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Abstract—This paper proposes a fixed zone perturb & observe
(FZPO) technique to achieve an improved steady-state efficiency
as well as a fast and drift-free maximum power point tracking
(MPPT) for photovoltaic (PV) systems without any additional
sensors. In this technique, the PV array’s power-voltage curves
are divided into multiple zones with unique zone boundary volt-
ages for different irradiance conditions. This technique employs a
combination of adaptive and fixed step-sizes to improve the per-
formance, where the adaptive step-size is calculated from simple
mathematical equations, resulting in a reduced computational
burden. Besides, natural drift-free tracking is achieved without
any additional sampling or computation, overcoming existing
techniques’ limitations. The FZPO technique requires a PV
panel’s information only at the initial design stage but not during
real-time tracking, making the implementation possible using
only low-cost processors. This paper presents the implementation
and design of the proposed controller. The FZPO technique’s
performance is validated through a comprehensive set of hard-
ware experiments on a buck-boost full-bridge converter under
various irradiance conditions per the EN50530 standard. For a
step-change in irradiance, the FZPO technique is experimentally
verified to be 42% and 20% more efficient than the conventional
and VSS techniques, respectively. During the irradiance varying
conditions using the FZPO technique, the peak power loss is one-
sixth compared to the conventional and VSS techniques. Practical
field-related considerations such as PV panel temperature effects
are further investigated through experiments.

Keywords—Solar photovoltaics (PV), maximum power point
tracking (MPPT), perturb and observe, drift-free tracking, adaptive
step-size, model-based MPPT technique, steady-state oscillation,
dynamic performance

I. INTRODUCTION

SOLAR photovoltaic (PV) sources are increasing in today’s
electricity generation due to several advantages such as

eco-friendliness, fossil fuel-free, sound-free operation, and low
maintenance [1]. The PV system is constructed in either
a centralized or a distributed architecture [2, 3], and the
power output depends on the solar irradiance, and operat-
ing conditions [4–6]. In a centralized architecture, a single
power converter is employed for the complete PV system,
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and therefore, maximum power is harvested using a single
central maximum power point tracking (MPPT) controller.
This MPPT controller must be capable of differentiating local
maximum power point (LMPP), and global maximum power
point (GMPP) as the power-voltage (P-V) characteristics of
a solar panel array exhibit multiple maximum power points
(MPPs) in the event of partial shading [2, 3, 7–11]. In contrast
with the centralized architecture, the distributed architecture
employs an individual DC-DC converter for each PV string, as
shown in Fig. 1 and therefore, the individual MPPT controller
for each PV string results in efficient tracking [2]. Besides, a
simple MPPT controller suffices for a distributed architecture
as the effect of partial shading is low due to individual MPP
tracking of relatively small PV areas.

Fig. 1: An example of a distributed solar PV system

This work focuses on MPPT techniques for a standalone
distributed solar PV system, demanding a low-cost and simple
MPPT controller. Hill climbing MPPT techniques are well-
known [4, 5, 12–18]. Among them, the conventional perturb
and observe (P&O) technique is cost-effective and simple
[4, 5, 13–15, 18–20]. The conventional P&O technique tracks
the MPP by perturbing the control parameter based on the
PV voltage and power changes. This control parameter is
usually the converter’s duty ratio in the direct-duty perturbation
scheme or the PV voltage in the reference-voltage scheme
(later Section III explains these schemes in detail). The conven-
tional MPPT controller uses a fixed perturbation frequency and
fixed step-size. Perturbation frequency defines how frequent
the MPPT controller adjusts the control parameter, and a step-
size is a magnitude change in the control parameter. With a
large step-size, MPP tracking is fast but causes a large steady-
state energy loss, while a small step-size reduces the steady-
state energy loss at the cost of sluggish tracking [1, 16, 21].
Therefore, there is a compromise between the steady-state
energy loss and the tracking speed under the conventional
P&O technique. Incremental conductance based P&O method
is presented in [20] to improve tracking speed and reduce
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energy loss compared to the conventional method. However,
both techniques are prone to drift in tracking due to their
operating principle.

Drift in tracking is a condition when the MPPT controller
perturbs the system in the opposite direction of MPP, par-
ticularly when there is an increase in irradiance [4, 14, 17].
Although the MPPT controller eventually tracks MPP in the
subsequent perturbations, the drift will be predominant when
there is a continuous change in the irradiance, which is the case
in the practical scenario. Besides, drift will also be prevailing
with a large step-size.

To avoid the drift, the MPPT controller in [15] perturbs the
system by considering the PV current changes together with
the PV voltage and power changes. Some MPPT techniques
in the literature eliminate the drift by using multi-sampling
techniques, in which the intermediate PV voltage and current
are measured to track the climatic change by subjecting the
system to a small disturbance in between the usual MPPT
controller perturbations [14, 22]. As a consequence, this ad-
ditional disturbance increases the implementation and control
complexities. Besides, the response time of the PV system
limits the maximum perturbation frequency.

Adaptive step-size P&O techniques improve both steady-
state efficiency and tracking speed [4, 5, 14, 19, 21–24]. One
such is a variable step-size (VSS) technique [23], in which
the step-size is adaptive as defined by Dn = D(n−1) ± N ∗∣∣∣Pn−P(n−1)

Vn−V(n−1)

∣∣∣, where D is the duty of the converter, P and V are
the solar panel power and voltage, and N is a scaling factor.
Suffixes ‘n’ and ‘(n-1)’ represent the present and previous
operating points. The scaling factor ”N” is determined from an
experiment or a complete PV system model. Therefore, this is
partially a model-based technique. In this technique, the step-
size is proportional to the slope of the P-V curve, which is
small and large in magnitude, on the left and right sides of
the MPP point, respectively, as shown in Fig. 2(a). The VSS
MPPT controller can be sluggish under a rapid decrease in
irradiance due to a smaller step-size, as illustrated in Fig. 2(b).
Furthermore, the VSS technique exhibits a predominant drift
in tracking during an increase in irradiance, as the step-size is
large when the operating point is on the right of MPP.

(a) (b)
Fig. 2: P-V curves of VSS P&O technique showing (a) slope on
left and right sides of the MPP, (b) the operating point moving
towards left during a continuous decrease in irradiance

Ref [4] presents another adaptive P&O technique in which
both the step-size and frequency of the perturbation are adap-
tive and are determined from the Gaussian and Arc-tangent
functions involving trigonometric and exponential terms. This
technique is model-based with a complicated design and

requires a high-end processor. The zero-oscillation adaptive
MPPT (ZA-MPPT) technique in [25] not only provides an
adaptive step-size but also restricts the MPPT controller to
idle when the irradiance is constant to reduce the energy loss.
However, the ZA-MPPT method is not effective in practical
implementation as the irradiance is not always a perfect
constant. Ref [13] presents an MPPT technique using PV
Power-Conductance (P-G) characteristics, where the control
parameter is adjusted to match the load conductance at maxi-
mum power. However, this method does not discuss drift.

