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Abstract—The goal of this paper is to present an
implementation method for a Maximum Power Point Tracking
(MPPT) algorithm using an electronic load and custom
designed LabView software. The aim is to facilitate the testing
of the algorithm in laboratory conditions, before it can be used
in the real world, improving development time, facilitating cost
reduction and offering confidence in the design. This paper
analyses the most suitable MPPT algorithms for testing
purposes and suggests a complete software and hardware
implementation for hardware in the loop testing which can
facilitate in-depth evaluation of different algorithms. In order
to replicate realistic stimuli for the MPPT algorithm, a solar
array simulator has been designed. Using the proposed
method, the performance of various MPPT algorithms for
different atmospheric conditions can be evaluated. The
hardware and software setup have been tested and validated in
laboratory conditions. The experimental results have validated
the proposed evaluation method and the good dynamic
response of the MPPT algorithm.
Index Terms—algorithms, maximum power point trackers,
photovoltaic cells, simulation, solar energy.

I. INTRODUCTION
The depletion of fossil fuels and the problems associated
with them, along with the climate changes led to an
increased demand for renewable energies sources in the last
decades. Among these sources, photovoltaics (PV) own an
important share. The complete design of such a complete
PV system involves major challenges in the design and
analysis of the efficiency of the system [1]. PV energy has
been attracting more attention in the last years, as it met the
requirement of being environmentally compatible and
resource conserving.
Due to changing atmospheric conditions, temperature and
self-heating, the output of the PV cells are continuously
changing and a smart algorithm that monitors and adapts the
input load to the output parameters of the PV cells is
mandatory to improve the overall efficiency of the whole
system. MPPT algorithms are therefore the key points in
designing and improving the efficiency of such a system.
PV cells allow the energy transported by the
electromagnetic waves (i.e., photons) to be directly
converted into electricity [2]. The mechanism that allows
this type of energy conversion to take place is based on
photoelectron interactions that occur in P-N junctions
formed by appropriately doped semiconductor materials.
Hybrid systems that use solar power together with heat
absorption techniques using thermoelectric generators are

also commonly used [2].
PV
modules
have
a
nonlinear current-voltage
characteristic with a unique point where the produced power
is maximum [3], which leads to the need for an algorithm
that identifies and keeps the system at this point.
MPPT algorithms are necessary, first of all, to place the
power transfer between the PV module and the load in the
best case scenario, thus increasing the efficiency of the
system.
An innovative method for implementing and testing a
MPPT algorithm in laboratory conditions within a moderate
budget is presented in the next sections.
II. PHOTOVOLTAIC CELL MODEL REVIEW AND MPPT
ALGORITHMS ANALYSIS
A. Photovoltaic Cell Model
The classical single diode electrical model for the silicon
PV cell is presented in Fig. 1. As opposed to the real cell,
the ideal model does not take into consideration the internal
parasitic resistances Rs and Rsh.

Figure 1. Equivalent electrical circuit for the PV cell (module)

Equation (1) gives the I-V relation between the output
current I and the output voltage V for the single diode
model:


 qV
I  I pv  I 0 exp 
 nN s k BT


 
 1
 

(1)

where IPV is the photonic generated current, I0 is the reverse
saturation diode current, q is the absolute value of electron
charge, n is the diode ideality factor, NS represents the
number of series PV cells in a module, kB is the Boltzmann
constant and T is the internal temperature of the cell.
Writing the Kirchhoff Current Law in the schematic from
Fig. 1, Gray [4] derives the more accurate expression (2):
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Saloux et al. [2] show by comparing the equations of the
ideal and real PV cell models that the series resistance Rs
affects the output voltage, while the shunt resistance Rsh
reduces the available electrical current.
Dey et al. [5] express the photovoltaic current, IPV, like in
equation (3):

G
I pv   µSC Tc  Tref   I sc 
G

(3)

ref

where µSC is the short circuit current temperature coefficient,
T is the internal temperature of the PV cell, Tref is the
reference temperature (298.15K), G is the current irradiance
and Gref is the reference irradiance (1000 W/m2).
B. Maximum Power Point Tracking Algorithms
The typical I-V and P-V characteristic curves presented in
Fig. 3 are the basis of multiple MPPT algorithms analysis
developments and integration (in Fig. 3 we considered NS =
10).

