other inverters operate
as slaves in PQ mode. Local controllers receive information from the micro grid central
controller (MGCC) regarding the generation profile and accordingly control the output.

Vol | PQ
Control [~ Control

: D }: Electrical _‘ Al + Prime

Ve | AC Network DC Mover

VSI ¢¢¢

Loads

Figure 11. Control arrangement during SMO.

6.2. Multi Master Operation

MMO approach (Figure 12) makes the VSI to operate with pre-defined frequency and
voltage limits which also correspond to active power and reactive power characteristics.
The VSIs are directly integrated with storage devices or with micro sources coupled with
storage devices in the DC-link which are continually charged from primary sources. The
MGCC can alter generation by alternating the VSl idle frequency or by introducing latest set
points for controllable micro sources integrated with the grid via PQ-controlled inverters.

Droop Settings

VSI .
- PQ Set Point Controller
Control Control

Ve P
_|__ D A J_ Prime
AC DC Mover

V:L — Electrical

VSI Network

—>
Loads
L N

Control
Ve P
A Prime
DC Mover

Figure 12. Control arrangement during MMO.

6.3. Grid Protection

The commonly used type of protection used in a distribution grid is the overcurrent
protection scheme. However, this scheme can’t be used for DG integrated grids as the
number of sources of supply increase & flow of power becomes undefined. Some of the
commonly occurring problems in grid protection are unsynchronised re-closing, problems



Sustainability 2022, 14, 126

18 of 33

in automatic re-closing & lack of coordination in fuse re-closing. Other problems include
blinding of protection & islanding problems.

6.3.1. Re-Closer Problems

Re-closer problems arise in distribution grids associated with DGs due to the latter’s
ability to keep the line active even in the event of a fault. Most faults on the overhead
lines are temporary in nature, hence the lines need not be closed down permanently in
the event of a fault. The automatic re-closer allows the arc to extinguish (in case of a
fault) before energising it again by closing the contacts. The line remains in service if the
fault is removed & is disconnected again in case the fault has not been cleared. The line
is permanently switched off in the event of 4-5 unsuccessful events to restore the line.
DG affects the functioning of an automatic re-closer significantly by keeping one source
of power always open thereby energising the line contacts. Thus, every temporary fault
becomes a permanent one resulting in grid disruption. It also results in unsynchronised
closing of the automatic re-closer due to the island formed during open time which may
result in equipment damage. Also when the fault has been cleared (or not), DG supply will
have to be disconnected before closing the automatic re-closer.

In addition to this, the fuse & automatic re-closer coordination is also affected which
results in temporary faults being closed by the fuse rather than the re-closer. This coordi-
nation is restored by using microprocessor based re-closers where various trip lines are
programmed & microprocessor tracks the curve in use. Slow & fast curves are employed.
The fast curve comes into picture with the lateral fuses in the presence of DGs. This curve
is activated only during fast re-closing action whereas the slow curve is activated in the
next cycle & the fault is cleared.

6.3.2. Blinding Problems

Blinding of protection refers to the condition when short circuit in a line remains
undetected due to lower values of grid short circuit current due to integration of DGs. This
condition is depicted pictorially in Figure 13.

i gid

____]L__I:I ________ SN

I I [ N

|k, gen

Grid

Figure 13. Principle of blinding of protection.

When a fault occurs at point B, this current is a summation of both grid current as
well as the DG current. The amount of current flowing from each source depends on the
impedance of the grid & the configuration of the network. However, it is very clear from
the figure that the fault current contribution of the grid decreases due to the presence of
DG sources. However, the total fault current increases. This eventually compromises the
detection of fault current & this condition is referred to as blinding of protection. This
condition is further explained in Figure 14 which consists of an external grid & 3 nodes.
The generator is connected at node 2 & it’s location & size is gradually changed.

Node 2 is placed at a distance of 10 percent from the total feeder length & is varied in
steps till it reaches node 3. Once the effect of location is observed, a 3 phase fault is created
at node 3 & the generator capacity is increased by 2 MW in each iteration. When this loop is
completed, the cycle starts all over again. The results show that the effect of large capacity
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generators is much larger than the small ones & that this effect is maximum near the feeder
centre. It is concluded that blinding of protection does not occur if the DG is integrated
into a strong capacity distribution grid.

