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Abstract 

DG provides encouraging alternative to the present electricity generation from renewable 

sources.  A microgrid is a local network of energy that offers integration of DG with a 

local load.  The development of the hybrid microgrid is due to the merits of AC and DC 

distribution systems.   

Parallel connected sources in hybrid microgrid create the issue of voltage control and load 

sharing among sources.  Thus, power management is required between parallel connected 

sources and load.  The bus voltage control, power balancing between demand and 

generation are the key objective of power management strategy.  There are various control 

methods available in the literature for power management.  Hierarchical control is the best 

solution among them, which has mainly primary and secondary control levels.  The droop 

control has been the most preferred technique in primary control for the proper load sharing 

purpose.  Also, communication is not needed between DG sources in droop control.   

So, the conventional droop method is implemented in the primary control of microgrid.  

The selection of the virtual droop coefficient is vital for proper load sharing.  There is 

tighter load sharing in large droop, but voltage regulation is poor.  So, this method has an 

intrinsic trade-off between load sharing and voltage regulation.  It is the limitation of a 

conventional droop control.  

Thus, a proposed voltage shifting-based primary droop control strategy is implemented in 

this research to improve the voltage regulation.  This method generates a new voltage 

reference value of the local converter unit by shifting the droop characteristic and 

regulating the converter's voltage at a nominal value.  As a result, the voltage regulation 

and current sharing accuracy are found.  The simulation result shows that voltage 

regulation is improved but it causes inaccurate current sharing.   

To overcome the issue of inaccurate current sharing, the secondary control of microgrid is 

discussed in this thesis.  The secondary control scheme is a hybrid method by using slope 

adjusting and voltage shifting simultaneously.  The slope adjusting is employed to make 

equal output equivalent impedance by adapting the converter's droop resistance.  Thus, 

accurate current sharing is achieved with a fast-changing load current.  The performance 

assessment of primary and secondary control method on two parallel-connected DG units 

in the islanding mode is verified using MATLAB simulation. 
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Power management is also required in a grid-connected mode of the microgrid.  Q-V and 

P-Q droop control are implemented in the interlinking bidirectional converter to manage 

the grid power.  The MPPT and droop control is implemented in the converter of DG (PV 

and wind) for power management in a hybrid microgrid.  The power management 

algorithm in a hybrid microgrid is implemented.  The operation of a hybrid microgrid is 

operated under three different modes.  The operation mode of DG, battery, and the grid is 

decided through bus voltage variation. It can secure the power balance of hybrid microgrid 

under various operating conditions when AC grid fault or load power change, battery or 

the bidirectional grid converter require normalizing the power balance in islanding and 

grid-connected mode.  When each DG unit demands the bus voltage sample, 

communication is not needed between the DG unit, which keeps the plug and play 

characteristic of a hybrid microgrid.  These control strategies are verified in MATLAB 

simulation in a hybrid microgrid with DG (PV and wind), battery, and AC grid.   

The different power management modes are also observed between PV, battery, and AC-

DC load using the MPPT algorithm in the PIC microcontroller for the islanding system.  

Power management of active and reactive power in the grid-connected photovoltaic 

energy system is also presented using an inverter control. Thus, this thesis discusses the 

control strategy of power management of a hybrid microgrid in islanding and grid-

connected mode.  Finally, simulation and experimental results are presented to show the 

power management in a hybrid microgrid.     
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CHAPTER 1 

1 Introduction 

1.1 Development of Renewable Energy 

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. The most dominant effects of fossil fuel burning 

are climate change or global warming problems [1, 2]. 

 

FIGURE 1.1 Per capita CO2 emissions versus the population of selected countries [1] 

It has been estimated that nearly 80% of atmospheric CO2 is generated by man-

made 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 
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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, 

biofuels, geothermal, wave, and tidal powers, are environmentally clean (called 

“green energy”) 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 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].   

 

FIGURE 1.2 Global electricity generation mix to 2040 [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 
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installed.  Renewable energy generation is expected to increase by approximately 14.9% 

per annum during 2019-2030 [7]. 

 

FIGURE 1.3 Renewable energy growth in India [7] 

1.2 Development of Distributed Generation (DG) 

The DG plays a significant role in the current residential, commercial, and industrial 

sectors of the power systems.  DG provides an alternative to the present traditional 

electricity power generation sources, i.e., oil, gas, coal & water. DG means a small-scale 

power generation unit (1 KW–50 MW), or informally one can say that the power 

generation units are connected at distribution level nearer to the load side [8]. 

The DG is becoming increasingly popular due to its high efficiency, low emission, and 

low noise levels [8].  DG can be used as a plug-and-play approach [9].  In this approach, 

the DG unit may be placed at any location on the distribution system without any change 

of the controls.  DG is a backup electric power generating unit used in many industries, 

departmental stores, hospitals, colleges, and commercial buildings.  This backup unit is 

used to provide backup power during the emergency time when grid power is unavailable. 

There are many distributed generators like Fuel Cell (FC), Micro Turbines (MT), Energy 

Storage Devices, Batteries, Flywheels, Super Capacitor. Some renewable energy resources 

like PV and Wind Turbines (WT) are also included in the distributed generation system. 

https://149356857.v2.pressablecdn.com/wp-content/uploads/2019/09/26.jpg
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1.3 Microgrid 

1.3.1 Microgrid Concept 

The Department of Energy (DOE), the US has prepared the following microgrid definition 

[10]. 

“A microgrid is a local network of energy. It offers integration of DER with a local load 

that can be operated with islanding or grid mode to provide flexibility to grid disturbances 

and high reliability.  This distribution system addressed the essential for the application in 

place with electrical supply and delivery constraint in a remote area and critical load 

protection economically growth (Myles et al. 2011)” 

The EU research project has provided the following definition [11, 12]. 

“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 1.4 Microgrid architecture [15] 
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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. 1.4.  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 dispatchable unit (generator or load).   

From the customer’s view: Microgrid is 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. 

1.3.2 Microgrid Growth in the World 

 

FIGURE 1.5 Microgrid dissemination ratio in EU national grids scenarios [16] 

 (P: Pessimistic Assumptions, O: Optimistic Assumptions, DE: Germany, GR: Greece, DK: Denmark, 

IT: Italy, NL: The Netherlands, MK: FYROM, PT: Portugal, PL: Poland, UK: United Kingdom) 

There are four scenarios presented for 2010, 2010, 2020, 2030, and 2040 to demonstrate 

the growth of the European national microgrid.  Microgrid dissemination ratio per region 

and country is assumed to be the division of particular microgrid inside national power 

systems.  It is shown in Fig. 1.5 with optimistic (O) and pessimistic (P).  From this Fig. 
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1.5, it can be seen that the microgrid growth rate is forecasted to increase the European 

national microgrid continuously. 

 

FIGURE 1.6 Total annual power capacity of microgrid and its implementation in the World markets from 

2019-2028 [17] 

The total annual power capacity of microgrids and their implementation in world markets 

from 2019-2028 is occupying by various regions.  It is shown in Fig. 1.6.  The microgrid 

power capacity begins with 195 MW in 2019.  The power capacity of the microgrid will 

increase to 2919 MW in 2029.  So, its annual growth rate will be 35.1%.  The microgrid 

market starts at 635 million $ in 2019.  It will jump to 6.9 billion $ in 2028.  The demand 

for the microgrid is 3480 MW in 2019 with 8.1 billion $.  It will grow to 19,889 MW and 

$ 39.4 billion by 2028 in annual implementation spending [17]. 

1.3.3 Microgrid Operation 

The microgrid can be operated in two modes, islanded mode and grid-connected mode 

[13]. 

Islanded Mode: Microgrid disconnects itself from the grid and operates autonomously 

during grid disturbances. It will maintain a high quality of power to the local loads. 

Grid-connected Mode: The microgrid is connected to the grid and able to bidirectional 

power flow in this mode. 

As per Fig. 1.7, the microgrid can allow a wide variety of technical, economic, social, and 

environmental advantages to external and internal stakeholders depending on operation 

strategy. 
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FIGURE 1.7 Operation strategy of microgrid [16] 

1.3.4 Development of Hybrid Microgrid 

Development of the hybrid microgrid is due to reopen the discussion cum competition 

between George Westinghouse and Thomas Edison, which is related to the merits of AC 

and DC distribution systems [9].  Hybrid Microgrid is the concept of combining both AC 

Grid and DC microgrid architectures. So, the hybrid microgrid has advantages of both the 

sources [18]. 

The hybrid microgrid means a microgrid connected with both AC and DC sources.  The 

structure of a hybrid microgrid can be classified into AC coupled and DC-coupled hybrid 

microgrid.  It depends on how to source DC bus and AC bus are configured and how DC 

and AC load are connected.   In the AC coupled hybrid microgrid, various DG and energy 

storage devices are connected to the common AC bus through the converter.   

But in a DC-coupled hybrid microgrid, various DG and energy storage devices are 

connected to a common AC bus through a converter.  When the microgrid is overloaded, 

the power will flow from the AC Grid to the DC microgrid. In this case, the main 

converter will operate as a rectifier.  The main converter operates as an inverter, and 
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power flows from the DC microgrid to AC Grid during the DC microgrid having surplus 

power generation.  The main interlinking converter's function is transferring the smooth 

power between the microgrid and the AC grid [19]. 

The DC-coupled hybrid microgrid has several advantages like simple structure, doesn’t 

need synchronization, etc. When power management requires a parallel interfacing 

converter (IFC), their voltage output synchronization is a big challenge.  The DG is 

connected directly to the DC bus without any conversion in some specific DC-coupled 

hybrid microgrid.[20] 

In the world, the various project of DC-coupled hybrid microgrid is implemented.   

• CESI RICERCA DER [21] is DC coupled hybrid microgrid.  It is implemented in Italy.  

It is connected through an 800 KVA transformers to a 23 kV AC grid.  This microgrid 

consists of several DG, storage systems, and loads that provide 350 KW maximum 

power to the grid. 

• Kahua Ranch Hawaii Hydrogen Power Park [22] is implemented in the USA.  In this 

hybrid microgrid, solar PV 10 kW, wind generator 7.5 kW, the fuel cell 5 kW, and 

battery 85 kWh are connected through a converter to DC bus. 

DC bus voltage control, power balancing between demand and generation is the power 

management strategy's objective.  The power management can be divided into islanding or 

standalone and grid-connected mode in which grid operation has dispatched, and un 

dispatched power mode.  The IFC is connected between the DC bus and the AC grid.  The 

IFC can work on a bidirectional converter in power control mode and DC bus voltage 

control mode [23-25]. 

The hybrid microgrid will need innovative and new control for inside coordination and 

stable and safe external interconnection.  Thus, hybrid microgrid system and technology is 

to be broadly acquired by utility and customer provides similar expansion effort and 

significant research will be essential into power management.  It will be excruciating 

without revolution for control and power management of the hybrid microgrid system.  

The primary aim of the hybrid microgrid is power management to deliver stable electrical 

power distribution to load.   
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1.4 Overview of Thesis 

The work is organized into eight chapters to present the outcomes of the research work. 

Chapter 2 describes the literature survey for the primary and secondary control strategy of 

the microgrid.  A literature survey is presented on DC and AC droop control strategy for a 

hybrid microgrid.  From this, based on the literature survey, a research gap is identified.  

Definition of the problem, research work objective, and the thesis's original contribution is 

also presented.  

Chapter 3 details the modeling and MPPT control of renewable DG (PV and Wind) 

involving a hybrid microgrid. The characteristic curve of the PV and wind energy systems 

operating at MPP is introduced then the implementation of the P&O algorithm for solar 

and wind is discussed.  The simulation result of PVES and WES with the MPPT control is 

presented at different irradiance and wind speed, respectively.  The characteristic of 

various energy storage device and modeling of battery is also shown. 

Chapter 4 presents the primary and secondary droop control technique for load sharing 

amongst the DGs in islanding mode.  It incorporates the voltage shifting based proposed 

primary droop control technique for voltage regulation is introduced.  The proposed 

secondary droop control technique's algorithm is implemented for current sharing and 

voltage regulation in the fast-changing load.  The proposed primary and secondary droop 

control technique's effectiveness is studied by analyzing its performance with conventional 

primary droop control technique through the simulation results obtained through 

MATLAB/Simulink. 

Chapter 5 describes the droop control strategy of a bidirectional grid converter. It 

incorporates the proposed power management algorithm in islanding and grid-connected 

mode for power-sharing in a hybrid microgrid in various modes.  The feasibility and 

effectiveness of this strategy for hybrid microgrid running in various modes are verified 

by simulation results. 

Chapter 6 presents the real-time parameter comparison of prototype PV module and power 

management in standalone or off-grid PV systems.  The real-time I-V and P-V curves are 

demonstrated of a single module, series, and parallel-connected PV module at different 
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irradiation through the MPPT control.  The effect of shading on the module output of 

single, series, and parallel-connected PV modules are also analyzed.  Also, the comparison 

of various real-time parameters at which MPP occurs at different irradiation, temperature, 

and shaded cells of the series and parallel connected PV module.   The experimental result 

for power management is found at the various mode in the standalone PV system 

connected with prototype insight solar PV module, energy storage battery, controller, DC-

DC buck converter, inverter, AC load and, DC load.   

Chapter 7 presents the voltage quality at PCC and power management in a grid-connected 

or on-grid system.  The experimental waveform of voltage & voltage sag/swell at PCC for 

different line inductance and capacitance is found in the grid-connected system.  The THD 

voltage and current at PCC are also analyzed during nonlinear load by experimentation.  

The experimental result is presented at different modes of power management for active 

and reactive power in the grid-connected rooftop solar PV system controlled by the grid-

tied inverter. 

Chapter 8 finally presents the summary, concluding remarks, and future scope of research 

work. 
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CHAPTER 2 

2 Literature Survey 

A literature survey is an interminable procedure.  It was carried out during research work.  

In this survey, the DC-coupled hybrid microgrid is characterized by desirable attributes 

like high efficiency, good power quality, and easy control.  The hierarchical control can be 

applied for DC-coupled hybrid microgrid.  This chapter represents the review and 

classification of various primary and secondary control strategies used in a hybrid 

microgrid.  The power-sharing mechanism is utilized in primary control.  It can be 

classified into active and passive control methods.  The various classes of secondary 

control are also mentioned.  The review of the droop control strategy for DC and AC grid 

is also presented.      

2.1 Microgrid Control 

The configuration of the microgrid control system is presented in Fig. 2.1. 

 

FIGURE 2.1 Microgrid control architecture 

The European R&D project [26-28] 
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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. 

2.2 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. 

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. 

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.  

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

energy management [46]. 

 

FIGURE 2.2 Hierarchical control level of microgrid [29] 

The ISA-95 hierarchical control of microgrid is divided into different levels, 0 to 4 [47].  

The diagram of the microgrid system's hierarchical control level is shown in Fig. 2.3 [48]. 

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 feedforward 

compensators, linear, and non-linear control are also included.  

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 P-

frequency f control and reactive power Q-voltage V) is included in this control loop [34, 

53].  
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FIGURE 2.3 Hierarchical control: Level 0 to Level 4 of the microgrid system [48] 

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] 

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. 

2.3 Classification of Primary Control 

This control level adjusts the voltage and frequency reference provided to the inner 

voltage and current loop (level 0).  There are two methods of primary control to achieve 

power-sharing and voltage control. 

1. Active load sharing  2. Passive load sharing 

The active load sharing control is classified into three categories of power-sharing 

between the microgrid's parallel converter [57]. 

2.3.1 Active load sharing 

(i) Centralized control,  

(ii) Master-slave control (MS),  
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(iii) Circular chain control (3C)  

Centralized control: 

 

FIGURE 2.4 Centralized control [58] 

From Fig. 2.4, the total load current is measured by the central control board (CCB) in the 

centralized control scheme.  This CCB generates the reference current (𝑖𝑁
∗ ) for each module, 

where 𝑁=Number of modules.  The current control loop (CL) compares the reference 

current (𝑖𝑁
∗ ) to the local current (𝑖𝑁) of each module and adjusts the load voltage of the 

microgrid.  The drawback of this method is that the whole microgrid system cannot control 

voltage during a central controller's failure.  The CCB measures a total load current, so it is 

challenging to manage an extensive distribution system.       

Master-slave control: 

Master-slave control is a general approach.  It is applied for current sharing [59].  In this 

control scheme, one-unit is works as a master, and other units work as a slave.  The master 

unit generates the reference value for other units.   The master unit is working in the 

voltage control mode and the slave unit in the current control mode.  This control method 

is shown in Fig. 2.5.  The drawback of this system is that it requires supervisory control.  

It is difficult to control during single-point failure.    

 

FIGURE 2.5 Master-slave control [58] 
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Circular chain control (3C): 

 

FIGURE 2.6 Circular chain control (3C) [58] 

The circular communication is used a chain control (3C) control method to improve fault 

detection and isolation [60].  The circular chain control scheme is shown in Fig. 2.6.  In 

which the first unit generates a reference current of the second unit.  The reference current of 

the first unit is taken from the last unit.  So, this control is forming in the control ring.  Thus, 

it is called a circular chain control [61].     

2.3.2 Passive load sharing or Droop concept 

The active load sharing method has required a communication link.  It is a significant 

drawback of this method.  A decentralized based passive load sharing method is mostly 

used to avoid communication link.  It is also called the droop concept.  The droop 

concept's principle is that the synchronous rotating generator allows changing their power 

output during the change in load without a communication link [29, 62, 63].  The droop 

control is widely used in a microgrid for the current sharing purpose [64-71].  Its application 

in a microgrid is higher due to reliability [72-73].   

The multiple numbers of sources are connected in parallel with a bus, which creates a 

circulating current among converter in a hybrid microgrid.  For these, there are two 

solutions.  In the first solution, a resistor is put in a series with the DG.  It is practically 

impossible in a real hybrid microgrid system because it produces high power losses [74].  

The second solution is better applicable in a hybrid microgrid.  It is known as a “virtual 

resistance” method.  This method is widely used because there is no communication line.  

Virtual resistance is an ideal value, and it is not affected by the temperature.  It will not 

produce “real” power losses.  Virtual resistance is also called the “droop coefficient,” 

“droop gain,” or “droop constant.”  It is used to suppress circulating current among 

converters [75].   
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The main advantages and drawbacks of a droop control method are as below. [76-78]  

Advantages & Drawbacks of Droop Control: 

Advantages Drawbacks 

• Improve redundancy  

• High cost and avoid complexity 

• High reliability 

• Due to the feature of plug and 

play, the system is easily 

expandable, and the unit can be 

replaced without a stop system. 

• Avoided communication lines 

for a considerable distance  

• Voltage and frequency deviations 

• Poor harmonic sharing  

• Unknown and different Line 

impedance 

• Changeable output power and 

fluctuant of DGs 

• The dynamic response is slow 

Overcome the drawbacks of conventional droop control, various methods were addressed 

in the literature.  A different approach that can solve each drawback is shown below [79].  

Coupling inductance 

 

− Virtual impedance variation [80, 81]  

− Virtual impedance [82] 

Harmonic load sharing 

 

− Virtual impedance cooperative harmonic [80-82] 

−  Harmonic filtering strategy [83] 

− Additional loop for the bandwidth [84] 

Frequency and voltage 

regulation 

 

− Dynamic slope [85, 86] 

− High gain angle droop control instead of frequency 

droop control [87] 

− Restoration control [78, 88] 

Dynamic response − Adaptive decentralized droop [89]  

− Angle droop [90]  

− Controllable droop slope [91] 

− Droop based on coupling filter parameters [92]  

Line impedance − Voltage droop coefficients by output active and 

reactive power [93] 

− Additional loop with grid impedance estimation [94]  
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2.4 Upper level: Secondary Control & Power Management 

The main key point is power management in the hybrid microgrid.  It means power must 

be balanced between REs, ES devices, grid, and load in any situation.  So, bus voltage also 

must be maintained at any load.  The microgrid can be operated in a different mode for 

power management.  If power generation is not sufficient from DG, then extra power will 

be provided by the islanding mode's storage device. [95-98]   

The most power management strategy is based on hierarchical control.  Depending on 

secondary control implementation, these power management strategies are divided into three 

major categories. [99]   

1. Centralized Secondary Control  

2. Decentralized Secondary Control 

3. Hybrid Secondary Control 

2.4.1 Centralized Secondary Control  

 

FIGURE 2.7 Centralized secondary control [100] 

This centralized secondary control method is used to overcome the voltage deviation 

produced by a primary controller and achieve the power balance between DG and the 

microgrid load.  The centralized secondary control is also called supervisory control [72].  It 

is above all local controllers of all DG.  It restores the voltage level by using low 

bandwidth communication [29].  Both these controllers are connected through the digital 

communication network.  The diagram of centralized secondary control is shown in Fig. 

2.7.  The centralized controller's application is suggested for power balance among DG in 

an intelligent multilayer subsystem [98].   
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2.4.2 Distributed Secondary Control    

 

FIGURE 2.8 Distributed secondary control [100] 

In this control method, there is no central controller, as shown in Fig. 2.8.  The 

neighbouring DGs are connected through the communication link.  This control method's 

main advantage is that even some failure of the communication link remaining controller 

will work.  So, a single point of failure (SPOF) is immune by the distributed controller. 

[101-104] 

2.4.3 Decentralized Secondary Control 

 

FIGURE 2.9 Decentralized secondary control [100] 

The communication is required between DGs in the decentralized secondary control (with 

communication) method.  The decentralized secondary control (with communication) 

method is divided into three groups: average current sharing (ACS), power line singling 

(PLS), multi-agent system (MAS).  ACS communication-based control is presented [105].  

The drawback of ACS is that external noise produces due to passing a current sharing bus 

near the power line.  A decentralized communication-based power line singling (PLS) is 

presented [106].  The drawback of the PLS method is that it has prolonged communication.  

MAS is also presented [107, 108].  But each agent has responsibility for load priority, 

battery charging, and voltage controlling in this system. 

The decentralized secondary control method is shown in Fig. 2.9.  The communication 

link between the local controller of DGs is not required.  So, there are advantages of cost 

reduction and reliability [109].  The decentralized controller is used for local 

measurement.  The droop control is the best example of this method.  The power-sharing 
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among DGs is achieved without communication.  The different DBS based power 

management methods of a microgrid focus on extreme conditions [109-111].   

Comparing the different control methods for primary and secondary control and its power-

sharing and voltage control solution is summarized in Table 2.1 and 2.2. 

TABLE 2.1: Summarizes the method at Primary level control 

Primary Control 

 
Power-

sharing 

Circulating 

Current 

Voltage 

control 
Control Method 

Active load 

sharing 
Excellent 

Excellent 

Suppressing 
Excellent 

Centralized, Master-slave and 

Circular Chain [112] 

Passive load 

sharing 

--- 
Good 

Suppressing 
Good 

Positive SRF and negative SRF 

[113] 

---- 
Good 

Suppressing 
Good 

Voltage-based power-voltage 

control [114] 

---- ---- Good 

Multiplication of deviation of 

voltage measured to a value 

reciprocal to virtual resistance 

[115] 

Good Suppressing Fair Gain Scheduling [116] 

Good 

Suppressing 
Good Good 

Gain Scheduling and Fuzzy logic 

[117] 

TABLE 2.2: Summarizes the method at Secondary level control 

Secondary Control 

 
Power-

sharing 

Circulating 

Current 

Voltage 

control 
Proposed Control Method 

Centralized 

Control 

---- ---- Good Voltage Restoration [29] 

Excellent ---- Excellent 
Multilayer supervision subsystem 

[97] 

Good 
Good 

Suppressing 
Good Supervisory Control [72] 

Decentralized 

Control 

 (With 

Communication) 

Good ---- ---- 
Digital Average Current Sharing 

(DACS) [118] 

Good ---- Good 
Average Current Sharing (ACS) 

[98] 
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Excellent ---- Excellent 
Power Line Signalling (PLS) 

[105] 

Good ---- Good Improved Droop Control [119] 

Excellent 
Suppressing 

Excellent 
Excellent 

A multiagent based control 

system 

[106-108] 

Decentralized 

control 

 (Without 

Communication) 

Good ---- Good 
DC Bus Signalling (DBS) 

[68, 109-110, 120-121] 

2.5 Droop control Strategy of AC Grid Converter for Power 

Management  

Power management is also required in the grid-connected mode of microgrid [122-123].  

The extra power will transfer to the grid during surplus power generation [124-125].  It will 

also be transferred back to the microgrid during its overload [126].  So, the droop control 

strategy is used in the grid converter for power management between the microgrid and the 

AC grid.  There are various control techniques of power management in grid-connected 

mode. 

2.5.1 Frequency Droop Control 

Droop control is applied to an AC and DC microgrid to control power-sharing by the two 

parallel sources [127].  In the frequency droop control scheme, two droop control 

equations are used to determine its reference frequency f and voltage amplitude V from its 

measured active power P and reactive power Q values.  

When the active power demand increases, the microgrid frequency will droop, and when 

the reactive power demand increases, the voltage will decrease accordingly. So, as per the 

DG frequency droop characteristic, it will supply the power with drooped frequency & 

voltage. We can easily sense the active and reactive power shortage in the microgrid from 

the droop characteristics.  As per the active power demand, mechanical power input to the 

DG increases, and frequency is maintained at a constant rated load.  When the DG has 

insufficient power, then loading on this DG is reduced by providing power from the main 

grid or the other DG. The main drawback of this method is that there may be large power 

and frequency excursions during the transient at higher droop gain. 
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2.5.2 Angle Droop Control 

When all DGs are interfaced with the microgrid converter, an angle droop controller is 

more effective and responsive than a frequency droop controller.  In this control strategy, 

the real and reactive power shared between the DGs can be controlled by changing the 

voltage magnitude and angle [127-128]. 

 

FIGURE 2.10 Angle droop control 

Fig. 2.10 shows the typical interconnection between the DG and the microgrid. When the 

VSC voltage is greater than the microgrid voltage, then reactive power flow from VSC to 

the microgrid, and when the VSC output voltage angle leads the microgrid voltage, then 

active power flow from VSC to Microgrid. This control signal value is obtained from the 

(2.1) and (2.2): 

𝛿𝑖 = 𝛿𝑖
∗ − 𝑚𝑖 × (𝑃𝑖 − 𝑃𝑖

∗) 2.1 

𝑉𝑖 = 𝑉𝑟𝑖
∗ − 𝑛𝑖 × (𝑄𝑖 − 𝑄𝑖

∗) 2.2 

Where, 𝑉𝑟𝑖
∗  and 𝛿𝑖

∗ are the rated voltage magnitude and angle of each DG.  𝑃𝑖
∗, 𝑄𝑖

∗ are the 

rated value of real and reactive power, respectively. 𝑉 and 𝛿 are the actual measured value 

of voltage magnitude and its angle when the DG supplies reactive power of 𝑄 and the real 

power of 𝑃. The droop coefficients are 𝑚 and 𝑛. The main drawback of this control 

strategy is that it requires a communication channel for angle referencing. If the 

communication channel fails, it leads to out of phase condition and degrades the power-

sharing. 
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2.5.3 Supplementary Control 

This control scheme lead-lag compensator [129] is used to maintain the system stability 

while using high droop gain to achieve a better load sharing.  It is desired to have low gain 

at high output power and high gain at low output power to maintain stability during 

power-sharing, i 

However, in low power P, a constant high gain (droop coefficient m) magnifies the small-

signal oscillations in the output power, resulting in system instability [129]. At high 

frequency, the phase leads, whereas, at low frequency, the phase lags. The amplified 

oscillatory component of the power signal consists of lower and higher-order harmonics of 

the base frequency (50Hz). These results are in the variable phase in the signal. Therefore, 

a lead-lag compensator is implemented to effectively damp the oscillation and correct the 

phase while maintaining system stability. The controller design is presented in the 

following block diagram: 

 

FIGURE 2.11 Supplementary droop control 

As shown in Fig. 2.11, the washout block captures the active power oscillations (∆𝑃).  

