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ABSTRACT

Photovoltaic systems experience variations in irradiance and temperature that
continuously shift the maximum power point, making effective MPPT essential for
maximizing energy extraction. Conventional methods such as Perturb and Observe
and Incremental Conductance are simple to implement but may suffer from slow
convergence, oscillations, and reduced accuracy under rapidly changing conditions.
Model Predictive Control offers faster dynamic response but at the cost of higher
computational requirements. This study developed a hybrid Incremental
Conductance—Model Predictive Control algorithm for photovoltaic MPPT. The
Incremental Conductance stage generated the reference voltage, while the finite-
control-set predictive controller selected the switching state of the boost converter
that minimized the voltage-tracking error. The controller was implemented in
MATLAB/Simulink and evaluated at irradiance levels of 1000, 800 and 500 W/m?,
with cell temperatures ranging from 25°C to 35°C. Its performance was compared
with that of a conventional Perturb and Observe—Model Predictive Control method.
The proposed controller achieved a tracking efficiency of 98.8%, compared with
96.9% for the conventional controller. In addition, the overall settling time
decreased from 100 ms to 70 ms, while the steady-state power oscillation was
reduced from 8.5 W to 2.3 W. Similarly, the controller was observed to have
produced lower overshoot and a faster rise time. These simulation results show
that the hybrid IN-MPC method improved energy extraction, transient response
and steady-state stability under the investigated operating conditions. However,
this study recommends both eexperimental and hardware-based studies to confirm
its real-time performance.

© 2026 Faculty of Engineering, University of Maiduguri, Nigeria. All rights reserved.

1.0 Introduction

Photovoltaic (PV) energy has become an important component of renewable electricity generation because it
is clean, modular and relatively easy to maintain. However, the electrical behaviour of a PV module is nonlinear
and depends strongly on solar irradiance, cell temperature and load conditions. Changes in these variables
shift the operating point of the module and alter the maximum power available from the PV array (Motahhir
et al., 2020; Kumar et al,, 2022). A maximum power point tracking (MPPT) technique is, therefore, needed to
regulate the operating point to improve energy extraction under changing environmental conditions.
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Perturb and Observe (PO) and Incremental Conductance (IC) are one of the most commonly used MPPT
techniques due to the fact that they require relatively simple control procedures and limited computational
resources. The PO method determines the direction of the maximum power point (MPP) by introducing small
changes to the operating voltage. Although the technique is simple to implement but normally produces
oscillations around the MPP and may select an incorrect tracking direction when irradiance changes rapidly
(Abdel-Salam et al, 2018). Incremental Conductance improves tracking by using the relationship between
incremental and instantaneous conductance (Abdel-Salam et al, 2018). Nevertheless, its performance depends
on the selected step size, sampling conditions, and residual oscillations or delayed convergence may still occur
under highly dynamic operating conditions (Abdel-Salam et al., 2018; Al-Wesabi et al., 2024).

Artificial Neural Networks (ANN), Genetic Algorithms (GA), Particle Swarm Optimization (PSO) and Fuzzy
Logic Control have also been applied to PV MPPT. These methods can adapt to nonlinear operating conditions
and, in some applications, provide better tracking accuracy than conventional algorithms (Kumar et al., 2022).
Their implementation, however, may require training data, parameter tuning, optimization procedures or
additional computational resources. Such requirements can increase design complexity and limit their use in
low-cost PV controllers (Alshareef et al., 2021; Kumar et al., 2022).

Advanced nonlinear and predictive controllers have been introduced for the improvement of the dynamic
behaviour of an MPPT system. Sliding Mode Control offers strong robustness but may suffer from chattering.
Backstepping control provides systematic nonlinear control but generally involves a more demanding
mathematical design (Bhagwan et al., 2024). Again, Model Predictive Control (MPC) predicts the response of
the power converter and selects a control action that minimizes a specified objective function. This enables
rapid transient response and direct control of converter switching states. However, repeated prediction and
optimization at every sampling interval may impose a considerable computational burden, particularly when
the prediction model or objective function is complex (Rivera et al., 2021; Bhagwan et al., 2024).