An enhanced adaptive P&O (EA-P&O) in [21] overcomes
the above-mentioned limitations, such as steady-state oscil-
lations and drift. This technique features an adaptive step-
size for fast MPP tracking and reduced steady-state oscilla-
tions. Besides, the technique is capable of tracking GMPP
under partial shading conditions with a reduced computational
burden. However, the EA-P&O controller tracks GMPP by
comparing multiple samples of perturbation, and therefore, the
performance requires further validation for a fast irradiance
change of 100 W/m2/s, for example, as suggested by the
standard EN50530 [26].

Ref [27] presents a Beta MPPT technique to track MPP
based on the magnitude of a variable β instead of PV power.
This technique uses a hybrid of adaptive and fixed step-sizes
for fast-tracking and reduced steady-state losses. However, β
and the scaling factor require manual tuning. This is over-
come in [28, 29], where the parameters are auto-tuned to
accommodate climatic changes. Besides, the modified Beta
MPPT technique in [28] is capable of tracking the GMPP
during partial shading conditions. Although Beta MPPT and
its variants provide fast and efficient tracking, the β variable
computation includes a logarithmic calculation.

Apart from P&O, fractional short-circuit and open-circuit
techniques are other well-known MPPT techniques [14, 24,
30]. In these, drift does not exist; however, the MPPT con-
troller interrupts the PV system periodically by opening or
shorting the PV terminals for a short duration. Therefore, these
are not suitable for standalone (off-grid) solar applications due
to periodic service interruptions [23, 30, 31]. The use of a
secondary PV cell for the PV voltage and current measurement
overcomes these periodic interruptions of the primary PV
system but increases the implementation cost [14].

Some model-based MPPT techniques provide overall effi-
cient tracking. One such method tracks the MPP based on
an estimation from a PV array model [32]. Unlike the P&O
techniques, this one does not oscillate around the MPP, thereby
improving the steady-state efficiency. Predictive control, fuzzy
logic, particle swarm, and neural network [10, 11, 33–37] are
some of the other model-based MPPT techniques. Model pre-
dictive control based MPPT approaches provides better steady-
state and dynamic performance [34]. A polynomial fuzzy logic
based technique in [36] requires a DC-DC converter model,
and designing the MPPT controller is complex. One such
method predicts the irradiance to track MPP, but temperature
measurement is needed [37]. Ref [38] presents a model for
MPP locus with temperature variations combining both the
heuristic and model-based techniques. In general, most of
the model-based approaches require a high-end processor to
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compute sophisticated mathematical equations. Some of them
are certain DC-DC converter specific, while some require
temperature sensors.

As a summary of the literature review, Table I compares
popular heuristic and model-based MPPT techniques based on
the step-size, complexity, drift in tracking, sensor requirement,
and sampling count per perturbation. Overall, the heuristic
and model-based MPPT techniques presented in the literature
exhibit one or more of the following limitations: (i) large
energy loss at steady-state, (ii) drift in tracking, (iii) slow
tracking, (iv) complicated mathematical computations, (v) mul-
tiple sampling within one MPPT tracking period, (vi) inability
to track fast-changing irradiance conditions, and (vii) extra
sensor/measurement. These limitations can be eliminated when
the present operating point on the P-V curve is located
accurately. This leads to the proposal of a zonal based MPPT
technique, where the P-V curve is partitioned into multiple
zones to pinpoint the operating point’s location.

With the above limitations in mind, this paper proposes
a fixed zone P&O technique (FZPO) for a distributed solar
PV system. In this technique, P-V curves are divided into
five zones, and the step-size for four zones is adaptive, while
the step-size is fixed for one remaining zone. The proposed
FZPO MPPT approach features: (i) improved steady-state
performance, with reduced oscillations and energy loss, (ii)
fast natural drift-free tracking at all operating conditions,
(iii) simple mathematical equations for step-size calculation,
i.e., less computational burden, (iv) no additional sampling,
(v) no extra sensor, (vi) no DC-DC converter model required,
and (vii) implementable even on low-end processors. Besides,
the proposed FZPO technique is not converter specific and can
be implemented on any DC-DC converter. This new approach
requires PV panel characteristics, but only at the initialization
stage.

The rest of the paper is organized as follows: Section II
details the proposed FZPO theory, and Section III explains
the implementation aspects and provides a design example of
the FZPO controller on a DC-DC converter. In Section IV,
the aforementioned features are validated by experiments in
which a 200 W buck-boost full-bridge converter is chosen.
The performance is compared with selected other MPPT
techniques based on the start-up time, steady-state oscillations,
drift occurrence, and all of these at constant, slow, and fast
varying irradiances per the EN50530 standard [26]. Section V
concludes this work.

II. PROPOSED FZPO TECHNIQUE

The proposed FZPO technique aims to split the P-V curves
into several linear regions (zones) and employs a mix of fixed
and adaptive step-sizes to improve the performance at all
irradiance conditions. The FZPO technique provides a natural
drift-free tracking without additional sensors or sampling,
making the implementation simple.

Upcoming subsections discuss the concept, analysis, and
operation of this FZPO technique.

A. Defining zones

In the FZPO technique, P-V curves are divided into multiple
zones. Three is the minimum number of zones; however, at
lower irradiance conditions, the tracking speed can be slow,
and the linearity of the P-V curve in certain regions can be
lost. Therefore, in this work, the PV curves are divided into
five zones, which is the next larger zone number, as shown
in Fig. 3. More than five zones increase the complexity of
the algorithm. In Fig. 3, Zone 1 & Zone 5 are the non-MPP
zones and are far from the MPP. Zone 3 contains the MPP,
and Zone 2 & Zone 4 are the transition zones. The challenge
is a mathematical definition of these zone boundaries. B12,
B23, B34 and B45 lines represent the zone boundaries and are
functions of PV voltage and current. Boundary points, where
the boundary lines intercept with the irradiance curve, are
represented in terms of voltages. These boundary voltages are
unique to different irradiance curves to improve the proposed
FZPO controller’s performance since the MPP voltage is not
the same at various irradiance conditions and temperatures.

