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Abstract

This report investigates the performance of an AC RLC circuit over a range of test
conditions. Factors tested were correction capacitor value and frequency, allowing for
characterising the effect on power factor, resonance and maximum power transfer.

Simulations and calculations were used to examine the circuit response and optimise power
factor to improve circuit efficiency. Calculations provided a 9uF capacitor which could
achieve a power factor of 0.98 exceeding the target of 20.95. However further analysis
revealed that a 12uF capacitor provided a peak power factor of 0.997, as a result of its
resonant frequency being closer to the 50 Hz operational frequency of the circuit.

At resonance phase angle (&) was measured to be zero, with voltage and current perfectly
in phase, resulting in minimal losses from reactive power. Improvement of power factor also
results in lower 2R losses enabling use of smaller conductor saving installation costs.

Overall, the investigation provides a comprehensive analysis of power factor correction in an
RLC circuit and the effect of resonance on efficiency.
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Introduction

This report will cover the simulation and analysis of an AC RLC circuit. An AC (Alternating
Current) as used in this circuit periodically reverses the direction of current flow, this is
different to DC (Direct Current) where flow is only in one direction. When capacitors and
inductors are used within an AC circuit, they display different behaviour causing a resistance
to the flow of current, known as reactance which varies with the applied frequency [1].

The used RLC circuit consists of a capacitor in parallel with a series connection of an

inductor and resistor. When an alternating current is applied to a purely capacitive circuit the
current will lead the voltage by 90°, and in the case of an inductive circuit will lag by 90° [2 —
page: 204].

When combined into the RLC circuit their properties combine. This causes
one of 3 possibilities, X > Xc this this results in the circuit behaving as an RL mrcun wi
leading I. X¢ > X, this this results in the circuit behaving as an RC circuit with | leading V. X
= Xc this is known as parallel resonance and results in voltage and current being in phase [2
— page: 226].

When X_= Xcthis also means that the vertical components of I.g = lc0r g Sin@s = .. As the
voltage and current are in phase the impedance of the circuit behaves as a resistance,
known as dynamic resistance. This is at its maximum during parallel resonance and
therefore supply current is at a minimum [2 — page: 229 =3

Power factor is the measure of a circuit electrical efficiency. This describes the ratio of useful
power (real power) to wasted power (reactive power), Usually given as a percentage where
the higher the value the more efficient the circuit is [3].

The total power given to a circuit is known as the apparent power. This is calculated using
S =Vl and is given in watts (W). Ensuring power factor is kept as high as reasonably
practicable is important for reducing load on electrical infrastructure.

Poor power factor is caused by inductive or capacitive elements within a circuit. Such loads
would be motors or transformers. These warsen the power factor of the circuit due to the
caused phase difference between the supplied voltage and their consumed current. Often
electricity suppliers will impose fines for poor power factor incentivising correction [4].

Correction of poor power factor can be done in several ways. However, the method to be
used in this report is the addition of a parallel capacitor. This helps improve the power factor
of the circuit as the supply current | is the phasor sum of I.g & .. As Iris lagging and I is
leading their phasors will cancel reducing the total supply current and increasing efficiency.

The Maximum power transfer thearem shows that the maximum power will be transferred to
the load when Rioad = Rsource page: . Typical applications for the maximum power
transfer theorem are in audiolsaiifier circuits where it is desired to maximise the power

provided to the speakers.
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Method

For task 1 a simulation software called Proteus was used. This software allows for simulation
and analysis of circuits and will allow for verification of the calculated power factor correction
capacitor. The used component values have been determined from my student number and

are as follows:

R 23 o)
Bs
- B

Lioad mH
Rsource 94 0
Table 1 — Beginning component values.
i 6

To determine the value required for the power factor correapacitor determining the
current | is necessary. The 2 methods for calculating this 2 aled phasor diagram, or by
resolving = —226]. The chosen method is scaled phasor diagram, and the following
procedurdl&2klcarried out in accordance:

- decide a suitable value for the power factor to be corrected to by calculating @ which
is the phase angle of I r. As specified must be @ = 0.95.

- determine @, where @ is the desired improved phase angle of supply current I.

- calculate Ig.

- calculate I.

- calculate ..

- determine V. from simulation.

- calculate the capacitive reactance (X.) of the power factor correction capacitor.

- calculate the value of the PFC capacitor.

Constructing the circuit in proteus it was possible to determine the uncorrected power factor.
RSRC(1) RSRC )7 RSAC@ 7 A1)

= Figure 1 — RL circuit simulation.

