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ABSTRACT This paper presents a study regarding the development of a single-stage single-phase grid-
tied photovoltaic (PV) inverter with a new Global Maximum Power Point Tracking (GMPPT) technique.
The proposed strategy is based on the indirect PV array voltage control and allows for the development
of PV inverter with reduced number of sensors, therefore, increasing the system reliability and reducing
costs. The proposed strategy was denominated Sensorless PV Array Voltage Control for Global Maximum
Power Point Tracking (SPVAVC-GMPPT). The static and dynamic accuracy of the GMPPT algorithm has
been demonstrated to be over 99% under different operating conditions of irradiance and temperature and
also under shading conditions, where multiple false Maximum Power Points (MPPs) occur. Simulation and
experimental results are shown, compared, and discussed, with a 99,45% TF for standard-test conditions
(STC - 25 °C and 1000 W/m?2) and even hi gher (99,96%) under different irradiance and temperature proving
the effectiveness of the proposed technique.

INDEX TERMS GMPPT, grid-tied inverters, photovoltaic systems, sensorless.

I. INTRODUCTION

In recent decades, with the trend of reducing fossil fuel
supply coupled with concerns about environmental impact,
investments in renewable energy research have intensified.
In this context, photovoltaic energy has gained strong promi-
nence due to its inexhaustible primary source, and the search
for grid-tied photovoltaic (PV) inverters with highly effi-
cient Global Maximum Power Point Tracking (GMPPT)
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techniques has become a topic of many studies [1], [2], [3],
(4], [5].

In classical GMPPT techniques, typically 4 to 5 sensors
are used for system control, usually including two voltage
sensors and two current sensors: voltage and current of the
PV array, DC bus voltage, grid voltage, and filter inductor
current [4].

In [6], the authors discuss the challenges faced by tradi-
tional MPPT algorithms due to dynamic irradiance change,
highlighting the importance of developing improved GMPPT
algorithms for better tracking performance under partial
shading conditions. In this context, they propose a hybrid
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control combining an artificial neural network (ANN) and an
augmented state feedback precise linearization (AFL) con-
troller with fast response to dynamic irradiance change.

In [7], the authors analyze 45 published works focused on
soft computing MPPT techniques such as Artificial Bayesian
network and chaotic search, which are fast and efficient tech-
niques, but with high complexity.

In [8], the authors compare one hundred and thirty-nine
papers (139) of MPPT strategies developed based on Artifi-
cial Intelligence (AI) and the performance of MPPT strategies
based on Artificial Neural Network are all presented and
evaluated under uniform and non-uniform irradiance condi-
tions (shading and partial shading). The tracking accuracy
was above 99% with fast convergence speed however, the
complex calculations involved result in high computational
requirements.

In [9], one hundred and nine works (109) involving classi-
cal MPPT techniques (P&O-Perturb and Observe, Incremen-
tal Conductance, Hill Climbing, etc.) including hybrids with
Al-based optimization were evaluated and compared in terms
of efficiency, number of sensors, convergence speed, and
application (off-grid and on-grid systems) under shading and
partial shading conditions. Some of these techniques were
considered as simple, but proved to fail under unusual cases of
shading. Others, considered immune to partial shading condi-
tions, needed multiple sensors and had complex algorithms,
consequently increasing both signal processing requirements
and costs.

In [10], the authors analyze and compare 40 different
MPPT techniques, and some of them can be highlighted
for their algorithm simplicity, such as linear current control
and the only-current PV. In [11], the authors analyzed fifty-
eight (58) studies and conducted the analyses not only on
performance (tracking accuracy, convergence speed, steady
state oscillation), but also on economic benefits (algorithm
complexity, number of sensors, microcontrollers).

Other works focus on specific studies of one single
GMPPT technique. Reference [12] proposes a fuzzy improve
to hill —climbing search method, achieving a high effi-
cient GMPPT strategy, but also with high complexity and
cost. Less complex controls are presented in many other
papers [13], [14], [15] but with less GMPPT reliability and,
even these, also uses 4 sensors or more. Finally, in [16] the
authors discuss how the use of excessive sensors can have
a negative impact on system reliability and increases costs,
especially current sensors, which are usually shunt resistors
or Hall Effect sensors.