Recent studies have combined conventional MPPT methods with nonlinear, intelligent or predictive controllers
to obtain the advantages of more than one technique (Bollipo et al; (2020); Worku et al; (2023); Endiz et al;
(2025)). Incremental Conductance has, for example, been integrated with integral backstepping and sliding-
mode controllers to improve convergence and robustness. Although these approaches have reported
improved performance, their control structures may become complex, while sliding-mode implementations
may still experience chattering (Harrison et al., (2023); Messaoudi et al., 2024). Other hybrid MPPT methods
have also achieved high tracking efficiencies, but many require extensive tuning, optimization or additional
computational effort (Bouzid et al., 2020). The literature, therefore, shows an important trade-off between
tracking accuracy, convergence speed, steady-state stability and implementation complexity (Endiz et al; 2025;
Worku et al; 2023). Conventional methods are computationally economical but may respond poorly to rapid
operating changes, whereas advanced control methods usually provide better dynamic performance at the
cost of greater complexity. A practical MPPT controller should respond rapidly to irradiance and temperature
variations, maintain operation close to the MPP and limit steady-state oscillations without relying on an
excessively complicated control structure.

To address this requirement, this study proposes a hybrid Incremental Conductance—Model Predictive
Control technique. The IC component determines the reference voltage associated with the MPP, while the
finite-control-set MPC predicts the response of the DC—DC boost converter and selects the switching state
that minimizes the voltage-tracking error. The proposed controller is evaluated under different irradiance and
temperature conditions and compared with a conventional Perturb and Observe—Model Predictive Control
(PO-MPCQC) approach. The study specifically examines tracking efficiency, settling time, dynamic response and
steady-state oscillation.

2. Materials and Method

2.1 Research Methodology

A simulation study was conducted to develop and evaluate the proposed hybrid Incremental Conductance—
Model Predictive Control (IN-MPC) technique for MPPT in a PV system. The control system was implemented
in MATLAB/Simulink by combining the reference-voltage estimation process of the IC algorithm with the

switching-state selection capability of Finite-Control-Set Model Predictive Control (FCS-MPC) (MathWorks,
2024).
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The simulated system comprised a PV module, a boost converter, voltage and current measurement units, the
IN-MPC controller and a resistive load. The IC algorithm used the measured PV current and voltage to
estimate the reference voltage at the MPP. The predictive controller then evaluated the possible switching
states of the boost converter and select the state that produced the smallest deviation from the reference
voltage. The basic predictive-control procedure followed the principles described by Rodriguez and Cortes,
(2012) and Vazquez et al; (2017).
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Figure I: Configuration of the Proposed PV System with the Hybrid IN-MPC Controller (adapted from
Vazquez et al.,, 2017).

The controller was tested under different irradiance levels of 1000, 800 and 500 W/m? with operating
temperatures between 25°C and 35°C. These conditions were selected to examine the strenght of the
controller to respond to changes in the available PV power.

The performance of the proposed controller was compared with that of a conventional PO-MPC method.
Both controllers were evaluated using the same PV model, boost-converter parameters, environmental inputs
and load conditions. The principal performance indicators were tracking efficiency, settling time, dynamic
response and steady-state power oscillation. These measures were commonly used to assess the tracking
accuracy and transient behaviour of MPPT controllers (Esram & Chapman, 2007; Motahhir et al., 2020).

2.2 Photovoltaic-System Architecture

The PV array was represented using the single-diode equivalent-circuit model. This model was selected
because it provides a practical representation of the nonlinear current—voltage behaviour of a PV module
without requiring an excessively complex mathematical structure. It has been widely applied in PV simulation
and MPPT studies (De Soto et al., 2006; Villalva et al., 2009).
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Figure 2: Single-Diode Equivalent Circuit Model of the PV Cell (Villalva et al., 2009).

