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ABSTRACT 

In the last couple of decades, the growing concern in the energy sector is mainly due to 

continuous depletion of fossil fuels and emission of carbon di oxide which leads to green-house 

effect. For sustainable management of conventional resources and for minimizing hazardous 

environmental condition, further research and development is required, in the field of alternate 

energy sources. Solar powered energy is one of the most widely used non-conventional energy, 

as it is abundant, inexhaustible, free and clean. 

One of the major sectors using fossil fuel and natural gas is the transportation sector, 

hence battery electric vehicle was developed as an alternative to Internal Combustion (IC) 

engines, for reducing emission of CO2 and to limit the use of fossil fuel. No emission EVs are 

majorly charged using electricity grid, where the major concentration of fuel mix comes from 

conventional sources, hence PV powered EV charging is a sustainable option for long term. 

However, energy supplied by PV system being dependent on various environmental factors 

such as temperature, irradiance etc. is not fixed. Hence there is a need of integration of PV with 

electricity grid and other multi-functional operating sources for reliable operation of EV 

charging. 

In this work detailed simulation study of hybrid operation of photovoltaic (PV) and 

electric vehicle (EV) charging system is done. The renewable integrated EV charging 

infrastructure can be employed in diverse load power requirement scenarios. The overall 

system uses various converters at each stage, boost converter for harnessing solar PV power, a 

bi-directional buck-boost converter for EV charging, and a voltage source converter (VSC) 

with LCL filter for integrating overall system with the grid. The associated controllers for EV 

charging/discharging and for controlling various power flow mode consist of a controller at bi-

directional DC to DC and at AC to DC stage. The proposed system contributes towards 

maximizing energy output from PV system, uninterrupted EV charging, reducing load demand 
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on grid for enhancing grid performance and using EV as an energy storage system as and when 

required. Extensive simulation for various power flow modes have been performed to verify 

the aforementioned claims. 

Since large scale integration of renewable on main grid can lead to high voltage 

fluctuation. Hence BESS and on/off grid type inverters can act as a backup to manage black 

starting, islanding and any fault situation. To avoid system complexity a small sub model is 

also presented showing power flow management to load during on-grid to off-grid operation.  

The overall design and simulation work is executed in MATLAB/Simulink software 

and results are confirmed for various input conditions. 
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CHAPTER 1 

INTRODUCTION 

1.1 GENERAL 

Energy is crucial for evolution of human civilisation. Energy is essential for our 

world's economic and social development. Energy is a universal currency and its 

consumption is used as a marker to distinguish between developed and developing 

countries. In comparison to others, a country's energy use distinguishes its measure of 

growth and development. In the last couple of decades, the growing concern in the energy 

sector is mainly due to continuous depletion of fossil fuels and emission of carbon di 

oxide which leads to greenhouse effect.  

Conventional energy sources such as coal, crude oil, and natural gas are still 

widely used to generate power, but renewable resource use has improved the 

implementation since the 1970s. [1] For sustainable management of conventional 

resources and for minimizing hazardous environmental condition, in the field of alternate 

energy sources further research and development is required. Renewable energy sources 

are part of India's ambition to offer clean, affordable energy to everyone while 

simultaneously achieving social fairness and addressing environmental concerns. India 

has already begun the move to a cleaner environment, energy independence, and a 

stronger financial system by tapping these energy sources. India has ensured that the best 

methods for accelerating deployment, stimulating new firms, and accomplishing climate 

change mitigation targets are used. India is well on its way to meeting its target, with over 

78 GW of installed renewable generating generation and 65 GW in various phases of 

development. Solar power capacity has increased by nearly 11 times since 2014, while 

wind power capacity has increased by 1.7 times. India now possesses the world's fifth-

largest installed renewable energy capacity. This goal, however, is just the start, not the 

end. [2]  

According to a study done by the European Commission by the year 2050 

renewable energy source would establish its sovereignty over world’s energy supply 

system having percentage share of different forms as shown in Fig. 1.1.  
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Figure 1.1: World energy consumption by the year 2050 

Solar energy, wind energy, hydro energy, tidal energy, geothermal energy, and 

other renewable energy sources are available across worldwide. Since the sun is an 

unlimited source of energy, it may be used indefinitely for increasing energy demands, 

lowering electricity consumption rates, a wide range of uses, and minimal maintenance 

costs [3].  

Photovoltaic systems are being used to extract solar energy in the majority of 

solar-based projects. This photovoltaic (PV) system is based on the idea that when solar 

irradiation strikes the surface, an ionisation process occurs, converting solar energy into 

electrical energy [4]. There has been continues research and development going on in the 

field of photovoltaics to lower their size, cost, and improve their conversion efficiency. 

Solar powered energy is one of the most widely used non-conventional energy, as it is 

abundant, inexhaustible, free and clean [5]. 

1.2: Photovoltaic systems 

PV power generation systems are classified into two categories: grid-connected PV solar 

systems and stand-alone PV solar systems. As illustrated in Fig. 1.2 PV systems are 

classified according to their operation and application. 
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Figure 1.2: Classification of Photovoltaic systems 

A stand-alone photovoltaic solar system is the best option in the places like rural 

area or area where supplying power through grid is difficult. According to the need of the 

application, the stand-alone system can be employed with or without power storage 

devices, as well as with a hybrid system [6]. However, using a stand-alone system for 

general-purpose applications during the night and in unfavourable weather conditions is 

challenging without power storage capacity. 

 In the grid connected PV system [7], the energy supply from the solar panels can 

be supplemented by AC power from the grid. Solar panels, on the other hand, can provide 

enough electricity to cover any grid loss. 

1.3: Grid interconnected solar PV system, benefits and challenges 

Grid connected PV system uses hysteresis current control (HCC), voltage source 

inverter (VSI) for the integration of the solar PV system to the grid. The DC-link capacitor 

can be linked directly to the grid-tied photovoltaic system, or it can be integrated to the 

DC-link capacitor via a boost converter before being fed to the inverter for power 

conversion and then electricity transferred to the three phase grid. MPPT control 

techniques are incorporated to converters to harness the peak power from a PV system 

and transfer it to the grid while also mitigating power quality issues. These approaches 

could also be used to measure the performance of a Photovoltaic system. The VSI delivers 
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solar power to the main grid and can compensate for reactive power and eliminate 

harmonics at common coupling point (PCC) [8].  

Traditional control algorithm such as perturb and observe algorithm (P&O), 

incremental conductance methodology (INC), fractional current control, fractional 

voltage control, as well as intelligent method such as artificial neural network (ANN), 

fuzzy logic control, and other AI techniques [9] are available to harness the point of 

maximum power. 

The Three-Phase VSI transforms DC into AC power and transmits it into the 

main grid. Various control strategies are employed to maintain the grid voltage and 

frequency at the common coupling point for grid synchronisation. SRFT, instantaneous 

reactive power theory (IRPT), power balance theory, conductance based current 

algorithm, etc. are control methods are available for implementing the VSI [10]. 

The voltage source converter of PV integrated grid system is controlled through 

enclosed loops. The main motive is maintaining voltage and frequency of grid at PCC for 

synchronisation and to inject pure sinusoidal current into the grid. The inner current 

control loop is used to regulate current. To utilise simple PI controller it is necessary to 

obtain the synchronously spinning d-q frame, and the abc to d-q transformation changes 

the AC signal into decoupled signal. On continuous signals in dq reference frames, PI 

controllers are used to ensure the track for reference is adequate with implementation and 

easy design. 

There are many benefits of grid connected PVS for example improvement in 

power system reliability by having generation diversity and reduction in peak power. 

Improvement in voltage profile, reduction of line losses, control of reactive power is 

better, security of critical loads can be enhanced, facility of ancillary services, reduction 

of greenhouse gas emission etc are some of the many advantages of grid connected PVS 

[11]. 

