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Abstract—Flexible power point tracking (FPPT) aims to regulate
the output power of photovoltaic (PV) systems to a predefined
value to enable grid support functionalities, such as virtual-inertia
provision. Even though partial shading is a common condition in
PV systems, especially in small-scale residential PV systems, the
current literature, only investigates FPPT control under uniform
shading conditions. This article proposes a novel global FPPT
(GFPPT) algorithm to provide two functionalities in PV systems
under partial shading conditions: first, constant power control
(CPC), in which the PV power is regulated to predefined reference
value, and second, power reserve control (PRC), under which a
constant power reserve is kept in the PV system under steady state
to enable grid support under transients. The conventional global
maximum power point tracking (GMPPT) algorithm is also modi-
fied to adapt with the proposed GFPPT algorithm. The aim of such
modification is to obtain faster dynamics after the detection of any
environmental changes. Experimental results under dynamically
changing partial shading conditions verify the effectiveness of the
proposed algorithm in providing CPC or PRC functionalities in PV
systems.

Index Terms—Active power control, flexible power point
tracking (FPPT), frequency support, global maximum power point
tracking (GMPPT), inertia provision, partial shading.

I. INTRODUCTION

MAXIMUM power point tracking (MPPT) algorithms
are conventionally used in photovoltaic (PV) systems

to maximize the available output power in these systems [1].
Several MPPT algorithms are introduced in the literature with
different features such as low-power oscillations at steady state
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or fast dynamics [2]–[4]. Some of these MPPT algorithms
are mainly applicable under uniform shading in PV strings.
However, partial shading occurs frequently in PV systems,
especially in small-scale rooftop PV systems due to passing
clouds or unavoidable shading during certain hours of the day.
Accordingly, several algorithms are introduced in the litera-
ture to enable PV systems with global maximum power point
tracking (GMPPT). Table I summarizes some of the available
MPPT algorithms under uniform and partial shading conditions.
High penetration of renewable energy resources, especially PV
systems, leads to new challenges in operation and management
of power systems, such as reduced inertia or reverse power
flow. Replacement of conventional synchronous generators with
converter-based distributed generation (DG) systems leads to the
reduction of available inertia in power systems. Synchronous
generators have inertia due to rotating mechanical rotor, but
such inertia does not exist in conventional converter-based DGs.
Additionally, the power generated with DGs in downstream of
the power system can flow toward upstream buses (referred
as reverse power flow), leading to over voltage in downstream
buses [5], [6].

New requirements such as frequency response, power ramp
rate limit, and Volt–Watt (P(V)), are mandated by new standards
to maintain the security and reliability of the power system
with high penetration of PV systems [7], [8]. Accordingly,
flexible power point tracking (FPPT) algorithms are required
in PV systems, to regulate the PV power to the required ref-
erence value, based on the corresponding standard and grid
operating conditions [9]. The principles of FPPT control un-
der uniform shading are illustrated in Fig. 1(a). The operation
point, instead of being at maximum power point (MPP), moves
to the right- or left-side of the MPP, corresponding to the
power reference pfpp. Similarly, under partial shading condition,
the operation point instead of being at the global maximum
power point (GMPP), moves to one of the shown points cor-
responding to pfpp in Fig. 1(b). This operation controlled is
referred as global flexible power point tracking (GFPPT) in this
article.

As an example, one of the required grid support function-
alities, based on the new standards is frequency–Watt (P(f))
response [7], [8], which necessitates GFPPT control in PV sys-
tems. It should be noted that other grid support functions, such as
low-voltage ride through capability, Volt–VAr (Q(V)), etc., also
require GFPPT operation of PV systems. The P(f) response,
required for PV systems is illustrated in Fig. 2. Accordingly, the
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TABLE I
OVERVIEW OF AVAILABLE FPPT ALGORITHMS IN THE LITERATURE

Fig. 1. Principle of flexible power point tracking under: (a) Uniform shading,
and (b) partial shading conditions.

