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Abstract: In India more than 70% of population is living in villages, which is a major stock holder for 

GDP and economic growth of a country. Government of India has introduced many programs for health, 

education, electricity etc. for improvement of the livelihood of villages and out of these programs rural 

electrification is a major challenge for Government. The electricity will play an important role in the 

human life for improving the socio-economic conditions in rural areas. 

According to census 2011 report in India only 55% of households are using electricity. The major 

challenges for rural electrification are accessibility due to poor paying capacities of house hold poor 

reliability of grid due to peak hours demand more than 20% loss in Transmission and distribution poor 

operation and maintenance of distribution System. In this research, to achieve high reliability of isolated 

hybrid micro grid in smart villages, the real time power management and power quality solution at source 

and load w.r.t demand generation and time is proposed. Power management system improves the stability 

of isolated micro grid by synchronizing the load and source as per the demand in smart villages. It helps to 

segregate the sensitive load and normal load in Village and provide high priority to sensitive loads. Further 

the real time optimization solution is proposed based on non-cooperative game theory for improvement of 

stability and reliability of isolated hybrid micro grid. There are three different algorithms are proposed for 

scheduling of generation and load demand with real time power management system. For improving the 

power quality, there are mainly the first approach is load side or source side based on load conditions; this 

approach is called load conditioning based on power management system. Finally the economic study 

considered to describe the financial viability of the isolated hybrid micro grid at minimum unit cost for 

village electrification with renewable energy sources 
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I. INTRODUCTION 

Today non-renewable energy sources like coal, oil, gas, etc., are used worldwide to produce electrical energy. Fossil 

fuel burning generates gases (SO2, CO, NOX, HC, and CO2) that cause environmental pollution. It has been estimated 

that nearly 80% of atmospheric CO2 is generated by manmade fossil fuel burning, which is typically 50% due to 

electric power generation. Fig. 1.1 shows the per capita CO2 emissions versus population for several selected countries 

globally, where the horizontal axis shows the population and the vertical axis shows the CO2 emission per person (in 

tons/year). The United States has the highest per capita emission globally, and Canada is very close to it. Next in the 

line is Australia and European nations and Russia and Japan, where the emissions are typically less than 50% of the 

United States. The total emission of a country given by the rectangle area is significant concerning the global warming 

problem. Also, these non-renewable energies are becoming costly in the world. So, the world scenario is changing 

towards the use of renewable sources. It is mentioned that renewable energy resources [3–5], such as hydro, wind, 

solar, bio fuels, geothermal, wave, and tidal powers, are environmentally clean and abundant in nature, and are 

therefore receiving extreme emphasis throughout the world. Scientific American recently published a paper by two 

Stanford University professors [6], which predicts that renewable energies alone (with adequate storage) can supply all 

the world's energy needs. Another study by the UN IPCC reports that renewable resources can meet 50% of total world 

energy by 2050. Wind and solar resources heavily dependent on power electronics for conversion and control, are 

particularly important to complete our growing energy needs and mitigate global warming problems. The global 
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electricity generation from 2012 to 2040 is shown in Fig. 1.2. In which, electricity generation by solar and wind has 

been continuously increasing from 2012. So, the world is in an excellent position to get an advantage from the 

momentum of the global shift towards more solar and wind energy future [7].In the last few years, the penetration of 

renewable energy has improved in the grid. It is expected to increase in the future. Renewable energy growth in India is 

shown in Fig. 1.3. Currently, the penetration level is around 21%, with over 80 GW of renewable energy installed. 

Renewable energy generation is expected to increase by approximately 14.9% per annum during 2019-2030 [7]. 

 

II. MICROGRID 

“A microgrid consists of a distribution network with DER (PV, fuel cells, microturbine, etc.), energy storage (battery, 

capacitor, etc.), and loads. This system can be operating autonomously if disconnected or interconnected from the grid. 

The micro sources operation in the network can provide an advantage to the system performance if correlated and 

managed efficiently.” 

From the above definitions, a microgrid is a localized grouping of distributed energy resources, loads, and energy 

storage devices that can be operated in islanding and grid connected mode [13]. 

