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Abstract
	The effect AC has on a circuit differs from DC due to the rise and fall of voltage and current, over time (frequency). This rise and fall of voltage and current in components such as capacitors and inductors, creates an additional apposing resistance, called reactance [1] [2]. The effects of this reactance must be understood by engineers in order to accurately remove it (by tuning the circuit to resonance) or utilise its affects, in order to modify the current and voltage in a desired and calculated manner. [3]
A parallel RLC circuit has been created and analysed in order to visualise and explain the effect of inductors and capacitors on voltage and current, and their phase relationships when the input frequency is stepped in increments between 0Hz and 10KHz. The results are discussed, once presented as a frequency curve on a graph. 
                   
		 Fig 1
The circuit was simulated, physical created and mathematically calculated. As displayed in the graph fig 1, all three lines differ in shape and amplitude, but peak at the same frequency (5032Hz). 
	The experiment only analyses a parallel RLC circuit. RLC circuit components can be arranged in different configurations to attenuate voltage and current at specific frequencies creating a filter. The parallel RLC circuit creates a ‘bandpass’ filter, where frequencies above and below a certain frequency are attenuated. [4]


Introduction
In electronics, engineers use both alternating current (AC) and direct current (DC). Certain components are selected for their ability to modify an input voltage and current to a desired output voltage and current. Inductors and capacitors are electronic components that effect the amount of voltage and the flow of electric current in a circuit. When these components are used in circuits combined with resistors, they create RLC (resistor, inductor and capacitor) circuits. These circuits are used whenever alternating current and voltages are to be affected or changed. The capacitor and resistor circuit (RC) is the more versatile circuit that is used in almost all electronic circuits in different combinations. RC circuits can create high and low pass filters, smoothing circuits, AC coupling whilst blocking DC, electrical timers etc [5] [6]. [3]
 By introducing an inductor to create an RLC circuit, very narrow bandwidth filters can be created which in turn can be used to focus on a narrow range of frequencies. This is extremely useful in wireless technologies. By selecting or, ‘tuning’ the circuit to a certain carrier frequency other circuits can then be used to extract the information from the carrier waveform and use the information in whatever way desired. This technology is applicable to analogue and digital data broadcast systems such as radio, television, telecommunications, Wi-Fi, GPS etc [7] [8]. [3]
Before looking into RLC circuits it is key to understand how inductors and capacitors effect voltage and current within AC circuits, see ‘Inductors and Capacitors’ in the appendices section. This background research helps to grasp the concepts of these components and make sense of the results of the experiment. 
Inductors and capacitors both have reactance,  known as inductive reactance XL and capacitive reactance XC. This reactance occurs whenever there is a change in current. In a purely resistive AC circuit, with no reactance influencing voltage and current, the current and voltage will remain in-phase with each other [3] [4]. 
When circuit is purely capacitive, the current is at maximum when the voltage is at zero. Then, as the capacitor charges, the voltage increases and the current decreases until the voltage is at maximum and the current is at zero. [3] [4]
The opposite is true for an inductor. When a circuit is purely inductive, the voltage is at maximum when the current is at zero and as the voltage drops the current rises. This continues until the voltage is at zero and the current reaches its maximum. [3] [4]
When represented as a sinusoidal waveform, in a purely capacitive circuit, the current leads the voltage by 90 degrees and in a purely inductive circuit, the voltage leads the current by 90 degrees. This means that the currents flowing through an inductor and capacitor are 180 degrees out of phase from each other. [2] [3]

