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In this study, a novel PV emulator and the state-of-art learning–based real-time hybrid global
search adaptive perturb and observe (P&O) maximum power point tracking (MPPT) algorithm
have been presented. The prime objective of the constructed emulator based on integration of
unilluminated solar panels with an external current source to overcome the constraints such as
the need for wide surrounding space, high installation cost, and lack of control over the
environmental conditions. Moreover, the developed algorithm resolved the drawbacks of the
conventional P&O MPPT method associated with the use of a constant perturbation size that
leads to poor transient response, high continuous steady-state oscillation, and inefficient
tracking performance of maximum power point voltage in the presence of partial shading. The
intended algorithm has been verified using MATLAB/Simulink by applying comparative
analysis with the conventional P&O MPPT. In addition, the performance of the proposed
control scheme is validated experimentally with the implementation of MATLAB/Simulink/
Stateflow a on dSPACE Real-Time-Interface (RTI) 1007 processor board and DS2004 A/D
and CP4002 Digital I/O boards. The results indicate that the algorithm is effective in reducing
power losses and faster in tracking the speedof themaximumpower pointwith less oscillation.
In addition, excellent dynamic characteristics of the proposed emulator have been proven to
be an ideal tool for testing PV inverters and various maximum power point tracking (MPPT)
algorithms for commercial applications and university studies.
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INTRODUCTION

Over the last several decades, utilization of the renewable energy sources for power generation has
shown a prominent increase due to the underlying reasons such as depletion of unsustainable energy
resources, environmental considerations, and technological advances in renewable energy (Andújar
et al., 2016). When considering the lifecycle of emissions from cleaner energy sources, specifically
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from each stage in a technology’s lifespan (frommanufacturing to
decommissioning), global warming emissions from sustainable
energy sources are almost non-existent (Edenhofer et al., 2011).

PV systems basically consist of a PV array and switch mode
power supply (SMPS). SMPSs are the most essential components
in PV systems owing to their functions of increasing the
efficiency, providing reliability, and cost-effectiveness
(Yanarates and Zhou, 2022). The primary function of power
electronic converters in PV systems is to capture the maximum
power generation from the PV array and feed the power into the
grid (Li et al., 2011; Beriber and Talha, 2013). It is imperative to
consider the variation of temperature, irradiance, and nonlinear
behavior of solar cells when developing high-performance power
electronic converters and MPPT algorithms (Fathabadi, 2016;
Wan et al., 2019). To test the MPPT algorithms and power
electronic converters with the real installed solar panels is
challenging because of the constraints surrounding space, high
installation costs, and lack of control regarding environmental
conditions (Moussa et al., 2019). Under such constraints, the use
of PV emulators is the most cost-effective solution to test MPPT
algorithms and power electronic converters (Pelin et al., 2014).
The use of cost-effective emulators provides a clear incentive for
global enterprise and scientific development (Ram et al., 2018).
For the ideal PV emulator, there are specific requirements which
include a proper emulation of nonlinear I-V and P-V
characteristics of a PV panel, which function under varying
atmospheric conditions, including temperature and irradiance
(Pelin et al., 2014). The emulator must be able to integrate power
electronic converter interfaces for testing. It must also be able to
function appropriately under frequent load changes and the
generation of the characteristic curves of a PV panel under
static and dynamic partial shading requirements (Shahabuddin
et al., 2018). Contemporary scientific enquiry has found that
emulated I-V and P-V curves produce similar results to real PV
panel outcomes (in terms of the datasheet) (Azharuddin et al.,
2014). However, the advantages and disadvantages have been
identified in terms of performance criteria, such as
implementation costs, efficiency, accuracy, the level of
complexity, sensitivity to variable environmental conditions,
and frequent load changes (Shahabuddin et al., 2018). Most of
the partial shading behavior is simulated using software
simulation. In addition, previous studies on PV emulators
have been mostly conducted under static shading conditions
that do not cover the sudden irradiance changes (Bulanyi and
Zhang, 2014). In addition, the PV array simulator (PVAS) is easy
to be applied but very expensive (Kermadi et al., 2018; Kermadi
et al., 2020). For outdoor testing, uncertain irradiation and
temperature may introduce uncertainty into the experiment
and, thus, prevent the expected results from being obtained
(Miyatake et al., 2011; Ghasemi et al., 2015). There is a need
for a flexible, easy, interactive, hardware-based PV array emulator
that can simulate the operation of PV systems under general or
partial shading conditions.

