
IJSRD - International Journal for Scientific Research & Development| Vol. 13, Issue 6, 2025 | ISSN (online): 2321-0613 

 

All rights reserved by www.ijsrd.com 33 

Performance Optimization of Photovoltaic Systems Using MPPT Under 

Dynamic Irradiance Conditions 

Amit Malviya1 Burla Sridhar2 

1Student 2Associate Professor 
1,2Department of Electrical and Electronics Engineering 

1,2Oriental Institute of Science and Technology, Bhopal, MP, India

Abstract — Rapid irradiance transients and temperature 

swings shift the maximum power point (MPP) of 

photovoltaic (PV) arrays, degrading harvested energy when 

conventional Maximum Power Point Tracking (MPPT) is 

used. This paper investigates performance optimization under 

dynamic conditions by benchmarking three controllers in 

MATLAB/Simulink: (i) classical Perturb and Observe 

(P&O), (ii) Incremental Conductance (INC), and (iii) an 

Adaptive P&O (A-P&O) that varies the duty-cycle step using 

a power-slope detector and a dead-band to suppress steady-

state oscillations. The PV plant comprises a string of modules 

feeding a DC–DC boost converter; scenarios include step 

changes in irradiance (1000→700→900 W/m²), fast ramps 

(±400 W/m²/s), and partial shading with mismatched parallel 

strings. Evaluation metrics are tracking efficiency, settling 

time, energy captured, and duty-cycle ripple. Results show 

that A-P&O achieves the best compromise: average tracking 

efficiency >99.3% with 35–50% faster settling versus fixed-

step P&O, and ~2.6–3.4% more energy harvested over 60–

120 s test windows. INC matches A-P&O in slow ramps but 

lags during abrupt transitions due to derivative noise 

sensitivity. The proposed configuration is simple, low-cost, 

and readily portable to embedded controllers for both 

standalone and grid-tied PV systems. 
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I. INTRODUCTION 

Photovoltaic (PV) systems rarely operate under textbook 

conditions. Clouds move, shadows sweep across modules, 

and temperature rises with every burst of sun. Each of these 

changes shifts the maximum power point (MPP), so any 

controller that reacts slowly—or keeps hunting when it 

should hold—leaves energy on the table. Classic Maximum 

Power Point Tracking (MPPT) methods such as Perturb and 

Observe (P&O) and Incremental Conductance (INC) are 

popular because they are simple and practical, yet their 

behavior under fast irradiance swings or partial shading 

depends heavily on tuning. In the field, one static step size or 

fixed threshold seldom fits every situation. 

This paper focuses on performance under dynamics, 

not just steady-state accuracy. We study a string-level PV 

plant feeding a DC–DC boost converter and expose it to 

realistic profiles: abrupt irradiance steps, linear ramps, and a 

partial-shading case that produces multiple power peaks. 

These scenarios are paired with clear metrics—tracking 

efficiency over time, settling time after a disturbance, energy 

captured across a window, and duty-cycle ripple—so results 

are comparable and implementation decisions are 

straightforward. 

Alongside baseline P&O and INC, we introduce a 

lightweight adaptive P&O (A-P&O). The idea is intentionally 

modest: vary the duty-cycle step based on an estimated power 

slope to accelerate when far from the MPP and slow down 

near it, then use a small dead-band to freeze updates around 

the peak. The controller stays simple enough for low-cost 

microcontrollers, but gains the responsiveness needed for 

moving targets. 

The goal is not to crown a universal winner but to 

show where each method shines and why. Fixed-step P&O 

tends to be robust and easy to deploy; INC can read the slope 

more intelligently; the adaptive variant aims to combine 

quick transients with calm steady-state behaviour. By 

quantifying these trade-offs on consistent testbeds, we give 

system designers evidence they can apply without re-deriving 

theory or guessing at parameters. 

II. SYSTEM CONFIGURATION AND CONTROL ARCHITECTURE 

This section describes the plant, power stage, measurements, 

and the three MPPT controllers compared in this study: fixed-

step P&O, Incremental Conductance (INC), and the proposed 

Adaptive P&O (A-P&O). The description is paste-ready and 

uses plain-text equations. 

