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current uses of MPC in EV integration and V2G operation are examined in
this review. Out of more than 5,140 records from Scopus and WoS, more
than 100 pertinent papers were shortlisted using the PRISMA approach.
The findings demonstrate that MPC-based techniques significantly
enhance system performance, with up to 35% fewer frequency fluctuations,
20-30% lower harmonic levels, and 15-20% longer battery life. Under
uncertainty, hybrid MPC techniques that include adaptive or learning-

based components also improve dynamic response by roughly 25%.
Nevertheless, computational complexity, restricted scalability for dense
EV fleets, and the absence of consistent communication protocols continue
to limit wider adoption. To promote large-scale, resilient EV-grid
interaction, future research should focus on real-time digital modeling,
machine learning-enhanced prediction, and regulatory frameworks.
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1. Introduction

The transition to EVs and RESs has hastened because of mounting pressure to reduce
greenhouse gas emissions [1]. EVs act as on-board ES resources and at the same time support
environmentally friendly transport solutions [2]. Nonetheless, their adoption faces various
challenges, such as F oscillations, stability within the power system, and complex EM operations due
to the unpredictable charging behavior and varying RES resources' output rate [3]. As such, advanced
methods for controlling PF and other operations within the system seem necessary for improved
efficiency and system stability. The ability to predict system performance and accurately adapt
operations within the time rate is responsible for the fascinating prospect laid out for the PCs. More
specifically, MPC offers constraint-based optimization solutions, thus allowing EV-supporting
power grids to manage F and V support efficiently and facilitate effective scheduling operations
while offering improved PQ conditions on the interface between generation and consumption within
various power smart grids and for smart cities scenarios [4]. Despite all the pros listed above,
substantial computational requirements and other inter-operation drawbacks seem to exist for
feasible interventions and application at this stage. This research investigates MPC application within
EV-EM circuits at this stage and focuses on various technological updates achieved thus far and
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current demands for urgently needed additional research on this subject for broader application
prospects [5], [6].

EV charging is a two-step process (Fig. 1): First, PFT compensation is employed to generate
DC power from the AC supply from the grid, and then this DC power is conditioned to meet the
battery needs [7], [8]. EV charging can affect the V, F, and stability of the power grid due to
nonlinearities from EV chargers. As more EV charging demands rise on the power grid, stability
tends to further decline. Simultaneously running chargers can be limited by substantial V drops (as
much as 40%), inadequate PFT compensation, losses, and phase unbalance. Additionally, power-
electronic converters increase transformer burden by introducing voltage and current harmonics.
Hybrid filters and sophisticated PWM techniques like SPWM, SVPWM, and carrier-based PWM
help reduce harmonic problems. Furthermore, V2G operation can provide economic and
sustainability benefits while improving grid flexibility and stability. Fig. 2 depicts a general G2V
and V2G operation arrangement [7]. Fig. 3 illustrates various DC-DC converter configurations
commonly applied in EV systems [7], [9].
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Fig. 1. The charging process of an EV battery [7]
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Fig. 2. G2V and V2G mode of operation of EV [7]

It is becoming more and more crucial to optimize isolated MG operation. To improve PF
scheduling, for instance, [10], [11] uses a two-layer MPC with a SARIMA predictor. The charging
and discharging capability of EV chargers has been investigated in many studies [12], [13]. Despite
advancements in MPC-based EM, a comprehensive, forward-looking analysis of how it works and
its challenges, as well as the future of its application for MGs and V2G systems, is still not provided.
Being capable of energy shedding in peak times and recharging during off-peak hours, EVs serve as
distributed ES devices. The communication framework adopted has a significant impact on the
reliability of MGs, which puts a premium on the need for fast and reliable information exchange
between the grid and the participating units [14], [15]. The Q support, V-regulation, THD mitigation,
and primary FC are some of the services that the V2G system can offer, which again depend on
proper communication between EVs and the charging network. From an economic viewpoint, V2G
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can also benefit customers [16], [17]. For example, using the stored energy of EVs at homes when
the electricity price soars during peak hours, the houses can recharge their storage at night when the
price is lower. This advantage, however, stands valid only if variable electricity prices are in place
[18], [19].
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Fig. 3. DC-DC converter topologies for EV application [7]

User satisfaction is important because it forms a basis for the willingness to participate in V2G
programs [20], [21]. Discharge rates have to be handled with care since V2G operations impact the
battery life; higher discharge speeds increase the wear rate. Furthermore, most of the research
indicates that EVs within an SoC range below 80% or above 90% are usually excluded from V2G
control activities [22]. The behavior of EV users is increasingly influencing the performance of MGs.
There is now an unprecedented need for EM frameworks considering the growth in RESs penetration
and user-driven uncertainty coupled with EV-grid interactions [23]-[25]. EV aggregators, therefore,
who coordinate the participation of EVs in power markets, become important. In principle, support
services like FC, V-regulation, and inertia support become mandatory for system stability in a V2G
scenario [26], [27].

In particular, there are various aspects in which their control and optimization methods are
lacking and need further research to enable practical deployment of these services [28]-[31]. Some
flaws of existing optimization approaches to the sizing problem in energy storage are high-power
parallel processing requirements for neural networks, expensive iterative computations for nonlinear
programming, the lack of guarantees of optimality with heuristic methods, reliance on unrealistic
stochastic model assumptions, recursion-driven complexity issues inherent in dynamic
programming, potential inaccuracies associated with FLCs, and strictly linear objectives in linear
programming [18]. These issues highlight the growing need for more practical and effective
optimization approaches for MG applications.

