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1 Electric Devices

1.1 Resistors

Resistors restrict the flow of electric current“], for example, a resistor is placed in series with a
light-emitting diode (LED) to limit the current passing through the LED.
1.1.1 Resistor Values

The Resistor Colour Code Resistance is measured in ohms, the symbol for ohm is an omega Q.
1 Q is quite small so resistor values are often given in kQ and MQ. 1 kQ=1 000 ©; 1 MQ=1 000 000 €2.

Resistor values are normally shown using coloured bands."?! Each colour represents a number as
shown in the Table 1.1.

Table 1.1 The Resistor Colour Code

Colour Black Brown Red Orange | Yellow | Green Blue Violet Grey White
Number 0 1 2 3 4 5 6 7 8 9

Most resistors have 4 bands:

¢ The first band gives the first digit.

* The second band gives the second digit.

e The third band indicates the number of zeros.

« The fourth band is used to show the tolerance ( precision) of the resistor, this may be ignored for

almost all circuits but further details are given below.

The resistor in Figure 1.1 has red (2), violet (7) , yellow (4 zeros) and gold bands.”! So its value

is 270 000 Q=270 kQ. On circuit diagrams the Q is usually omitted and the value is written 270k.

Figure 1.1  Resistor with colour code

The standard colour code cannot show values of less than 10 Q. To show these small values two
special colours are used for the third band: gold which means x 0.1 and silver which means x0.01.
The first and second bands represent the digits as normal.

For example:

Red, violet, gold bands represent 27x0.1=2.7 Q.

Blue, green, silver bands represent 56x0.01=0.56 €2.

Tolerance of Resistors (fourth band of colour code)  The tolerance of a resistor is shown by
the fourth band of the colour code. Tolerance is the precision of the resistor and it is given as a
percentage. For example a 390 Q resistor with a tolerance of £10% will have a value within 10% of
390 Q, between 390 —39=351 Q and 390+39=429 Q (39is 10% 0of390) .

A special colour code is used for the fourth band tolerance:

silver £10%, gold £5%, red +2%, brown £1%.

If no fourth band is shown the tolerance is £20%.

Tolerance may be ignored for almost all circuits because precise resistor values are rarely



required.

Resistor Shorthand Resistor values are often written on circuit diagrams using a code system
which avoids using a decimal point because it is easy to miss the small dot. Instead the letters R, K
and M are used in place of the decimal point. To read the code: replace the letter with a decimal point,
then multiply the value by 1 000 if the letter was K, or 1 000 000 if the letter was M. The letter R
means mutltiply by 1.4

For example:

560R means 560

2K7 means 2.7 kQ=2 700 Q

39K means 39 kQ

1MO0 means 1.0 MQ=1 000 kQ
1.1.2 Real Resistor Values

You may have noticed that resistors are not available with every possible value, for example,
22 kQ and 47 kQ are readily available, but 25 kQ and 50 kQ are not.

Why so? Imagine that you have decided to make resistors every 10 Q giving 10, 20, 30, 40, 50
and so on. That seems fine, but what happens when you reach 1 000? It would be pointless to make
1 000, 1 010, 1 020, 1 030 and so on because for these values 10 is a very small difference, too small
to be noticeable in most circuits. In fact it would be difficult to make resistors sufficiently accurate.

To produce a sensible range of resistor values you need to increase the size of the “step” as the
value increases. The standard resistor values are based on this idea and they form a series which
follows the same pattern for every multiple of ten.

The E6 Series The E6 series has 6 values for each multiple of ten™ or resistors with 20%
tolerance.For example: 10, 15, 22, 33, 47, 68, then it continues 100, 150, 220, 330, 470, 680, 1 000 etc.

Notice how the step size increases as the value increases. For this series the step (to the next
value) is roughly half the value.

The E12 Series The E12 series has 12 values for each multiple of ten, for resistors with 10%
tolerance.For example:10, 12, 15, 18, 22, 27, 33, 39, 47, 56, 68, 82, then it continues 100, 120, 150
etc.

The E12 series is the one most frequently used for resistors. It allows you to choose a value
within 10% of the precise value you need. This is sufficiently accurate for almost all projects and it is
sensible because most resistors are only accurate to £10% (called their ‘tolerance’) . For example a
resistor marked 390 Q could vary by+10% %390 Q=+39 Q, so it could be any value between
351 Q and 429 Q.