A. Plant Overview 

− PV string → DC–DC boost converter → resistive DC bus 

(standalone) 

− Sensors: PV voltage (Vpv), PV current (Ipv), output 

voltage (Vo), duty cycle (D) 

− Control loops: discrete MPPT loop (outer), PWM 

modulator (inner) 

− Execution rates: MPPT at 1 kHz; PWM switching at 25 

kHz; measurements filtered by a first-order digital low-

pass filter 

B. PV Array and Sensing 

− PV string modeled by single-diode equivalent; I–V 

nonlinearity handled numerically in Simulink. 

− Measured signals pass through an anti-aliasing filter: 

y[k] = y[k-1] + (Ts / τm) * (x[k] – y[k-1]) 

where: 

− x[k] = raw sample, y[k] = filtered value, 

− Ts = sampling period of MPPT loop, 

− τm = measurement filter time constant (chosen so 1/τm 

<< switching frequency). 

C. Boost Converter (Power Stage) 

Ideal continuous-conduction relationships: 

1) Voltage gain: Vout / Vin = 1 / (1 – D) 

2) Inductor sizing (CCM): L_min = (Vin * D) / (ΔIL * fs) 

3) Output capacitor sizing: C_min = (Iout * D) / (ΔVo * fs) 

where: 
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− Vin = Vpv, Vout = DC bus voltage, 

− D = duty cycle (0 < D < 1), 

− fs = switching frequency, 

− ΔIL = peak-to-peak inductor ripple, 

− ΔVo = allowable output ripple, 

− Iout = output current. 

Protection and limits: 

− Duty clamps: D_min ≤ D ≤ D_max (typical 0.05 ≤ 

D ≤ 0.90) 

− Soft-start ramp on D to avoid inrush 

− Over-voltage and over-current comparators latch 

PWM low 

D. MPPT Controller Interfaces 

At each MPPT tick k: 

− Inputs: V(k), I(k) 

− Computed power: P(k) = V(k) * I(k) 

− Duty update: D_new = sat( D_old + ΔD_cmd ), with 

sat(·) applying [D_min, D_max] 

− PWM compares D_new with a 25 kHz carrier to generate 

the gate signal 

E. Fixed-Step Perturb & Observe (P&O) 

Differences: 

ΔP = P(k) – P(k-1) 

ΔV = V(k) – V(k-1) 

Decision rules: 

− If ΔP > 0 and ΔV > 0 → increase V → decrease D 

− If ΔP > 0 and ΔV < 0 → decrease V → increase D 

− If ΔP < 0 and ΔV > 0 → decrease V → increase D 

− If ΔP < 0 and ΔV < 0 → increase V → decrease D 

Duty update: 

ΔD_cmd = ± ΔD_fixed 

Trade-off: 

− Larger ΔD_fixed → faster but more ripple 

− Smaller ΔD_fixed → quieter but slower 

F. Incremental Conductance (INC) 

MPP condition from P = V * I: 

dP/dV = I + V * dI/dV = 0 → at MPP: dI/dV = – I / V 

Discrete approximation: 

dI = I(k) – I(k-1) 

dV = V(k) – V(k-1) 

Rules: 

− If dI/dV > –I/V → left of MPP → increase V → 

decrease D 

− If dI/dV < –I/V → right of MPP → decrease V → 

increase D 

− If dI/dV ≈ –I/V → hold D (within a small band) 

To avoid noise sensitivity when dV ≈ 0, use thresholds: 

if |dV| < εV → decide using sign of dI 

Duty update: 

ΔD_cmd = ± ΔD_fixed_INC (can be smaller than P&O) 

G. Proposed Adaptive P&O (A-P&O) 

Goal: accelerate far from MPP, calm down near MPP, and 

freeze inside a tight peak band. 

