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Abstract: Single Phase Induction Motor (SPIM) is widely used in industries at starting stage to provide high starting torque. The objective of the work is to develop a drive for Single Phase Induction Motor that does not use a start or run capacitor. In this work, the researchers present the details about Maximum Power Point Tracking using series-compensated Buck Boost Converter, resonant Direct Current (DC) to Alternate Current (AC) inverter and matrix converter-based drive. The proposed method provides a variable starting torque feature that can be adjusted depending upon machine load to ensure Power Quality (PQ). The system uses Series Compensated Buck Boost Converter (SCBBC) to derive the power from solar source and a Partial Resonant Inverter (PRI) between the Matrix Converter (MC) and DC link battery to reduce the switching loss. The application of Space Vector Pulse Width Modulation (SVPWM) ensures the improvement of power quality at driving terminals of SPIM. The proposed system has been mathematically modelled and simulated in MATLAB SIMULINK environment and was validated using standardized experimental verification.
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1  Introduction

In recent times, the requirement for capacitor is alleviated whereas the matrix converter itself produces the required two currents that are orthogonal to each other [1]. The proposed method provides a variable starting torque feature that can be adjusted depending upon the load on machine.

Besides, the power is derived from Solar Photo Voltaic (SPV) source that uses SPV panels to generate the required power rating [2]. The proposed system uses a series-compensated Buck Boost Converter at the front end at which the Maximum Power Point Tracking (MPPT) is implemented. In the experimental setup, a battery backup is also provided. Resonant converter, connected across the battery, converts the Direct Current (DC) voltage derived from battery into a high voltage high frequency Alternating Current (AC) across the AC link.

A 2-by-3 matrix converter accepts the high frequency AC link voltage and produces a set of two AC output voltages that are orthogonal to each other, with respect to a common terminal. The orthogonality, produced by the Matrix Converter, eliminates the need for a starting capacitor.

In current study, the researchers present the details with regards to Maximum Power Point Tracking using series-compensated Buck Boost Converter, resonant DC to AC inverter and matrix converter-based drive. The block schema of the proposed system is shown in Fig. 1.
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Figure 1: Block schema of solar photo voltaic power harvesting system

An appropriate battery backup with competent ampere hour capacity is used in between the original source of energy and the load. Further, a series-compensated Buck Boost Converter is used between the source and the battery. This converter is meant for the implementation of MPPT. There exists two converters between the load and the battery. The battery drives the partial resonant inverter whereas this inverter drives the 2-by-3 matrix converter. The output of the partial resonant inverter is AC and its frequency lies in the order of 5 kHz. The matrix converter accepts this high frequency AC and delivers a 3-phase AC output with variable frequencies and amplitude features. By controlling the modulation index of matrix converter, the power output of the single phase motor can be adjusted.

The speed of the single phase motor is regulated by a Proportional–Integral (PI) controller at 1450 Revolutions Per Minute (RPM). The proposed system has been mathematically modelled and simulated in MATLAB SIMULINK environment and the same was validated using appropriate experimental verification.

In current work, the researcher discussed about MPPT using the series-compensated BBC, resonant DC to AC inverter and MC-based drive. The proposed method provides a variable starting torque feature that can be adjusted based on machine load in order to ensure Power Quality (PQ). The system uses Series-Compensated Buck Boost Converter (SCBBC) to derive power from solar source, and a Partial Resonant Inverter (PRI) between the Matrix Converter (MC) and DC link battery to reduce the switching loss. The application of Space Vector Pulse Width Modulation (SVPWM) ensures the improvement of power quality at driving terminals of Single Phase Induction Motor.

2  Solar Photo Voltaic Energy Harvesting Sub System

The proposed system uses solar photovoltaic energy as a sole energy source for operating a pump driven by Single Phase Induction Motor. During day time, the harvested solar PV energy is routed to the load and also to lead acid battery-based energy storage system [3].

The Series Compensated Buck Boost Converter (SCBBC) is placed in between the SPV unit and the battery. This converter is required so as to implement the MPPT and it acts as an interface between SPV and the battery. Battery is a voltage sink and its terminal voltage is fairly constant compared to possible voltage variations observed across the SPV subsystems [4]. SCBBC is driven in such a manner that the terminal voltage of SPV subsystem is maintained at an optimal value. This optimal value is required for harvesting the maximum possible power [5] from SPV for the given solar insolation. The advantage of SCBBC is that the complete power harvested by the SPV system need not flow through SCBBC, but only a part of the power harvested needs to be routed through SCBBC. Rest of the part can be allowed to flow directly to the load [6]. This helps in reduction of size or electrical capacity required by SCBBC for harvesting and transacting the given power.

