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Comparison of PO and INC MPPT Methods
Using FPGA In-The-Loop under Different
Radiation Conditions

Resat Celikel and Ahmet Giindogdu

Abstract— In photovoltaic (PV) systems, the Maximum Power
Point Tracking (MPPT) algorithms are applied to obtain
maximum efficiency under different atmospheric conditions.
Among the MPPT methods, Perturb & Observe (PO) and
Incremental Conductance (INC) methods are the oldest
algorithms that have been used. Field Programmable Gate
Arrays (FPGA) are used especially in applications requiring high
speed. FPGA in-the-loop feature is used to test algorithms
designed in MATLAB/Simulink environment. In this study, PO
and INC methods were designed to work in FPGA environment.
Both algorithms were tested under different radiation conditions
by using FPGA-in-the-loop feature. The FPGA in-the-loop
simulation result of PO and INC methods was shown graphically.
Altera DE2-115 development board was used to test PO and INC
MPPT algorithms. In addition, PO and INC methods were
synthesized using the Quartus-11 program. Comparisons of the
simplicity of the algorithms were made based on the synthesis
results. Thus, by using the FGPA in-the-loop feature and
performing the synthesis process, both of the algorithms were
tested and the areas covered by the algorithms in the FPGA were
compared.

Index Terms—Solar Energy, PV systems, MPPT Algorithms,
FPGA, Perturb and Observe, Incremental Conductance,
Photovoltaic Energy Conversion.

I. INTRODUCTION

OLAR ENERGY is used extensively in renewable energy
systems. However, due to the low efficiency of
photovoltaic (PV) systems, various algorithms have been
developed to obtain maximum energy from PV modules [1-2].
Among these algorithms, the oldest and most heavily used
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algorithms are the Perturb and Observe (PO) and Incremental
Conductance (INC) methods.

Many studies related to Maximum Power Point Tracking
(MPPT) algorithms and their various derivatives have been
conducted in the literature. The efficiencies of PO and INC
methods were experimentally measured on the dynamic
performance of a PV system according to the EN50530
standard, which is a European efficiency test standard.
Accordingly, it was shown that as a result of tests conducted
under the same conditions, the INC method had slightly higher
efficiency than the PO Method [3]. In a literature study
comparing conventional and modern MPPT methods, PO and
INC methods were also examined in detail. In that study, by
using a simulation study, it was shown that the power
fluctuations occurring in the INC method were higher than in
the PO method [4]. In addition to these studies, these two
conventional methods have been the subject of many review
articles [5-8]. In a study conducted using a low-cost
microprocessor, comparisons of PO, INC, Fuzzy Logic
Controller (FLC), Fractional Short-Circuit Current (FSCC),
Fractional Open-Circuit Voltage (FOCV), and Neural
Network (NN) MPPT methods were made. Also, the
introduction of various low-cost microprocessors was carried
out in that study [9]. In another study, on the other hand, by
using the PO method together with various DC-DC converters,
their performances were examined [10].

The conventional PO MPPT method has been modified
using the variable-step PO method, and many studies have
been conducted on this topic. In reference [11], the
conventional PO MPPT method was reorganized as variable-
step. In addition, the size of the variable step in the PO method
was ensured by the PID controller. The parameters of the
controller were calculated by using the genetic algorithm
(GA). A power performance that had lower fluctuation was
achieved in the proposed method. In reference [12], Hill
Climb (HC), PO, INC, FLC, and the proposed Sliding Mode
Controller (SMC) methods were compared under partial
shading conditions. It was shown that the proposed method
drew more power from the PV system and the drawn power
had lower oscillation. A variable-step INC algorithm was
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introduced in reference [13]. By adding a driving technique
with a voltage reference to this algorithm at start time, a power
with lower oscillation was drawn both at startup and in steady
state. By modifying the INC algorithm, Xu et al. [14]
developed an effective MPPT method under both uniform
radiation and partial shading conditions.

