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Improve MPPT in Organic Photovoltaics with
Chaos-Based Nonlinear MPC

Mohammad Mahdi Borhan EImi, Osman Yildirim

Abstract—Environmental pollution, climate changes such as
melting of natural glaciers and rising sea levels are only instances
of the challenges of using fossil fuels. Therefore, increasing use of
clean renewable energy sources such as photovoltaic systems has a
great importance. In this paper, the chaotic-based nonlinear model
predictive control approach is used for extracting the maximum
power of organic photovoltaic cells, which has not only a suitable
tracking speed but also in fault conditions, can be useful to
improve the operation level of the distribution network. This
approach is a feedback-based recursive control strategy which
capable of predict the proper operating state that minimizes its
cost function. The proposed approach consists of two stages of
estimating the reference point and regulating the operatimg point
according to it. In this regard, the Lagrange function is used for
managing the performance of the estimator and chaotic neural
network model predictive controller to control the operation of
boost converter. By using the chaos-based nonlinear model
predictive controller, the amount of overvoltage is reduced by
more than 1.3%. In fact, without using of control methods, the
voltage range exceeds its allowable values with increasing of the
OPV panels penetration. According to the obtained results, with
the reduction of network losses, the capacity of distribution feeders
is increased and the level of system efficiency is also improved.

Index Terms—Chaos Theory, Model predictive controller, MPP
tracking, Nonlinear MPC, Organic Photovoltaic.

I. INTRODUCTION

N THE past years, the capacity of photovoltaic (PV) systems

used in the power system has grown significantly. According
to the report of the European Photovoltaic Industry Association
(EPI1A), the amount of installed PV system capacity has
increased to about 345 GW by 2020 [1]. With the increase in
the penetration of clean renewable sources, there are concerns
about their effect on power quality indices, reliability, stability
against possible faults and network losses [2].
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For instance, a sudden drop in the voltage level can activate the
islanding mode and lead to the isolation of PV systems from the
main grid. In fact, an adaptive control model not only can
reduce power quality problems but also provide a reliable
performance for transient stability [3]. Although the traditional
methods for controlling the performance of solar arrays have a
simple implementation, they have disadvantages such as slow
tracking, continuous fluctuations even when reaching the
maximum power point (MPP), low efficiency and lack of
proper control in the transient states [4]. In [5-6] the angle of
incremental conductance with type-2 fuzzy was combined to
transfer the maximum power under long-term weather
conditions such as broken clouds. Also, in [7] the adaptive type-
2 fuzzy neural network (AT2FNN) was applied to EN 50530
test procedure system to extract maximum power under
dynamic performance of the PV generation systems. According
to the literature review, model predictive controller (MPC)
based MPPT methods present a unique performance that
increases operational efficiency and improves the speed of
convergence for tracking the reference point [8] (Table I).
In [9], the MPC as a model-based control method has achieved
remarkable success in industrial applications, especially in
variable working conditions and the presence of limitations. In
addition, these approaches have a fast dynamic response. This
controller has been improved in recent decades. A brief
overview of MPC applications can be found in [10]. However,
at the presence of severe variations in the environmental
conditions and undesired disturbances, using a linear model for
approximation can not provide the proper efficiency. So, the
non-linear model can be used to provide a better mapping
between the current conditions and the desired outputs. Also,
using of chaos theory is increasing the speed of convergence
with improving the exploring ability in search space. Among
the most important contributions of the proposed paper, the
following can be mentioned:

- Designing an innovative chaotic-based nonlinear MPC
(CNMPC) approach to control the switching process of the
converter from organic solar arrays for operating at MPP with
considering variable environmental conditions, network load
changes and unwanted disturbances.

- Prediction of converter performance during fault occurrence
in order to improve stability

- Using the chaos-based neural network to improve the quality
of the reference point tracking

- Implementation of the proposed approach on the organic PVs
as a new generation of solar panels with 100% recycling
capability.
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In the rest of the article, first, details about organic PVs,
nonlinear model preictive controller, chaos-based systems are
presented. Then the characteristics of the proposed approach
include how to generate reference values, the designed process
for regulating the operating point of the converter, The
mathematical model of organic PV and Boost converter is
stated and the objective function is expressed. Finally, the
obtained results are presented in the form of figures and after
evaluating the efficiency of the proposed approach, the
conclusion is stated .

