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Abstract: Testing and evaluation of the photovoltaic array are important issues for researchers and students alike in the
renewable energy field. The collected data from the PV power plant gives a clear vision for the power plant production,
array efficiency and fault detection. The presented system offers an electronic load connected to the PV array which is
slightly increased from zero to the maximum designated value. It displays and stores all the voltage, current, and power
measurements. It also calculates the voltage and current at the maximum power point, and the fill factor. All the
measured data are documented within an Excel file on the computer; curves are plotted automatically to give the user
a complete vision for the array behavior, power faults and the mismatching of the PV modules can be easily detected
from these curves. The presented system describes all the electronic circuit schematics, how to select the appropriate
electronic components with the proper rated values and offers a low-cost design that can be implemented with ease.
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Introduction

The PV panel characteristics under real operating
conditions which are determined using a fast-varying load
[1], are usually different from those provided by the
manufacturer under standard test conditions (25 2C,
1000W/m2, AM=1.5) [2]. These conditions vary quickly
and randomly according to many environmental factors
[3], [4], so it is difficult to transcribe the physical
characteristics of individual or array of PV panels. To
overcome this problem, there is a need for a device that
can test the PV system on site by loading it slightly from
open circuit to short circuit conditions. Such a system has
to be a fast-varying resistive load and capable of scanning
the PV array curves with a dummy load in small varying
steps to ensure gathering accurate results.

The existing commercial devices offer many such
solutions for testing the PV arrays in the field, but they are
expensive. Al Ameri, et al [5] presented an open loop
system to control the load, but there is no feedback
system to control the amount of current. Clustering the
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array and tracking the behavior of each module over the
power-line communication has also been presented as an
alternative solution [6]. However, the proposed system is
characterized by being a low cost and one that can be built
with ease. It offers a precise voltage controlled current,
and this technique can be used not only to study the PV
array |-V curve characteristics, but also for tracking the
maximum power point [7], control the PV battery charging
current [8], testing power supply under high current [9],
and detecting any fault in the PV array [10], [11].

Faults in PV array are mainly caused by mismatching
effect [12]. This mismatching sometimes is irreversible
error caused by mechanical or electrical problems, such as
open circuit, short circuits and PV panel aging [13], or
temporary power loss faults that are caused by sheltering
[14] such as cloud shadows [15], and soiling accumulation
[16]. All these faults have a specific influence on the PV
array response, and many articles discussed how to
recognize faults type from the PV array |-V and P-V curves
[17], [18].

Such PV characteristics studying behavior and more
are available on the presented system in this paper. It
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increases the PV load slightly in small controlled and fixed
steps. At each step the values of the PV voltage, current,
and power are recorded and scanned to find the voltage
and current at the maximum power point. Such data are
important for monitoring the system health [17], or
tracking the power at the maximum point [7].

The suggested circuit uses several N-channel Power
MOSFET that are connected in parallel, as shown in Figure
1, according the application notes in [18], to handle the
maximum load of the system. The driven current is
completely controlled by a microcontroller. This
microcontroller is used as a soft PID controller that
measures the actual current and adjusts it to match the
step planning current. This PID is very useful, since the
MOSFET characteristics are temperature dependent. The
article also presents a design for a dummy load based on
a power MOSFET that can be connected to the PV array
for testing in the field conditions. Such design is shown to
be cost efficient, powerful, reliable, expandable, and easy
to upgrade[19].

Photovoltaic Array in Brief

A typical equivalent circuit of a PV cell is shown in
Figure 2a. In general, it consists of a main photocurrent
source Ippcen Which is divided into three components;
the diode current I, ey, the shuntresistor current I, .oy,
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and the main current [, . Figure 2b shows the
equivalent circuit of an array of such PV cells. Normally,
the PV module consists of PV cells connected in series to
form a string to increase the module voltage. Finally,
These PV modules may be connected in parallel, in series,
or in a combination to make a PV array.

Table 1 displays the featured equations that
describe these parameters when the PV cells are
connected in an array [20]. The curves that describe the
behavior of the current against voltage and power against
voltage will be presented in the result and discussion
section.