Fig. 2. Grid frequency support through P(f) curve.

operation mode of the PV system is classified into the following
two modes.

1) Power reserve control (PRC): This operation mode is ac-
tivated while the grid frequency (fg) is within its nominal
range (fn−l < fg < fn−h), as shown in Fig. 2. Under this
operation mode, a constant amount of power reserve pres is
kept in the PV system. The available maximum PV power
should be known under this operation mode, to ensure the
required amount of power reserve in the system.

2) Constant power control (CPC): The power reference is
calculated using the P(f) droop curve under this operation
mode, as illustrated in Fig. 2. This operation mode is
enabled under frequency disturbance conditions. Accord-
ingly, the PV power is regulated to this reference value.

Various FPPT algorithms are available in the literature to sat-
isfy these operation modes. Based on the solution for regulating
the power to a reference value, these algorithms can be classified
into two categories [9].

1) Modified converter controller: In this category of FPPT
algorithms, the PV power regulation is achieved by modi-
fying the controller of the dc–dc converter in two-stage PV
systems or the inverter in single-stage PV systems. The PV
voltage reference is calculated using an MPPT algorithm
and is modified in the controller to regulate the PV power.
Several algorithms are available in the literature under this
category, which are listed in Table I.

2) Direct voltage reference calculation: The FPPT algo-
rithms under this category directly calculate the voltage
reference corresponding to the power reference. A conven-
tional control strategy is used to regulate the PV voltage
to the calculated reference value. These algorithms either
use a linear [26], [29]–[34] or nonlinear search [35], [36]
to find the PV voltage reference.

As shown in Table I, currently, there are very few solutions in
the literature for the FPPT control of PV systems under partial
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shading conditions. An active PRC through curve fitting is pro-
posed in [46] under partial shading conditions. This algorithm
necessitates frequent scanning of the PV curve for different
PV modules. To avoid this repeated scanning, a power control
strategy based on deloading of the PV power is presented in [47].
The deloading region is chosen according to the GMPP, whether
it happens in the right-, left-, or middle-side of the PV curve.
The voltage reference for scanning the curve is also generated
based upon the number of shaded and unshaded modules in the
array. Despite the effectiveness of this solution for PV arrays
with two PV modules, the algorithm becomes complex for PV
arrays with multiple PV modules and typically there are more
than two LMPPs in the PV curve in practical applications.
Furthermore, if the power reference is smaller than the power of
the section divider point in the PV curve, the algorithm may not
be able to regulate the power accurately. To increase the con-
vergence rate, an optimization-based FPPT is proposed in [48].
It uses hill-climbing and particle swarm optimization algorithm
(HC&PSO)-based FPPT algorithm. However, the computational
complexity of implementation of the optimization process re-
duces the interest for practical systems. Accordingly, to the best
of the knowledge of the authors, there is no computationally
simple and general FPPT algorithm in the literature under partial
shading conditions that can work effectively with multiple PV
module systems.

To fill the research gap, this article proposes an GFPPT
algorithm under partial shading conditions, to satisfy the two
mentioned required functionalities: i) CPC and ii) PRC. The
combination of the two algorithms equips PV systems with grid
frequency support, under all possible irradiance conditions. The
main advantage of the proposed algorithm, compared to the
state-of-the-art is its applicability for both constant power and
PRC scenarios. Another advantage of the proposed solution is
its applicability to PV arrays with any number of local MPP
points. Additionally, the proposed solution does not use any
intelligent- or optimization-based algorithms, which reduces its
implementation complexity and provides computational superi-
ority, compared to the available solutions, in practical systems.
To find the GMPP under partial shading conditions, a conven-
tional search-skip-jump GMPPT algorithm [45] is modified to be
compatible with the proposed GFPPT algorithm. Experimental
tests verify the effectiveness of the proposed algorithms under
dynamically changing partial shading conditions in providing
either a constant power generation or PRC functions in PV
systems.

