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Abstract—This paper proposes a novel control of a direct 

grid-connected photovoltaic (PV) system using solely a three-

phase inverter. Considering the large amount of energy 

transmitted to the network, we use the so-called discontinuous 

pulse width modulation (DPWM) technique for driving the 

inverter in closed loop, which reduces the number of 

commutations by about 33 %, resulting in an important decrease 

of the switching losses. The operation of the PV source at the 

maximum power point (MPP) and the control of the reactive 

energy injected into the network are performed using a designed 

robust sliding mode controller (SMC).  The performances of the 

proposed system are evaluated through some simulation results, 

which highlight the effectiveness of the proposed SMC to achieve 

good control of the grid connected PV system. Additionally, the 

generalized discontinuous pulse width modulation strategy 

implemented in closed loop, opens a new approach to the 

reduction of the switching losses in the PV inverter and may 

apply in other converters topologies for renewable energy 

systems. 

Keywords—Discontinuous PWM, photovoltaic system, sliding 

mode control, switching losses, DC-AC converter. 

I. INTRODUCTION 

Nowadays, the use of renewable energy is growing rapidly. 

By powering millions of homes and businesses, it’s reducing 

the air pollution, the global warming and the dependence on 

fossil fuels. Solar energy is an important part of renewable 

energy; it may be used directly for heating, lighting as well as 

for cooling. Moreover, grid-connected PV systems are the 

most popular solar electric sources. They deliver electric 

energy directly from the solar panel to the network without 

storage in batteries. 

In practice, the current-voltage output characteristic (I-V) of 

a PV source is nonlinear and depends essentially on two 

parameters: the irradiance G and the temperature T. Also, this 

characteristic has a maximum power point (MPP), which 

should be achieved for optimal operation of the source. 

Furthermore, the grid connection requires specific touches 

such as the control of the inverter output voltage and the 

control of reactive power by action on the phase shift between 

the voltage and the current at the grid input [1-7], in addition 

to the reduction of the network harmonic pollution at low 

frequencies, which is limited by electromagnetic compatibility 

(EMC) standards for grid-connected decentralized sources [8]. 

Also, the switching losses in the power electronic converter 

need to be minimized seen the important amount of the energy 

transmitted to the network [9-14]. In order to satisfy these 

concerns, the grid-connected PV systems are currently the 

subject of many research works [1-8, 10, 12]. 

Commonly, grid connected PV systems use two cascaded 

power electronic converters: a dc-dc converter for the control 

of the MPP of the PV source and a dc-ac converter allowing 

the control of the output voltage and the power factor as well 

as the reduction of the harmonic pollution of the output 

current [1,10]. We notice that the use of powerful control 

techniques, allows removing the dc-dc converter; this provides 

more simplicity of the system, improves the overall efficiency 

and reduces the cost of the network connection [1, 10]. 

Operation of PV sources at the MPP is achieved by means 

of control algorithms called maximum power point trackers 

(MPPT) [4-6]. The purpose is to reach accurate MPP as fast as 

possible; two simple algorithms with fixed step are widely 

used: the so called perturb and observe (P&O) [4] and the 

incremental conductance (IC) [4]. However the fixed step size 

leads to a low dynamic response and generates oscillations at 

the steady state, which increases the power losses [4,5]; the 

use of variable step size enhances the dynamic performances 

and eliminates the oscillations; this enhances the accuracy of 

the MPPT and decreases the power losses [5]. 

Several closed loop schemes and techniques for the control 

of PV systems have been proposed in the literature [1-6]. The 

sliding mode control SMC is widely applied in nonlinear 

systems according to its robustness, simplified structure and 

easy implementation.  

In our work, we propose a grid connected PV system using 

only a three phase inverter with minimal switching losses. 

Considering the nonlinear behavior of the system, the SMC 

technique is used due to its remarkable properties [1, 6]. The 

proposed SMC algorithm achieves the control of both the 

power factor at the inverter output and the MPPT of the PV 



source; there is no need to use two separate algorithms for 

controlling these two variables. Also, the MPPT control is 

carried out directly via the dc-ac converter, therefore the dc-dc 

converter is removed, this provides a simple conversion 

system with a smaller bulk and lower cost, in addition it 

improves efficiency and reliability. The variable step IC 

MPPT algorithm is implemented due to its good performance 

in maintaining the maximum power point in various 

conditions. Knowing the significant amount of power injected 

into the network, we propose to drive the inverter using 

discontinuous pulse width modulation (DPWM), which 

reduces the number of commutations by about 33 %, resulting 

in an important decrease of the switching losses. In addition, 

the output voltage is increased by 15 %, compared to the well-

known sinus-triangle PWM [11-14]. For this purpose a 

general algorithm of DPWM techniques that we call GDPWM 

is built in closed loop and the well-known particular schemes 

(DPWM0, DPWM1, DPWM2 and DPWM3) are deduced as 

particular cases [11,13]. 

