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[bookmark: _Toc99440915][bookmark: _Toc99919133][bookmark: _Toc100959192]1 Introduction
This report will cover the practical side of motor drives, from power factor correction to inverters and over current protection. Practical methods will be used to prove the theory behind both.
[bookmark: _Toc99919134][bookmark: _Toc100959193]1.1 Power Factor Correction (PFC)
It aims to improve power factor which in turn improves power quality. Also, it helps increase energy efficiency and reduce electricity cost. This is achieved by connecting capacitors which produce reactive energy. This is opposite to the loads like motors which absorbs energy. This improves the power factor from the point where the reactive power source is connected, preventing the unnecessary circulation of current in the network. [1]
Here are key benefits that Power Factor Correction offers: [1]
· Saving money
· Increase power availability
· Reduce installation size
· Reduce voltage drops
[bookmark: _Toc99919135][bookmark: _Toc100959194]1.2 Inverters
[bookmark: _Toc99440916]DC to AC is how an inverter performs, which is opposite to a rectifier. On this module a Microprocessor-based pulse width modulator (PWM) generator is used to generate AC. When clocking, the microprocessor program is stored in EPROM which generates output pulses in different widths. The pulses are amplified and smoothed to produce a close approximation to three sine waves. These waves are spaced at 120˚ to one another. [1]
The width of the pulses helps control and limit the accuracy of the waveform shape. Also the frequency of the output sinewave is controlled by the frequency of the clocking pulses. This drives the microprocessor to generate the pulses [1]
[bookmark: _Toc100959195]1.3 Over Current Protection
Built into a three-phase generator is a two-stage over-current protection. This is to prevent damage when/if a short-circuit present itself. In response to this the immediate effect is to cause the voltage to drop to a low value but allow the current to increase. [1]
However, if a short-circuit remains and the current is very high another operation present itself. This operation is a thermal protection circuit, which alters the pulses from the microcontroller via the amplifiers. Further reducing the output voltage and the output current to a safe value. Once this happens, the modular power supply must be turned off. Allowing the thermal fuse to recover, which only takes a short while. [1]
[bookmark: _Toc99919136]
[bookmark: _Toc100959196]2 Method
[bookmark: _Toc100959197]2.1 Method – Power Factor Correction
[bookmark: _Toc100919447][bookmark: _Toc100936370][bookmark: _Toc100959198][image: ][bookmark: _Toc100959126]Figure 1 – PFC set up













Measuring the phase angle between the voltage and current is the aim of this method. Figure 1 shows the set up that was given to record the information required. The amplitude control was switched to position 4 to simulate a single-phase supply. Also, the frequency control was turned to position 4 (maximum). 
An Oscilloscope was added to the circuit; however, this was a computer simulated version. The setting was set to AC supply. The time per division was set to 2ms and both Chanel 1 and 2 (current and voltage) were set to 1V per derivative. 
To prove what would be accomplished with the measurements, a fault simulation was added to the circuit. Again, the result will be discussed later, however, the method used to record the information followed the same method.
The Result section will show images of the oscilloscope, which contain the results needed. However in the discussion section it will elaborate on the results obtained including table of values and equations.
[bookmark: _Toc100959199]2.2 Method - Pulse-width modulation and Variable Frequency Drives
[bookmark: _Toc100959200]	2.2.1 Three-Phase Inverter
[bookmark: _Toc100959127]Figure 2 – Three-phase inverter
[image: ]
Figure 2 demonstrates the set up that was needed to accomplish the practical elements. Again, an oscilloscope was added to the circuit however, it was set up differently from the first practical. Channel 1 was changed to 20V per division and Channel 2 was changed to 10V per division. Another alteration is the time division which was changed to 1ms.
The amplitude control was switched to position 3. Channel 1 output was adjusted to show one cycle by  changing the position of the frequency control. The reason for this is to see the individual pulses from the microcontroller as amplified by the MOSFET amplifiers located on channel 2. 
[bookmark: _Toc99440917][bookmark: _Toc99919137]Again, images of the oscilloscope will be shown in the result section. But, the discussion section will elaborate more.



[bookmark: _Toc100959201]2.2.2 Over Current Protection
[bookmark: _Toc100959128]Figure 3 – Over Current Protection (OPC)
[image: Diagram

Description automatically generated]
[bookmark: _Hlk100956510]Over Current Protection method (Figure 3) is very similar to the three-phase inverter (Figure 2) method. However, the main difference is that a ‘WYE or Star-connected load’ is implemented into the circuit design. This is shown in figure 3 with all the connections needed including the multimeter. 
Again the oscilloscope was connected up with time base being measured at 2ms per division with duel trace and CHOP mode activated. The amplifier for channel 1 set at 20V and channel 2 at 10V both DC. Channel 1 was moved to the top of the screen while channel 2 was moved to the bottom. However both were 2 divisions away from off the screen. 
Both amplitude control and frequency control were turned fully clockwise. 
Again, images of the oscilloscope will be shown in the result section. But, the discussion section will elaborate more.


