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ABSTRACT 

In this paper, the Maximum Power Point Tracking (MPPT) problem for photovoltaic (PV) system is investigated. 

The considered PV system includes a PV Generator (PVG) connected to DC bus using a DC/DC Converter. Unlike 

standard PV systems, the used static converter is of the series resonant type (SRC). Indeed, this latter optimizes the power 

losses during the switching phases. Furthermore, to provide easy maintenance and increase reliability and cost 

effectiveness of photovoltaic systems, the developed MPPT control is implemented without needing any solar sensor. The 

proposed nonlinear controller (NLC) is of adaptive type in order to provide a reliable online-estimate of uncertain 

parameters namely those depending on solar irradiance. Indeed, two main difficulties arise when designing this adaptive 

controller (NLC): (i) several nonlinearities and discontinuities appear in the resonant converter model; (ii) The 

convergence of the estimated parameters to their real values is required for achieving the MPPT objective. A formal 

analysis exhibits that the designed controller is able to extract the PVG optimal power. Numerical simulations are 

performed to highlight the tracking performances. 

 
Keywords: PV generator, series resonant DC/DC converter, MPPT, sensorless solar irradiance controller, nonlinear adaptive controller, 

backstepping control design. 
 

1. INTRODUCTION 

Thermal power plants (e.g. oil, diesel oil, coal or 

gas) produce two thirds of the world's electricity [1]. 

However, they emit pollutants, responsible for climate 

deterioration and depletion of natural resources. Thus, the 

deployment of renewable energy remains an alternative to 

the phasing out of fossil fuels. In this context, photovoltaic 

industry has gained widespread popularity in the past 

decade, for its efficiency and low cost of manufacturing 

solar panels. In general, the photovoltaic generator (PVG) 

consists of several solar panels which are connected to the 

DC-bus through a DC-DC converter (see Figure-1). 

Recall that the generated electric power is 

influenced by climatic conditions, namely temperature and 

solar irradiance [2]. Figure-2 shows the general shape of 

the Power/Voltage PVG characteristic. Indeed, when the 

PVG is exposed to variable solar irradiance levels, its 

operating voltage must be controlled so that the 

corresponding Power/Voltage point is kept around the 

Maximum Power Point (MPP) [3, 4, 5]. This tracking 

objective is generally called "MPPT" (Maximum Power 

Point Tracking) [6]. 

There exist several studies where the MPPT 

objective for PV system has been addressed (e.g. [6, 7]). 

Most of these previous works assume that the solar 

irradiance measure is available. However, the solar 

irradiance sensors suffer from a lack of precision and 

efficiency caused by environmental factors. Moreover, the 

installation and maintenance of these sensors cost 

generally expensive. Thus, it is recommended to develop a 

MPPT controller without resorting to the solar irradiance 

measurement. 

Furthermore, with regard to the used MPPT 

control technique, we can classify previous work into three 

categories. The first class of controllers uses artificial 

intelligence approaches (fuzzy logic controller and 

artificial neural networks) [8, 9]. For this category, the PV 

system accurate model is not used when designing the 

controller. Therefore, there is no formal analysis to 

evaluate the obtained control performances. The second 

class includes linear MPPT controllers [10]. The latter are 

designed using a linear approximation of the PV system 

model. In fact, the PV system nonlinearities are neglected 

in the control design and consequently, the controller 

performances are limited especially when the solar 

irradiance varies within a wide range. In the third 

category, nonlinear MPPT regulators are performed using 

various design techniques. For instance, in [11, 12] the 

MPPT objective is achieved using Backstepping and 

Sliding-mode controller, respectively. Nevertheless, both 

proposed controllers require solar irradiance measurement. 

The sensorless MPPT controller design, involving 

the nonlinear model of PV system was addressed in [13]. 

The considered PV system is equipped with a boost 

converter. The sensorless solar irradiance control was 

performed by combining a Backstepping controller with a 

solar irradiance adaptive algorithm. However, the use of a 

forced switching converter (with relatively high switching 

frequency) results in a negative impact on the photovoltaic 

system efficiency. Indeed, it is well known that for the 

forced switching converter, the losses increase, on the one 

hand, with the switching of frequency, and on the other 

hand, with the magnitude of current to be switched. It is 

therefore advantageous to use natural switching converter. 

Indeed, resonant DC/DC offers a relatively high efficiency 

compared to forced switching converter (see Section 4.4). 

In this paper, an efficient and relatively low-cost 

solution for the PVG MPPT control is developed. Indeed, 
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the optimality of the proposed MPPT control lies on the 

one hand in the use of a resonant converter providing 

better efficiency (compared to the conventional boost 

converter) and on the other hand to the removal of the 

solar irradiance sensor. Following the generalized 

averaging method [14], the considered PV system 

(consisting of PVG, DC/DC resonant power converter and 

DC bus, see Figures 1, 4) is represented by a state-space 

model. This state representation involves five state 

variables with a single control signal (the converter 

switching frequency). Regarding the control design, three 

difficulties arise: (i) PV system involves highly nonlinear 

model; (ii) some PV system parameters are unknown; (iii) 

the control input is involved in most of the state equations. 

Then, using the Backstepping technique, an adaptive 

MPPT controller is developed without resorting to solar 

irradiance sensor [15, 16, 17]. 

The paper is structured as follows: Section 2 is 

devoted to the system modeling. Section 3 outlines the 

controller development. 

 

 
In Section 4, numerical simulations are performed to 

compare the performances of the proposed controller with 

that of the conventional MPPT regulators. The paper ends 

with a conclusion and bibliographic references. 

 

Table-1. List of notations. 
 