Additional technical challenge for utilities and customer-generators is issues 

related to power quality. Since devices and appliances are designed to receive power at 

or near defined voltage and frequency parameters, and variations may result 

into appliance failure or damage, hence power should be constantly supplied at a standard 

voltage and frequency. A PV inverter might introduce unwanted noise into the system. 
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Power quality standards include harmonics, power factor, DC injection, and voltage 

flicker, islanding in addition to simple voltage and frequency ranges. [12] 

In the literature [13] - [15], various topologies of grid integrated PV systems have 

been discussed. An adjustable DC-link with two stage grid tied solar PV system is 

presented [16], and an elimination of one stage leads to single stage topology having their 

own benefits and drawbacks. Topologies are also dependent on certain other factors such 

as isolation, power level requirement and controlling strategy. In [17], the elimination of 

boost converter is presented, here DC bus directly connects solar PV array with VSC, 

allowing VSC to harness the peak power out of solar PV array. 

1.4:   Types of Electric Vehicle 

One of the major sectors using fossil fuel and natural gas is the transportation 

sector, hence battery electric vehicle was developed as an alternative to Internal 

Combustion (IC) engines, for reducing emission of CO2 and to limit the use of fossil fuel. 

EVs, are a green alternative because they do not require liquid fuel. They are highly 

responsive, have a lot of torque, and may save you money on petrol and maintenance 

compared to conventional gasoline-powered vehicles. [18] 

EVs can be classified as: 

 Battery Electric Vehicle -  BEV refers to an electric vehicle with a single source of energy, 

such as a battery. The BEV is solely reliant on the energy stored in the battery pack. As a 

result, the range of a BEV is directly proportional to the battery pack's capacity. These 

vehicles can typically travel 100-250 kilometres on a single charger.  Furthermore, BEVs 

are ecologically friendly and have a low operating cost. [19] 

 Hybrid Electric Vehicle - These EVs have two energy sources: fuel cell and a battery 

pack. They consist of an internal combustion (IC) engine as well as an electric power 

train. In low-speed requirement when power required is low, the electrical energy source 

can be switched. These vehicles switch to an IC engine when high speed is required. [20]- 

[21] 

 Plug-in Hybrid Electric Vehicle - PHEVs, like HEVs, have two powertrains (a gasoline 

engine and an electric motor), but the electric propulsion is the primary driving force. As 

a result, it necessitates a larger battery pack than a HEV. [22] 
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 Fuel cell electric Vehicle - FCEVs are electric vehicles that use a fuel cell to power the 

drivetrain. The advantage of such a vehicle is that the power generated by fuel cells 

produces no carbon, and the time it takes to recharge it is comparable to that of a 

conventional vehicle. However, due to limitations in FCEVs such as high fuel cell costs, 

hydrogen storage, and fuel cell life cycle, these cars are not widely used. [23] 

1.5: Electric Vehicle charging levels 

Inductive and conductive charging techniques are also possible. Inductive power 

transmission systems transfer energy without requiring a physical connection. It uses 

electromagnetic (EM) fields to wirelessly transfer electricity from transmitter to receiver. 

As a result, inductive charging has a lower efficiency and is more expensive than 

conductive charging. The conductive system, on the other hand, has actual electrical 

connection between the transmitter and the receiver. As a result, it is more efficient and 

less expensive than inductive systems. [24]- [26]. 

TABLE I EV charging levels 

 

Specification 

 

Level 1 

 

Level 2 

 

Level 3 

 

Voltage 

 

120V AC 

 

240 V AC 

 

200-800 V DC 

 

Current(A) 

 

15 

 

40 

 

60 

 

Charging time 

 

16-20 hrs 

 

7 hrs 

 

<1 hr 

 

Low- and medium-range plug-in hybrids, as well as all-electric battery electric car 

users with low daily driving usage, can charge overnight at Level 1 charging level.  

In Level 2 for charging house or public units, connection installation and a 

dedicated equipment may be required, while automobiles like the Tesla have the power 

electronics on board and merely require an outlet. A standard EV battery can be charged 

overnight using Level 2 devices.  
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Level 3 fast charging allows for charging much less than one hour. Similar to 

petrol stations, it can be built in highway rest stops and city refuelling sites. The power 

source could be direct DC.  

Distribution transformer losses, voltage variations, harmonic distortion, peak 

demand, and thermal stress on the distribution system can all be exacerbated by level 2 

and 3 charging. Reduced transformer life could have a substantial influence on 

transformer life, dependability, security efficiency, and the affordability of creating smart 

grids [27]. 

1.6: Battery Technology 

Batteries are one of the most essential aspects that determines how well an electric 

vehicle performs. It is made up of electrochemical cells that are connected to the vehicle 

via external connections. The battery technology for EVs has progressed from the initial 

utilisation lead-acid batteries in the late 1800s to lithium-ion batteries in the 2010s, which 

are now found in the majority of EVs. A battery pack is a collection of different battery 

modules and cells. The battery pack that powers electric vehicles might have as few as 

96 cells or as many as 2,976 cells. Primary and secondary are the two categories. Vehicle 

batteries are generally rechargeable secondary batteries in this case. 

Because of their high energy density compared to their weight, lithium-ion and 

lithium polymer batteries are the most prevalent battery types in modern electric cars. 

Challenges faced by EV battery is mainly due to: 

 high cost   

 life cycle of batteries   

 charger’s complications 

 the lack of charging infrastructure 

 range anxiety 

Terminology related to battery technologies: 

Battery Capacity: The battery capacity is defined as the amount of free charge 

generated by active material at the negative electrode and consumed by the positive 

electrode. To look at it another way, it's the total quantity of energy that can be stored in 
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a battery. It is expressed in ampere-hours (Ah) or watt-hours (Wh), with 1 Ah totalling 

3600 coulombs (C) 

Specific energy: It is calculated in watt-hours per kilogramme (Wh/Kg) and is 

gravimetric energy stored by the battery. The quantity of energy retained in relation to its 

weight is referred to as gravimetric energy. 

Energy Density: It is calculated in watt-hours per litre (Wh/l) and is volumetric 

energy contained by the battery. The quantity of energy held in relation to its volume is 

referred to as volumetric energy. 

State of Charge (SOC): The state of charge (SOC) is a percentage representation 

of the quantity of energy obtainable in a battery at any given time. SOC of fully charged 

battery is equivalent to 1 or 100% and fully discharged battery is 0 or 0%. 

Type of Electric vehicle battery 

Table II Batteries parameters comparison 

 

Specification 

 

Li-on 

 

Ni-mH 

 

Lead-acid 

 

Energy 

density(Wh/l) 

 

250-693 

high 

 

140-300 

high 

 

80-90 

low 

Charge-

discharge cycles 

 

300-500 

 

180-2000 

 

200-300 

 

 

Merits 

 

Highest energy 

density, no need of 

periodical discharge 

 

High charging 

efficiency, 

environment 

friendly 

 

Inexpensive, lowest 

self-discharge rate 

 

Demerits 

 

Expensive, moderate 

discharge rate 

 

High discharge rate, 

high maintenance 

 

Low energy density, 

environment 

unfriendly 
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1.9: Hybrid PV based EV charging system 

Integration of EV with grid can also provide other ancillary services like 

regulation of voltage and frequency, peak shaving, can act as a virtual power plant and 

regulated spinning reserve with the smart grid [31]-[33]. Moreover, integration of EV on 

a huge scale and its unregulated connection into the power distribution system might 

poses various problem such as rising peak demand, harmonics, voltage imbalance and 

current distortion etc. [34]. Another issue is that no emission EVs are majorly charged 

using electricity grid, where the major concentration of fuel mix comes from conventional 

sources, hence PV powered EV charging is a sustainable option for long term [35]. 

Interconnection of solar PV system with EV charging in a coordinated manner mitigates 

impact of solar PV generation on power grid. However, PV integrated system with EV 

leads to system complexity and to avoid issues related to solar power fluctuation, there is 

a need of integration of PV with grid and other multifunctional operating sources for 

reliable operation of EV charging [35]-[36]. 

