
  International Journal of 
                    Electrical and Electronics Research (IJEER) 

Open Access | Rapid and quality publishing                                         Research Article | Volume 11, Issue 1 | Pages 148-155 | e-ISSN: 2347-470X 

 

148 Website: www.ijeer.forexjournal.co.in              Power Quality Analysis of Fuzzy DVR based Hybrid Solar 

 

░ ABSTRACT- Hybrid Energy System (HES) is becoming popular as it is identified as the most safe, sustainable, and long-

term option for energy management. The grid-connected power network is vulnerable to frequent interruptions, which can lead to 

instability and a huge blackout. Furthermore, the presence of switching devices in industrial and domestic applications causes 

disturbances such as voltage swell/sag, waveform distortion, interruptions, impulsive voltage, and so on. Dynamic voltage restorer, 

known as a modern power compensating device, is cost effective, compact in size and can handle more energy capacity than 

DTSATCOM and UPFC. Hence for addressing the power quality issues in hybrid solar photovoltaic (PV)-proton exchange 

membrane fuel cells (PEMFC) system, dynamic voltage restorer (DVR) has been designed in this paper. As the fuzzy logic technique 

can provide flexible solutions in the case of uncertainty, fuzzy logic-based controller has also been employed with DVR to regulate 

the firing pulses of a PWM generator. Based on the simulation results obtained using fast fourier transform (FFT) analysis in 

MATLAB/Simulink, the dynamic performance of HES against the most important contingency condition or three phase faults is 

analyzed in detail. Further, the impact of DVR on power quality improvement under severe fault has also been demonstrated in this 

research work. On analyzing the total harmonic distortion (THD) values of HES under heavy disturbances, the fuzzy controlled 

dynamic voltage regulator (FCDVR) is identified as an efficient control mechanism for enhancing power quality in grid-connected 

HES. 
 

Keywords: Fast Fourier transform, Fuzzy controlled dynamic voltage restorer, Hybrid energy system, Photo voltaic, Proton 

exchange membrane fuel cell, Total harmonic distortion. 

 

 

 

░ 1. INTRODUCTION   
Global demand for the production of renewable energy is rising 

in the modern world. Since renewable energy sources are 

inherently intermittent, the idea of a hybrid renewable energy 

system has been created to satisfy the power requirements [1]. 

Especially the hybrid energy holds a particular potential for 

most of the developing and remote countries [2] and [3]. On the 

other hand, traditional energy sources create ecological 

problems like ozone layer depletion, carbon emissions, acid 

rain, climate change brought on by greenhouse gas emissions, 

and radioactive chemical releases. To overcome these conflicts 

hybrid energy sources are focused to ensure sustainable power 

delivery [4]. Pairing the solar PV module with battery can also 

lead to the better efficiency and reliable power output [5]. In 

relation to the environment, solar photovoltaic (PV) and fuel 

cell systems will be the future technology [6]. Towards the 

sustainable energy generation possibilities, the research work 

proposed in this paper examines a grid-connected hybrid 

energy system (HES) which comprises of a PV module and a 

proton exchange membrane fuel cells (PEMFC) system. In real 

time systems, comparing all the other power quality problems, 

voltage sag/dip has more severe impact in HES under 

distributed and smart-grid environment [7-10]. 
 

Sustainable energy delivery system is required to provide the 

consumers with a constant flow of electricity at the specified 

frequency and magnitude. But in reality, the power quality has 

been affected because of the increased use of power electronic 

based switching devices in industrial and household appliances. 

Switching devices and electronic control-based drives, for 

instance, are responsible for power quality problems such as 

voltage drops, surges, and distortions [11]. In order to suppress 
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these power quality issues in the distribution side, number of 

flexible AC transmission system (FACTS) devices namely the 

distribution static synchronous compensator (DSTATCOM), 

DVR, and united power quality conditioner (UPQC) are being 

used [12-14]. Comparatively DVR is cost effective and compact 

in size and has more energy capacity than DSTACOM, UPFC 

etc. [15]. Hence it is proposed to develop fuzzy based DVR for 

improving the power quality of interconnected HES. A 

distributed static synchronized series compensator (SSSC) with 

a power electronic foundation is referred to as a DVR. Voltage 

swell and drop reduction is the primary purpose of a DVR [16]. 

The DVR can alleviate power quality problems by reducing the 

load voltage to pre-fault levels [12]. It can also eliminate the 

harmonics and reduce voltage transients and fault current 

limitations [17]. When a voltage sag or swell occurs, the DVR 

injects voltage to bring the load voltage back to normal [18]. It 

does this by exchanging active and reactive power with the load. 