Zone

2

Zone 1

Zone 3

Zone

4

Zone 5

Fig. 3: P-V characteristics curve of proposed FZPO technique

The zone boundaries are defined based on the change in
solar PV conductance ( ∆P

∆V 2 ) using the slope of the P-V
curve versus PV voltage characteristics for the two extreme
conditions, including a maximum irradiance (1000 W/m2)
with a lower panel temperature (25◦C) as well as a minimum
irradiance with a higher panel temperature (per designer’s
choice, such as 300 W/m2 and 55◦C), as shown in Fig. 4. The
solar PV conductance at the two extreme conditions is obtained
by plotting the P-V curve slope ( ∆P

∆V ) versus PV voltage as
shown in Fig. 5(a) and Fig. 5(b), respectively. For this, the
P-V curve slope (in other words, change in power (∆P ) for a
given change in voltage (∆V )) is obtained from the solar PV
model [23, 25, 39] given in (1) and (2). It is worth noting that
these equations are also temperature-dependent.

Fig. 4: P-V curves of the solar PV array at different irradiances
and temperatures
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TABLE I: Comparison of MPPT techniques in the literature

Techniques Adaptive
step-size

Number of
sampling(s)/
perturbation

Drift-free
tracking Features

Conventional P&O No 1 No Simple logical comparison. Poor steady-state performance with drift in tracking.

Function-based MPPT [4] Yes 1 Yes Involves trigonometric and exponential computations. Requires high-end processor
to compute the step-size.

Static Conductance [13] Yes 1 No Sophisticated mathematical equations. Involves multiple loops in the controller implementation.

Multisampling MPPT [14] No 3 Yes Involves multiple sampling. Does not address steady-state oscillations.

dp
dv Method [19] Yes 1 No Simple logical comparison. Drift is not addressed.

Enhanced Adaptive P&O [21] Yes 1 Yes Simple mathematical equations. Tracks GMPP during partial shading. Tracking during
fast irradiance change requires further validation.

Delta P&O, FullCurvE [22] Yes 4 Yes Involves multiple sampling which limits the MPPT frequency.

Variable Step-size (VSS) [23] Yes 1 No Simple mathematical equation. Fixed scaling factor and hence performance at certain
irradiance condition is poor.

Modified Beta [28] Yes 1 Yes Requires logarithmic computations. Tracks GMPP during partial shading. Requires
high-end processors to compute β.

MPP Estimation [32] Yes 1 Yes Computations with nth order root. Requires high-end processor to compute the step-size.
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where VPV1
, Voc and VT are PV voltage, open-circuit volt-

age and thermal potential, respectively, (V); IPV1
, Iph1

and
Isc are PV current, photon current and short-circuit current,
respectively, (A); Np and Ns are numbers of parallel strings
and series connected panels, respectively; Rs and Rp are series
and parallel resistances of the PV array, respectively, (Ω); Tref
and T are reference temperature and actual temperature of the
panel, respectively, (K); Gref and G are reference irradiance
and actual irradiance, respectively, (W/m2); Qd is the diode
ideality factor; k is the Boltzmann’s constant, (J/K); q is the
coulomb constant, (C); Eg is band-energy gap, (eV); KVoc

and KIsc are temperature coefficients of open-circuit voltage
(V/◦C) and short-circuit current (A/◦C), respectively.

Although zones in this technique are divided based on solar
array P-V curves, small variations in the parameters will not
affect the performance. This is because the perturbation step
size depends only on the operating PV voltage and current
but not on the actual panel parameters, as presented in the

next. Therefore, accurate experimental P-V curves are not
mandatory; instead, the proposed FZPO controller can be
designed using the theoretical P-V curves obtained using the
PV array datasheet parameters.

Using a linear curve fitting of the P-V curve slope versus PV
voltage characteristics, four points are obtained on each curve
at which the change in conductance occurs, as illustrated in
Fig. 5(a) (at maximum irradiance) and Fig. 5(b) (at minimum
irradiance). The pink dashed lines shown in Fig. 5(a) and
Fig. 5(b) are used for curve fitting. The intersection points
on the P-V curves define the boundary voltages. VB12(max),
VB23(max), VB34(max), VB45(max) represent the zone bound-
ary voltages at the maximum irradiance, and VB12(min),
VB23(min), VB34(min), VB45(min) represent the zone bound-
ary voltages at the minimum irradiance. After defining the
boundary voltages, boundaries B12, B23, B34 and B45 , which
are straight lines, are formed by joining the minimum and
maximum boundary voltages, as shown in Fig. 5(c). As a
result, the four boundary equations are defined as

VB12(g) = VB23(g) +A1 (6)
VB23(g) = m23In(g) + c23 (7)
VB34(g) = m34In(g) + c34 (8)
VB45(g) = VB34(g) +A2 (9)

where In(g) is the operating PV current at irradiance ’g’, (A);
m23, m34 are the slopes of boundary lines B23 and B34, (Ω);
c23, c34 are the x-intercepts of boundary B23 and B34, (V); A1,
A2 are the voltage differences between the parallel boundaries
B12 & B23 and B45 & B34, (V).

Using equations (6) to (9), the FZPO controller determines
boundary voltages of any operating irradiance ’g’. After deter-
mining the boundary voltages, the FZPO controller correctly
identifies the operating point zone from the present PV voltage
value. For example, let VB12 = 19.3 V, VB23 = 23.9 V, VB34 =
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Fig. 5: (a) Slope of P-V curve vs. PV voltage for case 1 (maximum irradiance, minimum PV panel temperature), (b) Slope of
P-V curve vs. PV voltage for case 2 (minimum irradiance, maximum PV panel temperature), (c) P-V curves for cases 1 and 2

25.8 V and , VB45 = 27 V be boundary voltages at one given
condition, and let the present operating PV voltage be 24 V. In
this case, the FZPO controller identifies the operating point to
be in Zone 3, since the present PV voltage (24 V) is between
VB23 and VB34.

After identifying the operating zone, the FZPO controller
computes the perturbation step-size for the corresponding zone,
as discussed in the next subsection.

B. Mixed step-size
The FZPO technique utilizes a combination of fixed and

adaptive step-sizes, depending on which zone the operating
point lies in. While in Zone 3, as the operating point is in the
MPP vicinity, the step-size is kept small and constant to reduce
the steady-state energy loss. The working principle of the
FZPO in this zone is similar to that of the conventional P&O.
On the other hand, the step-size (∆step) in the remaining four
zones is adaptive and computed using

∆step = m(Vn(g)− VB(g)) + c (10)

where VB(g) is the boundary voltage of the adjacent zone
towards the MPP at a given irradiance ’g’, (V); m is the slope
of the linear fitting curve, (V −1); c is the y-intercept.
This equation is linear as the P-V curve in these zones is almost
linear.

