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 Standalone photovoltaic-battery systems face significant challenges in 

maintaining optimal power extraction under rapidly varying irradiance 

conditions. Conventional MPPT controllers based on fixed-gain PI 

approaches suffer from poor dynamic response, oscillations around the 

maximum power point, and inability to adapt to the nonlinear behavior of 

dual active bridge (DAB) converters across different operating points. To 

address these limitations, this work proposes an innovative adaptive control 

strategy for maximum power point tracking (MPPT) in a stand-alone 

photovoltaic-battery system connected via a DAB converter. The gain-

scheduled PI controller is recalculated at each 1 µs sample by local 

linearization of the complete nonlinear model of the PV-DAB-battery 

system, with explicit compensation for measurable disturbances (derived 

from irradiance G and temperature T). MATLAB/Simulink simulations 

under realistic irradiance profiles (slow ramps simulating the passage of 

clouds) demonstrate a clear superiority over a classic PI with fixed gains: 

ultra-fast response (approximately 1 ms), total absence of oscillations and 

overshoots, and strict maintenance of a constant second-order dynamic over 

the entire operating range. To our knowledge, this gain-scheduled analytical 

approach with explicit perturbation compensation has never before been 

applied to DAB topology in PV-battery systems. It is distinguished by its 

ease of implementation, low computational load, and robustness without the 

need for complex observers. This work lays the groundwork for future 

experimental validation and extensions to multi-source hybrid systems. 

Keywords: 

Dual active bridge 

Gain-scheduled PI controller 

Maximum power point tracking 

Photovoltaic panel 

Single phase shift modulation 

This is an open access article under the CC BY-SA license. 

 

Corresponding Author: 

Khalid Sabhi 

Department of Physics, Laboratory of Information Processing, Faculty of Sciences Ben M’Sick  

Hassan II University of Casablanca 

Casablanca, Morocco 

Email: sabhi.khalid.imt@gmail.com 

 

 

1. INTRODUCTION 

Standalone photovoltaic (PV-battery) systems are essential for powering off-grid locations. Their 

performance depends on two main factors: the PV-battery combination and the adopted control strategy. PV 

panels undergo rapid variations in solar irradiance G [1], [2], which can cause current oscillations, inaccurate 

tracking of the maximum power point (MPP), and a reduction in overall efficiency [3]-[6]. Furthermore, 

conventional fixed-gain controllers do not adapt to system nonlinearities, leading to instability and 

inefficiency [7]-[9]. The review showed that the most common PV-battery architectures are based on a DC 

bus coupled with a boost converter that operates by varying the duty cycle [10]-[12]. This structure is simple, 

but the review highlighted several limitations: the dependence on the duty cycle directly modifies the 
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constraints on the inductance and capacitors, making the sizing of passive components sensitive to variations 

in irradiance and load conditions. 

A comprehensive review of the literature confirmed the prevalent application of the traditional 

proportional-integral (PI) controller for MPP tracking and the management of buck/boost converters [13], 

[14]. Nevertheless, the results demonstrated that this empirically tuned controller remained strictly linear. 

This characteristic results in oscillations around the MPP, limited robustness, and an inability to compensate 

for nonlinear dynamics of the PV converter. Although only unidirectional power flow is required, the dual 

active bridge (DAB) converter was selected because it controls the transferred power precisely through 

phase-shift while maintaining a fixed switching frequency and 50% duty cycle, thus optimizing the design of 

passive components. 

Fixed-gain PI controllers cause oscillations or loss of tracking of the maximum power point during 

realistic gradual changes in irradiance G (slow slopes simulating cloud passage), whereas most existing 

strategies are only validated on abrupt G steps, and real-world dynamics are continuous and significantly 

alter the small-signal behavior at each operating point [15], [16]. Moreover, the pronounced nonlinearity of 

the photovoltaic (PV) generator, coupled with the bilinear characteristics of power transfer in the DAB, 

renders the system performance, specifically in terms of speed and damping, highly contingent on the 

operating point when utilizing a conventional proportional-integral PI controller. Very few studies have 

proposed a simple and systematic recalculation of the gains in real time with explicit compensation for 

measurable disturbances (G and T slopes) without a complex observer or computationally intensive analysis 

[17]-[20]. 

This study proposed a gain-scheduled PI with explicit perturbation compensation, recalculating 

gains 𝐾𝑝 and 𝐾𝑖 every 1us by fast local linearization of the nonlinear PV-DAB-battery model and injecting a 

correction term based on the measured derivatives of G and T. As depicted in Figure 1, this control, which is 

novel in the literature for this topology [21], [22], ensures strictly second-order dynamics, characterized by a 

constant response time and overshoot across the entire operating range. It effectively eliminates oscillations 

and tracking losses of the reference current during realistic progressive irradiance variations, such as 

continuous slopes that simulate cloud passage. Furthermore, it achieves these outcomes without the need for 

a complex observer or excessive computational resources, thereby offering a straightforward and robust 

solution that can be directly implemented in DAB-based PV-battery systems [23], [24]. 

