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Abstract—In this paper, a sliding surface is defined based on the 

inductor current to construct robust controller for Maximum 

Power Point Tracking (MPPT) in photovoltaic (PV) systems. An 

adaptive incremental conductance algorithm have been used to 

obtain the set point of the controller. An improvement is achieved 

by this combination, especially in fast irradiance variations. The 

robust stability of the method is proved using the Lyapunov 

stability theorem. A comparative study is also made to highlight 

the benefits of the proposed algorithm. The features of this 

controller, in terms of robustness against the irradiance 

variations, are demonstrated by theoretical analysis, simulations 

and an experimental study. The results demonstrate that the 

proposed controller can be implemented effectively and 

economically with high MPPT efficiency. 

Keywords-maximum power point tracking; photovoltaic system; 

sliding mode controller; DC-DC converter. 

I.  INTRODUCTION  

Renewable energy resources such as solar, wind and sea 

wave are some alternatives for fossil-fuel energy sources. 

Among all these resources, solar energy attracts more attention 

these days, because it is much clean, has capability to use in 

movable systems, free and easy to harvest in every place of 

the earth and inexhaustible [1].   

Every photovoltaic module has a nonlinear current-voltage 

diagram and power-voltage characteristic with an optimal 

operating point, named maximum power point (MPP). This 

point varies over a wide range with variation of PV module’s 

temperature and solar irradiation. Therefore, in order to 

operate at MPP, the electrical characteristics of load should 

vary by a time varying matching network. The task of this 

network, called MPPT, is to ensure operation of the PV at its 

MPP in the presence of temperature and irradiance variations. 

Normally, this network implemented by means of a DC-DC 

converter that controlled by its duty cycle [2]. 

Many methods that have been developed vary in 

complexity, number of sensors required, convergence time, 

cost, range of effectiveness, simplicity in implementation, 

popularity and etc. [3]. Among these methods hill-climbing 

[4], and perturb and observed [5] were commonly used due to 

their straight forward and economically implementation. In 

these two methods by perturbing duty cycle (or voltage and 

current) then observing output power gives good information 

for adjusting duty cycle. Incremental conductance [6] is an 

alternative method, which acts base on the fact that power 

curve’s slope is positive at left, negative at right, and zero at 

MPP [7]. However, all these methods did not operate well 

during rapidly change in atmosphere condition and persist of 

uncertainty in system parameters.  

Sliding Mode Control (SMC) is a robust method against 

both internal parameters uncertainties and external 

disturbances. Therefore, with the right choice of sliding 

surface as PV voltage or current, a fast and robust method 

could replace conventional methods.  

For the fast MPPT, the linear dependency of PV current 

against irradiance could be used, but the rapidly change of 

irradiance might lead to failure in control operation [9]. 

Recently, two control loops have been proposed to overcome 

this problem. The first loop finds the voltage in the MPP by an 

MPPT algorithm, and a sliding mode controller in the second 

loop tracks that point, based on current [2, 8-10].  

In this paper, an adaptive incremental conductance used to 

find the MPP voltage, then a sliding mode controller base on 

inductor current used that point to track the MPP. A 

temperature sensor has been used due to converting voltage set 

point to reference current for sliding mode controller. Then by 

the aim of that temperature, PV current and voltage the real 

irradiance calculated by current relation of PV. In recent 

studies to do this converting, a PI controller has been used, 

which is not accurate and lead to decrease the MPPT 

efficiency [8, 10]. Robust analysis done because of uncertainty 

in system parameters due to passive component. An unknown 

uncertainty bound has been considered and its upper bound 

has been calculated by an adaption law. Compared with 

traditional MPPT methods, the proposed method take less time 

to settle at MPP, eliminate oscillation around operating point, 

increased MPP efficiency, and robust against disturbances, 

uncertainties of system parameters and fast change in 

atmosphere conditions.  



This paper is organized as follows: In section II, the 

electric characteristics of PV is described. Modeling of MPPT 

system is discussed in section III. The proposed controller 

came in section IV, which consist of MPP algorithm and 

sliding mode part of controller. In section V the robustness 

issue of the proposed method is presented. Simulation and 

experimental results are given in sections VI and VII, 

respectively. Conclusion is addressed in last section. 

II. PV CHARACTERISTICS 

Solar cell is a P-N junction that convert solar light to 

electrical power. Each solar module constructed by several 

solar cells that connected in series and parallel to generate 

required power. For obtaining more power, solar PV module 

connected in series and parallel to form solar PV arrays [11]. 