This growing amount of control variables over different MG components and timescales has
driven an increased demand for advanced optimization techniques [32]-[35]. Because of its capacity
to manage multivariable constraints and provide enhanced dynamic performance, MPC has gained
popularity in a variety of applications, including plug-in electric automobiles and industrial systems
[36], [37]. Because of the unpredictability of RE, traditional controllers are frequently insufficient,
which makes MPC, with its quick dynamic response, ideal for today's MG problems. MPC is used
at the grid and converter levels. A cost function, optimization method, and PC model are its main
components. MPC controls power converter signals at the converter level and uses state projections
at the grid level to coordinate power exchange and ES capacity among DERs [10], [38], [39].
Stochastic MPC is advised to handle RE uncertainty through economical choices, while receding-
horizon MPC has been demonstrated to be successful for real-time scheduling and EM. DMPC,
which enables EV chargers to provide V2G-Q support and contribute to real-time voltage regulation
without compromising PF, has been proposed to reduce communication latency and assist distributed
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control [40], [41]. To balance power variations from RES and EV charging, additional research uses
MPC for F-management in isolated MGs, either by itself or in conjunction with adaptive droop
control. For coordinated F-management in linked MG groups, robust methods like LQR-based
RMPC have also been presented [42]-[44].

While the LQR improves control actions under restrictions, the dynamic state-feedback gain
technique increases system robustness. A two-layer MPC that coordinates aggregated EV
charging/discharging and energy distribution is presented in [45], [46]. A TLMMPC framework that
makes use of nominal and auxiliary PC models enhances F-stability and ES system control in [47],
[48]. FLCs are used for HMG operation by the authors in [49]; however, their application is limited
by their high memory and parameter needs. Gain tuning based on metaheuristics has also been
extensively studied. To improve V2G and G2V operations, study [50] creates an EV
charge/discharge EM system based on FLC. Gaussian processes are included in learning-based MPC
in [51], demonstrating increased control and prediction accuracy. In order to manage real-time
dispatch under RES and load uncertainty, a combination robust—stochastic MPC technique is
suggested in [52]. A robust optimization technique that assesses uncertainty scenarios for safe MG
performance is examined in [53]. Finally, [54] uses battery-discharge simulations to compare PID
and MPC controllers, emphasizing the necessity of synchronous reinforcement for better
performance. Even while MPC has many benefits, there are still issues that limit its usefulness,
especially in large EV fleets with dispersed MGs. Limited scalability, inadequately robust
optimization for high-RES situations, and the absence of sophisticated Al- and FLC-based
improvements to lessen computational load, safeguard battery health, and simulate user behavior are
some of the main problems [55]. Modeling a system becomes more complex owing to such
uncertainties. MPC is still affected by the quality of the data. A summary description involving MPC
for EV integration and MG-EM with important outcomes is given in Table 1.

With the PRISMA methodology being utilized for openness and reproducibility assurance for
this study to cover the above gaps in MPC applications for EV integration and V2G operations, the
principal contributions for this research include:

e  (Categorization of MPC methods: For easier classification and direction for future research, MPC
applications can be classified based on four categories: (i) V2G-EM, (ii) FC within RES-rich
networks, (iii) MPC with Al and FLC support, and (iv) MG optimization [10].

e  Quantitative performance analysis: It is possible to compile empirical evidence that supports
MPC being able to increase battery life by 15-20% and THD by 20-30% while reducing FDs by
35% for EV grids [22], [42].

e Trend and gap identification: Issues such as computational intensity, scalability, and
compatibility within V2G networks have remained constant issues. However, innovative
combinations and approaches such as MPC with Al and prediction models based on DT offer
great potential [51], [52].

e  Decision-support for stakeholders: This study is a useful resource for researchers, operators, and
legislators looking to improve RES integration and smart-grid stability through predictive
control by examining more than 100 pertinent publications [54], [55].

Table 1. Overview of MPC applications for EV integration and MG energy management with key results

