Capacitor

What is the current vs. time graph and
potential difference vs. time graph when a
capacitor is charging and discharging?

Physics Internal Assessment



Research Question

What is the current vs. time graph and potential difference vs. time graph when a capacitor is
charging and discharging?

1. Introduction

When I played with my solar powered car (Figure 1) last year, I found that after being exposed
in the sun for ten minutes, the car could travel quickly for a long distance.with the bulb on the car
becoming dimmer and dimmer gradually. If the car was exposed in the sun mote than ten minutes,
the car would not travel an obviously longer distance. However, if the"ear was exposed in the sun
for much less than ten minutes, for example, 5 minutes, the car'would travel a much shorter
distance and the bulb turned off faster. I looked up the pring¢iple of solar powered car on the
internet and learned that the solar powered car can convert solar energy into electric energy through
the solar panels and store the electric energy in a capaciter,when the car is exposed to the sun.
When the capacitor is discharged, it can provide power t0 the electric motor to drive the wheels to
rotate. When the capacitor is fully discharged, the motornwill'be out of power and the car will stop.

The solar powered car also reminded me of the knowledge of capacitors I had studied in
physics classes. It is “any arrangement of two conduetors separated from each other by insulating
material (or a vacuum)” (Tsokos 457) and is a.kind of electronic component that has the capacity
to store electric charge. Capacitors are applied to'a wide range of electronics products. They are
indispensable for almost all electronic circuits in'various electrical devices, apart from application
in solar energy systems. Figure 2 illustrates a variety of capacitors. Recently, capacitors are
considered as potential supplements. to batteries of new energy vehicles and have attracted the
public’s attention. Therefore, I weuld. like to carry out a series of experiments to explore how
capa01t0rs are charged and disc¢harged.

Capacitors

Figure 1. My solar car Figure 2. Different types of capacitors
2. Rationale and Aim (Five Years Out)

2.1 The Background of Capacitors

A typical capacitor consists of two electrical conductors, such as metal foils, thin films or
electrolytes “often in the form of metallic plates or surfaces separated by a dielectric medium,”



such as glass, ceramic, plastic, paper, etc. (Codepixer). Ideally, a capacitor never dissipates energy,
which is different from a resistor (Figure 3). However, in real life, capacitors do dissipate a small
amount of energy.

As studied in physics classes, the capacitor and the battery have different charging principles.
Batteries make electrons flow through chemical reactions, while capacitors store electrical charge
by accumulating electrons on conductive plates separated by insulating materials. According to
the physics website Solectroshop.com, in a parallel-plate capacitor, “when an [electric potential]
is applied across the terminals of a capacitor, an electric field [develops across the dielectric], and
positive charges are accumulated on one of its plates and negative charges onithe other”. If the
voltage is withdrawn, the capacitor will discharge.

According to the book titled The Story of Electrical and Magnetie.Measurements: From 500
BC to the 1940s, “the earliest forms of capacitors were created in the| 1740s, when European
scientists found that a glass bottle holding water could store eleétricity™".such a bottle was called
a ‘Leyden jars’” (23) (Figure 4). Later, in 1748, Benjamin Franklin “associated a progression of
containers together to make what he called an ‘electrical battery’, from their visual similitude to a
battery of gun” (Kumar et al. 12). The word has become a physics term since 1926. Today,
capacitors are widely applied to different electronic _gircuits«to block direct current while allow
alternating current to pass.

How Capacitors Work . The Leyden Jar
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Figure 3. Capacitors (Solectroshop) Figure 4. Leyden Jars (Keigthley)
2.2 Theoretical Basis

2.2.1 Coulomb’s'Law

There is an'electric force F, between two charges g, and q,.

F, =~z (Eq-1)
where k is the coulomb constant (8.99x10° Nm?/C?), and r is the distance between the two
conductors. The charge on the first conductor of the capacitor will exert an electric force on the
other conductor. The first conductor attracts the opposite polarity charge and repels the same
polarity charge. The opposite polarity charge can always be induced to the other conductor. The



dielectric will be polarized. Therefore, both the conductors will have equal, but opposite charges
and the dielectric creates an electric field.

2.2.2 Capacitance
An ideal capacitor has a constant capacitance C. Capacitance is defined as “the charge Q per
unit voltage V' that can be stored on the capacitor” (Tsokos 457).

_e ]
c=2 (Eq-2)

The unit of capacitance is Farads (F), charge is Coulomb (C) and voltage'is Volt (V) in the
SI system of units.

Q=1It (Eq-3)

I represents the current and t represents time. One current i§ defined as the flow of one charge
per second.

From Eqg-3 and Eg-2, one can obtain

Y (Eq-4)

Two thin parallel conductive plates are separated by agap d and each has a height h and area
of A. They are separated by a uniform gap with a'distance. The gap is filled with a dielectric with
permittivity €. Assuming d is smaller than 4, the‘capacitance of a capacitor can be calculated by
using the following equation

c==% (Eq-5)

Eq-5 implies that as the conduéters move closer, the opposite charges on both conductors will
attract each other, whichy.énables the capacitor store more charge for a given voltage.
Correspondingly, the capacitanee will be larger.

2.2.3 Kirchhoff’s Law

A typical series circuit containing a capacitor is shown in Figure 5.

®)
\J

1]
L
Capacitor Battery

K3

LED1 7 e

LED2

rr

K1

Resistor

Figure 5. Circuit drawing



Based on Kirchhoff’s Law, the current and the voltage for the capacitor can be calculated. In
the charging process (when switches K1, K2 are open and K3 is closed), the current and voltage
changes based on Eq-6 and Eq-7.

1) = = eve (Eq-6)

V() = Vy (1 - eic) (Eq-7)

In the discharging process (when the switches K1, K3 are open and K2sis,closed), the current
and voltage changes based on Eq-8 and Eq-9.

I(t) = %efi_'c (Eq-8)
Vi) = ¥, eic (Eq-9)

where V) is the voltage of the battery.

