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Low-cost virtual instrumentation of PV 
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Abstract 

This paper presents a low-cost solution of virtual instrumentation to provide a new technique for real-time instrumen-

tation of the PV panel characteristics such as voltage, current and power. The system design is based on a low-cost 

Arduino acquisition board. The acquisition is made through a low-cost current and voltage sensors, and data are 

presented in Excel by using the PLX-DAQ data acquisition Excel Macro, which allows communication between the 

ATMega328 microcontroller of an Arduino UNO board and the computer by UART bus. Hence, the I–V and P–V char-

acteristics, which processed under real-time conditions, can be obtained directly and plotted on an Excel spreadsheet 

without needing to reprogram the microcontroller. A comparison between this low-cost virtual instrumentation and 

the traditional instrumentation is drawn in this work. It is found that our solution presents several benefits compared 

to the traditional solution such as the data can be presented in graphical form in real time. Thus, several experimental 

tests to confirm the effectiveness of the developed virtual instrumentation system are presented in this study.
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Introduction
PV panels are the main equipment of solar power gen-

eration system that serve to convert solar light energy 

into DC electrical energy (Ozdemir et al. 2014; Jean et al. 

2015). �e energy generated by the PV systems depends 

on the environmental conditions such as temperature, 

solar irradiance, direction and spectrum of sunlight 

(Singh 2013; Motahhir et al. 2015). And under the stand-

ard test conditions (STC), characteristics of the PV panel 

are provided by the manufacturers (Eltawil and Zhao 

2010). However, the PV characteristics are unknown out 

of STC (Hohm and Ropp 2003). �erefore, the measure-

ment of the PV characteristics is required (Mahrane et al. 

2010), which is why different traditional instruments 

are used in this context such as multimeters. However, 

by using this kind of instruments it is difficult to make 

a correct reading by human during a rapid change of 

temperature or solar radiation. �us, a few samples can 

be captured, and as a result, the characteristics obtained 

and traced manually do not give enough information on 

the state of the PV system. Nevertheless, there are some 

oscilloscopes which can record data through USB com-

munication, but these instruments are more expensive 

and they are not available for many researchers (Mahrane 

et al. 2010; Velleman Instruments 2017).

On the other hand, also virtual instruments can be used 

to measure the PV characteristics. Many virtual instru-

ments have been proposed in the literature such as a Data 

Logger Solar Panel Parameters as in Santos and Setiaji 

(2013), Fuentes et  al. (2014), Alonsogarcia et  al. (2006) 

which collect output data only in text file formats and can-

not be taken directly in real time. �erefore, many real-

time virtual instrumentation systems for the PV panel have 

also been proposed in the literature, such as virtual instru-

mentation for real-time PV system monitoring based on 

LabVIEW (Koutroulis and Kalaitzakis 2003; Ulieru et  al. 

2010) and virtual instrumentation by the standard simu-

lation software MATLAB (Chouder et  al. 2012). In addi-

tion, different commercial software solutions are available 
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and are mostly used for the real-time measurement of PV 

characteristics (Silvestre 2003). Generally, all the proposed 

virtual instruments in the literature are low cost compared 

to traditional instruments. �e most proposed systems 

are often based on LabVIEW or MATLAB tools, but they 

are costly and complex. �erefore, this work proposes a 

very low cost real-time virtual instrument system which 

is based on Arduino Uno and Excel. Besides, Arduino is 

a low-cost board since Excel is installed in almost every 

computer. Moreover, this system is based on low-cost cur-

rent and voltage sensors. �e proposed system acquires 

the current, voltage and the output power generated by 

the PV panel in real time. �e acquisition of measure-

ment data from the current and voltage sensors is recorded 

directly into Excel using the PLX-DAQ data acquisition 

Excel Macro, which allows communication between the 

microcontroller (ATMega328) of the Arduino UNO board 

and Excel by using UART bus. �e main advantages of the 

proposed technique manifested in its simplicity and its low 

demand for hardware components. In addition, this tech-

nique allows researchers to acquire and to visualize the 

characteristics of PV systems that they need in their work 

with a simpler, cheaper and faster way. Hence, this tech-

nique is more effective compared to the implementation 

of a virtual instrument system with LabVIEW or MATLAB 

tools, which require several technical skills and a prelimi-

nary training on these tools. On the other hand, to show 

the effectiveness of our system, this work presents a com-

parison between the I–V and P–V characteristics of the 

PV panel which are obtained by the proposed solution and 

those obtained by traditional instrumentation through a 

multimeters. It should be mentioned that a PSIM model of 

PV panel is used as a reference, and this model is already 

validated in Motahhir et al. (2017), Banu and Istrate (2012), 

Villalva et al. (2009).

