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The output power generated in the photovoltaic modules depends both on
the solar radiation and the temperature of the solar cells. To maximize
the efficiency of the system, it is required to monitor the maximum power
point of the photovoltaic system. For this purpose, monitoring the maximum
power point (MPPT) of photovoltaic systems should be as quick and
accurately as possible for increasing energy production, which ultimately
increases the cost-efficiency of the photovoltaic system. This paper proposes
a new approach for MPPT) using the concept of the integral sliding mode
controller (ISMC) to ensure fast and precise monitoring of the peak power.
The performance of the ISMC is significantly influenced by the choice of
the sliding surface. To assess the reliability ISMC control, the results have
been compared with those of a PI controller. The results obtained are used to

Sliding mode control evaluate the performance of the ISMC strategy under different climatic
conditions. Finally, the effectiveness of the proposed solution is confirmed
using simulations in PSIM tools and experimental results were used to

evaluate the effectiveness of the proposed approach.
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1. INTRODUCTION

The MPPT method for photovoltaic systems intends to identify the operating point where
the product of output voltage and current is most significant. Theoretically, the GPV produces maximum
power when there is a matching impedance between GPV and load. Therefore, the MPPT process guarantees
that the output impedance and the load impedance of the GPV cells are gradually harmonized. As climatic
factors influence the output impedance of the GPV, MPP can be achieved if the load impedance is adjusted in
real-time to monitor the output impedance of the GPV. And for better understanding, the equivalent
impedance Ropt of GPV is defined as the ratio between the MPP voltage VMPP and the MPP current IMPP,
(i.e. Ropt= UMPP/IMPP). The state of the environment changes, and so Ropt. Nevertheless, some problems
of load adaptation exist as described in [1, 2].

The most popular MPPT algorithms are the Incremental Conductance INCC which is based on
the analysis of the conductance variation and its influence on the operating point and the perturb and observe
(P&O) which is consist to disturb the PV voltage with stepsize voltage and analyzing the resulting
power [3-4]. The result for these algorithms is the voltage VMPP (resp IMPP) witch corresponds to
the maximum power. The most significant concern for all these MPPTs is the degree of dependency of
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the MPPTs monitoring response on the size of the disturbance. Furthermore, the tracking signal oscillates
approximately around its reference point, and this even under steady-state conditions [5]. It is crucial to use
a second loop, generally a Pl controller to keep the MPP tracking accuracy [6]. These control laws may be
insufficient because they are not reliable, particularly when the requirements on dynamic characteristics and
accuracy are very strict.On the other hand, it's important to linearize the system model around a specific
operating point, which is usually the PPM at a particular condition. Since the PV module and the DC/DC
converter are non-linear by their nature, however, the performance and stability of the linear controller are
limited in the vicinity of the PPM. This constraint affects system performance since the operating point varies
with unexpected and inevitable environmental disturbances. To solve this issue, the working method
described in the literature [7, 8] uses a sliding regulator (SMC) to control the inductance or capacitor input
current of the boost converter associated with the GPV module, thus ensuring the overall stability of
the system at all operating points. The solution proposed in this paper considers multiple cascade controllers
as follows: The P&O MPPT algorithm is used with PI controller to provide the reference to the SMC which
generate the MOSFET activation signal.However, the design of these three controllers is done separately,
which complicates the perfect control of the system. Incorrect choice of P&O step size and execution period
may result in unstable system operation. And cannot guarantee the same performance over the entire
operating range, as the PI controller requires a linearized model of the system around the PPM. In fact,
incorrect design of any such PI controller has the potential to make the P&O unstable.

Based on these previous works and considerations, and to remedy undesirable effects on the output
power of the GPV and to extract its maximum power an adaptation stage between the GPV and the load is
used, which is usually a DC-DC converter, The input of the DC/DC converter part is formed by the PV
generator and the output is connected to variable load. A control system changes the duty cycle and implicitly
the input impedance of the converter until the system reaches the MPP Figure 1. The SMC combined with
INCC aimed at performing a fast MPPT action on PV systems using a cascade control. This approach avoids
the use of linearized models to provide global stability in all the operation range. In such a way,a compact
design is achived also reduces the system cost and complexity. The sliding mode control has widely proved
its effectiveness through reported theoretical studies. The principal objective consists that the dynamic of
the system under control is forced to follow exactly the required response. The benefit of such control and
what makes it so interesting is its robustness against system disturbances and uncertainties [9, 10]. In this
paper, the interest was focused on the use of an integral PWM-based SMC in the PV system to maximize
the energy generated by the GPV and to improve the stability of the system [11].
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Figure 1. Circuital scheme of the sliding mode controller (SMC) loop

