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Abstract

This article is devoted to the development of a hybrid algorithm to track the maximum power in a photovoltaic
system using a multicellular converter. The requirements of Maximum Power Point Tracking (MPPT) can be
summarized in a fast transient and a minimal oscillation at the maximum power point (MPP). This can be met in
two steps by using the hybrid systems theory: i) a hybrid transient automaton, that ensures a fast convergence by
a minimal settling time and low number of commutations, and ii) a hybrid steady-state automaton that guarantees
the minimum stress around the MPP. To justify a hybrid MPPT as a viable MPPT option, a comprehensive comparison
is carried out between the proposed MPPT and the two methods; the Perturb and Observe (P & O) and the
Incremental Conductance (IC). The results show that the hybrid MPPT is capable of tracking the MPP with higher
performance under various types of environmental changes.
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1. Introduction
The rapid development of industries and the
growing population are putting global energy supplies
under enormous pressure. Furthermore, the climate
change issue and the need to reduce carbon have
prompted companies and nations to invest in
alternative energy sources, particularly the
renewable energy. Solar Photovoltaic (PV) is one of
the most important sources of renewable energy.
This is due to many factors including the abundant
source, the easiness of installing, almost free
maintenance, and most importantly it is
environmentally friendly [1, 2].
Although these advantages, photovoltaic systems
have not achieved parity with fossil-based networks,
which is due to the low efficiency with high cost of
photovoltaic units. It is important to enhance the
energy production of the PV system by improving the
ability to track the maximum power point (MPP)
during the continuous change in the environmental
situation such as temperature and solar radiation [3].
Each photovoltaic (PV) generator is characterized by
the P-V curve, which is nonlinear and have one global
maximum power point.
To guarantee that the maximum power from the
PV array be always achieved, we need to employ
adaptation stages like a DC-DC converter in order to

maximize the PV production by coinciding the
operating point with the maximum power point MPP
in the P-V curve [4, 5, 6].
Many topologies have been proposed as an
adaptation device between the PV array and the DC
bus. They have to meet certain practical challenges
such as reliability, high power density, high
efficiency and low ripple current/voltage.
Conventional converters do not meet the above
requirements
with
better
scaling
power
characteristics. Multicellular parallel converters are
a good alternative to conventional ones. For the case
of the conventional buck converter, there is the
analogous N-interleaved-buck converter, which is
composed of N cells of conventional buck converters.
The interleaved topologies are widely used in
renewables such as solar panels and fuel cells [7].
The main objective of this topology is to reduce the
ripple of the input current, support high input
current and reduce the constraints on the power
components [8, 9]. Some research studies discussed
the interleaving technique from the point of view the
number of cells (also called phases) and their impact
on inductor volume, switching losses, and the input
current ripples [10].
Other research focused on its control problem,
the aim of the control in a photovoltaic system is
generally to extract the maximum energy from the
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solar panel, such control schemes are known in the
literature with Maximum Power point Tracking
(MPPT) algorithms [11, 12, 13].
Many algorithms are published in order to improve
the performance of the MPPT, in matter of speed and
quantity of production. These algorithms can be
classified into two categories; Traditional algorithms,
and soft computing algorithms [1, 2]. In the class of
traditional methods, there is the very popular
"Perturb and Observe (P&O)" algorithm [9, 14, 15],
Incremental Conductance (InCond) [16, 17], and Hill
Climbing (HC) [18]. Besides, there is uncommon
methods like the fractional short circuit current, the
fractional open circuit voltage, and the ripple
correlation control [19, 20].
This category has good advantages in terms of
tracking efficiency, and convergence speed, it
experiences however the very serious defect of the
continuous fluctuation around the steady state,
which results in a significant power loss. In addition,
none of these algorithms can handle with a situation
of non-uniform radiation.
In class of soft computing methods, a variety of
algorithms based on FL: Fuzzy Logic, ANN: Artificial
Neural Network, GA: Genetic Algorithms, ACO: Ant
Colony Optimization, PSO: Particle Swarm
Optimization [21, 22, 23, 24, 25]. This category has
good advantages, the most important of which is
accuracy and flexibility, but its disadvantages are
shocking. It inherits complexity and slowness
(essentially in ANN), and this leads to the need of a
special microprocessor that is expensive. Motivated
by the above facts, we aim to alleviate some of these
problems.
This paper proposes a new MPPT technique in the
framework of hybrid automata theory. The proposed
algorithm is given as guard conditions, which govern
the switching between the different converter
modes. The converter investigated in our approach is
a two-cell converter, this choice is justified by the
reduced input current ripple offered by the two-cell
converter over the conventional buck (one-cell)
converter, and this leads the MPPT to operate around
a maximum power point without too much
fluctuation. For this purpose, an instantaneous model
of the converter will be investigated in the next
section in the framework of hybrid dynamical
systems theory.
The paper is organized as follows: In section 2, a
mathematical model of the PV system is illustrated.
Section 3 presents the hybrid (switched) dynamical
model of the converter using hybrid systems theory.
In section 4, a detailed synthesis on the proposed
Hybrid MPPT is given as discrete modes and guard
conditions. Then, Section 5 discusses simulation
results under different working conditions. The two
performance tests with the standard MPPT
algorithms are also provided. Finally, a conclusion
will summarize and discuss the obtained results.

