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ABSTRACT: Utility-scale PV plants increasingly operate under partial shading, soiling, temperature swings, and rapid
irradiance ramps that depress yield and challenge stability on weak grids. This critical review addresses those conditions
by (i) unifying a stressor-to-method taxonomy that links field stressors to global intelligent MPPT (metaheuristics
and learning-based trackers) and to advanced inverter controls (adaptive/MPC and grid-forming), (ii) standardizing
metrics and reporting aligned with IEC 61724-1 and IEEE 1547/1547.1 to enable fair, reproducible comparisons, and
(iii) framing MPPT and grid support as a co-design problem with a DT—-HIL—Field validation pathway and seedable
scenarios. We identify persistent gaps—fragmented partial-shading benchmarks, limited low-SCR testing, and scarce
field-grade validation—and compile a quantitative synthesis: global soiling typically reduces annual production by
~3%-5%, and hybrid/learning MPPT frequently report 99% tracking efficiency under PSC in simulation/HIL studies.
To demonstrate practical relevance, we validate the framework on a seeded scenario library: DRL trackers achieve
median nyppr # 0.996 with tys ~ 0.19 s and Hybrid trackers ~0.992/0.26 s, outperforming Metaheuristics (~0.984/0.42 s);
at SCR = 2.5, grid-forming control raises VRI from ~0.78 (tuned GFL) to ~0.95 while keeping THD within 2.5%-3.2%,
with all stacks meeting IEEE-1547.1 Category-II ride-through. The resulting taxonomy, standards-aligned reporting,
and open seeds provide a replicable basis for comparable, grid-relevant benchmarking and clear guidance for real-world
design and operations.

KEYWORDS: Photovoltaic (PV) systems; intelligent optimization; maximum power point tracking (MPPT) under
partial shading; grid-forming control; weak-grid resilience

1 Introduction

1.1 Background of the Study

Photovoltaic (PV) plants are increasingly operating under complex, non-ideal conditions—such as
partial shading patterns across strings and modules, soiling and dust accumulation, temperature swings, and
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fast irradiance ramps—that reduce energy yield and can stress grid stability when conventional maximum-
power-point-tracking (MPPT) and grid-following controls are pushed beyond their design limits [1-3].
Interconnection requirements have also gotten stricter. For example, IEC 61724-1:2021 now guides perfor-
mance monitoring, and IEEE 1547-2018 requires DER ride-through and grid-support functions [4,5]. This
means that PV inverters must help keep the frequency and voltage stable instead of disconnecting when
there are problems. At the same time, the power system is moving toward low-inertia, low-short-circuit-ratio
situations, where “grid-forming” (GFM) regulation is becoming a key part of stability. Research roadmaps are
calling for validated models, standardized tests, and field-grade demonstrations. This convergence—more
difficult operating conditions on the PV side and higher stability demands on the grid side—shows that we
need resilient photovoltaics that use smart global optimization and enhanced control [6-10].

1.2 Related Works

Recent surveys on global MPPT under partial shading reveal a consistent outcome: metaheuristics such
as PSO, GWO, and DE, along with hybrid and learning-assisted trackers, consistently demonstrate tracking
efficiency exceeding 99% in controlled PSC studies and delineate distinct speed—accuracy—complexity trade-
offs [11]. A 2025 review in Scientific Reports looks specifically into GMPPT under PSC. It lists modern
optimizer families and how they can be combined [11]. From 2023 to 2025, complementary syntheses examine
traditional, metaheuristic, and hybrid techniques. They usually find that hybrids shorten convergence and
reduce oscillation near the GMPP, but they also need more design work. Simultaneously, a swiftly grow-
ing field utilizes deep and reinforcement learning for non-stationary shading; demonstrations employing
DQN/PPO agents and recurrent variants (e.g., LSTM-assisted PPO/A2C) enhance adaptability to rapid
irradiance/temperature fluctuations and multi-peak P-V landscapes compared to traditional P&O/INC,
while introducing unresolved issues regarding sample efficiency and hardware portability [12]. State-of-the-
art studies and roadmaps on the grid side say that grid-forming (GFM) control is a vital part of keeping
low-inertia, low-SCR systems stable. A survey by IEEE Power & Energy Magazine (2024) shows the GFM
landscape and points out gaps in current limiting, protection, black start, and model validation [13]. Reports
from NREL and ESIG give definitions, test needs, and steps for harmonization across single- and three-
phase GFM and document early BESS-GFM deployments [14]. These sources together advocate for the
advancement of photovoltaic (PV) controllers beyond mere grid-following behavior, promoting the adoption
of context-aware grid-following modes or hybrid configurations in weak grid environments. Digital twin
concepts now connect data-driven monitoring with physics-based models for O&M, controller tuning,
and scenario testing. A 2024 Energy paper shows how an operational PV DT platform works, and recent
surveys show that there are still gaps in research on unified PV-DT definitions, multi-domain modeling, and
validation that goes beyond simulation into HIL/PHIL and field pilots [15-17]. Standards and best-practice
guidelines (IEC 61724-1; IEEE 1547/1547.1; IEA PVPS Task 13) provide monitoring classes, reporting, grid-
support functions, and benchmarking for PSC and soiling. This shows how important it is to be aware of
standards while doing MPPT/control studies [18-22].

In this context, the current review enhances the discipline by considering energy-capture optimization
and grid-support control as a unified co-design challenge. We connect PSC, soiling, and ramp dynamics,
along with grid strength, to certain MPPT and inverter-control stacks using a single taxonomy and decision
paths. We also suggest a validation pipeline that follows standards and is ready for DT, from simulation to
HIL/PHIL to field, based on seedable disturbance profiles that let labs compare apples to apples. Instead of
describing technique families again, we compare them using harmonized KPIs from Section 2, sort the results
by stressor severity and SCR to make dominance regions clear, and put all the data together into a co-design
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trade-off that is explained in Section 5. Readers looking for the main points can find them in the synthesis
paragraphs at the ends of Sections 3 and 4. These paragraphs turn the research into clear, useful advice.

1.3 Research Gaps and Aims of the Work

Despite recent advancements, four structural deficiencies continue to obstruct comparability and
practical application. Benchmarking under complicated operating settings is still not very organized. For
example, studies do not always use the same partial-shading masks, irradiance-ramp profiles, or soiling
trajectories, and reports sometimes leave out the performance-ratio context or the measurement-class data
that IEC 61724-1 says are needed. There is also not much evidence for weak grids, and the evidence that
does exist is not always the same. Different jurisdictions use different short-circuit-ratio definitions and test
processes, and the results do not always fit with IEEE 1547 grid-support functions or newer withstand/SCR
methods. Also, “optimization for energy capture” and “control for resilience” are frequently set up separately,
which makes it hard to see how they work together during disturbances and ride-through occurrences.
Digital twin workflows show promise, but they do not have shared datasets, seedable disturbance profiles,
or a set order of validation phases that includes simulation, HIL/PHIL, and field pilots. In response, this
review puts together a taxonomy that connects site stressors to certain MPPT and inverter-control choices
(with tuning advice), suggests a minimal standards-compliant reporting template and scenario set for PSC,
ramps, and soiling, integrates quantitative performance ranges for modern MPPT and grid-forming controls,
and defines a DT-enabled, reproducible test harness that links Simulink-class models to HIL and field
validation. We avoid simply providing facts by putting together evidence on a common set of standards-
aware metrics described in Section 2—nMPPT, t95, stable oscillation/THD, and VRI—and organizing the
data by stressor intensity (PSC/ramp/soiling) and grid strength (SCR). Each technical subsection ends with
a short analytical synthesis that makes direct comparisons, explains when a method family is best, and lists
any caveats. Section 5 then combines these comparisons into a single co-design trade-off that uses the same
metrics and symbols as the Nomenclature and Section 2.

1.4 Study Objectives & Research Questions

Research gap. Prior work lacks (1) standardized complex-condition benchmarks (PSC/ramps/soiling)
and reporting; (2) consistent evidence for weak-grid operation (low SCR); and (3) field-grade, reproducible
validation paths—leaving optimization and grid-support advances difficult to compare and translate.

The different Objectives of this study are presented as follows:

OLl. Consolidate a taxonomy mapping field stressors (PSC, soiling, ramps, low-SCR) to specific MPPT
and control choices with tuning guidance.

02. Define a standards-aware evaluation blueprint (metrics, scenarios, reporting) aligned with IEC
61724-1 and IEEE 1547/1547.1.

03. Provide a co-design framework that links intelligent MPPT with grid-support (GFL—GFM) to
maximize yield and stability jointly.

0O4. Specify a DT-HIL—field validation pipeline with seedable profiles to enable apples-to-apples
reproduction across labs.

The various Research questions are layed below:
RQ1. Which MPPT/control stacks are most effective across stressor severity and grid strength (SCR)?

RQ2. What metrics & scenarios make cross-paper results comparable and interoperable with
standards?
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RQ3. How can DT/HIL/field evidence be seeded and reproduced so that reported gains are bankable?

1.5 Methodological Contribution
We introduce a methods stack that operationalizes this review:

(M1) Algorithm 1—Stressor-to-Stack Decision Algorithm (SSDA). A rule-based mapping from
observed stressors—PSC severity, soiling rate, ramp percentiles, and grid strength (SCR)—to an MPPT +
control stack (local, hybrid, metaheuristic/DRL; GFL vs. GFM with current limiting) and to initial tunings.

(M2) Co-design optimization. A standards-aware multi-objective program that jointly tunes tracker
and grid interface to maximize n_MPPT and voltage-recovery while bounding oscillation, THD, and ride-
through compliance (Section 5).

(M3) Protocol 1—Reproducible Benchmarking & Reporting (RBR). A minimal, standards-aligned
protocol (metrics, scenarios, and reporting template) and a DT—HIL—field validation path with seedable
profiles so results are apples-to-apples across labs (Sections 2 and 6).

1.6 Contributions and Novelty of the Study

The review’s originality resides in conceptualizing resilience as a co-design target that integrates
intelligent global MPPT with superior inverter control, rather than examining them in isolation. We provide
a stressor-to-method mapping that links PSC severity, soiling rate, and irradiance variability with certain
metaheuristic/DRL trackers and GFM/GFL control choices and PLL design; a standards-aware evaluation
blueprint that incorporates IEC 61724-1 measurement classes and IEEE 1547 grid-support functions into
a clear reporting template; a quantitative synthesis of recent results that show near-unity global MPPT
efficiency and stability improvements of GFM in weak grids; and a digital-twin-ready validation pipeline
with seedable scenarios and a progression from simulation to HIL to field trials. The goal of these aspects is
to make studies easier to compare between labs and easier for developers, integrators, and TSOs to use.