The main objectives and the novel contributions of this 

paper are summarized as follows: 

• The design of a single SMC controller using directly the 

nonlinear model of the PV system and a single power 

electronic converter (inverter) for the grid connection, 

with the completion of three tasks: dc-ac voltage 

conversion, extraction of the maximum power from the 

PV source and regulation of the power factor in order to 

control the amount of the reactive power injected in the 

power network. 

• The closed loop GDPWM technique to reduce the 

switching losses while maintaining the current ripple in 

the EMC the standards for grid-connected decentralized 

sources [4]; this opens a new field of innovation and 

investigation in renewable energy systems seen the large 

amount of energy involved. 

The paper is organized as follows. Section II discusses the 

different parts of the proposed direct grid-connected PV 

source using a three-phase inverter with discontinuous PWM 

and a designed SMC. In section III, some simulation results of 

the system are shown; its performances are highlighted and 

analyzed. Finally, the conclusions are reported in section IV. 

II. DIRECT GRID CONNECTED PHOTOVOLTAIC SOURCE 

USING THREE-PHASE INVERTER 

The proposed three-phase grid-connected PV system is 

schematized in Fig. 1. It consists of a solar array, a capacitive 

DC link and a three-phase inverter with inductive filter (R, L). 

The PV modules are connected in a series–parallel 

configuration to match the required dc voltage (Vdc) and power 

rating. Only a three-phase inverter is required, which provides 

a simple conversion system. 

 

Fig. 1. Direct grid connected PV source using three-phase inverter 

A. Photovoltaic source model 

PV sources convert radiated solar energy into electrical 

energy. PV cells are the smallest units of PV sources. To 

obtain the characteristics and the behavior of a PV cell, we use 

the simplified real model illustrated in Fig. 2 [2-5]. 
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Fig. 2. Circuit diagram of the PV cell model 
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Where IL is the photocurrent generated by the current 

source (A), I0 is the saturation current of the diode (A), q is the 

electron charge (1.60217 10-19 C), Rs is a series resistance (Ω), 

n is the diode quality factor, k is the Boltzmann’s constant 

(1.38065 10-23 J/K) and T is the cell temperature (K).  

The model includes temperature and irradiance dependence 

as follows: 
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Where G and G(nom) are the irradiance and the nominal 

irradiance in (w/m2), T2 and T1 are the temperature references, 

ISC(T2,nom), ISC(T1) and ISC(T2) are the short circuit currents at the 

corresponding temperatures under an irradiance G = 1000 

w/m2, IL(T1), I 0(T1) and VOC(T1) are the photocurrent, the 

saturation current and the open circuit voltage at a temperature 

T1 and Vg is the band gap voltage. 

More details on the modeling of a PV cell can be found in 

[2-5]. In our work, we use the BP3160 modules, which 

parameters are detailed in datasheet. Using the equations (1) to 
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(6), the Current-Voltage (I-V) and the Power-Voltage (P-V) 

characteristics of the studied array, related to both temperature 

T and irradiation G are shown in Fig. 3. This array is 

composed of 5 parallel groups of modules; each group 

contains 30 modules in series. 

    
                (a) I-V at G = 1 kW/m2                 (b) P-V at G = 1 kW/m2 

    
                 (c) I-V at T = 25 °C                        (d) P-V at T = 25 °C 

Fig. 3. PV array characteristics 

B. Incremental conductance MPPT algorithm 

It is paramount to operate the PV sources at the maximum 

power point (MPP). Several MPPT algorithms are proposed in 

the literature [2-6]. In our work, a very effective MPPT 

method is used: the so-called incremental conductance MPPT 

with variable step size [23]. The IC MPPT algorithm is based 

on the knowledge and the comparison between the 

instantaneous conductance G = I/V of the PV source and the 

incremental conductance ΔG = ΔI/ΔV. The MPP is reached 

once the instantaneous conductance equals the incremental 

one with a minus sign. 

Note: The traditional MPPT algorithms fail to track the 

peak control variable under fast varying conditions by 

generation of oscillations around MPP [7]. To alleviate this 

drawback and to ensure a rapid and accurate tracking, the 

variable step IC MPPT is adopted in this work. 

C. Three-phase two-level inverter and DPWM developpment 

The two-level inverter is presented in Fig. 4(a). Each of the 

three inverter legs requires two control signals: 

12 ii qq = , i = 1, 2, 3. (7) 

Commonly, the triangle-sinus modulation (TSM) and the 

space vector modulation (SVM) techniques are used to 

generate the switching signals. In practice, SVM allows 

extending the linearity up to ( )15.132   and can be 

implemented either by numerical software or by analog 

devices; this last method is called hybrid space vector 

modulation (HSVM) and derives from the TSM by adding an 

adequate zero sequence to the sine references [11-13]. 

