Capacitors

PY 212

1 Introduction and Purpose

A capacitor is a device used in electrical circuits to store charge andeetrical energy. The elec-
trical charge stored in a capacitor can be retrieved at a latgime for a variety of uses. Multiple
capacitors are often combined to form a single circuit. Thewo fundamental ways of combining
circuit elements are throughseries and parallel connections.

In this lab, you will explore (both qualitatively and quantitatively) how charge and energy are
stored in both series and parallel combinations of capaci® and you will investigate how these
combinations compare in terms of stored charge and storedezgy.

2 Discussion of Principles

How A Capacitor Works

A capacitor is a set of two conductors separated by some typedielectric (non-conducting) material.
An example is the parallel plate capacitor shown in Figure IWhen connected to a voltage source,
such as a battery, the two conducting plates become charged/hen the battery is rst connected,
free electrons inside the top capacitor plate will be pullesbward the positive terminal of the battery.
This continues until the top capacitor plate is at the same ptential as the positive terminal of the
battery. A net positive charge, +Q, will then be on the top capcitor plate. At the same time,
free electrons inside the wire connecting the negative temmal to the bottom capacitor plate will be
pushed toward the bottom capacitor plate. This continues uil the bottom capacitor plate is at the
same potential as the negative terminal of the battery. A nehegative charge, -Q, will be present on
the bottom capacitor plate. Note that there are equal and opgsite charges (+Q and Q) on the two
plates of the charged capacitor. For convenience, we simpifer to the magnitude of the charge
and say that the capacitor has a charge Q on it. Also note thatirsce the top capacitor plate is at
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Figure 1: An artistic representation and a circuit diagram ér a parallel plate capacitor

the same potential as the positive battery terminal and the bttom plate is at the same potential



as the negative battery terminal, the potential di erence letween the capacitor's two plates is the
same as the potential di erence between the two sides of thetbery, V. The amount of charge
deposited on a capacitor is directly proportional to the pantial di erence placed across its plates.
This can be written as

Q=C V (1)

where the proportionality constant, C, is known as the capaance of the capacitor. The capaci-
tance depends on the particular geometry of the capacitor agll as the type of dielectric material
used.

If you were to remove the battery from a charged capacitor, thcharges would stay on the plates,
and a potential di erence would remain between the two plate of the capacitor. Therefore, we say
that the capacitor stores electrical energy. The amount ofnergy stored in a charged capacitor can
be calculated using the formula

1
E—EC(VV (2)

By using our rst equation for the charge on a capacitor, we c¢arewrite this formula in two
equivalent forms:
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Capacitors Connected in Parallel

Frequently we wish to combine multiple capacitors into oneiicuit. One way to combine capacitors
is to connect them in parallel as shown in Figure 2. Note thathe top plates of both capacitors are
connected to the positive terminal of the battery, and the bthom plates of both capacitors are con-
nected to the negative terminal. Therefore, the potential idlerence across each individual capacitor
will be the same as the total potential di erence placed acss the whole parallel arrangement by
the battery.

Vi= VW= Vbattery (5)

Each individual capacitor will store di erent chargesQ; and Q,. The total charge placed on the
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Figure 2: An artistic representation and a circuit diagram ér a parallel combination of capacitors




entire parallel arrangement by the battery is then

Quota = Q1+ Q2 (6)

The total capacitance of the parallel arrangementCiy, , Will be di erent from either of the in-
dividual capacitances,C, or C,. To determine this total capacitance, rst note that we can se
Equations (1) and (5) to write Quotal = Ciotar V,Q1=C;  V,Q, = C, V. Substituting these
expressions into Equation (6) and canceling the common factof V we get

Ciota = C1+ C, (7)

This is typically called the equivalent capacitance and is denoted byCe, So for a parallel
arrangement made up ofN di erent capacitors, Ceq = C;+ C,+ C3+ i1+ Cy. The energy stored
in the total parallel arrangement can be calculated using Egtion (2)

1 1
2 2
Notice that the total energy stored in the parallel arrangerant is equal to the sum of energies stored
in each of the individual capacitors.

1

Eoa = 5Ceq( V)7 = 5(Ci+ C)( V)P= 2Ci( V) 5Co( V) ®

Capacitors Connected in Series

Another way to combine capacitors is to connect them in segeas shown in Figure 3. When
connected to a battery, the top plate of the rst capacitor C;) will store a charge +Q and the
bottom plate of the second capacitor@,) will store a charge Q. We see then that the total charge
placed on the overall series arrangement by the battery {3. Notice that the bottom plate of C,
and the top plate of C, are connected by a conducting wire, forming a single H-shapeonductor.
This conductor is not connected to the battery, so the battgr cannot directly push charge onto it.