Despite charging stations (CSs) which has integration of renewable energy-power 

are the most feasible alternative for EV charging, their integration into an 

already installed charging system adds a power conversion stage, increasing the system's 

complexity and power loss. Furthermore, each conversion stage has its own controller, 

which must be linked with the present system. [37]-[39] As a result, designing an 

integrated infrastructure with multifunctional and multimode operating capacity is 

important, and so its imperative to design unified control and coordination between the 

numerous sources.[40]-[41] 

Furthermore, many of the research only discusses the effectiveness of CS in either 

grid-connected or islanded mode. The solar PV panel, though, gets ineffective if the grid 

is unavailable, even though the sun (solar irradiance) is present, due to the single mode 

of operation in the grid-connected configuration. Additionally, in the islanded mode, the 

PV power is disrupted by the solar irradiance's unpredictability. As a result, a storage 

battery is needed to counteract the effects of changing solar irradiation. To avoid 

overcharging the battery storage, the maximum power point tracking must be disabled 

when the storage battery is completely charged. 

In the microgrid inverter control, a reference voltage and frequency signals are 

required in the islanded mode. [42] 
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The microsource controllers (MCs) link the microsources and storage devices to 

the feeders in a microgrid, and the central controller (CC) coordinates the microsources 

[2]. The circuit breakers connect the microgrid to the medium voltage level electric grid 

at the point of common coupling (PCC). When a microgrid is connected to the power 

grid, the grid handles all operating voltage and frequency regulation; nevertheless, the 

microgrid continues to supply important loads at PCC, designed to act as a PQ bus. In 

islanded mode, a microgrid must run independently of the grid to regulate the microgrid's 

voltage and frequency, and so functions as a PV (power-voltage) bus. [43]- [46] 
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CHAPTER – 2 

DESIGN OF PV-EV HYBRID SYSTEM 

2.1: SOLAR PV CELL  

The basic component of solar module is the solar cell. Silicon (Si) is a semi-

conductor substance that is largely employed in cell production. To obtain either n type 

or p type material, it is doped with another material. Silicon is doped with electron-rich 

atoms (such as phosphorus, arsenic, and antimony) to make n-type material, whereas it is 

doped with electron-deficient atoms (boron, aluminium, and gallium) to produce p-type 

material. The formed two materials thus combine to form p-n junction. When solar 

irradiation comes into contact with the junction, it causes current to flow and thus power 

flow takes place. 

When the two materials are combined, free holes from the p-type diffuse into the 

n-layer, leaving behind negatively charged ions. Free electrons diffuse into the n-layer, 

leaving behind positively charged ions. This, in turn, forms an electric field zone between 

the two layers, which stops the charge flow in its region. When sunlight strikes a cell, 

electron-hole pairs are formed, causing current to flow. 

 

Figure 2.1: Electric equivalent PV cell model. 

Fig. 2.1 shows equivalent electric circuit model of PV cell which is obtained after 

analysing its terminal characteristic, which is further utilized to design photovoltaic 

systems. Where, 

Rse: Rse indicates the solar cell's series resistance. It appears due to current flow 

across the base-emitter junction of cell and metal-silicon wafer contact resistance. 
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Rsh: Rsh represents the shunt resistance of the cell. It exists because the p-n 

junction's properties aren't ideal, and there are impurities on the edges, causing a short 

circuit path around the junction. The series resistance would be 0 and the shunt resistance 

would be infinite in an ideal situation. Rsh and Rse are present due to nonlinearity in PV 

characteristic. 

The terminal equation that governs the output voltage-current performance 

characteristic of PV cell is calculated as follows:  

𝐼 = 𝐼௦௖ି𝐼஽ − 𝐼௦௛ (2.1) 

Where, 

I is the output current of solar cell in Ampere, ID is the current passing through the diode 

 Isc represents the photo electric current proportional to the total amount of perpendicular 

solar energy incident on solar cell surface, 

According to Shockley equation diode current ID is expressed as: 

𝐼஽ = 𝐼ை(𝑒
௏ାூோೞ೐

௡௏௧ − 1) 
(2.2) 

Io represents the reverse saturation current which is dependent on doping and temperature 

of p-n junction diode, q is the electron charge in columb, n denotes the diode ideality 

factor(assumed  1 for Germanium and 2 for Silicon), K is the is the Boltzmann’s constant 

in Joule/Kelvin. 

By performing nodal analysis, the shunt resistance current Ish can be found out to be: 

𝐼௦௛ =  
𝑉 + 𝐼 ∗ 𝑅௦௘

𝑅௦௛
 

(2.3) 

Therefore, now the output current can be expressed in the form as shown. 

I = 𝐼௦௖ − 𝐼ை ቀ𝑒
ೇశ಺ೃೞ೐

೙ೇ೟ − 1ቁ −
௏ାூோೞ೐

ோೞ೓
 

(2.4) 

The above equation is an acausal equation but in practice diode is not ideal hence it has 

the junction capacitance which takes care of the causality problems. 

A PV panel is made up of combination of many solar cells connected in series or 

parallel. This is done to make the panel's voltages and currents equal to the utility's 

parameter settings. Therefore, assuming C is the number of solar cells in series, Ns is the 
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number of series connected panels, and Np is the number of parallel connected panels, 

the array's characteristic equation becomes: 

𝐼 = 𝑁௣𝐼௦௖ି𝐼஽ − 𝐼௦௛ (2.5) 

𝐼௦௖ =  
𝐼𝑜 + 𝑘(𝑇௢௣ − 𝑇௥௘௙)

1000
𝜆 

(2.6) 

𝐼஽ = 𝑁௣𝐼ை(𝑒
௏ାூோೞ೐
௡ேೞ௖௏௧ − 1) 

(2.7) 

𝐼௦௛ =  
𝑁௣(𝑉 + 𝐼 ∗ 𝑅௦௘)

𝑅௦௛
 

(2.8) 

TOP is the operating temperature of the solar cell in Kelvin, TREF is the standard operating 

temperature of the cell in Kelvin λ is the solar irradiance in Watt/sq. meter 

𝑉𝑇 =  
𝑇௢௣ ∗ 𝐾

𝑞
 

(2.9) 

Where VT represents the thermal voltage. 

The characteristics of a practical solar panel can be represented using the 

equations above. They can be used to simulate and evaluate the panel in various settings 

in simulation environments (Simulink). This project makes use of the PV array module's 

built-in MATLAB/Simulink block, which is also centred on these equations.  

 

Figure 2.2: PV characteristic under different irradiance level 
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Under different irradiation levels, characteristic of I-V, P-V is drawn, which is 

depicted in Fig. 2.2 The nonlinearity in PV cell characteristic indicates that, the unique I-

V characteristic results in output current which is constant over a wide voltage range until 

it extends to a point from where it begins to drop exponentially, giving rise to the concept 

of maximum power point which has to be tracked for exporting peak power out of solar 

array. 

Changes in irradiance affect practically all parameters, including open circuit 

voltage, short circuit current, and efficiency. Since photo generated rate is proportional 

to irradiance, and short circuit current is proportional to photo generated current, this is 

the case. Irradiance, on the other hand, has a minor impact on open circuit voltage. 

The open circuit voltage is much more affected by temperature changes than the 

short circuit current. Both of them are proportional to each other. The short circuit current, 

on the other hand, is unaffected by temperature changes. 

Table III PV panel specification 

 

Parameter 

 

values 

Open circuit voltage(Voc) 36.3 V 

Short circuit current(Isc) 7.84 A 

No. parallel string 47 

No. of series string 10 

Voltage at MPP (Vmpp) 29 V 

Current at MPP (Impp) 7.35 A 

Open circuit voltage of solar panel 363 V 

Temperature coefficient of Voc  −0.35%/ ℃ 

Temperature coefficient of Isc  0.06%/ ℃ 
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2.2: Design of Boost converter 

 

Figure 2.3: Boost converter 

The boost converter is a DC-DC switching converter with a step-up capability. 

The low input voltage level can be boosted up to an useful high output voltage level using 

a boost converter, which works similarly to a reversed buck converter. Fig. 2.3. depicts 

the boost converter topology. 

Current flows through the inductor (L) and energy is stored when the switch S1 is 

turned on by the PWM pulse. When the switch is switched off, the magnetic field energy 

stored in the inductor produces an induced voltage across the inductor, which adds to the 

input voltage. The input voltage and the voltage across the inductor are  in series, causing 

the output capacitor (Cout) to be charged to a voltage greater than the input voltage. 

When developing a conventional boost converter, the duty cycle is determined using 

equation based on the required output voltage. 