The proposed PV emulator consists of two solar panels and
two external current sources. The system can be connected either
with two PV panels in series or parallel and feeding them with
different currents from external current sources to emulate

various partial shading conditions of the PV array. Such
variations of external currents represent different irradiance
levels of partial shading conditions, where the generation of
dynamic shading effects can be obtained by rapidly changing
the currents from external current sources. It is a very flexible PV
source emulation system in laboratory environments. The
proposed PV emulator can demonstrate both dynamic and
static partial shading conditions easily in laboratory
environments.

Due to the changing current voltage (I-V) and power voltage
(P-V) electrical characteristics of the solar panels under different
conditions (e.g., varying irradiance and temperature), the PV
system must operate at the maximum power point voltage to
extract the maximum available power. Extracting the maximum
power under different environmental conditions and increasing
the system efficiency necessitate the use of maximum power point
tracking techniques (Ali et al., 2020). Among the methods
proposed in the literature, the traditional perturb and observe
(P&O) is one of the most popular MPPT algorithms due to their
simplicity and practicality (Ahmed and Salam, 2018). However,
the principle of the P&O algorithm is to track the MPP by
observing the power variation in relation to the voltage
variation which suffers from two serious shortcomings. The
first is the constant oscillation that occurs around the
maximum power point. Second, when the solar panels are
operating in partial shading conditions (PSCs), the traditional
MPPT algorithm can easily be trapped in local peaks rather than
tracking global peaks due to the multipeak nature of the solar
panel. Therefore, it can only track the maximum power point
under uniform irradiation condition (UIC); otherwise, it will
result in power loss. In order to extract the maximum power
under PSC, several advanced MPPT algorithms have been
proposed, such as fuzzy logic control (FLC), artificial neural
network (ANN), particle swarm optimization (PSO), and gray
wolf optimization (GWO) (Mohanty et al., 2015; Wei et al., 2016;
Ali et al., 2020; Bhattacharyya et al., 2020; Guo and Abdul, 2021).
Although these algorithms can continuously track the MPP using
the vast computing power of computers, the stochastic nature and
complexity of the algorithms result in more time being required
to track the maximum power point. In order to improve the
tracking performance under partial shading condition and reduce
the power loss during tracking, this study presents a simple
hybrid global search adaptive P&O MPPT algorithm that can
track the globalMPPwith fast response under PSC. By combining
it with the previously mentioned PV emulator, the practicality
and reliability of the indoor PV emulated system can be verified in
a real system.

This article is organized as follows. Following the Introduction,
the indoor PV emulator under UIC and PSC is presented and
its measured characteristic data are given as well. The
proposed MPPT algorithm is shown in Proposed MPPT
Algorithm. In Simulation Results of the Emulation PV
System Under Partial Shading Conditions, the simulation
results of the PV emulator and MPPT algorithm are shown
and analyzed. Finally, the experiment results based on the PV
emulator and dSPACE system can be seen in Experimental
Verification.
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PARTIAL SHADING EMULATIONOF THEPV
ARRAY USING THE PROPOSED PV
SOURCE EMULATING SYSTEM
The output voltage of a single solar panel is relatively low, and solar
system power generation can be increased by connecting solar panels
in series or parallel. However, if solar panels are connected in series
under PSC, the shaded panels will generate less power than the
normally working solar panels and consume part of the generated
power from the solar system. Partial shading not only reduces the
power generation of the PV system but also causes hot spots on the

shaded solar panels (Mirhassani et al., 2014; Mohandes et al., 2021).
To solve these problems, bypass diodes are deployed in the PV system
which can be seen in Figure 1.

Based on further experimental verification and taking three cases
with two PV panels in series as an example, when a solar panel is
shaded to varying degrees, the position of the globalmaximumpower
point (MPP) will also change. When the solar system works under
uniform irradiation, the P-V curve has only a single MPP. However,
under PSC, bypass diodes will transform the P-V curve into a
multipeak shape, which is characterized by multiple local MPPs
and a global MPP.

FIGURE 1 | Series-connected PV panels with the bypass diode under different irradiation.
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The Operational Principle and Circuit
Connection of the Emulated PV System
The operational principle of the proposed PV source emulating
system is by connecting an external current source in parallel with
a solar panel (Zhou and Macaulay, 2017; Yanarates et al., 2021).
The equivalent circuit of the emulated PV source is shown in
Figure 2.

