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Introduction
Reactive power planning is pivotal in power system functionality, profoundly influencing
voltage stability, power quality, and energy transmission efficiency. However, the reper-
cussions of suboptimal or erroneous planning in this domain can cascade into a series
of detrimental impacts, significantly compromising the robustness and efficacy of the
entire system.

A primary consequence of inadequacies in reactive power planning surfaces is
voltage instability, characterized by deviations in voltage levels surpassing permis-
sible thresholds, resulting in voltage sags, fluctuations, and collapses. Studies dem-
onstrate that accurate reactive power management can amplify the Voltage Stability
Index (VSI) by ~ 40%, manifesting tangible improvements in voltage profiles and sys-
tem stability (Manohara and Veera Reddy 2023a). Furthermore, suboptimal planning
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disrupts the delicate equilibrium between active and reactive power, leading to esca-
lated resistive losses in transmission and distribution systems.

Rigorous reactive power planning (RPP) methodologies showcase the capacity to
curtail power losses by a noteworthy range, from a 53% reduction to a mere 14%
when juxtaposed with scenarios devoid of strategic planning (Borgatti et al. 2020).
Grid capacity, a requirement for the effective transmission of active power within a
power system, suffers under the weight of inadequate reactive power support. This
limitation affects obstruction and diminishes the capacity to cater to escalating power
demands, which, in specific scenarios, necessitates costly grid expansion initiatives
(Zhang and Tolbert 2005).

The repercussions extend to the realm of equipment, where suboptimal reactive power
management exposes electrical components to undue stress, inducing overheating, cur-
tailed lifespan, and an augmented risk of equipment failures. Reactive power planning is
pivotal in mitigating transmission losses and operating costs and elevating voltage pro-
files, resulting in notable loss reductions of up to 25.82%.(Ela et al. 2011)

Beyond these technical quandaries, suboptimal planning exacts its toll on power
quality, precipitating heightened harmonic distortions and a compromised power fac-
tor (Aoki et al. 1988). These power quality deficiencies harbour the potential to disrupt
sensitive equipment, imperilling performance and reliability (Mantovani and Garcia
1996). Voltage dips, constituting ~ 31% of disturbances, emerge as a prevalent disruption
resulting from flawed reactive power planning (Kaloudas et al. 2017).

Moreover, the economic fallout of suboptimal planning is profound, manifesting as
amplified power losses, equipment malfunctions, and power quality issues, culminat-
ing in escalated operational expenditures for utility entities and industrial stakeholders
(Anaya and Pollitt 2020). Studies advocate for the efficacy of proposed methods, such as
the exclusive deployment of capacitor banks or hybrid approaches, showcasing notewor-
thy net savings ranging from 18.25% to 25.82%, underscoring the economic imperatives
of careful reactive power planning (Surani 2018a).

Many researchers focus on reactive power planning in traditional power systems,
emphasizing efficient management and control of reactive power to maintain voltage
stability and ensure reliable operation (Surani 2018b). This traditional approach opti-
mizes reactive power sources to balance supply and demand, primarily around conven-
tional generation units and their associated reactive power capabilities (Garg et al. 2016).
Various techniques, such as optimal power flow analysis and voltage stability assess-
ment, are employed to determine the optimal allocation and control of reactive power
devices (Shaw et al. 2014), ensuring the smooth operation of electrical networks.

Reactive power planning in microgrids has witnessed significant advancements, so
managing reactive power to ensure voltage stability has become crucial, mainly due to
the rise in renewable energy sources and the utilization of distributed generators (DGs)
(Tom and Scaria 2013a). Microgrids, which are localized power systems that can func-
tion autonomously or in conjunction with the primary grid, are increasingly being
implemented and feature renewable energy generation, energy storage systems, and
smart grid technologies (Pudjianto et al. 2002). Characterized by the persistent pene-
tration of renewable energy sources, it introduces a unique layer of complexity to reac-
tive power planning management (Karmakar 2021). The ensuing sections will delve into
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these intricacies, providing insights into the challenges, potential strategies, and future
perspectives within the evolving landscape of microgrids.

As microgrids evolve, new challenges and research areas emerge in reactive power
planning. One key aspect is the integration of the complex dynamics of microgrids,
which involve the integration of various renewable energy sources like solar photovol-
taic (PV) panels and wind turbines (Uniyala and Kumar 2018), which have intermittent
and fluctuating power output. The goal is to balance the reactive power requirements of
these renewable sources. Another important aspect is the utilization of energy storage
systems (ESS) (Zhang et al. 2007) and emerging technologies like electric vehicles (EVs)
with bidirectional power flow capabilities (Roy et al. 2013). Energy storage systems (ESS)
are vital in mitigating the intermittent characteristics of renewable energy sources and
offering reactive power assistance as necessary. They can inject or absorb reactive power,
ensuring voltage stability and compensating for imbalances within microgrids.

Integrating smart grid technologies and communication systems enables the real-time
supervision and regulation of reactive power assets. This facilitates effective coordina-
tion and optimization of reactive power sources alongside renewable energy resources
and ESS, guaranteeing optimal voltage profiles and power quality. Furthermore,
advanced control algorithms aim to optimize the coordination of reactive power and
explore innovative energy management strategies that concurrently address active and
reactive power considerations.