+Q

== [] %= L

Figure 3: An artistic representation and a circuit diagram ér a series combination of capacitors

Instead, the positive charge on the top plate o€, (+ Q) and the negative charge on the bottom
plate of C, ( Q) will cause free electrons in the H-shaped conductor to mot@ the top. The result
is an induced net charge of Q on the bottom plate of C; and an induced net charge of ® on the
top plate of C,. Therefore, all of the capacitors will have the same charg®, which is the same as
the total charge on the entire arrangement,

Quota = Q1= Q2 9)
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The top plate of C, is at the same potential as the positive terminal of the battey and the bottom
plate of C, is at the same potential as the negative terminal. The H-shaga conductor will have a
potential somewhere in between these two values. So, movingm the top plate to the bottom plate
of C4, the potential will drop by V:. Then, moving from the top plate to the bottom plate ofC,,
the potential will drop by V,. The potential di erence across the entire series arrangemt must
be  Vhatery Since the round-trip potential di erence of a closed circtiimust equal zero. Therefore

Vbattery = Vi+ (10)

The total (equivalent) capacitance of the series arrangemiecan be found by rst using Egns. (1)
and (9) to write

Qtotal Qtotal
Vi = — V= ; = X
battery Ceq 1 Cl Cz

(11)

Substituting these expressions into Equation (10) and caaling out the common factorQqy gives

1 1 1
- = — 4+ — 12
The energy stores in the total series arrangement can be aslted using Equation (4)
1 1 1 1
Etota = éQtotaI Vbattery = éQtotaI( Vit W)= éQtotaI Vi + éQtotaI Vo (13)

Note that this is again the sum of the energies stored in eachdividual capacitor.

3 Procedure
Lighting an LED

1. Open the DataStudio le \capacitor.ds" by clicking on \Capacitors" in the Data Studio Files
section of the course website. The screen should contain gr&il Generator window. Set the
signal generator to DC Voltage. Set the voltage to 5.0 V andick the ON button.

2. Discharge both of your capacitors by shorting them out foat least 10 seconds (see Figure
4). You can check to see if the capacitors are fully dischadyéy using the voltage meter. A
capacitor that is completely discharged should have a volge very close to 0.0 Volts.

3. Connect the two capacitors in series. The capacitors mube connected so that the positive
side of one capacitor is connected to the negative side of thther capacitor.

4. Now connect the capacitors in series to the Signal Genevatthe OUTPUT of the interface).
The red Signal Generator wire must be connected to the posi#i end of the capacitor series.
The black Signal Generator wire must be connected to the nedge end of the capacitor
series. Since the Signal Generator is already ON, this wilbw charge the capacitors. Leave
the capacitors connected for 20-25 seconds to be sure thatyare fully charging the array.

5. Disconnect the Signal Generator from the circuit by remang the red and black leads from
the capacitors. DO NOT turn o the Signal Generator or set its voltage to zero.



Figure 4: Discharging a capacitor through a connecting wire

To signal
generator

Figure 5: Charging the series combination of ca- Figure 6: Discharging the series combination of
pacitors with the signal generator capacitors with the LED

6. Connect the LED to the series capacitors. The red and bladkad should be connected in
the same way that the red and black Signal Generator leads weconnected. Immediately
after making the nal connection, start timing how long the LED remains lit and record this
time. If you are not pleased with your measurement, you can peat the above procedure by
discharging the series capacitors and charging with the ®igl Generator again.

Record the discharge time on the last page of this procedure

7. Disconnect the series arrangement and fully dischargethaapacitors individually

8. Connect the two capacitors in parallel. Connect the \posive" side of one capacitor to the
\positive" side of the other and connect the \negative" sids together as well.

9. Repeat steps 4 - 6 above for the parallel arrangement andcoed the time that the LED stays
lit.
Record the discharge time on the last page of this procedure

10. Compare the times for the series and parallel arrangentemf the capacitors. Based on the
time that the LED stays lit for each, which arrangement do you think held the most
energy? Explain how you arrive at this conclusion. If you wer e to charge only a single
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Figure 7: Charging the parallel combination of Figure 8: Discharging the parallel combination of
capacitors with the signal generator capacitors with the LED

capacitor by itself (say the larger capacitor), how long do y ou think the LED would
stay lit in this case? Try it and record the time for a single ca pacitor. How does this
time compare to those for the series and parallel arrangemen ts? Be sure to include any
pertinent discussion in your nal report.

