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Hybrid photovoltaic (PV)-wind systems require maximum power point 

tracking (MPPT) controllers that remain effective under source 

intermittency, shared DC-link dynamics, battery constraints, and 

measurement noise. This research proposes an event-triggered hybrid 

HWOA-GWO MPPT framework in which a Grey Wolf Optimizer 

performs population-based global exploration and a whale-inspired spiral 

operator refines elite candidates, while a filtered adaptive perturb-and-

observe tracker maintains the operating point between major regime 

changes. The research contribution is a converter-aware duty-cycle 

formulation that embeds MPPT decisions within a coupled PV-wind-

battery DC microgrid rather than evaluating the PV source in isolation. 

MATLAB co-simulation is used to assess tracking efficiency, PV power 

ripple, DC-link behavior, battery power, state of charge, and settling 

behavior under four irradiance regimes and measurement noise. Across the 

four regimes, the mean tracking efficiency increases from 98.177 ± 0.100% 

for noisy adaptive P&O to 99.386 ± 0.047% for the proposed method. 

Mean PV power ripple decreases from 13.073 ± 2.249% to 6.523 ± 1.541%, 

corresponding to an approximately 50.1% reduction, while mean settling 

times remain comparable. The DC-link response remains bounded and the 

battery operates within the imposed saturation logic. The results indicate 

that event-triggered global repositioning combined with low-cost local 

tracking improves energy capture and ripple suppression without claiming 

unsupported CPU-time performance. 
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1. INTRODUCTION 

Hybrid photovoltaic-wind (Figure 1) systems are increasingly used in stand-alone and microgrid 

applications because complementary renewable resources can reduce net power variability. Their control 

problem is nevertheless more demanding than the MPPT problem of an isolated PV array: the PV duty cycle 

changes the PV operating voltage, modifies the power injected into the common DC link, and consequently 

affects battery power, DC-bus regulation, and load support. Recent hybrid-system studies therefore emphasize 

coordinated control, storage-aware power management, and converter-level constraints rather than source-by-

source optimization [4],[8]-[16],[18][19],[21],[49][50]. 
Figure 2 illustrates duty-cycle-based MPPT for a PV source interfaced by a DC/DC boost converter. The converter 

duty cycle is the physical control variable that maps the DC-bus voltage to a PV operating voltage. In a coupled PV-wind-

battery architecture, this decision is not independent of the rest of the microgrid because DC-link excursions and battery 

saturation can constrain otherwise optimal source-level operation. 
 

 
Figure 1. Proposed hybrid PV-wind-battery system architecture with unified MPPT controller [6] 

 

 
Figure 2. MPPT-Based Duty Cycle Control of the DC/DC Boost Converter [7] 
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The state of the art spans improved P&O and incremental-conductance techniques, model-predictive MPPT, fuzzy 

and neural controllers, and population-based metaheuristics. Recent reviews show that conventional methods remain 

attractive for low computational cost but can exhibit oscillation or local-peak limitations under rapidly varying or 

multimodal conditions [3],[5],[35][36],[41]. Intelligent and swarm-based approaches, including NF-PSO, GWO, WOA, 

and hybrid variants, improve global-search capability but introduce a practical trade-off between search quality, 

convergence time, and computational effort [6][7],[17],[27]-[29],[45]-[47]. 
WOA variants provide exploitation through encircling and spiral-search operators, whereas GWO exploits a three-

leader hierarchy to balance exploration and convergence. Hybridization can therefore be implemented at the operator level 

rather than by a weighted average of two independent optimizers. The present study uses sequential operator-level 

hybridization: GWO updates the complete candidate population, after which the WOA spiral operator is applied only to 

elite candidates and accepted when it improves fitness. This integration mechanism is consistent with the motivation of 

recent hybrid WOA developments [1][2] while being tailored here to the converter duty-cycle domain. 
A more defensible research gap emerges when the literature is considered at system level. Real-time and hardware-

oriented metaheuristic MPPT implementations do exist; therefore, the novelty is not claimed to be the first real-time use of 

a metaheuristic. Instead, the gap addressed here is the combination of (i) duty-domain global optimization, (ii) event-

triggered invocation rather than continuous population search, (iii) filtered low-cost local tracking between events, and (iv) 

evaluation inside a dynamically coupled PV-wind-battery system with shared DC-link and storage constraints. Event-

triggered DC-microgrid studies demonstrate that sparse updates can reduce unnecessary control or communication activity 

[40],[43][44],[48], but this concept has not been systematically integrated with the HWOA-GWO duty-domain MPPT 

structure evaluated in this manuscript. 
Accordingly, the proposed controller is designed to relocate the operating point after meaningful regime changes 

while avoiding repeated global optimization during quasi-steady periods. The validation is organized by operating regime 

so that irradiance transitions, DC-link response, battery saturation, ripple, and settling behavior can be examined separately 

rather than hidden inside a single aggregate value. 
 

1.1. Clear Research Gap 

Despite recent progress in intelligent MPPT and coordinated hybrid renewable control, the literature does 

not provide a directly comparable framework that jointly combines event-triggered HWOA-GWO duty-cycle 

optimization, filtered adaptive local tracking, and system-level PV-wind-battery/DC-link feasibility 

assessment under the same control architecture. The research problem is therefore to improve PV maximum-

power extraction without allowing a high-frequency population optimizer or MPPT-induced duty chatter to 

impose unnecessary computational and dynamic stress on the coupled hybrid system. 

1. Formulate the MPPT objective directly in the boost-converter duty-cycle domain while retaining the PV-

wind-battery DC-link coupling and converter limits. 

2. Implement an operator-level HWOA-GWO search in which GWO performs population exploration and 

the WOA spiral operator refines elite candidates; no artificial weighting factor between the two algorithms 

is used. 

3. Invoke the global optimizer only after meaningful operating changes and use a filtered adaptive P&O 

tracker between events to reduce unnecessary global-search calls and duty-cycle chatter. 

4. Evaluate tracking efficiency, ripple, settling behavior, DC-link response, battery saturation, and SOC on 

a regime-wise basis, while explicitly separating descriptive simulation evidence from claims that would 

require repeated hardware or multi-seed experiments. 

This formulation narrows the novelty claim relative to prior real-time and intelligent MPPT work: 

previous studies have demonstrated PSO-, GWO-, WOA-, fuzzy-, neural-, and model-based tracking, whereas 

the present work focuses on sparse event-triggered hybrid search embedded in a constrained multi-source DC 

system [5]-[7],[15],[17],[28][29],[33],[36],[46][47]. 

