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Abstract—Maximum power point tracking (MPPT) is
considered a high priority feature for grid-tied solar inverter
systems. Various MPPT algorithms are able to identify a local
maximum power point (LMPP) on the P-V curve of a
photovoltaic (PV) panel. Nonetheless, they often stop scanning
the characteristic as soon as they detect the first available
maximum. This would be problematic in situations where the
characteristic possesses several maxima due to partial shading.
Under such conditions, the employed MPP tracker needs to scan
the P-V curve to locate the global maximum power point
(GMPP) and ensure the system operates at that point. However,
it is not recommended for MPPT algorithms to scan the entire
P-V curve owing to efficiency and dissipation issues, unless
absolutely necessary. Thus, it is crucial to provide a strategy that
can identify the region containing the GMPP, and then let the
LMPP tracker locate the exact GMPP. This paper investigates
a proper global characteristic scan mechanism (GCSM) that
incorporates the perturb & observe (P&O) algorithm to
accurately identify the GMPP. The proposed algorithm is
applied on a single-phase grid-tied solar inverter system
operating at 20 kHz under varying input power conditions.
Eventually, the experimental results are presented to confirm
the appropriate performance of the system.

Keywords—Maximum power point tracking (MPPT), Partial
shading condition (PSC), grid-tied solar inverter, global
characteristic scan mechanism (GCSM)

I. INTRODUCTION

Renewable energy sources, such as PV panels and wind
turbines, are becoming widespread owing to the catastrophic
environmental issues emerged by fossil fuels [1]. PV panels
are one of the most favorable types of the mentioned energy
sources, due to their long lifespan and convenient
maintenance, and they are manufactured for residential,
commercial, and large-scale use [2, 3]. However, there are
considerations employing solar panels that must be dealt with,
encompassing lack of uniform irradiance and partial shading
[4]. Although bypass diodes, which are installed in typical PV
panels, provide protection against hotspots, they also
introduce multiple maxima in the panels’ characteristics [5].

Partial shading condition (PSC) occurs only when a range
of panels are connected in series or series-parallel
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configurations. Therefore, lack of uniform irradiance or PSC
do not result in multiple maxima in a purely parallel
connection. Nevertheless, such a connection does not seem
appropriate for solar inverter systems due to the subsequent
remarkably high input current values bringing about cost
issues. Thus, to manage current stresses on input components,
a purely parallel connection is not recommended [6]. Partial
shading condition might be caused by various factors,
including buildings, trees, and soiling effect [7].
Consequently, due to the inevitable presence of series-
connected PV panels in most occasions, it seems necessary to
integrate a proper characteristic scan strategy with the local
maximum power point tracker.

There is a variety of methods proposed in numerous
journals to deal with PSC. For instance, [8] and [9] employ the
gray wolf optimization (GWO) technique, which was
originally introduced in [10], to locate the GMPP. Contrary to
[8], utilizing only a GWO technique, [9] integrates it with the
perturb & observe (P&O) algorithm to pinpoint the exact
location of the GMPP within a particular area suggested by
the GWO strategy. Although [9] has successfully managed to
reduce the computational burden compared to [8], all GWO-
based methods are not desirable in terms of the volume of
arithmetic operations. In general, it is more effective to
combine a curve scanner with an LMPP tracker, such as P&O
or incremental conductance (IC) algorithms. An improved
MPPT controller utilizing P&O algorithm is proposed in [11].
In spite of the thorough analysis it provides to explain the
behavior of both shaded and unshaded panels belonging to a
single string under PSC, it possesses a major drawback.
Specifically, the provided method in [11] requires a separate
voltage sensor for each panel, leading to cost increase and
more complex installation. Furthermore, a modified IC
algorithm applicable for PSC is presented in [12]. Although it
has been able to refine the transient response of a traditional
IC algorithm, its application in grid-tied solar inverter systems
has not been investigated.