Due to the low irradiation in an indoor environment, there is
no photocurrent from a solar panel that can be generated.
Therefore, an external current source is used and connected in
parallel with the solar panel. The photocurrent generated by
actual sunlight is represented by the current source current.
Variation of the external current source current represents
different irradiance levels of solar irradiance received by the
solar panel, and it will be easy to emulate the variation of
solar irradiance by regulating the current source. DBP in
Figure 2 represents the bypass diode integrated with the PV
panel. The role of the bypass diode is to avoid hot spots formed
when some solar cells in a PV panel or some PV panels in a PV
array receive less solar irradiance than others during PSC (Zheng
et al., 2014). To simplify the description of the operational
principle and characteristics of the emulated PV source, the
single-diode model was used to represent the equivalent circuit
of the emulated PV source. In indoor conditions, the
photocurrent generated by indoor light is assumed to be zero.
The electrical characteristics of the emulated PV simulator can be
expressed by Eq. 1:

Ipv emu � Ics − Is
⎛⎜⎜⎜⎜⎜⎜⎝e

Vpvemu−IpRs
nNsVt − 1⎞⎟⎟⎟⎟⎟⎟⎠ − Ish, (1)

Ish � Vpv − IpRs

Rsh
, (2)

Ip � Ics − Ipv emu, (3)
where Ipv_emu and Vpv_emu are the terminal current and voltage of
the emulated PV source, respectively; Ics represents the external

current source current; Ip represents the current injected into the
PV panel; Is represents the dark saturation current; Rs and Rsh are
the series and shunt resistances of the solar panel, respectively; n
is the diode quality factor; Ns is the number of series-connected
PV cells in the PV panel; and Vt is the solar cell thermal voltage
defined as Vt = kT/q, where k is Boltzmann’s constant (1.38 ×
10−23J/K), q is the elementary charge (1.6 × 10–19 C), and T is p −
n junction temperature in Kelvin (Zhou and Macaulay, 2017;
Macaulay et al., 2018).

To evaluate the proposed PV source emulation system, a test
system was set up as shown in Figure 3, where a SUNTEC 175W
solar panel STP175S-24/Ac was used and connected with an
external source (TENMA 72-2940 Programmable Bench Power
Supply) in parallel. The parameters of a single PV panel under
standard test conditions (STC) (i.e., irradiance 1000W/m2,
module temperature 25°C, AM = 1.5) can be seen in Table 1.

Electrical Characteristics of the Proposed
PV Source Emulator.
A PRODOGIT 3362F DC load was used for measuring the I-V
and P-V characteristics of the emulated PV source. The DC load
operated in its constant voltage (CV) mode, and the voltage was
swept from 0 to 44.2 V (open-circuit voltage of the solar panel)
with a step voltage of 0.5 V. Figure 4 shows the measured I-V and
P-V curves of the proposed PV source emulator with three
different solar irradiance levels emulated by setting three
different external current source current levels and the given
characteristic from the datasheet (thick solid line). The three
different current levels of the external current source was set as
ICS = 1.0 A, ICS = 3.0 A, and ICS = 5.2 A.

Partial Shading Emulation of the PV Array
Using the Proposed PV Source Emulator
I-V and P-V characteristic curves mentioned above show that
by applying an external current source, the solar panel can be
effectively simulated under various irradiation conditions.

FIGURE 2 | Equivalent circuit of the emulated PV source.
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Therefore, the emulation system can be used for emulating the
partial shading performance of various connected PV arrays.
When the partial shading occurs, the PV array operates under
uniform insulation as a result of partial shading, and the
photocurrent of shaded PV cells reduces while the unshaded
cells have a higher photocurrent. In this case, the shaded cells
will operate in a reverse bias region and consume power due to
reverse voltage polarity, resulting in a hot spot and potential
cell breakdown. With commercial PV panels, an antiparallel
bypass diode is usually connected to the PV panel to limit the
reverse voltage and reduce the power loss in the shaded panel
(Bidram et al., 2012). This partial shading and the additional
bypass diode result in the complicated shape of the P-V curves
characterized by multiple peaks, including several local
maximum power points (LMPPs) and a global maximum
power point (GMPP). These multiple peaks might result in
the conventional maximum power point tracking (MPPT)
trapped around an LMPP and, therefore, reduce the actual
power output significantly (Ishaque and Salam, 2012). Based
on the idea presented in the previous section, this section will
present a novel PV array emulator that can emulate the partial
shading performance of the PV array with both series and
parallel connections of PV panels. The laboratory setup is
shown in Figure 5.