[bookmark: _Toc100959202]3 Results
[bookmark: _Toc100959203]3.1 Motors
Different values of capacitors will be added to the circuit. This is to show how to get power factor correction as well as current amplitude. A screen capture has been used to show the result on the oscilloscope. Each sub section will consist of 2 figures. One showing phase angle values, the other current amplitude values. By using the ‘Cursors + Value’ available on the monitor it was easy to obtain results required. The waveform in white shows the current and the waveform in yellow shows voltage. 
The equation for Phase angle is shown in equation 1:
[bookmark: _Toc100959118]Equation 1 – Phase Angle

The equation for Current Amplitude is shown in equation 2:
[bookmark: _Toc100959119]Equation 2 - Current Amplitude
Both of the equations (1 and 2) will be used for the entirety of the motor section. The results will be discussed in the discussion 
[bookmark: _Toc100959204]	3.1.1 No Capacitor
[bookmark: _Toc100959129]Figure 4 – Phase angle 0uF
[image: ]
Figure 4 shows the result when no capacitors were connected to the circuit.. With the time that was extracted, it was possible to calculate the phase angle.

[bookmark: _Toc100258760][image: ]Figure 5 shows the same image as figure 4 however, the difference is where the curser has been placed to gain a different value. [bookmark: _Toc100959130]Figure 5 – Current Amplitude 0uF


[bookmark: _Toc100959205]	3.1.2 C2 - 10uF
This section will show the oscilloscope results when a 10uF is connected to the circuit.
[bookmark: _Toc100959131]Figure 6 – Phase Angle 10uF
[image: ]
[image: ][bookmark: _Toc100959132]Figure 7 – Current Amplitude 10uF


[bookmark: _Toc100959206]	3.1.3 C2 + C3 – 20uF
This section will show the oscilloscope results when a 20uF is connected to the circuit.
[bookmark: _Toc100959133]Figure 8 – Phase angle 20uF
[image: ]
[bookmark: _Toc100959134]Figure 9 – Current Amplitude 20uF
[image: ]

[bookmark: _Toc100959207]	3.1.4 C2 + C4 – 15uF
This section will show the oscilloscope results when a 15uF is connected to the circuit.
[bookmark: _Toc100959135]Figure 10 – Phase Angle 15uF
[image: ]
[bookmark: _Toc100959136]Figure 11 – Current Amplitude 15uF
[image: ]
All the results will be discussed in the discussion section in this report.



[bookmark: _Toc100959208]3.1.6 Fault finding
A simulation of a fault was activated, and the aim was to prove and solve the fault that had been implemented. The circuit that was used for this was set up the same as figure 1. And the same equations applied to get the results.
[bookmark: _Toc100959209]3.1.6.1 none
[bookmark: _Toc100959137]Figure 12- Phase angle 0uF  Fault Finding
[image: ]
[bookmark: _Toc100959138]Figure 13 – Current Amplitude 0uF Fault Finding
[image: ]

[bookmark: _Toc100959210]3.1.6.2 C2 – 10uF
[bookmark: _Toc100959139]Figure 14 – Phase Angle 10uF Fault Finding
[image: ]
[bookmark: _Toc100959140]Figure 15 – Currrent Amplitude 10uF Fault Finding
[image: ]

[bookmark: _Toc100959211]3.1.6.3 C2+C3 = 20uF
[bookmark: _Toc100959141]Figure 16 – Phase Angle 20uF Fault finding
[image: ]

[bookmark: _Toc100959142]Figure 17 – Current Amplitude 20uF Fault Finding
[image: ]

[bookmark: _Toc100959212]3.1.6.4 C2+C4 = 15uF
[bookmark: _Toc100959143]Figure 18 – Phase angle 15uF Fault finding (C2)
[image: ]

[bookmark: _Toc100959144][bookmark: _Toc100936384]Figure 19 -  Current Amplitude 15uF fault finding (C2) [image: ]
[bookmark: _Toc100959213]3.1.6.5 Proof of fault C3 + C4 = 15uF
[bookmark: _Toc100959145]Figure 20 -  Phase angle 15uF Fault Finding (C3)
[image: ]
[bookmark: _Toc100959146]Figure 21 – Current Amplitude 15uF Fault Finding (C3)
[image: ]