Various mathematical approaches, known as extremum
seeking control (ESC), are proposed in [13] and [14]. Initially,
[13] provides a comprehensive analysis for series-connected
PV panels under PSC. Afterwards, it presents an MPPT



algorithm involving digital filter implementation leading to
narrow searching regions. Additionally, [14] explores an
improved ESC algorithm that significantly minimizes output
power oscillations compared to conventional ESC-based
methods. Despite the reliability and efficiency of these
methods, they require considerable calculations in addition to
the fact that they have not been applied to grid-tied systems
for performance evaluation. Furthermore, some other nature-
inspired strategies, similar to GWO, are addressed in [15]
comprising firefly algorithm, ant colony optimization,
artificial bee colony based algorithm and so on.

The proposed GCSM of the present paper, which will be
discussed in the following sections, is inspired by the findings
provided in [16] and [17], Particularly a claim made in [17]
stating that the location of the GMPP is not entirely random.
In fact, the values corresponding to LMPPs experience a
gradual increase toward the GMPP, and then drop slowly.
Nevertheless, there are situations where the mentioned rule no
longer applies. For example, [18] - [20] present some solar P-
V characteristic curves comprising GMPPs appeared at the far
left of the voltage axis. However, there are several reasons
why it is unnecessary for the system to scan these types of
GMPPs. First, they usually appear below the normal input
voltage values of typical residential solar inverter systems,
which is 70 volts for the system under study. Second, they are
surrounded by some LMPPs with values very close to that of
the GMPP. Therefore, it would not make a significant
difference for the system to operate at the exact GMPP or at
an LMPP with approximately the same power value.

Section II provides a detailed description of the solar
inverter system under study. Then, section III presents the
empirical results of the system under various conditions.
Eventually, a conclusion is provided in section IV.

II. SOLAR INVERTER SYSTEM

A. Power Section

Fig. 1 depicts the circuit diagram of a typical grid-tied
solar inverter system. The entire process of harnessing the
energy received from the sun, and making it suitable for grid
injection is carried out by such a system. The power section of
the employed solar inverter consists of three major stages,
including a boost converter, a highly efficient and reliable
inverter concept (HERIC) inverter, and an LCL filter. Firstly,
the boost converter is responsible for locating the maximum
power point of the panel using the MPPT algorithm when the
input voltage is below 400 volts. Secondly, the HEIRC
inverter and LCL filter convert the received DC energy from
the previous stage into AC current, synchronized with the grid

Boost Converter

and proportional to the input irradiance. Furthermore, they
maintain the DC bus voltage on 400 volts through a cascaded
loop structure, as long as the input voltage is below 400 volts.
On the other hand, when the input voltage exceeds 400 volts,
the boost converter is disabled, and the inverter stage handles
maximum power point tracking, too.

B. Control Section

Solar inverters require complex control structures
involving multiple compensators, as shown in Fig. 1. It is
highly recommended to implement a voltage regulator on the
panel voltage utilizing a proportional-integral (PI) controller.
This allows the panel voltage to be used as the control
parameter for MPPT to scan the characteristic curve. Panel
voltage is preferable over the duty cycle for this purpose in
terms of the overall stability of the system. Thus, the boost
converter is controlled by a PI compensator receiving its
reference voltage from the MPPT algorithm.

In the inverter stage, a cascaded loop structure is utilized
to shape the grid current, while the bus voltage is maintained.
Initially, a phase-locked loop (PLL) block derives the phase
and frequency of the utility grid, which are necessary to
generate the grid reference current. Then, a proportional-
resonance (PR) controller, fed by the difference between the
reference and actual current values, adjusts the current
injected into the grid. Meanwhile, the outer loop of the
cascaded structure determines the amplitude of the reference
current to regulate the bus voltage at 400 volts. However,
when the input voltage exceeds 400 volts, the outer loop also
participates in maximum power point tracking, compensating
for the absence of boost converter operation. It is worth noting
that in order to enhance the harmonic profile of the current
injected into the grid, the PR controller can be combined with
harmonic compensators. In this paper, a pair of harmonic
compensators tuned to the third and seventh harmonic
frequencies are added to the main PR controller. The s-domain
transfer function of the current controller is provided in
equation (1).
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III. PARTIAL SHADING CONDITION AND THE PROPOSED MPPT
ALGORITHM

A. Partial Shading Condition

Partial shading can be caused by several factors, such as
buildings, trees, clouds, or any obstruction between the sun’s
irradiation and the solar panels. PSC can be described as non-
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Fig. 1. Circuit diagram of the employed single-phase grid-tied solar inverter system.



uniform irradiance across different solar panels within a
string. In such situations, the current of the entire string is
limited by the panel receiving the least irradiance. However,
as shown in Fig. 2, PV panels are typically equipped with
bypass diodes to exclude the shaded panels from the circuit.
Nevertheless, these diodes modify the I-V and P-V
characteristics of the string.

