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 In power system one of the major concerns is the power quality (PQ) issues 

due to the presence of non-linear loads. At present electric vehicles (EV’s) 

are highly desired for mobility but it has challenges related to power quality. 

EVs are primarily charged either from the grid or renewable sources like 

photovoltaic (PV) cells, which function as direct current (DC) grids. 

However, the growing number of EV’s can introduce disturbances in voltage 

and harmonics in current. This has necessitated a user-friendly method to 

rectify these imbalances. The uniqueness of this work is that, the 

investigations are carried out to prove the effectiveness of the PV powered 

unified power quality conditioner (UPQC) in resolving the disturbance 

created by EV charger and dynamic load both in grid connected as well as in 

off grid mode of operation in standard IEEE 14-bus microgrid model 

distribution system. The approach of intelligent fuzzy-proportional-integral 

(fuzzy-PI) controller in regulating the performance of the PV powered 

UPQC is another novel approach. Case studies based on the performance of 

UPQC is done for various scenarios of EV charger and its performance is 

compared with conventional PI controller. Simulations are carried out in 

MATLAB2017b software package. 
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1. INTRODUCTION  

In recent years, power quality (PQ) has become a critical concern due to the wide spread use of 

power electronics-based appliances. This necessitates to develop a customer-friendly device that mitigates 

the inequalities in voltage as well as in current. Unified power quality conditioner (UPQC) is one among the 

custom power device which addresses the inequalities of both voltage and current. A discussion of the 

UPQC-based topologies, their reimbursement, operation, and ideal location in the distribution system is 

explored in [1], [2]. The future trend in the transportation sector is the replacement of conventional vehicles 

with electric vehicle (EV). These EV’s have major influence on grid as well as on distribution systems. 

Basically, EV chargers are power electronic converter alike to variable load, its characteristics not only 

disturbs the voltage profile of the system but also initiates harmonics in the current. To support this many 

research articles have been published. Concerning to this climate change, it is necessary to minimize the 

amount of production electrical energy by burning fossil fuel from 70% to below 20% by 2050 [3]–[6]. 

Comprehensive review of PV panels based on its static and dynamic characteristics is discussed [7]. 

Distinctive characteristics of the AC and DC chargers, power system operations using renewables such as 
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solar and wind for EV charging, detailed survey on different topologies for EV charging using two-way 

power transmission and enhancing the power quality (PQ) of the network various topologies are presented in 

the literature [8]. The main motivation behind the evolution of microgrid (MG) in the United States (US) is 

its capability to resume from a problem and the availability of service at every point in time. DC MG is more 

advantageous compared to the conventional AC grid. In this context, hybrid AC/DC architecture of MG 

emerges as the most promising configuration in research which not only ensures reliability but also helps in 

improving the system efficiency. At present, most of appliances such as remote controllers, mobiles, electric 

vehicles and laptop are operating on DC supply. Even though conventional grid is AC these DC loads are 

connected with conventional AC system through AC-DC converter. Due to the nonlinear nature of these 

electronic devices causes power quality issues [9]–[14]. A decisive review has been carried out on several 

converter topologies for DC and hybrid microgrid [15]–[17]. The act of conventional proportional integral 

(PI) controller is not satisfactory especially in presence of nonlinear load, and during the integration of non-

renewables to resolve these limitations, it is necessary to tune the PI controller with the aid of imaginative 

strategies like adaptive network based fuzzy interference system (ANFIS) and fuzzy [18]. Role of fuzzy logic 

controller (FLC) in eliminating the voltage disturbances and harmonics in power system are discussed in 

[19]–[21]. Comparative analysis of UPQC in stabilizing DC link voltage is carried with ANFIS, fuzzy-PI and 

neural network. It is expected that FLC helps to bring out refinement in the hybrid micro-grid version than 

the elementary PI controller [22]. The conclusion arrived from the review is that challenges related to PQ in 

hybrid AC/DC MG due to nonlinear load is still an area of research. In order to achieve this effective custom 

power device and control algorithm is necessary to tune the conventional PI controller. The main contribution 

of this work involves, i) modelling of standard IEEE hybrid AC/DC microgrid test system, ii) integration of 

PV powered UPQC in between bus 2 and 5, iii) alleviating power reliability issues attributed to EV chargers 

in integrated microgrid environment, and iv) validation in both Grid connected and islanded mode without 

using extra converters and controllers. 