At both the low and medium voltage levels, DVR can be 

employed to safeguard high power applications against voltage 

sags [19, 20]. Section 2 of this paper describes about the hybrid 

solar PV–PEMFC energy system and its modelling. DVR 

modeling has been presented in Section 3. Section 4 deals about 

the development of fuzzy controlled DVR. The suggested 

system's performance is evaluated using MATLAB/Simulink. 

Total Harmonic Distortion (THD) is considered for analyzing 

3- phase symmetrical fault with different cases i.e. (i) Without 

using DVR (ii) With DVR and (iii) With Fuzzy Controlled DVR 

and identified the impact of severe three phase fault on power 

quality of hybrid energy system. Simulation results of all these 

cases are furnished in Section 5.  
 

░ 2. PROPOSED HYBRID ENERGY 

SYSTEM 
The majority of power quality issues caused by various fault 

scenarios can be resolved using DVR by creating an acceptable 

voltage quality level [21, 22]. A DC/DC boost converter and a 

DC/AC inverter are used to connect the solar PV and PEMFC 

energy sources to the utility grid in the suggested hybrid energy 

system, as illustrated in figure 1.  
 

A DC/DC boost converter is used to increase the output from 

solar PV and the PEM Fuel Cell (PEMFC). Then the boost 

converter output is given to the DC/AC converter from which 

the DC voltage is inverted and the load voltage is stepped up. 

The phase voltages are converted into their d-q components by 

the fuzzy-based controller, which then generates a PWM signal 

based on the amplitude and angle of the d-q components [15] 

and [23].  
 

Under normal work conditions, the 'd' axis voltage might be 1.0 

p.u. while the 'q' axis voltage might be 0.0 p.u. The fuzzy array 

is used to provide the reference signal for each phase. The 

supply voltage for each phase is converted to a unit, and the 

error is then calculated. The suggested system manages the load 

side voltage as a result by injecting voltage into the system. 

 

 

 

 
 

Figure 1: Proposed Hybrid Energy System with Solar PV and 

PEMFC 
 

░ 3. MODELLING OF HYBRID 

ENERGY SYSTEM  
Hybrid energy system is highly reliable and can help improving 

the standard of living in remote areas [2]. Many power quality 

issues may be realized when this proposed system is connected 

with the grid. To overcome this problem, appropriate modeling 

and selection of controller become very important. The 

MATLAB/Simulink model for dynamic analysis, has also been 

presented along with the mathematical modelling of the solar 

PV system and the PEMFC system. 
 

3.1 Modelling of Solar PV System 
Solar panels are used as one of the green energy sources due to 

its everlasting nature. The solar panels are made up of 

semiconductors forming a photovoltaic (PV) cell. The photons 

falling on the crystalline silicon solar panel releases free 

electrons producing electricity [24]. Due to the irregular 

temperature and the solar irradiation, the grid connected solar 

PV system has many voltage fluctuations. The solar cell current 

(I) is obtained based on the theoretical operation of solar PV 

cells with its respective equivalent circuit. It consists of a 

perfect PV cell, a current source, a diode, and resistance that is 

connected in series and shunt [25]. Solar PV cell model is 

shown in figure 2. From solar PV equivalent circuit and by 

applying Kirchhoff’s law, the current equations are obtained. 

Solar cell current is expressed in Eq. (1). Based on the rate of 

change of temperature (∆𝑇), nominal short circuit current 𝐼𝑛,𝑠𝑐 

and irradiance (G), the output current of PV is derived from Eq. 

(2). Diode saturation current (𝐼𝑂 ) is influenced by operating 

temperature of open circuited solar cell ( 𝑇𝑛𝑜𝑝 ), nominal 

saturation current (𝐼𝑛𝑠). 
 

