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Abstract: The hybrid renewable energy harvesting and grid integration system has been proposed and validated in this work. The proposed system uses a Wind Energy Conversion System (WECS) and a Solar Photo Voltaic Energy Conversion System (SPVECS). The WECS uses Permanent Magnet Synchronous Generator (PMSG) driven by a wind turbine. The variable frequency and variable voltage output of PMSG is rectified by Diode Bridge Rectifier (DBR) and stepped up by Super Lift Luo Converter (SLLC 1), and finally, the harvested wind energy is delivered to the Direct Current (DC) link of a Distributed Static Synchronous Compensator (DSTATCOM). Further, SPV energy is harvested by using PV modules and voltage is stepped up by another SLLC (SSLC 2), and the harvested PV energy is brought to the DC link of DSTATCOM. The DSTATCOM extends real and reactive power support to the load. The various subsystems of the proposed system have been modelled in Matrix Laboratory (MATLAB) Simulink environment and analyzed their performance.
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1  Introduction

In recent years, nature has raised so many alarms in the form of melting the ice caps of the globe and subsequent raising of sea levels, fallout of seasons and monsoons from their usual annual patterns and extremely heavy rain fall at some places, while extremely high temperature prevailing in other places. All these adverse effects have been caused due to the burning of fossil fuels and associated greenhouse effect [1–3].

Further, the perception of fast depletion of fossil fuels has led to the search for other alternative fuels, which could be environment friendly and also developed other power generation methods. The power system engineers have identified Photo Voltaic (PV) sources and wind energy sources, which are more attractive than other types of renewable energy sources. In the recent past years, Wind Energy Conversion System (WECS) and PV system have undergone much advancement, and they are promising [4–9].

However, the performance of WECS and Solar Photo Voltaic Energy Conversion System (SPVECS) are depend upon certain environmental factors, which have made the power production processes as inconsistent. The WECS is a good contributor of energy over certain seasons of the year. The SPVECS cannot be operated during night and is less productive during cloudy seasons [10]. Therefore, with the intention of improved reliability and consistency WECS and SPVECS could be combined as a hybrid model. This hybrid model feed power to a common receiving system that either integrates harvested energy into national grid or caters the needs of a standalone load with battery based energy storage system [11,12].

There are three different schemes used in WECS. In first scheme, the wind turbine drives a Squirrel Cage Induction Generator (SCIG), Alternating Current (AC) terminals of SCIG, and the harvested energy is integrated into the grid directly without using an intermediate power electronic power processing system, usually operates at fixed speed [13]. Generally, SCIG based WECS does not have Maximum Power Point Tracking (MPPT) [14]. This scheme has employed two power electronic converters, one is connected between rotor and Direct Current (DC) link and another is connected between grid and DC link. The stator terminals are connected directly to grid without using an intermediate power electronic converter. These converters are called partial scale converters, because only the part of wind energy harvested is passed through this chain of converters and the remaining part of harvested energy is integrated directly to grid. The Doubly Fed Induction Generator (DFIG) fed variable speed WECS and can support MPPT. The third method has coupled PMSG to the wind turbine. The power harvested by PMSG is passed through Diode Bridge Rectifier (DBR), optional energy storage system and inverter. The PMSG based WECS is a variable speed system, which can support MPPT and employed full-scale power conversion scheme [15].

The detailed literature survey has been done, and contemplation of the major contributions of earlier research activities has helped to identify the research gap. The energy management system for small-scale hybrid wind and solar energy system has been introduced and validated [16]. The grid integrated hybrid systems have received great attention in the existing systems, fuzzy logic controlled wind cum solar energy harvesting with grid integration scheme has been developed and validated [17]. The Fuzzy Supply Path Optimization (SPO) control scheme has been adopted for achieving MPPT. The fuzzy logic-controlled wind energy harvesting system for grid integrated applications have been developed [18,19]. The use of Adaptive Neuro Fuzzy Inference System (ANFIS) has been demonstrated for integrating grid in hybrid energy harvesting system applications.