 

 

2. METHOD 

The objective of this research lies in analyzing the performance of PV powered UPQC in enhancing 

the PQ problems due to the penetration of EV charger and dynamic load in standard IEEE 14 bus microgrid 

based distribution system. The approach of intelligent fuzzy-PI controller in regulating the effectiveness of 

the PV powered UPQC is another novel approach in this work. To achieve this, selected IEEE14 bus system 

detailed specification of is illustrated in Figure 2. The one-line diagram of the standard IEEE 14 bus MG 

distribution system with the interconnection of PV powered UPQC, EV charger and the dynamic load is 

shown in Figure 1. In this test model the MG is coupled to the common connection point to a 69 kV utility 

grid of base 100 MVA with an impedance ratio of 10. The two voltage distribution levels are: 13.8 kV 

medium voltage (MV) lines represented in blue color and 220 V low voltage (LV) lines indicated in green 

color. The following bus numbers 14, 13, 12, 11, 10, 9, 8, 7, 6 in the test model represents 13.8 kV voltage 

level and the bus numbers 1, 2, 3, 4, 5 represents the voltage level of 220 V. In addition to this the test case, it 

also consists of generators, AC loads on each bus, solar PV subsystem, battery energy storage systems 

(BESS), AC/AC voltage source converters, transformers and three Sub MGs in which two are AC MG’s and 

one is DC MG. The operating frequency of AC grid is 60 Hz. This work aims to identify the power quality 

issues at the distribution side therefore PV powered UPQC which is placed between bus 2 and 5, whose 

voltage level are 220 V. Three single phase EV charger with 16 A and 24 kWh Li-Ion battery is developed and 

connected at bus 2, along with EV charger a dynamic load pattern of 45 kW is connected at bus 2. The 

maximum current of EV charger is 16 A and the minimum current is 6 A chosen as per IEC 61851 standard. In 

dynamic load pattern six loads are considered and each load is switch by 1/6th time. At initial the 1/6th of 45 

kW is connected. Then the 2/6th time the 2/6th of the load is connected. The conception is based on (1) [23]. 

 

𝑃𝑙𝑜𝑎𝑑(𝑖) = (
𝑖

6
) ∗ 𝑃  (1) 

 

here 𝐼 = 1,2 … 6;  𝑃 = 45 𝑘𝑊. The hybrid AC/DC microgrid based standard IEEE 14 bus distribution system 

is simulated in MATLAB 2017b software package.  

The complete Simulink model of suggested hybrid AC/DC microgrid with the integration of PV 

powered UPQC is as shown in Figure 2. PQ problems of EV charger and dynamic load are analyzed based on 

the three case studies of UPQC and four scenarios of EV charger in grid coupled as well as off grid mode 

functioning of the hybrid AC/DC MG. Cases are discussed as follows [24], [25]: 

Case 1: The system is associated with grid, along with EV charger positioned at the load side in the absence 

of UPQC. 
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Case 2: In this case, the system works under grid integrated mode with EV charger at the transient load end 

and the UPQC is attached to the system. 

Case 3: In this case, the UPQC is coupled to the system with EV charger at the load side and the system works 

under islanded mode, In the island mode DC grid is supplies power to the AC load and charger. 

 

 

 
 

Figure 1. Single line diagram of integration of solar PV powered UPQC and EV charger in  

IEEE 14 bus test case 

 

 

 
 

Figure 2. Proposed IEEE 14 bus benchmark [25] 
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2.1. Scenarios (SCN’s) based on EV charger action 

These scenarios verify the performance of UPQC under unbalanced condition. 

˗ Scenario 1 (SCN 1): The EV charger is connected at load side and its charging action is in OFF condition. 

˗ Scenario 2 (SCN 2): The EV charger is connected at load side in all the three phases, under charging 

condition with minimal charging current of 6A.  

˗ Scenario 3 (SCN 3): The EV charger is under charging condition but is connected with two phases only at 

load side.  

˗ Scenario 4 (SCN 4): The EV charger is connected with only single phase under charging condition. 