Devi et al. [15] modified the PO algorithm and developed
an effective MPPT method that worked with high efficiency
under fast-changing atmospheric conditions. In another study,
a modified PO method that could work in two different modes
was proposed. Compared to the conventional PO method, the
proposed method was working with high efficiency under fast-
changing atmospheric conditions [16]. In addition to these
methods, many different modified MPPT algorithms have
been developed. In the developed methods, the main goal is to
achieve speed, high efficiency, and high adaptability to
environmental conditions [17-20]. In another study, a new
soft-MPPT algorithm that could be realized with low-level
microprocessors and also used in conjunction with both PO
and INC algorithms was proposed [21]. Both simulation and
experimental study of the INC method used in conjunction
with the CUK converter were carried out and compared [22].

The main goal of modified conventional MPPT algorithms
and different control methods is to get the maximum possible
efficiency from PV systems. There are many studies
conducted for this purpose in the literature [23-26].
Conventional PO, modified PO and Learning Automata
Optimization-supported hybrid PO methods were compared in
reference [27]. Simulation studies of the proposed hybrid PO
method were conducted for many different environmental
conditions, and the success of the proposed method was
shown. In another study, the superiority of the linear tangents-
based PO method over conventional methods was revealed by
simulation studies [28]. A two-step PO method was developed
to ensure that the power drawn from the PV system in steady
state was higher [29]. The high performance of a new hybrid
MPPT algorithm, which was created by combining the ABC
(Artificial Bee Colony) optimization method and the PO
method in a single-phase PV system, was shown under partial
shading conditions [30, 31]. The main purpose of adaptive
MPPT algorithms is to ensure the improvement of dynamic
performance in both the transient and steady state.
Furthermore, using these algorithms, maximum power point
monitoring is ensured with high efficiency under variable
atmospheric conditions [32-35].

In addition to PO MPPT algorithms, INC MPPT methods
and derivatives of these methods are also widely used in the
literature [36]. A modified INC MPPT algorithm was
compared with conventional PO and INC algorithms [37]. A
variable-step INC MPPT algorithm was performed both as
simulation and experimentally [38]. Optimization of
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parameters of a fractional order control-based INC MPPT
algorithm was carried out [39]. An INC MPPT application
was performed with a low-cost Arduino control card [40]. As
an effective method under partial shading conditions, an
Artificial Neural Network (ANN)-based INC MPPT method
was proposed [41]. An evaluation study comparing the INC
MPPT method with the PO method was conducted. A DC
motor and pump were used as load [42]. By creating its model
in the Proteus program of the PV panel, the INC MPPT
algorithm was performed experimentally in a simulation
environment [43]. By using a low-cost microcontroller and
SEPIC converter, an INC MPPT application was carried out
experimentally [44]. In a PV system where a CUK type DC-
DC converter was used, the success of the INC algorithm in
which the step ratio was determined with FLC was tested [45].
A modified INC algorithm that could monitor the maximum
power point under variable load and partial shading conditions
was developed [46]. In another study, an INC MPPT
algorithm that can work with high performance under fast-
changing atmospheric conditions was introduced [47].

In addition to the conventional methods, solar monitoring
systems using algorithms such as ANN and FLC, which work
with higher performance but require high-level processors in
practice, are also quite widespread [48-50]. In the application
of these complex methods, Field Programmable Gate Arrays
(FPGASs), whose use in control applications has increased in
recent years, are used. Unlike the conventional processor
structure, FPGA has a system making parallel processing.
Therefore, it stands out with high processing speeds [51-53].
Apart from studies conducted with FPGA, the FPGA-in-the-
loop (FIL) feature has also been the subject of studies recently.
FIL is used to test whether designed control methods or
algorithms work with expected performance. The developed
software has been designed so that it runs in FPGA. In
reference [54], an estimation of the motor shaft angle was
made via the ANN method by using resolver signals. The
ANN structure was tested using the FIL feature. A new
algorithm developed for energy measurement was run in the
FIL environment [55]. An algorithm developed for fast
detection of switching errors in a voltage-source inverter was
first tested with FIL and then its experimental study was
carried out [56]. The predictive current control algorithm
developed for a grid-connected PV system was run in the FIL
environment [57].