2. Hybrid Model of two Interleaved Buck
Converter
The interleaved buck converter is based on the
association of K phases, each phase consists of an
inductor (𝑳𝒌 ), a diode (𝑫𝒌 ), and a semiconductor
device (𝒔𝒘𝒌 ). The control switches are represented
by a binary input signal 𝒖𝒌 𝝐{𝟎, 𝟏}, where the values
0 and 1 stand for the states "blocking" and
"conducting", respectively. The phase number
increase leads to very accurate results, but on the
other hand, the complexity of the system increases.
In the present paper, we consider the two-phase
case.
Figure 1 represents the two-interleaved buck
converter (2IBC) feeding a resistive load (R) and
operating in continuous conduction mode (CCM).

Figure 1. Structure of the photovoltaic module with 2phase interleaved buck converter (PV-2IBC)

Therefore, the dynamics of the PV array with the
(2IBC) are given by:
𝑑𝒊𝑳𝒌
𝑑𝑡
𝑑𝑣𝑜
𝑑𝑡
𝑑𝑣𝑝𝑣

{

𝑑𝑡

=
=

=
1

𝒄𝒐
1
𝒄𝒊𝒏

𝑣𝑖𝑛 𝒖𝒌 −𝑣𝑜
𝑳𝒌
𝑣

(∑2𝑘=1 𝑖𝐿𝑘 − 𝑅𝑜 )

, 𝐾 = 1,2

(1)

(𝑖𝑝𝑣 − ∑2𝑘=1 𝑢𝑘 𝑖𝐿𝑘 )

where 𝑖𝐿𝑘 is the inductor current of phase k, 𝑣𝑝𝑣 is
the input voltage, 𝑣𝑜 is the output.
The input signals (𝑢1 ; 𝑢2 ) combinations offer four
different modes of operation, these modes take the
name "discrete modes" in the framework of hybrid
systems. System (1) can be written in the following
switched affine form:
𝑥̇ = 𝐴𝑞 𝑥 + 𝐵𝑞 = 𝑓𝑞 (𝑥)
𝑖

𝑖

𝑖

(2)

where:
𝑥 = [ 𝑖𝐿1 𝑖𝐿2 𝑣𝑝𝑣 𝑣𝑜 ] 𝑇 ∈ 𝑋
is
the
continuous state vector defined in a physical
operating region 𝑋 ⊆ ℝ4 ; q(t) : ℝ+ ⟶ 𝑄 is the
switching signal that takes its values in a finite set of
discrete modes 𝑄 = {𝑞1 ; 𝑞2 ; 𝑞3 ; 𝑞4 }.
The state matrices 𝐴𝑞𝑖 ∈ ℝ4×4 and 𝐵𝑞𝑖 ∈ ℝ4×1 are
given by:
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0
0

𝐴𝑞𝑖 =
(

−𝑢1
𝑐𝑖𝑛
−𝑢1
𝑐𝑜

0
0

−𝑢2
𝑐𝑖𝑛
−𝑢1
𝑐𝑜

−1
𝐿1
−1
𝐿2

𝑢1
𝐿2
𝑢2
𝐿2

0

0
0

−1
𝑅)

𝐵𝑞𝑖 =

the first class leads to increase the voltage 𝑣𝑝𝑣 this
means activating the mode 𝑞𝑝𝑣1 , and the other class
leads to decrease the voltage 𝑣𝑝𝑣 , this means
activating the mode 𝑞𝑝𝑣2 .