OO0

Substation Distance Feeder Distance

= == =

IlSt Connection f 2" ConnectionT

Grid

Figure 14. Test feeder blinding of protection.

6.3.3. False Tripping

False tripping occurs when the magnitude of fault current in a faulty feeder is accentu-
ated due to the presence of DG in a nearby feeder. The contribution of fault current may
exceed the pick up value of the relay resulting in a possible trip of the healthy feeder before
the actual fault is cleared in the faulty feeder. This is depicted in Figure 15.

Relay
| Wgia | o
I// Ik,grid+|k,gen
N J'&Qeﬂ ,,,,,,
] |
Grid _D I
Relay

Figure 15. Principle of false tripping.

The DG unit located in close vicinity of the faulty feeder may contribute to the faulty
current leading to false tripping. However, the settings of the protection relay need to be
modified so as to get a low value of pickup current. In [74], finding another relay setting
is discussed as an option which, means to increase the fault clearing time rather than the
pickup current. This is due to the fact that any increase in the value of pickup current
reduces the sensitivity & the efficiency of protection. Ref. [75] discusses an example of a
windfarm connected to a weak grid where sympathetic tripping may be introduced while
trying to solve protection problems. Reducing the pickup current introduces false tripping
at some feeders. The proposed solution is to increase time delay for protection devices
which increases the fault clearing time for the feeder.

7. Power Management

Power management and coordination between different energy sources connected
to AC and DC bus-bars is of utmost importance in a MG. Numerous RES and ESS are
inter-linked to both the AC and DC bus-bars of a hybrid MG while a bidirectional ILC
links these buses. Power management strategies determine the power output of these
DG sources which in turn helps to maintain voltage and frequency stability. The sub-
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sequent section details the power management strategies during steady-state and mode
transitioning periods.

7.1. Power Management in Grid Connected Mode

Voltage stability and power balance in grid integrated hybrid MGs is attained in
dispatched or in un-dispatched power modes. Power flow between utility and MG is
regulated employing high level control approaches in the former whereas no power is
dispatched from the MG in the latter [76-78]. Here, DG sources work in either voltage
control or current control modes. In the former, the DG output current is used to track ref-
erence power while the utility grid determines the voltage and frequency. In the latter, DG
output voltage is used to regulate its output power and DG sources work as synchronous
generators [79]. The bi-directional ILC works in three modes viz; AC sub-grid voltage
control, DC sub-grid voltage control and power control mode. The DC sub-grid voltage
and transmitted output power in the grid connected power mode can be controlled in two
ways. The first method involves the regulation of DC sub-grid voltage with the help of the
ILC, while transmitted output power is sustained by proper coordination of DERs. The
second method involves the regulation of DC sub-grid voltage with the help of sub-grid
DG sources while the transmitted output power is produced by ESSs and ILC [80]. All DG
sources work in current controlled style during the un-dispatched mode administering
energy into the grid and charging ESSs at the same time [31,81]. The power management
modes of a hybrid MG is depicted in Figure 16.

Hybrid Microgrid

Grid Connected
Mode

Un-dispatched AC Grid
Power Power Voltage Control

Stand Alone
Mode

DC Grid
Voltage Control

v i

o DC bus voltage is
controlled by ILC.
o DG-ESSareinter-

o Valtage is controlled
by DG-ESS.
o |LC operates in power

o DChus voltage
is controlled by ILC.
o DGs in MPPT mode.

DG-ESS on AC sub-grid
control AC bus voltage.
ILC manages power

DG-ESS on DC sub-grid
control DC bus voltage.
ILC manages power

related. control mode. o ESSsin charging mode. flow flow

Figure 16. Power Management Strategies of a MG.

7.2. Power Management in Stand-Alone Mode

A synchronised control between ILC, DG sources and ESS is important to balance AC
voltage and frequency, DC voltage and load demand and power generation, respectively.
The different techniques used for power management to regulate AC and DC sub-grid
voltage and balance load demand and supply include droop control [82], master-slave
control [83], indirect power balancing [81,84] method etc. The important control features
of the ILC include DC sub-grid voltage control mode, AC sub-grid voltage control mode
and output power control mode. In stand-alone mode, the AC and DC bus voltages are
regulated with the help of DG sources and ESSs while the inter-grid power flow is managed
by the ILC. In-case of parallel operating numerous ILCs, some work in DC sub-grid voltage
control mode while others work in AC sub-grid voltage control mode.