 

1.2. Contributions 

The research contribution is summarized as follows: 

1. A converter-aware system formulation links PV duty-cycle selection to DC-link dynamics and battery 

power/SOC constraints instead of treating PV MPPT as an isolated source-level problem. 

2. A sequential operator-level HWOA-GWO optimizer is formulated for duty-cycle MPPT: the GWO 

hierarchy performs global exploration and the WOA spiral equation refines elite solutions around the 

current best candidate. 

3. An event-triggered execution layer activates the population optimizer only at significant regime changes, 

while EMA-filtered adaptive P&O provides low-complexity local updates between events. This 

architecture is conceptually aligned with event-triggered renewable-microgrid control [40],[43],[44],[48]. 
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4. A regime-wise assessment framework reports efficiency, PV ripple, settling behavior, DC-link dynamics, 

battery power saturation, and SOC. The revised analysis avoids unsupported claims of stochastic 

significance or measured CPU-time where raw repeated-run data were not available. 

These contributions integrate global metaheuristic search, local MPPT tracking, and hybrid-system 

feasibility in a single control-oriented framework. 

 

2. LITERATURE REVIEW 
Hybrid renewable systems combine complementary generation and storage to mitigate intermittency, but 

this benefit depends on coordinated conversion and power management. Recent studies address PV-wind 

uncertainty, hybrid energy storage, coordinated multi-source power management, grid-connected predictive 

control, EV charging, and PV-wind-battery control [4],[8]-[16],[18],[19]. These works support the system-

level view adopted here: MPPT performance should be judged together with DC-link regulation, storage 

feasibility, load support, and converter constraints. 

For PV MPPT, contemporary literature includes improved classical methods, model-predictive strategies, 

fuzzy/neural control, and swarm intelligence. Reviews in [3],[35],[38], and [41] identify the familiar trade-off 

between simplicity and steady-state oscillation for conventional trackers, and between global-search robustness 

and computational burden for intelligent methods. Recent PV studies demonstrate adaptive fuzzy-GWO, 

GWO/WOA variable-step tracking, GWO-IC, NF-PSO, and GWO-enhanced PSO approaches 

[5],[7],[17],[27]-[30],[45]-[47]. 

Wind-side studies similarly show that nonlinear aerodynamics, generator dynamics, storage, and 

converter control influence the feasible operating point. Recent work covers hybrid MPPT and storage, 

fuzzy/PSO/GA control, wind-energy technology reviews, reliability and fault monitoring, and advanced 

generator/control structures [10],[14],[16],[20],[22]-[26],[30]-[34],[37]-[39],[42]. These studies are relevant to 

the present hybrid architecture because the wind source changes the net DC-bus power mismatch that the 

battery and supervisory controller must absorb. 

Power quality and system reliability provide an additional motivation for ripple-aware MPPT. Hybrid 

controllers and conditioning systems have been used to improve DC-link performance, harmonics, voltage 

regulation, and grid-interface behavior [4],[9],[13],[24]-[25]. Consequently, a PV tracker that gains a small 

amount of source power at the cost of large duty oscillations can be undesirable when the same oscillations 

propagate into the common DC bus and increase storage compensation effort. 

Event-triggered control offers a complementary strategy for reducing unnecessary activity. Recent DC-

microgrid studies use event-triggered secondary control and energy management to preserve voltage/power-

sharing objectives while reducing communication or update burden [40],[43],[44],[48]. The present work 

transfers this sparse-update principle to metaheuristic MPPT execution: global search is reserved for detected 

operating changes, while a lightweight local tracker handles the intervals between them. 

Hybrid metaheuristics are attractive because different operators can supply complementary search 

behavior. Brownian and strategy-improved WOA variants illustrate how additional exploration or exploitation 

mechanisms can reduce premature convergence [1][2]. In this manuscript, hybridization is explicitly sequential 

and operator-based rather than a weighted fusion: GWO updates all candidate duties using the alpha-beta-delta 

hierarchy, and WOA spiral refinement is then applied to elite candidates with greedy acceptance. 

The broader hybrid-energy literature also emphasizes uncertainty mitigation, energy-management 

optimization, and dynamic evaluation [8],[11][12],[18],[30][31],[49][50]. These studies reinforce the need for 

tests that include source transitions and storage constraints rather than only a static PV P-V curve. 

The novelty of the proposed method is therefore defined by the combination of four elements under one 

test framework: duty-domain global search, operator-level HWOA-GWO hybridization, event-triggered 

optimizer invocation with filtered adaptive P&O between events, and coupled PV-wind-battery/DC-link 

assessment. It is not claimed that GWO, WOA, PSO, or real-time intelligent MPPT are themselves new. 

A limitation of cross-paper comparison is that published MPPT efficiencies and settling times are 

obtained with different PV modules, converters, irradiance profiles, noise levels, sampling rates, and hardware. 

For that reason, the comparison below focuses on control structure and validation scope rather than presenting 

non-equivalent numerical rankings. 

Table 1 summarizes representative recent approaches and clarifies where the proposed architecture 

differs. 
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Table 1. Structural comparison with representative recent MPPT approaches 

Method / Ref. 

Global-

Search 

Mechanism 

Local Low-

Cost Tracker 

Event-

Triggered 

Global 

Search 

Noise Filtering 

Hybrid-

System/Dc-

Link 

Coupling 

Main Distinction / 

Limitation 

Adaptive P&O 

[5] 
No Yes No 

Implementation-

dependent 

Usually PV-

level 

Simple; can 

oscillate under 

noise or fast 
changes 

NF-PSO [17] PSO 

Neuro-

fuzzy/local 
control 

No Not central PV-wind 

Improved nonlinear 

tracking; optimizer 
overhead remains 

GWO-IC [27] GWO 
Incremental 

conductance 
No Not central PV application 

Hybrid global/local 

tracking; not event-
triggered 

GWO/WOA 

variable-step 

[28] 

GWO or 
WOA 

Variable-step 
P&O logic 

No 
Assessed under 
dynamic data 

PV 

Strong recent 

benchmark; 
separate GWO and 

WOA trackers 

MGWO-

adaptive fuzzy 
[29] 

Mutant GWO 
Adaptive 

fuzzy control 
No 

Implicit in 

controller 
PV 

Adaptive intelligent 
MPPT; no shared 

PV-wind-battery 

DC link 

GWO-

enhanced PSO 
[47] 

