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Abstract. 
The renewable energy systems (RESs) are an attractive option to electrify the community as they are environment friendly, free of cost, and all-pervading. The efficiency of these energy systems is very low and can be improved by integrating them in parallel. In this paper, hydro (7.5 kW) and solar systems (10 kW) are taken as RESs and connected with the utility grid. Due to the intermittent nature of both the hydro and photovoltaic energy sources, utility grid is connected to the system for ensuring the continuous power flow. The hydro power generation system uses the self excited induction generator (SEIG) and converters. The AC/DC/AC converter is used as interface to connect the hydro turbine to the utility grid to adjust the generated voltage to the utility grid voltage. The solar generation system is the combination of PV array, boost converter, and solar inverter. The control of both the hydro and solar power plants is provided through the constant current controller. The analysis has been done to verify the existence of the proposed system. Results demonstrate that the proposed system is able to be put into service and can feed the community.


1. Introduction
 Electricity requirement is increasing day by day all over the world. The power generation of electrical energy to fulfill the power requirement is mainly done with the use of fossil fuels such as oil, coal, and gas. The conventional scheme of power generation may cause depletion of the fossil fuel and degradation of environment. Because of this, the researchers are envisaging the power generation technique from the renewable energy sources such as solar, hydro, wind, and biomass. These energy sources are most efficient to be preferred for distribution generation (DG) system as they are abundantly, economically, and easily available. Such types of DGs have less cost with easy and less expensive maintenance [1]. 
Recently, solar systems are seeking more attention as solar energy is omnipresent, and cost of photovoltaic (PV) cell is reducing nowadays. The PV systems are intermittent in nature and cannot satisfy the power requirement alone throughout the year. Hence, mostly the grid integrated PV system with advancement is preferred to ensure the continuous power flow [2–8]. The mini/micro hydro systems are also getting interest to generate the electrical power in remote/rural areas. The standalone hydro system with smaller sizes uses self-excited induction generator (SEIG). The SEIG is maintenance free, rugged in construction, has good conversion efficiency, and is self-protected against fault [9]. The limitation with the hydro system is its poor voltage and frequency regulation. Therefore, a reliable technique is required to maintain constant voltage and frequency irrespective of the load and load types. Various controllers have been reported in [10–12], but these controllers may raise the cost and complexity. Improving the performance of the hydro system grid may also be integrated. 
Both renewable energy systems cannot fulfill the power requirement alone as they are intermittent in nature. The only solution to this problem is the hybrid energy system. Some common used hybrid energy systems are solar wind, wind hydro, wind diesel, solar thermal biomass, and so forth [13–15]. Recently, the researchers are investigating on solar and hydro based hybrid energy systems [16, 17]. This hybrid energy system can be implemented to those areas, where solar and hydro resources are moderate in nature. The problem with this hybrid system is that hydro and solar systems cannot generate the power simultaneously in summer/rainy days as one of them will not be able to generate power. To satisfy the power requirement, integration of the power grid or diesel generator is required. For supplying electric power in rural areas using this hybrid system, the power grid may be integrated, and for supplying remote/isolated areas diesel generator may be incorporated as a backup.
In this paper, a system is proposed in which hydro and solar based hybrid power generation system is connected with the utility grid. In the peak summer, solar energy is abundantly available, but in rainy days it is difficult to generate the electrical power using the solar energy. Similarly the power generation using the hydro energy gives better efficiency in rainy seasons. Hence, the parallel combination of these two energy systems has been adopted, and for the continuous power flow grid is also connected. In the summer, the grid connected solar system supplies the power to the load, and hydro system will be disconnected. In rainy days the grid connected hydro system supplies the power to the load, and solar system will be disconnected. In other seasons, grid connected the solar and hydro systems are able to deliver the power to the consumer. Hence, it is good option to adopt the proposed system for supplying continuous power to the consumer. The solar power generation system contributes power of about 10 kW. It consists of PV array, DC-DC boost converter, and solar inverter controlled by constant current controller. The hydro system have the self-excited induction generator (SEIG) and back to back converter (combination of Rectifier and inverter) as an interfacing device for integrating the hydro system into the utility grid. The hydro power generation system contributes 7.5 kW power.
2. System Description
Figure 1 shows the circuit diagram of the grid connected solar and hydro based hybrid energy systems. A 10 kW PV array and a 7.5 kW self-excited induction generator are connected to the 132 kV, 2500 MVA utility grid. The detailed description is given as follows.



Figure 1: Schematic diagram of grid integrated hydro and solar based hybrid energy system.


