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Abstract
This assignment aimed to develop practical measurement skills and data analysis through a laboratory exercise based on software simulation and a practical experiment using real equipment. Mainly, studying the resonance in a series RLC circuit by determining the voltage drop across a capacitor as a function of the applied frequency. Differentiating between the both experiments. Using mathematical equtions to work out resonant frequency, impedance, reactance and voltage drop in the circuit to improve maths skills. 
Introduction
A series RLC circuit consists of a pure resistor (resistance=R), an inductor (Inductance=L), and capacitor (Capacitance=C) all connected in a series as shown in figure 1. From the combination, the current through the circuit will be equal to the current flowing through each component [1].
[image: series rlc circuit analysis]
Figure 1: Series RLC circuit diagram [2]
The behavior of the circuit can be analyzed by supplying a fixed voltage and frequency. Besides, the characteristics of the circuit under a voltage supply of fixed amplitude but different frequencies could be evaluated.
Background theory 
Series RLC circuit
Rather than dissecting every passive component independently, we can join each of the three components together into an arrangement of an RLC circuit. The analysis of an arrangement RLC circuit is equivalent to that for a double arrangement RL and RC circuits. Beside previous arrangements we must account the magnitude of the both  and    to find the total reactance of the circuit. Series RLC is also known as a second-order circuits, because the capacitor C and inductor L are two energy storage elements. Consider the RLC circuit above. [2]
The series RLC circuit above has the current flowing immediately through the loop keeping the same current at each component. Due to capacitive and inductive reactance are driven by supply frequency. Therefore, the sinusoidal reaction of the RLC circuit response will differ due to frequency. Hence, the individual voltage drop across each component will be “out of phase” with each other as characterised by:
· i(t) = Imax sin(ωt)
·   The instantaneous voltage across a pure resistor, VR is “in-phase” with current
·   The instantaneous voltage across a pure inductor, VL “leads” the current by 90o
·   The instantaneous voltage across a pure capacitor, VC “lags” the current by 90o
·   Therefore, VL and VC are 180o “out-of-phase” and in opposition to each other [2].
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Figure 2: Amplitude across each component [2]
As the voltage is out of phase at each component implies that VR, VL and VC cannot be added to discover the supply voltage, because the current vectors are different in direction then the voltage vector points across each component as shown in figure 3. Kirchhoff’s voltage law states around any closed loop the sum of EMF equals the sum of voltage drop around the loop.  The following formulae is used to calculate the sum of voltage drop: 
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Figure 3: Voltage vector against the current [2]
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The figure above shows the phasor outline on the correct hand side over that the voltage vectors create a rectangular triangle, including hypotenuse VS, horizontal axis VR and vertical axis VL – VC. Therefore, the mathematical Pythagoras’s theorem can be used to calculate the value for Vs.
Impedance
Impedance refers to the combined effect of the resistance R, capacitive reactance   and inductive reactance  like resistance in a DC circuit. Interestingly, the specific resistance of the of the three circuit elements in ohms does not add up because inductors and capacitors behave oppositely to each other [1]. That are their effects partially or entirely cancel each other. From the circuit in figure 1,  
  where  is the frequency,  and  
The canceling effect of combining a capacitor and an inductor makes the resulting circuit to be capacitive if  and inductive if  The corresponding absolute magnitude of impedance,  . From the previous equations, an increase in frequency or inductance corresponds to an increase in the value of inductive reactance. Increasing the frequency towards infinity would proportionally increase the reactance towards infinity making the circuit element to behave like an open circuit. On the contrary, if frequency approaches zero, the inductor acts like a short circuit implying that inductive reactance is proportional to frequency as demonstrated in figure 4.
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Figure 4: Reactance Versus Frequency [2]
From the graph, inductive reactance increases linearly as the frequency increases. Therefore, . 
However, capacitive reactance  denoting that if the capacitance or frequency increases, the reactance decreases. As a result, as the frequency approaches infinity, the reactance would reduce to zero hence making the element to behave like a perfect conductor with zero impedance [1]. The capacitive reactance will increase to infinity if the frequency approaches zero making it act like an open circuit. The relationship between  and  is shown in figure 5.
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Figure 5: Capacitive Reactance Versus Frequency [2]
From figure 5, the graph resembles that of a hyperbolic function. That is capacitive reactance inversely proportional to the frequency. We can see that at higher values of is It low but  is high. Therefore, there exists a point where the two curves intersect. In other words, the point where  that is referred to as the resonant frequency known as "series resonance." Applications of series resonance include AC mains filters, noise filters, and tuning circuits in televisions and radios.
Series Resonance Frequency
[image: ]