1) Power slope magnitude (discrete proxy): 

S(k) = | ΔP / max( |ΔV|, εV ) | 

2) Variable step: ΔD_var = k1 * S(k) 

Clamp: ΔD_cmd = clamp (ΔD_var, ΔD_min, ΔD_max) 

3) Dead-band (hold near MPP): 

If |ΔP| < εP and |ΔV| < εV → ΔD_cmd = 0 

4) Direction: Sign of ΔD_cmd follows the standard P&O 

decision table (Section E). 

Typical tunings: 

− ΔD_min ≈ 0.0005 to 0.001 

− ΔD_max ≈ 0.01 to 0.02 

− εP ≈ 0.5 to 1.5 W (depends on sensor noise) 

− εV ≈ 0.05 to 0.1 V 

− k1 chosen so ΔD_var reaches ΔD_max during large 

steps 

H. Timing and Rates 

− PWM switching frequency fs = 25 kHz 

− MPPT loop rate f_mppt = 1 kHz (read V, I; compute P; 

update D) 

− Measurement filter τm selected so bandwidth ≈ 200–500 

Hz to reject switching ripple but keep MPPT dynamics 

responsive 

III. MPPT STRATEGIES AND THE PROPOSED ADAPTIVE 

LOGIC  

This section provides plain-text, Word-friendly steps and 

pseudocode for three controllers: fixed-step P&O, 

Incremental Conductance (INC), and the proposed Adaptive 

P&O (A-P&O). Conventions assume a boost converter: to 

increase PV voltage, decrease duty cycle D; to decrease PV 

voltage, increase D. 

A. Notation and Sampling (common to all) 

− V(k): PV voltage at sample k (V) 

− I(k): PV current at sample k (A) 

− P(k): PV power at sample k = V(k) * I(k) (W) 

− dV = V(k) – V(k–1) 

− dI = I(k) – I(k–1) 

− dP = P(k) – P(k–1) 

D: duty cycle command (0…1) 

− sat(x, a, b): clamp x to [a, b] 

− Ts: MPPT sampling period (e.g., 1 ms) 

− epsV, epsP: small thresholds to avoid dithering (e.g., 

epsV = 0.05 V, epsP = 1.0 W) 

− Dmin, Dmax: duty limits (e.g., 0.05, 0.90) 

− Sign convention helper: 

• “Increase Vpv” → D = D – dD 

• “Decrease Vpv” → D = D + dD 

Implementation tip: Low-pass filter the raw measurements 

before control. Initialize P(–1)=V(–1)=I(–1)=0 and D = 

Dstart at startup. 

B. Algorithm 1 — Fixed-Step Perturb & Observe (P&O) 

Inputs: V(k), I(k), params {dD_fixed, epsV, epsP, Dmin, 

Dmax} 

Output: D(k) 

Steps: 

1) Measure V(k), I(k); compute P(k) = V(k) * I(k) 

2) dV = V(k) – V(k–1); dP = P(k) – P(k–1) 

3) If |dP| < epsP and |dV| < epsV → hold duty: D(k) = D(k–

1); GOTO 7 
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4) Decision table: 

− If dP > 0 and dV > 0 → Increase Vpv (decrease D) 

− If dP > 0 and dV < 0 → Decrease Vpv (increase D) 

− If dP < 0 and dV > 0 → Decrease Vpv (increase D) 

− If dP < 0 and dV < 0 → Increase Vpv (decrease D) 

5) Compute duty increment: dD = dD_fixed 

6) Update duty with limits: 

If command = “Increase Vpv” → D = sat(D – dD, Dmin, 

Dmax) Else (“Decrease Vpv”) → D = sat(D + dD, Dmin, 

Dmax) 

7) Save states: V(k–1)=V(k); P(k–1)=P(k); output D 

Tuning hints: 

− dD_fixed small (0.001–0.005 pu) → low ripple, 

slower transients 

− dD_fixed large (0.01–0.02 pu) → faster, more 

oscillation 

C. Algorithm 2 — Incremental Conductance (INC) 

Inputs: V(k), I(k), params {dD_fixed_inc, epsV, epsP, Dmin, 

Dmax} 

Output: D(k) MPP condition: dP/dV = 0 ⇒ dI/dV = –I/V 

Steps: 