1.7 Paper Layout

This article is structured to systematically examine O1-O4 and RQ1-RQ3, guiding the reader from
concepts to implementation. By defining the taxonomy of complicated PV operating conditions—partial
shading, soiling, irradiance ramps, and weak-grid/SCR regimes—and by formalizing evaluation metrics and
datasets in compliance with IEC 61724-1, Section 2 provides a common language. Section 3 looks at intelligent
global MPPT methods, from metaheuristics and hybrid schemes to DRL-based trackers, and gives practical
advice on how to set parameters for non-stationary PSC. Section 4 looks at advanced inverter control,
focusing on grid-forming strategies, PLL design, and IEEE 1547 ride-through behavior, and puts together
evidence for stability in weak grids. Section 5 brings these threads together into a co-design framework and
gives a quantitative meta-summary of performance ranges and trade-offs. Section 6, on the other hand, goes
into detail about a digital-twin validation pipeline that goes from simulation to HIL to the field and uses
open, seedable disturbance profiles to make sure it can be repeated. Section 7 gives practitioners checklists,
a simple reporting form, and a targeted research agenda for standardized benchmarks for complicated
conditions. Section 8 ends with a short summary of contributions and major quantitative outcomes. The
review uses authoritative sources like the IEA PVPS Task 13 guidance on soiling and O&M, the IEC 61724-1
monitoring practice, the IEEE 1547/1547.1 interconnection requirements, the NREL and IEEE PES roadmaps
on grid-forming inverters, comprehensive MPPT assessments and recent heuristic/DRL advances, weak-
grid stability analyses, and PV/smart-grid digital-twin surveys. It also adds three unifying elements: a
single taxonomy that maps field stressors to specific MPPT/control choices and tunings; a standards-aware
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evaluation blueprint with ready-to-reuse metrics and reporting; and a reproducible, DT-enabled test harness
that connects simulation to HIL/PHIL and field so that quantitative synthesis and co-design guidance
translate directly into comparable, grid-relevant practice.

2 Taxonomy of Complex PV Operating Conditions; Evaluation Metrics and Datasets Aligned with IEC
61724-1

This part makes the operating-condition taxonomy for resilient photovoltaics official and lists the
metrics, data-quality standards, and datasets needed to test algorithms and controllers in a way that is
reproducible and follows standards. We categorize real-world stressors based on their physical origin and
specific space-time scales: spatially heterogeneous irradiance resulting in multi-peaked P-V curves through
partial shading and bypass-diode activation; gradual optical losses caused by soiling and dust accumulation;
temperature-induced voltage fluctuations and thermal mismatches across arrays; rapid irradiance ramps
linked to cloud transients; and grid-side fragility indicated by the short-circuit ratio (SCR) at the point
of interconnection [23-25]. To make sure that the evaluations are comparable, they all use IEC 61724-1
concepts and terms for monitoring and reporting. This means that energy yields, performance ratios (and
temperature-corrected versions), and other related quantities are all calculated using traceable measure-
ment classes and stated sensor specifications, such as sampling cadence and uncertainty budgets [26-28].
Protocol 1—Reproducible Benchmarking & Reporting (RBR) puts the standards-aware blueprint and the
DT—HIL—field pathway from the paper into action by requiring seedable scenario libraries (PSC masks,
ramp profiles, soiling trajectories, and SCR-binned grid events), metadata and data-quality checks, and a
single set of KPIs that can be used in different labs and deployment tiers.

Protocol 1—Reproducible Benchmarking & Reporting (RBR)

P1. Metrics (IEC-aware): report Y;, Ys, PR, PR, with measurement class; PSC MPPT efficiency
nuepr = [ P/ [ P*; ramp-rate statistics RR; and grid KPIs (VRI, THD).

P2. Scenarios: publish a small seeded library covering PSC severities, irradiance ramps, soiling
trajectories, and SCR categories; identify each case by a short name and seed.

P3. Oracle & alignment: disclose the GMPP oracle or scan logic and time-alignment method used
across Simulation/HIL/Field.

P4. Reporting template: one-page table listing site characterization, seeds, controller family + tunings,
and KPIs (worst-case + percentiles).

P5. Validation tiers: apply the same seeds DT—-HIL—Field and verify IEEE 1547 functions and ride-
through envelopes where applicable.

We apply Protocol 1 in Section 6 as a compact case study, re-using the same seeded scenarios across
Simulation, HIL, and (where possible) Field.

2.1 Assumptions, Parameters ¢ Boundary Conditions (Justified)

All design choices (plant, environment, and grid) follow a standards-aligned blueprint to ensure
comparability and grid relevance: KPIs and acceptance thresholds are anchored to IEC 61724-1 monitoring
practice (yield/PR discipline) and IEEE 1547/1547.1 interoperability (volt-/freq-support and ride-through);
validation spans DT—-HIL—Field using identical seeded scenarios. We disclose a compact seeded library
covering: (i) PSC masks with mismatch index; (ii) irradiance variability via OU noise plus injected ramp
windows; (iii) soiling trajectories with cleaning events; and (iv) grid events indexed by short-circuit ratio
(SCR). Each case is named and seeded for exact replay. Example entries (abridged): PSC-A = two-block PSC
(3 peaks), mismatch ~ 0.23, seeds ssc = 314,159, stop0 = 2718; RAMP-B = 60-80 min ramp + baseline flicker.
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We justity practical relevance by testing stacks against explicit thresholds: nyer > 0.98 (suite), t,;
< 0.30 s (>290% of cases), VRI > 0.90 within 0.5-1.0 s, THD within utility limits, and IEEE-1547 ride-
through inside the mandated envelopes. These become the pass/fail yardsticks for each scenario. MPPT
stacks (Metaheuristics; Hybrid InC/P&O—PSO/DE with bounded finisher; DRL PPO/DDPG with reward
shaping & action clamps) are paired with GFL (SRF-PLL with conservative bandwidth vs. SCR) and
GFM (droop/VSM with explicit current limiting). This makes boundary conditions traceable to the
chosen control mode. For PSC benchmarks, ny,er uses a disclosed GMPP oracle (exhaustive scan/certified
solver) and time-alignment procedures (delay compensation, cross-correlation) across DT/HIL/Field so
KPI calculations are identical across tiers.

We use seeded generators to create disruptions so that scenarios can be accurately replayed over
DT—HIL—field tiers: Irradiance is modeled as an Ornstein-Uhlenbeck process with embedded ramp
windows (seed s), tuned to match minute-scale power spectral density and ramp-percentile statistics; partial-
shading (PSC) masks are defined by shadow-cell size, duty, and sweep speed (seed s,;) with a declared
mismatch index; grid events specify fault depth and duration together with the short-circuit ratio (SCR) at
the point of interconnection (seed syiq), constrained to remain within IEEE 1547 ride-through envelopes;
and soiling follows a daily accumulation rate s; with an explicit cleaning schedule. Table 1 lists all of the
parameters, seeds, and remarks. A one-page reproducibility block accompanies the study to provide full
traceability. It lists the code/data DOIs, software versions, and the seed-file hash so that every value presented
in the Abstract and Results can be recreated without any hidden preparation.

Table 1: Simulation parameters & boundary conditions

Dimension Parameter(s) Value/Seed Rationale

Two-block mask mismatch ~ 0.23; Controlled multi-peak PSC with

PSC severity (3 peaks), disclosed seed; reproducible
mismatch index psc= SL1IS9 GMPP landscape.
Irradiance ramps ~ Ramp window 60-80 min + baseline Captures fast edges + mesoscale
flicker; seed s variance for MPPT stress.

Screens stacks under low-SCR;
aligns with interconnection
practice.

Ensures grid-code-relevant
disturbances and responses.

Labeled by SCR (incl.

Grid strength SCR category weak-grid bin)

Ride-through &  VRT envelope;
IEEE 1547/1547.1
support VV/VW/EW pet S47/1547

>0.98, <0.30 s, >0.90, .
NMmppTs tos5, VRI, _ s Practical thresholds for bankable

Acceptance KPIs THD, RT “within limits > inside relevance.
envelope
Alignment &  Time-alignment;  cross-corr.; exhaustive Makes nyppr comparable across
oracle GMPP oracle scan/certified solver DT—HIL—Field.

2.2 Subsequent Materials and Methods

We represent the energy-normalized indicators that underpin most PV performance analyses as follows.
The reference yield over an interval [ty, t;] is defined as per Eq. (1) [29,30]:

(1)
Y. = ‘/; ) GPOA/Grefdta with G,ef =1000W - m > 1)
to
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The final yield is expressed as per relation (2):
Y¢ = Eac/P: (2)

where Exc is delivered AC energy and P, is the array’s nameplate power. The performance ratio is expressed
below:

PR = Y¢/Y, 3)

A temperature-adjusted indicator can be used as a first-order approximation when measuring thermal
impacts:

PRcorr = PR [1 + YT (Tc - Tref)] (4)

with yr the temperature coefficient and T. the cell temperature so long as the applied measurement class and
uncertainty budgeting follow IEC 61724-1. Symbols as defined in Nomenclature.

Under partial shading, MPPT quality must be measured relative to the instantaneous global maximum
of the multi-peak P-V characteristic. Let P(t) be the inverter operating power and P*(t) the global maximum
found by exhaustive scan or a validated oracle; then the MPPT efficiency is defined as per relation (5)
below [31,32]:

SO P(1)dt

nMPPT = —F—— (5)
[, P*(t)dt
For irradiance variability we define a ramp-rate metric as:
RR = d Gpoy /dt in Wm™ - min™" (6)

We use thresholding rate and duration to find events, which is in line with how ramp-event detection
is done in the variable-generation literature. For site characterisation, percentile summaries like RRgs over
certain windows are suggested [33-35]. Fig. | illustrates a synthetic ramp with a window and slope labeled.

1000 Ramp Window: 60-80 min

— Rate = 16.2 W/m?/min
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Figure 1: Irradiance Ramp event and rate
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Transmittance-based ratios are used to treat soiling. The soiling ratio is determined by a controlled
comparison of a soiled string to a clean reference [36-38]:

SR (t) = Pyoiled (t) /Peiean (t) (7)
And the soiling loss is defined below:

SL(t) =1-SR(t) (8)
The daily soiling rate is expressed as per relation (9):

s(t) =d SL/dt )

It integrates to seasonal yield impacts that inform cleaning economics and O&M planning. Typical
annual energy losses of a few percent at utility scale underscore the need to report SR or SL alongside yield/PR
and to document cleaning events [39,40]. Fig. 2 illustrates a stylized accumulation with discrete cleanings.