Parameter Designation 𝜆 Solar irradiance 𝐼𝑔 PV Generator current 𝐼𝑝ℎ Photocurrent of PV cell 𝐼𝑟𝑠 Cell reverse saturation current 𝑇𝑐 Cell temperature 𝑛𝑝 parallel PV cells 𝑛𝑠 series PV cells 𝐼𝑠𝑐𝑟  STC short-circuit current 𝑘 Boltzmann’s constant 𝑞 Electron charge 𝐴 PV cell ideality factor 𝐾𝑖 Short circuit temperature coefficient 𝑇𝑟 Reference temperature 𝑉𝑝𝑣 PVG voltage 𝑉𝑜𝑝 Optimal PVG voltage 

𝑃𝑜𝑝 Optimal PVG power 𝑉𝑖 Inverter output voltage 𝑉𝑜 Resonant converter output voltage 𝑉𝑟𝑜 Transformer primary voltage 𝑉𝑡𝑜 Rectifier input voltage 𝐼𝐿  Resonant tank current 𝐼𝑠 Resonant converter output current  𝑉𝑐 Resonant tank voltage 𝐶𝑃 Capacitor of inverter DC bus 𝐿 Resonant inductor 𝐶 Resonant capacitor 𝐶𝑜 DC bus capacitor 𝑛 HF-transformer ratio 𝑓𝑠 
Inverter varying switching-

frequency (𝑤𝑠 = 2𝜋𝑓𝑠) α 
Phase shift of the current 𝐼𝐿  with 

respect to 𝑉𝑖  voltage 
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Figure-1. The considered PV System structure. 
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Figure-2. Shape of the Characteristic (𝑉𝑝𝑣 , 𝑃𝑝𝑣) for 

different solar irradiances. 

 

2. PHOTOVOLTAIC SYSTEM MODELING 
Figure-1 depicts the adopted PV system 

architecture, which is based on a PV Generator (PVG) and 

a Series Resonant Chopper (SRC) connected to the DC 

bus. Recall that the objective is to track the MPP 

(Maximum Power Point) for PVG. 

 

2.1 Photovoltaic generator model 

Various equivalent circuits have been reported in 

the literature for PV cell modeling. For instance, there is 

one-diode, two-diode and three-diode model [7, 18]. The 

equivalent circuit of two-diode and three-diode model can 

be used to improve the PVG model accuracy [18]. 

However, due to their strongly nonlinear character, it is 

very difficult to exploit these model for the control law 

design [7]. Therefore, the one-diode model is adopted in 

this study, since it provides sufficient accuracy besides an 

easier adaptation to the control design. Figure-3 depicts 

the corresponding electrical circuit [19]. 

 

 
 

Figure-3. PV Cell equivalent circuit. 

 

With the notation given in Table-1, the one diode 

ideal model of PVG is governed by the following equation 

[19, 20]: 

 𝐼𝑔 =  𝐼𝑝ℎ𝑔 − 𝐼𝑜𝑔(𝑒𝑥𝑝(𝐴𝑔 𝑉𝑝𝑣) − 1)      (1) 

 

with   𝐼𝑝ℎ𝑔 = 𝑛𝑝𝐼𝑝ℎ , 𝐼𝑜𝑔 = 𝑛𝑝𝐼𝑟𝑠 

and       𝐴𝑔 = 𝑞𝑛𝑠 𝐴 𝑘 𝑇𝑐                                               (2) 

where  𝐼𝑝ℎ = [𝐼𝑠𝑐𝑟 + 𝐾𝑖(𝑇𝑐 − 𝑇𝑟)] 𝜆1000     (3) 

 

Note that in this study, the following assumptions 

are retained for the PVG modeling: 

Assumption 1. The solar irradiance value (𝜆) is 

considered as uncertain parameter. 

Assumption 2. The PVG temperature is assumed 

to be measurable. 

Equation (3) expresses the photocurrent (𝐼𝑝ℎ) as 

a linear function with respect to the cell solar irradiance (𝜆). Let's adopt the following notations:  
 𝐼𝑝ℎ𝑔 = 𝜃(𝜆)                                                              (4) 
 𝜑1(𝑉𝑝𝑣) = 𝑒𝑥𝑝(𝐴𝑔𝑉𝑝𝑣  ) − 1                                 (5) 

 

Then equation (1) becomes: 

 𝐼𝑔 =  𝜃(𝜆) − 𝐼𝑜𝑔𝜑1(𝑉𝑝𝑣)                                               (6) 

 

2.2 Resonant converter modeling 

The conventional used chopper is the Boost. This 

later is a non-isolated and a forced switching converter. 

Consequently the Boost power losses during the switching 

phases are relatively high. Reducing these losses requires 

the implementation of an auxiliary network, usually 

dissipative, complex and expensive [21]. 

Furthermore, resonant DC/DC converter has 

attracted more interest for their use in the last decades. In 

fact, it is an isolated converter, and these switches operate 

in smooth switching. This allows reducing significantly 

the converter power losses [21, 22]. Moreover, resonant 

converter makes a better use of a high frequency range and 

power. Consequently, the passive components volume is 

reduced. Figure-4 describes the adopted structure of series 

resonant converter. 

Several studies were interested in the problem of 

resonant DC/DC modeling (e.g. [22, 23]). Most of these 

works consider the case where the resonant converter is 

fed by a voltage source. This is not the case for the system 

in study since the PVG is represented by a DC current 

source. 

Using the basic laws of electricity according to 

the converter circuit, one obtains the following physical 

model [24]: 

 𝑑𝑖𝐿(𝑡)𝑑𝑡   = 𝑣𝑝𝑣(𝑡)𝐿  Sgn(2𝜋𝑓𝑠t) − 𝑣𝑐(𝑡)𝐿   − 𝑣0(𝑡)𝑛𝐿  Sgn(2𝜋𝑓𝑠t −  α)         (7) 𝑑𝑣𝑐(𝑡)𝑑𝑡   =  1 𝐶 𝑖𝐿(𝑡)                                   (8) 

 𝑑𝑣𝑝𝑣(𝑡)𝑑𝑡  = 𝑖𝑔(𝑡)𝐶𝑝 − 1𝐶𝑝 𝑎𝑏𝑠(𝑖𝐿(𝑡))  

            = 𝑖𝑔(𝑡)𝐶𝑝 − 1𝐶𝑝  𝑖𝐿(𝑡) Sgn(2𝜋𝑓𝑠t − α )      (9) 

 

The above model Equations (7-9) is quite suitable 

to describe the operation of the system; however, due to its 

complexity (the model above has a nonlinear structure and 

involves a binary control input); it seems not adapted to 

the control design. Hence, an approximate model is 

developed using the generalized averaging method [14]. 
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In the following, the corresponding Generalized 

Average Model (GAM) is developed on the basis of the 

following assumptions [25]: 

Assumption 3. Near the resonance frequency, 𝑉𝑐 

voltage and current 𝐼𝐿  are considered sinusoidal, this 

makes their first harmonic approximation acceptable 

(respectively by 𝑉1 and 𝐼1𝑒−𝑗𝛼). 

