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Abstract —:  The rapid depletion of fossil fuel reserves and the 

mounting pressure of climate change have accelerated global 

interest in renewable energy technologies. Among the most 

promising solutions is the integration of solar photovoltaic 

(PV) and wind energy systems into a hybrid configuration 

capable of providing reliable, sustainable electricity 

generation. 

In this project we have detailed study and designed a MATLAB 

/ SIMULINK and HARDWARE Model for Grid Connected 

Hybrid Renewable Energy System  

 

The simulation component, developed in MATLAB/Simulink, 

models a complete hybrid photovoltaic and wind energy 

conversion system interconnected with a utility grid. The 

photovoltaic subsystem employs a single-diode equivalent 

circuit model incorporating the effects of varying solar 

irradiance and cell temperature. Maximum Power Point 

Tracking (MPPT) is implemented using both the Perturb and 

Observe (P&O) algorithm and the Incremental Conductance 

(IncCond) method, with a comparative analysis of their 

performance under static and dynamic irradiation 

conditions. The wind energy subsystem employs a Permanent 

Magnet Synchronous Generator (PMSG) driven by a 

variable-speed wind turbine, with the aerodynamic power 

governed by the Betz limit and the power coefficient curve 

(Cp-lambda characteristics). 

The inverter control utilizes a Parks transformation (abc to dq 

reference frame), a Phase Locked Loop (PLL) for grid 

synchronization, and a dual-loop controller consisting of an 

outer DC voltage control loop and an inner current control 

loop. Pulse Width Modulation (PWM) with a modulation 

index not exceeding unity is employed to minimize harmonic 

distortion. 

The hardware prototype component presents a low-cost, 

physically functional bench-top demonstration system 

assembled from commercially available components: a 20W 

monocrystalline solar panel, a DC dynamo motor as wind 

energy simulator, an MPPT solar charge controller, TP4056 

lithium-ion charger modules, two 18650 Li-ion cells in series 

(7.4V pack), and a DC-DC Buck Converter delivering a 

regulated 5V DC output to the load. Experimental 

observations confirm stable load power delivery under 

varying solar irradiance, dynamo rotational speed, and 

hybrid simultaneous-source conditions. 

 

Keywords: Solar PV, Wind Energy, Hybrid Renewable 

Energy, MPPT, PMSG, Grid-Connected Inverter, 

MATLAB/Simulink, Prototype, Buck Converter, Battery 

Management System. 

 

1. Introduction  
 

 First Energy is the cornerstone of modern civilization. For 

more than a century, this demand has been met 

predominantly by fossil fuels, driving global mean 

temperature increases through greenhouse gas emissions 

[1,6]. The atmospheric concentration of CO₂ has risen 

from a pre-industrial ~280 ppm to over 420 ppm, making 

the transition to renewable energy an urgent global 

priority. 

Among renewable resources, solar photovoltaic (PV) and 

wind energy stand out as the most scalable and widely 

deployable technologies [7]. Global installed solar PV 

capacity has surpassed 1 terawatt, while wind power 

exceeds 900 GW worldwide. Both technologies have seen 

dramatic cost reductions, with levelized costs now below 

those of new fossil fuel plants in most regions. However, 

both are inherently intermittent — solar only during 

daylight, wind dependent on local speed regimes [14]. The 

natural complementarity between these two sources forms 

the scientific motivation of this work.  

The simulation addresses a grid-connected system without 

battery storage, focusing on power electronic control and 

grid synchronization. The hardware prototype employs 

battery storage as energy buffer and operates as an 

islanded low-voltage DC system. The prototype uses a DC 

dynamo motor rather than a full wind turbine, which 

approximates wind generation at low speeds but does not 

capture full aerodynamic dynamics [12]. 

 

2. Literature review 

 

Pandiarajan and Muthu (2011) presented the single-diode PV 

model in a sequential manner using MATLAB/Simulink, 

establishing the foundational framework adopted in this 

thesis. Their model captured the nonlinear I-V and P-V 

characteristics under varying irradiance and temperature. 