�e paper is organized as follows. �e PV panel model 

is presented in “PV panel model” section. �e design and 

description of the proposed PV panel real-time virtual 

instrumentation system are done in “Real-time virtual 

instrumentation system” section. �e experiments and 

testings are presented in “Results and discussion” section. 

Finally, “Conclusions” section summarizes this paper.

PV panel model
A PV panel is composed of several PV cells placed in par-

allel or in series which convert the solar energy into DC 

electrical energy (Ozdemir et  al. 2014). �e equivalent 

circuit of the PV panel is presented in Fig.  1 (Motahhir 

et al. 2015, 2016).

As shown in Fig. 1, the PV panel is modeled by a cur-

rent source in parallel with a diode, a shunt resistor and 

a series resistor. �e output current generated by the PV 

panel can be given by Eq. (1) (Motahhir et al. 2015, 2016).

In this study, the TDC-M20-36 solar panel is used and 

Table  1 presents its characteristics (TDC-M20-36 solar 

panel 2018).

In order to validate the effectiveness as well as the 

accuracy of the proposed real-time virtual instrumen-

tation, the I–V and P–V characteristics of the PV panel 

which are obtained by the proposed solution and those 

obtained through the multimeters will be compared 

with the I–V and P–V characteristics which are, in turn, 

obtained by the PV panel model under PSIM. �is model 

is already validated in Motahhir et  al. (2017), Banu and 

Istrate (2012), Villalva et al. (2009), and the results have 

shown that the I–V and P–V characteristics given by 

the PV Panel PSIM model are in accordance with those 

obtained by the experimental test. �is model is pre-

sented in Fig.  2, and the I–V and P–Vg curves of this 

model under STC are shown in Fig. 3.

(1)I = Iph − Is

(

exp
q(V + RsI)

aKTNs
− 1

)

−
(V + IRs)

Rsh

Fig. 1 PV cell equivalent circuit

Table 1 Characteristics of the PV Module TDC-M20-36 AT 

STC (1000 W/m2, 25 °C)

Characteristics TDC-M20-36

Maximum power, Pmax 20 W

Voltage at Pmax, Vmp 18.76 V

Current at Pmax, Imp 1.07 A

Short-circuit current, Isc 1.17 A

Open-circuit voltage, Voc 22.70 V

Temperature coefficient of Voc, Kv − 0.35%/ °C

Temperature coefficient of Isc, Ki 0.043%/ °C

Number of cells 36

Light-generated current, Iph 1.173 A

Diode saturation current, I0 2.6797e−11 A

Ideality factor 1.0036

Shunt resistance Rsh 405.962 Ω

Series resistance Rs 1.0547 Ω
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Fig. 2 The PSIM model of PV panel
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Real-time virtual instrumentation system
�e proposed technique of real-time virtual instrumen-

tation is made using PLX-DAQ data acquisition Excel 

Macro, where data can be acquired directly in real time 

into Microsoft Excel (PLX-DAQ 2017). �e PLX-DAQ 

Excel Macro can acquire up to 26 channels of data from 

microcontroller (PLX-DAQ 2017). �e structure of the 

equipment used in the virtual instrumentation system is 

shown in Fig. 4.

�e PV current and voltage are obtained through the 

current and voltage sensors. �e output of the two sen-

sors is then transmitted to the microcontroller of the 

Arduino UNO board. �e PLX-DAQ Excel Macro allows 

communication between the microcontroller and Excel 

spreadsheet using UART bus. During the acquisition 

process, the data obtained are stored and plotted in real 

time in the Excel spreadsheet. As any embedded system, 

the proposed real-time virtual instrumentation system is 

divided into two parts: hardware and software.

Hardware

In order to acquire the PV panel characteristics, differ-

ent components are required such as a data acquisition 

board, current sensor and voltage sensor.