In this study, PO and INC MPPT algorithms were
compared in terms of places they occupy in the
microprocessor. For this purpose, the Altera Cyclone IV
EPACE115F29 FPGA chip on the Altera DE2-115
development platform was used. Primarily, these two
algorithms, which were conventional, were reorganized so that
they could work within FPGA. Moreover, the synthesizing

http://dergipark.gov.tr/bajece


http://dergipark.gov.tr/bajece

BALKAN JOURNAL OF ELECTRICAL & COMPUTER ENGINEERING, Vol. 9, No. 2, April 2021

process of the algorithms was carried out using the Quartus 11
program. Since the FPGA in-the-loop feature runs in the
MATLAB/Simulink environment, the results obtained from
running the PO and INC algorithms were graphically
compared. As a result of the synthesizing, a comparison of the
total areas covered by the algorithms was made. Thus, it was
shown that MPPT algorithms could be tested without
experimental study. In addition, information about the place
that algorithms would occupy in the microprocessor was
obtained. This study can be seen as a preliminary study for
conducting studies in terms of simplifying the algorithms if it
would be deemed necessary in the future.

Il. PHOTOVOLTAIC SYSTEM

When creating a PV system, the desired power level can be
achieved by connecting PV modules in series and parallel. In
order for MPPT algorithms to be implemented, a DC-DC
converter is connected to the output of the PV system. Thus,
by setting the current and voltage drawn from the PV system,
a maximum power is achieved in variable atmospheric
conditions. The electrical equivalent circuit model of a PV cell
can be obtained as shown in Figure 1 [58, 59].
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Fig.1. Electrical equivalent circuit model of a PV cell

The current produced by the PV cell here is given in Equations
land 2.

I =1Ipy —Ip —Ig, 1)

V4Rl V + R
= tfen (P B

where lo is the leakage current of the diode. a is an ideality
factor and is given in Equation 3.

_ NgnkT
q

a (3)

where Ns is the number of series-bound cells, n is the diode
ideality constant, k is the Boltzmann constant (1.3806503x10"
B J/K), T is the cell temperature in Kelvin, and q is the
electron charge (1.60217646x10*° C). The cell current
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generated by the PV panel by the effect of light is given in
Equation 4.

G
Ipy = (IPV,n + K (T - Tn))G— (4)
n

where lpy, is the current generated at 25 °C and 1000 W/m?, T
is the current temperature (Kelvin), T, is the nominal
temperature (Kelvin), G is the radiation value on the panel
surface (W/m?), and G, is the nominal radiation value (W/m?2).
The saturation current (lo) of the diode is given in Equation 5.

Isen + K (T —T,)

- 5
exp (VOC,n + K;(T Tn)) _1 (5)

10:

where Iscn is the rated short-circuit current, Voc,n is the rated
open circuit voltage, K is the current coefficient, and Ky is the
voltage coefficient.

In this study, a PV power system with 10 kW power was
created using Trina TSM-250PA05.08 model PV panels in
MATLAB/Simulink environment. Figure 2 shows current-
voltage graph of the panel under standard test conditions-STC.