The oscillatory component serves as an input to the supplementary control block that 

generates (∆𝐸𝑑𝑟𝑒𝑓𝑖) to modulate the direct component of the input signal to the 𝑖𝑡ℎ 

converter.  The final voltage reference generated for the converter is expressed as (2.3). 

𝐸𝑖
∗∠∅𝑖

∗ = 𝐸𝑑𝑟𝑒𝑓𝑖 + 𝑗𝐸𝑞𝑟𝑒𝑓𝑖 2.3 

This control strategy's drawback is that the complex parameter optimization method must 

determine the initial droop coefficient. 
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2.5.4 Adaptive Control 

In this approach, an adaptive droop control has been implemented, which can change the 

gain value with the change in load demand and the DG supply [130].  This control action 

is based on (2.4). 

𝑚 = (∅0 − ∅)/(𝑃0 − 𝑃) 2.4 

Where P0 is the active power delivered at a rated power angle ∅0.  It deals with the change 

in power supplied by the DG and the growth in load demand to keep the system frequency 

(𝜔) within its safe limit. Therefore, a high value of the droop coefficient is selected when 

the power supplied by DG goes below the rated power (𝑃0), whereas a low droop gain 

results in a faster steady state where the load power demand is high. 

Droop coefficient value is obtained by comparing threshold active power (𝑃𝑖𝑡ℎ𝑟𝑒𝑠)and 

reactive power (𝑄𝑖𝑡ℎ𝑟𝑒𝑠), with the active power (𝑃𝑖),  and reactive power (𝑄𝑖),  outputs of 

the 𝑖𝑡ℎ DG unit. The logic can be stated as follows: 

When the 𝑃𝑖 < 𝑃𝑖𝑡ℎ𝑟𝑒𝑠, 𝑚𝑖 = 𝑚𝑖0 and 𝑃𝑖 ≥ 𝑃𝑖𝑡ℎ𝑟𝑒𝑠, 𝑚𝑖 = 𝑚𝑖1. Similarly, when 𝑄𝑖 <

𝑄𝑖𝑡ℎ𝑟𝑒𝑠, 𝑛𝑖 = 𝑛𝑖0 and 𝑄𝑖 ≥ 𝑄𝑖𝑡ℎ𝑟𝑒𝑠, 𝑛𝑖 = 𝑛𝑖1. Where the modified gains (𝑚𝑖1, 𝑛𝑖1) are 

lesser than nominal gains (𝑚𝑖0, 𝑛𝑖0).  This method damps oscillation and helps to reach a 

steady-state faster.  However, this method degrades the accuracy of load sharing among 

the DGs.  

The different control strategy is compared and presented in Table 2.3 and 2.4. 

TABLE 2.3: Drawbacks and solutions of droop control strategy at different case 

Cases 
Control 

Strategy 
Solutions Drawbacks 

Load  

& Power 

Sharing 

Frequency 

Droop Control 

[127] 

• This control strategy is used for 

active power and reactive power-

sharing between different DG units 

of the microgrid. 

• Power-sharing is achieved 

according to frequency droop 

characteristics and rating of the DG 

units. So, stress on any single unit 

is eliminated. 

• High-frequency deviation if the 

droop gain is high. 

• In the islanded microgrid, the 

frequency droop method 

requires an additional 

frequency restoration after the 

transient. 

Angle Droop 

Control [128] 

• It does not require any additional 

frequency restoration for power-

sharing. 

• Active power-sharing with the 

higher droop gain is possible that 

• A communication channel is 

needed for angle referencing. 

e.g., GPS 

• Communication channel loss 

for a long period will create out 
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Cases 
Control 

Strategy 
Solutions Drawbacks 

improves accuracy. 

• As the frequency deviation is less, 

it will achieve stable power-sharing 

under load variation conditions. 

of phase problems. It will lead 

to the degradation of power-

sharing. 

Supplementary 

Control [129] 

• This control strategy allows the 

droop controllers to implement 

high gains for better load sharing. 

• It will damp out the small signal 

oscillation to a considerable extent. 

• Each converter requires a 

separate controller. 

• For the parameter calculation of 

complicated parameter 

optimization method is 

required. 

• Simultaneous tuning of 

parameters for each controller 

is difficult. 

Adaptive 

Control [130] 

• This method achieves a steady 

stare quickly due to faster damping. 

• As per the change in active power, 

droop gain is a difference and 

stabilizes the system. 

• Unable to achieve accurate 

power-sharing due to low gain 

at high power. 

• The reference power values 

need to be changed every time 

the load changes. 

Loss of 

Distributed 

Generator 

Energy 

Storage 

System 

• It will provide a spinning reserve 

for energy sources. 

• The single Energy Storage System 

(ESS) with no communication 

channel provides an economical 

and reliable voltage control 

solution. 

• The system became more 

expensive due to large size 

energy storage. 

• Unable to respond to the 

voltage level changes that 

might lead to voltage collapse 

of the whole system. 

• Maintenance is difficult with a 

single ESS. 

Advance Load 

Shedding 

• This strategy will prevent a 

complete blackout of the entire 

system during severe power 

outages. 

• In this method, load shedding is 

done to power balance in the 

microgrid. 

• The frequency of the system is 

improved by load shedding. 

• This method will create a 

voltage difference between two 

different points in the system. It 

will lead to system instability. 

• Synchronous generator 

suffering from instability  

Excess 

Generation 

Battery Charge 

Control 

• Excess power is used for the 

charging of energy storage devices. 

That will be used in the islanding 

mode for power shortage. 

• Battery charging is restricted by 

its State of Charge (SOC) 

limits.   Charging beyond the 

SOC limits causes damage to 

the battery unit. 
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TABLE 2.4: Advantages and drawbacks of droop control techniques of AC Grid converter 

Droop Control Techniques Advantages Drawbacks 

Variable based control method 

 [86]-[87], [131] 

• Good reactive power sharing 

accuracy  

• System parameters are not 

affected  

• Difficult to measure the 

voltage at a large distance 

Conventional 

and variants 

based droop 

control 

VPD/FQB Droop 

control  

[87], [132-133] 

• Without communication can 

be implemented 

 

• Affected by a physical 

parameter 

• Poor frequency and 

voltage regulation 

Conventional 

frequency droop 

control [134]-[135] 

• High modularity, 

expandability, and flexibility 

• Without communication can 

be implemented easily 

• Dynamic response slow 

• Poor frequency and 

voltage regulation 

• Dynamic sharing poor 

• Affected by a physical 

parameter 

Angle droop control  

[129], [136]-[137] 

• Constant frequency regulation • Poor power sharing 

• Require GPS signal 

Droop control with 

constant power 

band [138]-[140] 

• Avoiding violation for 

voltage limit 

• Operating in MPPT in a 

specific range and energy 

used more efficiently. 

• Considering the specific 

characteristic of a micro 

source 

• Require a multistage 

controller and affect 

system efficiency 

• Micro source requires 

dispatched abilities 

Complex line 

impedance  

 [80], [94], [141]-

[145] 

• Voltage regulation Improved 

• Decoupled active and reactive 

controls 

• Line impedance should 

know in advance 

Constructed 

and 

compensated 

base method 

Droop control base 

synchronized 

operation [146] 

• Not affected system 

parameters 

• Robust to communication 

delay 

• Improved power-sharing 

performance  

• Low bandwidth 

communication required 

Adaptive droop 

control [147] 

• Better voltage regulation  

• Better power-sharing  

• The parameter should be 

studied in advance 

Reactive power 

versus Voltage dot 

control [148]-[150] 

• High modularity, 

expandability, and flexibility 

• Depend on the initial 

condition 

• Easy to destabilize 

Synchronized 

reactive power 

compensation 

[151]-[152] 

• Good load sharing accuracy  

• System parameters are not 

affected  

• Low bandwidth 

communication is 

required 
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Signal injection method  

[153]-[154] 

• Not affected by the system 

parameters 

• Can handle nonlinear and 

linear loads 

• Cause harmonic 

distortion for voltage 

Virtual 

structure-based 

method 

Enhanced Virtual 

impedance 

control [148] 

• Mitigates the PCC harmonic 

voltage 

• Can handle nonlinear and 

linear loads power-sharing 

• The physical parameter 

should be known in 

advance 

• Require low bandwidth 

communications 

Virtual 

transformation 

method  

[81], [83], [155]-

[157] 

• Active and reactive power 

decoupled 

• The physical parameter 

should be known in 

advance 

Virtual 

impedance 

control  

[29], [94], [158]- 

[159] 

• Physical parameters are not 

affected  

• Improved system stability and 

power-sharing 

• High bandwidth is 

required for the controller 

• Voltage regulation is not 

exactly 

2.6 Definition of The Problem 

With this background, this research is focused on the power management of the hybrid 

microgrid in a standalone and grid-connected mode.  By developing a proposed power 

management algorithm, generation power must be equal to load capacity by controlling 

renewable energy sources and converter in standalone and grid-connected mode.  For this 

purpose, the voltage regulation of the bus is also required.  Proportional current sharing is a 

significant issue due to the number of sources that are connected by a bus.  A conventional 

droop control method is implemented in primary control by most of the researchers.  So, in 

this method, proportional power-sharing is achieved by the selection of a virtual droop 

coefficient.  But by selecting a higher droop coefficient, there is a problem of poor voltage 

regulation.  It is a limitation of conventional primary droop control.  So, using the proposed 

primary droop control method improves the voltage regulation of the hybrid microgrid.  

Some researchers have also implemented secondary control, but its performance is inferior 

in dynamic conditions during a fast change in load.  Modification in the secondary control 

method improves the voltage regulation, current sharing accuracy, and performance under a 

hybrid microgrid dynamic state. 
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2.7 Objective and Scope of Work 

The objective of the research is as per following. 

To develop a control strategy for power management and maintain the power 

balance for the stable operation of hybrid microgrids under variable load by 

combining renewable sources, energy storage devices, and utility in islanding 

(standalone) and grid-connected mode.  Further, this control strategy will be also 

effective for accurate load sharing among the sources and voltage regulation of the 

bus.  

To achieve above the objective, the scope of work includes: 

• To investigate the drawback of a conventional control strategy as per the literature 

survey and improve the performance at the primary and secondary level for proper 

load sharing. 

• To simulate the microgrid with two DG for primary and secondary droop control for 

accurate current sharing and voltage regulation.  

• To simulate a hybrid microgrid with MPPT and AC droop control and evaluate its 

operation to propose a power management mode then implement a proposed power 

management algorithm in renewable-based DG (PV & Wind), Battery, and Grid for 

power balance between source and load in a hybrid microgrid. 

• To compare real-time parameter in single, series, and parallel-connected PV module 

at a different temperature, irradiation, and partially shaded using MPPT control. 

• To evaluate experimental performance for the different modes of power management 

in a standalone and grid-connected system. 

2.8 Original Contribution by the Thesis 

• The proposed algorithm for power management is implemented to maintain a power 

balance in a hybrid microgrid under different operating conditions.  Furthermore, by 

changing bus voltage detection, a hybrid microgrid operates in a different mode. 

• For power management in a hybrid microgrid, both MPPT and droop modules are 

implemented in DG (PV and Wind).  A droop control strategy is implemented to 

achieve proper load sharing.  DG is operated in droop mode if its power is sufficient.  
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If DG power is not enough for load, PV and wind units are switched to maximum 

power tracking mode.   

• To control the Grid power, Q-V, and P-Q droop control are also implemented in VSC 

based interlinking bidirectional converter to balance the power between Grid and 

microgrid. 

• The selection of the virtual droop coefficient is vital for proportional power-sharing.  

There is a problem with poor voltage regulation by selecting a higher droop 

coefficient, and the bus voltage is also reduced during higher load.  It is a limitation of 

the conventional primary droop control method.  So, voltage shifting based proposed 

primary droop control, in which Δ𝑣 is added with a reference voltage of the 

converter to regulate the bus voltage.  Droop curve position will be shifted after 

adding ∆𝑣. 

• The distributed secondary droop control scheme is implemented for a simultaneous 

method of voltage shifting and slope adjusting.  The voltage shifting control method 

is applied to removing the voltage deviation produced by primary control.  The slope 

adjusting is employed to make equal output equivalent impedance by adapting the 

converter's droop resistance.  Thus, accurate current sharing can be achieved during 

a fast-changing load current   

• Experimental analysis for prototype series and parallel connected PV module is 

tested under different temperature, irradiation, and partial shading.  Then by 

observing the other real-time parameters, maintaining a power balance between PV, 

Battery, DC, and AC load in different modes using the MPPT algorithm in PIC 

microcontroller.  The active and reactive power balance is maintained between PV, 

Grid, and load by control of grid-tied solar inverter.     

This chapter was focused on the classification of various control strategies of DG in a 

hybrid microgrid while the next chapter is intended to discuss the modeling of the DG and 

its MPPT control.  
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CHAPTER 3 

3 Modeling and MPPT Control of DG  

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.  

3.1 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.   

3.1.1 Photovoltaic Module 

The basic building block of the PV array is the solar cell.  It is a p-n junction that directly 

converts solar energy into electricity. The PV module's output characteristic depends on 

the cell temperature, solar irradiation, and output voltage of the module. 

𝐼𝑃ℎ  

𝐼𝐷  𝐼𝑠ℎ  𝐼𝑃𝑉  

𝑅𝑠ℎ  

𝑅𝑠 

𝑉𝑃𝑉  𝐷 𝑅𝐿  

+

-  

FIGURE 3.1 Equivalent circuit of PV Solar Cell 
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An equivalent circuit presents the solar cell.  Fig. 3.1 is shown an equivalent circuit of PV 

solar cell [160].  The photocurrent source 𝐼𝑃ℎ, Diode D, Series resistance 𝑅𝑠 and parallel 

resistance 𝑅𝑠ℎ are connected in the equivalent circuit of the PV model.  The parallel 

resistance 𝑅𝑠ℎ is indicated as a leakage current in PV cell a series of resistance 𝑅𝑠 is 

expressed as an internal resistance for the flow of current [160].  PV array is designed 

based on this equivalent circuit. 

Eq. (3.1) is expressed by applying Kirchhoff’s current law (KCL) in Fig. 3.1. 

𝐼𝑃𝑉 = 𝐼𝑃ℎ − 𝐼𝐷 − 𝐼𝑠ℎ 3.1 

Where 𝐼𝑃𝑉 = PV module current (A) 

𝐼𝑃ℎ = Current generated by incident light or Photocurrent (A) 

𝐼𝐷 = Current through the diode of PV module (A) 

𝐼𝑠ℎ = Current through the parallel resistance of PV module (A) 

The voltage across a diode is expressed as (3.2). 

𝑉𝐷 =  𝑉𝑃𝑉 + 𝐼𝑃𝑉𝑅𝑠 3.2 

Where 𝑉𝐷 = Voltage across a diode of PV module (V) 

𝐼𝑃𝑉 = PV module current (A) 

𝑅𝑠 = PV module series resistance (Ω) 

Shunt current (𝐼𝑠ℎ) passing through the parallel resistance (𝑅𝑠ℎ)  is expressed by (3.3) 

after applying Kirchhoff’s voltage law (KVL) in Fig. 3.1. 

𝐼𝑠ℎ =  
𝑉𝑃𝑉 + 𝐼𝑃𝑉 × 𝑅𝑠

𝑅𝑠ℎ
=  

𝑉𝐷

𝑅𝑠ℎ
 3.3 

Where, 𝑉𝑃𝑉 = PV module voltage (V) 

𝑅𝑠ℎ = PV module parallel resistance (Ω) 

The thermal voltage is expressed as (3.4). 

𝑉𝑇 =  
𝐾 × 𝑇

𝑞 × 𝑁𝐶𝐸𝐿𝐿 × 𝑄𝐷
 3.4 

Where, 𝑉𝑇 = Thermal voltage (V) 

K = Boltzmann constant = 1.3806𝑒−23 JK−1 

T = Cell temperature = 298 K 

q = Electron charge = 1.6022𝑒−19 C 
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𝑁𝐶𝐸𝐿𝐿 = No. of series-connected cells per module 

𝑄𝐷 = Diode quality factor of PV module = 1.25 

Here, 𝐼𝑃ℎ does the solar irradiation generate photocurrent, and it’s expressed as (3.5) 

𝐼𝑃ℎ = 𝐼𝑠𝑐 + 𝑘𝑖(𝑇𝑎𝑘 − 𝑇𝑟𝑘) (
𝐺

𝐺𝑟𝑒𝑓
) 3.5 

Where, 𝐼𝑠𝑐 = Short circuit current (A) 

𝑘𝑖 = Temperature coefficient under short circuit condition 

𝑇𝑎𝑘 = Surface temperature of the PV module (℃) 

𝑇𝑟𝑘 = Reference temperature (℃) 

𝐺 = Solar irradiation (𝑊
𝑚2⁄ ) 

𝐺𝑟𝑒𝑓 = Reference solar irradiation (𝑊
𝑚2⁄ ) 

The Shockley’s diode current (𝐼𝐷) is expressed as (3.6). 

𝐼𝐷 = 𝐼𝑆𝐴𝑇 × [𝑒
(

𝑉𝐷
𝑉𝑇

⁄ )
− 1] 3.6 

Where, 𝐼𝑆𝐴𝑇 = Diode saturation current of PV module (A) 

𝑉𝐷 = Voltage across diode of PV module (V) 

𝑉𝑇  = Thermal voltage (V) 

Eq. (3.3) and (3.6) put into (3.1) then PV module current 𝐼𝑃𝑉 can be expressed as (3.7). 

𝐼𝑃𝑉 = 𝐼𝑃ℎ − 𝐼𝑠(𝑒𝑞(𝑉𝐷) 𝑁𝑠𝐴𝑘𝑇𝑎𝑘)⁄ − 1) −
𝑉𝐷

𝑅𝑠ℎ
 3.7 

Where,  

𝐼𝑠 = Diode leakage current (A) 

𝑞 = Charge of electron 

𝐼𝐷 = Current through the diode of PV module (A) 

𝐼𝑠ℎ = Current through the parallel resistance of PV module (A) 

TGD Holding T250M606 data at STC is used as per Table 3.1 for modeling of PV cells.  

3.1.2 Modeling of PV Array 

PV array is designed based on an equivalent circuit of solar cell and how it is connected.  

PV array combination of parallel and series connection of PV module.  PV array is 

designed for 10 KW hybrid microgrid in Table 3.2.  The hybrid microgrid is designed for 

a voltage rating of 400 V.  Therefore, eight modules are connected in series to form a 
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string, and the boost converter obtains the required voltage. The PV array consists of 5 

parallel strings.  If the array is controlled to operate at MPP, and if all modules in the array 

are identical and assumed to use under similar environmental conditions (In a real 

scenario, the environmental situation is not identical), then each module in the array will 

also operate at MPP.   

TABLE 3.1: PV Module -TGD Holding T250M606 data at STC 

Parameter Rating 

Maximum power [𝑃𝑚𝑎𝑥] 250.205 W 

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

Voltage at Maximum Power Point (MPP) [𝑉𝑚𝑝𝑝] 30.7 V 

Short Circuit (SC) current [𝐼𝑠𝑐] 8.8 A 

Open Circuit (OC) voltage [𝑉𝑜𝑐] 38.1 V 

Cell per module 60 

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

Temperature coefficient of [𝑉𝑜𝑐]  -0.38039 (%/deg. C) 

Light generated current [𝐼𝐿] 8.8179 A 

Diode saturation current [𝐼0] 5.5324 e-10 A 

Diode ideality factor 1.0533 

TABLE 3.2: Specification of PV Array using TGD Holding T250M606 

Parameter Rating 

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

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

Maximum power [𝑃𝑚𝑎𝑥] 10 KW 

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

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

Short Circuit (SC) current [𝐼𝑠𝑐] 43.55 A 

Open Circuit (OC) voltage [𝑽𝒐𝒄] 298.4 V 

PV
Solar
Cell

Temperature

Irradiance

𝐼𝑃𝑉  

𝑉𝑃𝑉  𝑅𝐿  

+

-
 

 

FIGURE 3.2 Block Diagram of PV solar cell 
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3.1.3 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. 3.3.  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.   

𝑽𝒎𝒑 𝑽𝒐𝒄 

𝑰𝒔𝒄 

𝑰𝒎𝒑 

Voltage

Cu
rr

en
t

Po
w

er

I-V Curve

𝑷𝒎𝒑 

𝑷𝒎𝒂𝒙 

 

FIGURE 3.3 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. 

The I-V characteristic of the PV module at different irradiance is shown in Fig 3.4.  The 

more increment in current and little changes in voltage with increasing irradiance.  So, the 

maximum power increases with increasing irradiance.  The I-V characteristic of the PV 

module at a different temperature is shown in Fig. 3.5.   
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FIGURE 3.4 I-V characteristic at different irradiance level 

 

 

FIGURE 3.5 I-V characteristic at different temperature 

During increasing temperature, the module's voltage decreases while the current increases 

little, reducing the power. For most crystalline silicon solar cell modules, the reduction is 

about 0.50 % / °C.  The PV module's P-V characteristic at different irradiance and 

temperature is shown in Fig. 3.6 and 3.7, respectively [161].              

 

FIGURE 3.6 P-V characteristic at different irradiation level 
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FIGURE 3.7 P-V characteristic at different temperature 

3.1.4 Maximum Power Point Tracking (MPPT) for PVES 

 

FIGURE 3.8 Ideal load and actual load mismatched with MPP tracking in PVES 

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 30 to 40% only.  So, the solar panel converts only 30 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 
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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. 3.8      

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. 

a) Perturb and observation (P&O) 

b) Incremental conductance (INC) 

c) Parasitic capacitance  

d) Voltage based peak power tracking 

e) Current based peak power tracking  

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).   

 

FIGURE 3.9 Power versus voltage curve for MPP tracking 

Flow chart of P&O for MPPT in PVES: 

Fig. 3.10 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 [163]. 
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START

Read VPV(k), IPV(k)

PPV(k) > PPV(k-1)

Calculate 
PPV(k)=VPV(k) * IPV(k)

VPV(k) > PPV(k-1) VPV(k) > PPV(k-1)

Vref = VPV(k)+dV Vref = VPV(k)-dV Vref = VPV(k)-dV Vref = VPV(k)+dV

k = k + 1

YES NO

YES NO YES NO

Return To Start

 

FIGURE 3.10 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 
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to make the algorithm more stable and accurate when the operating conditions of the PV 

array change [164]. 

3.1.5 PVES with MPPT Control  

The control diagram of PVES with MPPT is shown in Fig. 3.11.  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. 3.12.    

Irradiance (W/m2)

P&O
MPPT Algorithm

DC Load

Boost Converter
DC Bus

𝑽𝑷𝑽 & 𝑰𝑷𝑽 Duty Cycle (D)
Control

MOSFET C

DL

Solar PV

𝑽𝑪𝒐𝒏𝒗𝟏 
𝑰𝑪𝒐𝒏𝒗𝟏 

𝑷𝑷𝑽 

 

FIGURE 3.11 Diagram of PVES with MPPT control  

 

FIGURE 3.12 Simulink model of PVES with MPPT control  
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3.1.6 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. 3.2, is simulated using 

SIMULINK with parameters of Table 3.1.  I-V and P-V characteristics at different 

irradiation levels of the PV module (TGD Holding T250M606) are present in Fig. 3.13 

and 3.14.  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 3.13 I-V characteristic of the PV module at different irradiation 

 
FIGURE 3.14 P-V characteristic of PV module at different irradiation 

 
FIGURE 3.15 P-V characteristic of PV array at different irradiation 

 

FIGURE 3.16 I-V characteristic of PV array at different irradiation 
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FIGURE 3.17 P-V characteristic of PV array at different temperature 

 

FIGURE 3.18 I-V characteristic of PV array at different temperature 

Fig. 3.15 and 3.16 are shown 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. 3.17and 3.18, 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. 3.15.   

The block diagram, as shown in Fig. 3.11, is simulated using SIMULINK with parameters 

of Table 3.3.  The variation of PV array voltage, current and, power at different irradiance 

is shown in Table 3.3.  The PV converter output is shown in Table 3.4.  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.        

TABLE 3.3 PV output at MPPT for different irradiance 

Irradiance 

(W/m2) 

PV Output 

𝐕𝐏𝐕 (V) 𝐈𝐏𝐕 (A) 𝐏𝐏𝐕 (W) 

200 240.80 8.30 200 

400 245.70 16.280 4000 

600 246.90 24.30 6000 

800 246.20 32.493 8000 

1000 245.55 40.724 10000 
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TABLE 3.4 PV converter output at MPPT for different irradiance 

Irradiance 

(W/m2) 

DC-DC Converter Output of PV 𝐕𝐏𝐕

𝐕𝐃𝐂

 

Duty Cycle  

𝐃 = 𝟏 −
𝐕𝐏𝐕

𝐕𝐃𝐂

 𝐕𝐃𝐂 (V) 𝐈𝐃𝐂 (A) 𝐏𝐎𝐮𝐭 (W) 

200 400.18 5.12 2000 0.6017 0.3929 

400 400.12 10.32 4000 0.6140 0.3860 

600 400.08 15.24 6000 0.6171 0.3829 

800 400.04 20.64 8000 0.6154 0.3846 

1000 400.01 25.36 10000 0.6138 0.3862 

3.2 Wind Energy System 

Wind power generates from wind turbines due to the movement of the wind.  The energy-

related of this wind is called kinetic energy.  This kinetic energy (𝐸) with mass (𝑚)  and 

velocity (𝑣) can be expressed as (3.8). [165] 

Kinetic Energy (𝐸) = 
1

2
𝑚𝑣2 Joule 3.8 

𝑚 = Air mass (Kg) = Air Density 𝜌 (kg/m3) x Volume 𝑄 (m3) 

𝑄=Dischargee 

The expression of power is derived as (3.9). [165] 

         𝑃𝑜𝑤𝑒𝑟 =
𝑑𝐸

𝑑𝑡
 

       =
1

2

𝑑

𝑑𝑡
(𝑚𝑣2) 

       =
1

2

𝑑

𝑑𝑡
(𝜌𝑄𝑣2) 

  =
1

2
𝜌

𝑑𝑄

𝑑𝑡
𝑣2 

𝑑𝑄

𝑑𝑡
 = Rate of discharge (m3/s) =  𝐴 (m2) x 𝑣 ((m/s) 

Where 𝐴= Swept wind turbine area 

𝑃𝑜𝑤𝑒𝑟 =
1

2
𝜌𝐴𝑣3 3.9 

The actual power generated in the wind would be smaller due to friction losses.  The 

power coefficient (𝐶𝑝) is defined as a ratio of actual power to theoretical power.  It is 

expressed as (3.10). [166] 
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𝐶𝑝 =
𝑃𝐴𝑐𝑡𝑢𝑎𝑙

𝑃𝑇ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙
 3.10 

Tip speed ratio (TSR) is defined as a ratio of tip speed of blade divided by wind speed.  It 

is expressed as (3.11). [166] 

𝑇𝑆𝑅 =
𝑇𝑖𝑝 𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝐵𝑙𝑎𝑑𝑒

𝑊𝑖𝑛𝑑 𝑆𝑝𝑒𝑒𝑑
=

𝜔

𝑣
 3.11 

So, the amount of power is directly proportional to the area swept out by the rotor, the air 

density, and the wind speed cube. 