Reactive power is reviewed by many studies from different points of view, such as reac-
tive power management (Gopalakrishnan et al. 2004), traditional voltage and reactive
power control (Garg et al. 2016), and reactive compensation devices’ thermal limits and
operating constraints (Ponce 2015). Unlike previous studies, this article focuses on the
reactive power planning of microgrids with non-conventional reactive power dynamics,
causing the high penetration of renewable energy resources. So, the RPP problem aims
to determine “where” and “how many” new VAR compensators must be added to a net-
work for a predefined horizon of planning at minimum cost while satisfying an adequate
voltage profile during normal conditions and contingencies.

After this introduction, the market for reactive power offers a platform to trade and
manage the supply and demand of reactive power within the electricity grid, which is
explored in "The market for reactive power", where the pricing scheme of the market is
discussed. "Reactive power dynamics" focuses on understanding and managing reactive
power dynamics to ensure the stability and reliability of electricity grids. "Reactive power
modeling" describes how the system configuration and operational considerations of
reactive power modelling have been. Previous studies on reactive power planning (RPP),
including optimization techniques, technical/economic objective functions, reactive
compensation devices, cost analysis of VAR sources, and the capabilities of inverters in
providing reactive power, are discussed in "Previous studies". "Conclusion and future
perspectives" identifies the research gaps discovered in the previous RPP studies. Lastly,
in Sect. 6, the article highlights the main conclusions and contributions made, as shown
in Fig. 1.
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Table 1 US reactive power pricing schemes

Methodology Limitations

Fixed pricing We need to provide the necessary signals for devices to
respond effectively to the changing conditions of the grid.

Cost based pricing Not inclusive (DGs) that do not have significant costs associated
with generating reactive power.
Price dead bands (no payment:0.95 to unity PF) Not recommended for inclusive markets

Dynamic pricing fluctuating prices in the market serve as signals for distributed
generators (DGs) to respond and adjust their operations based
on the needs of the system

Service based pricing The price in the reactive power market is determined using
Optimal Power Flow (OPF) algorithms.

They are coordinated/distributed pricing (no maintaining a large-scale OPF using distributed optimization
price deadbands) techniques, compensation can be provided through the full
range of power factors enabled by inverters

The market for reactive power

The market for reactive power has evolved significantly, driven by shifts in the energy
landscape and technological advancements. Capacity markets have emerged to address
challenges in procuring reactive power capacity, offering fixed payments instead of vari-
able ones based on produced VAR hours. Studies, including (Weber et al. 1998; EWEA
2009), propose Optimal Power Flow (OPF)-based methods, with a suggestion to adopt
capacity payments to stimulate investment due to price volatility. Historical data reveals
the enduring value of fixed payments as a transitional mechanism. However, a growing
consensus is that fixed costs need to be updated. Diverse pricing structures influenced
by location, regulatory policies, and power system requirements have emerged, as out-
lined in Table 1 (Commission and Order 2222).

DGs contribute 42% of the US grid’s reactive power support, even at power factors
as low as 0.6, as discussed in Potter et al. (2022). The reactive power market provides
DGs with a critical platform to actively support reactive power and generate additional
revenue streams from the reactive power market, which can contribute up to 10% of
the total revenue for market participants. DGs leverage incentives within the mar-
ket, sourcing over 10% of their income while operating at lower power factors (Haider
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et al. 2020). This coordinated resource utilization, facilitated by the market framework,
enhances network voltages, demonstrating a significant 2.2% increase in average voltage
levels compared to scenarios with minimal DGs integration (NERCNerc 2010; Haider
et al. 2021). The inherent stability of daily reactive power supply contributes to reduced
pricing volatility, ensuring consistent and reliable revenue streams (Zhou et al. 2018).
This stability enhances the credibility of the reactive power market, attracting increased
DG@Gs participation within the retail sector and influencing strategic investment decisions
related to further DGs integration and adoption (FERC Standard (LGIA) 2005).

Reactive power dynamics

Reactive power planning in power systems traditionally relies on synchronous genera-
tors, which produce a rotating magnetic field, and requirements are based on synchro-
nous field considerations (Ellis et al. 2012). Generators strive to optimize their operations
and regulate voltage and power factors. Power systems typically require a power factor
to be maintained within a range of 0.95, leading to 0.95 lagging. However, this require-
ment only applies to wind generators if their output exceeds 10% of the facility’s capacity
(Standard and FAC-001-0 2005).

Non-synchronous generators must meet power factor criteria only when their output
surpasses 10% of the facility’s capacity (IEEE 2018; Barquin Gil et al. 2000). On the other
hand, synchronous machines must possess a capability curve that allows them to supply
a lagging power factor or absorb a leading power factor.

Distributed generators (DGs) have a minimal impact on grid voltage support when
their penetration is low. However, with high penetration, they can cause oscillations and
voltage fluctuations (Marzo et al. 2022).

The IEEE 1547-2018 standard highlights the active involvement of different DG units
in enhancing grid voltage stability (Zhang et al. 2010; Rahmouni et al. 2020). Each unit is
expected to contribute reactive power up to 44% of its rated capacity, as specified by the
voltage-reactive power curve.