The diode saturation current (𝐼𝑂) is obtained by calculating the 

change in temperature value ∆𝑇  i.e. the difference between 

reference and operating temperature of solar cell, multiplied 

with nominal saturation current (𝐼0,𝑛), ideality factor (a), charge 

of electron (q) and band gap energy of semiconductor (𝐸𝑔) as in 

eq. (3). 
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Figure 2: Solar PV cell Model 

 

𝐼 = 𝐼𝑝𝑣 − 𝐼0[exp(
𝑞(𝑉+𝐼𝑅𝑠)

𝑎∗𝑘∗𝑇
)−1] − [𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
]        (1) 

𝐼𝑝𝑣 =
𝐺

𝐺𝑟𝑒𝑓
(𝐼𝑛,𝑠𝑐∗[

𝑅𝑠ℎ+𝑅𝑠
𝑅𝑠ℎ

]+𝐾𝑖∗∆𝑇)         (2) 

𝐼𝑂 =
𝐼𝑠𝑐,𝑛+𝐾𝑖∆𝑇

[𝑒𝑥𝑝(
𝑉𝑜𝑐,𝑛+𝐾𝑉∆𝑇

𝑎𝑉𝑡
)−1]

(
𝑇𝑛𝑜𝑝

𝑇𝑟𝑒𝑓
)
3
∗ 𝑒𝑥𝑝 [

𝑞𝐸𝑔

𝑎𝑘
[

1

𝑇𝑛𝑜𝑝
−

1

𝑇𝑟𝑒𝑓
]]   (3)  

 

Based on the modeling parameters of solar cell as required for 

the solar PV system, MATLAB/Simulink has been created for 

the solar photovoltaic system and shown in figure 3. 

 

 

 
 

Figure 3: MATLAB/Simulink model of solar PV system 

 

3.2 Modelling of Fuel Cell System  
The chemical energy, i.e., oxygen and hydrogen, are converted 

into electrical energy at the input side [26]. The PEMFC is 

utilized by numerous researchers due to its affordability and 

compactness [27] and [28]. Figure 4 shows how 

MATLAB/Simulink has been used to model the proposed 

HES's PEMFC. 
 

The flow rate selector is connected to the fuel cell stack via 

three-way single pole switches and the output of PEMFC is 

viewed by connecting across the DC/DC boost converter. The 

flow rate, efficiency, hydrogen and oxygen utilization and its 

consumption can be obtained from Simulink model. In addition, 

the fuel cell’s voltage and current signals, DC/DC boost 

converter’s voltage and current signals are also obtained. The 

hybrid energy system combining solar PV and PEMFC are 

interconnected with the grid as shown in figure 5. For power 

quality improvement, DVR has been proposed whose 

modelling is presented in Section 4. 

 

 

 
 

Figure 4: MATLAB/Simulink model of PEMFC 
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Figure 5: MATLAB/Simulink model of Solar PV-PEMFC Hybrid Energy System 

 

░ 4. MATHEMATICAL MODELLING 

OF DVR 
According to the recently developed concept of customized 

power devices, dynamic voltage restorer, a series-connected 

solid-state device, injects voltage into the system to maintain 

the load side voltage [29]. It is frequently located at the point of 

common coupling (PCC) between the supply and the important 

load feeder. The DVR is a contemporary specialized power tool 

that corrects voltage sag and voltage swell [27]. Furthermore, it 

can aid in the reduction of harmonics, voltage transients, and 

fault current restrictions [15]. 
 

The system impedance, 𝑍𝑆 in DVR is decided only by the load 

bus fault level. Figure 6 [30] depicts the DVR equivalent 

structure. At the time of voltage disturbance on the load side 

injection, transformer in DVR injects voltage, 𝑉𝑑𝑣𝑟 , in order to 

maintain load voltage magnitude 𝑉𝑙 as expressed in Eq. (4). 

 

 
Figure 6: Equivalent structure of DVR 

 

If the system voltage (𝑉𝑠) is dropped, the DVR will inject the 

voltage (𝑉𝑑𝑣𝑟 ) as expressed in Eq. (5) to restore the system 

voltage. Load current can be obtained as expressed in Eq. (6). 

The output voltage of DVR in polar form is represented as 

shown in Eq. (7). 
 

𝑉𝑑𝑣𝑟 + 𝑉𝑠 = 𝑉𝑙 + 𝑍𝑠𝐼𝑙       (4) 

𝑉𝑑𝑣𝑟 = 𝑉𝑙 + 𝑍𝑠. 𝐼𝑙 − 𝑉𝑆      (5) 

𝐼𝑙=
(𝑃𝑖+𝑗𝑄𝑖)

𝑉𝑖
       (6) 

𝑉𝑑𝑣𝑟∠α = 𝑉𝑙∠0 +𝑍𝑠. 𝐼𝑙∠ (β-θ) −𝑉𝑠∠δ             (7) 

 

Where 𝛼, 𝛽and δ are the angle of 𝑉𝑑𝑣𝑟 , 𝑍𝑠 and 𝑉𝑠 respectively. 