The amount of power capture by the blade of a wind turbine is expressed as (3.12). [166] 

𝑃 =
1

2
𝜌𝐴𝐶𝑝𝜆𝛽𝑣3 3.12 

Where, 𝐶𝑝=Power coefficient 

𝜆= Tip Speed Ratio 

𝛽=Blade angle pitch 

The power coefficient (𝐶𝑝) is a function of 𝛽.  It can be expressed as (3.13). [166] 

𝐶𝑃 = 0.22 (
116

𝛽
− 0.4𝜃 − 5) 𝑒

−12.5
𝛽  3.13 

𝑊ℎ𝑒𝑟𝑒, 𝛽 =
1

1
𝜆 + 0.08𝜃

−
0.035
𝜃3 + 1

 

 

FIGURE 3.19 Power coefficient (𝐂𝐩) versus Tip speed ratio (𝛌) [165] 

The power coefficient is varying with the tip speed ratio.  The relation between the power 

coefficient (𝐶𝑝) and TSR is shown in Fig. 3.19 [165].  When wind speed changes, the 
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𝐶𝑝 and TSR will vary.  So, the value of 𝐶𝑝 will become maximum at a specific value of 

TSR.  When wind speed is constant,  𝐶𝑝 will be maximum at one speed only. 

As mentioned earlier, the rotor power coefficient 𝐶𝑝 It depends on the blade pitch angle.  

Rotating the blade about their long axes will change the pitch angle, modifying 𝐶𝑝, and 

thus changing the power is extracted from the wind.  The relation between 𝐶𝑝 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] 

 

FIGURE 3.20 𝐂𝐩 versus 𝛌 at different blade pitch angle (𝛃) [166] 

3.2.1 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 

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

 

FIGURE 3.21 Type I: SCIG based WECS 

Type I based wind energy conversion system (WECS) consists of a wind turbine with a 

squirrel cage induction generator (SCIG).  In which soft starter is used to suppress 

transient current during the starting of SCIG.  The capacitor bank is used to compensating 

for the lagging reactive current produced by a generator.  There is fix resistance and no 

winding in the rotor of SCIG.  The configuration of type I based SCIG is shown in Fig. 

3.21[167]. 

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

 

FIGURE 3.22 Type II: WRIG based WECS 

Wound rotor induction generator (WRIG) is used in a type II based WECS system.  It is 

shown in Fig. 3.22. The external variable resistance is connected in a rotor of WRIG 

through brushes and slip rings.  There is no squirrel cage bar in the rotor, but the rotor is 

wound with three-phase star-connected winding.  The soft starter and capacitor bank are 

also providing in this WECS [167]. 

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. 3.23.  The speed of the generator can be changed by 

varying frequencies produced by the controlled power converter.  A generator can be 
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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].    

 

FIGURE 3.23 Type III: DFIG based WECS 

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

 

FIGURE 3.24 Type IV: 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 is extracted by the generator.  Type 

IV PMSG based WECS is shown in Fig. 3.24[168]. 

3.2.2 Modeling of Permanent Magnet Synchronous Generator (PMSG)  

 

FIGURE 3.25 Equivalent circuit of PMSG  
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THE three-phase PMSG model is analyzed in a single phase.  The single-phase equivalent 

circuit of the PMSG is presented in Fig. 3.25[168].  The stator winding resistance is 𝑅𝑠 

and winding inductance is 𝐿𝑠.  The back emf force 𝐸𝑓 is generated from RMF.  The RMF 

is produced by winding flux linkage.  The stator terminal voltage is 𝑉𝑠.  So, the induced 

back-emf equation can be expressed as (3.13) [169]. 

𝐸𝑓 = 𝑘𝑝𝑚𝜆𝑝𝑚𝜔𝑒 3.13 

𝑘𝑝𝑚 = Magnetic strength 

𝜆𝑝𝑚 = Permanent magnet flux linkage   

𝜔𝑒   = Rotor angular speed in Electrical=
𝑝

2
𝜔𝑚 

𝜔𝑚 = Rotor angular speed in Mechanical 

Substitute the value of 𝜔𝑒 in (3.13) and 𝐸𝑓 can be expressed as (3.14). 

𝐸𝑓 = 𝑘𝑝𝑚𝜆𝑝𝑚

𝑝

2
𝜔𝑚 3.14 

From Fig. 3.25, the back emf equation is derived as (3.15). 

𝐸𝑓 = 𝑉𝑠 − 𝑖𝑠𝑅𝑠 − 𝐿𝑠

𝑑𝑖𝑠

𝑑𝑡
 3.15 

Compare (3.14) and (3.15) then the 𝑉𝑠 of a stator winding in PMSG is derived as (3.16). 

𝑉𝑠 = 𝑖𝑠𝑅𝑠 + 𝐿𝑠

𝑑𝑖𝑠

𝑑𝑡
+ 𝑘𝑝𝑚𝜆𝑝𝑚

𝑝

2
𝜔𝑚 3.16 

The rate of change of the flux linkage of stator winding (𝜆𝑠) is expressed as (3.17). 

𝑑𝜆𝑠

𝑑𝑡
= 𝐿𝑠

𝑑𝑖𝑠

𝑑𝑡
+ 𝑘𝑝𝑚𝜆𝑝𝑚

𝑝

2
𝜔𝑚 3.17 

Substitute (3.17) into (3.16), and the final terminal voltage of stator winding in PMSG is 

derived as (3.18). 

𝑉𝑠 = 𝑖𝑠𝑅𝑠 +
𝑑𝜆𝑠

𝑑𝑡
 3.18 

Assuming that there is not the presence of zero sequence quantity and apply park 

transformation, (3.18) can be written in 𝑑 − 𝑞 axis frame or synchronous rotor reference 

frame [170].  Fig. 3.26 is shown as the stator 𝑑 − 𝑞 or 𝑎𝑏𝑐 equivalent winding of PMSG.  

The 𝑑 - axis is aligned at an angle 𝜃𝑚 with 𝑎 - axis.   

The voltage equation of the machine model in 𝑑 − 𝑞 reference frame is expressed as 

(3.19) -(3.21), where the 𝑑-axis is fixed to the permanent magnet with rotor flux direction. 
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FIGURE 3.26 𝒂𝒃𝒄 and 𝒅 − 𝒒 equivalent of stator winding [171] 

𝑉𝑠 = 𝑣𝑠𝑑 + 𝑗𝑣𝑠𝑞; 𝑖𝑠 = 𝑖𝑠𝑑 + 𝑗𝑖𝑠𝑞 3.19 

𝑣𝑠𝑑 = 𝑖𝑠𝑑𝑅𝑠 +
𝑑𝜆𝑠𝑑

𝑑𝑡
− 𝜔𝑚𝜆𝑠𝑞 3.20 

𝑣𝑠𝑞 = 𝑖𝑠𝑞𝑅𝑠 +
𝑑𝜆𝑠𝑞

𝑑𝑡
+ 𝜔𝑚𝜆𝑠𝑑 3.21 

Where 𝑑 and 𝑞 = 𝑑 − 𝑞 reference frame axis 

𝜆𝑠𝑑 = 𝐿𝑠𝑑𝑖𝑠𝑑 + 𝜆𝑝𝑚 3.22 

𝜆𝑠𝑞 = 𝐿𝑠𝑞𝑖𝑠𝑞 3.23 

Substitute the (3.22) and (3.23) in (3.20) and (3.21), respectively.  So, 𝑣𝑠𝑑  and 𝑣𝑠𝑞 can be 

expressed as (3.24) and (3.25), respectively. 

𝑣𝑠𝑑 = 𝑖𝑠𝑑𝑅𝑠 + 𝐿𝑠𝑑

𝑑𝑖𝑠𝑑

𝑑𝑡
− 𝜔𝑚𝐿𝑠𝑞𝑖𝑠𝑞 3.24 

𝑣𝑠𝑞 = 𝑖𝑠𝑞𝑅𝑠 + 𝐿𝑠𝑞

𝑑𝑖𝑠𝑞

𝑑𝑡
+ 𝜔𝑚𝐿𝑠𝑑𝑖𝑠𝑑 + 𝜔𝑚𝜆𝑝𝑚 3.25 

The power flow is in a reverse direction in generating mode as per Fig. 3.25.  So, the 

conversion sign is considered in generating mode.  The terminal voltage of stator winding 

in PMSG for 𝑑 − 𝑞 reference frame is derived as (3.25) and (3.26). 

𝑣𝑠𝑑 = −(𝑖𝑠𝑑𝑅𝑠 + 𝐿𝑠𝑑

𝑑𝑖𝑠𝑑

𝑑𝑡
) + 𝜔𝑚𝐿𝑠𝑞𝑖𝑠𝑞 3.25 

𝑣𝑠𝑞 = −(𝑖𝑠𝑞𝑅𝑠 + 𝐿𝑠𝑞

𝑑𝑖𝑠𝑞

𝑑𝑡
) − 𝜔𝑚𝐿𝑠𝑑𝑖𝑠𝑑 + 𝜔𝑚𝜆𝑝𝑚 3.26 

The electrical magnetic torque (𝑇𝑒) is derived as (3.27).  Where, 𝑝=Number of stator pole. 

[172] 
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𝑇𝑒 = 1.5𝑝(𝜆𝑠𝑑𝑖𝑠𝑞 − 𝜆𝑠𝑞𝑖𝑠𝑑) 3.27 

Substitute (3.22) and (3.23) in (3.27).  So, the torque equation is derived as (3.28). 

𝑇𝑒 = 1.5𝑝(𝜆𝑝𝑚𝑖𝑠𝑞 + (𝐿𝑠𝑑 − 𝐿𝑠𝑞)𝑖𝑠𝑑𝑖𝑠𝑞) 3.28 

3.2.3 Maximum Power Point Tracking (MPPT) for WES 

Wind energy depends on atmospheric conditions. So, maximum power is extracted by 

such an algorithm from this source. In WES, a device used to extract maximum power is 

called maximum power point trackers. It is ensured that WES transfers maximum 

available power to the system. 

 

FIGURE 3.27 Characteristics of power as a function of the rotor speed at different wind speed [173] 

The wind turbine power is varying with a change in wind speed and pitch angle. The wind 

turbine power is also depending upon the rotor swept area and density of air.  The 

characteristics of wind turbine power versus generator rotor speed are shown in Fig. 3.27 

at different wind velocities.  In each curve, the MPPT tracker is found to track the 

maximum power point on the curve indicated by the blue dot in Fig. 3.27.  The dotted line 

is connecting the maximum power points of each curve.  Such a line is known as the 

MPPT line. 

Classification of the algorithm for MPPT in WES: 

There are various types of algorithms available for MPPT in WES [173-179].  These 

algorithms for MPPT are mainly classified into three categories: Tip speed ratio (TSR), 

power signal feedback, and perturb and observe (P&O) [173]. TSR controls the rotor 

speed to the turbine shaft speed to maintain optimal TSR by measured turbine shaft and 

wind speed. There is an error in wind speed measurement in a large wind farm. It is the 

drawback of the TSR method. The knowledge of the maximum power curve of wind 
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turbines is required by testing or simulation and considering its reference speed. So, the 

system is difficult to operate and also becomes complicated. P&O algorithm is suitable for 

varying speed continuously. Thus, P&O is a better algorithm for MPPT in WES.  It is also 

known as the hill-climbing search method [173, 175].    

Perturbation & Observation (P&O) algorithm for MPPT in WES: 

START

Input Data 
 VW(n), IW(n)

ΔP> 0

Calculate 
PW(n)=VW(n) * IW(n)

ΔV> 0 ΔV> 0

D+ΔD D-ΔD D-ΔD D+ΔD

n=n+1

YES NO

YES NO YES NO

Calculate ΔV=VW(n)-VW(n-1)
ΔP=PW(n)-PW(n-1)

 

FIGURE 3.28  Flowchart of the P&O algorithm for MPPT in WES 

The P&O algorithm is used for MPPT in WES. A flowchart of the P&O algorithm for 

MPPT in WES is shown in Fig. 3.28. Initialize sense the sample value of voltage and 

current of a wind generator in this algorithm.  The voltage of the wind generator changes 

with the variation in wind speed. Wind power is generated by multiplying the sensed value 

of voltage and current. The P&O algorithm monitors the optimal point in WES its means 

to achieve the maximum power of PMSG. The control of the duty cycle can achieve it in 

the boost converter. A specific step size ΔD is required to manage this change. The 

generator output power compares with its previous value, and ΔP can determine. The next 

step size ΔD can found from ΔP.  
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3.2.4 WES with MPPT Control  

Wind Speed (m/s)

Wind Turbine PMSG

P&O
MPPT Algorithm

DC Load

Boost Converter
Uncontrolled

Rectifier

DC Bus

𝑽𝒘 & 𝑰𝒘 Duty Cycle (D)
Control

MOSFET C

DL

𝑽𝑪𝒐𝒏𝒗𝟐 

𝑰𝑪𝒐𝒏𝒗𝟐 

𝑷𝑾 

 

FIGURE 3.29 Diagram of WES with MPPT control 

TABLE 3.5: PMSG based Wind Turbine Parameter [180] 

Parameter Value 

Power Rating  8.5 𝑘𝑤 

Voltage Rating 230 𝑉 

Rated frequency (𝑓) 50 𝐻𝑧 

Pole pair (𝑃) 30 

Nominal speed (𝜔𝑟) 188.4 rad/s 

Rated Torque 55 𝑁. 𝑚 

Stator winding per phase Resistance (𝑅𝑠) 0.425 Ω 

Stator winding per phase Inductance (𝐿𝑠) 8.5 𝑚𝐻 

Rotor Friction (𝐹) 0.001189 𝑁. 𝑚. 𝑠 

Rotor Inertia constant (𝐽) 0.01197 𝑘𝑔. 𝑚2 

Stator direct axis inductance (𝐿𝑠𝑑) 0.0082 𝑚𝐻 

Stator quadrature axis inductance (𝐿𝑠𝑞) 0.0082 𝑚𝐻 

Max. Power Coefficient (𝐶𝑝 𝑚𝑎𝑥) 0.48 

Max. Tip Speed Ratio (𝜆𝑚𝑎𝑥) 8.1 

Blade angle pitch (𝛽) 0 

Air Density (𝜌)  1.215 𝑘𝑔 𝑚3⁄  

Rated wind speed 12 𝑚 𝑠⁄  

Cut in wind speed 8 𝑚 𝑠⁄  

Cut off wind speed 13.5 𝑚 𝑠⁄  

Magnetic flux linkage (𝜆𝑝𝑚) 0.433 𝑤𝑏 

The control diagram of the WES with the MPPT control is shown in Fig. 3.29.  The wind 

turbine is connected to PMSG.  The parameter of PMSG based wind turbine model is 

shown in Table 3.5[180].  The 3-phase output of PMSG is connected with an uncontrolled 

rectifier.  The output of this rectifier is connected with the DC-DC boost converter.  The 

output of the DC-DC converter is connected with the DC bus of a hybrid microgrid.  The 

variation of wind turbine speed depends on its atmospheric conditions.  So, the output 

voltage and frequency of PMSG will be changed as per variation in wind speed. Thus, the 
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output of an uncontrolled rectifier will also be changed.  So, the MPPT control is 

implemented in this WES during a sudden change in wind speed.  The wind generator 

voltage (Vw) and current (Iw) of PMSG are the input of the MPPT unit.  The MPPT unit 

generates the pulse as per the P&O algorithm.  This pulse controls the duty cycle of 

MOSFET in the boost converter.  So, the constant output voltage of the boost converter is 

maintained by variation of the duty cycle. 

3.2.5 Result and Discussion 

The block diagram, as shown in Fig. 3.29, 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 

3.6.  The voltage 𝐕𝐰, current 𝐈𝐰  and power 𝐏𝐰 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 3.6 Wind generator output at different wind speed 

Wind 

Speed (m/s) 

Wind Generator Output 

𝐕𝐰 (V) 𝐈𝐰 (A) 𝐏𝐰 (V) 

8 198.31 26.091 5330.78 

9 214.45 29.101 6240.92 

10 222.68 32.156 7160.56 

11 226.71 34.350 7787.66 

12 230.55 36.863 8498.80 
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(b) 

FIGURE 3.30 Generated output of wind turbine: (a) Voltage (b) Power 

The converter output of wind generator at different wind speed is shown in Fig. 3.30.  The 

variation of wind speed will change the duty cycle.  The DC bus voltage is 400 V. So, the 

voltage output (𝐕𝐃𝐂) of the DC-DC converter is maintained at a constant of 400 V. The 

wind generator output (𝐕𝒘) is 230 V.  When wind speed increases, 𝐕𝐰 is also 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 3.7.  The variation of the duty cycle for a converter 

at different wind speed is shown in Fig. 3.31. 

TABLE 3.7 Wind generator converter output at different wind speed for MPPT 

Wind 

Speed (m/s) 

DC-DC Converter output of wind generator 𝐕𝒘

𝐕𝐃𝐂

 

Duty Cycle  

𝐃 = 𝟏 −
𝐕𝒘

𝐕𝐃𝐂

 𝐕𝐃𝐂 (V) 𝐈𝐃𝐂 (A) 𝐏𝐎𝐮𝐭 (W) 

8 399.98 13.327 5330.78 0.496 0.50 

9 400.01 15.602 6240.92 0.536 0.46 

10 400.08 17.897 7160.56 0.557 0.44 

11 400.03 19.467 7787.66 0.567 0.43 

12 400.06 21.243 8498.80 0.576 0.42 

 

FIGURE 3.31 Variation of duty cycle at different wind speed for MPPT control 
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3.3 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. 3.32. 

 

FIGURE 3.32 Classification of ES as per power density [181] 

3.3.1 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. 
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• 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 

The energy density versus power density of various rechargeable battery technology is 

shown in Fig. 3.33.  

 

FIGURE 3.33 Diagram of Energy density versus Specific density for different Batteries [182] 

Usually, Nickel Cadmium and Nickel-Metal-Hydride are preferable in the PV and wind 

energy systems.  The NiMH is an extension of NiCd technology, and it offers an 

improvement in energy density. The significant construction difference is that the anode is 

made of a metal hydride. It eliminates the environmental concerns of cadmium. Another 

performance improvement is that it has a negligible memory effect. The NiMH is less 

capable of delivering high peak power, high self-discharge rate, and susceptible to damage 

due to overcharging.  NiMH is expensive at present as compared to NiCd. However, the 

future price will be expected to drop significantly. This expectation is based on current 

development programs, and it is targeted for the large-scale application of this technology 

in electric vehicles.  
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3.3.2 Modeling of Battery 

Several inputs are considered for battery modeling, like current capacity, state of charge 

(SOC), temperature.  All these parameters of the battery are varying during the charging 

and discharging of the battery.   

The controllable voltage source in series with resistance is considered as the model of 

battery.  It can be applied to an electromechanical battery.  The model is shown in Fig. 

3.34[183].  This model is easy to use.  It is implemented to simulate the type of battery 

using MATLAB/Simulink dynamic simulation software.  

 

FIGURE 3.34 Simulink Battery Model 

The controlled voltage is expressed as (3.29). 

𝑉𝑜𝑐 = 𝐸𝑜 − 𝐾
𝑄

𝑄 − ∫ 𝑖𝑑𝑡
𝑖 − 𝑅𝑜𝑖 3.29 

Where,  

𝐸𝑜= Battery open circuit EMF (𝑉) 

𝑉𝑏𝑎𝑡 = Battery voltage (𝑉) 

∫ 𝑖𝑑𝑡 = Actual battery charge (𝐴ℎ) 

𝑄 = Battery capacity (𝐴ℎ) 

𝑖 = Battery current (𝐴) 

Rint = Internal resistance (Ω) 

𝐾 = Polarization resistance coefficient 

𝐴 = Amplitude exponential zone (𝑉) 

𝐵= Time constant inverse of exponential zone (𝐴ℎ−1) 
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The battery model parameter is shown in Table 3.8. 

TABLE 3.8 Battery model parameter 

Parameter Value 

Rated capacity  48 Ah 

Initial State of Charge 80% 

Battery response time 30 s 

Cut off voltage 9.45 V 

Fully discharge voltage 13.8 V 

Nominal discharge current 20 A 

Internal resistance  0.015 ohm 

Initial cell temperature 20 °C 

Nominal ambient temperature 20 °C 

Initial discharge voltage  13 V 

Thermal resistance, cell-to-ambient  0.6411°C/W 

Thermal time constant, cell-to-ambient  4880 s 

The nonlinear term is the 
𝑄

𝑄−∫ 𝑖𝑑𝑡
 in shepherd equation.  This term describes that voltage is 

varied by charge and real current of the battery.  So, the voltage of the battery rises to 

nearby 𝐸𝑜 when there is no current flowing, and the battery is discharged almost 

completely.  As soon as it circulates a current again, the battery voltage drops abruptly.  

Such behavior is a characteristic of an actual battery, but the mathematical model which 

builds it feasible to constitute this situation causes the instability of simulation and the 

algebraic loop [184].  Thus, to eliminate the algebraic loop, shepherd (3.29) is modified 

and derived (3.30).  

𝑉𝑏𝑎𝑡 = 𝐸𝑜 − 𝐾
𝑄

𝑄 − 𝑖𝑡
𝑖 + 𝐴 ∙ exp (−𝐵 ∙ 𝑖𝑡) 3.30 

This Simulink battery model has the following assumptions.  

▪ The temperature does not affect the behavior of the model. 

▪ The memory effect of the battery is ignored. 

▪ Internal resistance is fixed throughout the charge-discharge cycle, and it does not 

change with the current amplitude. 

▪ The battery capacity does not vary with a current magnitude as not considered the 

Peukert effect. 

State of Charge (SOC) Estimation: 

The state of charge (SOC) estimation of the battery is described as a ratio of current 

capacity to nominal capacity.  SOC is familiar with deciding the remaining capacity of the 
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battery.  SoC is a critical parameter to consider the performance of the battery.  

Understanding the SOC estimation of the system will grow the battery's life and protect 

the battery from over-discharge or overcharge.   The state of charge (SOC) of the battery 

is presented in (3.31). [185] 

𝑆𝑂𝐶(𝑡) = 1 −
∫ 𝑖𝑑(𝑡)𝑑𝑡

𝑡

0

𝑄0
 3.31 

3.4 Summary 

Section 3.1 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 3.2 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 3.3 

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.        
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CHAPTER 4 

4 Droop Control Strategy of DG Unit  

4.1 Introduction 

DG Units’ proper operation needs the power management strategy.  When multiple 

numbers of the DG (more than one) are connected in particularly islanding mode 

operation.  The total load demand must be fulfilled by available power.  In the islanding 

mode of operation, a microgrid is needed to minimize the dynamic, e.g., damped out 

system that is transient to the flexible and fast control strategy of an islanding microgrid.  

The main goal of droop-based PMS in islanding mode are load sharing among DG, 

maintaining the voltage profile, improving the dynamic response, and; voltage restoration 

during system transient.   

In this chapter, the primary and secondary droop control scheme in the islanded mode for 

DC-DC converter of two DG is implemented by locally signalled measures where 

communication does not require among DG.  So, the controller should be operated based 

on local information.  There is a problem of poor voltage regulation of microgrids in the 

conventional primary droop control method.  The drawback of conventional primary 

droop control can be improved by the voltage shifting-based primary control method.  

Voltage shifting based primary control is not completely satisfied with the voltage 

regulation of microgrids.  Also, there is a current sharing problem in both types of primary 

control.  So, in secondary control, current sharing and voltage regulation are achieved by 

slope adjusting and voltage shifting simultaneously.  In this secondary control method, the 

average value of current, voltage, and droop resistance of two neighboring converters is 

calculated and controlled by an additional layer of distributed secondary control.  So, 

accurate current sharing and voltage regulation can be achieved.  Also, in a transient state, 

current sharing is achieved by using this secondary control technique.  The performance of 

the proposed microgrid is verified by MATLAB simulation. 
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4.2 Droop Control Strategy 

The multiple sources connect in parallel with a bus that creates a circulating current 

among converter in a hybrid microgrid.  The droop control method widely uses in a hybrid 

microgrid for the proper current sharing purpose.  It also avoids communication links.  The 

droop control method is known for adding virtual resistance to an existing system. This 

resistance is the ideal value and not affected by temperature. It does not produce real 

power loss.  Virtual resistance is also called the droop coefficient, droop gain, or droop 

constant.  This method uses to suppress circulating current among converter [72, 75].   

The primary droop control applies in the power electronics converter for the DC grid in 

power and current mode droop.  In which power-voltage (P-V) droop, current-voltage (I-

V) droop or voltage-power (V-P), voltage-current (V-I) droop method included.  The 

injected power or current can be controlled as per droop characteristics by measuring 

voltage. In the voltage-power (V-P) and voltage-current (V-I), method voltage can be 

controlled by measuring power or current [186-188]. 

4.2.1 Comparison between current and power-based voltage droop characteristic 

 

FIGURE 4.1 Current-Voltage (I-V) droop characteristic 

P-V and I-V characteristics have the same performance [189].  P-V and I-V models nearly 

identical with slight variation when thinking about minor voltage.  Fig. 4.1 and 4.2 are 

shown the current-voltage (I-V) and power-voltage (P-V) droop characteristics, 

respectively.  It is clear that when minor voltage error is considered, then both modes are 

equivalent but have a slight difference.  So, the current-voltage (I-V) droop can be 

regarded as a power/current mode control strategy, and the voltage-current (V-I) droop 

method can inquire into voltage mode [189]. 
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FIGURE 4.2 Power-Voltage (P-V) droop characteristic [189] 

In the current mode droop, the current is calculated by measuring terminal voltage output.  

The reference current is generated from the V-I droop characteristic in a base of voltage.  

In voltage mode droop, the terminal current is measured and generated reference voltage.  

The voltage mode droop is approached to the V-I droop characteristic.  The reference 

voltage generates as per branch current output by use of V-I droop characteristic. 

