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[bookmark: _Toc187353576]Abstract
This report gives a deep analysis into parallel RLC circuits, and the changes required to ultimately make the circuit more efficient. A parallel RLC circuit was built and simulated to create graphs that would give essential information on the circuit, such as the phase angle, apparent power, reactive power and real power of the circuit before power factor correction. The required capacitor value of 38.4F was then calculated to bring the initially unacceptable power factor of 0.4845 to an acceptable 0.95. Once this had been calculated, the circuit was simulated at different frequency intervals to create phasor diagrams of the component voltages and current to analyse the relationships between them. The report ends with a discussion of the how the fundamental topics of resonance, maximum power transfer and energy efficiency are related to the chosen capacitor value to reach the power factor of 0.95. 
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This report focuses on the analysis of an RLC circuit, with the components representing elements of an AC system. An RLC circuit consists of a resistor, inductor and a capacitor connected in parallel. In this type of circuit, the supply voltage will remain constant between all branches. The behaviour of a RLC circuit is impacted by its impedance, which is a combination of resistance, inductive reactance and capacitive reactance. These circuits are typically used in applications such as power electronics and signal processing [1]. In an AC circuit, there is a phase angle which can be calculated to show the amount by which the current and voltage are out of phase with each other in the circuit. The impedance of the circuit will play an important role in deciding the total lag or lead of the current from the voltage. 
In regard to the power factor, it is described as the ratio of active power to apparent power, and can be imaged as how efficiently the power supply is being used in an electrical system [2]. A power factor of 0.95 and above is desired and in an RLC circuit, the power factor approaches 1 when the circuit is near or at resonance. The phase angle between the current and voltage was also used here as the power delivery depends on it. When there is a larger phase difference between current and voltage, the real power delivered to the load can be unacceptably low [3].
Resonance is a key part of this circuit, and it occurs when the inductive reactance and capacitive reactance are balanced. This causes the circuit impedance to become purely resistive and this results in an increase in output, as power losses caused by reactive elements will be reduced [4]. At resonance, there will be a large circulating current between the inductor and capacitor due to the energy of the oscillations. 
Maximum power transfer theorem is another key part of this report and is defined as ‘the power transferred from a supply source to a load at its maximum when the resistance of the load is equal to the internal resistance of the source’ [5]. This means that maximum power is transferred to the load when the source impedance is equal to load impedance where at this point, the power factor will be at its maximum too. 
The report will now discuss the setup and simulation of the RLC circuit whilst carrying out multiple calculations by using a variety of equations and the results of the simulations. The many characteristics of RLC circuits such as apparent, reactive and real power will be calculated whilst also creating phasor diagrams to show the relationship between current and voltage under different frequency conditions. 
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An RLC circuit was setup using Proteus and simulated through the use of the available graph features. Current and voltage probes, RSRC(2) and R1(2) respectively, were used to create an analogue analysis graph of the circuit current over the load voltage over time. 
· RSRC = 2.3
· L = 163mH
· R = 29
· Sine generator = 300VRMS, 50Hz
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Figure 1: RL circuit to create graph of circuit current against load voltage
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Figure 2: Analogue analysis graph of RL circuit
The graph was used to calculate the phase difference of the circuit before power factor correction was applied. This was done by finding the time difference between current and voltage waves, along with the time period of one full cycle. 
By using the 0.00 line on the y axis as a reference point, the current line (red) was shown to be at 449.87ms whilst the voltage line (green) was shown to be at 453.26ms. This gave a difference of 3.39ms. The time period for one cycle was determined using the current cycle and this was shown to be 20ms (468.3ms to 488.3ms).
Using the equation  where t is the time difference and T is the time period for one cycle, the phase angle was calculated to be 61.02°.


1 
[bookmark: _Toc187353579]Apparent, active and reactive power
The phase angle could then be used to calculate the active, reactive and apparent power. To be able to calculate these, the root mean-square voltage VRMS and the root mean-square current IRMS of the circuit were also required. The root mean-square values of the voltage and current were determined using the analogue analysis graph of the circuit, where the maximum values of both were taken and divided by the square root of 2 (shown as ’ throughout the report). To find the root mean square value of any electrical principle, it is always a case of finding the maximum value and then dividing by . The maximum voltage (Vm) was shown to be 415V and the maximum current (Im) was 7.03A. This gave an IRMS value of 4.99A and a VRMS value of 293.45V. 