As shown in Figure 2, The equivalent model comprises of a photogenerated current source, a diode, and two
resistive elements representing the series and shunt resistances. The photocurrent source models the
electrical current generated when solar irradiance falls on the PV cell. The diode models the photovoltaic
cell’'s semiconductor junction, whereas the series resistance reflects the internal losses that resist electrical
current flow. The shunt resistance represents leakage-current paths within the cell.

The PV output current is expressed as in (Villalva et al, 2009):

Q(va + IpvRs) va + IpvRs
Ipv = ph_IO [exp(T -1 _R—Sh
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Here, [ydenotes the diode reverse-saturation current in amperes, grepresents the elementary electron charge
(1.602 x 10719 C), and nis the diode ideality factor, typically within the range 1 < n < 2. The symbol krefers
to Boltzmann’s constant (1.381 x 10723 }/K), while Trepresents the cell temperature in kelvin. In addition,
Rsand R, denote the series and shunt resistances, respectively, both measured in ohms ().

The generated photocurrent depends mainly on irradiance, although it is also affected by cell temperature. It
is calculated as in (Villalva et al., 2009):

G
Ly = [ISC.ref + Ki(T - Tref)] Grer 2
re

In this expression, I, .rdenotes the short-circuit current measured under Standard Test Conditions, while
K;represents the temperature coefficient associated with the short-circuit current. The variables Gand
Grefrefer to the incident solar irradiance and the standard reference irradiance of 1000 W/m?, respectively.

The instantaneous power produced by the PV module is given as in (Motahhir et al., 2020):

By = Voulpy 3
where PB,;,, 1, and [, represent the PV power, voltage and current, respectively.

Because irradiance and temperature affect both the voltage and current of the array, they also change the
position of the MPP. An MPPT controller is therefore required to regulate the operating point whenever
environmental conditions change (Esram and Chapman, 2007).
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Figure 3: Current—Voltage and Power—voltage Characteristics of the PV Module at Different Irradiance Levels
(adapted from Villalva et al., 2009).

Figure 3 shows that increasing irradiance raises the PV current and the maximum available power.
Temperature changes mainly affect the output voltage and consequently alter the position of the MPP. The
single-diode model was used to assess the tracking accuracy, convergence behaviour, transient response and
steady-state performance of the proposed IN-MPC controller.

2.3 Design of the Proposed Hybrid IN-MPC Technique

The proposed IN-MPC technique combines two complementary control functions. The IC algorithm estimates
the reference voltage associated with the MPP, while the Finite-Control-Set Model Predictive Controller
determines the most suitable switching state of the boost converter. This arrangement separates MPP
estimation from converter switching control to enables the controller to respond quickly to changes in
irradiance and temperature.

The IC method is based on the slope of the PV power—voltage curve. At the MPP (Motahhir et al., 2020),
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b _ 0 4
av
Since PV power is given as in (Motahhir et al., 2020):

P=VI 5

differentiating Equation (5) with respect to voltage gives

b _ I+V 6
av - av

At the MPP,
I+V dl =0 7

av

Therefore,
a1 o
av v

The operating region of the PV array is determined by comparing IC, dI /dV, with instantaneous conductance,
—1/V. When

dl> I 9
dav |4

the operating region lies to the left of the MPP. The reference voltage is therefore increased. Conversely,
when (Motahhir et al., 2020):

dl < ! 10
av |4

the operating region lies to the right of the MPP, and the reference voltage is minimized. At the MPP,

a1 N
awv- v
and the reference voltage remains unchanged (Motahhir et al., 2020).
The reference voltage obtained from the IC algorithm is supplied to the FCS-MPC stage. Using a discrete-time
model of the boost converter, the predictive controller estimates the PV voltage for each permissible switching
state during the next sampling interval. The predicted values are then compared with the reference voltage,

and the switching state with the smallest voltage-tracking error is selected (Rodriguez et al, 2013; Vazquez et
al., 2017).

The cost function is defined as in (Motahhir et al., 2020):
Is = |Vref(k) - Vpred,s(k + 1)' 12

where g, is the cost associated with switching state s, V.(k) is the reference voltage generated by the IC
algorithm, and Vi, eqs(k + 1) is the predicted PV voltage for the corresponding switching state.