4.2.2 Principle of droop control 

 

FIGURE 4.3 Analog implementation of current sharing method [190] 

The droop control method was considered an Adaptive Voltage Positioning (AVP) control 

method in an analog circuit design.  The control circuit is shown in Fig. 4.3[190].  The 

droop control strategy principle is that reference voltage linearly decreases with an 

increase in load current.       

 The droop coefficient is considered as resistance that can be derived from characteristics 

between voltage and current.  So, this droop coefficient is also called virtual resistance in a 

microgrid.  The droop control with the converter interface is represented by a Thevenin 

equivalent circuit model shown in Fig. 4.4. 
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𝑣𝑠 𝑣𝑖  

+

-

Real 

Resistance

Virtual 

Resistance

 

FIGURE 4.4 Thevenin equivalent circuit model for droop control 

4.3 Conventional Primary Droop Control Strategy 

4.3.1 The control diagram of a conventional primary droop control strategy 
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FIGURE 4.5 Control diagram of a conventional primary droop control strategy 

There are three loops in the conventional primary droop control strategy for the DC-DC 

converter as per Fig. 4.5.  The virtual resistance loop in which a droop resistant 𝑟𝑑𝑖 

multiply with converter current 𝑖𝑖.  The other inner current control loop and outer voltage 

control loop are in these units.  The current inner loop can improve the response speed.   

The basic equation of conventional primary droop control is expressed by (4.1). 

𝑣𝑖
∗ = 𝑣𝑟𝑒𝑓 − 𝑖𝑖𝑟𝑑𝑖 4.1 

Where 𝑣𝑟𝑒𝑓 = Reference voltage, 𝑣𝑖
∗= Voltage reference of 𝑖𝑡ℎ converter after applying the 

droop loop, 𝑟𝑑𝑖 = Droop resistance, 𝑖𝑖 = Output current of the converter. 
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4.3.2 Current sharing analysis of microgrid for two DG sources with conventional 

primary droop control 

+

-

+

-

+-

Load

 

FIGURE 4.6 Equivalent circuit of the microgrid for two DG sources with conventional droop control 

Let’s assume a microgrid with two nodes described in Fig. 4.6.  In which Thevenin’s 

equivalent model simplifies each converter.  In conventional primary droop control, two 

distributed power sources are connected parallel with the load.  As per the conventional 

droop control method, (4.2) is expressed from Fig. 4.6. 

𝑣𝑑𝑐𝑖 = 𝑣𝑑𝑐
∗ − 𝑖𝑑𝑐𝑖𝑟𝑑𝑖 4.2 

Where 𝑣𝑑𝑐
∗  is the reference DC voltage, 𝑟𝑑𝑖 is the droop resistance of converter, 𝑖𝑑𝑐𝑖 is the 

output current of the converter and 𝑣𝑑𝑐𝑖 is reference DC voltage of converter after 

applying the droop control, where 𝑖 = 1, 2 (No. of the converter). 

Eq. (4.3) and (4.4) is derived from Fig. 4.6. 

𝑣𝑏𝑢𝑠 = 𝑣𝑑𝑐
∗ − 𝑖𝑑𝑐1𝑟𝑑1 − 𝑖𝑑𝑐1𝑟𝑐1 4.3 

𝑣𝑏𝑢𝑠 = 𝑣𝑑𝑐
∗ − 𝑖𝑑𝑐2𝑟𝑑2 − 𝑖𝑑𝑐2𝑟𝑐2 4.4 

Eq. (4.5) is derived from (4.3) and (4.4) 

𝑖𝑑𝑐1

𝑖𝑑𝑐2
=

𝑟𝑑2

𝑟𝑑1
+

𝑟𝑐2 − 𝑟𝑑2 𝑟𝑑1. 𝑟𝑐1⁄

𝑟𝑑1 + 𝑟𝑐1
 4.5 

An output current of each converter is inversely proportional to its virtual resistance as per 

conventional droop control.  If two distributed sources have the same capacity for 

analysis, then 𝑟𝑑1 = 𝑟𝑑2 is put in (4.5). 

For differences between distribution sources and line, parameters is presented in (4.6). 

𝑟𝑑2

𝑟𝑑1
≠

𝑟𝑐2

𝑟𝑐1
 4.6 
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So current sharing error cannot be completely eliminated unless the (4.7) condition is 

satisfied. 

𝑟𝑑2

𝑟𝑑1
=

𝑟𝑐2

𝑟𝑐1
 4.7 

Generally, in a microgrid, the system is not large, so the cable resistance is very small 

compared to its droop resistance.  Since 𝑟𝑑2 ≫ 𝑟𝑐2 and 𝑟𝑑1 ≫ 𝑟𝑐1.  So, (4.8) is the 

expression of (4.3) & (4.4). 

𝑖𝑑𝑐1

𝑖𝑑𝑐2
=

𝑟𝑑2+𝑟𝑐2

𝑟𝑑1 + 𝑟𝑐1
≈

𝑟𝑑2

𝑟𝑑1
 4.8 

Eq. (4.8) is used only for a small system.  If the network is extensive, (4.8) is not suitable.  

It means the stability of microgrid is a big challenge for a more comprehensive system 

4.3.3 Limitation of conventional primary droop control 

Small Droop

Large Droop

𝒗 

𝒗𝒃𝒖𝒔 

𝒗𝟎_𝟏 
𝒗𝟎_𝟐 

𝒗𝒃𝒖𝒔
′  

𝒊𝟐 𝒊𝟏 𝒊 𝒊𝟏
′  𝒊𝟐

′  
 

FIGURE 4.7 The Conventional droop concept limitations V–I characteristic 

The conventional primary control has an intrinsic trade-off between load sharing and 

voltage regulation when the number of voltage sources is connected in parallel.  The 

unequal current sharing produces a voltage error due to the different characteristics of the 

converter.  It is seen that accurate voltage regulation and poor load sharing are created 

from the V-I characteristic of Fig. 4.7, in small droop resistance selection.  There is tighter 

load sharing in large droop, but voltage regulation is very poor. 

When two voltage sources are connected in parallel, the load sharing is to be unequal.  

This unequal load sharing produces a voltage error.  The difference between 𝑖1 and 𝑖2 is 

more during small droop gain.  When droop gain rises, the current difference decreases to 
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(𝑖1
′ −𝑖2

′ ) but voltage regulation increases.  So, the more extensive voltage regulation is not 

allowable to load.  Thus, there is a trade-off between current sharing and voltage 

regulation in the conventional primary droop control.   

𝒗 

𝒊 
𝒊𝟐 

∆𝒗𝟏 
∆𝒗𝟐 

𝒗∗ 

𝒊𝟏 

𝒗𝟏 

𝒗𝟐 

𝒓𝒅𝟏 

𝒓𝒅𝟐 

 
FIGURE 4.8 Conventional droop curve with virtual resistance 

As per the conventional droop control method, the equation is expressed as (4.8). 

𝑣𝑖 = 𝑣∗ − 𝑖𝑖𝑟𝑑𝑖 4.8 

So, from (4.8), voltage deviation is expressed in (4.9). 

∆𝑣𝑖 = 𝑖𝑖𝑟𝑑𝑖 4.9 

The analysis for two parallel converters is shown in Fig. 4.8.   When there is no current in 

the open circuit, then the voltage deviation (∆𝑣𝑖) is zero.  But when the converter output 

current is not equal to zero, then voltage deviation exists.  In Fig. 4.8, two droop 

characteristics are shown for different virtual resistance 𝑟𝑑1 and 𝑟𝑑2.  The voltage deviation 

∆𝑣1 and ∆𝑣2 exists at converter current 𝑖1 and 𝑖2 respectively.  The voltage deviation 

linearly increases with load current.  The voltage deviation value does not exist in the 

maximum allowable range.  So, the amount of droop resistance should be limited.  It can be 

expressed as (4.10). 

𝑟𝑑𝑖 ≤
∆𝑣(𝑚𝑎𝑥)

𝑖𝑖(𝑓𝑙)
 4.10 

Where, 𝑖𝑖(𝑓𝑙)= Full load current of the converter. 

The output voltage deviation is the limitation of conventional primary droop control. 

4.4 Voltage Shifting based Primary Droop Control Strategy 

As discussed in the conventional primary droop control method, there is a trade-off 

between power-sharing performance and voltage regulation.  High droop gain can 
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guarantee precise power-sharing among the sources while the voltage regulation 

performance is poor, i.e., voltage deviation is large under high droop gain.  A proposed 

control at the primary control level is introduced to maintain the bus voltage for a droop-

controlled MG at the nominal value, which sets the reference to the primary control and 

keeps the controlled parameter within a range. [29] 

4.4.1 Principle of voltage shifting 

𝒗 

∆𝒗 

𝒗 

𝒃 

𝒊 

𝒂 

𝒊 𝒊′  

𝒃′  

 

FIGURE 4.9 Principle of voltage shifting 

In a hybrid microgrid, a conventional droop control strategy is easy to implement, but 

there is poor voltage regulation. So, voltage shifting based proposed primary droop control 

is implemented.  In which Δ𝑣 is added with a reference voltage of the converter to regulate 

the bus voltage. In Fig. 4.9, the droop characteristic is represented by a solid line for 

conventional primary control. When load current increases form 𝑖  to 𝑖′, the voltage 

reduces in conventional droop control.  So, the droop curve is shifting from point  𝑏 to 𝑏′.  

Thus, the voltage at the current 𝑖′is to be the same after shifting droop characteristics. 

4.4.2 Voltage-shifting based droop characteristic 

Fig. 4.10 and 4.11 are described that voltage is balanced by adding the value of ∆𝑣.  Due 

to increases in a load, the voltage reduces from 𝑣𝑟𝑒𝑓 to 𝑣1 and 𝑣2 in conventional primary 

droop control.  But after adding ∆𝑣1 and ∆𝑣2, the droop curve line is shifting from a to a’ 

and b to b’ respectively.  So, voltage shifting based proposed primary droop control 

generates a new voltage reference value (𝑣𝑖
∗) of the local converter unit by shifting the 

drooping line and regulating the voltage of the converter at nominal value. [100]  
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FIGURE 4.10 Voltage-shifting based droop characteristics (same droop resistance) 
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FIGURE 4.11 Voltage-shifting based droop characteristics (different droop resistance) 

4.4.3 Control diagram of voltage shifting based primary droop control technique 

The voltage shifting based primary droop control is expressed by (4.10). 

𝑣𝑖
∗ = 𝑣𝑟𝑒𝑓 − 𝑖𝑖𝑟𝑑𝑖 + ∆𝑣𝑖 4.10 
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FIGURE 4.12 Control diagram of voltage shifting based primary droop control technique 

The voltage shifting based primary droop control strategy of the DC-DC converter unit is 

shown in Fig. 4.12.  Here ∆𝑣 loop is included.  The new reference value of voltage 𝑣∗is 

generated by adding ∆𝑣 in a conventional droop control loop.  𝑣∗ is compared with 𝑣0.  Its 

result is sent to the PI regulator and generates PWM signals to the boost converter unit. 
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The drawback of this method is that here the value of droop resistance is fixed in each 

converter. So, the total impedance of the converter would be unequal.  So dynamic 

performance is poor under a fast change in load current.   

4.4.4 Current sharing analysis for fast-changing in load current of a microgrid for 

two DG sources with Voltage shifting based primary control: 

+

-

+

-

+-

 

FIGURE 4.13 Equivalent circuit of the microgrid with voltage shifting based primary droop control 

The poor voltage regulation is a drawback of conventional primary droop control.  So in 

voltage shifting based primary droop control, ∆𝑣 is added with a reference voltage of the 

converter to compensate for the voltage deviation.     

The equivalent circuit of the microgrid with voltage shifting based primary droop control 

is shown in Fig. 4.13.  In which the two distributed voltage sources are connected parallel 

with the bus.  ∆𝑣1 and ∆𝑣2 are two voltage shifting values. As per voltage shifting based 

primary droop control method, (4.11) is expressed from Fig. 4.13 [191]. 

𝑣𝑖 = 𝑣𝑑𝑐
∗ − 𝑖𝑑𝑐𝑖𝑟𝑑𝑖 + ∆𝑣𝑖 4.11 

Where    ∆𝑣𝑖 = (𝑘𝑝𝑣 +
𝑘𝑖𝑣

𝑠
) (𝑣𝑑𝑐

∗ − �̅�𝑑𝑐𝑖) − (𝑘𝑝𝑐 +
𝑘𝑖𝑐

𝑠
) (𝑖𝑑𝑐𝑖 − 𝑖�̅�𝑐𝑖)  

Where, 𝑖�̅�𝑐𝑖 𝑎𝑛𝑑 �̅�𝑑𝑐𝑖 are the average calculated value of output current and voltage in a 

converter, 𝑘𝑝𝑐, 𝑘𝑖𝑐  and  𝑘𝑝𝑣, 𝑘𝑖𝑣 are parameters of current and voltage regulators.   

The voltage deviation is varying with load current.  Its value does not exceed its maximum 

limit.  So, the value of the droop coefficient is as (4.12).     

𝑟𝑑𝑖 ≤
∆𝑣𝑚𝑎𝑥

𝑖𝑑𝑐𝑖(𝑚𝑎𝑥)
 4.12 

Where, 𝑖𝑑𝑐𝑖(𝑚𝑎𝑥) is the maximum value of converter output current 

From the circuit of Fig. 4.13, the (4.13) can be expressed 
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𝑣𝑏𝑢𝑠 =
𝐺1

𝐺1 + 𝐺2 + 𝐺𝑙𝑜𝑎𝑑
𝑣𝑑𝑐1

∗ +
𝐺2

𝐺1 + 𝐺2 + 𝐺𝑙𝑜𝑎𝑑
𝑣𝑑𝑐2

∗  4.13 

Where 𝐺1 = 1 (𝑟𝑐1 + 𝑟𝑑1)⁄ , 𝐺2 = 1 (𝑟𝑐2 + 𝑟𝑑2)⁄ , 𝐺𝑙𝑜𝑎𝑑 = 1 𝑟𝑙𝑜𝑎𝑑,⁄  

𝑣𝑑𝑐1
∗ = 𝑣𝑑𝑐

∗ + ∆𝑣1,   𝑣𝑑𝑐2
∗ = 𝑣𝑑𝑐

∗ + ∆𝑣2   

The output current can be derived as (4.14) and (4.15). 

𝑖𝑑𝑐1 =
𝐺1[(𝐺2 + 𝐺𝑙𝑜𝑎𝑑). 𝑣𝑑𝑐1

∗ − 𝐺2. 𝑣𝑑𝑐2
∗ ]

𝐺1 + 𝐺2 + 𝐺𝑙𝑜𝑎𝑑
 4.14 

𝑖𝑑𝑐2 =
𝐺2[(𝐺1 + 𝐺𝑙𝑜𝑎𝑑). 𝑣𝑑𝑐2

∗ − 𝐺1. 𝑣𝑑𝑐1
∗ ]

𝐺1 + 𝐺2 + 𝐺𝑙𝑜𝑎𝑑
 4.15 

The difference between the two-output current is as (4.16) 

∆𝑖𝑑𝑐 = 𝑖𝑑𝑐1 − 𝑖𝑑𝑐2 4.16 

The value of 𝑖𝑑𝑐1 & 𝑖𝑑𝑐2 from (4.14) and (4.15) is substituted in (4.16).  So, ∆𝑖𝑑𝑐 can be 

expressed as (4.17). 

∆𝑖𝑑𝑐 =
2(𝑣𝑑𝑐1

∗ − 𝑣𝑑𝑐2
∗ )𝑟𝑙𝑜𝑎𝑑 + [(𝑟𝑑2 + 𝑟𝑐2)𝑣𝑑𝑐1

∗ − (𝑟𝑑1 + 𝑟𝑐1)𝑣𝑑𝑐2
∗ ]

(𝑟𝑐1 + 𝑟𝑐2 + 𝑟𝑑1 + 𝑟𝑑2)𝑟𝑙𝑜𝑎𝑑 + (𝑟𝑑2 + 𝑟𝑐2)(𝑟𝑑1 + 𝑟𝑐1)
 4.17 

The derivation 
𝑑∆𝑖𝑑𝑐

𝑑𝑟𝑙𝑜𝑎𝑑
 is derived as (4.18). 

𝑑∆𝑖𝑑𝑐

𝑑𝑟𝑙𝑜𝑎𝑑
=

(𝑟𝑑1 + 𝑟𝑐1 − 𝑟𝑑2 − 𝑟𝑐2)[(𝑟𝑑2 + 𝑟𝑐2)𝑣𝑑𝑐1
∗ + (𝑟𝑑1 + 𝑟𝑐1)𝑣𝑑𝑐2

∗ ]

(𝑟𝑐1 + 𝑟𝑐2 + 𝑟𝑑1 + 𝑟𝑑2)𝑟𝑙𝑜𝑎𝑑 + (𝑟𝑑2 + 𝑟𝑐2)(𝑟𝑑1 + 𝑟𝑐1)
 4.18 

From (4.18), it can be concluded that if 𝑟𝑐1 + 𝑟𝑑1 = 𝑟𝑐2 + 𝑟𝑑2  the output impedance of 

each converter would be equal, and the effect of ∆𝑖𝑑𝑐 is minimized by load variation.  So, 

the current sharing error can be eliminated when the equivalent output impedance is kept 

equal. 

There is a fixed value of droop resistance in each converter. So, the total impedance of the 

converter would be unequal.  So dynamic performance under the fast change in load 

current is poor.  It is a drawback of this method. 

4.5 Secondary Droop Control 

The droop control is generally used in a microgrid for load sharing of DGs. There is a trade-

off between voltage regulation and current sharing in primary control of microgrid.  The 
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secondary droop control is set as the reference of the primary to maintain the bus voltage of 

the microgrid.  It also supports parameters within the optimum range.  So secondary control 

in a microgrid is used for current sharing and voltage regulation. 

When droop control is used for current sharing among parallel converters, voltage deviation 

is induced.  The current sharing accuracy is degraded due to the mismatch of line 

impedance.  The drawback of conventional primary droop control is that the output voltage 

linearly reduces with an increase in load. The voltage shifting based proposed primary 

control is used to solve this problem. In the proposed primary droop control, voltage 

regulation is improved, but it does not maintain a rated voltage of a common bus. Also, 

there is a problem with current sharing.  So, to solve this problem, secondary control is 

used. 

4.5.1 Current sharing control: 

𝒗 

𝒊 

𝒗𝒓𝒆𝒇 

𝒊𝟏 

𝒗𝟏 

𝒗𝟐 

𝒊𝟐 𝒊𝟎 

𝒗𝟏
∗  

𝒗𝟐
∗  

𝒓𝒅𝟏 

𝒓𝒅𝟐 

Secondary  
Control

 
FIGURE 4.14 Current sharing control by secondary control 

The current sharing control is exceptionally advantageous to remove the circulating 

current and overloading of the converter.  The load sharing between the converters is 

proportional to its rated power.  So, secondary droop control is involved in improving 

current sharing.  The primary droop control strategy cannot give an accurate, current 

sharing in microgrid when line impedance is considered.  So, in other terms, for precise 

current sharing, the line impedance does not fit the droop mechanism.  The current 

regulator produces the voltage correction term (𝛿𝑣𝑖
𝑐) is to be added to the droop equation 

as expressed in (4.19). 
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𝑣𝑖 = 𝑣𝑟𝑒𝑓 − 𝑖𝑖𝑟𝑖 + 𝛿𝑣𝑖
𝑐  4.19 

This correction term (𝛿𝑣𝑖
𝑐) forces the system to share accurate current proportionally.  The 

module of current sharing can also update the virtual resistance of droop characteristics to 

achieve current sharing.  For this adjustment of the droop mechanism, the secondary 

controller generates the correction terms in the form of droop.  It is expressed as (4.20). 

𝑣𝑖 = 𝑣𝑟𝑒𝑓 − (𝑟𝑖 − 𝛿𝑟𝑖)𝑖𝑖 4.20 

The 𝑣 − 𝑖 droop characteristic before and after applying the secondary control is presented 

in Fig. 4.14 and 4.15.  In which local voltage is 𝑣𝑖
∗ and shared current 𝑖0 after applying 

secondary droop control. 
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FIGURE 4.15 Adjustment of droop mechanism by the secondary control 

4.5.2 Current sharing analysis for fast-changing load current 

A secondary control strategy is included with the average current and average voltage 

controller; the current sharing accuracy can be upgraded.  But there is a fixed droop 

coefficient with mismatched line impedance in a microgrid.  So, the equivalent impedance 

of the converter (sum of line impedance and droop coefficient) is different.   For accurate 

current sharing during fast-changing load current, the average current control requires 

adjusting the output current since equivalent impedance is quite unequal.  Thus, the 

dynamic performance is degraded during fast-changing load.  So, this drawback can be 

analyzed by the equivalent circuit model. 
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4.5.3 The proposed second secondary droop control scheme 

The voltage shifting based proposed primary droop control is not able to change the 

equivalent impedance.  Some time is required for average current control during rapidly 

changing load current to maintain output current when the converter's equivalent 

impedance is not equal.  When the equivalent value of the converter's impedance is 

unequal, degrade the dynamic load current sharing performance.  So, the slope of droop 

characteristic adjusting and voltage shifting based hybrid method is implemented as a 

secondary level to make the equal equivalent impedance of the converter.  Thus, voltage 

restoring and accurate current sharing during fast-changing load current can achieve. 

Principle of proposed secondary droop control scheme: 

DC Bus
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Loop

DC/DC 

Converter

PI
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+
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FIGURE 4.16 Control diagram of a microgrid for the secondary droop control scheme 

The distributed secondary droop control scheme is implemented for a simultaneous 

method of voltage shifting and slope adjusting. The voltage shifting control method is 

applied to remove the voltage deviation produced by primary control. The slope adjusting 

is employed to make equal output equivalent impedance by adapting the converter's droop 

resistance. Thus, accurate current sharing can be achieved during a fast-changing load 

current. By combining the average current controller and droop coefficient compensating 

controller, adapting the droop resistance can be realized.  In other terms, droop resistance 

can be departed from primary value to more diversify.  The third compensating controller 

is called the average droop coefficient controller required in this secondary control 

strategy. This average droop coefficient controller has additional control of removing the 

uncertainty of the droop coefficient. The reference value of local control is controlled by 

the average value of the droop resistance controller.  The saturation limit is put to limit the 

average droop resistance output value to remove the unsatisfactory amount of droop 

resistance, i.e., too small or large 
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The droop resistance adjustment can be derived as (4.26). 

𝑟𝑑𝑖= 𝑟∗ +(𝑟∗ − �̅�𝑑𝑖) (
𝑘𝑖𝑟

𝑠
+ 𝑘𝑝𝑟) − (

𝑘𝑖𝑐

𝑠
+ 𝑘𝑝𝑐 +) (𝑖𝑑𝑐𝑖 − 𝑖�̅�𝑐𝑖) 4.26 

Where, 𝑟∗=Droop resistance reference value, �̅�𝑑𝑖= Droop resistance controller average 

calculated value in a converter, 𝑘𝑖𝑐, 𝑘𝑝𝑐= Control parameter of average droop resistance 

regulator, 𝑘𝑖𝑟 , 𝑘𝑝𝑟 = Control parameter of the average current regulator. 

Algorithm for Secondary Control in Microgrid: 

1. Sense each converter parameter  𝑣𝑑𝑐𝑖 , 𝑖𝑑𝑐𝑖 𝑎𝑛𝑑 𝑟𝑑𝑖 from microgrid system 

2. Calculate the average value of 𝑣𝑑𝑐𝑖 , 𝑖𝑑𝑐𝑖 and 𝑟𝑑𝑖     

 �̅�𝑑𝑐𝑖 = ∑
𝑣𝑑𝑐𝑖

𝑛

𝑛

1
 𝑖�̅�𝑐𝑖 = ∑

𝑖𝑑𝑐𝑖

𝑛

𝑛

1
           �̅�𝑑𝑖 = ∑

𝑟𝑑𝑖

𝑛

𝑛

1
 

3. The average value of �̅�𝑑𝑐𝑖, 𝑖�̅�𝑐𝑖 𝑎𝑛𝑑 �̅�𝑑𝑖  are subtracting from 𝑣𝑑𝑐
∗ , 𝑖𝑑𝑐𝑖 and 𝑟∗ 

respectively. 

4.  (𝑣𝑑𝑐
∗ − �̅�𝑑𝑐𝑖), (𝑖𝑑𝑐𝑖 − 𝑖�̅�𝑐𝑖) and (𝑟∗ − �̅�𝑑𝑖)  are multiplying with  (

𝑘𝑖𝑣

𝑠
+

𝑘𝑝𝑣) , (
𝑘𝑖𝑐

𝑠
+ 𝑘𝑝𝑐) and (

𝑘𝑖𝑟

𝑠
+ 𝑘𝑝𝑟) respectively. 

5. The average voltage controller (𝑣𝑑𝑐
∗ − �̅�𝑑𝑐𝑖) (

𝑘𝑖𝑣

𝑠
+ 𝑘𝑝𝑣) is compensating the 

voltage deviation over-voltage shifting based primary control by generating the 

value to voltage shifting. 

6. The average current controller output (
𝑘𝑖𝑐

𝑠
+ 𝑘𝑝𝑐)  (𝑖𝑑𝑐𝑖 − 𝑖�̅�𝑐𝑖) and average droop 

coefficient controller (
𝑘𝑖𝑟

𝑠
+ 𝑘𝑝𝑟) (𝑟∗ − �̅�𝑑𝑖) are used for adapting the droop 

resistance of converters, i.e., slope adjusting. 

7. The droop coefficient and average current controllers use to control the same 

output impedance of two converters.  The reference value of local control is 

controlled by the average value of the droop resistance controller.  So, we can 

enhance the current sharing accuracy. 

8. The droop coefficient adjustment can be derived as follows. 

𝑟𝑑𝑖= 𝑟∗ +(𝑟∗ − �̅�𝑑𝑖) (
𝑘𝑖𝑟

𝑠
+ 𝑘𝑝𝑟) − (

𝑘𝑖𝑐

𝑠
+ 𝑘𝑝𝑐) (𝑖𝑑𝑐𝑖 − 𝑖�̅�𝑐𝑖) 
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4.5.4 Equivalent circuit of the microgrid for two DG sources with secondary droop 

control 

The accuracy of current sharing can be achieved by adapting two resistance 𝑟𝑑1  and 𝑟𝑑2 

with voltage shifting based method as shown in Fig. 4.17.  Here current sharing accuracy 

and voltage regulation both can be fulfilled by adjusting the slope of the droop curve and 

shifting the voltage. 

Here PI controller is used for average current and average droop coefficient to maintain a 

steady-state relationship between 𝑟𝑑1, 𝑟𝑑2, 𝑖𝑑𝑐1, and 𝑖𝑑𝑐2 as expressed in (4.21) and (4.22). 

