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[bookmark: _Toc218517321]Abstract
This report presents an analysis of an RLC network consisting of a resistor (R), inductor (L), and capacitor (PFC) as shown in Fig 1.  The circuit behaviour was examined before power factor correction and again after adding a capacitor to improve the power factor.  The Resonant frequency is discussed, highlighting its effect on current, voltage, and impedance in RLC circuits. The analysis demonstrates the significance of RLC networks in practical applications.
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Fig 1.   RLC circuit.


Contents

Abstract	1
1.	Introduction	3
1.1.	RLC Circuits	3
1.2.	Power Factor	3
1.3.	Resonance	4
1.4.	Maximum Power Transfer	4
2.	Method	4
2.1.	Circuit Simulation	4
2.2.	Power	6
2.3.	Power Factor Correction	7
3.	Results	11
3.1.	Capacitance / Power Factor	11
3.2.	Capacitance / Phase Angle	12
3.3.	Circuit Behaviour	13
4.	Discussion	19
4.1.	Resulting Power Factor	19
4.2.	Resonance	20
4.3.	Maximum Power Transfer	20
4.4.	Energy Efficiency	21
4.5.	Three Phase	21
5.	Conclusion	22
6.	References	23
7.	Appendices	24
7.1 Appendix A	24
7.2 Appendix B.	27
7.3 Appendix C	29



1. [bookmark: _Toc218517322] Introduction
Alternating current (AC) circuits are electrical systems in which voltage and current vary sinusoidally over time.  Unlike direct current (DC), where current flows in a constant direction, AC continually changes direction, typically at a fixed frequency such as 50Hz.
1.1. [bookmark: _Toc218517323]RLC Circuits
Three basic passive components are used in AC circuitry:
· Resistor (R), restricts current flow and causes a voltage drop, but remains constant regardless of frequency, keeping voltage and current in phase [5].
· Inductor (L), Stores energy in a magnetic field and opposes changes in current, resulting in the current lagging the voltage by 90˚ [5].
· Capacitor (C), Stores energy in an electric field and opposes changes in voltage, resulting in the current leading the voltage by 90˚ [5].
An RLC circuit contains all three components and can be configured in series or parallel. The overall resistance to AC current is called impedance, which combines resistance and reactance (from inductors and capacitors) [5].  RLC circuits respond differently at different operating frequencies. Inductive reactance increases as frequency increases, and can be defined as:

[8]
Capacitive reactance decreases as frequency decreases and can be defined as:

[8]
[bookmark: _Toc218517324]1.2.	Power Factor
Power factor is an important concept in AC circuitry.  It indicates how efficient an electrical system is by how effectively the electrical power is being converted into actual use [7].  A power factor of 1 (unity) means all the supplied power is being consumed with no losses.  A lower power factor indicates losses due to reactive components in an electrical system.  Improving power factor is important in power systems because it reduces current, losses, and equipment stress [7].

1.3. [bookmark: _Toc218517325]Resonance 
In an RLC circuit, resonance occurs when the inductive reactance and capacitive reactance are equal.  At this point, the circuit behaves as purely resistive, where voltage and current are completely in phase [5].  In an RLC series circuit, resonance results in minimum impedance and maximum current. In a parallel RLC circuit, resonance leads to maximum impedance and minimum current [8].
1.4. [bookmark: _Toc218517326]Maximum Power Transfer 
Maximum power is transferred to a load when the load impedance is equal to the source impedance [8].  While this condition delivers maximum power, it does not provide maximum efficiency, as half of the power is dissipated in the source resistance.   Therefore, this principle is rarely used in power transmission.
2. [bookmark: _Toc218517327]Method
2.1. [bookmark: _Toc218517328]Circuit Simulation 
Proteus, a simulation software program, was used to analyse a parallel RLC circuit.  A circuit was assembled as seen in Fig 2.  The circuit is connected to a 300 Vrms, 50Hz sinusoidal source, with the component values given as:
· RSRC1 - 2.4Ω. Relates to the source's resistance, including cabling and transformer windings.
· L - 70mH. Load inductor, simulation of an inductive load, for example, a motor.
· R - 80Ω. Load resistor, simulation of the resistance of the motor windings.

[image: A diagram of a power supply
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Fig 2.  RL Circuit.