The experimental verification procedure for validating the idea of a hybrid energy-based water pumping application has been demonstrated by employing Artificial Neural Network (ANN) control theory [20]. A neural Network-based control scheme has been developed and validated for the management of hybrid energy conversion techniques in desalination plants [21]. The integration of wind, solar and diesel engine based energy conversion system with a battery backup for uninterrupted power supply has been implemented and validated [22].

The detailed literature survey reveals that, most of the hybrid energy harvesting systems have used ANN controller or Fuzzy Logic Controller (FLC) or ANFIS based controller for obtaining MPPT, which require expert knowledge and programming skills. The proposed research work has employed Sliding Mode controller (SMC) for achieving MPPT. The SMC is suitable for non-linear systems, easy to design and implement, than other computer-based controllers while delivering the required performance.

2  Proposed System

2.1 Block Diagram

The block diagram of the proposed system that uses WECS and SPVECS, is shown in Fig. 1. The WECS has utilized PMSG driven by a wind turbine. The PMSG is a slow speed machine with a large number of magnetic pole pairs, which has alleviated the need of gear box. The voltage and frequency of PMSG is depends on wind velocity and electrical load. The variable-frequency three-phase AC output of PMSG is rectified by DBR. The output DC voltage of DBR and energy harvested by Solar Photo Voltaic (SPV) modules are stepped up by Super Lift Luo Converters (SLLC), and brought to the DC link of Distributed Static Synchronous Compensator (DSTATCOM).
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Figure 1: Block diagram of the proposed hybrid energy harvesting system

The wind turbine demands a MPPT system to ensure the maximum harvest of wind energy for the prevailing wind velocity. Similarly, the PV system requires MPPT, to maximize energy harvested for a given solar irradiation and temperature. The proposed system has employed Hill Climbing method and SMC to maintain MPPT in WECS and SPV system respectively.

The DSTATCOM, performs the integration of energy harvested from renewable energy sources and extends reactive power support to the system. During the operation of DSTATCOM, DC link voltage and DC component of three-phase voltage at Power Control Centre (PCC) are regulated by using two different Proportional-Integral (PI) controllers, which have been tuned by Gravitational Search Algorithm.

3  Solar Photo Voltaic (PV) Subsystem

The proposed hybrid energy harvesting system uses wind and PV source. The PV source has been processed by SLLC and harvested energy reaches the DC link of DSTATCOM. The specifications of solar PV system are shown in Tab. 1

[image: images]

The Voltage - Current (VI) and Power - Voltage (PV) characteristics of a single SPV panel for which the maximum power is 130 Watts and the total terminal voltage is 626 Volts, when 36 panels are connected in series. The SMC-based MPPT ensures the maximum power harvest for given solar irradiation and temperature. Unlike Perturb and Observe and Incremental Conductance method of MPPT, SMC based MPPT control requires voltage across the PV panel only, which is shown in Figs. 2a and 2b.
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Figure 2: (a) Voltage–current (VI) and power–voltage (PV) curve of photovoltaic (PV) panel. (b) Single diode model of PV cell

The single diode model of a PV cell is given in Eq. (1).


IL=Io(eq(V−IRs)AKT−1)−V−IRSRSH
(1)

where, IL is output or load current, V is output voltage, Io is reverse saturation current, Rs is equivalent series resistance and Rsh is equivalent shunt resistance. K is Boltzmann’s constant, T is absolute temperature and q is charge.

4  Super Lift Luo Converter (SLLC)

The SLLC is a DC to DC converter, which has been used to lift the DC voltage level available across the terminals of the SPV module to the level of prevailing DC link voltage of DSTATCOM. The SLLC is a single switched DC to DC converter with more number of storage elements and diodes, which is an improved version of basic lift type DC to DC boost converter. The source and load currents of SLLC are usually continuous. The topology of SLLC is shown in Fig. 3.
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Figure 3: The topology of super lift luo converter (SLLC)

The SLLC is using only one power electronic switch, which is capable of providing a large voltage gain, reduce the control complexity and switching losses. However, the increase in number of storage elements increases the order of the system and becomes highly nonlinear.

The evolution of SLLC starts from basic or elementary lift converter, and its voltage gain is given by the Eq. (2).