Figure 4. I-V characteristic curves of a PV module at different irradiances

Based on these requirements, several algorithms have
evolved and were implemented and tested [7]. The most
common MPPT algorithms are: Perturb and observe (P&O);
Incremental conductance (IC); Current sweep (CS);
Constant voltage (CV); The P&O algorithm [7,10] is one of
the simplest and also commonly implemented and used. The
main idea of this algorithm is to increase the PV device
voltage with a predefined step and to measure the power
after each increase. The Incremental Conductance (IC)
algorithm [8] is more sophisticated compared to the P&O
algorithm and is also more efficient. The main idea of the
incremental conductance algorithm is to monitor the change
in power and consider that at the MPP point, dP/dV equals
to zero. The Current Sweep algorithm uses a sweep
waveform of the output voltage of the PV module at fixed
intervals of time. Based on the obtained waveform, the MPP
point is calculated and extracted [9].The Constant Voltage
algorithm [3], is based on the fact that the ratio of the array’s
maximum power voltage, Vmp, to its open-circuit voltage Voc,
is approximately constant.
In this paper, the authors are focusing on analyzing,
implementing and testing the Incremental Conductance
algorithm, as is it is one of the algorithms that adapt very
fast to the changing atmospheric conditions and has a good
efficiency [10-13].
III. INCREMENTAL CONDUCTANCE MPPT ALGORITHM

Figure 3. Typical I-V and P-V characteristic curves of a PV cell module

As stated also in [5-6] and presented in Fig. 3, the most
important points of interest of any PV cell or module for the
MPPT algorithms are: the short circuit current Isc; the open
circuit voltage Voc; MPP, with the corresponding current Imp
and voltage, Vmp. The power at this point is the maximum
that the PV module is able to deliver.
The purpose of these algorithms is to detect a change in the
output parameters of the PV device and to adapt the input
parameters of the load to these new conditions in such a way
that the power transfer between the PV device and the load
will continuously be at the maximum level. As stated in [3],
the location of the MPP point is not known a priori. This point
has to be calculated either by using the model parameters or
by using a search algorithm. The situation is further
complicated by the fact that the MPP depends in a nonlinear
way on irradiance, as shown in Fig. 4.
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The logic diagram of such an algorithm is presented in
Fig. 5 (the initial phase) and in Fig. 6 (the whole process).
The main idea of an incremental conductance MPPT
algorithm is based on the following equation:
dP
(4)
0
dV
at MPP
Equation (4) points that at the MPP, the derivative of the
power with respect to voltage equals to zero. Equation (4)
can be written as follows (5):
d VI 
dV

 I V
at MPP

dI
0
dV

(5)

Rewriting (5) as (6) gives:

dI
I

dV
V

(6)

Based on relations (6, 6a, 6b), the algorithm can detect if
there was a change in the atmospheric conditions, which
translates in a change in voltage or in current. Relations (6a)
and (6b) provide the direction in which the IC algorithm
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should move (increased/decreased voltage) in order to
maintain the MPP.
dP
(6a)
 0 (increased voltage)
dV
dP
(6b)
 0 (decreased voltage)
dV
The algorithm will monitor the output voltage and output
current of the PV device and based on the current and
previous voltage values will detect a change in the output
parameters. In order to maintain the output at MPP, the
module’s operating voltage will be adjusted based on a
previously defined step. The operating voltage of the
module can be adjusted by updating the constant voltage
(CV) setting of an Eload for example.