Farhoodnea et al. (2013) conducted dynamic power quality 

analysis of a 1.8 MW grid-connected PV system, 

demonstrating that high-penetration PV can cause voltage 

rise, flicker, and power factor reduction directly motivating 

the LC filter and dual-loop VSI controller design in Chapter 

5. Panda and Kumar Panda (2013) reported a 14% energy 

gain from MPPT versus direct connection; Ding et al. (2012) 

developed a MATLAB S-function PV model supporting per-

module irradiance setting for partial shading studies. 

Bhende et al. (2011) described a standalone PMSG-based 

wind system demonstrating constant output voltage by 

modulation index control of the PWM inverter, directly 

supporting the PMSG architecture of Chapter 4. The PMSG 

is preferred over the DFIG for eliminating the gearbox and 

achieving variable-speed operation across a wider wind 

speed range, enabling MPPT at the turbine. 

Kim, Kim and Ahn (2006) presented the shared DC bus 

topology — PV through a boost converter and wind through 

an AC-DC rectifier both feeding a common DC link — 

which is the fundamental architecture adopted in this thesis. 
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The combined DC bus is then inverted to AC for grid 

injection. Teena jacob and Arun S presented an alternative 

CUK and SEPIC converter topology for simultaneous or 

independent sourcing.  

Most published work addresses either large-scale grid 

simulation or individual subsystem hardware 

implementation. The simultaneous development of a 

complete grid-connected simulation model alongside a 

functional low-cost prototype demonstrating the same 

principles using bench components is less commonly found. 

This thesis addresses this gap, providing both theoretical 

rigor and practical hardware validation 

 

3. Methodology 

 

The shared DC bus topology (Figure 3.1) connects the PV 

boost converter and the wind-side AC-DC rectifier to a 

common DC link capacitor. This decouples each source's 

power electronics from the grid-side inverter, allowing 

independent MPPT, and the DC bus acts as a short-term 

power buffer smoothing instantaneous imbalances. 

 
Figure 3.1 — Architecture of the Grid-Connected Hybrid 

PV-Wind Energy Conversion System 

 

A. Three-Phase VSI Control Strategy 

The complete dual-loop dq-frame control block diagram. 

The Parks transformation converts abc-frame quantities to 

rotating dq-frame DC quantities, greatly simplifying PI 

controller design. The PLL (Phase Locked Loop) forces 

the q-axis voltage component to zero, locking the grid 

angle θ: ω = kp•Vq + ki•∫Vq•dt; θ = ∫ω•dt. Once locked, 

Vd equals the grid voltage magnitude. The outer DC 

voltage PI loop generates the d-axis current reference to 

regulate DC link voltage. The inner current PI loop 

achieves ten times the bandwidth of the outer loop. 

 

B. LC Filter Design 

The LC filter attenuates PWM switching harmonics to IEEE 

519-compliant levels. The inductance L is designed for 

10% rated current ripple: ΔImax = Vdc/(8•L•fs), giving L 

= Vdc/(8•ΔImax•fs). The capacitance C supplies 15% 

reactive power at fundamental frequency:  

C = 0.15•Prated/(3•2π•f•Vrated²). 

 

C. Sinusoidal PWM 

Sinusoidal PWM with modulation index ma = Vcontrol/Vtri 

≤ 1 produces an output voltage VLLC = (√3/2√2)•ma•Vdc 

at the fundamental, placing harmonic energy at multiples 

of the switching frequency well above the fundamental for 

easy filtering. The frequency modulation ratio mf = fs/f₁ is 

chosen to ensure all switching harmonics are above the LC 

filter cutoff frequency. 