A partial shading emulation system using two series-
connected solar panels and two external current sources was
proposed and constructed. The equivalent circuit of the partial
shading emulation is shown in Figure 6.

Two SUNTEC 175W solar panels (STP175S-24/Ac) were
used and connected in series. As the solar panel is located

inside the laboratory with very weak solar insulation, there is
almost no photocurrent generated from the indoor solar panels,
that is, iph � 0. The photocurrents of the two solar panels were

FIGURE 3 | Equivalent circuit of the emulated PV source.

TABLE 1 | Parameters of the solar panel STP175S-24/Ac.

Parameter and components Value

Maximum output power 174.24 W
Short-citcuit current ISC 5.2 A
Open-circuit voltage VOC 44.2 V
Current at MPP IMPP 4.95 A
Voltage at MPP VMPP 35.2 V
Cells per module 72
Temperature coefficient of ISC 0.042

FIGURE 4 | Measured electrical characteristics of the constructed PV
source based on a single solar panel at different current source currents. (A)
I-V curves. (B) P-V curves
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emulated by the output of the two TENMA 72-2940
programmable bench current sources. It is assumed that two
solar panels are identical with the same leakage current, dark
saturation current, and the same external current source current
ICS, and the output current and output voltage of the emulated PV
system are derived as Eqs 4, 5:

Ipv emu � ICS − Is
⎛⎜⎜⎜⎜⎜⎜⎝e

Vpvemu−Ip ·m·Rs
Vt ·m·Ns − 1⎞⎟⎟⎟⎟⎟⎟⎠ − Ish, (4)

Vpv emu � Ip(mRS) + Vt(mRS) · ln Ip − Ish + Is
Is

, (5)

where m = 2 represents the number of solar panels connected in
series (Zhou et al., 2014).

Figure 7 shows the measured and datasheet given (thick
solid lines) electrical characteristics of the emulated PV array
based on two series-connected solar panels with different
solar irradiance, and the different solar irradiance level was
emulated by setting both the external current source current
as 1A/3A/5A (corresponding to the actual I-V and P-V curves
under 200 W/m2, 600 W/m2, and 1000 W/m2 solar
irradiance).

By varying the current source currents, various solar
irradiance received by each solar panel can be emulated.
Figure 8 shows the I-V and P-V curves at two current source
settings. In the first PSC, the two current source currents were set
as ICS1 = 3 A and ICS2 = 1 A. In the second case, the two current
source currents were set as ICS1 = 5A and ICS2 = 3A. Since the
antiparallel connected bypass diodes integrated with the solar
panels provide an alternate current path, the solar panels no
longer carry the same current when partial shaded. In this case,
there are multiple maximum power points developed in the P-V
curve as shown in Figure 8. This emulated P-V curve, therefore,
can be used to test advanced MPPT algorithms to find the actual
global maximum power point (GMPP) for PSCs.

The figures above show that two solar panels connected in
series work under PSC, and the I-V and P-V curves are different

FIGURE 5 | Laboratory setup for the proposed emulated PV system. PV
emulated system using two series-connected PV panels.

FIGURE 6 | Equivalent circuit of the proposed emulated PV system.
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from the PV system operating under general irradiation, with two
peaks, which are similar to the given datasheet and simulation
results.

PV Emulated System Using Two
Parallel-connected PV Panels
Figure 9 shows an equivalent circuit partial shading emulation
circuit–based two parallel-connected solar panels and two
external current sources.

For each emulated PV panel, one blocking diode is connected
in series between the external current source and output terminal
for blocking the current injected into the PV panel from other
current sources when emulating the partial shading operation of
the PV array. Assuming that the two unilluminated solar panels
are identical with the same leakage current, dark saturation
current, and the same external current source current ICS, the
output current and output voltage of the PV emulation system
were derived as Eqs 6, 7:

Ipv emu � mIcs −mIs
⎛⎜⎜⎜⎜⎜⎜⎝e

Vpvemu−Ip ·Rs
Vt ·Ns − 1⎞⎟⎟⎟⎟⎟⎟⎠ −mIsh, (6)

Vpv emu � Ip(Rs) + Vt(Rs) · ln Ip − Ish + Is
Is

, (7)

where m = 2 represents the number of solar panels connected in
parallel (Zhou et al., 2014).