Assumption 4. The capacitors 𝐶𝑝 and 𝐶𝑜 values 

are assumed large enough to consider that the voltages 

(respectively 𝑉𝑝𝑣 and 𝑉𝑜) at their terminals are slowly 

variable. 

According to [14], the first-harmonic PV system 

model is given as follows: 

 𝑑𝐼1𝑑𝑡 =  − 𝑗𝑤𝑠𝐼1 + 1𝐿  [−𝑉1 − 2𝑗𝑛𝜋 𝑉𝑜  𝑒−𝑗𝛼 + 2𝑉𝑝𝑣𝑗𝜋 ] (10) 

 𝑑𝑉1𝑑𝑡 =  − 𝑗𝑤𝑠𝑉1 + 1𝐶 𝐼1                                             (11) 

 𝑑𝑉𝑃𝑉𝑑𝑡 = 𝐼𝑔𝐶𝑝 − 1𝐶𝑝 [ 4𝜋 ‖𝐼1‖ ]                                             (12) 

 

The last model Eqs.(10-12) is not adapted to the 

control design due to these complex parameters. To obtain 

an appropriate model, let's introduce the following 

notations: 

 𝐼1 = 𝑥1 + 𝑗𝑥2  ,  𝑉1 = 𝑥3 + 𝑗𝑥4  and  𝑉𝑝𝑣 = 𝑥5 (13) 

 

By replacing the latter Equation (13) and 

Equations (1, 4, 5) in Equations (10-12), one gets the 

following state-space model: 

 �̇�1 =   𝑢 𝑥2 − 𝑥3𝐿 − 1𝑛𝐿 2𝑉𝑜𝜋 𝑥2√𝑥12+ 𝑥22                               (14) 

 �̇�2 = −𝑢 𝑥1 − 2𝑥5𝜋𝐿 − 𝑥4𝐿 + 1𝑛𝐿  2𝑉𝑜𝜋 𝑥1√𝑥12+ 𝑥22                (15) 

 �̇�3 =   𝑢 𝑥4 + 𝑥1𝐶                                                             (16) 

 �̇�4 = −𝑢 𝑥3 + 𝑥2𝐶                                                             (17) 

 

�̇�5 = 1𝐶𝑝 𝜃(𝜆) − 1𝐶𝑝 𝐼𝑜𝑔𝜑1(𝑥5) − 4𝜋𝐶𝑝 √𝑥12 +  𝑥22  (18) 

 θ(λ) is the uncertain parameter and u = ws  is the control 

input (SRC-Inverter switching frequencies).  

Based on the PVG control model Equations (14-

18), we propose to design a controller ensuring the MPPT 

objective. 

 

3. CONTROL DESIGN 

 

3.1 Controller objective 

The proposed MPPT control has three objectives: 

 

a) Estimating the solar irradiance. 

b) Constructing the optimal PV voltage reference from 

the solar irradiance estimation. 

c) Extracting the maximum power from PVG in 

presence of a wide range variation of solar irradiance. 

 

To meet these objectives, a nonlinear controller 

of adaptive type will be developed in three steps according 

to the Backstepping method [15]. 

 

3.2 Voltage reference signal 

As illustrated by Figure-2, for a given solar 

irradiance, there is one reference of PVG voltage which 

corresponds to the maximum extracted photovoltaic 

power. In this study, a graphical exploration of maximal 

power points (MPP) is performed. Indeed, for a set of 

about twenty irradiance values 𝜆𝑘(𝑘 = 1,2, … ,20) the 

corresponding optimal power points (𝑉𝑜𝑝 = 𝑉𝑝𝑣_𝑘∗ , 𝑃𝑝𝑣_𝑘∗ ) 

are graphically determined. Then, a polynomial 

interpolation 𝑃(𝜆) was constructed to approach, in the 

sense of least squares, the set of maximum points (𝑉𝑝𝑣_𝑘∗ , 𝑃𝑝𝑣_𝑘∗ ).  

For the case studied, the resulting polynomial 𝑃(𝜆) is defined by Equation (19) and Table-2. 

 𝑃(𝜆) = ℎ10𝜆10 + ℎ9𝜆9 + ⋯ … + ℎ0                               (19) 
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Table-2.  List of the polynomial coefficients. 
 ℎ10 8.3 𝑥 10−27 ℎ5 4.2 𝑥 10−10 ℎ9 −1.2 𝑥 10−23 ℎ4 −2.3 𝑥 10−7 ℎ8 −7.9 𝑥 10−20 ℎ3 7.3 𝑥 10−5 ℎ7 3.1 𝑥 10−16 ℎ2 −0.014 ℎ6 −4.8 𝑥 10−13 ℎ1 1.6 

 ℎ0 64 

 

The shape of the polynomial 𝑃(𝜆) is plotted in Figure-5. 

 

 
 

Figure-5. Optimal voltage (𝑉𝑜𝑝) (in Volt), according to the 

solar irradiance 𝜆  (in W/m2). 

 

3.3 Adaptive MPPT controller design 

In this section, the controller is designed to 

achieve the convergence of the PVG voltage (𝑥5) to its 

optimal trajectory (reference), denoted 𝑥5∗. The control law 

will have an adaptation ability to online estimate the 

unknown parameter (𝜃). Unlike standard adaptive control 

problems the convergence of the estimated parameter (�̂�) 

to its true value (𝜃) is mandatory for the MPPT objective 

[15, 16, 17]. Indeed, the 𝜃 value is required and expected 

to compute the solar irradiance for the determination of the 

PVG voltage reference (see section 3.2). 

To design the controller, the next realistic 

assumption is crucial: 

Assumption 5. The reference signal (𝑥5∗) is 

assumed to be bounded. Its first, second and third 

derivatives are also bounded. 