The remainder of this manuscript is structured as follows: Section 2 establishes the complete 

nonlinear mathematical model of the PV-DAB-battery subsystem and its local linearization at each instant; 

Section 3 details the design of the PI with programmed gains, the analytical calculation of the gains K_p and 

K_i as a function of the instantaneous operating point, and the addition of the compensation term for the 

measured disturbances; Section 4 presents the results of the MATLAB/Simulink simulations under realistic 

irradiance profiles (continuous slopes), compares the performance with that of a conventional PI with fixed 

gains, and demonstrates the perfect constancy of the second-order dynamics as well as the complete 

elimination of oscillations; finally, Section 5 concludes with the contributions of this study, discusses the 

remaining limitations (actual measurement uncertainties, real-time implementation), and outlines the 

experimental perspectives and possible extensions. 

 

 

 
 

Figure 1. Block diagram of the system and control 
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2. METHOD 

2.1.  Simulation platform and validation protocol 

All the results presented in this article were obtained through simulations using MATLAB/Simulink 

R2023b (without Simscape Electrical) with a fixed-step solver of 1 × 10−6𝑠 (fixed-step, auto solver). 

The DAB converter was modeled in the switched state (switching model) for maximum accuracy [25]. 

The battery is represented by the standard Simulink "battery" block (lithium-ion, nominal voltage 500 V, 

capacity 200 Ah) [26], [27]. The variations in sunlight were generated according to realistic profiles inspired 

by the EN 50530 standard (ramps of 10–50 W/m²/s, steps 100–1000 W/m² and cloud passages of a few 

seconds). 

 

2.2.  System modeling and sizing 

2.2.1. Photovoltaic source 

The simulated photovoltaic array delivered a peak power of 64 kW under STC conditions (G = 1000 

W/m², T = 25 °C). It consists of 15 parallel branches (Np = 15), each comprising 20 modules in series (Ns = 

20), and each module is composed of 60 cells in series (Nc = 60). The electrical model used is the classic 

single-diode model with series and parallel resistors (single-diode model [28]), which has been widely 

validated in the literature. The model parameters, which were determined to accurately reproduce the 

manufacturer's characteristic points at different levels of solar irradiance and temperature, are listed in Table 1. 

Accurate panel modeling is essential for monitoring MPPs and managing environmental variations. 

An equivalent diagram (Figure 2) based on the single diode model captures the nonlinear behaviors, current 

generator (𝑖𝑝ℎ) for photocurrent, parallel diode (𝑖𝑑) for p-n junction and parasitic resistances for 

imperfections. Respectively 𝑅𝑠ℎ represents defect losses (short circuits, impurities), and 𝑅𝑠 resistive losses 

(metal contacts, semiconductor layers). 

The complete structure, shown in Figure 3, adapts the voltage and current to the requirements of the 

DAB-battery system. The total panel current 𝑖𝑝𝑣, photocurrent t𝑖𝑝ℎ, and diode current 𝑖𝑑 are expressed as 

follows: 

 

𝑖𝑝𝑣 = 𝑁𝑝𝑖𝑝ℎ − 𝑁𝑝𝑖𝑑 − 𝑖𝑅𝑠ℎ (1) 

 

𝑖𝑝ℎ = 𝑖𝑝ℎ_0
𝐺

1000
(1 + 𝛽𝑇(𝑇 − 25)) (2) 

 

𝑖𝑑 = 𝑖0 (𝑒
(

𝑞𝑉𝑑
𝑛𝑘𝑇

)
− 1) (3) 

 

where 𝑞 = 1.602 ∗ 10−19𝐶 (elementary charge), 𝑛 = 0.98119 (diode ideality factor, ideal junction 

deviations), and 𝑘 = 1.381 ∗ 10−23𝐽/𝐾(Boltzmann constant, thermal energy). The diode voltage 𝑉𝑑, shunt 

current 𝑖𝑟𝑠ℎ, representing the losses in 𝑅𝑠ℎ, are: 

 

𝑉𝑑 =
𝑉𝑝𝑣

𝑁𝑠𝑁𝑐
+

𝑅𝑠𝑖𝑝𝑣

𝑁𝑝𝑁𝑐
 (4) 

 

𝑖𝑟𝑠ℎ =
𝑁𝑝𝑉𝑝𝑣

𝑁𝑠𝑅𝑠ℎ
+

𝑅𝑠𝑖𝑝𝑣

𝑅𝑠ℎ
 (5) 

 

where 𝑉𝑝𝑣 is the panel voltage, 𝑅𝑠 is the series resistance, and 𝑁𝑠 𝑎𝑛𝑑 𝑁𝑐 are the number of cells in series and 

total. 

 

 

  
 

Figure 2. Equivalent single-diode circuit of a PV cell, 

showing the photocurrent source iph, diode, series 

resistance Rs, and shunt resistance Rsh 

 

Figure 3. Equivalent diagram of the PV panel 

used 
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Table 1. Photovoltaic model parameters at STC (1000 W/m², 25 °C) 
Parameter Value 

Light-generated current IL 7.8654 A 
Diode saturation current I₀ 2.9273×10⁻¹⁰ A 

Diode ideality factor a 0.98119 

Series resistance Rs (per module) 0.39381 Ω 
Shunt resistance Rsh (per module) 313.0553 Ω 

 

 

To validate the accuracy of the adopted one-diode model, the simulated I–V characteristics are 

compared with the manufacturer’s datasheet of the photovoltaic module A10Green Technology A10J-M60-

220. The model parameters are adjusted to match the key electrical specifications at standard test conditions 

(STC), including open-circuit voltage, short-circuit current, and maximum power point. 

As shown in Figure 4, the obtained I–V curves under different irradiance levels and cell temperatures 

demonstrate a good agreement with the expected behavior of the module, confirming the validity of the 

adopted model. 