The equivalent circuit model of a solar cell consists of a light 

generated current source, diode and series and parallel 

resistances. To simplify the model, the parallel resistor may be 

neglected in the equations. The mathematical expressions of 

the model is given by  
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Also, the description of each parameter in these equations is 

presented in Table 1 [12]. 

TABLE I.  PARAMETER EXPRESSION OF SOLAR CELL EQUATION. 

Expression Parameter Expression Parameter 

Short circuit 

current at 

reference 
condition 

Iscr PV output current (A) I 

Reference  Tr PV output voltage (V) V 
Short circuit 

temperature 
coefficient 

Ki Cell temperature (K) T 

Charge of an 

electron 
q Solar irradiance 

(W/m2) 
S 

Boltzmann’s 
constant 

K Series resistor (Ω) Rs 

Band-gap 

energy of the 

material 

Eg Light generated 

current 
Iph 

Total electron 

charge 

Q PV saturation current Id 

Ideality factor A Saturation current at Tr Irr 

 

The current-voltage characteristic diagram is plotted in 

Fig. 1, under various irradiances and a constant temperature 

(25oC). The variations in the irradiance affect the short-circuit 

current (Isc), while temperature dominated on open-circuit 

voltage (Voc). Therefore, one concludes that the increase in 

irradiance and decrease in the temperature cause increase in 

output power of PV [13]. 

 
Figure 1.  PV characteristics under different irradiance level 

(Temperature=25oC) 

III. MODELING OF MPPT SYSTEM 

In order to maximize the PV power a DC-DC boost 
converter has been used, the construction of such system 
shown in Fig. 2. In the following, the boost converter is used in 
the continuous current mode (CCM), which means that the 
inductor current never falls to zero. The resulting state space 
description is obtained by the averaging method as [14]: 
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where, Vpv ,Ipv and Vo, Io are voltage and current of input and 
output of converter, respectively, C1 and C2 are respectively 
input and output capacitors, L is inductor, iL is inductor’s 
current, RL is output resistive load and finally d is the duty 
cycle and control input of the system. 

 

Figure 2.  Boost converter circuit. 

IV. MPPT PROPOSED TECHNIQUE 

In order to find MPP under varying atmosphere condition 
and system uncertainties, overall structure of fig.3 have been 
proposed. Searching algorithm find reference voltage in each 
time by the use of PV voltage and current, then, with this 
voltage and temperature from the temperature sensor the 
reference current will be obtained. Proportional to the current 
situation of system the duty cycle may be obtained and applied 
to the boost converter switch. 



 

Figure 3.  MPPT structure by two control loop. 

 

A. MPP searching algorithm 

To find MPP we use an incremental conductance with an 

adaptive step size. Base on power relation and its slop 
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When the power slop became zero, (i.e. 
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system will work on MPP. Choose big step sizes lead to 
decrease convergence time, while in steady state some 
oscillations will appear on output. In order to tackle this 
problem we could use an adaptive step size. Finally, the 
updating law is written as: 
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where Vref is reference voltage and ΔVref (t) is an adaptive step 
size 

e = ΔI/ΔV+I/V                               (6) 

ΔVref (t) = α ×e                                (7) 

where, ΔI=I(t)-I(t-1) and ΔV=V(t)-V(t-1) and α is a positive 
constant, chosen by trial and error, which should be chosen to 
not being more than the open circuit voltage of solar module in 
big errors.  

B. Sliding mode controller 

Sliding surface for this controller chosen like (8). 

Reference Voltage could simply convert to reference current 

by (1), then by (2) the inductor reference current could 

obtained. 
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The next step is to design a sliding surface, which satisfied 

the existence law. The control input could have following 

structure: 

)()()( tdtdtd neq                               (9) 

where, deq(t) is an equivalent control input that determines 

behavior of the system on the sliding surface. It obtained in 

situation that sliding surface is equal to zero. Then we have: 
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To drive and maintain state on the sliding surface in the 

presence of the parameter variations and disturbances a 

nonlinear switching control input is required, which named 

dn(t) [14]. It could be chosen like dn(t)=-Ksign(S), where K is 

a constant that chose by trial and error proportional to the 

output response. In order to reduce steady state chattering of 

output it can be chosen as [15]: 

)(SKsatdn                                  (11) 

 

V. ROBUSTNESS ANALYSIS 

Due to system uncertainty, measurement errors, passivity 

of components and also variation in atmosphere conditions an 

uncertainty term named Δ could be considered. Generally this 

uncertainty show itself on input current, therefore it is better to 

add Δ term to inductor current among other state variables. 
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where, Δ is an unknown uncertainty that its bound will be 

estimated by an adaptive law during controller design. Sliding 

surface will chose like last section. The control input could be 

chosen as: 

)()()()( tStdtdtd neq                    (13) 
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Now, by defining a proper positive definite Lyapunov 

function candidate, we tried to negative definite its derivative. 
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By utilizing (18) adaption law for estimate of uncertainty 

upper bound yield [16]: 
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Increase estimate value of 


D̂ without any bound will cause 

instability in system. Projection algorithm that proposed here 

is an effective method to this problem [17]. Therefore, 

adaption law replace by: 

SD 


ˆ                                        (20) 

where 












Otherwise

efor

,0

,
1




 

where, e is an error term, which can be sliding surface. 