The sliding mode control is applied to follow the maximum power of the photovoltaic system [12].
Among the advantages of this control are high precision, good stability, simplicity, invariance, robustness,
etc. [13, 14], making it particularly suitable for systems with imprecise models. Often, it is preferable to
specify the dynamics of the system during the convergence mode. In this case, the controller structure has
two parts, one representing the dynamics during the sliding mode and the other representing the dynamics of
the discontinuous system during the convergence mode. The paper is organized as follows: Sections 2.1
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and 2.2 introduces an overview of the photovoltaic generator and the INCC MPPT algorithm, respectively.
Then Section 2.3 introduces the non-linear mathematical model representing the GPV and the boost
converter. Section 2.4 presents the proposed sliding surface and integral sliding mode controller structure,
and derivation of the existence conditions. Numerical simulations using PSIM under various conditions are
presented in section 3. Experimental results are represented in 4 illustrate the validity and efficiency of
the proposed integral sliding mode controllers compared to the Pl strategy. Finally, conclusions are given in
the last section.

2. PHOTOVOLTAIC SYSTEM
2.1. Generator photovoltaic GPV

In literature, several mathematical models describe the operation and behavior of the photovoltaic
generator. These models differ in the calculation procedure, accuracy and the number of parameters involved
in the calculation of the current-voltage characteristics [15]. One diode model is the most popular.
Its equivalent circuit is a p-n junction and when it's illuminated it has the particularity of being able to
function as a generator, producing a short-circuit current proportional to the illumination. The equivalent
electrical design of a junction is shown in the Figure 2, where the Ry, and Rs are respectively the parallel and
series resistors which represent the losses [16].

The energy source generates the short circuit current Iph , which is mainly dependent on solar
radiation. A diode conducts the reverse saturation current Id. The current I, supplying the load is defined by
the difference between Id and Ip, Irsh . The characteristic 1,v(Vpy) Of this model is given by the following
equations:

Ipv = Iph — g — Iren 1)

The output current-voltage (I-V) characteristics can be calculated by using the following equation:

Vpv_, Rslpy Vpy R

— _ NgV. NsVtAa __ _ — S
Ipy = Nplgc — Np [ ENsVTA Fs¥Té — 1 Ipy (2)

Rsy  Rsm

Isc: short-circuit current of PV cell, Rsh: Shunt Resistor, Rs: resistor series, 14 is the reverse saturation current
of the diode. V+ is the thermal voltage; it depends exclusively on the temperature. Ns number of series cell,
Np number of parallel cell. To simplify the previous model, an equivalent Thevenin circuit can be derived by
using linearization [17], as shown in Figure 3.
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Figure 2. PV cell equivalent circuit Figure 3. Thevenin model of PV
Where R = _El (g= Zi"" pv=Tmp is the derivative of the non-linear function ipv vs vpv at the operating
Vpv v=Im

Vpv=Vmp
MPP point andVeq = Vipp — I"‘?p is the equivalent Thevenin voltage. The SCHOTT POLY 240 polycrystalline

photovoltaic module is used to analyze and validate the MPPT algorithm, the electrical characteristics are
shown in the Table 1 [18].
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Table 1. Electrical characteristics of PV module

Nominal Power [Wp] Pmpp >240
Voltage at Nominal Power [V] 304
Vmpp

Current at Nominal Power [A] Impp 7.90
Open-Circuit Voltage [V] Voc 37.3
Short-Circuit Current [A] Isc 8.47