𝐷 =  1 −
𝑉௢

𝑉௜
 

(2.10) 

Selection of inductor 

The inductor value is chosen based on the estimated inductor ripple current at maximum 

input voltage, which is given by equation. 

𝐿 =  
𝑉𝑖(𝑉௢ − 𝑉௜)

𝑓𝑠 ∗ ∆𝐼 ∗ 𝑉௢
 

(2.11) 
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Where ΔIL is the estimated inductor ripple current. It should not exceed 5% of rated input 

current. Fs denote boost converter switching frequency. Here a switching frequency of 5 kHz is 

chosen. 

Selection of capacitor 

𝐶 =
𝐼௢(𝑉௢ − 𝑉௜)

𝑓𝑠 ∗ ∆𝐼 ∗ 𝑉௢
 

(2.12) 

Where ΔVo is desired output voltage ripple, for 1% voltage ripple corresponding to 

output voltage 

2.3 Boost MPPT control 

The main function of DC-DC boost converter is to rise the source side solar PV array 

voltage to load terminal by adjusting the duty cycle. This duty cycle, for maximum power 

is maintained by MPPT techniques.  

Because I-V and P-V properties are influenced by solar irradiance and temperature, 

which change during the day, MPP varies as well. If the PV array is directly linked to the 

load, the operating point of PV is determined by the load impedance and environmental 

conditions, but not always, resulting in MPP operation, which underutilizes PV 

characteristics. we use the MPPT techniques with the DC-DC converter to get the most 

power out of the PV array. When the variable load is attached, the MPPT goal is to 

operate the PV at MPP regardless of changes in environmental conditions. 

P௠ =  V௠௣ ∗ I୫୮ (2.13) 

The MPPT technique is implemented in the PV solar system using the DC-DC 

converter (boost converter, buck converter, buck-boost converter etc) several control 

techniques are used to control the duty cycle of the DC-DC converter.  

MPPT control algorithm are mentioned below  

 Perturb and observe  
 Incremental conductance  
 Fractional open circuit voltage  
 Fractional short circuit current  
 Neural network 
 Fuzzy logic control 
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Among several MPPT techniques, Perturbation and observation (P&O) method is 

most widely implemented because of the limited number of parameters required, 

simplicity in its structure and ease in calculation. The parameter required to track MPP is 

current and voltage of PV panel as input values, which implies the association between 

output power and terminal voltage. This method iteratively perturbs, observes and 

generates output power to track maximum power point. If at certain PV module operating 

∆௉

∆௏
> 0 then the perturbation of PV module output voltage should be increased toward 

MPP, if PV module operating point 
∆௉

∆௏
< 0 then the perturbation of PV module output 

voltage should be decreased toward MPP. If the status of certain point is 
∆௉

∆௏
= 0 then that 

point is the point of maximum power. The MPPT flow chart is shown in Fig. 2.4. 

 

Figure 2.4: MPPT P&O flow chart 
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Figure 2.5: MPPT curve 

 

Figure 2.6: MPPT control 

For boost converter control through MPPT, PV current and voltage is first sensed 

and passed through MPPT to generate 𝑉௥௘௙ which is the reference voltage for tracking 

MPP, error signal is generated by comparing 𝑉௥௘௙ with PV voltage, which is then passed 

to the  PI controller , which will further generate signal having the required duty ratio, 

The output PWM signal is a result of comparing this generated signal with the carrier 

signal  for the purpose of getting the required switching pulses for the boost converter as 

shown in Fig. 2.6. 

2.4:  Design of LCL filter 

The converter implemented for PV to grid connection is bi-directional three phase AC 

to DC converter with sine pulse width modulation technique. The bidirectional power 

flow is important for this work as it allows power flow in both forward and reverse 

direction depending upon load requirement. For such an application appropriate control 

strategy of power switches of converter is required.  
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The PV inverter section of the overall system consist of PV panel and DC link 

capacitor on the DC input side and an LCL filter connected with grid at the output ac side. 

The voltage generated by PV panel has to ensure a dc link voltage higher than peak ac 

voltage at all the time. To improve the power quality supplied to local load and that 

injected to grid it is required to eliminate switching harmonics generated from PWM, for 

improving this quality filters are required. There are many filter topologies for example 

L filter, LC filter and LCL filter etc., among various filter topologies LCL filter is the 

most suitable for providing better attenuation and coupling capability.   

 

Figure 2.7: Single phase equivalent circuit of LCL filter 

LCL filter has good ripple attenuation capability but can cause resonance related 

disturbance hence selection of filter components needs to be precise. For the design of 

filter, selecting filter components depends on several factors. Device constraint, cost and 

thermal consideration etc. influence switching frequency selection. The switching 

frequency of 10 kHz is chosen in this case. 

For the design of the stated filter, there are normally some guidelines. To avoid a 

substantial voltage drop across the two inductors (i.e. L1 +L2), the total inductance of the 

two inductors (i.e. Li +Lg) should be less than 10% of the system base impedance. The 

current ripple must not exceed 20% of the maximum rated current. When choosing a 

capacitance, it should not be too low or too high. A low number reduces the filter's 

effectiveness, whereas a large value absorbs a considerable quantity of reactive power. 

The inherent resonance frequency may fall within the range indicated by the equation. 

The sampling frequency is fs, and the fundamental power frequency is fg. 

The inductance present over grid side Lg should be a fraction of the inverter side 

inductance Li for excellent system stability. Finally, according to IEEE 519-1992, the 

THD of grid current shall not exceed 5%. 
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10fg<fs<0.5fs (2.14) 

Selection of switching frequency is based on device constraint, cost and thermal 
consideration. Here a switching frequency of 10 kHz is chosen. The fundamental and 

switching frequency both must be very well separated from resonant frequency for its 

selection. 

The resonant frequency of LCL filter can be calculated as:  

  

                                                                𝑊௥௘௦ =  ට
௅௜ା௅௚

௅௜∗௅௚∗஼௙
                                                  (2.15) 

The transfer function of LCL filter neglecting damping, all higher order harmonics 

condition, and by setting condition of Vg = 0 as shown in Fig. 2.7 is as follows: 

𝐼𝑔(𝑠)

𝑉𝑖(𝑠)
=  

1

𝑆ଷ𝐿௜𝐿௚ 𝐶௙ + 𝑆(𝐿௜ + 𝐿௚)
 

 (2.16) 

 The capacitance value is determined based on reactive power requirement of 

capacitor. Due to this reactive power, overall output power factor is reduced causing large 

current to flow from IGBTs and Li. The formula of capacitor Cf as shown in eq. 2.17 can 

be derived, with the limitation of reactive power requirement, keeping its value below 5% 

of inverter’s rated output power. 

𝐶௙   = 
଴.଴ହ∗ௌ

௩మ∗ଶ∗గ∗௙
 

(2.17) 

 

For the minimization of ripple current flowing through switching IGBTs inverter side 

inductor is required. The total change in current during the overall cycle is expressed as: 

∆𝑖 =
𝑉ௗ௖

𝐹௦௪ ∗ 2𝐿௜

(1 − 𝑀௥ sin 𝜔଴𝑡)𝑀௥𝑠𝑖𝑛𝑤଴𝑡 
(2.18) 

 

Where 𝐹௦௪ is the switching frequency for the IGBT’s, 𝑉ௗ௖  represents input DC-link 

voltage, 𝜔଴ refers to the fundamental angular frequency and modulation index is 

represented by 𝑀௥. 

The selection for the L1 inductor can be done in terms of the desired current ripple at 

the switching frequency 
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Li =  
Vdc

8 ∗ ∆𝐼𝐿௠௔௫ ∗ 𝑓௦௪
 

 

(2.19) 

In the eqn 2.20, the formula for computing the minimum total inductance 

necessary for the filter is described.  

L >  
∈ Vdc

4𝑓௦௪𝐼௥௔௧௘ௗ 𝜁
 

 

(2.20) 

 

where ∈ represents the type of SPWM employed; value is 1 for Unipolar SPWM and 

2 for Bipolar SPWM. Vdc is the ideal dc link capacitor voltage, Irated is the inverter's 

rated current, fsw is the PWM's switching frequency, and finally the symbol ζ is the 

maximum current ripple %. In this project, the value of has been set at 20% of the Irated. 