In this context, in [17] the authors presented a study con-
cerning the design and development of a grid-tied PV inverter
with GMPPT technique and reduced number of sensors. The
proposed GMPPT technique can be understood as an indirect
control method of the PV array voltage (VPV). It was demon-
strated that imposed modifications (perturbances) on the PV
inverter’s output current (current injected into the grid) leads
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to another on the PV inverter’s input voltage (VPV). Thus,
one must note that changes in the environmental parameters
such as temperature and irradiance changes input power that
can be provided by the PV array and leads to different oper-
ational points, consequently bringing the need for changes in
current injected into the grid so that stability is maintained,
and operation is given at the MPP. This operating principle
allows us to conclude that it is enough to cause changes in
the injected current for the PV array to operate naturally at the
MPP, eliminating the need for voltage and current sensors on
its terminals. In order to achieve this goal, two subroutines
were designed, one to calculate the ac power variation and
determine the necessary disturbance level to be applied to the
injected current reference signal, and another to calculate the
necessary peak value of the injected current reference signal
to be applied as an input for the PRes (Proportional Resonant)
controller chosen as the internal current loop compensator
for the PV inverter implementation. That being sad, it is
important to highlight that the static and dynamic accuracy
of the MPPT algorithm has been demonstrated to be around
99% under different operating conditions of irradiance and
temperature, however, the complexity of the proposed control
strategy can be considered high. In addition, under shad-
ing conditions, where multiple false power point occurs,
additional control routine was added to full scanning the
output power curve so that the GMPP can be reached, adding
another level of complexity to the control system. Despite the
improvements achieved by the authors for full scanning of the
AC power, losses in the energy harvest are still caused during
the scan.

In order to overcome these disadvantages and to advance
the research, in this paper the authors are presenting a new
algorithm for GMPPT. As well as presented in [17], the
algorithm proposed herein can be understood as an indirect
control method of the PV array voltage. However, the new
algorithm does not require full scanning of the output power
curve so that the GMPP can be reached and does not require
subroutines to determine the desired injected current refer-
ence, reducing both the complexity of the control strategy
and the losses in the energy harvest. In addition, a simplified
control strategy for the PV inverter could be implemented,
as detailed described in this paper. The proposed strategy
was denominated as Sensorless PV Array Voltage Control for
Global Maximum Power Point Tracking (SPVAVC-GMPPT).

To organize and demonstrate the effectiveness of the pro-
posed solution, the remaining sections of this paper are
presented in the following sequence. In Section II a sys-
tem overview is presented, and the main characteristics of
the power structure and the control strategy are described.
Detailed explanation of the proposed technique, including
flowcharts and discussions of key points are presented in
Section III. Simulation and experimental results are shown,
compared, and discussed in Section IV. Finally, concluding
remarks and closing discussions are presented in Section V.
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FIGURE 1. Grid-tied single-phase single-stage PV inverter implemented using software PSIM®: (a) power structure (b) control scheme of the
SPVAVC-GMPPT technique implemented with digital signal processor TMS320F28335 from Texas Instruments.

Il. SYSTEM DESCRIPTION
Figure 1 shows the power and control structure used.
Figure 1(a) shows a grid-tied DC—AC single-phase single-
stage PV system with a first order filter Ly for grid coupling.
The classic single-phase Full-Bridge inverter is responsible
for imposing the reference current through the Ly coupling
inductor. The current reference imposed is defined and con-
trolled by the proposed technique algorithm. It is worth noting
that the choice of a single-stage and single-phase PV system
connected to ground allowed not only the reduction of the
classic DC-DC converter (input-stage) required for raising
the DC-bus voltage, reducing costs and increasing system
reliability [18], but also provides an easy solution to the issue
of parasitic capacitances by creating a path for it to discharge
parasitic current directly to the ground [19].