 

 

  
(a) (b) 

 

Figure 4. Current–voltage characteristics of the photovoltaic module A10Green Technology A10J-M60-220: 

(a) under various irradiance levels and (b) under different cell temperatures 

 

 

2.2.2. Average input current analysis for DAB converter 

The photovoltaic array is interfaced with the battery via a DAB converter (Figure 1) with the 

following simulation parameters: 

- Leakage inductance (referred to the PV side): L = 50 µH 

- Switching frequency: fs = 10 kHz 

- Transformation ratio: n = 1:1 

- Filtering capacitance on the PV side: Cpv = 3 mF 

- Control: single phase shift (SPS) with a normalized phase ratio d ∈ [0, 0.5] 

SPS control was chosen for its simplicity, robustness, and extensive validation [29] in high-power PV-battery 

applications; advanced modulations (EPS, DPS, and TPS) were beyond the scope of this study. This 

expression for the average DAB input current 𝑖𝑑𝑎𝑏1 [30], which is crucial for sizing components and 

optimizing converter control, PV input current, 𝑖𝑝𝑣, split between filter capacitor current 𝑖𝑐 and DAB input 

current, 𝑖𝑑𝑎𝑏1, in (6). 

 

𝑖𝑝𝑣 = 𝑖𝑐 + 𝑖𝑑𝑎𝑏1 (6) 

 

The DAB connects two active bridges via a leakage inductance transformer L with a ratio of n=1. 

Bridge 1 (PV source): input voltage 𝑉𝑝𝑣, output 𝑉1. Bridge 2 (battery): input voltage 𝑉𝑏𝑎𝑡, output 𝑉2. Voltages 

𝑉1 and 𝑉2 generated by square signals 𝑠1 and 𝑠2, frequency 𝑓𝑠 =
1

𝑇𝑠
, phase shift 𝜏 =

𝑑𝑇𝑠

2
, d in [0, 1] normalized, 

described in Figure 1. The inductance current 𝑖𝐿 is governed by (7). 

 

𝐿
𝑑𝑖𝐿

𝑑𝑡
= 𝑉1 − 𝑉2 (7) 

 

The SPS command generates four distinct phases within a period 𝑇𝑠, which is determined by the states of 𝑠1 

and 𝑠2, as shown in Figure 5. These phases are described by (8)-(11). 
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𝑖𝐿 =
1

𝐿
∫(𝑉𝑝𝑣 + 𝑉𝑏𝑎𝑡)𝑑𝑡 (8) 

 

𝑖𝐿 =
1

𝐿
∫(𝑉𝑝𝑣 − 𝑉𝑏𝑎𝑡)𝑑𝑡 (9) 

 

𝑖𝐿 =
1

𝐿
∫(−𝑉𝑝𝑣 − 𝑉𝑏𝑎𝑡)𝑑𝑡 (10) 

 

𝑖𝐿 =
1

𝐿
∫(−𝑉𝑝𝑣 + 𝑉𝑏𝑎𝑡)𝑑𝑡 (11) 

 

The input current of bridge 1 is defined as follows (12): 

 

𝑖𝑑𝑎𝑏1 = 𝑠1𝑖𝐿 (12) 

 

The average value < 𝑖𝑑𝑎𝑏1 > is calculated by exploiting the symmetry of the waveform and the integrals 

[31]; we obtain the expression (13), which will be simplified in (14). 

 

< 𝑖𝑑𝑎𝑏1 > =  
𝑉𝑏𝑎𝑡

2𝐿𝑓
𝑑(1 − |𝑑|) (13) 

 

< 𝑖𝑑𝑎𝑏1 > =  𝐷𝑢 (14) 

 

Where 𝑢 = 𝑑(1 − |𝑑|) captures the effect of the phase shift, and 𝐷 =
𝑉𝑏𝑎𝑡

2𝐿𝑓
 groups the system parameters. 

 

 

 
 

Figure 5. Four operating modes of the dual active bridge converter within one switching period Ts, 

determined by the states of bridges s1 and s2 

 

 

2.2.3. PV-DAB-battery model 

From the previously established average DAB model (14) and the physical model of the 

photovoltaic diode, a unique nonlinear dynamic equation for the average current ⟨iPV⟩ was derived. The 

assumptions made strong forward bias of the panel (Vpv ≫ VT) and slow climatic variations compared to the 

electrical dynamics of the converter (≥ 100 ms vs. ≤ 50 µs), which are widely validated in the literature for 

this type of application [23]. The hybrid approach presented in this section combines the two models to 

obtain an accurate and analytical representation of the complete system. 

This section analyzes the average equation of 𝐶𝑝𝑣, which is derived from the PV diode and the DAB 

circuit. To model the system, the impact of environmental variations should be assessed. The hybrid method 

combines the two models. First, derived from diode physics, simplifies (1) by assuming 𝑖𝑑 >>>  𝑖0 in 

forward bias, which results in (15). 