Irradiance: High Medium Low

+ -
Fig. 2. Series-connected PV panels under PSC.

Fig. 3 represents the I-V characteristic of the string from
Fig. 2 in the presence of bypass diodes. Under non-uniform
irradiance, the saturation current for each panel depends on the
amount of irradiance it absorbs. Therefore, the I-V curve
shown in Fig. 3 can result in various P-V curves, in terms of
the distribution pattern of LMPPs. Additionally, Fig. 3
includes two P-V curves derived from the I-V curve, with
different GMPP locations relative to the LMPPs. In such
conditions, MPPT algorithms must be equipped with proper
additional strategies to pinpoint the GMPP.

B. Description of the Proposed GCSM

It has been observed that the GMPP does not happen to be
placed somewhere between LMPPs in a sheer random
manner. Instead, starting from the open-circuit voltage, the
LMPPs increase before gradually decreasing at lower voltage
values. This behavior forms the basis of the proposed scan
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Fig. 3. P-V and I-V curves corresponding the string of Fig. 2.

Fig. 4 presents a depiction of a flowchart representing the
proposed GCSM. This mechanism is based on the pattern
mentioned in the previous paragraph in addition to what [16]
states claiming that the MPP occurs at 76% of the open circuit
voltage for a single PV panel. Therefore, the GCSM first
inspects the power values corresponding to the LMPPs,
expressed as V;ypp(n), then identifies the region containing
the GMPP, and finally allows the P&O algorithm to pinpoint
the exact location of the GMPP. The value of V; y;pp(n) can
be expressed as:

N —
Viop (1) = 076 X Vye (<. @

Where V. is the open circuit voltage, N is the number of
PV panels in a string, and n ranges from 0 to N — 1. It is
worth noting that the GCSM is only triggered when the
PSC FLAG is set, which occurs when a significant power
change is detected. Additionally, the PSC_FLAG must be
forced to unity at regular intervals, even in the absence of
significant power changes.
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Fig. 4. The proposed GCSM combined with a P&0O MPPT algorithm



IV. EXPERIMENTAL VALIDATION

This section presents the experimental results of the
proposed GCSM, incorporating a P&O algorithm, applied to
a grid-tied solar inverter system. PSC is simulated by covering
some panels in the string, as shown in Fig. 5. The control unit
of the overall system is depicted in Fig. 1, consisting of a
cascaded loop structure for the inverter stage and an MPPT
controller for the DC-DC stage. The cascaded loop structure
includes an inner loop to shape the current injected into the
grid and an outer loop to regulate the DC bus voltage, which
determines the amplitude of the grid current. It is important to
note that a PI controller is responsible for regulating the panel
voltage toV;ypp(n), where n increases from 0 to N — 1.
However, this PI controller does not jump directly from, for
example, V;ppp (1) to Vyypp(ng + 1); Instead, it adjusts the
panel voltage smoothly in predetermined steps. Furthermore,
the delay between these steps can be fine-tuned based on
stability requirements and the desired transient response of the
system.

TABLE 1. SPECIFICATIONS OF THE SOLAR INVERTER SYSTEM
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Fig. 5. A string of solar panels under PSC.

Fig. 6 shows the implemented grid-tied solar inverter
system, including its power and control circuitries. The
control unit employs a TI-C2000 microcontroller module,
TMS320F28335, to implement all the compensators shown in
Fig. 1. Table I lists the specifications of the system under
study, including the values of controller gains, inductances,
capacitances, and other operational parameters. Before
conducting any experiments on the implemented prototype,
the system’s performance was validated through computer
simulations using PSIM software. Therefore, all the
component and compensator values mentioned in Table I were
verified in the PSIM simulator to ensure the system’s
reliability and stability.
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Fig. 6. Implemented grid-tied solar inverter system.