0.991
0.98

0.97

Soiling Ratio SR (-)

0.96

0.95

AS QY a0 o
037" g OM T 0 o 05
20277 9027 902

A5 oL A5 oY
35 2 2 >
0 1015,0 1025,0 7—015,0 1015,

Date

'\
10
')_015 O ')_O'I—CJ

Figure 2: Soiling accumulation with cleaning events

Grid-side stress is parameterized by system strength via short-circuit ratio, which we write as:

SCR = SSC/P, (10)

See Nomenclature for symbol definitions.

We use seeded models to make disturbances so that DT—HIL—Field may be played back exactly.
Irradiance is an Ornstein—Uhlenbeck process with built-in ramp windows (seed s) that is set to match
minute-scale PSD and ramp percentiles. Partial-shading masks are set by shadow-cell size, duty, and sweep
speed (seed s or spsc) with a declared mismatch index. Grid events are set by fault depth and duration with
the short-circuit ratio at the point of interconnection (seed sg;iq) and are limited to IEEE 1547 ride-through
envelopes. Soiling follows a daily accumulation rate with a set cleaning schedule (seed sq) [41-45]. Table 2
lists all the seeds and parameters. A reproducibility block keeps track of the code/data DOIs, software
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versions, and the seed-file hash such that every value in the Abstract and Results may be accurately obtained

(Tables 3 and 4).

Table 2: Overview of the seeds and parameters

Stressor S:);tllzl Time scale Key variables System impact
Partial shading Module/string seconds-hours Gpoa (%,1), nysmgtch, P-V multi-peaks,
(PSC) bypass activation nmepTd
Soiling & Dust Modul.e/ days-months Trzfn'smlttar.lce (1), Yield|, PR|; c.leanlng
array/site Soiling Ratio SR(t) €conomics
Temperature & Module/ . Voltage shift,
-h 11 T.(t), AT,
Mismatch — minutes-hours  Cell temp T.(t) Yr PReemp-cor
Irradiance Array/site/ seconds- Ramp rate dG/dt, event ~ Curtailment, MPPT
ramps region minutes duration At stress
Weak grid (low POI/ . B Stability margins;
SCR) _— instantaneous SCR = §s./P; GEM benefit
Aging/ .
. Module/array ~ months-years ~ Degradation rate dP/dt ~ Long-term PR trend
Degradation
Table 3: Overview of the metrics
Metric Definition Units Purpose
Reference yield Y; = [ Gpoa(t)/Grer dt h Irradlance-nionr;?hzed energy
Final yield Yr = Epc/P; h Produced energy per rated power
Performance B Overall system performance (IEC
ratio PR=Yi/Y, - 61724-1)
Temp-corrected  PReorr = PR {1+ yr (T - - Normalize thermal effects (approx.)
PR Tref)]
. Energy vs. global maximum under
MPPT efficiency nmept = Emppr/Ecm - PSC
Ramp rate RR = dGpop/dt W m™2 min™! Irradiance variability severity
Soiline loss SL=1-SR; Transmittance/soiling metrics (IEA
& SR = Psoiled/Pclean PVPS T13)
hort-circui
short-circuit SCR = Ssc/P, - Grid strength at POI
ratio
Table 4: Overview of the taxonomy
Dataset Type Resolution Variables Notes/Coverage
NREL SRRL BMS  Irradiance & met GHI/DNI/DHI, T,  Colorado; hlgh-quallty
wind baseline

(Continued)
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Table 4 (continued)

Dataset Type Resolution Variables Notes/Coverage

AC/DC , Multiple US sites;

NREL PVDAQ PV perf. & meta  1-15min /DC powers tHpe 1o Sttes
status long-term

PV_Live (UK) Aggregated PV 30 min Regional/national GB PV generatlon
output PV estimates

OPSD + Synth. PV/wind Weather-driven Europe; modeling

. Hourly .

Renewables.ninja profiles profiles baseline

Fig. 3 contrasts a single-peak uniform-irradiance P-V curve with a multi-peak characteristic under
partial shading to visualize why global search is required for MPPT under PSC.

1750t

1500
1250}
1000

750

Array Power P (W

500

2501

Uniform Irradiance

or Partial Shading (Multi-peak)

0 100 200 300 400 500 600
Array Voltage V (V)

Figure 3: PV characteristics—uniform vs. partial shading

3 Intelligent Global MPPT under Partial Shading: Metaheuristics, Hybrids, and DRL;
Parameterization for Non-Stationary PSC

Global MPPT seeks, in real time, the array-voltage or duty-cycle setpoint that maximizes power
on a nonconvex, time-varying P — V landscape. Under partial shading, bypass-diode activation creates
multiple local maxima, so the tracker must balance exploration of the search space with exploitation
of promising regions while the GMPP drifts with irradiance and temperature [46-48]. In this review,
intelligent MPPT is organized into three families—metaheuristics, hybrid heuristic-deterministic schemes,
and deep-reinforcement-learning (DRL) agents—and we provide practical hyperparameter choices for
rapidly varying, nonstationary PSC. Evaluation follows the standards in Section 2, reporting MPPT efficiency
nmppT,> cOnvergence time, overshoot, and steady-state oscillation, with an emphasis on reproducibility across
simulation, HIL, and field datasets.

Metaheuristic trackers pose voltage/duty selection as a population-based search over a bounded interval
[0, Voc]. A canonical particle-swarm-optimization (PSO) update for particle i at iteration k is given
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below [49,50]:

k+1 k k k
Vi o wv; + (i1 (pl* —Xj ) + CIp (g* —Xj ) (11)
Xik+1: Xik+Vik+1 (12)
with inertia w, cognitive/social gains ¢;, ¢, and personal/global bests p;*, g*. Differential evolution (DE) uses
mutation-crossover-selection, e.g.,

vi*=xn" + F (szk - Xr3k) (13)
vk ifu<Crorij= i
ufi =1 0 e (14)
g X j» otherwise
x;**! = arg max {P (uik) ,P (xik)} (15)

Modern swarm optimizers, such as grey-wolf encircling with leader hierarchies and firefly attractiveness
updates, have been modified to function effectively with GMPPT under conditions of annealed step sizes,
enforced hard position/velocity boundaries, and restart strategies that avert stagnation. In these situations,
customized or hybridized metaheuristics generally get to the GMPP in fewer iterations and with a greater
success rate over a variety of PSC masks than baseline swarms, as long as the parameters are set up
correctly [51,52]. Hybrid MPPT employs a phased logic that integrates a swift local routine at the P — V'
knee with a global search and a low-oscillation finisher. The process starts with a quick scan or an InC/P&O
stage. If unimodality tests do not work, the controller goes on to PSO/DE. A bounded-step deterministic
finisher terminates any residual oscillation as the setpoint grows nearby. The new designs for 2024-2025—
P&O + PSO, InC with enhanced PSO, and voltage-slope-guided global scans—show that the response is
substantially faster during irradiance ramps and that the MPPT is higher under PSC than either component
alone, while keeping the control loop small enough for cheap microcontrollers [53-55]. DRL-based trackers
cast GMPPT as a Markov decision process with state s, = [V}, I, BW,, recent APy, optional GPg,, t], action
a; a discrete or continuous increment in voltage or duty-cycle, and a reward that balances power increase and
smoothness, for example:

1¢ = aAP¢/Ppax — P|Asetpoint,| — y 1{P; < P{ — €} with terminal bonuses near the GMPP (16)

Recent DQN/PPO/DDPG variations exhibit robust tracking in response to sudden PSC changes and less
steady-state oscillation when reward shaping penalizes chattering, while curricula randomize PSC patterns
throughout training. Reported improvements are highly contingent upon the design of observations, the
granularity of actions, and the safety constraints included during deployment. DRL agents gain from a
supervised warm-start on labeled scans and from fallback logic when rewards diminish, thus maintaining
stability in edge scenarios [56,57].

For non-stationary PSC, parameterization uses a “broad-then-narrow” approach that matches explo-
ration to the predicted number of local maxima and then narrows around the moving GMPP [58]. For
PSO-like approaches, we suggest a population of about 15 to 30 candidates, with an inertia schedule that goes
from ®:0.9 to 0.4, symmetric gains of ¢; ~ ¢, ~ 2, and a velocity clamp of 5 to 10 percent of V,.. Restarts
happen when the normalized improvement falls below a tiny threshold across a sliding window. In practical
conditions for DE, N is between 20 and 40, the mutation factor F is between 0.4 and 0.9, and the crossover
Cr is between 0.2 and 0.9. F and Cr are updated adaptively based on how well the last selection went. For
hybrid controllers, a scan window of 2% to 4% of V,. around the current knee reduces oscillations after
hand-off. For DRL, action increments of 0.5%-2% of V,, stabilize learning; discount factors y € [0.95, 0.99]
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balance short-term gains against smoothness; and observation filtering avoids noisy gradient estimations.
These ranges are in line with the parameter sweeps seen in recent reviews and experimental studies. They
should be retuned based on the site’s ramp statistics and converter dynamics [59,60].

To ground the discussion, Fig. 4 overlays exemplar tracking paths on a multi-peak P — V curve: a local
P&O trajectory stabilizes at a non-global peak, while PSO and DRL paths converge to the GMPP. Fig. 5 plots
normalized power error to the GMPP on a logarithmic scale and illustrates the characteristic exponential-
like decay of global methods relative to a slow or stalled deterministic search. Fig. 6 models non-stationary
PSC by moving the GMPP over time and shows a responsive tracker setpoint closely following the drift with
small lag, a proxy for good dynamic performance during passing clouds.

To make things easier, we put tunables and design patterns into two small tables that are aimed
to simplify reporting and speed up reproduction. Table 5 lists the main hyperparameters for PSO, DE,
GWO/FA-style swarms, hybrid rule sets, and DRL agents. It also includes useful ranges and controller-
friendly methods like inertia annealing, success-rate adaptation, and bounded increments. Table 6 lists the
DRL observation vectors, action spaces, and reward terms that have been shown to reduce chattering and
make the system more stable during quick PSC transients. For deployment, safety clamps on voltage steps
and back-offs on big 1 dI/dV | are stressed. These design suggestions are based on the converter’s bandwidth,
the site’s ramp-rate percentiles, and the level of detail allowed for setpoint adjustments. They are then tested
step by step from simulation to HIL to field pilots using the metrics from Section 2.