 
Figure: Microgrid architecture 

The microgrid is growing rapidly because of its ability to integrate DG. The development of DG has brought as many 

problems as it has solved for the distribution system. The main problem of the DG is related to the stability and 

reliability of the distribution system. So, the interconnection of the distributed generators with the distribution system 

does not create a microgrid. But it must be well controlled with proper control strategies. It gives rise to the concept of 

local generation and local control of power in a distribution system that is further named as microgrid [14]. The basic 

diagram of the microgrid is shown in Fig. Microgrids can improve performance, reduce cost, and improve the 

efficiency of the power system due to reducing transmission & distribution (T&D) losses [14]. The microgrid can 

benefit both customers and utility [16]. From the utility’s view: Microgrid can be seen within the power system as a 

controlled entity, as a single dispatch able unit (generator or load). From the customer’s view: Microgridis a solution to 

both electricity and thermal needs, and increase local reliability, decrease emission, better power quality by boost up 

frequency and voltage and low-cost power supply. 

 

III. LITERATURE SURVEY 

MICROGRID CONTROL 

The MG system is included with three controllers. [26-28]. 

1. Microgrid Source Controller (MC) 

2. Microgrid Central Controller (MGCC) and  

3. Load Controller (LC) 

The microgrid source controller is connected with each DG unit and energy storage device to flexible and smooth 

operation to meet customer requirements. The aim of MC is to take care of LC function. It depends on power 

electronics interfaces. The MC is operated with or without any intervention of MGCC. The MGCC is connected 

between the microgrid and Distribution Management System (DMS) to optimize the microgrid operation. 
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HIERARCHICAL CONTROL OF MICROGRID 

The multiple sources are connected in parallel with a microgrid bus, which creates issues like bus voltage regulation 

and power-sharing. Hierarchical control is the best solution to solve such problems. It has various control levels. Even 

in the centralized controller's failure, it is more reliable to continue the microgrid operation. The microgrid's 

hierarchical control with its various levels [29-38] is shown in Fig. 2.2. 

a. Primary Control: 

It is known as the MC controller. Its preliminary deals with power-sharing among DERs, voltage, and current 

regulation [39]. It’s also avoided circulating current among DERs. The primary controller's function is also for 

frequency stability, preserving, and plug and play capability of DERs. 

b. Secondary Control: 

This controller is appearing on top of the primary controller. It is compensation voltage and frequency deviation caused 

by primary control [40]. It also deals with system-level like MG synchronization with upper grid, power flow control, 

power quality regulation, DG coordination, etc. 

c. Tertiary Control: 

It is the highest-level control in the hierarchical control architecture of the microgrid. It controls the power flow 

between the microgrid and the upper grid. The tertiary control conducts forecasting, microgrid supervision, main grid 

observation, decision-making,system optimization [41], power management [42], economic dispatch [43-45], and 

energy management [46]. 

d. Level 0 - Inner control loop: 

It is an inner control loop that finds out the state of DG and the storage device. It is also known as the current and 

voltage controller [29, 49, 50]. The feedback and feed forward compensators, linear, and non-linear control are also 

included. 

e. Level 1 - Local control loop (Primary Control): 

It is known as the primary control. There is no communication between the DG unit. So, it is also known as 

decentralized control [51, 52]. The P/Q droop control (active power Pfrequency f control and reactive power Q-voltage 

V) is included in this control loop [34, 53].  

f. Level 2 - Secondary control loop: 

The microgrid central controller (MGCC) is located at this level. It measures voltage and frequency [50, 54, 55]. After 

comparing reference value, deviation of voltage and frequency are generated by this control loop. It regulates the 

voltage and frequency of the microgrid. The synchronization control and main grid connection with the microgrid are 

also included. [51] 

g. Level 3 - Global control loop (Tertiary Control): 

It is also known as tertiary control of microgrid. In this control, the energy market or production stage controls the 

power flow between the grid and microgrid [29, 56]. When the microgrid is connected to the central grid system, the 

power flow is controlled by the inside voltage. 

 

IV. RESULTS 

The presence of DG characterizes the microgrid. The renewable sources PV and wind are used as DG in a proposed 

hybrid microgrid. In this chapter, PVES, WES, and Energy storage systems are illustrated. In PVES and WES, the 

modeling of PV and PMSG are analyzed. The role of MPPT is important in PVES and WES because it extracts the 

maximum output of sources and maximizes the efficiency of the system. The MPPT control in PVES and WES at 

variable irradiance and wind sped are found in MATLAB/Simulink. 