The optimal switching state is selected as in (Motahhir et al., 2020):

s* = argmin (gs) 13
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where S represents the set of feasible converter switching states and s* is the state that produces the minimum
predicted voltage error.

The selected state is applied directly to the converter during the next sampling interval. Unlike a conventional
arrangement that passes the MPPT output through a separate pulse-width modulation stage, the predictive
controller evaluates the available switching options and applies the preferred action according to the converter
model. This process is repeated at every sampling instant, allowing the operating voltage to remain close to
the maximum-power-point reference.

By combining Incremental Conductance reference generation with predictive switching control, the proposed
method is intended to reduce convergence time and steady-state oscillation while maintaining accurate
tracking during changes in operating conditions.
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° L D
O N [——0) %
Vey
Ji S
j Cies R

Voltage S H . Vo
Sensor l
3 —-<_{ -

- Switching Signal

R e e = gty pi e [l e )

Vey : Proposed Hybrid IN-MPC Controller :

lpy | :

S V, S h

: Incremental Conductance o 4 Model Predictive :

Current [ (INC) Algorithm (Reference Controller (MPC) :

Sensor > Voltage) |

| |

£V | / \ :

' |

o e et e 2 e oo e i | i J

System Parameters
and Model of Boost Converter

Figure 4: Block Diagram of the Proposed Hybrid IN-MPC Architecture.

Figure 4 presents the main signal flow within the proposed controller. The PV voltage and current are supplied
to the IC block, which generates V.. The predictive controller uses this reference, together with the boost-
converter model and measured system variables, to determine the switching command applied to the
converter.

As illustrated in Figure 5, the control procedure begins with the measurement of PV voltage and current. The
corresponding incremental values are calculated and used to update the reference voltage. The predictive
stage then estimates the voltage response for each feasible switching state, evaluates the cost function and
applies the state with the lowest tracking error. The measured variables are subsequently updated, and the
procedure continues during the next sampling interval.

2.4 Mathematical Model of the DC-DC Boost Converter

The boost converter which connects the PV module to the load controls the operating voltage of the array.
By changing its switching state, the converter regulates energy transfer from the PV source and enables the
MPPT controller to move the operating point towards the MPP. The boost topology was selected because of
its simple structure, voltage step-up capability and widespread application in PV conversion systems (Rashid,
2018, pp. 215-250; Villalva et al., 2009).
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Figure 5: Flowchart Diagram of the Proposed Hybrid IN-MPC Technique.

The converter comprises an inductor L, a semiconductor switch S, a diode D, an output capacitor C and a
load resistance R;. Its dynamic behaviour depends on whether the switch is in the ON or OFF state.

2.4.1 Switch-ON State

When the switch is in the ON state, the diode is reverse-biased and the PV array sends energy to the inductor
device. During this interval, the capacitor supports the load. The boost converter equations as in (Villalva et
al., 2009)
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dig _ 42%

dt L
and

av, K

dt  R,C

where i; is the inductor current, Vpy is the PV array voltage and V,

lpy
—>

is the converter output voltage.
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Figure 6: Schematic Diagram of the Boost Converter used in the Photovoltaic System (Villalva et al., 2009).
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Figure 7: Equivalent Converter Circuit when the Power Switch is ON (Motahhir et al., 2020)

2.4.2 Switch-OFF State

+

When the switch is in the OFF state, the inductor discharges its retained energy through the diode to the
capacitor and load. The system dynamics are expressed as in (Motahhir et al., 2020):

diy, _Vpy =V,

dat L
and

av, i K

dt C R.C
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Figure 8: Equivalent Converter Circuit when the Power Switch is OFF (Motahhir et al., 2020)

Equations (14 — 17) describe the continuous-time behaviour of the converter in its two switching states. For
implementation of the predictive controller, these equations were converted into discrete-time form. The
resulting model is used to estimate the future converter response for each switching option and to determine
the state which minimizes the voltage-tracking error at every sampling interval. This model-based switching
process supports rapid transient control and stable operation near the MPP (Rodriguez & Cortes, 2012;
Vazquez et al, 2017).

