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Adaptive synergetic MPPT controller for optimal
performance of photovoltaic systems

Khalissa BEHIHo , Nadjat ZERROUGo , Ziyad BOUCHAMAo , Najib ESSOUNBOULIo ,
Abdelhak BENHENICHEo and Fouad ZEBIRIo

This paper presents a novel optimization strategy for photovoltaic (PV) power systems based
on a synergetic control (SC) theory integrated with state observation and adaptive estimation
schemes. The main objective is to enhance system reliability and reduce implementation costs
through the elimination of selected physical sensors. A state observer is designed to ensure
stable system operation and avoid control-law singularities, while adaptive laws are employed
to accurately estimate the load and the photovoltaic output voltage. These estimated states are
provided to the synergetic controller, which drives the system to operate at the maximum power
point (MPP). The proposed strategy is validated through numerical simulations under dynamic
conditions, including variations in solar irradiance, temperature, and load. Furthermore, exper-
imental tests corroborate the simulation results, confirming the robustness and high efficiency
under partial shading conditions and demonstrating the strategy’s practicality for real-world PV
systems.
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1. Introduction

Recently, the use of renewable energy has emerged as a promising and sustain-
able solution to reduce the global energy crisis and restrain the adverse effects
of environmental degradation [1–4]. Solar energy is one of the most popular
types of renewable energy and stands out due to its cleanliness, abundance, and
widespread availability, offering a viable and eco-friendly alternative to conven-
tional fossil fuel-based power generation [5, 6]. Despite these advantages, the
performance of photovoltaic (PV) systems often remains constrained, since their
low energy conversion efficiency depends on several factors such as solar irradi-
ation, temperature variations, load fluctuations, and the physical characteristics
of the PV modules. Overcoming these limitations is crucial to enhancing the
viability of solar energy.

To enhance the energy yield of PV systems under varying operating condi-
tions, numerous control strategies have been developed, among which Maximum
Power Point Tracking (MPPT) algorithms play a principal role. These algorithms
ensure optimal power extraction by continuously adjusting the operating point
of the PV system. However, traditional MPPT techniques, such as Perturb and
Observe (P&O) and Incremental Conductance (IC) [7–11], suffer from several
drawbacks, including persistent oscillations around the maximum power point,
difficulty in distinguishing the true maximum power point under partial shading
conditions, and reliance on multiple sensors, which increases system complex-
ity [12].

Given the highly nonlinear nature of PV system dynamics, advanced nonlinear
control strategies and intelligent control methods have been explored to overcome
these limitations. Among nonlinear techniques, Sliding Mode Control (SMC)
is well-known for its robustness and disturbance rejection capabilities [13–16].
Nevertheless, conventional SMC is deteriorated by chattering, high-frequency os-
cillations that can damage system components and degrade overall performance.
As a powerful alternative, Synergetic Control (SC) has emerged, offering similar
robustness with a simpler design and the inherent ability to generate smooth,
chatter-free control signals [17–19]. Despite these advantages, a common draw-
back of both SMC- and SC-based approaches is their reliance on multiple sensors,
which raises system cost and implementation complexity. Similarly, while intel-
ligent methods such as fuzzy logic and neural networks can effectively handle
nonlinearities [18, 20], their high computational demand and need for extensive
training make them impractical for many cost-sensitive or real-time embedded
applications.

This paper proposes and evaluates an innovative control strategy that en-
hances both the performance and practicality of MPPT for PV systems. The



ADAPTIVE SYNERGETIC MPPT CONTROLLER FOR OPTIMAL PERFORMANCE
OF PHOTOVOLTAIC SYSTEMS 427

main contribution lies in the development of an Adaptive Synergetic Control
(ASC) technique, integrated with a state observer to estimate and compensate
for system uncertainties and external disturbances. The proposed ASC-MPPT is
an observer-based synergetic control strategy rather than a gradient-based MPPT
method [19, 21–23], since it regulates the operating point through a Lyapunov-
designed macro-variable and adaptive state estimation. This approach addresses
the following key issues. First, unlike strategies that employ cascaded controllers
(one to compute the PV reference voltage and another to enforce it), this work
introduces a simplified control design that significantly lowers algorithmic com-
plexity. Second, it tackles the problem of observing the DC-DC converter output
voltage without relying on directly measured initial values, which in many exist-
ing works leads to singularities in the control law unless the output capacitor is
pre-charged (an assumption that is not always practical in real conditions). Third,
the proposed ASC-MPPT controller minimizes the number of sensors by elim-
inating the need for a direct PV output voltage measurement, thereby reducing
system cost and hardware requirements. Finally, while many experimental stud-
ies neglect practical shading scenarios [19,21–24], this work explicitly considers
partial shading tests, thereby validating the robustness of the proposed controller
under realistic and challenging operating conditions.