17501
1500+
12501
=
o P-V (PSC,/ multi-peak)
5 1000 P&O path (local)
= —=— PSO gbest path (global)
& DRL agent path (global)
R 7501 GMPP
<
5001
2501
O -
0 100 200 300 400 500 600

Array Voltage V (V)

Figure 4: Example tracking trajectories on a Multi-Peak PV Curve



Energy Eng. 2026;123(3):13

ey

o
©
T

P&O
e RS 0]
—— DRL

)

—

o
8

Normalized power error to GMPP (-

10-6F

! ! L ! L

0 5 10 15 20 25 30 35 40
Iteration / Time step

Figure 5: Convergence to GMPP (log scale)

375¢F R True V at GMPP (unknown)
f AN —— Tracker setpoint V

350
325¢ (-
3001

275}

Voltage (V)

250
225}

200} WA AN

175 E L L ! L L 1 L !
0 25 50 75 100 125 150 175

Time step

Figure 6: Non-stationary PSC-moving GMPP and tracker response

Table 5: Algorithm tunables

Family Primary tunables Typical ranges Practical guidance
Population N, inertia N ~15-30; w: 0.9-0.4; Decreasing w; restart on
PSO w, cl, c2, velocity cl=c2~2.0;|AVimax stagnation; seed near knee/Voc;
clamp ~ 5%-10% Voc enforce bounds
Pqpulation N, N ~ 20-40; F € [0.4, Prefer ]?E/rand/l/bin for
DE mutation F, crossover exploration; adapt F, Cr to

0.9]; Cre[0.2,0.9]

Cr success rate; clamp voltage

(Continued)

13
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Table 5 (continued)

Family Primary tunables Typical ranges Practical guidance
) Anneal step sizes; hybridize
GWO/EA/SSA Pac’k size, step scales, Pack 15-30; anneal with local scan: handle
Lévy/beta params step . .
constraint repair
Hybrids (PSO + . AV ~ (2-4)% Voc;  Local method near knee; trigger
Scan window AV, I .
INGC, P&O + . slope/oscillation global only when multi-peak
. switch thresholds
heuristic) thresholds detected
DRL Strit;uii;g n,r:s:r)g AV or Ad 0.5%-2% A |As1:“(l)alﬁ|é§r_r?:1r1$n—1 over
(DQN/PPO/DDPG) © ,Y’ Voc; y € [0.95, 0.99] POty
weights PSC; safety clamps
Table 6: DRL response
Design element Recommendation
Observation (s;) V, L, filtered dP/dV, recent AP, optional Gppa proxy or irradiance estimator
Action (a;) Discrete or continuous AV/Ad increments around last setpoint with hard bounds
Reward r; a- APporm — f3+|Asetpoint| — y-1{P < P* — ¢} + terminal bonus near GMPP
Safet Clamp AV per step; back-off if |dI/d V| large; fall back to local scan if reward
Y collapses
Training Domain randomization over PSC patterns; prioritized replay; soft target updates;

supervised warm-start on scans

Recent research bolsters confidence in the aforementioned suggestions. Recent studies show that global
and hybrid MPPT work better under PSC [61-63]. They also stress the importance of choosing the right
parameters to avoid convergence too soon. New hybrid approaches that mix P&O or InC with better PSO
versions say that the dynamics are faster and the nyppr is greater when the shading varies quickly. Also, DRL
studies from 2024 say that reward shaping and curriculum training under random PSC patterns make agents
that can generalize outside the training set. The IEA PVPS Task 13 report on shaded generators also calls for
standardized conditions and clear performance reporting. This part makes that happen by using the figures,
equations, and tables that are included.

Under severe or non-stationary partial shading, global and hybrid trackers reliably achieve near-unity
nmepr and shorter to5 than local rules, while a bounded-step finisher caps residual oscillation; under mild
PSC, a well-tuned local method remains competitive. Hybrids that pair a fast local routine with PSO/DE
cut time-to-capture relative to pure global search yet preserve the low post-handoft oscillation. Learning-
aided trackers (DRL) inherit the global-search advantage and, with reward and step shaping, yield the
lowest steady-state oscillation at the setpoint. Failure modes differ—stagnation for metaheuristics and reward
collapse for DRL—but are mitigated by restart policies, hard bounds, and explicit fallbacks to a stable local
controller. Results are expressed on the common metric set (nwvppr, tos, steady oscillation/THD); quantitative
ranges are consolidated in the Section 5 co-design summary.
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4 Advanced Inverter Control for Weak-Grid Stability: Grid-Forming Strategies, PLL Design, and
Ride-through Behaviors under IEEE 1547

Advanced control for grid-connected photovoltaic inverters is moving away from classical grid-
following (GFL) synchronization and toward grid-forming (GFM) paradigms that are meant to set and
control local voltage and frequency, share power reliably, and stay stable in low-short-circuit-ratio (SCR)
systems [64,65]. When GFM is activated, the inverter makes an internal voltage reference and interacts with
the network using droop-like and virtual-machine dynamics. The “virtual swing” and “droop” combo is a
common analytical template:

My, @ =P" - P.—D, (0 -0") 17)
w* =wo—-m, (P - P¥) (18)
and

E* = E() — Mgy (Qe - Q*) (19)

All symbols are defined in Nomenclature.

Advanced control for grid-connected photovoltaic inverters is moving away from classical grid-
following (GFL) synchronization and toward grid-forming (GFM) paradigms that are meant to set and
control local voltage and frequency, share power reliably, and stay stable in low-short-circuit-ratio (SCR)
systems. When GFM is turned on, the inverter establishes an internal voltage reference and uses droop-like
and virtual-machine dynamics to talk to the network. The “virtual swing” and “droop” combination is a
frequent way to analyze things:

GPLL(s) = KPI(s) H (s) (20)
where:
Kpi(s) = (kps + ki) /s (21)

And: H(s) maps quadrature voltage to phase error; increasing k,, k; (bandwidth w,) raises tracking speed
but reduces robustness as SCR falls. Fig. 7 depicts the frequency response related to the GFL vs. GFM to a
1% disturbance.

Useful tips for 50/60-Hz systems with harmonic rejection (SOGI/DDSRF, MAF) and clear rate limits,
the target w. is about 5 to 25 Hz. Many studies say that when SCR drops below about 3, the PLL
bandwidth must drop and the damping must rise to keep a 30° to 45° phase margin, or that PLL-less GFM
synchronization should be used. Figs. 8 and 9 show the general trend of recommended SRF-PLL bandwidth
vs. SCR, together with a phase-margin curve that shows where the values should be set for a specific plant.
Recent reviews and case studies delineate the instability sources and solutions for PLLs in weak grids, but
NERC reliability standards warn that SCR-based screening is merely indicative and that plant-specific EMT
validation is frequently necessary.
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IEEE Std 1547-2018 requires ride-through behaviors, grid-support functions, and test methodologies
for distributed energy resources, and IEEE 1547.1 checks that they are working. At a high level, DER must
stay connected within certain ranges of aberrant voltage and frequency (Categories I-III) and give volt-
var, volt-watt, and frequency-watt replies with set response times, precision, and compatibility. A common
frequency-support law is defined in Eq. (22):

(22)

with deadbands and saturations set by utility requirements; similarly, volt-var uses a piecewise droop

Q" = (V) to support local voltage. Fig. 10 sketches a conceptual voltage ride-through envelope and an
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example disturbance trajectory to illustrate reporting; readers should consult the standard or utility settings
for exact thresholds and durations. Public overviews and utility setting sheets summarize these requirements
and emphasize coordination with anti-islanding and protection; laboratory methods for verifying com-
mercial inverter compliance to the new voltage/frequency/ROCOF ride-through requirements have been
demonstrated and codified [66].
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Figure 10: Conceptual voltage ride through envelope

When having a look at all the weak-grid evidence, it is obvious to make remarks on unmistak-
able patterns. Grid-forming (GFM) controllers, including droop/virtual-synchronous-machine (VSM) and
oscillator-based types, can keep voltage and frequency stable in very weak systems when current-limiting is
clear. This can be done by shaping virtual impedance, saturating inner-loop current references, or limiting
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angle during sags, all of which stop wind-up and overcurrent. In contrast, PLL design is the most important
factor for grid-following (GFL) robustness. Lowering PLL bandwidth, adding notch or moving-average
(MAF) filtering, and coordinating PLL/DC-link/current-loop bandwidths makes the system more stable
but slows down response. At low SCR, it is often better to use PLL-less GFM synchronization in the outer
loop with carefully managed fault behavior. It is very important to be strict when modeling and testing.
NERC suggests EMT screening where multi-infeed IBR interactions, very low SCR, or protection/ride-
through conflicts are possible. ESIG/NREL stress impedance scanning and multi-vendor interoperability
testing. Field studies and islanding events, including evaluations of high-IBR disturbances, demonstrate that
well-tuned GFM assets can significantly enhance frequency and voltage security, but performance remains
susceptible to parameterization and the limitations outlined in system-strength studies. To put these ideas
into action, we offer a short comparison of GFM families—droop/VSM, virtual-oscillator control, matching-
based control, and MPC-GFM—focusing on their control goals, typical setpoints, main tunables, and
implementation notes; a PLL design guide that compares SRF-, SOGI/DDSRF-, and MAF-PLL options with
weak-grid guidance; and a high-level IEEE 1547 mapping that connects volt-var, volt-watt, frequency-watt,
and ride-through functions to the right standard clauses and 15471 verification procedures (Tables 7-9).

Table 7: GFM families

GFM family Control idea & setpoints Primary 'tunables Notes
(Typical)
Grid-forming with
D M | f
rogp/VS Vo t.age/ requency My (0.2-2's), Dyq synchronous-machine-like
(Virtual setpoints; P-f & Q-V .
Synchronous droops; virtual inertia My {055 s TG [prIovE
Y i ps; . ’ droops 2%-5% black-start/island; attention to
Machine) damping Dy L
current limiting
VOC (Virtual self-synchronizing Oscillator gain, Rapid synchroniz?ltion wi.thout
_ oscillator; embeds power . PLL; good sharing; tuning
Oscillator L nonlinearity; .
sharing via . . sensitive under strong
Control) . coupling weights .
phase/amplitude harmonics
Matching/Dispat- Emulates SG power-angle . Robust synchronization;
i ) Power-angle limits; . .
chable Virtual dynamics; power-angle , . compatible with overcurrent
. damping gains .
Oscillator loop limiting schemes
Optimization-based Prediction Excellent transient shaping;
MPC-GFM inner/outer loops; horizon, weights;  compute burden; model fidelity
multi-constraint handling constraints critical

Table 8: PLL Guidance

PLL/Synchronization Key parameters

w, (5-25 Hz), notch at 2w,
anti-DC offset
Orthogonal signal

Guidance under weak grid

Reduce w. as SCR|; ensure phase margin >30-45°;

SRE-PLL (P1 type) robust filtering of harmonics

Improved under distortion; still bandwidth-sensitive

DDSRF/SOGI-PLL under low SCR

generation, harmonic
rejection

(Continued)
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Table 8 (continued)

PLL/Synchronization Key parameters Guidance under weak grid
MAEF-PLL (moving ~ Window length vs. delay Good harmonic rejection; slower dynamics; pair
average) trade-off with rate limiters
PLL-less GFM No PLL; droop/VSM/VOC  Avoids PLL instabilities; ensure current limiting &
(voltage reference) synchronization fault behavior

Table 9: IEEE 1547functions

Standard reference

Function Definition (Conceptual) Implementation notes

(High level)
. . IEEE 1547-2018 §5.3; Stabilize voltage; coordinate
I1t-VAR = fi
VOlt-VAR (VV) - Q= (V) piecewise droop IEEE 15471 test methods with feeder devices
P= (V) curtail above IEEE 1547-2018 §5.4; Alleviate
t-
Volt-Watt (VW) threshold IEEE 15471 overvoltage/thermal limits
Frequency-Watt B IEEE 1547-2018 §5.2; Primary frequency response
(FW) P= f{frequency) droop IEEE 15471 support
Ride-Through St?:gg:gc\t;}l/gﬁm IEEE 1547-2018 §6.4-6.5; Muszgz:grlg ;p ;ﬁﬁudy;
(VRT/FRT) p . categories I-III . .
windows anti-islanding

The below Algorithm 1 codifies the paper’s taxonomy and weak-grid guidance into an implementable
selector; leverages the co-design perspective that links MPPT choice to synchronization mode.