Il. BASIC CONCEPTS

A. Organic Photovoltaic

Organic Photovoltaic (OPV) technology has several
advantages compared to silicon-based PV, including light
weight, semi-transparency, high-flexibility, cheaper and
simpler production process with low energy consumption, the
possibility of OPV production through 3D printing on flexible
substrates at low temperature, the ability to mount on flexible
surfaces [11], using in indoor and outdoor environments and
full recyclability (100%) [12].

An OPV cell consists of an absorber-receiver layer connected
to transmission layers. Electrical contacts are used on both sides
of the absorbent layers. This layer absorbs the incoming
photons and if the energy absorbed from the electrons is greater
than their band gap, excitation occurs. This excitability causes
the occurrence of current between the layers [13]. The
specifications of the different models are compared with each
other in Table II.

B. Nonlinear Model Predictive Controller

Although the traditional methods have a simple
implementation, they have disadvantages such as slow tracking,
constant fluctuations even when reaching the maximum power
point, and low efficiency. In this regard, several solutions have
been proposed to overcome the above challenges. But these
methods, unlike linear systems modeling methods, did not
provide a specific method to identify the system. Recently,
researchers, inspired by the human brain, presented neural
networks to model nonlinear, uncertain and complex systems
[17]. Among the nonlinear models, neural networks are the
required model for control due to the feature of high non-linear
adaptation can provide the forecast appropriately. In this
project, the NMPC approach will be used, which has several
advantages, some of which are as follows:

e The ability to explore precisely among various operating
states of the system

e Providing the necessary flexibility to control complex
systems

e Improving the level of system stability during disturbances

C. Chaotic systems

Chaos is a fundamental concept in modern science, which is
observed in many phenomena of the real world, including
systems with apparently random and disorderly behavior, as
well as systems with definite behavior. The main essence of
chaos theory is that there is order in every disorder. In the sense
that order should not be sought on a small scale. Excessive
sensitivity to initial conditions and having a continuous
frequency spectrum are special characteristics of the dynamic

TABLE Il . .
COMPARISON OF ORGANIC PV CHARACTERISTICS behavior of chaotic systems [17]. In recent years, random value
generation has been combined with chaotic mappings to use
Model p No. Otf Complexity | Ref. their better dynamic and statistical properties. Indeed, chaotic
—— arar;e £rs - = mapping is applied in the main structure of these proposed
ne Uiode ow [14] algorithms in order to improve the process of generating
Two Diodes ! Medium | [15] random numbers for improving the exploring capability.
Two Inverted Diodes 8 Medium [16]
TABLE |
COMPARISON OF DIFFERENT MPPT METHODS
Mppt Method Speed Accuracy Sensor Type Cost Status Complexity | Characteristic
VOC Medium Low Voltage Low Offline Simple Linear
ISC Medium Low Current Low Offline Simple Linear
P&O Medium Medium Voltage High Online Simple Linear
Current
INC High Good Voltage High Online Medium Linear
Current
ANN High Medium Voltage High Online Complex Non-linear
Current
Fuzzy Medium Medium Voltage Low Online Complex Non-linear
Current
MPC High Medium Voltage Low Online Simple Linear
Current

Copyright © BAJECE

ISSN: 2147-284X

http://dergipark.gov.tr/bajece


http://dergipark.gov.tr/bajece

49

BALKAN JOURNAL OF ELECTRICAL & COMPUTER ENGINEERING, Vol. 13, No. 1, March 2025

I11. PROBLEM MODELLING

Due to the non-linearity of the I-V characteristic of the PV
curve resulting from variation of irridiation, temperature and
other effective factors, tracking the maximum power point
would be a challenging task. In this regard, perturb and observe
(P&O) or incremental conductivity (IC) methods have been
used to generate reference values. However, these two methods
can not capable to track severe changes in the environmental
conditions properly. Also, the generated power of these
methods fluctuates at its steady state point, which increase the
amount of power loss. The strategy of the proposed approach is
separated into two stages of estimating the reference point for
each time step and adjusting the operating point of the converter

A. Generation of reference values

In MPC techniques, discrete equations of the system are used
to predict the future state of the controlled variable. In the case
of the solar array, designing an accurate model of the system at
each time step is a very challenging task due to the presence of
various effective factors that change continuously. Among
these factors, variable solar irradiations, sudden temperature
changes, and erosion of PV modules can be mentioned. In order
to improve the performance efficiency, a predictor model with
Lagrange polynomial transform function is used to model the
P-V curve whose characteristics are stated in Equation 1. Also,
the Vandermonde matrix also is used to determine the values of
the coefficients, which are defined according to Eq. (1) [18].
These coefficients are updated at each sample step to obtain an
accurate estimation for the P-V curve in any weather condition.
In fact, it is necessary to model the variations of environmental
conditions continuously in predictor model. Then the obtained
points are applied to the control system for tracking. In this
paper, the logistic map is used to improve the search process of
extracting the global optimal point. In this mapping, a second-
order polynomial function is used according to Eqg. (3). In this
relation, r is the control parameter (0 < r < 4) and x, is the
initial value (0 < x, < 1).

