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1. Introduction
The following document describes several exercises with simple motor circuitry. The report starts with short literature review into operating principle of induction motors and their implications on power consumption. Later on, it describes power factor correction which improves power efficiency of a circuit. Lastly, it explains the operation of an DC to AC converter and its application to run high precision motor. All experiments were documented and concluded in appropriate sections.

1.1. AC Motors
1.1.1. Induction Motors
Induction Motors are powered by Alternating Current (AC) and are generally made out of two parts. The Stator is the outer drum made out of layers of thin highly permeable steel laminations with windings passing through the slots and the Rotor is the rotating part inside often composed out of Squirrel Cage, with bars inclined to the axis of rotation, and iron core lamina which aids electromagnetic induction from AC source [1]. 
[image: Stator][image: Squirrel Cage Motor]
Figure 1. Stator and Squirrel Cage
 
In the Three Phase Motors, each AC current will vary over time and each will be at a different stage at any given time which in turn produces a rotating magnetic field. The magnitude of magnetic field is generally constant as it revolves around the drum and as it does so, it will induce varying current in the squirrel cage bars and cause it to spin. Since both rotor and magnetic field rotate at the same speed, the rotor will always try to catch up with the speed of the magnetic field and their difference in speed known as the Slip [2].
1.1.2. Synchronous Motors
[image: ]Synchronous Motors are used in situations where high precision is needed as they are capable of running at a constant speed regardless of the load. This is possible because of an interaction between rotating and static magnetic fields. The rotating magnetic field operates with the same principle as an induction motor although the rotor has field coils of its own. Therefore, there will be electricity induced within a squirrel cage and coils starts to act like a permanent magnet which will lock to the rotating magnetic field which is why they are called synchronous motors. Unfortunately, these types of motors are not self-starting because of initial start-up delay when rotating magnetic field is inverting before rotor turns, giving it a repulsive force. Another reason for a squirrel cage to be used and also when motor reaches top speed, the squirrel cage will fully energize, lock poles in place, and without any relative motion between RMF and rotor, there will be no current and force on squirrel bar so it won’t affect motors performance. The speed of synchronous motor is derived by a formula:  where Ns is the Revolution Per Minute (RPM), f is the Frequency (Hz) of electricity, and P is the number of Poles in the motor [3].Figure 2. Rotor of Synchronous Motor


1.2. Power Factor Correction
Motors are inductive and therefore they have a reactive element which applies to power as it is a lost energy, reflected back to source. The Reactive Power (Q), measured in vars (VAR), is a part of a power triangle which is also made out of Active Power (P) – the power delivered to the circuit, measured in Watts, and Apparent Power (S), measured in Volt-Amperes (VA), which is the vector sum of both active and reactive powers [4]. [image: ]
Figure 3. Power Triangle
The energy supply companies can penalize individuals and companies if their power factor is poor and therefore, users are using power factor correction which corrects angle between Active and Reactive Powers. In this case, this is done by adding capacitors which have opposite reactance to inductive components of the motors.

1.3. Three Phase Inverters
Three Phase Inverters is a device capable of converting The DC into AC. The DC to AC conversion is done by controlling 6 switches which will open and close connections to the three-phase motor in a sequence when 1 phase is at its peak, the remaining two are at half the peak of opposite polarity. The reason to use DC to AC inverter to power a synchronous motor is to have a control over the frequency of rotation using PWM [5].
 [image: ]
Figure 4. Three Phase Inverter Circuit
2. Method
The experiments were done using circuitry board with motor, power supply, load, power factor capacitors, and USB oscilloscope that allows reading data without extra hardware. Each experiment has unique layout of connections and it will provide different data.

3. Results
3.1. Experiment 1
In the first experiment, the amplitude was set to Position 4 for a single-phase supply and frequency was set to maximum to enhance inductive reactance of the motor windings. The time base for oscilloscope was set to 2ms/div and channels 1 and 2 to 1V/div as AC inputs. The oscilloscope output looks like follows:
[image: ]
Figure 5. Oscilloscope output without correction capacitors
The circuitry is connected like so:
[image: ]
Figure 6. Experiment 1 Circuit
The table below was made with goal to collect measurements of the phase angle between voltage and current and apply shunt capacitors which will affect motors’ inductance and improve phase angle. The phase angle is given by a formula  where t is the time different between two peaks and T is the period of a waveform.
Table 1. Correction capacitors table
	Corr. Cap
	None
	C2 (10uF)
	C2+C3 (20uF)
	C2+C4 (15uF)

	∆t (ms)
	1.2
	0.00514
	0.63
	0.4

	T (ms)
	14.3
	14.3
	14.3
	14.3

	φ
	30.31°
	0.13°
	15.86°
	10.07°

	Phase Angle
	Lag
	Lag
	Lead
	Lead

	Current (A p-p)
	0.52
	0.43
	0.5
	0.47


The best shunt capacitance is C2 (10uF) which gives lowest phase angle and low current.
The best power factor is when phase angle and current amplitude are at minimum.
The power factor with no correction capacitors in the circuit is .
The power factor with the best correction capacitors in the circuit is .
The power supplied to the circuit without shunt capacitors is Wrms and comes from first converting V and A to Vrms and Arms using formula  so 52V p-pk is 18.38Vrms and 0.52A p-pk is 0.18Arms which gives 3.38Wrms.
Using the logic as above, the power supplied to the circuit with the best shunt capacitors is 2.795Wrms.
There is a difference of 0.585Wrms in power consumption between worst and best power factor circuit.

