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ABSTRACT The impact of the irregularity of the in-feed electricity on the power supply networks 

must be met with new concepts and technologies, such as peak shaving and reactive power 

management, etc. These actions facilitate also limiting carbon emission and associated footprints. 

This study aimed to investigate how a microgrid can support further enlargement of renewable 

energy source (RES) based plants as a collaborating unit in the power supply network. The 

microgrid consists of conventional and/or renewable energy sources, like solar energy, wind energy, 

bio-gas based, etc. Among these, the PV system is one of the most appreciated RESs being abundant 

and inexhaustible. In this study, analysis for grid-connected PV systems has been carried out to 

reveal the effects of electric vehicle (EV), which represents a mobile battery energy storage system 

(BESS). The EV could be treated as the best energy storage device under a scenario where a large 

number of EVs are deployed. The additional storage could not be required as the electric vehicles’ 

batteries themselves act as a reasonable source of energy. The fleet of EVs will ensure minimum 

stress on the power grid under the vehicle-to-grid (V2G) concept. The EV batteries can be charged 

either from the utility grid during the off-peak period or through solar PV during day-time; and 

during peak load hours, the same batteries can be allowed to discharge into the grid to meet peak 

demands. Hence, the stability of the grid can be improved by implementing the V2G concept. The 

simulation results show the nature of power flow in the microgrid for various operating modes 

implemented on the MATLAB®/Simulink platform. This study helps in planning and power 

management of solar PV dominating microgrid catering fleet of EVs.  

Keywords: Renewable energy source, V2G (vehicle-to-grid), Photovoltaic, Battery energy storage, 

Maximum power point tracking, Plug-in electric vehicle, Instantaneous symmetrical component theory 
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1.   INTRODUCTION  
Adverse effects of pollution due to unlimited use of 

fossil fuels especially in the transportation sector and 

electric power generation industry have become 

alarming. Therefore, the rapidly increasing use of fossil 

fuels gives a wake-up call for finding substitute energy 

sources for these domains. The future of the oil economy 

is considered to be highly dependent on vehicle fleets in 

the world. It is not only temporary but also increasing 

with technological advancement. Besides, the burning of 

fossil fuels produces greenhouse gases (GHG), which 

highly affect world climate. On the other hand, electric 

vehicles (EVs) are among the promising solutions [1]. 
The EV helps the world reduce GHG emissions and fossil 

fuel utilization. Also, the development of EVs was step 

up due to rising oil and gas prices, and advancement in 

battery technology [2].  
Power demands will expand gradually because of the 

popular choice to take up Plug-in electric vehicles (PEVs) 

in the world and the rising population. It has become a 

challenge for discovering and managing additional power 

resources for ever-increasing demands. Renewable energy 

sources play an important role in this challenge. However, 

an energy storage system (ESS) should be employed to 

facilitate and control renewable energy resources. 

Furthermore, the PEV battery can be used as an ESS to 

store energy at a definite time and use it at another time in 

the transportation system [3]. Such flexibility can only be 

feasible where several energy sources with different 
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characteristics are participating. Moreover, the system is 

comprising of diversified loads such as a blend of linear, 

non-linear, active, and reactive kinds. 

A microgrid is a group of energy sources, conventional 

and renewable. Moreover, it has to cater to different kinds 

of loads. A microgrid is a small-scale grid system that can 

work independently or in connection with the region's 

principal utility grid. Nowadays, the microgrid is the most 

popular entity since new renewable energy sources (RES) 

occasionally work better than connected to the utility grid. 

The RES that generally uses is solar PV due to the 

abundance of availability despite intermittency and 

matured PV cell technologies. Recently, more houses and 

facilities are catered by either utility-sized or rooftop solar 

power plant. [4]. 
For electrical energy generation, PV-module and wind 

power generators have become attractive options for 

renewable sources [5]. The wind-turbine based power 

generation is also considered an efficient system, 

moreover, these systems use comparatively less energy 

during manufacturing and also release less carbon dioxide 

under operation, and yet still generate more overall energy. 

