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ÖZET 

Bu yazıda, PV sisteminde MPPT için karşılaştırmalı bir kontrol 
yapısı sunulmaktadır. En yüksek gücü üretmek için sıcaklık ve 
güneş ışığının açısı gibi, bir fotovoltaik sistem ortamdaki 
değişikliklere adapte edilmelidir. Bu amaca ulaşmak için, 
düzgün işleyen bir ortama ve basit bir yapıya sahip iki aşamalı 
bir karşılaştırmalı kontrol yöntemi önerilmektedir. Birinci aşama 
RCC ve ikinci aşama ise STR kontrolünün sağlanmasıdır. Bu iki 
kontrol politikası, ayrıştırma olarak kabul edilir. Bu yazının ana 
odağı, STR'nin belirlenmesidir. İkinci durum; güç aktarma 
sisteminin transfer fonksiyonunun, yavaşça nemlendirilmiş bir 
geçiş dalgalanması oluşumunu sağlanmasına verdiği faz 
yanıtıdır. Dönüşüm fonksiyonunun ayrıştırılması ve otomatik 
ayarlama algoritmasının kullanılmasıyla, altta yatan modların 
çıkarılması için bir mukayeseli kontrolör bulmak üzere bir 
özyinelemeli en küçük karesel tahmin yöntemi tasarlanmıştır. 
Önerilen denetleyicinin MPP'yi kısa sürede 
yakınsaklaştırabildiği gösterilmiştir.   

Anahtar Kelimeler: MPPT, PV sistem, uyarlamalı kontrol, STR, 
RCC. 

 
ABSTRACT 

In this paper, a comparative control structure for MPPT in PV 
systems is presented. A photovoltaic system must be adapted 
to the changes in the environment, such as changing 
temperature and the angle of sunshine to produce the highest 
power. In order to achieve this goal, a two-stage comparative 
control method that has a proper functioning environment and 
a simple structure is expressed.  The first stage is RCC and the 
second stage is the STR. These two control policies are 
considered decouple. The main focus of this paper is the 
designation of the STR. The second state is the stage response, 
in which the transfer function of a power transfer system is a 
transitional fluctuation that is slowly dampened. By 
decomposing the transformation function and using the self-

tuning algorithm, a recursive least square estimator method is 
designed to find a comparative controller for the removal of the 
underlying modes. It is shown that the proposed controller will 
be able to converge the MPP in a short time. 

Keywords: MPPT, PV system, adaptive control, STR, RCC. 

1. INTRODUCTION 

Smart Grid is one of the newest technologies in the world 
and is an attempt to update the power grids. The main  
motive for the emergence of these networks is to provide 
reliable and responsive electricity. Growing customer 
demands the least damaging to the environment 
features of these networks such as flexibility, reliability, 
resource quality, and efficient.  

The Photovoltaic system (PV) is used to convert sunlight 
directly to electricity. The structure of this system is very 
simple, long life, quick installation and easily operated 
which make it a standout amongst the most vital 
highlights of this system. It is worth mentioning that PV 
is a system of intelligent electricity grid which, according 
to set targets, has a good performance. One of these 
important production goals is to make the MPP possible. 

Fig. 1 shows the characteristics of the voltage curve of a 
solar cell. This curve has different working conditions. 
The optimal points are the one in which the maximum 
production power is. Since the cell is characterized by 
light radiation and even temperature, it is a changeable 
system for controlling solar cells considering that in 
addition to placing the solar cell in the best work point. If 
this point changes due to circumstances peripheral, the 
maximum power point (MPP) of the system can quickly 
find the solar cell in a relatively very short time. 
Maximum Power Point Tracking’s (MPPT) one of the 
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main issues is the photovoltaic systems. These methods 
are usually applied to electronic converters to control the 
duty cycle and transmit the highest power to the load [1]. 

 

Fig. 1. The PV current-voltage characteristic of the 
photovoltaic system under various radiation levels. 

So far, various techniques have been created and 
implemented to track the MPP [2]. The most common 
algorithms used are perturb and observe (P&O) [3]. The 
basic function of the P&O method is to observe the 
disturbance of the voltage and monitor the output 
power. If the power increases, additional settings are 
tried in this direction until the power stops increasing. 