7.3. Power Management during Transition of Modes

The transition of operating mode from grid-connected to is-landed mode of a MG
induces spikes in voltage, huge fluctuations in voltage and frequency and circulating
currents in DG sources. However, the mode transition between the grid-connected mode
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and the is-landed mode should be seamless. The following section details the transition
between grid following to grid forming mode and vice-versa.

7.3.1. Grid Following to Grid Forming Mode
This switch uses the below mentioned control strategies:

(i) Alternating the current control approach in grid following to voltage control approach
in the grid forming mode.
(ii) United control approach in both operating methods.

The current control mode makes the DG sources to extract MPP to be supplied to
the utility whereas the balance between generation and load requirement to provide
uninterrupted supply to delicate loads is carried out in the voltage control mode. For
a trouble-free switch, in [85,86], an advanced immaculate switching is suggested which
decreases the line current of DG sources to zero before switching. A speedy and seamless
mode of transition is suggested in [87-89] which switches modes without reducing line
current of DG sources to zero by employing coordinated voltage control in grid forming
and current control modes. To switch the controller of a MG from grid following to grid
forming mode, numerous is-landing identification methods are employed for switching of
the controller between modes. These include active and passive detection methods [90,91].
The voltage control is initiated immediately and the system works as a fixed frequency
isolator. Thus, there is a dire need of developing a robust control serving all three transition
modes of a MG to avoid is-landing detection. A combined control approach which takes
on board all the operating modes is needed with slight adjustments in the control approach
for grid-connected, stand-alone and switching modes.

7.3.2. Grid Forming to Grid Following Mode
This switching uses the below mentioned control strategies:

(i) Alternating the voltage control approach in grid forming to current control approach
in grid following mode.
(ii) United control approach in both operating methods.

Before re-connection, the MG voltage needs to be synchronized with the voltage of
the utility grid. This is achieved by means of active and passive synchronization. The
latter approach is commonly used where both the MG and the utility grid are linked when
their phase angles are same. However, in this approach, a voltage mismatch between the
MG and the utility grid may cause some transients to develop at the time of re-connection.
To address this problem, a second approach called active synchronization is adopted
which provides a seamless and fast switching between the MG and the utility grid by
appropriate coordination between DG sources and ESSs. The active synchronization is
further categorised into categories depending upon the operating modes of DG sources:

(i) Only certain DG sources initiate synchronization while the others follow suit.
(if) All DG sources initiate synchronization.

The first method is employed when some DG sources work on voltage control ap-
proach while others work on current control approach [92-94]. The second method is
employed when all DG sources work on voltage control approach [95].

8. Performance Assessment and Discussion

The voltage conditions of distribution systems are significantly altered by the introduc-
tion of DG sources [96-98]. The infiltration of MGs in distribution networks must be such
that it is economically beneficial and technically feasible for the utility. Appropriate power
management algorithms are devised for exact analysis of power transfer between the MG
and the utility [99]. The impact of a MG on a distribution system depends upon a host of
factors which include proper coordination between the accessibility of renewable power,
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capacity of storage devices and load side demand which fluctuates the power export of a
MG to utility. The complete active power loss in a distribution system is given as [100]:

m
Ploss = ¥_ I7R; (48)
i=1

The sum of load demand and total losses should be matching with the main grid
power. This gives rise to the power balance equations which are given as

PG :PD+Ploss

(49)
QG = QD + Qloss

In a distribution system, these equations are modified as demand-supply balance
constraints as

T T
Y Pogria(t)dt + Y Pl (t)dt
t=1 t=1

T . (50)
= Z PDgrid(t)dt + Z Ploss(t>dt
t=1 t=1
T T
Z QGgrid(t)dt + Z Q;fG(t)dt

T T
t=1 t=1

The active power limit of DG sources and conventional limits of bus voltages are
given as