2.1. Solar System
The solar system consists of PV array, boost converter, solar inverter with a harmonic reduction LC filter. The PV array is delivering 10 kW at 1000 W/m2 solar irradiation. The DC power generated by the PV array charges the DC link capacitor. The PV array can be mathematically modeled as
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The boost converter increases voltage level from the PV natural DC voltage to the desired DC voltage. The output voltage of the PV cell is very limited, which is very low for the application. The series and parallel combination also do not provide the required output. Hence, the boost converter is necessary to boost the low output voltage of PV array. A capacitor is also connected for reducing the high frequency harmonics between the PV array and boost converter. Figure 2 shows the closed loop controller for boost converter. Switching duty cycle of the boost converter is optimized by the MPPT controller that uses the incremental conductance technique. The control of the boost converter is provided through the PWM signal. The output of the filter which is the control signal is compared with the reference voltage. The PI controller attempts to minimize the error by adjusting the process control inputs. Then it is compared with the saw-tooth waveform to generate the PWM signal which is fed as a gate signal to the IGBT switch. Thus, the PV array can be controlled by controlling the duty ratio for operating at the maximum power point.



Figure 2: Controller for DC-DC converter. 


The voltage source converter inverts the DC voltage to the sinusoidal AC voltage keeping the unity power factor. The control of the solar inverter is provided through the constant current controller. The harmonics produced by the VSC is filtered by the LC filter. To integrate the PV system with the utility grid, the AC voltage level has been stepped up to the grid voltage level using a 10 kVA transformer. This transformer also performs as an isolation transformer.
2.2. Hydro System
The hydro system consists of self-excited induction generator (SEIG), back to back converter (combination of rectifier and inverter), and LC filter. An externally hydro turbine driven induction machine is operated as a SEIG with its excitation requirement supplied by the 3-
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 capacitor bank at no load. The power generated by the SEIG is fed to the utility grid through the back to back converter via common DC link. The generator side converter acts as a rectifier and used to convert variable magnitude and variable frequency voltage at SEIG terminals to the DC voltage. The grid side converter works as a PWM inverter. The DC power available at the rectifier output is filtered using the LC filter and converted to AC power using a PWM inverter. The hydro PWM inverter is also controlled using the current controller. The output of the PWM inverter contains the harmonics and is filtered using the LC filter. For connecting the hydro system to the grid, the voltage level of the hydro system is increased from 415 V to 11 kV using the 10 kVA three-phase two-winding transformer.
3. Controller for the Inverter
In the proposed grid connected hydro and solar systems, the 3-
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 inverter is interfacing the utility grid and also converts the variable direct current output of a photovoltaic (PV) panel into a utility frequency alternating current that can be fed into a commercial electrical grid. It is a critical component in the system, and its control should be such that its output can interface the voltage of the utility grid. For connecting the solar and hydro system in parallel with the grid, it is essential that the voltage magnitude, frequency, and phase sequences of both the energy system and power grid must be same. This feature is provided through the constant current controller (CCC). CCC generates the switching pulses for solar and hydro side interfacing inverter such that the frequency and phase sequences of output voltages of the inverters are the same as of the grid voltage.
In this proposed system, two inverters are used: one is for integrating solar system into grid, that is, solar inverter, and another is for integrating the hydro system, that is, hydro inverter. There are two basic control modes for the grid connected inverters. One constant current control and the other is constant power control. In this proposed model, the control of the solar inverter is provided through the constant current controller using the 3-
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 phase locked loop (PLL). In constant current control, the inverter output currents are regulated to the reference grid current.
Figure 3 shows the detailed block diagram of the constant current controller for generating the controlled switching pulses for the solar inverter such that the output voltage should be able to interface the grid. The 3-
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 phase locked loop calculates the phase angle of the utility grid and also gives the information about the frequency variation. According to the phase angle of the utility grid voltage, the constant current controller is modeled such that the controller is able to generate the switching pulses for solar and hydro inverter for tracking the phase of the grid voltage. The 3-
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 signal using the inverse park’s transform and then compared with the triangular waveform for generating the PWM switching pulse for the solar inverter. The 
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 are the DC link voltage of the PV array for the solar system or DC link voltage of rectifier for the hydro system and expected DC voltage of the PV array or the rectifier for solar or hydro systems respectively.



(a) Control unit 



(b) Voltage regulator



(c) Current regulator 
Figure 3: Block diagram of constant current controller.


4. Modeling of System
The 132 kV, 2500 MVA utility grid is connected to 10 kW PV system and also with the 7.5 kW hydro system. The array consists of 8 strings of 5 series connected PV modules connected in parallel. One PV module has 96 PV cells. The PV array is delivering the 10 kW at 1000 W/m2 at maximum power. The open circuit voltage (
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) of the one module is 5.96 A, and current at the maximum power point is 5.58 A. The 5 kHz boost converter increases the PV natural DC voltage (300 V) to the 500 V DC voltage. For smoothing the DC voltage LC filter is used. The value of smoothing inductor and capacitor is chosen as 
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 μF. The three-phase voltage source inverter converts 500 V DC voltage to the 415 V AC voltage. The switching frequency of the solar inverter is 1080 Hz. The obtained AC voltage is in stepped waveform. Hence, the 3-
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 LC filter is used for converting the stepped waveform into the pure sinusoidal waveform. The filtering inductance has been chosen as 
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 mH with small series resistance valued as 0.002, and filtering capacitor bank of 5 kVAr is used. To avoid resonance problem, the damping resistor is used in series with the filtering capacitor bank 
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, which can absorb the switching frequency ripple and is valued as 2 Ω [18, 19]. A 10 kVA transformer is used to increase the AC voltage level from 260 V to the grid voltage level 11 kV. Figure 4 shows the MATLAB simulink model for the grid integrated hydro and solar based hybrid systems.