As mentioned in the preceding section, the total inductance (i.e. Li + Lg) should not 

exceed 10% of the rated current Irated, as this causes a substantial voltage drop, which 

affects inverter operation. Both equations (2.21) and (2.22) should be satisfied by total 

inductance. The rated grid rms voltage is Vrated, the fundamental power frequency is fo, 

and the rated apparent power of the system is Srated in eqn. (2.21). The inductance value 

of grid side inductor is found using eqn. (2.23), where, γ is chosen to be 1. 

𝐿௜ + 𝐿௚ < 0.2
𝑉ଶ

௥௔௧௘ௗ

2𝜋𝑓௢𝑆௥௔௧௘ௗ
 

 

(2.21) 

𝐿௜ + 𝐿௚ = 𝐿 

 

(2.22) 

𝐿௜ = ϒ𝐿௚ 

 

(2.23) 

 

Filter damping 

Because of the presence of the LCL filter in the PWM control mechanism of the system 

depicted, there is a chance of resonance at the resonant frequency. Because of the LCL 

filter's inherent resonance problem. It is not possible to use a vector control mechanism 

directly. The resonance must be dampened using either a passive or active device/circuit. 

Connecting a small resistance in series with the filter capacitor is a simple but effective 

passive dampening approach. Adding a notch filter (with a cutoff frequency at the 
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resonance frequency) or employing capacitor current feedback are also active damping 

methods, however the latter adds a current sensor, which raises the cost. 

The disadvantage of passive dampening technologies is that they reduce overall 

efficiency. Active damping systems, on the other hand, are susceptible to parameter 

changes and can become unstable. Furthermore, the controller bandwidth restricts the 

operation of active damping stability. 

For passive damping a small resistance Rd is added in series with filter capacitor. 

 It is given by the following equation 

Rௗ  >  
1

3 ∗ 𝑤௥௘௦ ∗ 𝐶௙
 

 

(2.24) 

 

2.5: Minimum DC link voltage and size of DC link capacitor 

A minimum dclink voltage is needed for proper rectifier operation in to get 

undistorted current waveforms. The rectifier's six diodes should be polarised negatively 

at all ac voltage supply values in order to have full control. We need a dclink voltage that 

is higher than the peak dc voltage delivered by the diodes alone to keep the diodes 

blocked. 

Theoretically for diode rectifier, the maximum dc output voltage is the peak value 

of line‐to‐line RMS voltage. 

             𝑉஽஼௠௜௡ > √2 𝑉௅௅(rms)=√2. √3 𝑉௅ே(𝑟𝑚𝑠) (2.25) 

 

It will be better to choose a DC‐link voltage about 15‐20% more than √2𝑉௅௅. This 

is a correct definition; however, it does not apply in every circumstance. The PWM 

approach determines the DC link voltage. Here we use a sinusoidal PWM in this scenario. 

The maximum reference voltage in this scenario is Vdc/2. 

Here minimum DC link voltage will be given by equation 

                                                   𝑉௅ே(𝑝𝑒𝑎𝑘) = 𝑉஽஼/2                                                                                                 (2.26) 



      

23 
 

                                                 
௏ಽಽ(௥௠௦)

√ଷ
√2 = 𝑉஽஼/2    

 

(2.27) 

                  𝑉஽஼௠௜௡ > 2𝑉௅ே(𝑝𝑒𝑎𝑘) =
𝑉௅௅(𝑟𝑚𝑠)

√3
2√2 = 1.663𝑉௅௅(𝑟𝑚𝑠) 

(2.28) 

𝐶ௗ௖ =
𝑆௥௔௧௘ௗ

4
4 ∗ 𝜋 ∗ 𝑓 ∗ 𝑉ௗ௖∗𝑉௥௠௔௫

 
(2.26) 

Vrmax is the maximum permissible ripple voltage 

2.6: Battery charger configuration 

DC bus links EV batteries to off board charger. DC-DC converter is the basic building 

block and act as an interface to above battery charger configuration. The converter 

configuration as shown in Fig. 2.8. consist of two IGBT switches which always operate 

in complimentary fashion. 

It permits power to flow in both directions, resulting in two modes of operation: buck 

and boost. When PV is incapable of operating it provides V2G operation hence EV acts 

as an auxiliary power supply leading to different modes of operation. The equation 

governing the above two operations are as follows: 

Boost mode:  𝑉ு =
௏ಽ

ଵି஽
 (2.27) 

Buck mode:    𝑉ு =
௏ಽ

஽
 (2.28) 

 

VH and VL denotes voltages on high voltage and low voltage ends. 

 

Figure 2.8: Buck boost converter 
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2.7: Modelling of Three phase AC-DC converter 

 
Figure 2.9: First stage of AC-DC converter 

The configuration of three-phase AC-DC converter is shown in Fig. 3.4. The 

switching model shown in Fig. 2.9. is represented by three single pole double throw 

switches (Sa, Sb and Sc). The grid voltage is represented by Vabc where each phase 

voltage of charger is represented by Vga, Vgb and Vgc, and line-to-line voltage is Vgab, 

Vgbc and Vgca. The value of single pole double throw switch is 1 in case of upper switch 

on and 0 in case of lower switch on. The equations of three-phase voltages and currents 

are as follows 

 

Figure 2.10: Switching model of three phase AC-DC converter. 

 

𝑉௚௔ = 𝑉௠cos (𝑤𝑡) (2.29) 

                                                 𝑉௚௕ = 𝑉௠cos (𝑤𝑡 −
ଶగ

ଷ
)    

 

(2.30) 

          𝑉௚௖ = 𝑉௠cos (𝑤𝑡 −
4𝜋

3
)  

(2.31) 
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𝐼௔ = 𝐼௠cos (𝑤𝑡 + ∅) (2.32) 

                                               𝐼௔ = 𝐼௠cos (𝑤𝑡 + ∅ −
ଶగ

ଷ
)      

 

(2.33) 

          𝐼௔ = 𝐼௠cos (𝑤𝑡 + ∅ −
4𝜋

3
)   

(2.34) 

Since, neutral is not used here, we obtain 

Ia + Ib + Ic = 0 

From the switching model, the line-to-line voltage can be written as, 

𝑉௚௔௕ = (𝑆௔ − 𝑆௕). 𝑉஽஼  (2.35) 

𝑉௚௕௖ = (𝑆௕ − 𝑆௖). 𝑉஽஼  (2.36) 

         𝑉௚௕௖ = (𝑆௕ − 𝑆௖). 𝑉஽஼   (2.37) 

Where, the switch (Sa, Sb and Sc) values are 1 in case of upper switch on and 0 in case 
of lower switch on. 

𝑉௚௔ = 𝑓௔ . 𝑉஽஼ (2.38) 

𝑉௚௕ = 𝑓௕ . 𝑉஽஼  (2.39) 

         𝑉௚௖ = 𝑓௖. 𝑉஽஼   (2.40) 

Where, 

𝑓௔ = 𝑆௔ −
1

3
(𝑆௔ + 𝑆௕ + 𝑆௖) 

(2.41) 

𝑓௕ = 𝑆௕ −
1

3
(𝑆௔ + 𝑆௕ + 𝑆௖)      

(2.42) 

𝑓௔௖ = 𝑆௖ −
1

3
(𝑆௔ + 𝑆௕ + 𝑆௖) 

(2.43) 
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Figure 2.11: Block diagram of three phase AC-DC converter. 

Apply KVL in each phase 

𝑉௔ = 𝑅௅. 𝐼௔ + 𝐿௦

𝑑𝐼௔

𝑑௧
+ 𝑉௚௔ 

(2.44) 

𝑉௕ = 𝑅௅. 𝐼௕ + 𝐿௦

𝑑𝐼௕

𝑑௧
+ 𝑉௚௕ 

(2.45) 

𝑉௕௖ = 𝑅௅. 𝐼௔௕௖ + 𝐿௦

𝑑𝐼௕௔௖

𝑑௧
+ 𝑉௚௖  

(2.46) 

By applying KCL at DC side, 

𝐶஽஼

𝑑𝑉஽஼

𝑑௧
= 𝑆௔𝐼௔ + 𝑆௕𝐼௕ + 𝑆𝑐𝐼𝑐 − 𝐼஽஽  

 

(2.47) 
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2.8: DQ transform theory 

 

Figure 2.12: Transformation vector 

The main problem when using proportional-integral (PI) controllers in order to 

control time varying signals such as sinusoidal currents and voltages is that the controller 

cannot reach zero steady state error. Therefore, to avoid this problem, synchronous 

reference frame can be used to represent the time varying signals as dc signals. The logic 

behind this is, a phasor which is rotating at an angular velocity ω will seem to be stationary 

relative to a reference phasor who is rotating at the same angular velocity ω in the same 

direction. 