GWO-

optimized 
PSO 

Controller-

dependent 
No Not central PV 

Meta-optimization 

improves PSO; 

continuous 
optimization 

emphasis 

Proposed 

HWOA-

GWO 

GWO + 

WOA elite 

refinement 

EMA-filtered 

adaptive 

P&O 

Yes Yes 

PV-wind-

battery 

shared DC 

link 

Sparse global 

search with 

system-level 

feasibility 

assessment 

 

3. METHODOLOGY 

3.1. System Modeling 

The power plant under consideration is a hybrid stand-alone power supply system consisting of a PV, a 

wind generator, and a battery, connected through a common DC bus. The power from the wind generator is 

connected to the common bus after rectification and DC conversion, and the PV is connected through a DC/DC 

boost converter to the common bus. The battery, subject to charge/discharge constraints, acts as a balancing 

element on a medium-time scale, whereas the DC link capacitor acts as the major energy reservoir on a fast 

time scale. The objective of the modeling is to reflect the electromechanical relationship, which dictates the 

effectiveness of MPPT in a hybrid power supply system, where the DC bus transient affects battery power flow 

and satisfaction of the load, the power extracted from the PV affects the DC bus, and the point of operation of 

the PV depends on the boost converter duty cycle. 

 

3.1.1. Photovoltaic Source Model 

The single-diode model, commonly employed in control-related studies and characterized by accurate 

𝐼 − 𝑉 curves for varying irradiance 𝐺 and temperature 𝑇, is employed for simulating the PV system. The PV 

 current is given by 

 𝐼𝑝𝑣 = 𝐼𝑝ℎ(𝐺, 𝑇) − 𝐼0(𝑇) [exp⁡   (
𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠

𝑛𝑉𝑡
) − 1] −

𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠

𝑅𝑠ℎ

 (1) 

where 𝑉𝑡 =
𝑘𝑇

𝑞
𝑁𝑠 is the thermal voltage multiplied by the number of series cells⁡𝑁𝑠 (with k being the Boltzmann 

constant and q being the electron charge), and 𝐼𝑝ℎ⁡is the photo-generated current, I0 is the saturation current of 

the diode, Rs and Rsh are the series and shunt resistances, and n is the ideality factor of the diode. The 

temperature and irradiance dependencies are captured by 

 𝐼𝑝ℎ(𝐺, 𝑇) = (𝐼𝑠𝑐,𝑟𝑒𝑓 + 𝐾𝐼(𝑇 − 𝑇𝑟𝑒𝑓))
𝐺

𝐺𝑟𝑒𝑓
 (2) 

And 
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 𝐼0(𝑇) = 𝐼0,𝑟𝑒𝑓 (
𝑇

𝑇𝑟𝑒𝑓
)

3

exp⁡   [
𝑞𝐸𝑔

𝑛𝑘
(
1

𝑇𝑟𝑒𝑓
−
1
𝑇
)], (3) 

where 𝐼𝑠𝑐,𝑟𝑒𝑓is the reference short-circuit current at (𝐺𝑟𝑒𝑓
, 𝑇𝑟𝑒𝑓), 𝐾𝐼is the temperature coefficient of current, 

and 𝐸𝑔is the bandgap energy. The instantaneous PV power is 

 𝑃𝑝𝑣(𝑡) = 𝑉𝑝𝑣(𝑡) 𝐼𝑝𝑣(𝑡). (4) 

The MPPT controller can utilize power calculation at a potential PV operating voltage since the PV I-V 

curve is generated for a specified (𝐺, 𝑇),  in each time step, which eliminates the need to solve (1) iteratively 

by the optimizer. The proposed approach maintains the nonlinearity of the curve, which is still computationally 

tractable. 

 

3.1.2. DC/DC Boost Converter Average Model and Duty-Domain Actuation 

An averaged model of the MPPT/control time scale is used to represent the switching action of the boost 

converter used to interface with the PV array. The voltage conversion relationship in the case of idealized 

voltage conversion and continuous conduction mode is given by 

 𝑉𝑑𝑐 =
𝑉𝑝𝑣

1 − 𝐷
,⇒ 𝑉𝑝𝑣 = (1 − 𝐷)𝑉𝑑𝑐 , (5) 

where D is the boost-converter duty cycle. Equation (5) makes explicit that the MPPT decision variable is 

naturally expressed in the duty domain: choosing 𝐷 selects the PV operating voltage 𝑉𝑝𝑣, which then determines 

the extracted PV power through the nonlinear PV I-V curve. Because D also couples the PV stage to the 

common DC bus, duty perturbations affect both PV power and DC-link dynamics; this is a central reason for 

assessing MPPT at system level in the hybrid architecture. 

 

3.1.3. Wind Source Model 

The wind subsystem is modeled through an equivalent power injection into the DC bus after rectification 

and conversion. At the aerodynamic level, the captured power is 

 𝑃𝑤,𝑎𝑒𝑟𝑜 =
1

2
𝜌𝐴𝐶𝑝(𝜆, 𝛽)𝑣𝑤

3 , (6) 

where 𝜌 is air density, 𝐴 is rotor swept area, vw is wind speed, and 𝐶𝑝(𝜆, 𝛽) is the turbine power coefficient. 

For the control-oriented hybrid microgrid study, the electrical wind channel is represented as a bounded time-

varying DC-side power injection after generator, rectifier, and converter losses. 

 𝑃𝑤𝑖𝑛𝑑(𝑡) ⁡= ⁡𝜂𝑤⁡𝑃𝑤, 𝑎𝑒𝑟𝑜(𝑡) (7) 

where 𝜂𝑤 aggregates generator, rectifier, and converter efficiencies. In the simulations, 𝑃𝑤𝑖𝑛𝑑(𝑡) is obtained 

by mapping the imposed wind-speed profile to DC-side power and enforcing the rated turbine/converter 

saturation limits, thereby maintaining a physically bounded wind-power contribution to the common DC bus. 

 

3.1.4. DC-Link Dynamics and Power Balance 

The DC link is represented by capacitance 𝐶𝑑𝑐. From energy conservation, its stored energy is 𝐸𝑑𝑐  = 0.5 

𝐶𝑑𝑐𝑉𝑑𝑐
2 ; therefore, the DC-bus voltage evolves according to the instantaneous mismatch among PV power, 

wind power, battery power, load demand, and modeled losses. 

