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Abstract
In this assignment the following will be investigated;
· Power Factor Correction circuits with and without fault codes.
· Three-phase inverters and Pulse Width Modulators circuits
· Over-Current Protection circuit
· Single-phase synchronous motor circuit
The above circuits will be observed, discussed and concluded during this report.
The equipment and software used are;
· LJ Create Virtual Instrument Platform
· LJ Create software.
[bookmark: _Toc100330961]Introduction
[bookmark: _Toc100330962]Power Factor Correction
Power factor is the ratio between the useful power (kW), also known as true power, and the total power (kVA) consumed by an item of A.C. electrical equipment or a complete installation. This is also known as the apparent power.
In electrical circuitry, all current flow causes losses in the supply and distribution system. The most efficient power factor possible is the value of 1.0, anything below this will make result in higher losses in the supply system and the consumer would receive a higher bill. A very small improvement to the power factor can change this significantly as the losses are proportional to the square of the current.
When the power factor is less that the desired value of 1.0, the missing power is known as reactive power. Reactive power is required by motors and some other inductive loads to perform as they should by creating a magnetising field. Reactive power can be seen as magnetising, wattles or wasted power.
A power factor below 1.0 is the result of a phase difference between the voltage and current at the load terminals or it could be down to a high harmonic content or a distorted current waveform.
To calculate power factor (pf) the following equations can be used.



[1]
[bookmark: _Toc100330963]Background on Motor Drives
Motor drives are electronic devices that control motor speed, torque and position outputs. As the power goes into the motor, the motor drive modifies it so the motor always has the needed output. The terms “motor drives” and “motor controllers” are often used together since controller and drive circuits are combined to produce a single unit.
[bookmark: _Toc100330964]DC (Direct Current) Drive
A DC drive coverts AC into DC to power a DC motor. DC drives are power modules that operate as a bridge between the DC motor and controller. Usually, the motor comes with a controller integrated with the drive circuit, this helps power the control signals that communicate to the drive.
Linear Motors
Linear motors only generate forces in one direction, these motors are able to create mechanical force through permanent rare-earth magnets that generate magnetic flux.
[image: ]
[bookmark: _Toc100331858]Figure 1 - Linear Motor [2]
Brushed Motors
A brushed motor uses physical touch to commutate and produce mechanical energy. The brushes can be made of carbon or other materials which can be used as electrical contacts. As the shaft rotates, the brushes make contact with the commutator.
[image: ]
[bookmark: _Toc100331859]Figure 2 - Brushed Motor [2]
Brushless Motors
Brushless motors don’t use a physical touch like brushed motors. Brushless motors use magnets which have been placed around the rotor, which are attracted to the stator powered coil windings.
[image: ]
[bookmark: _Toc100331860]Figure 3 - Brushless Motor [3]
[bookmark: _Toc100330965]AC (Alternating Current) Drive

Synchronous Motors
[image: ]
[bookmark: _Toc100331861]Figure 4 - Synchronous Motor [4]
Induction Motors
[image: ]
[bookmark: _Toc100331862]Figure 5 - Induction Motor [5]

[6]
[bookmark: _Toc100330966]Three-phase Inverters
Three-phase inverters convert DC inputs into a three-phase AC output. Inverters are classified based on their supply source, which are, voltage source inverters and current source inverters. They are most commonly used in high power applications like variable frequency motor drives and high voltage DC transmission.
Pulse Wave Modulation (PWM) technology is used to control transistor pairs switching DC at a rate which is controlled by a three-phase PWM circuit. The width of the pulses dictates the output voltage, a broader pulse from the microcontroller gives a more positive output voltage. The program for generating sine waves is stored in an EPROM.
[bookmark: _Toc100330969]Method
[bookmark: _Toc100330970]Equations Used
[bookmark: _Toc100330971]Phase Angle
Phase angle, which is described as φ can be calculated using the following equation:

Δt = Difference in time between peaks
T = period of the waveform

[bookmark: _Toc100330972]Current Amplitude

[bookmark: _Toc100330973]Power

[bookmark: _Toc100330974]Power Factor
Power factor can be calculated by the cosine of the phase angle (φ).
[bookmark: _Toc100330975]PFC Capacitor with No Fault Code
In this task, the best power factor correction capacitor is needed to be found. The diagram below figure 6 shows the base layout of the LJ Create board and throughout the task difference capacitors will be added into the circuit one-by-one to calculate the power factor correction.
[image: ]
[bookmark: _Toc100331863]Figure 6 - PFC Capacitor Rig Setup (No Fault)
[bookmark: _Toc100330976]No PFC Capacitor
To figure out the time delay between the peaks of the voltage and current, the LJ Create oscilloscope was used and two different cursors (red and blue) were placed on the peaks to give an accurate measurement. 
[image: ]
[bookmark: _Toc100331864]Figure 7 - Scope Showing V and I with No PFC Capacitor
As shown in figure 7 above, the DX value (difference in time between peaks) is 1.171ms
[bookmark: _Toc100330977]10uF (C2) PFC Capacitor
With a 10uF capacitor included which has been linked up between pins 7.3 and 7.7, the same method can be used to find the DX value between the voltage and current peaks. The figure 8 below shows the peaks and the DX value. 
[image: ]
[bookmark: _Toc100331865]Figure 8 - Scope Showing V and I with 10uF PFC Capacitor
[bookmark: _Toc100330978]20uF PFC (C2+C3) Capacitor
With a 20uF capacitor included which has been linked up between pins 7.3 and 7.7, 7.4 and 7.8, the same method can be used to find the DX value between the voltage and current peaks. The figure 9 below shows the peaks and the DX value. 
[image: ]
[bookmark: _Toc100331866]Figure 9 - Scope Showing V and I with 20uF PFC Capacitor
[bookmark: _Toc100330979]15uF (C2+C4) PFC Capacitor
With a 15uF capacitor included which has been linked up between pins 7.3 and 7.7, 7.5 and 7.9, the same method can be used to find the DX value between the voltage and current peaks. The figure 10 below shows the peaks and the DX value. 
[image: ]
[bookmark: _Toc100331867]Figure 10 - Scope Showing V and I with 15uF PFC Capacitor
[bookmark: _Toc100330980]PFC Capacitor with Fault A
The method used to determine the fault, will be complete the same way as if there is no fault included, but two more configurations with PFC will be included to identify what PFC capacitor is failing.
[bookmark: _Toc100330981]No PFC Capacitor
To figure out the time delay between the peaks of the voltage and current, the LJ Create oscilloscope was used and two different cursors (red and blue) were placed on the peaks to give an accurate measurement. The figure 11 below shows the peaks and the DX value.
[image: ]
[bookmark: _Toc100331868]Figure 11 - Scope Showing V and I with No PFC Capacitor
[bookmark: _Toc100330982]10uF (C2) PFC Capacitor
With a 10uF capacitor included which has been linked up between pins 7.3 and 7.7, the same method can be used to find the DX value between the voltage and current peaks. The figure 12 below shows the peaks and the DX value.[image: ]
[bookmark: _Toc100331869]Figure 12 - Scope Showing V and I with 10uF PFC Capacitor
[bookmark: _Toc100330983]20uF (C2+C3) PFC Capacitor
With a 20uF capacitor included which has been linked up between pins 7.3 and 7.7, 7.4 and 7.8, the same method can be used to find the DX value between the voltage and current peaks. The figure 13 below shows the peaks and the DX value. [image: ]
[bookmark: _Toc100331870]Figure 13 - Scope Showing V and I with 20uF PFC Capacitor
[bookmark: _Toc100330984]15uF (C2+C4) PFC Capacitor
With a 15uF capacitor included which has been linked up between pins 7.3 and 7.7, 7.5 and 7.9, the same method can be used to find the DX value between the voltage and current peaks. The figure 14 below shows the peaks and the DX value.[image: ]
[bookmark: _Toc100331871]Figure 14 - Scope Showing V and I with 15uF PFC Capacitor
[bookmark: _Toc100330985]15uF (C3+C4) PFC Capacitor
With a 15uF capacitor included which has been linked up between pins 7.4 and 7.8, 7.5 and 7.9, the same method can be used to find the DX value between the voltage and current peaks. The figure 15 below shows the peaks and the DX value.[image: ] 
[bookmark: _Toc100331872]Figure 15 - Scope Showing V and I with 15uF PFC Capacitor (Config 2)
[bookmark: _Toc100330986]10uF (C3) Capacitor
[bookmark: _GoBack]With a 10uF capacitor included which has been linked up between pins 7.4 and 7.8, the same method can be used to find the DX value between the voltage and current peaks. The figure 16 below shows the peaks and the DX value.[image: ] 
[bookmark: _Toc100331873]Figure 16 - Scope Showing V and I with 10uF PFC Capacitor (Config 2)