Modeling and Control of PVES 

The PV energy system is the largest energy source to produce electrical power and the fastest building up electrical 

power generation globally. The modeling of a PV system can be analyzed by interfacing the PV system to the boost 

converter, load, and the tracking of the maximum power point of PV. The PV cell's fundamental modeling by its an 

equivalent circuit, PV characteristics, MPPT, and simulation of PVES with MPPT control are discussed. 
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FIGURE: Equivalent circuit of PV Solar Cell 

TABLE: PV Module -TGD Holding T250M606 data at STC 

Parameter Rating 

Maximum power [���� ] 250.205 W 

Current at Maximum Power Point (MPP) [����] 8.15 A 

Voltage at Maximum Power Point (MPP) [����] 50.7 V 

Short Circuit (SC) current [��� ] 8.8 A 

Open Circuit (OC) voltage [��� ] 58.1 V 

Cell per module 60 

Temperature coefficient of [��� ] 0.017 (%/deg. C) 

Temperature coefficient of [��� ] -0.58059 (%/deg. C) 

Light generated current [��] 8.8179 A 

Diode saturation current [�0] 5.5524 e-10 A 

Diode ideality factor 1.0555 

 

TABLE: Specification of PV Array using TGD Holding T250M606 

Parameter Rating 

No. of modules connected in a series string [����] 8 

No. of modules connected in parallel string [����] 5 

Maximum power [���� ] 10 KW 

Current at Maximum Power Point (MPP) [����] 41.5 A 

Voltage at Maximum Power Point (MPP) [����] 241.6 V 

Short Circuit (SC) current [��� ] 45.55 A 

Open Circuit (OC) voltage [���] 298.4 V 

 

Characteristic of PV Module 

As per the level of irradiation and temperature, the PV module delivers various amounts of current. The PV module 

behaves differently depending on the types or sizes of the connected load to it.  Such behavior is called the 

characteristic of the PV module. 

When the different load is connected, various current and voltage value levels are described by the PV module's 

characteristics. When the PV module is under no-load condition, the PV module current will be zero, and the voltage 

across the PV module is maximum so maximum voltage at zero current is called the open-circuit voltage (Voc) of the 

PV module. When two terminals of the PV module are short-circuited, the maximum current flow at zero voltage 

through it. It is called short circuit current(Isc). The P-V curve and I-V curve is shown in Fig. 5.5. In the P-V curve, the 

maximum possible power is provided by PV for a single point at environment condition irradiation, and the temperature 

is called MPP. The value of voltage and current at MPP is known as Vmp and Imp. The power at MPP is known as Pmp. 

The Pmp is shown in the I-V curve. 
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FIGURE: I-V and P-V curve with MPP 

The performance of the PV module is dependent on its operating conditions. The power is generated from PV, which 

relies on irradiation and ambient temperature. It is noticed that the output current of the PV module is mainly affected 

by the change in irradiance. The PV system is designed to operate at a maximum power point (MPP) for any irradiance. 

 
FIGURE: I-V characteristic at different irradiance level 

FIGURE: I-V characteristic at different temperature 

In the power versus voltage curve of a PV module, there is a single maximum of power, i.e., a peak power 

corresponding to a particular voltage and current. The PV solar system has very low efficiency. The efficiency of the 

solar cell is approximately 8 to 16%. The solar panel’s efficiency is 50 to 40% only. So, the solar panel converts only 

50 to 40% electrical power from solar irradiation. So, it is required to operate the module at a peak power point. The 

load can transfer maximum power under varying irradiation and temperature. The maximized power will help to 

improve the utilization of the PV solar module. The MPP tracker extracts the maximum energy from the solar PV 

module and transfers it to load [162]. A DC/DC converter transfers this maximum power to the solar PV module load 

as an interfacing device. The load impedance is varied by changing the duty cycle and matching the source at the peak 

power point. Thus, maximum power can transfer it. The intersection of the actual load mismatches the operating point 

of the ideal and real load. It is shown in Fig. 5.8 

The various algorithms for maximum power point tracking (MPPT) are available as per the literature. There are several 

existing algorithms for MPPT to maximize output power. The different algorithms for MPPT are as per the following. 