 

https://doi.org/10.3390/electronics12061280


                ISSN: 2252-8792 

Int J Appl Power Eng, Vol. 15, No. 3, September 2026: 1299-1313 

1304 

𝑉𝑑 ≈
𝑛𝑘𝑇

𝑞
ln (

𝑖𝑑

 𝑖0
) (15) 

 

Neglecting 𝑖𝑟𝑠ℎ as according to (1), we obtain (16), where 𝑖𝑝ℎ depends on the irradiance G and temperature 

T. Its time derivative is expressed as (17). 

 

𝑖𝑑 ≈ 𝑖𝑝ℎ −
𝑖𝑝𝑣

𝑁𝑝
 (16) 

 
𝑑𝑖𝑝ℎ

𝑑𝑡
=

𝑖𝑝ℎ0

1000
[(1 + 𝛽𝑇(𝑇 − 25))

𝑑𝐺

𝑑𝑡
+ 𝛽𝑇𝐺

𝑑𝑇

𝑑𝑡
] (17) 

 

Taking the time derivative of (15) gives (18). 

 
𝑑𝑉𝑑

𝑑𝑡
=

𝑛𝑘𝑇

𝑞

1

𝑖𝑑

𝑑𝑖𝑑

𝑑𝑡
 (18) 

 

Substituting the diode current expression (16) into (18) gives (19). 

 
𝑑𝑉𝑑

𝑑𝑡
=

𝑛𝑘𝑇

𝑞(𝑁𝑝𝑖𝑝ℎ−𝑖𝑝𝑣)
(𝑁𝑝

𝑑𝑖𝑝ℎ

𝑑𝑡
−

𝑑𝑖𝑝𝑣

𝑑𝑡
) (19) 

 

Substituting (17) into (19) and expanding: 

 
𝑑𝑉𝑑

𝑑𝑡
=

𝑛𝑘𝑇

𝑞(𝑁𝑝𝑖𝑝ℎ−𝑖𝑝𝑣)
(Np

𝑖𝑝ℎ0

1000
[(1 + 𝛽𝑇(𝑇 − 25))

𝑑𝐺

𝑑𝑡
+ 𝛽𝑇𝐺

𝑑𝑇

𝑑𝑡
] −

dipv

dt
) (20) 

 

Differentiating the resistive diode voltage expression (4) with respect to time yields the second expression for 
𝑑𝑉𝑑

𝑑𝑡
: 

 
𝑑𝑉𝑑

𝑑𝑡
=

1

𝑁𝑐𝑁𝑠

𝑑𝑉𝑝𝑣

𝑑𝑡
+

𝑅𝑠

𝑁𝑐𝑁𝑝

𝑑𝑖𝑝𝑣

𝑑𝑡
 (21) 

 

The (20), (21), and solving for 
𝑑𝑉𝑝𝑣

𝑑𝑡
, yields (22) with coefficients A3, A4, and A5 defined in (23)-(25). 

 
𝑑𝑉𝑝𝑣

𝑑𝑡
= 𝐴3

𝑑𝑖𝑝𝑣

𝑑𝑡
+ 𝐴4

𝑑𝐺

𝑑𝑡
+𝐴5

𝑑𝑇

𝑑𝑡
 (22) 

 

With: 

 

𝐴3 = −
𝑛𝑘𝑇𝑁𝑐𝑁𝑠

𝑞(𝑁𝑝𝑖𝑝ℎ−𝑖𝑝𝑣)
−

𝑅𝑠𝑁𝑠

𝑁𝑝
 (23) 

 

𝐴4 =
𝑛𝑘𝑇𝑁𝑐𝑁𝑠𝑁𝑝𝑖𝑝ℎ0(1+𝛽𝑇(𝑇−25))

1000𝑞(𝑁𝑝𝑖𝑝ℎ−𝑖𝑝𝑣)
 (24) 

 

𝐴5 =
𝑛𝑘𝑇𝑁𝑐𝑁𝑠𝑁𝑝𝑖𝑝ℎ0𝐺𝛽𝑇

1000𝑞(𝑁𝑝𝑖𝑝ℎ−𝑖𝑝𝑣)
 (25) 

 

This expression (26) is then substituted into the current conservation (6) in the average model. 

Hence, the term is expressed as (27). 

 

𝑖𝑝𝑣 = 𝑖𝑐 + < 𝑖𝑑𝑎𝑏1 > (26) 

 

𝑖𝑝𝑣 = 𝐶𝑝𝑣
𝑑𝑉𝑝𝑣

𝑑𝑡
 +  𝐷𝑢 (27) 

 

Substituting (22) into (27), and identifying the coefficients, yields (28), where 𝑓1 = 𝐴3𝐶𝑝𝑣, 𝑓2 = 𝐴4𝐶𝑝𝑣 and 

𝑓3 = 𝐴5𝐶𝑝𝑣, defined in (29)-(31). 
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𝑖𝑝𝑣 = 𝐷𝑢 + 𝑓1(𝑖𝑝𝑣 , 𝐺, 𝑇)
𝑑𝑖𝑝𝑣

𝑑𝑡
+ 𝑓2(𝑖𝑝𝑣 , 𝐺, 𝑇)

𝑑𝐺

𝑑𝑡
+ 𝑓3(𝑖𝑝𝑣 , 𝐺, 𝑇)

𝑑𝑇

𝑑𝑡
 (28) 

 

Where: 

 

𝑓1 = −𝐶𝑝𝑣 (
𝑛𝑘𝑇𝑁𝑐𝑁𝑠

𝑞(𝑁𝑝𝑖𝑝ℎ−𝑖𝑝𝑣)
+

𝑅𝑠𝑁𝑠

𝑁𝑝
) (29) 

 