vpp(K) = ay. i(K)2, + ay. iyy(k) + ag (1)
itk —2)2%, ipyk-2) 1 I(
itk—1)2, ink-1) 1 l = [vpv(k )
(kg ) 1 Vpy (k)
Xpp1 =T 2. (1 — x3) 3

B. Regulating the operating point

In this project, the combination of chaotic neural network
with non-linear MPC system is used to track the reference
values according to the conditions created in each time step and
received values from predictor model. Neural networks has the
ability to produce dynamic responses in a suitable time frame,
which has made it possible to use them in systems with severe
changes. In this project, the Boost converter is used to achieve
high voltage gain, and the dynamic model of the converter's
behavior is described by Eqg. (4) to Eg. (5). In these equations,
s indicates the switching mode, v, (t) is the capacitor voltage
and vy, (t) is the PV array voltage.
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In other words, the control process in the proposed CNMPC

controller as shown in Fig. 1 can be described as follows:

= Determining the reference for active/reactive powers by the
upper hand control level

= Calculation of the reference current of the controller

= Determination of predicted current

= Apply two currents to the cost function

= Testing the values in the cost function and choosing the
desired voltage value as the controller voltage reference

= Calculation of switching times

LGE®) =~ = 90 + 1,0 @

: o1
CTE® = (1= )iy (0) + 5 ve(® ©)

C. Organic PV model

In recent years, several models such as single diode, two and
three diode models have been introduced for organic PV cells
[19]. Although single-diode and double-diode models are
commonly used to model silicon PV cells, they can not provide
proper results for describing the behavior of organic cells. So,
the model of two inverted diodes is used for this purpose (Fig.
2). The related equations are stated in Eq. (6) to Eq. (10). The
current-voltage characteristic of the organic PV is described by
Lambert W function. In these equations, V, and V,, indicate
the voltage of diode D; and Do, respectively.

Vpr =V = IRy — Vp, (6)
1
I = —(I; +1I)R
Rs + RsHl + RsHZ [ ( ir + Dl) N (7)
+ (Upz-Rsu2) — V1]
Vp,=(U - IDZ)'RSHZ (8)
V—IRs—Vpy
Ipy =I5, [e mbr - 1] ©)

(10)

Cost Function
+ | Optimizer

|
|
K+ ix K] |
11 |swi (c‘xxac eI
! | Tablell EEPLHI
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Fig.1. The structure of proposed approach
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Fig.2. Two diode model of organic PV [20]

D. Boost Converter Model

A boost converter is a step-up converter that is usually used
to convert voltage from low levels to higher levels. The
schematic of this converter is shown in Fig. 3. In order to extract
the maximum power at each time step, the designed signal
commands are applied to this converter. In this project, a
discrete-time model is used for modelling of the converter. In
this regard, the inductor current is estimated for the next time
step and then the obtained results are evaluated. According to
the designed model, Eq. (11) and Eq. (12) are presented the ON
state and Eq. (13) and Eq. (14) are presented the OFF state of
the converter.

b+ 1) = i, 00 422 () ~ v, 0) (4D
v(k+1) = [1 - %] v (k) + % (ip,,(k)) (12)
bk + 1) = iy, (k) + Tf (vpv(k)) (13)
vk +1) = [1 - %] v (k) (14)

IV. OBJECTIVE FUNCTION

In the proposed approach, at the first stage, the voltage and
current values of the reference operating point are estimated by
model predictor according to the intensity level, ambient
temperature, dynamic variations of load and other effecting
factors. Then, the switching pattern of the converter is
determined by using the chaos-based nonlinear predictive
controller.

Lo
»—

Vd c

Fig.3. Schematic of boost converter [21]
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The steps of the proposed approach are as follows:
- Measuring the current/voltage of the panel and sending it

to the control unit

- Calculation of current and voltage variations according to
Eg. (15) and Eq. (16).

