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 Photovoltaic (PV) systems must operate at the maximum power point (MPP) 

to maintain efficiency under varying environmental conditions. This study 

develops a temperature-compensated perturb-and-observe (P&O), maximum 

power point tracking (MPPT) controller integrated with a boost converter in 

MATLAB. A 100 kW PV array was modeled using realistic module 

parameters; baseline experiments without MPPT revealed power losses up to 

70% and incorrect power–temperature correlations due to fixed-duty cycle 

operation. With MPPT enabled, the controller dynamically adjusted the duty 

ratio, achieving proportional scaling with irradiance and an inversely 

proportional response to temperature. Results confirm a peak summer output 

of 48.78 kW compared to 15 kW without MPPT, improving annual energy 

yield by a factor of three under realistic Sakarya operating conditions. 
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1. INTRODUCTION 

Photovoltaic (PV) systems are central to renewable energy due to scalability, low maintenance, and 

environmental benefits. Efficient operation requires continuous tracking of the maximum power point (MPP). 

Among maximum power point tracking (MPPT) methods, perturb-and-observe (P&O), and incremental 

conductance (INC) are widely applied for their simplicity and effectiveness [1], with comparative studies 

reinforcing their relevance [2]. MPPT controllers, typically implemented with boost converters, adapt to 

irradiance, temperature, and shading variations [3], as described in foundational power electronics literature 

[4]. Grid-connected PV systems must comply with interconnection standards covering voltage, frequency, 

disturbance response, and protection requirements, and simulation-based validation is commonly used to 

verify both efficiency and safe grid integration [5]. Subsequent research introduced adaptive approaches and 

detailed PV modeling, highlighting energy-yield improvements and the influence of parasitic resistances in 

direct current (DC-DC) converters [6]. Recent work emphasizes MPPT integration with boost converters and 

microcontroller platforms for stable and rapid tracking, including transient analysis of converter signals  

[3], [6], [7]. MATLAB/Simulink remains a standard environment for MPPT modeling and evaluation [8]. 

Early comparisons of P&O and INC clarified trade-offs among simplicity, accuracy, and response time [9], 

while further studies detailed P&O implementation in applications such as PV pumping [10]. Environmental 

conditions significantly affect PV and MPPT performance. Increased irradiance raises photocurrent, whereas 

higher temperature reduces open-circuit voltage and shifts the MPP. Accurate PV–converter modeling under 
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varying conditions, including detailed PV array simulation, is therefore essential. Under partial shading, 

multiple local maxima require controllers capable of identifying the global MPP [11]. Step-size selection 

introduces a convergence–stability trade-off, addressed by variable step-size INC methods that adapt to 

voltage or power variations [12]. Temperature-compensated algorithms further improve tracking accuracy, as 

shown in comparative studies for battery-charging systems [13]. Detailed PV array models incorporating 

electrical and thermal parameters support DC-stage analysis in grid-connected systems [14], while 

integration with battery storage enhances reliability under fluctuating irradiance [15]. Comparative 

investigations of classical and intelligent MPPT strategies including P&O, FLC, and adaptive neuro-fuzzy 

inference systems illustrate the growing role of soft-computing and simulation-based benchmarking [16]. 

Nevertheless, despite extensive research on P&O and temperature effects, few studies integrate temperature 

compensation directly within the P&O loop using realistic parameters and regional case studies. The need for 

reliable modeling is further supported by converter comparisons [3], [6], [7] and analyses of irradiance and 

temperature impacts [17], [18], while recent optimization techniques improve convergence under fast-

varying loads and partial shading [19]–[21]. 

Conventional P&O algorithms are valued for their simplicity but often exhibit steady-state 

oscillations and neglect the reduction of open-circuit voltage under thermal stress. Although adaptive and 

soft-computing MPPT methods address these limitations, they typically increase computational complexity. 