DGs are categorized into four types based on their power capabilities: Type 1 includes
active power-only producers like photovoltaic systems, Type 2 comprises traditional
generators that produce both active and reactive power, and Type 3 consists of exclusive
providers of reactive power, such as synchronous compensators), and Type 4 (induction
generators that consume and produce reactive power) (Lee 2011).

As microgrids increasingly incorporate renewable energy sources with variable gener-
ation, reactive power compensators help mitigate voltage fluctuations and power imbal-
ances. In autonomous or grid-connected microgrids, using reactive power compensators
is essential for creating a resilient and responsive energy infrastructure capable of adapt-
ing to varying load conditions and maximizing the efficiency of renewable energy inte-
gration (Joseph et al. 2020). This will be discussed in the following section.

Reactive power modeling

In recent years, both PV and wind systems, especially Doubly Fed Induction Genera-
tor (DFIG) systems have played a crucial role in supporting the grid’s reactive power
requirements. The specific control strategies and models may vary depending on the sys-
tem design, control algorithms, and grid requirements. These models are continuously
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evolving to improve the integration of renewable energy sources into the grid and ensure
grid stability and reliability.

PV systems model
PV systems are primarily designed to generate active power from solar energy. How-
ever, they can also contribute to the grid’s reactive power requirements. The reactive
power output of a PV system depends on the type of inverter used. PV inverter not only
can inject active power into the grid but also can control the reactive power injected/
absorbed acting on control voltage, Vg in the Point of Common Coupling (PCC). Apply-
ing the equations for the three-phase voltages may be expressed by (1, 2 and 3), pro-
posed by Albarracin and Alonso (2013).
ia da Va
%l:b =V%dcdb —%Vb. (1)
ic dc Ve

Being d,, d;, and d_. the duty cycles on PV inverter phases a, b and c, respectively. From
(1), equations for abc can be rewritten to dq coordinates (2) and (3), by using Park trans-
formation (Tom and Scaria 2013a), as follows:

d:

Vd = Vid + Lw.iq — L= )
dt
d‘

Vq = Vig + Lw.id — Lﬁ. (3)

where: Vjq and V;, are inverter voltages in dq coordinates, respectively. Being V; = V.. d,
the inverter voltage, which is the DC voltage input multiplied by its duty cycle.

PV inverter capacity

Optimizing the capacity of reactive power in PV sources is essential for the efficient and
effective operation of solar power systems and their integration into the larger electrical
grid.so, Having an adequate capacity of reactive power in PV sources is crucial for main-
taining grid stability (Tom and Scaria 2013b; Prathap et al. 2011), especially when PV
systems are connected to the utility grid. It also helps in mitigating voltage fluctuations,
reducing line losses, and improving the overall power quality (Ahmed and Strbac 2000).

A. Inverter current limits

The maximum current injected by the PV inverter, denoted as I;, sets the limits for
the active power (P) and reactive power (Q) that can be injected by the PV genera-
tor through the PV inverter. These limits are defined by the equation of (5 and 6) as
described in Albarracin and Alonso (2013).

P+ Q% = (Vg.Ii)?, (5)
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where V, is the one-phase voltage in the grid, [ is the one-phase current in the PV
converter, and P-Q represents the active power and reactive power of the network at
the PCC, respectively.

From (5) it is possible to write (6) as follows:

VPE@

I, =
Vg

(6)

The inverter current limits have C, and r, which represent the center and radius,
expressed in (7) and proposed by Albarracin and Alonso (2013).

Cy = (0,00; 15 = Vil 7)

B. Inverter voltage limits
The restriction is imposed by the maximum voltage of the PV inverter, represented
as V. This voltage establishes an additional limit on the capacity of active power (P)

and reactive power (Q), as described by Eq. (8).

. et Vg
— 1/ 2 8
Vi=\[PP+Q+—) + 8)

where: The variables V; and I; represent the voltage and current, respectively, of the
P V inverter for a single phase. Furthermore, the value of V; is influenced by fac-
tors such as the continuous voltage at the inverter input, the modulation technique
used, and the rate of amplitude modulation, as mentioned in reference (Chinchilla
et al. 2006). The variable X denotes the reactance observed from the terminals of the
inverter.

The inverter voltage limit described by Eq. (8) and proposed by Albarracin and
Alonso (2013), is an ellipse with the following properties: a (semi-major axis), b
(semi-minor axis), ¢ (focal semi-distance), ecc (eccentricity), c¢; (centre), and K (con-
stant of the ellipse) the equations may be expressed by (9, 10, 11 and 12) and pro-
posed by IEEE (2018).

Vg

a=>b X :C=Va2—-b2=0, 9)
c
ecc=—=0;0<ecc <1, (10)
a
Vg?
1= O;_i ’
c ( X> (1)
K =2a.

C. PV active power limits
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The maximum achievable active power from the PV field is 1 p.u. Figure 2 depicts
the operational limits of a PV inverter, considering all the restrictions collectively.
The shaded region represents the feasible operating area of the PV inverter. In the
first quadrant, the inverter can inject both active and reactive power, while in the
fourth quadrant, it is capable of injecting active power and absorbing reactive power.