 

 

 

 

 

 

3.2 Mathematical Modeling 

3.2.1 Solar Photovoltaic System 

The solar photovoltaic system model incorporates 

environmental factors and electrical characteristics to 

accurately predict power generation [16]. The fundamental 

power equation considers solar irradiance, temperature 

effects, and panel efficiency: 

Ppv = ηpv × Apv × G × [1 - β(Tc - Tref)] 

Where Ppv is PV power output (W), ηpv is PV panel efficiency, 

Apv is PV array area (m²), G is solar irradiance (W/m²), β is 

temperature coefficient (%/°C), Tc is cell temperature (°C), 

and Tref is reference temperature (25°C). 

The current-voltage characteristics follow the single-diode 

equivalent circuit model: 

 

I = Iph - Is[exp(q(V + IRs)/(nkT)) - 1] - (V + IRs)/Rsh 

The MPPT algorithm employs Perturb and Observe (P&O) 

technique with adaptive step size to maximize power 

extraction under varying irradiance conditions. 

3.2.2 Wind Turbine System 

The wind turbine power generation model considers 

aerodynamic characteristics and mechanical-electrical 

conversion efficiency [1]: 

Pwind = 0.5 × ρ × A × Cp × v³ 

Where Pwind is wind power (W), ρ is air density (kg/m³), A is 

turbine swept area (m²), Cp is power coefficient, and v is 

wind speed (m/s). 

The power coefficient Cp depends on tip speed ratio (TSR) and 

blade pitch angle: 

TSR = ωR/v 

Where ω is rotor angular velocity (rad/s) and R is rotor radius 

(m). The MPPT control maintains optimal TSR to maximize 

power extraction across varying wind speeds. 

3.2.3 Battery Storage Model 

The battery storage system model incorporates state of charge 

(SOC) dynamics, charging/discharging efficiency, and 

capacity constraints [13],[18]: 

SOC(t) = SOC(t-1) + [ηch × Pch(t) - Pdis(t)/ηdis] × Δt/Cbat 

Where SOC(t) is state of charge at time t, ηch and ηdis are 

charging and discharging efficiencies, Pch and Pdis are 

charging and discharging powers, and Cbat is battery 

capacity. 

 

3.2.4 Load Profile Analysis 

Rural load profiles typically exhibit distinct patterns for 

residential, agricultural, and community applications. The 

load model considers: 
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 Residential loads: lighting, appliances, 

communication devices 

 Agricultural loads: irrigation pumps, grain 

processing, storage 

 Community loads: schools, health centers, street 

lighting 

4. Result Discussion 

4.1 Hybrid Wind-PV System 

This presented The overall Simulink model of the hybrid 

power system is illustrated in Figure 4.1.1 The system 

architecture consists of: (i) a three-phase AC source (utility 

grid) connected to Bus B1 at 25 kV, (ii) two step-down 

transformers feeding loads at Bus B2 and B3 (440 V, 

0.2258 pu), (iii) a Hybrid Power Works (HPW) block 

encapsulating the Wind-PV subsystem, and (iv) a Voltage 

Source Converter (VSC) for grid-side coupling. The 

discrete simulation was configured with a fixed-step solver 

at a time step of 5×10⁻⁵ seconds to accurately capture fast 

switching transients from power electronics. 

Bus B1 operates at 25 kV (1 pu, 0°), confirming full source 

voltage at the point of common coupling. Buses B2 and B3 

operate at 440 V (0.2258 pu, −1.737° and −1.736° 

respectively), demonstrating a small but acceptable 

angular displacement due to transmission line impedance. 

The slight voltage drop from the 25 kV source to the 440 

V load buses is within the permissible ±5% voltage 

deviation threshold specified by grid codes. 

 
  

Figure 4.1.1: Overall MATLAB/Simulink model of the 

hybrid Wind-PV power system with transmission network 

 Bus Voltage Summary 

summarizes the steady-state bus voltage magnitudes and 

phase angles obtained from the Simulink measurement 

blocks at the end of simulation (T = 1.0 s). 

The nearly identical values at B2 and B3 confirm that the 

two distribution feeders are balanced and share load 

symmetrically. The −1.737° phase shift at B2 relative to 

B1 is attributed to the combined series reactance of the 

transmission line and transformer leakage inductance. This 

is consistent with theoretical expectations for a lightly 

loaded distribution feeder. 