The power factor angle, θ is given in Eq. (8). Finally the power 

injected by DVR is shown in Eq. (9).   

 

𝜃 = 𝑡𝑎𝑛−1 (
𝑄𝑖

𝑃𝑖
)        (8) 

𝑃𝑑𝑣𝑟 = 𝑉𝑑𝑣𝑟 . 𝐼𝑙                                    (9) 
 

The DVR control circuit is modeled in MATLAB/Simulink, 

and the load voltage is sent to the 3-phase harmonic analyzer 

block as an input. The amplitude and phase components of the 

incoming voltage signal are evaluated, and the magnitude 

component is supplied to the difference block. The voltage is 

then compared to the intended voltage level of 1pu, which is 

represented by a constant block. The output of the difference 

block is the difference of the two voltage levels. The difference 

is multiplied by the ‘sine’ function and sent to the pulse 

generator. The pulse generator produces firing pulses of the 

appropriate magnitude level to act as the gate signal inverter for 

the DC/AC converter. Since it is necessary to recognize and 

mitigate the existence of voltage sag in the system, the fuzzy 

based controller has been designed as described in Section 5. 
 

░ 5. FUZZY EXPERT SYSTEM FOR 

DVR 
Efficiency of any system depends on the controller used, as it 

only tries to maintain (pre-sag or swell values) or reduce the 

sag, swell or the harmonics by compensating the voltage level 

[31]-[32]. The control procedure for DVR and the steps 

involved for developing the fuzzy controlled DVR has been 

presented below [33]. 
 

5.1 DVR Control Logic  
Prime function of the controller in a DVR is to detect voltage 

sag in the system [34] and create trigger pulses for the PWM 

inverter [23]. Figure 7 shows the fundamental functioning of 

DVR under voltage variations [35]. Initially, the line voltage 

(𝑉𝑎𝑏𝑐) is converted into ‘dq’ components and is been compared 

with the set reference voltage (𝑉𝑟𝑒𝑓) values in the ‘dq’ reference 

frame. The error between 𝑉𝑎𝑏𝑐  and 𝑉𝑟𝑒𝑓  is calculated and 

converted into unit sinusoidal waveforms which is in-phase 

with the main supply voltage without any quality issues. In 

addition, the usage of PWM inverter reduces the harmonics and 

control output voltages. 
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The three phase line voltages 𝑉𝑎 , 𝑉𝑏  and 𝑉𝑐  are observed and 

converted into direct, quadratic and zero components using abc- 

𝑑𝑞0 transformation block in DVR. In 𝑑𝑞0 transformation block, 

the 3-phase static coordinate system i.e. 𝑉𝑎 , 𝑉𝑏 , 𝑉𝑐 as shown in 

eq. (10), (11) and (12) is transformed to the “dq” rotary 

coordinate system𝑉𝑑 , 𝑉𝑞  and 𝑉𝑜  as in eq. (13), (14) and (15) 

respectively. This 𝑑𝑞𝑜technique provides depth (d) and phase 

shift (q) of sag voltage information with start and end time [17]. 
 

 
 

Figure 7: Operation of DVR under voltage deviations 
  

𝑉𝑎 = [𝑉𝑑𝑠𝑖𝑛(𝑤𝑡) + 𝑉𝑞 cos(𝑤𝑡) + 𝑉𝑜]         (10) 

𝑉𝑏 = [𝑉𝑑 sin (𝑤𝑡 −
2𝜋

3
) + 𝑉𝑞cos(𝑤𝑡 −

2𝜋

3
) + 𝑉𝑂]              (11) 

𝑉𝑐 = [𝑉𝑑 sin (𝑤𝑡 +
2𝜋

3
) + 𝑉𝑞 cos (𝑤𝑡 +

2𝜋

3
) + 𝑉𝑂]              (12) 

𝑉𝑑 =
2

3
(𝑉𝑎 sin𝜔𝑡 +𝑉𝑏 sin(𝜔𝑡 −

2𝜋

3
) + 𝑉𝑐 sin(𝜔𝑡 +

2𝜋

3
)) (13) 

𝑉𝑞 =
2

3
(𝑉𝑎 cos𝜔𝑡 + 𝑉𝑏 cos(𝜔𝑡 −

2𝜋

3
) + 𝑉𝑐 cos(𝜔𝑡 +

2𝜋

3
))(14) 

𝑉0 =
1

3
(𝑉𝑎 +𝑉𝑏 +𝑉𝑐)            (15) 

 

Since the fixed gain controller cannot be used for wide range of 

operating conditions, fuzzy logic controller is established in this 

paper for improving the power quality as presented below. 