Figure 6: Inductive and Capacitive Reactance Versus Frequency [2]
The intersection point can be calculated as follows. 

Substituting  into the two relations we get:






Therefore, the resonance frequency 
We can see that at resonance, inductive and capacitive reactance cancel out leaving a series LC combination operating as a short circuit with resistance as the only opposition to the flow of current. In complex form, resonance frequency occurs when the total impedance becomes purely “real” without any imaginary impedance. Therefore, 
The voltage across the circuit is the phasor sum of . At resonance, are equal but opposite in phase angle thereby canceling each other out. Also,  denoting that the resultant voltage drop across the reactive components is zero and the supply voltage drops across the resistor. Therefore,  which is the reason why the circuit often referred to as a voltage resonance circuit.
When the capacitive reactance dominates the graph of impedance at different levels of frequency resembles a hyperbolic shape. However, when inductive reactance dominates, the corresponding impedance curve appears non-symmetrical as shown in figure 7 below due to the linear response of   depicted in the preceding section in figure 4. 
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Figure 7: Impedance curve [2]
Series Resonance Current
In a series RLC resonance circuit, the frequency response curve shows that the magnitude of the current is a function of frequency. Plotting current against frequency shows that the response starts from near zero and increases to a maximum value at the resonance frequency when the current is maximum as shown in the figure below. That is when the circuit current equals the current across the resistor. The current then drops to a value close to zero as the frequency increases to infinity. As a result, the voltage magnitudes across the capacitor and inductor increases many times higher than the supply voltage, especially at resonance. However, these vast voltages cancel out since they are equal and opposite [2].
 [image: ]
Figure 8: Series resonance current [2]
The resonance circuit only functions at resonant frequency hence the name “acceptor circuit.” The impedance reaches its minimum point at this frequency, and the circuit readily accepts the current at resonance. Additionally, one may notice that the maximum current in the RLC circuit only limited by the circuit pure and real resistance. Therefore, the source voltage and current should be in phase [2].
 e
Bandwidth of series RLC
Driving a series RLC circuit variable frequency but at constant voltage makes the current proportional to the impedance. Consequently, the power  absorbed by the circuit reaches the maximum value. If we vary the frequency until the circuit consumes half the resonance power, then we get two frequency points on either side of the reference resonance point. The two half-power points are situated  from the reference point at maximum current [3].
The half-power point gives us current equal to 70.7% of the maximum value. The  point on the left is called the "lower cut-off frequency " whereas that on the right is referred to as the "upper cut-off frequency.” The difference between the two frequencies is called the Bandwidth (BW) [2].
[image: ]             [image: bandwidth of a series rlc resonance circuit]Figure 9: Bandwidth of Series RLC [2]

Figure 10: Bandwidth Resonance series RLC [2]


We can measure the sharpness the resonance to get the Quality Factor (Q). Q factor relates to the ration between the peak energy stored in the circuit to the energy dissipated during each oscillation cycle. Therefore, the circuit Q factor is inversely proportional to the bandwidth as shown in the equation below.

