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Abstract- Utilizing renewable energy sources helps 
decrease dependence on fossil fuels. When solar 
photovoltaic (PV) panels or wind turbines are generating 
electricity, their output is directly supplied to the power grid. 
In periods when these renewable sources are unavailable, 
diesel generators are used, but overall diesel consumption is 
reduced. However, the integration of nonlinear loads can 
lead to fluctuations in wind speed and sudden drops in 
source voltage at the grid level. To address these power 
quality issues, a Unified Power Quality Conditioner (UPQC) 
can be employed. The UPQC operates based on the voltage 
maintained across a DC-link capacitor. For optimal 
performance, it is essential to keep this capacitor voltage 
stable. The aim of the proposed study is to feed the UPQC’s 
DC link capacitor using energy from solar PV or wind 
sources. This setup enables the UPQC to function effectively 
for power quality improvement by maintaining proper 
voltage levels. The system is modeled and simulated using 
the MATLAB Sim Power Systems toolbox. The main goals of 
this project include enhancing power quality by mitigating 
voltage sags, swells, interruptions, and load current 
harmonics, while also improving fuel efficiency. Additionally, 
the UPQC supports compensation of both active and reactive 
power, contributing to a more reliable and efficient energy 
system. 
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1.INTRODUCTION  

A microgrid that integrates a diesel generator (DG), a wind-
powered Permanent Magnet Synchronous Generator 
(PMSG), and a solar photovoltaic (PV) array forms a hybrid 
energy system designed to optimize energy production and 
usage while minimizing diesel fuel consumption. This 
combination of conventional and renewable energy sources 
enhances reliability, reduces emissions, and promotes cost-
effective energy utilization. 

The system also includes a battery management system 
(BMS), which is connected to the common DC bus via an 
inverter/converter interface. When excess power is available 
at the grid side, the battery charges; conversely, it discharges 
to supply energy when the grid experiences a shortfall. The 

Perturb and Observe (P&O) algorithm is implemented to 
extract maximum power from the solar PV array efficiently. 

To address issues such as voltage sags and swells, harmonics 
in both source and load currents, voltage imbalances, and 
other power quality disturbances, the system incorporates a 
Unified Power Quality Conditioner (UPQC) based on the 
Power Quality (PQ) theory. This approach ensures stable and 
high-quality power delivery within the microgrid. 

1.1 Literature Review 

Electrical energy consumption is rising daily, and fossil fuels 
are the primary source of this energy. To lower fuel use, we 
are turning to renewable energy sources to provide 
electricity. The primary disadvantages of renewable energy 
sources are their seasonality and non-continuous electricity 
generation. Many renewable sources are connected in order 
to get over these drawbacks [7], however doing so results in 
voltage sag, swells, harmonics in source and load current, 
voltage imbalance, etc. The compensation principle, several 
control strategies, and overall performance of the UPQC are 
analysed using a diode rectifier that supplies an RL load 
(nonlinear load) that acts as a generator of harmonics [8]. 
Coordinated and integrated control of solar PV generators 
employing MPPT control and battery storage control to 
provide voltage and P-Q control, respectively, can support an 
islanded microgrid [8]. According to specific wind speed and 
insolation, there are numerous maximum power point 
tracking methods for both solar and wind [2,3,4,5,6]. A series 
and an APF are used in a UPQC design to compensate for 
harmonics in the nonlinear load current and the distorted 
supply voltage [1]. 

2. METHODOLOGY 

2.1 P-Q Theory 

The P-Q theory converts a stationary reference system with 
coordinates a-b-c into a system with coordinates α-β-0. This 
algebraic transformation is called the Clarke transformation 
[9]. A framework for analyzing and controlling three-phase 
power systems, particularly with regard to power quality, is 
the instantaneous reactive power theory, often known as P-Q 
theory. Because it describes instantaneous powers in the 
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time domain, it can be used to non-sinusoidal systems. The 
voltages and currents in terms of a, b, and c and α, β, and 0 
have the following relationship:              

                       =      

                        =      

The instantaneous active (P), reactive(Q), and zero sequence 
instantaneous power (P0), can be represented in α, β, 0 of 
instantaneous phase voltage and current values using the 
following matrix. 