𝑓2 = 𝐶𝑝𝑣 (
𝑛𝑘𝑇𝑁𝑐𝑁𝑠𝑁𝑝𝑖𝑝ℎ0(1+𝛽𝑇(𝑇−25))

1000𝑞(𝑁𝑝𝑖𝑝ℎ−𝑖𝑝𝑣)
) (30) 

 

𝑓3 = 𝐶𝑝𝑣

𝑛𝑘𝑇𝑁𝑐𝑁𝑠𝑁𝑝𝑖𝑝ℎ0𝐺𝛽𝑇

1000𝑞(𝑁𝑝𝑖𝑝ℎ−𝑖𝑝𝑣)
 (31) 

 

The analysis showed that 𝑓1 acted as a dynamically stabilizing resistor. The terms 𝑓2 and 𝑓3, 

sensitive to 𝐺 and T, integrate thermal and geometric effects essential to adaptive MPPTs. The common 

dependence on this equation highlights the importance of forward bias. This equation allows for the 

simulation of transients (e.g., cloud passage) and the design of 𝐶𝑝𝑣  of an efficient filtration. 

 

2.3.  Design and implementation of gain-scheduled PI controller for PV-DAB-battery system 

Unlike conventional fixed-gain PI controllers which assume constant dynamics, 𝑓1 varies 

significantly with the operating point. Figure 6 illustrates the variation of the time constant 𝑓1(𝑖𝑝𝑣, 𝐺, 𝑇) as a 

function of irradiance G and PV current ipv at T = 25 °C. However, regardless of operating conditions, 𝑓1 is 

analytically bounded by (𝑓1 < −𝐶𝑝𝑣
𝑅𝑠𝑁𝑠

𝑁𝑝
= −1.575𝑚𝑠 in our system). 

Since for all physical operating conditions (G>0, T>0K, 𝑁𝑝𝑖𝑝ℎ > 𝑖𝑝𝑣), the term 
𝑛𝑘𝑇𝑁𝑐𝑁𝑠

𝑞(𝑁𝑝𝑖𝑝ℎ−𝑖𝑝𝑣)
> 0 

always. This variation of𝑓1 is precisely the motivation for the proposed gain-scheduling approach: the gains 

𝑘𝑝 and 𝑘𝑖 are recalculated at each 1 µs sample via (41) and (42) to compensate for this nonlinearity and 

maintain constant closed-loop dynamics. 

 

 

  
(a) (b) 

 

Figure 6. Time constant 𝑓1 variation under T=25 °C: (a) 𝑓1 vs. 𝑖pv for different G values and (b) 𝑓1 vs. G for 

different 𝑖pv values 

 

 

The nonlinear dynamics of the system in (28)-(31) are locally linearized around the instantaneous 

operating point. All control calculations (Kp, Ki gain adjustment, anticipation disturbance compensation, 

saturation protection, and phase-shift saturation) were performed every 1 us (1 MHz control frequency). This 

extremely high sampling frequency is necessary because the assumption of local linearity and the discrete 

time simplifications remain valid only if the PV voltage and current are considered quasi-constant over a 

DAB switching cycle (10 µs). Such a precise control step ensures second-order closed-loop behavior and 

excellent disturbance rejection, even with rapid irradiance changes, without compromising the numerical 

accuracy [32]. 

Dynamic modeling of the PV-DAB system (28) leads to the design of a gain-scheduled PI controller 

and disturbance compensation, ensuring precise tracking of 𝑖𝑝𝑣 towards 𝑖𝑝𝑣𝑟𝑒𝑓 , despite variations in G and T. 

The basic system, without disturbances, is modelled as (32). 

 

𝑖𝑝𝑣 = 𝐷𝑢 + 𝑓1(𝑖𝑝𝑣 , 𝐺, 𝑇)
𝑑𝑖𝑝𝑣

𝑑𝑡
 (32) 
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The perturbing terms 𝑓2
𝑑𝐺

𝑑𝑡
 and 𝑓3

𝑑𝑇

𝑑𝑡
 are compensated separately. The key assumption is that 𝑇𝑒 = 1 𝑢𝑠 is 

sufficiently small compared to the system dynamics (typically milliseconds); this small scale allows us to use 

the Taylor approximation to estimate the variations of quantities on 𝑇𝑒. The Taylor series of 𝑓𝑖(𝑡𝑘 + 𝑇𝑒) 

around 𝑡𝑘 is expressed as: 
 

𝑓𝑖(𝑡𝑘 + 𝑇𝑒) ≈ 𝑓𝑖(𝑡𝑘) +
𝑑𝑓𝑖

𝑑𝑡
(𝑡𝑘) × 𝑇𝑒 , (33) 

 

with 𝑇𝑒 = 1 μ𝑠, and assuming slow dynamics (e.g. 
𝑑𝑓𝑖

𝑑𝑡
(𝑡𝑘) × 𝑇𝑒) of the order of 10−4, then: 

 

𝑓𝑖(𝑡𝑘 + 𝑇𝑒) ≈ 𝑓𝑖(𝑡𝑘) (34) 
 

This approximation facilitates quasi-continuous analysis, although numerical validation is required 

to confirm its robustness against fast perturbations. Similarly, in the same way we can neglect the variations 

of G and T in a sample. The last approximation is necessary for calculating the compensation command. 

Moreover, this hypothesis is based on the local linearity. 

The control strategy combines a classical PI controller (35), where e is the error (36), considering 

the compensation term (37) that provides total control (38).  
 