Volume 18, Number 3, 2018
In case that there was a variation in the output voltage
dV  0 , relying on relations (6a) and (6b), the algorithm
will act as follows: if dP / dV  0 , the operating voltage
is to the right of the MPP and the operating voltage must be
decreased. Vice versa, if dP / dV  0 , the operating
voltage is to the left of the MPP and the operating voltage
must be increased. Fig. 5 describes the initial phase of the
incremental conductance algorithm. In order to detect the
current MPP, a sweep from 0 to Voc has to be run. The
output voltage and current must be saved and computed in
such a way that the initial MPP point is detected.
IV. SOLAR ARRAY SIMULATOR DESIGN
A solar array simulator (SAS) is a device which emulates
I-V curves in order to test the MPPT algorithm. Various
SAS implementations can be found in literature [14-17].
In our case a PV module containing multiple series cells
with the parameters presented in Table I were simulated
using LTSpice and emulated using a custom built SAS [1820].
TABLE I. EXPERIMENTAL PHOTOVOLTAIC CELL PARAMETERS [31]
Parameter
Symbol
Value
Maximum Power
5.01 W
Pmp
Open-circuit voltage
Operating Voltage
Short-circuit Current
Operating Current
Conversion Efficiency
Size
Material

Figure 5. Initial phase of Incremental Conductance algorithm block
diagram

In case that dV = 0 and dI =0, there is no change in the
voltage nor the current and the algorithm is still operating at
the MPP. If dV = 0 and dI > 0, it means that the current of
the PV device has increased and the operating voltage must
be also increased to maintain the MPP. Vice versa, if dI <0,
the output current has decreased and the operating voltage
must also be decreased with the same goal of maintaining
the MPP.

VOC
Vmp
ISC
Imp

0.699 V
0.572 V
9.206 A
8.756 A
Up to 21%
156 x 156 mm
Monocrystalline Silicon

The simplest method for obtaining the I-V characteristic
of a PV cell or array is to use, as a starting point, the reverse
characteristic of a silicon diode. The basic simulation circuit
is presented in Fig. 7, where several diode types were tested
until a proper fit was found [21-23].

Figure 7. Simulation schematic for the silicon diode transfer characteristic

If a single PV cell is considered, the modeled I-V
characteristic of the cell can be expressed by equation (7):

I pv  I sc  I D V 

Figure 6. Incremental Conductance algorithm block diagram

(7)

where Ipv is the photovoltaic current, Isc is the short circuit
current of the PV cell, ID is the current through the diode
and  is an empirical constant, computed to 820 in our
case. In (7) Isc is a parameter from which a multiple of ID is
subtracted – this procedure explains the term “reversed
diode” we use. The I-V characteristic of the simulated
circuit is presented in Fig. 8, where the data was extracted
from the corresponding LT Spice simulation.
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The I-V and the P-V characteristics of the reverse diode
are very similar to the characteristics of the PV cell
presented in Figure 3. To further compare the results, figure
9a plots the I-V characteristics of the reversed diode model
vs the actual PV cell data, while figure 9b represents the
corresponding P-V characteristics.
The PV cell parameters were thoroughly studied in
previous work [24] and an accurate model was obtained.
Based on these previous results, we analyzed, designed and
implemented a SAS using the above findings.

Volume 18, Number 3, 2018
load current. U2 operates as a differential amplifier having
the output voltage proportional to the D1 current.

Figure 9b. Reversed diode modeled power vs actual power for a PV cell

The ratio between R14 and R13 provides the Isc current
value. G1 is the voltage to current convertor (controlled by
the U1 summing inverter) and is used to generate the output
load current.