0
0

𝑖𝑝𝑣
𝑐𝑖𝑛

(0)

In the remainder of the paper, we will
consider 𝐿1 = 𝐿2 = 𝐿.
Hybrid systems can be defined as dynamical
systems whose behaviour is determined by the
interaction of continuous and discrete dynamics [2628].
In the modelling and analysis of such systems, we
need the combination of continuous dynamics
described by differential equations with discrete
events described by an automata or Petri nets [29].
One can remark from the structure of the system
in Figure 1 that the coexistence of continuous
variables (capacitor voltages 𝑣𝑖𝑛 , 𝑣𝑜 , and inductor
currents 𝑖𝐿1 , 𝑖𝐿2 ) and discrete variables (states of the
switches) present a hybrid behavior. This justifies the
use of hybrid modeling for the analysis and control
design of the PV system. In this study, the hybrid
automaton, which is formulated by the following 6tuple, can represent the PV system.

𝐻 = (𝑄, 𝑋, 𝑆𝑐 , 𝑇, 𝐺, 𝐼𝑛𝑖𝑡 )

(3)

where 𝑄 = {𝑞𝑖 ; 𝑖 ∈ 1, … ,4} is a set of four discrete
modes.
Each one corresponds to a specific topology of the
converter obtained by the states of the switches (see
Table 1).

𝑋 = {𝑥 ∈ ℝ4 ⁄0 ≤ 𝑖𝐿𝑘 ≤ 𝑖𝐿𝑘𝑚𝑎𝑥 ∧ 0 ≤ 𝑣𝑝𝑣 ≤ 𝑣𝑜𝑐 ∧
0 ≤ 𝑣𝑜 ≤ 𝑣𝑚𝑎𝑥 }, 𝑘 = 1,2
is the continuous state space that characterizes the
operating states of the converter, with

𝑥 = [ 𝑖𝐿1

𝑖𝐿2

𝑣𝑝𝑣

𝑣𝑜 ] 𝑇 ∈ 𝑋 and 𝑖𝐿
𝑘𝑚𝑎𝑥

is the maximum current that can be delivered by the
phase k.
𝑆𝑐 : (𝑄 × 𝑋) ⟶ ℝ4 is the application that assigns
to every discrete mode a continuous dynamic given
by (2).

𝑇 = {𝑇𝑖𝑗 , 𝑖, 𝑗 ∈ {1, … ,4}}
represents a set of all possible transitions between
discrete modes.
G: 𝑇 ⟶ 2𝑥 associates to each transition a
continuous set where the transition is valid (called a
guard condition). 𝐼𝑛𝑖𝑡 ⊆ X × 𝑄 is the set of initial
states [29].
In the hybrid modelling of the photovoltaic array,
two discrete modes can be distinguished
𝑞𝑝𝑣1 , 𝑞𝑝𝑣2 , the first increases the voltage 𝑣𝑝𝑣 while
the second decreases this voltage. We can classify
the four discrete modes of the 2IBC into two classes,

Table 1. The discrete modes of the PV system with the
two interleaved buck converter
Discrete modes
PV
array
𝒒𝒑𝒗𝟏
𝒒𝒑𝒗𝟐