The novelty of this study is the integration of a computationally lightweight temperature-compensation 

mechanism within the standard P&O loop. Moreover, limited research examines the statistical reliability and 

long-term stability of P&O controllers under localized meteorological conditions, with many studies 

overlooking oscillatory behavior during seasonal transitions [22]. The contribution of this work is presenting 

a year-long, high-resolution statistical evaluation of MPPT performance for the Sakarya region using real 

meteorological data. A temperature-compensated P&O MPPT model was developed in MATLAB/Simulink 

and validated with annual climatic data from Sakarya to assess tracking efficiency and energy yield under 

realistic conditions. 

  

 

2. EXPERIMENTAL SETUP 

The PV module produces an output voltage (𝑉𝑃𝑉) and current (𝐼𝑃𝑉) corresponding to the incident 

solar irradiance (𝐼𝑟). These outputs are supplied to the MPPT controller, which also receives temperature (𝑇) 

as an input to compensate for temperature-dependent variations in PV performance. The MPPT controller 

processes these input signals and generates a pulse-width modulation (PWM) control signal used to drive the 

boost converter. The boost converter then increases the PV voltage to the desired level, and the regulated 

output is delivered to a 2 Ω load. The block diagram of this is illustrated in Figure 1. 

 

 

 
 

Figure 1. Block diagram of the PV–boost converter with MPPT control, showing irradiance and temperature 

inputs, PV measurements, PWM signal, and load outputs (Vout and Pout) 

 

 

The PV-boost converter system is defined by the electrical parameters of the array and converter. 

The array comprises 10 series-connected modules per string and 47 parallel strings, yielding a total maximum 

power of 213.15 W per module STC. Each module has an open-circuit voltage of 36.3 V, a MPP voltage of 

29 V, an MPP current of 7.35 A, and a short-circuit current of 7.84 A. Temperature effects are captured by a 
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–0.3609 %/°C coefficient for open-circuit voltage and a +0.102 %/°C coefficient for short-circuit current [8]. 

The boost converter steps the PV input voltage (250–350 V) to a regulated 600 V DC output. The 

configuration of the system is presented in Figure 2. 

 

 

 
 

Figure 2. Simulink implementation of the PV–boost converter with MPPT controller, showing labeled inputs 

(irradiance and temperature), measured signals (Vpv, Ipv, Iout, Vout, and Pout), and control path (duty cycle) 

 

 

The PV array serves as the system input, configured with 10 modules in series per string and 47 

strings in parallel, giving a total of 470 modules. Each module operates at 29 V and 7.35 A at its MPP, 

yielding 213.15 W. STC (1000 W/m² irradiance, 25 °C cell temperature), the complete array delivers 

approximately 100 kW. The open-circuit voltage temperature coefficient is −0.3609 %/°C per module, 

meaning array voltage decreases with increasing temperature, motivating the integration of temperature 

compensation within the MPPT controller [8]. The switching frequency is set to 66.7 kHz, balancing 

efficiency and component sizing. In continuous conduction mode, the duty cycle is given by [4]: 
 

𝐷 = 1 − 
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡
 (1) 

 

Where D is the converter duty cycle, 𝑉𝑖𝑛 is the input PV voltage, and 𝑉𝑜𝑢𝑡 is the regulated output voltage. 
 

For example, at 𝑉𝑖𝑛=250 V, the duty cycle is: D = 1 −  
250

600
 = 0.5833. 

 

At rated power (100 kW), the input current is: 
 

Iin = 
P

Vin
=

100000 

250 
= 400 A (2) 

 

Where Iin  represents the input current and P is the array power. 

With ripple limited to 5% of input current (ΔIL = 20 A ), the inductance is [4]. 
 

𝐿 =
𝑉𝑖𝑛×𝐷

Δ𝐼𝐿×𝑓𝑠
 (3) 

 

Where L is the required boost inductance, Δ𝐼𝐿 is the inductor current ripple, and 𝑓𝑠 is the switching 

frequency. 
 

