


Contents
	1
Abstract	3
What is Power Factor?	3
Power Factor Correction	4
Variable Frequency Drives (VFD)	4
VFD Faults	5
PWM Inverters	5
Over-Current Protection	6
Method	7
Results	8
Exercise 1a – Power Factor Correction	8
Exercise 1b - Power Factor Correction	8
Exercise 2a – Three Phase Inverter	9
Exercise 2b – Over-current Protection	9
Exercise 3 – Synchronous Motor Fault-finding	9
Discussion	12
Conclusion	14






















[bookmark: _Toc27328372]Abstract
[bookmark: _GoBack]
[bookmark: _Toc27328373]What is Power Factor?
Power factor is a unit less number which represents a ratio between true power and apparent power. Power factor can be used to refer to the electricity consumption of a building or a single piece of equipment like an induction motor. The ratio of power factor is between 0 and 1. The greater the value, the better the power factor.

Power factor can be broken down into three components; true power (kW), apparent power (kVA) and reactive power (kVAr). 
[image: ]
Figure 1; Shows the three components of the power factor triangle. https://www.consultmalta.com/2015/02/10/power-factor-correction/

Apparent power is the total amount of power that is supplied from the grid. True power is the actual power which can be effectively used. Reactive power is the power supplied where most of it can’t be used. The greater the reactive power results in greater amounts of wasted power which results in a lower the power factor. When power factor is closer to 1, it is beneficial to the consumers as they receive better power efficiency, therefore, reducing the cost of their electricity.

Power factor can be calculated by using the following equations;


or; 


Poor power factor can also have a negative impact on the electricity network. This is because poor power factor results in an increased current flow through the grid causing voltage drops, which reduces the supply’s distribution capacity. Furthermore, the cables are designed to withstand a certain amount of current. Too much current will limit the load which can be applied. This will have a negative effect on the grid and to other customers wanting to connect to the electricity network. For this reason, supply companies often penalise consumers for having a poor power factor. Therefore, power factor correction is used.

The coils’ magnetic field within an inductive load such as an induction motor holds back the current. This causes a phase shift which results in the current and voltage to be out of sync with one another. This is often described as a ‘lagging’ power factor. However, to create and maintain a magnetic field to rotate a motor in an inductive load requires reactive power. Too much reactive power however, is wasted. 

A capacitive load works the opposite way to an inductive load. The voltage and current are out of phase, but the voltage is held back. This is referred to as a ‘leading’ power factor.
[image: ]
Figure 2; Shows the difference between a lagging and leading power factor regarding their waveforms. https://electricalfundablog.com/power-factor-triangle-types-correction/
[bookmark: _Toc27328374]Power Factor Correction
Poor power factor can result in receiving higher amounts of electricity from the grid than what is required, resulting in higher electricity bills. Furthermore, poor power factor requires larger cables as more current is drawn resulting in higher cable prices and installation fees.

The correct power factor techniques can be applied if it is known whether a load is capacitive or inductive. If a load is capacitive then the correct amount of inductance is applied to improve power factor. However, if a load is inductive then the correct amount of capacitance is required to improve the power factor. The aim of is to readjust the current in attempt to have it in phase with the voltage, which will bring the power factor close to 1. 

Capacitors are used to correct power factor when a load is inductive and inductors such as induction motors are used when a load is capacitive. In most cases it is inductive loads which cause poor factors, so capacitors are used to re-align the current and the voltage into phase.

[bookmark: _Toc27328375]Variable Frequency Drives (VFD)
VFD are widely used to control speed, direction and torque of an AC induction motor. It does this by firstly rectifying the fixed input AC voltage and frequency to DC voltage. The DC voltage bus is connected through a low pass filter to smooth the ripple. The DC voltage is then converted to AC variable voltage and frequency via an inverter.  The inverter usually uses Pulse Width Modulation (PWM) and is usually a series of transistors.