Figure 1(b) shows the simplified control strategy structure.
It shows that the Vg (grid voltage) signal is only used for PLL
(Phase Locked Loop) synchronization in order to generate
the current reference (Ief) signal in phase with grid voltage
by multiplying its sinusoidal output by current amplitude
imposed by the technique algorithm. A low frequency switch-
ing leg (S1 and S2) is controlled by a half-cycle identification.
A hysteresis comparison of I;.r and Iy ¢(t) controls the high fre-
quency switching leg (S3 and S4). Both signals from the high
frequency switches (S3 and S4) are used for the technique
algorithm in the decisions for the adjustment of Iief.

Ill. PROPOSED SPVAVC-GMPPT TECHNIQUE

A. BASIC MATHEMATICAL ANALYSIS

From the mathematical analysis of the system’s power struc-
ture, it is possible to achieve a better understanding of the
developed control strategy. Firstly, assuming an ideal system,
it can be written:

Pinput ) = Poutput @) (D

where:

Pinpur (£) — Input power [W1;

Poutput () — Output power [W];

From the analysis of the circuit loops represented in
Figure 1, it is possible to write (2) and (3), describing the
input and output powers in terms of the voltage and current
parameters and considering unity power factor (only active

VOLUME 12, 2024

power is required):

Dinput (1) = vpy () .ipy (1) )
Poutpur (1) = Vgrig (t) .irf (£) 3)

where:
Vpy(t)— Instantaneous voltage of the PV array [V];
ipy(t)— Instantaneous current of the PV array [A];
Veria(t)— Instantaneous voltage at the grid [V];
iy (t) — Instantaneous current injected in the grid [A];
Hence, expanding (1) based on (2) and (3):

va(t)ipv(t) = Vgrid(t)ij(t) 4

Finally, analyzing (4) and Figure 1, it can be noted that
the variables related to power transfer in the proposed topol-
ogy are: vpus(t), Lim(t), ipv(t), icBus(t), iy (t) and vgq(t).
Only the last variable, vg4(1), is considered as fixed RMS
value for this analysis, while all the others are subject to
variation and, therefore, control. In this paper the control
is based on the imposition of the current injected into the
grid (iz£ (1)).

Observing (4), variations in the injected grid current affect
the dynamics of the circuit, which will react to maintain
power balance. In a preliminary analysis, an increase or
decrease in i7(¢) has the same effect on the variables vpy
and i,, on the left side of the equation (directly propor-
tional). Assuming a constant RMS grid voltage, when izs
increases, the system’s output power also increases, conse-
quently increasing the power demand at the PV input. As long
as the array can provide this power, vpy tends to decrease, and
ipy tends to increase, both seeking the MPP, thus indirectly
controlling the DC-bus voltage of the system by imposing the
current injected into the grid.

It is important to know that, when the power demand at the
output exceeds what the PV array can provide at the input,
an increase in i;y will cause an increase in icpyy as the capac-
itor momentarily tries to provide the additional demanded
power. In this process, the capacitor voltage, and conse-
quently Vp,,, begins to decrease more rapidly. This process
can lead the system to what is called Fast Power Reduction
Zone (FPRZ) [17], illustrated in Figure 2, and a correction in
the injected current reference must be performed, as will be
explained next.

43497



IEEE Access

P. A. R. Freitas et al.: New Global Maximum Power Point Tracking Technique

33—y, :—" V-l Curve 'v

g 1000

Voltage [V],

o
S

250

Fast Power
H Reduction
H Zone
0 =

0 0,6 12 18 24 3 36 4,
Current [A]

2

FIGURE 2. I-V and P-V curves illustrating the Fast Power Reduction
Zone (FPRZ).

B. GMPPT PRINCIPLES

The flowcharts portrayed in Figures 3 and 4 are used to
explain the algorithm developed for the execution of the
proposed SPVAVC-GMPPT technique. Figure 3 shows the
technique strategy with cyclic perturbation of the main con-
trol variable, the injected current reference (I,.r). The only
sensed variables are the inductor current (iz¢) and the grid
voltage (V,), this last one necessary for grid synchronization.
The chosen PLL (Phase Locked Loop) was the Second Order
General Integrator (SOGI) due achieving small phase error
and a short settling time for single-phase systems, responding
quickly to common phase, frequency, and amplitude varia-
tions in grid-connected PV systems [20].