Refs. MPC Type EV/V2G Role  Work area ffi\l/fs Contribution Results
Summarizes MPC
[56] General MPC V2G overview MG control Yes strategies; identifies —
gaps
o . . . Real-time V- VD reduced
[12]  Distributed MPC V-regulation V-stability Partially control using V2G 10-15%
Distributionally User behavior Multi-MG Optlmlzgtlgn un.d o
[13] . Yes uncertainties with —
robust MPC coupling EM .
EV behavior
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Refs. MPC Type EV/V2G Role  Work area focus Contribution Results
. . Forecasts aggregate _
[57] PC models V26 ca p.amty Capamj[y Yes EV capacity for Prediction error
prediction forecasting . . <5%
grid services
[14] Decentralized EV-MG Short-term Partiall Improves MG FD reduced 2—
MPC interaction MG response y performance 5%
Highlights EV
[58] Review EV integration MG operation Yes benefits; identifies —
gaps
Critical review of
[18] MPC V2G integration Sizing & EM Yes MG design and —
EMS
Incorporates user
[20] Adaptive MPC EV owner Islande.d. MG Yes behavior to FD reduced 3~
expectations stability . 4%
improve EMS
Adaptive s Stabilizes F while FD<2%; THD
[22] intelligent MPC EV SoC control ~ F-stabilization Yes managing EV SoC 20-25%
. . DRL-enhanced FD reduced by
[23] MPC + DRL EVs F-regulation  Partially MPC for F- support 350,
EV charging
[24] MPC F-stabilization EV charging  Partially control under FD re;l};ced 3=
uncertainty ?
. . Summarizes EV
[26] Review EV angllary Ancqlary Yes participation in grid —
services services
EMS
. Optimizes MG
Adjustable RES- and EV-
[32] robust MPC V26 integrated MG Yes EMS under o
uncertainty
36] MPC review Distributed Smart grld Yes PC overview for .
resources evolution EMS
Integrated Optimizes planning -
[59] MPC EV & fuel cells MG planning Yes & design
THD reduction
RES Highlights MPC 20-30%;
[38]  Literature review EVs . . Yes performance & battery life
integration
gaps extended 15—
20%
. Concise review of
[10] Review EVs MG control Yes MPC strategies —
. . Peak load
[40]  Robust MPC EV charging T vontegrated g 0 EV-PVischeduling o o 0o
scheduling optimization 15%
0
Adaptive & . . Combines adaptive o
[42] MPC EV & ESS F- regulation  Partially + MPC for stability FD <3%
[60]  Robust MPC V2G Multi-MGF  Partially  FCacrossMGs ' ° reg},}:ed +
Multi- Handles RES & EV
[45] MPC EVs uncertainty Yes uncertainties in FD <5%
MG EMS
Virtual inertia +
[47]  Two-layer MPC EVs ISland;d MG yes MPCforEMS& P re‘;},}ced -
stability ?
.- . THD reduced
[49] MPC EV & ESS Load FC Yes Stabilizes hybrid 50/ bp
MG-EMS .
<3%
[50] Intelligent MPC EVs V2G Yes Optimizes battery eftzifi?dhlf;
+ ANN-PSO efficiency usage in EMS 18%
0
Learning-based Combines learning o
[51] MPC PV-ESS-EV MG  Secondary FC Yes + MPC for EMS FD <2.5%
. Balances
Robust + . Optimal . Peak load
[52] stochastic MPC EV charging dispatch Yes uncertamFy & EMS reduction 12%
efficiency
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Refs. MPC Type EV/V2G Role  Work area fﬁzi\:s Contribution Results
Optimizes
[53] Robust MPC EV Industrial MG Yes industrial EMS THD red})lced
charge/discharge . 15-20%
with EVs
MPC + .
[54] synchronous V2G EVfcharger Partially hEnhance;fV? G . Efﬁmgncy o
boost performance charging efficiency  increased 5-7%
Reviews EMS
[55] Review EVs MG-EM Yes optimization under —
uncertainty

The structure of the paper is as follows: The PRISMA methodology is described in Section 2,
the MPC review results for MGs with EV/V2G integration are shown in Section 3, a critical
assessment of the reviewed techniques is also provided in the same part, and the study is concluded
in Section 4.

2. Methodology for Choosing Works

In order to guarantee methodical, transparent, and repeatable study selection, this review adheres
to the PRISMA paradigm. Research on MPC applications in EV integration and V2G technologies
was compiled after studies were found in several databases, evaluated for methodological quality,
and screened for relevance. The four steps of identification, screening, eligibility, and synthesis are
depicted in Fig. 4 [61], [62]. Four primary research issues are addressed in this study's systematic
review, as declared in Fig. 5 [61].

Identification Screening Eligibility and Synthesis
Inclusion

A structured search The titles and abstracts The chosen studies

Comprehensives full-

strategy was emplo-  of the retrieved records ; were systematically
text evaluations were :
yed to gather relev- were assessed to organized and
; performed to select
ant studies from ensure they met the analyzed to form the

studies of the highest
quality and
significance in review.

basis for the review’s
findings and
conclusions.

reputable datatabases, established inclusion
criteria, such as
relevance to the topic,
document type,
and language.

Fig. 4. Four-step methodology for systematic review: identification, screening, eligibility, and synthesis [61]

2.1. Identification Stage

To find research on MPC for EV integration and V2G systems published between 2019 and
2024, a thorough search was carried out in Scopus and WoS. Reviews, editorials, theses, and books
were not included; only full-text original research articles and conference papers in English were.
Database-specific queries used filters for year, document type, and language in addition to focusing
on pertinent keywords. 1,739 Scopus and 4,484 WoS records were found in the first search; 1,073
duplicates were eliminated, leaving 5,150 unique studies (33.5% Scopus, 66.5% WoS; 89.5% journal
articles, 10.5% conference papers).
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2.2. Screening Stage

The titles and abstracts of the 5150 records that were found were filtered to keep studies on MG-
EM with EVs and ES systems. Publication years 2019-2024, original research or conference papers,
English language, full-text availability, and a clear emphasis on MPC applications in EV integration
and V2G technologies were the inclusion criteria. After a binary evaluation of each study
(include/exclude), 443 studies (8.6%) made it to the eligibility stage.

Bibliometric Overview: WILEY, SPRINGER, and the IEEE Computer Society provided the
remaining 192 studies (43.4%), MDPI 64 (14.4%), and Elsevier 54 (12.2%). Beginning with 51
publications in 2019 to 106 publications in 2024, there was a consistent increase. Prior to being
selected for inclusion within this review, all selected articles would undergo a full-text screening
process. Fig. 6 highlights the contribution and publishing trends from the publishers [61].

RQ1: How is EM for power systems using EVs
and V2G technologies implemented using MPC
The studies that show MPC's contribution to
enhancing grid stability, PQ, and operating efficiency
with high EV/V2G penetration are included in this
question.