2.3 Aim of the Investigation

This essay will investigate how the current’and “weltage changes during the time period of
charging and discharging of a capacitor, and compare the results with the established theories to
discuss how capacitor can be charged and discharged.

2.4 Hypothesis

According to Eq-4, I can assume that the capacitor’s capacitance is positively proportional to
current [ and inversely proportienal to veltage V. When the capacitor is being charged, as the time
constant increases, current [ will decrease and voltage V" will increase. When the capacitor is being
discharged, current / williincrease and voltage V" will decrease.

3. Variables

Table 1 below shows the various variables in the experiment.

Variables Items How Why
Electric I will use the same | The investigation aims to explore the
resistance of | battery and relationship between time fand current /
Controlled resistor R capacitor in the and the relationship between time ¢ and
Variables experiment. voltage V. Resistor R, voltage of the
Voltage of the battery ¥, and the capacitor are the
battery V) determinant of current and voltage. For




Capacitance of
the capacitor C

I will use four
different resistors

in the experiment.

each resistor R, V), and capacitance are
kept unchanged.

I use four different resistors settings to
further study the influence of resistance
on charge/discharge of capacitors.

Time ¢ of

Use my mobile
phone to record
videos of the

hare charging and
Independent charging discharging
Variables rocesses, and /
Time ¢ of P i
) ) record the
discharging
measured voltage
and current from
the videos.
Measured by the
Dependent Current / DC ammeter
Variables /
Voltage V' Measured by the

DC voltmeter

4. Electrical Components

I used the following electric components to conduct this experiment and set up the actual circuit

as shown in Figure 6, according'te Figute 5:
320 pF (micro-Farad) capacitor, 100 uF capacitor and 220 puF capacitor

4 resistors with differenttesistances: 14.21 kQ (kilo-Ohm), 24.0 kQ, 29.9 kQ and 52.4 kQ
A DC voltmeter in Vi(£0.005V) and a DC ammeter in pA (£0.05pA)

9.8 V (Volt) DC power battery

3 toggle switehesuKdl, K2 and K3

Y
2)
3)
4)
5)
6)
7)
8)
9)

2 LEDs
Jumper wire
1 wooden circuit board

Mobile phone, used for video record and stopwatch (Figure 7)



1)Capacitor 4)Battery

3)Ammeter

3)Voltmdger

. 5)K3

\ \ 8)Wooden
circuit board

7)Jumper wire

Figure 6. Experimental circuit Figure 7. Mobile phone

5. Experiment Procedure and Data Collection

The charge and discharge experiment includes the following steps:

5.1 Charging

1) Use the first electric resistor.

2) Close all the three switches.

3) Open K2 and close K3.

4) Open K1.

5) Record the video of thesgharge'process by using my mobile phone.

6) Read voltmeter and ammetes. every 2 seconds until the readings become almost unchanged or
change is too small.

7) Conduct the charge.test three times to ensure repeatability.

8) Replace the resistor to the second, third and fourth resistor, and repeat steps 2) to 7).

5.2 Discharging

1) Use the first electric resistor.

2) Close all the three switches.

2) Open K1 and close K2.

3) Open K3.

5) Record the video of the discharge process by using my mobile phone.

6) Read voltmeter and ammeter every 2 seconds until the readings become almost unchanged or
too small.

7) Conduct the discharge test three times to ensure repeatability.

8) Replace the resistor to the second, third and fourth resistor, and repeat steps 2) to 7).



6. Ethical and Safety Concerns

1) Turn off all the switches before all the devices are connected. This can protect all the devices
and protect the user from electric shock.

2) Turn off the switch once the data is recorded. This is friendly to the electronic devices and the
life of the devices will be durable.

3) Do not reverse the positive and negative pole of the electrical appliances. This is harmful to
the appliances and might cause short circuit.

4) Reserve the electrical appliances, especially the battery in the insulation box to prevent electric
leakage.

7. Raw Data

Total over 130 groups of / and V' data were collected. Due tothe limitation on the essay length,
ten groups of data for each resistor are listed below. The remaining will be presented in the
Appendix.

Table 2. I and V measured in charging and discharging (14.21 kQ resistor)

Time Experiment-1 Experiment-2 Experiment-3 Average Standard deviation
(ig.s Charge Discharge Charge Discharge Charge Discharge Charge Discharge Charge Discharge
[ v [ v [ v [ v [ v [ v [ v [ v [ v [ v
(0.05u | (£0.005 [ (+0.05u | (+£0.005 | (+0.05u | (£0.005 | (+0.05p | (£0.005 | (+£0.05y | (+0,005| (£0.05y | (+:0.005 | (+0.05u | (+0.005 | (+0.05u | (+0.005 | (+0.05p | (£0.005 | (+0.05p | (+£0.005
A) V) A) V) A) V) A) V) A) V) A) V) A) V) A) V) A) V) A) V)

2 |598.0( 1.48 |449.0| 6.54 |[571.0| 0.60 |505.0| 7.71 [505:0| 2.164(487.0| 6.94 |558.0| 1.41 |480.3 | 7.06 | 47.8 | 0.78 | 28.6 | 0.59
4 1379.0( 420 |345.0( 5.19 [394.0| 4.10 | 387.0| 5.63" | 387.0 4.21:355.0| 5.09 |386.7| 4.17 |362.3 | 530 | 7.5 | 0.06 | 21.9 | 0.29
6
8