Power MOSFET Theoretical Analysis

Figure 3 shows the PV panel loaded by the drain
resistance RD of the linear Power MOSFET. When the
operational amplifier balances the voltage on the
inverting and the non-inverting inputs, the voltage V
will be equal to the drop voltage, that is I, = V;/Rs
[19], [20]. The use of series resistance Rg has the
following advantages:

e Linearize the voltage-controlled current response.

e Secure a feedback signal for the PID controller.

e Measure the supplied current by the PV array.

e Linearize the transconductance of individual
MOSFETs in the parallel connection to avoid the
current hogging.

e Share the load evenly between the paralleled
MOSFET, even if they have different responses or
characteristics. This can be accomplished by using
two different techniques: (a) adjustable resistance, or
(b) independent gate voltages, which makes it
possible to drive each branch with different voltage.

- . .
—t " i i
= -l [ |
|4 control d

Rs

i

Fig. 1. Paralleling Several MOSFETs [18]
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Fig. 3. Photovoltaic Equivalent Circuit

Table 1 PV Cell and PV Array Featured Equations

PV Cell PV Array
Main Current Icell = Iph,cell - Id,cell - Ip,cell Iarray = Iph,array - Id,alrray - Ip,array
G I h =N, XI h.cell
Photocurrent Iph,cell — G_ [Iphn + K;(Te — Tref)]] ph,array p ~ ‘phce
n
. (V+IRg) 1(V IRg
Diode Current lgcell = lrs {e—VT _ 1} Id,array — Nplo {eVT(NS Np) _ 1}
Shunt Resistance Current I o = (V+IRs) I = & (l + &)
p.ce p,array —
R, R, \Ns ' N,
Shunt Resistance Rpcell _(Ns
Rp array — | N Rp cell
g N )
p
Series resistance Rscen _ (Ns> R
s,array — N_ s,cell
p

Voltage Vimodute = (Vg — kyAT) — IRg RgNs

VArray = Vg4 Ng(1 — k,AT) —1

Where V,; = diode voltage, Ng = number of cells in series, N, = number of strings in parallel, T, = Cell temperature in Kelvin,
I, = Diode reverse saturation current, Ry = Series resistance, R, = parallel resistance, K; = Current temperature coefficient,
K,, = Voltage temperature coefficient, G,, = Standard solar Irradiance, G = Solar Irradiance, K = Boltzmann constant, V; =
Thermal Voltage (KTA/q), A = |deality factor, Iphn =Photocurrent @STC, I,.; =Diode reverse saturation current, Tref= The
cell temperature at the standard test condition in Kelvin, and g= Electron charge.

measuring the driven current from the PV module. It

SYSTEM DESIGN consists of a number of sub-circuits, each having a specific
duty as listed below with a brief description about their

In this section the system circuitry will be explained duties. The block diagram and the electronic design of this

in a brief: circuit are shown in Figure 4 and Figure 5 respectively. The

L descriptions of the sub circuits are as follows:
Current Control Circuit P

This circuit is responsible for controlling and
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Low Pass Filter (LPF)

This circuit is used to convert the pulsed-modulated
signal (PWM) from the microcontroller into smooth
analog signal (0-5 V). It consists mainly of RC circuit (R1
and C1 as shown in Figure 5).

Analog Buffer

It is an operational amplifier (LM358N, U2:A in
Figure 5) connected as buffer circuit. Its main duty is to
buffer the LPF from the voltage divider and keep the LPF
unaffected by the voltage driver and the next stages in the
circuit.

Voltage Scaling

This circuit scales down the voltage to match the
value of the sensing resistor. In this design the sensing
current resistor is OR1, so the voltage divider scales down
the voltage by 90% of its original value. This sub circuit
consists of R2 and R3 as shown in Figure 5.

Error Correction Driver

This circuit, which mainly consists of an operational
amplifier (LM358N, U2: B in Figure 5), is responsible for
controlling the voltage drop power MOSFET gate to keep
the drop voltage at the sensing resistor equals to the
driven voltage from the voltage divider.

Voltage Controlled Current

This is a Power N-Channel MOSFET IRFP460.
According to its datasheet it can drive current up to 20 A
(@ 20 °C), and its dissipation power is 280 W at 25 °C,
hence it needs a heat sink and a fan to cool it down.

Sensing Resistor

This resistor R5 has two purposes; the first is to act
as a feedback to balance the voltage-controlled current
stage, and the second is to measure the actual delivered
current by the PV module. This actual current will be used
by the microcontroller to adjust the current into the set
value.