Arduino UNO: a data acquisition board

�e embedded board used in this work is Arduino UNO, 

in which the ATMega328 microcontroller is integrated. It 

is a low-cost board (Motahhir et al. 2017). �e Arduino 

UNO board depicted in Fig. 5 can be powered by a DC 

power supply or through USB connection with computer. 

�is board provides 14 digital input/output pins and 6 

analog inputs, and it can be programmed by the Arduino 

IDE software (Arduino-Software 2018). 

Voltage sensor

�e PV voltage is measured by a voltage sensor mod-

ule. �is module can reduce the input voltage up to 5 

times of the original voltage and it is used to reduce the 

PV output voltage (V) which is between 0 and 22.7 V to 

another voltage (Vd) between 0 and 5 V to be measurable 

by Arduino, because the Arduino analog input is lim-

ited to a 5 V. Figure 6 shows the selected voltage sensor, 

Fig. 3 I–V and P–V characteristics for PV panel under PSIM at STC 

(T = 25 °C and G = 1000 W/m2)

Fig. 4 Schematic of PV panel output characteristics instrumentation system
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Table  2 presents its specifications, and Table  3 presents 

its connectors with Arduino board (Voltage Sensor Mod-

ule 2018). According to the manufacturer, this is basically 

a voltage divider using two series resistors as shown in 

Fig. 7 (Voltage Sensor Module 2018).  

�e voltage sensor is put in parallel with the load as 

shown in Fig. 10; then, the output of this sensor is trans-

mitted to the analog–digital converter (ADC) of the 

Arduino microcontroller. �e ADC provides a digital 

value (Vout1) which varies between 0 and 1023, because 

the latter is encoded in 10 bits. �erefore, the analog volt-

age resolution of the voltage sensor module is 0.00489 V 

(5 V/1023), and the minimum input voltage detected by 

this module is 0.02445 V (0.00489 V × 5). Since the volt-

age range of the sensor module is [0, 25 V], the divider’s 

voltage ratio as shown in Eq. (2) is equal to 0.2. �erefore, 

the real output voltage of PV panel can be obtained by 

the equation presented in (3).

(2)Vd =
R2

(R1 + R2)
× V

Fig. 5 Arduino UNO board

Fig. 6 F031-06 voltage sensor module

Table 2 Specifications of the F031-06 voltage sensor mod-

ule

Specifications FO31-06 voltage sensor module

Input voltage range DC 0–25 V

Voltage detection range DC 0.02445–25 V

Analog voltage resolution 0.00489 V

Table 3 Connectors of the F031-06 voltage sensor module

Pin symbol Descriptions

VCC is connected to the high side of the voltage to be meas-
ured

GND is connected to the low side of the voltage to be measured, 
this is the same electrical point as Arduino ground

S is connected to an Arduino analog input, this is the meas-
ured output

+ is not connected

− is connected to Arduino ground
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Current sensor

A current sensor (INA169) is used in order to measure 

the image of the PV panel’s current (INA169 Datasheet 

2017). Figure 8 shows the selected current sensor, Table 4 

presents its specifications, and Table 5 presents its con-

nectors with Arduino board.

�e INA169 current sensor circuit is shown in Fig. 9. 

�e INA169 is a “high-side, unipolar, current shunt 

(3)V =
(R1 + R2)

R1

× Vout1 ×
5

1023

Fig. 7 Voltage divider circuit

Fig. 8 INA169 current sensor module

Table 4 Specifications of the INA169 current sensor mod-

ule

Specifications INA169 current sensor module

Common mode voltage range DC 2.7–60 V

Full-scale sense input voltage 500 mV

Input offset voltage (max) 1000 µV/V±

Input offset drift (max) ±1 µV/ °C

Nonlinearity error (max) ± 0.1%

Total output error (max) ± 2%

Common mode rejection ratio (Typ) 120 dB

Bandwidth 440 kHz

Supply voltage range DC 2.7–60 V

Operating temperature range − 40 to 85 °C

Quiescent current 60 µA

Table 5 Connectors of the INA169 current sensor module

Pin symbol Descriptions

VCC is connected to the Arduino VCC (+ 5 V), this is the power 
supply to the INA169

GND is connected to the Arduino ground, this is the same elec-
trical point as the low side of the source (PV panel)

VIN+ is connected to the positive side of the source.