DFIG systems model

The wind turbine model is an adaptation of the doubly-fed induction generator (DFIG)
described in reference (Eladl et al. 2022; Vale et al. 2010). The DFIG is responsible for
converting the mechanical power harnessed by the wind turbine into electrical power.
Simultaneously, the DFIG transfers this power to the grid through a back-to-back con-
verter system, consisting of a rotor-side converter and a grid-side converter. The rela-
tionship between the input mechanical power Pm and the wind speed is determined by
the Betz Eq. (13) and proposed in Eladl et al. (2022).

1
Pm = ECp,orrR2 V3, (13)

where: p is the air density, R means the radius of the wind turbine, V refers to the wind
speed, CP is a value related to blade tip speed ratio A, and pitch angle, . which is
described in Eq. (14) and can be expressed as in Vale et al. (2010).

wmR
A= ——,
& (14)

where: o, represents the rotation speed of the wind turbine and in the ideal case.

N

Q A Phetovelaic active
pewer limit
r2 Noriinal
rW and PF=1 p.u.
Reactive
power =)
C2 injection
»
Reactive
power
absorktion
c1 J ;/,X Voltage inverter [irit
Current &
irverter limit

Fig. 2 Capacity of active and reactive power in PV generators (Albarracin and Alonso 2013)
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The active power can be considered as the maximum power point tracking control
(MPPT) as prposed in Xu et al. (2022), which is provided as follows in (15).

0, Vinoryout
P VW—V‘L” in
gen,active= PW,basem Vw < VW < Vw,base ’ (15)
il 1 w
t
P w,base Vw,base < Vy < Vlzu

where: Py, j45e and V), p45. are the rated output and wind speed of the wind turbine,
respectively.

However, the total reactive power fed into the grid is only related to the stator and
the grid side converter rather than the rotor. Thus, the total reactive power is given by
(16) as proposed in Xu et al. (2022).

Qgen,max = Qs,max + QC,max ( 1 6)
Qgen,min = Qs,min + QC,min ’
where: the reactive power injected into the power grid is bounded by Qe max and Qgep,

min» Fepresenting the upper and lower limits, respectively.

Similarly, the reactive power regulation range for the wind turbine stator side is
bounded by Q
side converter is bounded by Q

and Qg ..., while the reactive power regulation range for the grid
and Q_, i, The capacity limits of the DFIG are
determined by considering the maximum allowable currents for the stator and rotor,

S, max

C, max

the steady state will denote as rated stator and rotor currents. The total capacity of
the generator is obtained by combining the power of the rotor and the stator. As a
result, the range of reactive power regulation on the stator side is influenced by the
maximum current constraints of both the stator and rotor sides, as illustrated in Egs.
(17, 18 and 19) proposed in Xu et al. (2022).

Qs, max = min{Qsl,max: QsZ,max} (17)
Qs, min = Wlax{Qsl,mim Qs2,min} '
312 2 2
Qst,max = _Tﬁs + \/(32LLZIVS1VM“9C) o (%) (18)
3V2 2 2
Qitmin = — 307 — \/(%Vslr,max) - (%”s)
2 Pm \?
Qs2,max = (VSIs,max) - (E)
=) 19)
Qs2,min == _\/(VS[s,max) - (%)

The upper and lower limits of the reactive power regulation range on the wind tur-
bine stator side, considering the maximum current constraint on the rotor side, are
denoted by Qg .. and Qg i, respectively. Similarly, the upper and lower limits of
the reactive power regulation range on the wind turbine stator side, considering the
maximum current constraint on the stator side, are denoted by Qg ..., and Qg ins

respectively. Ls represents the stator inductance, while L,, represents the excitation
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inductance. I, .. and I represent the maximum current values on the rotor side

and stator side, respectively. The rotor slip is denoted by s and w, represents the angu-

S, max

lar velocity of synchronous rotation, and Vs is the stator voltage.

The capacity of the grid side converter sets the limit for the reactive power it can han-
dle, in addition to the transmitted active power expressed in (20) and defined in Chin-
chilla et al. (2006).

2
Q _ 52 _ (S.P )
c,max — c,max 1—s

-, (20)
Qc,min = - Scz,max - (SIIiV;’l)

where S is the capacity of the grid side converter.

C, max
A distribution network model incorporating renewable energy sources explained is
established to capture the potential for reactive power regulation in different types of

networks (Baby and Jayakumar 2020).

Reactive power compensators limits

The reactive power limits of both static and dynamic compensators are subject to varia-
tion depending on the particular device and its inherent design parameters (Baby et al.
2020; NERC 2009). Below, general equations are outlined concerning reactive power
limits for both static and dynamic compensators, emphasizing the necessity to consider
specific characteristics and operational parameters in determining these limits (Baby
2019). While the actual limits of specific compensators can vary contingent on their
design, control strategies, and system requirements, the following equations provide a
foundational understanding (Payasi et al. 2012).

a. Static compensators

Static compensators are characterized by their rated capacity, which dictates the
extent of reactive power generation or absorption they can effectively achieve.
Exceeding these limits may result in device overload or other operational complica-
tions. The reactive power limits for static compensators can be expressed in equation
(21) with general form as (Thesis 2022).