The following equations were then used to calculate the active, reactive and apparent power values: 
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The power factor of the circuit was calculated using the equation , giving a resulting power factor of 0.4845 for the circuit.
With the power factor being so low, it needed to be improved drastically. A capacitor could be added to the circuit to perform power factor correction. The brief stated that a power factor to the load of  0.95 was required and the equation  could be used to find an appropriate capacitor value to achieve this power factor. 
As the power factor needed to be  0.95, the phase angle to achieve this was calculated at:



Therefore, from the previous calculations, the following information had been identified:
	Measurement
	Symbol
	Value

	Phase angle 
	j1
	61.02°

	Phase angle of power factor correcting capacitor
	j
	18.20°

	Maximum current of circuit (from simulation graph)
	IMAX
	7.03A

	Root mean square value of maximum current of circuit
	IRMS
	4.99A

	Maximum voltage of circuit (from simulation graph)
	VMAX
	415V

	Root mean square value of maximum voltage of circuit
	VRMS
	293.45V


Table 1: Power factor calculation results
From this point, a phasor diagram was formed, split into triangles and trigonometric functions were used to calculate the component voltages and currents of the circuits: 
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Figure 3: Phasor diagram of known values
· By analysing the triangle OAB, the current across the resistor was found using  .
· By analysing the triangle OAC, the current of the circuit was found using  .
· Analysing triangle OAB enabled the calculation of AB by using the formula , which was rearranged to give AB = .
· Looking back at triangle OAC and using the formula  , a value for AC could be calculated.
· From these calculations, a value of BC could be found using the formula AB = AC + BC. 
The current and voltage across the capacitor was used to find the capacitive reactance, which could then be used in the equation XC =  to give the desired capacitor value to achieve a power factor of  0.95.
With a completed circuit, graphs could be created to show the relationship between power factor against capacitor value and phase angle against capacitor value. This was done by changing the capacitor value at equal intervals to analyse the changes of power factor values and phase angle values. 
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After following the method, the following results were obtained, and the capacitor value was calculated:
	Measurement
	Symbol
	Value

	Phase angle 
	j1
	61.02°

	Phase angle of power factor correcting capacitor
	j
	18.20°

	Maximum current of circuit (from simulation graph)
	IMAX
	7.03A

	Root mean square value of maximum current of circuit
	IRMS
	4.99A

	Maximum voltage of circuit (from simulation graph)
	VMAX
	415V

	Root mean square value of maximum voltage of circuit
	VRMS
	293.45V

	Current across resistor
	IR
	2.412A

	Current of circuit using triangle OAC
	I
	2.539A

	Current across capacitor
	IC
	3.54A

	Capacitive reactance
	XC
	82.69W


Table 2: Results from simulations to find required capacitor value
The capacitor value was calculated using the formula to be 38.4mF and this was then added to the circuit.
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Figure 4: RLC circuit with power factor correction capacitor
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Phase angle was calculated using:

	Capacitor value
	Phase angle

	23.4mF
	

	28.4mF
	

	33.4mF
	

	38.4mF
	

	43.4mF
	

	48.4mF
	


Table 3: Phase angle against capacitor value results
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Figure 5: A graph to show the relationship between capacitor value and phase angle.
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Power factor calculated using the formula , with the phase angle being calculated in the previous table. 
	Capacitor value
	Power factor

	23.4mF
	(41.94) = 0.743

	28.4mF
	 (34.74) = 0.822

	33.4mF
	(19.44) = 0.942

	38.4mF
	(17.46) = 0.954

	43.4mF
	(7.2) = 0.992

	48.4mF
	(3.42) = 0.998


Table 4: Power factor against capacitor value results
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Figure 6: A graph to show the relationship between power factor and capacitor value
[bookmark: _Toc187353585]Analysing relationship between current and voltage under different frequency conditions
The following equation was used to calculate the resonant frequency so phasor diagrams of the component voltages and current of the circuit at different frequencies could be created. 

Substituting the circuit component values into the equation meant the circuit had a resonant frequency of 56.97Hz. 