The circuits power factor can then be calculated using @ = % x 360. Where t is the time
difference between V & | and T is the period (Figure 2 — RL circuit simulation output graph).
Then power factor is calculated using PF = cos ¢

The phase angle was calculated as 28.66°. Keeping a note of this is important as it will be
later used for drawing a phasor diagram. PF was determined to be 0.877 as this is already a
decent power factor it was decided to aim for a corrected power factor of 0.98.
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Determining @; was done by again using the formula PF = cos ¢. However, this was re-
arranged to be @, = cos™!(PF). This gave the phasor angle of supply current | to be
11.478°.

Drawing the phasor diagram of the currently gathered information will aid in further
calculations.

Ie

I =2424  V=3000

i fir= 2704 Figure 3 — intermediate phasor diagram.

To determine I the triangle OAB should be considered, as OA is the value for Ir. Making
use of trigonometry |r can be calculated using I = cos@ - I, 5. Giving the result of I =
2.422A.

To determine the supply current (1) a similar process to Iz is performed. Considering the

triangle OAC, the length OC is equal to |. again using trigonometry the equation | = CD;E‘B 3
1

which when calculated gives aresult of | = 2.471A.

lccan now be calculated as | is equal to CB which is calculated using AB — AC = CB. The
two triangles OAB & OAC are used to calculate AC and CB and is done as follows:

For AB, AB = sin@ - I, giving the result AB = 1.324A
For AC, AC = sin @, - I giving the result AC = 0.492

The previously stated equation is then used to determine I. and gave the result I = 0.832A

To calculate the capacitive reactance of the required capacitor both I and V. are required. V.
can be measured from the simulation (416V) however this is the peak voltage, and the RMS
_ Vpeak

(root mean square) [5] voltage is necessary using the equation Vs = = it is determined

to be 294.156V. Now with both Icand V. the equation X, = ':—‘ is used to determine the
capacitors reactance and gave a value of X. = 353.533Q.

The final step will be to calculate the capacitor value. This makes use of the formula € =

ZH;X where f has been stated in the given brief as 50Hz, the result from this equation is
c

9.004uF and this is the final power factor correction capacitor value. This can now be added
into the circuit and simulated for analysis.
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Results

Making use of the proteus simulation several capacitor values surrounding the calculated
9.004uF where tested. The results of those simulations are as follows:

1.80E-05 20 [24.31 0.9829 10.62
1.50E-05 20 | 24.66 0.9972 4.32
1.20E-05 20 |[25.13 0.9974 4.14
9.00E-06 20 | 25.52 0.9811 11.16
6.00E-06 20 | 25.87 0.9539 17.46
3.00E-06 20 | 26.25 0.9114 24.30

Table 2 — Power factor & phase angle across varying capacitor valueﬁ

Power Factor Vs Capacitor Value
1.0200
1.0000
0.9800
0.9600
0.9400
0.9200

0.9000
0.00E+00 2.00E-06 4.00E-06 6.00E-06 8.00E-06 1.00E-05 1.20E-05 1.40E-05 1.60E-05 1.80E-05 2.00E-05

Figure 4 — Power factor vs Capacitor Value.
phase angle (@°) Vs Capacitor Value
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Figure 5 - Phase angle Vs capacitor value.
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Task 2 involved performing further calculations to determine the resonant frequency of the
RLC circuit, determined to be 93.917Hz. The results of calculations were placed on phasor
diagrams for 25Hz below, 25Hz above and at resonant frequency. The plot for 50Hz has
also been completed and included here.

I = 15704
2=0 I=14924 V = 295570
g
Y
:qﬁ'
2,
Iy =2.1984

h Figure 6 — RLC circuit at resonance.

At resonance as shown in figure 6 it is noted that @ is at 0° resulting in the supply current
and voltage being in phase.

.= 11524

¥ =29557v

"‘)
& I=20014
e

f Iy = 24924
! Figure 7 — RLC circuit 25Hz below resonance.

Whilst 25Hz below the resonant frequency of the circuit it is shown that the supply current is
lagging the voltage.

e = 19984

1 1= 12374
_pl
/@T/ V = 296.985v

=3
&
®
d“’-:a
%

Iy = 1.9014
h Figure 8 — RLC circuit 25Hz above resonance.

Figure 8 shows the supply current now leading the supply voltage by an angle of 22.749°
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I = 2424 V = 300v

I'=2474

I, = 2.764
figure 9 — RL circuit tested at 50Hz.

Shown in figure 9 is the completed phasor diagram used to determine the required power
factor correction capacitor. As can be seen I is not included in this phasor diagram as it is
not present in the circuit, this guarantees that the supply current will be lagging the voltage,
as is also shown in the diagram.

Discussion

With all desired information now collected from simulations, the results can be analysed to
gain a further understanding of the impact of power factor and resonance.