𝑢𝑝𝑖 = 𝑘𝑝𝑒 + ∫(𝑘𝑖𝑒)𝑑𝑡 (35) 

 

𝑒 = 𝑖𝑝𝑣𝑟𝑒𝑓 − 𝑖𝑝𝑣 , (36) 

 

𝑢𝑐𝑜𝑚𝑝 = −
1

𝐷
(𝑓2(𝑖𝑝𝑣 , 𝐺, 𝑇)

𝑑𝐺

𝑑𝑡
+ 𝑓3(𝑖𝑝𝑣 , 𝐺, 𝑇)

𝑑𝑇

𝑑𝑡
) (37) 

 

𝑢 = 𝑢𝑝𝑖 + 𝑢𝑐𝑜𝑚𝑝 (38) 

 

This separation handles the main regulation via PI and cancels the external effects via 𝑢𝑐𝑜𝑚𝑝. The gains 𝑘𝑝 

and 𝑘𝑖 are derived to align the response to a second-order system with a natural frequency 𝜔𝑛 and damping 

factor 𝜉. The closed-loop transfer function is given by (39). 
 

𝑇(𝑠) =
𝐷𝑘𝑝𝑠+𝐷𝑘𝑖

−𝑓1𝑠2+(1+𝐷𝑘𝑝)𝑠+𝐷𝑘𝑖
 (39) 

 

The stability of the proposed controller is inherent to its structure: rather than stabilizing an unstable 

system, the gain-scheduling law enforces a desired second-order behavior whose stability is guaranteed by 

construction. The closed-loop poles are analytically imposed at each sampling instant as (40). 
 

𝑠1,2 = −𝜉𝜔𝑛 ± 𝜔𝑛√𝜉2 − 1 (40) 

 

For any ξ>0 and 𝜔𝑛>0, the real part of the poles is strictly negative, guaranteeing closed-loop stability 

regardless of the operating point. By identification with the standard second-order system, the gains 𝑘𝑝 and 

𝑘𝑖are derived as (41) and (42). 
 

𝑘𝑖 =
−𝑓1𝜔𝑛

2

𝐷
 (41) 

 

𝑘𝑝 = −
1+2𝜉𝜔𝑛𝑓1

𝐷
 (42) 

 

To maintain second-order dynamics despite variations in 𝑓1 (related to 𝑖𝑝𝑣, G, T), 𝜔𝑛 and 𝜉 are fixed, and the 

gains are recalculated, preserving the transient response. The transfer function (39) also contains a zero at 

−
𝑘𝑖

𝑘𝑝
=

−𝑓1𝜔𝑛
2

1+2𝜉𝜔𝑛𝑓1
. Since −𝑓1𝜔𝑛

2 > 0 always, the sign of z depends on the denominator 1 + 2𝜉𝜔𝑛𝑓1. A left-

half-plane zero (z<0) is essential to ensure minimum-phase behavior: a right-half-plane zero (z>0) would 

cause an undershoot in the step response. From the analytical bound 𝑓1 < −𝐶𝑝𝑣
𝑅𝑠𝑁𝑠

𝑁𝑝
 the denominator 

satisfies 1 + 2𝜉𝜔𝑛𝑓1<0, and therefore z<0, provided that: 
 

𝜉𝜔𝑛 >
𝑁𝑝

2𝐶𝑝𝑣𝑅𝑠𝑁𝑠
 (43) 
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Figure 7 illustrates this guaranteed minimum-phase region in the (𝜉𝜔𝑛) design space. All three 

simulation cases are well within this region, confirming that the closed-loop zero remains strictly in the left-

half-plane across the entire operating range, regardless of G, T, and ipv. This flowchart presents the Gain-

Scheduled PI control algorithm (Figure 8) for our systems. It calculates the phase ratio (d) from the inputs 

(current, irradiance, temperature), integrating the error, PI output, compensation, and control signal 

limitations. 
 
 

 
 

Figure 7. Guaranteed minimum-phase region (z<0) in the (ξ, ωn) design space; all three simulation cases lie 

within the valid region, confirming left-half-plane zero placement across the full operating range 
 

 

 
 

Figure 8. Flowchart of the gain-scheduled PI control algorithm 
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3. RESULTS AND DISCUSSION 

3.1.  Regulation with fixed setpoint and variations of G 

Figure 9 shows the irradiance profile specifically designed to reproduce real conditions: a constant 

plateau of 1000 W/m² from 0 to 1 s, followed by a smooth linear ramp of exactly one second descending to 

700 W/m², simulating the typical passage of a partial cloud, and then a constant maintenance at 700 W/m² up 

to 3 s. The cell temperature was maintained at 25 °C according to standard test conditions (STC) throughout 

this test scenario in order to isolate the effect of irradiance variations and allow direct comparison with 

manufacturer datasheet values. 

A current setpoint step from 0 to 70 A was applied at t = 5 ms (Te = 1 µs). Figures 9 to 11 compare: 

i) A conventional fixed-gain PI controller using the converged gains of the proposed controller in the 

stabilized state under 1000 W/m² (Kp= 3.775 × 10⁻³; Ki =7.22), and ii) the proposed analytical gain-

scheduled controller (ξ = 1, ωₙ = 2500 rad/s). Table 2 summarizes the measured performance as presented in 

Figure 10. During the irradiance ramp (1000 → 700 W/m² in 1 s), the two correctors exhibited a transient 

error of the same maximum amplitude (≈ 1 A), which was expected because both temporarily saturated the D 

control at 0.25. 