 

2.2. Control strategy 

The preferred hybrid AC/DC distribution test system operates under grid-connected as well as in off 

grid mode. The UPQC behaves as the grid connected inverter to transfer the power to the load from the PV 

powered DC grid, which is coupled to the step-up converter. This is intern linked to the backup battery; this 

configuration contributes the consistent DC bus voltage. This constant DC voltage is the source for UPQC 

which improves the power quality of hybrid AC/DC microgrid both in grid connected and isolated means of 

operation. 

To refine the performance of UPQC tuning the conventional PI controller often in presence of 

nonlinear load results in parameter variations above or below the desired value. This necessitates the fuzzy 

logic based intelligent control approach which tunes the coefficients of PI controller for various unbalance 

conditions which exists in the system. The PI parameters are tuned by using Sugeno fuzzy inference model, 

its performance is analyzed with linear subsequent rules for different power quality issues. The Simulink 

model of DC link voltage controller using fuzzy logic controller (FLC) is shown in Figure 3. In this work 

Sugeno based fuzzy controller is chosen, to make the DC bus voltage more optimum. To enhance the PQ in 

hybrid AC/DC microgrid integrated with PV powered UPQC it is necessary to manage the DC link voltage 

constant. The input variables of intelligent fuzzy-PI controller are defined as a set of three set of linguistic 

variables of triangular membership function namely, 𝑁–Negative; 𝑃–Positive and 𝑍–Zero. The membership 

function of output variables is also same as the input: 𝑁–Negative; 𝑃–Positive and 𝑍–Zero. To obtain the 

desired output, fuzzy rules are framed for each combination of the input variables to tune the parameter of PI 

controller. As there are three membership functions for input E and ΔE, 9 rules are framed for tuning the PI 

controller and it is composed as shown in Table 1, where each cell represents the output membership function 

of a control rule with two input membership functions. Error and change in error are modelled as (2):  

 

𝑒(𝑘) = 𝑉𝑑𝑐 𝑟𝑒𝑓 − 𝑉𝑑𝑐 and 𝛥𝑒(𝑘) = 𝑒(𝑘) − 𝑒(𝑘 − 1) (2) 

 

where 𝑒(𝑘) = the error; 𝛥𝑒(𝑘) = change in error; 𝑉𝑑𝑐 𝑟𝑒𝑓 = the reference voltage; 𝑉𝑑𝑐 = the actual voltage. 

 

 

 
 

Figure 3. DC link voltage controller using fuzzy logic PI controller 

 

 

Table 1. Rule for PLC 

E/ΔE N Z P 

N Z P Z 

Z Z Z Z 

P P Z Z 
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3. RESULTS AND DISCUSSION: validation of UPQC 

The power quality issues at bus 2 are observed before connecting the PV powered UPQC over the 

time 1 sec. The Figure 4(a) shows the bus 2 real power, reactive power, voltage and current values prior 

connecting UPQC. From the graph it is evident that the real and reactive power are disturbed due to the sag 

and swell creation at 0.05 and 0.1 secs respectively. Figure 4(b) shows the real power, reactive power, 

voltage and current values of bus 2 after connecting UPQC. It can be seen that the reactive power is 

neutralized. So, the current amplitude is reduced drastically. The voltage sag and swell are compensated well. 

So, the solar PV assisted UPQC is performing better in standard IEEE 14 bus MG model distribution 

network. Hence the desired PV powered UPQC is validated. 

 

 

  
(a) (b) 

 

Figure 4. Bus 2 real power, reactive power, voltage and current values (a) before and (b) after connecting UPQC 

 

 

Following the assessment of PV-driven UPQC in the presence of PI and intelligent fuzzy-PI 

controller for three cases and four scenarios: 

Case 1: In the absence of UPQC (i.e. controller action is also absent) the voltage values in scenario 1 is below 

100 V, current and voltage THD’s are slightly exceeding the desired value in scenario1 compared to 

remaining three scenarios. The values of EV current and power factor are tabulated in Table 2 along 

with system voltage and harmonics. 