Current Measurement Circuits

Since the value of the sensing resistor is too small,
the accuracy of measured current will be low. For example,
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if 1A current passes through the sensing resistor the drop
voltage will be around 0.1 V and with microcontroller @
5-volt reference voltage, the ADC accuracy will be very low
(=4.88 mV). Two options can be applied to improve the
accuracy of the measured current. The first is by using a
low reference voltage while the second is by amplifying
the measured voltage. The system adopts an active LPF to
smooth the measured signal and scale up the measured
voltage as shown in 4 %! 35 2 3| & B % K - .
Resistors R6 and R7 are used for this purpose, according
to the non-inverting amplifier gain equation (Av =1+
Re/R;).

Voltage Measurement Circuits

The adopted system is designed to measure a
voltage in the range of (0-50 V), but with the Arduino ADC,
the measured voltage is limited between 0-5V. So, it is
required to step down the voltage from 50 V into 5 V and
this can simply be achieved using a voltage divider circuit.
Figure 5 shows the connection of the voltage divider
circuit to the PV module. The measured voltage will be
calculated according to the following expression: 1, X
Rio/(Rio + Ro);ie. if Ry =10 kQ,Ry =90 kQ,the
measured voltage will be (V,,,/10).

User Interface Devices

The system is completely interactive for the user,
because it is mainly designed for training and testing
purposes. Below is a list of these interactive devices:

Visual Interactive device

A GLCD (see Figure 6a), KS0108, 128x64 pixels, is
used to display data and plot graphs.

Keypad device

A 4x4 matrix keypad (see Figure 6b) used to enter
different types of data.

Set point circuit

This circuit (see Figure 6c¢) has a potentiometer to
let the user enters the set point value. In the Auto Mode,
the set point is considered as the current upper limit, but
in the manual mode the user can use it to adjust the
current directly.

ausMT (2020)


http://www.ausmt.org/

Ahmed J. Abid and Fawzi M. Al-Naima

m
1]
1]
PWM
. Error Voltage i [
8 LPF dozlee V(I)I’Fage Correction Controlled
Buffer Divider ; (]
Driver Current (1]
m
i
Main i
Active LPF ;g‘sliss't“o"i
Controller
p
©
L

Fig. 4. Current Control Block Diagram

- -

A

Ra
OR1

i
[

Audio Interactive

A buzzer used to warn the user with different
sounds according to the warning types.
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BUZZIER

WTAZ, WTI00, ANST

(c) Set point, Buzzer, and Serial monitor
Fig. 6. User Interface Devices

Load Management Strategy

The proposed system offers two modes of operation
to manage the compensating load from the photovoltaic
module; Auto Scanning Mode (ASM) and Manual
Scanning Mode (MSM). In the ASM, the system will start
to consume power from zero to zero watt, but in the MSM,
it is fully controlled by the user. The flowchart in Figure 7
shows the adopted strategy for managing the system load.
It starts by displaying Figure 8a, then it offers the two
modes of operation and the user has to select one of them,
see Figure 8b.
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Fig. 7. The Load Management Strategy

Auto Scanning Mode (ASM):

An option will allow the system to inquire for any
limitation imposed on the highest driven current from the
PV panel as shown in Figure 8c. If this is not set, the system
will increase the current until the voltage reaches 0V
according to the PV characteristics. After this point, the
system will start increasing the current until it reaches the
maximum value, or the voltage reaches zero volt. The
increment of the current will occur in small steps, =10 mA.
In every step the system measures the actual system
voltage, current, and power and displays them as depicted
in Figure 8d. All these data will be transmitted to the
computer. At the end of this scanning stage, the system
obtains the open circuit voltage (VOC), short circuit
current (ISC), voltage and current at the maximum power
point (VMP, IMP), maximum power point (PMP), and the
fill factor (FF) ( Vinplmp/Voclsc ). These data will be
displayed on the GLCD as shown in Figure 8e. Finally, the
system will enter a freeze mode and wait for the user
system reset, repeat the process, or select different
modes.

Manual Scanning Mode (MSM):

In this mode the system reads the set point current
periodically from the potentiometer. The accuracy of this
current is an important matter, since the current must be
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set exactly according to the set point no matter how much
the voltage drops. To accomplish this, the system uses a
PID controller to adjust the current. It increases or
decreases the gate-source voltage VGS of the power
MOSFET in time steps of 100 ms to match the set point.
The used PID controller is a software library by the
Arduino, it measures the output current and the set point
and tries to keep the error approaching zero. The output
voltage level is controlled via the duty cycle of the output
PWM. The microcontroller displays and stores all these
data into the computer by using the Arduino serial port
and with the help of PLX-DAQ (Data Acquisition tool
software add-in for Microsoft Excel acquires), see Fig. 8f.
This mode stays active until it is interrupted by pressing
the mode button on the keypad.