Vgain=(2−k)/(1−k)
(2)

The performance of lift technique has been enhanced by cascading single relift stage, and three relift stage voltage gain is given by Eq. (3) and the voltage gain of three stage SLLC is given by Eq. (4).


Vgain(TwoStage)=(2−k1−k)2
(3)


Vgain(TwoStage)=(2−k1−k)3
(4)

5  The Permanent Magnet Synchronous Generator (PMSG)

The PMSG is a three-phase synchronous generator which uses permanent magnet pole pairs to produce magnetic flux. The shaft of PMSG is rotated by the wind turbine and generate the Electro Motive Force (EMF), which is a function of the number of pole pairs and speed of PMSG. The frequency of AC output voltage is calculated by using Eq. (5).


F=P∗N120 
(5)

In general, unlike SCIG or DFIG, the PMSG based WECS do not use gear box. The speed of PMSG and the turbine, which has made the PMSG to run slowly as compared to SCIG. The PMSG has a large number of pole are the same pairs, that led to reach the generated EMF frequency from 20 to 70 Hz. The three-phase output of PMSG may be terminated across a passive three phase DBR or a three-phase active rectifier. The complete energy harvested passes through power electronic converter and hence PMSG based WECS comes under full scale conversion system. In this proposd system, the output of PMSG is terminated across a DBR and DC output voltage of DBR is stepped up using SLLC. The SLLC delivers power at the DC link of DSTATCOM, which injects power into the grid through an Resistor – Inductor (RL) filter.

5.1 Maxmum Power Point Tracking (MPPT) Applied to Wind Energy Conversion System (WECS)

The WECS is a renewable energy harvesting system and its preformance depends upon environmental conditions particularly the wind velocity. The maximum power is harvested, when the wind turbine has been rotated at a particular speed for a given wind velocity. The shaft speed should be adjusted in such a manner that power generation is maximum for a new wind velocity.

The block diagram of WECS is shown in Fig. 4, where wind turbine drives PMSG and electrical power generated by PMSG is in the form of AC three phase with a frequency corresponding to the number of poles and speed of PMSG. The three phase AC power is converted into DC form by DBR and the DC voltage output of DBR is stepped up by SLLC to attain the voltage level acceptable at the DC link of DSTATCOM. The power conversion occurs between the DC link of DSTATCOM and PMSG. The SLLC is the power control sub system, which controls the output power of SLLC delivered to DSTATCOM, for achieving the MPPT. In the proposed system, power delivered to DSTATCOM is calculated by measuring the voltage across output of SLLC and current flows into DSTATCOM. The Hill climbing algorithm ensures the maximum power harvest, by adjusting the manipulated variable ‘D’, which is the duty cycle of SLLC, and Power ‘P’ delivered to DSTATCOM.
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Figure 4: The wind energy conversion system (WECS) channel

The flow chart of hill climbing type of MPPT for PMSG based WECS implemented in SLLC in the power conversion chain, which is shown in Fig. 5. To start with, the duty cycle is initialized with a value ‘D’, then run the converter for measuring the V and I across the DC output terminals of SLLC and the power fed to DC link of DSTATCOM. The duty cycle is adjusted based on the rise or fall of the power being delivered to DSTATCOM. The particular method of including MPPT across the output of SLLC, takes care of non-linearity in the wind turbine and SLLC.
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Figure 5: Flow chart of hill climbing maximum power point tracking (MPPT) for WECS

6  Design and Development of the Proposed System

In this method, the harvested renewable energy from SPV and WECS sub system are brought to the DC side of DSTATCOM, which has employed two PI controllers, to promote real and reactive power transaction. The reactive power demand of the load is met by DSTATCOM, and real power is harvested from renewable sources and supplement real power source drawn from grid. If P is the total real power demand of load then the real power supplied by a grid is denoted as PG and the real power supplied by renewable energy channels is denoted by PH , which is related by the Eq. (6).


P=PG+PH
(6)

The complete reactive power demand of load is supplied by DSTATCOM and reactive power supplied by grid is made closer to zero and power factor on the grid side has made closer to unity.