Inputs

Currents
voltage
evolution evolution
𝑣𝑝𝑣
𝑖𝐿 1 𝑖𝐿 2

Buck
𝑢1 𝑢2
converter
0
0 ↘
𝑞1
1
0 ↗
𝑞2
0
1 ↘
𝑞3
1
1 ↗
𝑞4

↘
↘
↗
↗

↗
↘
↘
↘

In Table 1, we summarized these discrete modes
and the evolution of the system variables. In the
input current, the up arrow means that the inductor
is charging, while that the down arrow means that
the inductor is discharging.
In the input voltage 𝑣𝑝𝑣 , the up and the down
arrow means the increase and decrease in the
voltage of the PV array respectively, all is based on
the switching design. In the next subsection, we will
solve the MPP problem.
3. Control Design: Hybrid MPPT
The problem of the control design of the PV
system is to the maximization of the PV energy
production with a minimum switching among the
discrete modes 𝑄 = {𝑞1 ; 𝑞2 ; 𝑞3 ; 𝑞4 } and a fast
transient property. This problem is not directly
discussed using the theory of continuous dynamic
systems.
In this section, we will solve this problem
efficiently using the theory of hybrid systems. We can
reformulate this problem as follows:
(1) How one should select the convenient discrete
modes among the set 𝑄 in order to fast reach a
neighbourhood of the MPP, with the fast balance of
the input current between the two phases;
(2) When a neighbourhood of the MPP is reached,
how to select the discrete modes to ensure that the
operating point is coincident with the maximum
power point.
It should be noted that the hybrid control of the
2IBC is done with the purpose of tracking the MPP
without need of a Pulse Width Modulation (PWM)
control to generate the switching signals.
Moreover, we can design an algorithm in two parts
as shown in Figure 2, a transient state automaton for
fast convergence to the MPP and a steady state
automaton to maintain the system operating point in
the maximum power point.
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Figure 2. Evolution of the MPP tracking in the P-V curve

3.1 Transient Automaton Design
According to the characteristics of the PV array
(P-V curve), we can assert that there exists only one
voltage value for which the PV arrays deliver the
maximum power as shown in Figure 2.
In order to achieve the fast convergence of the PV
voltage to a neighboured of 𝑉𝑚𝑝𝑝 , one can distinguish
two cases:
−
If the operating point is on the left side of
the MPP, meaning that 𝑣𝑝𝑣 < 𝑣𝑚𝑝𝑝 : The
selected discrete mode in this region must
ensure an increasing value of the PV
voltage 𝑣𝑝𝑣 . From the voltage evolution in
Table 1, it can be observed that mode 𝑞1 is
the only appropriate option in this region;
we apply this mode in order to force the
operating point to fast reach the MPP as
illustrated in Figure 2.
If the operating point is on the right side of the
MPP, meaning that 𝑣𝑝𝑣 > 𝑉𝑚𝑝𝑝 : One should select the
discrete mode that guarantees a decreasing value of
the PV voltage to fast reach the 𝑉𝑚𝑝𝑝 . From Table 1,
one of the modes 𝑞2 ; 𝑞3 ; 𝑞4 is appropriate for this
situation in order to compel the operating point to
access the MPP as shown in Figure 2.
Figure 3 shows the proposed hybrid automaton of
the 2IBC with both transient and steady control parts,
where each node represents a discrete mode and the
arrows indicate the possible discrete transitions.

Figure 3. The proposed hybrid automaton of the
photovoltaic system (PV-2IBC)

We can say that the PV voltage of the PV array
reached the desired value 𝑉𝑚𝑝𝑝 in finite time and
within only one commutation ( 𝑞1 or 𝑞4 ). The
transient automaton controller corresponds to the
above analysis where the elements (G; T; 𝐼𝑛𝑖𝑡 ) are
defined as follows:
−
The initial discrete mode depends on the
initial continuous state (input voltage 𝑣𝑝𝑣 ) as
follows:

𝐼𝑛𝑖𝑡 = ( 𝐼𝑛𝑖𝑡 (𝑞1 ) × 𝑞1 ) ∪ ( 𝐼𝑛𝑖𝑡 (𝑞2 ) × 𝑞2 ) ∪
( 𝐼𝑛𝑖𝑡 (𝑞3 ) × 𝑞3 ) ∪ ( 𝐼𝑛𝑖𝑡 (𝑞4 ) × 𝑞4 )
with

(4)
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𝑝𝑣 >𝑣𝑚𝑝𝑝

𝐺 𝑠 (𝑇32 ) = {𝑥 ∈

𝐼𝑛𝑖𝑡 (𝑞4 ) = {𝑥 ∈ ℝ⁄ 𝑣𝑝𝑣 > 𝑣𝑚𝑝𝑝 }, 𝐼𝑛𝑖𝑡 (𝑞3 )
= {𝑥 ∈ ℝ⁄ (𝑣𝑝𝑣 > 𝑣𝑚𝑝𝑝 )⋀(𝑖𝐿1 < 𝑖𝐿2 )}
−

The guard conditions corresponding to the
transition to the steady-state automaton are
given by:

𝐺 𝑡 (𝑇41 ) = {𝑥 ∈
𝐺 𝑡 (𝑇14 ) = {𝑥 ∈

X
}
𝑣𝑝𝑣 <𝑣𝑚𝑝𝑝

X
∧ (𝑖𝐿1 = 𝑖𝐿2 )}
> 𝑣𝑚𝑝𝑝

𝑣𝑝𝑣

X

𝐺 𝑡 (𝑇12 ) = {𝑥 ∈ 𝑣

𝑝𝑣 >𝑣𝑚𝑝𝑝

𝐺 𝑡 (𝑇13 ) = {𝑥 ∈

𝑣𝑝𝑣

∧ (𝑖𝐿1 < 𝑖𝐿2 )}

X

𝐺 𝑠 (𝑇23 ) = {𝑥 ∈ 𝑣

𝐼𝑛𝑖𝑡 (𝑞1 ) = {𝑥 ∈ ℝ⁄ 𝑣𝑝𝑣 < 𝑣𝑚𝑝𝑝 }, 𝐼𝑛𝑖𝑡 (𝑞2 )
= {𝑥 ∈ ℝ⁄ (𝑣𝑝𝑣 > 𝑣𝑚𝑝𝑝 )⋀(𝑖𝐿1 > 𝑖𝐿2 )}

(5)

X
∧ (𝑖𝐿2 > 𝑖𝐿1 )}
> 𝑣𝑚𝑝𝑝

𝐺 𝑠 (𝑇12 ) = {𝑥 ∈
𝐺 𝑠 (𝑇21 ) = {𝑥 ∈

𝑣𝑝𝑣

∧ (𝑖𝐿2 > 𝑖𝐿1 )}

9
(6)

X
∧ (𝑖𝐿2 < 𝑖𝐿1 )}
> 𝑣𝑚𝑝𝑝
X

𝑣𝑝𝑣 >𝑣𝑚𝑝𝑝
X
𝑣𝑝𝑣 <𝑣𝑚𝑝𝑝

∧ (𝑖𝐿2 < 𝑖𝐿1 )}
∧ (𝑖𝐿2 = 𝑖𝐿1 )}

𝐺 𝑠 (𝑇13 ) = {𝑥 ∈

X
∧ (𝑖𝐿2 > 𝑖𝐿1 )}
𝑣𝑝𝑣 > 𝑣𝑚𝑝𝑝

𝐺 𝑠 (𝑇31 ) = {𝑥 ∈

X
∧ (𝑖𝐿2 = 𝑖𝐿1 )}
𝑣𝑝𝑣 < 𝑣𝑚𝑝𝑝

In the following, we design an algorithm called
Hybrid Maximum Power Point Tracking. The overall
ﬂow chart of HMPPT is shown in Figure 4.

3.2 Steady-State Automaton Design
Once the operating point reaches the maximum
power point, a steady-state automaton must be
activated to guarantee the local stability of the
desired value (𝑣𝑚𝑝𝑝 ). For this purpose, the algorithm
switches between the different modes of the 2-IBC
using an automaton governed by the currents (𝑖𝐿1 , 𝑖𝐿2 )
and the status of power.
The voltage oscillates in the neighbourhood
of 𝑣𝑚𝑝𝑝 . A small range of oscillation causes a small
loss of power, which means better control, and vice
versa, we can achieve that by the low ripple in the
input current and it is the main feature of the
proposed converter (2-IBC).
Figure 3 illustrates the operation of the steadystate automaton, located near the MPP. In this case,
we use two discrete modes: 𝑞1 , if the operating point
is in the left side of the MPP, and one of the rest
modes (𝑞2 , 𝑞3 or 𝑞4 ), depending on the situation, if
the operating point is on the right side of the MPP.
The guard conditions corresponding to the steadystate automaton are defined as follows:
X
<𝑣
𝑝𝑣
𝑚𝑝𝑝

