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The utilization of renewable energy sources nowadays is increasing rapidly due to the cheaper price of the photovoltaic cells, wind turbines or other renewable sources. But as a system, these sources usually require power converters either to provide the correct voltage to electric loads or to provide the required currents as in the grid connected application. Many converter topologies are developed for the grid connected applications and one of the topologies is the 3-phase boost inverter. This converter topology, although has a uni-directional power flow, allows the low dc to high ac voltage direct conversion, thus the amount of the power switches is minimum. The particularity of this topology is its non-linearity, where applying the linear control is somewhat more difficult. In this research, a hybrid control approach is proposed to this topology, the 3-phase converter is grid-connected and the whole system is simulated using the PSIM software.

I. INTRODUCTION

As the renewable energy utilization especially from the photovoltaic cell become more and more increasing, the need of compact and high efficiency converters is also becoming an issue. One of the application of the converter is to allow the produced energy flowing to the grid as it is called as the grid-connected converters. Many topologies are developed to carry out this task [1] and the most well known topologies are the cascaded boost converterinverter structures, inverter -low frequency transformer structures, and inverter -high frequency transformerrectifier -inverter structures, as shown in Fig. 1. However, these structures deal with higher number of power switches or deal with heavy and bulky low frequency transformers. One of the possible solution is to use the so called boost inverters. Boost inverters are able to directly convert the low produced dc voltage to the high grid ac voltage. For the 3-phase application, the amount of power switches is six, same amount for the 2level conventional 3-phase inverter. Therefore it is interesting to observe the possibility to use this topology for the grid-connected converter applications. A single phase boost inverter is formed by two dc-dc boost converters as depicted in Fig. 2, where the output voltage from each boost converter is biased to a certain level of a dc voltage, and varied along the sinusoidal voltage waveform. The first boost converter will produce a biased sinusoidal voltage, while the other converter will produced 180 o phase shifted voltage. With this technique, an ac difference voltage with doubled amplitude will be generated to the load terminal [START_REF] Caceres | A Boost DC-AC Converter: Analysis, Design, and Experimentation[END_REF]. 

II. VOLTAGE SOURCE 3-PHASE BOOST INVERTER

A 3-phase boost inverter can be shown in Fig. 3. Note that the inverter is formed by combining 3 boost converters. The concept to produce 3 phase voltage on the load is to have sinusoidal voltage difference between phases, as illustrated in Fig. 4. The relation between output phase to phase voltage, vab, vbc, and vca and individual sinusoidal voltage va, vb, and vc can be calculated as: If the dc voltages, Vdc, used in each line are equal, the line to line voltages depend only on the ac part of each lines shown in Eqs. (1). To produce sinusoidal voltages, it is then possible to apply sinusoidal variation on the duty cycle for each boost converter. However, this feedforward method has a drawback i.e. the existence of significant 2 nd order harmonic in the output voltages [2, 3, and 4]. To eliminate this problem, it is necessary to apply a control technique that can deal with the non-linearity characteristic of the boost converters [START_REF] Koushki | A Voltage Reference Design for Three-Phase Boost Inverter[END_REF]. However, the linear control of boost converter is considered difficult because the small signal linear model cannot be implemented since the operating point, where the model is based upon, will have large variation [START_REF] Moussa | A Single-Stage DC-AC Boost Topology and Control for Solar PV Systems supplying a PMSM[END_REF]. In this research, a simple hybrid control technique is used which is based on the combination of switching characteristic of power electronic circuits and their natural linear response, and then evaluated in each sampling period. The theory of hybrid control in power electronic circuits has been the subject of several studies, notably by Senesky [START_REF] Senesky | Hybrid modeling and control of power electronics, Hybrid Systems: Computation & Control[END_REF]. It is possible to extend this solution to more complete structures such as BOOST three-phase converters. Power electronic circuit can be considered as several sub-circuits depending on the state of its power switches. For each sub circuit there will be a state space representation which will determine the circuit how it evolves during one sampling period, with the objective is to reach certain reference values. As an example, in a single boost converter, there are only two sub-circuits depending on the switch state, as shown in Figure 3. In this case, for each sampling time, there will only be 2 choices either to go to Transistor:ON or Transistor:OFF. Two choices of state equation can be written as:
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An illustration of the possible state variable evolution can be depicted in Fig. 5. To determine which one will be chosen, it is necessary to develop selection criteria. Fig. 6 shows an illustration of a state variabel at a time having 2 choices for the next sampling period, while assuming the reference vector of state variabel, xd. In Fig. 6, a state variable x at time t has 2 possibilities, either it evolvessay with Eq. ( 1) to be x1(t+∆t) or Eq. ( 2) to be x2(t+∆t). If Eq.(2.a) is chosen, x will arrive at a closer location to the reference value, xd. In order to choose this criteria, it is possible to define an error vector ve = (xd-x) and a gradient vector, vgrad = (x(t+∆t)-x(t)), thus there will be two gradient vectors, vgrad1 and vgrad2. 
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Figure 6. Illustration of selection criteria

