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[bookmark: _Toc27398538]Abstract
This report documents what power factor is and how it affects electrical circuits. It then looks at what equipment causes a poor power factor and what measures can be taken to improve it. Then it moves onto looking at pulse width modulation generators and how they are used in motor drives, the characteristics of the PWM waveforms along with what over current protection measures are required within the system. 
The focus then shifts to the practical aspect of the report with the method of the tests listed. This section shows the steps involved in documenting the required measurements. Following the method section is the results, this section details the results recorded and any calculations used to back up the measured results. 
The discussion section then compares the results that were recorded to the research information gained at the start of the report. Comparisons are made between the actual data recorded and the results that were expected through research.
The report finishes with a conclusion detailing how the experiment has gone and what could have been done to improve next time.
















[bookmark: _Toc27398539]Introduction
Power factor is expressed as a ratio of the amount of real power used by electrical equipment, measured in kilowatts (kW), to the apparent power, measured in kilovolt amperes (kVA). Apparent power is also known as demand. [1] Power factor values range from 0 to 1. The ideal power factor is unity or 1.  When most of the power is reactive with no real power, usually inductive load, the power will be closer to 0. When most of the power is real, with little reactive power, usually a resistive load, the power factor will be closer to 1. [2]
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[bookmark: _Toc27398521]Figure 1 - Power factor triangle
[bookmark: _Toc27398540]Power factor definition
Power factor is equal to the real power in watts (W) divided by the apparent power |S| in volt amperes.

PF - Power factor, P – Real power (W) and |S| - apparent power – the magnitude of the complex power in volt amps (VA) [2]
[bookmark: _Toc27398541]Power factor correction
Power factor correction is the method of restoring the power factor to as close to unity as economically viable. This is normally achieved by installing capacitors onto the electrical network to compensate for the reactive power demand of the inductive loads on that circuit and therefore reduce the burden on the supply. To reduce losses in the distribution system, and to reduce the electricity bill, power factor correction is added to neutralise the magnetising current as much as possible to achieve a power factor of 1. [3] In Inductive loads such as motors and inverters, current ‘lags’ the voltage creating a ‘lagging power factor’ but opposite conditions occur when the current ‘leads’ the voltage, this is called a ‘leading power factor’. PFC is the method of reducing the lagging power factor by installing capacitors across the phase(s) and neutral connections. The capacitors have a leading power factor so will neutralise the lagging power factor of the load. PFC capacitors are connected at the distribution point of the circuit. PFC capacitors are non-polarized, metal film, electrolytic type capacitors. The benefits of power factor correction is to improve the efficiency of the system, prevents wasting energy and maintains voltage stability. [4]
 [image: ]
[bookmark: _Toc27398522]Figure 2 - Unity power factor  
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[bookmark: _Toc27398523]Figure 3 - Left, lagging PF, right, leading PF
[bookmark: _Toc27398542]Effects of power factor 
[image: Image result for power factor correction comparisons power triangle]
[bookmark: _Toc27398524]Figure 4 - Power factor example
The above example shows how kVA decreases as power factor increases. At 70% power factor, it requires 141 kVA to produce 100KW. At 95% power factor, it only requires 105 kVA to produce 100KW. Therefore, it takes 35% more current to produce the same real power.    A poor power factor means that you pay for more energy than you are actually using. 
[bookmark: _Toc27398543]Motor drives
With large AC inductive motors being one of the largest contributing factors in a poor power factor, AC drives are utilised using pulse width modulation to control motor speeds. PWM drives produce complex waveforms on both the electrical supply to the drive and on the motor output. Speed control of AC motors requires a three phase supply that can vary the voltage and frequency. These supply characteristics create a variable speed rotating field in the stator that allows the rotor to spin at the required speed with low slip using flux vector control. A PWM drive can efficiently provide full torque from low to full speed, can over-speed if necessary, and by changing phase rotation can provide bi-directional operation of the motor. [6]
The image below shows a circuit diagram consisting of a three phase AC supply, connected to a rectifier circuit that changes the AC supply to DC which then supplies the HVDC bus. The DC supply feeds an inverter circuit which converts the DC supply into AC. The transistors in this instance below will be 120° out of phase, the top transistors will be pulse when the associated phase is positive and the transistors on the bottom will be pulsed when the associated phase is negative. The diodes across the collector and emitters protect the transistors from back EMF produced when the motor coils are de-energised.
 [image: ]
[bookmark: _Toc27398525]Figure 5 – VFD circuit
PWM is a technique that generates low frequency output signals from high frequency pulses. Rapid changing output voltages from upper and lower legs of an inverter DC rail voltage can be thought of as the average voltage over the switching period. Simply, PWM output signals are constructed by comparing a carrier signal and a modulation signal. This is known as carrier based PWM. The carrier signal is a high frequency triangular waveform. The modulation signal can be any shape. If the peak of the modulation is less than the peak of the carrier signal, the output will follow the shape of the modulation signal. [7] In speed control, the width of the pulses is continuously varied or modulated. The changing average is used to control the speed and torque of the motor. A PWM system can generate an average output voltage similar to a sine wave. Adjusting the polarity, width and timing of the pulses, many frequencies and therefore speeds can be achieved.
[image: ]
[bookmark: _Toc27398526]Figure 6 - PWM waveform
[bookmark: _Toc27398544]Overcurrent protection
Variable frequency drives are protected from overcurrent using overcurrent protective devices such as fuses, MCB’s or MCCB’s depending on the size of the drive and the required power supply. On the supply to the VFD the protective devices are to provide thermal protection for the supply cables. This is to prevent against injury and damage through heat or fire. Secondly, the protective device is to provide energy limitation in the event of a short circuit or near short circuit through arcing or wiring fault within the VFD. This measure is to control the current flow and risk to people or property due to arc flash, conductor erosion or explosion. [8]
Protection on the VFD is provided in two stages. The first requirement is slow and normally provided by fuses or the thermal characteristic of the circuit breaker. This protection is on the VFD supply side and does not extend to the output. The AC supply side may have considerably less current draw that the VFD output. This is due to the high efficiency of the VFD and the power required by the load being a product of torque and speed. The AC input voltage and current reduce with speed, even if the torque remains high. The VFD itself provides both timed overcurrent (i²t) and instantaneous overcurrent protect for the output wiring of the motor. [8]
The second stage of protection is provided by instantaneous trip of a fuse or circuit breaker. The total amount of energy let through in a short circuit is usually the critical factor in determining injury and risk. The energy let through can be expressed as i²t, this is the time integral of the current squared. This is the current let through the protective device in the process of interrupting a fault. [8]
[bookmark: _Toc27398545]Method
The practical elements were carried out using the LJ Create Virtual Instrument Platform.
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[bookmark: _Toc27398527]Figure 7 - Virtual Instrument Platform display
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[bookmark: _Toc27398528]Figure 8 - LJ Create Virtual Instrument Platform