Solar energy has an energy density of 1.5 µJ/m3, while 

other inexhaustible such as wind and tidal have energy 

densities of 0.5 to 50 J/m3 [6]. The wind-farms cannot be 

installed in highly populated areas and are harmful to birds 

[7]. So, solar PV based generation in a microgrid is 

sometimes preferred over wind-based generation. The 

solar PV cell converts sunlight directly into electrical 

energy and generates DC-voltage. Due to the variation in 

the irradiation level, the power generated from the PV 

module also varies with it. It is further beneficial to extract 

maximum possible power from the solar PV system, DC-

DC converters with maximum power point tracking 

(MPPT) controller are employed together with PV 

inverters. The DC-DC boost converter assists in tracking 

the maximum power point and boosts the voltage to the 

required voltage level. The conventional power grid 

unification requires DC-AC converters which are also 

known as PV inverter along with controllers [8]. 
The PV based system offers many advantages, though 

it may suffer from uncertain environmental conditions and 

sudden changes in system loads. Moreover, for grid-tied 

PV systems, the probability of utility grid fault around the 

point of common coupling (PCC) might result in a system 

malfunction or the interference of power supplied to 

critical loads [9]. For uncertain disturbances, such as 

varying environmental conditions such as temperature and 

irradiation, fluctuating load demands, and occurrence of 

faults, cause the un-stabilized DC bus voltage, overshoot 

or undershoot, and sag or swell [10]. The aforementioned 

problems can be termed as the poor dynamics of PV 

control systems in differentiation to the transient time from 

the disturbances. In some cases, the requirements for fast 

dynamic compensation devices, like diesel generators or 

the BESS for power fluctuation management and 

mitigation of fault are effective alternatives [11]. The two 

major battery technologies used in EV are nickel-metal 

hydride (Ni-MH) and lithium-ion (Li-ion) [12]. The Ni-

MH battery is a more popular choice but still expensive 

and needs technological development [13]. The Lead-acid 

type battery is presently the most preferred storage system 

because matured technology offers reasonable cost and 

performance [11]. 
The EV charging in substantial proportion could raise 

various technical issues; including voltage regulation, 

variation in frequency harmonic distortion, etc. as a load 

on the power system. The fleet of EVs are considered as 

spinning reserves and their critical role as peak load 

shaving device; the associated issues in electrical network 

and challenges are discussed in [14]. The V2G concept has 

emerged to improve the performance of the electricity grid 

by addressing power quality issues such as management of 

active and reactive power, load balancing, and harmonic 

mitigation; and hence making the grid more stable and 

reliable [15,16]. The requirements of battery chargers and 

infrastructure needs for EVs are explained in [17].  An 

efficient energy management system gives a solution to 

manage EVs' charging load, which can help to minimize 

stress on the utility grid. The smart control techniques 

drew more attention to the impact of large-scale EVs 

carrying out V2G operations for energy management 

systems [18]. A simple battery scheme has been developed 

for the charging and discharging control of the EVs using 

a power electronic interface and the instantaneous power 

theory (p-q theory) based active filter to improve the PV 

system performance has also been analyzed for its 

effectiveness [19]. In this study, the various modes of 

operation of EV battery charging and uncertainty in load 

demand having PV as RES interfaced with electricity grid 

under microgrid scenario has been simulated and analyzed.  

The paper is organized as follows: Section two 

discusses the modes of operation of the microgrid. 

Section three describes PV as a base source in the 

microgrid. Section four explains EV battery charging by 

the PV system mechanism. Section five includes EV 

battery charging through both solar PV systems and the 

grid. Section six describes V2G mode. Section seven 

concludes the outcomes of the work and the scope of 

future research work. 