Ppcmin < Ppci < Ppgmax,i =1,2.N

v <V < e 52
i = Y1 =V

A MG acts as a generation point or as a load relying on the exchange of power with
the utility grid. It is more flexible in its operation due to the presence of storage devices.
The supply-demand gap is controlled by proper coordination between RE generation and
storage devices. The performance of a MG can be assessed by its ability to penetrate power
in a distribution network. This is judged by a parameter called as penetration ratio (PR)
which decides the amount of energy fed by a MG to a distribution system.
PR is denoted by A and is given as

A== (53)

PR holds significant importance in grid connected mode of MG but is equal to zero
in the is-landed mode. The consequence of various operating modes of a MG on dis-
tribution systems is elucidated by a new term known as relief factor (RF). It is denoted
by ¢ and is much more accurate than PF while examining the inferences of a MG on a
distribution network.

RF is calculated differently for different operational approaches of a MG. In case of an
is-landed mode,

_ Ppuc  Peuc

o= Pp Pp (54)

For a grid connected mode, RF is defined as

1. MG as a source

in
o = PDP‘G+P;1G - PGyG

Py Py (55)
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2. MGasaload

o= PDP‘G _P;l[é B PGVG
a Pp - Pp

The strategy of power management is determined subject to the operating mode of

the MG.
In the grid connected mode,

(56)

¢ The electric power generated is prioritised to fulfill load demand.
* In case of surplus generation, power is exported to the utility and imported from the
utility grid in case of power deficit.

In the islanded mode,

*  The surplus electric power generated is prioritised for battery charging.
* In case of deficient generation, power is imported from the storage to fulfill load
demand.

8.1. Results

The impact of a MG on a 34 bus, 5.5 MVA, 11 kV network in terms of its voltage
profile, system losses, PR and RF is discussed. It is noticed that the profile of bus voltage
and system losses substantially improves upon the integration of the MG. The system
performance is also analysed in terms of PR and RF in case of an is-landed MG. Table 2
depicts the MG configuration.

This study emulates implementation of a MG to investigate its impact on a distribution
system. The proposed network comprises four energy sources viz. solar PV, wind, battery
and diesel generator. The latter is employed to maintain power continuity and reliability in
case of any contingency. The load variation of the system as per the actual load curve is
considered for 24 slots per day. A constant load per hour is considered and 24 samples are
inspected to analyse system voltages and losses for varying loading conditions.

Table 2. Configuration of the system.

Maximum Load 1500 kW

Solar PV System 450 kW

Wind System 750 kW

Battery Capacity 1000 Ah, 24V, (30 No.)
Diesel Generator 1800 kVA, 415V

8.1.1. System Performance without MG

The profile of voltage and T&D losses in a distribution system depends on the position
of the integrated MG. The variation in system load is considered according to the actual load
curve for 24 h a day. The snapshots of voltage and system losses are analysed according to
the varying load conditions. Table 3 depicts the conduct of the distribution system without
a MG. It is noticed that the profile of voltage of the network deteriorates significantly
as load side demand of the system increases. Figure 17 depicts the variation of voltage
profile for the entire network with and without MG. It depicts that there is a substantial
improvement of 1.6% in the voltage profile during all the 24 snapshots at peak demand of
the system. Figure 18 depicts the profile of T&D losses for a 24 h alteration in load with
and without a MG. It depicts that there is a considerable depletion of 27% in the system
losses upon the integration of the MG.
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Figure 17. Voltage profile of the network with and without MG.
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Figure 18. System loss profile of the network with and without MG.

Table 3. A distribution system without a MG.

Time Load-Side Demand Microgrid Demand Voltage Profile System Losses
(kW) (kW) (p.w) (kW)

0-1a.m. 2843.05 206.1 0.962 78.95

1-2 am. 2673.95 208.85 0.9690 70.10

2-3 a.m. 2621.87 181.04 0.961 65.92

3-4 am. 2667.97 208.08 0.9598 70.01

4-5a.m. 2650.21 205.11 0.9600 67.98

5-6 a.m. 2751.73 201.17 0.968 74.24

6-7 a.m. 4423.14 992.08 0.9320 215.89

7-8 a.m. 4554.24 1098.25 0.9234 232.92
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Table 3. Cont.