2. Dynamic Photovoltaic System Description

The nonlinear photovoltaic system, shown in Fig. 1, consists of a PV array
connected to a load via a DC-DC boost converter. The dynamic model of the PV
system is derived under necessary assumptions to make it suitable for nonlinear
controller design. When the boost converter operates in conduction mode, the

Figure 1: Schematic diagram of a photovoltaic system with an MPPT controller
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system can be described as follows:

¤𝑖𝑝𝑣 = − (1 − 𝑑)
𝐿

𝑣0 +
𝑣𝑝𝑣

𝐿
,

¤𝑣0 =
(1 − 𝑑)
𝐶𝑜

𝑖𝑝𝑣 −
𝑣0

𝑅𝐶𝑜

,

(1)

where 𝑖𝑝𝑣 is the photovoltaic current, 𝑣0 is the boost output voltage and 𝑑 is
the necessary control signal to be designed. The positive constants 𝐿, 𝑅, 𝐶𝑖𝑛

and 𝐶0 represent the inductance, load resistance, input capacitance, and output
capacitance, respectively.

Selecting the photovoltaic current and the output voltage as system state
variables, i.e, 𝑦 =

[
𝑖𝑝𝑣 𝑣0

]T, and letting 𝜁1 = 𝑖load = 𝑣0𝑅
−1 denote the load

current and 𝜁2 = 𝑣𝑝𝑣 denote the photovoltaic voltage, the state-space averaged
model can be rewritten as:

¤𝑦1 = − (1 − 𝑑)
𝐿

𝑦2 +
𝜁2

𝐿
,

¤𝑦2 =
(1 − 𝑑)
𝐶𝑜

𝑦1 −
𝜁1

𝐶𝑜

.

(2)

As given in equation (2), the dynamic model of the PV system is independent of
its load nature, remaining valid across many load types while still capturing the
correct operating point imposed by the load demand. This yields a unified and
compact model that is easier to analyze and control.

3. Adaptive Synergetic MPPT Controller Design

The main objective is to develop an MPPT controller to generate a pulse width
modulation (PWM) signal by adjusting its duty cycle to extract maximum power,
compensating for fluctuations caused by environmental changes or load distur-
bances. In this design approach, the control strategy integrates a state observer
with adaptive estimation schemes. The observer reconstructs the photovoltaic
current and output voltage while simultaneously providing real-time estimates of
the photovoltaic voltage and load current. In this context, the dynamic model (2)
is rewritten as given in (3):

¤̂𝑦1 = − (1 − 𝑑)
𝐿

𝑦̂2 +
𝜁2

𝐿
+ 𝜅1 (𝑦1 − 𝑦̂1) ,

¤̂𝑦2 =
(1 − 𝑑)
𝐶𝑜

𝑦̂1 −
𝜁1

𝐶𝑜

+ 𝜅2 (𝑦2 − 𝑦̂2) ,
(3)
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where 𝜅1 > 0 and 𝜅2 > 0 are the observer gains, and 𝑦̂1 and 𝑦̂2 are the observer’s
average states. The variables 𝜁1 and 𝜁2 represent the estimates of the unknown
load current and photovoltaic voltage, respectively. Subtracting (3) from (2) yields
the dynamics of the estimation errors:

¤̃𝑦1 = − (1 − 𝑑)
𝐿

𝑦̃2 +
𝜁2

𝐿
− 𝜅1 𝑦̃1 ,

¤̃𝑦2 =
(1 − 𝑑)
𝐶𝑜

𝑦̃1 −
𝜁1

𝐶𝑜

− 𝜅2 𝑦̃2 .

(4)

To derive the adaptation laws for ˆ𝑧𝑒𝑡𝑎1 and ˆ𝑧𝑒𝑡𝑎2, consider the Lyapunov function
candidate in (5).