{ Qrox = Qs | 2

where: Q
sator and denoted as kVAR (kilovolt-ampere reactive) or MVAR (megavolt-ampere

Lated 1S the rated reactive power generated or absorbed by a static compen-
reactive).

b. Dynamic compensators
Dynamic compensators offer greater flexibility and a broader range of reactive power
compensation compared to their static counterparts. The reactive power limits for
dynamic compensators are predominantly influenced by their control parameters
and specific system requirements, rather than fixed ratings .These limits are often tai-
lored to regulate voltage magnitude at the point of connection and maintain it within
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a specified range, as expressed by Eq. (22) and proposed in Karmakar and Bhattacha-
ryya (2023).

Qumax = Vipax — num)lbase (22)
Qmin = (Vinin — Vnom)[base ’

where: V., and V_;, are the maximum and minimum allowable voltage magnitudes,
Vom is the nominal voltage, and I, is the system base current.

Additionally, dynamic compensators may have reactive power limits established
to ensure system stability, which are determined based on stability criteria and can
vary according to specific system dynamics (Anand and Balaji 2015)). It’s important
to note that these equations represent a general form, and further details regarding
specific compensator types and their reactive power characteristics will be discussed
comprehensively in "Reactive power compensators”, drawing upon previous studies
and relevant literature.

These considerations underscore the importance of understanding the reactive
power limits and characteristics of compensators, as they play a critical role in main-
taining power system stability and efficiency (Mahdad 2019).

Previous studies

In this study, we employed a rigorous methodology to select and review literature on
RPP to ensure the credibility and comprehensiveness of our analysis. Our selection crite-
ria focused on identifying twenty papers published in prestigious, well-indexed journals
renowned for their contributions to the field of power systems. To promote diversity of
perspectives and minimize bias, we excluded repeated studies with minimal differences
in assumptions or methodologies. This approach enabled us to capture a broad spec-
trum of insights and methodologies while prioritizing papers offering unique contribu-
tions to advancing RPP knowledge. Additionally, we conducted a thorough review and
synthesis of the selected literature to extract key findings, trends, and research gaps in
the field. By transparently outlining our methodology, we aim to enhance the credibility
and reproducibility of our review process.

Various studies have contributed distinct approaches to reactive power planning, each
demonstrating unique features. Exemplary research (Manohara and Veera Reddy 2023b)
focusing on multi-objective reactive power planning emphasizing renewable energy
integration introduces a comprehensive optimization model employing the Northern
Goshawk optimization technique. While adeptly optimizing losses, voltage stability
margins, and reducing greenhouse gas emissions, a notable limitation arises in neglect-
ing system cost considerations. Another study on active distribution networks utilizing
multi-agent reinforcement learning (Eladl et al. 2023; Gupta and Babu 2022) integrates
a modified fuzzy min-max technique with the Genetics algorithm (MOGA). The precise
objectives include maximizing the voltage stability margin and minimizing the cost of
new VAR sources. Yet, a gap persists as the study needs to present information on sys-
tem power losses (Shojaei et al. 2021).

In a study deploying a hybrid optimization algorithm for power systems with high
renewable energy penetration (Faraji et al. 2021), combining each Mixed Integer
Non-linear Programming, Hybrid Krill-Herd optimization, and Crow algorithm, the
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objectives revolve around minimizing total planning cost instead of energy not sup-
plied then voltage security index. However, critical consideration of system losses must
be addressed, introducing a trade-off in the optimization framework. In the context of
reactive power planning in distribution networks using chance-constrained optimiza-
tion (Roy et al. 2023), the model employs the Gravitational Search Algorithm for PVs
with shunt capacitors (SCs). The study targets losses, voltage profile improvement, and
carbon emission reduction. They are yet, echoing prior studies, a notable gap surfaces in
consideration of the total cost of PVs, underscoring the imperative for a holistic evalua-
tion of the proposed optimization model.

These studies employ diverse optimization techniques, including Northern Goshawk
Optimization, Genetics algorithm, Hybrid Krill Herd Optimization, and Gravitational
Search Algorithm. Their shared objective is optimizing reactive power planning, mini-
mizing losses, enhancing voltage stability, and integrating renewable energy sources.
However, the inconsistency in addressing systems costs and losses underscores the need
for a standardized and comprehensive approach to reactive power planning that con-
siders economic and technical aspects. Moreover, uncertainties associated with renew-
able energy integration and system parameters necessitate more consistent attention to
enhance the robustness of the reactive power planning strategies in the face of evolving
power system dynamics.

The main features of the examined documents are summarized in Table 2. These cho-
sen articles significantly augment the depth of knowledge within the specified field,
offering valuable information and research outcomes specific to this time frame. The
comparative analysis delves into various aspects, including the types of studied reac-
tive power compensators, cost models, objective functions, optimization techniques,
inverter reactive power capability, and considerations about uncertainties, as elucidated
in the subsequent subsections.

Reactive power compensators

Reactive power compensation is crucial for preserving power quality, particularly con-
cerning voltage stability. Recent studies have introduced various reactive compensa-
tion devices and techniques encompassing capacitor banks. Traditional reactive power
provision and power factor enhancement methods have primarily relied on synchro-
nous condenser systems and flexible alternating current transmission systems (FACTy)
(Manohara and Veera Reddy 2023b). However, alternative techniques like series/shunt-
connected compensators have emerged as more robust solutions for addressing power
system instability.