[image: Image result for vfd diagram]
Figure 3; shows a typical VFD inverter. https://www.electricalclassroom.com/soft-starters-v-s-vfds-variable-frequency-drives-difference-between-soft-starters-and-vfds-selection-soft-starters-v-s-vfds/vfd-schematic-diagram/
[bookmark: _Toc27328376]VFD Faults
There are several faults which could damage a VFD. Here are some examples of vaults;
· High bus fault – usually caused by unexpected voltage spikes.
· Overcurrent fault – usually caused by damaged conductors or loose conductors.
· High starting-load current – usually caused by unplanned changes in the load or speed.
· Erratic operation – usually caused by external components down the line.
· Contamination failure – such as external elements becoming conductive such as dust and moisture.
· Temperature failure – damage can occur when the device is operating outside its temperature limits.
https://www.plantengineering.com/articles/troubleshooting-vfds/



[bookmark: _Toc27328377]PWM Inverters
Digital signals only have two signals, on or off. The signal is turned on and off within fractions of a second creating an average voltage. The width of each pulse differs, and they can be amplified and smoothed to produce an output is similar to that of a sine wave. 

It is also possible to create three-phase power by producing three close approximation sinewaves spaced 120° apart. 
[image: ]
Figure 4; Shows how a digital signal (blue) can be modified by controlling the pulses to achieve a near-analogue output (red). The red line is also the average voltage. https://www.analogictips.com/pulse-width-modulation-pwm/

With regards to a variable speed motor, the user can effectively control the time width between the pulses to control the speed of a motor. The speed of the motor ends up performing like the average of the voltage. If the average voltage increases then so will the speed of the motor. 

[image: ]
Figure 5; Demonstrates the voltage difference between narrow and wide pulses.
 https://www.electronics-tutorials.ws/blog/pulse-width-modulation.html

[bookmark: _Toc27328378]Over-Current Protection
Over-current protection is needed if an excessive amount of current is present or if a short circuit may occur. It is used on devices to prevent harm to equipment personnel. Over-current systems are often found to have internal current-limiting circuits. They protect the power supply and in turn, the load and the users. Usually over-current devices are activated when the current level exceeds its maximum current rating in excess of 10-20%. These systems often have an automatic recovery feature which requires a short amount of time to recover. An instantaneous trip of a circuit breaker or a fuse may also be present in some of these systems. There are several types of overcurrent characteristics; 

· Fold-Back Current Limiting
· Fold-Forward Current Limiting
· Constant Current Limiting
· Current Limit Shutdown
· Hiccup Mode Current Limiting

There are some types of power-supplies which are designed to allow sizeable peak-current, which can often reach up to 300% of the maximum current rating. These power supplies are used when powering loads such as electric motors as there is often a current spike when they start. It is important that the power supply system allows for the current spikes without activating its over-current protection.
[image: ]
Figure 6; Shows the start-up current characteristics of an electric motor. https://www.sunpower-uk.com/glossary/what-is-peak-current/

https://www.edn.com/electronics-blogs/power-supply-notes/4390781/Over-Current-Protection-in-Power-Supplies---Converters

http://www.omron-ap.com/service_support/FAQ/FAQ01913/index.asp
[bookmark: _Toc27328379]Method
A total of five exercises took place during this experiment. During each exercise, the user was required to open LJ Create on the PC, correctly connect circuit according to the instruction book and follow the instructions. 

Exercise 1a and 1b was an investigation into power factor correction, where the user was required to identify the fault entered. Exercise 2a was an investigation into PWM and exercise 2b investigated over-current protection. Experiment 3 was a fault-finding investigation within a single-phase synchronous motor.

During exercise 1a and 1b, the following calculations were used to work out phase angle, power factor, current amplitude and power.

 

[image: ]
Figure 7; Shows where the t and T values were taken on the oscilloscope. 
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[bookmark: _Toc27328381]Exercise 1a – Power Factor Correction
During this exercise, an analysis took place of different capacitor sizes connected to the load to improve power factor.
[image: ]












Figure 8; shows the voltage (white) and current (yellow) wave forms.


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

	Phase Angle
(Lead/Lag)
	30.0°
(Lag)
	4.5°
(Lag)
	22.95°
(Lead)
	11.47°
(Lead)

	Current Amplitude
	523mA p-p
	440mA p-p
	484mA p-p
	445mA p-p


Table 1; Shows the phase angle and current amplitude for each value of capacitance connected.