The control strategy continuously increments /¢ in order
to seek the MPP of the PV array, as presented in blocks
{5}—{8} (Figure 3). In classical P&O technique, this incre-
ment, also known as perturbation, is applied to the Vg,
reference. Here, the reference to be incremented is the current
injected into the grid. Starting with a low initial value, each
increment in the injected current reference (/,.¢) brings the
system closer to the MPP. When /,,s surpasses the MPP
current, the high-frequency switch (S3 or S4) remains closed
for a long period.

In Figure 3, throughout the process, a timer counts the
closed time of switches S3 and S4 presented at block {5},
acting as a step definition for the perturbation. As long as
the timer does not exceed the predetermined threshold, the
current reference continues to be incremented in search of
the MPP. When the counter exceeds the threshold, it indicates
that the ideal injected current value has been exceeded, and
the reference is adjusted to a lower value, as presented at
block {9}. Since this reference adjustment is made in order
to avoid FPRZ, it is more intense than the cyclic perturbation
presented in {8}. This lower value is sustained just enough
to recover the DC-bus voltage (Vp,s). Then, the reference is
increased in order to return close to MPP reference, as pre-
sented in blocks {10} and {11}.

The threshold for switch closed time, referred as the cor-
rection threshold, can be defined by (7), observing that Vp,
and Vyp (PV array voltage at MPP) are equal. Hence:

Viy = Ly digy/dt ®)
Vup — Vgria = Ly digy /dt (6)
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FIGURE 3. Flowchart of the algorithm designed for the implementation of
proposed SPVAVC-GMPPT technique.

where:

Vis - inductor voltage [V];

Ly - inductance [H];

dirs/dt - inductor current variation [A/s];

Considering the threshold conditions for the closed time of
the high frequency switches, it can be written:

Ly Aigy

At = 7

Vup — Vgrid
where:

At - high frequency switching period threshold [s];

Airy - current ripple [A]

Vup - maximum power point voltage [V];

To determine the High Frequency Switching Period
Threshold (HFSPT), (7) is applied with the projected param-
eters. In other words, the control logic should decrease
the injected current reference if the high-frequency switch
remains closed more time than the maximum it would for
the MPP. This maximum time occurs at the peak current,
and by estimating values for Vpys, Vgrig, and designing Lf
to an acceptable Aijs for the hysteresis current controller,
the corresponding At for the correction of the threshold can
be estimated. It is important to highlight that, since only
two sensors at the inverter’s output are used, the capacitor
deployed on the DC-bus will provide the power that the
PV array cannot supply during short periods of time when
the injected current reference becomes higher than the MPP
current. This can result in a significant drop on the DC-bus
voltage.

Figure 4 presents the strategy for controlling the switches
in the single-stage inverter, referred to Figure 3 as the block
{4} “Switches Routine’’, in which S1 and S2 are controlled
with low frequency, with its common point connected to the

VOLUME 12, 2024
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FIGURE 4. Flowchart of the algorithm designed for the generation of the
inverter’s gate-drive signals.

system’s ground. Their switching control is based on half
cycle analysis of the PLL reference, as shown in blocks {13},
{14} and {19}, illustrated in Figure 4. Furthermore, S3 and
S4 are controlled with high frequency using a hysteresis
current controller, imposing the current to be injected into the
grid within the limits set by the hysteresis reference (Figure 4,
blocks {14}-{18} for positive half cycle and {19}-{23} for
negative half cycle).

To exemplify what has just been explained, Fig. 5
shows the behavior of the aforementioned variables obtained
through computational simulations. The adjusted values were
defined in accordance with the PV inverter design specifica-
tions. Analyzing Fig. 5(a), one can note that every 10 cycles
the peak value of the injected current reference is increased
by 250 mA, analogous to what is done for the PV array
voltage with a classical P&O technique. While any of the
high-frequency switches remain closed (S3 or S4), the time is
counted until it opens, resetting it when it does. As observed
in Fig.5(b), if this time exceeds the value determined by the
defined correction threshold (Ton > HFSPT), the correction
Flag is triggered, and the injected current reference (Iref) is
decreased by 1.0A. This intense reduction is necessary to
avoid huge voltage sag across the DC-bus, so the capacitor
voltage (Vp,s) can be recovered rapidly, as portrayed in Fig.7.
After 5 cycles at this lower value, the injected current ref-
erence is increased by 750 mA, taking the system towards
the ideal operating point (MPP) again. Under steady-state
conditions, the control keeps in this routine, ensuring high
Tracking Factor (TF > 99%) for any condition of irradiance
and temperature.