STC (1000W/m2, AM 1.5 cell temperature 25°C

2.2. Incremental conductance design

The Incremental Conductance Algorithm (INCC) takes its base on the fact that the maximum power
point (MPP) is only reached if j‘i—iz is zero, if the derivative is negative the operation point is on the right of
the maximum, when it is positive the operation point is on the right [19, 20]. The MPP can therefore be
maintained by comparing the instantaneous conductance (Gci = 1/V) with the increment of the conductance
(AGci = AI/AV), as shown in the flowchart in Figure 4. V ecorresponds to the reference voltage for which
the PV panel is forced to start operating. In the MPP, Vit = Ve . Oncewereach the MPP, we maintain
the corresponding operating point. However if a change in I, is noted, wich is related to a change in
the atmospheric conditions and therefore a change of the operating point corresponding to the MPP.
The algorithm varies Vs upwards or downwards depending on the new MPP. The increment’s size
determines how quickly the MPP can be tracked. A quick tracking can be obtained with a larger increment,
but the system could not operate exactly at the MPP and oscillates around it. As with the P&O method,
we have to make a choice between high speed and high precision, therefore we have to find the best
compromise between these two variables.We can improve this method by neering the operating point to
the MPP in the first step, and using afterwards the second controller to accurately track the MPP. Others
method are commonly used in the literature, it consist of using a controller to keep the V,y voltage operate at
Vmpp and ensure the stability of system [21, 22].
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Figure 4. Flowcharte of incremental conductance algorithm
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2.3. Boost converter

Despite the choice of the MPPT algorithm, a DCDC converter is necessary to interface the GPV and
the load to lead the GPV to the MPPT. The classical solution described in the published literature [23]
consists of a DC/DC converter with an MPPT controller and a regulated DC/AC converter to inject energy
into the network and adjust the DC bus voltage. The overall system is shown in Figure 5. This solution is
widely adopted as it allows simultaneous monitoring of the MPP and power factor correction [24].
The DC/DC converter with an MPPT controller allows the GPV bus voltage to be regulated as a function of
the MPP. Besides, the DC/DC converter selected in this architecture generally uses a step-up converter to
adapt the input voltage to a high voltage required by conventional grid-connected inverters [25]. Thus,
the efficiency and stability of the photovoltaic system are guaranteed..

Figure 6 represents the PV system’s electrical circuit without losses. The dynamic equations are
defined to represent the system in the state space where the state variables are the inductor current and
the voltage at input capacitor, while the input of the converter is the duty cycle, the Thevenin equivalent
circuit model represents the PV, and the output voltage of the boost converter corresponds to Vo, the inductor
current is iL, and the duty cycle is d. In addition, the inductance of the step-up converter is designed to
operate in continuous conduction mode CCM [26, 27] since the discontinuous conduction mode (DCM) is
not recommended for the solar system and thus causes a large voltage ripple and oscillations around
the MPP [28], reducing that way the effective power injected into the grid.

PV Array Boost Converter Three Phase Inverter
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Cin PO Cout . 0}
1 1
:
"y Vref ’ ‘ ‘ ’ ";
w MPPT =
— PWM INVERTER And CONTROL —
Figure 5. Typical architecture of a grid connected PV system
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Figure 6. Thevenin model of GPV in cascade with boost converter
All averaging state equations over a switching period are given in the following set.
Veq - Reqipv ~Vpy = 0 (3)
ipv = lgin + 1 (4)
dip _
LE =Vpy — 1 -w)V, (5)
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T = (1-wiy — 12 (6)

dc Ro

c

Dov v L ()

dt Cin Cin
Control to input voltage transfer function:

Vi (s) —R.V.

eq Vo

- 2
d Req +Ls+C, R _Ls (8)

in" Yeq

To validate the MPPT approach we consider a commercial panel SCHOTT POLY 240 which
the boost converter follows the feature: Cin= 1000uF, L=270uH, Co=100uF, Vo= 70V with a switching
frequency at 50 kHz. The Pl controller’sdesign was based on plant damping ratio and undamped natural
frequency.Wefixed the damping ratio at 0.7, and wesettledthe time under 80 ms and the error at steady state
under 5%, belowwegive the PI controler’stransfer function:

0.71

Gpy(s) = 0.001 +— ©)

2.4. Sliding mode controller design

In recent decades the sliding mode control has expanded considerably. This phenomenon is mostly
caused by the fast and finite time convergence property of errors, as well as the high robustness against
modeling errors and some types of external disturbances [29, 30]. The switching functions of state variables,
on which is based this non-linear control, are used to create a sliding surface or hypersurface,
in the perspective of making the dynamics of system to reach a given sliding surface and remain there until
equilibrium is achieved, Figure 7. This dynamics becomes then insensitive to disturbances may they be
external or parametric as long as the sliding control’s conditions are secured [31].