At this point, a string of nine solar panels connected in
series can be applied to the inverter system under both uniform
and non-uniform irradiance conditions. The specifications of
the PV panels used, as well as the utility grid (including its
voltage and frequency), are provided in Table I. For instance,
Fig. 7 shows the input voltage and DC bus voltage waveforms
of the system, demonstrating how the proposed GCSM
responds under uniform irradiance. Note that the reference
voltage of the PI controller, installed on the input voltage, is
updated every 500 ms to facilitate the analysis of the
waveforms. However, as indicated in Fig. 7, the suitable
performance of the input voltage regulator makes it possible
to reduce the reference voltage update interval for the final
firmware.

Fig. 7. Input voltage and DC bus voltage waveforms under uniform
irradiance for nine series-connected panels producing 2 kW of power.

Under uniform irradiance, as shown in Fig. 7, the proposed
GCSM is designed to cease scanning at the first LMPP starting
from the open-circuit voltage. According to Fig. 7, the GCSM
stops at V;;, = 310 V, which is approximately 80 VV below the
open-circuit voltage. Furthermore, the system injects about
2 kW into the grid, resulting in a grid current of 8.5 A. Fig. 10
demonstrates the current and voltage waveforms of the grid



under uniform sunlight, whereas Fig. 11 shows the harmonic
profile of the grid current.

However, when one or more panels are shaded, as depicted
in figures 8 and 9, the situation changes significantly. For
instance, Fig. 8 shows a condition where one of the nine panels
is completely shaded. It is important to note that, in this paper,
a shaded panel refers to one that is covered by a sunlight-
blocking object, as shown in Fig. 5. In this scenario, as
illustrated in Fig. 8, the proposed GCSM stops scanning at
Vin = 285V, indicating that it has skipped the region
containing the first local maximum. Furthermore, the power
drops by approximately one-ninth compared to the previous
case as a result of one panel being bypassed. Similarly, Fig. 9
shows the waveforms when two panels are shaded. In this
case, the GCSM halts the scanning process at V;,, = 245V,
with power decreasing by another one-ninth. From Fig. 9, it
can be inferred that the proposed GCSM skipped the first two
LMPPs and eventually stopped at the third, as two of the nine
panels were shaded.

Fig. 8. Input voltage and DC bus voltage waveforms under PSC, for one
panel shaded out of nine.

Fig. 9. Input voltage and DC bus voltage waveforms under PSC, for two
panels shaded out of nine.

= © 487aHz
2316 v (@ 877 a

)

327 — T H
TN, AT >V 3u
/ A 1 =
] % 4 g L1
2]
IE3]
o
A
<t= S0ms VI=+3173 A1=+1339 #

Fig. 9. Voltage and current waveforms of the grid under uniform irradiance.

At this point, some of the grid waveforms during power
injection into the grid are demonstrated in Fig. 9. As indicated,
the system injects approximately 8.5 amperes (RMS) into the
utility grid at unity power factor. To analyze the harmonic

content of the injected current, Fig. 10 presents its amplitude
at each harmonic from the first to the twenty-fifth. It shows
that the total harmonic distortion (THD) of the injected current
is 9.4%. However, since the system is designed for higher
current values, the harmonic distortion decreases as the system
approaches its full operational point.
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Fig. 10. Harmonic content of the grid current under uniform irradiance.

V. CONCLUSION

This paper presented a global characteristic scan
mechanism (GCSM) designed to enhance the performance of
existing local maximum power point tracking (MPPT)
algorithms, such as the perturb & observe (P&O) method. The
proposed mechanism focuses on minimizing the
computational burden compared to other methods for
identifying the global maximum power point (GMPP). In
addition, its simplicity and practicality offer a distinct
advantage over many other existing approaches. It is
important to note that the GMPP does not appear randomly
between local maxima; instead, it follows a predictable
pattern, which formed the foundation of the proposed GCSM.
The mechanism was implemented in a grid-tied solar inverter
system and tested under various conditions, including both
uniform and non-uniform irradiance.
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