Figure 11 shows that the Kp and Ki gains of the proposed corrector adapt automatically during the 

ramp-down (Kp changes from ≈ 3.8 × 10⁻³ to ≈ 12.65× 10⁻³ and Ki from ≈ 7.2 to ≈ 18.3 when switching from 

1000 to 700 W/m²), and then stabilize at their new optimal values as soon as the irradiance becomes constant 

at 700 W/m². This real-time adaptation is precisely the function of analytical gain scheduling. These results 

demonstrate that, even though a classic PI set with optimal gains at 1000 W/m² presents a more aggressive 

response than the proposed method. Conversely, only the proposed analytical gain-scheduled controller 

guarantees the following: i) negligible overshoot and absence of oscillations dependent on the desired 

behavior (no oscillation in our case), and ii) an overall response time three times shorter (0.94 ms versus  

2.94 ms at ±5%). 

 

 

  

 

Figure 9. Irradiance variations G applied to the 

system 

 

Figure 10. Time-domain response comparison of 

gain-scheduled and conventional PI controllers to a 

70 A setpoint 

 

 

 
 

Figure 11. Temporal adaptation of proportional (𝑘𝑝) and integral (𝑘𝑖) gains 

 

 

Table 2. Transient performance 
Indicator Classical PI (extracted gains) Gain-scheduled proposed Noticed 

Response time to ±5% (step) 2.94 ms 0.94 ms 3.1 times faster and perfectly stable 

Overshoot (level) >6.5% ≈1% — 

Rise time 10% → 90% (5 ms 
increments) 

0.353 ms 0.650 ms Classic PI is faster due to overshoot 

Note: Kp and Ki fixed gains extracted from the proposed controller at steady state under G = 1000 W/m², T = 25 °C. Response times 

measured at ±5% of the 70 A setpoint. 
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3.2.  Performance dependence on operating points 

To irrefutably demonstrate the intrinsic limitation of a fixed-gain PI on a strongly nonlinear process, 

two very different current setpoints were imposed at constant irradiance and temperature (G = 1000 W/m², T 

= 25 °C): 70 A from 0 to 0.1 s, followed by a sudden jump to 100 A at t = 0.1 s. The results are presented in 

Figure 12 and Table 3. Figure 12 clearly shows that the conventional PI controller, even when optimally set 

to 70 A, becomes highly oscillatory (oscillations with an amplitude >6.5% for almost 28 ms) as soon as the 

setpoint increases to 100 A. 

Conversely, the proposed gain-scheduled controller maintains the same response quality at both 

operating points: i) nearly identical rise time (0.57–0.65 ms), ii) overall response time was always less than 

1.1 ms, and iii) negligible overshoot and absence of oscillations. This comparison constitutes strong 

simulation evidence: only the proposed analytical gain scheduling is capable of maintaining a fast, strictly 

critical (ξ = 1), and perfectly stable dynamic over the entire current setpoint range. In contrast, the PI 

controller with fixed gains systematically becomes oscillatory or excessively slow when operating away from 

the tuning point. 
 

 

 
 

Figure 12. Comparison of the performance of the two controllers for two different current setpoints  

(70 A and 100 A) 
 

 

Table 3. Performance during the setpoint jump from 70 A to 100 A 
Target Corrector Response time 

to ±5% (step) 

Rise time 10% → 90%  

(5 ms increments) 

Overshoot 

70 A Classic PI (gains fixed for 70 A) 0.353 ms 2.94 ms >6.5% 

70 A Proposed gain-scheduled (ωₙ = 2500, ξ = 1) 0.650 ms 0.94 ms ≈1% 

100 A Classic PI (gains fixed for 70 A) 0.680 ms 27.83 ms >6.66% 
100 A Proposed gain-scheduled (ωₙ = 2500, ξ = 1) 0.570 ms 1.085 ms ≈1% 

Note: Fixed PI gains optimized for 70 A setpoint only. The proposed controller maintains identical specifications  

(ξ = 1, ωn = 2500 rad/s) at both operating points. 

 

 

3.3.  Influence of the choice of closed-loop specifications (ωₙ, ξ) 

To verify that the proposed method imposes the specified second-order dynamics, regardless of 

operating conditions, three different sets of specifications were tested with fixed irradiance and temperature 

(G = 1000 W/m², T = 25 °C) and a constant current setpoint of 70 A (Figure 13). Figure 13 shows that the 

second-order dynamics were respected in all three cases. The overshoot measured at ξ = 0.707 (8.25%) is 

slightly higher than the pure theoretical value of a linear second-order system (4.32%), owing to the 

temporary saturation of control D at its maximum value (0.25) during the initial moments of the rise. This 

saturation, which is unavoidable during a sudden 70 A step, introduces a transient nonlinearity that slightly 

increases the actual overshoot while maintaining an overall response that conforms to the specification. 

Table 4 presents the performance indicators measured for the three sets of specifications (ωₙ, ξ) 

applied to the proposed gain-scheduled controller. These results confirm the validity of the analytical 

expressions for the gains Kp and Ki in (41) and (42). They also demonstrate that the user can freely choose 

the speed (via ωₙ) and damping rate (via ξ) of the closed loop, while the method rigorously imposes the 

specified dynamics even in the presence of physical saturation of the converter. 
 