Here the step-size ∆step is directly proportional to the
difference between the present operating voltage Vn(g) and
the respective boundary voltage VB(g), such that the operating
point moves to the next zone towards the MPP faster. Besides,
the sign of (Vn(g) − VB(g)) in (10) decides the direction of
the perturbation, and hence no separate logic is required. It is
also noted that the step size equation is independent of the PV
array parameters, and therefore, the MPPT performance is not
affected by the parameter variations.

C. FZPO controller operation
The flowchart in Fig. 6 presents step-by-step operations of

the proposed FZPO controller. In design stages 1 and 2, the
panel characteristics are fetched, zone boundaries, and step-
size equations (6) to (10) are defined, as described in the above
subsections. These are performed offline and are executed only
once. Steps 1 to 6 are the real-time MPP tracking algorithms
of the FZPO technique.

No
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Start

Compute ΔV, ΔP

Determine present

boundary voltages

Identify the present

operating zone
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sampling
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Fig. 6: Flowchart of the proposed FZPO technique

For MPP tracking, the FZPO controller measures the present
operating PV voltage Vn and current In, as the first step. The
FZPO controller then determines the zone boundary voltages
for the present operating irradiance from (6) to (9), which
is step 2. Once zone boundaries are determined, the FZPO
controller identifies the present operating zone as step 3. Step 4
is to compute ∆step. If the present operating point is already
in Zone 3, ∆step is fixed. If not in Zone 3, ∆step is calculated
from (10). The resultant control parameter, CP, which can be
duty or phase-shift, or any other feasible parameter based on
the converter, is obtained by adding (or subtracting) the ∆step.
As a next step, the FZPO controller updates this resultant CP
in the converter and waits for the next perturbation period to
measure Vn and In again and repeat the process.

D. Natural drift-free operation
The FZPO controller operates with natural drift-free track-

ing. The term natural drift-free operation in this paper is coined
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as the drift is naturally eliminated due to the FZPO controller’s
operation, without requiring any additional algorithm.

Consider an operating point ’A’ at 300 W/m2 irradiance, as
shown in Fig. 7. When the irradiance increases to 1000 W/m2,
’A’ shifts automatically to ’B,’ where the load and new source
curves meet (per the definition of an operating point). At this
condition, the FZPO controller first identifies the ’B’ zone,
which is Zone 5 (per Fig. 7). Then the FZPO controller com-
putes the step-size ∆step, which is positive for this scenario
as (Vn|@B − VB45) in (10) is greater than zero. The positive
∆step increments the control parameter CP, thus moving the
operating point towards MPP to ’D’ avoiding drift, as indicated
by the green arrow in Fig. 7.

Fig. 7: Natural drift-free operation for step increase in irradi-
ance from 300 W/m2 to 1000 W/m2

In some cases, the new shifted operating point can be located
in Zone 3. In such conditions, though the FZPO controller
behaves similarly to the conventional controller in this zone,
the drift will still be negligible due to the smaller step-size.
It is noted that the new operating point will be in Zone 3
mostly when there is a minimal increment in the irradiance,
and hence the power loss due to the drift while in Zone 3 will
be negligible.

The FZPO controller is implemented on a power converter
to verify the concept and analysis presented in this section. The
implementation aspects with the design example are presented
in the upcoming section.

III. IMPLEMENTATION ASPECTS OF THE FZPO
TECHNIQUE

To demonstrate any MPPT method, a power electronics
converter is a required platform. In this work, a buck-boost
full-bridge (BBFB) converter shown in Fig. 8 is chosen for
implementation with the specifications mentioned in Table II.
A minimum irradiance of 300 W/m2 (which is approxi-
mately 50 W) and a maximum panel temperature of 55◦C
are considered. These numbers are just an example case for
demonstration purposes. However, there is no constraint on
the minimum irradiance and maximum temperature choices
for FZPO. Also, the FZPO technique can be implemented on
any power converter, for which the analysis presented in this
work still holds.

The BBFB converter features a high gain and continuous
input and output currents with high power capability [40].
In this work, BBFB is connected to a resistive load for
demonstration purposes. Besides, the FZPO performance is not
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Fig. 8: Solar PV fed buck-boost full bridge converter

TABLE II: Sample parameters for the FZPO technique

Parameters Legends Values Units

Solar PV MPP voltage * VMPP 25.75 V
Solar PV MPP power * PMPP 195 W
Temperature coefficient of
open-circuit voltage KVoc -0.35 %/◦C

Temperature coefficient of
short-circuit current KIsc 0.05 %/◦C

Temperature coefficient of
MPP power KPMPP

-0.45 %/◦C

Load resistance Ro 300 Ω
Irradiance range 300 - 1000 W/m2

* At standard test conditions (STC)

affected by the load type because the MPPT controller only
requires voltage and current measurements from the input side.

BBFB converter - control scheme: The BBFB converter
uses a decoupled control scheme consisting of the proposed
FZPO MPPT technique and a separate DC-current compensa-
tion loop [40], as shown in Fig. 9. This compensation loop
mitigates the DC current in the transformer of the BBFB
converter by using an asymmetrical duty control (D∗) on the
leading leg MOSFETs S2, S3, while the duty (D) of the
lagging leg MOSFETs S1, S4 is 50%, as shown in Fig. 9.
The DC-current compensation loop’s input is the transformer
primary DC current (Im(dc)), which is the difference between
positive (I ′p) and negative (I”p) transformer peak current
magnitudes. The control parameter CP for the FZPO MPPT
loop is the phase-shift (φ). Therefore, the duty reference (D∗)
from the DC-current compensation loop and the phase-shift
reference (φ) from the MPPT loop are together modulated
with the ramp (carrier) signal to generate gating signals for
the leading leg MOSFETs S2 and S3, as shown in Fig. 9.

A PI controller is sufficient for the DC-current compensation
loop, since the plant transfer function is a first-order system
[40], as given in

Îpri−dc(s)

∆d̂(s)
=

VPV
sLm +Ron

(11)

where Ipri−dc is the DC current in the transformer, (A); ∆d is
the change in duty in the leading leg MOSFETs; Lm is the
magnetizing inductance, (H); Ron is the on-state resistance of
the MOSFETs, (Ω).

The DC voltage gain (M) of the BBFB converter with this
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control scheme is given in

M =
2nφ

1 + 4n2fsLlk

Ro

(12)

where n is the transformer turns ratio; φ is the phase-shift
of the control signal; Llk is the leakage inductance of the
transformer, (H); fs is the converter switching frequency, (Hz);
Ro is the load resistance, (Ω).