For an ideal boost converter operating under steady-state conditions, the connection between the input and
output voltages is given as in (Motahhir et al., 2020):

where D is the converter duty ratio. An increase in D raises the output voltage and changes the input
impedance observed by the PV array. Through this relationship, the controller adjusts the array operating
voltage and maintains operation near the MPP.

2.5 Simulation Setup and Performance Evaluation

The proposed IN-MPC controller was implemented in Simulink using the PV model, DC-DC boost converter,
Incremental Conductance reference generator, predictive-control block, measurement units and resistive load
described in the preceding sections. The simulation model was arranged to measure the PV voltage and
current, calculate the reference voltage and determine the switching command applied to the boost converter.

In Figure 9, the PV array supplies the load through the boost converter. The measured array voltage and
current are passed to the IC stage, which estimates the voltage corresponding to the MPP. The predictive
controller uses this reference and the discrete-time converter model to evaluate the available switching states.
The state giving the lowest predicted voltage error is then applied to the converter.

The PV module parameters used in the simulation are presented in Table 2, while Table 3 gives the principal
converter and controller settings. These values were kept unchanged for both the proposed IN-MPC and

conventional PO-MPC controllers to provide a consistent basis for comparison.

Table 2: Electrical parameters of the Canadian Solar PV module (Adapted from Ahmed et al, 2017)

Parameter Symbol Value Unit
Maximum power at STC Brpp 410 w
Open-circuit voltage Ve 68 \
Short-circuit current Is¢ 7.84 A
Voltage at MPP Vinpp 63 \
Current at MPP Inpp 6.5 A
Number of series-connected modules Ny 60 —
Number of parallel strings N, I —
Reference temperature Tref 25 °C
Reference irradiance Gref 1000 W/m?
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Figure 9: Simulink Model of the Proposed hybrid IN-MPC MPPT Controller.

Table 3: Boost converter and controllers design parameters

Design parameter Symbol Value Unit
Inductance L 5 mH
Output capacitance C 1000 pF
Load resistance R; 30 Q
MPC sampling time T 15 s
INC sampling time Tine 100 s
INC voltage step AVgep 0.1 \%
Weighting factor A 0.1 —
Prediction horizon N, I —
Simulation duration tsim 3 s

The controllers were tested using step changes in irradiance to represent sudden variations in solar input.
The irradiance was changed among 1000, 800 and 500 W/m?, the cell temperature was varied between 25°C
and 35°C. These operating points were implemented to assess the controllers under high, medium and low
irradiance conditions.
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Figure 10: Irradiance and Cell-Temperature Profiles used for Evaluating the MPPT Controllers.

The IN-MPC and PO-MPC controllers were simulated under the same PV array, converter, load, sampling
and environmental conditions. Their performance was evaluated using tracking efficiency, tracking error,
settling time, rise time, maximum overshoot and steady-state power oscillation. These indices provide
measures of energy extraction, transient speed and operating stability (Esram and Chapman, 2007; Motahhir
et al, 2020).

The MPPT efficiency was calculated from the ratio of the power extracted by the controller to the peak power
available over the simulation interval:

fOT Ppy (t) dt

0 x 100% 19
fo Pypp (t) dt

NMPPT =

where nyppr is the tracking efficiency, Ppy(t) is the power extracted from the PV array, Pypp(t) is the
maximum power available at the prevailing irradiance and temperature, and T is the simulation period.

The instantaneous difference between the available maximum energy and the extracted PV energy was
determined as

ep(t) = Pypp(t) — Ppy () 20

where e,,(t) represents the instantaneous power-tracking error. A smaller value indicates that the controller
is operating closer to the MPP.

Settling time was taken as the period needed for the PV output to enter and stay within its steady operating
range after an irradiance or temperature change. Rise time measured the initial speed of response, while
maximum overshoot represented the largest temporary departure from the final operating value. Steady-state
oscillation was evaluated from the remaining power variation after the controller had settled.