Also in Fig.5(b), it can be seen a situation where the
correction Flag appears twice in close proximity, despite that,
one can observe that the control system is protected against
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multiple undesired corrections. To achieve this, the command
to reduce the injected current reference can only occur again
after at least one increase has taken place, thus avoiding
system instability.
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FIGURE 5. Process of injected current reference perturbation: (a) grid
cycle counter, serving as a definition of the disturbance step, current
injected into the grid (I ¢), injected current reference (l,¢); (b) detail of
Fig. 5(a) illustrating the moment in which Ton > HFSPT and the correction
Flag (FLAG) is triggered so that the injected current reference (l,¢f) is
reduced, avoiding voltage sag on the DC-bus.

C. PV ARRAY VOLTAGE PREDICTION
To guarantee that the GMPPT technique is able to achieve
TF >99% under partial shading conditions, the HFSPT must
present an adaptive behavior capable of following the PV
array voltage variations. To achieve this goal, a current deriva-
tive calculation strategy is implemented, and the DC-bus
voltage behavior is predicted, as described in the flowchart
shown in Figure 6. Firstly, the same input variables described
in the previous flowcharts are acquired, as shown in block
{25} (Figure 6). Then, the process of calculating the deriva-
tive of the injected current is performed, and the estimated
DC-bus voltage is calculated, as represented in block {26}
and detailed from (8) to (10), described in sequence. One
should note that Vg, equals V¢, in the flowchart.
Afterward, in Figure 6 it is verified in which operating
range Vg is located (blocks {27} to {30}) to avoid inappro-
priate decisions for transient operating conditions, a timer for
that range is initiated (blocks {31};{34};{37};{40}), which,
if maintained within the same range for a few seconds (to
avoid transient conditions to compromise steady state behav-
ior), alters the HFSPT (blocks {33};{36};{39};{42}). The
process loops to continually assess the Vg, voltage level
under steady-state operation, always seeking the ideal HFSPT
for it. Figure 7 illustrates the comparison between the real
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Current Derivative
Calculation

Reset Counter

FIGURE 6. Flowchart of the algorithm designed for the correction of the
High Frequency Switching Period Threshold (HFSPT).

DC-bus voltage and the estimated capacitor voltage (Vcgp),
given by (8).

To carry out the Current Derivative Calculation, presented
in block {26} of Figure 6, the mathematical analysis begins
with the estimation of the capacitor voltage.

Rewriting diy (t) /d; in function of discrete samples, it is
possible to obtain a difference equation for digital control
implementation of V¢, estimation. Computational derivative
calculation depends on the choosing of the correct measuring
window. In order to improve resolution and provide reliability
in the task of capacitor voltage estimation, the measuring
window is equal to the sampling period. In this context, the
capacitor voltage is given by (9), where the discrete expres-
sion of current derivative is shown. It is important to mention
that due to the system’s non-idealities (line inductance, induc-
tor filter resistance, and semiconductor losses, for instance)
it is possible to verify quantitative differences between the
estimated and the real value. In order to compensate the losses
effects in the voltage prediction, it was adopted a proportional
gain (K),) that can be obtained experimentally. Figure 8 shows
a block diagram illustrating the algorithm designed for esti-
mation of the V¢, (DC-bus voltage) following the concepts
developed from (8) to (10).

digy (1)
VCap = Vgrld + Lf f

@®)
—mw—m)
- ] ©)

The value of V¢, can be used to perform the control of
the DC-bus voltage in order to guarantee the maximum power
extraction under partial shading conditions. Considering (8),
it is also possible to derivate a mathematical relation between
the switching period and the value of V. In this sense,