Current Source < Voltage
Isc Source
Impp 7

MPP

| Prax = Impp - Vpe

0 \"/ Vuer Voc
Fig.2. 1-V curve of the PV panel

A. Boost Converter

The circuit structure of an ideal boost converter is seen in
Figure 3. For the case where the switch is off, the Vs voltage
source is serially connected to the L coil and the tension
formula can be written as in Equations 6 and 7.

n

Q

s
1
| I |
peor

Fig.3. Boost converter
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1
L 6
V.(t) p (6)
A, W
L - 7
At L 7

The time of the switch to remain in transmission (47) can be
written as DTs, and the time to remain in cutoff can be written
as (1-D)Ts. Here, while D refers to the task period of the
switch, Ts refers to the switching period. Accordingly, the
expression of the current during the transmission time of the
switch is seen in Equation 8, and the expression of the current
during the cutoff time of the Switch is seen in Equation 9.

Vs

AIL: IDTS (8)
Vi =V

A= (1-D)T; (9)

The sum of the change in current seen in Equations 8 and 9
will be zero within one period. When this expression is
written, the change of output voltage depending on the task
period is given in Equation 10.

(10)

I1l. PO AND INC MPPT METHODS

In the conventional PO MPPT method, voltage and power
changes in each step are measured. Taking into account the
change in power and voltage, the switching task period of the
boost converter is changed in a way that the voltage will be
increased and decreased at the magnitude of AVs. The flow
diagram for the application of the PO method is shown in
Figure 4(a).

The conventional INC MPPT method is created by observing
the peak of the power-voltage curve of the PV system (i.e. by
finding the point where the slope is zero, and also observing
the current-voltage curve). The flow diagram for the
implementation of the INC method is shown in Figure 4(b).
While the maximum output power of the PV system is given
in Equation 11, the restatement of power by using differential
equations is given in Equations 12 and 13.

Pypp = VuppXIypp (11)
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The three applied derivatives associated with catching the
MPP point are seen in Equation 14.
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Fig.4. Flow diagrams for a) PO MPPT method and b) INC MPPT method
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IV. FPGA IN-THE-LOOP (FIL) AND RESULTS

FIL is performed by using the Altera FPGA, which operates in
line with MATLAB/Simulink. The FIL feature is used to test
whether a  control algorithm  developed in the
MATLAB/Simulink environment or a different model works
or not. In this way, before the installation of large-cost
systems, the accuracy of the algorithms and models that will
work on the system is ensured. In order for the FIL feature to
be able to operate, the algorithm to be tested must be
synthesized first. Therefore, it is required that the algorithm to
be tested is designed in a way that it can work within FPGA.
In this study, the areas covered by PO and INC algorithms,
which are among the conventional MPPT algorithms, in an
FPGA and their performances were compared. In this way, it
was shown that the determination of the areas covered by
MPPT algorithms in a microprocessor and analysis of their

performances can be made with the FIL feature. Because the
software would run in FPGA, the sample time of the
simulation was set to 20 ns, which was the operating
frequency of the used FPGA. Since the switching frequency of
the Boost converter was 20 kHz in the simulation study, the
measurement time of current and voltage was set to 50 us. In
addition, in both algorithms, time settings were made in
accordance with the order of current, voltage, and power
changes in the flow diagram and the sampling time. Figure
5(@) and 5(b) show the sampling times of the
MATLAB/Simulink simulation of PO and INC methods,
respectively. These sampling times were set in a way that they
would run in FPGA.
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count P >= 998 —HNOTI Pdl_s
Out1 >0 H
—»{>= 5000 dv_s
2
V_P_s
<V_PV> - =
>0 ouz—» >0 |-
<I_PV> — I_P_s
count » >= 250
2‘1 Current_Voltage Samples
Ts=bus and Derivative
D+++ and D---
[ In1
1 )« Out1 L
Dout n E0,In2
Ts=20ns —P>= 7500 Ts=150us
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count NOT] »dl_s » n1v
— Out1 nvel outz
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< P> I_P_s Out3
. Fp LPs
Ts=5us z!
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D+++ and D---
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Fig.5. MATLAB/Simulink blocks synthesized by FPGA: a) PO method b) INC method
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In algorithms running in FPGA, operations do not work in  MATLAB/Simulink simulation study, which also includes the
double format. Therefore, inputs, outputs and operations were  FIL block, is seen in Figure 6.
reorganized in fixed point or integer formats. The

