Maurice Fadel 
email: fadel@laplace.univ-tlse.fr
  
Desmana Tri 
  
Rachmildha 
  
  
Control of Photovoltaic System Connected Directly To The Grid by a 3-Phase BOOST Inverter

Keywords: Photovoltaic system, Solar energy, Conversion losses, Topology of conversion, Grid connected, Power electronics.  

For PV applications, many studies focus on maximum power extraction without evaluating losses in the conversion chain. As part of this research, it is proposed to evaluate a direct energy conversion solution from the panel to the network without intermediate stages or transformers. The structure is presented as a 3-phase boost inverter integrating the maximum power extraction function (MPPT) while ensuring control of the power fed into the grid. A precise assessment of the losses will be carried out and an evaluation on the different components will be compared. The operation will be studied in particular according to the power rating and the switching frequency.

INTRODUCTION

The grid-connected photovoltaic systems are currently being used more and more in the power system due to the fact that their price is becoming lower and competitive compared to other power plants [START_REF] Kjaer | A Review of Single-Phase Grid-Connected Inverters for Photovoltaic Modules[END_REF][START_REF]A Review of Grid-Tied Converter Topologies Used in Photovoltaic Systems[END_REF]. But since the energy produced is in the form of DC low voltage, it is important to convert the voltage to make it compatible with the distribution network (single-phase AC or 3-phase AC). The solutions to this problem oftenly involve the utilization of high frequency transformers or single stage or multi-stage Boost converters to avoid the use of low frequency transformers. Although high frequency transformers offer flexible range of output voltage, the design is considered quite complex and difficult. On the other hand, the use of additional stage of converters require more power switches as well as independent control blocks. This can lead to higher price for the converter. In this paper, the direct conversion from lower dc to higher ac voltage is proposed using so called Boost inverter for 3-phase system, using only 6 power switches [START_REF] Jain | Single-Stage Grid Connected Inverter Topology for Solar PV Systems With Maximum Power Point Tracking[END_REF][START_REF] Caceres | A Boost DC-AC Converter: Analysis, Design, and Experimentation[END_REF]. However, many publications focus on maximum energy recovery via MPPT, but few focus on the efficiency of the conversion chain, including the study of losses in the different components of the conversion topology. Whether for single-phase or three-phase structures, the use of a Boost converter mounted as an inverter becomes a worthwhile solution due to its small number of components [START_REF] Devesh | Modeling and designing of solar photovoltaic system with 3 phase grid connected inverter[END_REF], [START_REF] Arvind | Thakura Assessement of Single Stage Three Phase Boost Inverter for an Islanded Microgrid[END_REF]. In addition, the large presence of passive components requires a more detailed study of the total conversion losses. In this research, it is proposed to conduct a study on the different losses as a function of the working power and the switching frequency used. The parameters used in this circuit can be indicated in To ensure correct operation of the converter, the voltages across the capacitors will be controlled as written in the Eq.
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In order to control this converter, the following objectives must be taken into account, i.e. extract the maximum power at the photovoltaic panel [START_REF] Femia | Optimization of perturb and observe maximum power point tracking method[END_REF] and inject the power into the grid with sinusoidal currents in-phase with the grid voltages to have zero reactive power. Figure 2 shows the structure of the general control system of the inverter. The transfer of energy from the photovoltaic panel to the grid is accompanied by losses that can be classified into 2 categories, losses in passive components (inductances and capacitors) and losses in power switches (diode and transistors) [START_REF] Takao | Novel exact power loss design method for high output power density converter[END_REF]. Losses depend on several factors such as temperature, average current, current ripple and switching frequency. The objective of this study is to know the losses happen in the converter as the function of power rating and the switching frequency.