𝐺 𝑠 (𝑇41 ) = {𝑥 ∈ 𝑣

∧ (𝑖𝐿1 = 𝑖𝐿2 )}

𝐺 𝑠 (𝑇14 ) = {𝑥 ∈

𝑣𝑝𝑣

X
∧ (𝑖𝐿1 = 𝑖𝐿2 )}
> 𝑣𝑚𝑝𝑝

𝑣𝑝𝑣

X
∧ (𝑖𝐿1 = 𝑖𝐿2 )}
> 𝑣𝑚𝑝𝑝

𝑣𝑝𝑣

X
∧ (𝑖𝐿2 < 𝑖𝐿1 )}
> 𝑣𝑚𝑝𝑝

𝐺 𝑠 (𝑇24 ) = {𝑥 ∈
𝐺 𝑠 (𝑇42 ) = {𝑥 ∈

Figure 4. Flow chart of HMPPT

The algorithm itself is straightforward, the
constants and variables of this algorithm, namely the
voltage, input current, power are initialized.
By using the actual value of voltage and current
of the PV array, we calculate the power and compare
it with the previous value.
If the difference is positive between them and it
is greater than the constant value 𝑃p , then we
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increase the voltage by the discharge of both
inductances.
If the difference is negative between them and it
is greater than the constant value 𝑃p , then the
voltage is decreased by charging one of the inductors
or both (case of 𝑞4 ).
We can summarize this stage under the name of
transition state. Furthermore, if the difference
between them is less than the constant value 𝑃p ,
meaning that the voltage reaches a neighbourhood of
MPP, this stage is called the steady state. The
constant value 𝑃p is choosing wisely, so we do not
take a large value to avoid the loss of accuracy, and
do not take a zero value to avoid the increase number
of switching around maximum power point by
searching the exact MPP that will delay the balancing
of the converter ﬂoating currents. This value is
related to the photovoltaic array size.
Note 1. We can delete the mode (q4) from the
proposed control because the algorithm does not
pass in this situation, so we satisﬁed with switching
between the two modes (q2 and q3) according to the
amount of the two currents. This occurs when the
operating point is to the right of the maximum point,
and we can see to what degree it will simplify this
algorithm.
4. Simulation Results

In this section, the new hybrid algorithm is
applied to a typical converter where the
photovoltaic array is used to charge a battery. The
performance and robustness of the hybrid algorithm
will be tested through diﬀerent scenarios of
irradiance and temperature.
For the battery, we consider an example of 100
Ah lead acid battery with the nominal current
discharge characteristic at 0.2C (20A) shown in Table
2.
Table 2. Lead acid battery discharge characteristic
Nominal current discharge characteristic at
0.2C (20A)
Voltage(v)
12.9
12.1
12
11
9
0
Time(hours)
0
0.05
2
4
5
5.5

Model parameters

Value of
parameters
𝐼SC coef. of temperature (𝐾I ) 0.034
[A/0C]
N. Cells per module (Ncell )
36
Specifications for the interleaved buck
converter:
900 [µF]
Input capacitor (𝐶𝑖𝑛 )
1000 [µF]
Output capacitor (𝐶𝑜 )
1 [mH]
Inductors (𝐿1 = 𝐿2 = 𝐿)
Specifications of the Battery:
Nominal voltage
12 [V]
Rated capacity
100 [Ah]
Initial state of charge
50 [%]

Tools
modelling

Simscape

Simscape

The PV array consists of 2 parallel strings with 2
series-connected modules per string.
The temperature and the state-of-charge are
factors that inﬂuence the charging of the battery,
but the irradiance is the major factor that aﬀects this
process seriously.
To study the performance of the hybrid algorithm
under the gradual irradiance changes, two popular
MPPT techniques, Incremental Conductance (IC),
Perturb and Observe (P&O conventional) can be
compared. Gradual change of the irradiance (Table
4) presents the irradiance proﬁle, in which the
irradiance is increased in ramp within just
0.5 second.
Table 4. The gradual change of irradiance proﬁle
Irradiance(KW/m2)
600
650
750
850
1000

Time(s)
[0-0.05]
[0.1-0.15]
[0.2-0.25]
[0.3-0.35]
[0.4-0. 5]

A comparison of the MPP tracking between three
algorithms P&O, IC and the hybrid algorithm is
performed when they are subjected to this proﬁle;
this is illustrated in Figure 5.