𝑉 =
1
2
𝐿𝑦̃2

1 +
1
2
𝐶𝑜 𝑦̃

2
2 +

1
2𝑟1

𝜁2
1 + 1

2𝑟2
𝜁2

2 , (5)

where 𝑟1 > 0 and 𝑟2 > 0 are design parameters. Then, the time derivative of (5)
can be expressed as:

¤𝑉 = 𝐿𝑦̃1 ¤̃𝑦1 + 𝐶𝑜 𝑦̃2 ¤̃𝑦2 −
1
𝑟1
𝜁1

¤̂𝜁1 −
1
𝑟2
𝜁2

¤̂𝜁2 , (6)

Substitution of equation (2) and (3) into (5) yields:

¤𝑉 = −𝜅1𝐿𝑦̃
2
1 − 𝜅2𝐶out 𝑦̃

2
2 − 𝜁1

[
𝑦̃2 +

1
𝑟1

¤̂𝜁1

]
+ 𝜁2

[
𝑦̃1 −

1
𝑟2

¤̂𝜁2

]
, (7)

The adaptation laws are selected as follows:

¤̂𝜁1 = −𝑟1 𝑦̃2 ,

¤̂𝜁2 = 𝑟2 𝑦̃1 ,
(8)

which leads to:
¤𝑉 = −𝜅1𝐿𝑦̃

2
1 − 𝜅2𝐶𝑜 𝑦̃

2
2

¬ 0. (9)

By applying LaSalle’s invariance principle [25] to the derived Lyapunov function,
the equilibrium point of the observer dynamics is proven to be asymptotically
stable. For the PV system, the control law objective is to drive the circuit with
a desired photovoltaic current 𝑖∗𝑝𝑣 = 𝑦∗1 = 𝑦̂2𝜁1𝜁

−1
2 . To achieve this propriety,

the synergetic control synthesis begins by defining the dynamics of the macro-
variable, as described in equation (10).

𝜎̂ = 𝑦̂1 − 𝑦∗1 . (10)
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To ensure asymptotic stability and convergence to 𝜎̂ = 0, the desired dynamic
evolution of the macro-variable can be designed as:

¤̂𝜎 + 𝜏𝜎̂ = 0, (11)

where 𝜏 > 0 is design parameter. Then, differentiating the macro-variable in (10)
along (3) and combining it with equation (11) leads to (12):

− (1 − 𝑑)
𝐿

𝑦̂2 +
𝜁2

𝐿
+ 𝜅1 𝑦̃1 = −𝜏𝜎̂ . (12)

Solving for the control law 𝑑, leads to (13):

𝑑 = 1 − 𝑦̂−1
2

(
𝜁2 + 𝜅1𝐿𝑦̃1 + 𝜏𝐿𝜎̂

)
. (13)

To guarantee the synergetic design, the initial conditions for the observer
( 𝑦̂1(0), 𝑦̂2(0)) and the adaptation laws

(
𝜁1(0), 𝜁2(0)

)
must be chosen appropri-

ately. Specifically, the macro-variable must be zero initially, a condition satisfied
by setting 𝜎̂(0) = 𝑦̂1(0) − 𝑦̂2(0)𝜁1(0)𝜁−1

2 (0).

4. Stability analysis

Assumptions

The photovoltaic I–V characteristic is continuous and locally Lipschitz in the
operating region of interest, while irradiance and temperature are bounded and
vary at bounded rates. The converter parameters 𝐿, 𝐶𝑜, and 𝑅 are positive and
belong to known bounded intervals representing practical tolerances. The mea-
sured current is bounded and filtered so that switching noise does not destabilize
the observer. The design parameters 𝜅1, 𝜅2, 𝑟1, 𝑟2, and 𝜏 are strictly positive.
Consequently, the closed-loop plant-observer system is well defined and admits
solutions for all 𝑡 ­ 0.

Proposition 1. Consider the MPPT problem of the PV system (1). In synergetic
mode, the closed-loop system consisting of (2), (4), (7) and (13) is asymptotically
stable, with the estimated variable converging to its equilibrium values (𝜁1, 𝜁2).

Proof. Without loss of generality, rewriting the second equation of the dynamic
observer system (3) as:

𝑑𝑦̂2
2

𝑑𝑡
= 2𝑦̂2

(1 − 𝑑)
𝐶𝑜

𝑦̂1 − 2
𝜁1

𝐶𝑜

𝑦̂2 + 2𝜅2 (𝑦2 − 𝑦̂2) 𝑦̂2 . (14)

Now, consider the control law (13) in synergetic mode (i.e., 𝜎̂ = 0). This yields:

(1 − 𝑑) = 𝜁2 𝑦̂
−1
2 . (15)
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Substituting (15) into (14) and using (7), then simplifying and introducing the
PV power and load power terms, yields:

𝑑𝑃̂2
load
𝑑𝑡

=
2𝜁2

1
𝐶𝑜

(
𝑃𝑚𝑚𝑝 − 𝑃̂load

)
+ 𝜙, (16)

where 𝜙, 𝑃𝑚𝑚𝑝 and 𝑃̂load denote the auxiliary observer error term, the maximum
power point, and the estimated load power, respectively, and are defined as follows:

𝑃̂load = 𝜁1 𝑦̂2 ,

𝑃𝑚𝑚𝑝 = 𝜁2𝑦
∗
1,

𝜙 = 2𝜁1 𝑦̂2
(
𝜅𝜁1 − 𝑟1 𝑦̂2

)
𝑦̃2 .

(17)

Since 𝑦̃1 → 0 and 𝑦̃2 → 0, it follows that 𝜙 → 0. Therefore, the solution to (15)
is asymptotically stable, and the controller drives the load power exponentially
toward the PV power, ensuring 𝑃̂load → 𝑃𝑚𝑚𝑝. As a result, from (4) and (17), the
estimates satisfy 𝜁1 → 𝜁1 and 𝜁2 → 𝜁2.

Remark 1. Equation (16) describes the dynamics of the estimated load power
𝑃̂load = 𝜁1 𝑦̂2. Neglecting the perturbation term 𝜙 and linearizing near the equi-
librium 𝑃̂load ≈ 𝑃𝑚𝑚𝑝 yields the error dynamics:

𝜀 =
(
𝑃𝑚𝑚𝑝 − 𝑃̂load

)
,

𝑑𝜀

𝑑𝑡
=

𝜁2
2

𝐶𝑜𝑃𝑚𝑚𝑝

𝜀.
(18)

At the maximum power point, 𝜁2 → 𝑣𝑝𝑣 and 𝑃𝑚𝑚𝑝 = 𝑖𝑝𝑣𝑣𝑝𝑣. Using the power
balance and the boost converter voltage relationship 𝑣0 = 𝑣𝑝𝑣 (1− 𝑑)−1, Eq. (19)
is obtained:

𝑣𝑝𝑣

𝑖𝑝𝑣
= 𝑅(1 − 𝑑)2. (19)

Consequently, the estimated load power converges to the true maximum power
with an approximate exponential rate:

𝑑𝜀

𝑑𝑡
=

𝑅(1 − 𝑑)2

𝐶𝑜

𝜀. (20)

Thus, the closed-loop time constant is 𝐶𝑜

[
𝑅(1 − 𝑑)2]−1. To ensure that the

observer dynamics are faster than the controlled system, the observer gains
should be selected as:

𝜅𝑖 ≻≻
1

𝑅min(1 − 𝑑max)2𝐶𝑜

, (21)
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where 𝑅min is the minimum expected load resistance and 𝑑max is the corresponding
duty cycle.

5. Results and discussion

This section provides a comprehensive analysis of the numerical simulation
and experimental results for the proposed MPPT controller, highlighting its dy-
namic and steady-state performance under various operating conditions. In the
numerical simulations, the designed robust adaptive MPPT controller is compared
with existing synergetic controller designs [19, 21–23]. For both the numerical
simulation and experimental setups, the photovoltaic generation used in this study
was the Kyocera KC200GT solar panel, which is commonly adopted in MPPT
performance evaluations [26, 27]. The boost converter was designed with the
following parameters: 𝐿 = 0.74 μH, 𝐶𝑜 = 220 μF and 𝐶int = 440 μF. The load
resistance was a minimum of 𝑅 = 18 Ω, and the switching frequency was set
to 25 kHz. The ASC-MPPT controller parameters were chosen as 𝜅1 = 𝜅2 = 2000
and 𝜏 = 0.6.

5.1. Numerical simulation results

The numerical simulation studies incorporate variations in solar irradiance
𝐺 (Wm−2), temperature 𝑇 (◦C), and load disturbances (Ω), the effects of which
are evident in the P–V characteristics shown in Fig. 2.

Figure 2: P–V characteristics under various weather operating conditions
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The results obtained with the proposed ASC-MPPT controller are compared
with those of the SC-MPPT design, in which the macro-variable manifold is
defined as follows:

𝜎 =
𝜕𝑃𝑝𝑣

𝜕𝑖𝑝𝑣
=
𝜕

(
𝑣𝑝𝑣𝑖𝑝𝑣

)
𝜕𝑖𝑝𝑣

= 𝑖𝑝𝑣
𝜕𝑣𝑝𝑣

𝜕𝑖𝑝𝑣
+ 𝑣𝑝𝑣 = 0. (22)

Subsequently, the synergetic control strategy determines the control law SC-
MPPT, as defined in equation (23).