 

2.  MODES OF OPERATION OF MICROGRID 

The distribution of the power flow of the system is 

observed and controlled in four different modes. To route 

the power to flow in the given direction, critical steps are 

to determine the voltage magnitude next to the DC link 

(VDC), the state of charge (SOC) of the EV battery (Lead-

acid type), and the grid current (Ig). In different modes, the 

variation in solar power generation and the fluctuations in 

voltage level at the DC bus, the jurisdiction of the system 

is subjected to the observing and regulation of voltage 

levels at the PCC point [20]. The typical configuration of 

the IEEE 5-bus microgrid system consisting of a grid, 

different loads, PV, and EV is shown in Figure 1. The 

various modes of operation are as given below; 
 

Mode I: PV operating as a base source in microgrid under 

balance condition 

Mode II: EV charging through the PV system 

Mode III: EV charging power demand fulfilled by both 

sources - solar PV and the utility power grid 

Mode IV: Vehicle-to-grid (V2G) mode-the surplus energy 

in EV, and PV are fed into the grid simultaneously. 
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Fig. 1. IEEE 5 bus network system 

3.  PV AS A BASE SOURCE IN MICROGRID 

The block diagram of the grid-tied PV system 

includes the solar PV panels, DC-DC boost converter, 

and inverter are shown in Figure 2. In this system, solar 

panel rating is considered to have 8 kW for the grid 

integration. The MPPT controller is used to take out the 

maximum power from the PV system due to its nonlinear 

characteristics. The Perturb and Observe (P&O) 

algorithm is one of the proven techniques. 

 
Fig. 2. Basic Block diagram of a grid-connected PV 

system 

The boost converter is connected to the PV array and 

the three-phase VSI system uses six insulated gate 

bipolar transistor (IGBT) switches with anti-parallel 

diodes connected to the boost converter. The interfacing 

inductors (La, Lb, Lc) are used as a filter and help to reduce 

ripple in the compensating current. The inductor is 

connected at the point of common coupling (PCC) as an 

interfacing element [4]. 

The reference current estimation, load balancing, 

harmonics depletion, and power factor improvement is 

done by PV inverter using instantaneous symmetrical 

component theory (ISCT) control algorithm [21-22]. The 

block diagram of the ISCT algorithm [23] is as shown in 

Figure 3. The active power of the load can be calculated 

using the following equation: 

 
P1 =Vsa*ILa+ Vsb*ILb+ Vsc*ILc (1) 
 

where, Vsa, Vsb, Vsc are PCC voltages, and ILa, ILb, ILc are 

load currents respectively. 

Reference current calculation can be done by using; 

 

Ia*= [Vsa-(Vsb-Vsc) β] (Pavg+Ploss)/A 

Ib*= [Vsb-(Vsc-Vsa) β] (Pavg+Ploss)/A 

Ic*= [Vsc-(Vsa-Vsb) β] (Pavg+Ploss)/A (2) 
 

where A=Σ (Vsa
2+Vsb

2+Vsc
2) and β=0 in the unity power 

factor control of grid-tied PV system. The generated 

reference currents from the calculation are then 

compared with actual source currents (Ia, Ib, Ic) using 

hysteresis current controller (HCC) that gives the results 

in the required six pulses for controlling PV inverter [4]. 

The PV system is modeled in MATLAB(R) /Simulink. 

The system data is given in Appendix-1. The power 

generated by the solar PV system and utility grid meets 

the power required by the given load, and hence power 

balance is achieved. Moreover, the grid synchronization 

is possible by voltage, and frequency is assumed to be 

constant at the PCC point. The system parameters used 

in the simulation are listed in Table 1. 
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Fig. 3. The control scheme of PV inverter 

Table 1. System parameters for Mode I 

Sampling frequency 10 kHz 

Series: Parallel connected PV panel 15: 2 

Grid voltage 800 V 

Load 20 kW, 5 kVAr 

 

Figure 4 illustrates the waveforms of the voltage 

across PV (Vpv), current across PV (Ipv), grid voltage 

(Vgrid), grid current (Igrid), load voltage (Vload), load 

current (ILoad). Figure 5 shows the waveforms of PV 

power (Ppv), grid power (Pgrid), load power (Pload). 

