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[bookmark: _Toc140419265]1 – Aim
In this experiment, 2 tasks were given. The first was to conduct an experiment to verify maximum power transfer theorem. The second was to determine the resonant frequency of a series resonance circuit. Both tasks were completed using a simulation software and compared to theoretical calculations.
[bookmark: _Toc140419266]2 – Task 1
[bookmark: _Toc140419267]2.1 - Background Theory
This task applies 2 essential theorems:
The first is Thevenin’s Theorem which states all complex linear circuits can be simplified to an equivalent circuit, known as Thevenin’s Equivalent Circuit, shown in figure 1 [1]. This new circuit contains a single voltage source and contains 2 resistors in series [2] where the first is the Thevenin Resistance which is the value of the short-circuited resistance. The second is the load resistance which is the resistance across the open circuited terminals.   
[image: Thevenin equivalent circuit with the load resistor.] 
[bookmark: _Toc140418354]Figure 1 - Thevenin Equivalence Theory Circuit

The second is Maximum Power Transfer Theorem which states maximum power is generated in a DC network, the load resistor must be equal to the circuit’s Thevenin Equivalent Resistance. [3]
Maximum Power Transfer Theorem shares identical steps with Thevenin’s Theorem for its application to circuits, however, it goes a step further and calculates the power for the equivalence circuit. Over a range of data, Figure 2 [4] should be formed whereby the power transferred in the circuit peaks when the load resistance matches the Thevenin Resistance in the shorted circuit.

[image: Maximum-Power-Transfer-Power-to-Load]
[bookmark: _Toc140418355]Figure 2 - Maximum Power Transfer Theory Graph
The method for the theoretical calculation can be seen below.
Step 1: Finding the Thevenin Voltage (VTh)
If unknown, determine the open circuit voltage across the terminal. This can be done using Ohm’s Law or the voltage divider rule as appropriate. 

[bookmark: _Toc140418511]Equation 1 - Ohm's Law


[bookmark: _Toc140418512]Equation 2 - Voltage Divider Rule

Step 2: Finding the Thevenin Resistance (RTh)
Apply series and parallel resistance calculations as appropriate to calculate the Thevenin Resistance (also known as equivalent resistance). The terminal must be short circuited first.
In series:

[bookmark: _Toc140418513]Equation 3 - Total Resistance in Series
In Parallel:

[bookmark: _Toc140418514]Equation 4 - Total Resistance in Parallel
Step 3: Determining the Load Current

[bookmark: _Toc140418515]Equation 5 - Ohm's Law Permutation for Load Current

Step 4: Calculate the maximum power.

[bookmark: _Toc140418516]Equation 6 - Ohm's Law (Power Derivation)
Full theoretical Calculations were completed for this task can be found in Appendix A.
[bookmark: _Toc140419268]2.2 - Method
Figure 3 was given along with values for R1, 2 and 3. 
[image: A diagram of a circuit

Description automatically generated]
[bookmark: _Toc140418356]Figure 3 - Circuit for Task 1
Steps were taken to apply Maxmium Power Transfer Theorem to this circuit. Firstly, the load resistor was removed which open circuited the load resistor. Next, a voltmeter was added to find the Open Circuit Voltage, otherwise known as the Thevenin Voltage. This is shown in Figure 4.
[image: A diagram of a circuit

Description automatically generated]
[bookmark: _Toc140418357]Figure 4 - Finding Thevenin Voltage
The Thevenin Voltage was noted. Next, Figure 5 shows how the Equivalent resistance of the circuit was determined by removing the DC power source and an Ohmmeter was added to the circuit to measure the Thevenin Resistance where Req = RTh. 
[image: A diagram of a circuit

Description automatically generated]
[bookmark: _Toc140418358]Figure 5 - Finding Thevenin Resistance
A Thevenin Equivalence Circuit was constructed, shown in Figure 6, where the DC Battery has the previously found Thevenin Voltage and the resistor RTh has the previously found Thevenin Resistance. The load resistor was readded along with an Ammeter to measure current. 
[image: A diagram of a circuit

Description automatically generated]
[bookmark: _Toc140418359]Figure 6 – Simulated Thevenin Equivalence Circuit
The load resistor’s value was varied between 1000 and 20000 Ohms with extra results being recorded around the peak to increase accuracy. Currents from the ammeter were recorded and tabulated. The Ammeter was edited to measure for Milliamps as the currents recorded were too small for the Ammeter to measure in Amps.
The power of the circuit was then calculated using Equation 6.
These results were added to the table and the results of the resistance of the load resistor was tabulated against the Power calculated. The resistance at peak power was then noted for results.
[bookmark: _Toc140419269]2.3 – Results
Figure 4 Thevenin Voltage = 18.2V
Figure 5 Thevenin Resistance = 12.909 kΩ
Shown in Table 1 is the raw data collected in task 1. 
	Resistance (KOhms)
	Current Reading (mA)