Ax2

Sliding Surface

x1

Figure 7. lllustration of sliding surface convergence

Our focus in this section is the application of SMC control to a boost converter operating in CCM.
The solution proposed in this work is to consider two cascade controllers as follows: the INCC control which
is designed to provide a reference which is proportional to the optimal power Pupp of the photovoltaic
generator, as well as the SMC controller which is in charge of th GPV voltage regulation. The controller
under study is a second-order proportional-integral-derivative (PID) SM voltage-mode controller. It takes
into account an additional voltage error integral term in the control algorithm to reduce the steady-state error
of the practical SM-controlled system. The applications of this system commonly known as integral SM
control has attracted many recent interests such as their use in power converters [32, 33]. The control variable
x for the PID SMC can be enunciated in the form below:

Vref - BVPV

X1
X = [le = i (Vref - BVPV) (10)
¥ | [ (Vier — BVey)
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where x4, X,, and x5 are respectively the voltage error, the voltage error dynamics (or the rate of variation of
voltage error),and the integral of voltage error. Next step is substitution of the converter behavioral models
under CCM into (10), and time differentiation of this last equation produce the state-space descriptions
required for the controller design of the GPV and boost converters.

Xl 0 1 0 X1 0 0
. N 1 _ 1 X Bvb U 11
X2l = ["cint "~ ReqCin 2|+ |~ Gar| U | Vref (11)
X3 1 0 o] X3 0 Cin.L
The standard form of the state space equation gives:
Xx=Ax+Bv+D (12)

After the state-space descriptions are obtained, designing the controller is the next step. For systems
like those, it is recommended to have a general SM control law that adopts a switching function such as:

={1whenS>0
0OwhenS <0

(13)
where S, that can be expressed by the equation bellow, represents the instantaneous state trajectory:

S = 0(1X1 + O(2X2 + (X3X3 = ]TX (14)
With JT = [a,a,03]; 04, o, ag representing the sliding coefficients.
2.4.1. Derivation of existence conditions

The next important issue of sliding mode control after switching surface design is guaranteeing
the existence of a sliding mode. A suitable condition exists in the literature; it is called the reachability
condition and is written as follows [34].

limSS <0 (15)

S—-0

Must be satisfied. This can be expressed as

{?Hﬁ =JTAx +JTBvg o+ +]TD < 0 (16)
Ssoo- =JTAXx+]TBvg,o- +]TD >0

1 1 . .
0 < CinL (2 = 27) (Vrer = BVy) = BL (22 = ) Gy — i) < BVo = Veer (17)

This controller’s derivation process can be summarized in two steps. Firstly, the formulation of
the equivalent control signal u., which is a smooth function of the discrete input function u, using

the invariance conditions by setting the time differentiation of (16) as S = 0. Secondly, the translation of
the equivalent control function to the instantaneous duty ratio d of the pulse-width modulator

fleq = —[7B]7"J"[Ax + D] (18)

where 0 < ligq < 1
Since u = 1 — @, which also applies ueq = 1 — lieq, the control law can be written as:
o 1 o 1 . .
BVo+CinL<a_2_m)(Vref_BVPV)_BL<a_i_CinL>(1PV_1L)+Vref

BVo

0<ue =

(19)

Finally, translating the equivalent control function (19) to the duty ratio d, where 0 < d =v, < 1,
gives the following relationships for the control signal vc and ramp signal¥,,,, =1 for the practical
implementation of the PWM-based SM controller:
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BVo+Vrer

Ve = Ueq = Kp1(Vier — BVpy) — Kp2(ipy —ip) + BV

(20)

and Vpgmp =1

(%31 ag 1
o o

Inequality (15) doesn’t reveal any details about the choice of SMC coefficient, but only provides
general information about SMC existence. The choice of sliding coefficients according to the desired
dynamic properties is largely detailed in previous literature [34], using Ackermann's formula for the design
of static controllers. In this way, the stability condition of the system is automatically satisfied. In addition,
the resolution of equation S=0, which is proportional to the SMC coefficients, results in a second-order
system with three possible response types:under-damping, critical damping, and over-damping.