Exercise 1 – Power factor correction
In this exercise, a single-phase supply was connected to a synchronous AC motor. The connections and settings were made as required in the specification.
[image: ]
[bookmark: _Toc27398529]Figure 9 - PF set-up - no capacitors
Results for phase angle and current amplitude were recorded with no PF correction installed.
Links were then installed between points 7.3 and 7.7 to connect C2 (10µF) capacitor into the circuit, results were recorded again. A second shorting link was then installed between points 7.4 and 7.8 to connect C3 (10µF) into the circuit, increasing the shunt capacitance to 20µF, again results were recorded. The link between points 7.4 and 7.8 was then moved points 7.5 and 7.9, connecting C4 (5µF) into the circuit, this provided 15µF of shunt capacitance, again results were recorded.
Calculations and comparisons were then carried out to determine which capacitor configuration provided the best power factor.
A fault was then inserted into the circuit by the management computer. The exact same readings were recorded, using the same process as previous. All results were recorded, the results were then compared with the original results and fault investigation and diagnosis was undertaken. 



Exercise 2 - Three – phase inverter
This exercise used a micro-processor based pulse width modulator (PWM) generator to produce an AC wave form. 
[image: ]
[bookmark: _Toc27398530]Figure 10 - AC wave form using PWM generator
The LJ create unit was connected as above. All the connections and settings were made as required by the specification. The wave forms were examined and details relating to the wave forms and their pulses were recorded.
Exercise 3 – Over – current protection
The next exercise saw the circuit connected as a 3 phase generator. This exercise as carried out to examine how the two-stage overcurrent protection reacts when faults occur. The connections were made as required by the specification. The oscilloscope was set up as required by the specification, results were recorded and evaluated.
[image: ]
[bookmark: _Toc27398531]Figure 11 - Over current protection circuit connection
Exercise 4 – Single phase synchronous motor
This exercise had a fault inserted into the circuit below. The settings and connections were as required by the specification. Power factor was then applied to the circuit using a link cable between connection points 4.3 and 7.1. The resulting action was then investigated using the multi - meter function to deduce the fault condition.
[image: ]
[bookmark: _Toc27398532]Figure 12 - Single phase synchronous motor circuit 
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Equations used within this results section are listed below;
Phase angle =  where T= wave period and t= dx value, which = the distance between the voltage and current waveforms.
Current amplitude = 
Power factor = 
Power = 
[bookmark: _Toc27398547]Power factor
Exercise 1 results with no fault
	[bookmark: _Hlk27395199]Correction Capacitor
	None
	C2 – 10µF
	C2+C3 – 20µF
	C2+C4 – 15µF