P =  +  +  =   

In balanced three phase system zero sequence components 
of voltage and current V0 and I0 can be neglected then the 
instantaneous three phase active power is: 

P =  +  

Similarly, the instantaneous reactive power (Q) 
in αβ system can be represented as, 

Q =  

From above two equations both P and Q can be 
represented in matrix form 

                               =       

2.2 Clarke Transformation 

The theory utilizes Clarke transformations to convert three-
phase quantities (voltages and currents) into a two-phase 
rotating frame (α-β frame). This frame simplifies the analysis 
of power system dynamics. 

  

 

  

Where, 

, , are the three-phase voltages. 

,  are the two-phase voltages in the alpha-beta frame. 

2.3 MPPT 

To maximize energy output, solar power systems utilize 
Maximum Power Point Tracking (MPPT), a method that 
dynamically adjusts voltage and current to align with the 
panels' optimal power point under varying conditions. This 
control algorithm continuously monitors solar panel 
performance and fine-tunes the electrical parameters to 
ensure maximum power generation. Environmental factors 
such as temperature, shading, and solar irradiance can 
influence panel output, but MPPT effectively compensates 
for these changes. When the panel voltage falls below 700 V, 
increasing the duty cycle helps raise the voltage. On the 
other hand, decreasing the duty cycle is necessary to 
enhance current output. 

 

Fig -1: VI Characteristics 

2.4 Perturb and Observe (P & O) Algorithm 

A PV module's Maximum Power Point (MPP) is tracked using 
the P&O method. This method introduces a small 
disturbance to cause the PV module's power to fluctuate. On 
a regular basis, the PV output is measured and contrasted 
with the prior power. The same procedure is carried out if 
the output power rises otherwise perturbation is reversed. 

The P & O algorithm's traditional block diagram for solar 
MPPT is shown in fig-2.  

1. Using an initial value of "D," we first measure the duty 
cycle value and the system's initial power at a starting time 
of "t."  V * I = Power (P).  

2. Now, change the duty cycle ‘D’ by ‘ D’. [Eg: Let the first 

value of ‘D’=0.5, after applying ‘ D’ = 0.01, then ‘D new’ = 

(0.5+0.01) = 0.51].  

3. Now, we measure the power at this point, do it again and 

again until ‘ ’ > ‘P’. 
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4. Again the value of duty cycle will be increased again. ‘P’ 

will become ‘ ’ and its value will be updated. 

5. This cycle will continue until and unless ' ’ <’ ’, 

then again ‘D’ value will be increased and this is how the 
maximum power can be tracked using the P & O algorithm. 

 

Fig -2: Flow Chart of P & O Algorithm 

2.5 DC – DC Converter Analysis using Boost 
Converter 

The boost converter, also known as a step-up converter, uses 
a DC power source as its input and delivers a higher DC 
output voltage. It earns the name "step-up" because the 
output voltage exceeds the input. In this circuit, a transistor 
operates as a switch, working alongside key components 
such as an inductor, a diode, and a capacitor. When the 
switch is turned on, current flows through the inductor and 
loops back to the power supply. During this period, the diode 
blocks reverse current, preventing it from flowing backward. 
As a result, energy is stored in the inductor’s magnetic field. 
Once the switch turns off, the magnetic field collapses, 
producing a high-voltage spike. This sudden voltage pushes 
current through the diode and into the capacitor and load. 
The unidirectional nature of the diode ensures that current 
flows forward only, which contributes to the increased 
output voltage. 

 

Fig -3: Boost Converter 

 

 

 (  

3. PROPOSED SYSTEM 

3.1 Solar Panel 

The PV Array block is a 5parameter model that represents 
the irradiance and temperature-dependent V-I 
characteristics of the modules using a light-generated 
current source (IL), diode, line resistance (Rs), and shunt 
resistance (Rsh). 

The V – I characteristics of a diode for a single module 
defined as follow equations. 

 

Fig -4: Block Diagram 

 

Fig -5: Circuit of Solar PV Array 

 

Fig -6: VI Characteristics of Solar PV Array 
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Where, 

= Diode current (A)  

= Diode Voltage (V) 

 = Diode saturation current (A) 

N I = Diode ideality factor, a number close to 1 

k = Boltzmen constant = 1.3806 – 23 JK -1 

q = Electron charge = 1.6022e-19 C 

T = Cell temperature (K) 

Number of cells connected in series in a module 

3.2 Battery Management System  

The Battery Management System (BMS) is responsible for 
several core functions, including communication, protection, 
thermal control, power regulation, cell balancing, status 
estimation, and system monitoring. It also has the capability 
to connect with external devices for coordinated operation. 
The charging and discharging cycles of the battery are 
managed by the BMS based on the energy demand at the 
output.  The system continuously tracks parameters such as 
voltage, battery cell connectivity, temperature, and faults 
using dedicated detection algorithms. A BMS plays a vital 
role in controlling how energy is stored and released within 
the battery system. To evaluate the battery’s SOC a measure 
that reflects how much energy remains commonly used 
methods include open-circuit voltage (OCV) readings and 
Coulomb counting (current integration). These techniques 
are straightforward to implement and can provide accurate 
estimates under appropriate conditions. 