281.9| 5.69 |246.7| 3.55 [292.4| 5.62 [268.3| 4.15 |268.3 |"'597 |253.3| 3.48 |280.9| 5.76 |256.1| 3.73 | 12.1 | 0.19 | 11.1 | 0.37
202.6 | 6.76 | 164.5| 2.44 (209.7 | 6.71 |180.2| 3,07 180.27)»7.16 | 168.1| 2.51 | 197.5| 6.88 | 170.9| 2.67 | 154 | 0.25 | 82 | 0.35
10 [ 146.9| 7.71 |118.1| 1.82 [151.8 | 7.68 [139.2| 2.12 471392 | 7.68 | 121.0 | 1.78 | 146.0| 7.69 | 126.1| 1.91 | 6.4 | 0.02 | 11.4 | 0.19
14| 79.7 | 8.72 | 62.0 | 0.89 | 86.8 | 8.63 | 7534 .1.10 | 78.8 | 8.75 | 63.4 | 0.94 | 81.8 | 8.70 | 66.9 | 0.98 | 44 | 0.06 | 7.3 | 0.11
20 | 355 | 944 | 288 | 0.37 | 354 | 942 | 31.5 | 045 | 329 | 939 | 294 | 039 | 346 | 942 | 299 | 040 | 1.5 | 0.03 | 1.4 | 0.04
28 | 1551 9.71 | 9.0 | 0.12 | 16.8 | 9.70 | TT 1 y0.15 | 14.0 | 9.65 | 92 | 0.12 | 154 | 969 | 9.8 | 0.13 | 1.4 | 0.03 | 1.2 | 0.02
341108 | 9.78 | 45 | 0.06 | 109 | 9.797("5.2 | 0.07{ 93 | 9.72 | 48 | 0.06 | 103 [ 9.76 | 48 | 0.06 | 0.9 | 0.04 | 0.4 | 0.01
361 99 | 979 | 35 | 005 | 93 |"980 [ 3.60.06| 83 | 974 | 3.6 | 006 | 92 [9.78| 3.6 | 006 | 0.8 | 0.03 | 0.1 | 0.01

Table 3. I andV"measured in charging and discharging (24.0 kQ resistor)

Time Experiment-1 Experiment-2 Experiment-3 Average Standard deviation
(ig.s Charge Discharge Charge Discharge Charge Discharge Charge Discharge Charge Discharge
[ v [ v [ v [ v [ v [ v [ v [ v [ v [ v
(20.05p | (£0.005 | (+:0.051 | (+0.005 | (+£0.051 [ (+0.005 (+:0.05u | (+0.005 | (+0.054 | (£0.005 | (+0.05u | (+:0.005 | (+:0.054 | (£0.005 | (+0.05u | (+:0.005 | (+:0.051 | (£0.005 | (+£0.05u | (+0.005
A) V) A) V) A) V) A) V) A) V) A) V) A) V) A) V) A) V) A) V)

347.8 | 1.45 | 381.04-946 (3231 | 2.18 [355.5| 9.46 |330.5| 1.77 |365.1| 9.47 |333.8| 1.80 |367.2| 9.46 | 12.7 | 0.37 | 12.9 | 0.01
312935 2.89 |364.3| 9.14 |251.2 | 3.44 |340.5| 8.79 | 267.7| 3.45 |349.6| 8.63 [270.8| 3.26 [351.5| 8.85 | 21.3 | 0.32 | 12.0 | 0.26
5 |228.8| 4.06 |348.8.7.56 |213.2 | 4.75 |287.2| 6.94 | 209.1 | 4.76 | 270.9 | 6.83 [217.0| 4.52 [302.3 | 7.11 | 10.4 | 0.40 | 41.1 | 0.39
11 (125.7] 6.75 |296.8 | 3.81_[417.4| 7.00 [ 154.8| 3.84 | 119.8| 7.10 | 152.4| 3.61 | 121.0| 6.95 |201.3| 3.75 | 43 | 0.18 | 82.7 | 0.13
17 | 71.2 | 8.14 | 90.3 | 2.14 | 66.6 | 824 | 849 | 2.07 | 654 | 829 | 804 | 1.95 | 67.7 | 822 | 85.2 | 2.05 | 3.1 | 0.08 | 5.0 | 0.10
231439 | 8.89 | 48.4 | 1.17 | 472 | 893 | 48.8 | 1.18 | 41.9 | 891 | 463 | 1.12 | 443 | 891 | 478 | 1.16 | 2.7 | 0.02 | 1.3 | 0.03
29 | 27.6 | 9.24 | 30.2 | 0.68 | 252 | 9.30 | 28.5 | 0.66 | 24.7 | 9.33 | 28.1 | 0.65 | 25.8 | 9.29 | 289 | 0.66 | 1.6 | 0.05 | 1.1 | 0.02
33 1199|943 | 202|047 | 187 | 947 | 198 | 046 | 189 | 9.47 | 18.8 | 0.44 | 192 | 9.46 | 19.6 | 0.46 | 0.6 | 0.02 | 0.7 | 0.02
39 | 13.4 | 957 | 11.9 | 0.27 | 12.7 | 9.61 | 11.7 | 0.27 | 12.7 | 9.62 | 11.1 | 0.26 | 129 | 9.60 | 11.6 | 0.27 | 0.4 | 0.03 | 0.4 | 0.01
491 81 | 971 | 52 | 012 | 78 (973 | 52 (012 | 79 [9.73 | 51 [0.12 | 79 |9.72| 52 |0.12 | 02 | 0.01 | 0.1 | 0.00

Table 4. I and V measured in charging and discharging (29.9 kQ resistor)

Time Experiment-1 Experiment-2 Experiment-3 Average Standard deviation
(£0.5
9)

Charge Discharge Charge Discharge Charge Discharge Charge Discharge Charge Discharge
T [ v [ v T v T v T v [ v T v I [ v 7T v 1 v T v [ v T v | & [ v 1 1 T v [ 1 TV




(+0.05p | (£0.005 | (£0.054 | (£0.005 [ (+0.05u | (£0.005 | (£0.05u | (+0.005 | (£0.05 | (£0.005 [ (+0.05u | (£0.005 | (£0.05u [ (+0.005 | (£0.05p | (£0.005 [ (+0.05u | (£0.005 | (£0.05y [ (£0.005
A) V) A) V) A) V) A) V) A) V) A) V) A) V) A) V) A) V) A) V)