Red line = Capacitor current
Blue line = Voltage
Green line = Inductor current
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Fig 2 [9]
 The formulas to calculate XL and XC are as follows [4]: 
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Resonance occurs when XL = XC, as their reactive effects cancel each other out due to them being opposites [3]. To calculate the resonant frequency, the formula is as follows [3] [4]:
[image: ]
For the experiment, the circuit diagram shows values for both the inductor and capacitor.
L= 1mH (0.001H)
C= 1uF (0.000001F)
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The calculated resonant frequency of 5032Hz will be taken into consideration in the experiment. This is also an ideal calculation using perfect components which should be accurate with both the simulated and calculated results but not for the physical circuit [6]. 
In the physical world inductors, capacitors and resistors are not perfect and have tolerances. Stray inductance and capacitance appear in circuits (hopefully in small amounts) which influence voltage and current flow [10]. The impedance of the test equipment will have an influence. 
The DC resistance of the cables will cause some resistance as will the skin effect. Which is where, the higher the frequency, the more electrons gather on the outer surface of conductive material when current flows. This has the effect of reducing the diameter of the conductor, resulting in an increase of resistance. The inductor is a single coil of wire as stated earlier, and has  DC resistance. A similar inductor used in the experiment was measures for DC resistance at UWTSD SA1 campus and measures around 4Ω. This will not be taken into consideration with the simulated and calculated results, but should be kept in mind for physical results. 
The output voltage needs to be converted to Decibels which is a unit of measurement which can represent a circuit’s ‘gain’ [11]. To determine a Q factor, the -3dB point needs to be calculated using a graph of results. To do this the voltage needs to be converted mathematically to decibels.  The point either side of the resonant frequency where the voltage reduces by 3dB needs to be used to determine the bandwidth. The bandwidth is the amount of frequencies between these -3dB points. [4]
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 The higher the Q factor number, the greater the circuits selectivity which is useful for selecting carrier frequencies. [3]
Series and parallel RLC circuits have opposite effect on voltage and current. In series, as the frequency rises the circuits phase relationship is inductive. As the circuit reaches resonance the voltage drops because the resistance across the inductor and the voltage across the capacitor are 180 degrees out of phase, they cancel each other out. As the circuit rises above resonance there is a phase shift of 180 degrees as the circuit becomes more capacitive. In a parallel circuit the opposite happens. When the circuit is below resonance more current flows through the inductor, reducing the voltage. When the circuit reaches resonance the out of phase current cancels each other out, resulting in less current drawn and a higher voltage. As the circuit frequency increases beyond resonance, the current increases across the capacitor creating a voltage drop. There are no voltage phase shifts  when in parallel. [11] [3]
RLC filter circuits hold a crucial part in audio manipulation creating the ability to attenuate and boost frequencies by creating high-pass, low-pass and band-pass filters. They are used to split frequencies to different sets of driver units for efficiency by creating a cross-over network. Sending low frequencies to larger drivers (woofers) via an inductor and higher frequencies to smaller drivers (horns/tweeters). [13]
A parallel RLC circuit was simulated in Proteus, built using breadboard and physical components, then calculated using Windows Excel. The results are compared within this report.



Equipment 
· 1x PC running electronic circuit simulation software (Proteus) and Windows Excel
· 1x Oscilloscope 
· 2x Scope probes
· 1x Function generator 
· 1x BNC to two crocodile clips cable 
· 1x Breadboard
· 1x 1kΩ resistor
· 1x 1mH inductor
· 1x 1uF capacitor
· Strips of insulated, solid core cable


Method
[image: ]
Fig 3 Circuit presented in assignment brief
First, a simulation of the circuit using Proteus circuit simulator. Once the circuit had been virtually created, a virtual signal generator was connected to the input to provide the test frequencies. A virtual oscilloscope was used to verify that the circuit worked.
  Voltages measurements were taken of test frequencies, using the virtual oscilloscope and placed in Microsoft Excel. The results were converted to dB using the formula =20*LOG10(Vout/Vin) [11] [13]. A results graph was created and analysed to determine the -3dB points, bandwidth and then Q factor. 
The experiment was repeated but this time using physical components and equipment. The results were placed into Excel and analysed in the same way as the simulated experiment creating another graph for comparison.
Lastly, the experiment was calculated mathematically using Excel. This involved utilising Excel’s ability to deal with complex numbers to calculate reactance and impedance to determine the output voltage and then convert that into dB to create a graph. 

Results
      

The simulated results showing considerably more amplitude than calculated and simulated.  

Resonance:
Simulated = 5032.92 Hz		Physical = 5032 Hz		Calculated = 5032.92 Hz	

Bandwidth
Simulated = 210 Hz			Physical = 1500 Hz		Calculated = 1120 Hz			
Q Factor
Simulated = 23.96628571		Physical = 3.35528 		Calculated = 4.4937