 

5.2 Fuzzy Controlled DVR 
Dr. Lotfi. A. Zadeh introduced fuzzy set theory in the 1960s 

[36]. One of the most effective fuzzy set theory procedures is 

the Fuzzy Logic Controller. The fuzzy set theory uses language 

variables rather than numerical values. This control strategy is 

based on quality control criteria and depends on human capacity 

to comprehend system behavior [37]. Fuzzy is predicated on 

'degrees of truth' between 0 and 1 (false/true) instead of true or 

false. 
 

The proposed system uses triangular membership functions as 

depicted in Figure 8 for the input and output signals of error 

signals-d and error signals-q. The error signal (e) and change in 

error (ce) as obtained from the reference and actual voltage as 

given in eq. (16) and (17) respectively. These are input signals 

for fuzzy control system. 
 

𝐸𝑟𝑟𝑟𝑜𝑟(𝑒) = 𝑉𝑟𝑒𝑓 − 𝑉𝑎𝑏𝑐(𝑝. 𝑢)                    (16) 

𝐸𝑟𝑟𝑜𝑟𝑟𝑎𝑡𝑒(𝑐𝑒) = 𝑒(𝑛) − 𝑒(𝑛 − 1)      (17) 

 

For output signals and input signals, the five linguistic fuzzy 

levels namely Negative Big (NB), Negative Small (NS), Zero 

(Z), Positive Small (PS), and Positive Big (PB) are selected 

[35]. Then, as indicated in table 1, a fuzzy rule base is 

constructed using the expertise of prior knowledge called expert 

information. Fuzzy controlled DVR model which is utilized to 

improve power quality in the proposed HES is illustrated in 

figure 9. 

 

 

Degrees of 

Membership 

function 
 

Figure 8: Input membership function for fuzzy logic controller 
 

░ Table 1: Fuzzy rules for DVR control of HES 

 
 

 
 

Figure 9: Fuzzy logic-based DVR control circuit 
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Initially crisp values are converted into crisp sets and they are 

later converted into fuzzy quantities. The fuzzy quantities are 

converted into fuzzy sets after discretization and normalization. 

Later, using membership functions they are converted into 

primary fuzzy sets. Finally, the defuzzification is done after the 

composition of fuzzy relation [34],[37] and [38]. Then 

SIMULINK model of HES is implemented with FCDVR. The 

performance of controller for symmetrical fault condition 

with/without DVR and FCDVR has been tested and the results 

are furnished in Section 5. 
 

░ 6. RESULTS AND DISCUSSION 
The dynamic simulation performance of solar PV-PEMFC is 

obtained and the impact of DVR in improving the power quality 

is analyzed in this Section. Initially, the proposed solar PV-

PEMFC system is simulated and the response is obtained for 

symmetrical three phase fault using MATLAB/Simulink. The 

proposed system's output voltage waveform and frequency 

spectrum for a symmetrical three-phase fault are obtained and 

presented in figures 10 and 11, respectively. The THD value for 

the three-phase fault without DVR controller is found to be 

79.88%. Such a huge harmonics has been generated as an effect 

of the severe three-phase fault. 
 

 
 

Figure 10: Waveform of the HES's output voltage without the 

DVR 

 

 
 

Figure 11: Output voltage frequency spectrum without DVR 
 

For power quality enhancement, DVR has been incorporated in 

the proposed system and enhance the dynamic behavior. 

Figures 12 and 13 show the output voltage and frequency 

spectrum, respectively. It is found that the THD value with 

DVR is improved to 58.86%. It also witnesses that the DVR can 

be used for dynamic stability improvement. 
 

 
 

Figure 12: HES output voltage waveform with DVR 

 

 
 

Figure 13: Frequency spectrum of output voltage with DVR 
 

Later, the Fuzzy Controlled DVR (FCDVR) has been developed 

as explained in Section 5.2 for the proposed solar PV-PEMFC 

Hybrid Energy System. The output voltage waveform and 

frequency spectrum with FCDVR controller are shown in 

figures 14 and 15 respectively. 
 