VIN− is connected to the positive side of the load

VOUT is connected to an Arduino analog input, this is the meas-
ured output

Fig. 9 INA169 current sensor circuit (INA169 Datasheet 2017)
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Fig. 10 Schematic view of the hardware components connected to the Arduino UNO

Fig. 11 IDE Software window
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monitor,” meaning that it measures the voltage drop 

across a shunt resistor (Rs) which is placed on the positive 

power side (INA169 Datasheet 2017). �e operational 

amplifier inside the INA169 module outputs a voltage 

based on the difference between the measured voltages 

VIN+ and VIN−
. �en, the output voltage of the amplifier 

is converted to a current by the internal transistor, and 

this current is converted back to a voltage (Vo) when it 

passes through the load resistor (RL) to the ground. Note 

that the Vo range depends on the voltage supplied by 

VCC (5 V in our case). �erefore, and according to Fig. 9, 

the measured current is obtained by the following equa-

tion (INA169 Datasheet 2017):

where Vo is the voltage at the output of the INA169; Rs 

is the value of the shunt resistor, and it defaults to 0.1 Ω; 

and RL is the value of the output resistor, and it defaults 

to 10 KΩ.

However, the amplifier measures the voltage across 

the 0.1 Ω, 1%/2 W, shunt resistor (Rs). Since the ampli-

fier maximum input difference is 500 mV, this means that 

the INA169 can measure up to 5 A continuous. �e out-

put is a current that is drawn through the integrated 10 K 

resistor (RL) so that the output voltage is 1 V per current. 

�e output voltage Vo of the INA169 is the input voltage 

of an analog pin Arduino; then, this input is transmit-

ted to the ADC of the microcontroller which provides a 

digital value (Vout2) that varies between 0 and 1023. As a 

result, the image of the PV panel’s output current can be 

obtained by the equation presented in (5). Since the ADC 

of the microcontroller is encoded in 10 bits, the reading 

resolution of sensing current is 0.00489 A. �e current 

(4)IS =

Vo × 1000

Rs × RL

sensor module is put in series between the positive side 

of the PV panel and that of the load as shown in Fig. 10.

Software

In the software part, we present the Arduino code and all 

software requested (PLX-DAQ Excel Macro and Arduino 

IDE) for the real-time virtual instrumentation system 

design and the guide to achieve this. Note that Arduino 

IDE and PLX-DAQ Excel Macro are both open source.

Arduino IDE

�e Arduino IDE software makes it possible to write, 

modify a program and convert it into a series of instruc-

tions that are understandable for the microcontroller of 

an Arduino board. �e IDE can run on Windows, Linux 

or Mac (Arduino-Software  2018). �e used Arduino 

board in this work is programmed by the IDE that serves 

as a code editor and compiler and can transfer the pro-

gram code to the microcontroller through USB cable. 

In order to achieve that, you will need to follow the next 

steps:

  • Get the Arduino board and a USB cable.

  • Download the Arduino IDE software from here 

(Arduino-Software  2018) (version: ARDUINO 1.8.5 

for Windows) and install it.

  • Launch the Arduino IDE application.

  • Write the code of the program in the code box as 

shown in Fig. 11.

  • Select the type of used board (Arduino UNO).

  • Connect the board.

  • Select the used serial port.

  • Verify and upload the program to the Arduino 

microcontroller.

(5)I =

Vout2 × 5

1023

Fig. 12 PLX-DAQ Spreadsheet window Fig. 13 Experimental setup of the virtual instrumentation system
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Fig. 14 A sample of experimentally measured data with real-time virtual instrumentation system

Table 6 Accuracy specifications of MU58A digital multim-

eter

Accuracy: ± (a % reading + b digits)

Operating temperature: 18–28 °C

Measurement MU58A digital multimeter
Accuracy specifications

Range Resolution Accuracy

DC voltage (input imped-
ance ≥ 10 MΩ)

20 V 10 mV ±(0.5%+1)

200 V 100 mV

DC current 200 mA 0.1 mA ±(1.5%+1)

20 A 10 mA ±(2%+5)

Table 7 Accuracy specifications of ADM01 digital multim-

eter

Accuracy: ± (a % reading + b digits)