- Calculation of the reference voltage by using predictor
model (Eq. (17))

- Regulating the duty cycle of converter (Eq. (18))

Eqg. (18) shows the objective function, which tries to minimize
the difference between the current/voltage of the operating
point with reference ones in each time step.

diy _ Yy _ Vo (15)
dt L L
Doy _ by (16)
dt ¢, C;
dvo _ L _ Vo 17)
dt C, RC,
min 0. F = Wy. |V, (k + 1) = Vypp|? (18)

+ Wp. lio(k + 1) — iyppl?

V. SIMULATION RESULTS

In order to evaluate the proposed controller approach, the
simulation was done in MATLAB/Simulink environment (Fig.
4.

PV amayl

Fig.4. Simulink model of under study system

v.1 Performance evaluation during disturbances

When one of the modules receives less light due to several
reasons such as dust and shading, the voltage at that point drops.
In this situation, the mentioned point acts as a generator, which
is known as a hotspot. Normally, in this situation, a bypass
diode is used in parallel with each of the OPV modules to
protect the module. In addition, a blocking diode is used at the
end of each string (combination of series modules in a current
path) to prevent reverse current caused by voltage mismatch
between parallel strings. The voltage profile in these conditions
is shown in Fig. 5.
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Fig.5. Output voltage of OPV panel (With considering disturbance)

The output signal of PWM modulator and the output power of
the controller as well as reference current are shown in Fig. 6
and Fig. 7, respectively.

i 1
Satraton 0.
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Fig.8. Linear MPC control method

(Top: Tracking of desired output — Bottom: Variation of control signal)

The output signal obtained from the implementation of the

nonlinear MPC approach and the chaos-based nonlinear MPC

approach are also shown in Fig. 9 and Fig. 10, respectively. As

it is shown from the results, in the linear MPC, the rate of
convergence of the output signal insists of severe variations, but
' by using the nonlinear MPC approach and chaos-based non-
linear MPC, this is greatly reduced and lead to faster
’ ' convergence. The output power of the controller in two states

o [ [ [ o o [

[
Tims fisconds

Fig.6. Output signal of PWM converter

7] 7] s s s [ [ ] '
Time secends)

Fig.7. Tracking the desired output power

In order to tracking the desired values, a 100s time interval is
considered. In the first 25s, the reference signal has a value of
1 p.u. and then in the period of 25s to 50s, the value of the
amplitude is increased to 2 p.u. then in the period between 50s
and 75s is decreased to -1 p.u. Finally, is converged to O p.u.
The results of using the linear MPC shows that when the desired
value changes, the tracking signal consists of significant
undershoots and overshoots, which are reduced when the
nonlinear MPC control method is used (Fig. 8).
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(real output and reference mode) is shown in Fig. 8. In this
situation, it can be seen that tracking has been done properly
using the proposed approach.
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Fig.9. Non-linear MPC control method
(Top: Tracking of desired output — Bottom: Variation of control signal)
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Fig.10. Chaos-based Non-linear MPC control method

(Top: Tracking of desired output — Bottom: Variation of control signal)

V.2 Results comparison

In this section, the numerical results obtained by using different
methods are compared with each other. As can be seen in Table.
3, by using the CNMPC, the amount of overvoltage is reduced
by more than 1.3%. In fact, without using of control methods,
the voltage range exceeds its allowable values with increasing
of the OPV panels penetration.

TABLE Il
COMPARISON OF VOLTAGE PROFILES (P.U.
Status Phase 1 | Phase2 | Phase3
Without using OPV arrays 0.985 0.984 0.983
OPV arrays + P&O controller 1.024 1.035 1.017
OPV arrays + CNMPC controller 1.010 1.002 1.005

VI. CONCLUSION

Reactive power injection can be used to restore voltage drop in
distribution networks. In this paper, the constant peak current
adjustment method is used to protect the converter system
against overcurrent and if the voltage reduction is less than
50%, all injected power will be converted into reactive power.
In other words, although the function of the MPPT controller is
to provide the maximum power that can be extracted from the
solar panels, but in the fault duration, the reference values for
active and reactive power is estimated by predictor model and
the operation of the converter is controlled by chaos-based
NMPC controller. Indeed, the strategy of the proposed
approach is divided into two stages, the estimation of the
reference point in each time step and the adjustment of the
operating point of the converter in order to extract the maximum
power. In this regard, the Lagrange polynomial tarnsform
function was used to model the power-voltage curve predictor,
whose coefficients are updated at each sampling step. Also, the
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combination of chaotic neural network with NMPC system has
been used to track the reference values according to the
dynamic conditions of environment. In addition, the modeling
of the control approach has been done on organic solar panels,
which are not only fully recyclable, but also have a higher
efficiency than the silicon-based PV cells.
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