Simplicity and cheapness are the positive traits  of this 
method, but its performance is not effective in the steady 
state since it powers the framework to compromise its 
power instead of tracking it. In addition, it exhibits 
weakness in the face of rapid changes in the environment 
and cannot distinguish these changes with deliberate 
disturbance to find the MPP [3], [4]. The incremental 
conductance (INC) technique is founded on the zero-
derivative of the power relative to the voltage or relative 
to the current at the MPP. This method performs well 
against rapid changes in the environment, but it requires 
more hardware and software to achieve a fast response 
[5]. Another method is known as Fractional open circuit 
voltage (FOCV) in which a sacrificial relation is found 
between the open circuit voltage of the cell and the 
operating point voltage to find the (MPPT). This method 
is like (P&O) technique in that it is modest and 
inexpensive, but its accuracy is low due to the 
approximate relationship between the two techniques 
[6]. Smart algorithms based on artificial neural networks  
and fuzzy logic also have a good performance but their 
implementation is very complicated [7]. One of the 
common problems with algorithms (MPPT) is the 
existence of voltage transient fluctuations due to the 
change of duty cycle to find (MPPT). 

 

Fig. 2. Proposed MPPT control structure 

In this paper, we use the adaptive control of  self-tuning 
regulator (STR). The proposed control algorithm consists 
of two steps. The general layout of the proposed 
controller is shown in Fig. 2. 

In the first stage, the Ripple Correlation Control (RCC) 
calculates the power and voltage of the cell as an input 
and calculates the proper duty cycle for generating 
maximum power in a steady state. 

In the second stage, the voltage associated with the new 
working cycle calculated by RCC is used as a reference to 
the structure input (RSS) to suppress the fluctuations of 
the output voltage. In structure (STR), an estimation of 
the recursive least squares method (RLS) will be used. 
Due to the significant difference in fixed times, two 
control steps (RCC slow dynamic and fast dynamic STR) 
can be considered, and thus reducing the complexity of 
the control system [8], [9]. In section II, the system 
contains the PV feature and the background of dynamics 
converter. Section III examines the proposed algorithm of 
MPPT, and finally simulations and conclusions will be 
found in sections IV and V. 

2. SYSTEM DESCRIPTION  

PV Characteristic 

As it is shown in Fig. 1, the MPP known as the knee (VM,IM) 
is shown in this diagram. A photovoltaic system can use a 
converter of the solar panel voltage or current (DC-DC) to 
control the interface with (MPPT) to obtain the maximum 
power available. Fig. 3 displays the controller (MPPT) in 
which there is an incremental converter. The controller 
measures the voltage and current of the panel and 
accordingly sets the duty cycle d to change the transistor. 
The transistor duty cycle is related to the voltage of the 
panel with the following relation: 

𝑣𝑝𝑣 = 𝑖𝑝𝑣𝑅0(1 − 𝑑)    (1) 

Where 𝑣𝑃𝑉 and 𝑖𝑃𝑉 are respectively the voltage and 
current of the panel and 𝑅0 the load resistance. 
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Fig. 3. Incremental and Controller Converter of (MPPT) 
for the photovoltaic system. 

Both the voltage currents of the panel are average values  
𝑉𝑝𝑣 and 𝐼𝑝𝑣, Also ripple values 𝑣̂𝑝𝑣 and 𝑖̂𝑝𝑣 . The purpose 

of the controller design is to continuously calculate the 
optimal duty cycle for following up the voltage MPPT 
(𝑉𝑀𝑃𝑃) and, therefore, transmit the maximum available 
power. 

Dynamic Converter 

Relationship (1) forms the basis of controller design 
(MPPT) to find the duty cycle that provides maximum 
power in a stable condition. To optimize the transient 
response, the relation among the duty cycle and the 
panel voltage should be considered. Because there is no 
transient, fluctuation and can cause system 
performance, the control system should eliminate these 
fluctuations due to the duty cycle update, changes in the 
environment, and changes in the voltage of the panel. 
Reference [10] describes a dynamic model for the 
incremental converter in details. To improve the 
temporal response analysis of the system, Fig. 4 shows 
the analog signal circuit which is introduced in [11]. Now 
the conversion function of the control signal is obtained 
from the duty cycle to the array voltage in the mode of 
the small signal function around the working point. This 
function specifies the (systems dynamic). It is noted in 
Fig. 4 that the load is modeled with a battery, which is, in 
practice, a photovoltaic system. 