The rest of this article is organized as follows. The details
of the proposed GFPPT algorithms under partial shading con-
ditions are provided in Section II. Experimental results under
dynamically changing partial shading conditions are provided
in Section III. Finally, Section V concludes this article.

II. PROPOSED GFPPT ALGORITHMS UNDER PARTIAL

SHADING CONDITIONS

Details of the proposed GFPPT algorithms are provided in this
section. First, an overview of the PV system and control structure
is provided. Subsequently, the proposed GFPPT algorithm with

Fig. 3. Overview of a two-stage PV system with the proposed GFPPT algo-
rithm under partial shading conditions.

CPC functionality is explained. Finally, details of the proposed
GFPPT algorithm with PRC are elaborated.

A. System Description

An overview of a two-stage PV system and its overall control
overview is illustrated in Fig. 3. A conventional inverter con-
troller is implemented to regulate the dc-link voltage vdc to its
reference value and inject the extracted power from the PV string
to the grid [34]. The grid support block first detects the operation
mode to be CPC or PRC based on the grid operating condition
(steady-state or transient). It also calculates the required power
reference pfpp or power reserve pres, based on the grid frequency.
As an example, “grid support” in [49] and [50] provides fre-
quency support by keeping a power reserve during steady-state
operation (PRC functionality) and regulating the PV power
based on P(f) droop during frequency disturbance conditions
(CPC functionality). Based on the required power reference pfpp

or power reserve pres, the proposed GFPPT algorithm calculates
the corresponding PV voltage references vfpp. The details of this
block are provided in the following sections. A conventional
controller is also implemented to regulate the PV voltage vpv to
its reference value [34]. It is noted that the proposed algorithm
can also be applied to single-stage PV systems. In this case,
the proposed GFPPT algorithm calculates the voltage reference
for the dc-link of the inverter. A conventional controller can
be applied to regulate the dc-link voltage of the inverter to the
calculated voltage reference by the GFPPT algorithm.

B. Proposed GFPPT Algorithm With CPC Functionality

The input to the GFPPT algorithm with CPC functionality is
the PV power reference pfpp, as shown in Fig. 3. The principle
of the CPC operation is illustrated in Fig. 4. In this case, the PV
curve has two intersection points with the pfpp line, points 1©
and 2©. If the current operation point is larger than the power
reference [shown in Fig. 4(a)], the PV power needs to be reduced
toward the power reference. To attain a fast response, it is noted
that if the slope of the current operating point of the PV system is
positive (e.g., point I with RI > 0), the operation point moves
toward the left-side of the PV curve [i.e., point 1© in 4(a)].
The algorithm moves the operation point to a point with smaller
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Fig. 4. Principles of CPC operation under partial shading conditions with PV
power larger than the reference: (a) Power reference between the section divider
point and the current operating point, and (b) power reference smaller than the
section divider point power.

power than pfpp as follows:{
R > 0, vfpp = vpv − Vstep

R < 0, vfpp = vpv + Vstep
(1)

in which, vpv–ref is the PV voltage reference fed to the dc–dc
converter voltage control (refer to Fig. 3), vpv is the PV voltage at
the current operating point andVstep is the voltage step used in the
algorithm. The following guidelines can be considered for the
selection of the voltage step Vstep value: i) Selection of relatively
large values for Vstep results in faster dynamics, as the operating
point can reach the power reference with smaller number of
voltage steps. However, relatively large voltage step values can
result in large voltage oscillations during the steady state. ii) On
the other hand, small voltage step values result in slow dynamics.
On a positive side, small voltage step values lead to relatively
small power oscillations at steady state. An adaptive voltage
step calculation, similar to the one in [34], can also be applied
to enhance both dynamic and steady-state performances. In this
case, the operation point moves toward the left-side of the PV
curve, until the PV power is smaller than pfpp. Afterward, since
ppv is smaller than pfpp, the PV power needs to be increased. This
aim can be obtained by using an MPPT algorithm that moves
the operation point toward the corresponding local maximum
power point (LMPP). In this article, incremental conductance
(IC) MPPT algorithm is used [13], [14].