<~ Pv> 5@ alphai_pv . ce_out
» V | =
p — » I » alphav_pv FIL out1 » D P
>
Discrete o <L
2e-08 s. x PO
»

Inductor

DC + ©

Link T {E{F c R
p T

Boost Converter

Trina Solar TSM-25PA05.08
10-module string
4 parallel strings

Fig.6. MATLAB/Simulink simulation including FIL block

The simulation study was carried out using shows the power obtained by PO and INC method at different
MATLAB/Simulink and Altera DE2-115 Development Board.  radiation values (1000-700-400 W/m?) under a temperature of
The FPGA used on the board is a product of Cyclone IV 25 °C. Figure 8 shows graphs of current and voltage generated
EP4CE115F29. Both algorithms were run together with FPGA  at the same radiation values.

by using the FIL block under the same conditions. Figure 7
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Fig.7. Power obtained by PO and INC method at 25 °C; a) at different radiation values b)at 1000 W/m? radiation value c) at 700 W/m? radiation value d) at 400
W/m? radiation value
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Fig.8. Current and voltage obtained by PO and INC methods under the same atmospheric conditions
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Fig.9. Flow summary of synthesis with FPGA: a) PO algorithm b) INC
algorithm

When Figure 7 is examined, it is seen that at the first starting
time, the oscillation in the PO method was less when it caught
the MPP point. At 700 W/m? and 400 W/m? radiation values,
the power fluctuation in the PO method was more compared to
the INC method. However, in steady state, these power
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oscillations were very close to each other. In order for that the
power oscillations were not too much at the first starting time,
a task period locking method was used to fix the task period to
0.05 if the task period went negative. Accordingly, there were
no major differences in the application of PO and INC
methods. In order to understand the space these two
algorithms, which have superiority over each other in various
regions, occupy in the microprocessor, a synthesis process was
performed using the Quartus Il program. Figure 9 shows the
results of the synthesis process.

Figure 9(a) shows a summary of the flow occurring as a
result of synthesizing the PO method, while Figure 9(b) shows
a summary of the flow occurring as a result of synthesizing the
INC method. The synthesis result shows that the INC
algorithm takes up more space in FPGA than the PO
algorithm. Accordingly, it is clearly seen that the processing
load is greater in the implementation of the INC algorithm. In
terms of tracking the MPP point, it has been observed that
these algorithms, which have different advantages over each
other in different regions in transient state, have too little
superiority over each other in steady state. The fact that the
processing load in the INC algorithm is excessive is due to the
division operations contained in the algorithm. At the end of
the synthesis process, it was seen that the division process was
a significant processing load for FPGAs.

V. CONCLUSIONS
PO and INC, which are among the conventional MPPT
algorithms, are two of the most commonly used methods.
Comparisons of these algorithms and their various derivatives
are quite common in the literature. FIL is a feature used to test
algorithms  that work and are designed in the
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MATLAB/Simulink environment together with Altera FPGA.
In this study, PO and INC MPPT algorithms were tested in the
MATLAB/Simulink environment by using the FIL feature.
These algorithms  prepared in  MATLAB/Simulink
environment with Altera DE2-115 development platform,
working synchronously. In order for algorithms to be able to
run on a real system, time settings were made. In the next
stage, to examine the areas covered by PO and INC methods
in FPGA, the synthesis process was carried out using the
Quartus Il program. As a result of the FIL simulation
performed at constant temperature and different radiation
values, it was observed that the PO and INC methods had little
superiority over each other in different regions. As a result of
the synthesis process, on the other hand, it was shown that the
PO method takes up less space in FPGA than the INC method.
Accordingly, thanks to graphics obtained by FIL application
and flow summary obtained as a result of synthesis process, it
was clearly seen that in terms of ease of application, the PO
method was superior to the INC method.
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