Figure 6 depicts the harmonic analysis for PCC current 

(Ipcc), and grid current (Igrid) and THD level is found to 

be 0.43% and 0.25%, respectively. 

 
Fig. 4. Voltage and current waveforms of a grid-

connected PV system 

 
Fig. 5. Power transfer characteristic of a grid-connected 

PV system for linear load 

 
(a) 

  
(b) 

Fig. 6. Harmonic analysis for PCC current (a) and grid 

current (b) 

3.1 Performance of grid-connected PV system under 

varying irradiation levels 

Figure 7 shows the variation in irradiation levels 

applied to simulation, assuming irradiation does not 

change abruptly but gradually. This pattern is given as 

an input to the PV module for observation of different 

irradiation cases. Up to 0.6 s, the irradiation level is 

assumed to be 500 W/m2, 0.8 s to 1.2 s, 800 W/m2, 1.4 

s to 1.6 s, 600 W/m2, and 1.8s to 2.2s, the irradiation 

level is 1000 W/m2. This confirms the variation in solar 

irradiation level in the real situation. 

 
Fig. 7. Characteristic of varying irradiation levels 
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Figure 8 shows the tracking of the MPP of the PV 

system with varying irradiation levels. The waveforms 

of voltage across PV (Vpv), current across PV (Ipv), 

power across PV (Ppv) is shown in Figure 9. The value 

of power is changed with the change in the irradiation 

level. In figure 10 power transfer characteristic is 

shown, in which the output power of PV and power of 

the grid is combined to fulfill the load power demand 

which is achieved at a unity power factor. Figure 11 

shows the harmonic analysis for PCC current (Ipcc), grid 

current (Igrid), and THD levels are observed to be 6.36% 

and 5.27%, respectively. 

 
Fig. 8. MPPT under varying irradiation levels 

3.2 Performance of grid-connected PV system under 

different load conditions 

The grid-connected PV system is connected with 

three different types of loads. One is purely active load 

is connected to the system up to 1.5 s of total time. A 

more practical kind of load that draws active and 

reactive as well is connected to the system between 1.5 

s to 2 s of total time. The third kind of load 

predominantly active load and partial reactive load 

which is connected to the system. The breaker is used to 

control the load operation. The system parameter used 

for simulation is given in Table 2. 

 
Fig. 9. The waveform of the grid-connected PV system 

for varying irradiation level 

 
Fig. 10. Power transfer characteristic of the PV system 

for varying irradiation level 

 
(a) 

 
(b) 

Fig. 11. Harmonic analysis of PCC current (a), and grid 

current (b) 

Table 2. System parameter for various load condition 

Pure active load 20 kW 

Active and reactive load 20 kW, 5 kVar 

Major active load 14 kW, 1.5 kVar 

 

The waveforms of PV inverter voltage (Vinv), current 

(Iinv), power (Pinv) are shown in Figure 12. The value of 

power is changed by varying the load connected. In Figure 

13, the power transfer characteristic is illustrated, in which 

the power from PV and grid are combined to meet the load 

power, and is at unity power factor. When the active load 

is connected to the system, the fluctuation is very less, and 

by connecting active and reactive load, the fluctuation level 

becomes dominating as shown in Figure 13. The harmonic 

analysis is shown in figure 14 for PCC current (Ipcc) and 

grid current (Igrid). THD level is 2.10% and 1.51% 

respectively. 

 
Fig. 12. Performance of grid-connected PV system under 

different load conditions, a) duty ratio, b) inverter voltage, c) 

inverter current and, d) inverter output power 
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Fig. 13 Power transfer under different load conditions, a) 

inverter output power, b) power from the grid, c) load 

power demand 

 
(a) 

 
(b) 

Fig. 14. Harmonic analysis of (a) PCC current and (b) 

grid current 

4. EV BATTERY CHARGING BY PV SYSTEM 

Figure 15 shows Mode II operation, in which all the 

solar energy is used for charging batteries of EVs 

initially, and the DC bus voltage is maintained close to 

500 V. If solar energy continues to grow or EV charging 

demand is satisfied, then the surplus power is fed into the 

utility grid. In this respect, it can be seen that firstly, the 

whole EV charging is being supported by PV power 

generation only, as an adequate amount of solar energy is 

accessible [18]. The system parameter for simulation is 

given in Table 3. 