The flowchart of the proposed GFPPT algorithm with CPC
functionality is shown in Fig. 5. Assuming no environmental
changes are detected (the case with environmental changes
will be explained later in the manuscript) and ppv > pfpp, the
operation mode (Mod) is set to 1 (the operation mode is used
in the modified GMPP algorithm and will be discussed later
in the manuscript). As mentioned, the algorithm should be
implemented in such a way that if RI > 0, the operation moves

Fig. 5. Proposed GFPPT algorithm with CPC functionality under partial
shading conditions.

toward the left-side of the PV curve. For this aim, a variable flag
is used in the algorithm. Initially flag is set to zero (flag = 0). In
this case, the slope of the PV curve is calculated (R = dpv/dvpv)
and the value of flag is set to 1 (flag = 1). Subsequently, the
operation moves toward the left- or right-side the PV curve based
on the sign of R, as in (1).

The importance of using the flag variable is demonstrated in
Fig. 4(b). In this case, during the movement of operation point
from III to 3©, there is a section divider (refer as sd3). The
slope of the PV curve between sd3 and the its corresponding
LMPP (lmpp3), is negative. If flag is not used, the algorithm
becomes stuck at this section divider point (sd3), because the
sign of R changes at this point and the algorithm continues
to oscillate around this point. However, since flag is set to 1
at the first instance that ppv > pfpp, the value and sign of R is
only calculated at that instance and in this way, the algorithms
continues moving the operation point to the left-side (assuming
R > 0) until ppv is smaller than pfpp.

As illustrated in Fig. 5, if ppv < pfpp, the algorithm operates
under GMPPT mode to increase the PV power toward the refer-
ence. Various cases are demonstrated in Fig. 6 for this operation,
as follows.

1) Corresponding LMPP satisfies the power reference: As
depicted in Fig. 5, at the instance that ppv becomes smaller
than pfpp, the parameter flag is set to zero and the opera-
tion mode of the GMPPT is Mod = 1. Accordingly, the
modified GMPPT algorithm is used to increase the power
toward** the reference. The flowchart of the modified
GMPPT algorithm is illustrated in Fig. 7. It consists of five
operation modes. The details of the this search-skip-judge
GMPPT algorithm can be found in [45]. The main modi-
fication to this GMPPT algorithm is adding the operation
mode (Mod). The main purpose of such a modification is
that any time that the CPC algorithm moves to GMPPT
operation, the algorithm first finds the LMPP, correspond-
ing to the current operation mode. If the corresponding
LMPP can satisfy the power reference, as demonstrated
in Fig. 6(a), it is not required to skip the voltage reference
to the beginning of the PV voltage search range. As shown
in Fig. 7, since Mod is equal to 1 at the first instance that
the algorithm moves to GMPPT operation, the IC MPPT
algorithm is used to calculate the voltage reference.
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Fig. 6. Principles of GMPP operation under partial shading conditions with PV
power smaller than the reference: (a) Power reference between the corresponding
LMPP and the current operating point, and (b) power reference larger than the
corresponding LMPP, and (c) power reference larger than the GMPP.

Fig. 7. Flowchart of the modified GMPPT algorithm for the GFPPT operation
under partial shading conditions.

2) Corresponding LMPP does not satisfy the power refer-
ence: As illustrated in Fig. 6(b), the corresponding LMPP
to the point IV does not satisfy the power reference.
Accordingly, the GMPPT algorithm moves the operation
point to the beginning of the voltage search range (vpv-min).
Subsequently, the first LMPP (lmpp6) is found and Mod

Fig. 8. Principles of the proposed GFPPT algorithm with PRC functionality.

changes to 2 to find the first section divider (sd6). Sub-
sequently, the operation mode changes to Mod = 3 in
order to jump the voltage to vpv-ref = pgmpp6/iisdp6. After
checking the new operation point in Mod 4, the algorithm
goes to Mod 1 to find the next LMPP. As demonstrated in
Fig. 6(b), before reaching the next LMPP, the algorithm
satisfies the power reference at point 6©.

