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Abstract- Two stage micro-inverters are preferred for low power, low input voltage, single-phase grid-tied photovoltaic 

systems. In this paper, a sliding mode-like controller applied to the low power, grid-tied Photovoltaic (PV) system with front 

end quadratic converter has been investigated for maximum power point tracking (MPPT). Quadratic converter for front end 

ensures very high gain when the input is supplied by the low voltage single PV module. The primary advantage of this control 

configuration is the improved dynamic response, particularly for rapidly varying environmental conditions. Owing to improved 

dynamic response, the overall efficiency of the system is higher and ripple on PV terminals and DC link capacitor is minimum. 

This paper presents the effectiveness of the proposed controller using MATLAB-based simulation results, which are superior 

as compared to popular Incremental Conductance method. 

Keywords Photovoltaic system, maximum power point tracking (MPPT), quadratic converter, sliding mode controller. 

 

1. Introduction 

Due to limited availability of fossil fuels, worldwide 

more focus is on renewable energy sources like wind and 

solar. Among all renewable energy sources, solar energy is 

getting more consideration, because of its ample availability. 

PV cells directly convert solar energy into electrical energy. 

Multiple PV cells are connected in series/parallel to form a 

PV panel. But, the characteristics of PV cell are highly 

nonlinear in nature, and it depends on the solar insolation and 

ambient temperature. Due to nonlinear nature of PV cell, to 

maximize the output power, an external mechanism for 

maximum power point tracking (MPPT) is required [1]. In 

recent year, grid connected PV systems are getting popular as 

it does not require battery setup to ensure MPPT and high 

efficiency because of less power conversion stages. The grid-

tied PV systems are normally categorized into single stage 

conversion systems and two stage conversion systems. In 

single stage conversion system, PV output which is at 

sufficiently high voltage is directly connected to the grid 

through an inverter. Whereas in two stage conversion system, 

since PV voltage is less, an additional front end DC-DC 

converter is required in order to obtain desired output. For 

micro-inverter applications, normally a single PV panel of 

power less than 250W is used.  Since the output voltage of 

single panel is less, single switch boost converter is not 

sufficient to get required gain. For such applications, the 

quadratic converter can be employed. In this paper, a single 

switch quadratic converter is employed at the front end to get 

required voltage ratio. 

Different techniques to track the maximum power point 

(MPP) have been addressed in the literature. Among these 

methods, Perturb & Observe (P&O) method and Incremental 

Conductance (INC) method are regularly used due to their 

simple algorithm and low-cost implementation [1], [2]. 

However, these methods fail to perform during rapid varying 

environmental condition. Other improved methods are also 

investigated by researchers to progress the MPPT response 

of the system and minimize the oscillations at MPP [3]-[6]. 

Review of different MPPT techniques is also reported by 
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researchers [7]-[9]. The performance of grid-tied PV system 

is judged by dynamics of MPPT controller. Control 

algorithm implementation for grid-connected PV system are 

presented in various literature [10]-[13]. 

Sliding Mode Control (SMC) which is known for 

inherent fast response and stability against parameter and 

load uncertainties [14], can be used for MPPT under rapidly 

varying environmental conditions [15]. Output-based sliding 

mode (SM) approach applied to boost converter in the 

standalone system is presented in [16], which does not 

require state model of the converter. Various sliding mode 

control strategies are presented in the literature [17]-[21]. In 

this approach, normally P&O or other MPPT algorithms are 

used to derive the reference voltage or current quantity. SMC 

is applied to regulate PV voltage or current as per this 

reference quantity.  A hybrid analog-digital implementation 

of SMC for a DC-DC boost synchronous converter for PV 

application is presented in [22], which is further applied to 

synchronous SEPIC converter [23]. A double integral SMC-

based MPPT is proposed for the stand-alone photovoltaic 

system in [24]. A dual surface SMC controller for PV system 

is presented in [25], which uses ripple domain search MPPT 

algorithm for generating reference quantity.    

SMC for MPPT of PV panel has been investigated using 

different DC-DC converters and DC-AC inverters also. SMC 

for MPPT of PV panel, using quadratic boost converters with 

grid feed inverter has been investigated in very few literature 

[26], [27]. In this paper, output-based SM-like controller 

applied to the quadratic converter for grid connected system 

has been presented. As compared to [16], this paper suggests 

the use of PV current instead of the inductor current, which 

reduces the need for the high bandwidth current sensor. The 

general block diagram for grid-tied micro-inverter, using 

SM-like controller for MPPT of PV system is shown in 

Fig. 1. PV panel is connected to the grid feed inverter 

through the front end quadratic converter. Two control 

blocks are required, one for DC side and second for AC side.  