The resulting voltage, current and power responses were examined to determine whether the proposed IN-
MPC controller provided faster convergence, improved energy extraction and lower oscillation than the
conventional PO-MPC method.
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3. Results and Discussion

The proposed IN-MPC controller and the conventional PO-MPC controller were evaluated under the same
conditions as stated earlier. Their responses were compared using tracking efficiency, tracking error, settling
time, rise time, maximum overshoot and steady-state power variation to be able to carry out a fair comparison.

3.1 Performance under Changes in Irradiance
The irradiance profile used for the simulation was varied in steps from 1000 W/m? to 800 W/m? and then to

500 W/m?. These changes represented reductions in the solar energy received by the PV array and produced
corresponding shifts in the available maximum power.

1100 T T T T T

Irradiance (W/m?)

1000

900 S

800 - .

700 .

600 .

IRRADIANCE (W/m?)

500 -

400 ' : :
0 0.5 1 1.5 2 25 3

TIME (s)

Figure | 1: Stepwise Irradiance Profile used to Evaluate the Proposed IN-MPC and Conventional PO-MPC
Controllers.

At each irradiance transition, the controllers were required to relocate the MPP and regulate the boost
converter at the new operating condition. The reduction in irradiance lowered the PV current and available
output power. Consequently, the controller response after each transition provided a basis for assessing
convergence speed, tracking accuracy and steady-state stability.

Both controllers responded to the applied changes and maintained operation within the expected PV operating
range. However, the proposed IN-MPC controller generally reached the new operating point more quickly
and with less variation after the transient period.

3.2 Dynamic Response of the Controllers

Figure 12 compares the output power, PV voltage and current obtained with the two control methods. The
power responses in Figure 12(a) show that both controllers followed the changes in available PV power. The
proposed IN-MPC response, however, approached the new power level more rapidly and showed smaller
fluctuations around the operating point. This behaviour was more noticeable immediately after the step
changes in irradiance.

The voltage responses in Figure 12(b) indicate that the proposed controller maintained the PV voltage closer
to its reference value. This resulted from the use of IC to update the MPP voltage and the predictive stage to
select the converter switching action.

A similar response was observed for the PV current in Figure 12(c). The current changed with each irradiance
level, but the IN-MPC controller produced a more stable response after the transient interval. The lower
voltage and current variations also contributed to the reduced power oscillation recorded for the proposed
controller.
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(a) Power Response
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Figure 12: Dynamic Responses of the Conventional PO-MPC and Proposed IN-MPC Controllers: (a) PV
power, (b) PV voltage and (c) PV current response.

The improvement can be explained by the functions assigned to the two parts of the hybrid controller. The
IC stage determines the direction in which the operating voltage should be adjusted, while the predictive stage
evaluates the possible converter actions before applying a switching command. The PO-MPC controller, in
contrast, obtains its reference through repeated perturbation. This process can produce additional movement
around the operating point, particularly after the MPP has been reached.

3.3 Comparative Performance Analysis

Table 4 presents the settling times and tracking errors obtained under the investigated irradiance and

temperature conditions.

Table 4: Performance of the IN-MPC controller relative to the conventional PO-MPC controller

Operating PO-POIIPC. IN-N!PC Time ) PO-M.PC IN-M!-"C Error  reduction
condition settling time settling reduction tracking tracking (percentage
(s) time (s) (s) error (%) error (%) points)

1000 W/m?, 25°C  0.23 0.16 0.07 3.6 2.7 0.9

1000 W/m?, 35°C  0.50 0.50 0.00 32 1.2 2.0

800 W/m?,25°C  I.11 1.10 0.01 37.1 36.5 0.6

800 W/m?, 35°C  1.50 1.50 0.00 375 36.5 1.0

500 W/m?, 25°C  2.70 2.10 0.60 754 75.0 0.4
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At 1000 W/m? and 25°C, the settling time decreased from 0.23 s with PO-MPC to 0.16 s with IN-MPC. This
corresponds to a reduction of approximately 30.4%. The tracking error also fell from 3.6% to 2.7%.