Figure 8. The PV cell modeled I-V and P-V characteristics

Figure 10. Block diagram of a basic SAS

Figure 9a. Reversed diode modeled current vs actual current for a PV cell

The block diagram of the SAS is presented in Fig. 10. The
load voltage V is conditioned according to the modeled PV
cell characteristic using a feedback voltage VFB determined
by the load current. Based on the VFB voltage, the V-I
convertor generates the corresponding I current.
In Fig. 11, the basic schematic of a SAS that uses the
characteristic of the reverse silicon diode D1 is presented.
The load is R5 and its value was modified in simulations
in order to derive the electrical characteristics of the SAS.
U4 and Q1 control the current through D1 relative to the
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Figure 11. SAS based on the characteristics of a silicon diode – basic
schematic

The circuit has been simulated in LT Spice and the
generated I-V and P-V characteristics are presented in Fig.
12. The values of the output current and output voltage
corresponding to ten PV cells connected in series, therefore
the short circuit current is set at 9.206A and the output open
circuit voltage is around 7 V.
The main purpose of the SAS is to generate a family of IV curves that will be fed at the input of the MPPT algorithm
implemented in the load simulator. In this way, the
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atmospheric conditions that affect the output of the PV cells
are simulated in laboratory conditions, and this can be easily
achieved by changing the ratio between R14 and R13.
The authors have prototyped a simple and inexpensive
SAS having the block diagram represented in Fig. 13. The
practical implementation of the solar simulator was based on
the idea from J. Clarke [25].

Figure 14. Implemented SAS P-V and I-V output characteristic

Figure 12. Solar array simulator based on the I-V characteristics of a
silicon diode – output characteristics

IC3 is a linear error amplifier which drives Q1, a power
pMOS. Multiple MOSFETs can be used in order to increase
the output current of the SAS. IC1 monitors the current
through the output using the shunt resistance RS. In order to
properly simulate a PV module, a special topology was used
(IC1 and IC2 controlling IC3). IC2 is used for setting the
output current limit (Isc) and it also controls the rate at which
the output voltage drops off when it is reached. IC4 provides
a variable reference for IC3 (Voc).

In this scenario, the SAS was set to generate a maximum
current of 9.206A and the open circuit voltage was set to
4.9V. The output characteristic of the SAS can be modified
by varying the value of two potentiometers: the first is
connected to the V_oc input of IC4 and the second to the
V(ISC) inverting input of IC2.
The dissipated power over Q1 can become very large. For
example, when the SAS operates close to the short-circuit
point, the dissipated power reaches up to 240W, even in the
situation when a medium-sized PV panel is simulated. This
approach is both inefficient and difficult to be used, so fixes
had to be investigated.
One possible solution, also implemented in power supply
designs, is to use a tracking pre-regulator in the voltage loop
(Fig. 15). The pre-regulator is continuously adjusting its
output voltage so it remains at the VLoad + V1 level, where V1
is the intended Q1 drop-off voltage (typically around 2 to
4V). In this case, the dissipated power over Q1 drops to a
moderate level of 20 … 40W.

Figure 13. Solar array simulator schematic block diagram

In order to generate the real characteristics of our SAS, a
dedicated setup was used, consisting of an electronic load
and the corresponding software. The electronic load offers
the advantage of being easily controlled by software. The
application sweeps the constant voltage setting (CV) from
zero to Voc in order to continuously measure the output
voltage and the output current. Based on these
measurements the output power is computed. The measured
P-V and I-V characteristics of the SAS are presented in Fig.
14. The plot is generated by our LabVIEW application and
proves to be similar to the simulated one (in the particular
case of our implemented SAS, NS = 7).