The objective of DC controller is to extract MMP from PV 

panel. The proposed DC side controller need to measure only 

PV voltage and PV current, which eliminates the need for 

high bandwidth sensors. The objective of AC side controller 

is, to control the DC link voltage and feed available active 

power to the grid. 

This paper is organized as: Section II presents the 

mathematical model of PV cell. Proposed SM-like control 

approach for MPPT is explained in section III. Application 

of proposed SM-like controller for two stage grid-tied system 

is elaborated in section IV. Section V provides MATLAB-

based simulation results of the proposed system for rapidly 

varying environmental conditions, followed by a summary of 

the work presented in last section VI. 

2. Mathematical Model of PV Cell 

The commonly used, single diode-based, PV cell model 

which has been reported in the literature is shown in Fig. 2. 

The equation for PV output current I is,  
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Fig. 1. Scheme of single-phase grid tied PV system using proposed sliding mode-like controller. 
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Table 1. PV Module Parameters 

Parameters Values 

Reference Temperature (T1) 25 0C 

Number of series cells (Ns) 36 

Module open circuit voltage at reference 

temperature (Vocr) 
21.06 V 

Module short circuit current at reference 

temperature (Iscr) 
3.8 A 

Short circuit current temperature coefficient (ki)  0.0024 

PN junction ideality factor (A) 1.2 

Band gap voltage of the semiconductor (Vg) 1.12 eV 
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Fig. 3. Characteristic curves of PV module (a) P-V 

characteristics for different insolation (b) P-V characteristics 

for different temperature 
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where Iph is photovoltaic current (A), IS is reverse 

saturation current (A), Iscr is the cell short circuit current at 

reference temperature and insolation (A), ki is the short 

circuit current temperature coefficient, Tc is the cell 

temperature (K), Tr is the cell reference temperature (K), S is 

the solar insolation in (W/m2), Vocr is open circuit voltage at 

reference temperature (V) and other symbols have their usual 

meanings. 

A mathematical model of PV cell is defined by 

equations (1)-(4), are adapted for simulation work. Table I 

shows the parameters of the PV module used for simulation 

in MATLAB software. Nature of Power vs Voltage 

characteristics of this PV module, for different insolation, are 

presented in Fig. 3(a) and for different temperature 

conditions are presented in Fig. 3(b). 

3. Sliding Mode Control Approach for MPPT 

SMC is a well-established robust technique for switching 

converters which can be extended for MPPT of PV modules. 

SMC has two modes of operation. The first mode is called as 

approaching mode and the second mode is called as a sliding 

mode. In the first mode, the state trajectory of the system 

approaches to a pre-defined manifold called as a sliding 

function in finite time. Whereas in sliding mode, the state 

trajectory of the system is restricted to the sliding line or 

surface and is driven to the origin which normally 

corresponds to the steady state position. The sliding line is a 

line in the phase plane passing through the origin, which 

represents a stable operating point for converters and is the 

main control input. This sliding line splits the phase plane 

into two regions, which are specified for different (ON/OFF) 

switching states. Selected switching function, directs the 

phase trajectory towards the sliding line. 

For the design of SM controller, one needs to prepare the 

state model of selected converter. There is one more 

approach for SMC called as output-based SMC, which 

requires the knowledge of output parameters only [14]. The 
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Fig. 2. Equivalent circuit of PV cell. 
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proposed controller applied to the quadratic converter for 

MMPT in this paper uses this output-based SMC approach. 

The SMC approach presented in [16], with the proposed 

modification are presented as follows. The sliding surface is 

selected as 0/ 
PVPV

IP , which along with switching 

function guarantees to produce maximum power output 

persistently. 
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where   
PVPVPV

IVR /  is the load resistance connected to 

the PV terminals, IPV is the PV current. The non-trivial 

solution of equation (5) is: 
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In reference [16], the author suggested considering 

inductor current IL, since PV current IPV and inductor current 

IL are identical.  But due to the presence of bulk capacitor, PV 

current IPV and inductor current IL are different. Hence it is 

proposed in this paper, to consider PV current IPV for 

implementation of the sliding surface. Since at MPP, PV 

current is constant, a low bandwidth sensor is sufficient for 

measurement of PV current. 