(ir, (k)
Veap = KplV g + Lf rms ( L
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FIGURE 7. DC-bus voltage (Vg,s) behavior during injected current
reference perturbation: comparison between the measured (red) and
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k) Veap (K

RMS

Vortalk)

FIGURE 8. Block diagram illustrating the algorithm designed for
estimation of the capacitor voltage (DC-bus voltage).

isolating Atr in (9) and rewriting it in function of discrete
intervals of time and inductor current, one has:

Ly Aig

At = ——
chp - Vgrid

(10)

Thus, one can conclude that is possible to control the value
of the DC-bus voltage as a function of At, since Vg and Aig,
are sensed and L is the designed filter inductance. These are
implemented by defining four experimental classes of calcu-
lated capacitor voltage. The definition of those thresholds is
performed experimentally, and it is possible to adjust them to
guarantee the MPPT according to the design specifications.
For this project, four different temperatures were chosen
(25°C, 40°C, 55°C and 70°C) and for them the Vmp was
defined in order to determinate the estimated capacitor volt-
age (Vcap) for these temperatures. Then, applying (10), their
respective HFSTP were calculated and latter experimentally
adjusted to define the operating zones presented in Table 1.
It can be noticed that, as expected from (10), the closer are
Vcap and Vgrid values, the higher the HFSPT.

IV. RESULTS AND DISCUSSIONS
To show the accuracy of the proposed GMPPT technique,
both simulation and experimental tests were carried out.
Firstly, it was simulated using PSIM® and the control
algorithm was implemented using the C-block function.
Later, the control algorithm was embedded in TI Digital
Signal Processor (DSP) TMS320F28335 and a 1.0 kW lab-
oratory prototype was implemented to obtain experimental
results. Figure 9 shows the system physical structure while
Table 2 provides the technical data of its main elements.

A SAS (Solar Array Simulator) was used as the PV array,
performing steady state, transient and non-uniform irradi-
ance conditions. The performance of the proposed GMPPT
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TABLE 1. Chosen HFSPT in function of the estimated capacitor voltage.

Capel;:csitti:rlit/eo? tage HFSPT PV array temperature range
>260V 161ps 25°
245V - 260V 181ps 25° - 40°
230V - 245V 241ps 40°-55°
200V - 230V 761us >70°

Computer

—

Solar Array
Simulator
(SAS)

—

FIGURE 9. Experimental laboratory setup.

technique under steady state operation was analyzed for an
irradiance range from 400 W/m? to 1000 W/m? and tem-
perature range from 25 °C to 70 °C, combining all the
aforementioned cases. Using the SAS it is possible to observe
both PV array curves (I-V and P-V) and real-time parame-
ters such as: operating voltage, operating current, operating
power, as well their maximum e minimum values. Hence, it is
also possible to evaluate the accuracy of the MPPT technique
through real time calculation of the TF (Tracking Factor),
as can be seen in Figs. 10 and 12.

TABLE 2. Prototype technical data.

Component Specification
. Electrolytic
Capacitor Cgys 3.3 mF, 900 V
Full-Brid Inverter Module IGBT switches
w-Bridge SEMIKRON 2kVA, 500 V
DC-AC Switchi
Converter witching <15 kHz
Frequency
Silicon steel toroidal core
Inductor L 10 mH
Clock: 150 MHz; GPIO: 176;
Microprocessor DSP A/D Converter: 80ns;
TMS320F28335 RAM: 68 kB
Power Supply Ssilrirullt:t—i)ary REGATRON
(SAS) TopCon TC 10 kW
PV Array Pmax; Vmp; 1018 W; 265.5V; 3.77 A;
Model Imp; Voc; Isc 331.5V;42 A
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A. EXPERIMENTAL ANALYSIS UNDER UNIFORM AND
TRANSIENT IRRADIANCE CONDITION

Figure 10 shows the most significant variables and param-
eters for the steady state response in the standard-test
conditions (STC — 25 °C and 1000 W/m?). Figure 10(a)
shows the SAS screen were the nominal parameters of the
prototype can be observed, with a nominal power of 1 kW,
Maximum Power Point Voltage (Vpp) of 265.2 V, and Max-
imum Power Point Current (Injp) of 3.77 A. It also shows
the average bus voltage is 263.55 V, with a deviation of
0.6% from Vyp, and the average current at 3.775 A, with a
deviation of 0.1% from Iyp. In addition, it shows the high
TF the proposed technique, achieving 99.45% in nominal
operation.