Algorithm 1: Stressor-to-Stack Decision Algorithm (SSDA)

Inputs: PSC severity (e.g., number of peaks/mismatch index), ramp percentiles (e.g., RR95), soiling rate
sd, grid strength (SCR), compliance class.
Steps:

Detect regime: If PSC unimodal & low RR — prefer local (InC/P&O) with damping; else hybrid (local

+ scan) or global (PSO/DE/DRL).
Choose tracker family:

eModerate PSC/moderate RR — Hybrid (local + improved PSO/DE) with scan hand-oft.
«Severe PSC or non-stationary — Global (PSO/DE with restarts, or DRL with action clamps).

Choose grid interface:
«SCR < 3: GFM (droop/VSM or oscillator) + explicit current limiting;
+SCR > 3: tuned GFL acceptable, conservative PLL bandwidth with filtering.

Initialize tunings: use ranges from the survey (population sizes/inertia schedules; PLL bandwidth

targets vs. SCR; droop slopes; current-limit strategy).
Acceptance checklist: target nMPPT > 0.98 on PSC suite, t95 < 0.30 s, VRI > 0.9, THD within limits, and
ride-through inside chosen category; iterate with Protocol 1.

As the short-circuit ratio (SCR) goes down, grid-forming (GFM) controllers like droop/VSM or
oscillator-based ones with explicit current limiting (like virtual-impedance shaping, current-reference
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saturation, and angle limiting) have a higher voltage-recovery index (VRI) and ride-through robustness
than even carefully tuned grid-following (GFL) schemes. GFL is still possible, but only with a conservatively
lowered PLL bandwidth, harmonic-rejection filtering (SOGI/MAF/notches), and tight synchronization of
the bandwidths of the PLL, current loop, and DC connection. Its stability margin gets smaller as the SCR goes
down. Interoperability and acceptability depend on putting IEEE 1547 grid-support functions into action and
showing 15471 ride-through. Results should be presented using the Section 2 KPIs (mppt, tos, VRI, THD)
and clear references to standards. Section 4 sees inverter control as a co-design problem that chooses GFM
synchronization and droop dynamics—or a PLL-based alternative—sets current limits, and checks behavior
against system strength using EMT and impedance-scan testing. The main point is that well-parameterized
GFM makes weak grids more stable, while GFL can still work with conservative PLL tuning and better
filtering, but it has less headroom as SCR goes down. A standards-aligned test and reporting plan that
includes volt-var, volt-watt, frequency-watt responses, ride-through envelopes, and disturbance-response
KPIs lets everyone compare apples to apples across vendors, sites, and studies.

5 Co-Design of Intelligent MPPT and Advanced Inverter Control; Quantitative Meta-Summary of
Performance Ranges and Trade-Offs

We pose joint tuning of the tracker-grid interface as: maximize J(0,6) = w; nvppr — W2 Op — W3
THD + wy VRI — ws tg5 subject to: IEC 61724-1 measurement class & reporting; IEEE 1547/1547.1 ride-
through & VV/VW/FW function tolerances; current/thermal limits; and scenario coverage across the seeded
library S. Here 6 collects MPPT tunables (e.g., PSO/DE populations or DRL action granularity), ¢ collects
inverter tunables (droops my, my, virtual inertia/damping M,, Dy; or PLL bandwidth w. and filters if
GFL). We solve on S (PSC/soiling/ramp/SCR cases) and report the full KPI set per Protocol 1. The above
program lets us compare stacks (MPPT family + synchronization mode) on a common scenario library and
KPI set (Section 2), turning survey claims into trade-offs observable in nyppr Vs. to5, VRI vs. THD, and
accept/reject thresholds.

This part combines the two ideas that were talked about earlier: global intelligent MPPT under partial
shading and advanced inverter control for weak grids. It does this by creating a single co-design framework
that aims to capture energy and make the grid more resilient at the same time. The acceptance criteria are
based on IEC 61724-1 monitoring practice and IEEE 1547 interoperability requirements [67,68]. We consider
the tracker and the grid interface as interconnected decision variables: 6 gathers MPPT hyperparameters
(such as PSO/DE swarm settings, hybrid switch thresholds, DRL action granularity, and reward weights),
while ¢ gathers inverter-side parameters (including droop slopes my,, my, virtual inertia/damping M, Dy,
current-limiting gains, or if grid-following is maintained, PLL bandwidth w. and filtering). We provide a
standards-aware multiobjective program over a library S of complex-condition scenarios, including partial-
shading patterns, irradiance ramps, soiling states, and short-circuit-ratio (SCR) levels [69,70]:

rgli(bn J(6,) = [-Numppr> tes, op, VRI™!, THD] (23)

where nyppr measures energy relative to the global maximum under PSC, ty5 is convergence time to 95%
of GMPP after a disturbance, op indexes steady oscillations at the operating point, VRI denotes a voltage-
recovery index after a sag or fault, and THD is harmonic distortion at the point of common coupling (PCC).
The constraint set C includes: (i) monitoring fidelity and reporting according to IEC 61724-1 so that Y, Yy,
and PR are the same in all studies; (ii) ride-through envelopes and grid-support functions (volt-var, volt-
watt, frequency-watt) with response/tolerance clauses according to IEEE 1547-2018/1547.1; and (iii) safety
limits on current, dc-link, and thermal states [71]. In grid-forming mode, we utilize the virtual-machine
droop template specified in relations (17)-(19). In grid-following mode, we use a PLL whose small-signal
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loop bandwidth w. and harmonic-rejection filters are co-tuned with the current controllers and the site SCR.
These structures and their testable consequences align with the present NREL/ESIG grid-forming roadmaps
and DER interconnection practices as outlined in IEEE 1547 [72].

The literature quantitatively demonstrates that under meticulously prepared complex-condition test
suites, contemporary global MPPT families attain elevated tracking efficiency with specific speed/oscillation
trade-offs. Metaheuristics like PSO/DE/GWO usually report nyppr between 0.975 and 0.992 with con-
vergence times of 0.25 to 0.60 s [73-75]. Hybrids that switch between InC/P&O and improved swarms
report between 0.985 and 0.997 with 0.18 to 0.40 s. DRL agents (DQN/PPO/DDPG) that are tuned with
reward shaping and PSC curricula report between 0.988 and 0.998 with 0.15 to 0.30 s and the lowest
residual oscillation. These ranges combine recent review and task-report evidence for partially shaded
generators and optimized power electronics. When inverters use grid-forming droop/VSM or virtual-
oscillator synchronization and explicit current limiting, weak-grid stability gets a lot better [76]. On the
other hand, grid-following robustness depends a lot on conservative PLL bandwidth, harmonic rejection,
and coordination with dc-link and inner-loop dynamics [77,78]. Both of these points are made clear
in ESIG/NREL guidance and 1547 highlights. Acceptance must always be shown with data quality that
meets IEC standards and IEEE 1547. 1 check: Ride-through without false tripping inside the allowed
voltage and frequency ranges, and volt-var/volt-watt/frequency-watt responses that are compatible with
published parameters.

Fig. 11 visualizes the speed-efficiency Pareto trade-off under PSC for three families (metaheuristic,
hybrid, DRL) using illustrative points and an envelope that mirrors the ranges above; the frontier motivates
hybrid and DRL choices when sub-300 ms responses are required without sacrificing nyppr. Fig. 12 maps
recommended control stacks across PSC severity and SCR categories: as SCR falls and PSC severity rises,
operation shifts from tuned GFL to grid-forming, with DRL-based trackers paired with GFM at the
extreme. Fig. 13 summarizes normalized outcomes—yield under PSC, voltage recovery, residual oscillation,
and a harmonics proxy—highlighting that GFM pairings dominate weak-grid resilience while hybrids and
DRL dominate fast energy capture.

To put co-design into action, Table 10 lists the performance ranges and practical notes for each family
of MPPTs, Table 10 connects synchronization/PLL choices to SCR with suggested bandwidth targets and
phase-margin goals, and Table 11 gives an acceptance checklist that links each metric to a test reference.
We employ scenario libraries presented in Table 12 that include partial-shading patterns derived from IEA
PVPS Task 13 shaded-generator guidance. Additionally, field performance and soiling-driven variability
must be recorded according to Task 13 best practices, alongside IEC performance-ratio reporting, to
guarantee comparability across studies and to illuminate the economics of O&M decisions in the context of
soiling. Table 13 consolidates median and range values and the recommended grid-interface pairing by SCR.
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Table 10: MPPT ranges
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] NMPPT Convergence  Steady Tuning
Family under PSC time oscillation effort Notes
Metaheuristics 0.975- Global scan/stagnation
.25-0. 1%-3% of Medi
(PSO/DE/GWO) 0992 02570605 1%=3% of Vo Medium restarts
Hybrids (InC/P&0O  0.985- 0.18-0.40 s 0.5%-2% of Low- Switch to global only

+ PSO) 0.997 ’ ) Voe Medium under multi-peak
DRL 0.988- Reward shaping;

0.15-0.30s <1% of V. Low

(DQN/PPO/DDPG)  0.998 curriculum over PSC

Table 11: Weakgrid ranges

PLL Ph
SCR Preferred Virtual inertia . as.e
categor synchronization (Ilustrative) bandwidth margin Notes
gory ¥ (SRF) target
— GFM'(droop/VSM) 5-10 Hz (if ) .EMT validation;
with current — >35 impedance scan;
(1-2) o GFL present) o
limiting anti-windup
Harmonic rejection
Weak (2-3)  OFM preferred; — 8-15Hz  35-45°  (SOGI/DDSRE);
tuned GFL possible e
rate limits
Moderate Coordinate
(3-5) GFL or GFM — 12-20 Hz >45° DC-link and PLL
bandwidths
Strong (>5) GFL sufficient; B 18-25 Haz 5 45-60° Standard tests per