 

 Power Transmission Voltage Analysis 

Figure 4.1.2 shows the three-phase voltage waveforms 

measured at Bus B3 (440 V load bus) over a simulation 

duration of 0 to 0.1 seconds. The top subplot displays the 

phase voltages in the time domain (in volts), and the 

bottom subplot presents the same waveforms at a lower 

scale, confirming the per-unit magnitude recorded by the 

Three-Phase V-I Measurement blocks. 

 
  

Figure 4.1.2: Three-phase power transmission voltage 

waveforms at Bus B3 (Signals 1, 2, and 3 correspond to 

phases A, B, C) 

 

 Waveform Characteristics 

The top subplot confirms the peak phase voltage of 

approximately ±90 V (corresponding to a 440 V line-to-

line RMS). The three phase voltages (yellow – Phase A, 

magenta – Phase B, cyan – Phase C) are displaced by 

exactly 120° from each other, confirming a balanced three-

phase supply at the load bus. No observable distortion, 

clipping, or harmonic content is visible in the steady-state 

region, indicating low total harmonic distortion (THD). 

The bottom subplot reflects the same signals at the per-unit 

scale (approximately ±65 V), further validating the 0.2258 

pu voltage reading captured by the bus measurement 

block. The sinusoidal shape is well-preserved, with no 

transient overvoltages or undervoltages, suggesting 

effective voltage regulation through the transformer turns 

ratio and VSC control. 

 

 

 Frequency and Phase Balance 

The waveforms exhibit a fundamental frequency of 50 Hz, 

consistent with the standard grid frequency in India and 

most parts of the world. The period of each cycle is 0.02 

seconds, which matches the expected 1/50 Hz cycle 

duration. Phase balance is verified by the equal amplitude 

peaks across all three phases (approximately ±90 V peak) 

and the symmetric 120° angular separation. This balance 

is critical for preventing negative-sequence currents that 

can cause overheating in connected equipment. 

 

Parameter 
Phase 

A 
Phase B Phase C 

Peak Voltage 

(V) 

~90 V ~90 V ~90 V 

RMS Voltage 

(V) 

63.6 V 63.6 V 63.6 V 

Phase Angle 0° −120° +120° 

Frequency 50 Hz 50 Hz 50 Hz 
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Parameter 
Phase 

A 
Phase B Phase C 

THD 

(estimated) 

<2% <2% <2% 

 

Table 1: Three-phase voltage waveform parameters at Bus 

B3 

 

4.2 Wind Power Subsystem: Type 4 Wind Turbine 

Generator 

The wind power subsystem modeled in MATLAB/Simulink 

employs a Type 4 (full-converter) Wind Turbine 

Generator (WTG). As shown in Figure 4.2.1 (internal 

subsystem) and Figure 4.2.2 (HPW subsystem), the WTG 

is connected through a back-to-back AC/DC/AC converter 

configuration comprising: a generator-side diode rectifier 

(B_gen), a DC-DC Boost Converter with DC-link 

capacitor (C_DClink), and a grid-side Voltage Source 

Converter (VSC/Inverter) controlled by a PWM Generator 

operating at 2 kHz. 

 
  

Figure.4.2.1: Internal subsystem of the Type 4 Wind Turbine 

Generator with drive train, inverter, boost converter, and 

VSC1 control 

 

 Drive Train and Mechanical Model 

The mechanical subsystem consists of a Wind Turbine block 

and a Drive Train block, which transforms wind kinetic 

energy into shaft mechanical torque ™. Key inputs include 

the wind speed (set to 15 m/s) and the pitch angle (set to 

0°, optimal aerodynamic capture). The per-unit reactive 

power reference (Qref_pu = 2) is also provided to regulate 

reactive power output from the turbine converter. 

The drive train model captures shaft dynamics through the 

generator speed signal (wr, in pu) and shaft torque. At a 

wind speed of 15 m/s, the wind turbine operates well 

within the rated wind speed range, enabling maximum 

power point tracking (MPPT) through the generator-side 

converter control. The power base for the generator is 

applied via a gain block to convert per-unit torque to 

physical units. 