Power factor analysis

From table 2, when the calculated 9uF power factor correction capacitor was tested the
expected 0.98 figure was achieved, exceeding the target of 20.95 and verifying the
performed calculations to be correct.

Analysing the entire data set, as shown in figure 4 a peak power factor of 0.997 occurs at a
correction capacitor of 12uF. This improvement is due to the resonant frequency of the 12
UF capacitor (67.93 Hz) being closer to the circuit's operation frequency of 50Hz than that of
the 9uF capacitor with a resonant frequency of 93.917 Hz.

Testing capacitor values below 9uF less of an improvement to power factor is noted with the
supply current still lagging the voltage. Further increasing in capacitor value beyond 12uF
does not yield further improved power factor but instead decreases it as the circuit becomes
predominantly capacitive and the supply current begins leading the voltage.

Resonance Behaviour

Figure 5 shows a decreasing phase angle as the capacitor value approaches its minimum at
12uF. Then beginning to increase as the capacitor value continues increasing. Phase angle
is also shown to be the expected value for the 9uF capacitor. The behaviour shown in this
graph is expected as the closer to resonance the circuit gets the smaller the phase
difference between supply current and voltage becomes, reaching zero at resonance.

When at resonance the phasor sum of l-and Icis zero resulting in little to no reactive power
consumption [2 — page: 233]. This helps improve efficiency of the circuit as reducing the total
current into the circuit means lower I°R losses in power cables.
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Another observation of the circuit at resonance is that energy being transferred back and
forth within the inductive and capacitive elements is decreased as the circuit nears
resonance and are at their lowest in figure 7 [7]. This improves efficiency with real world
components that would have losses from storing and transferring charge, such as dielectric
losses within capacitors [8]. Another abservation is at resonance the circuits impedance is
made puerly from the resistive eliment.

Phasor Diagram Analysis

Analysing the phasor diagrams (Figures 6-9) they provide an insight into the circuit's
behaviour at a range of frequencies:

- Initial circuit (Figure 9): in this case a correction capacitor has not yet been added. This
results in the current lagging by the largest amount out of the tested circuits, resulting in
large power waste from reactive power.

- Below resonance (Figure 7): The circuit behaves similarly to inductive RL circuit with the
current lagging the voltage. In this case the dynamic resistance of the circuit is not at its
maximum causing inefficiencies due to power being transfer back and forth between the
inductive and capacitive elements in the circuit.

- Above resonance (Figure 8): When above resonance the current begins leading the
voltage due to the circuit behaving similarly to an RC circuit. A similar effect was noticed
whilst testing varying capacitor values with larger capacitors causing the circuit to behave
like an RC circuit. Reducing the value of C in this case can improve power factor.

- At resonance (Figure 6): When at resonance the phase angle (@) is zero, with voltage and
current in phase. Reactive currents cancel, minimizing reactive power consumption and
improving efficiency.

Practical Implications

As previously mentioned, lowering reactive power draw reduces cable losses. Real world
benefits of this would be allowing use of smaller cables reducing installation cost. This
improved power factor also helps comply with tariffs set out by electricity providers further
saving costs [4].
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Conclusion

This investigation into the functionality of a parallel RLC circuit has provided a valuable
understanding of the effects that resonance and power factor correction have on a circuit’s
performance. From analysing data gathered by simulations it has been shown that correct
choice of a power factor correction capacitor can significantly improve the efficiency of a
circuit.

Calculations proved that a correction capacitor of 9uF can improve the power factor to 0.98
exceeding the requirement of 20.95. Further analysis however showed that a peak power
factor of 0.997 was possible by using a 12uF capacitor due to the resonant frequency of the
12uF capacitor being closer to the 50Hz operational frequency of the circuit when compered
to the 9uF. This highlights the importance of proper fine tuning of values when attempting to
correct power factor.

Resonance had an important role in minimizing reactive power within the circuit, as shown in
analysis of the phasor diagrams. At resonance, the circuit achieved a phase angle (¢) of
zero, with voltage and current perfectly in phase. At resonance the circuit achieved its
highest efficiency with not power oscillations between the capacitor and inductor causing
reactive power losses. Practical of improving efficiency were discussed such as lower I°R
allowing for smaller conductor sizes and compliance with energy provided tariffs.

The plotted phasor diagrams allowed for a better understanding of the transitions the circuit,
going from behaving as a mostly inductive circuit with the voltage lagging to resonance with
voltage and current being in phase to finally mostly capacitive with current leading voltage.
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Appendix

680} RSRC(2) 6.00
400 4.00
200 2.08
@.00" 0.00
-200 -2.88
-400 -4.00
-600 [P -6.880
2.0a 10.8m 20.0m 30.0m 40.8m  50.8m

(Figure 2 — RL circuit simulation output graph).
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