The parameters of the battery and the PV module
are shown in Table 3.
Table 3. The speciﬁcations of the model for the overall
PV system in the MATLAB simulation
Model parameters

Value of
Tools
parameters modelling
Specifications of the PV module:
Simscape
5.2 [A]
Short circuit current (𝐼SC )
22 [V]
Open circuit voltage (𝑉OC )
4.77 [A]
Current at Pmax (𝐼MPP )
17.9 [V]
Voltage at Pmax (𝑉MPP )
85.383 [W]
Maximum power (𝑃MPP )
𝑉OC coef. of temperature (𝐾v ) -0.34 [V/◦C]

Figure 5. Response of three algorithms (IC, P&O,
HMPPA) under gradual change of the
irradiance
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The initial parameter value of the two algorithms
P&O and IC are chosen after extensive simulation
trials, so we would say that the algorithms could be
regarded as well optimized. For P&O, a ﬁxed step
size of 1 V is chosen in order to increase/decrease
the duty cycle D (the increase in 𝑣𝑟𝑒𝑓 means the
decrease in D), this value should be selected
carefully in order to achieve a balance between the
convergence speed and the oscillation in the steady
dI
state. For IC, the maximum error can be deﬁned
dV
as constant error E = 0.002, this technique is based
on the variation of conductance and their eﬀect on
the position of the operating point.
Initially, both P&O and IC require approximately
0.022 s to reach the MPP.
When the steady state is reached, the two
algorithms ﬂuctuate around the maximum power
point. On the other hand, the hybrid algorithm has a
very good performance in terms of fast tracking to
the maximum power point in the transient state with
almost zero power oscillation in the steady state.
When the irradiance changes in gradual (ramp in
the proﬁle), the P&O track badly the power
compared to its counterpart IC. Both, however, could
not track the power ramp as perfectly as the hybrid
algorithm does, which means that the P&O and IC
loses the power during tracking the power ramp and
this is clearly shown in Figure 5.
Step changes of the irradiance, this change
usually occurs when a cloud passes quickly. To
examine the performance of the hybrid algorithm, a
PV array is subjected to a set of radiation steps, as
shown in Figure 6 and Table 6.

Figure 6. Response of three algorithms (IC, P&O,
HMPPA) under step change of the irradiance
Table 6. The step change of irradiance proﬁle
Irradiance (KW/m2)
600
920
1010

Time (s)
[0-0.18]
[0.18-0.35]
[0.35-0.5]

In this test, the temperature is considered
constant at 25 ◦C.
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Figure 6 compares the response of the three
algorithms (P&O, IC and HMPP). The P&O and IC have
almost the same response with a small diﬀerence,
whereas the IC is a little better than the P&O in terms
of transit state, which requires 22.5 ms for the initial
MPP tracking. The small step-size can be selected to
reduce the large oscillation around the MPP. From
Figure 6, it can be observed that even with a small
step-size, P&O oscillates around the MPP with a
ripple of 2 W, while the ripple in the HMPP is almost
negligible (0.03 W). After each change of irradiance
level, the P&O requires approximately 21 ms to retrack the new MPP value, while the HMPP needs only
2 µs.
The reason that lies behind the speed of response
for the algorithm is the number of commutations
between the discrete states, indeed; only one
commutation can be applied to reach the steady
state. The ripple of the PV current and the PV voltage
is very small and almost non-existent.
The battery current is charging, and the voltage
is imposed by the battery. The current and voltage
levels of the battery depend on the battery system
conditions such as the state-of-charge.
The battery has a protection system, which will
stop the system if the SOC goes under SOCmin or when
the SOC exceeds SOCmax.
5. Conclusions and Future Works
This paper proposes a novel hybrid algorithm for
maximum power point tracking (HMPPT). This
control applies to a particulary topology of
converters, which is the 2-phases interleaved buck
converter, this choice is motivated by the interesting
practical beneﬁts compared to standard ones.
In this study, we used a hybrid dynamical
approach to design the control of the photovoltaic
system via a hybrid automaton formalism to control
the transition between the diﬀerent modes, and this
is done by choosing the appropriate guard conditions.
The obtained simulations results conﬁrm the
proposed hybrid algorithm (HMPPT) such as the fast
transient and less ﬂuctuation at the MPP.
As a future work, a generalization of the proposed
hybrid controller to N-phases interleaved buck
converter and other multilevel topologies will be
considered. We explore the subject matter with a
complete study of the system including the battery,
the micro-grid and maybe with multiple sources like
a fuel cell. Hence, an experimental validation will be
provided.
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