	1
	1.31

	2
	1.22

	3
	1.14

	4
	1.08

	5
	1.02

	6
	0.96

	7
	0.91

	8
	0.87

	9
	0.83

	10
	0.79

	11
	0.76

	12
	0.73

	12.1
	0.73

	12.2
	0.72

	12.3
	0.72

	12.4
	0.72

	12.5
	0.72

	12.6
	0.71

	12.7
	0.71

	12.8
	0.71


[bookmark: _Toc140418368]Table 1 - Task 1 Data
Additionally, to fit the Equation 6, column 2 was converted to use SI units. 
Equation 6 was used with the data above to create Figure 7 which shows the aforementioned Power against Resistance graph.
[image: A graph with blue dots

Description automatically generated]
[bookmark: _Toc140418360]Figure 7 - Power vs Resistance Graph
[bookmark: _Toc140419270]2.4 – Discussion

The theoretical calculations showed that the Open Circuit Voltage would be 18.182V and the Voltmeter in Figure 5 displayed 18.2V in the simulation. They also showed the Equivalent Resistance in Figure 6 would be 12.909kΩ which was exactly what the simulation showed. 
From the data and in Figure 7, it can be determined that the power in the circuit peaked at 12.9kΩ with 6.50mW. This was expected as in maximum power transfer theorem, the power in the circuit should peak when the load resistor is equal to the Thevenin Resistance. 
There is a slight variance between the maximum power in theory and in simulation. As the theory value is 6.402mW and the simulated value is 6.50mW. This may be caused by rounding errors from having the ammeter at mW instead of µW.
From equation 6, it would then be expected that Figure 8 will have a parabolic shape due to the exponential component of the equation. This shape can be roughly be seen currently, however, if more data points were taken then the shape would be clearer.


[bookmark: _Toc140419271]3 - Task 2
[bookmark: _Toc140419272]3.1 - Background Theory
A resonant circuit consists of a resistor, an inductor, and a capacitor. The primary characteristic of a resonant circuit is that at a specific frequency the impedance of the circuit is very low and that the current increases greatly. Series resonance occurs when the applied voltage and current are in phase. Impedance is the effective resistance of an AC circuit as a combination of both effects of resistance and reactance. Essentially, impedance is the AC equivalent of resistance in a DC circuit as it is also measured in Ohms, and it opposes the change of flow of current. It is present in all possible components and configurations of electric circuits [5]. It is only used in AC circuits as reactance does not occur in DC circuits. Figure 8 shows a series resonance circuit [6].
[image: A diagram of a circuit

Description automatically generated]
[bookmark: _Toc140418361]Figure 8 - Series Resonance Circuit
Reactance is an AC circuit property. It is defined as any opposing force to the motion of electrons which generate current. It is caused by inductance or capacitance in the AC circuit which and therefore reactance can be described as capacitive or inductive. [5]

[bookmark: _Toc140418517]Equation 7 – Reactance for Inductor


[bookmark: _Toc140418518]Equation 8 - Reactance for Capacitor
Figure 9 shows a theoretical graph of reactance of both an inductor and a capacitor against frequency. The graph describes that at point where XL = XC, series resonance occurs. [6]

[image: A diagram of a function

Description automatically generated]
[bookmark: _Toc140418362]Figure 9  - Reactance vs Frequency Theory Graph
The method for the theoretical calculation can be seen below.
At series resonance:

From this it can be interpreted that:



[bookmark: _Toc140418519]Equation 9 - Resonant Frequency Equation
Full theoretical Calculations were completed for this task and can be found in Appendix B.




[bookmark: _Toc140419273]3.2 - Method
Figure 10 shows the circuit constructed for task 2. It contains a signal generator, a resistor, an inductor, a capacitor, and an oscilloscope.
[image: A diagram of a circuit

Description automatically generated]
[bookmark: _Toc140418363]Figure 10 - Series Resonance Circuit for Task 2
Figures 11 and 12 show the interfaces which appear when the simulation is run. Figure 11 shows the signal generator. This allows control of the peak-to-peak voltage and the frequency into the circuit. 
[image: A screenshot of a device