 
Fig. 15 Simulink model of EV battery charging by a PV 

system 

Table 3. System parameter for mode II 

Battery type Lead-acid 

Battery nominal voltage 240 V 

Rated capacity 3 Ah 

Initial SOC 20 % 

 

Figures from 16 to 21 show waveforms for mode II. 

In Figure 16, the status of SOC of the EV battery, 

charging is shown. Figure 17 shows the MPP waveform 

that is tracked by three points. Figure 18 includes the DC 

bus voltage that is maintained to be constant at 265 V. 

The PV system output is given in Figure 19 illustrating 

Vpv, Ipv, and Ppv. In this case, the power flows from PV to 

battery and load. The waveforms of PV power (Ppv), 

battery (Pbattery), and load power (Pload) are given in 

Figure 20. The THD of PV current is 5.24% as shown in 

Figure 21. 

 
Fig. 16. SOC increase under Mode II operation 

 
Fig. 17. Tracking of MPP under Mode II operation 
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Fig. 18. DC Bus Voltage under Mode II operation 

 
Fig. 19. Performance of PV system under Mode II 

operation (PV voltage, PV current, and PV power) 

 
Fig. 20. Power transfer characteristic under Mode II 

operation  

 
Fig. 21. Harmonic analysis of PV output current under 

Mode II operation 

5. EV BATTERY CHARGING BY PV SYSTEM 

AND GRID  

Under Mode III, the corresponding power from the 

PV system is not sufficient to meet the EV charging 

power request, and thus, it has to be supplied through 

both sources, i.e. the PV system and the utility grid. Then 

EV charging power demand is being reached by both PV 

and the utility power grid [18]. 

The layout of the considered single-stage grid-

connected PV and BES system is as shown in Figure 22. 

The system contains a PV generator that is connected to 

the DC bus through a DC/DC buck converter with an 

MPPT controlling technique. The inverter simplifies the 

MPPT operation through adjustment of the DC bus 

voltage as well as it conveys power from the DC bus to 

the utility grid. Also, the inverter is equipped with 

synchronization of the PV system with the grid during 

start-up or reunification after system islanding.  

As can be seen from Figure 22, to improve the DC 

bus voltage regulation, BES is used where it is coherence 

via a bidirectional buck-boost converter (BES converter). 

The role of this is to control the charge or discharge 

processes during different operating conditions such as a 

radical change in solar irradiation level and fault 

occurrence. An inverter is coupled with the utility grid at 

PCC through an interconnecting transformer which is 

also acting as a low-pass filter. The low pass filter is 

accountable for filtering harmonics and isolating the 

whole system from the utility grid. The step-up 

transformer is used to increase the voltage level of the PV 

system from 230 V to 11 kV line-to-line RMS voltage. 

The PV/BES system supplies its total power to the utility 

grid in which this case the utility grid network is based 

on a standard medium voltage distribution system [24]. 

The control of the charging/discharging of BES is 

achieved by using a buck-boost converter comprising 

two PI controllers, as shown in Figure 23. The first PI 

gives an error in the DC bus voltage by comparing actual 

regarding the bus voltage VDC, ref = 500 V. The second PI 

controller takes care in ensuring the compensated battery 

current. The output signal given by the second PI is 

passed to the pulse-width-modulator (PWM) generation 

circuit where the logical circuit is used for the decisions 

to make like the charge, discharge, or halt modes of 

operation [11]. 