+

-

+

-

+-

Load

 

FIGURE 4.17 Equivalent circuit of the secondary control method 

𝑖𝑑𝑐1 ≈ 𝑖𝑑𝑐2 4.21 

𝑟𝑑1 + 𝑟𝑑2

2
≈ 𝑟∗ 4.22 

Eq. (4.23) is derived from Fig. 4.17 

(𝑣𝑑𝑐
∗ + ∆𝑣) − (𝑟𝑑1 + 𝑟𝑐1)𝑖𝑑𝑐1 = (𝑣𝑑𝑐

∗ + ∆𝑣) − (𝑟𝑑2 + 𝑟𝑐2)𝑖𝑑𝑐2 4.23 

Eq. (4.24) is derived by substituting the value of  𝑖𝑑𝑐1 ≈ 𝑖𝑑𝑐2 in (4.23). 

𝑟𝑑1 + 𝑟𝑐1 ≈ 𝑟𝑑2 + 𝑟𝑐2 4.24 

From Eq. (4.24), each converter's equivalent output impedance would be the same after 

implementing a secondary controller with three PI controllers.  Equivalent output impedance 

keeps the current sharing accuracy with variable load.  Eq. (4.25) is derived from (4.21) and 

(4.22). 

𝑟𝑑1 ≈ 𝑟∗ +
𝑟𝑐2−𝑟𝑐1

2
       𝑟𝑑2 ≈ 𝑟∗ +

𝑟𝑐1−𝑟𝑐2

2
 4.25 

Eq. (4.5) is used to show the corresponding change in droop coefficient and line impedance. 
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When the equivalent line impedance of two converters is the same, the droop coefficient 

would be equal to the setting value.  If the line impedance of two converters is different, the 

converter's droop coefficients are adjusted adaptively to make similar equivalent output 

impedance.  

4.6 Control Diagram of Microgrid with Primary & Secondary Droop 
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FIGURE 4.18 Control diagram of primary & secondary droop control technique for two DG unit 

Fig. 4.18 shows the microgrid control diagram with primary, voltage shifting based 

primary and secondary droop control scheme.  There are two boost converters (DC to DC) 

are connected in parallel with a typical load bus.  The conventional droop and voltage 

shifting based droop control methods are used at the primary level.  The voltage loop, 

current loop, and droop coefficient loop are used in the conventional primary droop 

control scheme.  The droop resistant 𝑟𝑑1 and  𝑟𝑑2 are multiplying with converter current 

𝑖𝑑𝑐1 and 𝑖𝑑𝑐2 in a virtual resistance loop, respectively.  Δ𝑣1 and Δ𝑣2 are added in each 

converter of voltage shifting based primary control scheme over conventional primary 

control. 
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The average voltage, current, and droop coefficient of the neighboring converter are 

calculated with three PI controllers in secondary control.  The average voltage controller is 

compensating the voltage deviation produced by voltage shifting based primary control.  So, 

it is regulated by the output voltage of the converter.  The average current and droop 

coefficient controller is used for droop curve adjusting by adaptively controlling each 

converter's local droop coefficient.  By a combination of these two controllers would be 

making the same output impedance of two converters.  So, we can enhance the current 

sharing accuracy.  The voltage shifting and slope adjustment both are simultaneously 

controlled in this secondary scheme. 

4.7 Result and Discussion 

4.7.1 Performance of Primary and Secondary Control for Voltage Regulation 

   

 

FIGURE 4.19 Load current waveform 

Fig. 4.19 shows the waveform of the total load current of a microgrid.  The load current is 

increasing at 0.3 s & 0.7 s due to step up a load.  In conventional primary droop control, 

the converter voltage of DG is reduced at 0.3 s & 0.7 s due to the increase in load, as 

shown in Fig. 4.20.  Fig. 4.21 is shown the load voltage waveform of a microgrid in 

conventional primary droop control.  So, in the conventional primary droop control 

method, voltage is reduced at a higher load current.  Fig. 4.22 is shown in the converter 

voltage waveform of DG for voltage shifting based primary droop control method.  In this 

waveform, less voltage is reduced as compared to the conventional way. Fig. 4.23 is 

shown the load voltage waveform of a microgrid in voltage shifting based primary droop 

control method.  The voltage is improved at a higher load current in voltage shifting based 

on primary droop control. 
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Conventional Primary Droop Control Method: 

 

FIGURE 4.20 Converter voltage of DG for conventional primary droop control 

 

FIGURE 4.21 Load voltage of microgrid for conventional primary droop control 

Voltage Shifting Based Primary Droop Control: 

 

FIGURE 4.22 Converter voltage of DG for voltage shifting based primary droop control 
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FIGURE 4.23 Load voltage of microgrid for voltage shifting based primary droop control 

Secondary Droop Control: 

 

FIGURE 4.24 Converter voltage of DG for secondary droop control 

 

FIGURE 4.25 Load voltage of microgrid for secondary droop control 

The converter voltage of DG for secondary droop control is shown in Fig. 4.24.  In which, 

both converter voltage of DG is nearly equal at any load.  The load voltage is almost 

constant at 400 V.  It is shown in Fig. 4.25.  The microgrid voltage is regulated within 4V, 



Droop Control Strategy of DG Unit 

79 
 

even load increasing at 0.3 s & 0.7 s.  So, the voltage regulation of the microgrid is 

improved accurately after applying secondary control.  

4.7.2 Dynamic performance of Secondary droop control 

Transient response during step-up load: 

 
FIGURE 4.26 Current response during step up load 

 

FIGURE 4.27 Voltage response during step up load 

The dynamic performance during secondary droop control is shown in Fig. 4.26 to Fig. 

4.29.  The transient response during load step up is shown in Fig. 4.26 and 4.27.  The 

current response during step up load is shown in Fig. 4.26.  Its settling time is 0.8 s.  No 

current sharing error of converter current at 2 s suddenly step up a load is shown in Fig. 

4.26.  The waveform in Fig. 4.26 is overshoot at 2 sec due to step up a load.  The voltage 

response of the converter is also good at 2 s suddenly step up a load.  It is shown in Fig. 

4.27.  A load is suddenly increasing at 2 s.  So, the waveform of voltage is slightly 

undershot at 2 s in Fig. 4.27.  The voltage of each converter is maintained by nearly 400 V 

in the DC bus of a microgrid.  In Fig. 4.28 and 4.29, the same dynamic performance is 
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achieved for current and voltage response in secondary control during suddenly step-down 

load. 

Transient response during step-down load: 

 

FIGURE 4.28 Current response during step down load 

 

FIGURE 4.29 Voltage response during step down load 

4.7.3 Current sharing performance of Secondary droop control 

In the case of equal current sharing proportion (I1/I2=1):   

 

FIGURE 4.30 Performance of secondary control method for current sharing accuracy 

The current sharing during the performance of secondary droop control is shown in Fig. 

4.30 and 4.31.  Here current sharing proportion is the same.  Primary control is used 
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before 2 s in Fig. 4.30.  The current sharing error is more in the current waveform of the 

converter before 2 s.  When different line resistance is selected, an equal current sharing 

proportion is considered in Fig. 4.30.  When secondary control is activated at 2 s, the 

current of each converter becomes equal.  The current sharing error also occurred zero.  It 

is shown in Fig. 4.30. 

In the case of unequal current sharing proportion (I1/I2=0.5):   

The unequal current sharing proportion is selected for the control objective in this case.  

The current waveform is shown in Fig. 4.31 when I1/I2=0.5.  Here load current sharing for 

different proportion values is simulated.  The current of two converters is reached to the 

expected value after applying secondary control at 2 s.   

 

FIGURE 4.31 Performance of secondary control method for proportional current sharing 

4.7.4 Comparison of Simulation Result for Primary and Secondary Droop Control 

Technique 

TABLE 4.1 Comparison of voltage regulation for primary and secondary droop control 

Control 

Method 

Load Current = 12 A Load Current = 17 A Load Current = 31A 

Voltage 

V1 & V2 

(V) 

Avg. 

Voltage 

(V) 

Voltage 

Reg. 

(%) 

Voltage 

 V1 & V2 

(V) 

Avg. 

Voltage 

(V) 

Voltage 

Reg. 

(%) 

Voltage 

V1 & V2 

(V) 

Avg. 

Voltage 

(V) 

Voltage 

Reg. 

(%) 

Conventional 

Primary 

Droop 

V1 = 402 

V2 = 394 
398 0.5 

V1 = 386 

V2 = 378 
382 4.71 

V1 = 367 

V2 = 357 
362 10.5 

Voltage 

Shifting 

Based 

Primary 

Droop 

V1 = 403 

V2 = 393 
399 0.25 

V1 = 402 

V2 =396 
399 0.25 

V1 = 403 

V2 = 395 
399 0.25 

Secondary 

Droop 

Control 

V1 = 400 

V2 = 398 
399 0.25 

V1 = 400 

V2 =398 
399 0.25 

V1 = 399 

V2 = 398 
399 0.25 
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Converter voltage (V1 & V2) of two DG, average voltage, and voltage regulation are 

calculated at a load current of 12 A, 17 A, and 31 A from the simulation result.  A 

comparison of voltage regulation for primary and secondary droop control is shown in 

Table 4.1.  Voltage is degraded during increasing load in the case of the conventional 

primary droop control scheme.  So, voltage regulation is also increasing during higher 

load current.  Hence Voltage regulation became very poor in the conventional primary 

droop control scheme. Voltage is raised at a higher load current in voltage shifting based on 

the proposed primary droop control scheme.  So, its voltage regulation is also improved.  

The voltage regulation is improved by 10.25% compared to conventional primary droop 

control at higher load current 31 A.  The comparison of voltage regulation and load sharing 

of primary and secondary droop control method is shown in Table 4.2.  Both voltage 

regulation and current sharing are achieved accurately in a secondary control scheme.  So, 

precise voltage regulation and load sharing is achieved in the secondary droop control 

scheme. 

TABLE 4.2 Comparison of primary and secondary drop control method 

Control Method 
Voltage 

Regulation 

Load 

Sharing 

Conventional primary droop control Poor Good 

Voltage shifting based primary droop control Precise Good 

Secondary droop control Precise Precise 

4.8 Summary 

This chapter presents the DG unit's droop control strategy in an islanded mode of a hybrid 

microgrid. In the conventional primary droop control scheme, bus voltage is degraded 

during increasing load current. So, voltage regulation is poor.  It is improved by voltage 

shifting based primary droop control, but, in this method, the dynamic performance is poor 

during fast changes in load current. So, a distributed secondary control scheme is used 

with three compensating controllers over primary control.  From the simulated waveform, 

voltage regulation and current sharing accuracy are achieved in secondary droop control.  

The droop control of grid converter is also required for power management in a hybrid 

microgrid.  The next chapter is intended to discuss the droop control of grid converter and 

power management algorithm in a hybrid microgrid. 

  



Power Management in Hybrid Microgrid 

83 
 

 

CHAPTER 5 

5 Power Management in Hybrid Microgrid 

5.1 Introduction 

This chapter is representing power management in a hybrid microgrid.  The hybrid 

microgrid consists of PV, wind, battery, and grid.  Here grid converter has to manage the 

power flow between the grid and bus.  The droop control strategy for the grid converter is 

presented here.  The power management strategy is mentioned in islanding and grid-

connected mode.  The operation of a hybrid microgrid is operated under three different 

modes.  The algorithm for power management of hybrid microgrid is described here.  

This renewable-based hybrid microgrid model can use for various aspects like small 

residential and commercial buildings.  The current, voltage, and power waveform while 

switching between different modes is found by simulation results. 

5.2 System Architecture 

The hybrid microgrid means a microgrid connected with both AC and DC sources. The 

structure of a hybrid microgrid can be classified into AC coupled and DC-coupled hybrid 

microgrid. This depends on how to source DC and AC buses are configured and how DC 

and AC load are connected. In AC coupled hybrid microgrid, various DG and energy 

storage devices are connected to the typical AC bus through the converter. But in a DC-

coupled hybrid microgrid, different DG and energy storage devices are connected to a 

common DC bus through a converter.   

The proposed hybrid microgrid structure is shown in Fig. 5.1.  In which PV generating 

unit is connected to a DC bus through the DC-DC boost converter.  Permanent magnet 

synchronous generator type wind turbine has an AC output voltage.  PMSG is connected 

with a boost converter through an uncontrolled rectifier.  Both sources have a maximum 

power point tracking (MPPT) and droop function. When PV has no power at night time, 
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the wind turbine can continue to supply power.  Through a bidirectional DC-DC converter 

battery storage unit is connected to the DC bus.  The battery storage unit is installed to 

improve system stability. 

The AC grid is connected to a microgrid through the AC-DC bidirectional voltage source 

converter.  The droop control strategy is applied in the converter to manage the power 

flow.  The parameter of the proposed hybrid microgrid is as per below. 

Power output of the Photovoltaic generation system (DG 1) – 10 KW 

Power output of Wind generation system (DG 2) – 8.5 KW 

Power output of ES battery system – 5 KW,  

Maximum output power of AC Grid – 10 KW 

Load – 20 KW  Rated DC bus Voltage – 400 V 
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Converter
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Q
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FIGURE 5.1 Block diagram of proposed hybrid microgrid 

5.3 Control of Grid Interlinking Converter 

The interlinking converter is considered, as shown in Fig. 5.2.  It is used to power flow in 

both directions between AC and DC buses.  The droop control strategy is used to control 

the bidirectional power flow [19, 192].  Various methods are used to power management 

in a microgrid.  Most of the methods have a problem with communication. So, 

communication is avoided to increase the reliability of the microgrid.  The droop control is 

a decentralized based method.  There is no need for communication in it.  As per literature 

survey there are several advantages of droop control method [34], [35], [158], [193-198]. 
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To
DC Bus

To
AC Bus

 

FIGURE 5.2 Interlinking Converter 

5.3.1 Control Block Diagram for Grid Converter 

Fig. 5.3 shows the implementation of the 𝑃 − 𝑓 and 𝑄 − 𝑉 droop control in the grid 

converter.  It generates pulse through PWM and controls the power flow of the 

interlinking bidirectional converter.  The active and reactive power measurement from the 

available voltages and currents, 𝑃 − 𝑓 and 𝑄 − 𝑉 droop control, voltage combination, 

dual-loop control, and pulse width modulation (PWM) generation.  Droop control 

regulates the power flow by the interlinking converter between AC and DC bus. 

Power 
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Droop 

Control
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Combination

Duel Loop 

Control
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dq0

dq0
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P
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id iq vqvd

vd_ref
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FIGURE 5.3 Control block diagram of the grid converter 

Power Calculation: 

This block will calculate the values of active and reactive power using instantaneous 

values for the line to line RMS voltages and line current. These are precisely the quantities 

that are measured using three-phase measurement blocks. Since there is no ground to refer 

to, the voltages are always measured across the phases.  

Fig. 5.4 shows the input-output layout for the 𝑃 and 𝑄 calculations. Notice that the voltage 

and current measure at the microgrid side are passed to both blocks to calculate active and 

reactive power. It implies that the input for these blocks will always be the inverter 

current. 
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FIGURE 5.4 Block Diagram of Power Calculation Block 

5.3.2 Droop Control Scheme of Interlinking Converter  

There are two droop characteristics for the control of interlinking converter in a grid-

connected microgrid.  

Frequency (𝒇)  versus Active Power (𝑷)  Droop:  

 

FIGURE 5.5 Frequency (𝒇) versus active power (𝑷) droop characteristic 

The active power (𝑃) versus frequency (𝑓) droop characteristic is shown in Fig. 5.5.  𝑃 −

𝑓 droop control characteristic of one DG unit indicates their power set point when the 

rated load is connected to active power 𝑃𝑟𝑎𝑡𝑒𝑑 and frequency 𝑓𝑟𝑎𝑡𝑒𝑑.  Droop control will 

increase power when it decreases the frequency.  For example, when a new value of 

frequency is 𝑓𝑚𝑖𝑛 then the DG will generate maximum power (𝑃𝑚𝑎𝑥).  Based on this 

droop characteristic active power generation will decide for any frequency deviation. So, 

in the present work, based on this frequency, the deviation amount of power injection from 

the DC bus to the AC bus is calculated.  The voltage angle is calculated to dispatch 

controlled power from DC to AC microgrid [199]. 
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FIGURE 5.6 Control diagram of 𝑷 − 𝒇 droop Control 

The control diagram of 𝑃 − 𝑓 droop control is shown in Fig. 5.6.  First two input nominal 

power (𝑃𝑛) and measure power (𝑃) is compared, then the power error signal is multiplying 

with 𝑃 − 𝑓 droop coefficient (𝑚).  The reference frequency is generating by sensing 

nominal frequency.  It is described in (5.1). 

𝑓 = 𝑓𝑛 − 𝑚(𝑃𝑛 − 𝑃) 5.1 

Where, 𝑓 = Reference frequency (Hz) 

𝑓n = Nominal frequency (Hz) 

𝑚 = P-f droop coefficient (Hz W−1)  

𝑃𝑛 = Nominal active power (W) 

𝑃 = Measured active power (W) 

The slope of the characteristic is constant, and it is represented by the 𝑃 − 𝑓 droop 

coefficient (𝑚).  It depends on the values of 𝑃𝑚𝑎𝑥, 𝑓𝑚𝑖𝑛 and 𝑓max set point.  The Droop 

coefficient (𝑚) is defined from (5.2).   

𝑚 =
𝑓max − 𝑓min

𝑃𝑚𝑎𝑥
 5.2 

Where, 
𝑚 = 𝑃 − 𝑓 droop coefficient (Hz W−1)  

𝑓𝑚𝑎𝑥 = Frequency at maximum power (Hz) 

𝑓𝑚𝑖𝑛 = Frequency at minimum power (Hz) 

𝑃𝑚𝑎𝑥 = Maximum active power (W) 

Voltage (𝑽) versus Reactive Power (𝑸) Droop: 

The reactive power of the AC system is dependent on voltage.  A Voltage (𝑉) droop 

versus reactive power (𝑄) characteristic is shown in Fig. 5.7.  When reactive power 

increases, then the voltage of the AC system is down.  So, the maximum value of reactive 

power is defined by the minimum amount of AC system voltage.  So, the AC system's 

voltage is maintained by a change in reactive power [199]. 
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FIGURE 5.7 Voltage (𝑽) versus reactive power (𝑸) droop Characteristic 

 

FIGURE 5.8 Control diagram of 𝑸 − 𝑽 droop control 

The control diagram of 𝑄 − 𝑉 droop control is shown in Fig. 5.8.   𝑄𝑒𝑟𝑟 is generated by 

compare of nominal reactive power (𝑄𝑛) and measured reactive power (𝑄).  Then 𝑄𝑒𝑟𝑟 is 

multiplying by 𝑄 − 𝑉 droop coefficient (𝑛).  The reference voltage (𝑉) is generated by the 

sensing of nominal voltage (𝑉𝑛).  The reference voltage (𝑉) is derived as (5.3). 

𝑉 = 𝑉𝑛 − 𝑛(𝑄𝑛 − 𝑄) 5.3 

𝑉 = Reference voltage (V) 

𝑉𝑛 = Nominal voltage (V) 

𝑛 = Q-V droop coefficient (V var−1)  

𝑄𝑛 = Nominal reactive power (var) 

𝑄 = Measured reactive power (var) 

The slope of Fig. 5.7 is the 𝑄 − 𝑉 droop coefficient (𝑛).  It depends on the values 

of 𝑄𝑚𝑎𝑥, 𝑉𝑚𝑖𝑛 and 𝑉𝑚𝑎𝑥 set point.  The expression 𝑄 − 𝑉 droop coefficient (𝑛) is shown 

in (5.4). 

𝑛 =
𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛

𝑄𝑚𝑎𝑥
 5.4 

Where, 𝑛 = Q-V droop coefficient (V var−1) 

𝑉𝑚𝑎𝑥 = Voltage at maximum reactive power (V) 

𝑉𝑚𝑖𝑛 = Voltage at minimum reactive power (V) 

𝑄𝑚𝑎𝑥 = Maximum reactive power (var) 
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Droop Control Subsystem for Interlinking Converter: 

The droop control modeled subsystem is shown in Fig. 5.9.  In which reference frequency 

(f) is a reference voltage (V) is modeled as per the droop equation (5.1) and (5.3), 

respectively.  The reference frequency (f) is calculated from P − f droop control, and it 

generates sin and cos reference.  The reference voltage (V) is calculated from Q − V droop 

control.  Then vdr and vqr is generated from 𝑎𝑏𝑐 to 𝑑𝑞0 transformation.  

 

FIGURE 5.9 Droop control scheme subsystem 

PWM Subsystem for Interlinking Converter 

 

FIGURE 5.10 PWM Subsystem 

A dual closed-loop subsystem, as shown in Fig. 5.10, is modeled to generate PWM gate 

pulses.  This subsystem is designed as per (5.5) and (5.6).  vdr and vqr is compared with vd 
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and vq respectively.  In this subsystem, the voltage is maintained by the outer loop, and the 

current inner loop controls power flow.  

C
dvdr

dt
= (vdr − vd) + ωCvqr 5.5 

C
dvqr

dt
=  (vqr − vq) − ωCvdr 5.6 

5.4 Power Management Strategy 

The power management strategy is most important for the function of the hybrid 

microgrid.  The power management strategy manages the generation of power from 

sources and, at the same time, controls the voltage of the microgrid.  The hybrid microgrid 

is operated in islanding and grid mode. 

5.4.1 Islanding and Grid-connected mode 

 

FIGURE 5.11 Power management strategy in Islanding mode 

The power management strategy in islanding mode is presented in Fig. 5.11.  The 

microgrid bus voltage is maintained by PV, wind, or battery in this mode.  The PV and 

wind are operated in droop mode if its power is sufficient.  If its power is insufficient to 

provide to a load, these DG units shift from droop to MPPT mode.  When the PV & wind 

units run at droop mode and the battery requires charging, then the power management 

among PV, wind, battery, and load should be observed.  When PV and wind power 

generation is sufficient, the charging current can be placed to the maximum.  On the other 

hand, if DC bus voltage falls, then the rest of the power is provided by a battery.  So, the 

battery’s charging current is reduced by the current limiter to maintain the microgrid 

system's stability. 
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Fig. 5.12 is shown the power management strategy for grid-connected mode.  In this 

mode, the bidirectional grid converter is operated in droop mode, and the bus voltage of 

the microgrid is controlled.  The PV and wind are used in MPPT mode.  If DGs power is 

sufficient and the battery is not entirely charged, then the remaining power will be 

supplied to the grid.  If DGs power is not enough to provide the load, the grid converter 

operated in rectifier mode and sent power to load.  If a battery is fully charged, then it will 

be disconnected from the grid. 

 

FIGURE 5.12 Power management strategy in Grid-connected mode 

5.4.2 Operation Mode of Power Management 

The total distributed generation power (𝑃𝐷𝐺) is the sum of solar PV generation output 

power (𝑃𝑃𝑉) and wind generator output power (𝑃𝑊).  𝑃𝐷𝐺  supply unidirectional power in the 

microgrid system.  The energy storage battery power (𝑃𝑆) manages the power in the 

microgrid by a bidirectional flow of power by charging and discharging the battery.  The 

operation mode of power management is shown in Table 5.1. 

TABLE 5.1 Operation Mode of Power Management in Hybrid Microgrid 

Mode 

Power 

Generated  

by 

PV  

Power 

Generated  

by 

Wind 

Battery 

Power  
(𝑷𝑺) 

Delivered (+) 

/Absorb (-) 

 Load 

Power 

Grid 

Power  

Power  

Characteristic 

I 
𝑃𝑃𝑉  𝑃𝑊 −𝑃𝑆 𝑃𝐿  𝑃𝐺  𝑃𝐺 = 𝑃𝑆 − 𝑃𝐷𝐺 + 𝑃𝐿  

𝑃𝑃𝑉  𝑃𝑊 0 𝑃𝐿  𝑃𝐺  𝑃𝐺 = 𝑃𝐿 − 𝑃𝐷𝐺  

II 
𝑃𝑃𝑉  𝑃𝑊 −𝑃𝑆 𝑃𝐿  0 𝑃𝐷𝐺 = 𝑃𝐿 − 𝑃𝑆 

𝑃𝑃𝑉  𝑃𝑊 0 𝑃𝐿  0 𝑃𝐷𝐺 = 𝑃𝐿  

III 
𝑃𝑃𝑉  𝑃𝑊 𝑃𝑆 𝑃𝐿  0 𝑃𝑆 = 𝑃𝐿 − 𝑃𝐷𝐺  

𝑷𝑷𝑽 𝑷𝑾 𝑷𝑺 𝑷𝑳 𝑷𝑮(𝒎𝒂𝒙) 𝑷𝑺 = 𝑷𝑮(𝒎𝒂𝒙) − 𝑷𝑫𝑮+𝑷𝑳 
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5.4.3 Operation Mode Switching of Power Management 

The balanced power state of a hybrid microgrid can be decided by bus voltage changing.  

The output characteristic of PV and wind is not taken in observation in droop control 

without MPPT mode.  So, system utilization efficiency is decreased.  For this problem, the 

energy storage battery is used to overcome this fluctuation of PV and Wind, reducing the 

continuous fluctuation of bus voltage and improving stability.   

DG Unit:  

The DG unit is a combination of PV generation unit and wind generation unit connected 

with the DC bus through the converter.  The DG unit usually is working in MPPT mode to 

capture the maximum possible solar and wind energy to increase energy efficiency.  When 

solar and wind output is sufficient, the DG power output becomes large, so the microgrid 

bus voltage increases.  Thus, the operating mode of DG will switch into the droop control 

mode to maintain voltage stability.  If the AC grid and load are not connected, and the 

battery is fully charged, the DG unit will cut off from the microgrid.  

Battery Unit:  

The battery is connected parallel with DG to a hybrid microgrid.  The bidirectional DC to 

DC converter is connected between the microgrid DC bus and battery.  The battery is 

operated in charging mode during regular microgrid operation.  When the battery is fully 

charged, it would be cut out.  The microgrid is disconnected from the main grid during a 

fault that occurs in the grid.  So, in this islanding mode, the battery would be balancing the 

voltage and stabilized the microgrid operation. 

The power balance in a hybrid microgrid means to keep the constant voltage of the bus.  

The rated voltage is considered 400 V for the microgrid's reliability and safety.  The 

hybrid microgrid is classified into three bus voltage ranges by the operation mode, as 

shown in Table 5.2.  

Mode I: 

In this mode, I, the grid converter maintains the stability of the microgrid.  The operation 

of DG units is under MPPT to capture the maximum possible energy from solar and wind.  

The battery unit operates in constant current charging mode by the battery management 

system, and when fully charged, it will be cut off from the microgrid.  In this mode, the 

voltage between 390 V to 410 V is maintained.   
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TABLE 5.2 Operation Mode Switching Power Management in Hybrid Microgrid 

Mode 
Bus Voltage 

Range 

Bus 

Voltage 

Regulation 

Operation of 

DG Unit 

Operation 

of Battery 

Operation of 

Grid 

I 390 < 𝑉𝐵𝑢𝑠< 410 Grid 
MPPT Charging Droop 

MPPT Off Droop 

II 𝑉𝐵𝑢𝑠 > 410 DG Unit 
Droop Charging Const. Power 

Droop Off Const. Power 

III 𝑉𝐵𝑢𝑠 < 390 Battery 
MPPT Discharge Off 

MPPT Discharge Const. Power 

Mode II:  

The DG unit maintains the DC bus voltage stability in this mode.  The battery would be 

charged during light loads by a battery management system, and bus voltage increases 410 

V.  The gird converter transmits power to the grid in its maximum power from microgrid 

or cut out from microgrid. 