In various microgrid studies, two categories of compensators, namely static and
dynamic compensators, have been utilized for reactive power compensation and voltage
control. Static compensators, including Static Var Compensators (SVCs) and Thyristors-
Controlled Series Capacitors (TCSCs), predominantly operate in a steady-state man-
ner. They continuously adjust voltage and power factors to strengthen system stability
(Karmakar and Bhattacharyya 2023). On the other hand, dynamic compensators such
as Static Synchronous Compensators (STATCOM:s) and Unified Power Flow Controllers
(UPECs) offer a different approach.
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Boast enhanced dynamic response capabilities, often integrating energy storage sys-
tems or inverters to inject or absorb reactive power in real-time swiftly (Eladl et al. 2023).

Dynamic compensators, with their agility in managing transient conditions, are par-
ticularly suited for applications necessitating rapid and precise voltage control, com-
plementing the effectiveness of static compensators in overall system stability and
steady-state operation (Shojaei et al. 2021). Among these approaches, FACTS has
emerged as a dynamic and efficacious model for voltage stability and regulation, offer-
ing benefits such as augmented transmission line capacity and reduced losses (Takahashi
et al. 2021). Presently, reactive power compensation devices encompass shunt capaci-
tors, SVCs, and D-STATCOMs, catering to the needs of distribution networks in terms
of practicality and economic operation (Eladl et al. 2023).

Researchers often favour STATCOMs and SVCs in distribution systems due to their
compact designs and seamless integration into existing infrastructure, thereby enhanc-
ing the resilience and flexibility of distribution networks (Belkacem 2021). Table 3 and
Fig. 3 delineate commonly employed compensation devices and categorise VAR sources
based on their dynamic behaviour. These provide insights into their rapid response
capabilities and contributions to sustaining voltage stability during system disturbances
(Kaushal et al. 2023).

Dynamic sources of reactive power excel in their ability to adapt instantly to system
conditions, contrasting with static sources that maintain a fixed capability (Mahapatra
and Raj 2023). Consequently, combining various compensation methods, including syn-
chronous condensers, series compensators, capacitor banks, shunt reactors, and SVCs,
proves effective for optimizing electric power networks (Gupta and Babu 2022). Despite
the multifaceted attributes of reactive power compensators, researchers overlook the
intricate dynamics of these devices in microgrid planning, as evidenced in prior studies
(Baby and Jayakumar 2020).

Cost analysis

Recent studies have revealed several noteworthy observations regarding reactive power
issues in power systems, which are intricately connected to crucial factors such as volt-
age profile, power losses, power factor and stability. Gaining a comprehensive under-
standing of the factors that influence system pricing is vital for effective planning and
optimization (Ayalew et al. 2019):

+ Anticipated deployment: Predictive models foresee an increased deployment of
Reactive Power Compensation installations, significantly contributing to system
stability enhancement and blackout prevention. These models account for weather
impacts, daily or seasonal variations, and other pertinent factors (Ma et al. 2017).

« Static Var compensators: Within distribution grids, Static Var compensators exhibit
superior control capabilities, potentially reducing the need for investment in trans-
mission lines (Gupta and Babu 2022; Shojaei et al. 2021; Faraji et al. 2021; Roy et al.
2023; Syah et al. 2021; Zhang and Li 2020; Liu et al. 2021; Belkacem 2021; Gupta
2020; Du 2023; Salazar et al. 2022; Takahashi et al. 2021; Kaushal et al. 2023; Muham-
mad et al. 2021).
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Fig. 3 Studied reactive power compensators

+ Cost modeling: Studies emphasize the importance of cost modelling in assessing the
economic implications of planning decisions and optimizing the allocation of VAR
resources (Eladl et al. 2023; Gupta and Babu 2022; Shojaei et al. 2021; Du 2023). A
clear definition of variables, including capital, operating, investment, maintenance,
and energy costs, is crucial for formulating concise and mathematical cost models
specific to the power system under consideration.

« Sensitivity analysis: Sensitivity analysis is a valuable tool for evaluating cost models’
robustness and ability to handle uncertainties (Belkacem 2021; Gupta 2020).

Investment costs for new VAR sources are derived from a polynomial cost function
sourced from the Siemens AG Database (Elazab et al. 2023b). In contrast, annual instal-
lation costs are determined based on these investment costs, considering predetermined
lifetimes and interest rates (Syah et al. 2021). Strategies aimed at reducing operational
expenses, such as combining VAR source installation costs with costs associated with
energy losses, are explored, and studies investigate the impact of varying numbers of
compensators on annual operating costs, providing insights into the optimal number
of devices to install (Pudjianto et al. 2002). Additionally, linear formulations for cost
models are proposed to ensure convexity, demonstrating effectiveness in model opti-
mization (Pudjianto et al. 2002). Comprehensive parametric information for compensa-
tors, including STATCOMs and D-STATCOMV, is available in the literature, facilitating
detailed cost analysis and optimization.