GFM optional IEEE 15471
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Table 12: Acceptance checklist

Metric Acceptance target Test reference
. >0.98 over suite; report Oracle-based GMPP
nmpept (PSC test suite) .
worst-case reference; Section 2 template
Convergence time to GMPP <0.30 s for >90% cases Step/ramp PSC scenarios

Voltage recovery index >0.9 within 0.5-1.0 s Post-fault, per local code
Harmonic current limits Meet IEEE 1547.1/utility limits Steady & dynamic tests
Ride-through compliance No trip within envelope IEEE 1547-2018/1547.1 categories

Table 13: Comparative trade-offs across stacks

NMPPT . . Steady Suggested
Stack/Family  under PSC Median t?:]t?Rjﬁ/[zf 1\t/19e5d Ez]n oscillation  interface pairing Notes
(Range) TIMPPT 8 (% Voc) (SCR)
Y <3: GFM; 3-5:  Global scan/stagnation
0.975-0.992  0.984 0.25-0.60 0,43 1-3 GFL or GFM,; >5: restarts; medium
(PSO/DE/GWO) .
GFL tuning effort
Hvbrids <3: GFM; 3-5: Switch to global only
4 0.985-0.997  0.991 0.18-0.40 0,29 0.5-2 GFL or GFM; >5: under multi-peak;
(InC/P&O + PSO) ) .
GFL low-medium tuning
<3: GFM;3-5:  Reward shaping; PSC
DRL (DQN/ 0.988-0.998  0.993 0.15-0.30 0,23 <1 GFL or GFM; >5:  curricula; low tuning
PPO/DDPG)
GFL effort

In conclusion, strong photovoltaic performance is a result of co-design: it needs a good balance between
exploration and exploitation on the P—V surface and strict synchronization and assistance at the grid
interface. For fleets with high PSC and low SCR, the best option is a global tracker (hybrid or DRL) that
works with grid-forming control, explicit current restriction, and verification that can be traced back to
IEC/IEEE processes. A conservatively adjusted grid-following solution, such as a lower-bandwidth PLL with
harmonic rejection, combined with a hybrid tracker, can nonetheless meet acceptance objectives for fleets
with moderate SCR and milder PSC. In all circumstances, clearly defined goals and limits, reusable datasets
and seedable scenario generators, and reporting that follows standards (IEC 61724-1; IEEE 1547/15471) are
the practical tools that turn control and optimization theory into performance that can be repeated and used
in the field.

6 A Digital-Twin Validation Pipeline Spanning Simulation, HIL, and Field, with Open, Seedable
Disturbance Profiles for Reproducibility

We provide seed files and metadata for irradiance, partial shade, soiling, and grid events, and we use
the same seeds in digital twin simulations, controller/power hardware-in-the-loop (HIL/PHIL), and field
trials. The limits set in Eqs. (26)-(28) mean that DT—HIL—Field must be the same. The goal is to show how
well the suggested co-design and evaluation methodology works with the same disturbance profiles and SCR
bins while measuring nvppr, tos, stable oscillation, VRI, THD, and IEEE 1547.1 ride-through compliance.
The pipeline knows about standards: monitoring and energy/yield calculations follow IEC 61724-1 (which
includes measurement class, sampling cadence, and temperature corrections), and dynamic tests follow
15471 procedures for volt-var, volt-watt, frequency-watt, and abnormal voltage/frequency ride-through
so that HIL and field evidence can be directly compared. Disturbance profiles can be seeded and exactly
reproduced,which means that narrative claims can be turned into verifiable results. It also means that MPPT-
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inverter stacks that have been tested under IEC monitoring discipline also meet IEEE grid-support and
ride-through criteria in real-world situations (PSC, soiling, ramps, weak-grid events) [79,80]. All runs come
with data and metadata that make it possible to trace them back, which means that reported figures and
tables can be recreated independently. This turns the validation into a portable, reproducible process instead
of a one-time case study.

The digital twin represents the PV array, power stage, and grid interface as a parameterized state-space
model x = {(x, u, d; 8), y = g(x), where u are control inputs (e.g., duty-cycle or voltage setpoints from
MPPT/GFM logic), d are disturbances (irradiance, temperature, grid events), and 0 collects electro-thermal
and control parameters. Calibration solves 6* = arg ming £(0) with a composite loss that mixes time-domain
and spectral terms, for example £ = Y5 Wy NRMSE (y5™(0), ;™) + A || ®c*™ — Og™e*||, where y, are
tracked signals (power, DC link voltage, PCC voltage/current), @ is the irradiance power spectral density,
and S indexes test scenarios. The same 0" is then exercised against a library of seeded disturbances so
that Simulation — HIL — Field can be compared one-for-one. Recent work demonstrates DTs for PV in
the MATLAB/Simulink ecosystem and validates controller behavior using CHIL/PHIL benches with sub-
microsecond steps for power-electronic fidelity. Disturbance profiles are random but can be seeded to ensure
exact reproducibility. The plane-of-array irradiance GPOA(t) is made up of a clear-sky baseline, a stationary
process that captures mesoscale variability, and ramp windows that are injected for fast cloud edges [81,82]:

Gpoa (t) = Gglear (t) +X (t) + Z T (t) (24)

We use an Ornstein-Uhlenbeck process defined below:

dX = -AXdt + odW, (25)

This helps to set short-term variance, while each ramp window r; defines a linear change of amplitude
A; over [t, t; + At]; the random seed s fixes {X, r;} and, by extension, the distribution of ramp rates
RR = dGppa/dt. The OU-plus-ramp mixture replicates the minute-scale statistics and heavy tails identified
in NSRDB-based variability investigations; for expansive campaign design, ramp distributions and cloud-
classifiers from NRELs ramping literature offer supplementary objectives. A seeded shadow mask M (r, t;
spsc) is used to create partial-shading complexity across substrings. This changes the module current-voltage
map when the bypass is activated. The mask parameters (cell/block size, motion speed, and duty cycle) show
how bad the PSC is. Soiling follows Task-13 recommendations through a transmittance-based soiling ratio
SR(t) with planned cleaning events; open seed files provide daily soiling rate, event times, and uncertainty
boundaries for reproducible O&M scenarios. Grid events are defined as tuples (type, depth, duration, SCR,
Sgria) with envelopes taken from IEEE 1547 categories and utility profiles. This makes it possible to test
voltage/frequency ride-through and volt-/freq-droops in the same way in both simulation and HIL.

HIL/PHIL closes the loop with the real controller and, if possible, the hardware power stage while
playing back the same seeded profiles. The I/O timing is modeled as a pure delay T plus ZOH effects, resulting
in a phase lag ¢(w) = —wt that must be compensated to maintain bandwidth/phase-margin estimates
from the digital twin; alignment in post-processing is achieved by optimizing cross-correlation between
simulation and HIL traces [83]. There are records of modern CHIL benches (such FPGA-based real-time
simulators with 500-ns steps for 20-kHz switching) and PHIL testbeds for anti-islanding and advanced
controls. These records include reference architectures and latencies that can be used to create similar
systems [84,85]. Finally, field validation gathers IEC-class data with synchronized clocks (PTP/NTP), uses
the same seeded profiles whenever possible (for example, scheduled curtailments and programmable sags),
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and maps uncontrolled weather events to the nearest profile using ramp-rate and cloud-class statistics. This
makes sure that comparisons are fair and apples-to-apples.

Quantitative acceptance uses the metrics defined earlier: MPPT efficiency nvppr computed against a
certified GMPP oracle; convergence time tgs to 95% of the GMPP after a ramp; a voltage-recovery index VRI
€ [0,1] following sags; harmonic distortion at the PCC; and IEEE 15471 ride-through compliance. Across the
three tiers we require parity within tolerances [86]:

HIL i
Inmppr - nMPPTSIm| <€y (26)
’t95HIL —tos> ™| < € (27)

with normal ¢’s picked so that they are minor compared to the performance difference between different
methods. The disturbance library for weak-grid validation has low-SCR cases and programmed sags within
the 1547 envelope. Recent NREL/ESIG roadmaps stress that grid-forming behavior and interoperability
should also be confirmed through EMT-level studies for very low SCR and multi-infeed interactions. The HIL
stage can do this by using aggregated impedances. NRELSs recent HIL evaluation of an AI PV plant controller
shows how learning components are securely evaluated against seeded maximum-power estimations and
grid events. This is the same pattern we use for DRL-based MPPT [87,88].

Fig. 14 overlays simulation, HIL, and field power traces produced by the same seeded irradiance/PSC
sequence and shows tight agreement; Fig. 15 displays the generated Gpoa(t) together with its ramp-rate
distribution, making it easy to match site statistics; and Fig. 16 is a parity plot comparing key KPIs (e.g., nmppr,
VRI) measured in HIL/field against simulation predictions. Furthermore, the accompanying Tables 14-16
describe the pipeline stages and artifacts, the seeded profile parameters, and KPI acceptance targets.
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Figure 14: Digital twin validation

This pipeline from DT to HIL to field creates an evidence chain that is both scientifically sound and
useful for operations. By fixing random seeds and publishing disturbance metadata, other groups can replay
identical stressors; by anchoring measurements to IEC 61724-1 classes, yield/PR and dynamic indices are
portable across sites and vendors; and by verifying IEEE 1547 grid-support and ride-through functions in
HIL and field, the same candidate control stacks can clear interconnection screens. This is a useful plan on
how to get bankable validation of co-designed optimization and control algorithms in resilient photovoltaics.
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Table 14: A summary of the pipelines
Stage Purpose Artifacts & Interfaces
Digital twin (DT)  Electro-thermal PV array + inverter + Simulink/Modelica + PVLIB;
model grid interface; calibrated parameters 0 impedance scan data
Disturbance Seeded irradiance/PSC/grid events CSV/JSON seeds; NSRDB/Task 13
library with metadata templates
HIL stage Real-time plant emulator; controller in ~ Typhoon HIL/OPAL-RT/PLECS RT;

the loop

At < 1-5 ps inner loop

(Continued)
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Table 14 (continued)

Stage Purpose Artifacts & Interfaces
Field stage On-site measurements; IEC 61724-1 SCADA + Class A sensors;
data quality synchronized clocks (PTP/NTP)
Alignment & Time alignment, delay compensation; ~ Cross-correlation; exhaustive scan or
oracle GMPP oracle certified solver
KPIs & acceptance nmepts 195, VRI, THD, ride-through IEEE 15471 tests; IEC PR & yield

Table 15: Summary of disturbances

Profile Parameters Notes
Irradiance OU \, 0, ; seed s OU SDE; ramp windows; PSD targets
PSC mask shadow cell size, duty, speed; seed Stochastic mask o.ver. strings/modules;
Spsc severity index
Grid events fault depth/duration; SCR; seed Sgrid Sags, flicker, ROCOF; test envelopes (1547)
Soiling profile daily rate sq; clean events Additive SR(t) trajectories per Task 13

Table 16: Overview of KPIs

KPI Definition Acceptance Target
MPPT [P dt/[P*dt >0.98 over PSC suite; report worst-case
t95 time to reach 95% of GMPP <0.30 s in >90% cases
VRI post-sag voltage recovery index >0.90 within 0.5-1.0 s
THD@PCC harmonic distortion (IEEE 1547.1) Within utility limits
Ride-through stay connected in envelopes IEEE 1547 categories I-III

Stacks under test are presented as follows:
(i) Metaheuristics: PSO/DE configured per survey guidance (velocity clamp, restarts).
(ii) Hybrid: InC/P&O near knee with scan hand-oft to improved PSO/DE; bounded finish.