𝑑𝑠𝑐 = 1 −
𝑣𝑝𝑣

𝑣0
−

𝐿

(
𝑣𝑝𝑣 + 𝑖𝑝𝑣

𝜕𝑃𝑝𝑣

𝜕𝑖𝑝𝑣

)
𝜏𝑣0

(
2
𝜕𝑃𝑝𝑣

𝜕𝑖𝑝𝑣
+ 𝑖𝑝𝑣

𝜕2𝑣𝑝𝑣

𝜕2𝑖𝑝𝑣

) . (23)

Equation (23) indicates that the implementation of the conventional synergetic
MPPT controller requires three dedicated sensors, thereby introducing additional
system complexity and measurement uncertainty. Moreover, the denominator
contains two critical quantities, the output voltage 𝑣0 and the partial derivative (24)(

2
𝜕𝑃𝑝𝑣

𝜕𝑖𝑝𝑣
+ 𝑖𝑝𝑣

𝜕2𝑣𝑝𝑣

𝜕2𝑖𝑝𝑣

)
. (24)

Both of which must remain non-zero to ensure the control law’s validity. This
critical constraint leads to excessively large control efforts, particularly under low
initial output voltage conditions or when the partial derivative term approaches
zero.

5.1.1. Simulation Case 1

The system response to an irradiance step change between 1000 Wm−2 and
500 Wm−2 at a constant temperature of 25◦C is shown in Fig. 3 to 6.

The ASC-MPPT controller maintains power levels closer to the MPP and
responds more rapidly to irradiance step changes, resulting in higher steady-state
power (Fig. 3). Furthermore, its smoother duty cycle signal (Fig. 4) minimizes
voltage and current ripples and reduces transient overshoot (Figs. 5 and 6),
confirming its enhanced tracking efficiency and robustness.
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Figure 3: Photovoltaic power evolution in
simulation case 1

Figure 4: Duty-cycle evolution in simula-
tion case 1

Figure 5: System voltages evolution in sim-
ulation case 1

Figure 6: System currents evolution in sim-
ulation case 1

5.1.2. Simulation Case 2

At an elevated temperature of 45◦C under the previous irradiance profile, the
performance of the proposed ASC-MPPT controller is evaluated in the subsequent
figures.

In the case of the elevated temperature under the same previous irradiance
variation, the ASC-MPPT controller consistently outperforms the SC-MPPT con-
troller, extracting more stable maximum power at the new MPP with minimal
ripple, as seen in Fig. 7. The duty cycle profile in Fig. 8 again reveals a smoother
control action and reduced transient excursion compared to the SC-MPPT, which
improves system efficiency. Furthermore, the proposed controller maintains ro-
bust tracking of the voltage and current, keeping their evolutions (Figs. 9, 10)
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Figure 7: Photovoltaic power evolution in
simulation case 2

Figure 8: Duty-cycle evolution in simula-
tion case 2

Figure 9: System voltages evolution in sim-
ulation case 2

Figure 10: System currents evolution in
simulation case 2

near to the reference values. This confirms its robust adaptation to temperature
effects and a stable approach to the shifted MPP operating point.

5.1.3. Simulation Case 3

This case demonstrates the controller’s robustness under load steps, with
constant irradiance 1000 Wm−2 and temperature 25◦C. The efficiency of the
proposed ASC-MPPT controller is compared against the conventional SC-MPPT
method.

In this scenario, the ASC-MPPT scheme adjusts the duty cycle with lower
control effort during transients compared to the SC method. This maintains
PV system operation at the MPP, resulting in smaller transient power loss and
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demonstrating improved disturbance rejection, as depicted in Figs. 11 and 12.
Furthermore, the system voltages and currents (Figs. 13, 14) remain more stable
under ASC, confirming closed-loop robustness to load steps, which is critical for
grid-interactive or storage-coupled operation.