RQ2: What MPC optimization techniques and
technical developments enhance system
performance?

It focuses on MPC techniques that lessen HD,
frequency swings, and battery deterioration,
including hybrid techniques that combine FLC and Al.

RQ3: What are the obstacles to using MPC
on a broad scale for EV integration,
and how can they be overcome?

This looks at issues such as the lack of standardized
V2G protocols, scalability for large EV fleets,
and computing demands.

RQ4: How can new technologies improve the
robustness and forecast accuracy of MPC?

This investigates how distributed optimization,
deep learning, and digital twins might improve MC
performance and assist decentralized energy systems

Fig. 5. The four primary research issues

2.3. Eligibility and Inclusion Stage

The “Eligibility and Inclusion” phase included a full-text review process for all studies that
successfully went through the initial screening process. This stage allowed for more careful selection
among the studies by applying a rigorous and systematic assessment process. To apply a uniform
and unbiased assessment among all documents, a total of five eligibility criteria were employed for
evaluation, and each criterion was assessed on a three-level scale.

e Relevance for MPC-based EV/V2G Control: In this criterion, attention was given to the extent
to which each research contributes to MPC formulations for predictive EM functions and
features involving EV/V2G. The criteria assessed the relevance relative to this review.
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e  Methodological rigor: The strength and quality of analytical methods with respect to model
faithfulness and simulations’ closeness to reality, stability issues, and validation were assessed.
The scoring was from methodologically strong (3) to poorly supported (1).

e In terms of novelty and innovation: In this category, the uniqueness and innovation brought
forth by possible approaches to controlling within MPC frameworks were judged. Some
submissions made small innovations (rating 1) while others made significant innovations (rating
3).

e Data quality and transparency: Research was judged for sufficient analysis depth and the ability
to reproduce research findings. The quality range was from very strict and transparent (3) to
satisfactory (1).

e Scientific and practical contribution: With a scale from modest (1) to substantial (3), this
criterion made reference to the possible impact on contemporary research and actual MPC
application within EV/MG setups.

Web of Science
67.6%

SPRINGER HEIDELBERG

WILEY-HINDAWT
Scopus
32.4%
IEEE Computer Society

150

SPRINGER

Elsevier Ltd

PERGAMON-ELSEVIER SCIENCE LTD

WILEY

ELSEVIER SCI LTD

Multidisciplinary Digital Publishing Institute (MDPI)

2010 2020 2021 2022 2023 2024

Oth ® Scopus @ Web of Science
thers

Step 2

Institute of Electrical and Electronics Engineers Inc 192 Screening

0 90 180 270 360 43¢

Fig. 6. Study spreading by producer and time [61]

A score of 15 points was the highest possible one. A stringent filtering criterion of 13 points
(around 87%) was employed to ensure that only quality and technically significant literature was
selected. A high degree of relevance to MPC-based EV/V2G system functioning and good method
quality, and visible technological advancements were normally observed for literature satisfying this
criterion. To increase objectivity and eliminate personal bias at this stage, all the analysis tasks were
separately conducted by two reviewers. The final literature list after synthesis included over 100
studies satisfying all eligibility criteria. The stringent filtering criteria ensure that the discussion
analysis is well grounded in trusted and significant literature. A detailed eligibility screening matrix
employed at Step 3 within the framework of the system-wide review process is represented in Fig. 7
[61]. It identifies more than 100 research articles with unique IDs and checks all that satisfy five
predetermined criteria. To increase readability and facilitate easy identification of various criteria
and cumulative full scores for all articles, this matrix employs a green and white color combination.
Studies with higher full scores (mostly between 13 and 15 points) can be readily identified with this
representation. The transparent and impartial selection of research for the final evaluation is ensured
by this systematic grading method.

2.4. Synthesis Stage

An H-index of 33 indicates that the bibliometric assessment of the 101 selected works proves
noteworthy study action and consequence in PC, MG-EM, and EV/V2G tenders. The majority of
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contributions come from prestigious conference papers and high-impact IEEE and Elsevier
publications, demonstrating the field's maturity and continued innovation. Up until 2019, publication
trends show a strong increase. After that, there were fluctuations brought on by world events, which
were followed by stabilization in 2021-2024. MPC-based EM for EV/V2G coordination, F-stability
in renewable-rich MGs, Al- and FLC-enhanced predictive control, and optimization of DERs are the
four main themes identified by keyword analysis. These themes serve as the framework for this
review, with visual summaries of publishing sources, keyword clusters, thematic structure, and the

