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Abstract

Power Factor Correction (PFC) is an important concept with respect to efficiency in electrical installations. It has a major effect on power consumption and by reducing such, will contribute to energy conservation. This in turn can reduce costs and also contribute to improving our climate by reducing the negative impact of CO2 emissions.

This report investigates the effect of Power Factor Correction on a single-phase synchronous AC motor by observing and recording the supply waveforms prior to introducing differing levels of Power Factor Correction. The resultant changes to the waveforms for different levels of correction are recorded and analysed and compared to ascertain the optimum level of PFC, and its effect on the output voltage, current and power. Two fault scenarios are injected and investigated to demonstrate the fault-finding process and circuit behaviour under fault conditions.

The second part of the report investigates DC to AC conversion by analysing the action of a three-phase inverter. The report looks at how the input DC supply is manipulated by the output pulses of a microcontroller and processed to produce an AC sinusoidal waveform at a voltage and frequency as dictated by the Microprocessor.

Overcurrent protection of a three-phase supply is considered, and a short circuit fault injected and analysed to ascertain the action of the protective circuits in fault condition.



Introduction

Power Factor Correction

The term POWER FACTOR (PF) refers to the ratio between the TRUE power and APPARENT power consumed by an electrical installation. It is a measure of how efficiently the electrical power is converted into useful work output. The ideal PF is unity (1) but in reality, is well below this. The lower the power factor then the more power is required to achieve the required task. This results in greater inefficiency and higher cost. Indeed, electricity suppliers will penalise operators of installations with low power factors.

Any current flow in a system suffers some losses. A load with a PF less than 1 will suffer additional losses. This “missing” power is referred to as the REACTIVE power and is lost to the magnetising forces required by motors and other inductive loads.

A poor PF can be the result of high harmonic content, or a distorted current waveform caused by an inverter, rectifier or variable speed drive. Improvement to the PF due to this equipment is expensive as it requires redesign of equipment or the addition of harmonic filtering. However, it is usually the result of a significant phase difference between the supply voltage and current. This can be the result of inductive loads such as motors, power transformers, welding equipment or ballast in luminaires. Poor PF caused by inductive loads can be easily improved by Power Factor Correction. 

An inductive load creates a magnetic field in order to operate. Creation of this field causes the current (I) to be out of phase with the voltage (V), with the current lagging the voltage. If the magnitude of the phase lag can be reduced, then the PF will be improved. This is achieved by introducing sufficient capacitance across the supply to create a leading current, compensating for the current lag in the inductive load. This reduces the phase shift to a minimum and significantly improves the PF.









Three Phase Inverters

An INVERTER is a power electronic device which converts power from one form to another, for example from DC form to AC form, at the required frequency and voltage output. Inverters are classified based on their supply source, i.e. Voltage Source Inverter (VSI) and Current Source Inverter (CSI). A VSI has a smaller input impedance at the input terminals than a CSI. They are used in high power applications such as High Voltage DC transmission and variable frequency drives for motor control. 

A three-phase inverter converts single phase DC input into a three phase AC output. This is achieved by employing Pulse Width Modulation (PWM) technology to control transistor pairs switching DC at a rate controlled by a 3-phase pulse width modulation circuit. The width of the switching pulse would dictate the output voltage of the AC sinewave due to the duty cycle [1], a broader pulse giving a more positive output voltage and the torque being controlled by the frequency of the clocking pulse of the microprocessor. The program for controlling the microprocessor is stored in the EEPROM.

Such a device is an Insulated Gate Bipolar Transistor (IGBT) (Fig 0). An IGBT is a semiconductor switching device capable of handling large voltages and currents at high switching speeds, at low control voltages.   

[image: Three Phase Inverter Circuit]
Fig 0	Insulated Gate Bipolar Transistor Circuit





Methodology

Power Factor Correction

The Virtual Instrument Platform was set up and connected as shown at Annex A. The amplitude control (VR1) was poisoned for a single-phase supply and the frequency control (VR2) set to maximum to accentuate the inductive reactance of the motor windings. The VIP software was initiated, and the virtual oscilloscope set up as follows:

Timebase to 1ms/div
CH1 and CH2 Y-amplifiers to 1V/div
AC input selected
Both traces across the centre of the graticule
Fine timebase control adjusted so that one half cycle covered 9 divisions

The module power supply was switched on. The waveforms in fig 1 and fig 2 were observed and the following measurements were taken:

1. Phase angle between supply voltage and supply current
2. Amplitude of the supply current


[image: ]

Fig 1	Supply phase angle


[image: ]


Fig 2	Supply current amplitude

Phase Angle Calculation Method

The phase angle ( ) was calculated using the following method:



Where: 		is the difference between t1 and t2 for each waveform
And:		is the period of the supply frequency calculated as:

	=		=	


Current Amplitude Calculation Method

Supply Current amplitude (mA p-p) was calculated using the following method:



A 10µF shunt capacitor was connected in parallel to the supply and the following was observed. The measurements were repeated and recorded in table 1.