A graph was plotted and is illustrated in Fig 3.  Circuit current (Red trace) and load voltage (Green trace) over time are shown.  The magnitude of the voltage is indicated on the primary Y-axis, current on the secondary Y-axis, and time on the X-axis.  The points of Vmax (Maximum Voltage) and Imax (Maximum Current) were plotted to determine the time difference, which can then be used to calculate the phase difference. 
[image: ]
Fig 3. Graph showing Circuit current, load voltage and time of the RL circuit.
[bookmark: _Hlk218349795]As shown in Fig 3.
· Vmax = 413V @ 4.89m/s.
· Imax = 4.98A @ 5.89m/s.
This indicates that the current is lagging by 0.91m/s, which is the time difference.  Using the time per cycle, 0.02s (1/50Hz), the phase difference and the phase angle can be found:

[3]




Current is lagging voltage by 16.38˚.


2.2. [bookmark: _Toc218517329]Power
There are three types of power in AC systems.
· Apparent power (S) is the amount of power delivered to a circuit.  Given as:

[8]
· Real power or active power (P) Is the actual power consumed by circuits due to resistive loads.  Given as:

[8]
· Reactive power (Q) Is the fraction of the apparent power observed by the reactive elements.  Given as:

[8]
Where ∅ is the phase angle.
Using values for Vrms, Irms and the phase angle, the three types of power can be calculated for the RL circuit in Fig 2:

[3]




[3]







 

986.26W

Reactive Power Q = 292.04x3.52 x Sin(16.38)
Reactive Power Q = 298.9Var
2.3. [bookmark: _Toc218517330]Power Factor Correction
Motors, transformers, and other inductive loads use reactive power to generate magnetic fields.  This causes the current to lag, resulting in a poor power factor.  Installing a capacitor into the circuit provides a leading current that will counteract the lagging current caused by the inductive loads [7].
Power factor is defined as the cosine of the angle between voltage and current.  Applying the previously calculated phase angle (16.38˚), the RL circuit power factor can be determined:

[4]


Although a power factor of 0.96 is relatively efficient, an ideal power factor is as close to 1 (unity) as possible.  Adding a power-factor-correction capacitor to the RL circuit achieves this.  An appropriate capacitor value can be calculated.
The power factor formula can be arranged to find the required phase angle to achieve a desirable power factor, in this instance, 0.99:





Using the value already obtained for Irms (3.52A), which can be written as ILR as it is the load current for an inductive resistive load, and the original phase angle (16.38˚), and the new desired phase angle (8.11˚), values for IR (current across the load resistor), IL (current across the load Inductor).
A phasor diagram (Fig 4) was used to illustrate these values and also calculate a capacitor value (C) to counteract the lagging current.
[image: ]
Fig 4.  Phasor diagram used to calculate C.
IR, is shown at 0˚.






IL (A-C), is shown at 90˚ lagging.




I, is shown at 8.11˚.





The phasor diagram shows the unknown quantities AB, BC, and AC.  AC can be viewed as the current flowing through the inductor, while BC can be determined as IC (the current flowing through the capacitor).   Although there is no capacitor in the circuit yet, we can determine the IC using the theoretical phase angle 8.11˚.  IC is required to find the reactance (XC) and, from there, the capacitor value.
AB.




Therefore.




Rearranging the formula.




To find the power factor correction capacitor value, C.  Where f is the frequency (50Hz).







3. [bookmark: _Toc218517331]Results
The power factor correction capacitor was added in parallel to the RL circuit, as shown in Fig 5.
[image: ]
Fig 5.  RLC circuit.
3.1. [bookmark: _Toc218517332]Capacitance / Power Factor
A graph (Fig 6) was plotted to illustrate the relationship between the capacitance and Power factor for the RLC circuit shown in Fig 5.  A plot point is highlighted, indicating the power factor correction capacitor used in Fig 5.
[image: ]
Fig 6.  Graph illustrating the relationship between capacitance and power factor.


3.2. [bookmark: _Toc218517333]Capacitance / Phase Angle 
A graph (Fig 7) was plotted to illustrate the relationship between the capacitance and Power factor for the RLC circuit shown in Fig 5.  A plot point is highlighted, indicating the power factor correction capacitor used in Fig 5.  
[image: A graph with a line going up
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Fig 7.  Graph illustrating the relationship between capacitance and phase angle.
Beyond 10 µF, as more capacitance is added, the power factor worsens, and the phase angle increases, making the circuit less efficient, as shown in both graphs (Fig 6 & 7). This shows that the current increases in magnitude and leads the voltage by a greater angle, resulting in a larger phase shift and reduced effective power transfer.
The Power Factor is closest to 1 (unity) at 10 µF.  At this point, the circuit behaves more like a purely resistive system, where the reactive elements (capacitors and inductors) start to cancel each other out, and voltage and current are nearly in phase.
The inductor's energy is exchanged with the capacitor, not returned to the source. This balance improves efficiency and uses more apparent power usefully.