1.1.3 Power Ratings of Resistors

Electrical energy is converted to heat when current flows through a resistor. Usually the effect is
negligible, but if the resistance is low (or the voltage across the resistor is high) a large current may
pass making the resistor become noticeably warm. The resistor must be able to withstand the heating
effect and resistors have power ratings to show this.

Power ratings of resistors are rarely quoted in parts lists because for most circuits the standard
power ratings of 0.25W or 0.5W are suitable.!®! For the rare cases where a higher power is required it
should be clearly specified in the parts list, these will be circuits using low value resistors (less than
about 300 Q) or high voltages (more than 15V) .
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Notes

. Resistors restrict the flow of electric current.

P PEL RR T FRL R I S 30 -

. Resistor values are normally shown using coloured bands.

HPEEH W A EHAT#/R.  coloured bands W E R AW, HIkEAR.

. The resistor in Figure 1.1 hasred (2) , violet (7) , yellow (4 zeros) and gold bands.

10 PRHEEAI AR, Ea6F. BEFNSER. XEK red (2) BABREFRET
W%, BHN 2; violet (7) HEARFEFHIFE ZAE, BAEA 7; yellow (4 zeros)
fes e R MARE 100

. To read the code: replace the letter with a decimal point, then multiply the value by 1 000 if the
letter was K, or 1 000 000 if the letter was M. The letter R means multiply by 1.

AT EBREME, AR TEE, MRFEHR K, SABREEARRIERLL 1000, 0
RERRE M, BARM EARRIOMETER 1 000 000. WRFEE R, #AIRE ERRK{ETE

PLi.
5. each multiple of ten B ERE “H4 10 1™, 1 100. 1000 %.

6. Power ratings of resistors are rarely quoted in parts lists because for most circuits the standard

power ratings of 0.25W or 0.5W are suitable.

BEABSELIF R 025W B 0.5W MHBLE S KL HaE, BrLIREKRBUEER SR

G AIE L ek
Key Words & Expressions

resistor [ri'zista] n. HLFH

restrict [ris'trikt] v. PR il

diode ['daioud] n. ~ARE

ohm [oum] n. KK i}

omega ['aumige] n. HIEFHHNERE —1F Q
tolerance ['lorans] n. B[R, A%, AFRE
circuit ['sa:kit] 7. L%

shorthand ['[2:thend] 7. 31

decimal ['desimal] a. +#ALH), /NI
multiply ['maltiplai] v.3&, #1n

pointless ['pointlis] a. TT & X #)

range [reind3] n. 18 &, el

negligible ['neglidzebl] a. 7] LI ZEEH), R EBIER
quote [kwaut] n. 51 v. IR, ZE, 4T
ratings ['reitinz] ». FEH

Feedback and Review

1. Fill in the blanks using the sentences and definitions found in the texts.
(1) Tolerance is the () of the resistor and it is given as a percentage.
(2) The resistor must be able to withstand the heating effect and resistors have power (
(3)2K7 means ( ) Q.

) to show this.
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(4) IMO means ( ) Q.
(5) The E6 series for resistors has ( ) values for each multiple of ten.
2. True /False.
(1) A 25 kQ resistor is not readily available.
(2) Tolerance of resistors may be ignored for all circuits .
(3) Electrical energy is converted to heat when current flows through a resistor.
(4) When you choose a resistor, you do not need to consider the power ratings of the resistor.

1.2 Capacitor

A capacitor consists of two parallel conducting plates separated by an insulating material such as
air.ll Capacitors store electric charge. The insulating material is called the dielectric of the capacitor.
Addition of certain insulating material between the plates changes capacitor-characteristics.

Things about capacitors which can be changed include:

the area of overlap of the plates,

the distance between the plates, and

the material used as an insulator.

1.2.1 Capacitance

The ideal capacitor does not dissipate any of the energy supplied to it.?! 1t stores the energy in
the form of an “electric field” between the conducting surfaces.

CAPACITANCE is a measure of capacitor’s ability to store electric charge (and hence
energy) .The more stored charge per unit of voltage, the greater capacitance and the greater energy
stored.

A capacitor has a capacitance of 1 farad (F) if 1 coulomb (C) of charge is deposited on the plates
by a potential difference of 1 volt (V) across the plates. '

The farad is generally too large for most practical applications, so prefixes are used to show the
smaller values.

Three prefixes (multipliers) are used, p (micro) ,n (nano) and p (pico) :

* yumeans 10~° (millionth) , so 1 000 000 pF=1F,

* nmeans 10 ~° (thousand-millionth) , so 1 000 nF=1pF,

* pmeans 10~ "2 (million-millionth) , so 1 000 pF=1nF.