From Fig. 4, in the region left to MPP, the operating 

point approaches to MPP as the duty cycle decreases. 

Similarly, in the region right to MPP, the operating point 

approaches to MPP as the duty cycle increases. Based on this 

observation, the duty cycle output control is selected as:  
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The equivalent control as derived in [11] is, 
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The value of duty cycle lies in between 0 and 1 

( 10 
eq

 ), the new control signal is proposed as: 
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Equivalent control ensures the fixed frequency operation 

of the converter. Since the controller is an output-based 

controller, the same controller can be used for other DC-DC 

converters like single switch boost, buck, and Cuk converter, 

with the proper switching function. 

4. Proposed MPPT-Based Grid-Tied System 

Proposed dual stage SM-like controller-based grid-tied 

PV system is presented in Fig. 4. A single PV panel which is 

normally rated for lower open circuit voltage is connected to 

the quadratic converter. A bulk capacitor Cp is connected to 

PV panel to minimize the ripple on PV output. The value of 

bulk capacitor across PV panel for grid feed inverter can be 

calculated by using following equation. 

 

ccg

PV

p

vv

P
C

ˆ2
                   (10) 

where Ppv is the average output power (W), vc is the voltage 

across the capacitor (V), cv̂ is the allowed ripple voltage (V), 

and g is the grid frequency (rad/sec). 

For micro-inverter with quadratic converter, since the 

input voltage is very less, the required value of capacitor Cp 

is huge.  But for two stage converter, as in the proposed 

topology, the value of output capacitor of the converter, 

which is connected to the DC link of the inverter, can be 

calculated by using above equation. Since the output voltage 

of the converter is greater than the input voltage, relatively 

less value of the capacitor is required at DC link. This 

converter output capacitor helps to maintain the DC link 

ripple within the predefined limit. A lesser value of the 

capacitor can be used across PV panel to reduce high-

frequency ripple. 

The output of the quadratic converter is connected to 

grid feed inverter through AC side filters. This proposed 

system involves two controllers, one is DC side controller 

and second is AC side controller. The purpose of the DC side 

controller has to track MPP under all changes in 

environmental conditions. The DC side controller should be 
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Fig. 4. Duty cycle versus operation region 
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fast enough to respond to the rapid changes in environmental 

conditions of insolation and temperature. Though fast 

changes in temperature are not expected, fast changes in 

insolation need to be considered for applications like roof-top 

PV panel mounted hybrid vehicles. The objective of AC side 

controller is to control the DC link capacitor voltage and also 

feed-forward tracked active power to the grid with lesser 

harmonics. The DC link capacitor voltage should be always 

greater than the peak voltage of the maximum value of grid 

AC voltage. 

DC side controller measures PV voltage and PV current 

for implementation of MPPT algorithm. The controller 

calculates terminal resistance RPV of PV panel from PV 

voltage and current. Further, it calculates values of 

incremental resistance PVR and incremental current 

PVI from recently measured values and previously 

measured values of PV voltage and current. The measured 

value of PV current IPV and calculated values of PVR  and 

PVI are used for implementation of sliding line equation. 

Phase Locked Loop (PLL) in AC side controller, 

prepares the reference sine signal with unit amplitude and of 

the fundamental frequency. This reference signal is used for 

synchronization of inverter output current with the grid. The 

reference value of DC link capacitor voltage VDC
* is 

compared with actual DC link capacitor voltage VDC and this 

difference is fed to PI controller to maintain DC link 

capacitor voltage. The power supplied by PV panel and the 

DC link voltage are used to prepare the feed-forward signal, 

which is added to the output of PI controller. This feed-

forward signal improves the transient performance of the DC 

controller. 

The sum of feed-forward signal and output of the PI 

controller is multiplied with the reference sine signal derived 

from PLL to produce the reference AC current signal Iac
*. 

This reference AC current Iac
* is compared with the actual 

inverter output current and the error difference is fed to the 

current PI controller. The output of the PI controller is used 

as modulating signal which drives inverter switches. 

5. Simulation Results 

Simulation of the proposed system has been carried out 

in MATLAB software. The effectiveness of the proposed 

MPPT controller is verified by observing the dynamic 

response of the controller for variations in insolation and 

temperature conditions. A single PV panel of the power 

rating of 250W has been selected for simulation.  

In order to demonstrate the dynamic response of the 

controller for rapid change in insolation, two sets of the test 

are conducted. Under the first test, gradual increase and 

decrease in insolation are carried out. And in the second test, 

a step increase and a decrease in insolation are carried out. 