Figure 10 shows the measured and datasheet (thick solid lines)
electrical characteristics of the emulated PV array with two parallel-
connected unilluminated solar panels at three different emulated
solar irradiances. The curve 1 (blue lines), curve 2 (red lines), and
curve 3 (black lines) represent the I-V and P-V curves emulated by
setting both current source currents Ics1 and Ics2 as 1A/3A/5A,
respectively (corresponding to the actual I-V and P-V curves
under 200W/m2, 600W/m2, and 1000W/m2 solar irradiance).

By setting the two current source currents Ics1 and Ics2
differently, various I-V and P-V curves of the PV array with
parallel-connected solar panels under PSCs can be emulated.
Figure 11 shows electrical characteristics under two different
PSCs. The blue curves represent emulated I-V and P-V curves

FIGURE 7 | Measured and datasheet given electrical characteristics of
the emulated PV arrays based on two series-connected solar panels. (A) I-V
curves. (B) P-V curves

FIGURE 8 | Measured and datasheet given electrical characteristics of
the emulated PV arrays under two different partial shading operation
conditions. (A) I-V curves. (B) P-V curves
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with ICS1 = 3A and ICS2 = 1A, which corresponds to the electrical
characteristics of the two PV panels under 600W/m2 and 200W/
m2 solar irradiance, respectively. The red lines represent emulated
I-V and P-V curves with ICS1 = 5A and ICS2 = 3A, which
corresponds to the electrical characteristics of the two PV
panels under 1000W/m2 and 600W/m2 solar irradiance,
respectively. It is observed with the existence of the blocking
diode that there are no multiple peaks in the P-V curves of the PV
array. The output current of the PV array emulation system
equals the sum of the output current of the two solar panels. It is
worth mentioning that it is easy to regulate emulated
photocurrent of each panel by simply regulating the current of
the current source connected. Therefore, the proposed system can
emulate both static and dynamic current easily.

PROPOSED MPPT ALGORITHM

In the proposed algorithm, the global searchmethod is adopted. The
P-V curve of the proposed emulated PV system is scanned toward
the search boundary by incrementing Vpv. Some researchers have
concluded that the global peak of PV solar panels never exceeds 0.9
Voc (Boztepe et al., 2013; Furtado et al., 2017), where Voc is the open
circuit voltage of the PV panels under standard test condition (STC).
According to the datasheet of the emulated PV system, the upper
search boundary is set as 80 V.

Once the search is complete to obtain the voltage Vmpp for the
maximum power, the algorithm continuously checks for sudden

changes in power. A noteworthy issue is that sudden changes in
irradiation do not necessarily result in a change in the global peak
of the P-V curve but in a shift in Vmpp; therefore, an
inappropriate choice of the global search restart condition can
lead to a loss of power during the search. To avoid power loss due
to invalid restart conditions, the proposed algorithm introduces
an adaptive perturbation observation method. The adaptive
perturbation observation method performs a local
optimization after searching for the global MPP. This avoids
the problem of power loss due to small changes in irradiation.

As the traditional P&O method is based on fixed-step
perturbations, there is a conflict between reducing oscillations
in the PV array output power near the maximum power point
and tracking speed. Larger perturbation steps ensure faster
dynamic response of the algorithm but can lead to excessive
oscillation of the PV array output power around the MPP. On the
contrary, a small perturbation step reduces the power loss around
the MPP but slows the dynamic response to changes in
irradiation.