3.3 Shunt Inverter 

A shunt inverter is connected in parallel with the microgrid, 
where it converts direct current (DC) into alternating 
current (AC). The DC input, coming from the DC-link 
capacitor, is then transformed into AC by the inverter. 
Commonly used in power electronics and renewable energy 
systems like solar panel inverters, the shunt inverter plays a 
key role in converting DC from sources such as solar panels 
and batteries into AC power. This converted AC power can 
either be used to supply an AC load directly or be injected 
into the grid, making it essential for grid-connected 
renewable energy systems. In addition to facilitating power 
conversion, the shunt inverter enhances power quality and 
helps maintain voltage stability. Using Pulse Width 
Modulation (PWM), it shapes the AC waveform and can offer 
additional benefits, including voltage support and reactive 
power correction. 

3.4 Series Inverter 

In a series connection with the microgrid, the inverter 
converts DC into AC. To maintain a stable voltage at the load, 
the series inverter injects a compensating voltage, which 
helps to counteract voltage sags and swells. This adjustment 
ensures that the voltage waveform remains balanced and 
sinusoidal by correcting any distortions or imbalances. 
Additionally, the series inverter is capable of controlling 
reactive power. Another benefit of utilizing a series inverter 
is its ability to filter out harmonics from the load voltage, 
enhancing the quality of the power delivered. 

3.5 PMSG                                                                       

Wind drives turbine blades, which in turn spin a rotor with 
permanent magnets. The interaction of these magnets with 
stator windings produces energy in a Permanent Magnet 
Synchronous Generator wind turbine. 

Wind Turbine, Rotor and Electricity Generation: The 
wind pushes against the turbine blades, causing them to 
rotate. This rotation is transferred to a shaft connected to the 
Permanent Magnet Synchronous Generator (PMSG). In some 
cases, a gearbox is unnecessary because the PMSG is directly 
coupled to the wind turbine shaft. The PMSG consists of a 
stator with wire coils and a rotor with permanent magnets. 
As the rotor turns, an alternating current (AC) is generated 
due to the interaction between the stator coils and the 
magnetic field created by the permanent magnets. 
Depending on the system design, the AC produced is either 
used immediately or converted into DC. 

Power Conversion and Grid Connection: To connect the 
generated AC electricity to the electrical grid, it is commonly 
converted to DC by a rectifier, and then converted back to AC 
using an inverter. In some designs, a gearbox is not 
necessary, particularly when employing a direct-drive 
method, where the PMSG is directly attached to the wind 
turbine shaft. Wind energy is converted into mechanical 
power through the rotation of the turbine blades, which 
interact with the wind’s speed. This process leads to the 
conversion of wind power into mechanical energy. The 
following equations represent the principles of wind-
powered power generation. 

                              =  

where is the mechanical power, ρ is the air density, β is 

the pitch angle, R is the blade radius-speed of the wind, λ is 
the tip-speed ratio. Where Ω is rotor speed of rotation (in 
rad/sec) and CP can be expressed as the function of the tip-
speed ratio (λ). 
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Where   

 is power coefficient of turbine 

 is any constant 

 

Fig -7: Block Diagram of Wind Generating System 

3.5 PID Controller 

To control variables such as temperature, flow rate, speed, 
pressure, and voltage, a PID controller computes the 
difference between the actual value and the reference value. 
It utilizes three control strategies: proportional control, 
which reacts to current errors; derivative control, which 
predicts future errors; and integral control, which corrects 
accumulated past errors. By combining these three actions, 
the PID controller determines the output, enabling efficient 
process control and maintaining system stability. 

The load demand. Voltage from the PMSG wind generators is 
then supplied to the transformer and combined with the 
shunt inverter’s output, which is subsequently delivered to 
the load. If these two voltage sources are still insufficient, the 
battery management system (BMS) adjusts the PWM pulses 
to discharge the necessary voltage to meet the load's 
requirements. 