Time Load-Side Demand Microgrid Demand Voltage Profile System Losses
(kW) (kW) (p.u) (kW)
8-9 a.m. 4357.01 1033.95 0.9270 210.98
9-10 a.m. 4596.93 1143.97 0.9221 240.08
10-11 a.m. 454423 1194.29 0.9326 237.95
11-12 a.m. 5115.18 1059.19 0.9146 291.93
12-1 p.m. 5473.27 1158.97 0.9080 339.17
12 p.m. 5267.06 1110.08 0.9117 312.09
2-3p.m. 5180.03 1085.94 0.9133 300.83
34 p.m. 5350.09 1180.05 0.9096 326.01
4-5p.m. 5320.14 1146.15 0.9105 321.14
5-6 p.m. 4793.12 1030.24 0.9200 255.10
6-7 p.m. 4876.18 1156.04 0.9246 270.23
7-8 p.m. 4957.17 1093.01 0.9168 275.96
89 p.m. 4973.21 1171.01 0.9150 279.98
9-10 p.m. 4620.82 1035.81 0.9230 236.92
10-11 p.m. 3057.93 229.99 0.9546 91.85
11-12 p.m. 2970.82 212.82 0.9622 85.85

8.1.2. System Performance in Terms of PR and RF

Although the improvement in system voltage profile and reduction of system T&D
losses is encouraging, it is imperative to examine the effect of integration of a MG on
the distribution system in terms of PR and RF. These implications are investigated by
estimating PR and RF in addition to the voltage profile and system losses of the network
for the following cases:

1. Distribution system with grid-connected MG.
2. Distribution system in case of an is-landed MG.

Table 4 gives the data of a distribution system with a grid-integrated MG.

Table 4. Distribution system with a MG in grid connected mode.

Load Side MG Total Dem Net MG MG MG Voltage System
Time Demand Demand Generation Consump Supply Profile Losses PR R.F

W) aow)  dEW g tion kW) (W)  (pu) (kW)
0-1 am. 2215.01 207.97 282.97 705.00 0.00 42203 09718 4748 0.191 0.318
1-2 a.m. 2007.30 209.25 284.25 742.20 0.00 45795 09750  39.59 0.228 0.370
2-3 am. 1955.04 180.56 255.56 742.20 0.00 486.64 09762  37.62 0.249 0.380
34 am. 2450.97 207.82 732.82 742.20 0.00 9.38 0.9649  56.88 0.004 0.303
4-5am. 1926.26 204.81 204.81 723.60 0.00 518.79 09768  37.14 0.269 0.376
5-6 a.m. 2028.33 200.72 200.72 724.20 0.00 52348 09753  40.88 0.258 0.357
6-7 am. 3683.14 991.83 991.83 739.50 252.33 0.00 0.9441 134.82  0.000 0.201
7-8 am. 3773.34 1097.50  1097.50 780.30 317.20 0.00 0.9421 142.65  0.000 0.207
89 am. 3579.69 103425  1034.25 777.30 256.95 0.00 0.9457  126.74  0.000 0.217
9-10a.m.  3847.63 1144.07  1144.07 749.40 394.67 0.00 0.9403  150.07  0.000 0.195
10-11 am. 3811.37 1193.91 1193.91 732.00 461.91 0.00 0.9403  148.18  0.000 0.192
11-12am. 4366.68 105890  1058.90 747.90 311.00 0.00 0.9329 19350  0.000 0.171
12-1p.m.  4854.78 1159.07  1234.07 693.00 541.07 0.00 0.9233 24593  0.000 0.143
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Table 4. Cont.

Load Side MG Total Dem Net MG MG MG Voltage System
Time Demand Demand Generation Consump Supply Profile Losses PR R.F

