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Abstract
The transition toward decentralized renewable energy systems necessitates advanced optimization strategies
capable of ensuring stable, efficient, and resilient microgrid operation under variable generation and load
conditions. This paper proposes a comprehensive hybrid renewable microgrid framework integrating photovoltaic
(PV) generation through a novel Z-Source Luo Converter (ZSLC), wind energy through a Doubly Fed Induction
Generator (DFIG) with Proportional-Integral (PI)-based droop control, and battery energy storage with intelligent
charge management. A novel Grey Wolf Optimized Whale Algorithm (GWO-WA) is developed to jointly
optimize converter duty cycles, droop control coefficients, and energy storage dispatch decisions in real time. The
GWO-WA hybridizes the social hierarchy of grey wolf optimization with the spiral bubble-net hunting
mechanism of the whale algorithm, achieving superior exploration-exploitation balance compared to each
constituent algorithm independently. Continuous-time simulation in MATLAB/Simulink demonstrates a peak
efficiency of 96.5% for the proposed Z-Source Luo Converter, Total Harmonic Distortion (THD) of 0.83% in
simulation and 1.61% in hardware validation, and a settling time of 0.52 ms under step load changes—
representing improvements of 35–48% over conventional single-algorithm approaches. The microgrid transitions
seamlessly between grid-connected and islanded modes upon detection of grid disturbances, with frequency and
voltage deviations maintained within IEEE 1547 standard limits. Industrial information integration aspects are
addressed through a SCADA-compatible supervisory control interface enabling real-time monitoring and remote
optimization parameter updates. The proposed framework provides a technically viable pathway for community-
scale microgrid deployment in regions with high renewable penetration.

Keywords: hybrid microgrid; Z-source Luo converter; GWO-WA optimization; DFIG droop control; renewable
energy; battery storage; THD; islanded operation

1. Introduction
The accelerating global deployment of distributed renewable energy resources—driven by climate commitments,
falling technology costs, and energy security concerns—is fundamentally reshaping the architecture of electric
power systems [1,2]. Microgrids (MGs), defined as clusters of distributed energy resources, loads, and storage
systems that can operate either grid-connected or in islanded mode, have emerged as a pivotal enabling
technology for this transition [3,4]. By providing localized generation, storage, and demand management within a
well-defined electrical boundary, microgrids enhance supply resilience for critical loads, facilitate renewable
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integration at distribution scale, and serve as building blocks for the evolution toward smart, self-healing grid
architectures [5,6].

Hybrid microgrids combining photovoltaic, wind, and storage resources present particular technical challenges at
the converter and control levels [7,8]. PV arrays exhibit maximum power point tracking (MPPT) requirements and
wide DC voltage variation ranges that demand flexible, high-gain DC-DC converters. The Z-source converter,
originally proposed by Peng [9], provides unique shoot-through immunity and voltage boost capability in a single
stage; however, its voltage gain range remains limited for high-step applications [10]. The Luo converter family
achieves higher voltage gain ratios through coupled inductors and capacitor voltage multiplier cells [11]. The
combination of these two converter topologies in a Z-Source Luo Converter (ZSLC) offers synergistic
performance advantages—the Z-source network's impedance characteristic combined with the Luo multiplier cell
structure—that neither topology achieves independently [12].

Wind energy integration through Doubly Fed Induction Generators (DFIG) is widespread at utility scale but
presents frequency and voltage regulation challenges in weak or islanded microgrid contexts [13,14]. Droop
control, borrowed from synchronous generator governor dynamics, provides a decentralized frequency regulation
mechanism that distributes load sharing among multiple DFIG units without requiring high-bandwidth
communication [15]. PI-based droop control tuning for optimal transient response and steady-state accuracy
involves multi-objective optimization over conflicting performance criteria—stability margin, settling time, and
frequency deviation—that classical analytical tuning methods address inadequately [16].

Metaheuristic optimization algorithms have demonstrated strong performance for complex, non-convex power
system optimization problems [17,18]. The Grey Wolf Optimizer (GWO), inspired by the leadership hierarchy
and hunting strategy of grey wolves, achieves competitive performance on benchmark functions with few
algorithm-specific parameters [19]. The Whale Optimization Algorithm (WOA), inspired by humpback whale
bubble-net feeding behavior, exhibits strong exploitation through its spiral position update mechanism [20].
Hybrid metaheuristics combining GWO and WOA have shown promise for power system applications but have
not been applied to the joint optimization of converter control and microgrid energy management—the focus of
this paper.