(iii) DRL: PPO/DDPG with reward shaping (APporm — A|Asetpoint|), 0.5%-2% V or duty increments,
safety clamps.

Interfaces: GFL (SRF-PLL with harmonic rejection, conservative w. vs. SCR) and GFM (droop/VSM
with explicit current limiting).

Scenario library & seeds. Seeded PSC masks, irradiance OU + ramp windows, soiling trajectories, and
grid events by SCR category. Names and seeds are published (Table 17).

KPIs & acceptance. nyppr (oracle), tys to GMPP after ramp, residual oscillation (%V,.), VRI,
THD@PCC, and 1547 ride-through pass/fail; parity targets across tiers ([N — n¥™| < &, |tos 111, — tos,gim| <
g, [VRIFEM — VRIS < gypy).

Results (summary). We report per-stack medians and IQR across seeds; compare GFL vs. GFM by
SCR; and provide parity plots (Figs. 17-19). A concise comparison is consolidated in Table 13 (Section 5) and
cross-referenced here.
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Table 17: Scenario library & seeds
Case ID Stressor mix Seeds Notes
PSC-A Two-block partial shading (3 Spsc = 314,159, Moving shade mask with lateral
peaks) Stopo = 2718 drift; mismatch index ~0.23
RAMP-B Irradiance ramp 60-80 min Sirr = 161,803, AG ~ 325 W-m™%; RRys ~ 16
+ baseline flicker Stlick = 57,721 W-m~2-min~!
SOIL.C Soiling accumulation + Ssoil = 112,358, sa ~ 0.15%/day; manual clean at
scheduled clean Smaint = 144 day 60; SR(t) reported
GRID-D Weak grid (SCR =2.5) + Sgrid = 424,242, Voltage sag ~ 30% for 160 ms;

VRT (Cat I) Stault = 8,675,309

post-fault oscillations assessed

Comparative results from the case study (Table 18) instantiate the trade-offs summarized in Table 13,

providing empirical support for the co-design guidance.
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Figure 17: PSC ramp response under identical seed. Power and setpoint trajectories; shaded ramp window; report nappr
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Figure 18: Weak-grid validation (SCR = 2.5): GFL vs. GFM. VRT envelope trace; VRI and ride-through result (pass/fail)
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Table 18: KPI results by stack & interface

Stack & Interface nvepr (median, tos [s] (median, Oscillation  VRI THD@ IEEE 1547.1
IQR) IQR) [%Voc] (median) PCC [%] V/FRT

. 0.982
Metaheuristics + GFL (0.978-0.987) 0.45 (0.38-0.53) 2,1 0,78 3,2 pass
Metaheuristics + GFM 0.984 0.42 (0.35-0.49) 1,8 0,9 2,8 ass

(0.980-0.989) 24 090 ’ ’ ’ P

Hybrid (InC/P&O + 0.990
PSO) + GEL (0.986-0.994) 0.31 (0.25-0.38) 1,1 0,8 3 pass

Hybrid (InC/P&O + 0.992
PSO) + GEM (0.988-0.996) 0.26 (0.21-0.33) 0,9 0,93 2,6 pass

DRL (PPO/DDPG) + 0.994
GFL (0.991-0.997) 0.22 (0.18-0.27) 0,8 0,82 2,9 pass

DRL (PPO/DDPG) + 0.996
GFEM (0.993-0.998) 0.19 (0.16-0.24) 0,6 0,95 2,5 pass

7 Practitioner Checklists, a Minimal Reporting Template, and a Research Agenda for Standardized
Complex-Condition Benchmarks

7.1 Discussion—Implications for Plant Design ¢ Energy Management

This part turns the measured results into real design decisions by applying the standard KPIs (Nmppt»
tos, VRI, THD, and IEEE 15471 compliance). As shown in Table 13 (trade-offs) and the case study
(Table 18; Figs. 17-19), sites with high PSC severity or non-stationary shading should use Hybrid or DRL
MPPT. Our analysis shows that these methods achieve typical medians of nyppe ® 0.992 with to5 ~ 0.26 s
(Hybrid) and nmppt » 0.996 with tos ~ 0.19 s (DRL), which is better than Metaheuristics at ~0.984 with tys
~ 0.42 s. To make this work, it is important to give enough computing power to the global search or agent
and turn on a bounded-step finisher to stop steady oscillation. When grids are weak (SCR < 3), grid-forming
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control with explicit current limiting should be used. The expected VRI should be 2 0.90-0.95 compared to
~0.78-0.85 for tuned grid-following at SCR ~ 2.5. Set the right droops (m;,, my) and virtual inertia/damping
(My, Dy). If grid-following must be kept, lower the PLL bandwidth and add harmonic-rejection filtering.
For moderate SCR (around 3-5) and milder PSC, a Hybrid tracker and a conservatively calibrated grid-
following inverter are usually enough. The most important is to ensure that the PLL bandwidth and rate
limiters are adjusted carefully and that the 1547.1 functions are checked. In fleets that are prone to soiling,
combine Hybrid/DRL tracking with O&M triggers based on SR(t) and the daily soiling rate s4. This is because
a few percent of annual energy may be at stake, so plan cleaning accordingly. Table 19 shows how to turn
these options into actions for engineering and operations teams:

Table 19: Result — Design Action (with parameters & expected effect)

Key result Design decision Parameterization/Setting  Expected effect
_ Hybrid: scan-handoft
flfg’ind(;lsz ;e;i;c(:)e 1t995$ Select Hybrid/DRL for window 2%-4% V_oc; Asetpoint
~U.42—>V. .
PSC/ramp sites DRL: AV 0.5%-2% V_oc; P

at similar or higher nuyppt e el @

At SCR = 2.5, GFM yields
VRI » 0.95 (vs. GFL »
0.78) with THD

Choose GFM +
current limiting

Droops 2%-5%; M, 0.2-2
s; Dy 0.5-5 pus;
current-limit strategy

Faster, smoother
voltage recovery;
ride-through

2.5%-3.2% margin 1
Reduced
Voltage/duty cl 3
DRL shows <1% steady Allow bounded-step © age/ uty clamps wear/thermal
. . ) terminal bonus near S
oscillation at setpoint finisher cycling; inverter
GMPP .
efficiency 1
Shorter
DT—HIL—Fiel i lay Table 17 profiles;
cl_l)lsters_;el:r ; I—)a;ty Adopt seeded R?;i‘? ytar1 )eis :)IE) - commissioning,
. ve validation in FAT/SAT ~ P#7 118 Nmppt> reproducible
(Flg 19) tos, VRI
acceptance

Note: All KPI values and settings referenced above come from the synthesized and case-study evidence in this article.

Operationally, the results justify tighter EMS settings and targeted O&M. With Hybrid/DRL trackers
delivering t95 < 0.3 s, ramp-aware reserves and curtailment buffers can be reduced during fast edges while
respecting grid-code limits, sized using ramp percentiles RRy5 from Section 2 and Fig. 17. Cleaning should
be triggered by the soiling ratio SR(t) and daily rate sq; Hybrid/DRL mitigate post-clean and dust-event
transients, and fleets should report PR.,,, and SR alongside yields for apples-to-apples comparison. For
forecasting and dispatch, the seeded disturbance profiles (Table 17) can be replayed in EMS “what-if” studies
to schedule GFM during expected low-SCR windows (e.g., islanded feeders or long lines) and revert to
GFL at higher SCR if preferred. Harmonics management remains straightforward—our stacks met THD =
2.5%-3.2%—but sites should verify against Schneider/NEMA limits and IEEE 1547.1 test methods.

Back-of-envelope energy/cost calculator:

Let An be the nyppe gain of the chosen stack relative to baseline during PSC windows, and Hyc the
annual PSC-affected operating hours.

Extra MWh ~ An x POA-available MWh during PSC » An x Pac ratea X CFPSC x HPSC.
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Example: against a metaheuristic baseline (n ~ 0.984), Hybrid (0.992) yields An ~ 0.8%, DRL (0.996)
An ~1.2%. 1£20% of operating hours are PSC-affected, a 100-MWac plant at CF » 0.25 gains ~ 35-50 MWh/yr
(Hybrid) or 50-75 MWh/yr (DRL). Use site-specific RR and SR statistics to refine CF,, (Illustrative; replace
with the Table 18 medians).

In our experiments, all controller stacks passed the IEEE 1547.1 Category-II ride-through for compliance
and risk. However, it is still a good idea to do electromagnetic-transient (EMT) studies when the SCR is very
low or when there are multiple feeds where interactions could happen. Operational resilience should have
clear backups and watchdogs. For example, restart metaheuristics when they become stuck, give control to a
deterministic local scan if a DRL agent indicates reward collapse, and use current-limiting methods to keep
GFM faults from getting out of hand. Finally, the seeded library is purposefully small, so commissioning
should follow the DT—HIL—Field pathway to add scenarios and adjust parameters to fit local climates and
module technologies.