2.1 Maximum Power Point Tracking

SPV subsystem is expected to generate a maximum of 2 KW. The maximum generated power i.e., 2 kW is used to drive the single phase pump and charge the lead acid battery-based energy storage system. SPV subsystem consists of 15 solar panels. Out of 15 SPV panels, three parallel strings are formed. In each string, five panels are connected in series. The specifications of one of the panels used in SPV subsystem is shown in Tab. 1.

[image: images]

With three strings in parallel and five panels in series for every string, the overall specifications are shown in Tab. 2.
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The voltage power characteristics’ and voltage current characteristics’ families for one of the PV panels are shown in Figs. 2 and 3.
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Figure 2: Family of curves relating terminal voltage and the power output of SPV panel
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Figure 3: Family of curves relating terminal voltage and the solar PV panel current

3  Series-Compensated Buck Boost Converter (SCBBC)

Series Compensated Buck Boost converter is a DC-to-DC converter with voltage gain characteristics similar to DC-to-DC Generic Boost Converter (GBC). Topologically, SCBBC is similar to that of Generic Buck Boost Converter (GBBC). GBBC has a special advantage i.e., the polarity of DC output voltage is in opposite direction compared to the polarity of its source voltage. This feature makes it possible to treat both source voltage and the voltage across the output capacitor to act in series. So, it is possible to show that the voltage gain of SCBBC is the same alike GBC. The output of SCBBC is drawn across the positive terminal of the source and negative terminal of the load. SCBBC combines the features of both GBBC and GBC. This section discusses the topology of SCBBC, derivation of its voltage gain from the first principle, and its state space analysis.

The three basic DC-to-DC converters are buck converter, boost converter and Buck Boost Converter (BBC) [7]. In case of buck and boost converters, both input and the output share a common negative terminal. In case of Buck Boost Converter, the input and the output share a common terminal. This common terminal remains the negative terminal for the input whereas it remains the positive terminal for the output. SCBBC delivers the output power across the positive terminal of the source and the negative terminal of normally-connected capacitor on output side. The voltage gain for SCBBC can be derived as given herewith.

With reference to the circuit diagram shown in Fig. 4, the topology is much similar to Buck Boost Converter. The voltage gains of Buck Boost topology, considering the input voltage Vin and voltage across the output capacitor Vout, is given by the standard equation given herewith.
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Figure 4: Topology of series-compensated buck boost converter


VoltageGain(K)=D1−D,

where K is the voltage gain and D is the duty cycle. Therefore, the output voltage is calculated as follow; Vout = K * Vin. In case of SCBBC, the output voltage is the sum of input voltage (Vin) and output voltage (Vout). Therefore, the output voltage of SCBBC can be denoted by VL and the voltage across the load can be expressed in the Eqs. (1) and (2)


VL=(Vin+Vout)=(Vin)+(Vin∗(D1−D)).
(1)


=(Vin∗(1−D))+(Vin∗D)1−D=Vin−Vin∗D+Vin∗D1−D=Vin1−D
(2)

Thus, the voltage gain equation of the SCBBC is derived as the same alike Generic Boost Converter. However, SCBBC is more advantageous than GBC in such a way that the total power, transacted to the load from the source, is not completely transacted through the converter. While, only a part of the total power flows through the converter, the remaining part flows directly to the load. This leads to reduction in losses as well capacities or sizes of the components required.

Going by an example, the following calculations are applied. Let Vin = 60 V and D = 0.5. With generic Buck Boost Converter, the output voltage that appears across the capacitor will be Vout = 
Vin∗D1−D=60∗0.51−0.5=60V.
The overall output voltage, available for the load, is the sum of voltage across the output capacitor. Therefore, the input voltage is 60 V + 60 V = 120 V. By applying the voltage gain equation of generic boost converter, i.e., 
Vout=Vin∗(D1−D)
, the output voltage comes out to be 120 V. The studies related to the transient response, of any power electronic converter, are easily conducted with the help of state space analysis [8–11]. Both inductor L and capacitor C are two storage elements whereas the current through the inductor IL and the voltage across the capacitor VC are wo state variables [6,7].

3.1 The Resonant Frequency Calculation

A switching frequency of nearly 8 KHz has been selected for current study. Both L and C values are chosen so that the frequency of oscillation reaches 11.2 KHz approximately. In this work, the selected values of L and C 0.1 mH and 2E−6 respectively.