For high power levels, such as grid connected renewable 

energy sources, the switching losses are very significant. We 

propose to reduce these losses by using the so called DPWM 

technique, which consists on a clamping of the reference 

signals at the maximum (or the minimum) value during a 

phase angle of 3/2 ; this leads to a no-commutation during 

this angle, thereby canceling the switching losses [11-13]. The 

principle of DPWM consists on the injection of a zero 

sequence reference vzs
** in the sinusoidal references vabc

* in the 

same way of the HSVM [13]. The only difference is in the 

derivation of the zero sequence in Figs. 4(b)-(c). The main 

features of this technique are: 

• The extending of the linearity up to 32  as in SVM [13]. 

• The reduction of the number of commutations per 33% 

symmetrically in the two half-cycles: all switches are 

inactive during a phase angle of 3/  [11]; this is the main 

purpose of this technique because it allows an important 

reduction of the switching losses while maintaining a 

symmetrical operation of all switches. 
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Fig. 4. Three-phase inverter and GDPWM technique 



In this work, we have developed a general algorithm for 

DPWM techniques that we call GDPWM; allowing online 

generation of various closed loop DPWM reference signals 

(Fig. 4(b)). The well-known particular DPWM schemes 

(DPWM0, DPWM1, DPWM2 and DPWM3) are obtained 

directly as particular cases. The initial sinusoidal reference va
*, 

the zero sequence signal vzs
** and the final DPWM reference 

va
** (modulating waveform for phase a) are shown in Fig. 4(c) 

for these particular schemes. 

D. Design of a Sliding Mode Controller for the PV System 

The overall aim is to design a controller that ensures the PV 

source to operate at the maximum power point extracted by 

the MPPT and to maintain the power factor at a desired value, 

which allows the control of the reactive power injected in the 

network. We use the theory of SMC to develop a robust 

control law. The SMC is an important method of nonlinear 

control, due to its inherent advantages, e.g. robustness, 

disturbance resistance, convergence, insensitivity to the 

parameters variations and non-linearity. SMC alters the 

system dynamics by forcing it to enter and then slide along a 

surface, on which the system has the desired properties such 

as stability and disturbance resistance. In order to design the 

SMC controller, let’s consider the electrical equations of the 

inverter output voltage (Fig. 1):  
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By applying the park transformation to eq. (8) and 

Kirchhoff’s laws at the inverter dc inside, we obtain [9]: 
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The state model of the inverter connected to the dc bus vdc 

and the grid, can be written using the following compact form:  

( ) ( )uxgxfx +=  (10) 

Where ( ) ( )Tdcqd
T

viixxxx ,,,, 321 == is the state vector 

and ( ) ( )Tqd
T vvuuu ,, 21 ==  is the input vector. The vector 

fields are defined as follows: 
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The two states x2 and x3 are considered as the outputs of the 

model such that: ( ) ( ) ( )Tdcq
TT

vixxyyy ,,, 3221 ===  

Since the relative degrees of y1 and y2 are r1=1 and r2=2 

respectively, eq. (10) can be rewritten as follows:  
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( )xB  is a nonsingular decoupling matrix, where: 
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Let us define the tracking errors as qqref iie −=1  and 

dcdcref vve −=2 and the sliding surfaces as: 
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Where 2e  is the time derivative of the error e2. 

The time derivatives of the filtered errors eq. (12) 
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Based on the sliding mode control theory, we propose the 

following eq. (14) robust control law:  
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 ( )tanh  : the hyperbolic tangent function. 

The selected control input u in eq. (14) is replaced in eq. 

(13), this last simplifies to:  
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From eq. (15) we conclude that 01 →S  as →t , then both 

qqref iie −=1  and dcdcref vve −=2  converge to zero. 

Note: ( )tanh  is a smooth approximation of the term 

“ ( )sign ”, which has strong oscillations around the sliding 

surface. This smoother variator is used in robust control to 

eradicate the chattering phenomenon that occurs in the SMC. 



III. SIMULATION RESULTS AND ANALYSIS 

In this section, some simulation results are presented and 

discussed. Firstly, we present the performances of the control 

of both the input voltage and the power factor using the SMC 

technique. Secondly, the effect of the MPPT algorithm is 

observed on both the control performance and the low order 

harmonic distortion of the grid current ia (phase a). Thirdly, 

the GDPWM technique presented in section 2.3 is exploited in 

closed loop; some results concerning the particular DPWM 

schemes are compared to the classical TSM technique taken as 

a benchmark. The comparison is based on the reduction of the 

number of commutations as well as the spectrum of the grid 

current ia so as to comply with EMC standards for grid 

connected renewable energy sources [4,5]. 