 Perturb and observation (P&O) 

 Incremental conductance (INC) 

 Parasitic capacitance 

 Voltage based peak power tracking 

 Current based peak power tracking 
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Perturbation & Observation (P&O) algorithm for MPPT in PVES: 

The variation of the duty cycle is that the converter's source impedance can match equally to load impedance and peak 

power. So, various algorithms are available to achieve peak power. The perturbation & Observation (P&O) algorithm is 

the most use due to its simple implementation. (Kim et al., 1996). 

 

Flow chart of P&O for MPPT in PVES: 

Fig. 5.10 is present the flow chart of the P&O algorithm. This algorithm observes the array's output power and perturbs 

the power based on an array voltage increment. This algorithm continuously increments or decrees the reference 

voltage based on the previous power sample [165]. 

 
FIGURE: Flowchart of the P&O algorithm for MPPT in PVES 

Here a reference duty cycle is set corresponding to the peak power point of the module. The value of current and 

voltage obtain from the solar PV module. From the measured voltage and current, calculate the cost of power. The 

power and voltage value are store at k instant. Then values are again measured at k-1 instant, and from measured 

values, calculate the power. 

The P&O algorithm has a high steady-state error. The dynamic response will be slow when a small increment value and 

a low sampling rate are employed. The short increments are essential to decrease the steady-state error because the 

P&O always makes the operating point oscillate near the MPP but never precisely. When the increment is lower, the 

system will be closer to the array MPP. The algorithm will work faster in a more significant increment but increase the 

steady-state error. The small increments tend to make the algorithm more stable and accurate when the operating 

conditions of the PV array change [164]. 

 

PVES with MPPT Control 

The control diagram of PVES with MPPT is shown in Fig. 5.11. The solar PV module is connected to the DC bus of a 

hybrid microgrid through the DC-DC boost converter. The output of the solar PV module VPV and IPV are continuously 

measured and supply input to the MPPT. The P&O algorithm tracks the maximum power point and generates the boost 

converter's duty cycle for MOSFET. The duty cycle is such that the PV module delivers the maximum power, and the 

output voltage of the boost converter is maintained the constant value. The Simulink model of PVES with MPPT 

control is shown in Fig. 5.12. 
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FIGURE: Diagram of PVES with MPPT control 

 
FIGURE: Simulink model of PVES with MPPT control 

 

Result and Discussion 

The PV module's performance and array at different irradiation and temperature determine at Standard Test Condition 

(STC). The STC is the light intensity at 1000 W/m2 and 25°C temperature of the PV cell. The block diagram, as shown 

in Fig. 5.2, is simulated using SIMULINK with parameters of Table 5.1. I-V and P-V characteristics at different 

irradiation levels of the PV module (TGD Holding T250M606) are present in Fig. 5.15 and 5.14. Its current and powers 

are 8.66 A and 250.66 W, respectively, at irradiation 1 KW/m2. The variation of current in the I-V curve is shown at 

different irradiation from 200 W/m2 to 1000 W/m2. 

FIGURE: P-V characteristic of PV module at different irradiation 

FIGURE: I-V characteristic of the PV module at different irradiation 
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FIGURE: P-V characteristic of PV array at different irradiation 

FIGURE: I-V characteristic of PV array at different irradiation 

 
FIGURE: P-V characteristic of PV array at different temperature 

FIGURE: I-V characteristic of PV array at different temperature 

P-V and I-V characteristics at different irradiation of PV array, respectively. When irradiation increases from 0.25 

KW/m2 to 1 KW/ m2, the PV array's current and power output also increase. The 10 KW, maximum PV power output is 

achieved at irradiation of 1000 W/m2. P-V and I-V characteristics of the PV array at different temperatures are present 

in Fig. 5.17and 5.18, respectively. When the temperature increases from 0° C to 50° C, the current output increment is 

less compared to the voltage decrement. So, the power output of the PV array reduces more when the increase in 

temperature. A small circle shows the maximum power point (MPP) at different irradiation in Fig. 5.15. 