In this study, the proposed adaptive P&O algorithm based on
the slope of the P-V curve automatically adjusts the perturbation
step during the tracking of the MPP in order to overcome the
limitations of the traditional P&O algorithm. The schematic is
shown in Figure 12. At a constant irradiance (case 1), when the
operating voltage is far from theMPP, the increasing Vpv leads to
a continuous increase in the output power of the PV system every
cycle. For example, as the operating voltage moves fromV1 to V3,
the slopes K1 and K2 have similar values. As the operating voltage

FIGURE 9 | Proposed PV array partial shading emulation system with two parallel-connected unilluminated solar panels.
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moves closer to the MPP, the slope of the P-V curve slowly
decreases with each perturbation cycle until it equals 0. Thus, the
expression K1>K2>K3>K4 is satisfied when the system operating
voltage moves from V1 to Vmpp1. Under varying irradiation
(case 2 to case 1), the slope of the P-V curve changes. For example,
at first, the system searches for the MPP under low irradiation
conditions, and as the operating point moves from V6 to Vmpp2,
the slope starts to decrease and the perturbation step decreases, at
which point K7<K5. If the irradiation suddenly increases after
tracking to the maximum power point voltage Vmpp2, the power
changes and a new slope is created for the P-V curve. Thus, at case
2, K5>K7, and when case 2 becomes case 1, K7>K5, the
perturbation step increases, and the system can track the new
MPP faster. The discretized Ipv and Vpv are used as input signals
to the algorithm, and the slope of the P-V curve is calculated by
comparing the power change to the voltage change. As the
operating voltage may be on either side of the MPP, the
absolute value of the slope is taken. If the slope of the P-V
curve is greater than 1, then a fixed perturbation step of 0.5V is

chosen; otherwise, the slope is multiplied by a scaling factor as a
perturbation step to reduce system oscillations around the MPP.

The flow chart of the proposed hybrid global search adaptive
P&O algorithm is shown in Figure 13. The algorithm takes
advantage of the global search algorithm’s merit-seeking
capabilities and scans the entire search space, so it is unlikely to
miss the global MPP. After the GMPP is tracked, the adaptive P&O
replaces the global search to begin local optimization. As a result, the
P-V curve does not have to be rescanned for small changes in
irradiance, which reduces the power loss during the search

SIMULATION RESULTS OF THE
EMULATION PV SYSTEM UNDER PARTIAL
SHADING CONDITIONS
A Boost DC–DC Converter
In the simulation and experiment system, the proposed emulated
PV system was connected to a boost DC–DC converter. The

FIGURE 10 |Measured and datasheet given electrical characteristics of
the emulated PV arrays based on two parallel solar panels. (A) I-V curves. (B)
P-V curves

FIGURE 11 |Measured and datasheet given electrical characteristics of
the emulated PV arrays under two different partial shading operation
conditions. (A) I-V curves. (B) P-V curves
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terminal voltage of the emulated PV panels is regulated by the
boost converter with the following specifications shown in
Table 2.

The transfer function of the boost converter in terms of duty
ratio (d(s)) to output voltage, that is, the output voltage (Vout(s))
given in Eq. 8 is derived by using the dynamic (AC small signal)
state-space averaging technique.

Vout(s)
d(s) � −sLVdc + RVdc(D − 1)2

s2 + ( 1
RC)s + (D−1)2

CL

, (8)

In the experimental setup, the output voltage is kept constant
as the main focus is to validate the performance of the MPPT
algorithm by maintaining the terminal voltage of the boost

converter at the maximum power point voltage. Therefore, the
transfer function of the boost converter is rewritten by
multiplying both sides of Eq. 8 with the steady-state
input–output voltage relationship Vout/Vdc � 1/(1 −D) to
derive the transfer function in terms of duty ratio to the
terminal voltage as follows:

1
1 − D

Vout(s)
d(s) � 1

1 − D
−sLVdc + RVdc(D − 1)2

s2 + ( 1
RC)s + (D−1)2

CL

, (9)

Vdc(s)
d(s) � 1.75

−sLVdc + RVdc(D − 1)2
s2 + ( 1

RC)s + (D−1)2
CL

, (10)

Vdc(s)
d(s) � −0.01225s + 1137

4.084e − 07s2 + 3.249e − 05s + 3.016
. (11)

The step response characteristics of the boost converter in
terms of open-loop and closed-loop are given in Table 3. Time
domain analysis of the system (shown in Figure 14) regarding
transient and steady-state characteristics indicates that enhanced
performance outcomes are achieved with the PI controller which
is designed by considering the stability criteria of the switch mode
power supply as follows: the cutoff frequency is less than 1/10 of
the switching frequency, phase margin is greater than 45°, gain
margin is greater than 10 dB, and the slope of the gain curve at the
crossover frequency is approximately 20 dB/decade.