PV Evaluation
. System

or Auto
2 for Manual

(b) Select Mode

«=1.85A

<=

BB # donl i Scanning......
Y{109)=90.67v
I{109)=1.21A
P{109)=11.71W

(d) Scanning in ASM

(c) Set Maximum Current

Well Done!

L) ¥

IMP:1.56A
FHP:14.58k[Isc:1.6A

(e) Results for ASM

V=0.18V
I=3.42A

(f) Measurements in MSM

Fig. 8. Different Monitor Snapshots

SYSTEM IMPLEMENTATION

The heart of this system is the MOSFETs, as they are
the main components that consume energy and the
system has two of them, but more can be added as
required. The used MOSFETs are N-Channel is having low
RDON, (0.27 Q), high current (20 A), and high voltage
(500V). According to the data sheet such MOSFET can
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dissipate up to 280 W @ 25 °C. A suitable aluminum heat

sink with fan is attached to each MOSFET using a thermal

adhesive. The current sensing resistor is also attached to
the same heat sink. Theoretically, these two MOSFETs can
handle up to 40A, 500V, which means that the total load

dissipation can reach (20 kW). Practically, there are a

number of limitations, like the power dissipated by the

series resistance, and the heat transfer rate of the heat
sink, but this can be solved by increasing the number of
the MOSFETs. The used power MOSFET and its heat sink

are shown in Figure 9.

This MOSFET is a voltage controlled current source
using the circuit which is designed for this purpose. This
circuit controls and senses the load current, which is equal
the sum of currents of all MOSFETs, i.e. (Iyprqr = 2h=1 in)-
It is mainly built using LM358N which has two rail-to-rail
operational amplifiers. The implemented circuit worked
satisfactorily. It also has connectors that drive the
potentiometer and supply voltage for the fans, Arduino,
and it links the control signals between the Arduino and
the other peripherals. The circuit board is shown in
Figure 10.

The system also includes:

e Anexternal 12V, 3 A power supply added to make it
power standalone. It is obvious that it is not
recommended to depend on the tested PV model
power because it needs to be shorted during testing
to measure the short circuit current.

e Two switches are used to control the 220 VAC, and the
12 VDC.

e An Arduino Mega 2560 to monitor the data, control
current with software PID, read keypad, read the set
point, and to transmit data to the computer at the
serial port.

e A 10 A fuse is added in series with the PV load to
protect the system from high current. The fuse rate
must be less than (N X min(imosreTmaxs isensingMax)
where N is the number of parallel stages. In this
design the MOSFET can handle up to 20 A, but the
sensing resistor is rated at 5W, OR1 (sensingmax =
\/m =,/5/0.1 = 7.07 A). So, the fuse rate will be
less than [2 xmin (20, 7.07)], that is less than (2 x
7.070 A).

Figure 11 shows different views of the practically
implemented system.
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Header for Vasi and Isi
Header for Vs2and Isz
LM358N for MOFET;
LM358N for MOFET:
12V from power Supply

LPF (PWM into Analog)

Connector for
potentiometer. Buzzer. and
PWM in signal

12V for the Fans,
Arduino, and GLCD

Two Active LPFs

Voltage divider for
Voltage measurement

Connector for 11, 12,
and V measurement

Fig. 10. The System Main Driving and Sensing Circuit Board

Results and Discussion

A PV panel was tested with the following
manufacturing specifications (Voc = 24 V, Isc = 0.5 A). The
system was connected to the solar panel as shown in
Figure 12. Both modes were tested and they worked as

expected. To discuss the results, the auto mode is selected.

It starts by measuring the open circuit voltage VOC before
loading the panel. Then the system requests the panel
current limitation Imax, it is optional because the system
will stop increasing the current when the voltage drop to
zero, but if the maximum current is set close to the ISC,
the reading will be more accurate. After that, the system
starts by increasing the load in small-step of (0.01 A), until
the voltage drops to zero, since the entered IMAX is higher
than the ISC. The GLCD photo shows that the test is
successful and it presented the designated data (Vme =
20.2V, Ivp=0.27 A, Pmp=5.52 W, FF =0.781, Voc = 21.9 YV,
and Isc = 0.32 A).