(W) (W) and (kW) ) tion (W) kW)  (pw) (kW)
1-2 p.m. 4666.06 1110.08 1185.08 675.00 510.08 0.00 0.9265 22623  0.000 0.145
2-3 p.m. 4613.23 1086.41 1161.41 641.10 520.31 0.00 0.9272 221.49 0.000 0.139
3-4 p.m. 4774.80 1179.56 1179.56 575.10 604.46 0.00 0.9239 240.23 0.000 0.120
4-5p.m. 4797.70 1145.52 1145.52 521.70 623.82 0.00 0.9234 242.96 0.000 0.109
5-6 p.m. 4334.49 1029.46 1029.46 457.80 571.66 0.00 0.9312 19546  0.000 0.106
6-7 p.m. 4294.78 1155.94 1155.94 582.90 573.04 0.00 0.9319 191.54 0.000 0.136
7-8 p.m. 4269.87 1092.11 1092.11 687.00 405.11 0.00 0.9336 186.49 0.000 0.161
8-9 p.m. 4192.61 1170.05 1170.05 780.00 390.05 0.00 0.9351 178.46 0.000 0.186
9-10 p.m. 3859.92 1036.31 1036.31 761.40 27491 0.00 0.9412 148.88 0.000 0.197
10-11 p.m.  2690.50 230.79 530.79 667.80 0.00 137.01 0.9623 68.99 0.051 0.248
11-12 p.m.  2285.12 213.62 213.62 686.40 0.00 472.78 0.9712 50.89 0.207  0.300

This table displays the PR and RF values computed over hourly variable load demand
of the system. These values are calculated using Equations (53), (55) and (56). Table 4 shows
that the MG acts as a load from 6 in the morning to 10 in the evening. Hence, PR is zero and
accordingly the MG brings down its power import from the utility grid. This adaptation
in the MGs role is evaluated in terms of P.R which analyses the MG from distribution
perspective during its grid connected mode. Figure 19 depicts the correlation between
system losses and RF during grid connected mode. It shows that the impact of a MG on
a distribution system cannot be evaluated in terms of PR and is much better established
in terms of RF. The results depict that system losses decrease with an increase in RF and
vice versa.

—*— System Losses (kW)

—— PR with hourly RDS demand

—@— RF with hourly RDS demand
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Figure 19. Co-relation between system losses and R.F in grid-connected mode of MG.

The effect of a MG on the performance of a distribution network can’t be decided by PR
alone owing to plug and play behavior of a MG. As such, RF given by Equations (55) and (56),
is employed to evaluate the performance of a MG in its is-landed mode. Table 5 depicts the
conduct of a distribution system during is-landed mode of MG operation. It is clear from
Table 5 that even when PR is zero, RF is non-zero. PR and RF parameters provide a detailed
analysis of the performance of a distribution system by appropriate co-ordination between
demand and supply. Figure 20 depicts the association between system losses and RF during
the is-landed mode of MG. It is clear that PR is unable to evaluate the performance of
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a distribution system due to the MG being in is-landed mode. However, RF (non-zero)
overcomes this drawback of PR and is very helpful to evaluate the performance in such
cases. It shows that system losses are reduced by the presence of the MG.
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Figure 20. Co-relation between system losses and R.F in is-landed mode of MG.

These results evaluate the demand and supply co-ordination in a MG in terms of
PR and RF. The latter is favorable to evaluate the performance of a distribution system
in is-landed mode of MG operation. However, the MG performance is improved in both
modes. The new parameters (RF and PR) provide an advantage while evaluating the
MG performance in a way that they are always non-zero irrespective of the modes of
MG operation.

Table 5. Distribution system with a MG in is-landed mode.

Load-Side glecl;nand g:;ll\:i Net MG Voltage System
Time Demand without . Generation Profile Losses R.F

(kW) Battery g{‘V‘Vh)Ba”ery W) pw KW

(kW)

0-1a.m. 2637.04 207.97 207.97 207.97 0.9620  66.43 0.079
1-2 am. 2465.25 209.25 209.25 209.25 0.9644  57.99 0.085
2-3 am. 2441.68 180.56 180.56 180.56 0.9649  56.47 0.074
3—4 am. 2460.35 207.82 207.82 207.82 0.9647 57.34 0.084
4-5a.m. 2445.04 204.81 204.81 204.81 0.9648  57.00 0.084
5-6 a.m. 2551.81 200.72 200.72 200.72 0.9632  61.95 0.079
6-7 am. 3430.82 991.83 991.83 991.83 0.9501 11427  0.289
7-8 a.m. 3456.14 1097.50  1097.50 1097.50 09497  116.05 0.318
8-9 a.m. 3322.75 1034.25 1034.25 1034.25 0.9518 106.48  0.311
9-10 a.m. 3452.97 1144.07 1144.07 1144.07 0.9497 116.05 0.331
10-11 am. 3349.45 1193.91 1193.91 1193.91 0.9513 108.69  0.356

11-12a.m. 4055.68 1058.90 1058.90 1058.90 0.9405 162.48  0.261
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Table 5. Cont.