Power factor with no correction capacitor in circuit = 0.866
Power factor with best correction capacitor in circuit = 0.996
Power with no correction capacitor in circuit = 2.99W
Power with best correction capacitor in circuit = 2.89W
Difference between = 0.1W
[bookmark: _Toc27328382]Exercise 1b - Power Factor Correction
A fault was entered into the circuit. The user was tasked to complete Table 2 in using the same method performed in Table 1 and locate the fault.

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

	Phase Angle
(Lead/Lag)
	30.0°
(Lag)
	23.2°
(Lead)
	39.6°
(Lead)
	34.2°
(Lead)

	Current Amplitude
	520mA p-p
	340mA p-p
	607mA p-p
	567mA p-p


Table 2; Shows the phase angle and current amplitude for each value of capacitance connected after the fault was entered.

[bookmark: _Toc27328383]Exercise 2a – Three Phase Inverter
The results from this investigation are below.  

[image: /Users/jacksolomon/Downloads/9c531b32-b245-4d0b-9dd7-814e4042845a.JPG]
Figure 9; Shows the individual pules produced by the microcontroller.

There are not any ripples clearly visible. Additionally, there are roughly 40 positive pulses produced by the microcontroller in one half-cycle. During the positive peak of the sine wave, the pulses become broader.
[bookmark: _Toc27328384]Exercise 2b – Over-current Protection
Within the three-phase generator in the experiment, a two-stage overcurrent protection was built in. In the course of this exercise the user was required to evaluate the effects of over-current protection.

Load current – 26.1mA AC 
Power Supply – 0.3V

A short circuit was placed across the load and the voltage and current were observed immediately and after around two minutes;
· The immediate results of the short circuit caused the supply voltage to reduce to a very low value.
· As the short circuit is allowed to remain, the load current to rise to a maximum of 0.4A then reduces slowly.

The short circuit was removed and the voltage and current values didn’t return to normal.

Additionally, the user was then tasked to witness the effect of switching the power supply off then on immediately. The power supply did not return to its normal value. 

Finally, the power was switched off it then remained off for 5 minutes before being switched back on. The results showed the power supply returned to its initial voltage
[bookmark: _Toc27328385]Exercise 3 – Synchronous Motor Fault-finding
The circuit was connected according to the handout and a short circuit link was placed between socket 4.3 and 7.1 to connect the power factor correction components.
[image: ]
Figure 10; Shows the connection of the circuit.

After the fault is entered, the voltage and current characteristics are shown in figure 11. Below are screen shots of the different stages of the fault-finding process in exercise 3. After investigation, it was found that there was a short circuit between sockets 7.1 and 7.6. 

[image: ]
Figure 11; Shows the voltage and current characteristics on the oscilloscope before the fault.


[image: ]
Figure 12; Shows the oscilloscope after the fault is entered.

[image: ]
Figure 13; Shows the resistance between sockets 7.2 and 7.10 before the fault is entered.

[image: ]
Figure 14; Shows the resistance between 7.2 and 7.10 after the fault is entered.

[bookmark: _Toc27328386]Discussion
Power factor capacitors are designed to improve power factor. Exercise 1a was an investigation into power factor correction. The hand out instructed the user to connect the circuit up and connect different sized capacitors and record the results. It was clear that the adding the correct size capacitors to the circuit would improve the power factor as the current lagged behind the voltage. This was identified by observing the oscilloscope in figure 8, noting that the current wave (yellow) was shifted slightly to the right of the voltage wave (white). 

To understand how much power is wasted a comparison must be made using the figures in table 1. To calculate how much power is wasted, power must be calculated for the highest and lowest power factor circuits. Power with no correction capacitor in circuit is 2.99W, while power with best correction capacitor in circuit is 2.89W. Therefore, the difference between them is 0.1W. The difference in power calculated is effectively unwanted reactive power. The results in exercise 3 correspond with what was previously mentioned reinforcing the need for power factor correction.