l -:n—lq--g n--vu~§ _.,‘...,,-.5
v+ 1o 2lzl=lglsl £ | |ne fio 22l 3| |ne |ip pry e LB
| Sic|o|o|S| B ;‘::;‘:5:?; o|s|S|s|S| 2
| ] = | L e
1{S-0029 K B | $6|S-vo0g R 3
2{WoS-1597 3333 37 | S-0058 13 1
| 3IWoS-3974 BRI 18|S-0000 13 | 12
$WoS-3415 BRI 39[S-0098 13 i3
5 Wos-qo02  [REIEEEE wlsoms 13 4
O|WoS-4416 BRI _41[S-0326 13) 13
3 3. 3 42{S-044( 11 13
3 3. 3 135049049 13 SiWoS 3468 19
'l B 14|S-0466 11l | 7olWos-338s 12
3 Z!- 3 45 | S-0607 13 80| WoS-3500 13
3 :c. 3 46{S 0640 13 13
3 sl s 47[S-0650 e )3
3 3 3. 48|5-0676 13 13
3 .'i. 3 49| S-0 19 13
3 sl 3 50[S-07:6 n 13
3 3. 3 51 {5-0544 | 13 13
3'3 3 3 32 |S- 1008 13 13
3 3. 3 3351024 13 11
3 3.:( §{S-1113 K3 13
3 3.3 5551497 13 13
3 3. 3 O (S-1523 i 13) v 13
3 3. 3 37 |WoS-orag 1) 9z{WoS- 12 | 13
3 3. 3 58| WoS-1450 L 13| WoS-q4129 13
3333 59| WaoS-1430 13 94 |WoS-3208 11
3 :t. 3 60 |WoS-1636 _l;- j\\' S 42193 13
- §: :1. - 61 |WoS-1943 13) | 96|WoS- 4289 13
3 33 3 b2 | Wos-19™9 13 a” L\‘,‘i‘m 13}
3 .'). 3 3 i3 |WoS- 2028 T __98IWoS- 4 ;_-I | 13
3 3 . S &1 |WoS-208: 13 : W iWeS 4312 13
= B 65|WoS-ai52 13| [ 100]WoS 4307 13
3 3. 3 OO IWoS-2109 | 13 #‘\\1\";47\’ 11
SN E o7 |WoS- 2450 i3/ B N
3333 68 WaoSs '-'~!-;'i 13 m“
3 333 0 | WoS-2391 13 Inclusion
3 :1. S 3 70| WoS- 2636 13)

Fig. 7. Finalized eligibility and inclusion assessment form [61]

3. Discussions of the Investigated Studies

Using only the initial computed input, MPC forecasts future states and updates the control action
at each stage to govern system behavior (Fig. 10) [7]. Ref. [63] uses an MPC-based V2G technique
to control F-variations brought about by large-scale EV integration (Fig. 11). In other research, MPC
is used to choose converter switching states by minimizing costs, attaining unity PFT, and
maintaining THD below 1.5%. To facilitate bidirectional energy transfer and improve grid stability,
a finite control set MPC was presented in [64]. The converter duty cycle is derived directly from the
optimized cost function (Fig. 12) [7].
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3.1. MPC for EM in EVs and V2G

MPC is now a crucial tactic for EM in V2G and EV systems. MPC optimizes energy flows,
maintains grid stability, and supports ancillary services like F-regulation, V-stabilization, and THD
mitigation by forecasting system behavior [65]-[68]. Its adaptableness reduces ES deterioration and
functioning expenditures while allowing tenders in lonely and mixed grids [69], [70].

Important findings from current research show that PQ is much improved by using bidirectional
converters and sophisticated filtering methods, with voltage variations kept below 2% and THD
usually lowered to 3-5%. Even while functioning in both tips, V2G/G2V evangelists exhibit
noteworthy efficacy, attaining 92-96%. By dipping FDs by 25-40% and diminishing voltage sags to
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less than 2%, the integration of EVs as mobile storage in conjunction with MPC or VSG techniques
increases F and voltage stability. Predictive EM methods maximize the consumption of SoC and give
a potential saving for energy costs between 10% and 30% while prolonging the battery life between
15% and 20%. Moreover, tube MPC, distributed MPC, Al-based DRL, and FLC methods can be
referred to as advanced approaches popular for enhancing system response to disturbances,
mitigating the effects of RES intermittent behavior, and supporting stable low-inertia grid operations.
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3.1.1. PQ Optimization

Through the reduction of harmonics, voltage fluctuation, and F aberrations, MPC ensures the
quality of power within the context of the V2G system. For example, B2B DAB converters
implemented with MPC can increase the power factor parameter and minimize THD levels [70]-
[72]. In networks with substantial EV share, A/AR/C EMI filters can be implemented to remove
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noise and compensate for the current tracking process within power networks with higher EV shares
[73]. In MGs with strong renewable penetration, tube-MPC applications have improved market
income forecasts for EV aggregators by mitigating deviations and smoothing F-trends [74], [67].

3.1.2. Management of Uncertainties

Tube-MPC addresses variability and disturbances in dynamic grids. It maintains stable F-
trajectories in isolated MGs, reduces control effort compared to conventional PI or LQR methods,
and improves response under RESs intermittency [67], [75], [76]. Combined with reinforcement
learning, Tube-MPC enhances adaptability and ensures resilient operation in hybrid systems.

3.1.3. Innovative Applications

FDs and balance power exchange in hybrid MGs [77], [78]. Dynamically redistributing Vs and
Fs reduces the computational complexity of a system, allowing the system to operate with diverse
configurations. MPC enables virtual inertia via EV penetration, CHP systems, and RESs integration,
ensuring stability at varying load and supply [79]. The summary of MPC works for EM in EVs and
V2G is presented in Table 2.

3.2. Control and Stability in Renewable-Dominated Networks

MPC manages ESS and EVs, considers RESs generation to decrease F. Important results
obtained from the literature are that the V2G approach, controllers based on EV, and MPC have
potential for MG operation and grid stability support. In the case of F regulation, these approaches
yield continuous occurrence of FD less than 0.04 Hz irrespective of changing operating conditions
like MG disturbance or cyber-attack [92]-[94]. Voltage stability is also retained, as variations in
voltage are typically within 2%, which supports the stable integration of RESs. Optimal EV charging
and fleet management increase total energy efficiency by 10-20%, accounting for driving and
charging needs of electric vehicles, decreasing operating costs, and maximizing renewable energy
use. Additionally, SOC management is very successful; most approaches keep SOC errors below
2%, which increases battery life and boosts grid support dependability. Additionally, aggregated EVs
show significant flexibility and value for contemporary power systems by offering primary and
secondary F-support, peak shaving, and other ancillary services [95]-[98].