The selectivity of the circuit refers to the ability of the circuit to reject a range of frequencies outside the bandwidth. Thus, a more particular RLC circuit will have a narrower bandwidth as compared to a less selective circuit [2]

Methodology 
The laboratory experiment based on a simulation experiment using software and the practical experiment using real components. For the practical experiment, the circuit was constructed using the following components, which included a signal generator, an oscilloscope, a 3.3 resistor,  inductor,  capacitor. 
The oscilloscope was connected across the resistor output using the oscilloscope probes to measure and record the amplitude of ().  Then the simulate experiment was carried out using Proteus design suite software. The components included in the setup included; A signal generator, an oscilloscope, a 3.3 resistor,  inductor, and  capacitor. The elements were connected to produce the circuit shown in figure 11 below.
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Figure 11: RLC circuit diagram
The signal generator output was set to 12VRMS and 100Hz initially, then the procedure was repeated under different frequency ranges up to a maximum of 18kHz (18000Hz) as shown in the proceeding section. Took several closely spaced measurements of around the peak of the response to accurately determine the peak.  at the specified frequency was measured and recorded in table 2 in the appendix. 
Results
The data were obtained from the laboratory and simulated experimental exercise. All the calculated data obtained were tabulated in Table 1 (appendices).  The following graphs were plotted against the data obtained during the experiments and calculated using Ohm's law 

Figure 12: Graph showing the Impedance curve

Figure 13: Reactance curve

Figure 14: Current vs frequency curve


Figure 15: A graph showing Impedance and reactance against frequency

Figure 16: A Graph showing  plotted with 


Figure 17: A graph showing experimental and simulated results of (VL + Vc)
Discussion 
All the results were plotted in a graph to evaluate it against the theory.
The equation was used to calculate the reactane at different frequencies of the capacitance (ῼ) and inductance (ῼ). The results were plotted on a graph as shown in figure 13. The inductive reactance on the graph proves the increase in line as the frequency increases. Therefore the reactance in the inductor act as a short circuit as it approches 0 frequency implying that the inductive reactance is proportional to frequency, so if the frequency approches towards infinty the element in the circuit act as an open circuit making the cuircit inductive. 
The capacitive reactance decreases as the frequency increases making the circuit capacitive at first, but as the frequency approches infinity, the reactance will reduces to zero making the element a perfect conductor with zero impedance.  So if the frequency approches zero the capacitive reactance will increase to infinty making it act as an open circuit. 
On the graph where the two curves intersect, at that point the circuit   making it resonate at that frequency. Also, known as resonant frequency or series resonance. At this point the  and cancels each other out, leaving the circuit operating as short circuit with resistance as the only opposition to the flow of current. Making the total impedance become purely real without any imaginy impedance hence, Z = R at resonance as shown in figure 12.
Resonance occurs because energy is stored in two different ways: in an electric field as the capacitor is charged and in a magnetic field as current flows through the inductor. 
The following equation was used to calculate the resonant frequency: 




In figure 12 the impedance and resistance were calculated using the following formuale:  and plotted on the graph. The impedance at the beginning is high at 1000Hz, but starts to decrease in value as the frequency is increased towards resonance frequency at this point the capactive and  inductive reactance cancel each other out leaving the circuit purely resistive. After the point of resonance the as the frequency increases, so as the impedance increase as well making the cuircut inductive.  
In figure 14 the current was calculated using the following formuele:  and plotted on a graph. The current at the beginning is near zero, but starts to increase as the frequency increases to the point of resonant frequency. After the point of resonant frequency the current starts to decrease as the frequency increases to infinity. As a result the magnitude of voltage increase many times higher then the supply voltage across the capacitor and inductor, especially at resosnance. However the vast voltages cancel each other out since they are equal and opposite. At resonance the current (I) is at its maximum and the impedance reaches its minimum point at that frequency. Making the source voltage and the current to be in phase with each other, because the RLC circuit is purely resistive at the point of resonance. 
The results were obtained on the oscilloscope for the ) for the experimental and simulated experiments. Both experiment’s data were plotted on a graph as shown in figure 17 to compare the difference between the both experiments. Also, to find the Q factor for both experiments using the following formulae:   , 
The actual experiments:  
			  
			  
			  
The simulated experiment: 
			