The Clarke transformation is expressed by the following equations: 

                                           Iα = 2 /3 (Ia) – 1/ 3 (Ib+ Ic) 

 

(2.48) 

                                                  Iβ = 1 /√3 (Ib – Ic) 

 

(2.49) 

where, Ia, Ib, and Ic are three-phase quantities Iα and Iβ are stationary orthogonal reference 

frame quantities The two-axis orthogonal stationary reference frame quantities are 

transformed into rotating reference frame quantities using Park transformation. 

Id = Iα ∗ cos(θ) + Iβ ∗ sin(θ) 

 

(2.50) 

Iq = Iβ ∗ cos(θ) − Iα ∗ sin(θ) 

 

(2.51) 

where, Id, Iq are rotating reference frame quantities Iα, Iβ are orthogonal stationary 

reference frame quantities, θ is the rotation angle. 
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2.9: Phase locked loop 

A phase-locked loop (PLL) is a system that produces an output signal with a fixed 

phase angle in relation to the input signal. One of the simplest ways to build PLL is to use 

a phase detector and a variable frequency oscillator in a negative feedback loop. The 

oscillator generates a periodic signal, which is compared to the input signal and outputs 

the phase difference between them, which is then minimised by the oscillator. 

 

Figure 2.13: Simplest analog PLL  

Maintaining phase lock also implies that the frequency is kept constant. As a 

result, the PLL can not only keep track of and synchronise with an input frequency, but 

it can also be used to generate frequencies that are multiples of the input frequency. Its 

features are used in clock synchronisation, high-frequency signal generation, and 

demodulation. 

The PLL block in MATLAB is a closed loop system that uses a variable frequency 

oscillator to track the phase difference and frequency of the applied sinusoidal signal. The 

frequency is adjusted by the PID controller in the system to maintain zero phase 

difference. Fig. 2.14 shows the internal block diagram of the SRF-PLL. 

 

Figure 2.14: PLL subsystem block diagram 
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The oscillator's signal is superimposed on the input signal. The phase difference 

between the two signals is extracted by applying the DC component of this mixed signal 

to the variable frequency mean value. The phase difference is then tracked by a PID 

controller, which controls the oscillator to bring it to zero. The output of the PID (angular 

velocity) is passed via a low pass filter in the meantime.  
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CHAPTER 3 

 

CONTROL DEVELOPMENT AND SIMULATION OF 
PHOTOVOLTAIC AND EV CHARGING HYBRID SYSTEM 

 

3.1: SYSTEM DESCRIPTION 

 

Figure 3.1: overall system configuration of grid tied PV-EV hybrid system 

The complete system architecture is shown in Fig. 3.1. The system consists of PV 

source, grid and EV charging station. 

In this work, boost converter harnesses peak power out of PV array, which is 

further interconnected with DC link of VSC for AC-DC conversion. The EV battery 

charger is interfaced at DC link with the help of DC-DC bi-directional buck-boost 

converter. The control algorithm prioritizes energy sources utilization based on solar 

power generation and EV charging requirement. Firstly, it utilizes solar power for EV 

charging and in case of less availability or over power generation remaining power is 

taken from or fed to grid respectively. EV can also be used as a form of storage system 

and during peak load time it can supply energy back to grid as and when required. During 

unavailability of solar power, EV and grid can act as an isolated system having both V2G 

and G2V mode.  
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The overall system configuration as shown in Fig. 3.1 is designed in 

MATLAB/Simulink software, where total seven power flow modes from mode 1 to mode 

7, which has been discussed in Table II., is simulated to validate controller performance 

upon various input conditions and load power requirements. 

3.2: VSC decoupled current control 

  The PI based controller design of VSC is depicted in the Fig. 3.2. The controller 

ensures DC-link voltage regulation. It is required for the reference value to be constant in 

its steady state for the necessary integral action of a PI based current controller to provide 

zero steady state error control, this can be achieved by applying Clarke’s and park’s 

transformation which is used to transform AC based current quantities into DC quantities 

and hence simple PI controller gives good result. The phase looked loop (PLL) is used to 

calculate ωt which maintains the synchronization between inverter current and grid 

voltage. 

 

 

Figure 3.2: VSC decoupled current control 

  Since, PV based grid system is in combination with EV charging system, 

multimode controller combinations are required. Two control loops is used in this PWM 

based technique i.e.  an outer slower voltage loop which is used to regulate DC link voltage 

and an inner fast current loop for controlling dq axis current (id and iq). Since, the d and q 

axis values are interconnected, controlling the active and reactive flow of power into the 

grid requires the use of two PI controllers. The DC link voltage is regulated by the PI 

controller, by minimizing the difference between the reference and actual voltage values, 
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which further act as a reference for the d axis current (id*). The line current vector must be 

aligned with the line voltage vector to achieve the condition of Unity Power Factor (UPF), 

hence the q axis current reference is set to zero (iq* = 0).  

Design of Synchronous PI controller 

 
Figure 3.3: Synchronous coordinate schematic 

Synchronous coordinates equation notation (x = xdq = xq+jxq) 

L
ௗ௜

ௗ௧
= 𝐸 − (𝑅 + 𝑗𝑤𝑙)𝑖 − 𝑉 

 

(3.1) 

(R+SL+jwL)i = E-V => i = 
ாି௏

ோାௌ௅ା௝௪௟
 

 

(3.2) 

And the system transfer function G(s) is 

G(s) = 
௜

௏
=  −

ଵ

ோାௌ௅ା௝௪௅
 

 

(3.3) 

 The important step of this controller design is to cancel cross coupling term initiated 

by jwLi (since multiplication by j maps d axis on q axis and vice versa). This is possible 

if we have an accurate prediction of L. For high performance and accuracy current 

tracking we need to cancel this cross‐coupling.  

 

Figure 3.4: current control with inner decoupling loop 

The expression for dq axis current is as follows: 
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𝑑𝑖ௗ

𝑑𝑡
= 𝑣ௗ − 𝑘௣𝑣ௗ′ − 𝑘௜𝑖ௗ + 𝑤𝐿𝑖௤/𝐿 

 

   (3.4) 

𝑑𝑖௤

𝑑𝑡
= 𝑣௤ − 𝑘௣𝑣௤′ − 𝑘௜𝑖௤ − 𝑤𝐿𝑖ௗ/𝐿 

 

  (3.5) 

 

Where L is the line inductance and w is the grid's angular frequency. In addition, ignoring 
inverter losses, the equation for active and reactive power is as follows: 

𝑃 =  
ଷ

ଶ
𝑅𝑒{𝑣ௗ௤(𝑖ௗ௤)∗}  =  

ଷ

ଶ
(𝑣ௗ𝑖ௗ + 𝑣௤𝑖௤)  (3.6) 

𝑄 =  
3

2
𝐼𝑚{𝑣ௗ௤(𝑖ௗ௤)∗}  =  

3

2
(𝑣௤𝑖ௗ − 𝑣ௗ 𝑖௤) 

  (3.7) 

 Since, iq* = 0 so voltage vector is aligned with d axis, we get: 

𝑃 =  
ଷ

ଶ
(vd × id)      (3.8) 

Q = 0      (3.9) 

 

3.3: Battery charger control 

 

 
 

Figure 3.5: constant current control for EV battery 

Fig. 3.5. depicts a PI controller-based constant current control that is used to control 

the charging and discharging of an electric vehicle battery. Depending on the direction of 

power flow, buck and boost mode is operated. Buck mode is used to charge the battery if 

the SOC is less than the threshold value, and boost mode is used to operate V2G if the 

SOC is larger than the threshold and based on required load power demand on grid. 