After writing the necessary relations and simplifications, 
the following transformation function is obtained: 

 

v̂pv(s)

d̂(s)
=

−V0
L0C1

s2 +
1

R1C1
s +

1
L0C0

                                             (2) 

 

 

 Fig. 4. The equivalent signal circuit of a photovoltaic 
power transmission system. 

In which 𝑉0 is the voltage steady-state of the adapter 
output, 𝑅0 is for modeling the solar cell, 𝐶1 is the input 
capacitor, and 𝐿0 is the inductor. To better analyze the 
dynamics of the system, the equation of the system from 
(2) to the common form is written below: 

𝑠 + 𝜁𝜔𝑠 + 𝜔𝑛
2                                                                                  (3)  

So, 𝜔𝑛 has a natural frequency and ζ is constant inertia. 

By comparing (2) and (3) we get  𝜁 =
1

2𝑅1
√

𝐿0

𝐶1
  which is 

usually smaller than one, so the system is submerged and 
will fluctuate in response to the stairs. To avoid these 
fluctuations, a comparative controller is suggested.  

3. PROPOSED MPPT TECHNIQUE 

In this paper, we suggest two stages of the control 
algorithm for MPPT. In the first stage, RCC is applied to 
compute the duty cycle that delivers the highest 
predictable power in a steady state. In stage two of 
control, the self-tuning assembly stabilizes the converter 
dynamics in response to the RCC calculated cycle and 
prevents voltage fluctuations caused by changes in the 
optical radiation. In order for the controller STR to 
function properly, it must work in such a way that its 
constant time is selected from much smaller changes in 
the environment. The significant difference in time 
constants RCC and STR make it possible to assume that 
these two controllers are decoupled. 

Ripple Correlation Control  

In RCC technique, the intrinsic rack of the system for 
tracking (MPP) is used. Due to the switching process of 
the converter, there are voltage-current ripples on the 
array (PV), so the output power of the array is rippled. 
RCC is the task of connecting the power time derivative 
with the time derivative of the current-voltage, and thus 
zeroing the power gradient to reach MPP. If the voltage 
or current increases and the power increases too, then 
the MPP becomes low. Conversely, if the voltage or 
current increases and the power goes down, then it is the 
highest working point (MPP). According to these 

observations, it can be stated that 
𝑑𝑝𝑝𝑣

𝑑𝑡

𝑑𝑣𝑝𝑣

𝑑𝑡
  and  

𝑑𝑝𝑝𝑣

𝑑𝑡

𝑑𝑖𝑝𝑣

𝑑𝑡
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to the right (MPP) negative, the left (MPP) is positive and 
at the point (MPP) is zero, Therefore, the control input 
𝑑(𝑡) can be represented as: 

𝑑(𝑡) = −𝑘 ∫
𝑑𝑝𝑝𝑣

𝑑𝑡

𝑑𝑣𝑝𝑣

𝑑𝑡
                                                               (4) 

𝑑(𝑡) = 𝑘 ∫
𝑑𝑝𝑝𝑣

𝑑𝑡

𝑑𝑖𝑝𝑣

𝑑𝑡
                                                                   (5) 

In which (k) is a positive constant. In RCC method, if the 
duty cycle is continuously controlling (MPP) by equations 
(4) or (5), then RCC can follow precision and speed of 
MPP even under different radiation levels. The benefits 
of the continuous tracking of MPP method by controlling 
the duty cycle, due to the fact that there is no need to 
have PV details beforehand, the time limit is convergence 
to the frequency switching of the converter, and the RCC 
interest rate [12]. 

Proposed STR Method 

Fig. 5 shows the overall process structure along with the 
self-tuning regulator. The process model structure is 
assumed to be specific. Model parameters are 
immediately estimated and the identification block 
provides an estimate of the process parameters. This 
block is a recursive estimate. The design block contains 
computations that are required to design a controller in 
a specific manner and with a number of design 
parameters. The controller block is also implemented 
from a controller whose parameters are derived from the 
design. 