At 𝑉𝑖𝑛 = 250 V, 𝐷 = 0.5833, Δ𝐼𝐿 = 20 A, 𝑓𝑠 = 66.7 kHz: 𝐿 =
250×0.5833

20×66.7×103 ≈ 1.458 mH 

 

At 𝑉𝑖𝑛 = 350 V, 𝐷 = 0.4167, Δ𝐼𝐿 = 14.3 A, 𝑓𝑠 = 66.7 kHz: 𝐿 =
350×0.4167

14.3×66.7×103 ≈ 2.042 mH 

 

Selected design value: 
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𝐿 = 1.45 mH  
 

The output capacitor is sized to keep voltage ripple below 1% (Δ𝑉 = 6 V) [4]: 
 

𝐶 =
𝐼𝑜𝑢𝑡×𝐷

ΔV×𝑓𝑠
 (4) 

 

Where C is the output capacitance, ΔV is the maximum voltage ripple, and 𝐼𝑜𝑢𝑡  is the output load current. 

The output current is: 
 

Iout = 
P

Vout
 (5) 

 

At 𝑉𝑖𝑛 = 250 V, 𝐷 = 0.5833, 𝐼𝑜𝑢𝑡 = 166.7 A, Δ𝑉 = 6 V, 𝑓𝑠 = 66.7 kHz:  

𝐶 =
166.7×0.5833

6×66.7×103 ≈ 3.24 mF  

 

At 𝑉𝑖𝑛 = 350 V, 𝐷 = 0.4167, 𝐼𝑜𝑢𝑡 = 166.7 A, Δ𝑉 = 6 V, 𝑓𝑠 = 66.7 kHz:  

𝐶 =
166.7×0.4167

6×66.7×103 ≈ 2.31 mF  

 

Selected design value: 

 

𝐶 = 3.227 mF 
 

The switching element is an insulated gate bipolar transistor (IGBT) rated for the full 600 V output 

and peak currents exceeding 400 A. A diode provides the freewheeling path during the IGBT OFF state, 

enabling stable boost conversion while the MPPT controller adjusts the duty cycle to maintain maximum 

power extraction [4]. The MPPT control block ensures that the PV array operates at its MPP under varying 

environmental conditions. It receives PV voltage, current, and temperature as inputs, from which power is 

calculated and compared with a reference generated by the RefGen unit. The signals are sampled through 

discrete integrators to estimate the reference voltage, which is then compared with the actual PV voltage. The 

resulting error is processed by a proportional–integral (PI) controller that regulates the boost converter duty 

cycle through a PWM generator operating at 66.7 kHz. The controller uses a P&O strategy with temperature 

compensation. Power variations relative to voltage perturbations determine the perturbation direction: if 

power decreases, the direction is reversed; if it increases, the reference is maintained. A correction factor 

derived from the open-circuit voltage temperature coefficient adjusts the reference voltage to account for 

thermal effects. All experiments were performed in MATLAB/Simulink (R2024b), serving as a virtual 

laboratory environment. A variable-step ode23t (modified stiff/Trapezoidal) solver was used to manage stiff 

switching dynamics, with a relative tolerance of 1e-3 and a fixed sampling time of 1 μs to resolve high-

frequency behavior. Each monthly simulation ran for 0.5 s (500,000 iterations). The PV system was modeled 

using the Simscape electrical PV array block, and the boost converter was constructed with discrete 

components (inductor, IGBT, diode, and capacitor) operating at 66.7 kHz, controlled either by fixed-duty 

PWM or the MPPT algorithm. As a baseline, the converter was tested without MPPT using a fixed 53% duty 

cycle at 66.7 kHz. Two experiments were performed: a temperature sweep from 5 °C to 45 °C in 10 °C steps 

at constant irradiance (1000 W/m²), and an irradiance sweep from 200 to 1000 W/m² in 200 W/m² increments 

at constant temperature (25 °C). Output power was recorded to capture both transient and steady-state 

behavior. The same experiments were then repeated with the MPPT controller enabled. The choice of 25 °C 

as reference reflects the adopted STC, under which PV modules are rated in both research and industry [23]. 