 
𝑑

𝑑𝑡
(
1

2
𝐶𝑑𝑐𝑉𝑑𝑐

2 ) = 𝑃𝑝𝑣 + 𝑃𝑤𝑖𝑛𝑑 + 𝑃𝑏𝑎𝑡 − 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑙𝑜𝑠𝑠 , (8) 

which can be written in voltage form as 

 𝑉̇𝑑𝑐 =
𝑃𝑝𝑣 + 𝑃𝑤𝑖𝑛𝑑 + 𝑃𝑏𝑎𝑡 − 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑙𝑜𝑠𝑠

𝐶𝑑𝑐𝑉𝑑𝑐
, (9) 

In discrete-time simulation with sampling interval 𝑇𝑠, the update is 

 
𝑉𝑑𝑐[𝑘 + 1] ⁡= ⁡𝑉𝑑𝑐[𝑘] ⁡+ ⁡𝑇𝑠{𝑃𝑝𝑣[𝑘] + 𝑃𝑤𝑖𝑛𝑑[𝑘] + 𝑃𝑏𝑎𝑡[𝑘] − 𝑃𝑙𝑜𝑎𝑑[𝑘] − 𝑃𝑙𝑜𝑠𝑠[𝑘]}/(𝐶𝑑𝑐 ·

𝑚𝑎𝑥[𝑉𝑑𝑐[𝑘], 𝜀])  
(10) 
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where 𝜀⁡ > ⁡0 prevents numerical problems near zero DC-bus voltage. Losses may be neglected in the control-

focused simulation or represented by a small proportional term; the reported efficiency comparison is attributed 

primarily to MPPT behavior and coupled DC-bus dynamics under converter and battery constraints. The load 

is represented on the DC side by an equivalent resistance Rload, giving the power relation in (11). 

 𝑃𝑙𝑜𝑎𝑑 =
𝑉𝑑𝑐
2

𝑅𝑙𝑜𝑎𝑑

, (11) 

If load shedding is enabled, the equivalent Rload is modified during severe deficits to preserve DC-bus 

feasibility. This represents protection/energy-management action rather than an MPPT decision. 

 

3.1.5. Battery Model and SOC Dynamics 

The battery is represented by a control-oriented power/SOC model rather than an electrochemical or 

Thevenin equivalent-circuit model. Accordingly, internal resistance and an open-circuit-voltage-versus-SOC 

polynomial are not state equations of the adopted model and are not parameters of (12) to (14). The model is 

intentionally limited to charge/discharge power saturation, energy balance, efficiency, and SOC protection 

because the study evaluates MPPT/DC-bus interaction rather than battery terminal-voltage transients. This 

modeling scope is now stated explicitly to avoid implying an unimplemented electrical battery model. 

 −𝑃𝑐ℎ,max⁡ ≤ 𝑃𝑏𝑎𝑡(𝑡) ≤ 𝑃𝑑𝑖𝑠,max⁡. (12) 

SOC evolves according to the energy balance: 

 𝑆𝑂𝐶[𝑘 + 1] = 𝑆𝑂𝐶[𝑘] −
𝑇𝑠

𝐸𝑏𝑎𝑡
(
𝑃𝑑𝑖𝑠
𝑏𝑎𝑡[𝑘]

𝜂𝑑𝑖𝑠
− 𝜂𝑐ℎ  𝑃𝑐ℎ

𝑏𝑎𝑡[𝑘])  (13) 

where Ebat is the usable battery energy capacity (converted to joules for the discrete-time update), Pdis^bat = 

max(𝑃𝑏𝑎𝑡 , 0) is discharge power supplied to the DC bus, 𝑃𝑐ℎ
𝑏𝑎𝑡 = max⁡(−𝑃𝑏𝑎𝑡 , 0 is charging power absorbed by 

the battery, and ηdis and ηch are the corresponding discharge and charge efficiencies. The SOC bounds are 

then enforced as given in (14). 

 𝑆𝑂𝐶min ≤ 𝑆𝑂𝐶[𝑘] ≤ 𝑆𝑂𝐶max. (14) 

This abstraction captures the feasibility constraints needed for the supervisory power-balance study, but it does 

not reproduce cell-level voltage sag, temperature dependence, or internal-resistance losses. Those effects are 

therefore identified as a limitation and a target for future hardware-oriented validation. 

 

3.1.6. DC-Bus Regulation and Power Reference for the Battery 

DC-bus regulation is provided by a supervisory controller that generates the battery power reference 

Pbat,ref to compensate the net mismatch between generation and load while regulating the bus around Vdc,ref. 

Equation (15) and equation (16) combine feedforward power balance with proportional-integral voltage-error 

correction. 

 𝑒𝑣[𝑘] = 𝑉𝑑𝑐
𝑟𝑒𝑓

− 𝑉𝑑𝑐[𝑘], (15) 

 

𝑃𝑏𝑎𝑡
𝑟𝑒𝑓

[𝑘] = (𝑃𝑙𝑜𝑎𝑑[𝑘] − 𝑃𝑝𝑣[𝑘] − 𝑃𝑤𝑖𝑛𝑑[𝑘]) + 𝐾𝑝𝑒𝑣[𝑘] + 𝐾𝑖 ∑𝑒𝑣

𝑘

𝑖=0

[𝑖]𝑇𝑠, (16) 

followed by saturation (12) and SOC protection (14). The feedforward term (𝑃𝑙𝑜𝑎𝑑−𝑃𝑝𝑣−𝑃𝑤𝑖𝑛𝑑)targets 

immediate power balance, while the PI terms correct residual error and shape transient response. This structure 

makes DC-bus stability a system-level objective that interacts with MPPT decisions, especially when MPPT-

induced power ripple perturbs 𝑃𝑝𝑣 and thus increases the regulation effort demanded from storage. 

 

3.2. Proposed Hybrid HWOA–GWO MPPT Control 

3.2.1. Duty-Domain MPPT Problem Formulation Under Hybrid Coupling 

At each control interval, the MPPT objective is to select a duty cycle D that maximizes extracted PV 

power while respecting converter duty limits and the feasibility constraints of the coupled hybrid system. Using 

the duty-to-PV-voltage relation in (5) and the PV I-V characteristic, the duty-domain power objective is defined 

in (17). 