 

Fig. 5. General structure of proposed STR 

In this paper, an indirect self-tuning regulator is used. 
This regulator combines a method of estimation and 
positioning. The pole is constructed by joining the 
recursive least squares estimator (RLS) and the 
minimum-degree pole positioning (MDPP) method for 
designing the controller of the self-tuning algorithm of 
the following: 

Data: Optimal closed loop model and optimal viewer 
polynomial 

• Stage 1: Estimate the polynomials (A) and (B) by using 
the RLS method. 

• Stage 2: Apply the MDPP technique and obtain 
polynomials R, S and T. 

• Stage    3: Calculate the control variable as follows: 

𝑅𝑢(𝑡)
= 𝑇𝑢𝑐(𝑡) − 𝑆𝑦(𝑡)                                                              (6) 

Here, 𝑢𝑐(𝑡) is the command signal, 𝑢(𝑡) is the same as 
d(t) and 𝑦(𝑡), 𝑉𝑃𝑉(𝑡) is a discrete state. R,S and T are 
discrete polynomials of time that must be designed. 

The main idea of this method is to determine the 
controller, in addition to obtaining the ideal closed loop 
poles and following the command signal as well. The 
general structure of the linear controllers is obtained in 
the equation (6). By removing u between the process 
model and the controller, we obtain: 

𝑦(𝑡) =
𝐵𝑇

𝐴𝑅 + 𝐵𝑆
 𝑢𝑐(𝑡)                                                      (7) 

Therefore, the polynomial of the closed loop is obtained 
as follows: 

𝐴𝑐1 = 𝐴𝑅 + 𝐵𝑆                                                                  (8) 

For the design of closed loop poles, 𝐴𝑐1 polynomials of R 
and S are selected. 

To follow the command signal, we consider the optimal 
process of the model as follows: 

𝐺𝑚(𝑧) =
𝐵𝑚(𝑧)

𝐴𝑚(𝑧)
=

𝑏𝑚0𝑧 + 𝑏𝑚1

𝑧2 + 𝑎𝑚1𝑧 + 𝑎𝑚2

                         (9) 

From equation (7) it could be argued that the following 
condition must be satisfied: 

𝐵𝑇

𝐴𝑅 + 𝐵𝑆
=

𝐵𝑚

𝐴𝑚

                                                               (10) 

To ensure the relation (10), it is necessary to have B 
factors for 𝐵𝑚, So you should select 𝐵𝑚times with 𝛽𝐵, 
which is 𝛽 constant coefficients, and it is chosen to get 
the gain of the closed loop. 

𝐺𝑚(1) =
𝐵𝑚(1)

𝐴𝑚(1)
=

𝛽𝐵(1)

𝐴𝑚

= 1                                    (11) 

𝛽 =
1 + 𝑎𝑚1 + 𝑎𝑚2

𝑏0 + 𝑏1

                                                      (12) 

We also assume that: 

𝐴𝑐1 = 𝐴0𝐴𝑚                                                                      (13) 
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Which is polynomials and in this case its degree is one. 

𝐴0 = 𝑧 + 𝑎0                                                                      (14) 

By combining (10) and (13) we will have: 

𝑇 = 𝐴0   𝛽                                                                            (15) 

Consider the control parameters as follows: 

𝑅(𝑧) = 𝑧 + 𝑟0                                                                                                       

𝑆(𝑧) = 𝑠0𝑧 + 𝑠1                                                                 (16) 

𝑇(𝑧) = 𝑡0𝑧 + 𝑡1                                                                          

The values 𝑠0, 𝑠1 and 𝑟0 are obtained from the solution of 
the following equation: 

(𝑧2 + 𝑎1𝑧 + 𝑎2)(𝑧 + 𝑟0)(𝑏0𝑧 + 𝑏1)(𝑠0𝑧 + 𝑠1)
= (𝑧 + 𝑎0) (𝑧2 + 𝑎𝑚1𝑧
+ 𝑎𝑚2)                                              (17) 

(b2) estimated values from the identification block. By 
performing the necessary calculations, the settings of the 
regulator are as shown in Table 1. 