3.3. [bookmark: _Toc218517334]Circuit Behaviour 
The circuit's performance was analysed at the resonant frequency, then compared at frequencies above and below the calculated frequency.  The circuit voltage and current will be in phase at resonance.
The resonant frequency can be determined using the component values for the RLC circuit.  That frequency can be applied through the source, and the results can be analysed.  Resonant frequency in a parallel RLC circuit is given as:

[5]
Substituting the component values into this equation, will give the RLC circuit resonant frequency.


Using the plotted graph (Fig 8) the time difference can be obtained to calculate, phase difference and phase angle of the RLC circuit at resonant frequency.
[image: A graph with lines and dots
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Fig 8.  RLC circuit at 178Hz


As shown in Fig 8.
· [bookmark: _Hlk218421633]Vmax = 417V @ 7.033m/s.
· Imax = 2.63A @ 7.031m/s.
This indicates that current is leading by 0.002m/s, which is the time difference.  Using the time per cycle, 0.0056s (1/178Hz), the phase difference and the phase angle can be found.
[bookmark: _Hlk218420953]




Current is leading voltage by 0.13˚.
The power factor can now be obtained.
[bookmark: _Hlk218421294]




A phasor diagram was created (Fig 8) to illustrate the findings and show current flowing through the components with phase angles.
[image: A graph of a line graph
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Fig 8.  Phasor diagram, frequency at 178Hz (Resonance).
To gain the current flowing through the capacitor (IC), capacitive reactance (XC) was required, as well as Vrms.
[bookmark: _Hlk218420531]










To gain the current flowing through the load (ILR), inductive reactance (XL), Vrms, total load impedance (ZLR) are required.




[6]





The phase angle of the load can be calculated using the formula.



[bookmark: _Hlk218505226]Then the phase angle of the current of the RLC circuit. (See Appendix C for formula).





Then the RLC current magnitude. (See Appendix C for formula).



The same steps were taken to obtain results when the frequency is set below resonance (153Hz), as shown in Fig 9 (Appendix A for the relevant time difference plot and calculations), and above resonance (203Hz), as shown in Fig 10. (Appendix B for relevant time difference plot and calculations).
[image: A graph of a function
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Fig 9.  Phasor diagram, frequency at 153Hz (Below resonance).
[image: A graph of a function
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Fig 10.  Phasor diagram, frequency at 203Hz (Above resonance).
To compare results with the adjusted frequency phasor diagrams, Fig 11, illustrates the component current readings and phase angles for the RLC circuit at 50Hz.  Calculations can be found in Section 2.3 Power Factor Correction.
[image: A graph of a line graph
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Fig 11.  Phasor diagram, frequency at 50Hz.


4. [bookmark: _Toc218517335]Discussion
4.1. [bookmark: _Toc218517336]Resulting Power Factor
A graph was plotted to analyse the circuit's behaviour after the capacitor was added, as illustrated in Fig 12.  Circuit current (Red trace) and load voltage (Green trace) over time are shown.  The magnitude of the voltage is indicated on the primary Y-axis, current on the secondary Y-axis, and time on the X-axis.  The points of Vmax (Maximum Voltage) and Imax (Maximum Current) were plotted to determine the time difference, which can then be used to calculate the phase difference.
[image: A screen shot of a graph
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Fig 12. Graph showing Circuit current, load voltage and time of the RLC circuit.
As shown in Fig 6.
· Vmax = 413V @ 4.891m/s.
· Imax = 4.84A @ 5.327m/s.
This indicates that the current is lagging by 0.436m/s, which is the time difference.  Using the time per cycle, 0.02s (1/50Hz), the phase difference and the phase angle can be found.





The results indicate the capacitor has reduced the current, phase angle, and therefore improved the power factor as expected when adding a capacitor to a RL circuit.
The resulting power factor as expected.