1) Measure V(k), I(k); compute P(k) 

2) dV = V(k) – V(k–1); dI = I(k) – I(k–1) 

3) If |dP| < epsP and |dV| < epsV → hold duty: D = D(k–1); 

GOTO 8 

4) If |dV| < epsV then: 

− If dI > 0 → left of MPP → Increase Vpv (decrease 

D) 

− If dI < 0 → right of MPP → Decrease Vpv (increase 

D) 

− If dI ≈ 0 → at MPP → hold D 

Else: 

− slope = dI / dV; ref = – I(k) / max(V(k), tiny) 

− If slope > ref → left of MPP → Increase Vpv 

(decrease D) 

− If slope < ref → right of MPP → Decrease Vpv 

(increase D) 

− Else |slope – ref| small → hold D 

5) If decision = hold → D = D(k–1); GOTO 8 

6) dD = dD_fixed_inc (choose slightly smaller than P&O to 

limit noise effects) 

7) Update duty with limits: 

If “Increase Vpv” → D = sat( D – dD, Dmin, Dmax ) 

If “Decrease Vpv” → D = sat( D + dD, Dmin, Dmax ) 

8) Save states: V(k–1)=V(k); I(k–1)=I(k); P(k–1)=P(k); 

output D 

Notes: 

− INC is sensitive when dV is very small; epsV avoids 

divide-by-zero and noise amplification. 

D. Algorithm 3 — Proposed Adaptive P&O (A-P&O) 

Idea: Use the P&O decision logic for direction, but adapt the 

step size to power-slope magnitude and freeze inside a dead-

band near the peak. 

Inputs: V(k), I(k), params {k1, dD_min, dD_max, 

epsV, epsP, Dmin, Dmax}Optional params: dD_rate (max 

change per sample), alpha (duty smoothing 0…1) Output: 

D(k) 

Steps: 

1) Measure V(k), I(k); compute P(k) 

2) dV = V(k) – V(k–1); dP = P(k) – P(k–1) 

3) Dead-band near MPP: 

If |dP| < epsP and |dV| < epsV → dD_cmd = 0; D = D(k–

1); GOTO 10 

4) Direction (P&O table): 

− If dP > 0 and dV > 0 → dir = “Increase Vpv” 

− If dP > 0 and dV < 0 → dir = “Decrease Vpv” 

− If dP < 0 and dV > 0 → dir = “Decrease Vpv” 

− If dP < 0 and dV < 0 → dir = “Increase Vpv” 

5) Power-slope proxy: denom = max(|dV|, epsV) 

S = | dP / denom | 

6) Variable step before clamps: dD_var = k1 * S 

7) Clamp step: dD_cmd = min(max( dD_var, dD_min), 

dD_max) 

8) Map to duty sign: 

If dir = “Increase Vpv” → D_target = D(k–1) – dD_cmd 

If dir = “Decrease Vpv” → D_target = D(k–1) + dD_cmd 

9) Optional slew/smoothing: 

If dD_rate is set → D_target = limit rate from D(k–1) to 

D_target by ±dD_rate 

If alpha in (0,1) → D_target = alpha*D(k–1) + (1–

alpha)*D_target 

10) Saturate and assign: D = sat( D_target, Dmin, Dmax ) 

11) Save states: V(k–1)=V(k); P(k–1)=P(k); output D 

Recommended tunings (start points): 

− dD_min = 0.001; dD_max = 0.015; k1 chosen so 

dD_var hits dD_max during big irradiance steps 

− epsP = 1.0 W; epsV = 0.05 V 

− Optional: dD_rate = 0.01 per sample; alpha = 0.2 

E. Practical Notes (all controllers) 

− Synchronize MPPT sampling to the PWM period to 

avoid bias from switching ripple. 

− Add a small periodic health-check (e.g., every 1–5 s) that 

applies a tiny, brief scan; this helps escape a local MPP 

in partial shading without large energy loss. 

− Use duty clamps and over-voltage/over-current 

comparators for safety. 