Mode III:  

The energy storage battery supports the DC bus voltage stability in this mode.  The 

operation of DG units is under MPPT.  The grid converter will switch into the current 

limiting mode if the fault arises or transfer power from the AC grid to microgrid makes the 

grid converter limitation.   
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5.5 Flow Chart for Operation Mode of Power Management in Hybrid 
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FIGURE 5.13 Flowchart for operation mode of power management in hybrid microgrid 
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5.6 Result and Discussion 

In the sequence of proving the control strategy's fruitfulness for power management, the 

MATLAB/Simulink simulation waveform is presented in Fig. 5.14 to 5.19.  The 

simulation result waveform is conducted in three modes as per the above analysis.  The 

constant irradiation and wind speed model are considered for PV and wind generation, 

respectively.  We assume the wind speed and irradiation level are under step change 

during switching mode. 

The simulation result of the case I is shown in Fig. 5.14 and 5.15.  In this mode I, the grid 

converter maintains the stability of the microgrid.  When the load changes, the grid 

converter exchange the power between the AC network and the DC grid as per grid 

characteristics.  At 0.5 s, the battery start charging, so grid power is increased, and on 2 s, 

the battery is fully charged.  So, it cut out from the grid and becoming in standby.  The 

current and voltage waveform is shown in Fig. 5.15.  The voltage level is maintained at 

400 V at different loads in mode I.  

In Fig. 5.16 and 5.17, the hybrid microgrid operates in mode II, and the battery maintains 

the stability of the microgrid.  The microgrid operates in mode I at first.  At 1 s, the AC 

grid converter is disconnected from the microgrid due to a fault.  So, the system switched 

into mode II from mode I at 1 s. At this time, the battery works in discharging mode and 

provides power to a microgrid.  At 1.5 s, the fault is cleared, so the system again switched 

into the mode I.  At 2 s and 2.5 s, the load is increased in a hybrid microgrid, so the grid 

converter reached up to its maximum power limit.  Due to this reason, a grid converter 

operates in current limit mode, and the system switched to mode II.  At 3.5 s, power 

output can’t meet the load demand, so some load is cut off.  Afterload cutting, power 

output can match the load requirement, and the system can securely run in mode. 

In Fig. 5.18 and 5.19, the DG unit maintains the hybrid microgrid's stability, and it works 

in islanding mode.  The microgrid is disconnected from the main grid and operates 

islanded mode at 1.5 s.  So, the system switched into mode II, and the battery provides the 

stability of the microgrid.  At 2.5 s, the DG unit's output power is increased, so the 

microgrid is switched into mode III.  Thus, the DG units are operated in droop control 

mode to sustain the power balance and bus voltage stability.  The battery fully charges at 

1.5 s and cut out from the grid.  The voltage is balanced at 400 V in all cases. 
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5.6.1 Simulation Case I 

 

FIGURE 5.14 Power waveform of Case I 
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FIGURE 5.15 Current and Voltage waveform of Case I 
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5.6.2 Simulation Case II: 

 

FIGURE 5.16 Simulation waveform result of case II 

  



Power Management in Hybrid Microgrid 

99 
 

 

 

FIGURE 5.17 Current and Voltage waveform of Case II 
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5.6.3 Simulation Case III: 

 

FIGURE 5.18 Simulation waveform result of case III 
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FIGURE 5.19 Current and Voltage waveform of Case III 
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5.7 Summary: 

This chapter describes the power management algorithm in a hybrid microgrid.  This 

approach is to signify the effectiveness of the proposed method of active power-sharing.  

The droop control basis on bus voltage is presented by considering the advantage of a 

hierarchical control strategy.  It can confirm that PV and wind cooperate in supplying 

power, making the system run in the optimal state and working under its maximum 

efficiency.  Thus, the microgrid bus voltage supported the appropriate range.  Based on 

detecting the voltage, a different mode of operation of DG (PV, wind) and the grid is 

determined and smoothly switched.  So, in each mode, the power balance is possible when 

the different bus voltage.  Here there is no communication between various units.  So, the 

system has plug in play is to be realized.  Simulation results verify the effectiveness and 

feasibility of the system.  The next chapter is targeted to discuss the real-time parameter 

comparison and power management of standalone PV system. 
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CHAPTER 6 

6 Real-Time Parameter Comparison and Power 

Management of Standalone PV System 

This chapter presents the real-time parameter comparison at different irradiation and 

shading effects of single, series, and parallel-connected PV modules and power 

management of prototype standalone or off-grid photovoltaic energy system.  The solar 

irradiation and temperature are the factors with greater influence in the maximum peak of 

available power from a PV array.  It is worth mentoring that the arrangement of PV 

modules in series and the parallel connection is directly related to the system's efficiency.  

So, evaluate I-V and P-V curves for single, series, and parallel-connected PV modules at 

different irradiation levels using digital meter and data logger.  Observe the real-time 

parameter  𝑉𝑂𝐶 , 𝐼𝑆𝐶   and 𝑉𝑚 , 𝐼𝑚 at which MPP occurs by using the MPPT algorithm.  It 

also calculates fill factor and efficiency for single, series, and parallel-connected PV 

modules.   The power level for various sizes of shading elements is demonstrated. It 

evaluates I-V and P-V curves for different shading types in single, series, and parallel-

connected PV modules with a plotter.  In the second part, the prototype standalone PV 

system is associated with a solar panel, energy storage battery, controller, DC-DC 

converter, inverter, AC load, and DC load.  The power flow analysis in the standalone PV 

system at different modes of operation is presented.  The standalone PV system works in 

either AC load, DC load, or AC and DC load.     

6.1 Real-Time Parameter Comparison of PV module  

6.1.1 Efficiency of Solar PV Module   

The following losses are taking place in a solar cell. 

1. Reflection losses: Occurs at the top surface of the cell where light is incident. 

Reflection of light results is in the low absorption of photons in the solar cell. 
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2. Recombination losses: This occurs everywhere in the volume of the solar cells. 

Carriers are generated and get recombine with each other to maintain equilibrium 

condition.  Areas where these losses occur largely, are the bulk region (base region), 

top surface, metal to semiconductor contact areas, and junction region. 

3. Series resistance losses: Resistance contributed by the metal fingers, metal to 

semiconductor contact resistance, bus bar, an emitter region, and the bulk part is 

called series resistance. Voltage drop and power loss results due to the high value of 

series resistance and hence reduce efficiency. 

4. Thermal losses: A very small quantity of light absorbed by the cell is utilized in 

power generation. The remaining photon energy goes utilized in the form of heat, 

which increases the cell's temperature. 

Open circuit voltage (𝑉𝑜𝑐) and short circuit current (𝐼𝑠𝑐) are the cell parameters which are 

functions of temperature. 𝐼𝑠𝑐 increases with temperature, but this increment is negligible.  

There is a 0.5 % drop in 𝑉𝑜𝑐 with every degree rise above 250 °C.  So, it can be seen that 

only a part of solar radiation falling on a PV cell is converted into useful energy.  This 

efficiency is the highest in monocrystalline type solar panels and is least for thin-film type 

panels.  Mathematically, the efficiency of the solar panel is expressed as (6.1). [200] 

Efficiency =
VmIm

Irradiance (W m2) ∗ Area (m2)⁄
∗ 100 6.1 

6.1.2 Fill Factor: 

𝑽𝒎 𝑽𝒐𝒄 
𝑽 

𝑰 

𝑰𝒔𝒄 
𝑰𝒎 

𝑷𝑻 

𝑷𝒎 

 

FIGURE 6.1 Graphical interpretation of the Fill factor [200] 

Fill factor (FF) is also illustrated graphically in Fig. 6.1.  It is the ratio of two rectangular 

areas indicated in blue and green colour, respectively. Suppose I-V characteristic sweep is 

more that means larger fill factor.  It is expressed in (6.2). [200] 
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FF =
Actual achievable maximum power

Theoretical maximum power (PT) 
=

PMAX

PT
=

VMP IMP

ISC  VOC
 6.2 

6.1.3 Block Diagram of Standalone Solar PV Module 

Solar
PV

Panel

A

Current 
and 

Voltage 
Sensor

Micro
Controller 

with 
MPPT 

Algorithm

MOSFET

CDiode

L

V R

DC-DC Converter

 

FIGURE 6.2 Block diagram of the standalone PV module with a DC-DC converter  

A solar PV panel is connected to the DC-DC buck converter and PIC microcontroller with 

MPPT.  It is shown in Fig. 6.2.  Perturb and observe (P&O) algorithm is applied in the PIC 

microcontroller.  The digital meters with module output are used for takes readings.  The 

plotter/data logger is also connected with the output of the module. The values of current 

and voltages are measured from the data logger, and then the I-V curve can plot at 

different radiation and temperature levels.   

Experiment Setup of Standalone PV module with converter and MPPT unit: 

PV Pannel

DC-DC Converter Data Logger 

Irradiation Meter

Microcontroller 
with MPPT Unit 

 

FIGURE 6.3 Equipment used in real-time parameter comparison of prototype insight PV module 

The various types of equipment are used in this experimentation of real-time parameter 

comparison of PV module as presented in Fig. 6.3.  It is performed at L. E. college, Morbi, 

Gujarat, India.  Two solar panels of the same capacity, real-time plotter, DC-DC buck 

converter, inverter, and microcontroller are used in this experimentation.  The real-time 

plotter is used to take the reading at a different interval.  The personal computer is 
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connected with a real-time plotter to record different readings and plot the curve.  The 

solar irradiation meter is used to measure the intensity.       

6.2 Experimental Result at Different Irradiation for Single PV module 

The solar PV module characterizes I-V and P-V characteristics.  It will show unique I-V 

and P-V characteristics at a particular level of solar insolation and temperature.  The graph 

is called an “I-V curve,” and it refers to the module’s output relationship between current 

(I) and voltage (V) under prevailing conditions of sunlight and temperature.  The ideal 

position on any I-V curve, the sweet spot where we can collect the most power from the 

module, is at the “knee.”  That’s the maximum power point (MPP), and it can be observed 

that its position changes with temperature and irradiance. 

P-V & I-V curve for a single PV module at different irradiance is shown in Fig. 6.4.  P-V 

and I-V characteristics are found for a single module at 200, 400, 600, 800, and 1000 

W/m2 radiation by using a data logger.  Every model of a solar panel has unique 

performance characteristics that can graphically find out in a chart.   The maximum power 

point (MPP) is also shown on the P-V curve at Vmp and Imp.  The fill factor and efficiency 

are also calculated at different irradiation.  These characteristics can be altered as per 

requirement without connecting for a single module and connecting both modules in series 

or parallel. 

 

(a) 200 W/m2 
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(b) 600 W/m2 

 

(c) 1000 W/m2 

FIGURE 6.4 P-V& I-V curve of single PV module at different Irradiance 

The comparison of real-time data for the various parameters at 200, 400, 600, 800, and 

1000 W/m2 radiation of a single PV module is shown in Table 6.1.  The maximum power 

output of a single PV module increases during higher radiation.  The open-circuit voltage 

is slightly changed when an increase in short circuit current. 
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TABLE 6.1 Comparison of real-time parameter for single PV module at different irradiance 

6.3 Experimental result at Different Irradiance for Two Series PV 

Module  

+ +- -
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FIGURE 6.5 Circuit diagram for the evaluation of I-V and P-V characteristics of a series module 

 

(a) 200 W/m2 

Parameter 200 W/m2 400 W/m2 600 W/m2 800 W/m2 1000 W/m2 

Voc [V] 38.0263 38.0371 38.1836 38.1836 38.2812 

Isc [A] 0.08453 0.09375 0.0957031 0.0957031 0.232422 

Vm [V] 38.0261 38.0371 38.1348 38.1348 29.9316 

Im [A] 0.09123 0.09375 0.0957031 0.0957031 0.193359 

Pm [W] 3.4672 3.56598 3.64962 3.68962 5.78756 

Fill Factor 0.665 0.7234 0.998721 0.998721 0.650478 

Efficiency [%] 4.7542 6.45747 8.04135 11.28101 15.89378 
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The circuit diagram presented in Fig. 6.5 is used to evaluate P-V and I-V characteristics 

for two series-connected PV modules.  The variable resistance is connected in the PV 

module either in parallel or series with a voltmeter and ammeter.  The effect of change in 

output current and voltage can be shown in the series-connected PV module by varying 

the load resistance.  P-V and I-V characteristics are presented in Fig. 6.6 for series-

connected two PV modules at 200, 600, and 800 W/m2 irradiances. 

 

(b) 600 W/m2 

 

(c) 800 W/m2 

FIGURE 6.6 P-V& I-V curve of series connected PV two module at different Irradiance 
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6.4 Experimental result at Different Irradiance for Two Parallel PV 

Module  
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FIGURE 6.7 Circuit diagram for the evaluation of I-V and P-V characteristics of parallel modules 

 

(a) 200 W/m2 
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(b) 600 W/m2 

 

(c) 1000 W/m2 
FIGURE 6.8 P-V& I-V curve of parallel-connected two PV module at different Irradiance 

The circuit diagram presented in Fig. 6.7 is used to evaluate P-V and I-V characteristics 

for the two series-connected PV modules. P-V and I-V characteristics are shown in Fig. 

6.8 for parallel-connected two PV modules at 200, 600, and 1000 W/m2 irradiance.   

6.5 Comparison of Two Series and Parallel connected PV module with 

varying radiation and temperature effect 

6.5.1 Comparison of a real-time parameter at different irradiance 

TABLE 6.2 Comparison of the real-time parameter at different irradiance for series module 

 

 

 

 

 

The comparison of real-time data for two series and parallel connected PV modules at 

different irradiance is shown in Table 6.2 and 6.3, respectively.  Voltage is higher in a 

series-connected PV module.  The voltage at MPP (Vm) generates lower in a parallel 

module.  So, a solar cell's efficiency is higher in a series-connected module than in the 

Parameter 200 W/m2 400 W/m2 600 W/m2 800 W/m2 1000 W/m2 

Voc [V] 36.7676 36.9629 38.7207 38.623 38.4766 

Isc [A] 0.179688 0.177734 0.232422 0.232422 0.228516 

Vm [V] 36.7188 36.9141 35.0098 32.8125 27.7832 

Im [A] 0.0996094 0.0996094 0.189453 0.199219 0.208984 

Pm [W] 3.65753 3.67699 6.63271 6.53687 5.80626 

Fill Factor 0.553612 0.559699 0.737006 0.728192 0.660365 

Efficiency [%] 4.14383 6.59623 8.52726 12.08554 16.90313 
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parallel module.  The efficiency of a polycrystalline solar panel is between 10 to 15% 

[200-202].   

TABLE 6.3 Comparison of real time parameter at different irradiance for parallel module 

6.5.2 Experimental Result at varying Irradiance and fixed 35˚C Temp. 

TABLE 6.4 Results at varying Irradiance and fixed 35˚C Temp. for series module 

Sr. No. Radiation (W/m2) Voltage (V) Current (A) Power (W) 

1 200 38.04 0.0019 0.0722 

2 400 38.07 0.0937 3.5659 

3 600 38.52 0.0957 3.6863 

4 800 38.62 0.0996 3.8472 

5 1000 38.37 0.0999 3.9560 

TABLE 6.5 Results at varying Irradiance and fixed 35˚C Temp. for parallel module 

Sr. No. Radiation (W/m2) Voltage (V) Current (A) Power (W) 

1 200 19.33 0.0097 0.1878 

2 400 19.38 0.0117 0.2275 

3 600 19.48 0.0117 0.2283 

4 800 19.68 0.0118 0.2290 

5 1000 19.88 0.0118 0.2345 

Voltage, current, and power from I-V and P-V curves are found at different irradiance and 

fixed 35˚C Temperature of two series and parallel connected PV modules.  When 

irradiance increases from 200 W/m2 to 1000 W/m2, both are increased more than the 

voltage in series and parallel connected model.  It is presented in Table 6.4 and 6.5. 

6.5.3 Experimental Results at varying Temperature and fixed 1000 W/m2 

Irradiance  

The voltage, current, and power are found at different temperate and fixed 1000 W/m2 

irradiance of two series and parallel connected PV modules.  It is shown in Table 6.6 and 

Parameter 200 W/m2 400 W/m2 600 W/m2 800 W/m2 1000 W/m2 

Voc [V] 19.3359 19.3848 19.4824 19.4824 19.5312 

Isc [A] 0.0117188 0.525391 0.523438 0.0117188 0.0117188 

Vm [V] 19.3359 19.1406 18.1641 19.4336 19.4336 

Im [A] 0.0117188 0.103516 0.304688 0.0117188 0.0117188 

Pm [W] 0.226593 1.98135 5.53436 0.227737 0.227737 

Fill Factor 0.1637 0.194545 0.5427 0.997494 0.995 

Efficiency [%] 4.566483 6.47669 8.61197 12.142336 16.113869 
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6.7.  The current variation is more in the parallel module than the series module during 

increasing in temperature. 

TABLE 6.6 Results at varying Temperature and fixed Irradiance 1000 W/m2 for series module 

Sr. No. Temp (°C) Voltage (V) Current (A) Power (W) 

1 32 39.60 0.109 4.331 

2 34 39.40 0.109 4.233 

3 36 39.06 0.105 4.121 

4 37 38.92 0.105 4.104 

5 38 38.22 0.102 3.913 

TABLE 6.7 Results at varying Temperature and fixed Irradiance 1000 W/m2 for parallel module 

Sr. No. Temp (°C) Voltage (V) Current (A) Power (W) 

1 32 19.78 0.0117 0.2314 

2 34 19.48 0.0097 0.1889 

3 36 19.38 0.0078 0.1511 

4 37 19.28 0.0066 0.1272 

5 38 19.13 0.0059 0.1128 

6.5.4 Graphical Representation for Comparison of Current and Power at Different 

Irradiance and Temperature 

  

FIGURE 6.9 Comparison of current in series and parallel module at different irradiance and temperature 

  

FIGURE 6.10 Comparison of power in series and parallel module at different irradiance and temperature 
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Different parameters of a standalone series and parallel connected PV module is found by 

experimental analysis.  Fig. 6.9 and 6.10 are presented with the graphical representation 

for comparing current and power at different temperature and irradiance.  The current and 

power are more increasing at higher irradiance in a series-connected module. At the same 

time, current and power are slightly reducing at a higher temperature in both series and 

parallel connected panels. 

6.6 Effect of Shading on PV module Output 

If Neighboring buildings or trees shadow a part of the module, a complete module, or few 

modules of a string, it is called partial shading. A shadow falling on a group of cells will 

reduce the total output by two mechanisms. 

1. By reducing the energy input to the cell 

2. By increasing energy losses in the shaded cells 

Problems become more serious when shaded cells get reverse biased. The equivalent 

circuit of the cell is shown in Fig. 3.1.  In which a diode is connected to parallel with the 

current source.  It is a function of radiation falling on the cell.  If this radiation-dependent 

current source's value is higher than the output load current, then this diode is forward 

biased, and there is no problem.  But if radiation is not sufficient and the current is 

smaller, the diode gets reverse biased, offers high resistance, consumes power, and 

significantly reduces the load current.  The objective is the real-time parameter 

comparison at partial shading of single, series, and parallel-connected PV modules. 

 

FIGURE 6.11 PV module internal structure 

There is a total of 36 solar cells in a module, as shown in Fig. 6.11.  These solar cells are 

series-connected. One of these shading elements is put on a solar cell.  The reading of 

voltage and current is found by making solar cell-shaded by a shading element of 

different sizes. 
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6.6.1 Experimental Result for Effect of Shading on Single PV module 

The real-time data is found for shaded zero, two, four, six, eight, and nine cells.  The I-V 

and P-V curve of a single PV module are presented for zero, four, and nine cells in Fig. 

6.12.  The comparison of real-time data for each shaded cell is shown in Table 6.8. 

 

(a) No cell shaded 

 

(b) Four cell shaded 
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(c) Nine cell-shaded 

FIGURE 6.12 P-V& I-V curve for the effect of shading on a single PV module 

TABLE 6.8 Comparison for the effect of shading in different cell-shaded on single PV Module 

6.6.2 Experimental Result for Effect of Shading on Two Parallel Connected PV 

module 

 

(a) Three cell shaded 

Parameter No Cell Two Cell Four Cell Six Cell Eight Cell Nine Cell 

Voc [V] 20.2148 19.4336 18.2324 19.0918 18.9453 18.9453 

Isc [A] 0.242188 0.248047 0.101562 0.246094 0.242188 0.242188 

Vm [V] 13.2324 18.3105 17.2344 17.9199 13.2812 13.2812 

Im [A] 0.216797 0.171875 0.101562 0.158203 0.207031 0.207031 

Pm [W] 2.86875 3.14713 3.88298 2.83499 2.74963 2.74963 

Fill Factor 0.585963 0.652871 0.6547 0.603398 0.599268 0.599268 

Efficiency [%] 4.43437 5.57356 6.94149 8.41749 12.37482 15.37482 
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(b) Six cell shaded 

 

 

(c) Nine cell-shaded 

FIGURE 6.13 P-V& I-V curve for the effect of shading on the parallel-connected PV module 

TABLE 6.9 Comparison for the effect of shading in a different cell-shaded on two parallel PV Module 

Parameter No Cell Three Cell Six Cell Nine Cell Twelve Cell 

Voc [V] 18.1152 18.3594 18.6523 18.9941 19.5801 

Isc [A] 0.212891 0.216797 0.21875 0.232422 0.509766 

Vm [V] 15.4297 16.4551 15.4785 15.5762 13.4766 

Im [A] 0.154297 0.162109 0.197266 0.193359 0.476562 

Pm [W] 2.38075 2.66752 3.05338 3.0118 6.42242 

Fill Factor 0.617325 0.670189 0.748341 0.682228 0.643449 

Efficiency [%] 3.19038 6.33376 8.52669 12.5059 15.21121 



Real-Time Parameter Comparison and Power Management of Standalone PV System 

118 
 

The experimental result of real-time data for parallel-connected PV module is found at 

zero, three, six, nine, twelve shaded cells.  The I-V & P-V characteristics are presented for 

three, six, and nine shaded cells in Fig. 6.13, and Its comparison is shown in Table 6.9.  

The highest efficiency is achieved in the case of twelve cells shaded.   

6.6.3 Experimental Result for Effect of Shading on Two Series Connected PV 

module with Bypass Diode 

 

(a) No cell shaded 

 
 

(b) Six cell shaded 
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(c) Twelve cell-shaded 

FIGURE 6.14 P-V& I-V curve for the effect of shading on the series-connected PV module with diode 

TABLE 6.10 Comparison for effect of shading in different cell-shaded on two series PV module with diode 

Power is reduced to zero without bypass diode.  One solar cell shading is sufficient due to 

the series connection of the cell.  If the cell's entire row gets shaded, such an arrangement 

provides zero power.  So, zero, single, three, six, and nine cells shaded for two series PV 

modules with a diode are shown in Table 6.10.  Its P-V& I-V curve is presented for zero, 

six, and twelve cells in Fig. 6.14. 

Now suppose a string composed of series-connected modules suffers partial shading, i.e., a 

module is completely shaded. Directly this series connected module offers a high 

resistance path to the current. Thus, voltage is blocked across the shaded modules; 

consequently, nearly zero current flows from the path.  A bypass diode is used to prevent 

it.  An anode and a diode's cathode are connected to a positive terminal and negative 

terminal of each module, respectively.  Now, if the shaded module is reversed biased, the 

Parameter No Cell Single Cell Three Cell Six Cell Nine Cell Twelve Cell 

Voc [V] 18.5547 18.5547 18.5547 18.5547 18.6523 38.2324 

Isc [A] 0.212891 0.212891 0.212891 0.214844 0.210938 0.234375 

Vm [V] 16.5039 16.5039 16.0156 16.6504 17.0898 31.3477 

Im [A] 0.179688 0.179688 0.191406 0.183594 0.171875 0.199219 

Pm [W] 2.96555 2.96555 3.06549 3.05691 2.93732 6.24504 

Fill Factor 0.750748 0.750748 0.77605 0.766842 0.746558 0.696935 

Efficiency [%] 4.48277 7.48277 9.53275 11.52845 14.46866 16.12252 
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load current continues to flow through the bypass diode.  The impact of partial shading on 

the P-V curve is that multiple power peaks appear instead of a single maximum power-

point. 

6.6.4 Comparison of Result at Different Types Shading Element on PV Module 

Power Output   

TABLE 6.11 Effect of shading on single PV module output 

 
 

 

 

 

 

 

TABLE 6.12 Effect of shading on series-connected PV module output 

 

TABLE 6.13 Effect of shading on parallel-connected PV module output 

 

 

 

 

The voltage, current, and power are found from I-V and P-V curves at different shading 

elements in single, series, and parallel-connected PV modules.  It is shown in Table 6.11 

to 6.13.   

If two modules are in series, then the current module will be decided by the module, 

generating less current.  Hence if the one module is wholly shaded, then the current in the 

circuit will be zero.  When the series module is partially shaded, no current is flowing 

Sr. No. Types of Shading Element Voltage (V) Current (A) Power (W) 

1 No cell shaded 18.48 0.0184 0.34003 

2 Single Cell Shaded 18.34 0.0146 0.26776 

3 Two Cell 18.29 0.0092 0.16827 

4 Four Cell 18.15 0.0074 0.13431 

5 Nine Cell 18.09 0.0056 0.1013 

Sr. No. Types of Shading Element Voltage (V) Current (A) Power (W) 

1 No cell shaded 38.710 0.0893 3.456 

2 Single Cell Shaded 4.638 0 0 

3 Two Cell Shaded 1.56 0 0 

4 Four Cell Shaded 1.16 0 0 

5 Nine Cell Shaded 0.52 0 0 

Sr. No. Types of Shading Element Voltage (V) Current (A) Power (W) 

1 No cell shaded 38.45 0.082 3.153 

2 Single Cell Shaded 16.346 0.163 2.664 

3 Two Cell Shaded 13.39 0.185 2.477 

4 Four Cell Shaded 8.86 0.211 1.869 

5 Nine Cell Shaded 7.16 0.243 1.740 
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through it.  The current is flowing in series connection during fully shaded only.  So, the 

series module power is also zero during partially shaded.  It is shown in Table 6.12. 

If there is a diode in parallel with the shaded module, then the power output of the non-

shaded module gets bypassed by a diode and will be available at load terminals.  When the 

PV module is connected in series, the output voltage, current, and power will be lower due 

to the shadow effect.  But if the bypass diode is joined in the circuit, then the improvement 

result is shown in Table 6.13. 