The topological structure of DSTATCOM with series RL filter, connected to PCC is shown in Fig. 6. The control sub system consists of two PI controllers, which produces reference signal, and switching pulses are produced by the sinusoidal Pulse Width Modulation (PWM) section, that uses three phase reference signal.

The PMSG based WECS simulation model is shown in Fig. 7.
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Figure 6: Common distributed static synchronous compensator (DSTATCOM), resistor–inductor (RL) filter and control sub systems
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Figure 7: Simulink realization of permanent magnet synchronous generator (PMSG) based WECS

The topology of SLLC is the basic lift type converter with parallel charge and series discharge modules consisting of an inductor and a capacitor. Several such modules can be cascaded to increase the overall DC voltage gain. The voltage gain of a single parallel charge series discharge module is given by (2-D)/(1-D). For a given input voltage, with duty cycle D = 0.5, the voltage gain is 3. If n such modules are cascaded then the overall voltage gain become ((2-D)/(1-D)) n . Therefore, in a three stage SLLC, for a duty cycle D = 0.5, the overall voltage becomes 3*3 = 9, 9*3 V = 27 Volts. A given input voltage of 48 volts and for a duty cycle D = 0.5 then Vout = 1296. The SLLC is capable of stepping up the output DC voltage of solar PV panel and matches it to DC link voltage of DSTATCOM, which is held at 1200 V.

The energy harvested by the WECS is integrated into grid through the DC link of DSTATCOM and controllers associated with it injects an appropriate quantity of real and reactive power into the grid. The proposed system has employed two PI controllers, out of which the first PI controller produces the amplitude component of a reference signal, this controller considers the error between setpoint and actual value of the ‘d’ component of a three-phase AC voltage at PCC.

The second PI controller produces the phase angle of three-phase reference signal, which considers the error between setpoint and actual value of DC-link voltage. The line synchronization is carried out by ‘sin’ and ‘cos’ components and frequency has been detected by Phase-Locked Loop. The subsystem has produced the reference signal after the determination of amplitude and phase components. The basic equation of the three phase reference signal has been given by Eqs. (7) to (9).


VaSin((2πft)+(π/2)+ϕ)
(7)


VbSin((2πft)+(2π/3)+(π/2)+ϕ)
(8)


VcSin((2πft)+(4π/3)+(π/2)+ϕ)
(9)

7  Results and Discussion

7.1 Direct Current (DC) Link Voltage

The DC link voltage of a DSTATCOM is maintained at nearly three times the Root Mean Square (RMS) value of AC line voltage, which is 380 V when the DC link voltage is maintained at 1200 V. The initial DC link voltage is zero, when the system is being commissioned. The DC link has drawn the required 1200 V from 0 V, when renewable energy sources are not connected to DC link and the trajectory of DC link voltage rising from 0 to 1200 V is shown in Fig. 8. The desired voltage level is reached in 0.46 s with an overshoot of 18 V and with a steady state error of 13 V. When the system is initialized in the absence of load and renewable sources, the DC link capacitor is charged from AC mains and rises exponentially till reach 1200 V level.
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Figure 8: Rise of voltage across direct current (DC) link capacitor

The real power drawn from source is high until the capacitor gets charged is shown in Fig. 9. Once the capacitor reaches the 1200 V level, the power drawn from AC mains is reduced and beyond 0.46 s the power drawn from source may get changed from 20 KW to 100 W, which is used for meeting the losses in DSTATCOM and in series RL filter.

[image: images]

Figure 9: Power transaction waveforms with no load and DC link capacitor charged from grid

7.2 Solar Power Integration

The waveforms associated with PV energy harvesting subsystem are presented in this section. Different cases of changes in solar irradiance have been observed. In the first case, the initial solar irradiance has been kept at 0 w/m2, and at time instant 0.5 the irradiance is changed to 1000 w/m2. The initial solar irradiance has been kept at 1000 w/m2 and at time instant 0.5 the irradiance is changed to 500 w/m2. The PV system used in this proposed work have connected 36 panels in series, and the terminal voltage of the panels when the solar irradiance is 1000 w/m2 is 17.38, making the overall terminal voltage as 36*17.38 = 625.68 V. As per the characteristics of a PV panel, the terminal voltage that ensures maximum power harvest when solar irradiance is 500 w/m2 is 617.1 V.