It can be seen in Fig. 6, to reach closest the reference value, it is possible to choose the gradient vector having the smallest angle to the error vector.

If the actual values of state variables are measured, the error vector can be easily computed, whereas the gradient vectors can be calculated directly using Eq.( 2) since the gradient vector, in small time sampling, is none other than . The complete and detail explanation involving the requirements etc can be of course found in the Senesky's paper. This method has been also implemented for single phase boost inverter in [START_REF] Atmoprawiro | Hybrid Modeling of Boost Inverter Using Minimum Ripple Control[END_REF] but with separated control for each boost converter block, while in this research, the developed model considers the whole system as one simultaneous circuit.

III. HYBRID CONTROL APPLIED ON 3-PHASE BOOST INVERTER

The first step to apply the hybrid control for the voltage source 3-phase boost inverter depicted in Fig. 3 is first to derive the state space equation for each possible subcircuit [START_REF] Moussa | A Single-Stage DC-AC Boost Topology and Control for Solar PV Systems supplying a PMSM[END_REF]. Define x, as the state variable vector : Two from 8 possible sub-circuits of boost inverter can be seen in Fig. 7.a and Fig. 7.b, and the state space equations representing each sub-circuit can be written as equations Eqs (4.a) -Eq. (4.f), shown at the end of this paper. Here the switch states are represented by mode from '000' to '111' where '0' means, in one phase leg, the upper switch is turned OFF and the lower one is turned ON, and vice versa. Since there are 3 switches, there will be 8 modes. This boost inverter is intended to operate in source current mode as the grid-connected converter, therefore the state space equations are in the form of relation [START_REF] Koushki | A Voltage Reference Design for Three-Phase Boost Inverter[END_REF]
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(5) where r(t) is the output current feedback.

A. Capacitor voltage control

To explain how the control technique works, suppose the reference vector, xd, as:
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As the converter is based on the boost converter, xd usually is set based on the capacitor voltage reference vC_a_ref, vC_b_ref and vC_c_ref. Assume that the 3-phase load is linear, then it is possible to generate the inductor current references, iL_a_ref, iL_b_ref, and iL_c_ref using PI controllers. Note that these PI controllers is just for producing the reference values of the inductor currents.

Once the reference values are set, it is possible to compute the error vector, ve, by measuring the actual value of x.

The hybrid control itself takes role in computing gradient vectors using Eqs. 4, after measuring the output currents io_a, io_b, and io_c.

To select the best mode, the angles between error vector and gradien vectors are calculated using Eqs. (7) as follows:
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There will be 8 angles, and the mode which gives the minimum angle will be chosen for the next sampling period. The steps can be summarized as:

1. Set the capacitor voltage reference values, measure all the state variables, generate the inductor current reference values. 2. Calculate the error vector 3. Measure the output current, and compute the gradient vectors 4. Calculate the angles between error vector and gradient vectors. 5. Select mode. To test this algorithm, a simulation is performed using the following parameters: 
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To avoid the steady state error, abc-to-dq transformations are used for the voltages as the input of PI controllers in generating inductor current references, and a dq-to-abc transformation for the generated currents. The time step for the simulation is 12.5 μs. The installed load is balanced Y-connected resistors, with resistance R = 20 Ω. The resulted output phase to phase voltage can be observed in Fig. 8. The detected THD is around 2.4%, with individual harmonic distortion at 100 Hz is 1.16%. The average switching frequency is 20.5 kHz.