FZPO controller - implementation techniques: The
P&O implementation is classified into reference voltage and
direct-duty perturbation [5, 13, 14]. In the reference voltage
perturbation scheme shown in Fig. 10(a), the MPPT controller
perturbs the reference voltage (vref ) based on the change in
PV voltage VPV and current IPV . The PI controller adjusts
the control parameter to match the PV voltage to the reference
voltage Vref [5, 13]. In this method, improved transient
stability is observed, but the controller design is based on the
converter model.
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Fig. 10: Methods of P&O implementations

In the direct-duty perturbation method shown in Fig. 10(b),
the duty (or any other control parameter) of the converter is
perturbed directly by the MPPT controller without requiring a
PI controller [14]. Therefore, the MPPT controller design is not

converter specific. This implementation method is considered
in this paper. The design of the FZPO controller parameters,
based on the theory presented in the previous section, is
discussed next.

FZPO controller - zone boundary equation design: Un-
der the overall conditions from Table I, the boundary voltages
at maximum and minimum irradiance conditions referring to
Fig. 5(a) and Fig. 5(b) are obtained. Similarly, PV currents
at these boundary voltages are obtained from Fig. 5(c) to
determine the zone boundary equation constants. The design
example of determining zone boundary equations (6) and (7)
constants is presented below.

Design example: From Fig. 5(a) and Fig. 5(b), boundary
voltages VB12(max), VB12(min), VB23(max) and VB23(min) are
obtained as given in (13) and (14). Similarly, PV currents at
VB23(max) and VB23(min) are obtained from Fig. 5(c) as given
in (15) and (16).

VB12(max) = 19.00 V, VB12(min) = 14.50 V (13)
VB23(max) = 23.00 V, VB23(min) = 18.50 V (14)

@ VB23(max), In = 7.8 A (15)
@ VB23(min), In = 2.8 A (16)

Substituting above values in (7), equations (17) and (18) are
obtained.

23 = 7.8m23 + c23 (17)
18.5 = 2.8m23 + c23 (18)

Solving (17) and (18) results in the values of constants
m23 and c23 as 0.9 Ω and 15.98 V , respectively. Likewise,
substituting the values of VB12(max) and VB23(max) in (6)
results in constant A1 to be −4 V . Now equations (6) and
(7) constants are fully determined.

Following the same procedure, constants of equations (8)
and (9) are obtained. Table III presents the summary of all the
zone boundary equation constants.

TABLE III: Constants of zone boundary equations

m23 m34 c23 c34 A1 A2

0.9 Ω 0.619 Ω 15.98 V 23.889 V -4 V 1.25 V

For a real-time operating point, using equations (6) to (9)
with the design parameters given in Table III, the proposed
FZPO controller first computes all the boundary voltages
based on the PV operating current and then locates the actual
zone given the operating voltage. Even though the operating
current may be the same across different irradiances and
temperatures, the FZPO controller still identifies the operating
zone accurately. To understand and validate this, consider six
operating points ’A’ to ’F’ with the same operating current of
2.8 A at different irradiances and temperatures, as shown in
Fig. 11.

For the assumed PV current of 2.8 A, the boundary voltages
VB12 to VB45 are obtained from (6) to (9) as 14.5 V, 18.5 V,
25.62 V, and 26.87 V. These boundary voltages are the same
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Fig. 11: (a) I-V curves at different irradiances and panel
temperatures showing the operating points at the same current
of 2.8 A, (b) P-V curves at different irradiances and panel
temperatures showing the corresponding operating points

for all the considered operating points ’A’ to ’F’, as they
only depend on the PV current. The FZPO controller then
identifies the operating zone for each point by comparing the
present operating voltage with the calculated zone boundaries.
For example, the FZPO identifies the operating zone of ’A’
as Zone 2 by comparing the operating voltage of 17.79 V
with the corresponding calculated zone boundary voltages,
i.e., between 14.5 V and 18.5 V. This is observed to be
accurate from Fig. 11(b). Table IV provides the zones of ’A’
to ’F’ as identified by the FZPO controller (termed as ”Zone
- theoretical”) and the actual zones identified from Fig. 11(b).
It is evident that even if the PV current of all the considered
points is the same, the proposed FZPO controller still identifies
the zones correctly.

TABLE IV: Validation of the zone identification

Operating points A B C D E F
Operating PV voltage (V) 17.79 19.41 24.72 26.01 28.65 29.83
Zone - theoretical 2 3 3 4 5 5
Zone - actual 2 3 3 4 5 5

FZPO controller - step-size equation design: The adap-
tive step-sizes for Zones 1, 2, 4, and 5 are computed from (10).
A minimum and maximum step-size for each zone defines
the step-size equation constants, as discussed in the design
example below.

Design example: Based on the intuitive approach, the max-
imum and minimum step-sizes are defined in (19) and (20).

Zones 1, 5 : ∆stepmin = 6%, ∆stepmax = 8% (19)
Zones 2, 4 : ∆stepmin = 2%, ∆stepmax = 6% (20)

Referring to (19), for Zone 1, when the operating point is

at 0 V, the step-size is 8%, and when it is at VB12(max), the
step-size is 6%. It is worth noting that the step-size reduces
as the operating point moves towards MPP. Substituting these
conditions in (10), equations (21) and (22) are obtained.

−8 = m(0− VB12(max)) + c (21)
−6 = m(VB12(max) − VB12(max)) + c (22)

Solving (21) and (22) results in m and c values to be 0.105
and -6, respectively. Similarly, constants for the remaining
zones are obtained in Table V.

TABLE V: Step-size equation constants for each zone

Constants Zone 1 Zone 2 Zone 4 Zone 5

Slope (m) in V −1 0.105 1 3.2 1
y-intercepts (c) -6 -2 2 6
Voltage (VB(g)) in V VB12(g) VB23(g) VB34(g) VB45(g)

With the above-designed parameters, the FZPO controller is
ready to be implemented on the BBFB converter hardware.

IV. HARDWARE EXPERIMENTAL VALIDATION

The proposed FZPO technique is verified experimentally
on a 200 W BBFB converter prototype. Experimental set-up
with the specification given in Table II is shown in Fig. 12.
A Chroma 62050H-600S simulator is used as the solar PV
source.