3) Power reference larger than the GMPP: As shown in
Fig. 6(c), the full scan of the PV curve is required in this
case and operation point stays at the GMPP (point 7©) in
this case.

The algorithm in [34] is applied for the detection of environ-
mental changes. As shown in Fig. 5, if environmental changes
are detected, the operation mode is set to Mod = 1. In this case,
before changing the voltage to the vpv-min at the beginning of the
search range, the corresponding LMPP is found. The importance
of this operation is highlighted in the experimental results Cases
I and II.

C. Proposed GFPPT Algorithm With PRC Functionality

The principles of the proposed GFPPT algorithm with PRC
functionality are illustrated in Fig. 8. The main difference of the
PRC functionality to CPC is keeping a predefined power reserve
pres in this case. The information of the global maximum power
should always be known in order to calculate the reference. The
power reference is calculated as

pfpp = pgmpp − pres (2)

in which,pgmpp is the measured power of the GMPP andpres is the
power reserve in the PV system. The flowchart of this algorithm
is shown in Fig. 9. After detection of any environmental changes,
the GMPPT operation is performed to find the new GMPP power.
Once the GMPP is found, the power reference pfpp is calculated.
Based on the chosen operation side (left- or right-side of the
GMPP), the voltage corresponding power reference is calculated
to reduce the PV power to pfpp.

Remark: It is noted that the proposed GFPPT algorithm is
applicable to partially shaded PV curves with any number of
LMPPs. There is no requirement of any modifications in the
algorithm to adapt the proposed algorithm to PV curves with
multiple LMPPs. Only for the sake of simplicity, the explana-
tions in this section are provided using PV curves with three
LMPPs.
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Fig. 9. Proposed GFPPT algorithm with PRC functionality under partial
shading conditions.

Fig. 10. Picture of the experimental setup.

III. EXPERIMENTAL RESULTS

The performance of the proposed GFPPT algorithms under
partial shading conditions is evaluated experimentally on a
2.5-kW two-stage DPV system, as shown in Fig. 3. A three-level
neutral-point-clamped inverter is used to connect the PV system
to the grid. The proposed GFPPT algorithm is applied to the
dc–dc converter, as shown in Fig. 3. The grid is simulated
using a Regatron TCACS 4-quadrant grid simulator and the PV
is emulated using a Regatron TopCon Quadro programmable
dc power supply. The dc supply is equipped with “solar array
simulation software” to emulate the behavior of solar array. It can
also emulate transitioning PV curves to emulate environmental
changes. The proposed controller and protection functions of
the converter are implemented in a dSPACE 1006 platform.
A picture of the experimental setup is illustrated in Fig. 10
and the parameters of the converter are given in Table II. The
performance of the proposed GFPPT algorithms is investigated
under four case studies of CPC and PRC.

Two of these case studies investigate the performance of
the proposed GFPPT algorithm under irradiance changes to
provide constant power. In Case I, the new LMPP can satisfy
the power reference, while in Case II, a GMPP scanning is
needed to satisfy the required power reference. In the Case III,
the performance of the proposed GFPPT algorithm for CPC

TABLE II
EXPERIMENTAL PARAMETERS

Fig. 11. Case I—Experimental results of the proposed GFPPT algorithm with
CPC functionality under changing partial shading conditions (LMPP satisfies
the power reference): (a) PV voltage, (b) PV power, (c) operation mode, and (d)
P–V operation point.

operation under step change of the power reference is investi-
gated. Finally, the performance for PRC control under changing
irradiance conditions is investigated in Case IV. Together, these
case studies demonstrate that the proposed GFPPT algorithm is
able to provide the required CPC or PRC features in PV systems
under various possible operating conditions.