B. Output current control

As the boost inverter is intended to be grid connected, it is now possible to derive the current control technique for the output current. From Fig. 3, it is possible to write the following equations
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If VAN, VBN and VCN are assumed balanced, the summation of the Eqs. 8.a, 8.b and 8.c will result:
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And VNO can be calculated as
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Take phase a as the example, the relation that involves output current io_a can be written as:
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Substituting the Eqs.(10) to Eqs.(11), will yield:
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Eqs.(12.a) shows how to generate capacitor voltage reference in order to have a current source characteristic for the 3-phase boost inverter. For the other two phases, the equations are similar, as:
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Using the Eqs. 12, it is possible to calculate the voltage reference for the capacitors directly with feedforward approach. However, if using feedword approach, 2 nd order harmonic is generated in the output curent which gives unsymmetrical property to the current waveforms. Although the harmonic is relatively small, the authors decided to do a feedback from the actual current values using PI controllers. To verify this technique, a simulation is performed using the following parameteres: Ls = 2.5 mH Rs = 100 mΩ Where Ls and Rs are the series line inductance and resistance respectively. Simulation time sampling is set 12.5 μs. The reference currents are generated from the calculation to draw 15 kW power from the dc source to the grid. The simulated results can be shown in Fig. 9. In Fig. 9, the detected THD of current waveforms is 2.3%, and the individual harmonic distortion at 100 Hz is 2%.

It is also necessary to test the response with the change of current references. The system is tested with the change of power input from 15 kW to 25 kW. The waveform of the output currents and the reference current can be observed in Fig. 10. Fig. 10 shows that the control technique is able to follow and accomodate the change of current reference very well. In the capacitor voltage control section, the reference voltages are generated using the concept of dc biasing, where for each phase, there is a DC voltage bias 512 Volt added to the ac voltages. However, in the output current control section, these reference voltages are generated through controllers, therefore it is interesting to observe these generated waveforms, as shown in Fig. 11. Instead of 3-phase sinusoidal voltage, the controllers produce non-sinusoidal reference values. The condition of loading is 25.26 kW. However, the resulted phase-to-phase voltages, can be observed sinusoidal as depicted in Fig. 12. The detected THD in this phase-to-phase voltage is 3.9%, with a very small harmonic distortion on 100 Hz. 

C. Efficiency and other issues

The simulation is also capable to give the information about the conversion efficiency since the average switching frequency is considered quite high. The chosen power transistors are Powerex CM1000HA-24H and from the simulation, the output power is 25.26 kW while the input power is 31.15 kW. The efficiency thus is 81% and the detected averaged switching frequency is 16.4 kHz.

The losses in transistors is dominated by switching losses which is around 85% of the total power switch loss. One of the important issues occuring in the boost inverters is the different utilization between upper and lower power switches. Fig. 13 shows the current and voltage stress that occur on the upper and lower power switches respectively It can be observed from Fig. 13 that although both upper and lower switches share similar voltage stress, the current stress is different. To draw 25.26 kW of power to the grid, the rms current for lower power switches is around 100 A, where the rms current for the upper switch is 53 A, only around 50% of the current in the lower switch. This leads to the different power losses between the upper and lower switch. Fig. 14 shows the power losses waveform during 1 fundamental period, where the upper switch dissipates in average 68.3 Watt and the lower switch dissipates 800 Watt. This high losses can be explained from the high voltage stress occured in the transistor which is around 800 volt, and high current flow especially at the lower switches In this paper, a hybrid control approach is proposed for 3phase grid connected boost inverter. The hybrid control is relatively simple and is able to deal with the non-linearity of the boost converter. The control is working well, the quality of the current and voltage waveforms are relatively good, and the control also shows a good response to the reference change. However, the switching frequency is still considered quite high thus the overall conversion efficiency is rather low. The control technique used in this research is based on what is called as the minimum ripple switching technique, where the best mode, which brings the system closest to the reference, is always selected during the time sampling. It may in fact possible to apply the minimum switching frequency control scheme for the further work of this research. 
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