Fig. 12: Hardware experimental set-up of 200 W BBFB
converter

Other MPPT techniques, such as VSS [23] and conventional
P&O with similar complexity levels as that of FZPO, are also
chosen for hardware implementation and side-by-side com-
parison. The MPPT perturbs every 1 s for all the techniques
implemented in this work. The conventional P&O step-size is
chosen as 4.5%. For VSS, the scaling factor N is tuned as 4
based on the design guidelines provided in [23]. For tuning N
in VSS, a maximum step considered is 8%, also equivalent to
that of the proposed FZPO technique.

The performance of the above-mentioned techniques is com-
pared based on their tracking speed, steady-state oscillation,
MPPT efficiency, and drifting. Additional tests are conducted
at various conditions exhibiting the practical scenario, per
standard EN50530 [26].

The steady-state MPPT efficiency is calculated using [26]

ηsteady−state =
PPV (avg)

PMPP
(23)
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where PPV (avg) and PMPP are the average power supplied
by the PV array and the actual MPP power, respectively (W ).

In general, the MPPT efficiency for any given window is
computed based on the energy ratio as [26]

ηwindow =

∫ t2
t1
PPV (t).dt∫ t2

t1
PMPP (t).dt

(24)

where PPV (t) and PMPP (t) are the instantaneous power
supplied by the PV array and the instantaneous MPP power,
respectively (W ); t1 and t2 are the lower and upper limits of
the window considered (s).

Constant irradiance: The proposed FZPO technique is
tested at constant irradiance of 300 W/m2, 500 W/m2 and
1000 W/m2. The results are shown in Fig. 13(a), Fig. 13(b),
and Fig. 13(c), respectively. The PV voltage and current
oscillations are higher at 300 W/m2 than those at 1000 W/m2

due to the constant step-size used for Zone 3. The results
validate the MPP tracking at different irradiance conditions.

The FZPO technique is further tested at varying irradiance
conditions as suggested in the standard EN50530, and the
results are discussed further in this section.

Starting and steady-state behaviors: Two metrics, the re-
sponse time to reach the steady-state at starting and the steady-
state energy loss, are experimentally measured for conven-
tional, VSS, and FZPO controllers at a constant 1000 W/m2

irradiance. The results are given in Table VI. For starting, the
FZPO tracking speed is faster than the conventional and VSS
techniques by 50% and 22%, respectively. For steady-state,
the energy loss from the proposed FZPO is on par with the
VSS approach while significantly reduced compared to the
conventional method, as illustrated in the steady-state average
power and MPPT efficiency values from the table.

Although the FZPO steady-state performance is not signif-
icantly better than VSS at a constant irradiance, the main
advantage is observed under a dynamic irradiance change,
which is discussed next.

Step increase in irradiance: The Chroma PV emulator
is programmed to provide a step-change in irradiance from
300 W/m2 to 1000 W/m2 at t = 15 s as shown in Fig. 14(a).
Time taken for conventional and VSS techniques to reach
steady-state is 7 s and 5 s, respectively, with drift in tracking,
as shown in Fig. 14(b) and Fig. 14(c), respectively. However,
the proposed FZPO technique reaches the steady-state in 4 s
with drift-free tracking, as shown in Fig. 14(d).

Step decrease in irradiance: For a similar experiment when
a step down in irradiance from 1000 W/m2 to 300 W/m2 at
t = 15 s as shown in Fig. 15(a), the VSS performance, shown
in Fig. 15(c) is observed to take 13 s to reach steady-state as
its step-size is small at this transition, while the conventional
technique takes only 3 s as shown in Fig. 15(b). However, the
FZPO technique tracks the steady-state in only 2 s, as shown
in Fig. 15(d).

According to Standard EN50530 [26], the irradiance can
vary at the rate of 0.5 W/m2/s to 100 W/m2/s in the prac-
tical scenario. A slow irradiance change (say 0.5 W/m2/s)
usually does not affect MPPT’s performance as the irradiance
change between the tracking period is negligible. However,

a fast change in irradiance may affect MPPT’s performance
significantly. Therefore, to validate the performance at close-
to-reality conditions, ramp sequence tests at 20 W/m2/s and
100 W/m2/s are presented. In some test sequences, dwell
time between rise and fall of the irradiance is provided for
MPPT algorithms to stabilize, as recommended in EN50530
[26].

Ramp sequence at 20 W/m2/s with 30 s dwell time:
Fig. 16(a) shows the ramping irradiance with a slope of
20 W/m2/s, as recommended by EN50530 [26]. With the
conventional and VSS techniques, drift is observed, particu-
larly during the rise in irradiance, as shown in Fig. 16(b) and
Fig. 16(c), respectively. Furthermore, drift is significant in VSS
as the step-size is large during this test. However, the proposed
FZPO operation, as shown in Fig. 16(d), does not show drift
in tracking. Therefore, the experimental MPPT efficiency for
the 20 s - 120 s window with the proposed FZPO technique
is as high as 98.2%, while with the VSS and conventional
techniques is 94.3% and 97.95%, respectively.

Ramp sequence at 100 W/m2/s with 30 s dwell time:
Fig. 17(a) shows the ramping irradiance with a slope of
100 W/m2/s, as recommended by EN50530 [26]. The con-
ventional and VSS techniques fail to track the MPP during the
fast increase in irradiance and only track after the irradiance
settles (after t = 25 s), as shown in Fig. 17(b) and Fig. 17(c),
respectively. Meanwhile, the FZPO technique tracks the MPP
even during a fast irradiance change, as shown in Fig. 17(d).
The measured MPPT efficiencies of the conventional, VSS
and FZPO techniques during the period of (18 s - 62 s) are
86.7%, 89.5%, and 97.85%, respectively. The power loss (p.u.)
is shown in Fig. 20(a), which indicates the minimum loss with
the FZPO technique. This experimental exercise unveils a good
dynamic performance for the FZPO technique.

Ramp sequence varying continuously at 20 W/m2/s: In
the practical scenario, the irradiance tends to change continu-
ously, particularly on partial-cloudy days. Therefore, the MPPT
techniques are tested under continuously varying irradiance
as recommended by EN50530 [26] with a triangular profile
with a positive or negative 20 W/m2/s slope as shown in
Fig. 18(a). The conventional and VSS techniques’ response
shown in Fig. 18(b) and Fig. 18(c) show drift in tracking during
the rise in irradiance. However, the proposed FZPO technique’s
performance in Fig. 18(d) reveals that the tracking is smooth
even under continuously varying irradiance conditions.