According to the fundamental formula for frequency of oscillation in a parallel resonant circuit,


fo=12piLC=11.2kHz

Here, the current to load circuit is a constant. When load side current is sinusoidal, no current is drawn from the PRI [12–15]. The matrix converter, used for driving the Single Phase Induction Motor, is realized. The matrix converter is fed with alternating AC link voltage that appears at the output of PRI [16]. The complete power, required by Single Phase Induction Motor¸ is supplied by the AC link with parallel LC resonant circuit. In the beginning, as the machine draws heavy current, the AC link voltage falls to the least value and reaches as low as 180 V [17–20]. Further, due to increasing torque at the beginning, the speed also increases. However, in later stage, the torque falls and the motor maintains its speed at a required 1450 RPM level as shown in Fig. 5. The phase shift that occurs at 90 degrees between the Main winding and Auxiliary winding is clearly shown in Fig. 6.
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Figure 5: Overall subsystem of the proposed system
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Figure 6: The speed of single phase induction motor regulated at 1450 RPM

Gradually, upon the completion of start-up that takes as much as 1.5 s, the motor speed becomes a constant. Then, the torque also comes down and the AC link voltage reaches its maximum value of 400 V. These effects are clearly perceivable from the Figs. 7–9.
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Figure 7: The main and auxiliary winding currents showing 90 degrees’ displacement
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Figure 8: The main and auxiliary winding currents showing 90 degrees’ displacement
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Figure 9: The fall and rise of AC link voltage during the starting transient of Single Phase Induction Motor

4  Experimental Verification

In the current study experimental setup, SPV panel and the battery are low voltage ones which are rated typically with nominal voltage ratings of 18 V and 12 V. The output voltage, across the resonant inverter, is 60 V. This 60 V AC bus was applied as the input to matrix converter. A photo graph of the experimental setup, to validate the proposed idea, is shown in Fig. 10. The detailed specifications of the components are shown in Tab. 3. Figs. 11–12 show the switching pulses to cross arms of PRI with MI values such as 0.2 and 0.45 respectively.
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Figure 10: Proposed system experimental prototype
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Figure 11: Switching pulses to the cross arms of PRI with an MI of 0.2
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Figure 12: Switching pulses to the cross arms of PRI with an MI of 0.45
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Fig. 13 shows the output voltage that appears across the AC link. With low modulation index, the amplitude of the AC link got reduced. With modulation index as high as 0.45, the amplitude of the AC link voltage was very high as shown in Fig. 14. In Fig. 15, the spectrum of the resonant AC link voltage is shown. Due to partial resonant nature, the spectrum exhibited harmonics with fundamentals placed at switching frequency.
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Figure 13: AC link voltage across LC network at PRI output
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Figure 14: Spectrum of AC link voltage with MI = 0.45

[image: images]

Figure 15: Spectrum of AC link voltage with MI = 0.2

Figs. 16 and 17 show 3-phase and single phase AC output voltages across three phase nodes of the matrix converter. This three phase output remains the driving voltage for Single Phase Induction Motor.
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Figure 16: Three-phase AC output voltage of matrix converter
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Figure 17: Spectrum of one of the R-phase voltage outputs of matrix converter

5  Conclusion

In this work, a solar photo voltaic-powered drive has been presented for Single Phase Induction Motor. The proposed system includes a SCBBC at front end to harvest the solar photo voltaic energy with Maximum Power Point Tracking. In comparison with generic boost converter that offers the same voltage gain, SCBBC is highly efficient and less prone for inductor saturation. For SCBBC, the ratings of the components required are less than the Generic Boost converter. Further, a partial Resonant Inverter is used in between the matrix converter and DC link battery. Using a high frequency partial resonant inverter ensures zero voltage switching on the inverter side which reduces the switching losses. The size of LC unit is smaller and is light weight than the conventional two winding transformer. The application of SVPWM improves the power quality at driving terminals of Single Phase Induction Motor. Considering these advantages, the researchers suggest that SCBBC can be used in SPV power harvesting stage in future with a PRI in inverter stage and a MATRIX converter in final inverter stage.
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Table 3: Component specification

Component Specifications
Solar PV module

Rated power 125 W 2 Nos. parallel
SCBBC

MOSFET IRF 840

Inductor L 1 Mh

Battery 35 AH Lead Acid
Nominal voltage 12V

Partial resonant inverter 12 kHz

MOSFET IRF 840 4 Nos.
Diodes 6 A

Inductor L 1 mH

Capacitor C 2 MFD

Zero crossing detector LM 741

Matrix converter
MOSFETs

Single phase induction motor

Rated speed

IRF 840 B to B 6 Modules
185 W 230V 50 Hz
1450 RPM
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Table 1: Specifications of a single panel

Parameters Specification of a single panel
Rated maximum power 125.1432 W

Open circuit voltage 2158V

Short circuit current 7.89 A

Voltage at pmax 17.19V

Current at pmax 7.28 A
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Table 2: Overall specifications of the panels

Parameters

Specification

Rated maximum power
Open circuit voltage
Short circuit current
Voltage at pmax

Current at pmax

125.1432 * 15 = 1877.142 W
2158 V*5=1079 V

7.89 A *3=23.67 A

1719 V*5=8595V

728 A*3=21.84 A
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