Case 2: When UPQC is attached to the system in all the scenarios of EV charger better voltage stability is 

achieved in presence of fuzzy-PI controller compared to traditional PI controller. The waveform of 

scenario 1 of case 2 is represented in Figure 5. All parameters’ values are tabulated in Table 3. From 

the Table 3 it is evident that in presence of UPQC and fuzzy-PI controller there is an improvement in 

system voltage and harmonics. It is observed from the waveform as shown in Figure 5, that 

disturbance in the voltage waveform of Figure 5(a) is reduced and better settling time is achieved in 

Figure 5(b) compared to conventional PI controller. 

Case 3: When UPQC is brought into action and the system is decoupled from the main grid (i.e. island 

mode), In this case also PV powered UPQC maintains the system voltage and the harmonics of 

current and voltage at its desired value in all scenarios of EV charger in presence of both the 

controller. Outcomes are much better in presence of fuzzy-PI controller. Same thing is tabulated in 

Table 4. 

 

 

Table 2. All scenarios of case 1 (In the absence of UPQC) 
Parameters Scenario-1 Scenario-2 Scenario-3 Scenario-4 

Grid voltage in V(min) 88 106 104 104 

Grid current in A(max) 97 103 98 100 
Voltage harmonics in % 11.58 4.91 4.6 4.6 

Current harmonics in % 4.43 2.39 4.64 2.39 

EV   current in A(min) 16 6 6 6 
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Table 3. All scenarios of case 2 (in presence of UPQC grid connected mode) 
Parameters Scenario-1 Scenario-2 Scenario-3 Scenario-4 

 PI F-PI PI F-PI PI F-PI PI F-PI 

Grid voltage in V(min) 125 120 127 120 127 120 125 120 

Grid current in A(max) 100 96 100 96 80 70 50 50 

Voltage harmonics in % 4.78 0.32 1.91 0.88 3.85 0.5 2.25 0.10 
Current harmonics in % 2.15 0.3 5.55 0.29 4.02 4.38 6.07 1.52 

EV current in A(min) 17 15 16 16 16 3 16 3 

(b) 

 

Figure 5. RMS value of voltage, current and EV current in SCN1, case 2 (a) with PI controller and  

(b) with fuzzy–PI 

 

 

Table 4. All scenarios of case 3 (in presence of UPQC off grid mode) 
Parameters Scenario-1 Scenario-2 Scenario-3 Scenario-4 

 PI F-PI PI F-PI PI F-PI PI F-PI 

Grid voltage in V (min) 121 120 121 120 123 120 121 120 

Grid current in A (max) 10 85 10 85 20 55 46 85 

Voltage harmonics in % 1.77 4.34 4.58 3.51 9.44 3.15 4.27 3.57 
Current harmonics in % 4.88 3.38 3.52 3.13 4.58 2.87 6.4 2.86 

EV   current in A (min) 16 12 16 12 16 12 12 12 
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4. CONCLUSION 

The main significance of this work is to provide a     unique solution for the enhancement of power 

quality through PV powered UPQC which not only compensates voltage related PQ issues but also 

compensates issues related to current in hybrid AC/DC microgrid. The novel approach in this work is the 

addition of EV charger as a load along with dynamic load. Comparative analysis of PV driven UPQC in 

presence of conventional PI controller and intelligent fuzzy-PI controller is performed through simulation in 

standard test bench. From the result it is evident that in case 1 (i.e. in the absence of UPQC) scenario1 the voltage 

harmonics is 11.58 in (%) which is above the standard threshold level and the grid voltages are below the desired value 

i.e. 120 V in all the scenarios as tabulated in Table 2. It is evident from Table 3 in case 2 that the grid voltage and 

harmonics levels are slightly above the standard limit in presence of PI controller, but remains at its desired limit in 

presence of intelligent fuzzy-PI controller. In case 3 i.e. (off grid mode) PV powered UPQC provides the better 

solution in enhancing the voltage quality as well as maintains the harmonics related to voltage and current 

within its standard limit in presence of fuzzy-PI controller than traditional PI controller. Also, harmonic 

distortions reduced in presence of intelligent fuzzy-PI. Therefore, it is evident from the Tables 3 and 4 that 

the performance of PV powered UPQC is much better in mitigating the PQ issues with the application of 

intelligent fuzzy-PI controller. 
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