The operation of a DC-DC bi-directional converter is determined by the amount of PV 

power generated, the state of charge (SOC) of the electric vehicle battery, and the load 

demand of the power grid. For proper operation of different modes, 𝐼௕௔௧ and 𝑃௕௔௧ are the 

two quantities which needs to be controlled by the controller, therefore two PI controllers 

are required. For outer loop battery actual power is compared with the reference power 
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to obtain the signal which will be further compared with battery current to generate 

switching pulses i.e. D. Based on the generated power reference and measured power, 

decision is made by the controller leading to operation of battery charging (buck) and 

battery discharging/V2G (boost) mode. 

𝐼௕௔௧* = (𝑘௣ଵ + 
௞೔భ

௦
) ∗ (𝑃௕௔௧*−𝑃௕௔௧) (3.10) 

D       = (𝑘௣ଶ+
௞೔మ

௦
) ∗ ( 𝐼௕௔௧* −  𝐼௕௔௧) (3.11) 

 

3.4: System Parameters 

Table IV System parameters 

 
PARAMETER 

 
SYMBOL 

 
VALUES 

PV Power Ppv 100 kW 

Open circuit voltage of PV array Voc 363 V 

DC link voltage Vdc 600 V 

Boost inductor L1 1.45 mH 

Boost capacitor C1 3227 µF 

Battery voltage Vbat 350 V 

Battery SOC soc 50 % 

Buck boost  inductor Lb 4 mh 

Buck boost capacitor Cb1 100 µF 

Grid voltage Vgrid 400 V 

Grid frequency f 50 Hz 

Switching frequency fsw 10 kHz 

Filter inductor Li, Lg 500 mH 

Filter capacitor Cf 100 µF 
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3.5: Simulation results of PV-EV hybrid system operation 

  To verify the performance claim of controllers, different modes of power flow as 

shown in Table II. are obtained depending on PV generated power, EV 

charging/discharging state, and grid power requirement. The PV system gives maximum 

power output of 100 kW and power varies according to irradiance condition 1000 
ௐ 

௠మ − 

500
ௐ 

௠మ −1000 
ௐ

௠మ − 0 
ௐ

௠మ  pertaining to different modes as shown in Fig. 3.7 (a). The DC-

link voltage is maintained at its reference value of 600 V as inferred form Fig. 3.6. 

 

Figure 3.6 DC link voltage 

 

Figure 3.7: (a) Solar PV generated power (b) Battery power waveform during 
charging/discharge mode (c) Grid active power (Pgrid). 
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  The power for solar PV, battery and grid active power for different modes of 

operation are enumerated in Table V and shown in Fig. 3.6. During mode 1 generated PV 

power is used for charging of EV battery and power which is remaining is absorbed by the 

grid. Mode 2 shows EV charging through PV and grid both i.e. G2V mode is also shown 

here which will be required in case of increased EV charging demand and during the case 

in which PV is not sufficient enough to meet EV load demand. Mode 3 shows PV based 

EV charger which is isolated from grid. During the case of increase load demand on grid, 

mode 4 can be used where EV is acting as a storage system i.e. V2G operation and where 

both PV and EV are supplying power to meet the grid load demand. Mode 5 shows PV 

grid system isolated from EV. During mode 6 and mode 7, PV is isolated from EV and 

grid system, here G2V and V2G operations are shown respectively. 

Table V Simulation results of PV-EV hybrid system operation 

     # 
MODE 

IRRADIATION 
𝑾

𝒎𝟐
 

𝐏𝐏𝐕 
kW 

𝐏𝐛𝐚𝐭 
kW 

𝐏𝐠𝐫𝐢𝐝 
kW 

1 1000 100 50 -50 

2 500 48 80 32 

3 500 48 48 0 

4 1000 100 -50 -150 

5 1000 100 0 -100 

6 0 0 50 50 

7 0 0 -50 -50 

 

  SOC, battery voltage (𝑉௕௔௧) and battery current (𝐼௕௔௧) are shown in Fig. 3.8 and 3.9 

respectively. During mode 1 2 3 and 6 battery current is negative and battery power is 

positive which signifies battery charging state and in mode 4 and 7 battery current is 

positive and battery power is negative which signifies battery discharging state.  Mode 5 

is showing no action on EV. Battery voltage value is positive during all the stages. Battery 

SOC is increasing in mode 1 2 3 6 and decreasing in mode 4 and 7 signifying EV charging 
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and discharging respectively. SOC is increasing faster in mode 2 which means more power 

is supplied to the battery in this mode compared to other modes. 

 

Fig. 3.8: SOC of battery 

 

Figure 3.9: Simulation result of battery voltage Vbat and battery current Ibat. 

  Fig. 3.10 (a) and (b) shows instantaneous grid voltage and current. Mode 2 and 6 

follows Fig. 3.10 (a) shows same phase between voltage and current and Fig. 3.6 (c). also 

signifies positive power for this modes i.e. power is supplied by the grid in this mode. 

Mode 1 4 5 7 follows Fig. 3.10 (b) and shows voltage and current in opposite phase and 

Fig. 3.6 (c). also showing negative power for all this modes i.e. power is absorbed by the 

grid in this case.  
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Figure 3.10: Simulation results of instantaneous grid voltage and current during (a) mode 
2 and 6 is in same phase and (b) and during mode 1, 4, 5 and 7 in out of phase 
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CHAPTER 4 

 

POWER FLOW MANAGEMENT DURING TRANSISTION 
THROUGH ON-GRID TO OFF-GRID MODE  

 

4.1: Application of Battery Energy Storage System(BESS) 

High power fluctuations are expected to become more regular in the coming years 

as the amount of renewable energy integrated into the main grid grows. As a result, there's 

a chance that blackouts will become more common in the future. (BESS) provide a 

backup supply for a small portion of the main grid and can manage black-starting and 

islanding situations. Severe power variations of the total power infeed in the electric 

power grid are projected to become widespread as a result of these integration of 

renewable technologies to main grid having variable infeed behaviour. The high 

variations between load and generation are caused by these power fluctuations. As a 

result, the necessity for increased flexibility in the power system to balance these 

differences is undeniable.  

One method to increase flexibility is to use storage technology. As a result, long- 

and short-term storage technologies are likely to become more integrated into the power 

system. Battery Energy Storage Systems (BESS) are intended to meet a portion of the 

need for short-term storage for periods of minutes, hours, or days. 

“Grid-connected mode" and "island mode" are the two operation modes of a 

system. In island mode, the operation of an off grid mode apart from the main grid is 

dependent on appropriate control algorithms. 

The capacity to build the grid angle on their own distinguishes grid-forming 

converters from typical "grid-following" converters, whereas grid-following converters 

rely on grid angle estimation based on voltage measurements at their point of common 

coupling (PCC). The provision of an islanded micro grid by several grid-forming units 

necessitates the use of load-sharing strategies. 

In a grid-connected system, islanding can be an intended separation from the main 

grid for maintenance purposes, or it can be an unscheduled disconnection Consequently 
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system may experience voltage fluctuations and sag swell mismatch of source output and 

load power and due to switch transient. 

Because Li-Ion battery cells are becoming more affordable, this technology is 

expected to account for the majority of BESS in the future. In the context of value-

stacking, islanding is viewed as an extra service that BESS can give to boost their 

profitability while also increasing supply reliability in the event of interconnected power 

grid disruptions by constructing local micro grids. 

4.2: System description 

 

Figure 4.1: System description of VSC control in grid-connected and off-grid 

mode 
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The inverter is an essential component of solar photovoltaic and battery energy 

storage systems, and it plays a significant role in the renewable energy cycle. Grid-

connected inverters, off-grid inverters, and On/Off Grid Tie Inverters are the three types 

of inverters. Each inverter has its own set of difficulties. The primary obstacles of using 

an off-grid inverter in a standalone system are to step up low DC battery voltage to AC 

supply voltage level in either single or three phase. Within its rated power capacity, it 

must be able to sustain the AC output voltage magnitude and frequency under varying 

load situations. The grid connected inverter, on the other hand, requires single or three 

phase synchronisation of phase, frequency, and magnitude with the utility grid. It is also 

necessary to regulate the delivery of actual and reactive power, as well as ride through 

capability during faults, in addition to grid synchronisation. When an islanding event 

occurs, it must also be able to detach from the grid. Finally, the On/Off Tie inverter can 

work in both islanded and grid tied micro grid circumstances. 