Regarding exercise 1b, the user was required to follow the same steps as exercise 1a, but a fault must be found in the system. The phase angle and current amplitude values with no PF correction capacitors were the same as the values taken in exercise 1a. However, when connecting the power factor correction capacitors, the values were abnormal. With a closer inspection, the values started to become unstable when capacitor C2 was connected, along with every reading its associated with. This suggests that there is an issue with the power factor correction circuit and more specifically, capacitor C2. The main faults which are subjected to failures in PF correction are;

· Frame fault
· Capacitor short-circuits
· Over-load

Power factor capacitors are designed to last for a long period of time although, certain situations may cause their lifespan to decrease. Factors such as high ambient temperatures, poor ventilation and harmonic currents can negatively affect their lifespan. As a result, it is important that power factor capacitors are maintained correctly. https://www.fluke.com/en-gb/learn/blog/power-quality/troubleshooting-power-factor-correction-capacitors

Exercise 3 was also a fault-finding exercise. On inspection, removing and connecting socket 4.3 and 7.1 was where the fault seemed to be coming from. To find the fault, the clamp connecting 7.6 and 4.14 was removed and the lead connecting to 7.10 was moved to 4.14. This was done to allow a resistance test between sockets 7.2 and 7.10 with one of the multi-meters before and after the fault is entered. Even though the fault is still present, the voltage and current wave forms will appear to be normal. This is because the PF correction circuit isn’t connected. The before and after resistance results between sockets 7.2 and 7.10 are shown in figures 13 and 14. 

The resistance results suggest there is a short circuit between sockets 7.2 and 7.10 because of the 2.3Ω reading between them. The reason for the short circuit in this experiment are unclear. 

PWM is a technique widely used to control motor speeds. Voltage pulses of varying widths are created and filtered to create a close approximation of a sine wave. Figure 5 shows the difference between narrow and wide pulses with the same time base. If the voltage increases the pulses become wider, and if the voltage decreases the pulses become narrower. This is evident in exercise 2a as the pulses in the positive side of the sine wave became wider.

A microprocessor is used to create the voltage pulses for PWM. Figure 3 shows how an AC variable frequency voltage is created. Figure 3 shows how a VFD is used to control the motor drive in the experiment.

Increasing the amount of pulses produced results in a smoother output sine wave which leads to less current ripple. High current ripple can lead to motor windings overheating. In the experiment there were roughly 40 positive pulses in one half-cycle and no current ripple. This is shown in figure 9. These results suggest that the correct PWM frequency was used. https://support.maxongroup.com/hc/en-us/articles/360005046213-PWM-power-stage-Current-ripple-Motor-chokes

There are a few methods of implementing over-current protection. Fold-forward current limiting is one of the methods. This method reduces the voltage but allows the current to rise and is often used when powering motors. With regards to exercise 2b when a short circuit was placed across the load, the immediate effect of the voltage was to decrease to a low value. When the short circuit was allowed to remain the load current rises to a maximum then reduces. This was achieved in the exercise by modifying the pulses from the microcontroller via the amplifiers to reduce the voltage and current to a safe value. This suggests that the over-current protection system in the exercise shares the current and voltage characteristics as the fold-forward current limiting method.
[image: ]
Figure 15; Shows current and voltage characteristics of the fold-forward current limiting method. https://www.edn.com/electronics-blogs/power-supply-notes/4390781/Over-Current-Protection-in-Power-Supplies---Converters

Fold-forward current limiting also benefits from an automatic recovery system when the load is removed although full recovery is not expected to be immediate. This process is evident in the experiment results as of the voltage and current levels take some time to recover fully.
[bookmark: _Toc27328387]Conclusion
To conclude it was found;
· That the research carried out on PWM motor drives conform to the practices used to control motors accurately and efficiently in the experiments.
· That the results found in table 1 regarding the calculated power of the lowest and highest PF circuits corresponded to what was researched in the introduction.
· That the effects of changes to PWM frequency researched in in the introduction alliterated what was observed experiment 2a.
· That the overcurrent results gathered in experiment 2b are consistent with the reach completed on overcurrent methods.
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