6.7  Power Management in Standalone Solar PV System 
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FIGURE 6.15 Schematic diagram for power flow in a standalone solar PV system 

A standalone PV system is used for the locations where grid connectivity is not present, 

and these systems fulfill the requirements of these locations.  In Fig.6.15, this system 

consists of a Solar PV module, controller with MPPT algorithm, radiation meter, Energy 

storage battery system, DC-DC converter, inverter, AC load and, DC load.  The Controller 

regulates the module voltage required by the battery bank or load and then powered the 

load.  The controller controls the module voltage needed by the battery bank or load and 

then powered the load.   

Experimental setup for power management mode in standalone PV system:  

The various equipment is used in this experimental analysis for power management in a 

standalone PV system, as shown in Fig. 6.16.  Two insight solar panels of the same 

capacity, real-time plotter, DC-DC buck converter, inverter, and microcontroller are used 

in this power management experimentation.  The real-time plotter is used to take a reading 

at a different interval.   The personal computer is connected with a real-time plotter to 

record different readings at various time.  The solar irradiation meter is used to measure 

the intensity.  Battery/Inverter terminal of the charge controller is connected in series with 
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the pot meter (load) and DC load current.  The MPPT terminal of the plotter is connected 

to the DC-DC converter.  The supply is given to the plotter unit & the DC-DC converter is 

connected to the PCU.  

PV Pannel

DC-DC Converter Data Logger 

Irradiation Meter

Microcontroller Inverter

Battery Unit

 

FIGURE 6.16 Equipment used in a standalone PV system for power management 

6.7.1 Power Management Mode in Standalone PV system   

Mode I: Power Management with PV, DC load, and Battery 

In this mode PV module is connected with battery and DC load.  When power generated 

by PV (PPV) is more significant than DC load power PDC Load, then (PPV- PDC Load) will be 

fed into the battery.  So, the battery absorbs power (- Ps) and start charging.  The battery 

will be released power (Ps = PDC Load- PPV) if PV (PPV) is less than DC load power PDC Load.  

Mode II: Power Management with PV, AC load, and Battery 

In this mode PV module is connected with battery and AC load.  The extra power (PPV- 

PAC Load) will be fed into the battery when AC load power is less than PV power.  When 

the AC load increases, the battery will supply the (PAC Load-PPV) power. 

TABLE 6.14 Operation mode of power management in a standalone system 

Mode 

Power 

Generated 

by PV 

Battery Power 

(PS) 

Released (+) 

/Absorb (-) 

Power 

Delivered to 

DC Load 

(PDC Load) 

Power 

Delivered to 

AC Load 

(PAC Load) 

Power 

Characteristic 

I 
PPV - Ps PDC Load -- PPV = Ps+ PDC Load 

PPV Ps PDC Load -- PPV = PDC Load -Ps 

II 
PPV - Ps -- PInverter PPV = Ps+ PInverter 

PPV Ps -- PInverter PPV = PInverter - Ps 

III 
PPV -Ps PDC Load PInverter PPV = Ps+ PDC Load+ PInverter 

PPV Ps PDC Load PInverter PPV = PAC Load- PDC Load- PInverter 
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Mode III: Power Management with PV, AC Load, DC Load and Battery 

This mode is operated when both AC and DC load is connected with a standalone PV 

system.  The operation mode of power management in the standalone system with power 

characteristics is shown in Table 6.14.   

6.7.2 Result and Discussion 

The experimental result for power management in the standalone system is found for 

voltage, current, and power of PV, battery, DC load, and AC load in single and parallel 

connected modules of mode I, mode II, and mode III, as discussed in Table 6.14   

Experimental Result in Mode I: 

The controller regulates the module voltage at 12V or any other voltage value required by 

the battery bank or load and then powered the load in mode I.  The voltage in mode I for 

the standalone system is shown in Table 6.15.  The current distribution between PV, 

battery, and load is presented in Table 6.16.   

TABLE 6.15 Voltage in Mode I for a standalone system 

Module 

Configuration 

PV Voltage 

VPV (V) 

Battery Voltage  

VS (V) 

DC Load Voltage  

VDC (V) 

Single Module 12 12.3 12.3 

Series Module 24 12.5 12.5 

Parallel Module 12.8 12.8 12.8 

 

FIGURE 6.17 Current distribution with PV, DC load, and Battery in Mode I (Single Module) 
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TABLE 6.16 Current distribution in Mode I for a standalone system 

Module 

Configuration 

PV Current 

IPV (A) 

Battery Current 

IS (A) 

DC Load Current 

IDC (A) 

Single Module 0.312 0.139 0.173 

Series Module 0.507 0.161 0.346 

Parallel Module 0.58 0.207 0.346 

Single PV module current 0.312 A is lower than DC load current 0.173 A.  So, the battery 

is taken 0.139 A current for charging, as shown in Fig. 6.17.  The PV current generation is 

0.507 A due to two PV modules connected in series, so the battery charging current is also 

changed to 0.161 A as per Fig. 6.19.  The same situation happens in a parallel PV module.  

PV current is 0.58 A, so, (IPV- IDC = 0.207 A) current is flowing to battery for charging in 

mode I as per Fig. 6.19.   

 

FIGURE 6.18 Current distribution with PV, DC load, and Battery in Mode I (Series Module) 

  

FIGURE 6.19 Current distribution with PV, DC load, and Battery in Mode I (Parallel Module) 

The result for power distribution in mode I is presented in Table 6.17.  In Fig. 6.20, single 

module PV power 3.60 W is lower than DC load power 2.13 W, so extra power 1.17 W is 

supplied to battery.  When PV power is increased in series and parallel modules, a higher 
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load can be connected than a single module.  The PV and load power are 7.20 W & 4.33 

W, respectively.  So, extra power (PPV- PDC Load) = 2.01 W is used to charge the battery, as 

shown in Fig. 6.21.  The same case is shown in Fig. 6.22 for the parallel PV module. 

TABLE 6.17 Power distribution in Mode I for a standalone system 

Module 

Configuration 

PV Power 

PPV (W) 

Battery Power 

PS (W) 

DC Load Power 

PDC Load (W) 

Single Module 3.60 1.17 2.13 

Series Module 7.20 2.01 4.33 

Parallel Module 7.42 2.59 4.43 

 

FIGURE 6.20 Power distribution with PV, DC load and Battery in Mode I (Single Module) 

 

FIGURE 6.21 Power distribution with PV, DC load and Battery in Mode I (Series Module) 

 
FIGURE 6.22 Power distribution with PV, DC load and Battery in Mode I (Parallel Module) 
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Experimental Result in Mode II: 

In mode II, the controller regulates the module voltage to 12 V and charges the battery; 

then, this regulated DC power is converted to AC.  The voltage in a single and parallel 

module is found in Table 6.18.  The AC voltage is also maintained at 230 V.  The current 

distribution for the single and parallel module in mode II is shown in Table 6.19.  As per 

Fig. 6.23, PV current 0.31 A is less than inverter input current 1.021 A.  So, the battery 

starts discharging and provide 0.727 A to load.   

TABLE 6.18 Voltage in Mode II for a standalone system 

Module 

Configuration 

PV Voltage 

VPV (V) 

Battery Voltage 

VS (V) 

Inverter I/P 

Voltage VINV (V) 

AC Load 

Voltage VAC (V) 

Single Module 12 11.9 11.8 233 

Parallel Module 12.2 12.1 12 234 

TABLE 6.19 Current Distribution in Mode II for Standalone System 

Module 

Configuration 

PV Current 

IPV (A) 

Battery Current 

IS (A) 

Inverter I/P 

Current IINV (A) 

AC Load 

Current IAC (A) 

Single Module 0.015 -1.025 1.027 0.035 

Parallel Module 0.31 -0.727 1.021 0.036 

 

FIGURE 6.23 Current distribution with PV, AC load, and Battery in Mode II (Parallel Module) 

Power distribution for single and parallel PV modules in mode II for the standalone 

system is presented in Table 6.20.  In a single module, PV power is less than the inverter 

input power, so deficit power 12.095 W is supplied by the battery to load as shown in Fig. 

6.24.  But as per Fig. 6.25, PV power is 3.782 W in a parallel module, so battery power is 

also changed to 8.796 W.       
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TABLE 6.20 Power distribution in Mode II for a standalone system 

Module 

Configuration 

PV 

Power PPV (W) 

Inverter I/P 

Power PINV (W) 

Battery 

Power PS (W) 

AC Load Power 

PAC Load (W) 

Single Module 0.185 12.095 -12.31 6.524 

Parallel Module 3.782 12.636 -8.796 6.739 

 

FIGURE 6.24 Power distribution with PV, AC load and Battery in Mode II (Single Module) 

 

FIGURE 6.25 Power distribution with PV, AC load and Battery in Mode II (Parallel Module) 

Experimental Result in Mode III: 

In mode III, the system uses DC power to charge the battery and run the DC load but use 

AC power to run the AC load.  This system runs with AC and DC load simultaneously and 

can fulfill the demand of both types of load.  As per the reading observed in Table 6.21, 

both AC & DC voltage is maintained at nearly 230 V and 12 V, respectively, by the 

controller.  The current distribution for AC & DC load in the single and parallel module is 

given in Table 6.22.  The PV current is 031 A in a parallel module.  The total load current 

1.35 A is equal to the DC load current 0.347 plus inverter input current 1.007 A.  So, the 

battery is provided (IPV-IINV-IDC=1.03 A) to load as per Fig. 6.26.   
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TABLE 6.21 Voltage in Mode III for standalone System 

Module 

Configuration 

PV Voltage 

VPV (V) 

Battery Voltage 

VS (V) 

Inverter I/P 

Voltage VINV (V) 

DC Load 

Voltage 

VDC (V) 

AC Load 

Voltage 

VAC (V) 

Single Module 12.1 11.8 12 11.8 230 

Parallel Module 12 12 11.8 12 232 

TABLE 6.22 Current distribution in Mode III for a standalone system 

Module 

Configuration 

PV Current 

IPV (A) 

Battery Current 

IS (A) 

Inverter I/P 

Current 

IINV (A) 

DC Load 

Current 

IDC (A) 

AC Load 

Current 

IAC (A) 

Single Module 0.015 -1.036 1.032 0.348 0.035 

Parallel Module 0.31 -1.03 1.007 0.347 0.036 

 

FIGURE 6.26 Current distribution with PV, AC & DC load and Battery in Mode III (Parallel Module) 

As per the result of power found in Table 6.23, the controller manages the power such 

that both AC & DC load power is balanced by PV or battery.  In Fig. 6.27, single module 

PV power PPV is 0.185 A, and total load power (PDC Load + PINV) is 16.18 W.  So, battery 

power (PPV-PDC Load-PINV=16.15 W) is transferred to load for power balance.  In   Fig. 6.28, 

the battery's transfer power to load is reduced due to the parallel PV module.  The battery 

power (PS) 12.39 W is provided to the inverter and DC load in a parallel module.    

TABLE 6.23 Power distribution in Mode III for a standalone system 

Module 

Configuration 

PV 

Power 

PPV (W) 

Battery 

Power 

 PS (W) 

Inverter 

I/P Power 

PINV (W) 

DC Load 

Power  

PDC Load(W) 

AC Load 

Power 

PAC Load (W) 

Single Module 0.185 -16.15 12.074 4.1064 6.524 

Parallel Module 3.72 -12.39 11.882 4.164 6.739 
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FIGURE 6.27 Power distribution with PV, AC & DC load and Battery in Mode III (Single Module) 

 

FIGURE 6.28 Power distribution with PV, AC & DC load and Battery in Mode III (Parallel Module) 

6.8 Summary 

From this experimental analysis on insight standalone solar panels performed, different 

situations were to determine the comparison criteria. Two panels are connected in series 

and parallel with temperature fixed at 35˚C and variable irradiance. The same connection 

is fixed irradiance at 1000W/m2 and variation in temperature.  

PV arrays consist of parallel and series combinations of PV cells used to generate 

electrical power depending upon the atmospheric conditions (e.g., solar irradiation and 

temperature).  When the solar cell is connected in series, the solar cell's voltage gets 

added, so the terminal voltage of the PV string will be higher and equal to the sum of all 

the solar cell connected in series and current remaining the same as that of the individual 

cell. When the cells are connected in parallel, the current gets added. But the voltage 
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remains the same as that of a single cell.  So, two panels are connected in series and 

parallel, the series connection for getting voltage is higher, and the parallel connection for 

current is higher.  If two modules are in series, then the current module will be decided by 

the module, generating less current. Hence if the one module is wholly shaded, then the 

current in the circuit will be zero. If there is a diode in parallel with the shaded module, 

then the non-shaded module's power output is bypassed by a diode and available at load 

terminals. 

Power management in the standalone PV system explains the power flow between PV and 

energy storage battery when any load is connected.  If irradiation is sufficient, then PV 

power is supplied to the battery and load; otherwise, load sinks the power from battery and 

PV.  Mode I is working when the DC load is connected to it.  Mode I & II explain the 

working of a standalone PV system with either DC or AC load.  Mode III explores the 

complete standalone PV system with both DC and AC load.  The experimental results for 

power management in the standalone PV system were demonstrated in this chapter.  The 

next chapter is focused on the power management in the grid-connected system and 

voltage quality at PCC.    
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CHAPTER 7 

7 Voltage Quality at PCC and Power 

Management in Grid-Connected System   

This chapter presents the experimental analysis for voltage quality at PCC and power 

management in the grid-connected photovoltaic energy system.  A solar grid-tied system 

is a grid-connected PV system that links solar power generated by the PV modules to the 

mains.  The grid-tied system consists of a solar PV array connected to a grid through an 

inverter.  The AC output of the grid-tied inverter is connected to the point of common 

coupling (PCC).  The voltage quality at PCC in the microgrid is affected by transmission 

line inductance and capacitance.  The effect of transmission line inductance and 

capacitance at PCC voltage and sag/swell is observed.  The impact of THD at PCC during 

the nonlinear load is also presented.  This chapter also presents an experimental analysis 

of power management in PV, grid, and load with active and reactive power control.  A 

solar grid-tied system acts as an interactive medium where the conglomeration of PV and 

mains fulfills electricity demand. 

7.1 Impact of Transmission Line Inductance and Capacitance on 

Voltage Quality at PCC  

7.1.1 Transmission line Inductance  

Transmission lines serve as interlinks between remote power generators and 

distribution networks. Usually, transmission lines run over several hundreds of Km 

and have a higher X/R ratio. Also, the presence of power transformers in the 

system results in significant inductance between generator and end-users or PCC. 

Several power quality issues are associated with inductance, like excessive reactive 

power requirement for charging of transmission lines, voltage sag, and increased 

THD in voltage at PCC when a non-linear load is connected to the system. [203] 
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Voltage sag: 

Since the transmission & distribution, network has finite inductive reactance.  There is 

always a  significant voltage drop when transmission lines are loaded. This voltage 

drop is depending on two things: inductive reactance & loading current. Again, 

inductive reactance is a  function of the length of a  transmission line. For a fixed 

voltage source (generator in this case), the voltage varies throughout the length, and 

different voltages appear at other nodes. Secondly, for the same node, voltage changes 

as load changes. In simple words, it likes the more the current flowing through the 

transmission line, and the more will be the drop across the transmission line reactance 

and more voltage sag. [204] 

Change in THD with a change in transmission line inductance: 

Increased usages of non-linear loads like mobile/battery chargers, power electronics 

converters/Inverters, a  diode bridge rectifier pollute the electrical network as such 

loads draw current with higher-order harmonics present in addition to fundamental 

current. Such loads affect the performance of nearby loads also. For example, when a 

high rating charger is connected at the same terminals to which an induction motor 

is connected, motor torque oscillation occurs,  w h i c h  i s  c o n s e q u e n t i a l  a s  

d i f f i c u l t y  i n  s p e e d  c o n t r o l  o f  t h e  induction motor is driven conveyor belts. 

This phenomenon can be explained in this way.  We know that 3 phase synchronous 

generator is most commonly used for power generation can be considered as stiff 

source and generates an only fundamental voltage. As discussed above, significant 

inductive reactance (say 𝑍𝑇𝑋 = 2 cos 𝜔𝑡) is present between a generator and 

customer endpoint or, say, the point of common coupling (PCC).  Now when a 

nonlinear load is connected at PCC, it draws a higher-order harmonic current. Since 

the generator is a stiff source (say 𝑣𝑠 = 210 sin 𝜔𝑡) and ideally generates 

fundamental voltage only, a profile of voltage at PCC changes, i.e., after loading 

with nonlinear load (let say 𝑖𝐿 = 10 sin 𝜔𝑡 + 2 sin 5𝜔𝑡 + 0.8 sin 7𝜔𝑡), higher-order 

components appear in PCC voltage (𝑣𝑝𝑐𝑐 = 𝑣𝑠 − 𝑍𝑇𝑋 ∗ 𝑖𝐿).  For a fixed nonlinear 

load current, THD in voltage increases with an increase in inductance. [203] 

• Source voltage, 𝑣𝑠 = 210 sin 𝜔𝑡 

• Transmission line inductance, 𝑍𝑇𝑋 = 2 cos 𝜔𝑡 

• Nonlinear load current, 𝑖𝐿 = 10 sin 𝜔𝑡 + 2 sin 5𝜔𝑡 + 0.8 sin 7𝜔𝑡 
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• PCC voltage, 𝑣𝑝𝑐𝑐 = 𝑣𝑠 − 𝑍𝑇𝑋 ∗ 𝑖𝐿 = 210 sin 𝜔𝑡 − (2 cos 𝜔𝑡) ∗ (10 sin 𝜔𝑡 +

2 sin 5𝜔𝑡 + 0.8 sin 7𝜔𝑡)  

We can conclude from the above equations that with nonlinear loading, higher-order 

harmonics appear in PCC voltage. THD in PCC voltage increases with an increase in 

transmission line inductance. [204] 

7.1.2 Transmission line capacitance 

In the electrical network, the power factor is a notion for actual work done calculated 

concerning efforts.  Basic mathematical definitions say that it is the ratio of actual power 

and apparent power or a cozy angle between voltage and current in the power triangle.  

These definitions are valid only if the voltage and current quantities are sinusoidal, and 

then the power factor is expressed as a dimensionless number between -1 to 1.  

Power factor correction using capacitor bank and its impact on power quality at 

PCC: 

The Power factor is limited to a pure sinusoidal system only. However, there are so 

many nonlinear loads connected to the power grid, so actual useful work with respect 

to total efforts cannot be evaluated as for the sinusoidal system.  For nonlinear 

systems, the definition of power factor is a product of distortion factor and 

displacement Factor.  Now we know that we need the power factor improvement. 

The most common practice of improving the power factor (word power factor is used 

here for displacement factor) is using a variable capacitor. Usually, a zero-crossing 

detection circuit is used for sensing the phase difference between the voltage and 

current. A controller keeps on switching the capacitor till both phase difference is zero 

or minimum possible. [205] 

7.1.3 Grid-tied system  

Fig. 7.1 is shown the line diagram of a grid-tied system with PCC.  The AC output of the 

grid-tied inverter is connected to the point of common coupling (PCC) through a power 

analyzer.  The power analyzer measures the power delivered by the panel into the grid.  An 

inductor is connected in series with the system to depict the effect of transmission line 

inductance present in a real power system. A current sensor and voltage sensor are 

connected to observe the current and voltage waveform present in the grid.  A power 
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analyzer is then connected before the point of common coupling (PCC) to measure power 

flow to and from the grid.  A capacitor bank is also connected through a multiple throw 

switch at PCC for power factor improvement.  At the output, the load is connected through 

an output ammeter and a voltmeter.  The parameter of the grid-tied system is shown in 

Table 7.1.  

Linear and 
Non Linear 

Load
PCC

PLoad

QLoad

Grid Tied  
Inverter

Capacitor 
Bank

Line 
Inductor

+ -

Vpcc

 

FIGURE 7.1 Schematic diagram of Grid-tied system  

TABLE 7.1 Parameter of Grid-tied system 

Parameter Rating 

Inductance 1mH, 3mH, 6mH 

Capacitance 1.5µF, 3µF, 6µF 

Rated Grid Voltage 230 V 

Load  300 W, 230V 

Rated Frequency 50 Hz 

7.1.4 Result and Discussion 

Effect of transmission line inductance at PCC: 

Voltage and voltage sag at PCC for different inductance is found.  The voltage before 

loading is 210 V as per waveform observation in Fig. 7.2.  The effect of inductance 0 mH, 

1mH, 3 mH and, 6 mH on PCC voltage for 70W load is shown in Fig. 7.3.  In which 

voltage is reduced at PCC after adding an inductance in a transmission line.  The effect of 

inductance 0 mH, 1 mH, 3 mH and, 6 mH on voltage sag at PCC for the 70W load is 

shown in Fig. 7.4.  Voltage sag is very low during no inductance in a transmission line.  

But inductance is added transmission line then voltage sag is increased.  The effect of 

inductance 0 mH, 1mH, 3 mH and, 6 mH on voltage and voltage sag at PCC is shown in 

Fig. 7.5 and 7.6 respectively for 120 W load.  Voltage sag is more considerable in the case 

of 130 W load as compared to 70 W load.  The same analysis is presented for PCC voltage 

and voltage sage in Fig. 7.7 and 7.8 for 190 W load.  Voltage sag is continuously rising 
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during an increase in inductance. 

 

FIGURE 7.2 PCC voltage before loading 

 

(a) 0 mH 

 

(b) 1 mH 

 

(c) 3 mH 

 

(d) 6 mH 

FIGURE 7.3 PCC voltage for 70W load at different inductance 

 

(a) 0 mH 

 

(b) 1 mH 

 

(c) 3 mH 

 

(d) 6 mH 

FIGURE 7.4 Voltage sag at PCC for 70W load at different inductance 
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(a) 0 mH 

 

(b) 1 mH 

 

(c) 3 mH 

 

(d) 6 mH 

FIGURE 7.5 PCC Voltage for 130W load at different inductance 

 

(a) 0 mH 

 

(b) 1 mH 

 

(c) 3 mH 

 

(d) 6 mH 

FIGURE 7.6 Voltage Sag at PCC for 130W load at different inductance 

 

(a) 0 mH 

 

(b) 1 mH 
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(c) 3 mH 

 

(d) 6 mH 

FIGURE 7.7 . PCC voltage for 190W load at different inductance 

 

(a) 0 mH 

 

(b) 1 mH 

 

(c) 3 mH 

 

(d) 6 mH 

FIGURE 7.8 Voltage sag at PCC for 190W load at different inductance 

TABLE 7.2 Effect of inductance for the voltage and voltage sag at PCC 

Load  
Voltage before 

loading (Volt) 

Inductance 

(mH) 

PCC Voltage 

(volt) 

Voltage Sag 

(Volt) 

70 W 

210 0 209.0 1 

210 1 208.4 1.6 

210 3 207.6 2.4 

210 6 207.1 2.9 

130 W 

210 0 204.5 5.5 

210 1 203.9 6.1 

210 3 203.5 6.5 

210 6 201.8 8.2 

190 W 

210 0 200.8 9.2 

210 1 200.6 9.4 

210 3 200.4 9.6 

210 6 200.2 9.8 
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From observing experimental waveform, PCC voltage, and voltage sag at 0 mH, 1mH, 3 

mH and, 6 mH for load 70 W, 130 W, and 190 W are shown in Table 7.2.  When connecting 

the load, then there must be some dip in voltage. This dip occurs because of the voltage 

drop across the inductance.  When changing the value of transmission line inductance, it 

observes the voltage at PCC, which will be lower than the last reading. 

 

(a) 0 mH 

 

(b) 1 mH 

 

(c) 3 mH 

 

(d) 6 mH 

FIGURE 7.9 Experimental waveform of % THD at different inductance 

The experimental waveform of %THD for 0 mH, 1 mH, 3 mH and, 6 mH inductance at 

PCC during non-linear load is shown in Fig. 7.9.  With nonlinear loading, higher-order 

harmonics appear in PCC, and THD in PCC increases with an increase in transmission 

line inductance.  The experimental waveform of % THD for various frequencies at 0 mH, 

1 mH, 3 mH and, 6 mH is also shown in Fig. 7.10. 

 

FIGURE 7.10 Effect of inductance on current THD during nonlinear load 
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FIGURE 7.11 Effect of inductance on PCC voltage THD during nonlinear load. 

TABLE 7.3 Effect of inductance for the THD during nonlinear load 

Inductance 

(mH) 

PCC Voltage 

THD  

Current 

THD  

0 4.87 69.30 

1 4.917 55.98 

3 4.958 50.85 

6 5.063 37.67 

The PCC voltage THD and current THD at 0 mH, 1mH, 3 mH, and 6 mH during nonlinear 

load are presented in Table 7.3 from THD's experimental waveform.  When transmission 

line inductance increases during nonlinear load, PCC voltage THD increases, and current 

THD reduces.  But THD current is higher, and higher-order harmonics appear in PCC 

voltage.  However, the effect of inductance on THD in current flowing is different.  

Inductor offers higher impedance to higher-order frequencies.  Higher is the inductance, 

the higher will be the impedance seen by higher-order harmonics. Consequently, THD in 

current decreases. THD in PCC voltage increases with an increase in transmission line 

inductance.  The effect of inductance on current THD and PCC voltage THD during 

nonlinear load is shown in Fig. 7.10 and 7.11, respectively. 

Effect of transmission line Capacitance: 

The voltage and voltage swell at PCC during different capacitance is found.  The effect of 

capacitance on 0 µF, 1.5 µF, 3 µF and, 6 µF on the voltage at PCC for 50W load is shown 

in Fig. 7.2.  In which voltage is increased at PCC after adding capacitance in a transmission 

line.  The effect of capacitance 0 µF, 1.5 µF, 3 µF and, 6 µF on voltage swell at PCC for 
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50W load is shown in Fig. 7.13.  Voltage swell is zero during no capacitance in a 

transmission line.  But transmission line capacitance added then voltage swell is increasing.   

The effect of capacitance 1.5 µF, 3 µF and, 6 µF on the voltage at PCC for 70W load is 

shown in Fig. 7.14.   