Power dissipation loss calculation

This section explains the simplified method of calculating energy dissipation for IGBT modules. It is used to calculate the power dissipation for different operating conditions with different IGBT modules. It is based on Fuji Electric's [START_REF] Fuji | [END_REF] rating. The IGBT module consists of several IGBT matrices and FW Diode matrices. The sum of the power losses of these matrices is equal to the total power loss of the module. The power loss can be classified as a working loss or a switching loss. A diagram of the power loss factors is shown in Figure 1 below. It shows the different losses in the transistor and diode that combine to provide the total losses. The operating power losses of the IGBT and FW Diode elements can be calculated using the output characteristics, and the switching losses can be calculated from the switching loss characteristics according to the collector current on the data sheet. Use these power loss calculations to design an appropriate cooling system to keep the junction temperature Tj below the maximum nominal value. The values of the switching voltage and switching loss at the standard junction temperature (Tj=150°C) are recommended for the calculation as follows

Thermal Module of PSIM

Thermal Module [START_REF] Powersim | PSIM User's Guide[END_REF] is the element to calculate the loss of power semiconductor devices in PSIM. Using thermal module, it is possible to simulate the loss of converter quickly and accurately based on the datasheets of diodes, IGBTs. The simulation schematic using thermal modules generates the values of semiconductor loss, conduction loss and switching loss [START_REF] Takao | Novel exact power loss design method for high output power density converter[END_REF]. A device database editor is provided to allow users to add new devices to the database and to manage the database easily and then can be used in the simulation for the loss calculation. The following illustrates the process of how a device in the database is used in the simulation and how the losses are calculated:

-The behavior model of the device is used in the simulation. The behavior model takes into account the static characteristics of the device (such as conduction voltage drop, on-state resistance, etc.), but not the dynamic characteristics (such as turn-on and turn-off transients). -Based on the voltage, current, and junction temperature values from the simulation, PSIM accesses the device database and calculates the conduction losses or switching losses. The static characteristics of the device are updated for the next simulation. Note that the loss calculation is only an approximation, and the accuracy of the results depends on the accuracy of the device data as well as the proper scaling of the results from the device test condition to the actual circuit operating conditions.

Losses in passive components

In order to calculate losses in passive components, it is necessary to consider real components, which also allows us to have more realistic simulations. In a real coil, the losses are translated by: -losses in the winding due to the resistance of the yarn that composes it, they are modelled by a series resistance (equivalent series resistance); -losses in the magnetic core: losses by hysteresis and eddy currents, they are modelled by a parallel resistance; -losses due to parasitic capacitance created between each turn, they depend on the winding method and are modelled by a parallel capacitance.

In order to estimate the ESR values for each coil examined in this study, series/parallel combinations of the 26µH [9] high-current coil to obtain the desired value and satisfy the nominal currents are used.

For the actual capacitor depicted in Fig. 4, the loss factors are:

-conduction losses, related to a leakage current in the insulation and represented by a parallel resistance called insulation resistance;

-dielectric hysteresis losses that cause the dielectric to heat up when subjected to an alternating electric field. They are modelled by a series resistance whose value depends on the frequency.

A series inductance (ESL) represents the parasitic inductances generated by the construction of the capacitor. The insulation resistance is usually very high (some MΩ), so conduction losses have been neglected in this study. The ESR and ESL of the capacitors used in the simulations were obtained in the datasheet [START_REF] Kemet | [END_REF] for electrolytic capacitors and in the datasheet [11] for film capacitors. For the output capacitors the following reference is used 1000VDC-440VAC.

IV. CONTROL BLOCKS AND SIMULATION RESULTS

The operation of the converter requires the control of several variables simultaneously. Here a cascade diagram using several loops is used, ensuring the control of the currents injected into the network. First, it is necessary to produce the current references which are determined from the reference power. The next step is to control the capacitor voltages and finally to control of the currents in the input inductances. These 3 loops must satisfy an adapted and coherent dynamics [START_REF] Moussa | A Single-Stage DC-AC Boost Topology and Control for Solar PV Systems supplying a PMSM[END_REF].