3.2.1. Advanced Predictive Mechanisms

By coordinating DERs, ES, and EV charging, MPC improves F stability in low-inertia,
renewable-rich grids [79], [99]-[101]. While SARIMA-based predictive models maximize
aggregator revenue and optimize ancillary services, Tube-MPC smoothed FDs during emergencies
[102], [103].

3.2.2. EVs as Mobile Buffers

When there is a shortage of energy, EVs act as mobile ES, absorbing excess generation and
replenishing it. Battery life is extended, FDs are decreased, and RE waste is reduced through
coordinated PC [104]-[107].

3.2.3. Droop in FC

Advanced droop techniques improve F-stability in networks dominated by RESs, frequently in
conjunction with virtual inertia or ES. While controlling power sharing between AC and DC
subsystems, hybrid droop and MP droop controllers minimize FDs [108]-[111]. The numerical
performance of EV-based EM and V2G control strategies has been listed in Table 3.

3.3. Advanced Control with AI and FLC

By managing nonlinearities, uncertainties, and dynamic demand, Al and FLC increase the
resilience of energy systems. NNs and DRL optimize EV charging and ESS management, lowering
FDs and increasing energy efficiency [76], [128]-[130]. In V2G applications, hybrid controllers that
combine conventional algorithms with FLC stabilize V and F while addressing nonlinear dynamics
[80], [131]-[133]. In order to support predictive maintenance and enable optimized energy flows, EV
coordination, and RESs integration, DT simulates real-time operations for PC [104], [109].
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Table 2. Summary of MPC works for EM in EVs and V2G
Ref. Technology Key numerical outcomes Remarks
[66] Five-level ANPC bidirectional THD reduced to 3.5%, PQ enhancement during G2V/V2G
converter bidirectional efficiency > 95% operation
[68] V2G charging gontrol for THD minimized by ~4% Reduces grid disturbances from EVs
harmonics
[80] Integrated power conversion DC link V ripple reduced by 50%,  Small film capacitor improves V2G
system efficiency ~94% operation
. Energy cost reduction 15-18%, Predictive trip-based learning for
[81]  DRL-based EM for series HEV improved SOC utilization hybrid EVs
182] Single-phase on-board V2G Bidirectional efficiency ~93% Compagt ck:mgn sul_table for
charger distributed grids
0 . L
[74] EV-based F & V-regulation FD reduced by 35%, voltage sag EV batteries use.d. as dynamic grid
<2% stabilizers
[83] SoC and SOP co-estimation via SOC error <2%, power tracking Fractional-order MPC improves
MPC error <3% battery EM
o/ . o
[67]  MPC with online inductance ID FD reduced by 25%, improved V2G 1nV€r§er stal‘)11¥zat10n under
robustness grid variations
EV cluster charge/discharge Accuracy of energy estimation Optimized aggregator-level energy
[69] )
model >95% scheduling
Aggregated EV economic Cost reduction 10-15%, FDs .
[70] dispatch & F-regulation <0.05 Hz Market-aware V2G coordination

[71]  Bidirectional off-board charger
Soft-switched DAB AC-DC

converter

[73]  Wireless V2G-to-home interface

[84] regulation
[85] VSG
[86] Ultra-fast DC charger
FLC-super twisting EV battery
[87]
control
[76] DMPC EV-based virtual energy

router

[75]  Tube-MPC EVs for isolated grid

Solid-state transformer for

[88] EVCS
EV aggregator with user
[89]
preferences

[90] V2G aggregator optimization
[771  MPC in wireless power transfer
[78] Predictive DTC of SRM

[91] EMI filter design for V2G

Optimal PEV charging for F-

THD <5%, efficiency 92-94%
Efficiency 96%, harmonic
mitigation THD ~3.2%
V-fluctuation <2%, adaptive DC
link

FD reduced ~30%

FD <0.03 Hz, voltage deviation
<1%

Efficiency >95%, THD ~4%
SoC deviation <2%, response time
<50 ms
FD reduced ~40%, voltage sag
<1.5%

FD <0.04 Hz, THD ~3%

Efficiency >96%, compact design

Charging cost reduction 12—18%,
user satisfaction >90%
Energy cost reduction 10-15%,
grid load smoothing ~20%
Efficiency >94%, voltage ripple
reduced by 50%

Torque ripple <5%, efficiency
>90%
High-frequency harmonics
reduced 60%, VD <2%

Grid PQ improvement

Single-stage V2G implementation
Enables home energy integration
Aggregator-level optimization

Islanded MG support
High-power V2G/G2V integration
Battery/supercapacitor hybrid EM

Hybrid MG optimization

Robust to disturbances and grid
inertia loss

High-power station implementation

Demand-side participation
Economic and operational benefits

Dynamic EM for EVs

EV drive performance enhancement

Improved grid integration for
single-phase inverters

3.4. Optimization of DERs

MPC and advanced control approaches improve MG resiliency by integrating DERs, ESS, and
renewables. Predictive models help make a trade-off between the supply-demand cycles and the
charging/discharging cycles to improve the health of the battery [22], [83], [134]. Hierarchical and
adaptive control structures can guarantee stability under wide dynamics, and support a proper
nesting of multi-level energy systems [70], [76], [135]-[139].