 

Step 1. The design procedure starts by introducing the first 

tracking error 𝑧1: 

 𝑧1 = 𝑥5 − 𝑥5∗                                 (20) 

 

The objective of the first step is to force the error 𝑧1 to vanish asymptotically. To achieve this, the tracking 

error is time-derived (using Equations (18, 20)) as follows: 

 �̇�1 = 1𝐶𝑝 𝜃(𝜆) − 1𝐶𝑝 𝐼𝑜𝑔𝜑1(𝑥5) − 4𝜋𝐶𝑝 √𝑥12 +  𝑥22 − �̇�5∗   (21) 

 

Let us denote by �̃� = 𝜃 − �̂� the estimated error, 

and consider the following Lyapunov's candidate function: 

𝑉1 = 12  𝑧12 +  12  (  �̃�2  𝛾 )                  (22) 

 

where 𝛾 is a real positive parameter related to the control 

design. This parameter is referred as the ‘Adaptation 

Gain’. 
Deriving 𝑉1 over the trajectory (𝑧1, 𝜃), gives: 

 �̇�1 =  𝑧1 (𝑓1�̂� − 𝜌𝜑1(𝑥5) − 4𝜋 𝑓1√𝑥12 +  𝑥22 − �̇�5∗ )  

        −�̃� ( �̇̂�  𝛾 −  𝑧1𝑓1)                                 (23) 

 

with  𝜌 = 1𝐶𝑝 𝐼𝑜𝑔  

 

and  𝑓1 = 1𝐶𝑝  (First regressor function)   (24) 

 

One could eliminate �̃� from Eq.(23) using the 

following parameter update law: 

 �̇̂� = 𝛾𝑞1 = 𝛾 𝑧1𝑓1                                              (25) 

 

Furthermore, 𝑧1 could be converging to zero by 

letting −  4 𝜋 𝑓1√𝑥12 + 𝑥22 = 𝛽1, where the stabilizing 

function 𝛽1 is defined by:  

 𝛽1 = −𝑘1𝑧1 − 𝑓1�̂� + 𝜌𝜑1(𝑥5) + �̇�5∗   (26) 

 

with 𝑘1 is a real positive parameter for the control design. 

 

Since, the quantity –  4 𝜋 𝑓1√𝑥12 + 𝑥22 does not 

represent the real control input (virtual control). Then, 

only the convergence of the error (–  4 𝜋 𝑓1√𝑥12 + 𝑥22 −𝛽1) to zero can be achieved. Also, �̇̂� = 𝛾𝑞1 does not 

represent the parameter update law. However, 𝑞1 is 

considered as the first tuning function while tolerating the �̃� presence in �̇�1. Accordingly, one defines a second error 

variable as follows: 

 𝑧2 = –  4 𝜋 𝑓1√𝑥12 + 𝑥22 − 𝛽1                 (27) 

 

Using Equations (26, 27), �̇�1 becomes: 

 �̇�1 = −𝑘1𝑧1+ 𝑧2 + 𝑓1�̃�                                (28) 

 

Now, with Equation (28), the Lyapunov function 

derivative (𝑉1) becomes: 

 �̇�1 = −𝑘1𝑧12+ 𝑧1𝑧2 − �̃� ( �̇̂� 𝛾  − 𝑞1)                 (29) 

 

Step 2. The purpose of this step is to ensure the 

convergence of [𝑧1 𝑧2]𝑇 to  [0 0]𝑇 . 

To this end, time derivative of z2 is first 

determined. Deriving Equation (27), using Equations (14, 

15, 26, 28), one obtains: 
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�̇�2 = 8 𝑓1(𝑥2𝑥5)𝜋2𝐿√𝑥12+ 𝑥22 + 𝑓1�̇̂� + 𝑓2�̃� +  𝜓1 − �̈�5∗   (30) 

 

with  𝑓2 = 𝑘1𝑓1 − 𝜌𝐴𝑔𝑓1𝑒𝑥𝑝(𝐴𝑔𝑥5)                 (31) 

(Second regressor function)  

 

and 

 𝜓1 = 4 𝑓1(𝑥1𝑥3+𝑥2𝑥4)𝜋𝐿√𝑥12+ 𝑥22  − 𝑘12𝑧1+ 𝑘1𝑧2  −𝜌𝐴𝑔𝑒𝑥𝑝(𝐴𝑔𝑥5) (𝑓1�̂� − 𝜌𝜑1(𝑥5) − 4 𝑓1𝜋 √𝑥12 +  𝑥22)(32) 

 

Note that the quantity 
8 𝑓1𝑥2𝑥5𝜋2𝐿√𝑥12+ 𝑥22 stands in 

Equation (30) as a virtual control input. Accordingly, a 

second Lyapunov equation (𝑉2) is defined as follows: 

 𝑉2 = 𝑉1 + 12  𝑧22                                              (33) 

 

Its time derivative is obtained using Equation 

(29) and Equation (30): 

 �̇�2 = −𝑘1𝑧12 +𝑧2 (𝑧1 + 8 𝑓1(𝑥2𝑥5)𝜋2𝐿√𝑥12+ 𝑥22 + 𝑓1�̇̂�  

         +𝜓1 − �̈�5∗ ) − �̃� ( �̇̂� 𝛾 − (𝑞1 + 𝑧2𝑓2))                 (34) 

 

The term �̃� can be eliminated in Eq. (34) using 

the following parameter update law: 

 �̇̂� = 𝛾𝑞2 = 𝛾(𝑞1 + 𝑧2 𝑓2)                                (35) 

 

Let ( 8 𝑓1(𝑥2𝑥5)𝜋2𝐿√𝑥12+ 𝑥22 = 𝛽2) denote the second 

stabilizing function, chosen as: 

 𝛽2 = −𝑧1 − 𝑓1�̇̂� −  𝜓1 − 𝑘2𝑧2 + �̈�5∗   (36) 

with 𝑘2 is any real positive control design parameter. 

 

Now, with Equation (36) and the above parameter 

update law (Equation (35)), �̇�2 (Equation (34)) would 

reduce to: 

 �̇�2 = −𝑘1𝑧12 − 𝑘2𝑧22                  (37) 

As the quantity ( 8𝑓1𝑥2𝑥5𝜋2𝐿√𝑥12+ 𝑥22) does not 

correspond to the real control input, the parameter update 

law Equation (35) is not enough to overcome uncertainty. 

However, 𝑞2 is considered as the second tuning function. 