5. RESULTS OF SIMULATION  

The simulation results of the grid-connected solar PV and 
battery-integrated UPQC system, together with an integrated 
EV charging station, look at a variety of features and 
performance metrics to assess the system's efficacy. A few 
observations are as follows: 

Voltage Stability and Compensation: The ability of the 
UPQC series converter to maintain constant voltage levels at 
the load terminal during grid disturbances such voltage sags 
and swells is evaluated. Simulation Result: The series 
converter effectively adjusts for voltage variations by 
injecting the required voltage, ensuring that the output 
voltage stays within the intended range, which is usually the 
nominal voltage level, such as 230V or 400V, depending on 
the system architecture. Successful voltage regulation is 

shown by a steady and smooth response of the voltage 
waveform. 

 

Fig -8: Output of Grid V&I 

Analysis of Current Waveforms and Harmonic 
Mitigation: We evaluate the harmonic reduction 
performance of the shunt converter. Both before and after 
turning on the shunt converter, the simulation calculates the 
total harmonic distortion of the current. The result of the 
simulation. The THD levels dramatically decrease while the 
shunt converter is in operation, demonstrating that the 
UPQC successfully reduces harmonics brought on by non-
linear loads. The filtered current waveform's sinusoidal 
shape attests to the power quality enhancement. 

 

Fig -9: Waveforms of CSI V & I 

 

Fig -10: Output of Shunt Inverter 

The Solar PV MPPT Efficiency and Generation: The power 
production of the solar PV array is monitored in different 
sunlight situations. The simulation considers changes in 
irradiance to assess the system's performance with the 
MPPT controller. Simulation Result: The MPPT controller 
allows the PV system to run at its peak power even when 
solar irradiation fluctuates. The power output curve 
illustrates how the system can dynamically adapt to optimize 
energy generation efficiency. 
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Fig -11: Output of Shunt Inverter 

Wind power generation: The wind is the source of the 
electrical energy. the different speeds at different times. The 
power produced in the PMSG is determined by that speed. 

 

Fig -12: Rotor Speed in PMSG 

 

Fig -13: Wind Generated Voltage and Current 

Energy Management and Battery Performance: The 
battery's state of charge and energy flows are monitored in a 
variety of circumstances, such as charging from excess 
photovoltaic energy, discharging during periods of low PV 
output, and serving as a backup during grid outages. 
Simulation Result. Through the maintenance of the SOC 
within a safe and practical range, such as 20–80%, the 
battery efficiently supports the system during times of high 
demand and grid outages. By regulating the charging and 
discharging cycles to avoid overcharging or deep discharge, 
the BMS efficiently manages energy. 

 

Fig -14: V & I Waveform for Stable Batteries 

 

Fig -15: Stationary Battery of Soc Waveform 

 

Fig -16: MPPT Power Tracking 

The system's overall performance: In network-related 
frameworks, the solar-powered PV system and battery-
coordinated UPQC system efficiently handle power quality 
issues. As the battery system charges or discharges as 
necessary to preserve stability, the UPQC's series 
compensator adjusts sags and swells during voltage 
fluctuations. Under non-linear load conditions, the shunt 
compensator filters harmonics, protecting sensitive 
equipment and ensuring clean power delivery. In 
imbalanced situations, the UPQC balances the phase voltages 
and guarantees consistent power distribution throughout 
the phases. The battery provides steady support under 
fluctuating irradiation by storing excess solar energy during 
high output and discharging during low PV production. 
Consequently, by maintaining steady voltage and power 
quality. 
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Fig -17: Load voltage and Current waveform 

 

Fig -18: Waveform of Overall Simulation Output 

5. CONCLUSIONS 

In contemporary energy systems, the suggested microgrid-
based UPQC system with wind-driven PMSG, DG, and a solar 
PV array offers a very practical way to improve power 
quality and maximize fuel efficiency. The system effectively 
reduces power quality problems such reactive power 
imbalances, harmonics, and voltage fluctuations by 
incorporating a UPQC, guaranteeing steady and effective grid 
operation. This results in lower carbon emissions and 
operating costs. By dynamically controlling power sharing, 
the controller-based intelligent BMS makes sure that DG 
units only run when needed, reducing fuel waste and 
increasing system efficiency. Fuel consumption was 
optimized by giving renewable energy sources precedence to 
DG units. Real-time power compensation and adaptive 
control techniques improve grid stability and reliability. 
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