[bookmark: _Toc100959214]3.2 Variable Frequency Drive
[bookmark: _Toc100959215]	3.2.1 Three-Phase inverters
[bookmark: _Hlk100955477]Figure 2 represent the set up for this practical.  At the positive peak of the sinewave, the microcontroller pulses become broader. The number of microcontroller positive pulses in one half-cycle is approximately 40 as figure 22 shows. 
[bookmark: _Toc100959147]Figure 22 – 1ms/div positive half-cycle Three-phase Inverter
[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Hlk100955493]There are no ripples visible in the waveform as figure 23 demonstrates with a full waveform. 
[bookmark: _Toc100959148]Figure 23 – 2ms/dive sine wave Three-phase Inverter
[image: ]

	


[bookmark: _Toc100959216]3.2.2 Over Current Protection
The set up for this practical is shown in figure 3. 
[bookmark: _Toc100959149]Figure 24 – Load currebt OPC
[image: Graphical user interface, application
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[bookmark: _Hlk100956582]Figure 24 shows the value recorded via a multimeter, when the modular was power on. As shown it states 26.4mA
A short circuit was implemented across the load between socket 2.2 and 2.3. Figure 25 shows the result for current, voltage (White waveform) and Microcontroller pulses.
[bookmark: _Toc100959150]Figure 25 – Short circuit OPC
[image: ]
[bookmark: _Hlk100957414]As the short circuit across the load is allowed to remain it causes the load current to rise to a maximum and then reduces.
After completing this the connection on the lead is removed to get rid of the short circuit. Figure 26 shows the result of doing so.
[bookmark: _Toc100959151]Figure 26 – Short circuit Removed OPC
[image: ]
When the short circuit is removed the voltage and current does not return to normal.
Figure 27 shows the result after the module power supply has been switched off and immediately switched back on again.
[bookmark: _Toc100959152]Figure 27 – OPC immediately back on
[image: Graphical user interface, application

Description automatically generated]
As shown above the power supply immediately returns back to normal. In order to prove this, figure 28 shows the same results after the module power supply was switched off and back on after 5 minutes.
[bookmark: _Toc100959153]Figure 28 – OPC 5 Minute wait
[image: Graphical user interface, application
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[bookmark: _Toc100959217]3.2.3 Single-Phase Synchronous Motor
The method used for this practical is set up the same as Figure 1. However, the results obtained from this practical is different as there is a different fault implemented into the circuit.
Figure 29 shows the waveform before a fault has been inserted into the simulation program As shown in figure 30, They are nearly in sync with each other which means as small power factor correction capacitor is needed. 
[bookmark: _Toc100959154]Figure 29 – Pre Fault Result (single phase)
[image: Graphical user interface, application
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[bookmark: _Toc100959155]Figure 30 – Fault inserted (single Phase)
[image: ]
As seen in figure 30, the white waveform represents the current has been reduced to nearly 0. And the yellow waveform is represent the voltage has decreased significantly. 
When the fault was introduce originally to the circuit it took a while for the oscilloscope to settle to show the waveform in figure 30. The discussion section will explain about the results. 
[bookmark: _Toc99440918][bookmark: _Toc99919138]

[bookmark: _Toc100959218]4 Discussion
[bookmark: _Toc100959219]4.1 Power Factor Correction and Fault Finding
	Correction Capacitor
	None
	C2 - 10uF
	C2+C3 20uF
	C2+C4 - 15uF

	Leading / Lagging
	lagging
	lagging
	leading
	leading

	Phase Angle (lead/lag)
	29.39142857
	30.85714286
	20.57142857
	5.87754

	Current Amplitude
	648.6
	554.3
	588.6
	525.7

	Power Factor (cos)
	0.87128724
	0.858448794
	0.936234871
	0.994743035

	Power Supply
	2.744127786
	 
	3.454506125

	Images
	Figure 3 & 4
	Figure 5 & 6
	Figure 7 & 8
	Figure 9 & 10


[bookmark: _Toc100959169] Table 1 - PFC

Table 1 shows all the values that were calculated during this experiment. As explained previously, all the formulas and values obtained for majority of the table have already been explained at the start of the result section. 
Power factor (coz) helps determine how well power factor correction is. To determine this, Equation 3 shows the formula that is required (used in excel):
[bookmark: _Toc100795142][bookmark: _Toc100959120]Equation 3 - Power Factor
	 Power Factor
Using the value from 15uF capacitor to calculate voltage supply is as shown:
[bookmark: _Toc100795143][bookmark: _Toc100959121]Equation 4 - Voltage Supply
	 52.57Vp.p
Because both voltage and current were both measured from the oscilloscope, then the power is calculated from:
[bookmark: _Toc100795144][bookmark: _Toc100959122]Equation 5 - Power Supply
	