1466 Buletin Ilmiah Sarjana Teknik Elektro ISSN: 2685-9572 

 Vol. 8, No. 5, October 2026, pp. 1459-1476 

 

Asaad Ali Muhsen (Enhancement of MPPT Control in PV-Wind Hybrid Systems Using a Hybrid HWOA-

GWO Optimization Algorithm) 

 𝑉𝑝𝑣(𝐷) = 𝑉𝑝𝑣(𝐷)𝐼𝑝𝑣⁡⁡⁡⁡⁡⁡(𝑉𝑑𝑐(𝐷)). (17) 

With 

 𝑉𝑝𝑣(𝐷) = (1 − 𝐷)𝑉𝑑𝑐 . (18) 

In the numerical implementation, 𝐼𝑝𝑣(𝑉)is obtained from the generated I–V curve at the current (𝐺, 𝑇), 

enabling evaluation of 𝑃𝑝𝑣(𝐷)by interpolation. The optimization is subject to practical constraints including 

duty bounds, and implicit constraints imposed by the DC-bus regulator and battery saturation: excessive duty 

oscillations can increase DC-link ripple and induce storage power stress. Therefore, the MPPT strategy must 

balance fast convergence with ripple mitigation, which motivates a hybrid architecture that combines global 

repositioning with locally smooth tracking. 

 

3.2.2. Measurement Noise and Filtering 

Real MPPT implementations operate on measured PV voltage/current, which are inevitably corrupted by 

sensor noise and switching ripple. The measured signals are modeled as 

 𝑉𝑝𝑣,𝑚[𝑘] = 𝑉𝑝𝑣[𝑘](1 + 𝜎𝑣𝜉𝑣[𝑘]), 𝐼𝑝𝑣,𝑚[𝑘] = 𝐼𝑝𝑣[𝑘](1 + 𝜎𝑖𝜉𝑖[𝑘]) (19) 

where 𝜉𝑣 and 𝜉𝑖 are zero-mean unit-variance Gaussian variables. In the reported noisy scenario, the common 

relative standard deviation is 0.5% for both measured channels, i.e., 𝑠𝑖𝑔𝑚𝑎𝑣 = 𝑠𝑖𝑔𝑚𝑎𝑖 = ⁡0.005. This explicit 

specification removes ambiguity in the measurement-noise model. To reduce duty-command chattering, the 

measured values are filtered by an exponential moving average (EMA) 

 𝑉‾𝑝𝑣[𝑘] = 𝛼𝑉‾𝑝𝑣[𝑘 − 1] + (1 − 𝛼)𝑉𝑝𝑣,𝑚[𝑘], 𝐼‾𝑝𝑣[𝑘] = 𝛼𝐼‾𝑝𝑣[𝑘 − 1] + (1 − 𝛼)𝐼𝑝𝑣,𝑚[𝑘], (20) 

with 𝛼⁡ = ⁡0.9 in the reported simulation. The filtered voltage and current are used by the local tracker and the event logic. 

 

3.2.3. Event-Triggered Hybrid Architecture 

The proposed MPPT controller has two layers. The low-cost adaptive P&O tracker is evaluated every 

control sample, whereas the HWOA-GWO population optimizer is invoked only when the event condition 

indicates a meaningful regime change. The event logic combines an irradiance-change threshold with a 

minimum interval between optimizer calls to avoid repeated activation during short-lived fluctuations. 

 ℰ[𝑘] = {
1, ∣ 𝐺[𝑘] − 𝐺[𝑘 − 1] ∣≥ Δ𝐺𝑡ℎ⁡and⁡(𝑡[𝑘] − 𝑡𝑜𝑝𝑡,𝑙𝑎𝑠𝑡) ≥ 𝑇𝑜𝑝𝑡,𝑚𝑖𝑛 ,

0, otherwise.
 (21) 

when 𝐸[𝑘] ⁡= ⁡1, HWOA-GWO returns the duty 𝐷 ∗ that maximizes the duty-domain PV objective under the 

current operating conditions. When 𝐸[𝑘] ⁡= ⁡0, the adaptive P&O update maintains operation near the most 

recently identified optimum. The minimum optimization interval was set to 𝑇opt,min = 0.6𝑠, which prevents 

repeated optimizer activation during short-lived fluctuations while remaining substantially shorter than the 4-

s spacing between the imposed irradiance-regime transitions. 

This architecture reduces the frequency of expensive global-search invocations rather than claiming a 

measured CPU-speedup. For the 20 s profile used here, the irradiance waveform contains three post-

initialization regime transitions (at approximately 4, 8, and 12 s), whereas a 1 ms controller has 20,000 sample 

instants. Thus, the event logic creates only a few global-search opportunities instead of calling a population 

optimizer at every sample; actual execution time remains processor- and implementation-dependent. 

 

3.2.4. Hybrid HWOA–GWO Optimizer (Mathematical Description) 

Let the candidate duty vector at iteration 𝑡be 𝐃(𝑡) = {𝐷𝑖(𝑡)}𝑖=1
𝑁𝑝

with population size 𝑁𝑝. The fitness 

function is defined as the negative PV power (to convert maximization into minimization): 

 𝑓(𝐷) = −𝑃𝑝𝑣(𝐷). (22) 

At each iteration, the best three candidates define the grey-wolf hierarchy: 𝛼, 𝛽, 𝛿, corresponding to the lowest 

fitness values. The GWO position update for each candidate is 

 𝐷𝑖(𝑡 + 1) =
𝐷𝑖
(1)

+ 𝐷𝑖
(2)

+ 𝐷𝑖
(3)

3
, (23) 
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where 

 𝐷𝑖
(1) = 𝛼 − 𝐴1 ∣ 𝐶1𝛼 − 𝐷𝑖(𝑡) ∣, 𝐷𝑖

(2)𝛽 − 𝐴2 ∣ 𝐶2𝛽 − 𝐷𝑖(𝑡) ∣, 𝐷𝑖
(3) = 𝛿 − 𝐴3 ∣ 𝐶3𝛿 − 𝐷𝑖(𝑡) ∣, (24) 

and the coefficient vectors are 

 𝐴𝑗 = 2𝑎𝑟1𝑗 − 𝑎, 𝐶𝑗 = 2𝑟2𝑗 , (25) 

with 𝑟1𝑗, 𝑟2𝑗~𝑈(0,1). The parameter a decreases linearly from 2 to 0 across iterations to shift from exploration 

to exploitation: 

 𝑎(𝑡) = 2 (1−
𝑡
𝑇
), (26) 

where 𝑇 is the maximum number of iterations. 