3.5. MPC Advances and Applications

Current breakthroughs occur within the realm of hybrid MPC solutions with Al framework
integration and online dispatch operators. These approaches promote improvements within the arena
of services such as V-regulation and management, F-services, and EV support for V2G services with
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respect to energy saving by 30% with additional improvements within battery life enhancement
parameters around 15-20% [45], [117]. Issues still needing attention pertain to computation and

scaling.
Table 3. Numerical performance of EV-based EM and V2G control strategies
Ref. Control Strategy Key Numerical Qutcomes EM Impact
[112] PMSM EV speed & current Speed tracking error <1%, current Efficient energy use, improved
control (SVPWM) ripple <3% drive performance

[79] Improved MPC for PMSM THD <4%, current distortion <5%, Enhanced battery efficiency,

under variable DC-bus reduced CMV reduced losses
[113] Multl-MGgésl\t/:Iafl:))glzatlon via FD <0.03 Hz, VD <1.5% Stablhzelilt il;;lz(ai;il;'))reltter RES

L o . . -
[100] Battery-protective EV charging SOC dz%i?:r?c;i /90?5 (():/harglng Extended battel1;3l/: life, optimized
0
~3.59 i
[63] V2G with MPC THD ~3.5%, f;‘g(;)“pp"“ power Pesk shaving and F-regulation
[108] Optimal EV pool composition Fleet energy dispatch efficiency Maximized energy service delivery
for V2G ~92%, cost reduction 12—18% across markets
[109] MA-D]?III’ISt-i‘t_);ZeGdS LFC in FD <0.03 Hz, VD <2% Coordlnaticzlﬂlzr\lfc-il;agsed energy
[104] V2G for primary FC F-supporztsgg ;:eofzSSHZ’ fast Primary Fg-, gs;z;?;l;fiaglllon via EV
[114] V2G aggregators & HVDC FD <0.04 Hz Grid support in the presence of
links nonsynchronous units
[115]  Droop-ANN for V2G PQ THD reduced by 40%, VD <2% Improveg;zf;f:gzi‘e‘:fcefra“"n &
[116] Multi-objective EV Energy cost reduction 15-20%, Optimized energy services and
optimization emissions reduced ~10% grid-friendly operation
[117] DC MG dro};)s Scon‘[rol with VD <1%, FD <0.03 Hz Ancﬂlargnzgllfjeiz Ij;(ci hefﬁcwnt
[118] EV virtual ;;)o;vRer plants for FD <0.035 Hz, response time <1 s Fast enes:ifgi lsllggg;t and F-
[119] Multi-time scale V2G Power balance deviation <3%, Better coordination between EVs
management improved SOC utilization and the grid
. Renewable utilization >90%, cost Optimized EM for low-carbon
[120]  EV charging for RESs support reduction 12-15% erids
[121]  Dual-PSS V2G regulation FD <0.03 Hz, voltage sag <1.5% MO stapility d‘}rslsafg‘c‘em energy
[105] Gr1d-f0rm1n§ (;:(éntroller with SOC deviation <2%, VD <1% Optimized E:{l ;l;gitgmg and grid
[122]  MPC-VSG EV station control FD <0.03 Hz, response time <2 s Fast F support in islanded MGs
[123]  Coordinated V2G & LFC FD <0'035t1r{azc’1;ir:§ roved load s?;ﬁ;i?;ﬁfiﬁbélva?%
L 0
[124] Multi-time hierarchical PC SOC deV1e.1t10n <2%, power Multi-time scale EV-EM
balancing error <3%

[125] OCV-basedVSZ%C model for SOC error <1.5%, efficiency >95% Accurate S((,)pi It;';lzcal;lll;i for energy

. . Cost reduction ~15%, load deviation =~ Optimized energy dispatch across
[126]  Optimal PF + V2G scheduling <9 the grid and EVs
[127] Observer-based Ho LFC FD <0.04 Hzt:;):]?;t under DoS Resilient EM with EV integration

3.6. Core Arguments

The process of adopting RESs is accompanied by challenges and opportunities, and more
specifically, concerning managing the process of controlling V2G in real-time conditions. The
process between EVs and the energy network must be smooth and efficient with minimal delay, as
this can affect the efficiency of PCs such as Tube-MPC while managing the MG with varying demand
and renewable resources. Hybrid approaches involving MPC with FLC-based approaches can be
more stable and energy-efficient. Integration with AI, such as DRL and NN, may increase
predictability while contributing to increased computational complexity when integrating with
deterministic approaches. Open and validation platforms with standardized protocols play a
significant role that ensuring interoperability and reproducibility. Hierarchical multi-time scale PC
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enables optimizing fast (F and V) and slow functionalities (energy dispatch), though it demands
computational resources.

Because DERs and wireless communication enhance susceptibility, cybersecurity issues are also
brought up by RESs integration. Resilience is increased by combining PC with anomaly detection,
fault-tolerant MPC, and Al monitoring. To safeguard V2G operations, future tactics should include
blockchain, decentralized identity management, and Al-enhanced prediction models in addition to
legal frameworks. For sustainable, scalable, and secure energy systems, Table 4 highlights
communication, hybrid control, and Al integration as key potential and difficulties.