Figure 11: Photovoltaic power evolution in
simulation case 3

Figure 12: Duty-cycle evolution in simula-
tion case 3

Figure 13: System voltages evolution in
simulation case 3

Figure 14: System currents evolution in
simulation case 3

As indicated in Table 1, compared with SC-MPPT, the proposed ASC-MPPT
provides more stable PV power tracking in all three simulation cases. It consis-
tently reduces ripple and overshoot, improves tracking efficiency, and achieves
faster settling times.
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Table 1: Performance comparison of ASC-MPPT and SC-MPPT under the three simulation
scenarios

Scenario Method Efficiency (%) Settling time (s) Ripple (%) Overshoot (%)

Case 1
ASC-MPPT 99.50 0.015 0.20 0.50
SC-MPPT 98.80 0.028 0.80 1.20

Case 2
ASC-MPPT 99.20 0.018 0.30 0.70
SC-MPPT 98.10 0.035 1.00 1.50

Case 3
ASC-MPPT 99.70 0.012 0.10 0.30
SC-MPPT 98.5 0.022 0.60 1.00

5.2. Experimental result

The experimental controller was implemented on a dSPACE DS1104 real-
time platform. Since the observer relies on the measured current signal, a soft
first-order low-pass filter was applied to attenuate high-frequency switching noise
and avoid state jitter. The filter was implemented with a sampling time of 50 μs
and a time constant of 5 μs, corresponding to a cutoff frequency of 200 kHz.
An experimental PV system has been built using the same circuit and ASC
controller parameters as in the previous simulation step. A range of operating
scenarios was considered in this section, including unknown weather conditions,
load variations, and partial shading. For those operating points, experimental P–V
characteristics are obtained as shown in Fig. 15.

Figure 15: Experimental P–V characteristics
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5.2.1. Experimental Case 1

In this case an unknown stable weather condition is considered, the P–V
characteristic (blue curve) of which is shown in Fig. 15.

As shown in Fig. 16, the proposed controller maintains the PV power at
around 154 W, successfully tracking the maximum power point with a smooth
duty cycle, as illustrated in Fig. 17. Furthermore, Figs. 18 and 19 demonstrate
that the ASC accurately estimates the PV voltage and load current without direct
measurement.

Figure 16: Photovoltaic power evolution in experimental case 1

Figure 17: Duty-cycle evolution in experimental case 1
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Figure 18: System voltages evolution in experimental case 1

Figure 19: System currents evolution in experimental case 1

5.2.2. Experimental Case 2

For this case, the PV system is subjected to dynamic load changes under the
same climatic conditions as the previous scenario.
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In Case 2, the controller maintains optimal power extraction (Fig. 20) by
dynamically adjusting the duty cycle in response to load changes. As shown in
Fig. 23 and Fig. 24, the adaptive scheme successfully ensures exact tracking
of the estimated load current and robust voltage estimation throughout these
disturbances.

Figure 20: Photovoltaic power evolution in experimental case 2

Figure 21: Duty-cycle evolution in experimental case 2
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Figure 22: System voltages evolution in experimental case 2

Figure 23: System currents evolution in experimental case 2

5.2.3. Experimental Case 3

This case evaluates the system’s performance under a partial shading condi-
tion, whose P–V characteristic is the blue curve shown in Fig. 15.

The ASC controller effectively handles partial shading conditions under re-
duced irradiance by maximizing power extraction through adaptive duty cycle
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control, as shown in Fig. 24 and Fig. 25. Furthermore, the accurate state estimation
achieved under these challenging conditions, demonstrated in Fig. 26 and Fig. 27,
validates the observer’s robustness to system disturbances and uncertainties.

Figure 24: Photovoltaic power evolution in experimental case 3

Figure 25: Duty-cycle evolution in experimental case 3
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Figure 26: System voltages evolution in experimental case 3

Figure 27: System currents evolution in experimental case 3

6. Conclusions

An adaptive synergetic MPPT controller, based on the robustness of both
synergetic control and adaptive estimation, has been proposed in this paper. The
control law has been introduced by using methods of synergetic control theory,
and adaptive observer laws were used to reduce hardware complexity and avoid
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control-law singularities. This combination provides accurate real-time estimates
of unmeasured variable states, enabling reliable control under parameter uncer-
tainties and environmental disturbances. Simulation studies under various oper-
ating conditions demonstrated that the ASC-MPPT achieves faster convergence,
reduced steady-state oscillations, and improved disturbance rejection compared
to conventional synergetic approaches. Experimental validation in a practical test
confirmed these results, showing consistent maximum power extraction and ro-
bust tracking performance, including in partial shading scenarios. The proposed
ASC-MPPT strategy offers a low-cost, computationally efficient, and robust so-
lution suitable for real-time implementation in modern photovoltaic conversion
systems.
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