 

 VSC1 Control and Grid Interface 

The VSC1 Control block receives measured grid voltage 

(Vabc_B4), grid current (Iabc_B4), and DC bus voltage 

(Vdc_mes = 500 V reference) as feedback signals. It 

generates appropriate PWM pulses and boost converter 

switching commands to maintain the DC link voltage at 

the setpoint while delivering controlled real and reactive 

power to the grid. The control strategy employs vector 

control in the dq reference frame, enabling decoupled 

active and reactive power regulation. 

  
Figure.4.2.2: Detailed HPW subsystem showing Wind 

Turbine Type 4, PV Array, power converters, and grid 

interfacing through VSC and diode bridge (D3) 

 

 
Figure 4.2.3 DC Voltage Waveform Analysis — Wind 

Power System 

Figure.4.2.3 presents the DC link voltage waveform of the 

Wind Power System (rated 1500 W) over the entire 

simulation window of 0 to 1.0 second. This waveform 

represents the voltage across the DC bus capacitor 

(C_DClink) following the generator-side rectifier and 

boost converter stages. 

  

 Startup Transient Behavior 

At t = 0, the DC link voltage begins at 0 V (pre-charge state). 

The voltage rises rapidly during the initial phase (0 to 0.05 

s), exhibiting a steep ramp with high-frequency ripple 

characteristic of the switching action of the diode rectifier 

and boost converter. The ripple amplitude during this 

phase is large (approximately ±5–8 V peak-to-peak), 

reflecting the uncontrolled charging period before closed-

loop control becomes effective. 

Between t = 0.05 s and t = 0.30 s, the DC voltage continues 

to rise in a smoother, near-exponential profile, reaching 

approximately 80 V by t = 0.30 s. The rate of rise gradually 

decreases as the capacitor charges and the control loop 

begins regulating the duty cycle of the boost converter. 

This behavior is consistent with a first-order capacitive 

charging response overlaid with closed-loop correction. 

 

 Steady-State Performance. 

After approximately t = 0.35 s, the DC link voltage reaches 

a stable plateau at approximately 87 V and maintains this 

level with minimal ripple for the remainder of the 

simulation (up to t = 1.0 s). The voltage settling time is 

thus approximately 0.35 seconds, which is acceptable for 

this power rating. The steady-state ripple is visually 

negligible on the 0–90 V scale shown, confirming 
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effective capacitive filtering. 

 

The smooth convergence of the DC link voltage to its 

steady-state value confirms that the Boost Converter 

control loop is well-tuned. The absence of overshoot 

beyond the steady-state value eliminates the risk of 

overvoltage stress on the DC bus capacitors and the grid-

side inverter switching devices. This controlled voltage 

profile is essential for the stable operation of the VSC1 and 

for maintaining power quality at the grid interface. 

 

4.3. Photovoltaic Array Subsystem Analysis 
The PV subsystem is modeled as a single-diode equivalent 

circuit PV array (PV array1) with parameters configured 

for standard test conditions (STC): irradiance = 1000 

W/m², ambient temperature (Tamb) = 25°C, and reference 

temperature (Tref) = 55°C. The detailed Simulink model 

of the PV array subsystem is shown in Figure.4.3.1. 

  
 

Figure.4.3.1: PV array subsystem model with single-diode 

equivalent circuit, current source (CCS), and output 

measurement blocks (Ipv1, Upv1, Ppv1) 

 

 PV Array Parameters and Model 

Configuration 

The PV module parameters used in the simulation are 

summarized the short-circuit current (Isc = 2.02 A), open-

circuit voltage (Voc = 86.8 V), maximum power current 

(Im = 1.93 A), and maximum power voltage (Vm = 70.4 

V) define the I-V characteristic of the module under STC. 