4.2. [bookmark: _Toc218517337]Resonance
Adding a capacitor to a circuit to improve power factor reduces the circuit's reactive power.  The capacitor provides a leading current that cancels out the lagging inductive current. At perfect resonance, the capacitive current equals the inductive current, making the circuit purely resistive

[8]
Correcting the power factor to ≥0.95 brings the circuit close to resonance.  This is illustrated in the phasor diagrams in Fig. 8 (178Hz, resonant frequency) and Fig. 11 (50Hz).  At 178Hz, the source current is 1.87A and is in phase (0.1 °) with the voltage at 292V.  At 50Hz, the source current is 3.40A, slightly lagging the voltage by 8.11˚.  At resonance, greater circulating currents are shared between the capacitor and the inductive load, which is why it is avoided in power systems as a power-factor correction method, as it can cause issues like overheating and component stress.
The frequency and inductive reactance have a linear relationship, as illustrated in Fig 9 (153Hz) and Fig 10 (203Hz).  At 203Hz, the current drawn by the reactive load, ILR, is 2.47A, and at 153Hz, it is slightly higher at 2.82A.
4.3. [bookmark: _Toc218517338]Maximum Power Transfer
Maximum power transfer is not a means to improve power factor.  If additional impedances were added to the RL circuit source to match the load and source impedances, then maximum power transfer could occur [8]. The consequence is that the source dissipates as much power as the load, greatly reducing efficiency.  Power factor correction improves power delivery efficiency, not maximum power transfer.

4.4. [bookmark: _Toc218517339]Energy Efficiency
A low power factor can cause higher current for the same power output, which, in turn, increases voltage drop and further inefficiencies within an electrical system.  Although the original RL circuit was relatively efficient, measuring an Irms of 3.52A and an overall power factor of 0.96.  After power factor correction, Irms is 3.40A and the power factor is 0.99, with the same load and power delivery.  On a larger scale, improving the power factor from 0.96 to 0.99 is desirable, as it can reduce penalties from utility suppliers and allow the electrical infrastructure to support more load without upgrading [9].
4.5. [bookmark: _Toc218517340]Three Phase 
A three-phase system uses three alternating AC currents, each offset by 120˚ from one another [8]. This type of electrical system provides a smooth, consistent flow of electricity, making it more efficient than single-phase systems.
Three-phase systems are more common in industrial and commercial environments, where high-power rotating machines such as motors and compressors are used; three phases provide a smooth rotating magnetic field for AC motors [8].  Three-phase systems are also used for transmission and transformation, as they are much more cost-effective due to the lower equipment requirements to deliver the same power as in a single-phase system.
 It is very rare to see more than three phases being used in any system.  Adding more than three phases to the electrical infrastructure increases cost and complexity, and there is little efficiency gain per phase [10].

5. [bookmark: _Toc218517341]Conclusion
Power factor is an important concept in AC systems.  It indicates how efficient an electrical system is by how effectively the electrical power is being converted into actual use.  Power factor correction addresses system inefficiencies.  Complete resonance will give you the best efficiency and a completely in-phase system, which can cause issues like overheating and component stress.  As an alternative, a power-factor-correction capacitor is added to an inductive circuit to effectively absorb the inductive current, thereby achieving the required efficiency. 
Often, power factor correction capacitors are found in industrial settings where high-power, high-inductance loads are present.  They can be ‘switched’ in and out of circuit by an advanced monitoring system so that optimal power conditions are maintained when load changes are common.  This was shown in Fig 6, where excessive capacitance can increase the current leading phase angle, thereby negatively affecting the power factor.
Improving the efficiency of an electrical system through power factor correction can also improve efficiency:
· Stabilise voltage.
· Improve power quality.
· Reduce penalties from utility suppliers.
· Reduce wear and tear on electrical equipment.
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7. [bookmark: _Toc218517343]Appendices
[bookmark: _Toc218517344]7.1 Appendix A
153Hz
[image: A graph with a green line
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Fig 13. Graph showing Circuit current, load voltage and time of the RLC circuit at 153Hz.
· Vmax = 417V @ 8.163m/s.
· Imax = 3.05A @ 8.317m/s.




































Then the RLC current magnitude.





[bookmark: _Toc218517345]7.2 Appendix B.
203Hz
[image: A graph of a function
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Fig 14. Graph showing Circuit current, load voltage and time of the RLC circuit at 203Hz
· Vmax = 419V @ 6.160m/s.
· Imax = 2.34A @ 5.989m/s.


































(Lagging)

Then the RLC current magnitude.



[bookmark: _Toc218517346]7.3 Appendix C

[image: A math equation with black text
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Fig 15.  Phase angle formula
[image: ]
Fig 16.  Current formula
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