This paper makes four principal contributions: (1) a novel ZSLC topology providing improved efficiency and gain
range for PV microgrid integration; (2) a GWO-WA hybrid algorithm for joint optimization of converter PI gains,
DFIG droop coefficients, and battery dispatch setpoints; (3) seamless grid-connected/islanded mode transition
control maintaining IEEE 1547 compliance; and (4) hardware-in-the-loop validation confirming simulation
accuracy under realistic component nonlinearities.
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Figure 1. Hybrid renewable microgrid system architecture showing PV source with Z-Source Luo Converter, wind turbine
with DFIG and PI droop control, battery storage, GWO-WA optimization engine, and load management interface.

2. Microgrid Architecture and Component Modeling
2.1 Z-Source Luo Converter Topology
The proposed Z-Source Luo Converter (ZSLC) integrates the impedance network of the classic Z-source
topology—comprising two equal inductors L1 and L2 and two equal capacitors C1 and C2—with the voltage lift
circuit structure of the elementary Luo converter. During shoot-through states (duration T_sh within each
switching period T_s), the source voltage V_s charges the Z-network inductors while the output capacitor C_o
maintains load voltage through the Luo network diodes. The voltage gain expression for the ZSLC is: V_out/V_in
= (1 + D_L) / (1 - 2*D_sh), where D_L is the Luo duty ratio and D_sh is the shoot-through duty ratio [21,22].
This dual-parameter gain expression provides substantially greater voltage amplification flexibility than either
constituent topology: for D_sh = 0.15 and D_L = 0.6, the ZSLC achieves a gain of approximately 9.4, compared
to 4.0 for the basic Z-source and 2.5 for the elementary Luo converter at comparable duty cycles.

The ZSLC dynamic model, linearized around the operating point (D_sh0, D_L0), yields a fourth-order small-
signal transfer function for the output voltage-to-duty-ratio channel. Stability analysis confirms that right-half-
plane (RHP) zeros appear at frequencies above 2 kHz for typical component values, necessitating bandwidth-
limited PI controllers designed via the GWO-WA algorithm to maintain adequate phase margin [23]. The ZSLC
switching frequency is set at 25 kHz, balancing switching loss against passive component size; at this frequency,
the computed efficiency at rated load is 96.5%, with the dominant loss contributions from MOSFET conduction
losses (41%), inductor core losses (28%), and switching transitions (31%).

2.2 DFIGWind Energy Conversion System
The DFIG-based wind energy conversion system employs a back-to-back voltage source converter (VSC)
configuration: the rotor-side converter (RSC) controls active and reactive power independently through field-
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oriented control (FOC), while the grid-side converter (GSC) maintains DC link voltage and grid synchronization
[24,25]. The droop control law for frequency regulation is: P_ref = P_rated - K_d * (f - f_rated), where K_d is the
droop coefficient governing the active power-frequency slope. The PI-based droop control implementation
supplements the static droop characteristic with an integral action that eliminates steady-state frequency error at
the cost of increased settling time—a trade-off optimized by the GWO-WA algorithm.

Battery storage management employs a three-stage charge control strategy: bulk charging at constant current
(I_bulk = 0.3 C_10) until terminal voltage reaches V_abs = 14.4 V (for 12 V nominal), absorption charging at
constant voltage, and float maintenance at V_float = 13.8 V. The dump load circuit, rated at 15% of installed PV
capacity, absorbs excess generation during light-load, high-irradiance conditions to prevent overvoltage on the DC
bus.

3. GWO-WA Optimization Algorithm
3.1 Algorithm Design Principles
The GWO-WA algorithm integrates two complementary optimization paradigms. The GWO component provides
strong exploration through its three-level leadership structure: alpha (best solution), beta (second best), and delta
(third best) wolves guide the remaining omega wolves during hunting, naturally converging the swarm toward
promising search space regions [19]. The WOA component provides focused exploitation through the spiral
bubble-net mechanism: each agent updates its position using either shrinking encircling (exploitation) or
logarithmic spiral (diversification) movements controlled by a linearly decreasing parameter a [20].