Open-loop control systems are those in which the output
quantity has no effect on the input to the control process, and
open-loop systems are just that: open ended nonfeedback
systems. Since SMPS output signals have repeated sinusoidal-
like behavior by nature, time delays must be taken into account
when designing a controller for a dynamical system and
analyzing its performance. Signal distorting and
nondistorting transit delays are two types of time delays.
The signal distorting delay is the difference between phase
lag, which delays each frequency by a variable length of time,
and non-distorting delay, which delays the entire signal by the

FIGURE 12 | Schematic diagram of adaptive perturbation step size.

FIGURE 13 | Flow chart of the proposed MPPT algorithm.
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same amount of time. Sensors, actuators, controllers, and the
process itself are the key components that generate time
delays in a feedback system.

Because of exhibiting nonminimum phase (NMP) behavior
due to right half plane zero (RHPZ) emerging as the undershoot

in step response and nonlinear dynamics, the controller design
for DC-to-DC boost converters is more complex and challenging.
The phenomenon commonly known as the NMP behavior is the
phase lag caused by the transfer of accumulated energy of the
inductor when the switch is on to the load during off-time. This
attribute is reflected by the existence of an RHPZ in the control to
output voltage transfer function. By restricting the closed-loop
bandwidth feasible by feedback control, the NMP nature
complicates the control effort. The dynamic change in positive
zero location induced by varying converter settings, such as load
resistance and voltage gain, exacerbate the NMP problem.
Moreover, a reduction in the input voltage or load resistance
tends to destabilize the closed-loop system by shifting the RHPZ
toward origin.

By considering all these issues, step response characteristics of
the proposed boost converter show that the open loop response is
fast but inefficient for tracking the reference step input due to the
internal dynamics of the system. Moreover, system stability can
be a significant issue, particularly in poorly designed closed-loop
systems as they may attempt to overcorrect any faults, causing the
system to lose control and oscillate.

Simulation Results of the Proposed MPPT
Algorithm
For the demonstration of the proposed algorithm, two series-
connected PV panels are presented in this study. According to the
previous measured PV characteristics, the emulated PV system
has similar characteristics to the actual I-V and P-V curves at
600W/m2 and 200W/m2, respectively. Figure 15 shows that the
PV system is under two different partial shading conditions.

A conventional fixed step size (0.5V) P&O MPPT and the
proposed adaptive P&O with the global search method were
simulated in MATLAB/Simulink. Both solar panels were initially
not exposed to irradiation under the initialization conditions.
After that, one of the simulated solar panels was exposed to
irradiation of 600W/m2, while the other panel irradiation is
400W/m2. At 0.15s, the irradiation changes from 400W/m2 to
200W/m2, which results in a different GMPP. The sampling time
of the P&O algorithm was set as 5 ms corresponding to a
perturbation frequency of 200Hz. Supplementary Figure S1
shows the voltage waveforms under different irradiation. The
proposed MPPT algorithm crossed the local MPP and eventually
tracked the global MPP. The results also indicate that the
proposed algorithm has faster dynamic response when the
irradiation varies (0.05 and 0.1 s). In addition, the steady-state
oscillations around the MPP shown in the zoom-in figures are
reduced greatly with the proposed adaptive P&O algorithm.

Supplementary Figure S2 shows the PV output power
waveforms. The output power waveforms verify that the
proposed adaptive P&O algorithm improves the tracking
speed and reduces the oscillation at the MPP. It is worth
noting that the adaptive P&O algorithm has better steady-state
performance in low irradiation condition.

Other features of the compared MPPT technique are
summarized in Table 4 (Ishaque et al., 2012; Macaulay and
Zhou, 2018; Wan et al., 2019). It can be seen from Table. 4

FIGURE 14 | Step response of the boost converter.

TABLE 2 | Boost DC–DC converter parameters.

Parameter Value

Inductor L 100 µH
Input capacitor C1 220 µF
Output capacitor C2 440 µF
Switching frequency 20 kHz
Steady-state duty cycle 0.43

TABLE 3 | Time-domain analysis of the boost converter control.

Characteristics Open-loop Closed-loop

Rise time 4.0224e-04 0.0033
Settling time 0.0064 0.0086
Settling minimum 271.2611 0.9002
Settling maximum 583.9025 1.003
Overshoot 54.8653 0.3036
Undershoot 7.2977 0.0136
Peak 583.9025 1.003
Peak time 0.0013 0.0095
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that the proposed MPPT algorithm is effective in tracking GMPP
and faster in tracking the speed of the MPP with less oscillation.
In addition, more than 99% energy can be extracted from the PV
system under PSCs.