 

(a) 0 µF 

 

(b) 1.5 µF 

 

(c) 3 µF 

 

(d) 6 µF 

FIGURE 7.12 PCC voltage waveform for 50 W load at the different capacitance 

 

(a) 0 µF 

 

(b) 1.5 µF 

 

(c) 3 µF 

 

(d) 6 µF 

FIGURE 7.13 PCC voltage swell for 50 W load at the different capacitance 
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(a) 0 µF 

 

(b) 1.5 µF 

 

(c) 3 µF 

 

(d) 6 µF 

FIGURE 7.14 PCC voltage waveform for 70W load at the different capacitance 

 

(a) 0µF 

 

(b) 1.5µF 

 

(c) 3 µF 

 

(d) 6 µF 

FIGURE 7.15 Experimental waveform of % THD for 50 W at the different capacitance 

Suppose a lagging load is connected in parallel with the nonlinear load. There is 

always a finite amount of inductive reactance present in the network, and if a nonlinear 

load is present, harmonics appear at PCC voltage.  As capacitor bank is switched on to 

improve the power factor through the displacement factor (cos ∅), but the THD in 
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both voltage and current increases.   The experimental waveform for change in THD 

for a transmission line 0 µF, 1.5 µF, 3 µF, and 6 µF capacitance during nonlinear load 

is shown in Fig. 7.15.  When transmission line capacitance increases, THD voltage 

and THD current both rise.  It leads to a critical distortion factor 

 

(a) 0 µF 

 

(b) 1.5 µF 

 

(c) 3 µF 

 

(d) 6 µF 

FIGURE 7.16 Experimental waveform of % THD for 70 W at the different capacitance 

TABLE 7.4 Effect of capacitance on voltage, THD, power factor, and distortion factor at PCC 

Load 

(Linear  

& 

Nonlinear) 

Capacitance 

(µF) 

Voltage 

at 

PCC (volt) 

PCC 

voltage 

THD  

Current 

THD  

Power 

Factor 

Distortion 

Factor 

50 W 

0 204.3 5.1 67.37 0.58 0.2431  

1.5 207.7 5.9 70.13 0.75 0.4984 

3 208.2 6.45 72.82 0.81 0.5221 

6 209 7.72 84.25 0.87 0.5461 

70 W 

0 205 7.17 76.56 0.52 0.1181 

1.5 205.1 8.56 85.27 0.64 0.2923 

3 205.5 9.65 91.78 0.69 0.3634 

6 206.4 11.06 99.30 0.73 0.5812 

After observing the waveform in Fig. 7.12 to 7.16, the effect of capacitance on the voltage, 

THD, power factor, and distortion factor at PCC is found in Table 7.4.  Voltage is 

increased at PCC after adding capacitance 1.5 µF, 3 µF and, 6 µF in a transmission line. 

So, when the transmission line capacitance increases, the voltage at PCC also increases.  
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So, voltage sag is reduced.  But the power factor and distortion factor rise when an 

increase in capacitance.  PCC voltage THD and current THD raise during an increase in 

capacitance in case of a nonlinear load.  The value of current THD is higher as compared 

to PCC voltage THD. 

 

FIGURE 7.17 Effect of capacitance on PCC voltage THD during nonlinear load 

 

FIGURE 7.18 Effect of capacitance on current THD during nonlinear load 

The effect of capacitance on PCC voltage & current THD for 50 W and 70 W load is 

shown in Fig. 1.7 and 1.8, respectively.  When transmission line capacitance increases, 

THD voltage and THD current both are also increasing.  Increased THD in voltage and 

current is the low impedance path offered by the capacitor to the higher-order current.  

Since the impedance provided by the capacitor is inversely proportional to frequency.  

PCC voltage harmonics see so small impedance path appeared because of grid inductance 
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& nonlinear load.  Now capacitor is sinking high-frequency current, which ultimately 

worse the THD in voltage and line current.      

7.2 Power Management in Grid-Connected PV System 

Just imagine if a house with a rooftop solar power plant.  For the day times when solar 

irradiations are enough, electricity generated is usually more than the local load 

requirement of the house.  If the solar plant is a standalone type, the maximum power 

harnessed is limited to the load connected to the system (assuming batteries are fully 

charged).  So, this extra capacity of the plant remains unutilized.  However, the grid-tied 

plant is beneficial in terms of the excessive power sold to the utility.  Likewise, for night 

time, loads can be supplied power by the utility grid as what usually happens. This scheme 

promotes more and more rooftop grid-tied solar plant installation as it provides 

opportunities for extra income or cutting in electricity bills while overcomes the electricity 

shortage problem.  However, there should be a mechanism to govern the net amount to be 

received/paid by the user with a rooftop installation. Net metering systems keep track of 

power drawn by a user from the grid and power fed to the grid. 

7.2.1 Schematic diagram of Grid-connected PV system for power management 

+ +- -

+ -

PV 
Panel

PV 
Panel

Grid Tied  
Inverter

Linear and 
Non Linear 

Load

Grid
PCC PGrid

QGrid

PPV

QPV
PLoad QLoad

 

FIGURE 7.19 Schematic diagram of Grid-connected PV system for power management 

The schematic diagram of a grid-connected PV system for power management is shown in 

Fig. 7.19.  It links solar power generated by the PV modules to the mains.  The grid-tied 

system consists of a solar PV array connected to a grid-tied inverter.   The AC output of 

the grid-tied inverter is connected to the point of common coupling (PCC).  Active & 

reactive power is individually balanced at any load.  In this experimental system, PCC is 
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an electrical node of three lines.  One line is connected to the main grid, the second one to 

the grid-tied solar PV inverter, and the third one to the local load.  In this experimental 

system, PCC is any electrical node/junction of three lines. One line is connected to the 

main or artificial grid; the second one to the grid-tied solar PV inverter, and the third one 

to the local load. 

Two PV Pannel

Grid Tied Inverter

Power Analyser

 

FIGURE 7.20 Equipment used for experimental analysis in Grid-connected system 

7.2.2 Specification of Grid-connected PV system 

The specification of grid-connected PV system is shown in Table 7.5 to 7.7 

Rooftop solar PV module: There are two modules of rating 250W, each connected in 

series 

TABLE 7.5 Rooftop solar PV module  

Parameter Rating 

Power rating 250W 

Voltage at maximum power 44.5 V 

Current at maximum power 7.29 A 

Open circuit voltage 36 V 

Short circuit current 6.94 A 

No. of cell 72 

Module dimension 980 X 1745 mm 

Panel type Polycrystalline type 

TABLE 7.6 Grid-Tied solar inverter - DC input side (PV Generation) 

Parameter Rating 

Rated Grid voltage 230 V 

Maximum output current 1.5 A 

Maximum output power 300 W 

Rated power and frequency 300 W, 50Hz 
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TABLE 7.7 Grid-tied solar inverter - AC output side (Grid connection) 

Parameter Rating 

Maximum start voltage 100 V 

Maximum input voltage 135 V 

Minimum input voltage 45 V 

Minimum input voltage for rated output 64 V 

MPP voltage 45...100V 

Maximum input current 5A 

Maximum input power 320W 

Maximum recommended PV power 375 Wp 

7.2.3 Basic power control in Grid-connected system 

Grid Tied  
VSI

Inverter

Grid

+ -
Z 

R jX+

P, Q

I E 0V

 

FIGURE 7.21 Equivalent circuit of VSI connected to Grid 

𝑋 = Output reactance of converter 

𝜑 = Phase angle between a voltage of common bus and output voltage of the converter   

𝐸 = Amplitude of output voltage of VSI 

 𝑉 = Amplitude of load voltage of the common bus 

The output voltage of the microgrid and AC source is connected by line impedance |𝑍|∠𝜃.  It is 

shown in Fig. 7.21.  Let the phasor voltage of AC source is |𝐸|∠𝜑 and microgrid DC bus 

voltage |𝑉|∠0.  So, the current flow between them is derived in (7.1). 

𝐼 =
|𝐸|∠𝜑 − |𝑉|∠0

|𝑍|∠𝜃
 7.1 

𝐼 =
|𝐸|

|𝑍|
∠(𝜑 − 𝜃) −

|𝑉|

|𝑍|
∠(−𝜃) 7.2 

The complex power flow is expressed in (7.2). 

𝑆 = 𝐸𝐼∗ 7.2 

𝑆 =
|𝐸2|

|𝑍|
∠𝜑 −

|𝐸||𝑉|

|𝑍|
∠(𝜑 + 𝜃) 7.3 

The active and reactive power flow is expressed in (7.4) and (7.5). 
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𝑃 =
|𝐸2|

|𝑍|
cos 𝜑 −

|𝐸||𝑉|

|𝑍|
cos(𝜑 + 𝜃) 7.4 

𝑄 =
|𝐸2|

|𝑍|
sin 𝜑 −

|𝐸||𝑉|

|𝑍|
sin(𝜑 + 𝜃) 7.5 

The output impedance of the converter is inductive due to large inductance.  So, the ratio of  
𝑅

𝑋
 is 

very small.  Thus, assuming 𝑅 ≈ 0 and 𝜃 ≈ 90°.  This value is put in (7.4) and (7.5).  So, a new 

value of 𝑃 and 𝑄 is expressed as (7.6) and (7.7). 

𝑃 =
|𝐸||𝑉|

|𝑍|
sin 𝜑 7.6 

𝑄 =
|𝐸2| − |𝐸||𝑉| cos 𝜑

|𝑍|
 7.7 

𝜑 is very small.  So cos 𝜑 ≈ 1.  So, (7.7) is expressed as (7.8) 

𝑄 =
|𝐸|

|𝑍|
(|𝐸| − |𝑉|) 7.8 

𝑄 =
|𝐸|

|𝑍|
(𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐷𝑟𝑜𝑜𝑝) 7.9 

From Eq. (7.6) and (7.9), It is seen that 𝑃 and 𝑄 are decoupled in the AC system to a better 

extent.  𝑃 is dependent on the power angle, and 𝑄 is dependent on voltage magnitude. So, it is 

required to reasonable control of voltage level and power angle by inverter for proper 

management of active and reactive power, 

If there is a change in load, real power 𝑃, and reactive power 𝑄 required by the inverter would 

be changed.  This task is to detect the variation in the system's reactive and real power 

requirements and give a proper command to a controller for achieving the task. 

As per Kirchhoff’s law, the net current at any electrical node is zero, i.e., the sum of 

currents entering a node is equal to the current leaving the node. Same way, active & 

reactive powers are individually balanced at any load.  

At any instant of time, there should be an individually net balance between active power, 

reactive power, and apparent power. In terms of mathematical quantities, it can be shown 

as below. 

𝑆𝑃𝑉 = 𝑃𝑃𝑉 + 𝑗𝑄𝑃𝑉 =Apparent power supplied by PV inverter 

𝑆𝐺𝑟𝑖𝑑 = 𝑃𝐺𝑟𝑖𝑑 + 𝑗𝑄𝐺𝑟𝑖𝑑 = Apparent power supplied by Grid 
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𝑆𝐿𝑜𝑎𝑑 = 𝑃𝐿𝑜𝑎𝑑 + 𝑗𝑄𝐿𝑜𝑎𝑑 = Apparent power drawn by a load 

Then, 𝑆𝐺𝑅𝐼𝐷 + 𝑆𝑃𝑉 = 𝑆𝐿𝑂𝐴𝐷 

𝑃𝐺𝑅𝐼𝐷 + 𝑃𝑃𝑉 = 𝑃𝐿𝑂𝐴𝐷 

𝑄𝐺𝑅𝐼𝐷 + 𝑄𝑃𝑉 = 𝑄𝐿𝑂𝐴𝐷 

7.2.4 Operation mode for active power management in Grid-connected PV system 

START

Measure 
Irradiation

Power will be transferred to Grid

( PGrid will be Negative)

Power will be supplied by Grid

(PGrid will be Positive)

PPV > PLoad
Yes No

 

FIGURE 7.22 Flowchart for active power control in grid-connected PV system 

The flow chart for power management in a grid-connected system is shown in Fig. 7.22.  

Three modes are identified in the grid-connected system as per the level of irradiance. 

Mode I (PPV > PL): 

When power generated by PV (PPV) is less than load power (PL), then power will be 

supplied by the grid to load.  So, grid power (PL- PPV) is transferred to load.  This will be 

happening in the grid-tied inverter control strategy. The control strategy of the grid-

inverter matches solar and grid power.   

Mode II (PPV < PL): 

When power generated by PV (PPV) is greater than load power (PL) then extra power will 

be transferred to the grid.  In this mode, grid power will be positive as per power equation 

PPV + PGrid = PL.  

Mode III (During Night): 

During the night or no irradiance, total load power will be supplied by the grid.  So, load 

power and grid power both are equal in this mode.  
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This three-operation mode of power management is given in Table 7.8.  The operation 

mode for reactive power management in a grid-connected system is shown in Table 7.9. 

TABLE 7.8 Operation mode for active power management in Grid-Connected PVES 

Mode 
Power Generated 

by PV 

Power Delivered 

to Load  

Grid Power 

(PGrid) 

Power 

Characteristic 

I PPV PL PPV- PL PPV - PGrid = PL 

II PPV PL PL- PPV PPV + PGrid = PL 

III 0 PL PL PGrid = PL 

TABLE 7.9 Operation mode for reactive power management in Grid-Connected PVES 

Mode 

Solar Inverter 

 Reactive Power 

QPV (VAR) 

Load 

Reactive Power 

QLoad (VAR) 

Grid 

Reactive Power  

QGrid (VAR) 

Power 

Characteristic 

I QPV QL QPV- QL QPV - QGrid = QL 

II QPV QL QL- QPV QPV + QGrid = QL  

III 0 QL QL QGrid = QL 

7.2.5 Result and Discussion 

The experimental results of active current and power for three different operating modes 

in a grid-connected PV system are found in Table 7.10 and Table 7.11, respectively, as 

discussed in Table 7.8.  At any instant of time, there should be an individually net balance 

between active power.  The grid power will be exchanged as per the solar generation of 

load and power requirements.   

TABLE 7.10 Active current distribution in grid-connected PV system 

Mode 
PV Current 

IPV (A) 

Grid Current 

IGrid (A) 

Load Current 

ILoad (A) 

I 
0.365 0.428 0.793 

0.582 0.563 1.145 

II 
0.88 -0.43 0.45 

0.59 -0.41 0.18 

III 
0 0.49 0.49 

0 0.72 0.72 

In mode I, solar-generated power (PPV) is less than load power (PL) due to low irradiation.  

So, (PL- PPV) power will be supplied by the grid.  The load current is 0.793 A, and the PV 

generation current is 0.365 A.  So, 0.428 A current flows from the grid to load.  This 
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active current distribution for PV, load, and a grid in mode I is shown in Fig. 7.23.  In Fig. 

7.24(a), PV power is 56 W, and load power is 135 W.  So, (PL- PPV) =79W power is 

transferred to load for power balance.  In Fig. 7.24(b), the load power is increased to 230 

W, but PV power is only 126 W.  So, 116 W power is transferred to the grid.         

TABLE 7.11 Active power distribution in grid connected PV system 

Mode 
Solar Power 

PPV (W) 

Grid Power 

PGrid (W) 

Load Power 

PLoad (W) 

I 
56 79 135 

126 116 230 

II 
134 -93 41 

196 -96 100 

III 
0 110 110 

0 160 160 

 

FIGURE 7.23 Active current distribution in PV, load, and grid (Mode I) 
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(b) 

FIGURE 7.24 Active power distribution in PV, load and grid current (Mode I) 

In mode II, solar-generated power (PPV) is more than load power (PL).  So, (PPV- PL) 

power will be taken by a grid.  In Fig. 7.25, the load current is 0.45 A, and the PV current 

is 0.88 A.  So, 93 A current flows from PV to the grid.  In Fig. 7.26(a), PV power 134 W 

is higher than load power 41 W.  So, the grid is taken 93W power from solar.  So, grid 

power is negative in Fig. 7.26(a).  In Fig. 7.26(b), 96W power is transferred from solar to 

the grid. 

 
FIGURE 7.25 Active current distribution with PV, load, and grid current (Mode II) 
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(b) 

FIGURE 7.26 Active power distribution with PV, load, and grid in Mode II 

When there no PV generation during the night, the grid will provide power to load as per 

mode III.  In Fig. 7.27, 0.49 A current is the same for load and PV.  In Fig. 7.28(a), PV 

power is zero because of low irradiance or night time and load is 110W.  So, 110 W power 

is supplied by the grid.  In Fig. 7.28(b), 160 W power is transferred from the grid to load. 

 

FIGURE 7.27 Active current distribution with PV, load and grid in Mode III 
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(b) 

FIGURE 7.28 Active power distribution with load and grid in Mode III 

The reactive power distribution in a grid-connected PV system is shown in Table 7.12.    

There are three modes for the flow of reactive power in a grid-connected PV system.  The 

QPV is the reactive power supplied by the PV inverter.  In mode I, QPV is greater than 

QLoad, then the grid will provide the (QLoad- QPV).  The load reactive power QLoad is less 

than QPV in mode II.  In mode III, total load reactive power is supplied by the grid. 

TABLE 7.12 Reactive power distribution in grid-connected PVES 

Mode 

PV Inverter 

 Reactive Power 

QPV (VAR) 

Grid 

Reactive Power 

QGrid (VAR) 

Load Reactive 

Power 

QLoad (VAR) 

I 
33 10 43 

38 16 54 

 II 
30 -24 6 

32 -22 10 

 III 
0 18 18 

0 22 22 

The efficiency of solar grid-tied inverter is essential.  The supply provided by a PV panel 

(PV voltage and current) and the solar inverter's output at different load is calculated.  The 

efficiency of the solar inverter is found from inverter output power in Table 7.13.  In 

which, when load power increases, the operating efficiency of the solar inverter is also 

increased.  The variation of load power versus inverter efficiency is shown in Fig. 7.29. 

TABLE 7.13 Efficiency of the solar inverter at different load 

PV   

Voltage (V) 

PV 

Current (A) 

 PV 

Power (W) 

Inverter 

Output 

Power (W) 

Efficiency of 

Solar 

Inverter (%) 

63.3 1.28 81.024 66.02 81.48 

63.6 2.15 136.74 116.12 84.92 

62.7 3.58 224.466 196.32 87.46 

61.6 4.12 253.79 227.90 89.80 

63.7 4.90 312.13 285.34 91.42 
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FIGURE 7.29 Load power versus Efficiency of solar inverter 

7.3 Summary 

Based on experimental results taken from different inductances, it can be concluded that 

with a fixed voltage power source and current, voltage changes as the inductance of the 

transmission line changes. Since inductance is a function of length, voltage values are 

different at different lengths in a transmission line.  It is the reason why the voltage dips 

more in remote areas. Secondly, by changing the load from lower to higher, it can be 

observed the voltage sag is higher at PCC. This phenomenon can usually be observed in 

industrial areas where bulb brightness fluctuates when an arc welding machine is operated. 

It is observed that THD in voltage increases, whereas the THD in current decreases as 

inductance increases. It can be seen that though the angle between voltage and current is 

decreasing or now current is becoming from lagging to leading (based on load rating), the 

THD in voltage and current is increasing at the same time. Using a capacitor solves one 

part and contributes to another problem.  

 In a grid-connected PV system, the active and reactive power requirement of the load is 

observed.  At any instant of time, there is an individually net balance between active 

power, reactive power, and apparent power.  Also, it tried to simulate the two real-world 

scenarios; one represents the day time in which power supplied by the grid-tied inverter is 

more than load connected. Hence extra power is fed to the grid. The second scenario 

represents the night scenario, in which local load consumption is more than power 

generated & required the grid now supplies extra power.   
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CHAPTER 8 

8 Summary, Conclusions & Future Scope 

8.1 Summary 

• Power management strategy for renewable source dominated hybrid microgrid is 

proposed in this research work.  The key point is power management in the hybrid 

microgrid to keep power balance among source and load and maintained bus voltage.  

• A detailed analysis of modeling for distributed generation (PV, Wind) and its control 

scheme is carried out.  The MPPT algorithm is applied to PVES and WCES to 

extract maximum available power.  The simulation result is found for PVES and 

WES at different irradiance and wind speed, respectively.    

• The droop control strategy is needed in the DG unit for load sharing when multiple 

numbers of DG (more than one) are connected in a microgrid. The primary and 

secondary droop control strategy is implemented in the islanded mode in a microgrid 

for two DG.  In primary control, conventional droop control is a prevalent method 

for load sharing in an islanded microgrid.  But it has some limitations.  High droop 

gain can guarantee precise power-sharing among the sources while the voltage 

regulation performance is poor, i.e., voltage deviation is large under high droop 

gains.  There is a trade-off between power-sharing performance and voltage 

regulation in the conventional primary droop control method. So, to avoid the 

drawbacks of the conventional primary drop control strategy, the voltage shifting-

based proposed primary droop control method is implemented.   

• In voltage shifting based proposed primary droop control, Δ𝑣 is added with a 

reference voltage of the converter and generates a new voltage reference value of the 

local converter unit by shifting the drooping line.  So, it is regulating the voltage of 

the converter at a rated value. This control strategy is improved bus voltage 

regulation.  But the drawback of voltage shifting based droop control strategy is that 

here fixes the amount of droop resistance is used in each converter. So, the total 

impedance of the converter would be unequal.  So, the current sharing accuracy is 
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degraded due to the mismatch of line impedance.  Dynamic performance under a fast 

change in load current is also poor.  So, the distributed secondary droop control 

method is implemented.   

• The distributed secondary droop control scheme is implemented with slope adjusting 

and voltage shifting simultaneously.  The voltage shifting control is applied to 

removing the voltage deviation.  The slope adjusting is employed to make equal 

output equivalent impedance by adapting the converter's droop resistance.  

Combining the average currents and droop coefficient controller, current sharing and 

voltage regulation are improved with a fast-changing load current.   

• The power management strategy in islanding mode and grid mode for the hybrid 

microgrid is implemented.  In islanding mode, the DC bus voltage is controlled by 

PV, wind, or battery.  The PV and wind are operated in droop mode if its power is 

sufficient.  If its power is insufficient to supply to a load, these PV and wind units 

switch to MPPT mode.  In grid mode, a bidirectional voltage source grid converter is 

operated in droop mode.  The P-f and Q-V droop control is implemented in the 

bidirectional VSC in a hybrid microgrid.  The PV and wind units are operated in 

MPPT mode.  The balanced power state of a hybrid microgrid is decided by bus 

voltage changing.  The proposed power management algorithm is implemented for a 

hybrid microgrid where bus voltage is the main carrier for a different operation mode 

to maintain power balance among source and load.  The effectiveness of this strategy 

for hybrid microgrid running in various modes verified by simulation waveform 

results. 

• The solar irradiation and temperature are the factors with more significant influence 

in the maximum peak of available power from a PV array.  So, evaluate I-V and P-V 

curves for single, series, and parallel-connected PV modules at different irradiation 

levels using digital meter and data logger.  The P&O MPPT algorithm is 

implemented in the PIC microcontroller.  Observe the real-time parameter  𝑉𝑂𝐶 , 𝐼𝑆𝐶   

and 𝑉𝑚 , 𝐼𝑚 at which MPP occurs.  Also, fill factor and efficiency is calculated for 

single, series, and parallel-connected PV module.  Then a comparison of real-time 

parameters for series and parallel connected PV module at different temperature and 

irradiation.  The effect of shading has also changed the output of the PV module.  So, 

the experimental result for single, series, and parallel-connected PV module is found 

at different shaded cells, and the comparison of  𝑉𝑂𝐶 , 𝐼𝑆𝐶 , 𝑉𝑚 , 𝐼𝑚, fill factor and 

efficiency for the different shaded cells are presented. 



Summary, Conclusions & Future Scope 

157 
 

• A standalone system is used for the locations where grid connectivity is not present.  

In standalone PVES, when solar irradiations are enough, electricity generation is 

usually more than the house's local load requirement.  The standalone PV system's 

power management demonstrates and explains PV and energy storage battery power 

when any type of load is connected.  A different experiment is performed for 

prototype insight standalone PVES combined with PV, battery, DC load, and AC 

load.  Experimental result for voltage, current, and power in single and parallel PV 

modules in different three modes is found. 

• However, the grid-tied plant is beneficial in terms of the excessive power sold to the 

utility.  It consists of a solar PV array and a grid-tied inverter.  The AC output of the 

inverter is connected to the PCC.  The experimental analysis for power management 

is performed with active and reactive power control.  The result of current and power 

are found for three different modes of operation.  At any instant of time, there should 

be an individually net balance between active power.  The grid power will be 

exchanged as per the solar generation and load power requirements.    There are 

power quality issues associated with charging transmission lines inductance like 

voltage sag and THD at PCC when a non-linear load is connected to the system.  

The impact of transmission line inductance and capacitance for voltage quality at 

PCC is analyzed.  The effect of voltage THD at PCC and current THD in nonlinear 

load during the variation in inductance and capacitance is also found.  

8.2 Conclusions 

This research is presented for a power management strategy in the renewable sources-

based hybrid microgrid.  This microgrid is operated in islanding and grid-connected mode.  

The power management strategy (PMS) is needed for the DG unit when multiple DG 

numbers are connected in a hybrid microgrid.  A droop control method is applied for 

proportional load sharing between the parallel converter of DG.  The voltage regulation is 

poor at higher load current in conventional droop control.  Thus, voltage shifting based 

droop control strategy is applied at the primary level to improve voltage regulation.  The 

simulation result shows that voltage regulation is improved by 10.25% at a higher load than 

conventional primary droop control.  The accurate current sharing is achieved in secondary 

control as compare to primary droop control.  The transient response (current and voltage 

response) is also useful during fast-changing load current in secondary control. 
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The hybrid microgrid is operated in a different three-mode for variable load conditions by 

detecting bus voltage change.  So, load power is balanced by the AC grid, DG, or battery 

unit.  Based on detecting the voltage, different modes of operation of DG (PV, wind), 

Energy storage battery, and grid are determined and switch smoothly.  So, in each mode, 

the power balance is possible when the different bus voltage.  PV and wind cooperate in 

supplying power, make the system run in the optimal state, and work under its maximum 

efficiency.  Thus, the microgrid bus voltage supported the appropriate range.  Here there is 

no communication between various units.  So, the system has a plug-in-play to be realized.  

The simulation results verify the implemented control strategy for the stable operation of 

the hybrid microgrid.   

Comparing the real-time parameters for prototype insight single, series, and parallel-

connected solar PV module is analyzed at different radiation, temperatures, and different 

shaded cells.  Output power decrease with an increase in temperature and a reduction in 

irradiance.  If the one module is wholly shaded, then the current in the circuit will be zero. 

If there is a diode in parallel with the shaded module, then the non-shaded module's power 

output is bypassed by a diode and available at load terminals.  Experimental analysis for 

power management is observed for variable load in the standalone PV system.  If 

irradiation is sufficient, then PV power is given to the battery and load; otherwise, load 

sinks the power from battery and PV.  Experimental analysis for Power management is 

observed for variable load in the grid-connected PV system.  If irradiation is sufficient, so 

PV power is more than the local load, extra power is fed to the grid.  If the PV power is 

less than the local load during low irradiance, the load sinks power from the grid and PV. 

The impact of transmission line inductance and capacitance on voltage quality and THD at 

PCC is observed.  From the experimental result, when inductance increases from lower to 

higher, the voltage sag is higher at PCC. When transmission line inductance increases 

during nonlinear load, PCC voltage THD is increases, and current THD reduces, but THD 

current is higher, and higher-order harmonics appear in PCC voltage.  When transmission 

line capacitance increases, voltage is increased at PCC, but THD voltage and THD 

current both are increased.  

8.3 Future Scope 

This proposed hybrid microgrid is analyzed for power management using renewable 

energy sources, solar and wind.  It can extend with many sources and super-capacitor use 
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with a battery for energy storage devices.  The microgrid can also develop for an extensive 

scale distribution system.  The tertiary control and reactive power-sharing issue may also 

be analyzed in grid-connected mode.  Microgrid operates between islanding, and grid-

connected mode is called transition mode, which may also consider.  The experimental 

system can be extended in smart energy management for hybrid storage systems in smart 

grid applications.  The experimental design may develop for the nano grid also. 
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