7.2 Critical Analysis

This part of study makes the review into a useful guide. The practitioner checklists are written
as straightforward, declarative statements so that they can be copied immediately into test reports and
commissioning plans. Before deployment, the readiness check makes sure that the site has been characterized
for partial shading, soiling, temperature spread, irradiance-ramp statistics, and grid strength. It also checks
that the measurement fidelity meets IEC 61724-1 (sensor class, calibration, clock synchronization, and data
completeness); that the control stack has been co-tuned to a declared SCR and feeder impedance (global
MPPT parameters, droop/inertia or a conservative PLL bandwidth, and explicit current-limit behavior); and
that a seeded disturbance library covering PSC, ramps, soiling trajectories, and low-SCR events has been
created and archived with public seeds. The DT—HIL—Field case study demonstrates that Hybrid/DRL
trackers combined with GFM maintain elevated npmpp: With sub-second recovery and resilient VRI in low-
SCR environments, hence confirming the suggested co-design and reporting framework. During execution,
the owner replays the same seeds across simulation, HIL, and field wherever possible. They also check that
the ramp windows and sag profiles match their published definitions, enforce safety envelopes and current
limits in the exact order tested, and disclose and verify the GMPP oracle or scan logic used to compute MPPT
efficiency. For acceptance, the project sets quantitative limits in advance, such as MPPT efliciency over the
PSC suite, convergence time to the GMPP after ramps, voltage-recovery index and harmonic limits at the
PCC, and ride-through within the chosen IEEE 1547 category. It also confirms that sensor uncertainties are
passed on to yields and performance ratios so that results can be traced and moved. The dataset comes with
a one-page reporting template to make sure that sites, vendors, and studies can be compared. The template
starts with fields for identification (plant rating and topology, location and climate class, monitoring class per
IEC 61724-1, and data-capture dates). It then lists the scenario design, including seed values and generators for
irradiance, PSC masks, soiling trajectories, and grid events, along with time bases and sampling resolutions.
It gives a short description of the control stack and hyperparameters, such as the MPPT family and final
population sizes, step or mutation factors, hybrid switch thresholds, or DRL action granularity and reward
weights. It also talks about the settings on the inverter side, such as droop slopes, virtual inertia/damping,
and current-limit configuration for grid forming, or PLL bandwidth, filtering, and phase margin for grid
following. It tells which oracle was used to get the GMPP reference and how to time-align the simulation,
HIL, and field traces. Then it gives acceptance metrics in a set order: MPPT efficiency over the PSC suite
with the worst-case scenario identified, convergence time to 95% of GMPP following scripted ramps with
percentiles, voltage-recovery index and THD at the PCC with their windows, and ride-through outcome
with the specific envelope identifier. A final reproducibility block provides code and data DOIs, software
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versions, and a hash of the seed file. This means that every number in the abstract and main text may be
found again without any hidden preprocessing.

The research program’s goal is to make benchmarking under difficult conditions as common as testing
module flash. The most important thing is to have an open, community-maintained library of seedable
disturbance profiles that covers a range of PSC severities, ramp-rate percentiles that are typical of different sky
regimes, canonical soiling trajectories with cleaning schedules, and a small number of low-SCR and multi-
infeed cases. Each profile should have a short name, a JSON seed file, and a description in plain language so
that non-specialists can use it. A second objective is a standard HIL harness with public circuit models, timing
specs, and latency-compensation recipes. This lets independent laboratories stress-test controllers without
having to share proprietary hardware. “Easy” and “hard” cases make sanity tests and deeper diagnostics
easier. A third priority is a well defined GMPP oracle and audit trail, with a small number of recognized
methods (such exhaustive scans, certified surrogate models with proof of optimality, or hybrid scans) and
shared validation instances to reduce the effect of optimistic bias on stated efficiencies. A fourth priority is
an interoperability round robin in which different vendors and research groups use the same seed library
on their stacks and post their results to a common leaderboard with uncertainty bars. Weak-grid cases are
included, and participants must disclose their current-limit behavior and protection settings, since these
settings affect stability outcomes. A fifth priority is a fairness charter for methods that are based on learning:
DRL agents need to provide their training plans, how they filter observations, what actions they can take,
and how much computing power they have. They should also be tested on held-out, pre-registered seed
distributions to make sure they do not overfit to a small number of cloud patterns. The field can go from
interesting case studies to reproducible evidence by breaking down the practitioner checklists into readiness,
execution, and acceptance items; fixing a one-page template that connects seeds, scenarios, hyperparameters,
oracles, and metrics to the final numbers; and setting up a focused research program with open seeds, a
reference HIL harness, sanctioned GMPP oracles, interoperability round robins, and fair evaluation rules for
learning. Utilities and developers can then buy photovoltaic systems with confidence, knowing that global
optimization for energy capture and advanced inverter control for grid support have been tested against the
same standardized complex-condition benchmarks and that every claim in a paper or datasheet can be traced
to public seeds, code, and data.

This review provides a singular taxonomy that correlates real-world stressors to specific MPPT and
inverter-control choices, a standards-compliant evaluation toolkit that facilitates result comparability, a co-
design framework that integrates energy-capture and grid-support goals, and a replicable DT—HIL—Field
pathway that transforms varied case studies into grid-relevant, benchmarkable evidence (refer to Section 2
for metrics, Sections 3 and 4 for method selections, Section 5 for co-design, and Section 6 for validation).

8 Conclusions

This article reframes MPPT and grid support for PV plants as a co-design problem and contributes
a stressor-to-stack decision algorithm, a standards-aware optimization that jointly tunes the tracker and
grid interface, and a reproducible benchmarking protocol with seeded scenarios exercised consistently
across DT—-HIL—Field. Using the same seed library under partial shading, ramps, soiling, and weak-grid
conditions, we found that DRL trackers achieved median npppt ~ 0.996 with tgs ~ 0.19 s and Hybrid trackers
achieved ~0.992 with tg5 ~ 0.26 s, both outperforming Metaheuristics at ~0.984 with ty5 ~ 0.42 s; under
SCR = 2.5, GFM improved voltage recovery (VRI) from roughly 0.78 with tuned GFL to about 0.95 while
keeping THD within 2.5%-3.2%, and all stacks satisfied IEEE-1547.1 Category-II ride-through. Parity plots
showed DT, HIL, and Field measurements clustered close to the y = x reference for nmpps, tos, and VRI,
supporting reproducibility. Practically, these results indicate that sites with high PSC severity and low SCR
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should prioritize Hybrid/DRL MPPT paired with GFM and explicit current limiting, whereas moderate-SCR
sites with milder PSC can rely on Hybrid with a conservatively tuned GFL and reduced PLL bandwidth;
in all cases, reporting Nmppt» tos, VRI, THD, and ride-through outcomes using the provided seeds enables
comparable, grid-relevant evidence. The present seed library is intentionally compact; extending it across
climates, module technologies, and multi-vendor fleets, and publishing multi-site field runs, will further
stress-test the co-design and strengthen generality. (Quantitative trade-offs are summarized in Table 13, KPI
distributions in Table 18, and representative outcomes in Figs. 17-19).
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Symbol Units Meaning

Goos W-m™2 Plane-of-array irradiance

G, W-m™2 Reference irradiance

Y.= f G0,/ G,.cdt h Reference yield

E,. Wh (or kWh) Delivered AC energy

P, w Array nameplate rating

Y,= E,./P. h Final yield

PR =Y,/Y, — Performance ratio (IEC 61724-1)

PR.,..= PR[1 + y;(T.- T.)] — Temperature-corrected PR

Pr %-°C™! Module temperature coeflicient (power)

T, T, °C Cell temperature; reference temperature
(~25°C)
Instantaneous inverter power;

P(t), P*(t) W instantaneous global-maximum PV
power (oracle)

7 — — MPPT efficiency (/P dt/ [ P* dt)

RR = D,,,./dt W-m™2min™* Irradiance ramp rate

SR, SL=1-SR — Soiling ratio and soiling loss

S %-day ! Daily soiling rate

SSC MVA Three-phase short-circuit level at POI
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SCR = SSC/P,
f, w=2naf
E

Voc’ Isc
PQ

m,, m,
M,, D,

E*, w*

E,w,

k;
H(s)

KPI(S) = (kps + k.)/S

s

THD
VRI

A(-)

Hz; rad-s™!

V; A

W; var
Hz-W™!; Vivar™! (or

pu/pu)
S; pu-s

V; rad-s™!

V; rad-s™!
W-Hz !

%

Short-circuit ratio (grid strength)

Grid frequency; angular frequency
Voltage magnitude (RMS unless stated)
PV open-circuit voltage; short-circuit
current

Active and reactive power exports

P-fand Q-V droop slopes

Virtual inertia and damping (VSM)
Commanded voltage magnitude and
frequency (droop/VSM setpoints)
Nominal voltage and frequency setpoints
(droop bases)

Frequency-watt droop coefficient

PLL quadrature-to-phase error mapping
PI compensator; k;,,k; gains; w. PLL
bandwidth

Convergence time to 95% of GMPP after
a disturbance

Total harmonic distortion at PCC
Voltage Recovery Index after sag/fault
Increment/perturbation operator

Note: quantities are RMS and per-unit (pu) where indicated; time bases and
measurement-class assumptions follow IEC 61724-1.

Abbrev.
PV
MPPT
GMPP
PSC
GFM
GFL
PLL
SRF-PLL
SOGI
DDSRF
MAF
VSM
vVOC
dvOoC
MPC
HIL
CHIL
PHIL
EMT
PCC
POI

Meaning

Photovoltaic

Maximum Power Point Tracking
Global Maximum Power Point
Partial Shading Condition(s)
Grid-Forming (control/operation)
Grid-Following (control/operation)
Phase-Locked Loop

Synchronous Reference Frame PLL

Second-Order Generalized Integrator (PLL front-end)

Decoupled Double SRF (PLL)

Moving Average Filter (PLL variant)
Virtual Synchronous Machine

Virtual Oscillator Control
Dispatchable Virtual Oscillator Control
Model Predictive Control
Hardware-in-the-Loop

Controller Hardware-in-the-Loop
Power Hardware-in-the-Loop
Electromagnetic Transients (simulation)
Point of Common Coupling

Point of Interconnection
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DER Distributed Energy Resource

IBR Inverter-Based Resource

IEC International Electrotechnical Commission

IEEE Institute of Electrical and Electronics Engineers

IEA PVPS International Energy Agency—PV Power Systems Programme

NREL U.S. National Renewable Energy Laboratory

ESIG Energy Systems Integration Group

NSRDB National Solar Radiation Database

SRRL BMS Solar Radiation Research Laboratory—Baseline Measurement System

PVDAQ Photovoltaic Data Acquisition (NREL repository)

OPSD Open Power System Data

KPI Key Performance Indicator

DRL Deep Reinforcement Learning

DQN Deep Q-Network

PPO Proximal Policy Optimization

DDPG Deep Deterministic Policy Gradient

PSO Particle Swarm Optimization

DE Differential Evolution

GWO Grey Wolf Optimizer

FA Firefly Algorithm

SSA Salp Swarm Algorithm

O&M Operations and Maintenance

ROCOF Rate of Change of Frequency
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