The block diagram, as shown in Fig. 5.11, is simulated using SIMULINK with parameters of Table 5.5. The variation 

of PV array voltage, current and, power at different irradiance is shown in Table 5.5. The PV converter output is shown 

in Table 5.4. The duty cycle changes as per variation in PV array output. So, the output of the PV converter maintains at 

a constant voltage of 400 V. 
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TABLE: PV output at MPPT for different irradiance 

 
TABLE: PV converter output at MPPT for different irradiance 

 
 

WIND ENERGY SYSTEM 

Wind power generates from wind turbines due to the movement of the wind. The energyrelated of this wind is called 

kinetic energy. This kinetic energy (�) with mass (�) and velocity (�) can be expressed [165] 

The actual power generated in the wind would be smaller due to friction losses. The power coefficient (��) is defined 

as a ratio of actual power to theoretical power. [166] 

The power coefficient is varying with the tip speed ratio. The relation between the power coefficient (��) and TSR is 

shown in Fig. 3.19 [165]. When wind speed changes, the Modeling and MPPT Control of DG �� and TSR will vary. 

So, the value of �� will become maximum at a specific value of TSR. When wind speed is constant, �� will be 

maximum at one speed only. As mentioned earlier, the rotor power coefficient �� It depends on the blade pitch angle. 

Rotating the blade about their long axes will change the pitch angle, modifying ��, and thus changing the power is 

extracted from the wind. The relation between �� and TSR at a different pitch angle is shown in Fig. 3.20 for an 

example of a turbine. Blade-pitching can be achieved precisely and quickly using electric control, allowing smooth 

control of output power. [166] 

 
�� versus � at different blade pitch angle (�) [166] 

 

Classification of Wind Energy Conversion Systems 

Today wind energy cost is down due to advancement in technology. The different wind generator topology has been 

analyzed to fit into the system. Today lightweight generators can be surviving the time of amount. The various wind 

generator systems can be classified on the way of different factors. 

The orientation of rotor axis: Vertical or horizontal 

Speed: Variable or constant 

Power control of rotor: Stall, pitch, and active stall 

Position of rotor: Downward or upward tower 
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The wind source is natural, which has required some energy conversion system. It fits into an electrical system without 

disturbing frequency and voltage. The wind turbine topology has mostly classification based on speed and power 

control. It is classified into four categories. [167] 

Type I: Squirrel Cage Induction Generator (SCIG) based WECS: 

FIGURE: Type I: SCIG based WECS 

 

Type II: Wound Rotor Induction Generator (WRIG) based WECS 

FIGURE: Type II: WRIG based WECS 

 

Type III: Double Fed Induction Generator (DFIG) based WECS 

The double fed induction generator (DFIG) is connected with wind turbines in the type III WECS system. It is shown in 

Fig. 5.25. The speed of the generator can be changed by varying frequencies produced by the controlled power 

converter. A generator can be rotated with sub synchronous, super synchronous, and synchronous speed in this system. 

When the generator is turned at sub synchronous speed, the real power will be injected into the grid. The energy will be 

absorbed from the grid when the generator is rotated at super synchronous. At synchronous speed, there is no exchange 

power between the grid and the generator [167]. 

Typed IV: Permanent Magnet Synchronous Generator (PMSG) based WECS 

Type IV based WECS system is consists of a permanent magnet synchronous generator (PMSG) and a power converter. 

The PMSG is a fixed speed synchronous generator that has a large number of poles. PMSG can be connected with load 

or grid through a rectifier and inverter. In this WECS system, maximum power 
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FIGURE: Type IV: PMSG based WECS 

 

Result and Discussion 

The block diagram, as shown in Fig. 5.29, is simulated using SIMULINK with parameters of Table 3.5. Analysis of the 

P&O algorithm's sensitivity is tested by different wind speed between 8 to 12 m/s to determine the effect of change in 

the parameter value. The simulation result of the wind generator output at different wind speed is shown in Table 5.6. 

The voltage ��, current �� and power �� of wind generator are found at a wind speed of 8 to 12 m/s. From the 

simulation result, it can be seen that sufficient output voltage and power are generated at higher wind speed. 

TABLE: Wind generator output at different wind speed 

 

 
FIGURE: Generated output of wind turbine: (a) Voltage (b) Power 

The converter output of wind generator at different wind speed is shown in Fig. 5.30. The variation of wind speed will 

change the duty cycle. The DC bus voltage is 400 V. So, the voltage output (���) of the DC-DC converter is 

maintained at a constant of 400 V. The wind generator output (��) is 250 V. When wind speed increases, �� is also 
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raised. So, the duty cycle of the converter is reduced to maintained DC bus voltage. The duty cycle at different wind 

speed is found in Table 5.7. The variation of the duty cycle for a converter at different wind speed is shown in Fig. 5.31. 