[bookmark: _Toc100330987]Pulse Width Modulation
The PWM rig setup can be seen below in figure 17, the next step is to get the oscilloscope setup, and the following parameters must be followed.
[image: ]
[bookmark: _Toc100331874]Figure 17 - PWM Rig Setup
[image: ]
[bookmark: _Toc100331875]Figure 18 - PWM Converted to Sine Wave
[image: C:\Users\s1603333\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\DDE8742.tmp]

[bookmark: _Toc100330988]Over-Current Protection
Figure 19 below shows the rig setup for the over-current protection task.
[image: ]
[bookmark: _Toc100331876]Figure 19 - Over-Current Protection Rig Setup
[bookmark: _Toc100330989]Single-Phase Synchronous Motor Fault B
The final task that will be completed is a single-phase synchronous motor circuit that includes a fault. Once the below picture, figure 20, has been complete, a shorting link is to be placed between pins 4.3 and 7.1 and the fault code is to be entered. This is fault code B. A schematic of the rig can be seen below in figure 20.
[image: ]
[bookmark: _Toc100331877]Figure 20 - Single-Phase Synchronous Motor Rig Setup
[bookmark: _Toc100330990]Results
[bookmark: _Toc100330991]PFC Capacitor with No Fault Code
The results from the method (PFC Capacitor with No Fault Code) will be shown below. The objective of the results is to complete the following table. The time difference in peaks will be circled in red and the current amplitude will be circled in blue.
	Capacitor Correction
	None
	C2-10uF
	C2+C3-20uF
	C2+C4-15uF

	Phase Angle (Lead/Lag)
	Lead/lag
	Lead/Lag
	Lead/lag
	Lead/Lag

	Current Amplitude
	mAp-p
	mAp-p
	mAp-p
	mAp-p



[bookmark: _Toc100330992]No PFC Capacitor
By observing figure below once more. By using the time difference between the peaks and the period of the waveforms the phase angle can be calculated.
[image: ]
[bookmark: _Toc100331878]Figure 21 - No PFC Capacitor
From figure 21 above the values of , T and the peak amplitude can be extracted.
· ms
· 
· Peak Amplitude = 2.229mA



The current amplitude can be calculated by using the following equation. By using the value found in the blue circle.



By looking at the waveforms on the oscilloscope, the current is lagging behind the voltage.

[bookmark: _Toc100330993]10uF (C2) PFC Capacitor
By observing figure 22 below once more. By using the time difference between the peaks and the period of the waveforms the phase angle can be calculated.
[image: ]
[bookmark: _Toc100331879]Figure 22 - 10uF PFC Capacitor
From figure 22 above the values of , T and the peak amplitude can be extracted.
· ms
· 
· Peak Amplitude = 2.2mA



The current amplitude can be calculated by using the following equation. By using the value found in the blue circle.


By looking at the waveforms on the oscilloscope, the current is leading the voltage.

[bookmark: _Toc100330994]20uF PFC (C2+C3) Capacitor
By observing figure 23 below once more. By using the time difference between the peaks and the period of the waveforms the phase angle can be calculated.
[image: ]
[bookmark: _Toc100331880]Figure 23 - 20uF PFC Capacitor
From figure 23 above the values of , T and the peak amplitude can be extracted.
· ms
· 
· Peak Amplitude = 2.4mA



The current amplitude can be calculated by using the following equation. By using the value found in the blue circle.


By looking at the waveforms on the oscilloscope, the current is leading the voltage.

[bookmark: _Toc100330995]15uF (C2+C4) PFC Capacitor
By observing figure 24 below once more. By using the time difference between the peaks and the period of the waveforms the phase angle can be calculated.
[image: ]
[bookmark: _Toc100331881]Figure 24 - 15uF PFC Capacitor
From figure 24 above the values of , T and the peak amplitude can be extracted.
· ms
· 
· Peak Amplitude = 2.143mA



The current amplitude can be calculated by using the following equation. By using the value found in the blue circle.


By looking at the waveforms on the oscilloscope, the current is leading the voltage.

[bookmark: _Toc100330996]Results Table
	Capacitor Correction
	None
	C2-10uF
	C2+C3-20uF
	C2+C4-15uF

	Phase Angle 
	29.3934
	7.8817
	35.1415
	21.511

	Current Amplitude
	554.2
	440
	480
	428.6

	Current Lead/Lag
	LAG
	LEAD
	LEAD
	LEAD




[bookmark: _Toc100330997]PFC Capacitor with Fault Code A
The results from the method (PFC Capacitor with Fault Code A) will be shown below. The objective is to figure out what fault was inserted to the rig. Again, the time difference in peaks will be circled in red and the current amplitude will be circled in blue.
[bookmark: _Toc100330998]No PFC Capacitor
By observing figure 25 below once more. By using the time difference between the peaks and the period of the waveforms the phase angle can be calculated.