[image: ]

Fig 3	10µF shunt capacitor phase angle measurement

[image: ]

Fig 4	10µF shunt capacitor current amplitude measurement
A 20µF shunt capacitor was connected in parallel to the supply and the following was observed. The measurements were repeated and recorded in table 1.


[image: ]

Fig 5	20µF shunt capacitor phase angle measurement
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Fig 6	20µF shunt capacitor current amplitude measurement




















A 15µF shunt capacitor was connected in parallel to the supply and the following was observed. The measurements were repeated and recorded in table 1.
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Fig 7	15µF shunt capacitor phase angle measurement

[image: ]
Fig 8	15µF shunt capacitor current amplitude measurement
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Fig 9	Supply Voltage Measurement
Results

	
Correction Capacitor

	

None

	

C2 - 10µF
	

C2 + C3 20µF
	

C2 + C4 15µF

	
Phase Angle
(Lead/Lag)

	
22.59° Lag
	
3.64° Lead
	
25.5° Lead
	
15.3° Lead

	
Current Amplitude

	
491.4mA
	
514.2mA
	
560mA
	
520mA




Table 1 - Results


The supply voltage was measured at 2.4V peak (Fig 9)

The supply voltage was calculated as:

 	=	 	 =	( )

Convert supply V (peak) to rms:		

	


Discussion

Analysis of the results shows that the shunt capacitor giving the nearest to complete correction of the phase angle is C2 (10µF), with a correction from 22.59° lagging to 3.64° leading. The power factor correction increased from 0.92 to 0.99, almost perfect correction. The overall effect of the 10µF capacitor in the circuit, on the supply was to decrease the phase angle between the voltage and current which had the resultant effect of decreasing the supply current whilst increasing the supply power. See calculations below:
 
The power supplied (In watts) with no correction capacitor in circuit was calculated as:



Convert I (peak) to RMS	

Therefore, Power supplied: 	


The power supplied with the best correction capacitor in the circuit (C2 @ 10µF)

Convert I (peak) to RMS	



As can be seen by comparing the results of the power supplied with no correction capacitor, with that supplied with the best correction capacitor in the circuit, there is a 12.7% increase in power supplied:





This increase is due to the reduction in the phase angle caused by the introduction of the 10 µF capacitor in parallel with the load. This capacitance opposed the effects of the inductive elements and reduced the phase shift between the voltage and current. The increase in the Power Correction Factor ( ) due to the reduction in phase angle resulted in an increase in power supplied. 














































The Management Computer Inserted a Fault into the System


The module power supply was switched on. The measurements of the phase angle and current amplitude with power factor correction capacitors of 10µF, 20µF and 15µF inserted in turn, were repeated. The phase angle and current amplitude were calculated and the results were recorded in table 2.
						

A 10µF shunt capacitor was connected in parallel to the supply and the following was observed. The measurements were repeated and recorded in table 2.
						

[image: ]

Fig 10	10µF Phase Angle
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Fig 11	10µF Current Amplitude










A 20µF shunt capacitor was connected in parallel to the supply and the following was observed. The measurements were repeated and recorded in table 2.


[image: ]

Fig 12	20µF Phase Angle
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Fig 13	20µF Current Amplitude
























A 15µF shunt capacitor was connected in parallel to the supply and the following was observed. The measurements were repeated and recorded in table 2.