2 12829 1.13 |290.2 | 8.72 |291.5| 0.94 |290.9 | 8.87 [267.4| 1.81 [279.3| 8.62 |280.6| 1.29 |286.8 | 8.74 | 122 | 0.46 | 6.5 | 0.13
246.8 | 2.36 |252.9| 7.78 [245.8 | 2.48 [245.0| 7.46 |233.6| 2.66 |235.6| 7.14 |242.1| 2.50 |244.5| 7.46 | 7.3 | 0.15 | 8.7 | 0.32
8 [171.4| 4.67 |175.1| 5.38 [178.6| 4.56 [175.5]| 5.35 | 162.6 | 4.89 | 1689 5.13 | 1709| 4.71 | 173.2| 529 | 8.0 | 0.17 | 3.7 | 0.14
16 | 93.6 | 7.04 | 94.4 | 2.82 | 90.7 | 7.07 | 859 | 2.61 | 89.2 | 7.24 | 853 | 2.69 | 91.2 | 7.12 | 88.5 | 2.71 | 2.2 | 0.11 | 5.1 | 0.11
20 | 66.9 | 7.87 | 66.6 | 2.05 | 69.0 | 7.82 | 64.6 | 1.97 | 65.7 | 7.87 | 643 | 1.96 | 67.2 | 7.85 | 652 | 1.99 | 1.7 | 0.03 | 1.3 | 0.05
24 | 53.6 | 8.34 | 51.0 | 1.50 | 52.1 | 8.41 | 51.1 | 1.50 | 49.7 | 845 | 49.2 | 1.44 | 51.8 | 8.40 | 504 | 1.48 | 2.0 | 0.06 | 1.1 | 0.03
30 | 339 | 8.90 | 32.1 | 0.94 | 351 | 888 | 32.2 | 0.93 | 33,5 | 894 | 31.1 | 092 | 342 | 891 | 31.8 | 093 | 0.8 | 0.03 | 0.6 | 0.01
381 19.6 | 933 | 17.7 | 0.52 | 20.8 | 9.32 | 17.2 | 0.51 | 19.9 | 9.34 | 16.6 | 0.48 | 20.1 | 9.33 | 172 | 0.50 | 0.6 | 0.01 | 0.6 | 0.02
441142 | 951 | 11.5 | 033 | 147 | 950 | 11.5 | 033 | 13.7 | 9.52 | 10.8 | 0.32 | 142 | 951 | 11.3 | 033 | 0.5 | 0.01 | 04 | 0.01
541 90 | 966 | 60 | 0.18 | 9.1 | 9.67 | 57 | 0.17 | 87 |9.68 | 57 | 017 | 89 [9.67| 58 |0.17 | 02 | 0.01 | 0.2 | 0.01

Table 5. I and V measured in charging and discharging (52:4 kK resistor)

Time Experiment-1 Experiment-2 Experiment-3 Average Standard deviation
(iso).s Charge Discharge Charge Discharge Charge Discharge Charge Discharge Charge Discharge
[ v [ v [ v [ v [ v [ v [ v T v [ v [ v
(£0.05u | (£0.005 | (+0.05u | (£0.005 | (+0.05u | (£0.005 | (+0.05p | (£0.005 | (£0.054 | (+0.005 | (£0.054 | (+:0.005 | (+0.05u | (+0.008 [ (+0.05 | (£0i005 | (+0.05p | (£0.005 | (+0.05p | (+£0.005
A) V) A) V) A) V) A) V) A) V) A) V) A) V) A) V) A) V) A) V)

2 |179.6| 0.25 | 158.0| 859 [171.2| 0.75 | 166.3 | 8.92 [1759] 0.48 [162.2| 8.64 |175.6| 0.49.|162.2 872 | 42 | 025 | 42 | 0.18
4 |162.7| 1.28 | 146.0| 7.86 |158.4| 1.32 |150.7| 8.18 [159.4| 1.44 [150.0| 8.10 | 160.24"1:35 |"1489 | 8.05 | 2.3 | 0.08 | 2.5 | 0.17
6 |147.7| 1.99 |132.4| 7.06 |143.8 | 2.20 | 136.8 | 7.35 | 144.8 | 2.37 | 136.2| 7.28 1454 | 2.19 {135.1| 7.23 | 2.0 | 0.19 | 2.4 | 0.15
10 (122.1| 3.35 [107.3| 5.73 [118.9| 3.53 [113.0| 6.07 | 119.7| 3.61 | 112.6 | 6.03 | 120.27:13.504| 111.0| 594 | 1.7 | 0.13 | 3.2 | 0.19
18 | 883 | 532 | 77.4 | 403 | 84.4 | 550 | 79.9 | 4.18 | 85.1 | 547 | 79.6 | 4.06 | 859 | 543 | 79.0 | 409 | 2.1 | 0.10 | 1.4 | 0.08
28 | 54.6 | 7.09 | 48.0 | 2.47 | 54.0 | 7.12 | 49.5 | 2.57 | 53.6 | 7.14 | 50.2 | 2.60"|"54.1 [*7.12 | 49.2 | 2.55 | 0.5 | 0.03 | 1.1 | 0.07
36| 40.1 | 7.83 | 33.5 | 1.73 | 383 | 7.93 | 35.1 | 1.79 | 38.7 | 791 | 35.0 | 1.81 | 39.0 | 7.89 | 345 | 1.78 | 0.9 | 0.05 | 0.9 | 0.04
44 | 284 | 844 | 235 | 1.22 | 275 | 849 | 24.6 | 1.28 | 27.9 | 8.47 | 24.15 1.25.( 279 | 847 | 241 | 1.25 | 0.5 | 0.03 | 0.6 | 0.03
52| 21.1 | 8.84 | 16.6 | 0.86 | 21.1 | 888 | 17.3 | 0.91 | 204 | 888 | 17.6 | 0:90 | 209 | 8.87 | 172 | 0.89 | 0.4 | 0.02 | 0.5 | 0.03
60 | 157 | 9.11 | 11.8 | 0.62 | 15.0 | 9.15 | 12.3 | 0.63 | 153 | 9.14 | 12.1 | 0.63° ). 153 | 9.13 | 12.1 | 0.63 | 0.4 | 0.02 | 0.3 (0.01