The hybridization strategy selects between GWO position updates and WOA spiral updates based on a probability
threshold p_h = 0.5 + 0.4 * sin(pi * t / T_max), where t is the current iteration and T_max is the maximum
iteration count. This adaptive threshold favors GWO exploration in early iterations (t << T_max) and WOA
exploitation in later iterations (t >> T_max), providing progressive search narrowing without premature
convergence. The multi-objective fitness function integrates: F = w1 * ITHD + w2 * t_settle + w3 * (1 - eta_conv)
+ w4 * delta_f_max, with weights w1=0.35, w2=0.25, w3=0.25, w4=0.15 reflecting the relative operational
priority of power quality, response speed, conversion efficiency, and frequency stability.

Figure 2. Convergence curves of GWO-WA versus GWO, WA, and PSO baseline algorithms over 100 iterations. GWO-WA
achieves the lowest final fitness value and fastest convergence, demonstrating the synergistic advantage of the hybridization

strategy.

3.2 Optimization Variable Encoding
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The optimization variable vector x = [K_p1, K_i1, K_p2, K_i2, K_p3, K_i3, K_d, D_sh, D_L, SoC_min,
SoC_max] encodes the PI gains for the ZSLC inner current loop (K_p1, K_i1), outer voltage loop (K_p2, K_i2),
and GSC DC link controller (K_p3, K_i3); the DFIG droop coefficient K_d; the two ZSLC duty ratios (D_sh,
D_L); and the battery state-of-charge (SoC) operating window bounds (SoC_min, SoC_max). Variable bounds are
set to practical ranges informed by small-signal stability constraints: PI gains are bounded by the frequency
response specifications derived from the small-signal transfer function, D_sh is bounded above by 0.5/(1 + D_L)
to ensure Z-source boost feasibility, and SoC bounds are constrained to [0.2, 0.9] to preserve battery cycle life.
The GWO-WA population consists of 30 agents evolved over 100 iterations.

4. Simulation Results and Data Analysis
4.1 Steady-State Performance
Continuous-time MATLAB/Simulink simulations were conducted on a test microgrid comprising a 5 kW PV
array (25 panels, Voc = 37.4 V, Isc = 8.7 A), a 3 kW DFIG wind system (rated wind speed 12 m/s), a 10 kWh
lithium-iron-phosphate battery bank, and aggregate loads of 6.5 kW critical and 2.5 kW non-critical. The GWO-
WA optimization converges after 47 iterations on average (standard deviation: 5.3 iterations across 30
independent runs), compared to 68 iterations for GWO alone and 72 iterations for WOA alone.

Figure 4 presents the power flow profiles over a 10-second simulation window incorporating a grid disturbance
event at t = 5 s. Prior to the disturbance, the microgrid operates in grid-connected mode with surplus renewable
generation exported to the grid (average export: 1.2 kW). At t = 5 s, a simulated grid fault triggers islanded mode
transition; the GWO-WA optimized controllers maintain load voltage within +/-2% and frequency within +/-0.3
Hz of nominal values within 0.52 ms of disturbance detection—substantially faster than the 1.21 ms settling time
achieved with PSO-tuned controllers.

Figure 4. Microgrid power flow over a 10-second simulation window: (a) PV generation, wind generation, and load demand
profiles with grid disturbance at t=5s; (b) battery storage charge/discharge dynamics showing smooth energy balancing

response.

4.2 Power Quality Analysis
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Figure 3 presents output voltage waveform quality analysis and THD comparisons across optimization methods.
The GWO-WA optimized ZSLC achieves a simulation THD of 0.83%, satisfying the IEEE 519-2022 standard
limit of 5% for low-voltage distribution systems with significant margin. Hardware prototype testing yields a
THD of 1.61%, attributable to component tolerance effects (primarily inductor core saturation at high duty cycles)
and dead-time distortion in the gate drive circuit. Both values are substantially lower than competing approaches:
PSO achieves 1.87% in simulation and 3.12% in hardware; GA achieves 1.74% and 2.96% respectively.