The SLLC interfaces PV sub-system and DC link of DSTATCOM, which is maintained at a constant voltage level of 1200 volts. The SLLC drives a current across the fixed voltage. The real power, pumped into the DC link of DSTATCOM depends on solar irradiance, temperature and variations in the power pumped are manifested in the form of variations in DC link current.

7.3 Wind Energy Harvesting Subsystem

The proposed hybrid renewable energy harvesting system combines wind energy source with PV source is shown in Fig. 10, WECS uses a horizontal wind turbine, which has been coupled with PMSG directly. The PMSG is slow speed machine with large number of magnetic poles. The mechanical linkage between turbine and generator does not use a gearbox. The amplitude and frequency of three-phase AC output voltage of PMSG is a function of speed, which is represented by the equation F = PN/120, where F is the frequency of AC output voltage for the number of poles P and speed N in RPM. The magnitude of AC output voltage output of a PMSG is calculated by using the equation V α 4.44 F Z. The specification of the turbine and generator is given in the Tab. 2.
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Figure 10: Realization of the complete hybrid energy harvesting and grid integrating subsystems
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In both cases, the harvested renewable energy is in DC form and augmented into the grid through the DC link of a DSTATCOM, that is connected to PCC of grid. The DSTATCOM provides continuous reactive power support while renewable energy sources are available, and real power support is also extended.

For the Solar Photo Voltaic channel, SLLC has been used between the terminals of the SPV panel subsystem and the DC link of the DSTATCOM. This is necessary for matching the existing higher voltage level across the DC link of DSTATCOM and relative lower voltage prevailing across the output terminals of a PV subsystem. Some important results are consolidated and presented in this section. The power transactions across the various subsystems of SPV, PMSG and WECS based hybrid energy harvesting and grid integration systems are given in Tab. 3.
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8  Conclusion

The proposed method integrates the hybrid arrangement of solar and wind energy harvesting system with a grid, analyzed its performance and validated. The DC link of a DSTATCOM has been employed to integrate the harvested renewable energy from SPV and WECS to the grid, and also provided an additional reactive power support to the system. The solar PV channel with SLLC has been used to lift the voltage at the desired level. The PMSG has used DBR with SLLC to keep the same polarity regardless of the polarities of input AC signal. This research work integrates PV source with a wind energy source through two different combinations. In first combination PV source has been integrated with SCIG and in second case PV source has been combined with PMSG based WECS for energy harvesting. The performance of the proposed method has been analyzed by using MATLAB Simulink model.
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Table 1: Specifications of photo voltaic (PV) subsystem

Parameter Value

Standard test condition Irradiance 1000 W/m* Temperature 25 °C
Rated maximum power 130*36 = 4680 Watts

Open circuit voltage (V,.) 22.07*36=795V

Short circuit current (I,.) 7.86 A

Voltage at Pmax (Vpmax) 17.38%36=626 V

Current at Pmax (Ipmax) 743 A
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Table 3: Power transactions across the various subsystems

SPV source ~ Wind source P grid Q grid P demand Q demand
(in Watts) (in Watts) (in Watts) (in VAR)  (in Watts)  (in VAR)
0 0 16500 5000 15000 15000
2400 1800 12000 1000 15000 15000
500 3200 12000 1100 15000 15000
2200 1400 12400 1000 15000 15000

0 2800 13400 1000 15000 15000
1200 1800 12200 1210 15000 15000
2400 0 13600 1100 15000 15000
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Table 2: Parameter and specification

Parameter Specification

Turbine: Horizontal type

Maximum power rating 5 KW

Rated speed 120 radians/s
Rated wind speed 9 m/s
Generator

Parameter Specification
Power capacity 6 KW
Number of pole pairs 4

Stator resistance 0.05 Ohm

Rated voltage 3 phase 100 V phase to phase
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