Let's introduce the new error 𝑧3 : 
 𝑧3 = 8 𝑓1𝑥2𝑥5𝜋2𝐿√𝑥12+ 𝑥22 − 𝛽2                                (38) 

Using Equation (36) and Equation (38), Equation 

(34) becomes: 

 �̇�2 = −𝑘1𝑧12 − 𝑘2𝑧22 − 𝑧2𝑓1 (𝛾𝑞2 − �̇̂�)  

         −�̃� ( �̇̂� 𝛾 − (𝑞1 + 𝑧2𝑓2)) + 𝑧2𝑧3                 (39) 

Similarly, time derivative of the tracking error 𝑧2 

becomes: 

 �̇�2 = −𝑧1 − 𝑘2𝑧2 + 𝑧3 − 𝑓1 (𝛾𝑞2 − �̇̂�) + �̃�𝑓2  (40) 

 

Using Equation (40) and Equation (28), the error 

system (𝑧1, 𝑧2) undergoes the following equation: 

 [�̇�1 �̇�2]𝑇 = [−𝑘1 1−1 −𝑘2] [𝑧1𝑧2]  

              + [ 0𝑧3 − 𝑓1 (𝛾𝑞2 − �̇̂�)] + [𝑓1𝑓2] �̃�   (41) 

 

This will complete Step 2. 

Remark. The term (√𝑥12 +  𝑥22) is the first 

harmonics amplitude of resonant current (𝐼𝐿), this latter is 

nonzero as long as the resonant converter operates.
 

 

Step 3. The aim of this step is to ensure the control errors 

convergence (𝑧1, 𝑧2,𝑧3) towards zero. 

Using Equations (14, 15, 18, 36) time derivatives 

of the tracking error 𝑧3 is obtained in a suitable form as 

follows: 

 �̇�3 = 𝐺. 𝑢 + 𝑓3�̃� − 𝑔2�̇̂� + 𝛹                 (42) 

The expressions of the newly introduced parameters 

(namely: 𝐺, 𝑓3 , 𝑔2 and 𝛹) are given in Appendix B. 

 

At this point, the aim is to seek a control law (𝑢) 

and an update law (�̂�) that achieve the asymptotic 

stability of system (𝑧1, 𝑧2,𝑧3, �̃�). For this purpose, let's 

consider the following Lyapunov function: 

 𝑉3 = 𝑉2 + 12  𝑧32                                              (43) 

 

Using Equations (39, 42), time derivative of 

Eq.(43) becomes: 

 �̇�3 = −𝑘1𝑧12 − 𝑘2𝑧22 − 𝑧2𝑓1 (𝛾𝑞2 − �̇̂�) +�̃� (− �̇̂� 𝛾 + (𝑞2 + 𝑧3𝑓3)) +𝑧3 (𝐺 𝑢 − 𝑔2�̇̂� + 𝛹 + 𝑧2) (44) 

 

Equation (44) suggests the choice of the 

estimated parameter �̂� as follows: 

 �̇̂� = 𝛾𝑞3 = 𝛾(𝑞2 + 𝑧3𝑓3)                                (45) 

 

where 𝑞3 is the third tuning function. 

However, this update law is not convenient due to 

its integral nature; moreover, the integration of the 

estimated parameter �̇̂� could diverge during the closed 

loop control. This problem can be circumvented by 
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performing a projection of this estimated parameter on a 

compact set involving the real parameter [26]. Let's 

consider a bounded interval 𝐷 which represents the 

highest value that can take 𝜃 (PVG photocurrent) as 𝐷 ≥ |𝜃|, and �̂�(0) is initially chosen so that   �̂�2(0) ≤ 𝐷2. 

We set 𝐷 = 4 Amp, and we define the projection operator 𝛬(𝛾𝑞3) = �̇̂� as follows:  

 𝛬(𝛾𝑞3) ≝ {  𝛾𝑞3     𝑖𝑓    �̂�2 ≤ 𝐷2      0       𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                   (46) 

 

Furthermore, based on Equation (44), the control 

law is defined as follows: 

 𝑢 =  1 𝐺 (𝑔2�̇̂� − 𝛹 − 𝑧2 − 𝑘3𝑧3 + 𝜂)    (47) 

 

with 𝑘3 is any real positive control design parameter, and 𝜂 is an supplementary control parameter for dealing with 

the adaptive law saturation issue. This parameter is set as 

follows: 

 𝜂 =  {− 𝛾𝑓1𝑓3𝑧2      𝑖𝑓          �̇̂� = 𝛾𝑞3     𝑂            𝑖𝑓          �̇̂� = 0    (48) 

Substituting the adaptive control law Equation 

(47) in Equation (42), and using Equations (28, 40, 48), 

we obtain the model of the closed loop control, according 

to the errors 𝑍 = (𝑧1, 𝑧2, 𝑧3) and �̃�, as follows: 

 �̇� = �̅�𝑍 + 𝐹�̃�                                              (49) 

 

with  �̇� = [ �̇�1�̇�2�̇�3 ] ;                   𝑍 = [  𝑧1 𝑧2𝑧3 ] ;    

�̅� = [−𝑘1 1 0−1 −𝑘2 1 + 𝜎0 −1 − 𝜎 −𝑘3 ] ;  𝐹 = [𝑓1𝑓2𝑓3]   and  𝜎 = 𝛾𝑓1𝑓3 (50) 

 

The theoretical performance of the control system is 

described in the next theorem. 

 

Theorem. For the closed-loop control system 

constituted by the PV system Equations (14-18) and the 

control law Equations (47, 48) with the parameter update 

law Equations (45, 46), there is a parameter 𝑘𝑚𝑖𝑛 > 0, 

such that, if  𝑖𝑛𝑓(𝑘1, 𝑘2, 𝑘3) > 𝑘𝑚𝑖𝑛, then: 

 

a) The error vector  [𝑧1 𝑧2 𝑧3]𝑇 converges asymptotically 

to [0 0 0]𝑇 . 

b) The estimated parameter �̂� converges to its real value.

  

Proof.  The theorem proof is given in Appendix A. 
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4. SIMULATION RESULT 

 

4.1 Simulation protocol 

The simulation is carried out using 

MATLAB/SIMULINK software according to the 

schematic diagram of Figure-6. In simulation, the PV 

Generator and the SRC are respectively implemented by 

their physical model Equation (1) and Equations (7-9). 

The PV generator and resonant converter characteristic are 

summarized in Table-3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table-3.  PV System characteristics. 
 