Capacitor values can be very difficult to find because there are many types of capacitor with
different labelling systems!

1.2.2 The Polarised Capacitors and Unpolarised Capacitors

There are many types of capacitor but they can be split into two groups, Polarised and
unpolarised. Each group has its own circuit symbol.

Polarised Capacitors (large values, 1uF+)  Electrolytic capacitors are Polarised and they
must be connected the correct way roundm, at least one of their leads will be marked+or —. They are
not damaged by heat when soldering.

There are two designs of electrolytic capacitors; axial where the leads are attached to each end

(220uF in picture) and radial where both leads are at the same end (10uF in picture) . Radial
capacitors tend to be a little smaller and they stand upright on the circuit board.

It is easy to find the value of electrolytic capacitors because they are clearly printed with their
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capacitance and voltage rating. The voltage rating can be quite low (6 V for example) and it should
always be checked when selecting an electrolytic capacitor. If the project parts list does not specify a
voltage, choose a capacitor with a rating which is greater than the project’s power supply voltage.“]
25V is a sensible minimum for most battery circuits.

Tantalum bead capacitors are polarised and have low voltage ratings like electrolytic capacitors.
They are expensive but very small, so they are used where a large capacitance is needed in a small
size.

Modern tantalum bead capacitors are printed with their capacitance and voltage in full. However
older ones use a colour-code system which has two stripes (for the two digits) and a spot of colour for
the number of zeros to give the value in pF. B} The standard colour code is used, but for the spot, grey
is used to mean x0.01 and white means x0.1 so that values of less than 10uF can be shown. A third
colour stripe near the leads shows the voltage (yellow 6.3V, black 10V, green 16V, blue 20V, grey 25V,
white 30V, pink 35V) .

For example: blue, grey, black spot means 68uF

For example: blue, grey, white spot means 6.8uF

For example: blue, grey, grey spot means 0.68uF

Unpolarised Capacitors (small values, up to 1uF) Small value capacitors are unpolarised and
may be connected either way round. They are not damaged by heat when soldering, except for one
unusual type (polystyrene) . They have high voltage ratings of at least 50V, usually 250V or so. It can
be difficult to find the values of these small capacitors because there are many types of them and
several different labelling systems!

Many small value capacitors have their value printed but without a multiplier, so you need to use
experience to work out what the multiplier should be!

For example: 0.1 means 0.1uF=100nF.

Sometimes the multiplier is used in place of the decimal point.

For example: 4n7 means 4.7nF.

1.2.3 Capacitor Number Code and Colour Code

A number code is often used on small capacitors where printing is difficult:

¢ the 1st number is the 1st digit

* the 2nd number is the 2nd digit

* the 3rd number is the number of zeros to give the capacitance in pF

® ignore any letters - they just indicate tolerance and voltage rating

For example: 102 means 1 000pF=1nF (not 102pF!) .

For example: 472J means 4 700pF=4.7nF (J means 5% tolerance) .

A colour code has been used on polyester capacitors for many years. Each colour represents a
number as shown in the Table 1.2. The colour code is now obsolete, but of course there are many still
around. The colours should be read like the resistor code, the top three colour bands giving the value
in pF. Ignore the 4th band (tolerance) and 5th band (voltage rating) .

Tablel.2 Capacitor Colour Code

Colour Black | Brown Red Orange | Yellow | Green Blue Violet Grey White
Number 0 1 2 3 4 5 6 7 8 9

For example: brown, black, orange means 10 000pF=10nF=0.01pF.
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Note that there are no gaps between the colour bands, so 2 identical bands actually appear as a
wide band.

For example: wide red, yellow means 220 nF=0.22uF.

1.2.4 Capacitor Values

You may have noticed that capacitors are not available with every possible value, for example
22uF and 47yF are readily available, but 25uF and SOpF are not!

Why so? Imagine that you have decided to make capacitors every 10uF giving 10, 20, 30, 40, 50
and so on. That seems fine, but what happens when you reach 1 000? It would be pointless to make
1 000, 1 010, 1 020, 1 030 and so on because for these values 10 is a very small difference, too small
to be noticeable in most circuits and capacitors cannot be made with that accuracy.

To produce a sensible range of capacitor values you need to increase the size of the “step” as the
value increases. The standard capacitor values are based on this idea and they form a series which
follows the same pattern for every multiple of ten.