Table 1. Regulator settings 

𝒓𝟎 𝑎0𝑎𝑚2𝑏0
2 + (𝑎2 − 𝑎𝑚2 − 𝑎0𝑎𝑚1)𝑏0𝑏1 + (𝑎0 + 𝑎𝑚1 − 𝑎1)𝑏1

2

𝑏1
2 − 𝑎1𝑏0𝑏1 + 𝑎𝑚2𝑏0

2  

𝒔𝟎 𝑏1(𝑎0𝑎𝑚1 − 𝑎2 − 𝑎1𝑎𝑚1 + 𝑎1
2 + 𝑎𝑚2 − 𝑎0𝑎1) + 𝑏0(𝑎𝑚1𝑎𝑚2 − 𝑎1𝑎2 − 𝑎0𝑎𝑚2 + 𝑎0𝑎2)

𝑏1
2 − 𝑎1𝑏0𝑏1 + 𝑎𝑚2𝑏0

2  

𝒔𝟏 𝑏1(𝑎1𝑎2 − 𝑎2𝑎𝑚1 + 𝑎0𝑎𝑚2 − 𝑎0𝑎2) + 𝑏0(𝑎2𝑎𝑚2 − 𝑎2
2 − 𝑎0𝑎𝑚2𝑎1 + 𝑎0𝑎𝑚1𝑎2)

𝑏1
2 − 𝑎1𝑏0𝑏1 + 𝑎𝑚2𝑏0

2  

𝒕𝟎 1 + 𝑎𝑚1 + 𝑎𝑚2

𝑏0 + 𝑏1

 

𝒕𝟏 
𝑎0  

1 + 𝑎𝑚1 + 𝑎𝑚2

𝑏0 + 𝑏1

 

 

(a) 

 

(b) 

Fig. 6. (a) Controlled and uncontrolled output voltage 
(b) voltage magnification. 

 

4. SIMULATION 

The incremental converter parameters are in accordance 
with Table 2 [8]. To simulate, the converted functions in 
[8] with the appropriate sampling time (less than half the 
time constant) are discrete. Table 3 shows the 
coefficients of the pulse transformation functions of the 
system model and the desirable model resulting from the 
discretization. 

Table 2. Incremental Converter Parameter Values 

V0 C1 L0 R1 Circuit parameters 

300v 100μF 600μH 45Ω Value 

 

Table 3. Discrete-function coefficients of system model 
and optimal model 

am2 am1 bm1 bm0 a2 a1 b1 b0 Coefficient 
0/21 -0/92 38/07 64/01 0/98 -

1/88 
17/74 17/85 Value 

 

As shown in Fig. 6, the proposed controller at low rates 
causes the output voltage to converge its sustained 
value. This is because the uncontrolled system is slowly 
fluctuating. The control signal is shown in Fig. 7. Fig. 8 
also shows the convergence method of the estimated 
parameters to the expected value. By comparing the 
results of the proposed controller and the results of [8], 
it is revealed that the output voltage response in the 
control system 8 converges in less time than the 
proposed controller [8] and, in spite of that, it is not 
observed. Figure 9 also shows the optimal performance 
of the controller when changing the working conditions 
(sudden change in the coefficients of the system 
conversion function). It is worth mentioning that the 
changes of the parameters have been randomized. 
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Fig. 7. Signal Control 

 

Fig. 8. Estimation of model parameters 

 

Fig. 9. Tracking the reference signal with a sudden 
change in system parameters 

5. CONCLUSION 

In this paper, a two-stage control structure was 
developed to improve the MPPT of the photovoltaic 
system, including RCC and STR, with a decoupled view of 
the performance of these two controllers, which reduces 
the complexity of the system and improves its dynamic 
performance. RCC stable mode determines the optimal 
output voltage. The self-tuning regulator STR uses the 
recursive least squares estimation RLS method. As it was 
revealed, the proposed controller improves the transient 
state in addition to full tracking of the steady state. It also 
adapts its control system to environment changes and 
responds appropriately. 

REFERENCES 

[1] Brunton, S.L., Rowley, C.W., Kulkarni, S.R. and 
Clarkson, C., 2010. Maximum power point tracking for 
photovoltaic optimization using ripple-based 
extremum seeking control. IEEE transactions on 
power electronics, 25(10), pp.2531-2540. 