Figure 15. I-V Solar array simulator with the tracking pre-regulator

V. IMPLEMENTATION OF THE MPPT ALGORITHM USING
AN ELOAD AND A LABVIEW APPLICATION
Our MPPT incremental conductance algorithm runs on a
standard PC using LabView software. Similar
implementations can be found in [26-27].
The algorithm monitors the output current and output
voltage of the PV device. It adjusts, if necessary, the
operating voltage using the electronic load (operating in
constant voltage mode). Predefined values for timings
between each measurement and the magnitude of the
operating voltage step can be programed by the user.
57
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Choosing a larger value for the operating voltage step will
contribute to a faster MPP identification; choosing a smaller
value for the operating voltage step will lead to a more
accurate MPP finding.
An example of how the algorithm is running using a
curve generated by the solar array simulator is presented in
Fig. 16.
Assuming that the point on the Curve 1 has been detected
by the initial phase of the IC algorithm and that the system
is at the MPP (labeled MPP1), if there is a change in the
atmospheric conditions the output current is decreasing to
Curve 3. The application will detect the change, and based
on the incremental conductance algorithm, as described in
section III, the voltage setting of the electronic load will be
decreased with the predefined step.
The previous action ends with a change in voltage, the
next step is to further decrease the voltage setting until dP =
0, which means that the system is at MPP for the new
atmospheric conditions (MPP3 on Curve 3).
If another change in the atmospheric conditions will take
place, the current will increase from Curve 3 to Curve 2.
The system is no longer at the MPP and has to re-adjust the
constant voltage setting. As the current has changed and the
voltage remains at the same level, the algorithm based on
the dI > 0 decision will increase the constant voltage setting.
As described above, in previous iteration the voltage has
changed, dP has also changed, it means that the dV > 0 and
the constant voltage setting will be increased until the
system will be again at the MPP (labelled MPP2).

Volume 18, Number 3, 2018
In Fig. 17 the block diagram of the testing system is
presented. The solar array simulator as presented in Fig. 13
is controlled by the user to achieve different I-V curves and
to simulate real atmospheric conditions.

Figure 17. Block diagram of the MPPT algorithm testing system

In Fig. 18 the practical implementation of the testing
system for incremental conductance algorithm is presented.
The key parts of the system are described below. The
electronic load is used for adapting the internal resistance
based on the output of the algorithm running on the PC. The
electronic load is used in constant voltage mode and the
constant voltage setting is used to adapt the MPP algorithm.
The solar array simulator is used together with the power
supply for simulating the I-V curves. The output parameters
of the power supply are controlled from the PC using also a
Labview application.

Figure 18. Practical setup of the MPPT algorithm testing system

Figure 16. MPPT algorithm example for different irradiance levels

VI. TESTING OF THE MPPT ALGORITHM USING THE
SOLAR ARRAY SIMULATORS

A. Setup for testing maximum point tracking algorithm
In order to test the performances of the MPPT algorithm
under different environmental conditions, a hardware in the
loop (HIL) test scheme was implemented. Due to the
increasing complexity and short time for development, HIL
simulators and test stands gained popularity also in PV
system design [28-29]. The main benefit of the proposed
method is based on the use of a solar array simulator along
with a custom software application, instead of radiation
generators and PV cells. The proposed method offers better
repeatability and robustness at lower costs, especially at
higher power rates, where the generation of uniform
radiation is very difficult.
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The electronic load and the power supply are connected to
the PC using the serial interface, where the fastest possible
baud rate was used (115200).
The electronic load is designed by H&H and has the
parameters presented in Table II. In order to simulate a
higher power PV module, the HH PLA412 model which has
continuous power of 400 W can be selected and used in the
desired experiments.
TABLE II. ELECTRONIC LOAD PARAMETERS [32]
Parameter
Value
Model
HH PLA212
Maximum Voltage
120V
Maximum Current
15 A
Voltage range setting
0 … 120 V
Continuous power
200 W
Short-time power
300 W

B. Maximum Power Point Tracking Algorithm Application
The MPPT algorithm has been implemented as a software
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application designed in LabView. The application has a
front panel that is used to adjust various parameters of the
algorithm as described below.
The user can set the voltage step, the open circuit voltage
and the measurement delay between each iteration. The
measurement delay has a major influence on how fast the
MPP point is detected. Increasing the value of this
parameter, the measurements are more accurate, but the
delay until the MPP is reached is higher.
In our particular case, COM8 was selected for
communication, using a standard configuration standard
8:N:1.
We collected the necessary data for the amount of steps
needed for the IC algorithm to reach the MPP point and the
time needed from the moment a new I-V curve was
generated and the new MPP point was reached by the
application via experiments. The results are listed in Table
III. A section for timings and performance measurements
will be added in the next software version.
TABLE III. EXPERIMENTAL DATA SHOWING ALGORITHM PERFORMANCE
Exper. #