Table 1 provides a summary of the PV array specifications as well as the boost converter’s parameters. 
 
 

Table 1. PV array and converter parameters 
Parameter Value 

PV array rated power 100 kW 

Parallel strings 47 
Series modules per string 10 

Cells per module 60 

Open-circuit voltage (𝑉𝑜𝑐) 36.3 V 

Short-circuit current (𝐼𝑠𝑐) 7.84 A 

Boost inductor (L) 1.45 mH 
Output capacitor (C) 3.227 mF 

Switch IGBT+freewheeling diode 

Switching frequency 66.7 kHz 

Sampling time 1 µs 

Outputs Vout and Pout 
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Table 2 summarizes the seasonal meteorological profile of Sakarya across a full year, detailing the 

average monthly temperature, daylength, and solar irradiance (GHI) metrics that serve as the environmental 

operating conditions for the system. 

 

 

Table 2. Average monthly temperature and irradiance in Sakarya 
Month Temp (°C) Daylength at 15th (in hours) Monthly GHI (kWh/m²) Monthly average daylight GHI (W/m²) 

January 6.4 9:40 57.48 191.8131 

February 7.1 10:42 66.11 220.6609 
March 9.3 11:56 82.20 222.2022 

April 13.2 13:15 119.47 300.5535 

May 17.9 14:21 126.19 283.6687 
June 22.1 14:56 169.15 377.5670 

July 24.3 14:40 219.25 482.2214 

August 24.4 13:42 180.25 424.4172 
September 20.6 12:26 148.09 397.0241 

October 16.4 11:10 99.77 288.2138 

November 12.0 10:00 51.31 171.0333 
December 8.3 9:23 52.46 180.3472 

 

 

To derive the monthly average daylight GHI values shown in Table 2, a two-step procedure was 

applied. First, the monthly global horizontal irradiation (𝐻𝑚, in kWh/m²), and average temperatures were 

obtained for Sakarya [24]-[26]. This represents the total solar energy received over an entire month. The 

average daily irradiation was calculated as 
𝐻𝑚

𝑁𝑑
, where 𝑁𝑑 is the number of days per month. Next (𝐺𝑎𝑣𝑔, in 

W/m²) was determined by 
𝐻𝑑×1000

𝑡𝑑𝑙
, normalizing daily energy against the daylength (𝑡𝑑𝑙) at the 15th day of 

each month. This method provides a normalized power density that accounts for seasonal variation in 

daylight hours. 

 

 

3. RESULTS AND DISCUSSIONS  

To obtain the results of the PV-boost converter system under varying irradiance and temperature 

conditions, the baseline case without MPPT is analyzed to highlight the limitations of fixed-duty operation. 

Then, the performance with the proposed MPPT controller is examined, showing improvements in steady-

state tracking, dynamic response, and energy yield. 

 

3.1.  Results without maximum power point tracking 

Figures 3 and 4 illustrate the baseline transient and steady-state performance of the PV array 

operating with a fixed duty cycle (without active MPPT control) under varying environmental conditions. 

While Figure 4 demonstrates that output power scales proportionally with irradiance, ranging broadly from 

approximately 2 kW at 200 W/m² to 68 kW at 1000 W/m², Figure 3 exposes a critical flaw in fixed-duty 

operation.  

 

 

 
 

Figure 3. Output power in W vs time in seconds under varying temperatures in °C with MPPT disabled 
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Figure 4. Output power in W vs time in seconds under varying irradiance values in W/m² with MPPT 

disabled 

 

 

Specifically, the temperature sweep from 5 °C to 45 °C results in a tightly clustered output where 

power artificially increases with temperature, peaking near 70 kW at 45 °C. This misleading positive 

correlation fundamentally contradicts the established physical behavior of PV cells, wherein energy 

conversion efficiency inherently degrades as cell temperature rises. Consequently, these baseline findings 

confirm that a fixed-duty approach forces the system to operate far from its true MPP, thereby inducing false 

performance trends and validating the absolute necessity of the proposed P&O controller for accurate, 

physics-compliant energy extraction. 