Parameter Value 

PV Generator 

𝑛𝑝 1 𝑛𝑠 350 𝐼𝑠𝑐𝑟  3.75                        A 𝑘 1.38065 * 10−23  J/K 𝑞 1.60220 * 10−19   C 𝐾𝑖  0.00023               A/K 𝑇𝑟 298.15                  °K 𝐴 1 𝑇𝑐 301.15                  °K 

Series resonant 

DC/DC 

converter 

𝐶𝑃 16 𝑥 10−3              F 𝐿 0.9 𝑥 10−3             H 𝐶 130 𝑥 10−6            F 𝐶𝑜 3 𝑥 10−3                F 𝑉𝑜 200                        V 𝑛 5000 
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Figure-6. Adaptive MPPT control strategy for the considered PV system. 
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In this section, the new Nonlinear Controller 

(referred by NLC) including the adaptive control law Eqs. 

(47, 48) and the parameter update law Equations (45, 46) 

are assessed on their performances. These are first 

compared with the linear Proportional Integral Controller 

(referred by PIC). Indeed, a second comparative test of the 

considered PV system is carried out with a conventional 

control PV system. The latter consists of a Boost converter 

controlled by Perturb and Observe (P&O) method. The 

second comparative test was performed to evaluate the 

effectiveness of both considered PV system control 

strategies. 

To perform these tests in different operation 

points, the solar irradiance level (𝜆) is considered variable 

over a wide range (step variation: 400 - 900 W/m2) as 

shown in Figure-7. The resulting optimal PVG voltage and 

the corresponding optimal PVG power are respectively 

described by Figure-8 and Figure-9. These reference 

signals are constructed using the interpolating polynomial 

given by Equation (19). 

Indeed, in the considered solar irradiance profile 

(Figure-7), an additive noise was introduced. This latter is 

a band limited random signal characterized by its mean 

and variance respectively equal to 1% and 4% of nominal 

solar irradiance. The initial condition of the SRC state 

vector was chosen as: 

 X(0) = [ −1  − 2.02   − 0.5    0.1    140 ]T. 

 

Note that both resonant and boost converters are 

implemented by a half-bridge IGBT/Diode model (using 

Simscape Power Systems blocks). Based on the datasheet 

characteristics of the IGBT/Diode modules, both switching 

and conduction losses are evaluated [27]. 

 

 
 

Figure-7. Solar irradiance λ (in W/m2). 

 

 

 
 

Figure-8. Optimal PVG Voltage Vop (in Volt). 

 

 
 

Figure-9. Optimal PVG Power 𝑃𝑜𝑝 (in Watt). 

 

4.2 PI Controller performances 

The PIC (defined by  (𝐾𝑝(1 + 𝑇𝑖𝑠) 𝑇𝑖𝑠⁄ )) is 

implemented according to the control scheme of Fig.10. 

The PIC parameters (𝐾𝑝 = 515 and 𝑇𝑖 = 9 𝑚𝑠) are 

adjusted based on the time response to different steps. 

These parameters proved to be convenient when the PVG 

operates under solar irradiance value around 600 𝑊/𝑚2. 

 

 
 

Figure-10. MPP Tracking with PI Controller. 

 

Figure-11 shows that for 𝑡 ∈ [0𝑠 3𝑠] (where 𝜆 ≅ 600 𝑊/𝑚2), the PVG voltage perfectly tracks its 

reference signal. Nevertheless, the tracking performances 

are no longer maintained for 𝑡 ∈ [3𝑠 10𝑠]. The tracking 

error signal confirms this performances degradation (see 

Figure-12). Similarly, Figure-13 shows the corresponding 

extracted PVG power. Indeed for 𝑡 ∈ [0𝑠 3𝑠] (where 𝜆 is 

closed to 600 𝑊/𝑚2), the extracted PVG power is 

optimal and the MPPT objective is achieved. However, 

this is not the case where 𝜆 takes values away from 600 𝑊/𝑚2 (for 𝑡 ∈ [3𝑠 10𝑠] ). For instance, Figure-13 

shows that during the time interval [3𝑠  6𝑠] the extracted 

PVG power is 481 𝑊 while the corresponding optimal 

value is 514 𝑊, (i.e. a power loss in the order of 7%). 
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This performances degradation is mainly owing to the PV 

system nonlinear feature. The PIC simulations show that a 

linear controller cannot ensure the MPPT objective of the 

PV system equipped with the resonant converter. 

 

 
 

Figure-11. PVG voltage tracking performances with the 

PI Controller. Solid line: Optimal PVG voltage (in Volt). 

Dashed line: Actual PVG voltage (in Volt). 

 

 
 

Figure-12. PVG Voltage tracking error with the PI 

controller (in Volt). 

 

 
 

Figure-13. The extracted PVG power with the PI 

controller. Solid line: Optimal PVG power (in Watt). 

Dashed line: Actual PVG power (in Watt). 

 

4.3 Nonlinear adaptive Controller performances 

This section is devoted to assessing the NLC 

performances according to the simulated setup of Figure-

6. The control law and its update parameter are 

respectively implemented using Equations (47, 48), 

Equations (45, 46). The control design parameters are 

listed in Table-4. These parameters turn out to be suitable 

for achieving the MPPT objective. 

 

Table-4.  NLC parameters. 
 

 Symbol Value 

Adaptive controller 

𝑘1  7 𝑥 102 𝑘2 9 𝑥 102 𝑘3 14 𝑥 102 

Update law γ 2 𝑥 10−10 

 

The controller performances are described by 

Figures (14-17). Figure-14 shows that whatever the solar 

irradiance levels, with the NLC, the PVG voltage tracks 

well its reference signal. Similarly, as shown by Figure-15, 

the voltage tracking error converges asymptotically to zero 

in spite of the solar irradiance changes. Note that the 

transient regime length (of the tracking errors) is 

adjustable by the choice of the design parameters (𝑘1, 𝑘2, 𝑘3). Likewise, Figure-16 shows that for all solar 

irradiance levels, the MPPT objective is achieved. 

Elsewhere, Figure-17 presents the performances of the 

solar irradiance adaptation where the estimated parameter 

reaches its real value. The dynamic of the adaptive error is 

set by design parameter 𝛾. 

 

 
 

Figure-14. PVG voltage tracking performances with the 

NLC. Solid line: Optimal PVG voltage (in Volt). Dashed 

line: Actual PVG Voltage (in Volt). 

 

 
 

Figure-15. Tracking error z1 with NLC (in Volt). 
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Figure-16. The extracted PVG power with the NLC. Solid 

line: Optimal PVG power (in Watt). Dashed line: Actual 

PVG power (in Watt). 