Voltage
setting step
value [V]

Measurement
delay [ms]

1

0.01

50

2
3
4

0.1
0.2
0.5

50
50
50

5
6
7
8

0.01
0.1
0.2
0.5

100
100
100
100

# of steps
until
MPP

Delay
until
MPP [ms]

not
reached
27
17
not
reached
200
26
15
not
reached

not
reached
1450
900
not
reached
25000
3000
1700
not
reached

For a higher measurement rate, the overall delay until the
MPP is reached increases. A lower rate for the measurement
rate, in some situations the MPP is not reached or is reached
within a tolerance.
The other setting that is influencing the MPPT algorithm
performance and accuracy is the voltage step. By decreasing
the voltage step, if it becomes too small, the delay until MPP
is increasing dramatically. By increasing the voltage step, it
can be observed that the delay until MPP is decreasing, but
in some situations the maximum power point is never
reached. The algorithm is oscillating around the MPP, but it
cannot detect it precisely.
The application that is drawing the characteristic of the
SAS is presented and it is referenced in section IV. The
output characteristic is plotted on a graphic or the user can
chose to export the data in CSV (comma-separated values)
format file for further analysis.
The application can also be used for regular checking if
the algorithm is correctly finding the right MPP. The
accuracy of the algorithm depends on the chosen step value.
The experiments revealed that the error is less than the step
value by 10-45% when the MPP is reached.
VII. MPPT SIMULATION AND COMPARISON USING A
SPECIFIC HARDWARE MPPT COMMERCIAL IC
LT8611 is a Synchronous Step-Down Integrated
Converter [30] with a built-in MPPT algorithm. The setup
introduced in Fig. 19 is using a simplified PV module model
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for the input power source (16 low current PV cells are
connected in series).
The results are presented in Fig. 20. The incident
irradiance steps from 200W/m2 to 1000W/m2 and the output
voltage settles in about 1ms. This result is much faster than
the average delay of 50 - 100ms from our MPP software
controlled algorithm.
Arguably, our biggest challenge was the I/O latency’s of
the PC, as the electronic load instruction execution time is
about 100µs. This explains that the main bottleneck of the
implemented MPPT algorithm is the I/O transaction latency,
the implementation should have a reduced number of I/O
transactions. This was another strong argument for the IC
MPPT algorithm we have chosen in our experiments.
VIII. CONCLUSION
In order to successfully test the MPPT algorithm, a
hardware-in-the-loop test stand has been built based on a
basic SAS. The electrical characteristics of the SAS were
simulated and eventually tested using the custom developed
software based on the reversed diode model simulations.
The main benefit of using the SAS instead of radiation
generator with real solar cells is given by the repeatability
and the robustness at lower costs.
In the current form, the proposed system can be used for
fast evaluation of different MPPT algorithms in the early
stages of the design process. Also the system can be used for
DC-DC convertor evaluation even with better results due to
the shorter response time.
The main challenge for the incremental conductance
algorithm implementation was the response time of the
system (PC + bus + eLoad).
Running the initial calibration at different moments
improved the performance of the IC algorithm, only minor
delays being added to the execution time.
Furthermore, adding a tracking pre-regulator offers the
possibility for the SAS to work in a much higher power
range. The unique and novel way of implementing and
testing the maximum tracking point algorithm offers a cost
effective solution for prototyping in early phase of design of
a complete PV system.

Figure 19. Hardware MPPT algorithm simulation schematic using LT8611

As future work, the authors intend to develop a DC-DC
convertor using the MPPT algorithm presented here and will
test it using the described setup. The use of gradient descent
method was already taken into consideration for even faster
and precise tracking process. An additional goal for the
convertor is to provide dual input for a hybrid electrical
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power generation system based on PV modules and
thermoelectric generators (TEGs).

Figure 20. Hardware MPPT algorithm simulation results using LT8611
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