 

3.2.  Results with maximum power point tracking 

As observed in Figure 5, the MPPT controller successfully corrects the artificial positive correlation 

seen in the unoptimized system; as the cell temperature increases from 5 °C to 45 °C, the tracked steady-state 

output power accurately decreases from over 100 kW to approximately 70 kW. This inversely proportional 

response perfectly aligns with established PV semiconductor theories, demonstrating that the controller 

correctly accounts for the degradation of open-circuit voltage under elevated thermal conditions.  
 
 

 
 

Figure 5. Output power in W vs time in seconds under varying temperatures in °C with MPPT enabled 
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Conversely, Figure 6 confirms the system's ability to scale energy extraction proportionally with solar 

availability, successfully tracking the theoretical MPP from approximately 10 kW at 200 W/m² up to the peak 

100 kW at 1000 W/m². Crucially, both scenarios reveal the characteristic transient and steady-state dynamics 

of the P&O algorithm. The curves display a distinct step-wise search phase during the initial transient period 

(0 to 0.45 s) as the algorithm rapidly climbs the power curve. Once convergence is achieved, the controller 

settles into continuous, small-amplitude steady-state oscillations. As supported by previous literature, these 

localized perturbations (approximately ±1–2%) are the necessary tradeoff of the P&O method. 
 
 

 
 

Figure 6. Output power in W vs time in seconds under varying irradiance values in W/m² with MPPT  

 

 

3.3.  Comparison of the results 

Figures 7 and 8 present a comparative steady-state analysis of the active MPPT controller against an 

unoptimized fixed-duty baseline. The temperature sweep shown in Figure 7 exposes a fundamental failure in 

the open-loop system: where power increases (from approximately 64.5 kW to 70 kW) under rising thermal 

stress. The active MPPT corrects this anomaly, enforcing a physically valid, inversely proportional 

degradation (from ~104 kW to 72 kW) that aligns precisely with established PV semiconductor 

thermodynamics. Furthermore, Figure 8 confirms the controller's optimal extraction capability by 

maintaining strict linear proportionality up to the theoretical array limit of 100 kW, whereas the baseline 

suffers non-linear degradation capped at ~67 kW. The widening energy gap between these trajectories 

visualizes the recovered power, proving that the P&O algorithm guarantees maximum theoretical energy 

yields across all boundary conditions. 
 

 

 
 

Figure 7. Steady-state output power in kW vs temperature in °C with MPPT in red and without MPPT in blue 
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Figure 8. Steady-state output power vs irradiance ranging from 200 to 1000 W/m² MPPT in red and without 

MPPT in blue 

 

 

Figure 9 presents a comparison of steady-state output power in Sakarya, demonstrating the 

contribution of the active MPPT controller under real meteorological conditions. Both trajectories follow the 

region’s seasonal solar profile; however, the performance difference is substantial. The active MPPT tracks 

the MPP across seasonal transitions and reaches a peak summer output of 48.78 kW, while the fixed-duty 

baseline experiences static impedance mismatch and is limited to approximately 15 kW. The large area 

between the curves represents the recovered annual energy, showing that dynamic P&O optimization is 

necessary to overcome thermal and irradiance variations and maintain maximum energy yield throughout the 

year. 