	Phase Angle
(Lead/Lag)
	

30.3°
(Lead/ Lag)
	

4.34°
(Lead/ Lag)
	

23.14°
(Lead/ Lag)
	

11.57°
(Lead/ Lag)

	Current Amplitude
	524mA p-p
	480mA p-p
	530mA p-p
	490mA p-p



1b. 10 µF capacitor provided the nearest to complete correction of the phase angle.
1c. C – phase angle is a minimum and current a maximum.
1d. with no power factor correction, Cos30.3° = 0.863°.
1e. with the best correction capacitor in the circuit, Cos4.34 = 0.997°. Supply voltage = 48.3V p-p.
1f. Power supplied with no correction capacitor in the circuit, 48.3 x 0.524 x cos30.3 = 21.85W. 21.85/8 = 2.73W.
1g. Power supplied with the best correction capacitor in the circuit, 48.3 x 0.48 x cos4.34 = 23.11W.                                       23.11/8 = 2.89W. More power delivered.








Exercise 1 results with management fault inserted.
	[bookmark: _Hlk27397004]Correction Capacitor
	None
	C2 – 10µF
	C2+C3 – 20µF
	C2+C4 – 15µF

	Phase Angle
(Lead/Lag)
	

30.25°
(Lead/ Lag)
	

23.01°
(Lead/ Lag)
	

43.04°
(Lead/ Lag)
	

34.49°
(Lead/ Lag)

	Current Amplitude
	514mA p-p
	462mA p-p
	620mA p-p
	570mA p-p



C2 is faulty.
[bookmark: _Toc27398548]Three – phase inverter
The task was to examine the waveforms generated by a three – phase inverter.
[image: ]
[bookmark: _Toc27398533]Figure 13 - AC generated using a microprocessor based PWM generator
At the positive peak of the sine wave, the microcontroller pulses became broader. The number of microcontroller positive pulses in one half – cycle is approximately 40. There was ripple visible on the AC waveform.




[bookmark: _Toc27398549]Over – current protection
This exercise involved examining the outcomes of the two – stage over - current protection designed to prevent damage in the event of a short – circuit. The load current is 26.5mA AC. When a short circuit is applied to the circuit, the multi - meter reading displays O/L, then slowly drops. The supply voltage increases slightly. The load current rises to a maximum and then reduces. When the short circuit is removed, the voltage and current do not return to normal. The module power supply was turned off and back on immediately. The power supply still did not return to normal. The module power supply was then turned off for 5 minutes, only after this time the power supply had recovered to normal.
[bookmark: _Toc27398550]Single – phase synchronous motor
This task involved applying power factor correction to the circuit. Circuit connection is below;
 [image: ]
[bookmark: _Toc27398534]Figure 14 - Single phase synchronous motor circuit
Using a multi – meter to check through connections, there appeared to be a short circuit on PF capacitors (2.4Ω)
The method used by the microcontroller to generate a three – phase sine wave is a PWM generator. An inverter is used to convert DC into AC. The frequency of the supplies produced by the three – phase generator can be varied by changing the width of the microcontroller pulse. A broader pulse from the microcontroller will give a more positive output voltage. The program generating sine waves by the inverter is stored in the EPROM. The purpose of overcurrent protection is to prevent damage to the load being supplied.


[bookmark: _Toc27398551]Discussion
Power factor correction is the method of restoring the power factor to as close to unity (1) as possible. As discussed earlier in the introduction, when large inductive equipment is being used in a circuit, it increases the demand for reactive power and as a result increases the power factor angle. To reduce the power factor angle, capacitors are used. This is proven in exercise 1 of the lab experiments.
	Correction Capacitor
	None
	C2 – 10µF
	C2+C3 – 20µF
	C2+C4 – 15µF

	Phase Angle
(Lead/Lag)
	

30.3°
(Lead/ Lag)
	

4.34°
(Lead/ Lag)
	

23.14°
(Lead/ Lag)
	

11.57°
(Lead/ Lag)