After calculating the resonant frequency, it could be used to eventually form phasor diagrams. Firstly, the inductive reactance was calculated using the equation XL  and the capacitive reactance using XC =  . 
The impedance across the inductor and resistor branch () was calculated using , whereas the voltage across the inductor and resistor (VLR) was calculated by taking the maximum voltage from the circuit’s analogue analysis graph and dividing it by  to give the root mean square value. The current across the inductor and resistor (ILR) could then be calculated using the equation ILR = VLR/ZLR. 
Next, the current across the capacitor could be calculated using  , where the voltage across the capacitor would be the same as the voltage across the inductor and resistor as they are in parallel. 
Finally, some calculations surrounding the supply current were completed to find the phase across the inductor and resistor branch and to see if the current is leading or lagging the applied voltage of 300V. The phase angle of the inductor and resistor branch jLR was calculated using the equation jLR = . The value of equation   could then be compared to the current across the capacitor. 
As mentioned earlier in the report, the resonant frequency was 56.97Hz. The relationship between voltage and current under these conditions will now be analysed by altering the frequency of the circuit at different intervals.

i) 25Hz below resonance
	Measurement
	Symbol
	Value

	Frequency
	fr - 25
	31.97Hz

	Applied voltage to the circuit
	V
	300V

	Inductive reactance
	XL
	32.74W

	Capacitive reactance
	XC
	129.64W

	Root mean square value of voltage across inductor/resistor branch
	VLR(RMS)
	285.67V

	Impedance across inductor/resistor branch
	ZLR
	43.74W

	Current across inductor/resistor branch
	ILR
	6.53A

	Current across capacitor
	IC
	2.204A

	Phase angle of inductor/resistor branch
	jLR
	48.47°

	Product of current and phase angle across resistor/inductor branch
	  
	4.89

	Angle of how much the current leads or lags the voltage by
	j
	31.82° (lagging)

	Maximum current of circuit (from graph simulation)
	IMAX
	7.27A

	Root mean square value of maximum current of circuit
	IRMS
	5.14A

	Current across resistor
	IR
	5.55A


Table 5: 25Hz below resonance results
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Figure 7: Phasor diagram at 31.97Hz
ii) Resonance (56.97Hz)
	Measurement
	Symbol
	Value

	Frequency
	fr
	56.97Hz

	Applied voltage to the circuit
	V
	300V

	Inductive reactance
	XL
	58.35W

	Capacitive reactance
	XC
	72.75W

	Root mean square value of voltage across inductor/resistor branch
	VLR(RMS)
	294.86V

	Impedance across inductor/resistor branch
	ZLR
	65.16W

	Current across inductor/resistor branch
	ILR
	3.83A

	Current across capacitor
	IC
	4.05A

	Phase angle of inductor/resistor branch
	jLR
	63.57°

	Product of current and phase angle across resistor/inductor branch
	  
	3.43

	Angle of how much the current leads or lags the voltage by
	j
	19.9° (leading)

	Maximum current of circuit (from graph simulation)
	IMAX
	2.83A

	Root mean square value of maximum current of circuit
	IRMS
	2.00A

	Current across resistor
	IR
	3.60A


Table 6: At resonance results
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Figure 8: Phasor diagram at 56.97Hz
iii) 25Hz above resonance
	Measurement
	Symbol
	Value

	Frequency
	fr + 25
	81.97Hz

	Applied voltage to the circuit
	V
	300V

	Inductive reactance
	XL
	83.95W

	Capacitive reactance
	XC
	50.56W

	Root mean square value of voltage across inductor/resistor branch
	VLR(RMS)
	296.98V

	Impedance across inductor/resistor branch
	ZLR
	88.82W

	Current across inductor/resistor branch
	ILR
	3.34A

	Current across capacitor
	IC
	5.87A

	Phase angle of inductor/resistor branch
	jLR
	70.94°

	Product of current and phase angle across resistor/inductor branch
	  
	3.157

	Angle of how much the current leads or lags the voltage by
	j
	68.1° (leading)

	Maximum current of circuit (from graph simulation)
	IMAX
	4.16A

	Root mean square value of maximum current of circuit
	IRMS
	2.942A

	Current across resistor
	IR
	1.25A


Table 7: 25Hz above resonance results
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Figure 9: Phasor diagram at 81.97Hz (25Hz above resonance)
iv) 50Hz
	Measurement
	Symbol
	Value

	Frequency
	f
	50Hz

	Applied voltage to the circuit
	V
	300V

	Inductive reactance
	XL
	51.21W

	Capacitive reactance
	XC
	82.89W

	Root mean square value of voltage across inductor/resistor branch
	VLR(RMS)
	294.16V