 
 

Figure 14: HES output voltage waveform with FCDVR 
 

It has been observed from the simulation results that the THD 

value of HES under contingency status i.e. severe three-phase 

fault occurrence is reduced drastically to 39.28% by using 

FCDVR. It indicates that the FCDVR proposed for the hybrid 

energy system mitigates the harmonics and improves the power 

quality. When the harmonic levels are compared using THD 

values, it is clear that the Fuzzy Controlled DVR (FCDVR) is 

an effective controller for improving power quality in the grid-

connected solar PV-PEMFC Hybrid Energy System. The 

investigation of a hybrid renewable energy system against a 

severe three-phase fault shows that the severity of the fault has 

a significant impact on the system's performance. This paper 

also shows that the effectiveness of the controller needs to be 

strengthened for the harmonic mitigation in grid-connected 

operation against the sever fault. 
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Figure 15: Frequency spectrum of output voltage with FCDVR 
 

░ 7. CONCLUSION 

In this paper, the modeling of solar PV and PEMFC system 
using MATLAB/Simulink has been presented and the hybrid 
energy system is developed. Since the dynamic voltage restorer 
is more advantageous than DTSATCOM and UPFC, review, 
modelling and operation of dynamic voltage restorer with the 
scope of research in using DVR for power quality improvement 
are presented in detail. In this research, the fuzzy set theory 
based fuzzy control approach is utilized to improve power 
quality in a hybrid solar PV-PEMFC energy system in a 
contingency scenario. MATLAB/Simulink model of proposed 
hybrid system is simulated and the output voltage waveform 
frequency spectrums are analyzed based on THD values. The 
dynamic performance is analyzed in three different cases viz., 
without DVR, with DVR and with FCDVR. Because of the 
severe three-phase fault, the proposed HES without DVR yields 
the huge THD value of 79.88%. This level of harmonics present 
in system may damage the equipment and hence the entire 
system itself. Even after implementing DVR into the system, it 
could help to reduce THD value by 58.86% and presence of 
FCDVR has improved the power quality to the greater extent 
by reducing THD value to 39.28%. Such a huge impact on 
harmonics is caused due to the severity of the fault. Based on 
the analysis, FCDVR is identified as an intelligent control 
scheme for Hybrid Energy System (HES) yielding as an 
efficient solution for mitigating voltage sag, harmonics for 
symmetrical three phase fault. In future, the same network can 
be implemented for different combinations of hybrid energy 
systems with distinct custom power devices, varying the 
controller module in order to suppress the harmonics stress to 
the greater extent. 
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░ APPENDIX A 
 

Solar PV model and DVR model parameters 

Symbol Parameters Unit 

I0 Diode saturation current 𝐴𝑚𝑝 

𝑘 Boltzmann’s constant 𝐽/𝐾 

Ipv Photo voltaic current 𝐴𝑚𝑝 

In,sc Nominal short circuit current 𝐴𝑚𝑝 

𝐸𝑔 Band gap energy of the 

semiconductor 
𝑒𝑉 

𝑞 Electron charge 𝑐𝑜𝑢𝑙𝑢𝑚𝑏 

Tref Nominal temperature 𝐾 

𝑇𝑛,𝑜𝑝 Nominal operating temperature 𝐾 

Ki Short circuit current of cell 𝑤/𝑚2 

𝑎 Ideality factor of diode - 

Ins Nominal saturation current 𝐴𝑚𝑝 

𝑉𝑑𝑣𝑟 DVR voltage 𝑉 

𝐼𝑟 Solar irradiation 𝑤/𝑚2 

𝐼 Current output of PV module 𝐴𝑚𝑝 

𝑁𝑃 Number of PV modules 

connected in parallel 

- 

𝑅𝑠 Series resistance 𝑜ℎ𝑚𝑠 

𝑅𝑠ℎ Shunt resistance 𝑜ℎ𝑚𝑠 

𝑁 Ideality factor of diode - 

𝑁𝑠 Number of PV modules 

connected in series 

- 

𝐼𝑠ℎ Short circuit current 𝐴𝑚𝑝 

𝑉𝑡 Diode thermal voltage 𝑉 

𝑉𝑙 Load voltage V 

𝐼𝑙 Load current 𝐴𝑚𝑝 

𝑍𝑠 System impedance 𝑜ℎ𝑚𝑠 

𝑉𝑠 System voltage during fault 

condition 
𝑉 

𝑉𝑛,𝑜𝑐 Nominal open circuit voltage V 

G Actual radiation KW/𝑚2 

𝐺𝑟𝑒𝑓 Nominal radiation KW/𝑚2 

∆𝑇 Difference between reference 

and operating temperature of 

solar cell 

K 

Θ Load power angle - 
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