When the temperature was increased to 35°C at the same irradiance, both controllers recorded a settling
time of 0.50 s. The IN-MPC controller nevertheless produced a lower tracking error of 1.2%, compared with
3.2% for PO-MPC. Thus, the main improvement at this operating point was in tracking accuracy rather than
response time. At 800 W/m?, the settling-time differences were small. At 25°C, the values were |.11 s for
PO-MPC and 1.10 s for IN-MPC. At 35°C, both controllers recorded 1.50 s. The proposed controller still
showed slightly lower tracking errors at both temperatures.

The largest absolute reduction in settling time occurred at 500 W/m? and 25°C. The IN-MPC controller
settled in 2.10 s, compared with 2.70 s for PO-MPC. This represents a reduction of 0.60 s, or approximately
22.2%. The difference in the reported tracking error at this condition was comparatively small. These findings
show that the improvement provided by IN-MPC was not identical at every operating point. Its clearest
benefits were the shorter settling times recorded at 1000 W/m? and 500 W/m? and the lower tracking error
obtained at 1000 W/m? at 35°C.

Table 5 summarizes the overall dynamic-performance indices reported for the two controllers.

Table 5: Summary of the performance indices of PO-MPC and IN-MPC

Performance index PO-MPC IN-MPC
Tracking efficiency (%) 96.9 98.8
Settling time (ms) 100 70

Rise time (ms) 60 45
Maximum overshoot (%) 3.8 1.2
Steady-state oscillation (W) 85 2.3

The proposed controller achieved a tracking efficiency of 98.8%, which was 1.9 percentage points higher than
the 96.9% obtained with PO-MPC. Its settling time decreased from 100 ms to 70 ms, representing a 30%
reduction, while the rise time decreased from 60 ms to 45 ms. Maximum overshoot fell from 3.8% to 1.2%,
indicating that the proposed controller approached the required operating level with a smaller transient
departure. Steady-state power oscillation was also reduced from 8.5 W to 2.3 W. This reduction is important
because persistent oscillation around the MPP results in repeated movement away from the optimum
operating condition and lowers the energy extracted over time.

Overall, the results indicate that the IN-MPC controller provided better transient and steady-state
performance than the PO-MPC method in the simulated system. The higher tracking efficiency arose from the
combined effect of faster operating-point adjustment, lower overshoot and reduced power fluctuation after
convergence. The observed dynamic improvement agrees with the general operating principle of predictive
converter control reported by Rodriguez and Cortes (2012) and Vazquez et al. (2017). However, the present
results specifically show the performance obtained when the predictive switching stage was supplied with a
reference voltage generated by the IC algorithm.

4. Conclusion

This study developed a hybrid IN-MPC method for MPPT in PV systems. The IC stage generated the reference
voltage, while the finite-control-set predictive controller selected the boost-converter switching state that
minimized the voltage-tracking error. The proposed controller was implemented in Simulink and compared
with a conventional PO-MPC approach under same irradiance, temperature, converter and load conditions.

The results indicate the proposed controller achieved a tracking efficiency of 98.8%, compared with 96.9% for
the PO-MPC controller. It also reduced the overall settling time from 100 ms to 70 ms, the rise time from 60
ms to 45 ms, and the maximum overshoot from 3.8% to 1.2%. Steady-state power oscillation decreased from
8.5 W to 2.3 W. Under the low-irradiance test condition of 500 W/m? and 25°C, the settling time was reduced
from 2.70 s to 2.10 s.
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These results indicate that combining IC reference estimation with predictive switching control improved
energy extraction, transient response and steady-state stability in the PV system. The improvement was most
evident in the higher tracking efficiency, lower overshoot and reduced power fluctuation around the MPP.

The findings are limited to simulation under uniform irradiance conditions. Experimental validation is therefore
required before conclusions can be drawn about real-time implementation. Further work should examine the
controller through hardware-in-the-loop and laboratory testing, assess its computational demand on an
embedded processor, and evaluate its performance under partial shading, measurement noise, parameter
uncertainty and rapidly changing load conditions.
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