	Impedance across inductor/resistor branch
	ZLR
	58.85W

	Current across inductor/resistor branch
	ILR
	4.998A

	Current across capacitor
	IC
	3.55A

	Phase angle of inductor/resistor branch
	jLR
	60.48°

	Product of current and phase angle across resistor/inductor branch
	  
	4.35A

	Angle of how much the current leads or lags the voltage by
	j
	17.997° (lagging)

	Maximum current of circuit (from graph simulation)
	IMAX
	3.63A

	Root mean square value of maximum current of circuit
	IRMS
	2.57A

	Current across resistor
	IR
	4.75A


Table 8: At 50Hz results
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Figure 10: Phasor diagram at 50Hz
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At 25Hz below resonance, it was calculated that the product of the current and phase angle across the inductor/resistor branch was greater than the current across the capacitor (). This meant that the current was lagging the applied voltage. This was the same when the frequency of the circuit was set at 50Hz. However, this changed when the frequency was set at resonance or higher. The current across the capacitor was greater than the product of the current and phase angle across the inductor/resistor branch under these conditions. The angle the current is leading/lagging by was calculated using a further equation involving the difference between the phasor sum () and the current across the capacitor. 
From the calculations, it was seen that the circuit’s power factor was very low (0.4845). This needed to be changed as a low power factor is expensive and inefficient, and it reduces an electrical system’s distribution abilities. For example, in a real-world situation, many companies will charge additional penalty fees if a system’s power factor is below 0.95 [6]. Adding a capacitor of 38.4mF was extremely important to this circuit as the power factor was increased to be over 0.95. By doing this, the circuit’s overall reactance was reduced, and the circuit was operating close to resonance. 
In the case of achieving maximum power transfer, the added capacitor minimised the reactive power of the circuit and maximised the real power being delivered to the load. The capacitor value could be increased to get closer to a power factor, but the chosen value of 38.4mF was selected to get the power factor specifically to 0.95. The capacitor values of 43.4mF and 48.4mF were shown to give a higher power factor, according to the circuit simulation results. However, it was shown that if the capacitor value was too high, the excessive capacitive reactance would decrease the capacitive reactance of the circuit. This would then lead to an increase in the overall circuit current, which could potentially put additional strain on power sources, wiring and the circuit components. 
The parallel resonant circuit stored the circuit energy in the magnetic field of the inductor and the electric field of the capacitor. Inductors and capacitors can only store and release energy and cannot generate it [7]. This meant that the energy here is constantly being transferred back and forth between the inductor and capacitor, which resulted in zero current and energy being drawn from the supply [4]. 
As the power factor approaches 1, the energy stored in the capacitor is maximised. This can be seen in the graph showing the relationship between capacitor value and power factor where there is a positive correlation. The graphs also prove the previous point of a higher power factor relating to a lower phase angle, meaning the current and voltage are almost in phase. 
Additionally, these tests prove that resonance occurs in this type of circuit when the total circuit current is in phase with the supply voltage as the inductive reactance and capacitive reactance have been cancelled out. If these tests took place in a real-life scenario, the inductor would contain some amount of resistance from its inductive coil, as inductors are coils of wire wrapped around a core. This will have a slight effect on calculating the parallel resonant frequency where the equation may need to be modified to take this resistance into account. 
[bookmark: _Toc187353587]Conclusion
When testing the RLC circuit, it was clear to see that power factor correction and resonance were very important in AC systems. Power factor correction was important for improving the efficiency of the circuit by minimising energy losses and achieving maximum power transfer to the load. The initial power factor the circuit had (before correction) of 0.4845 was unacceptable and would lead to penalty charges in real world scenarios. However, these issues were solved by introducing a 38.4mF capacitor, which increased the power factor to the acceptable boundary of over 0.95. Resonance played an important role in this circuit as it also maximised the power transfer of the circuit and helped to achieve optimal performance. It took place when the inductive reactance and capacitive reactance were balanced, giving a purely resistive impedance. It could also be shown that at resonance, current and voltage were in phase which again resulted in maximum power transfer and minimal reactive power losses in the circuit.
Overall, the circuit was made to be more efficient after carrying out multiple tests and simulations to find appropriate component values. By reducing power losses and the phase angle between the current and voltage, a better system performance was achieved. 
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