Figure 10(b) illustrates Vs (or PV array voltage), V, (grid
voltage) and grid injected current izs, with an average Vpy
of 264 V (close of the ideal point of 265.2 V) and average
iry current injected of 7.1A. Figure 10(c) shows the total
harmonic distortion (THD) for the STC and the odd harmonic
spectrum of the current injected into the grid. Both THDi
and PF (power factor) were compared to what the IEEE
1547/2008 standards define [21]. With a power factor higher
than the 0.94 limit and the calculated THDy in 3.82%, one can
be note that the limits were respected.

Figure 11 shows the results of the proposed technique oper-
ating under transient irradiance conditions. In Figure 11(a),
the SAS provides a irradiance variation from 1000 W/m?
to 400 W/m? over a 2-second ramp. It can be observed that
both the DC bus voltage (Vypys) and the inject current (ipr)
present a good transient response once the system stabi-
lizes after 600 ms, which is low and does not compromise
the energy yield. It is also worth noting the small negative
overshoot of the DC bus voltage (4%), reinforcing the sys-
tem stability. In Figure 11(b), the system initially operates
with 400 W/m? increasing to 1000 W/m? over a 2-second
ramp. In this case, Vypys rises with bigger overshoot during
the irradiance variation, causing the settling time to be slower
than in the previous case, taking approximately 2.8 sec-
onds to stabilize. In both cases, despite the slower settling
time when compared to other techniques such as proposed
in [17], [22], and [23], it does not compromise the system’s
energy yield since the static and dynamic accuracy of the
proposed SPVAVC-GMPPT algorithm is kept around 99%
as desired. Finally, Table 3 presents the results obtained for
all experimental and simulation tests mentioned above, under
different conditions of both irradiance and temperature. It is
important to highlight that in all tested conditions, the TF
remained above 99%, proving the effectiveness of the pro-
posed technique.

B. EXPERIMENTAL ANALYSIS UNDER NON-UNIFORM
IRRADIANCE CONDITION

The SAS platform also performs transient and non-uniform
irradiance conditions tests, enabling variations in both irra-
diance and temperature for the emulated PV array. Hence,
partial shading tests were also performed and analyzed to
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FIGURE 10. Experimental results obtained under uniform irradiance
condition: (a) SAS configuration for PV array emulation in STC

(b) inverter's waveforms of V¢, ij ¢ and Vg (c) harmonic spectrum of the
injected current.

validate the GMPPT proposed technique. To perform the
partial shading test, the P-V curve was generated using PSIM
software. Then, the correspondent data points were saved and
used as input for the SAS, generating the I-V and P-V curves
shown in Fig. 12. One can observe that the P-V curve presents
two FMPPs, one at 602 W (Vmp = 161V and Imp = 3,74 A)
and another at 595W (Vmp = 290V and Imp = 2,05 A) and
one GMPP at 710 W ((Vmp = 219V and Imp = 3,26 A).
In Fig. 12 one can see that the system operates on the GMPP.
Finally, Fig. 13 illustrates DC-bus voltage Vpy;, gird voltage
V¢ and the injected current ifs, with an average Vpy of 217 V
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FIGURE 11. Experimental results obtained under conditions of irradiance
ramp variation at constant temperature of 25°C: (a) irradiance reduction
from 1000 W/m? to 400 W/m? (b) irradiance increase from 400 W/m?2

to 1000 W/m?2.

TABLE 3. Summary of experimental results.