All the measured data can be monitored and stored
using the Arduino Serial monitor, or serial plotter.
However, there is a software designed by Parallax, called
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(PLX-DAQ) which has been used to read the data from the
serial port and save them directly in the Microsoft Excel.
This Excel file does not only give a report on the solar PV
panel or array, but also can be used by researchers and
students to analyze these data and detect any fault in the
PV array. More data can be included in the report such;
the sun location, and geolocation data based on
astronomical calculations [21]-[24]and no adds on Figure
13 shows the test results of the mentioned PV panel and
the I-V curve, P-V curve, and the PLX-DAQ window.

PV panel, string, or array can be tested by this
device after connecting them directly to the device and
faults can be detected based on the measured results and
especially when the test performed on more than one
panels connected in a serial or in a parallel array. Most
faults occur in the blocking and bypass diodes as shown in
Figure 14. Other faults may occur due to mismatching
between the panels in the same string and that could
happen for many reasons. Many faults signs can be
recognized by this device, for example, a large drop in the
string power may refer to ground fault, short circuit fault
on one of the panels on the string, or most likely due to a
mismatching effect of temporary or permanent reasons
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[4]. The device is designed to measure and plot the P-V
curve for the string to detect if there are many peak points
which refer to a mismatching effect. Also, measuring a
zero voltage on a single panel could indicate a short circuit
in the bypass diode. Measuring no voltage on a string
could refer to an open circuit in the blocking diode.

Ahmed J. Abid and Fawzi M. Al-Naima

In a matter of the estimated system cost, Table 2
shows these estimated implementation costs from a
specific supplier on a specific date. The overall cost
(<160 USD) is cheap in comparison with other
traditional system and the system capabilities.

Power MOSFET
with HEAT Sink and

Arduino Mega
Keypad Connector

Current Sensing
Resistor

GLCD Driver circuit

GLCD bus

Current Driving,
Control, and sensing
Circuit, and

Keypad

Potentiometer

AC and DC Switches

Fig. 11. The Implemented System
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Table 2 Estimated Implementation Cost

Item No  Component Specification Qry Total Cost (USD)
1. Power MOSFET IRFP460 1 $3.95
2. Heatsink with Fan 1 $5.73
3. Operation Amplifier LM358N 2 $1.04
4. Power supply 12V, 2 A. 1 $14.74
5. Microcontroller Arduino Mega 2560 1 $39.99
6. GLCD Optional 1 $17.00
7. Keypad 4x4 1 $11.08
8. Plastic Enclosure 1 $16.78
9. Series Resistor OR1,10W 1 $0.207
10. Banana Power Jack 2 $5.49
11. Fuse with holder 1 $3.62
12. Resistors & Capacitors Difference values LS $10.0
13. Rocker Switch For AC and DC 2 $4.36
14. Mains Power Cord 1 $4.41
15. Power Entry Connector 1 $2.58
16. Potentiometer 50 kQ $13.10
Total Cost $154.077*

* Prices are according to Farnell (http://www.newark.com) on Dec 12, 2018, and for +1, it is calculated for
20A maximum load, in case of the load increased there is more cost will add, every 20A added will add
(Power MOSFET, heatsink with fan, and two operation amplifiers), the plastic Enclosure may need to be
larger.

Fig. 12. A PV Panel under Test
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Fig. 13. An Automatically Generated Excel File
will be used to produce a report that describes the PV
power behavior in the field conditions. This report
Blocking Diode a includes I-V characteristics curve, P-V characteristics curve,
fill factor, the maximum power point and their
corresponding voltage and current, open circuit voltage,
and short circuit current. Design issues and mathematical
models are described in an easy upgrading. Finally, the
system has been practically implemented and worked
satisfactory. Many design issues are solved to produce this
Bypass Diodes final scheme.

Fig. 14. PV String with the Blocking and Bypass Diodes

Conclusion

This article presents the design and implementation
of low-cost electronic load and measurement system for
on-site testing and evaluating the performance of the PV
array. It collects data from the PV power plant by scanning
the load and gives a clear vision for the power plant
production, PV efficiency and fault detection. A Power N-
channel MOSFET acts as an electronically controlled load
that moves the PV panel operating point over the entire |-
V characteristic curve, then displays and stores all the
voltage, current, and power measurements. These data
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