Measurement ADM01 digital multim-
eter
Accuracy specifications

Range Accuracy

DC voltage (input impedance: 10 MΩ) 20 V ± (0.5% + 2)

200 V

DC current 200 mA ± (1% + 3)

10 A ± (3% + 3)



Page 10 of 16El Hammoumi et al. Renewables  (2018) 5:3 

PLX-DAQ

�e PLX-DAQ Excel Macro has been used for data 

acquisition from the Arduino microcontroller to an 

Excel Spreadsheet. We only need to download it from 

here (PLX-DAQ 2017). After installation, a folder named 

“PLX-DAQ” will automatically be created on the PC 

in which a shortcut named “PLX-DAQ Spreadsheet” is 

inside. �en as shown in Fig.  12, to establish the com-

munication between the board and Excel, we just need to 

open the Spreadsheet and define the connections settings 

(baud rate and port) in PLX-DAQ window.

Arduino program code

�e Arduino UNO board offers a simple way to com-

municate with a computer or other microcontrollers. 

�e ATMega328 microcontroller of the Arduino UNO 

board provides a UART TTL (5  V) serial communica-

tion (Hemza et  al. 2015). �en, an integrated circuit 

ATmega8U2 on the board connects this serial communi-

cation from the Arduino UNO’s serial port to the com-

puter’s USB port, which appears as a virtual COM port 

in the PLX-DAQ window. �e program code embedded 

in the Arduino UNO board, which allows to acquire the 

measured data of PV panel from sensors and send it to a 

PLX-DAQ Spreadsheet, is presented as follows:

 

[code] 

/*initialization function*/ 

void setup() { 

//serial connection setup 

//opens serial port, sets data rate to 9600 bps 

Serial.begin(9600); 

//clear all data that’s been place in already 

Serial.println("CLEARDATA"); 

//define the column headings (PLX-DAQ command) 

Serial.println("LABEL,t,voltage,current,power"); 

} 

/*the main code*/ 

void loop() { 

//measuring voltage using F031-06 voltage sensor 

//measuring current using INA169 current sensor 

//reading of the current and voltage from sensors 

//calculate the output power 

float voltage = analogRead(A0)*5.0*5/1023; 

float current = analogRead(A1)*5.0/1023; 

float power = voltage*current; 

//allows the serial port to send data to Excel in real-time 

Serial.print("DATA,TIME,"); // PLX-DAQ command 

Serial.print(voltage);    //send the voltage to serial port 

Serial.print(","); 

Serial.print(current);    //send the current to serial port 

Serial.print(","); 

Serial.println(power);  //send the power to serial port 

delay(100); //wait 100 ms before repeating 

} 

[/code] 

Results and discussion
Figure  13 shows the experimental setup of the virtual 

instrumentation system. �e microcontroller of Arduino 

board gets the PV panel output voltage and current 

which are measured by sensors and then computes the 

output power. Once the Arduino board is connected to 

the computer through a USB cable, we launch the PLX-

DAQ Excel Macro and define the serial port, where 

Arduino board is connected to the computer, and the 

baud rate (9600 bit/s) in the PLX-DAQ window after the 

latter is displayed as shown in Fig. 12. Note that the baud 

rate defined in PLX-DAQ window must be the same as 

that used in the program code embedded in Arduino 

board. �erefore, after clicking on “connect” the output 

data will be collected and displayed in real time on the 

Excel Spreadsheet as shown in Fig. 14.

As shown in Fig. 13, the data measured by the sensors 

are transmitted to the Excel in real time, and then, the 

Fig. 15 I–V and P–V characteristics for PV panel by using virtual 

instrumentation (at T = 72 °C and G = 1100 W/m2)
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characteristics of the PV panel can be presented graphi-

cally. Two artificial lamps of 100 watts acting as a solar 

simulator are used. �e light intensity is driven by vary-

ing manually a variable resistance between 0 and 330 Ω. 

A pyranometer is also used to measure the light radia-

tion. �e microcontroller is programmed to measure 

successively in each second the PV current, voltage and 

power. Concerning the traditional instrumentation, two 

multimeters are used for current and voltage measure-

ment. Tables  6 and 7 present their accuracy specifica-

tions. �e results of direct monitoring of the PV panel 

are shown in Fig. 14. I–V and P–V characteristics of the 

PV panel obtained by our virtual instrumentation sys-

tem and those obtained by multimeters are presented in 

Figs. 15 and 16.