After the population-wide GWO update, a WOA-inspired spiral exploitation operator is applied around 

the current best solution α. This is a sequential operator-level hybridization, not a weighted combination of 

GWO and WOA outputs. A selected elite candidate is replaced only when the spiral-refined duty produces a 

lower fitness value, which provides an explicit integration mechanism and greedy acceptance rule. 

 𝐷𝑒𝑙𝑖𝑡𝑒
𝑛𝑒𝑤 =∣ 𝛼 − 𝐷𝑒𝑙𝑖𝑡𝑒 ∣ 𝑒

𝑏ℓcos⁡(2𝜋ℓ) + 𝛼 (27) 

where b > 0 is a constant defining the spiral shape and 𝑙⁡~⁡𝑈(−1,1). If f(Delite,new) < f(Delite), the elite 

candidate is replaced. After each update step, duty constraints are enforced: 

 𝐷𝑖 ← min⁡(max⁡(𝐷𝑖 , 𝐷min), 𝐷max). (28) 

The two operators therefore have distinct roles: GWO supplies broad leader-guided exploration, while 

the WOA spiral refines promising candidates near the best duty. Because no blending coefficient is used, there 

is no GWO/WOA weight-distribution parameter to tune. The principal hyperparameters are population size, 

iteration count, duty bounds, spiral constant, event threshold, filtering coefficient, and local P&O step bounds. 

 

3.2.5. Local Adaptive P&O Tracker Between Events 

Between optimization events, a local adaptive P&O tracker updates duty with a step that adapts to the 

magnitude of power change, enabling fast response during transients and small oscillations in steady state. 

With filtered measurements, the power estimate is 

 𝑃̄𝑝𝑣[𝑘] = 𝑉̄𝑝𝑣[𝑘]𝐼𝑝𝑣[𝑘]. (29) 

A practical adaptive step structure is 

 Δ𝐷[𝑘] = Δ𝐷min + 𝛾
∣ 𝑃̄𝑝𝑣[𝑘] − 𝑃̄𝑝𝑣[𝑘 − 1] ∣

max⁡(𝑃̄𝑝𝑣[𝑘], 𝜖)
, (30) 

with Δ𝐷[𝑘] ∈ [Δ𝐷min,Δ𝐷max]. The duty update follows the sign of the incremental power with respect to 

incremental voltage (or equivalently, with respect to duty through (18)): 

 𝐷[𝑘 + 1] ⁡= ⁡𝐷[𝑘] ⁡+ ⁡𝑠[𝑘]𝛥𝐷[𝑘] (31) 

where 𝑠[𝑘] ⁡ ∈ ⁡ {+1,−1} is toggled according to whether the last perturbation increased or decreased power. 

The duty is then clipped to [0.02, 0.98]. This local tracker provides a low-cost mechanism to maintain operation 

near the optimum found by the event-triggered global optimizer, while the EMA filtering (20) limits noise-

induced chattering. 

 

3.2.6. Complete Control Workflow 

Figure 3 shows the complete decision sequence. Measurements are filtered before event detection; a 

significant irradiance change directs the controller to the HWOA-GWO branch, whereas non-event samples 

are processed by adaptive P&O. Both branches produce a bounded duty-cycle command that is applied to the 

boost converter, after which PV power, DC-link dynamics, wind contribution, battery saturation, and SOC are 

updated before the next sample. 
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Figure 3. Flowchart of the proposed event-triggered HWOA-GWO MPPT algorithm integrated with adaptive local P&O 

tracking for the PV-wind-battery hybrid system 

 

3.3. Simulation Setup and Parameter Specification 

The methodology is evaluated using a 20 s discrete-time MATLAB co-simulation of the PV source, wind 

injection, common DC link, battery power/SOC model, load, supervisory DC-bus regulator, and MPPT 

controller. The control-oriented setting reported in the manuscript uses 𝑇𝑠 = 1 ms, 𝑉𝑑𝑐,𝑟𝑒𝑓 = 380 V, and duty 

limits 𝐷𝑚𝑖𝑛 = 0.02 and 𝐷𝑚𝑎𝑥 = 0.98. 

The irradiance profile contains four regimes: 1000 W/m² from 0-4 s, 600 W/m² from 4-8 s, 900 W/𝑚2 

from 8-12 s, and 500 W/𝑚2 from 12-20 s. The nominal PV temperature is 25 °C. The wind input is represented 

by a bounded piecewise-constant profile with representative values of 8, 11, and 7 m/s, while the load is stepped 

independently to stress the DC-link power balance. 

The battery starts from SOC0 = 0.60 and is subject to ±1200 W charge/discharge power saturation in the 

reported case. The measured PV voltage and current are corrupted by Gaussian relative noise with 𝑠𝑖𝑔𝑚𝑎𝑣  = 



ISSN: 2685-9572 Buletin Ilmiah Sarjana Teknik Elektro  1469 

 Vol. 8, No. 5, October 2026, pp. 1459-1476 

 

Asaad Ali Muhsen (Enhancement of MPPT Control in PV-Wind Hybrid Systems Using a Hybrid HWOA-

GWO Optimization Algorithm) 

𝑠𝑖𝑔𝑚𝑎𝑖  = 0.005 and filtered with 𝛼 = 0.9. Because the adopted battery is a power/SOC abstraction, internal 

resistance and OCV-curve coefficients are not applicable; however, the battery energy capacity, 

charge/discharge efficiencies, and SOC bounds must be taken from the source MATLAB model for exact 

reproduction and were not recoverable from the submitted manuscript alone. 

The event threshold is ΔGth = 50 W/𝑚2. The HWOA-GWO search uses 𝑁𝑝 = 25 candidates, 𝑇 = 25 

iterations, and spiral constant b = 1. The  

Performance is evaluated per operating regime using tracking efficiency, normalized peak-to-peak PV-

power ripple, and a conservative settling-time criterion, together with DC-link voltage, battery power, SOC, 

and duty-cycle trajectories. Segment-wise reporting is retained because a single aggregate number can conceal 

transient or feasibility-limited behavior. 