Discussion
From the data plotted on the combined graph, the simulated circuit has higher amplitude and Q factor. Yet both the physical and calculated yield more than 15dB lower amplitude which is huge due to the dB scale being logarithmic [13]. This amount of attenuation even at resonance, causes signal strength issues and creates the need for further circuit amplification [5].
It was expected that the physical circuit would differ the most due to many external factors from which the simulated and calculate circuits are unaffected. These are as follows:
· Component tolerances: Components have a tolerance rating from which the amount of fluctuation in value the component can have from its stated value. These can be up to plus or minus 20%. 
· Stray inductance and capacitance: When current passes through a conductor a magnetic field is produced. This created a small amount of inductive reactance. The proximity of the insulated coil windings of the inductor create a small capacitance between each winding resulting in added capacitive reactance. These affect the total impedance of the circuit. 
· Inductors DC resistance: The inductor being a single cable wrapped into a coil has a certain amount of DC resistance. Usually this is a low resistance, but it affects the total impedance of the circuit. This is not taken into consideration in Proteus or the calculated circuits as they used ideal values. 
· Source impedance: The signal generator used has an impedance due to the circuitry used to create the signals. This will have an effect because it has been placed in parallel with the RLC circuit and will affect the results. 
· Human error: Having a human select the frequency using a potentiometer on the signal generator and measure the results on an oscilloscope. Incorrect frequency selection, as the frequencies require minute amounts of rotation of the potentiometer which is extremely difficult and an amount of estimation of the voltage on the oscilloscope. 
The fact that the physical circuits resonance frequency aligns with the simulated and calculate results. This shows that the capacitor and inductor used must be very close to the stated values or compensating each other to resonate at the predicted 5032Hz.
The difference between the simulated and calculated resonance amplitude and Q factor are unexpected as neither suffer from the same factors as the physical circuit. 
For all three circuits, the amount of attenuations of the voltage becomes similar under 3.5KHz and above 6.5KHz. The simulated result has a very steep incline between 0Hz and 100Hz because the simulation started at 100Hz and not 0Hz so that explains that curve. 
Conclusions
The combined graph clearly shows that the resonance of all three experiments are aligned but with different Q factors. Considering background research into component tolerances, stray inductance and capacitance, and the skin effect; it was clear that the physical experiment was unlikely to yield the same results as the simulated and calculated ones.
The simulated and calculated results are different in terms of gain and Q factor. This is unpredictable and unexpected. Both circuits (simulated and calculated) used ideal values, therefore shouldn’t have had the predicted issues that the physical experiment did.
Possibly reasons could be:
· Proteus has added in an internal DC resistance for the inductor which has given the circuit a higher Q factor.
· Excel and Proteus round up or down equations/results to different decimal places.
Further research would be required to explain the difference in gain of the simulated and calculated circuits.
Within the physical experiment, there are a few small discrepancies which have probably altered results slightly. Selecting the exact frequency on the signal generator became very difficult due to using a potentiometer to select frequency. More accurate results would have been possible by using a signal generator with a digital interface to select the frequency. Reading the physical oscilloscope also introduced scope for slight measurement errors due to counting spaces. The digital scope used did have auto peak- to-peak but was not used during this experiment. If used, this would have created more accurate results. There could have been dips in voltage from the signal generator as the impedance dropped at the extremities of the frequency range resulting in more current flow. 
The experiments have shown the difference between simulated, calculated and physical circuits. Simulated circuits are great for design purposes due to the speed and ease of design and the fact that alterations can be made very quickly. Yet simulation alone does not give a full picture of exactly how a circuit will operate once created. Therefore, tweaks may be needed to match the physical to the simulated. 
The experiment provides a pathway to understanding the phase relationships between voltage and current which are fundamental in understanding AC electronic theory.
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Appendices
Inductors and Capacitors

A capacitor consists of two conductive plates separated by an insulating material. There is no physical connection through a capacitor. A capacitor charges and stores energy when a voltage is applied. When an input voltage is applied to a capacitor there is a large amount of current which in turn pulls the voltage down. The amount of time in seconds a capacitor takes to charge to 63% is known as a time constant (t=RC). It takes five ‘time constants’ until the capacitor is considered fully charged and becomes within 1% of the input voltage (99% charged) see fig 1. As the capacitor charges, the current reduces as the voltage begins to rise as there is less potential difference between the source and the capacitor. The capacitors resistance to voltage is known as its reactance.  Once the capacitor is fully charged there is virtually no current flowing through capacitor. In a DC circuit a capacitor appears as an open circuit once fully charged as there is no physical connection between the plates. [1] [2]
When the source voltage drops below the voltage stored in the capacitor, the capacitor discharges and releases its energy back into the circuit. When a capacitor discharges, it depletes to 37% of its full charge in the time it takes for one time constant (which is 100% - 63%). It also takes five, time constants to be depleted to 1% which is considered empty fig 2. [1] [2]
.[image: ]
Fig 1 [1]
[image: ]
Fig 2 [1]

 This is used in many applications such as a smoothing circuit, for smoothing out ripple in voltage rectification see fig 3 [3]. The larger the capacitance, the longer the time constant time (longer it takes to charge) and the slower it will react to changes in frequency. The ability to vary the time constant can be applied to create an analogue electronic timer. [1]
 [image: ]
Fig 3 [3]
An inductor is a length of wire that has been wrapped into a coil. Unlike a capacitor, there is a physical connection through an inductor. When current flows through a coil it energises and becomes an electromagnet, creating an electric field. The more current, the stronger this magnetic field becomes. When there is a change in current, such as in an AC circuit, there is a fluctuation in the strength of the magnetic field. When a magnetic field fluctuates it induces a voltage into the conductive material of the inductor creating an EMF (electro motive force). This is known as the inductor’s reactance. This voltage opposes the direction of the changing current, generating a back (reverse) EMF. When a voltage is applied to an inductor the current is restricted by the generated back EMF. The time it takes for the current in an inductor to reach 63% of the total current is also known as its time constant (t= L/R) but unlike a capacitor it is now current, not voltage, that takes five times constants to reach maximum (99%).  When the inductor deenergizes the current depletes to 37% after one time constant and takes five, time constants to become 1% which is considered, deenergised. [1] [2]
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Fig 4 [1]
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Fig 5 [1]
Unlike the capacitor, inductors are not particularly common in modern circuits.  Some of their uses are as ‘chokes’ for power factor correction, to balance out what would be a highly capacitive circuit such as in a fluorescent light unit. Transformers are essentially two or more inductors in proximity, sharing the same core material. Utilising induction to create voltages and currents in the other inductors coil. Each coil influences the voltage and current in the circuit it is directly connected to because it acts like an inductor. [1]
[bookmark: _GoBack]
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