As was described previously in PV panel model sec-

tion, the PV panel model under PSIM is used as a refer-

ence for validating the effectiveness and the accuracy 

of the proposed virtual instrument. �erefore, the PV 

characteristics which are obtained by the proposed solu-

tion and those obtained through the multimeters will 

be compared with the PV characteristics obtained by 

the PV panel model under PSIM. Figure  17 shows the 

I–V and P–V characteristics acquired by PSIM model (at 

T = 72  °C and G = 1100 W/m2). In Fig. 18, comparisons 

of PV panel PSIM model data with those of the experi-

ment test by our virtual instrumentation and multim-

eters (at T = 72  °C and G = 1100  W/m2) are presented. 

As shown in Fig. 18, the P–V and I–V characteristics for 

PV panel acquired by our virtual instrumentation are in 

accordance with the simulated data in both the current 

and the power curves with a good level of accuracy. Nev-

ertheless, the curves obtained based on multimeters pre-

sent small errors of accuracy due to peaks shown in both 

Fig. 16 I–V and P–V characteristics for PV panel by using multimeters 

(at T = 72 °C and G = 1100 W/m2)

Fig. 17 I–V and P–V characteristics for PV panel under PSIM
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curves. �is can be explained by the low accuracy of the 

multimeters used on the one hand, and the inability of 

the human to read all data on multimeters screen in real 

time at each moment during fast measurement variation 

on the other hand. Additionally, the error can be more 

significant for smaller measured samples than for larger 

ones. However, a real-time virtual instrumentation allows 

us to read each variation of measurements since they 

have recorded automatically thanks to real-time acquisi-

tion system.

�e results of a test similar to the previous one for the 

virtual instrumentation are shown in Fig.  19, while the 

difference relates to decreasing the sample time from 

1  s to only 100  ms. As shown in Fig.  19, oscillations 

have appeared on the I–V and P–V curves. As a result, 

obtaining good PV characteristics requires a compromise 

between using small or large sample time. In our case, 

and as shown in Fig. 15, a sample time of 1 s is very use-

ful for acquiring the characteristics of the used PV panel 

without oscillations.

In Fig. 20, the results of a monitoring test for current, 

voltage and power of the PV panel are presented. From 

the experimental results presented in Fig.  20, it can be 

seen that the PV panel produced a maximum power of 

17.07 W at “15 h 14 min 02 s” when a voltage of 14.15 V 

and a current of 1.20 A appear. Subsequently, the output 

power tends to a minimum value 822.2 mW when there 

is a voltage of 18.23 V and a current of 45.1 mA. Hence, 

Fig. 18 I–V and P–V model curves and experimental data of PV panel
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as the present system is used such as a virtual instrument 

to acquire the PV panel characteristics under the real 

operation conditions, it can also be used on field periodi-

cal monitoring activities for PV systems.

�e objective of this work was to present a novel virtual 

instrument for PV panel output characteristics which 

is simple and low cost. Table  8 presents a comparison 

between the proposed virtual instrumentation system 

price and that of different traditional instruments. �e 

choice of an instrument is characterized by its price as 

well as by its technical characteristics, namely measuring 

accuracy, measurement margin, operating conditions and 

the possibility of recording the data. �e proposed virtual 

instrument costs approximately 8.79 $. �is instrument 

is made up of Arduino UNO board, a voltage sensor 

(F031-06) and current sensor (INA169). In addition, the 

software part consists of the Arduino embedded code 

and the PLX-DAQ data acquisition Excel Macro. �us, if 

we want to improve our research, we can also add to our 

system other low-cost sensors such as the temperature 

(DS18B20) and irradiation (TSL230BRD-TR) sensors 

for monitoring the temperature and solar irradiation. 