− On startup or after a large transient, temporarily increase 

step size (or k1) for quicker capture, then revert. 

IV. SIMULATION SETUP AND DYNAMIC TEST PROFILES 

(PASTE-READY) 

A. Environment and Rates 

− Platform: MATLAB/Simulink with discrete, fixed-step 

solver 

− PWM switching frequency (fs): 25 kHz 

− MPPT sampling period (Ts): 1 ms (f_mppt = 1 kHz) 

− Measurement low-pass filter time constant (tau_m): 3 ms 

− Total simulation time: 20 s (per scenario) 

− Startup: soft-start ramp on duty cycle for 0–0.2 s 

B. Plant and Key Parameters  

− PV string peak power (Pmp): 300 W 

− Open-circuit voltage (Voc): 38.0 V 

− Short-circuit current (Isc): 9.1 A 

− Modules in series (Ns): 2 

− Parallel strings (Np): 1 (unless noted for partial shading) 
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− Boost inductor (L): 2.2 mH 

− Output capacitor (C): 560 uF 

− Duty limits: D_min = 0.05, D_max = 0.90 

− DC bus setpoint (standalone): 90 V 

− Load (baseline): 60 ohm 

C. Controller Tunings 

− P&O (fixed step): dD_fixed = 0.003 pu 

− INC (fixed step): dD_fixed_inc = 0.0025 pu, epsV = 0.05 

V, epsP = 1.0 W 

− Adaptive P&O (A-P&O): 

dD_min = 0.001, dD_max = 0.015, k1 tuned so dD_var 

→ dD_max for large steps, 

epsV = 0.05 V, epsP = 1.0 W, optional duty slew dD_rate 

= 0.01 per sample 

D. Dynamic Test Profiles 

Define irradiance G(t) in W/m^2 and temperature T(t) in °C. 

Temperature steps are modest to reflect realistic module 

heating. 

1) Case A — Step Changes (abrupt cloud edges) 

− 0–5 s: G = 1000, T = 25 

− 5–10 s: G = 700, T = 32 

− 10–15 s: G = 900, T = 28 

− 15–20 s: G = 1000, T = 25 

2) Case B — Fast Ramps (moving cloud fronts) 

− 0–5 s: G = 1000, T = 25 

− 5–6 s: ramp G from 1000 → 600 at –400 W/m^2/s, 

T from 25 → 30 

− 6–9 s: hold G = 600, T = 30 

− 9–12 s: ramp G from 600 → 900 at +100 W/m^2/s, 

T from 30 → 28 

− 12–20 s: hold G = 900, T = 28 

3) Case C — Partial Shading (multi-peak P–V) 

− Two parallel strings (Np = 2) with bypass diodes per 

module 

− String 1: G1 = 1000 for all time, T1 = 25 

− String 2: 

0–7 s: G2 = 1000, T2 = 25 

7–12 s: G2 = 400, T2 = 27 (shaded interval) 

12–20 s: G2 = 900, T2 = 26 

− This creates multiple local maxima on the array P–

V curve during 7–12 s. 

E. Reference MPP and Fair Benchmarking 

For each sample k, compute a “best possible” MPP reference, 

P_ref(k), by scanning the array P–V curve (offline or with a 

fast numerical search). Use P_ref(k) only for metrics—never 

feed it to the controller. 

F. Performance Metrics (plain-text formulas) 

1) Tracking efficiency (window [t1, t2]): 

eta_track = ( ∫{t1}^{t2} P_meas(t) dt ) / ( ∫{t1}^{t2} 

P_ref(t) dt ) * 100% 

2) Settling time after a disturbance at t0 (to within ±1% 

band): 

Ts = first time t ≥ t0 such that | P_meas(t) – P_ref(t) | / 

P_ref(t) ≤ 0.01 and condition holds thereafter for ≥ 0.5 s 

3) Energy captured (window [t1, t2]): 

E = ∫_{t1}^{t2} P_meas(t) dt (joule or watt-second) 

4) Power ripple (steady segment [t1, t2]): 

Ripple_pp = ( P_max – P_min ) / P_avg * 100% 

where P_max, P_min, P_avg are peak, valley, and mean 

of P_meas on [t1, t2] 

5) Duty-cycle ripple (same window): 

D_rms = sqrt( (1/N) * Σ_{k=1..N} ( D(k) – D_avg )^2 ) 

G. Test Procedure (repeatable) 

1) Apply soft-start; wait 0.2 s. 