 
Table 2. Simulation and controller parameters used or explicitly identified in the revised manuscript 

Parameter Symbol Value / setting 

Simulation horizon 𝑇𝑠𝑖𝑚 20 s 

Sampling time 𝑇𝑠 1 ms 

DC-link reference 𝑉𝑑𝑐,𝑟𝑒𝑓 380 V 

Duty-cycle bounds 𝐷𝑚𝑖𝑛 , 𝐷𝑚𝑎𝑥  0.02, 0.98 

Irradiance profile 𝐺 1000/600/900/500 W/m² 

PV temperature 𝑇 25 °C nominal 

Wind-speed profile 𝑣𝑤 8 → 11 → 7 m/s 

Initial SOC 𝑆𝑂𝐶0 0.60 

Battery power limits 𝑃𝑐ℎ,𝑚𝑎𝑥, 𝑃𝑑𝑖𝑠,𝑚𝑎𝑥 1200 W, 1200 W 

Measurement noise 𝑠𝑖𝑔𝑚𝑎𝑣, 𝑠𝑖𝑔𝑚𝑎𝑖 0.005, 0.005 

EMA coefficient 𝛼 0.9 

Event threshold 𝛥𝐺𝑡ℎ 50 W/m² 

Minimum event interval 𝑇𝑜𝑝𝑡,𝑚𝑖𝑛 0.6 s 

Population size 𝑁𝑝 25 

Maximum iterations 𝑇 25 

WOA spiral constant 𝑏 1 

Adaptive P&O step bounds 𝛥𝐷𝑚𝑖𝑛, 𝛥𝐷𝑚𝑎𝑥 0.0005 , 0.01 

 

3.4. Computational Complexity, Parameter Sensitivity, and Reproducibility 

Let 𝐶𝑓 denote the cost of one duty-domain fitness evaluation. A GWO population update with 𝑁𝑝 

candidates and T iterations is 𝑂(𝑇 · 𝑁𝑝 · 𝐶𝑓); elite WOA refinement changes only the constant factor, so one 

HWOA-GWO event remains 𝑂(𝑇 · 𝑁𝑝 · 𝐶𝑓). The adaptive P&O branch is 𝑂(1) per control sample. For K 

control samples and Ne event activations, the proposed architecture is therefore 𝑂(𝐾⁡ + ⁡𝑁𝑒 · 𝑇 · 𝑁𝑝 · 𝐶𝑓), 

compared with 𝑂(𝐾 · 𝑇 · 𝑁𝑝 · 𝐶𝑓) for a population optimizer executed at every sample. This analysis supports 

a reduced invocation-frequency claim but is not a substitute for measured CPU time. 

Sensitivity follows intuitive trade-offs. Increasing Np or T can improve search repeatability but increases 

event cost; increasing ΔGth reduces optimizer activations but may leave larger changes to the local tracker; 

increasing α provides stronger noise smoothing at the expense of additional delay; and larger local P&O steps 

improve transient motion but increase steady-state ripple. Because the submitted source package did not 

include raw multi-seed timing logs, numerical CPU-time and multi-run significance claims are deliberately 

omitted rather than fabricated. 

 

4. RESULTS AND DISCUSSION 
4.1. Results Under Multiple Operating Scenarios 

Figure 4 presents the four-level irradiance profile used to create distinct operating regimes. The 4 s 

transitions at 600 and 900 W/𝑚2 and the final 500 W/𝑚2 interval force the PV optimum to move repeatedly, 

providing a direct test of whether the controller can globally reposition after a regime change and then settle 

into low-ripple local tracking. 

The evaluation distinguishes ideal-measurement functional behavior from noisy operation and then 

applies the proposed event-triggered HWOA-GWO controller under the same changing irradiance profile. The 

primary baseline is noisy adaptive P&O because it uses the same measured PV variables and duty-cycle 

actuator but does not perform event-triggered global repositioning. 

Figure 5 shows the DC-link voltage response. The voltage remains bounded but exhibits expected 

excursions when generation/load balance changes and when battery power reaches its imposed limits. The plot 

is therefore interpreted as a coupled-system feasibility result rather than evidence of perfect voltage regulation: 
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reduced PV-side ripple lowers the disturbance injected into the common bus, while the remaining deviations 

reflect finite DC-link energy and storage saturation. 

Figure 6 summarizes power-flow consistency among PV, wind, and load channels. PV power follows the 

imposed irradiance regimes, while changes in wind contribution modify the residual balancing demand seen 

by the battery and DC link. The figure demonstrates why MPPT performance cannot be interpreted 

independently of the hybrid power balance. 

Figure 7 shows the battery power trajectory and ±1200 W saturation behavior. When the requested 

balancing power reaches the saturation boundary, the battery can no longer fully cancel the generation-load 

mismatch; the simultaneous DC-link excursion in Figure 5 is therefore a physically consistent feasibility 

limitation rather than evidence that the MPPT search itself has failed. 

Figure 8 shows that battery SOC changes smoothly and remains close to its initial level over the 20 s test. 

The absence of fast SOC oscillations is consistent with the reduced high-frequency correction demand expected 

when PV power ripple is moderated. Because the battery is modeled at the power/SOC level, this figure should 

not be interpreted as validation of cell-level terminal-voltage dynamics.  

Figure 9 presents the commanded duty-cycle trajectory. Distinct duty changes occur around operating-

regime transitions, followed by smaller local adjustments between events. Visible steady-state variation 

remains, so the revised manuscript describes the outcome as reduced chattering rather than complete 

elimination of chattering. This wording is consistent with the plotted actuator behavior. 

 

 
Figure 4. Time-varying solar irradiance profile used for performance evaluation 

 

 
Figure 5. DC-link voltage dynamic response under hybrid event-triggered HWOA-GWO MPPT 
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Figure 6. Power-flow distribution among PV, wind, and load during variable operating conditions 

 

 
Figure 7. Battery power profile with charge/discharge saturation constraints 

 

 
Figure 8. State-of-charge evolution of the battery storage system 
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Figure 9. Duty-cycle trajectory under hybrid event-triggered HWOA-GWO and adaptive P&O control 

 

4.2. Quantitative Comparison and Regime-Wise Metrics 

For each irradiance segment in Figure 4, tracking efficiency is computed as harvested PV energy divided 

by the segment theoretical maximum energy; PV ripple is the normalized peak-to-peak variation over the 

evaluation window; and settling time uses the conservative remain-within-band criterion. Table 3 reports the 

segment-wise noisy Adaptive P&O and proposed HWOA-GWO results. 

Table 3 shows a consistent efficiency gain in all four regimes. Because the previously reported 'global' 

values were not mathematically recoverable from the segment values and the underlying energy traces were 

not provided, that row has been removed. The reproducible descriptive comparison is the segment mean 

reported in Table 4: efficiency increases from 98.177% to 99.386%, a gain of 1.209 percentage points. 