8. Data Processing

8.1 I-t and V-t plots

With K2 open, the measured voltage increased and the current decreased. The capacitor is
initially uncharged, which means at t =0, the voltage on the capacitor is nearly zero. With the
experimental data, I plotted / - £ and'¥ - ‘#diagrams drawn by using Excel to figure out the actual
process how the capacitors are charged and discharged. In addition, error analysis was conducted
to understand the difference,in data of repeated experiments. Due to the limitation on the essay
length, two sets of graphs,the Smallest resistor and the largest resistor, were shown in the essay,
and the other eight will be presented in the appendix. Figures 8-11 illustrate the experimental / - ¢
and V - ¢ diagrams dusifigicharging and discharging. For comparison purpose, the theoretical curves
drawn based on the Kirchhoff’s Law (Eq-6 to Eq-9) are included, as depicted by using the dashed
red lines. The cutves, of average values of the three experiments are also included, with the error
bar indicating the variation of the experimental data. The variation of experimental data is
described by using standard deviation.
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To explore the relation between a capacitor’s charging or discharging with electric resistance,
the critical time to charge the capagitor t0.9.6 V or discharge to 0.3 V are identified in the measured
data set. They are 24 s, 39 5,49 s, 50 s for the four resistors during charging, and 22 s, 37 s, 46 s
and 78 s during discharging. Tidrew the time — resistance plots as shown in Figure 12. The time —
resistance relationship_cansbes€asily fitted by using a linear equation with a very high R-square,
which means the relationship ¢an be accurately described by the fitted equation.

8.2 Sample Calculation

I randomly select.the measured voltage data in the group of charge-52.4 k() to demonstrate
how the average values and standard deviation listed in Tables 2-5 were calculated.

The 3 voltage values at the 18th second are 5.32 V, 5.50 V and 5.47 V. Thus, their average
value is x= (5.32+5.50+5.47)/3=5.43 (V).

By evaluating the standard deviation, we can learn the variation of the data. The standard

deviation is defined as
12N (x-x)2
o= /—N_l (Eqg-10)
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where ¢ is sample standard deviation, N is the number of data, x; is the measured values of
the sample, and x is the mean value of the samples.

Therefore, the standard deviation for the above 3 voltage data is

- 2 _ 2 _ 2
c=\/[(5'32 5.43)2+(5.50-5.43)+(547-543)2] 1 W) (Eq-11)

3-1
8.3 Data Analysis

From Figures 8-11 above, it can be found that the experimental results share a similar trend
with the theoretical curves, which validates my experimental method. Moreover, the experimental
curves are highly close to each other, implying good repeatability of the.experiments. I also found
that the capacitor voltage could reach 9.8 V after charging, which indicates battery drain is
negligible. There are three kinds of errors: initial error, difference between theoretical curve and
experimental results, and time difference between charging and'discharging process.

8.4 Errors and limitations of the experiment

8.4.1 Initial error

A sudden change can be observed at the beginning.of most experiments. The standard
deviation of the three experiments is larger at/the;beginning, and becomes smaller as the time
increases. Initial error is mainly induced by human error, because turning on or off the switches
leaves data recording in a rush. Furthermore, response time of circuit components and their
insufficient synchronization also can be théicauses of initial error.

Solution: The error occurs mainly.because of the switch. To decrease the uncertainty of
operation, I could change the switchito a,button, so I only need to press the button down instead
of toggling the switches. In this caseythe turning on or off procedures will not leave data recording
in a rush. On the otherghand;sl will select circuit components with high sensitivity and
synchronization.

8.4.2 Difference between experimental results and theoretical curves

An obvious différenee exists between theoretical and experimental curves. According to Eq
- 6 to Eq - 9, if the value of resistance increases, the 7 - ¢ and V' - ¢ graphs will shift to the right. In
practice, besides resistors, some other components also have resistance, such as LEDs and even
wire.

Solution: Next time, I will try to measure the total value of resistance in the circuit so that the
precision will be improved.

8.4.3 Difference between charge and discharge time

I also found that the discharging process is faster than the charging process. It can be
understood by comparing the final voltage of charging and the initial voltage of discharging. From
the plots presented above, the voltage on the capacitor achieves 9.8 V at the end of the charging
process, while the initial voltage of discharging process is always lower than 9.8 V. That means

11



power consumption occurs during the interval between charging and discharging experiments.
This energy consumption was inevitable, because the experimental condition was not perfect.

Solution: Since it is a systematic error, it will be difficult to avoid. To improve, I will change
the circuit component, for example, voltmeter of a higher quality should be used to reduce the
power consumption which will affect the data recording in the experiment.

9. Conclusion

Referencing to the analysis of the experimental data, my research question “What is the
current vs. time graph and potential difference vs. time graph when a capacitor. is charging and
discharging” has been answered. From Graphs 17 to 24, it has been proved that the charging and
discharging processes of capacitors follow the Kirchhoff’s Law, and the voltage and current
change in an exponential form. For the charging process, as time moves on, voltage will increase
and current will decrease. For the discharging process, as time iniCreases, both voltage and current
will decrease. From Graph 25, it can be concluded that the charge and discharge time increases
linearly with the increase of electric resistance. If the resistance in a circuit is close to zero, the
charge time will be almost zero; if the resistance is infinite large, which is identical to a break
circuit, the capacitor will be never charge/discharge.

Besides some limitations and errors that have béen diseussed in 8.4, the investigation also has
significant strengths and gained success.

9.1 Strengths

1) There is a lot of data collected. The sufficient data allows me to generate my plots for detailed
analysis.

2) The three groups of data for each'resistor are close to each other. This indicates that the
experiment was set up successfully. The relationship between the independent variables and
the dependent variables are reasonable.

3) The experiment was répeated several times. This reduced the random error and improved the

precision of my data precessing.

9.2 Extension

The investigation informed me that charge and discharge of capacitors will be saturated. The
increase in voltage will not become noticeable with time and there is a limit to the voltage. That is
why my solar caticould not travel further even though it was exposed to more time. On the other
hand, the charge time will a decrease with decrease of resistance. This reminded me that people
need to seek the capacitor with a huge capacitance and small resistance to make electrical devices
work longer and be charged faster.