 

 
 

Figure-17. Update law performances. Solid line: The real 

solar irradiance λ (in W/m2). Dashed line: The estimated 

solar irradiance λ̂ (in W/m2). 

 

4.4 Conventional control performances 

The PV system conventional control is performed 

according to the simulation setup of Figure-18. The PV 

system incorporates a Boost converter and a P&O MPPT 

controller [6, 7]. The conventional control is performed 

according to the solar irradiance profile depicted in 

Figure-7. 

 

 
 

Figure-18. P&O MPPT with boost converter. 

 

The P&O technique is very popular due to 

simplicity of implementation and easy execution [6, 7]. 

Recalling that, the P&O control objective is to move the 

PV operation point towards the corresponding MPP. 

However, when this latter is located the P&O control 

oscillates around this power point. This results in 

oscillations at the PVG voltage (see Figure-19) and 

consequently at the extracted PVG power (see Figure-20). 

However, as it's shown in Figure-20 the proposed 

nonlinear control (NLC) perfectly places the PV operating 

point at the corresponding MPP. 

 

 
 

Figure-19. PVG voltage (in Volt). Solid red line: 

Obtained PVG voltage with the conventional control 

(using the P&O algorithm and the boost converter). Solid 

blue line: Obtained PVG voltage with the NLC control 

(using the resonant converter). Dashed line (green): 

Optimal reference of the PVG voltage. 

 

 
 

Figure-20. Extracted PVG power (in Watt). Solid red line: 

Extracted PVG power with the conventional control (using 

the P&O algorithm and the boost converter). Solid blue 

line: Extracted PVG power with the NLC control (using 

the resonant converter). Dashed line (green): Optimal 

reference of the PVG power. 

 

On the other hand, Figure-21 shows the PVG 

power recovered at the DC bus, both with the conventional 

control (P&O algorithm and the boost converter) and the 

proposed nonlinear control (with the resonant converter). 

This figure highlights that the recovered DC power with 

our controller is greater than that obtained with the 

conventional control strategy (P&O algorithm and the 

boost converter). Indeed, the power attenuation reached by 

the boost is due to the converter power losses. In fact, as it 

is mentioned in this work, the chief advantage of resonant 

converter is the switching losses optimization. 
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Figure-21. Recovered DC bus power (in Watt). Solid line: 

with the P&O algorithm and the boost converter. Dashed 

line: with the NLC control and the resonant converter. 

 

To illustrate the benefits of using the resonant 

converter, Figure-22 shows the total losses involved in 

both considered cases. Indeed the boost converter leads to 

an additional losses during the transfer of PVG power to 

the DC bus (30 W for λ = 900 W/m2) compared to the 

resonant converter (20 W for λ = 900 W/m2). As a result, 

the resonant converter optimizes the power transfer from 

the PV Generator to the DC bus.  

 

 
 

Figure-22. Converter losses (in Watt). Solid line: Boost 

converter losses. Dashed line: Resonant converter losses. 

 

5. CONCLUSIONS 

The present study deals with the MPPT control 

problem for PV system. For optimizing the switching 

power losses, the DC/DC converter considered was a 

series resonant converter. Moreover, a cheap solution, not 

based on solar irradiance sensor, was developed. Indeed, 

based on the PV system model Eqs. (14-18), an adaptive 

nonlinear controller (NLC) is developed using the 

Backstepping approach. The developed controller involves 

the adaptive update law Eqs. (45, 46) and the control law 

Eqs. (47, 48). For achieving the MPPT objective, the 

closed loop PV system stability was formally 

demonstrated (Theorem) resulting in a global and 

asymptotic stability. Numerical simulations were 

performed to highlight the tracking performances of the 

proposed controller compared to the linear PI Controller 

and the P&O controller. The comparison with the 

conventional control has shown that the proposed 

nonlinear control is quite able to achieve the MPPT 

objective. Thanks to the resonant converter, the energy 

transfer to the DC bus was optimized with low power 

losses. 
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Appendix A.  Proof of Theorem 

 

Part 1 Substituting Eq.(47) in Eq.(44), one has:  �̇�3 = −𝑘1𝑧12 − 𝑘2𝑧22 − 𝑘3𝑧32 

         −𝑧2𝑓1 (𝛾𝑞2 − �̇̂�) + �̃� (− �̇̂� 𝛾 + 𝑞3) + 𝜂𝑧3 (B1) 

With Equation (46), two cases can be distinguished: 

 First case where  �̂�2 ≤ 𝐷2 , Equation (B1) becomes: �̇�3 = −𝑘1𝑧12 − 𝑘2𝑧22 − 𝑘3𝑧32  
         +𝑧3(𝜂 + 𝛾𝑓1𝑓3𝑧2)                                              (B2) 

 

This clearly suggests the choice of parameter 𝜂 defined in 

Equation (48). This choice makes possible to simplify 

(B2), which reduces to: 

 �̇�3 = −𝑘1𝑧12 − 𝑘2𝑧22 − 𝑘3𝑧32                              (B3) 

 

 Second case where �̂�2 > 𝐷2, by using Equations 

(35,25) equation (B1) becomes:  �̇�3 = −𝑘1𝑧12 − 𝑘2𝑧22 − 𝑘3𝑧32 

         −𝑧2𝛾𝑓1(𝑧1𝑓1 + 𝑧2𝑓2)                                             (B4) 

 

with Equations (31,24), Equation (B4) becomes: 

 �̇�3 = −𝑘1𝑧12 − 𝑘2𝑧22 − 𝑘3𝑧32 − 𝛾𝑓12𝑧1𝑧2  

         −𝛾𝑘1𝑓12𝑧22 + 𝛾𝑓12𝑧22𝜌𝐴𝑔𝑒𝑥𝑝(𝐴𝑔𝑥5)   (B5) 

 

Furthermore, in practice the PV voltage 𝑥5 is bounded. 