Optimization techniques

Mathematical formulations of real-world power system problems are typically devel-
oped based on certain assumptions. However, finding solutions for large-scale power
systems is more complex, even with these assumptions. Power systems are characterized
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by their vast size, complexity, and wide geographical distribution, resulting in numerous
uncertainties. Additionally, the deregulation of power utilities in recent years has intro-
duced new challenges to the existing problems. Ideally, the solution to power system
problems such as RPP should be globally optimal. However, mathematical optimization
approaches often yield locally optimal solutions. Consequently, addressing many power
system problems solely through strict mathematical formulations becomes challenging.

To address these limitations, artificial intelligence (AI) techniques, including expert
systems (ES), artificial neural networks (ANN), genetic algorithms (GA), fuzzy logic, and
other methods mentioned in Table 2, have emerged as valuable tools in conjunction with
mathematical approaches in power systems. Consequently, numerous research articles
have been published on diverse optimization techniques applied to tackle the reactive
power planning problem in power systems, as illustrated in Fig. 4.

Objective functions
Researchers address various objectives in reactive power planning, as follows:

I. Researchers in Eladl et al. (2023) and Zhang and Li (2020) focus on developing
optimization models and algorithms to minimize voltage deviations and maintain
voltage stability within acceptable limits, optimizing the allocation and operation
of reactive power resources.

II. Many researchers concentrate on developing optimization models and methods to
allocate reactive power resources, aiming to reduce energy losses in the power sys-
tem. This objective enhances the efficient utilization of reactive power resources,
although some prioritize other objectives over loss minimization, as observed in
studies (Gupta 2020; Du 2023; Kaushal et al. 2023).

III. Many researchers aim to enhance the power system stability and optimize allo-
cation and then the operation of reactive power resources. However, this objec-

Mathematical Techniques
[57,59,62,66,67,70,76]

Mixed Algorithms
[61,68,71,75]

Genetic Algorithms
Optimization e
Techniques = i
Fuzzy Logic
------------------- - [60,64,67]

______________ Particle Swarm Optimization
""" [63,65,72]
Heuristic
[73,69]

Fig. 4 Studies optimization techniques

Page 19 of 27
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tive may focus solely on improving steady-state stability, omitting consideration for
other stability criteria and contingency conditions.

IV. Cost optimization is another focal point for researchers, with objectives to mini-
mize the operational costs of reactive power resources while meeting system
requirements. Notable studies in this domain include (Zhang and Li 2020; Liu et al.
2021; Belkacem 2021).

Additionally, operational constraints play a crucial role in reactive power planning.
Researchers must consider constraints related to controlling and coordinating reac-
tive power resources. These may encompass limits on the rate of change of reactive
power and voltage control zone requirements between control devices. Furthermore,
adherence to equipment operating limits, generator capabilities, and thermal limits
of transmission lines is essential to ensure stable and reliable power system opera-
tion. These considerations collectively contribute to maintaining system stability and
reliability.

Uncertainties handling strategies
Researchers employ various strategies to address uncertainties in the reactive power
planning (RPP) problem that can be summarized as follows.

I. Incorporating probabilistic models (Faraji et al. 2021; Gupta 2020) involves rep-
resenting uncertain factors such as load variations, renewable energy generation,
and equipment failures. Probability distributions or scenarios are assigned to these
variables, and the planning problem is formulated as either a stochastic optimiza-
tion or robust optimization problem.

II. Scenario-based approaches utilize a set of representative scenarios to capture
a range of possible system conditions. These scenarios are used to evaluate RPP
strategies. For instance, researchers in Murty and Kumar (2021) analyse solution
robustness by considering performance across multiple scenarios and selecting
solutions that perform well on average or in worst-case scenarios.

III.  Sensitivity analysis (Eladl et al. 2023; Shojaei et al. 2021) involves assessing the
impact of uncertain parameters on the RPP problem. Researchers vary the values
of uncertain parameters within a specific range and observe changes in the objec-
tive function and constraints. This analysis aids in identifying critical parameters
and understanding their influence on planning decisions.

Inverter reactive power capabilities

Reactive power planning can benefit significantly from exploring the capabilities of VAR
inverters in electrical networks. VAR inverters, commonly found in renewable energy
systems, can dynamically adjust active and reactive power output (Elazab et al. 2023a, b).
These inverters play a crucial role in stability within a power grid. Despite their poten-
tial, using VAR inverters in RPP still needs to be explored. Here are potential directions
and recommendations for future research in this area:
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+ Advanced control strategies: Explore advanced control algorithms for inverters to
enhance their reactive power capabilities, optimizing injection or absorption based
on real-time system conditions.

+ Coordination and communication: Investigate decentralized control approaches for
systems with multiple inverters, ensuring effective coordination to optimize reactive
power flow and voltage regulation.

+ Integration with energy storage: Integrate energy storage systems like supercapaci-
tors and batteries with inverters for maximum benefits. Develop algorithms consid-
ering the state of charge, degradation characteristics, and response time to optimize
utilization for reactive power support.

+ Renewable energy integration: Focus on integrating inverter-based renewable energy
sources in RPP, considering the dynamic nature of renewable generation and its
impact on reactive power requirements.