Case I—CPC under changing partial shading conditions
(LMPP satisfies the power reference): At the beginning of this
case study, the irradiance is Irr 1 with pgmpp1 = 1.25 kW. A
power reference of pfpp = 0.9 kW is considered in this case
study. The results are shown in Fig. 11. Before t = 30 s, the
PV power is regulated at the reference by regulating its voltage
at 110V, as shown in Fig. 11(a) and (b). The control operation
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Fig. 12. Case II—Experimental results of the proposed GFPPT algorithm with
CPC functionality under changing partial shading conditions (GMPP scanning
is required): (a) PV voltage, (b) PV power, (c) operation mode, and (d) P–V
operation point.

mode is 1 (mode = 1) during this period, which means the PV
operates at the LMPP mode.

At t = 30 s, the irradiance changes to Irr 2, which corresponds
to GMPP power of 1.3 kW at vgmpp = 250V. As shown in
Fig. 11(c), the operation mode after the irradiance remains at
mode = 1. As discussed in Section II, after detection of any
environmental changes, the algorithm stays at LMPP operation
mode (mode = 1) until the LMPP is found. This case study
highlights the benefit of this operation mode, because after the
irradiance change in this case, the PV power reference lies within
the new LMPP region of the new P–V curve, as illustrated in
Fig. 11(d). Under this case, the PV operation point does not
need to reset to the beginning of the search region, which leads
to faster dynamics in tracking the power reference.

Case II—CPC under changing partial shading conditions
(GMPP scanning is required): At the beginning of this case
study, the PV system has irradiance of Irr 3, corresponding to
GMPP of pgmpp3 = 1.6 kW. The irradiance changes from Irr 3
to Irr 4 at t = 125 s. The GMPP of the new PV curve (pgmpp4 =
0.96 kW) is smaller than the power reference pfpp = 1.25 kW, as
shown in Fig. 12. It is seen in Fig. 12(c) that the operation mode
stays at mode = 1 after the irradiance change to check whether
the corresponding new LMPP can satisfy the power reference
or not.

Fig. 13. Case III—Experimental results of the proposed GFPPT algorithm
with CPC functionality under changing PV power reference: (a) PV voltage,
(b) PV power, (c) operation mode, and (d) P–V operation point.

During this period, the operation point moves along arrow b in
Fig. 12(d). Unlike Case I, the LMPP does not satisfy the power
reference. Accordingly, the algorithm resets the PV voltage to
the beginning of the voltage search range vpv = 75V (along
arrow c). After finding the LMPP, the operation mode changes
to mode = 2 to find the section divider (following arrow d).
Subsequently, the algorithm scans the curve until the end of the
search region (following arrows e and f ). Finally, the proposed
algorithm moves the operation point to the GMPP (vpv = 170V
and ppv = 0.96 kW) and operation modes changes to mode =
4, as illustrated in Fig. 12(c). This case study highlights the
performance of the proposed GFPPT algorithm to operate the
PV system at GMPP, if the power reference is larger than the
GMPP power.

Case III—CPC under changing PV power reference condi-
tion: A step increase and decrease of the power reference is tested
in this case study. The performance of the proposed GFPPT
algorithm in regulating the PV power to the new reference is
investigated. The results are shown in Fig. 13. The PV curve with
Irr 4 has a GMPP power of pgmpp4 = 0.96 kW. Before t = 25 s,
the power reference is set to pfpp = 0.75 kW and the proposed
GFPPT algorithm regulates the power by regulating the PV
voltage to vpv = 125V.

At t = 25 s, the power reference changes to pfpp = 1.1 kW,
which is larger than the GMPP power. Accordingly the pro-
posed GFPPT algorithm scans the PV curve following arrows
a, b, c, d, e, shown in Fig. 13(d) to find the GMPP. It stays
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Fig. 14. Case IV—Experimental results of the proposed GFPPT algo-
rithm with PRC functionality under changing partial shading conditions:
(a) PV voltage, (b) PV power, (c) operation mode, and (d) P–V operation point.

at this point by operating at mode = 4, until the power ref-
erence changes. At t = 150 s the power reference changes to
pfpp = 0.6 kW. Accordingly, the proposed algorithm regulates
the PV power by reducing the voltage following arrow f . This
case study highlights that if the power reference reduces, the
proposed algorithm can simply regulate the PV power by simply
reducing the PV voltage, without the need of scanning the whole
P–V voltage range.