12
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Appendix
Complete raw data.

Tableyl. Experimental data of 14.21 kQ resistor

Experiment-1 Experiment-2 Experiment-3
Time Charge Discharge Charge Discharge Charge Discharge
) I \% I \% I \% I \% I \% I \%
(1A) ™) (1A) V) (1A) ™) (1A) ™) (1A) ™) (1A) ™)

612.0 | 0.10. |"589:0 9.24 603.0 | 0.03 | 625.0 | 9.20 | 594.0 | 0.05 | 573.0 | 931
598.0 1.48 14449.0 6.54 571.0 | 0.60 | 476.0 | 7.71 | 505.0 | 2.16 | 487.0 | 6.94
379.0 | 420 |/ 345.0 5.19 394.0 | 4.10 | 385.0 | 5.63 | 387.0 | 421 | 3550 | 5.09
281.9 | 5.697 246.7 3.55 2924 | 562 | 2899 | 4.15 | 2683 | 597 | 2533 | 348
8 202.6 | 6.76 164.5 2.44 209.7 | 671 | 202.2 | 3.07 | 180.2 | 7.16 | 168.1 | 2.51
10 1469 | 7.71 118.1 1.82 151.8 | 7.68 144.6 | 2.12 | 1392 | 7.68 121.0 1.78
12 107.7 | 835 80.0 1.18 110.8 | 8.23 91.8 147 | 101.6 | 832 87.3 1.24
14 79.7 8.72 62.0 0.89 86.8 8.63 753 1.10 78.8 8.75 63.4 0.94
16 56.5 9.05 45.4 0.68 64.6 8.99 584 0.89 52.8 9.06 46.3 0.66
18 45.4 9.24 35.5 0.51 48.7 9.20 40.2 0.59 423 9.23 36.2 0.54
20 35.5 9.44 28.8 0.37 354 9.42 31.5 0.45 329 9.39 29.4 0.39
22 28.8 9.53 20.9 0.27 29.8 9.58 24.2 0.33 28.0 9.48 20.7 0.28
24 23.6 9.60 15.3 0.21 23.6 9.62 18.2 0.24 21.6 9.55 15.6 0.20
26 18.6 9.67 11.7 0.16 19.9 9.66 13.8 0.19 17.5 9.61 11.8 0.16
28 15.5 9.71 9.0 0.12 16.8 9.70 11.1 0.15 14.0 9.65 9.2 0.12
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30 13.7 9.73 7.1 0.10 134 9.74 8.6 0.11 12.2 9.68 7.2 0.09
32 12.1 9.76 59 0.08 11.9 9.77 6.5 0.09 10.3 9.71 59 0.08
34 10.8 9.78 4.5 0.06 10.9 9.79 52 0.07 9.3 9.72 4.8 0.06
36 9.9 9.79 3.5 0.05 9.3 9.80 4.2 0.06 8.3 9.74 3.6 0.06
Table 2. Experimental data of 24.0 kQ resistor
Experiment-1 Experiment-2 Experiment-3
Time Charge Discharge Charge Discharge Charge Discharge

©) I v I \% I \% I \% I v I \%

(1A) ™) (A) ™) (1A) ™) (1A) ™) (1A) ™) (1A) ™)
0 3794 | 0.06 | 381.0 | 948 | 3839 | 0.51 3715 | 9.46 | 393.1 0.07 | 381.8 | 9.50
1 347.8 145 | 3643 | 946 | 323.1 2.18 | 3555 | 9.46 | 330.5 1.77 || 365.1 9.47
3 2935 | 2.89 | 348.8 | 9.14 | 2512 | 3.44 | 3405 8.79 | 267.7 | 3.457| 3496 | 8.63
5 228.8 | 4.06 | 296.8 | 7.56 | 2132 | 475 | 287.2 | 6.94 | 209.1 4.76 | 2709 | 6.83
7 186.7 | 5.24 | 2385 | 599 1742 | 5.59 | 233.0 | 5.77 170.9 | 5.6Ls| 220.1 543
9 159.1 5.99 1942 | 4.77 142.8 | 6.45 189.7 | 4.60 140.1 645 186.8 | 4.53
11 125.7 | 6.75 152.1 3.81 1174 | 7.00 154.8 | 3.84 119.8.| 7.10 1524 | 3.61
13 103.6 | 7.36 1294 | 3.19 100.6 | 7.45 126.5 | 3.22 98.8 746 139.6 | 3.02
15 82.6 7.83 105.9 | 2.55 80.2 7.90 103.5 | 2.57 81.8 7.92 98.0 242
17 71.2 8.14 90.3 2.14 66.6 8.24 84.9 2.07 65:4 8.29 80.4 1.95
19 61.5 8.44 71.3 1.80 55.6 8.53 69.8 1.73 56.5 8.53 68.8 1.64
21 51.0 8.67 58.8 1.45 49.1 8.77 57.5 1340 482 8.78 54.5 1.32
23 43.9 8.89 48.4 1.17 47.2 8.93 48.8 1.18 41.9 891 46.3 1.12
25 383 8.99 42.4 0.95 34.8 9.07 41.5 096 353 9.08 394 0.90
27 314 9.17 36.4 0.84 28.6 9.23 344 0:78 29.9 9.21 33.9 0.77
29 27.6 9.24 30.2 0.68 25.2 9.30 285 0.66 24.7 9.33 28.1 0.65
31 23.0 9.34 24.2 0.56 21.6 9.39 23.7 0.54 21.9 9.39 23.4 0.53
33 19.9 9.43 20.2 0.47 18.7 9.47 198 046 18.9 9.47 18.8 0.44
35 17.3 9.47 16.8 0.39 15.9 9.54 16.5 0.38 16.4 9.52 15.8 0.36
37 14.8 9.55 13.6 0.32 14.3 9.57 13.4 0.31 14.8 9.57 13.2 0.31
39 134 9.57 11.9 0.27 12.7 9.6l 11.7 0.27 12.7 9.62 11.1 0.26
41 11.9 9.63 10.0 0.23 11.3 9:65 9.8 0.23 11.3 9.65 9.4 0.22
43 11.0 9.65 8.5 0.19 10.2 9.67 8.4 0.19 10.2 9.68 8.0 0.18
45 9.7 9.66 7.2 0.17 9.3 9.69 6.9 0.16 9.2 9.70 6.8 0.16
47 8.9 9.68 6.0 0.14 83 9.71 6.0 0.14 8.3 9.72 5.8 0.14
49 8.1 9.71 52 0.12 7.8 9.73 52 0.12 7.9 9.73 5.1 0.12
51 7.6 9.72 4.5 0.10 7.3 9.74 7.2 9.75 4.5 0.11
53 7.2 9.73 6.8 9.75 6.8 9.76
55 6.8 9.73 6.6 9.76 6.4 9.76
57 6.4 9.75 6.2 9.76 6.0 9.77
59 6.2 9.75 59 9.77 5.8 9.78
61 59 9.75 5.6 9.78
63 5.8 9.76