On the other hand, traditional or classical instruments, 

such as multimeters and oscillators, are known for their 

high price. However, some exceptions of oscilloscopes 

have elements for recording data by USB as the PKT-

1265 intelligent oscilloscope (438.12$), or in real time 

as the PCSU1000 developed oscilloscope (397.08$), but 

these instruments are also more expensive. For multim-

eters, even assuming the use of the FLUKE 725 digital 

multimeter (2.90600 $), known for its high measurement 

accuracy, it is very difficult and improbable to perform a 

correct reading from multimeter screen by a human in a 

situation of sudden changes in current or voltage even if 

an optimum human concentration is assumed. Conse-

quently, small samples can be captured; then, the char-

acteristics which traced manually do not reflect the real 

characteristics of the PV system. While a virtual robotic 

instrument, that is programmed with a predefined utility, 

instantly records each variation of measurement in the 

extreme and fastest cases that can be encountered. �e 

proposed virtual instrumentation system in this paper 

enables users to monitor and trace the characteristics of 

a PV panel in a simpler, cheaper and faster manner. Our 

system is very useful for solar panels that have an output 

voltage margin between 0 and 25  V, a current margin 

between 0 and 5 A. For the large panels which gener-

ate a voltage and a current superior to those mentioned 

above, the Arduino code presented in this work remains 

the same with small modifications on a few lines of the 

program in which the microcontroller calculates the cur-

rent and voltage that are acquired by the new voltage and 

current sensors.

Fig. 19 I–V and P–V characteristics for PV panel by using with a 

sample time of 100 ms (at T = 71 °C and G = 1130 W/m2)



Page 14 of 16El Hammoumi et al. Renewables  (2018) 5:3 

Fig. 20 Monitoring of PV panel output characteristics: a current monitoring curve, b voltage monitoring curve, c output power monitoring curve 

(at T = 75 °C and G = 1100 W/m2)
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Conclusions
�is paper describes a low-cost virtual instrumentation 

of PV panel characteristics based on Arduino and Excel. 

�e proposed instrumentation system is able to make 

acquiring, monitoring and storing the data of the PV sys-

tem in real time. Moreover, this instrument is validated in 

this work by comparing its experimental data with those 

obtained by a PSIM model of PV panel which has been 

verified by various researchers in their studies. �e com-

parison results show that the PV characteristics acquired 

by our virtual instrument are in accordance with those 

obtained under PSIM with high accuracy. Also, a com-

parison between the proposed virtual instrumentation 

and traditional instrumentation using multimeters is 

made, and it has been found that our solution presents 

several benefits compared to the traditional solution 

such as the data can be presented in graphical form in 

real time. �us, it can replace the human intervention to 

avoid possible errors related to data readings from mul-

timeter as it is cheaper and saves a great deal of time. 

�erefore, the proposed system can facilitate the assimi-

lation and recording of data as well as the creation and 

customization of reports that can be analyzed to improve 

the performance of PV systems.
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a: diode’s ideality factor; I : panel output current; Is: diode saturation current; Iph
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temperature; V: panel output voltage; Vd: output of voltage divider circuit.

Abbreviations
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Table 8 Price of the proposed virtual instrumentation system in comparison with that of traditional instruments

Price ($)

Proposed virtual instrumentation system based on the microcontroller Basic system

Arduino UNO board 4.75 (www.aliexpress.com)

F031-06 voltage sensor module 0.74 (www.aliexpress.com)

INA169 current sensor module 3.30 (www.aliexpress.com)

Total 8.79

With temperature and irradiance sensors 8.79

DS18B20 temperature sensor 2.72 (www.banggood.com)

TSL230BRD-TR 4,32 (www.mouser.com)

Total 15. 83

Type Price ($)

Traditional instruments Low-cost digital multimeters (www.aliexpress.com)

RM109 25.60

UNI-TUT61E 48.27

Intelligent digital multimeters

FLUKE 725 (high precision of measurement) 2.906,00 (www.pce-instruments.com)

ET201 (low cost) 49.83 (www.aliexpress.com)

Oscilloscope

LONGWEI L-5040 (normal oscilloscope) 304.55 (www.aliexpress.com)

PKT-1265 (intelligent oscilloscope) 438.12 (www.pce-instruments.com)

PCSU1000 (real-time measurement) 397.08 (www.pce-instruments.com)

http://www.aliexpress.com
http://www.aliexpress.com
http://www.aliexpress.com
http://www.banggood.com
http://www.mouser.com
http://www.aliexpress.com
http://www.pce-instruments.com
http://www.aliexpress.com
http://www.aliexpress.com
http://www.pce-instruments.com
http://www.pce-instruments.com
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