Based on simplified converter model appropriate control strategy to show power 

flow management during both grid connected and off-grid mode is shown. 

For simplicity of system, the simplified converter model of a three-phase voltage 

source converter (VSC) shown in Fig 4.1 is a two-level converter, which consists of a 

DC-Link, an inverter, and an LCL-filter connected to grid is connected to load at PCC. 

The inverter model consists of a self-commutated three-phase bridge, which is controlled 

by a pulse-width modulation signal. 

The control structure includes two switches by which the operation mode, either grid-

connected or off-grid mode, and therefore a corresponding converter control structure is 

selected. The objective is to achieve smooth transition between grid-connected and off-

grid mode and to supply load during off-grid mode i.e. power flow management during 

transition between grid connected to off-grid mode. The transient voltage sag swell has 

to be investigated during transition. 
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4.3: Grid connected mode 

 

Figure 4.2: PQ control of VSC during grid connected mode 

During grid-connected mode, the grid angle is given via a synchronous reference 

frame phase-locked loop (SRF-PLL) 

Figure depicts the PQ controller's control principle. As illustrated in Figure, it has a PQ 

regulate loop and a current regulate loop. The measured inverter output voltages va, vb, 

vc, as well as currents ia, ib, ic, are translated to dq frames vd and vq, id and iq. The active 

P and reactive power Q of an inverter are computed as follows eqn (3.6) and eqn (3.7) 

The inverter dq reference currents idref and iqref are obtained by a PI controller after 

being compared to their references Pref and Qref for load requirement: 

𝑖𝑑௥௘௙ = (𝑘𝑝௣ +
𝑘𝑝௜

𝑠
)(𝑃௥௘௙ − 𝑃) (4.1) 

  𝑖𝑞௥௘௙    = (𝑘௣௤+
௞೔೜

௦
) ∗ ( 𝑄௥௘௙ −  𝑄) (4.2) 

 

A PI controller regulates the inverter output currents id and iq by comparing them to the 

references idref and iqref. The outputs of the current regulators vsd and vsq are obtained 

after removing the interference of the coupling voltage and the output voltage vd, vq: 
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𝑣௦ௗ = ቀ𝑘𝑝௣ +
௞௣೔

௦
ቁ ൫𝑖𝑑௥௘௙ − 𝑖𝑑൯+wLiq+vd (4.3) 

𝑣௦௤    = (𝑘௣௤+
௞೔೜

௦
) ∗ ( 𝑖𝑞௥௘௙ −  𝑖𝑞)-wLid-vq (4.4) 

  

4.4: Off-grid mode operation 

 

Figure 4.3: inverter switching during off-grid mode 

During off-grid mode when grid is disconnected due to unplanned or planned 

islanding scenario the synchronisation of three phases voltage through grid is lost. Hence 

there is a difference in source and load power requirement. To mitigate voltage fluctuation 

and to supply load in such scenarios independent switching signals are provided to 

inverter, in this case load power requirement is fulfilled using battery energy storage 

system during off-grid mode as any islanding condition does not occur for longer duration 

hence storage system is designed which will be sufficient enough to supply load during 

this scenario. 

 For inverter switching the width of each pulse in Sinusoidal PWM is 

proportional to the amplitude of the sine wave evaluated at the centre of same pulse. As 

shown in Figure, the gating signals are created by comparing a sinusoidal reference wave 

with a triangle carrier wave of frequency Fr and Fc. Fr controls the Modulation Ratio 

(Ar/Ac) and hence the rms output voltage Vo, whereas Ar controls the inverter output 

frequency fo and its peak amplitude. The pulse width is a sinusoidal function of the 

angular position of the pulses in a cycle, and there are several pulses each half cycle. Here 

carrier wave frequency is chosen to be 10 kHz. A comparator compares a high frequency 
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carrier wave Vc to a reference signal Vr with the desired frequency. The output is high 

when the sinusoidal wave has a larger magnitude; otherwise, it is low. In a trigger pulse 

generator, the comparator output is processed so that the output voltage wave has a pulse 

width that matches the comparator pulse width. 

4.5: Simulation result and discussion 

The system model is simulated in MATLAB simulink software to validate 

performance of system working in both grid connected and offgrid mode.The main grid 

voltage is taken as 415 V rms and voltage level of battery pack is taken as 650 V dc.Three 

phase constant load is connected near PCC.In grid connected mode inverter control is 

done using PQ controller. During planned islanding circuit breaker switch disconnects 

the grid from the system, since there is mismatch between source and load requirement 

hence leads to voltage fluctuations. In offgrid mode load requirement is supplied by the 

battery pack with independent inverter switching. 

 

Figure 4.4 PCC voltage level 

 

Figure 4.5: load current(A) 



      

45 
 

Fig. 4.4 shows PCC voltage level at different mode. The system is working in grid 

connected mode till t=0.5 sec with load of 10 kW, at 0.5 sec disconnection from grid leads 

to voltage fluctuation etc, at 0.7 sec control is switch to off grid inverter mode where 

battery storage system is fulfilling load requirement using independent SPWM inverter 

switching control. 

Fig. 4.5 shows load current level showing three modes, first is the grid connected 

mode. Second is inverter working at off grid mode and third at t=1 sec where additional 

load of 10 kW is added to verify performance of system. 

 

Figure 4.6 PCC voltage during grid connected mode 

 

Figure 4.7: PCC voltage during off grid mode 
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Figure 4.8: combined result of (a) PCC voltage (V) (b)inverter output current(A) (c) 

load current (A) (d) grid current(A) 

 

 

Figure 4.9: Battery SOC 

Combined result of PCC voltage, inverter output current, load current and grid 

current is shown in Fig. 4.8. Battery SOC is shown in Fig. 4.9. for all modes. Load power 

level, inverter output power, grid power is shown in Fig. 4.10, 4.11, 4.12 respectively. 
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Figure 4.10: Load power (W) 

 

Figure 4.11: Inverter output power (W) 

 

Figure 4.12: Grid power level (W) 
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CHAPTER 5 

CONCLUSION AND FUTURE SCOPE 

The main objective of work is detailed modelling and simulation of hybrid mode 

operation of Photovoltaic and Electric Vehicle charging system. The maximum power 

out of PV array is extracted with the help of DC-DC boost converter. In this work we are 

able to understand output the characteristics of photovoltaic array, designing of boost 

converter, designing of LCL filter. A controller at bi-directional DC-DC and an AC to 

DC stage are included in the associated controllers for EV charging/discharging and 

controlling various power flow modes. The EV charger can work in both modes of power 

flow i.e., grid to vehicle (G2V) and vehicle to grid (V2G), The system is modelled to 

charge or discharge EV based on PV power availability, EV charge state and grid 

requirement using bi-directional converters. Simple synchronous PI based controller are 

used in AC-DC control. To verify the performance of controller simulation for various 

modes have been carried out. This model is cost-effective and simple in design, and it 

supports PV power efficiency, continuous EV charging, and enhancement in grid power 

flow under a variety of load demand scenarios. Moreover, this model shows that the grid 

power quality will not be impacted in any of the power flow model. 

Because large-scale renewable energy integration on the main grid can result in severe 

voltage fluctuations. As a result, BESS and on/off grid type inverters can be used as a 

backup to handle any fault and islanding situation. A small sub model showing power 

flow management to load during between transition to on-grid to off-grid operation is also 

shown. Grid power quality is also maintained in this case.  

For future scope a hybrid model having solar photovoltaic system (PV), BESS, 

synchronous generator and electric vehicle charging system can be utilised to provide 

incessant charging during islanding, and grid connected mode using single VSC. Control 

strategy should include G2V power transfer for charging the EV and V2G power transfer 

for supporting the grid. A unified controller that can enables charging station to operate 

in both grid connected and islanding mode can be developed.  Designing of an active power 

filter operation of the CS for mitigating the grid current harmonics can be done, so that 

the power exchange takes place at unity power factor. This is required for the compliance 

of the CS with the IEEE-519 standard.   
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