oq 10

a2 - T_s (21)
and the desired damping ration can be set using
[od 25
i = g2 (22)
M 2
In(350)
where €= M (23)

n2+[ln(:%3))]2

3. SIMULATION RESULTS AND DISCUSSION

The purpose of this paragraph is to present the simulation results of the sliding mode control (SMC)
technique and to compare it with the INCC asscociatd with classical Pl controller. The simulation was
performed using PSIM software as shown in the Figure 8. It consists of varying the three parameters
influencing the PV conversion chains, namely climatic conditions G, temperature T and load R. The results
obtained are presented in Figures 9 and 10 for duration of 1 second. For the test of each parameter, two
parameters are kept constant and the third parameter is varied by a sudden change twice 0.3s and 0.6s
(step profile). Each figure shows a comparison of PV power between the INCC+ SMC and INCC+PI
methods. A zoom is made in two places, the first at the start of the profile to illustrate the response time and
the second to show the oscillations around the PPM.

@max = 240,008 @

Ipw_SMIC = 798140

wv_wc = 3007167 lout_3hC = 255751

) T i 1 L
T é.%w e it = 85.26521, ot
- TS ) » jj @
R [

. il . \m_s@-sn.mm —{a

7 I g J

\FaT_EMC
1 =B INCC MRRT L | |
T e )

-

Prpp_ShC = 24000294
@ s ﬂ Switch
P -
] e h @"i
o i

= 0662113
\hef_SMIC ref_ShC @‘
wﬁ | C'_ Mt SMC !
4 s i

wp_smc (- ik

Figure 8. Circuital scheme for simulation of SMC loop in PSIM
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Several tests have been performed to evaluate the performance of SMC for MPP monitoring. First,
the control of the SMC is tested by varying the irradiance while fixing the load to 100Q2 and temperature at
25°C. The corresponding simulations compared with PI controller results are shown in Figure 9. The low
tracking speed of the conventional INCC algorithm are confirmed by the results with PI controller under
irradiation changes (about 0.32ms) with significant PV voltage fluctuation around the reference voltage VMP
in steady-state. In the opposite, by using the sliding control scheme as proposed (about 0.16ms) a high
tracking performance was exhibited. Also, when the irradiation changes without overshoots an instantaneous
effect on the PV voltage is displayed with less fluctuation around Vwee, as shown in Figure 9(b) (blue curve).
Moreover, Figure 9(a) compares the proposed control scheme and the conventional INCC+PI MPPT and it
shows the improvement in the extracted PV power using the Pl controller. The results also confirm that
the optimal current is significantly affected by the sudden change in illumination Figure 9(c), while
the optimal voltage is less affected Figure 9(b).

Pmax Pmpp_FI Pmpp_SMC Vpv_P Vpv_SMC

Time () Time (s)

@) (b)

pv_SMC Ipv_FI IL_PI IL_SMC

Time (s) Time (3)

(c) (d)

Figure 9. Comparison between SMC and PI controller under variation of irradiance (650W/m2 to
1000W/m2); (a) GPV power characteristics, (b) GPV voltage, (c) GPV current, (d) Inductance current

A second test is done for the PV system under a constant irradiation of 1000 W/m2. But this time,
the temperature and the load are changed from 100Q to 50 Q and to 25Q Figure 10 presents the simulation
results with these conditions. This time the difference in response time is almost the same, it is about 0.16
ms. Also, the SMC corrects a little the trajectory of the PPM during the transient regimes. In steady state,
INCC+PI oscillate around the PPM between 240W and 239.82 vs 240W and 238.99W. From these results,
it can be said that the sliding mode control reaches steady state in a very short time in the order of
milliseconds. And it is not influenced by changing weather conditions or a sudden change in the load, it is
faster than the PI controller and without oscillating arount the PPM.
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Figure 10. Comparison between SMC and PI controller under variation of the load and constant irradiation;
(a) GPV power characteristics, (b) GPV voltage, (c) GPV current, (b) Inductance current

4. EXPERIMENTAL TEST

The Boost converter is used as an adaptive stage between GPV and load, and is used to boost
the low PV output voltage to a high-voltage DC bus needed for inverter. The photovoltaic current and
the inductor currentare sensed by a Hall effect current sensor ACS711 (-12.5A to +12.5A), the GPV voltage
and output voltage of the boost converter are sensed by resistor devider. The four signals are interfaced by
STM32F407VG Discovery board through the ADC channels for the control of the DC-DC converter.
The STM32F407VG controls the hardware part by using one PWM output for switching the MOSFET
transistor (SCH2080KE). The Figure 11 shown the experimental bloc. The strategy of control is implemented
in two loop control, one is slow for the Incremental conductance Algorithm (500Hz) and the other is fast for
SMC and PI voltage control loop with a high frequency PWM 50 kHz.
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Figure 11. Experimental system bloc
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4.1. Experimental results and discussion
In the first, the PV panel is characterized by a variable resistor in real test condition to define

the real MPP. In the test condition the PV panel SCHOTT POLY 240 delivers a MPP near at 190W for
Vpv =24.9 V, and lpv = 7.5A. The result is shown the Figure 12.