As shown in table 1, 15uF has been selected as the best capacitor for power factor correction in this experiment. Many factors help prove that this is the case. When the best value for power factor correction capacitor is in the circuit the phase angle will show the minimum in value. As well as the Power factor almost being at the value of 1.
5.88˚ was the value that was calculate. As seen in figure 9 it shows the voltage (yellow) Nearly exactly the same and current (white). This means that power factor correction is almost perfect. However, as figure 9 shows the voltage is still leading by 5.88˚. Which is also shows in Table 1. 
Table 2 shows the results obtained from the fault finding section of power Factor Correction. 
[bookmark: _Toc100959170]Table 2 - PFC Fault Finding
	Correction Capacitor
	None
	C2 - 10uF
	C2+C3 20uF
	C2+C4 - 15uF
	C3 + C4 - 15uF

	Leading / Lagging
	Lagging 
	Leading
	Leading
	Leading
	Leading

	Phase Angle 
	29.39142857
	13.22449714
	33.78857143
	35.25428571
	7.346931429

	Current Amplitude
	600
	577.1
	625.7
	645.7
	460

	Power Factor (cos) 
	0.87128724
	0.973481181
	0.831095415
	0.816598383
	0.99179003

	Images
	Figure 11 & 12
	Figure 13 & 14
	Figure 15 & 16
	Figure 17 & 18
	Figure 19 & 20



When the fault was inserted into the circuit and  table 2 vales had changed drastically compared to table 1 values. It was essential to compare and come up with a solution to eliminate any none faulty parts. By testing the same values again in table 1 and seeing the 0uF not changing drastically. It was clear to see that there was a fault with another value.
As shown in the table 2 there are 2 ways of connecting capacitors to the value of 15uF. One way is C2 + C4, while the other is C3 + C4.  By connecting C3 + C4, which both get used at different times in other tests, it would allow us to see if C2 was the problem. In this case it was as shown in both figures with waveforms and both table of values. 
C2 is the common denominator with all test except for one (C3 + C4) which proves that C2 has a fault. Also, looking at Table 1 and 2 it is clear that the values are similar in some aspects when looking at the original C2 + C4 (table 1) and C3 + C4 (table 2).

[bookmark: _Toc100959220]4.2 Variable Frequency Drive
[bookmark: _Toc100959221]	4.2.1 Three-Phase Inverter
As stated previously in the result section, figure 22 is a half cycle at 1ms. By using this image it was easier to roughly count how many positive pulses where in a half cycle. The value calculated was roughly 40. 
However, when looking closely at figure 22 the yellow waveform which shows the pulses, does not show the pulse width difference very clearly. As for Figure 23 does. This is down to the time base that was selected. With a 2ms time base, which figure 23 has, it is prominent to see that when the white sine wave is positive, the pulses of the microcontroller becomes broader. 
Also, figure 23 shows that there is no ripples present in the waveform. However, it is not as smooth as originally anticipated. This is down to there are not enough pulses to create a smoother waveform.

[bookmark: _Toc100959222]	4.2.2 Over-Current Protection
When coming to Over-Current Protection there isn’t much to discus that has not already been mentioned in the results. When the module power supply was switched on. The multimeter that was connected recorded 26.4mA as the load current at 200mA on the multimeter. 
However when a short circuit was added the supply voltage reduced to a low value and the current went from a high value (58.2mA) and reduced to a safe value. 
When the short circuit was removed the voltage and current did not return to normal. The voltage increased slightly and the current value was at 10.2mA. However, after turning the module power supply off and immediately back on, it allowed the voltage and current to return to normal. To prove this, the module supply was power off and only turned back on after 5 minutes. The results were still the same.



[bookmark: _Toc100959223]	4.2.3 Single-Phase Synchronous Motor
When coming to this practical an issue did arise when the fault was inserted into the circuit. The voltage spiked to a very high value. However, the voltage did gradually reduce to and the current reduced to the bare minimum. This automatically show there is a short circuit in the system. 
There was a problem as the motor could not rotate as it was originally meant to. After trial and error a few times, the fault was found. It was possible to locate by using a multimeter on several different connection. 
A link was added into the circuit to by pass the short circuit. Figure 31 (below) shows the set up with the connection added in. And figure 32 shows the result on the oscilloscope after the connection was made.
[bookmark: _Toc100959156]Figure 31 - Fault B Single Phase Motor
[image: A picture containing text, electronics
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[bookmark: _Toc100959157]Figure 32 - Fault B Single Phase correction
[image: Graphical user interface, application
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[bookmark: _Toc99440919]
[bookmark: _Toc99919139][bookmark: _Toc100959224]5 Conclusion 
In this investigation, it can be seen that:
· Pulse Width Modulation is the method used by microcontrollers to generate three-phase sine wave supplies is based on.
· An inverter is a device that converts from DC to AC
· Clocking rate of the microprocessor can change the frequency of the supply produced by the three-phase generator.
· A more positive output voltage is the result of a broader pulse from the microcontroller on a system of a three-phase supply.
· EPROM is the program used for generating a sine wave by the inverter.
· Over-current protection circuit is to protect and prevent any damage to it.



[bookmark: _Toc99919140]
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