 

Table 4. Influence of closed-loop specifications (setpoint 70 A) 
Case ωₙ (rad/s) ξ Rise time 10% → 90%  

(5 ms increments) 
95 % response  

time 
Overshoot  
observed 

Theoretical  
overshoot 

Underdamped 2000 0.707 0.78 ms 1.47 ms 8.25% 4.32% 

Critically damped 1500 1.0 1.18 ms 1.92 ms 0% 0% 

Critically damped 2500 1.0 0.61 ms 0.94 ms 0% 0% 

Note: Overshoot at ξ = 0.707 exceeds theoretical value (4.32%) due to transient saturation of control variable d at its maximum 

(0.25) during the initial rise. 
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Figure 13. Influence of the choice of closed loop specifications (ωₙ, ξ) on the performance of the PI with 

programmed gains and perturbation compensation 

 

 

3.4.  MPPT test under environmental variations 

Figure 14 shows the development of the PV current ipv(t) to obtain the MPP under a realistic 

irradiance profile: fixed irradiance at 400 W/m² (0–1 s), smooth 1-second ramp to 800 W/m² (1–2 s), then 

fixed irradiance at 800 W/m² (2–3 s). The current setpoint ipv_ref was generated in real time by the neural 

network published in our previous article [33], and its MPPT performance has already been experimentally 

validated. At the start-up (t = 0, G = 400 W/m²), the proposed gain-scheduled correction exhibited 

significantly superior dynamics (faster rise without overshoot or oscillation). During the irradiance ramp (400 

→ 800 W/m²), the gain-scheduled controller closely followed the ipv_ref setpoint generated by the neural 

network owing to the automatic adaptation of the Kp and Ki gains, rigorously maintaining the specified 

critical dynamic range (ξ = 1, ωₙ = 2500 rad/s). The conventional PI controller exhibited a slight delay and 

small residual oscillations. 

Figure 15 shows the PV power Ppv (t) extracted by the two controllers. The precise tracking of the 

MPP is evident: both Ppv curves remain very close to the theoretical maximum power, with a slight transient 

advantage for the gain-scheduled controller during the ramp-up phase. Figure 16 shows the instantaneous 

power difference ΔP = P_gain-scheduled – P_PI-classic.  

 

 

 
 

 

Figure 14. PV current ipv(t) under realistic irradiance 

variation (400 W/m² → 800 W/m²) 

 

Figure 15. Extracted PV power Ppv(t) under realistic 

irradiance variation (400 → 800 W/m²) 

 

 

 
 

Figure 16. Instantaneous power difference ΔP = P_gain-scheduled − P_PI-classic under realistic irradiance 

profile (400→800 W/m²), showing a consistently positive energy advantage for the proposed controller 
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This difference was mostly positive at startup and during the irradiance ramp, reflecting a transient 

energy gain in favor of the proposed corrector. Throughout the entire test, the net energy gain remained 

positive for the proposed corrector, with a slightly higher average power (+0.4%). These results demonstrate 

that the combination of the validated neural network for the generation of ipv_ref and the proposed analytical 

gain-scheduled corrector makes it possible to obtain a fast, robust, and stable full MPPT, with perfectly 

controlled dynamics over the entire operating range, and a performance superior to that of a classic PI with 

fixed gains, even under conditions of slow variation. 

 

 

4. CONCLUSION 

This study proposes an innovative adaptive control strategy for MPPT in a PV-battery system based 

on a DAB converter. The gain-scheduled PI controller, with gains recalculated every 1 µs by local 

linearization of the nonlinear model and explicit compensation of disturbances (derivatives of G and T), 

imposes a constant second-order dynamic (response time ≈ 1 ms, ξ = 1) over the entire operating range. 

Simulations under realistic irradiance profiles showed a clear superiority over a classic PI with fixed gains: 

elimination of oscillations and significant reduction of overshoot, reduced response time by a factor greater 

than 3, stable performance despite large variations in the operating point, and a transient energy gain of 0.4% 

during cloud passage events, collectively improving battery lifetime and system reliability. To the best of our 

knowledge, this gain-scheduled analytical approach with explicit disturbance compensation has not been 

developed for the DAB topology in PV-battery systems. It is distinguished by its simplicity (≈ 180–200 

floating-point operations per 1 µs sample, executable on standard DSPs), without requiring additional state 

observers, and predictable performance without complex observers. 

Several limitations should be acknowledged. First, the controller assumes ideal real-time 

measurement of the derivatives of G and T, which may be affected by sensor noise in practical deployments. 

Second, the 1 µs sampling frequency, while numerically validated here, requires careful DSP selection for 

real-time implementation, as it imposes a processing budget of approximately 180–200 floating-point 

operations per cycle — feasible on high-performance DSPs (e.g., TMS320F28379D) but constraining on 

lower-cost platforms. Third, the current formulation targets a single PV-DAB-battery port; extension to 

multi-source hybrid systems (e.g., PV-wind-battery) would require reformulation of the gain-scheduling law 

to account for inter-port coupling dynamics. Experimental validation on a prototype is planned at the 

Information Processing Laboratory (FS Ben M'Sick). Ultimately, this control opens up possibilities for multi-

source systems, the management of parametric uncertainties, and hybridization with AI for MPPT under 

partial shading, contributing to more robust and accessible renewable-energy systems. 
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