[image: ]

Fig 14	15µF Phase Angle


[image: ]


Fig 15	 15µF Current Amplitude



	
Correction Capacitor

	

None

	

C2 - 10µF
	

C2 + C3 20µF
	

C2 + C4 15µF

	
Phase Angle
(Lead/Lag)

	
22.59° Lag
0.92
	
25.5° Lead
0.90
	
39.35° Lead
0.77
	
30° Lead
0.86

	
Current Amplitude

	
491.4mA
	
560mA
	
657mA
	
571.4mA



Table 2 - Table of Results Under Fault Condition
Results

Initial

	
Correction Capacitor

	

None

	

C2 – 10µF
	

C2 + C3 20µF
	

C2 + C4 15µF

	
Phase Angle
(Lead/Lag)

	
22.59° Lag
0.92
	
3.64° Lead
0.99
	
25.5° Lead
0.90
	
15.3° Lead
0.96

	
Current Amplitude

	
491.4mA
	
514.2mA
	
560mA
	
520mA




Fault Injected

	
Correction Capacitor

	

None

	

C2 – 10µF
	

C2 + C3 20µF
	

C2 + C4 15µF

	
Phase Angle
(Lead/Lag)

	
22.59° Lag
0.92
	
25.5° Lead
0.90
	
39.35° Lead
0.77
	
30° Lead
0.86

	
Current Amplitude

	
491.4mA
	
560mA
	
657mA
	
571.4mA



Table 3 – Comparison of Results 




Discussion

By comparing and analysing the results from table1 and table 2 it can be seen that the phase angle corrections in table 2 for all combinations of correction capacitors in circuit, results in a massive over correction of these phase angles. In order to produce values of 10µF, 20µF and 15µF respectively, a combination of capacitors C2, C3 and C4 was used. The common factor here is capacitor C2 (10µF).
Conclusion
From this analysis it was deduced that capacitor C2 (10µF) was causing the over-correction when switched into the circuit. Such an over-correction can only be caused by C2 being of higher value than declared i.e. greater than 10µF.







Three Phase Inverter

The Virtual Instrument Platform was set up and connected as shown at Annex B.

The virtual oscilloscope was set up as follows:

Timebase to 2ms/div
Dual trace
Chop mode
Position CH 1 trace two divisions down from the top of the display
Position CH 2 trace two divisions up from the bottom of the display
CH1 Y-Amplifier to 20V/div, DC Input
CH 2 Y-Amplifier to 10V/div, DC input
Trigger on CH 1


The amplitude control (VR1) was set to position 3.  The frequency control (VR2) was adjusted for one cycle of output on CH 1.

The following waveforms were examined, and the observations were recorded.

[image: Graphical user interface
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Fig 16	Three Phase Inverter Initial Setup
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Fig 17	Positive Half Cycle
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Fig 18	Negative Half Cycle


Three Phase Supply

Figure 15 shows the individual pulses of the microcontroller and the resultant AC sinewave output. The timebase was reduced to 1ms/div to display just the positive half cycle of the sine wave and the associated microcontroller output control pulses (Fig 16). It was observed that at the positive peak of the sinewave the microcontroller pulses became broader, i.e. had a larger mark/space ratio. 

The triggering was changed to negative and the negative half cycle only was displayed. (Fig 17). It was observed that the negative peak of the half cycle the microcontroller pulses mark/space ratio became smaller, with narrower pulses.

It was noted that the number of pulses in one half cycle was approximately 40.

The CH1 amplifier was set to 10v/div and the waveform was observed. It was noted that there was some very finely discernible ripple in the output sinewave waveform. As the ripple did not coincide with the rise of the leading edge of the microcontroller pulse, it was attributed to the poor graphics of the simulation software. Any ripple of the output waveform can be smoothed by the inductance of an output transformer.
























Overcurrent Protection

The Virtual Instrument Platform was set up and connected as shown at Annex C. The amplitude control (VR1) was poisoned for a single-phase supply and the frequency control (VR2) set to maximum to give a single-phase supply at maximum frequency. The VIP software was initiated, and the virtual oscilloscope set up as follows:

Timebase to 2ms/div
Dual trace
Chop mode
Position CH 1 trace two divisions down from the top of the display
Position CH 2 trace two divisions up from the bottom of the display
CH1 Y-Amplifier to 20V/div, DC Input
CH 2 Y-Amplifier to 10V/div, DC input
Trigger on CH 1

Multimeter connected as shown at annex C and set to 200mA range.

The module power supply was switched on and the following waveforms were observed and results recorded.
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Fig 19	Overcurrent Protection Initial Current Measurement
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Fig 20 	 Short Circuit Connected Across 2.2 & 2.3
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Fig 21	Short Circuit Fault T+ 120s
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Fig 21	Short Circuit Removed
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Fig 23	Power Supply Off and Immediately Back On
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Fig 24	Power Supply Off and On After 5 Min Delay

Results

The initial load current was measured at 26.2mA AC. The supply voltage at 36V peak.