Load-Side 1]\)/[ecl;nand g::nl\:ﬁi Net MG Voltage System
Time Demand without . Generation Profile Losses R.F

kW) Battery 4 BT daw) pw W)

(kW)

12-1p.m.  4313.70 1159.07 1159.07 1159.07 0.9366 184.49 0.269
1-2 p.m. 4155.98 1110.08 1110.08 1110.08 0.9390 17096  0.267
2-3 p.m. 4092.92 1086.41 1086.41 1086.41 0.9399 165.83  0.265
34 p.m. 4170.35 1179.56 1179.56 1179.56 0.9386 172.73  0.283
4-5p.m. 4173.88 1145.52 1145.52 1145.52 0.9386 172.83 0.274
5-6 p.m. 3762.83 1029.46 1029.46 1029.46 0.9450 138.63  0.274
6-7 p.m. 3721.74 1155.94 1155.94 1155.94 0.9457 13522 0.311
7-8 p.m. 3864.76 1092.11 1092.11 1092.11 0.9434 147.04  0.283
89 p.m. 3802.56 1170.05 1170.05 1170.05 0.9445 141.41 0.308
9-10 p.m.  3585.00 1036.31 1036.31 1036.31 0.9477 12520  0.289
10-11 p.m. 2827.51 230.79 230.79 230.79 0.9591 76.74 0.082
11-12 p.m.  2757.89 213.62 213.62 213.62 0.9602 72.80 0.077

9. Conclusions

This paper presents an exhaustive literature review regarding the state space modeling
and power management aspects of MGs besides detailing their impact on a distribution
system. The review thoroughly establishes the importance of hybrid MGs owing to their
reduced conversion losses, greater reliability and efficiency. This manuscript also reveals
the performance of a MG on a distribution network irrespective of its modes of operation.
It sheds light on the voltage profile and real power loss of a distribution system with and
without a MG. The results reveal that the performance of a distribution system is enhanced
with the integration of a MG. This paper also analyses the performance of a distribution
system by correlating the system loss profile, PR and RF. While PR is used to evaluate the
system performance in the presence of DG sources and equals to zero in is-landed mode of
MG operation, RF gives a superior indication of the performance of a distribution system
in such a scenario. It is shown that the performance of the system is improved by the
integration of the MG irrespective of its operating modes. However, the grid connected
approach is better for demand side management (DSM) in the main grid.

The paper depicts that the power management of hybrid MGs is way complex in
contrast to the isolated AC and DC MGs. The bidirectional ILC is an important cog in the
MG set up which determines the stability of hybrid MGs by proper coordination between
AC and DC MGs. Moreover, it controls the voltage of DC MG or the voltage/frequency
of AC MG determined by the operating mode of the MG. Furthermore, various ILCs
operated simultaneously have the capability to enhance the power transfer scope between
AC and DC MGs although at the cost of increased stability and reliability issues. Following
conclusions have been drawn:

*  MGs have been re-configured as hybrid MGs combining the advantages of both AC
and DC MGs. This leads to increased economic advantages, higher reliability and
efficiency. However, the flip side to this is that it makes the MG network relatively
more complex leading to increased focus on coordinated controls catering to separate
AC and DC MGs, intermittent nature of DG sources etc.

*  Numerous ILCs are needed to facilitate the notable proportion of power exchange
between sub-grids. However, this increases overall cost and circulating power leading
to over-stressing of the ILCs.
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¢  The control of various simultaneously operating ILCs becomes critical due to the
existence of ESS in AC and DC sub-grids. As such, more research is needed to enhance
coordinated control between various simultaneously operating ILCs.
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DER Distributed Energy Resources
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MT Micro-turbine

PV Photovoltaic

FC Fuel Cell

WT Wind Turbine

PEC Power Electronic Converter
ILC Interlinking Converter

LC Local Control

VPP Virtual Power Plant

ESS Energy Storage Systems

WECS Wind Energy Conversion Systems
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DSM  Demand Side Management
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