The both experiments resonant at the same frequency , but the difference in the Q factor for the both experiments is due to the fact that proteus 8 (simulation software) uses pure values of the component, but infact the values of the component differs in real time. All passive components have intial tolerances and the circuit cannot be designed without the considering the torlerance. For resistor double the intial tolerance not exceding 10%, capacitor  tolarence ranges between 20% and -80% and the small inductors the intial tolerance triples if its used to work at high frequency [4].
The actual values of the devices used in the actual experiments are:
Resistor
stated value - 3.3 Ω
Measured resistance - 2.89 Ω
Measured Inductance - 13.7 µH
Inductor
stated value - 1 mH
Measured inductance - 0.977 mH
Series Resistance - 2.89 Ω
Capacitor
stated value - 1µF
measured capacitance - 1.013µF
ESR @ 1 kHz - 5.09189 x 10-5
ESR @ 10 kHz - 7.63784 x 10-4
As shown above the devices values, which shows the difference for each device, the resistor has a minimum inductance effect, the capacitor has no effect, but the inductor has maximum of resistive effect.  

Conclusion 
Overall, the lab instilled an understanding of the practical measurement skills and data analysis. Specifically, by using Proteus Software to simulate an RLC circuit and determine the resonance frequency. The results obtained complied with the calculated theoretical values. The discussion in the preceding section highlighted the difference in Q factor for the both experiments. The high accuracy obtained shows that simulation software could achieve very high precision owing to the perfect measurement systems embedded in the systems. If we implement a real circuit with the specified parameters, the accuracy is reduced due to not considering the tolerance for each device. Statistically, while designing any circuit we must consider the device tolerance in order to make it more precise. 
When a sinusoidal source drives a pure resistive load, the source delivers power to the resistance, the resistance never delivers power to the source.
However, for a pure reactive load, the source alternately delivers and then receives power back from the load, the reactive load stores energy from the source half of the time and then "gives it back" during the other half. When the load is an RLC circuit, at most frequencies, the load is part resistive and part reactive (either inductive or capacitive depending on whether one is driving with a frequency that is above or below the resonance frequency respectively).
So, When the RLC circuit is driven at the resonance frequency, it appears as a pure resistance so that the load never returns power back to the source, all the power is delivered to the load.
This is important, especially in RF circuits, and in other areas too.
RLC circuit are used in many applications such as AC mains filters, noise filter, and tuning circuits for radio and television.  
In the radio application the resonance responds to a certain frequency, which discriminates against all other frequencies. The higher the Q factor, narrower the bandwidth steeper the slope makes it easy to be selective. 


Appendices
Table 1 of the results
	Frequency (Hz)
	R
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	Impedance Z
	Current I (A)