3.2. Experiment 2
In the second experiment, a fault has been inserted into circuit identical to the one above, and another process of data collection from oscilloscope was made to produce this table:
Table 2. Correction capacitors table
	Corr. Cap
	None
	C2 (10uF)
	C2+C3 (20uF)
	C2+C4 (15uF)

	∆t (ms)
	1.429
	0.5
	0.857
	0.514

	T (ms)
	14.3
	14.3
	14.3
	14.3

	φ
	35.97°
	12.59°
	21.57°
	12.94°

	Phase Angle
	Lag
	Lag
	Lead
	Lag

	Current (A p-pk)
	0.5229
	0.428
	0.474
	0.44

	pf
	0.81
	0.98
	0.93
	0.97


Notes: Its takes 20uF shunt capacitor to push phase angle from lagging to leading.
The current is not reduced at the best shunt capacitor.
The Fault is at power factor correction.

3.3. Experiment 3
In the experiment 3, a single sine wave is produced from DC using Pulse Width Modulated (PWM) signal which has its pulse duration stored in the internal EEPROM of a microcontroller. The oscilloscope had its time base set to 2ms/div, channel 1 to 20V/div, channel 2 to 10V/div and both were set to DC input, the amplitude was set to position 3 and frequency control to one cycle of out on channel 1. The circuitry was connected as shown:
[image: ]
Figure 7. Experiment 2 Circuit
In the figure bellow, there is a smooth sine wave and PWM signal that produced it.
[image: ]
Figure 8. Oscilloscope output with sine wave and PWM
Notes: At the positive peak of the sine wave, the pulses from microcontroller become broader.
The number of positive pulses from microcontroller for a half-cycle is approximately 40.
There aren’t any visible ripples.

3.4. Experiment 4
This experiment showcases the over-current protection built in the three-phase supply generator which prevents damage in the event of a short circuit. It does it by setting the output voltages to a very low value and allows current to rise. If the short circuit persists and current goes to really high value, pulses from the microcontroller have their output voltage reduced to bring output current back to safe value as a part of thermal protection circuit. Whenever that happens, the Module Power Supply must be switched off for a moment which allows thermal fuse to recover. The oscilloscope time base was set to 2ms/div, channel 1 to 20V/div, channel 2 to 10V/div, both DC inputs, amplitude was set to position 4, and frequency to maximum. The circuit was connected as follows and fault was inserted:
[image: ]
Figure 9. Experiment 3 Circuit











The graph bellow shows immediate drop in voltage after fault has been inserted and the PWM has begun to show ripples.
[image: ]
Figure 10. Oscilloscope showing drop in voltage and PWM ripples
Notes: The load current is 26.5mA.
Short circuit has been added to sockets 2.2 and 2.3.
The short circuit across the load causes voltage to drop to a very low value.
As the short circuit across the load remains, it causes the load current to rise to a maximum and then reduce.
After short circuit has been removed, the voltage and current slowly return to normal.
After switching off the module power supply and leave them off for a while, it has fully recovered to normal but it doesn’t work if the power supply was reset instead.
[image: ]
Figure 11. Oscilloscope showing even more ripples in the PWM



3.5. Experiment 5
In this experiment, a fault has been inserted into the circuit digitally and the goal was to detect the fault. The oscilloscope was set up identically as in the experiment 1 and the circuit was connected as shown:
[image: ]
Figure 12. Experiment 5 Circuit
The power module was switched on and oscilloscope output shows immediate spike in current which then reduces gradually. At the same time, the voltage dropped to a very low value. These symptoms are identical to the ones from Experiment 4 which indicates that there is a short circuit somewhere within.
[image: ]
Figure 13. Oscilloscope output showing drop in voltage and rise in current
Notes: The method to generate three phase sine wave supply by microcontroller is PWM (Pulse Width Modulation).
An inverter is a device that converts DC to AC.
The frequency of the supplies produced by the three phase generator can be changed by changing the clocking rate of microprocessor.
During production of a sine wave from PWM the broad pulse from microcontroller will give more positive output voltage.
The program for generating sine waves by inverter is store in the EPROM of microcontroller.
The purpose for the over current protection in the power supply circuit is to prevent damaging the power supply.


4. Discussion
The research firstly, shows a couple of induction motors and explains how they work using magnetism. It also explains the application of a squirrel cage to make motors self-starting and also it describes the advantage for synchronous motor for high precision application. Those are not without limitations and it is important to pay attention to a power factor and its implication on power consumption when dealing with inductive loads.
Another interesting fact is the application for an Inverter which converts DC to AC using PWM. When combined with synchronous motors, PWM signal can be used to accurately control the speed of the motor. Since length of pulses are stored within internal memory of microcontroller, the easiest way to tweak speed of rotations is by modulating the clock speed of a microcontroller.
Some motors have over-current protection circuitry built-in that has two steps. One for lowering the voltage to a safe value while current rise and another for modulating pulses from microcontroller to a lower voltage.




5. Conclusion
In this investigation it was shown that:
· Inductive motors are made out of two components, stator and rotor.
· Stator uses three phase power supply to produce rotating magnetic field
· Synchronous motors have coils in their rotors that when excited, act like permanent magnets and accurately lock in place with rotating magnetic field.
· To make motors self-starting, a squirrel cage is used with bars inclined to the axis of rotation.
· Reactivity of inductive motors has impact on power consumption know as power factor.
· Power factor can be improved by adding capacitors with opposite reactance.
· Three phase inverters can convert DC into AC and the PWM that drives them is stored and controlled by a microcontroller
· Some motors have built-in over current protection
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