VI. SIMULATION RESULTS 

Numerical simulation of proposed method has been done 

in MATLAB, which used parameters in Table II. In the study, 

STP185S-24/Adb+ monocrystalline solar module with 14.5% 

conversion efficiency have been used. Controller parameters 

are set to K=0.1 and α=8.5×10-10. Meanwhile, a P&O 

controller with ΔVref=3×10-5
 as step size, has been applied to 

system to compare with proposed controller. Simulation 

results for constant irradiance (1000W/m2) and temperature 

(25 oC) of these two methods shown in fig.4 and 5. In order to 

show the capability of the proposed method in rapidly change 

of irradiance, Figs. 6 and 7 illustrate the tracking results of 

both methods while irradiance change from 1000W/m2 to 

500W/ m2 in t=2sec. The tracking time of proposed method is 

less than P&O and have no fluctuation around MPP, also 

because of the robustness of the proposed method it has 

capability of tracking MPP under varying condition.  
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Figure 4.  PV module voltage, (a) P&O controller, (b) proposed controller. 

TABLE II.  LIST OF PARAMETERS USED IN SIMULATION. 

Parameter Value Parameter Value 

Voc 45(V) A 1.06 

Isc 5.43(A) L 0.82(mH) 

K 1.3805×10-23(J/K) C1 470(μF) 

q 1.6×10-19(C) C2 1000(μF) 

Eg 1.11(V) RL 68.8(Ω) 

Rs 0.0088(Ω) Fsw 31.3(KHz) 
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Figure 5.  PV module power, (a) P&O controller, (b) proposed controller. 
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Figure 6.  PV module voltage, (a) P&O controller, (b) proposed controller, in 

rapidly change of irradiance. 
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Figure 7.  PV module power, (a) P&O controller, (b) proposed controller, in 

rapidly change of irradiance. 

VII. EXPERIMENTAL RESULTS 

In order to verify the effectiveness of proposed method, 

consider the configuration of experiment set up, as illustrated 

in Fig. 8. The proposed controller have been implemented on 

an AVR microcontroller (Atmega32), to control the duty cycle 

of MOSFET (IRFP264). The PV current measured by a 

current sensor (ASC712) and corresponding voltage of this 

current along with corresponding voltage from temperature 

sensor (LM335) and reduced PV voltage from resistive net 

inserted into microcontroller, which sampling time for ADC 

part is 400ms. After analyzing on the input data, the duty cycle 

with 31.3 KHz is obtained. A MOSFET driver (HCPL-3120) 

have been used to drive the power MOSFET with proper 

voltage. 

The experiment have been conducted under irradiance of 

485W/m2 and module’s temperature of 37oC. A heater as an 

output resistive load has been connected to the boost 

converter. The waveforms of proposed method illustrated in 

fig. 9. The results for P&O, in the same condition for the 

proposed method, are compared in Table III. As it can be seen 

MPPT efficiency of proposed method is more than P&O. This 

means that proposed method has more capability of tracking 

MPP. Utilizing a more efficient controller could increase 

efficiency and also decrease convergence time. 

TABLE I.  COMPARISON OF DIFFERENT METHODS OF MPPT.  

Efficiency 

(%) 

Pi(w) Vo(v) Ipv(A) Vpv(v) Method  

95.29 93 76.54 2.5 37.2 Sliding 

mode 
88.77 86.64 74.3 2.4 36.1 P&O 
21.27 20.76 - 0.55 37.8 Open 

circuit 

 

 

 
 

(b)  

Figure 8.  Configuration of experiment, (a) block diagram, (b) real picture. 
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Figure 9.  Implementation results, (a) PV voltage and current waveforms, (b) 

Duty cycle waveform. 

 



VIII. CONCLUTION 

In this paper, a sliding mode controller base on inductor 

current is considered. An improved MPPT searching 

algorithm along with a sliding mode controller proposed. This 

new algorithm show fast convergence time of finding MPP 

and well robustness under rapidly change of atmosphere 

condition. The experimental results confirm the simulation 

results and effectiveness of proposed method. This proposed 

method provides a feasible approach to harvesting solar 

energy from PV modules. 
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