Table 3. Experimental data of 29.9 kQ resistor
Experiment=1 Experiment-2 Experiment-3
Time Charge Discharge Charge Discharge Charge Discharge

) I v I \% I \% I \% I v I \%

1A) ™) (1A) ™) (1A) ™) (1A) ™) (1A) ™) (1A) ™)
0 314.1 0.04 | 3006 | 945 | 3126 | 0.03 | 3013 | 9.49 | 318.1 0.03 | 309.1 9.54
2 282.9 1.13 | 2902 | 872 | 2915 | 094 | 2909 | 887 | 2674 | 094 | 2793 8.62
4 246.8 | 236 | 2529 | 7.78 | 245.8 | 2.48 | 2450 | 746 | 2336 | 248 | 2356 | 7.14
6 208.8 | 3.40 | 206.6 | 6.46 | 208.0 | 3.50 | 207.1 6.43 197.8 | 3.50 199.2 | 6.16
8 1714 | 4.67 175.1 5.38 178.6 | 4.56 1755 | 535 162.6 | 4.56 168.9 | 5.13
10 145.8 | 5.38 148.5 | 4.49 160.1 5.10 144.1 4.46 1429 | 5.10 1433 | 4.44
12 1242 | 6.11 122.2 | 3.75 127.9 | 6.03 122.5 | 3.73 121.8 | 6.03 121.8 | 3.71
14 106.1 6.72 1109 | 3.37 1059 | 6.69 1042 | 3.12 104.1 6.69 103.6 | 3.10
16 93.6 7.04 94.4 2.82 90.7 7.07 85.9 2.61 89.2 7.07 85.3 2.69
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18 77.8 7.49 78.0 2.36 80.2 7.44 75.7 2.35 74.2 7.44 753 2.26
20 66.9 7.87 66.6 2.05 69.0 7.82 64.6 1.97 65.7 7.82 64.3 1.96
22 58.9 8.18 58.2 1.73 60.9 8.14 56.5 1.66 59.3 8.14 57.1 1.71
24 53.6 8.34 51.0 1.50 52.1 8.41 51.1 1.50 49.7 8.41 49.2 1.44
26 46.3 8.57 43.7 1.27 46.4 8.59 43.7 1.26 44.3 8.59 42.2 1.21
28 39.0 8.77 37.5 1.07 39.2 8.74 36.4 1.07 384 8.74 36.2 1.02
30 33.9 8.90 32.1 0.94 35.1 8.88 322 0.93 335 8.88 31.1 0.92
32 29.6 9.05 27.6 0.79 30.6 9.03 27.6 0.81 29.2 9.03 27.5 0.81
34 25.9 9.16 23.1 0.67 26.8 9.13 23.8 0.69 24.9 9.13 23.0 0.67
36 23.4 9.29 20.5 0.61 23.5 9.24 20.6 0.58 22.5 9.24 19.8 0.56
38 19.6 9.33 17.7 0.52 20.8 9.32 17.2 0.51 19.9 9.32 16.6 0.48
40 17.8 9.39 15.3 0.46 18.4 9.39 14.9 0.44 17.8 9.39 14.8 0.42
42 15.9 9.46 13.3 0.39 16.8 9.45 13.3 0.39 15.3 9.45 132 0.39
44 14.2 9.51 11.5 0.33 14.7 9.50 11.5 0.33 13.7 9.50 10.8 0.32
46 13.0 9.54 10.0 0.30 13.2 9.54 10.0 0.29 12.6 954 9.7 0.28
48 11.8 9.58 8.8 0.25 11.9 9.57 8.7 0.25 114 9:57 8.5 0.24
50 10.7 9.61 7.6 0.22 10.8 9.61 7.4 0.22 10.2 9.61 7.4 0.22
52 9.8 9.64 6.9 0.20 9.9 9.64 6.5 0.19 9.5 9.64 6.3 0.18
54 9.0 9.66 6.0 0.18 9.1 9.67 5.7 0.17 8.7 9.67 5.7 0.17
56 8.3 9.68 52 0.15 8.8 9.69 5.0 0.15 1.9 9.69 5.0 0.15
58 7.6 9.70 7.7 9.71 4.4 0.13 74 9.71
60 7.1 9.72 7.2 9.72 740 9.72
62 6.6 9.74 6.8 9.73 6.5 9.73
64 6.3 9.74 6.4 9.74 6.2 9.74
66 6.0 9.75 6.1 9.75 5.8 9.75
68 5.7 9.76 5.8 9.76 5.6 9.76
70 5.5 9.77 5.5 9.77
Table 4. Experimental'data of 52.4 kQ resistor
Experiment-1 Experiment-2 Experiment-3
Time Charge Discharge Charge Discharge Charge Discharge
©) I \% I \% I v I \% I \% I \%
(1A) ™) (1A) ™) (129 V) (1A) ™) (1A) ™) (1A) ™)
0 183.9 | 0.02 164.8 | 9.24 181941 0.03 176.7 | 9.47 179.5 | 0.03 175.8 | 9.54
2 179.6 | 0.25 158.0 | 8.59 171.2 9@0.75 1663 | 8.92 1759 | 0.48 162.2 | 8.64
4 162.7 1.28 146.0 | 7.86 158:4 1.32 150.7 | 8.18 159.4 1.44 150.0 | 8.10
6 147.7 1.99 1324 | 7.06 1438 | 2.20 136.8 | 7.35 144.8 | 2.37 136.2 | 7.28