 
Fig. 22. The system configuration of grid-connected PV with 
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Fig. 23. The buck-boost converter control scheme 

Figure 24 shows the algorithm developed for SOC 

and bus voltage control to make sure a reliable and 

optimal operation of BES. The upper and lower limits of 

SOC denoted as SOCH and SOCL are defined to avoid 

overcharge or deep discharge of BES. As a result, the 

upper and lower boundaries of the DC bus voltage 

control are also contemplated to avoid unnecessary 

charging/discharging. In this case, the battery is set to 

charge/discharge only when the departure of DC bus 

voltage exceeds a certain range denoted as VDC_H and 

VDC_L, respectively. The algorithm utilizes the inputs the 

SOC and the DC bus voltage where the output from this 

algorithm provides input for the control logic circuit for 

determining the correct operating modes [11] which are 

shown in Figure 23. 

 
Fig. 24. Flowchart of SOC and EV power charge/discharge 

control 

The buck-boost converter control algorithm is set to 

operate between the SOC limit of 50% and 80%. If the 

SOC level drops below 50% then the battery should in 

charging mode, and if the battery SOC level drops 

below 80% then the battery should be discharged. In 

Mode III operation, the value of the lower value of DC 

bus voltage is set as 750 V and the upper limit as 850 V. 

The system parameter for simulation is given in 

Table 4. 

Table 4. System parameter for Mode III 

Grid voltage 800 V 

Load 20 kW, 5 kVar 

Battery type Lead-acid 

Initial SOC 48 % 

 

Figures 25, 26, 27, 28, and 29 show waveforms of 

mode III. In figure 25, the SOC of the EV battery is 

given. The battery is charging by both PV and grid, so 

the battery charging is faster compared to Mode II. After 

crossing SOC value 50%, the battery should stop 

charging, and SOC remains constant. Figure 26 shows 

the MPP waveform that is tracking by a three-point 

method ensuring MPPT operation. Figure 27 indicates 

the DC bus voltage which is constant at 710 V. After 

crossing SOC 50%, the DC bus voltage increase to 800 

V and then remain constant. The waveform shows the 

voltage value of 710 V that is the same as the DC bus 

voltage. 

 
Fig. 25. SOC increase under Mode III operation 

 
Fig. 26. Tracking of MPP under Mode III operation 

All these waveforms are having distortions, so we 

use an LC filter to reduce distortion. In this case, the 

power flows from PV and grid to a battery. The 

waveform of PV inverter power (Ppvinv), grid power 

(Pgrid), battery power (Pbattery), load power (Pload) are 

shown in Figure 28. 

 
Fig. 27. DC bus voltage under Mode III operation 
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Fig. 28. The waveform of power transfer from PV and grid to 

battery and load 

Figure 29 shows the harmonic analysis for grid 

current (Igrid), PV inverter current (Iinv), and EV battery 

current (Ibattery) respectively. THD for grid current is 

2.90% THD for PV inverter current is 3.86%, and THD 

for EV battery current is observed to be 4.57%. 

 
(a) 

 
(b) 

 
(c) 

Fig. 29. Harmonic analysis of grid current (a), PV inverter 

current (b), and EV battery current (c) under Mode II operation 

6.  VEHICLE-TO-GRID (V2G) MODE 

The V2G strategy proposes a system, in which 

different EVs communicate with the utility grid to offer 

services by feeding electricity to the grid or by managing 

the charging rate of EVs. Since most of the EVs are 

parked 95% of the time [25], their batteries can be useful 

for letting electricity flow between the vehicles and the 

grid. The EV batteries can occupy or purchase electrical 

energy from the grid during the off-peak period called 

load leveling in the V2G concept, but produce or vend 

electrical energy to the grid during the peak period called 

load shaving [26]. 
In the studied configuration, the bi-directional PWM 

power converter deals with power swapping between 

the grid and the EV battery charger. Smart chargers are 

designed such that they either supply power from PV 

and/or grid or feeds power from EV into the grid during 

peak load hours [18]. 