Active/reactive power management

Also in recent years, there has been a growing interest in the development of active and
reactive power management strategies for microgrids with a high penetration of renew-
able energy sources (Fresia et al. 2024; Dauda et al. 2023; Sawhney et al. 2024). Proper
management of both active and reactive powers plays an important role in microgrid
sustainability in operation phase. The mathematical model employed considers the
characteristics of inverters connected to DERs by incorporating their capability curves.
It also takes into account the ability to curtail PV and WT units, with the associated
costs assessed using the Levelized Cost of Electricity. The model incorporates penal-
ties for absorbing reactive power from the external network. The article (Dauda et al.
2023; Sawhney et al. 2024; Panda and Mishra 2023) proposed multiple case studies
under different operating conditions which were carried out to portray the significance
of incorporating the complementary behavior of hydro-solar generation with thermal
power generation facilities in an environmentally optimal power flow framework.

Those studies perform a comparative performance analysis among three different con-
figurations. The challenge lies in achieving the optimal utilization of clean power genera-
tion in the power system while maintaining operational economy, voltage security, and
stability. To mitigate the potential adverse effects of intermittent renewable resources,
one effective option is to incorporate hydropower sources. By including hydropower, the
system can make optimal use of abundant clean energy and improve its ability to handle
the variability of renewable power sources. This integration results in the formation of
a stable hybrid power system, ensuring a more reliable and balanced energy supply. The
proposed strategies often involve advanced control techniques, such as model predictive
control and fuzzy logic to ensure reliable and efficient operation.

The article (Jiang et al. 2023) proposes a strategic active and reactive power scheduling
model for integrated community energy systems in the day-ahead distribution electric-
ity market. The model introduces a novel trading mechanism between the operator and
the distribution system operator to determine active and reactive power dispatch, using
distribution locational marginal prices as market settlements.
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In Dauda and Panda (2022) authors focus on climate change and environmental
pollution which created enormous pressure on shifting the generation. So, the opti-
mum utilization of renewable energy resources may not be achievable without the
integration of energy storage facilities. To meet the sudden and short-term dishar-
mony between actual and available renewable power output. The impact of the reac-
tive power capability of a doubly fed induction generator has also been analyzed in
this article.

Conclusion and future perspectives
Reactive power planning (RPP) stands as a cornerstone in microgrid operation, wield-
ing significant influence over voltage stability, power quality, and energy transmission
efficiency. This review comprehensively examines RPP methodologies, challenges,
and future directions, consolidating insights from recent research spanning the years
2020 to 2023.

While the studies surveyed contribute substantially to the field, several research
gaps and opportunities for further exploration have emerged:

+ Integration of economic considerations: Bridging the gap between technical anal-
yses and economic viability is imperative. Future investigations should delve into
integrating detailed cost analyses and financial implications into reactive power
planning strategies.

+ Uncertainty management and robustness: Enhancing uncertainty modeling
techniques, particularly concerning renewable energy sources, is crucial. Future
research avenues could explore robust optimization methodologies to bolster the
reliability and robustness of reactive power planning strategies.

+ Holistic system cost assessment: A comprehensive evaluation necessitates the
consideration of overall system cost, which some studies overlook. Future endeav-
ors should adopt a holistic approach, integrating economic factors and assessing
the broader system cost implications of reactive power planning decisions.

+ Comparative analysis of optimization techniques: The absence of comprehen-
sive comparative analyses of optimization techniques poses a challenge. Future
research endeavors should assess the strengths, weaknesses, and suitability of var-
ious optimization methods.

« Standardized performance metrics: The lack of standardized performance met-
rics inhibits meaningful comparisons of reactive power planning strategies. Future
research could propose and adopt standardized metrics to facilitate benchmarking.

+ Real-world validation and case studies: Relying solely on simulation results with-
out real-world validation is a common limitation. Future research endeavors
should include extensive validation using real-world data and case studies to vali-
date practical applicability.

+ Dynamic reactive power planning models: Dynamic models adapting to real-time
system changes are lacking in reactive power planning. Future research should
prioritize the development of dynamic models capturing real-time dynamics for
enhanced stability and power quality.
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In conclusion, while our article has outlined several future research directions in RPP,
there exists an opportunity for further expansion into interdisciplinary approaches that
integrate data science, economics, and engineering. Incorporating these diverse dis-
ciplines can enrich RPP strategies and foster innovation in addressing complex chal-
lenges. For instance, the utilization of big data analytics presents an exciting avenue for
predictive maintenance and real-time adjustment of reactive power, offering potential
enhancements to system reliability and efficiency. Embracing such interdisciplinary
approaches will be crucial in advancing the field of RPP and ensuring its continued rel-
evance in an evolving energy landscape.

Addressing these research gaps is paramount to fostering the development of more
comprehensive, economically viable, and robust reactive power planning strategies. This
advancement will not only propel the field forward but also ensure practical relevance
for power system operators and planners.

Looking ahead, embracing emerging trends and future perspectives in RPP is crucial.
Innovations in strategies, optimization techniques, and considerations for evolving tech-
nologies like inverters and renewable energy sources will continue shaping the landscape
of RPP.

In summary, this review serves as a valuable resource for researchers, practitioners,
policymakers, and individuals involved in power system planning. By addressing iden-
tified research gaps and embracing future trends, we can drive advancements in RPP
methodologies and strategies, ultimately enhancing system reliability and performance.
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