Indeed, 𝑥5 verifies: 0 ≤ 𝑥5 ≤ 𝑉𝑀, where 𝑉𝑀 = 𝑛𝑠 0,6 . 
Then, time derivative of the Lyapunov's candidate 

function given by Eq.(B5) checks the following inequality: 
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�̇�3 ≤ − (𝑘1 −  𝛾𝑓122 ) 𝑧12 

         − (𝑘2 −  𝛾𝑓12(𝜚 + 0.5)) z22 − 𝑘3𝑧32                (B6) 

 

with 𝜚 = 𝜌𝐴𝑔𝑒𝑥𝑝(𝐴𝑔𝑉𝑀). Let chooses the design 

parameter 𝑘1, 𝑘2, and 𝑘3 such as: 

 𝑘1 >  𝛾𝑓122  ,   𝑘2 >  𝛾𝑓12(𝜚 + 0.5)   

and  𝑘3 > 0                                                           (B7) 

With respect to Eq. (B7), Eqs. (B6, B3) shows that in all 

mentioned cases �̇�3 is negative semi-definite. Then using 

the Barbalat's lemma, the error vector 𝑍 = [𝑧1, 𝑧2, 𝑧3]𝑇 

vanishes asymptotically. 

 
Part 2 Recall that the error vector dynamic is given by: 

 �̇� = �̅�𝑍 + 𝐹�̃�                                (B8) 

 

knowing that in the steady state the vector Z vanishes 

asymptotically, Eq.(B8) shows that (in the steady state) the 

estimation error �̃� converges also to 0. 

 

Appendix B.  The used notations in the control design 

 

Expressions of used notations in the control design 

    Parameter                                                                                    Expression                  𝐺(𝑥1, 𝑥2, 𝑥5)        − 8𝜋2𝐿𝐶𝑝 1√𝑥12 +  𝑥22  𝑥1𝑥5 

 𝑓3(𝑥1, 𝑥2, 𝑥5)        8𝜋2𝐿𝐶𝑝2  𝑥2√𝑥12 +  𝑥22+   𝜌 𝐴𝑔𝐶𝑝  𝑒𝑥𝑝(𝐴𝑔𝑥5) (−  𝐴𝑔𝐶𝑝 (�̂� + 𝑧2  𝛾𝐶𝑝) + 2 𝐴𝑔 𝜌  𝑒𝑥𝑝(𝐴𝑔𝑥5)− 𝐴𝑔 𝜌 + 𝐴𝑔 4𝜋𝐶𝑝 √𝑥12 +  𝑥22)
+ 𝛾𝐶𝑝3 (1 + (𝑘1 − 𝜌𝐴𝑔𝑒𝑥𝑝(𝐴𝑔𝑥5))2) − (𝑘12 − 1)𝐶𝑝 + (𝑘1 + 𝑘2)𝐶𝑝 (𝑘1 −  𝜌𝐴𝑔𝑒𝑥𝑝(𝐴𝑔𝑥5))  

  𝑔2(𝑥5)                 − (𝑘1 + 𝑘2) 𝐶𝑝 +   𝜌 𝐴𝑔𝐶𝑝  𝑒𝑥𝑝(𝐴𝑔𝑥5) (1 + 𝛾𝐶𝑝2) − 𝛾𝐶𝑝3 𝑘1 

  𝛹(𝑋)                    8𝜋2𝐿𝐶𝑝 1√𝑥12 + 𝑥22  (− 1𝐿 𝑥4𝑥5  + 2𝑛𝜋𝐿 𝑉0𝑥1𝑥5√𝑥12 + 𝑥22  − 2𝑥52𝜋𝐿 +   𝑥2�̂�𝐶𝑝 − 𝜌𝜑1𝑥2 − 4𝑥2𝜋𝐶𝑝 √𝑥12 +  𝑥22)
− 8𝜋2𝐿𝐶𝑝  𝑥2𝑥5(𝑥12 + 𝑥22) (− (𝑥1𝑥3 +  𝑥2𝑥4)𝐿√𝑥12 +  𝑥22 − 2𝑥2𝑥5𝜋𝐿√𝑥12 +  𝑥22)  

                             −𝐴𝑔𝜌 𝑒𝑥𝑝(𝐴𝑔𝑥5) ( �̂�𝐶𝑝 − 𝜌𝜑1 −   4𝜋𝐶𝑝 √𝑥12 + 𝑥22) [−2 𝐴𝑔𝜌 𝑒𝑥𝑝(𝐴𝑔𝑥5) + 𝐴𝑔𝜌 − 𝐴𝑔 4𝜋𝐶𝑝 √𝑥12 +  𝑥22]     +  4𝜋𝐶𝑝 𝐴𝑔𝜌 𝑒𝑥𝑝(𝐴𝑔𝑥5) (− (𝑥1𝑥3 +  𝑥2𝑥4)𝐿√𝑥12 +  𝑥22 − 2𝑥2𝑥5𝜋𝐿√𝑥12 + 𝑥22)    
   +  4𝜋𝐿𝐶𝑝 . [ 1√𝑥12 +  𝑥22 . (− (𝑥32 + 𝑥42)𝐿 − 2𝑉0(𝑥2 𝑥3 − 𝑥1𝑥4)𝑛𝜋𝐿√𝑥12 + 𝑥22 − 2𝑥4𝑥5𝜋𝐿 + (𝑥12 + 𝑥22)𝐶  )

−   (𝑥1𝑥3 +  𝑥2𝑥4)(𝑥12 +  𝑥22) (− (𝑥1𝑥3 +  𝑥2𝑥4)𝐿√𝑥12 +  𝑥22 − 2𝑥2𝑥5𝜋𝐿√𝑥12 +  𝑥22) ] 

−(−𝑘1𝑧1+ 𝑧2)(𝑘12 − 1) + (−𝑧1 − 𝑘2𝑧2 + 𝑧3 − 𝛾𝐶𝑝 𝑞2) (𝑘1 + 𝑘2) −   𝜌 𝐴𝑔𝐶𝑝  𝑒𝑥𝑝(𝐴𝑔𝑥5) ( �̂�𝐶𝑝 − 𝜌𝜑1 − 4𝜋𝐶𝑝 √𝑥12 + 𝑥22) ( 𝐴𝑔 �̂� + 𝑧2 𝐴𝑔 𝛾𝐶𝑝) + 𝛾𝐶𝑝2 (−𝑘1𝑧1+ 𝑧2) + 𝛾𝐶𝑝2 (𝑘1 −  𝜌𝐴𝑔𝑒𝑥𝑝(𝐴𝑔𝑥5)) (−𝑧1 − 𝑘2𝑧2 + 𝑧3 − 𝛾𝐶𝑝2 𝑧1 − 𝛾𝐶𝑝2 𝑧2 (𝑘1 −   𝜌𝐴𝑔𝑒𝑥𝑝(𝐴𝑔𝑥5))) − 𝑥5∗  

 