The V2G mode analysis has been carried out for the 

IEEE 5 bus system as shown in Figure 1. This microgrid 

consists of a utility grid, PV system, EV battery, and 

three different loads. The grid source is assumed to 100 

MVA and 22 kV and connected through a transformer 

of 22KV/400V. The PV, EV battery, and other loads are 

connected to the grid through the PCC. The value of the 

load is increasing suddenly and the grid does not have a 

sufficient amount of energy to fulfill the load demand. 

In this condition, the EV battery is getting ready to 

transfer its energy back to the grid. The PV system is 

also working at the MPP level and transfer energy to the 

grid to compensate for the load. 

 
Fig. 30. The control scheme of the inverter by droop voltage 

control method 

Since, PV and EV being DC source, to convert from 

DC to AC, inverter control by droop voltage control 

method is engaged. The droop voltage control method 

circuit diagram [27] is shown in Figure 30. In figure 

power calculation [28] block, droop control [29], voltage 

control [30], virtual impedance [31] and current control 

[32] block is employed. The droop voltage control 

method is being adopted for analysis to make the system 

flexible and expandable and is explained below. 
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Virtual 
Impedance

Iabc Vabc
Ɵ Ɵ

Ɵ

AC bus

PCC

P Q

 

id Vo

P*

Q*

Vn

Wn

E*
Vd

Vq

iqrefidref

Id Iq Vd Vq

abc

dq

Udq

Uabc
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Power Calculation: 

                      P = 
3

2
 * (Vd * id + Vq * iq) 

Q = 
3

2
 * (Vq * id – Vd * iq)                        (3) 

 

Droop Control: 

E* = Vn – Kp (P* - P)                           (4) 

 

W* = Wn – Kq (Q* - Q)                        (5) 

And ϴ = ∫𝑊* 

where, Kp = 
∆(W)max

Pmax
 and Kq = 

∆(V)max

Qmax
 

 

Virtual Impedance: 

Vo = id * RD                                                    (6) 

 

Voltage Control: 

Vref = E* - Vo 

idref = [Kp +
Ki

s
 ] (Vref – Vd) 

iqref = [Kp +
Ki

s
 ] (-(Vq– Vo))                      (7) 

 

Current Control: 

Ud = Vd + Rid + L 
id

dt
 – ωLiq 

Uq = Vq + Riq + L 
iq

dt
 – ωLid                                  (8) 

 

  
The system parameter for simulation is given in Table 5. 

 

Table 5. System parameter for Mode IV 

Grid voltage 22 kV 

Transformer  22/0.4 kV 

Battery type Lead-acid 

Initial SOC 82 % 

Load 1 400 V, 50 kW, 35 kVar 

Load 2 400 V, 50 kW, 35 kVar 

Load 3 400 V, 50 kW, 35 kVar 

 
The relevant waveforms for mode IV are depicted in 

Figures 31-34. In figure 31, the SOC of the EV battery 

is illustrated. The battery is getting discharged to the 

grid as the grid not having sufficient, and the battery 

having the energy to transfer as the SOC level is 82%. 

The battery is discharging up to SOC level 80% only. 

After the SOC value 80% the battery is in no transfer 

condition. So we can say that the EV battery is in 

discharging mode. 

Figure 32(a) shows the MPP waveform that is 

tracking by a three-point method. The PV is transferring 

energy to the grid. Figure 32(b) includes the DC bus 

voltage across the EV battery, which is constant at 500 

V. Figure 32(c) shows the DC bus voltage across the PV 

system. All these waveforms are having distortions; an 

LC filter is used to reduce the level of distortion. In this 

case, the power flows from PV and battery to load. The 

waveform of PV grid power (Pgrid), inverter power 

(Ppvinv), battery power (Pbattery), load power (Pload) of 

three different loads is given in Figure 33. After 

transferring the power from PV and battery, the grid 

source has a sufficient amount of energy to transfer to 

the load. 