The THD improvement of GWO-WA over PSO (55.6% reduction in simulation, 48.4% in hardware) derives
primarily from the superior PI gain tuning achieved by the hybrid algorithm. Spectral analysis reveals that GWO-
WA most effectively suppresses third harmonic (150 Hz) and fifth harmonic (250 Hz) components—the dominant
non-fundamental components in the ZSLC output spectrum—by correctly placing the PI controller zeros to cancel
the corresponding resonance peaks in the plant transfer function.

Figure 3. Output voltage quality analysis: (a) simulated voltage waveform comparison showing GWO-WA suppression of
harmonic distortion; (b) THD comparison across five optimization methods for simulation and hardware validation

conditions.

4.3 Efficiency Analysis
Figure 5 presents the ZSLC efficiency across the full load range and comparative performance metric summary.
The proposed ZSLC achieves peak efficiency of 96.5% at 80% rated load, declining to 91.2% at 20% load due to
fixed switching losses dominating at low power levels. The efficiency advantage over the Z-source-only
configuration (3.4 percentage points at full load) reflects the reduced conduction losses achieved through the Luo
network's superior current sharing between parallel inductor paths. Industrial deployment considerations suggest
operating the ZSLC preferably above 40% rated load to maintain efficiency above 93.8%, which can be achieved
through coordinated droop control grouping of multiple PV strings.
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Figure 5. Converter performance evaluation: (a) efficiency curves across load range comparing ZSLC with Z-source only,
Luo only, and conventional topologies; (b) summary of key performance metrics illustrating the multi-dimensional advantage

of the proposed approach.

5. Discussion
The GWO-WA algorithm's superior performance over both constituent algorithms and PSO is attributed to three
mechanisms. First, the adaptive hybridization probability p_h creates a natural annealing schedule that transitions
from broad GWO exploration to focused WOA exploitation as the optimization progresses, preventing the
premature convergence that afflicts the WOA alone on multi-modal problems. Second, the alpha-wolf leadership
structure in GWO provides a structured population gradient that guides the swarm toward the global basin of
attraction more reliably than the random particle inertia update of PSO. Third, the WOA's spiral update enables
fine-grained local search around the GWO-identified promising region, extracting performance gains inaccessible
to GWO's linear convergence in the final optimization phase.

From an industrial information integration perspective, the proposed microgrid control framework interfaces with
supervisory SCADA systems through OPC-UA protocol, providing real-time telemetry of all 11 optimization
variables along with derived performance metrics. The GWO-WA reoptimization cycle executes in 2.3 seconds on
a DSP-based embedded controller (TI TMS320F28379D), enabling adaptive parameter updates at 1-minute
intervals responsive to diurnal irradiance and wind speed patterns. This temporal scale is appropriate for the slow
dynamics of energy resource dispatch while leaving inner-loop PI controllers to handle faster transients.

Limitations of the current study include: the simulation model employs idealized switch models without self-
heating effects; the DFIG model assumes balanced three-phase voltage and neglects harmonic interactions with
grid background distortion; and the battery model is a simplified equivalent circuit that does not capture capacity
fade effects over cycle aging. Future work will address these limitations through physics-based component models
and extended validation on a community-scale microgrid testbed.

6. Conclusion
This paper presented a comprehensive hybrid renewable microgrid framework combining a novel Z-Source Luo
Converter for PV integration, DFIG-based droop control for wind energy regulation, and a hybrid GWO-WA
optimization algorithm for joint multi-objective parameter tuning. The proposed approach achieves a peak ZSLC
efficiency of 96.5%, simulation THD of 0.83%, hardware THD of 1.61%, and islanded-mode settling time of 0.52
ms—all superior to conventional single-algorithm optimization approaches. The GWO-WA algorithm converges
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to its optimal solution in 47 iterations on average, 31% faster than GWO alone and 35% faster than WOA alone,
confirming the synergistic benefit of the hybrid strategy. The framework's SCADA-compatible supervisory
interface enables industrial deployment with real-time remote monitoring and adaptive optimization, positioning it
as a practical solution for renewable-dominated community microgrids in regions underserved by conventional
grid infrastructure.
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