	1000
	3.3
	6.283185307
	159.1549431
	152.90737
	0.026159629

	1500
	3.3
	9.424777961
	106.1032954
	96.73482
	0.041350157

	2000
	3.3
	12.56637061
	79.57747155
	67.09231
	0.059619351

	2500
	3.3
	15.70796327
	63.66197724
	48.06743
	0.083216432

	3000
	3.3
	18.84955592
	53.0516477
	34.36092
	0.116411318

	3500
	3.3
	21.99114858
	45.47284088
	23.71244
	0.168687828

	4000
	3.3
	25.13274123
	39.78873577
	15.02292
	0.266259822

	5000
	3.3
	31.41592654
	31.83098862
	3.326
	1.202645821

	5032.92121
	3.3
	31.6227766
	31.6227766
	3.3
	1.212121212

	6000
	3.3
	37.69911184
	26.52582385
	11.65042
	0.343335262

	7000
	3.3
	43.98229715
	22.73642044
	21.50063
	0.18604106

	8000
	3.3
	50.26548246
	19.89436789
	30.54987
	0.130933454

	9000
	3.3
	56.54866776
	17.68388257
	39.00463
	0.102551928

	10000
	3.3
	62.83185307
	15.91549431
	47.03227
	0.085047989

	11000
	3.3
	69.11503838
	14.46863119
	54.74596
	0.073064752

	12000
	3.3
	75.39822369
	13.26291192
	62.22288
	0.064285035

	13000
	3.3
	81.68140899
	12.24268793
	69.51709
	0.057539808

	14000
	3.3
	87.9645943
	11.36821022
	76.66744
	0.052173387

	15000
	3.3
	94.24777961
	10.61032954
	83.70253
	0.047788281

	16000
	3.3
	100.5309649
	9.947183943
	90.64387
	0.044128743

	17000
	3.3
	106.8141502
	9.362055476
	97.50795
	0.041022296

	18000
	3.3
	113.0973355
	8.841941283
	104.30761
	0.038348113



Table 2: Calculated voltage drops 
	Frequency Hz 
	VL
	Vc
	VL+Vc

	1000
	-0.176
	4.38
	4.204

	1500
	-0.43
	4.716
	4.286

	2000
	-0.848
	5.215
	4.367

	2500
	-1.523
	5.983
	4.46

	3000
	-2.648
	7.222
	4.574

	3500
	-4.708
	9.435
	4.727

	4000
	9.588
	-14.72
	-5.132

	5000
	30.2903
	-30.2906
	-0.0003

	6000
	10.583
	-7.285
	3.298

	7000
	5.653
	-2.866
	2.787

	8000
	4.237
	-1.646
	2.591

	9000
	3.954
	-1.213
	2.741

	10000
	4.329
	-1.074
	3.255

	11000
	4.1058
	-0.8418
	3.264

	12000
	-6.714
	-1.15
	-7.864

	13000
	-6.957
	1.014
	-5.943

	14000
	6.8438
	-0.8598
	5.984

	15000
	0.3662
	-0.0363
	0.3299

	16000
	-4.2128
	0.4028
	-3.81

	17000
	3.8027
	-0.3217
	3.481

	18000
	-6.4639
	0.4909
	-5.973



Table 3: Actual and simulated results
	Frequency (Hz)
	Vc+Vl
	Vc+Vl 
	

	100
	1.2
	4
	

	200
	1.2
	4
	

	500
	1.2
	4
	

	1000
	1.2
	4
	

	2000
	1
	4
	

	4000
	0.35
	3.86
	

	4500
	0.25
	3.5
	

	4600
	0.18
	3.26
	

	4700
	0.18
	2.8
	

	4800
	0.128
	2.1
	

	4900
	0.128
	0.9
	

	5000
	0.124
	0.6
	

	5032
	0
	0
	

	5100
	0.118
	1.8
	

	5200
	0.122
	2.6
	

	5300
	0.122
	3.1
	

	5400
	0.136
	3.36
	

	5500
	0.156
	3.54
	

	6000
	0.266
	3.86
	

	7000
	0.48
	3.96
	

	8000
	0.68
	4
	

	100000
	0.94
	4
	

	150000
	1.16
	4
	

	200000
	1.22
	4
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Current versus Frequency
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Current A




Resistance, Inductance and Capacitance against Frequency

R	1000	1500	2000	2500	3000	3500	4000	5000	5032.9212100000004	6000	7000	8000	9000	10000	11000	12000	13000	14000	15000	16000	17000	18000	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	3.3	XL	1000	1500	2000	2500	3000	3500	4000	5000	5032.9212100000004	6000	7000	8000	9000	10000	11000	12000	13000	14000	15000	16000	17000	18000	6.2831853070000001	9.4247779610000002	12.56637061	15.70796327	18.84955592	21.991148580000001	25.132741230000001	31.415926540000001	31.622776600000002	37.69911184	43.982297150000001	50.265482460000001	56.548667760000001	62.831853070000001	69.115038380000001	75.398223689999995	81.681408989999994	87.964594300000002	94.247779609999995	100.5309649	106.8141502	113.0973355	Xc	1000	1500	2000	2500	3000	3500	4000	5000	5032.9212100000004	6000	7000	8000	9000	10000	11000	12000	13000	14000	15000	16000	17000	18000	159.1549431	106.10329539999999	79.577471549999999	63.661977239999999	53.051647699999997	45.47284088	39.788735770000002	31.830988619999999	31.622776600000002	26.525823849999998	22.73642044	19.894367890000002	17.683882570000002	15.91549431	14.46863119	13.262911920000001	12.242687930000001	11.36821022	10.61032954	9.9471839430000006	9.3620554760000001	8.8419412830000006	Impedance Z	1000	1500	2000	2500	3000	3500	4000	5000	5032.9212100000004	6000	7000	8000	9000	10000	11000	12000	13000	14000	15000	16000	17000	18000	152.90736999999999	96.734819999999999	67.092309999999998	48.067430000000002	34.36092	23.712440000000001	15.022919999999999	3.3260000000000001	3.3	11.65042	21.500630000000001	30.549869999999999	39.004629999999999	47.032269999999997	54.745959999999997	62.222880000000004	69.517089999999996	76.667439999999999	83.702529999999996	90.643870000000007	97.507949999999994	104.30761	fr	5032.9212100000004	5032.9212100000004	180	0	Frequency (Hz)