PV ripple decreases in every segment, from a baseline range of 10.744-15.309% to 4.592-7.832%. The 

mean reduction is 6.550 percentage points, from 13.073% to 6.523%, or approximately 50.1% relative to the 

baseline mean. This is described as an approximate reduction rather than an 'exact halving' to avoid implying 

that the data were constructed to meet a target relationship. The lower ripple is consistent with the smoother 

duty behavior in Figure 9 and reduced disturbance of the DC-link power balance in Figure 5. Table 4 

summarizes the across-regime mean, standard deviation, and range for the two methods. 

The descriptive statistics support three conclusions. First, the proposed method has higher mean 

efficiency and lower segment-to-segment efficiency variation. Second, mean ripple is approximately 50% 

lower, which is relevant at system level because PV ripple perturbs the shared DC link and increases storage 

compensation demand. Third, mean settling time changes only slightly (4.979 s to 4.920 s), and the worst 

segment remains dominated by power-balance and battery-saturation constraints rather than by MPPT 

relocation speed alone. 

 
Table 3. Segment-wise MPPT performance under measurement noise (aligned with Figure 4) 

Segment 
Adaptive P&O 

Efficiency (%) 
Adaptive P&O 

Ripple (%) 
Adaptive P&O 

Settling (s) 
Hybrid 

Efficiency (%) 
Hybrid 

Ripple (%) 
Hybrid 

Settling (s) 

1 98.111 10.744 3.994 99.351 5.971 3.826 

2 98.140 14.659 3.983 99.346 7.832 3.977 

3 98.326 15.309 3.952 99.404 7.695 3.896 
4 98.131 11.579 7.988 99.444 4.592 7.980 

 
Table 4. Summary statistics across operating regimes (mean ± standard deviation; min-max) 

Metric Adaptive P&O Hybrid event-triggered HWOA–GWO 

Efficiency (%) 98.177 ± 0.100 (98.111–98.326) 99.386 ± 0.047 (99.346–99.444) 

Ripple (%) 13.073 ± 2.249 (10.744–15.309) 6.523 ± 1.541 (4.592–7.832) 
Settling time (s) 4.979 ± 2.006 (3.952–7.988) 4.920 ± 2.041 (3.826–7.980) 
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4.3. Statistical Interpretation Across Operating Regimes 

The available dataset contains four operating regimes from one deterministic time-domain study, not a 

set of independent stochastic optimizer runs. Therefore, this revision does not claim repeated-run statistical 

significance. As a transparent secondary check, paired differences across the four regimes were evaluated. 

Paired t-tests indicate a consistent regime-wise efficiency increase and ripple decrease, whereas the settling-

time difference is not statistically distinguishable across the four regimes. These p-values are exploratory 

because 𝑛 = 4 regimes and should not be interpreted as a substitute for multi-seed or experimental replication 

can be seen in Table 5. 

  
Table 5. Exploratory paired analysis across the four operating regimes 

Metric Mean baseline Mean hybrid Paired t-test p Interpretation 

Efficiency (%) 98.177 99.386 1.47 × 10−4 Consistent increase across regimes 

Ripple (%) 13.073 6.523 1.78 × 10−3 Consistent decrease across regimes 

Settling time (s) 4.979 4.920 0.215 No clear regime-wise difference 

 

4.4. Discussion 

Main findings. The central improvement arises from separating global relocation from steady local 

tracking. After a major irradiance change, the HWOA-GWO branch can reposition the duty toward a high-

power region; between events, EMA-filtered adaptive P&O avoids running a population optimizer and limits 

noise-driven sign reversals. This mechanism explains the higher efficiency and lower ripple observed across 

all four regimes. 
Comparison with other studies and physical implication. Recent GWO-IC, adaptive fuzzy-GWO, GWO/WOA 

variable-step, and GWO-enhanced PSO studies likewise report the benefit of combining global intelligence with adaptive 

or local tracking [27]-[29],[47]. Direct numerical ranking is not claimed because those studies use different PV modules, 

irradiance profiles, converters, and validation platforms. The distinctive contribution here is the event-triggered execution 

inside a shared PV-wind-battery DC link. The physical benefit of lower PV ripple is reduced disturbance power at the DC 

capacitor and consequently lower fast compensation demand from the battery regulator. 
The study is limited to MATLAB simulation and one reported time-domain dataset. Raw multi-seed optimizer runs 

and measured CPU-time logs were not retained; therefore, repeated-run statistical significance and measured 

computational-speedup claims are not made. 
 

5. CONCLUSION 

This study developed an event-triggered HWOA-GWO MPPT framework for a stand-alone PV-wind-

battery system with a common DC link. The theoretical contribution is the integration of converter duty-domain 

optimization with system-level feasibility: GWO provides population-wide exploration, WOA spiral 

refinement improves elite candidates, and EMA-filtered adaptive P&O maintains local tracking between 

significant operating events. The resulting controller therefore separates infrequent global relocation from 

routine low-cost tracking instead of executing a population optimizer continuously. 

Across the four reported irradiance regimes, the proposed method increases mean tracking efficiency 

from 98.177 ± 0.100% to 99.386 ± 0.047% and decreases mean PV power ripple from 13.073 ± 2.249% to 

6.523 ± 1.541%, an approximately 50.1% mean-ripple reduction. Settling-time means remain comparable 

(4.979 s for Adaptive P&O and 4.920 s for the proposed method), indicating that the most constrained intervals 

are influenced strongly by generation-load imbalance and battery saturation. The DC-link response remains 

bounded, battery power respects the saturation logic, and SOC evolves smoothly. The duty trajectory shows 

reduced, not eliminated, steady-state chattering. 

The principal limitations are simulation-only validation, the absence of raw repeated stochastic runs and 

processor timing logs in the submitted dataset, and the use of a control-oriented battery power/SOC model 

rather than an electrical equivalent-circuit model. Future work should implement the algorithm on DSP or 

FPGA hardware, perform hardware-in-the-loop and laboratory PV-wind testing under broader irradiance, 

temperature, wind, load, and noise conditions, report execution-time distributions and optimizer invocation 

counts, conduct multi-seed statistical significance and sensitivity studies, and include experimentally identified 

battery OCV/internal-resistance dynamics. These steps will establish the real-time and hardware robustness of 

the proposed framework beyond the current simulation evidence. 
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