Case IV—PRC under changing partial shading condition:
The GFPPT algorithm operates with PRC functionality with
a power reserve of 30% (pres = 0.3pgmpp) in this case study.
The results under changing irradiance condition are illustrated
in Fig. 14. Before t = 40 s, the irradiance is Irr 1 with pgmpp1 =
1.25 kW. It is clear that the PV power is regulated to ppv =
0.88 kW during this period to provide the power reserve of 30%.
At t = 40 s, the irradiance changes to Irr 2with pgmpp1 = 1.4 kW
at vgmpp2 = 250V. As mentioned in Section II-C, under PRC op-
eration, after detection of any environmental changes, a GMPP
scanning is performed to detect the new global maximum power.
In this case, the operation point moves to the beginning of voltage
search range, following arrow a and subsequently the GMPP
is found by moving the operation point aligned arrows b, c,
and d in Fig. 14. Finally, to provide the power reserve of 30%,
the operation point moves to the left-side of GMPP, following
arrow e. This test demonstrates the desired performance of
the proposed GFPPT algorithm with PRC functionality under
environmental changes.

IV. DISCUSSION

The speed of the convergence of the proposed GFPPT algo-
rithm depends on several factors.

1) The operation mode of the algorithm: As outlined in
Section II, based on the power reference and current
operating point of the PV curve, different scenarios may
occur. In some operation modes, the algorithm requires
only a few iterations to regulate the power to the reference
(see Fig. 11, the period between t = 30 s and t = 40 s).
However, under some conditions, such as the case that
requires finding the GMPP, a relatively long convergence
time is required (for instance, see Fig. 12, the period
between t = 125 s and t = 200 s, that the scan of the whole
P–V curve has occurred).

2) The voltage step Vstep used in the algorithm: As mentioned
in Section II, there is a tradeoff between the selection of the
voltage step for the steady-state oscillations and dynamic
performance. For the sake of simplicity, a constant voltage
step is considered in the implementation of the proposed
GFPPT algorithm. The value of the voltage step has an
important effect in the speed of the convergence, because
as shown in the flowchart Fig. 7, the voltage step is used
to perturb the voltage and power under several operating
modes. The effect of using a fixed Vstep can be clearly seen
in the experimental result of Fig. 11, the period between
t = 30 s and t = 40 s. It is seen that the voltage is linearly
changed in this condition. As a future research direction,
using variable or adaptive voltage step, such as the one
in [34], can enhance the speed of the convergence.

3) The time-step Tstep of the execution of the algorithm:
The execution of the proposed GFPPT algorithm is per-
formed on a discrete domain with constant time step. The
operation principle is based on the perturbation of the
voltage reference and decision on the next step, based
on the corresponding change of the PV power. In this
case, the time step for GFPPT execution should be selected
long enough to ensure that the “dc–dc converter voltage
control” in Fig. 3 is able to regulate the PV voltage to the
new reference, before the next execution time. Accord-
ingly, with a fast voltage control loop, and using a higher
switching frequency and more advanced voltage controller
(such as model predictive control, etc.) a relatively faster
convergence time can be obtained [51].

V. CONCLUSION

A GFPPT algorithm for PV systems under partial shading
conditions has been proposed in this article. The algorithm
provides two functionalities, i.e., CPC and PRC, which are
required for frequency support in PV systems. The conventional
search-skip-judge GMPPT algorithm is modified to adapt the
proposed GFPPT algorithm. The performance of the proposed
GFPPT algorithm has also been investigated experimentally
under various operating conditions, including irradiance sudden
changes and power reference changes.
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