. Pmp_Panel
180
160
140 —
120 +—
100 —
a7 +—
% Pmip_Pan=l
E 60 41—
=
A0 -+
20 1=
EM~EDEHAMAREETE 28R EEERER
£ fime[s]
=
(@)
30
25 — -—
20 +—
—Imp_Panel
15 1
Vimp_Panel
10 1
s
Emeo A B R ARRRARTYR OB EEERER
E time[s]
(b)

Figure 12. GPV characterization; (a) PPM of GPV panel, (b) Vmp and Imp of GPV

We capture the feedback signals Ipv and Vpv through the tools STMStudio for STM32F407VG.
The Figure 13 (a) and (b) represents the experimental results where the Vpv_SMC( resp Ipv_SMC) is the PV
voltage (resp PV current) regulated by SMC control and the Vpv_PI (resp Ipv_PI) is PV voltage (resp PV
current) regulated by the PI controller, while The Figure 13(c) and (d) represents the PV power response and
the PWM driving signal for the MOSFET.

Furthermore, the analysis of the PV voltage regulation using the conventional PI controller and
the proposed PWM-SMC scheme shows the results represented in Figure 13(a). This comparison confirms
the tracking superiority of the PWM-SMC scheme compared to the conventional one.When using
the conventional Pl controller, we can observe that the PV voltage deviates from its refrence and oscillats
more around VMP.

Moreover, in the transient time, the undershoot and response time are significantly large. In contrast,
tracking the desired reference employing the PWM-SMC is quite accurate.Moreover, the performance
improvement by using the proposed control scheme generates a relatively high damped and short response
compared to the conventional scheme. In the other hand, Figure 13(b) shows the input PV current response
for the two methods: we can see that Ipv current converge in fast time to the Imp compared to the Ipv of

the PI controller.
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Figure 13 (c) represents the PV power response for the two controllers. It shows that both the SMC
and Pl controllers converged at the maximum power pointor aroundit.The dynamic results illustrate
the ability of SMC method to converge faster without oscillations in a steady state, and in the same
timeextracting the maximum power from photovoltaic panel. In comparison the INCC+PIl method have
a slower response at the begining with more oscilation around PV voltage.

The STM32F407 discovery boad increased the performance of the MPPT function using an
implementation of the Incremental Conductance combined with SMC. The MPPT algorithm extracts
maximum power from the photovoltaic panel and delivers it to the DC load regardless of the panel’s
characteristics. The effect on the panel voltage are shown on the experimental testing : the MPPT algorithm
allows maintaining constant power at the panel, maximizing that way the PV output power via adapting load
and PV internal impedance.
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Figure 13. (a) PV voltage comparison, (b) PV current comparison
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Figure 13. PV power comparison, (d) PWM driving signal for MOSFET (continue)

5. CONCLUSIONS

This paper presented a high-performance control schemeaiming to maximize the transfer of
electrical energy from GPV to a two-stage grid-tied PV system. The SMC theory and MPPT controlare
the base of the proposed scheme of this control structure which aims to improve the system’s performance
regardless of the climatic conditions. As it is a two-stage system, the PV power is provided to the grid
through a DC-DC boost converter a SMC controller for the boost converter has been proposed for MPP
tracking. The results obtained from the simulation confirm the fact that this method is feasable, effective,
and improves the performance compared to traditional PI controller. The comparison of the simulation results
of the SMC based on PWM and MPPT based PI controller that SMC is able to reach the optimal operating
point during a sudden change in solar radiation with high performance even in dynamic load variation and
temperature. The system's response to the square profile variation of irradiance proves that the technique
reduces trajectory errors in the pursuit of MPP. The validation of the proposed method relies on
the experimental test.
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