Tem]zeramre Irradial;ce Vpv Ipv (]::1;3;) (STiTn)
[*C] [W/m?] [Vl [A] (%] [%]

1000 263.55 3.775 99.45 99.78

25 800 262.80 3.040 99.78 99.62
600 260.10 2.300 99.63 99.61

400 252.80 1.550 99.33 99.69

1000 256.95 3.705 99.61 99.60

40 800 248.10 3.085 99.90 99.13
600 250.05 2.290 99.79 99.51

400 243.15 1.545 99.92 99.58

1000 238.20 3.810 99.96 99.68

55 800 232.95 3.120 99.73 99.27

600 225.75 2.385 9931 99.70

400 225.00 1.585 99.50 99.52

1000 223.80 3.845 99.67 99.77

70 800 218.70 3.155 99.79 99.20

600 216.60 2.380 99.60 99.72

400 213.30 1.585 99.50 99.45

(with a voltage deviation of -0,91% from the GMPP at 219 V)
and average iz injected current of 5.29A.

C. SIMULATION ANALYSIS UNDER IRRADIANCE SEVERE
TRANSIENT CONDITION

In order to demonstrate the effectiveness of the proposed con-
trol strategy under severe irradiance variation conditions (step
variation) simulation tests were also conducted. Under these
operating conditions, experimental tests were not carried out
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in order to avoid situations in which, considering the exper-
imental laboratory setup available, there could be a reverse
power flow (from AC side to the SAS) due to intense DC-bus
voltages oscillations and, consequently, damage to the equip-
ment.

That being sad, Fig. 14 presents simulation results for an
initial irradiance condition of 1000 W/m? at 25 °C submitted
to a negative step of 600 W/m?. In Fig. 14(a), from top to bot-
tom, irradiance, tracking factor (TF), and the peak reference
of the injected current are presented. In Fig. 14(b), are pre-
sented the photovoltaic array voltage (Vpy) and the injected
current (ir). It can be observed a 3-second settling time for
the system under an extreme irradiance variation. During the
transient condition, Vpy voltage drops close to 150V so the
injected current is decreased making it possible to reestablish
the Vpy voltage at around 250 V after 3 seconds. Hence, the
injected current reference is increased again in search of the
MPP, as expected.

Figure 15 presents for an initial irradiance condition
of 400 W/m? at 25 °C submitted to a positive step
of 600 W/m?. In Figure 15(a), irradiance is presented again
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FIGURE 15. Simulation results under irradiance severe transient condition
(from 400W/m?2 to 1000W/m?2): (a) corresponding signals of irradiance,
TF and current control reference (b) corresponding signals of Vpv and I4.

(with the moment of its step), the tracking factor, and the peak
reference of injected current. In Figure 14(b), the photovoltaic
array voltage and the injected current are also shown. It can
be observed a 2.5-second settling time for the system under
an extreme irradiance variation of 600 W/m?. Soon after
the increase in irradiance, Vpy increases, and the injected
current reference begins to increase seeking the new MPP
and causing a correspondent reduction in Vpy. As expected,
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Vpy is controlled indirectly through disturbances imposed on
the injected current reference, causing the system to operate
at MPP. The results indicate settling time of around 3 sec-
onds, confirming the control strategy’s ability to respond to
dynamic irradiance changes reasonably fast and not compro-
mising the energy harvest since the operation at the MPP is
assured with TF over 99%.

V. CONCLUSION

This paper presents the study regarding the development
of a single-stage single-phase grid-tied photovoltaic (PV)
inverter with a new Global Maximum Power Point Track-
ing (GMPPT) technique. The proposed strategy is based on
the indirect PV Array Voltage Control and allows for the
development of PV inverter with reduced number of sen-
sors, therefore, increasing the system reliability and reducing
costs. The proposed strategy was denominated as Sensorless
PV Array Voltage Control for Global Maximum Power Point
Tracking (SPVAVC-GMPPT).

The new algorithm does not require full scanning of the
output power curve so that the GMPP can be reached and
does not require subroutines to determine the desired injected
current reference, reducing both the complexity of the control
strategy and the losses in the energy harvest.

Experimental results demonstrate the effectiveness of the
proposed control strategy under different irradiance and tem-
perature conditions achieving a Tracking Factor over 99%
TF converging to the Global Maximum Power Point (GMPP)
even non-uniform irradiance conditions.
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