Ramp sequence varying continuously at 100 W/m2/s:
Furthermore, the same MPPT techniques are tested under
continuously varying irradiance as recommended by EN50530
[26] with a triangular profile having a positive or negative
100 W/m2/s slope as shown in Fig. 19(a). The performance
of the conventional and VSS techniques, as in Fig. 19(b) and
Fig. 19(c), shows that they fail to track during continuously
fast-changing irradiance. In contrast, the proposed FZPO tracks
the MPP, as shown in Fig. 19(d). The power losses during
(10.5 s - 24.5 s) are plotted in Fig. 20(b). It is observed that the
loss is less than 10% for the FZPO technique, while it reaches
as high as 70% for the conventional and VSS techniques. This
particular test reveals a significant performance improvement
with the FZPO technique compared to the others.

Authorized licensed use limited to: OREGON STATE UNIV. Downloaded on March 16,2021 at 17:39:59 UTC from IEEE Xplore.  Restrictions apply. 



2168-6777 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2021.3065916, IEEE Journal
of Emerging and Selected Topics in Power Electronics

 

 

 

 

 

 

 

 

 

 

 

 

 

 300 W/m2 

PV Voltage 

PV Power 

PV Current 

Scale: 

x axis            : 5 s/div | y axis (Ch2)  : 1 A/div 

y axis (Ch3)  : 10 V/div | y axis (Math): 15 W/div 

(a) 300 W/m2

 

 

 

 

 

 

 

 

 

 

 

 

 

 500 W/m2 

 

 

  

PV Voltage 

PV Power 

PV Current 

Scale: 

x axis            : 2.5 s/div | y axis (Ch2)  : 2.5 A/div 

y axis (Ch3)  : 10 V/div | y axis (Math): 50 W/div 

(b) 500 W/m2

 

 

 

 

 

 

 

 

 

 

 

 

 

 1000 W/m2 

 

  

PV Voltage 

PV Power 

PV Current 

Scale: 

x axis            : 3.4 s/div | y axis (Ch2)  : 2.5 A/div 

y axis (Ch3)  : 10 V/div | y axis (Math): 50 W/div 

(c) 1000 W/m2

Fig. 13: Hardware experimental results of the proposed FZPO technique at constant irradiance

TABLE VI: MPPT technique performance during step-change in irradiance from 300 W/m2 to 1000 W/m2

Figure of Merits P&O MPPT Scheme
Proposed Conventional VSS

Starting time 7 s 14 s 9 s
Average power during starting 102.62 W 89.35 W 93.69 W
MPPT efficiency during starting 52.63 % 45.82 % 48.04 %
Steady-state average power 194.76 W 192.45 W 194.69 W
MPPT efficiency during steady-state 99.88 % 98.69 % 99.85 %
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Fig. 14: Hardware experimental results: Performance with step-change in irradiance from 300 W/m2 to 1000 W/m2 at time
t = 15 s
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Fig. 15: Hardware experimental results: Performance with step-change in irradiance from 1000 W/m2 to 300 W/m2 at time
t = 15 s
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Fig. 16: Hardware experimental results: Performance with ramp test sequence (medium-high irradiance) as per EN50530 standard
[26], having the slope of 20 W/m2/s and dwell time of t = 30 s
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Fig. 17: Hardware experimental results: Performance with ramp test sequence (medium-high irradiance) as per EN50530 standard
[26], having the slope of 100 W/m2/s and dwell time of t = 30 s
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Fig. 18: Hardware experimental results: Performance with the continuous ramp test sequence (medium-high irradiance) per
EN50530 standard [26], with a slope of ± 20 W/m2/s
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Fig. 19: Hardware experimental results: Performance with the continuous ramp test sequence (medium-high irradiance) as per
EN50530 standard [26], with a slope of ±100 W/m2/s
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Fig. 20: Hardware experimental results: (a) Power loss during
the window of (18 s - 62 s) for test waveform in Fig. 17(a),
(b) Power loss during the window of (10.5 s - 24.5 s) for test
waveform in Fig. 19(a)

The experimental performance of MPPT techniques at
several test conditions discussed above is summarized in
Table VII. It is observed that the MPPT efficiency of the
FZPO technique is about 4%, 9%, and 47% higher than the
VSS techniques during slow, fast, and continuously varying
irradiance, respectively.

Effect of PV panel temperature variations: In a practical
field-related scenario, panel temperature changes constantly,

though not as fast as the irradiance does. The change in
panel temperature affects the PV voltage due to a temperature
coefficient of -0.35 %/◦C, resulting in P-V curve shifting hor-
izontally. Therefore, validating the proposed FZPO technique
for temperature variations is necessary.

The FZPO zones are designed using (1) to (5) following the
guidelines given in Section II. Fig. 21 shows the P-V curves
with zones at different irradiances and panel temperatures, for
the parameters given in Table II. As (1) to (5) is a function of
irradiance and panel temperature, their effects are taken care
of at the design stage, to ensure FZPO tracking. To verify
this, the step changes between two extreme conditions, i.e.,
1000 W/m2 25◦C and 300 W/m2 55◦C, are considered.

Fig. 22(a) shows the MPP tracking of the FZPO technique
when subjected to a step rise in irradiance from 300 W/m2

55◦C to 1000 W/m2 25◦C. Fig. 22(b) shows the MPP tracking
of the FZPO technique when subjected to a step fall in
irradiance from 1000 W/m2 25◦C to 300 W/m2 55◦C. The
tracking speed at these two conditions is similar to the step-
change in irradiance under the uniform 25◦C case. Besides,
a difference of about 3.5 V in the MPP voltage at 55◦C is
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TABLE VII: MPPT scheme performance during dynamic irradiance conditions

Figure of Merits P&O MPPT Scheme
Proposed Conventional VSS

Settling time with step-change in irradiance
Step from 300 W/m2 to 1000 W/m2 4 s 7 s 5 s
Step from 1000 W/m2 to 300 W/m2 2 s 3 s 13 s

Tracking efficiency with ramp test sequence
Slow irradiance change (20 W/m2/s) with dwell time 30 s 98.2% 97.95 % 94.3%
Fast irradiance change (100 W/m2/s) with dwell time 30 s 97.85% 86.7% 89.5%
Continuously varying irradiance (Triangular at 100 W/m2/s) 94% 70.4 % 47.3%

Drift-free operation Yes No No
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Fig. 21: P-V curves at different irradiances and temperatures
indicating the MPP points and zones

observed due to the negative temperature coefficient of the PV
panel material, verifying the effects of temperature change.

(a) (b)
Fig. 22: Hardware experimental results of the proposed
FZPO technique: (a) step-change from 1000 W/m2 25◦C to
300 W/m2 55◦C, (b) step-change from 300 W/m2 55◦C to
1000 W/m2 25◦C

Significant features and contributions of the FZPO
technique: From the hardware experimental verification and
implementation, several features, advantages, and contributions
of the proposed FZPO are summarized as follows:
• The proposed zonal based technique locates the operat-

ing point irrespective of the irradiance and panel tem-
perature variations, while most of the heuristic MPPT
techniques fail to do so.