Capacitors in Parallel
1. Make sure that the capacitors are disconnected from thegsial generator

2. Using the capacitance meter, measure the capacitance atle capacitor (make sure that the
capacitance scale is appropriately set). For this capacitae meter, the uncertainty in the
capacitance is 5% of the displayed valudRecord the capacitances in Table 1.

3. Connect the two capacitors in parallel. Using the capaehce meter, measure the total (or
equivalent) capacitance of the parallel arrangemenRecord this value in Table 1.
In your nal report, discuss how this measurement compares w ith the prediction of
Equation (7).

4. Leave the parallel arrangement connected and dischardeetcapacitors by shorting them out
one at a time. Use the voltmeter to make sure they are fully dtkarged. Connect the parallel
arrangement to the signal generator.

5. Turn the multimeter on and switch to the proper DC voltage sale. For this multimeter, the
uncertainty in the potential di erence is 1% of the displaye value.

6. For this step, it is important that you do not touch the capacitor leads when you are
measuring the voltage. You are a resistor, just like the LEDso you are capable of discharging
the capacitor by touching it. Measure and record the potential di erence across eachctapa
and record the values in Table Measure the potential di erence across the entire parallel
circuit and record this in Table Also.

7. Now calculate the charge on each of the capacitors aimtlude these values in the talas well.



8. Using the total capacitance and total voltage of the parldl system, calculate the total charge
on the system.
In your report, discuss how this compares with the predictio n of Equation (6).

Capacitors in Series

1. Recordthe previously measured capacitances of the two capacitarsTable 2.

2. Again, ensure that the capacitors are disconnected frorhd signal generator.

3. Connect the two capacitors in series. Using the capacitee& meter, measure the total capaci
tance of the series arrangementRecord this value in Table 2.
In your report, discuss how your measured C¢, compares with the theoretical prediction
of Equation (12)?

4. Leave the series arrangement connected and discharge tagpacitors by shorting them out
one at a time. Make sure they are fully discharged. Connect ¢hsignal generator to the
arrangement.

5. Measure the voltage across each individual capacitoRecord your measurements in Table 2.
Again, be careful not to touch the leads when recording the itages.

6. Measure the voltage across the entire series arrangemeRecord this value in Table 2.
Do the individual voltages add up to give the total voltage as predicted by Equation
(10)? Comment on this in your report.

7. Calculate the charge stored on each capacitor amecord these values in Table 2.

8. Using the total capacitance and total voltage of the seisearrangement calculate the total
charge on the system andecord this value in Table 2.
In your report, discuss how this compares with the individua | charges on each capacitor?
Do all of the charges conform to the theoretical prediction o f Equation (9)?

Calculating the Stored Energy

Now that you have investigated the voltage and charge distiutions in both the parallel and series
arrangements, you are ready to return to the question raised Procedure A about how much energy
is stored by each arrangement. Remember that there are threerent forms of the expression
used to calculate the stored energy (Equations (3), (4), an@)). Which of these forms would give
the smallest experimental uncertainty? Justify the equation you choose to use in your nal
report.

1. Using the form of Equation (2) that gives the smallest unctinty, calculate the energy stored
in each of the two individual capacitors in the parallel arragement. Record these values in
Table 1.

2. Using your data from the Total Arrangement column of Tablel, calculate the energy stored
in the total arrangement andrecord this value in Table 1.

3. Repeat steps 1 and 2 for the series arrangement (Table 2).
Which arrangement, series or parallel, stored the most ener gy? Is this consistent with
your prediction from the rst part of the lab? Be sure to discu ss the comparison in your
report.



Series LED discharge time: S

Parallel LED discharge time: S

Single capacitor LED discharge time: s (capacitor used: F)

Table 1: Parallel Circuit

Capacitor #1 Capacitor #2 Total Arrangment

Capacitance ( F)

Voltage (V)

Charge ( C)

Energy ( J)

Table 2: Series Circuit

Capacitor #1 Capacitor #2 Total Arrangment

Capacitance ( F)

Voltage (V)

Charge ( C)

Energy ( J)

In your report, be sure to show sample calculations for all ca Iculated values that appear in
these two tables.