[image: ]
[bookmark: _Toc100331882]Figure 25 - No PFC Capacitor
From figure 25 above the values of , T and the peak amplitude can be extracted.
· ms
· 
· Peak Amplitude = 2.2mA



The current amplitude can be calculated by using the following equation. By using the value found in the blue circle.


By looking at the waveforms on the oscilloscope, the current is lagging behind the voltage.

[bookmark: _Toc100330999]10uF (C2) PFC Capacitor
[image: ]
[bookmark: _Toc100331883]Figure 26 - 10uF PFC Capacitor
From figure 26 above the values of , T and the peak amplitude can be extracted.
· ms
· 
· Peak Amplitude = 2.543mA




The current amplitude can be calculated by using the following equation. By using the value found in the blue circle.


By looking at the waveforms on the oscilloscope, the current is leading the voltage.

[bookmark: _Toc100331000]20uF (C2+C3) PFC Capacitor
[image: ]
[bookmark: _Toc100331884]Figure 27 - 20uF PFC Capacitor
From figure 27 above the values of , T and the peak amplitude can be extracted.
· ms
· 
· Peak Amplitude = 3.114mA




The current amplitude can be calculated by using the following equation. By using the value found in the blue circle.


By looking at the waveforms on the oscilloscope, the current is leading the voltage.

[bookmark: _Toc100331001]15uF (C2+C4) PFC Capacitor
[image: ]
[bookmark: _Toc100331885]Figure 28 - 15uF PFC Capacitor
From figure 28 above the values of , T and the peak amplitude can be extracted.
· ms
· 
· Peak Amplitude = 2.686mA




The current amplitude can be calculated by using the following equation. By using the value found in the blue circle.


By looking at the waveforms on the oscilloscope, the current is leading the voltage.

[bookmark: _Toc100331002]15uF (C3+C4) PFC Capacitor
[image: ]
[bookmark: _Toc100331886]Figure 29 - 15uF PFC Capacitor (Config 2)
From figure 29 above the values of , T and the peak amplitude can be extracted.
· ms
· 
· Peak Amplitude = 2.057mA




The current amplitude can be calculated by using the following equation. By using the value found in the blue circle.


By looking at the waveforms on the oscilloscope, the current is leading the voltage.

[bookmark: _Toc100331003]10uF (C3) PFC Capacitor
[image: ]
[bookmark: _Toc100331887]Figure 30 - 10uF PFC Capacitor (Config 2)
From figure 30 above the values of , T and the peak amplitude can be extracted.
· ms
· 
· Peak Amplitude = 1.914mA



The current amplitude can be calculated by using the following equation. By using the value found in the blue circle.


By looking at the waveforms on the oscilloscope, the current is leading the voltage.

[bookmark: _Toc100331004]Results Table
Below is the results table which has been completed from all of the information gathered from above.



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

	Phase Angle 
	25.829
	30.121
	48.771
	40.161
	18.625
	8.584

	Current Amplitude
	440
	508.6
	622.8
	537.2
	411.4
	382.8

	Current Lead/Lag
	LAG
	LEAD
	LEAD
	LEAD
	LEAD
	LEAD


[bookmark: _Toc100331005]Pulse Width Modulation
By investigating the PWM setup and the feedback which is shown on the oscilloscope which is shown in figure 31 below. It is clear that at the positive peak of the sine wave the microcontroller pulses become broader. There are approximately 40 microcontroller pulses in 1 half cycle and there is no visible ripple on the sine wave.
[image: ]
[bookmark: _Toc100331888]Figure 31 - PWM Scope Feedback
[bookmark: _Toc100331006]Over-Current Protection
By investigating the over-current protection setup, the starting load current is 26.2mA. A short circuit was then placed between pins 2.2 and 2.3 and the current (A) value is 68.2mA, when placing this short circuit between pins 2.2 and 2.3 the voltage reduces to zero and the current rises to a maximum then reduces. After removing the short circuit, the voltage returns to its normal value immediately and the supply has recovered to normal.
The following figures below show the process.
[image: C:\Users\s1603333\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\A50C68A0.tmp]
[bookmark: _Toc100331889]Figure 32 - Over-Current Protection Initial Current Measurement