For the first test, initially, insolation and temperature are 

set at 1000W/m2 and 25oC respectively. A gradual fall in 

insolation from 1000W/m2 to 600W/m2 is applied to the PV 

model during 0.2sec to 0.3sec. Further, gradual rise in 

insolation from 600W/m2 to 1000W/m2 is applied during 

0.4sec to 0.5sec. Fig. 6(a) shows voltage, current and power 

waveforms of PV panel for applied gradual fall and rise of 

solar insolation. There is negligible change in PV voltage, 

whereas PV current is directly proportional to solar 

insolation. PV voltage has 5% ripple, which can be further 

minimized by increasing the value of the bulk capacitor. This 

ripple has less than 2% effect on power waveform. 
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Fig. 5. Proposed single-phase grid-tied micro-inverter system. 
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Fig. 6.  Simulation results for gradual change in insolation (a) 

PV voltage, current and power (b) DC link voltage and 

current (c) AC side voltage, current and power. 

 

 

1000 W/m2

700 W/m2

400 W/m2

1000 W/m2

          (a) 

 

1000 W/m2

700 W/m2

400 W/m2

1000 W/m2

          (b) 

 

1000 W/m2

700 W/m2

400 W/m2

1000 W/m2

         Time (sec) 

            (c) 

 

Fig. 7. Simulation results for step change in insolation (a) 

PV voltage, current and power (b) DC link voltage and 

current (c) AC side voltage, current and power. 
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Fig. 8. P-V characteristics of PV panel for gradual changes  

in insolation 
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Fig. 9. P-V characteristics of PV panel for step changes 

in insolation 

Power waveform shows the capability of the controller 

to track this gradual change in insolation. Fig. 6(b) shows the 

DC link voltage and current waveforms. Because of bipolar 

PWM, DC side current show the sinusoidal envelope on both 

positive and negative side. Fig. 6(c) shows AC side grid 

voltage and inverter current waveform. Because of feed 

forward mechanism, AC side current waveforms also 

demonstrate very good dynamics.  Neglecting  power loss, an 

average of AC instantaneous power is equal to PV average 

power.  

  For the second test also, initially, insolation and 

temperature are set at 1000W/m2 and 25oC respectively. Step 

fall in insolation from 1000W/m2 to 700W/m2 is applied at 

0.2sec, followed by step fall in insolation from 700W/m2 to 

400W/m2 at 0.3sec. Further step rise in insolation from 

400W/m2 to 1000W/m2 is applied at 0.4sec. Fig. 7(a) 

presents the voltage, current and power waveforms of PV 

panel for applied step changes. 

For a step change in insolation also, controller dynamic 

response is excellent. Also, there is a negligible overshoot in 

current waveforms. Fig. 7(b) presents the DC link voltage 

and current waveforms. Fig. 7(c) presents AC side grid 

voltage and inverter current waveform.  

The plot of Power vs Voltage curve which demonstrates 

tracking of this controller for above applied the gradual 

change in insolation is shown in Fig. 8. The plot of Power vs 

Voltage curve which demonstrates tracking of this SM-like 

controller for an above-applied step change in insolation is 

shown in Fig. 9. In fact, the voltage at MPP for different 

insolation is almost constant. But this shift in tracking line is 

because of ripple on PV voltage waveform. 

 It is seen that the results of proposed SM-like controller 

for MPPT are better than other MPPT methods reported so 

far. This makes this controller suitable for PV applications 

where rapidly varying insolation condition exists. This 

proves the efficacy of the proposed controller. 

6. Conclusion 

In this paper, SM-like controller for MPPT of the grid-

tied micro-inverter system with the front end quadratic 

converter is presented. The capability of proposed controller 

for fast MPPT under gradual and step variations in 

insolation, which results in improved efficiency of the 

overall system, is demonstrated through simulation. The 

simulation results show the robustness of the controller. The 

effectiveness of AC side feed forward controller for the grid-

tied system is also well demonstrated. In addition to the fast 

tracking of MPPT, this controller exhibits minimum 

oscillations at MPP. The equivalent control ensures the fixed 

frequency operation of the controller which further confirms 

noise free operation. Selection of PV current for 

implementation of sliding line ensures use low bandwidth 

current sensor. The proposed controller can also be 

investigated for other buck/boost converters with proper 

selection of switching function. 
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