Description automatically generated]
[bookmark: _Toc140418364]Figure 11 - Simulated Signal Generator Controls
Figure 12 shows the interface for the digital oscilloscope. It displays the input voltage for each component where the wires connect into terminals A, B and C. As this is an AC circuit, the voltages appear as waves which demonstrate the constantly changing current. 
[image: A screenshot of a computer
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[bookmark: _Toc140418365]Figure 12 - Simulated Oscilloscope Interface
The peak-to-peak voltage of each wave was measured across a range of frequencies from 1k to 20k Hz with more results being taken at the peak of the capacitors voltage. The results were tabulated, and graphs were created to analyse the findings.
[bookmark: _Toc140419274]3.3 – Results
Table 2 shows the raw data collected in task 2.
	Frequency
	V (Resistor)
	V (Inductor)
	V (Capacitor)

	1000
	10
	10
	10.26

	2000
	10
	10
	10.76

	3000
	10
	9.76
	12

	4000
	10
	9.26
	13.76

	5000
	10
	8.26
	17

	6000
	10
	5.76
	21.26

	6500
	10
	3.18
	22.5

	6600
	10
	2.62
	22.5

	6700
	10
	2
	22.5

	6800
	10
	1.375
	22.5

	6900
	10
	0.75
	22.26

	7000
	10
	0.15
	22.26

	7100
	10
	0.525
	22

	7200
	10
	1.15
	21.5

	7300
	10
	1.725
	21

	7400
	10
	2.3
	20.5

	7500
	10
	2.82
	20

	8000
	10
	5
	16.76

	9000
	10
	7.5
	11.5

	10000
	10
	8.5
	8.26

	11000
	10
	9
	6.2

	12000
	10
	9.26
	4.8

	13000
	10
	9.4
	3.9

	14000
	10
	9.6
	3.2

	15000
	10
	9.6
	2.7

	16000
	10
	9.7
	2.3

	17000
	10
	9.8
	2

	18000
	10
	9.8
	1.75

	19000
	10
	9.8
	1.55

	20000
	10
	9.8
	1.4


[bookmark: _Toc140418369]Table 2 - Task 2 Data
From the data in Table 2, Figure 13 was created.

[bookmark: _Toc140418366]Figure 13 - Capacitor Voltage vs Frequency Graph
Using Equations 7 and 8, Reactance for the inductor and capacitor were calculated with their respective values of 5mH and 0.1µF. From this Figure 14 was created.

[bookmark: _Toc140418367]Figure 14 - Reactance vs Frequency
[bookmark: _Toc140419275]3.4 – Discussion
The results show that the resonant frequency occurs at ~7100 Hz when XL = XC. This lines up with the theoretical result of 7117.63 Hz. Discrepancies here could be caused by rounding errors in the software. Another source of error could be from reading the results on the oscilloscope, there was no way to say for certain that the result was in fact the peak of the wave so some readings may be slightly less due to this. 
Figure 14 shows the reactance vs frequency for both the inductor and the capacitor. It follows the theory as it holds a similar shape to the theoretical graph shown in figure 9. 
The result for the resistor always shows that 10V was input to it. This is because the terminal for measuring it was before any other components and was essentially confirming the source voltage was reaching the resistor.
Prior to the measured resonant frequency at 7100 Hz, the reactance of the capacitor was greater meaning the circuit would be capacitive and after the resonant frequency occurs the circuit is described as inductor as the reactance of the inductor is then greater [6]. This can also be seen in figure 13 where the voltage of the capacitor decreases greatly after the circuit becomes inductive. The reactance of the capacitor drops so do does its voltage due to their direct proportionality through Ohm’s law.
[bookmark: _Toc140419276]4 - Conclusion
Using the Simulation Software Proteus, 2 tasks were completed.
The first was to verify maximum power transfer theorem. In the theory, it is stated that the power of a circuit will be at its greatest when the load resistor across a terminal is equal to the Thevenin Resistance of the shorted circuit. The Thevenin Resistance was found to be 12.909kΩ in both the simulation and the theoretical calculations. The power was found to be at its greatest at ~6.5mW at 12.9kΩ in simulation which lines up closely with theory.
The second task was to calculate the resonant frequency of a series resonance (or RLC) circuit. 2 graphs were constructed from the raw data which both showed the resonant frequency occurred at ~7000Hz. This lined up with the calculated theoretical value of 7117.63 Hz. 
In conclusion, both experiments were conducted successfully with little dispute between simulated and theoretical values, supporting both sets of basic theory.
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[bookmark: _Toc140419279]Appendix A – Task 1: Theoretical Calculation
1) Find the Thevenin Voltage (VTh)


2) Find the Thevenin Resistance (RTh)

3) Find the current of the Load Resistor

At maximum power RTh = RL


4) Calculate the maximum power.



[bookmark: _Toc140419280]Appendix B – Task 2: Theoretical Calculation
Series Resonance occurs when.


At L = 5mH and C = 0.1µF.
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