Reactance




VL + Vc Calculated

VL	1000	1500	2000	2500	3000	3500	4000	5000	6000	7000	8000	9000	10000	11000	12000	13000	14000	15000	16000	17000	18000	-0.17599999999999999	-0.43	-0.84799999999999998	-1.5229999999999999	-2.6480000000000001	-4.7080000000000002	9.5879999999999992	30.290299999999998	10.583	5.6529999999999996	4.2370000000000001	3.9540000000000002	4.3289999999999997	4.1058000000000003	-6.7140000000000004	-6.9569999999999999	6.8437999999999999	0.36620000000000003	-4.2127999999999997	3.8027000000000002	-6.4638999999999998	Vc	1000	1500	2000	2500	3000	3500	4000	5000	6000	7000	8000	9000	10000	11000	12000	13000	14000	15000	16000	17000	18000	4.38	4.7160000000000002	5.2149999999999999	5.9829999999999997	7.2220000000000004	9.4350000000000005	-14.72	-30.290600000000001	-7.2850000000000001	-2.8660000000000001	-1.6459999999999999	-1.2130000000000001	-1.0740000000000001	-0.84179999999999999	-1.1499999999999999	1.014	-0.85980000000000001	-3.6299999999999999E-2	0.40279999999999999	-0.32169999999999999	0.4909	VL+Vc	1000	1500	2000	2500	3000	3500	4000	5000	6000	7000	8000	9000	10000	11000	12000	13000	14000	15000	16000	17000	18000	4.2039999999999997	4.2860000000000005	4.367	4.46	4.5739999999999998	4.7270000000000003	-5.1320000000000014	-3.0000000000285354E-4	3.298	2.7869999999999995	2.5910000000000002	2.7410000000000001	3.2549999999999999	3.2640000000000002	-7.8640000000000008	-5.9429999999999996	5.984	0.32990000000000003	-3.8099999999999996	3.4810000000000003	-5.9729999999999999	Frequency Hz


Volatge V




Actual and Simulated results of VL + Vc against Frequency

Experimental	100	200	500	1000	2000	4000	4500	4600	4700	4800	4900	5000	5032	5100	5200	5300	5400	5500	6000	7000	8000	100000	150000	200000	1.2	1.2	1.2	1.2	1	0.35	0.25	0.18	0.18	0.128	0.128	0.124	0	0.11799999999999999	0.122	0.122	0.13600000000000001	0.156	0.26600000000000001	0.48	0.68	0.94	1.1599999999999999	1.22	Simulated	100	200	500	1000	2000	4000	4500	4600	4700	4800	4900	5000	5032	5100	5200	5300	5400	5500	6000	7000	8000	100000	150000	200000	4	4	4	4	4	3.86	3.5	3.26	2.8	2.1	0.9	0.6	0	1.8	2.6	3.1	3.36	3.54	3.86	3.96	4	4	4	4	70.7% Line	1000	100000	2.8279999999999998	2.8279999999999998	70.7% Line	1000	100000	0.86299999999999999	0.86299999999999999	Fl Line simulated	4700	4700	0	5	fh Line Simulated	5250	5250	0	5	fl Line	2400	2400	0	5	Frequency (Hz)


Voltage (V)
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