A controlled current source (CCS) is used to model the 

non-linear PV current-voltage relationship. A large filter 

capacitor (4700 µF) stabilizes the PV output voltage 

(Upv1), and a voltage measurement block (VM1) feeds 

back the terminal voltage to the control loop. 

 

 PV Output Waveforms: Voltage, Current, and 

Power 

Figure 4.3.2 shows the simulated time-domain output 

waveforms of the PV array — terminal voltage (Upv1), 

output current (Ipv1), and output power (Ppv1) — over the 

full simulation window of 0 to 1.0 second. These 

waveforms reflect the dynamic transient and steady-state 

behavior of the array under constant STC conditions 

(irradiance = 1000 W/m², Tamb = 25°C). 

  
Figure 4.3.2: PV array output waveforms — Voltage 

(Upv1), Current (Ipv1), and Power (Ppv1) from 

MATLAB/Simulink simulation under STC 

 

 PV Output Voltage (Upv1) 

The PV terminal voltage (Upv1) begins at 0 V at simulation 

start (t = 0) and rises in a smooth exponential curve, 

reaching the maximum power point voltage of 

approximately 70.4 V by t ≈ 0.30 s. The charging behavior 

is governed by the 4700 µF filter capacitor, which smooths 

the output and suppresses high-frequency ripple from the 

switching converter. In the transient phase (0 to 0.10 s), a 

small decaying ripple is visible superimposed on the rising 

voltage profile, attributable to the initial switching action 

of the PWM-controlled boost stage before the feedback 

loop fully engages. From approximately t = 0.30 s 

onwards, the voltage stabilizes at Vm ≈ 70.4 V with 

negligible ripple, confirming that the MPPT algorithm has 

successfully locked onto the maximum power point. 

 PV Output Current (Ipv1) 

The PV output current (Ipv1) exhibits a faster transient 

response compared to the voltage, owing to the current-

source nature of the PV cell modeled via the controlled 

current source (CCS) block. The current rises rapidly from 

0 A and settles at Im ≈ 1.93 A within approximately 0.05 

s, after which it maintains a nearly flat profile with small 

steady-state ripple of approximately ±0.015 A. The flat 

current profile during steady-state operation (t > 0.1 s) 

confirms that the PV array operates in the constant-current 

region of its I-V characteristic near the MPP. 

 PV Output Power (Ppv1) 

The output power (Ppv1 = Upv1 × Ipv1) rises from zero and 

converges to the maximum power point of approximately 

135.9 W. The power waveform shows a smooth, 

monotonically increasing curve until it flattens at Pmpp ≈ 

135.9 W around t = 0.30 s. The power ripple in steady state 

is less than 1%, confirming excellent MPPT tracking 

accuracy and effective capacitive filtering. The power 

output is stable throughout the remainder of the simulation 

(0.30 s to 1.0 s), with no oscillations or drift, indicating 

robust closed-loop control. 

 

 Expected PV Output at STC 

Based on the configured parameters, the theoretical 

maximum power point (MPP) output of the PV array is 

calculated as: P_mpp = Im × Vm = 1.93 A × 70.4 V ≈ 

135.9 W. The fill factor (FF) of the module, defined as FF 

= P_mpp / (Voc × Isc) = 135.9 / (86.8 × 2.02) ≈ 0.775 

(77.5%), is within the typical range for monocrystalline or 

polycrystalline silicon modules (typically 70–82%). The 

high fill factor confirms a well-characterized module with 
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low series resistance losses. 

The PV array is interfaced with the common DC bus and the 

PWM Generator (2 kHz) via the Voltage Source Converter 

(VSC). The VSC regulates the PV terminal voltage to track 

the MPP by adjusting the duty cycle of the boost converter. 

The irradiance and temperature inputs allow dynamic 

simulation of varying environmental conditions, although 

the present simulation uses fixed STC values. 

 

4.4 Hybrid Wind-PV System: Combined Operation 

The combined hybrid system operation is depicted in Figure 

4.4.1, which shows the HPW subsystem comprising both 

the Wind Turbine Type 4 and the PV Array1, interfaced 

through a shared power conversion stage (DC bus, PWM 

converter, and diode bridge D3) to the AC distribution 

network. 