EXPERIMENTAL VERIFICATION

The block diagram of the emulated PV system setup under PSC is
shown in Supplementary Figure S3. The overall experiment system
consists of two emulated solar panels connected in series, DC–DC
boost converter, electronic load, and dSPACE real-time interface
system (processor board RTI1007, DS2004 A/D board, and CP4002
digital I/O board). The dSPACE system is connected to the
computer’s dSPACE Controldesk 5.5 via the LAN network port.

Supplementary Figure S3 shows the test bench of the
experiment. Each of the two SUNTECH STP175S-24/Ac solar
panels is connected in parallel with the TENMA72-2940 power
supply set in a constant current mode. The terminal voltage of the
emulated PV panels is regulated by the boost converter.

The proposed MPPT algorithm was achieved using
MATLAB/Simulink 2015a and programed into the dSPACE
system. The DS2004 A/D board is used to measure the voltage
and current from the boost converter measured circuit which
is the feedback signals to the MPPT algorithm. The control
signal duty cycle D generated by the algorithm is output via
the CP4002 digital I/O board. It is worth mentioning that the
measured currents and voltages are scaled due to the input
voltage limit of the dSPACE analog to digital A/D board
channels being between −10V and +10V. Hence, the

FIGURE 15 | Case 1 and case 2 P-V curves from the datasheet. It can be seen above that case 1 has a GMPP of 143W and the GMPP for case 2 is 98.14 W.

TABLE 4 | Comparison between the proposed MPPT algorithm and other MPPT techniques.

Parameters Proposed FLC-P&O PSO GWO

GMPP tracking guaranteed? Yes No Yes Yes
Convergence time (s) 0.05–0.1 0.1 0.8 0.16
Tracking efficiency (%) 99.3% Over 98% Over 98% Over 99.7%
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measured voltage Vpv and current Ipv are scaled down by the
circuit and multiplied by 28 and 2.6, respectively, to obtain the
actual values.

The experiment results of the emulated PV system under
different irradiation with the conventional and proposed MPPT
algorithms are shown in Supplementary Figure S5.

The measured values in Supplementary Figure S5 represent
transient and steady-state responses in terms of constant current
under 2A (400W/m2)/3A (600W/m2). The MPP of the emulated
PV system under testing irradiation was around 73.8 V which can
be seen in Supplementary Figure S4A. Supplementary Figures
S4B,C show that the adaptive P&O algorithm has less power
oscillation around the voltage 73.8 V at the MPP as it is expected.

Since the partial shading is simulated by manually adjusting
the external current source, sudden changes in solar
irradiance are hard to be simulated. As a result, it is
difficult to observe the transient difference between the
conventional and proposed MPPT algorithm. This would
be optimized in future experiments. Experimental results
are in accordance with the simulation results and show
that the proposed emulated PV system was effective for the
investigation of PSC. In addition, the proposed MPPT
algorithm has better tracking performance and smaller
power oscillations around the MPP than the conventional
P&O MPPT algorithm.

CONCLUSION

This study has presented an innovative PV emulator and a state-
of-the-art learning-based real-time hybrid global search adaptive
perturb and observe (P&O) maximum power point tracking
(MPPT) technique. The main goal of the constructed emulator
is to overcome obstacles such as the necessity for a large area,
significant installation costs, and lack of control over
environmental conditions by merging unilluminated solar
panels with an external current supply. The developed
learning-based real-time hybrid global search adaptive P&O
MPPT algorithm has overcome the shortcomings of
conventional P&O MPPT methods, such as poor transient
response, high continuous steady-state oscillation, and
inefficient tracking performance of maximum power point
voltage in the presence of partial shading, caused by the use of
a constant perturbation size. Simulation results show that the
proposed MPPT algorithm provides a fast response for tracking
the MPP under PSCs with more than 99% energy extracting
efficiency with reduced steady-state oscillation around the MPP.

The overall system provides a feasible condition for the future
development of an advanced MPPT algorithm under PSCs.
Moreover, verification and validation of the proposed control
scheme have been carried out with the implementation of
MATLAB/Simulink/Stateflow on the dSPACE real-time-
interface (RTI) 1007 processor board and DS2004 A/D and
CP4002 Digital I/O boards.
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