8 1317 | 2.78 118.3 7},,.6.35 130.75] 2.97 1243 | 6.61 131.6 | 2.92 123.8 | 6.69
10 122.1 3.35 107.3 | '5.73 118.9 | 3.53 113.0 | 6.07 119.7 | 3.61 112.6 | 6.03
12 111.2 | 4.00 97.7 5.26 1063 | 4.16 102.8 | 5.47 109.0 | 4.11 102.4 | 543
14 103.2 | 435 915 4775 100.5 | 4.61 94.5 4.93 99.4 4.68 95.9 ]5.00
16 96.8 4.90 83.3 428 92.5 5.02 87.7 4.54 91.5 5.19 874 | 4.51
18 88.3 532 774 4:03 84.4 5.50 79.9 4.18 85.1 5.47 79.6 | 4.06
20 79.2 5.81 70.6 3.64 77.1 5.92 72.8 3.78 77.7 5.89 72.5 3.75
22 724 6.13 63.1 3.28 70.4 6.23 66.4 341 71.0 6.20 649 | 3.38
24 66.2 6.48 57.6 2.97 64.4 6.57 60.5 3.14 65.0 6.55 60.3 3.12
26 60.6 6.84 52.6 2.74 57.9 6.89 55.2 2.84 59.5 6.86 54.0 | 2.82
28 54.6 7.09 48.0 247 54.0 7.12 49.5 2.57 53.6 7.14 50.2 ] 2.60
30 50.9 7.20 44.6 2.28 49.5 7.37 46.0 242 49.1 7.35 459 | 240
32 46.7 7.49 40.1 2.11 44.6 7.61 42.0 2.19 45.1 7.58 419 | 2.17
34 43.6 7.67 36.6 1.91 41.7 7.79 384 2.06 42.1 7.71 383 2.00
36 40.1 7.83 335 1.73 383 7.93 35.1 1.79 38.7 791 35.0 1.81
38 36.2 8.01 30.1 1.57 34.6 8.11 31.5 1.65 35.1 8.09 32.0 1.68
40 334 8.19 28.8 1.48 324 8.24 29.3 1.53 323 8.23 29.8 1.55
42 30.8 8.31 26.1 1.34 29.8 8.35 26.8 1.39 30.2 8.37 26.3 1.38
44 28.4 8.44 23.5 1.22 27.5 8.49 24.6 1.28 27.9 8.47 24.1 1.25
46 26.2 8.57 21.9 1.13 25.4 8.68 22.5 1.16 25.8 8.60 22.8 1.18
48 23.8 8.68 19.7 1.02 23.5 8.70 20.6 1.06 23.8 8.69 20.9 1.03
50 22.1 8.75 18.1 0.99 21.7 8.81 18.6 0.96 22.0 8.79 19.2 ] 0.99
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52 21.1 8.84 16.6 0.86 21.1 8.88 17.3 091 20.4 8.88 17.6 0.90
54 19.2 8.93 15.5 0.80 18.1 8.96 15.9 0.82 19.0 8.95 15.9 0.83
56 17.9 8.99 14.8 0.73 17.1 9.04 14.6 0.75 17.3 9.03 14.5 0.76
58 16.8 9.06 12.9 0.67 16.1 9.10 134 0.69 16.2 9.10 13.1 0.69
60 15.7 9.11 11.8 0.62 15.0 9.15 12.3 0.63 15.3 9.14 12.1 0.63
62 14.5 9.16 10.9 0.56 14.0 9.21 11.3 0.58 14.2 9.19 11.9 0.59
64 13.5 9.22 10.0 0.52 13.1 9.26 10.2 0.53 13.3 9.25 10.3 0.54
66 12.7 9.27 9.4 0.48 12.1 9.30 9.6 0.50 12.5 9.28 9.6 0.50
68 11.9 9.32 8.5 0.44 11.5 9.34 8.8 0.46 11.5 9.33 8.8 0.46
70 11.1 9.35 7.8 0.40 10.6 9.37 8.1 0.42 11.0 9.36 8.1 0.42
72 10.6 9.38 7.2 0.38 10.2 9.41 7.5 0.35 10.3 9.40 7.5 0.39
74 9.9 9.41 6.7 0.35 9.6 9.44 6.9 0.36 9.7 9.43 6.9 0.36
76 9.4 9.45 6.1 0.32 9.0 9.47 6.3 0.33 9.2 9.46 63 0.33
78 8.8 9.47 5.7 0.30 8.4 9.50 5.8 0.30 8.6 949 5.8 0.30
80 8.5 9.49 53 0.28 8.1 9.52 54 0.28 8.2 951 59 0.28
82 8.0 9.52 7.6 9.54 5.0 0.26 7.8 9:53 4.9 0.26
84 7.6 9.54 7.3 9.56 4.6 0.24 7.4 9.55 4.6 0.24
86 7.2 9.56 7.0 9.57 4.3 0.23 7.1 9.57 4.9 0.23
88 6.9 9.58 6.6 9.59 6.8 9.55
90 6.6 9.59 6.4 9.60 6.4 9.60
92 6.3 9.60 6.1 9.62 6.2 9.61
94 6.0 9.62 59 9.63 59 9.63
96 5.8 9.63 5.6 9.65 5.7 9.64
98 5.7 9.64 54 9.66 5.5 9.65
100 5.5 9.64 52 9.66 53 9.66
Complete set of graphs.
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Figure 5. Voltage (a) and current (b) in charge proeessi(R=29.9 kQ)
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