TABLE: Wind generator converter output at different wind speed for MPPT 

 

 
FIGURE: Variation of duty cycle at different wind speed for MPPT control 

 

ENERGY STORAGE SYSTEM 

An energy storage system (ESS) is used where power electronics converters are required to connect various energy 

types. ESS is essential in a hybrid microgrid for power management in case of a sudden change in load, change in 

atmospheric condition, etc. Today there are various types of energy storage devices used in a hybrid microgrid. 

Electrochemical energy storage device: Battery energy storage system (BESS) and Electrochemical capacitors (ECs) 

Mechanical energy storage: Flywheel energy storage systems (FESS), Pump hydro (PH), and compressed air energy 

storage (CAES) 

Electromagnetic energy storage: Superconducting magnetic energy storage (SMES) 

Classification of ESS as per power density is shown in Fig. 5.52. 

FIGURE: Classification of ES as per power density 
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Battery Energy Storage System 

Today, the battery energy storage system (BESS) is a significant energy storage device to manage the power balance 

between load and variable renewable sources such as solar and wind. Its electrochemical energy source is used in the 

hybrid system, which provides higher energy and power capability. 

Today a different type of battery is available in the mark. 

 Nickel Cadmium (NiCd) 

 Nickel-Metal Hydride (NiMH) 

 Lead Acid (Pb-acid) 

 Lithium-Ion (Li-ion) 

 Lithium Polymer (Li-poly) 

 Sodium Sulphur 

 Sodium Nickel Chloride 

 Zink-air 

 

IV. SUMMARY 

Section 5.1 presents the modeling of the PV source and its MPPT control with PVES. The MPPT control helps the 

utilization of PV power at low irradiance.    The P&O algorithm for MPPT is implemented. The effectiveness of MPPT 

with PVES is evaluated through MATLAB/Simulink at different solar irradiance. Section 5.2 presents the WES, 

modeling of PMSG, and its MPPT control. The simulation result is found at variation in wind speed for MPPT control 

in WES. The simulation result of PVES and WES shows that the DC bus output voltage in a hybrid microgrid is 

maintained constant at variable irradiance and wind speed by the change in a duty cycle of the DC-DC boost converter. 

Section 5.5 presents the ESS, modeling of battery, and SOC Estimation. In this chapter, the modeling of the DG unit 

and its MPPT control was analysed. The next chapter focuses on droop control of the DG unit in a hybrid microgrid. 

 

V. CONCLUSION 

Simulation Tool Overview: SKM and Homer are widely recognized simulation tools used in the field of electrical 

engineering and renewable energy. SKM (short for ETAP - Electrical Transient Analyzer Program) is used for 

analyzing power systems, including microgrids, to ensure stability, reliability, and optimal performance under different 

operating conditions. On the other hand, Homer (Hybrid Optimization Model for Electric Renewables) is specifically 

designed for optimizing the integration of renewable energy sources like solar and biomass into microgrid systems. It 

helps in designing and sizing components such as solar panels, batteries, inverters, and generators to meet specific load 

requirements while considering factors like resource availability, economics, and system reliability. 

 Scenario Analysis: The chapter discusses various scenarios simulated using SKM and Homer. These 

scenarios include: 

 Baseline Simulation: Analyzing the microgrid's performance without any control or optimization techniques 

to establish a baseline for comparison. 

 Optimized Control Simulation: Implementing the real-time power management system (RPMS) based on 

non-cooperative game theory for load scheduling, generation control, and distribution management. This 

simulation aims to demonstrate how optimization techniques improve stability, reliability, and economic 

efficiency of the microgrid. 

 Impact of Renewable Integration: Evaluating the impact of integrating renewable energy sources (solar PV 

and biogas) on overall system performance, including energy generation, load management, and grid stability. 

 Performance Metrics: The characteristics of the isolated hybrid microgrid are evaluated based on several 

performance metrics, such as: 

 Stability: Assessing the ability of the microgrid to maintain stable voltage and frequency levels under varying 

load and generation conditions. 

 Reliability: Measuring the system's reliability in providing continuous and uninterrupted electricity supply to 

the connected loads. 
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