A. Performances of the Sliding Mode Control 

We present the control results of both the dc bus voltage vdc 

to get the MPP and the power factor at the inverter output at a 

wanted value (the max value is the unity; it corresponds to iq = 

0). Three perturbations are considered: firstly the change of 

the irradiation from G = 1 kW/m² to 0.4 kW/m², between          

t = 0.4 s and t = 0.6 s, then the temperature change from        

T = 25 °C to 50 °C, between 0.8 s and 1 s and finaly  a change 

of iqref from  0 A to 50 A, between 1.2 s and 1.4 s. 

The dc voltage (vdc) perfectly tracks the reference voltage in 

order to operate at the MPP (Fig. 5(a)), while iq is not affected 

by the changes of both irradiation G and temperature T; iq and 

iqref are superimposed regardless to the perturbations, (G and T 

changes), (Fig. 5(e)). We notice that the effect of the 

irradiation is more important than that of the temperature on 

the MPP (Figs. 5(b)-(c)). On the other side, the change of iq 

reference has no effect on the voltage vdc and the power PPV, it 

only affects the amplitude and the phase of the grid current ia 

(Fig. 5(f)); this is predictable because it corresponds only on 

the reactive power injected in the grid. 

 

  
         (a) dc voltage                        (b) PV Output current 

  
    (c) PV Output power                     (d) id Grid current 

  
        (e) Grid iq current                    (f) Grid voltage and current 

Fig. 5. SMC Performances 

B. Switching Losses Reduction Using DPWM Techniques 

Fig. 6(a) shows the reference signals for the particular 

closed loop DPWM schemes (DPWM0, DPWM1, DPWM2 

and DPWM3) and Fig. 6(b) shows the corresponding 

switching signals using a triangular carrier of 3 kHz. A perfect 

correlation is reached between the open loop references (Fig. 

4(c)) and closed loop (Fig. 6(a)). We see also in Fig. 6(b) the 

no-switching sequences (corresponding to the minimum or 

maximum clamping of the references). 

  

   

(a) DPWM references in closed loop 

   

   
(b) DPWM switching signals in closed loop 

Fig. 6. GDPWM closed loop switching signals 



For all DPWM techniques, the current spectra in Fig. 7, 

comply perfectly with the requirements of “IEEE Std 

Harmonic Limits” [4] in which, the THD is limited to 5 % and 

each individual harmonic is limited to 3 %. In addition, a 

comparison between the different schemes in closed loop is 

presented in Table 1; this comparison is based on both the 

number of commutations per a fundamental period and the 

THD of the grid current. All DPWM schemes allow a 

reduction of commutations by about 33 %, while all the THDs 

and individual harmonics comply with “IEEE Std Harmonic 

Limits” [4,5]. 

Finally, we note the following strengths of the proposed 

grid-connected PV system: 

• The SMC of both the dc bus voltage and the iq current 

adapted to our nonlinear system, gives satisfactory 

performances regardless to the PWM techniques 

(triangle-sinus PWM or DPWM). 

• The use of an inverter only (without dc-dc converter) 

simplifies considerably the PV system.  

• The reduction of the switching losses in the inverter 

using closed-loop GDPWM techniques is paramount due 

to the power amount transmitted to the network. 

 

 
(a) PWM 

   
  (b) DPWM0                                         (c) DPWM1 

   
      (d) DPWM2                                         (e) DPWM3 

Fig. 7. Grid current spectra using DPWM techniques 

TABLE I. Comparison of particular DPWM schemes 

PWM technique TSM DPWM0 DPWM1 DPWM2 DPWM3 

THD (%) 2.54 4.12 4.26 4.10 4.00 

Number of comm-

utations / period 
120 82 82 80 80 

IV. CONCLUSION 

Our objective is to propose an efficient control technique 

for a PV source connected directly to the network, using just a 

three-phase inverter with minimal switching losses.  

The designed SMC technique controls both the output 

voltage of the PV source and the grid current, in order to 

extract the maximum power using appropriate MPPT and to 

regulate the reactive power injected in the network. Further, a 

new application of DPWM techniques is proposed in closed 

loop to minimize the inverter switching losses, given the large 

amount of energy transmitted to the network. 

Simulation results show very good performance of the SMC 

technique. Furthermore, the used closed loop DPWM 

techniques allows reducing the number of commutations by 33 

%, resulting in an important reduction of the switching losses, 

while maintaining a good quality of the electrical energy. 
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