A short circuit was connected across sockets 2.2 & 2.3 and the effect on the current, voltage and microcontroller pulses was observed. (Fig 19). The immediate result was that the output pulses from the microcontroller have been altered which reduced the supply voltage to 0V, the supply current increased to 436mA. After a period of 2 minutes, it was observed that the supply current had risen to a maximum and gradually reduced to 65mA (Fig 20). The supply voltage remained at 0V.

The short circuit was removed, and the waveforms monitored. (Fig 21) It was observed that supply voltage returned to approximately 18V peak, but the supply current dropped further to 13mA. This did not match the original power supply.

The power supply was switched off and immediately on again. The supply voltage and current returned to normal at 36V and the supply current to 27mA respectively.

The power was switched off and after a delay of 5 minutes, on again. (Fig 23). The waveform was observed to be very similar to that in Fig 22 as in the supply was restored to near normal, with the supply current settling back to 26.1mA.

Discussion

Overcurrent protection is provided in a power supply to prevent it from delivering more current than its circuits and cables can safely carry. The three-phase power supply has two stage overcurrent protection built in. It is designed to immediately reduce the output voltage to a low level but allow the current to rise. If the current continues to rise to an excessively high value then a second stage thermal protection device is triggered which alters the pulses from the microcontroller to further reduce the output voltage and bring the output current back to a safe value. After the second stage thermal protection circuit has triggered, the module power supplies must be turned off for a short period of time to allow the thermal fuse to recover.

Conclusion

From the results the moment the short circuit fault was introduced the voltage fell towards 0V whilst the current rose to a peak. This mimic the effects of the first stage of the overcurrent protection. After approximately two minutes the current had peaked and fallen away, suggesting that the second stage of the overcurrent protection had been initiated. This is also supported by the observed changes in the microprocessor output pulses. With the fault removed, the supply voltage and current did not immediately return to normal, until the module power supplies were switched off and back on. Only after the momentary interruption to the module power supplies did the supply voltage and current return to normal. The fact that the supply current and voltage returned to normal so rapidly suggests that the second stage thermal protection fuse had not experienced significant overheating effects, or the fuse recovered from those effects rapidly as soon as module power supplies were interrupted.


Single Phase Synchronous Motor

The Management Computer Has Inserted a Fault into the Circuit

The Virtual Instrument Platform was set up and connected as shown at Annex D. The amplitude control (VR1) was poisoned for a single-phase supply and the frequency control (VR2) set to maximum frequency. The VIP software was initiated, and the virtual oscilloscope set up as follows:

Timebase to 1ms/div
CH1 and CH2 Y-amplifiers to 1V/div
AC input selected
Both traces across the centre of the graticule
Fine timebase control adjusted so that one half cycle covered 9 divisions

The module power supply was switched on. The waveforms in Figs 25, 26 and 27 were observed and the following measurements were taken:

1. Supply Frequency
2. Phase angle between supply voltage and supply current
3. Amplitude of the supply current
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Fig 25	Supply Frequency
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Fig 26	Supply Phase Angle
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Fig 27	Supply Current Amplitude



Power factor correction was applied to the circuit by connecting a shorting link between sockets 4.3 & 7.1 (se annex C). This Connected the power factor correction components C2, C3 and C4 into the circuit. The following waveforms were observed. (Fig 28).
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Fig 28	Fault Condition

Results

	
	Frequency
	Current
	Voltage
	Phase Angle

	Initial
	70.8Hz
	514.2mA
	48V p-p
	25.5°

	Link in
	70.8hz
	571.4mA
	Approx 0V
	N/A



Table 4 – Comparison of results without and with shorting link

Discussion and Conclusion

From the observations and the results in table 4 it can be seen that as soon as the shorting link is connected the supply voltage drops to near 0V. By using the multimeter and measuring the voltages across the capacitor bank at various sockets, both with the link in and the link out, it became apparent that with the link in the entire capacitor bank was short circuit, effectively between 7.3 and 7.9.
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5Annex A

Power Factor Correction Circuit Connections



[image: Diagram

Description automatically generated]












Annex B

Three Phase Inverter Connections
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Annex C

Overcurrent Protection
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Annex D

Single Phase Synchronous Motor Connections
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