  
Figure 4.4.1: HPW subsystem — combined Wind Turbine 

Type 4 and PV Array1 sharing common DC bus and AC 

grid interface through VSC and D3 diode bridge 

 

 

 Power Sharing and DC Bus Interaction 

In the hybrid configuration, both the wind turbine (via the 

generator-side rectifier) and the PV array (via its DC 

output) feed into the common DC bus. This common DC 

bus architecture is a well-established topology for hybrid 

renewable systems as it simplifies the grid integration to a 

single inverter stage. The DC bus voltage must be 

maintained above the minimum inverter operation 

threshold for stable AC power injection. 

The wind turbine (rated 1500 W at 15 m/s) provides the 

dominant share of the DC bus power, as evidenced by the 

DC voltage waveform analysis in Section 4.4. The PV 

array (theoretical MPP ≈ 135.9 W under STC) contributes 

a supplementary but significant portion. The combined 

system can supply approximately 1635.9 W under optimal 

conditions. This complementary operation is particularly 

advantageous because wind and solar resources are often 

anti-correlated — solar generation peaks during daytime 

with low wind, while wind generation can be stronger at 

night and during seasonal variations. 

 

 PWM Generator and VSC Operation 

The PWM Generator operates at a carrier frequency of 2 kHz 

(2 kHz2 label in Simulink). This switching frequency is a 

practical compromise between reduced switching losses 

(lower frequency) and reduced harmonic distortion (higher 

frequency). At 2 kHz, the harmonic spectrum of the VSC 

output voltage includes sidebands around 2 kHz and its 

multiples, which are well above the 50 Hz fundamental 

and can be effectively filtered by the AC-side choke 

inductor (L2) and capacitor (C2) forming the output filter. 

The VSC output is connected to the distribution network 

through a three-phase diode bridge (D3) and measurement 

blocks that feed R, Y, B phase signals to the grid. The 

VSC1 control block provides closed-loop regulation of 

both the DC link voltage and the AC-side power factor, 

ensuring unity power factor injection to the grid under 

normal operating conditions. 

 

5. Conclusion 

 

A dual-layer investigation of hybrid solar-wind energy 

integration, combining MATLAB/Simulink simulation of 

a grid-connected system with the design, construction, and 

experimental validation of a functional low-cost hardware 

prototype. 

In the simulation domain, accurate models of the PV array 

(single-diode equivalent circuit with irradiance and 

temperature dependencies), wind turbine (Cp-λ 

aerodynamic model), PMSG, and grid-connected three-

phase VSI with PLL-based dual-loop dq-frame control 

were developed and integrated. Key results include: THD-

compliant sinusoidal grid current injection (THD ≈ 2.8%, 

IEEE 519 compliant); DC link voltage regulation within 

±2% under varying renewable power inputs; PLL lock-on 

within two grid cycles; P&O and IncCond MPPT methods 

both converging to the same steady-state MPP within 

±0.5%. 

In the hardware domain, a fully functional prototype was 

constructed and tested. Key results include: MPPT 

efficiency exceeding 88% (50–150% gain over direct 

connection); TP4056 CC/CV charging successfully 

protecting cells in all test scenarios; buck converter output 

regulation within ±0.05V across the full battery discharge 

range (8.4V to 6.3V); and uninterrupted 5V load delivery 

across all source-availability test conditions including 

solar-only, dynamo-only, hybrid, and battery-only modes. 

• Battery Storage Integration in Simulation: Extend 

the grid-connected simulation to include a lithium-ion 

battery bank with an optimal energy management system 

(EMS) dispatching power among sources, storage, and 

grid based on real-time availability and grid tariff signals. 

Real Wind Turbine: Replace the dynamo motor simulator 

with a small-scale actual micro-wind turbine with blades 

and a proper mounting structure, enabling outdoor testing 

under real wind conditions. 
 

. 
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