Figure 4: MATLAB simulink model of the grid integrated hydro and solar based hybrid systems.


The 7.5 kW induction machine is used as self-excited induction generator (SEIG). The initial excitation requirement of the SEIG is met by the 5 kVAr capacitor bank. For feeding the AC power to the utility grid, the back to back (AC-DC-AC) converter is used. The AC voltage generated by the induction generator is converted to the DC voltage using the uncontrolled rectifier. The output of the rectifier contains the ripples. For obtaining the ripple free DC voltage LC filter is used with the value of 
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 mF. The grid side converter acts as a PWM inverter, whose control is provided through the CCC. The 3-
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 LC filter is sinusoidal AC voltage. The numeric value of the inductance 
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 Ω has been calculated [18, 19]. For the isolation as well as increasing the voltage level from 415 V to 11 kV AC voltage a 10 kVA three-phase two-winding transformer is used. The grid connected hydro and solar systems are able to feed the static resistive and R-L load.
5. Results and Discussion
5.1. Results of Solar System
The PV array generates 10 kW at 1000 W/m2 solar radiation. The generated DC voltage is very low for the application and also varies with the temperature and solar irradiation. Figure 5(a) shows the variation in the generated PV array voltage (
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) due to variation in the temperature and solar irradiation. Figure 5(b) shows the variation in the duty ratio (
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) of the boost converter to keep the output voltage constant with the variable input PV array voltage. The MPPT is enabled at 0.4 second. Figure 5(c) depicts the output voltage (
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) of the boost converter.
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Figure 5: Output voltage, duty ratio of PV array and output voltage of the boost converter.


The 500 V constant DC voltage is converted into 260 V, 50 Hz AC voltage using bridge inverter. Figure 6(a) shows the output voltage (
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) of the inverter before filtering. Passive filter is used to reduce the harmonic content of the inverter output voltage. Figure 6(b) shows the output voltage (
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) of the inverter after filtering.
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(b)
Figure 6: Inverter output voltage before and after filtering.


5.2. Results of Hydro System
The SEIG is generating the 415 V AC voltage with the initial excitation being met by capacitor bank. The SEIG is taking 1.0 sec for generating the AC power. The uncontrolled rectifier is connected at the SEIG terminals to convert the AC voltage into DC voltage. Figure 7(a) shows the stator voltage (
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) of SEIG. Figure 7(b) shows the output DC voltage (
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) of the rectifier before filtering. To obtain the smooth DC voltage the LC filter is used. Figure 7(c) shows the output DC voltage (
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) of the rectifier after filtering.
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(c)
Figure 7: Output of the hydro system.


The DC voltage is converted into AC using the PWM inverter. Figure 8(a) shows the output AC voltage (
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) of the hydro inverter before filtering. The LC filter is used for making the pure sinusoidal waveform of the hydro inverter. Figure 8(b) shows the output AC voltage (
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) of the hydro inverter after filtering.
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(b)
Figure 8: Output AC voltage of the hydro inverter before and after filtering.


The solar and hydro system is integrated into a 132 kV, 2500 MVA utility. A 47 MVA, 132 kV/11 kV step-down transformer is used for bringing the AC voltage level to the level of hydro and solar system voltage for connecting in parallel. Resistive load of 2 MW and RL load of 30 MW (0.8 lagging power factor) are supplied through the proposed model. Figures 9(a) and 9(b) show the load current waveforms (IL_R and IL_RL in Amp) for the linear resistive and RL load, respectively.



(a)



(b)
Figure 9: Load current through resistive and RL load.


6. Conclusion
In this paper, analysis of grid interactive solar and hydro systems has been done. The proposed system is implementable to those areas where the solar and hydro energies are available at moderate nature such as Indian circumstance. The nature of the solar and hydro energies is intermittent. Hence, using the individual system the continuous power generation is not possible, and it will also increase burden to the grid. The proposed system is able to supply the community in all seasons. In rainy season, the grid connected hydro system will feed the AC power to the consumers and in summer grid connected solar system will supply power. In other season both systems will supply the power to the consumer. The proposed system reduces the complexity of the electrical system, having less cost as compared to other RESs and reliable operation. The control of interfacing solar and hydro inverters is provided through the constant current controller. As compared to phase and amplitude control, constant current controller offers reduced cross-coupling between the real and reactive power control loops, greater immunity to phase measurement errors, better transient response, reduced current harmonics, and inherent overcurrent protection. The obtained results show that the proposed system has the potential to supply the local community.
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