	Current Amplitude
	524mA p-p
	480mA p-p
	530mA p-p
	490mA p-p


[bookmark: _Toc27398535]Figure 15 - Exercise 1 results
With no PFC, the phase angle is lagging by 30.3°. When a 10µF capacitor is installed, the phase angle is reduced to 4.34° lagging. This has improved the phase angle considerably. When an additional 10µF capacitor was added, giving 20µF of corrective capacitance, the phase angle is 23.14° leading. The circuit has now become more capacitive than inductive, this means that the current is now leading the voltage. The corrective capacitors were then reduced to 15µF, the circuit was still capacitive with a phase angle of 11.57°. The outcome is that the most suitable corrective capacitor is 10µF. Multiplying the phase angle by the cosine will give the power factor, as in exercise 1, with no pf, cos30.3 = 0.86 power factor, with the best corrective capacitor, cos4.34 = 0.997 power factor. This proves that power factor correction using capacitors is effective. Using the equation below, we calculated that the real power delivered with a reduced phase angle is greater.
 Power supplied with no correction capacitor in the circuit, 48.3 x 0.524 x cos30.3 = 21.85W. 21.85/8 = 2.73W.
Power supplied with the best correction capacitor in the circuit, 48.3 x 0.48 x cos4.34 = 23.11W.                                       23.11/8 = 2.89W. 
This shows that there is more power delivered. This is important as users are charged for the amount of power supplied, not the amount of power used. An improved power factor will decrease the cost of energy bills.
The second part of exercise 1 saw a fault inserted. The same readings were recorded. The results are below;

	Correction Capacitor
	None
	C2 – 10µF
	C2+C3 – 20µF
	C2+C4 – 15µF

	Phase Angle
(Lead/Lag)
	

30.25°
(Lead/ Lag)
	

23.01°
(Lead/ Lag)
	

43.04°
(Lead/ Lag)
	

34.49°
(Lead/ Lag)

	Current Amplitude
	514mA p-p
	462mA p-p
	620mA p-p
	570mA p-p



[bookmark: _Toc27398536]Figure 16 - Exercise 1 results with fault
The result with no correction capacitors installed are very similar to the exercise with no fault inserted. The other readings are all very different. The fault appears to be on C2. This appears to be the case as C2 is the common denominator on all of the correction capacitor set ups.
Exercise 2 used the microprocessor based PWM generator to generate an AC waveform. The pulses from the PWM generator are amplified and smoothed to produce a close approximation to three sine waves, spaced at 120° to each other. The accuracy of the waveform is limited by the control available over the width of the pulses. This is why the sine wave is saw toothed. The positive peak of the sine wave has broader pulses, this produces a higher average voltage. The displayed signal in this exercise shows approximately 40 positive pulses during 1 half cycle, the more pules produced the smother the sine wave will be and it will contain less ripple.   
Exercise 3 focused on over – current protection. There are two stages of over current protection on the circuit. The first closes down the output voltage to a low value but allows the current to rise. The second, in the event of a short circuit and excessively high currents uses a thermal protection circuit, which alters the pulses from the microcontroller via the amplifiers to further reduce the output voltage and reduce the current back to a safe value. Once this stage has been met, the module power supply must be turned off for five minutes to allow the fuse to recover. During the exercise, both devices were triggered, firstly, a short circuit was applied, originally the load was 26.5 mA AC, when the short circuit was applied the reading went to O/L and then dropped down. The short circuit immediately caused the voltage to increase slightly and the current to rise to a maximum and then reduce. The shorting link was then removed, the voltage and current does not return to normal. The module power supply was then switch off and immediately switch back on, the power supply did not return to normal. The power supply was then turned off for five minutes, when turned back on, the supply was back to normal as the thermal fuse had been restored.
Exercise 4 saw a fault introduced to a synchronous single phase motor. The task asked for power factor correction to be applied to the circuit. A shorting link was applied between terminals 4.3 and 7.1 to apply PFC to the circuit. After testing with a multi – meter, there was a short circuit found between the power factor correction capacitors. The reading was 2.4Ω. This could be caused by damage to the capacitors insulating material.
[bookmark: _Toc27398552]Conclusion
[bookmark: _GoBack]The results gained in the practical experiments correspond with the research gained in the introduction. When corrective capacitors were connected to a circuit, the phase angle improved, when too much corrective capacitance was introduced to the circuit, the current started to lead the voltage, making the circuit too capacitive. The practical experiment backs up the research. We have learned that PWM is a very efficient way of controlling induction motors and the more pulses in the system the smoother the produced sine wave will be. To improve the experiment, there could be a wider range of capacitors used to make the phase angle as close to unity as possible. Overall, the experiment agrees with the researched theory.      
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