[image: C:\Users\s1603333\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\ADE3F7AE.tmp]
[bookmark: _Toc100331890]Figure 33 - Short Circuit Connected between Pins 2.2 and 2.3

[image: C:\Users\s1603333\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\88AA6FEC.tmp]
[bookmark: _Toc100331891]Figure 34 - Short Circuit Fault 120s

[image: C:\Users\s1603333\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\287618DA.tmp]
[bookmark: _Toc100331892]Figure 35 - Short Circuit Removed

[image: C:\Users\s1603333\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\2CAE25F8.tmp]
[bookmark: _Toc100331893]Figure 36 - Power Supply Turned Off and On

[image: C:\Users\s1603333\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\AAF596C6.tmp]
[bookmark: _Toc100331894]Figure 37 - Power Supply Off and On with 5 Minute Delay




[bookmark: _Toc100331007]Single-Phase Synchronous Motor Fault B 
After several tests were conducted to understand the fault code, but the conclusion that there was a short circuit between capacitor bank and motor, this can be shown in the table below
	 
	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 



[bookmark: _Toc100331008]Discussion and Conclusion
Tests have been conducted before the shorting link was added and after it was added. And with the link in the voltage drops to approximately 0V and this is why it has been deduced that the fault is a short circuit.

[bookmark: _Toc100331009]Discussion
In this section, the results will be discussed and procedures behind each fault and its diagnosis.
[bookmark: _Toc100331010]PFC Capacitor with No Fault
Completing the task of adding PFC capacitors to the rig with no fault is to get a foundation of results, it gives a set of results to compare and contrast as the fault A code is added in. By evaluating the results that were gathered, shown below it is clear that adding in C2 which has a value of 10uF is the best power factor correction capacitor configuration is it results in the lowest phase angle of 7.881°.
	Capacitor Correction
	None
	C2-10uF
	C2+C3-20uF
	C2+C4-15uF

	Phase Angle °
	29.3934
	7.8817
	35.1415
	21.511

	Current Amplitude
	445.8
	440
	480
	428.6

	Current Lead/Lag
	LAG
	LEAD
	LEAD
	LEAD



[bookmark: _Toc100331011]PFC Capacitor with Fault A
Completing this task is very similar to the task above however a fault code has been inserted to the rig. Fault code A has altered the PFC capacitors but it needs identifying, by using the table above and the table below a comparison can be made.
	Capacitor Correction
	None
	C2-10uF
	C2+C3-20uF
	C2+C4-15uF
	C3+C4- 15uF
	C3- 10uF

	Phase Angle 
	25.829
	30.121
	48.771
	40.161
	18.625
	8.584

	Current Amplitude
	440
	508.6
	622.8
	537.2
	411.4
	382.8

	Current Lead/Lag
	LAG
	LEAD
	LEAD
	LEAD
	LEAD
	LEAD



There is a similarity between both sets of results with no PFC, but the main change is when C2 is added in. when there was no fault in the system, the phase angle for C2 alone was 7.88° and after the fault code was inserted the phase angle increases to 30.12°. The next step is to clarify that C2 is the problem a test must be made by testing C2 and C3 separately. Because they are both 10uF capacitors, C2 and C3 should give the same phase angle. 
C2 with fault A shows a phase angle of 30.12° and C3 with fault A shows a phase angle of 8.58°. comparing this to the results of C2 in which comes at 7.88° it can be seen that the fault is C2 and it has been given a much higher capacitance.
[bookmark: _Toc100331012]Over-Current Protection
The purpose of over-current protection in a power supply is the prevent it from delivering more current than what the circuit can manage. There is a two stage over-current process in three-phase power supply. The first is to immediately reduce the output voltage to a low level and at the same time the current rises, if the current continues to rise to a high level the second stage is initiated with a thermal protection that is controlled by the microprocessor. To reset this thermal protection, the system must be turned off for some time.
[bookmark: _Toc100331013]Conclusion
[bookmark: _Toc100331014]PFC Capacitor with No Fault
Capacitor C2 is the best suited for power factor correction as it has the lowest phase angle.
[bookmark: _Toc100331015]PFC Capacitor with Fault A
Capacitor C2 contains the fault as it has a much higher phase angle that C3 when both capacitors have the same capacitor value (10uF).
[bookmark: _Toc100331016]Over-Current Protection
The results show that from the moment the short circuit was inputted to the system the voltage fell to 0V and in parallel the current rose to its peak. Over-current protection is the main protection for ensuring the power supply does not get damaged.
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