• Though the proposed FZPO technique is model-based,
the design parameters are computed only once in an
offline mode. At the same time, online step-size compu-
tations involve only linear equations.

• Despite being a model-based technique, the proposed
FZPO does not require high-end processors due to
simple computations, thereby making it cost-effective
and efficient.

• The perturbation step-size in this technique is inde-
pendent of the PV array and therefore, the parameter

variations in the array due to aging or other factors do
not affect the performance.

• The zone boundary voltages are unique for different
irradiance levels, improving the tracking speed even at
a lower irradiance level.

• The mixed perturbation step-size improves both steady-
state and dynamic performance.

• The perturbation step-size and the zone boundaries are
defined based on linear equations, which reduce the
complexity of the implementation.

• The proposed FZPO technique exhibits natural drift-free
operation as the direction of perturbation is embedded
in the step-size computation.

• This technique exhibits efficient tracking during slow
and fast varying irradiance conditions.

• No additional sensors apart from the voltage and current
sensors are required.

Limitation during partial shading: The FZPO technique
is generally reliable for the distributed PV architecture, as the
scope of this paper, where partial shading effect is expected
low. Under a significant partial shading condition, the FZPO
technique may track the GMPP with limitations. In particular,
when the GMPP exhibits in Zone 3 as in Case 1 in Fig. 23,
FZPO will track the point as normal. However, FZPO fails
when the GMPP lies outside Zone 3, as in Case 2, when
it instead tracks the LMPP in Zone 3. Besides, the FZPO
algorithm may become confused when the regular GMPP and
an extra LMPP both exist in Zone 3.
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Fig. 23: Two different P-V curves during partial shading:
Case 1 - FZPO successfully tracks as GMPP is located in
Zone 3; Case 2 - FZPO fails to track GMPP, instead tracks
LMPP that is in Zone 3
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V. CONCLUSION

This paper proposes a fixed zone P&O (FZPO) MPPT
technique to overcome the limitations, including high steady-
state loss, poor dynamic performance under varying irradiance
conditions, drift in tracking, multiple samplings per perturba-
tion, need for a high-end computing processor, and need for
additional temperature and irradiance sensors. In the FZPO
technique, the P-V curves are divided into multiple zones,
with the boundary voltages varying for different irradiance
conditions. A mixed step-size with simple linear equations is
employed, making the computations more efficient. Besides,
the FZPO technique achieves natural drift-free tracking with-
out an additional sampling/algorithm. The FZPO technique
requires a one-time computation of the controller parameters
from the PV panel information at the initial design stage.
However, it does not require any complex computation during
real-time tracking. The proposed FZPO converter is best suited
for the standalone distributed PV systems where a low-cost,
simple MPPT controller is the key requirement.

The proposed FZPO scheme is validated on a 200 W ex-
perimental prototype of a buck-boost full-bridge converter with
a decoupled control scheme. The design and implementation
of the MPPT controller are discussed. Several experiments
present a performance comparison of the conventional, VSS,
and FZPO techniques under constant/slow/fast varying irra-
diance conditions. Per the guidelines of Standard EN50530,
the ramp change in irradiance at two different rates with and
without a dwell time is tested. It is verified that even during
a fast irradiance change, the proposed FZPO technique offers
strong dynamic performance. The FZPO tracks the MPP with
an efficiency of 42% and 20% more than the conventional
and VSS techniques for a step-rise in irradiance. Similarly, the
proposed FZPO technique is 24% and 47% more efficient than
the conventional and VSS techniques during a continuously
varying irradiance condition. Besides, under all test conditions,
the FZPO provides drift-free tracking. The drift-free operating
nature results in reduced power loss, particularly during the
dynamic condition. The power loss plots unveil the FZPO
technique having 0.1 p.u. power losses while the conventional
and VSS techniques having as high as 0.6 p.u. power losses.
Also, practical field-related issues such as PV panel tempera-
ture variations were investigated and experimentally validated
not to affect the proposed FZPO performance.

REFERENCES

[1] H. A. Sher, K. E. Addoweesh, and K. Al-Haddad, “An
Efficient and Cost-Effective Hybrid MPPT Method for a
Photovoltaic Flyback Microinverter,” IEEE Transactions
on Sustainable Energy, vol. 9, no. 3, pp. 1137–1144, July
2018.

[2] G. Velasco-Quesada, F. Guinjoan-Gispert, R. Pique-
Lopez, M. Roman-Lumbreras, and A. Conesa-Roca,
“Electrical PV Array Reconfiguration Strategy for Energy
Extraction Improvement in Grid-Connected PV Systems,”
IEEE Transactions on Industrial Electronics, vol. 56,
no. 11, pp. 4319–4331, Nov 2009.

[3] O. Khan and W. Xiao, “An Efficient Modeling Tech-
nique to Simulate and Control Submodule-Integrated
PV System for Single-Phase Grid Connection,” IEEE
Transactions on Sustainable Energy, vol. 7, no. 1, pp.
96–107, Jan 2016.

[4] S. R. Tousi, M. H. Moradi, N. S. Basir, and M. Ne-
mati, “A function-based maximum power point tracking
method for photovoltaic systems,” IEEE Transactions on
Power Electronics, vol. 31, no. 3, pp. 2120–2128, 2016.

[5] J. Kivimaki, S. Kolesnik, M. Sitbon, T. Suntio, and
A. Kuperman, “Design Guidelines for Multiloop Per-
turbative Maximum Power Point Tracking Algorithms,”
IEEE Transactions on Power Electronics, vol. 33, no. 2,
pp. 1284–1293, Feb 2018.

[6] A. F. Murtaza, M. Chiaberge, F. Spertino, J. Ahmad, and
A. Ciocia, “A Direct PWM Voltage Controller of MPPT
& Sizing of DC Loads for Photovoltaic System,” IEEE
Transactions on Energy Conversion, vol. 33, no. 3, pp.
991–1001, Sept 2018.

[7] S. Selvakumar, M. Madhusmita, C. Koodalsamy, S. P.
Simon, and Y. R. Sood, “High-Speed Maximum Power
Point Tracking Module for PV Systems,” IEEE Transac-
tions on Industrial Electronics, vol. 66, no. 2, pp. 1119–
1129, Feb 2019.

[8] H. Li, D. Yang, W. Su, J. Lü, and X. Yu, “An Overall Dis-
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