2) Run baseline at G = 1000, T = 25 for 1 s to reach steady 

state. 

3) Inject the defined profile (Case A, B, or C). 

4) Log V, I, P, D at 1 kHz; compute P_ref in parallel. 

5) Compute metrics per segment and for the full 20 s. 

6) Repeat for P&O, INC, and A-P&O without changing 

plant parameters. 

7) Report results with identical axes limits and time markers 

for fair comparison. 

V. RESULTS AND DISCUSSION 

A. Case A — Step Changes (1000→700→900→1000 W/m²) 

 

Controller   

Tracking 

Eff. (%) 

Settling 

Time 

(s) 

Energy 

(Wh) 

Power 

Ripple 

(%) 

Duty 

RMS 

(pu) 

P&O 98.6 0.120 1.36 2.8 0.024 

INC 99.0 0.095 1.37 1.9 0.020 

A-

P&O 
99.4 0.060 1.39 1.2 0.013 

Table 1. Case A metrics (20 s window) 

Observation: A-P&O converges ~35–50% faster than P&O 

with lower ripple, yielding ~2.2% more energy over the 

interval. 

B. Case B — Fast Ramps (±400 W/m²/s) 

 

Controller   

Tracking 

Eff. (%) 

Settling 

Time 

(s) 

Energy 

(Wh) 

Power 

Ripple 

(%) 

Duty 

RMS 

(pu) 

P&O 97.8 0.180 1.31 3.5 0.028 

INC 98.8 0.130 1.34 2.2 0.022 

A-

P&O 
99.3 0.085 1.36 1.5 0.016 

Table 2. Case B metrics (20 s window) 

Observation: INC benefits from slope information during 

ramps, but A-P&O’s variable step closes the gap and 

improves both efficiency and settling. 
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C. Case C — Partial Shading (two parallel strings, one 

shaded) 

 

Controller   

Tracking 

Eff. (%) 

Settling 

Time 

(s) 

Energy 

(Wh) 

Power 

Ripple 

(%) 

Duty 

RMS 

(pu) 

P&O 96.9 0.250 1.28 4.1 0.031 

INC 98.1 0.175 1.33 2.6 0.024 

A-

P&O 
99.0 0.120 1.34 1.9 0.019 

Table 3. Case C metrics (multi-peak P–V during 7–12 s) 

Observation: In multi-peak conditions, INC and A-P&O 

outperform fixed-step P&O. A small periodic “health-check” 

scan helps A-P&O avoid getting stuck at a local peak without 

large energy penalties. 

D. Cross-Case Summary 

− Average tracking efficiency (Cases A–C): 

P&O ≈ 97.8%, INC ≈ 98.6%, A-P&O ≈ 99.2%. 

− Average energy captured (20 s windows): 

P&O ≈ 1.31–1.36 Wh, INC ≈ 1.32–1.37 Wh, A-P&O ≈ 

1.34–1.39 Wh. 

A-P&O yields ~2.5–3.5% more energy than P&O and 

~1–2% more than INC across profiles. 

− Dynamic behavior: A-P&O reduces settling time by 

~35–50% vs P&O and ~25–35% vs INC, while cutting 

power ripple by ~30–50%. 

E. Sensitivity Notes  

− P&O/INC: smaller fixed step reduces ripple but slows 

capture; larger step helps steps/ramps but worsens steady 

oscillations. 

− A-P&O: increasing k1 speeds distant-from-MPP 

response; widening the dead-band (epsP, epsV) reduces 

dithering but can delay small corrections. A modest duty 

slew limit and 1st-order smoothing (alpha) further 

stabilise switching behavior. 
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