[2] Reisi, A.R., Moradi, M.H. and Jamasb, S., 2013. 
Classification and comparison of maximum power 
point tracking techniques for photovoltaic system: A 
review. Renewable and Sustainable Energy Reviews, 
19, pp.433-443. 

[3] Sera, D., Mathe, L., Kerekes, T., Spataru, S.V. and 
Teodorescu, R., 2013. On the perturb-and-observe 
and incremental conductance MPPT methods for PV 
systems. IEEE journal of photovoltaics, 3(3), pp.1070-
1078. 

[4] Ishaque, K., Salam, Z. and Lauss, G., 2014. The 
performance of perturb and observe and incremental 
conductance maximum power point tracking method 
under dynamic weather conditions. Applied Energy, 
119, pp.228-236. 

[5] Liu, F., Duan, S., Liu, F., Liu, B. and Kang, Y., 2008. A 
variable step size INC MPPT method for PV systems. 
IEEE Transactions on industrial electronics, 55(7), 
pp.2622-2628. 

[6] J. Ahmad, “A fractional open circuit voltage based 
maximum power point tracker for photovoltaic 
arrays,” Software Technology and Engineering 
(ICSTE), 2010 2nd International Conference on, vol. 1. 
pp. V1–247–V1–250, 2010. 

[7] Esram, T. and Chapman, P.L., 2007. Comparison of 
photovoltaic array maximum power point tracking 
techniques. IEEE Transactions on energy conversion, 
22(2), pp.439-449. 

[8] Khanna, R., Zhang, Q., Stanchina, W.E., Reed, G.F. and 
Mao, Z.H., 2014. Maximum power point tracking 
using model reference adaptive control. IEEE 
Transactions on power electronics, 29(3), pp.1490-
1499. 

[9] K. J. Astrom and B. Wittenmark, Adaptive Control, 2nd 
ed. Boston, MA, USA: Addison-Wesley Longman 
Publishing Co., Inc., 1994.  

[10] Messo, T., Jokipii, J. and Suntio, T., 2012, June. 
Steady-state and dynamic properties of boost-power-
stage converter in photovoltaic applications. In Power 
Electronics for Distributed Generation Systems 



 

TBD 35. Ulusal Bilişim Kurultayı - TBD 35th National Informatics Congress 

 

(PEDG), 2012 3rd IEEE International Symposium on 
(pp. 34-40). IEEE. 

[11] Femia, N., Petrone, G., Spagnuolo, G. and Vitelli, M., 
2005. Optimization of perturb and observe maximum 
power point tracking method. IEEE transactions on 
power electronics, 20(4), pp.963-973. 

[12] Esram, T., Kimball, J.W., Krein, P.T., Chapman, P.L. 
and Midya, P., 2006. Dynamic maximum power point 
tracking of photovoltaic arrays using ripple 
correlation control. IEEE Transactions on power 
electronics, 21(5), pp.1282-1291. 

 

ÖZGEÇMİŞ (LER) 

Taha A. Ababaker 

He received the B.Sc. in electrical and 
computer engineering from the college 
of engineering, university of Duhok, 
Iraq In 2011. He is a student at the 
department of software engineering at 
Firat university, Turkey. He has 
interests in Computer Networking, 
Computer Programming,Computer 
Oranization and Digital Image 
Processing. He can fluently speak 
English and Arabic.  

 

Nurhayat Varol 

She is an Instructor at the Vocational 
School of Technical Sciences at Firat 
University. Her research interests are 
computing, computer aided design, 
program-ming, etc. She has published 
scientific articles and proceedings and 
she published two books in the field of 
Computer Sciences. She can speak 
English and Turkish. 

 

 

Asaf Varol 

Dr. Asaf Varol is the Chair of the 
Software Engineering Department at 
College of Technology of Firat 
University in Turkey. He is the founder 
of the Department of Digital Forensics 
at Firat University which is first and still 
unique in Turkey. His research interests 
are cyber security, robotics, IoT 
Technologies, Digital Forensics, and 
Public Administration. He has 

published more than 300 articles, proceedings, books, etc. He 

can speak German, English and Turkish.    

 

 

 