This control structure in Fig. 5 shows 3 loops. The fastest dynamic response is defined on the frequency scale by the bandwidth frequency ωbp1 located 1/2 decade from the switching frequency ωd. It concerns about the control of inductor currents IL1,2,3. The second loop deals with the adjustment of the voltages across the capacitors. The dynamics is defined by the frequency ωbp2 located at 1/2 decade lower than ωbp1. Finally, the third loop, the slowest, is characterized by a frequency ωbp3, and it is located 1/2 from the ωbp2. It is important to note that the frequency ωbp3 must be at 3 times higher than the frequency of grid. In this paper, if the chosen switching frequency is 10 kHz, than the input inductor current controller (represented by C3(s)) will have 2000 Hz of bandwidth, the capacity or voltage controller will have 400 Hz (represented by C2(s)), and the chosen bandwidth for the grid current controller is 200 Hz. Thus, the time constants for the controllers C3, C2 and C1 are 137.8 us, 689.12 us, and 1.4 ms respectively.

The control block along with the inverter circuit are simulated using PSIM. Figure 6 shows the result of the simulation of the inductor current, voltage across the capacitors, and the current injected to the grid, at 10kW power rating. Note that the current waveforms of the input inductors is non-sinusoidal and it is a normal characteristic in this type of converter.

The control block along with the inverter circuit are simulated using PSIM. Figure 6 shows the result of the simulation of the inductor current, voltage across the capacitors, and the current injected to the grid, at 10kW power rating.

Figure 6. Waveforms of currents and capacitor voltages for the power rating of 10 kW
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dq abc Figure 8. Distribution of losses according to power (kW) at 10 kHz switching frequency Note that the current waveforms of the input inductors is nonsinusoidal and it is a normal characteristic in this type of converter. Note also that, from Fig. 6, the capacitor voltages are biased with 550 V DC, measured from the boost inverter ground point. Nevertheless, the injected currents are sinusoidal without dc component as represented for phase a still in Fig. 6. The success of MPPT algorithm is also represented in Fig. 6, and the input power detected is around 10 kW (9 841 Watts).
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V. STUDY OF THE LOSSES OF THE CONVERSION CHAIN

Here, the study of losses in this converter's structure as a function of the power rating which is varied between 2 and 25 kW is proposed. Losses are analyzed separately in accordance with the passive and active components. The study also examines the role of the switching frequency, which is varied between 5 and 25 kHz. The chosen power switch Powerex CM600DU-24F and the losses characteristic for each commutation to ON and OFF state of the device as the function of collector current, Ic, can be depicted in Fig. 7. The conduction losses occurred in each IGBT and its paralleled diode are also considered, and the voltage drop characteristic for each element is also recorded in the simulator. Beside the losses occurred in the power switches, the losses in passive components (inductors and capacitors) are also considered using the parasitic resistances as already mentioned in Table 1.

V.1 Study according to the power rating

The overall performance, for a switching frequency of 10 kHz, is presented in Table 2, where the distribution of losses by category is observed.

Table 2. Conversion efficiency

In general, the efficiency increases with power and the weak point of this structure is its efficiency at low powers. It is important to analyze the source of the losses and link them to the components, as shown in Fig. 8. Fig. 8 also shows that the majority of losses are attributed to active components with a contribution of at least 80%.

It should be noted that 60% relates to the switching losses and 20% to conduction losses. These results are inherent to the structure of the converters, which must maintain a DC component across the capacitors in order to impose sinusoidal voltages line to line.

V.2 Study according to the switching frequency Fig. 9 shows the evolution of the overall efficiency of the conversion chain as a function of the switching frequency for several power ratings. The curve shows that the efficiency becomes maximum around 10 kHz and then decreases inexorably. Fig. 9 also shows the distribution of losses in this context. This curve confirms the significant losses in the active components and the linear dependence on the switching frequency. In this research, a study on a single stage grid connected 3phase Boost inverter has been conducted. The results clearly show that the efficiency increases with the converted power in high proportions (from 68 to 93%). This type of converter will be more interesting as the power rating varies slightly as it is the case for use in tropical areas. Indeed, in tropical areas the irradiance is substantially constant throughout the day due to the positioning of the sun that does not leave the intertropical band. The total losses are dominated by the switching losses therefore it is subjected to the further research on how to deal with this type of losses. The use of low losses type of switch can be considered in this type of converter. It is also interesting to observe that the efficiency also varies with the switching frequency. In this design, it is observable that the efficiency is best at around 10 kHz.
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