Figure 34 shows the Harmonic analysis for grid 

current (Igrid), PV inverter Current (Iinv), and EV battery 

current (Ibattery) respectively. THD for Grid current is 

0.09% THD for PV inverter current is 3.36%. THD for 

EV battery current is 0.37%. The THD is also improved 

compared to Mode III. 

 
Fig. 31. SOC decrease under Mode IV operation 

 
a)  

 
b)  

 
c)  

Fig. 32. a) Tracking of MPP of PV system, b) DC bus-voltage 

across EV Battery, c) DC bus-voltage across PV system 
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Fig. 33. Power transfer from PV and battery to grid 

 
(a) 

 
(b) 

 
(c) 

Fig. 34. Harmonic analysis of grid current (a), PV inverter 

current (b), and EV battery current (c) under Mode IV operation 

7. CONCLUSIONS 

From this analysis, it is clear that not only the 

stability of the utility grid is improved but also, some 

other economic benefits could be achieved by 

incorporating the V2G concept in the microgrid. The 

distribution of power was monitored and controlled in 

four different kinds of modes. The first mode includes 

the simulation studies on the PV system connected to 

the utility grid. This study was performed under 

different load and irradiation conditions. Under all these 

conditions, the DC link voltage was maintained within 

a narrow range, and hence, the power balance was also 

ensured undercharging of the EV and V2G operation. 

The power factor of the grid injected current was also 

maintained to be unity with the help of the d-q theory. 

In mode II, the EV battery was charged through the PV 

system, though the charging process seems a little 

sluggish. The DC bus voltage is maintained constant. In 

mode III, the PV source was not able to fulfill the energy 

demand of the battery so the grid was also connected to 

the system to support it. In this case, the buck/boost 

converter is employed for energy management through 

controlling SOC and DC bus voltage. In mode IV, a 

microgrid having IEEE 5 bus system was analysed. For 

V2G mode, inverter control by droop voltage control 

method is analysed. During peak load conditions, an EV 

with surplus power was pumped into the grid and was 

governed by a control algorithm. To harness the 

optimum power, the PV system was forced to operate at 

MPP. With this V2G concept, it has been inferred that 

without investing in additional storage the electric 

vehicles’ batteries themselves act as a source of energy 

storage. 

As possible future work, the system could be 

simulated under more variable climatic conditions, like 

temperature, along with different irradiation levels. A 

similar analysis could be carried out with other sources 

of energy, like wind, bio/diesel generator, etc. to study 

more realistic microgrid systems as well. The design of 

a more intelligent energy/power management system 

would be another research aspect. 
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Appendix-I  

P, Q: Real active and reactive power 

P*, Q*: Nominal value active and reactive power 

ωn, Vn: Nominal rate of angular frequency (rad/sec) 

and voltage amplitude (v) 

Kp, Kq: The droop coefficients related to active and 

reactive power 

∆ (ω)max, ∆(V)max: The maximum angular frequency 

and voltage deviations 

Pmax, Qmax: The maximum real and reactive power 

delivered by the power converter. 

Vo: Voltage fall across a virtual impedance 

Id: The inverter output current 

RD: The virtual impedance (resistor) 

E*: Voltage reference signal 

Vref: Modified voltage reference signal 

Idref - Iqref: d-axis and q-axis reference current 

component 

Ud - Uq: The output voltage signal in the d-q form 

ω: Angular frequency  

L:Inductance between inverter and PCC network [18]  

 

Appendix-II 

Details of the solar PV system 

Rated power (Pmax) = 8 kW  

PV module specifications (at STC*)  

Voltage at maximum power (Vmpp) =36 V 

Current at maximum power (Impp) =7.78 A 

Open circuit voltage (Voc) =44.6 V 

Short circuit current (Isc) =8.32 A 
*STC (Standard Test Cond.): Irradiance 1000 W/m²  

Cell temperature 25 °C, AM 1.5 

DC-DC boost converter 

D=0.5 

L=0.0005 H  

C=1000 µF 

PV inverter  

Vd=800 V  

Linverter=10 mH  

Cd=1000 µF 
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