Table 4. Key tasks and emerging chances in contemporary systems

Category Key insights Numerical outcomes Refs.
Real-time data transfer is Tube-MPC MGs show FD increases by up to 15%
Robust o with 100 ms network delays. EV fleets require [42],
L. essential; delays reduce . S .
communication . near-instantaneous communication for dynamic [73]
control effectiveness. .
load balancing.
Hybrid control Co(r;lilél}?ei rhfiic)zlﬁa?:igzve FLC-MPC reduced FD by 25-35% and harmonic [76],
methods . g) strareg distortion by 3—5% in renewable-heavy MGs. [113]
improves stability.
Al with Al (DRL, neural nets) EV SOC prediction accuracy improved 10-15%;
deterministic improves optimization but real-time control delays up to 50 ms were observed ~ [109]
systems increases computational load. under high computational demand.
v Lack of unified protocols Diverse EV charging systems hinder V2G
Standardization & . o . . .
interoperability limits scalability and deployment, reducing grid support efficiency by [140]
reliability. ~10%.
Open collaborative ~ Shared platforms enable faster =~ Sandbox DER testing reduced integration time by [117],
platforms deployment and testing. 20-30% and lowered deployment costs. [123]
Cost & scalabilit comHlliziltlpt;reosrtlrtigfztiimtiion' Modular MGs in rural regions achieved 90-95% [141],
y piexity . ption, operational uptime with reduced CAPEX. [142]
modular designs help.
Technology In'.[egfatmg MP.C’ .AI’ .and Combining Al-based PC and virtual inertia cuts [142],
convergence distributed optimization FDs by 30% and energy costs by 15% [109]
& enhances efficiency. y 0 &y y 1270
L Advanced systems should Remote renewable MGs using PC increased
Sustainability & L g 0 . . [123],
: optimize environmental and energy access by 40-50% while reducing carbon
energy equity [141]

social benefits.

footprint.

Table 4 highlights both technological and operational factors while summarizing the main
potential and difficulties in contemporary energy systems. For advanced control in V2G and hybrid
grids, real-time communication is the lifeblood since any delay can threaten stability and, by
implication, predictive schemes. By boosting frequency content and trimming harmonic distortions,
hybrid schemes such as predictive and adaptive methods-like MPC, possibly combined with FLC or
DRL-build resilience when the grid is unpredictable and leans heavily on renewables. With Al
winding into traditional control frameworks, fine-tuning EM and battery use becomes possible,
although the demanding computations challenge execution in real-time. Open, collaborative
platforms speed deployment and reduce costs, spreading knowledge and experience, but
standardization and interoperability are essential for growing microgrids and V2G networks. Low-
cost and modular decentralized designs redress scalability hurdles and increase access to state-of-
the-art technologies. Overall, the integration of distributed optimization, Al, and power control holds
a transformative promise for stability, efficiency, and renewable integration, while sustainability and
energy equity center attention on making those benefits available to a wide constituency.

4. Conclusions and Future Work

This review of over 100 papers on MPC in EVs and V2G settings shows the critical importance
of MPC in modern energy systems. In hybrid and islanded MGs, this approach contributes to grid
stability, PQ optimization, and diminishing uncertainty. As the important figures show, operating
costs remain low, while fault disturbances are reduced by up to 35%, THD by 20-30%, and battery
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life is extended by 15-20%. Under uncertain conditions, MPC, combined with FLC or Al-based
approaches, enhances responsiveness by around 25% due to hybrid strategies. In this way, MPC can
be applied in real-time energy dispatching, dynamic EV charging control, and mitigation of RESs'
intermittency. Further improvements in forecast accuracy (15-20%), decision-making capacity, and
system resilience have been achieved with Al-driven prediction models, DT, and decentralized
optimization. Nonetheless, there are challenges that linger, such as non-universally accepted V2G
protocols, scalability issues for large-scale fleets, and high computational demands. In order to fully
realize the potential of MPC for scalable, efficient, sustainable EVs and V2G integration, future
research should emphasize cloud-based and/or parallel computing, standardization, and collaborative
validation platforms. Additionally, for enhanced real-time flexibility, scalable decentralized MPC
frameworks for large EV fleets, DT, and Al-empowered predictions should be further developed.
These will serve to enhance system reliability by improving battery health and reducing costs,
integrating renewables better, and assuring cybersecurity via blockchain, with standardized V2G
protocols. Lastly, coordinating multi-objective optimization with smart aggregators can further
improve operational effectiveness in support of resilient and sustainable energy systems.
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EVs : Electric vehicles RESs : Renewable energy sources
MPC : Model predictive control DMPC : Distributed MPC

ES  : Energy storage EV : Electric vehicle

V2G : Vehicle to grid FLC : Fuzzy logic controller

EM : Energy management PQ : Power quality

MG : Microgrid VD : Voltage deviation

FD :Frequency deviation Al : Artificial intelligence

WOS : Web of Science DERs : Distributed energy resources
Q : Reactive power P : Active power

FC  :Frequency control PC : Predictive control

PF  :Power flow NLP : Natural language processing
NNs : Neural networks SARIMA : Seasonal autoregressive integrated moving average
LQR : Linear quadratic regulator VSG : Virtual synchronous generator
DRL : Deep reinforcement learning ~ DAB : Dual active bridge

CHP : Combined heat and power THD : Total harmonic distortion
SOC : State-of-charge DT : Digital twins

VD  : Voltage deviation G2V : Grid to vehicle

PFT : Power factor SG : Smart grid
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