 

 

 
 

Figure 9. Average monthly steady-state output power in Sakarya 

 

 

Table 3 details the steady-state performance of the P&O MPPT controller across irradiance levels 

from 200 to 1000 W/m². The algorithm demonstrates high precision, closely tracking the linearly scaling 

theoretical MPP. Efficiency starts at 91.9% at 200 W/m² (10.81 kW extracted versus 10 kW theoretical) but 

rapidly approaches near-ideal performance, consistently exceeding 98.9% for all irradiances above 200 W/m² 

(e.g., 99.61% at 800 W/m²). To minimize steady-state losses, the P&O algorithm continuously perturbs the 

duty ratio, resulting in minor, inherent oscillations (±1–2% amplitude) governed by the 1 μs sample time and 

66.7 kHz converter switching frequency. While slightly reducing instantaneous efficiency at the lowest 
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irradiance levels, these perturbations guarantee rapid convergence and robust tracking under dynamic 

environmental conditions. 

 

 

Table 3. Steady-state MPPT performance under different irradiance levels in W/m², at 25 °C 
Irradiance (W/m²) Theoretical MPP (kW) Tracked power (kW) Tracking efficiency ηₘₚₚₜ (%) 

200 10 10.81 91.9 

400 40 40.17 99.575 
600 60 60.64 98.933 

800 80 80.31 99.6125 

1000 100 99.72 99.72 

 

 

To derive the statistical validation presented in Figure 10, the simulation was executed for a duration 

of 0.5 s. To isolate the true operational stability from start-up transients, the output data was sampled from a 

defined steady-state analysis window spanning from 0.45 s to 0.5 s. Within this high-resolution temporal 

boundary, the mean steady-state output power μ and its corresponding standard deviation σ were computed to 

quantify the performance metrics. The resulting visualization confirms the annual operational stability of the 

MPPT controller under realistic, fluctuating environmental conditions. The system effectively tracks the 

region's seasonal solar trajectory, achieving a maximum mean output of 48.78 kW in July, corresponding 

with peak regional insolation, and a minimum of 7.71 kW during the reduced irradiance of November. 

 

 

 
 

Figure 10. Means and standard deviations of steady-state output power in kW 

 

 

To clearly define the position and contribution of this work within the existing literature, Table 4 

presents a comparative performance analysis of the proposed method against established MPPT techniques. 

Most studies evaluate MPPT controllers under STC and short-term transients [22], [27]. In contrast, this work 

uses continuous operational sweeps and localized meteorological data from Sakarya. By applying statistical 

validation based on steady-state mean power and standard deviation, the study distinguishes true algorithmic 

stability from numerical artifacts and demonstrates reliable tracking performance under realistic conditions 

[28]. The proposed controller also corrects the artificial positive power–temperature correlation observed in 

open-loop systems and maintains physically accurate energy extraction under thermal stress. In the Sakarya 

case, tracking efficiency remains above 98.9%, indicating that temperature compensation mitigates thermally 

induced voltage drops and improves the energy yield and reliability of practical PV installations. 
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Table 4. Comparison between the proposed method and established MPPT techniques 
MPPT algorithm Tracking efficiency % Convergence speed Implementation complexity 

Conventional P&O Medium ~95 Moderate/slow Low 
INC  High ~98 Moderate Medium 

Fuzzy logic Very high >99 Fast High 

Proposed temp-comp P&O High >98.9 Fast Low-medium 

 

 

4. CONCLUSION 

The results quantitatively demonstrate that fixed-duty-cycle operation significantly restricts energy 

harvesting capability. In contrast, the proposed MPPT controller successfully tracked the MPP, consistently 

achieving a tracking efficiency exceeding 98.9% across irradiance levels from 400 to 1000 W/m2. A 

substantial improvement in energy yield was confirmed in the Sakarya case study, where peak summer 

output reached 48.78 (±0.22) kW using MPPT, compared to only 15 kW without MPPT. These findings 

emphasize the necessity of adaptive MPPT strategies to maximize PV system efficiency. Future work may 

extend this research through experimental hardware validation, and evaluating the controller under rapid 

irradiance variations, such as fast-moving cloud transients, and complex partial shading scenarios. 

Additionally, experimental hardware validation using a rapid prototyping microcontroller platform will be 

conducted to assess real-time execution and compare the controller’s performance against advanced soft-

computing and intelligent MPPT techniques. 
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