The E3 Series The E3 series has 3 values for each multiple of ten. For example:10, 22, 47,
then it continues 100, 220, 470, 1 000, 2 200, 4 700, 10 000 etc.

Notice how the step size increases as the value increases (values roughly double each time) .

The E6 Series The E6 series has 6 values for each multiple of ten. For example:10, 15, 22, 33,
47, 68, then it continues 100, 150, 220, 330, 470, 680, 1 000 etc.

The E3 series is the one most frequently used for capacitors because many types cannot be made
with very accurate values.

1.2.5 The Main Characters of Capacitor

Voltage Rating  Every capacitor has a limit on the amount of voltage that it can withstand
across its plates: The “VOLTAGE RATING” specifies the maximum dc voltage that can be safely
applied. This is also called the BREAKDOWN VOLTAGE. Breakdown permanently damages the
capacitor.

The capacitor behaves as a conductor when breakdown occurs. Lightning is a typical example of
breakdown.

The breakdown voltage of a capacitor is determined by the “dielectric strength” of the material
used.

Leakage Current No insulating material is perfect. Ideally, the flow of electrons will occur
in a dielectric only when the breakdown voltage is reached. Practically, there are free electrons in
every dielectric due in part to impurities in the dielectric.!® The dielectric of any capacitor will
conduct some very small amount of current. Thus, the charge on a practical capacitor will eventually
leak off.

This effect is represented (MODELED ) by a resistor in parallel with the capacitor. Typical values
for this resistance is around 100 megohms. This in fact is the resistance of dielectric material through
which leakage current flows. vl

Some capacitors, however, have an extremely high resistance, as high as 1 000 MQ.Some types
of capacitors, such as the “electrolytic type”, have higher leakages than the others. Electrolytic
capacitors lose their charge in a matter of seconds because of the flow of charge from one plate to the
other.

Temperature Coefficient  The temperature coefficient indicates the amount and direction of a
change in capacitance value with temperature. A positive (negative) temperature coefficient means
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that the capacitance increases (decreases) with an increase (decrease) in temperature.
Temperature coefficient is typically specified in “part per million (ppm) * per degree Celsius
(ppm/C) .

A negative temperature coefficient of 150 ppm/C for a 1F capacitor means that for every Celsius
degree rise in temperature the capacitance decreases by 150 pF.

The temperature coefficient constitutes part of the capacitor labeling. For example;

N150: Negative temperature coefficient of 150.

P330: Positive temperature coefficient of 330.

NOTE: Other data such as capacitance and working voltage are also printed on the outer
wrapping if the capacitor is large enough.

1.2.6 First Order Systems & Transients
This section explores the solution of circuits that contain a single energy storage element
(capacitor) and a combination of voltage/current sources and resistors (and possibly switches) . An
electric circuit with only one energy storage element is referred to as a “first order system”. The
response of a circuit to sudden application of a voltage or current is called “transient response”.[sl

The most common instance of a transient response in a circuit occurs when a switch is turned
“ON” or “OFF”. This is a common event in electrical circuits. Although there are many possible types
of transients that can be introduced in a circuit, in this note we shall focus exclusively on the transient
response of circuits in which a switch activates or deactivates a dc source. Also, the analysis in this
section is restricted to “first-order systems”. This is a circuit that contains resistors but only one
energy storage element. To analyse transient response of first order systems, the following quantities
are to be determined: initial condition, steady state solution and time constant.

Time Constant in RC Circuits Before detailed analysis of capacitor charging and
discharging processes in first-order systems, it will be useful to consider the time constant in circuits
containing capacitors. In the circuit shown in Figure 1.2 there are two switches and one switch is
“ON” at a time.

Charging Process: SW1 “ON” and SW2 “OFF”

Discharging Process: SW2 “ON” and SW1 “OFF”

SWI1 SW2
=0 =0
Rs
Ve m=C RZ
— VB

Figurel.2 First order system

The capacitor in this circuit has been connected to a battery (SW1 “ON”) for a long time so that
it is fully charged. The capacitor voltage is therefore equal to the battery voltage (Vc=V3) .

Suppose at =0 the capacitor is disconnected from the battery and connected to a resistor. The
capacitor voltage would decay exponentially. Note that the existence of a closed circuit path drains the
capacitor of its stored charge!® (being dissipated in the resistor) .
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Physically, the exponential decay shown in Figure 1.3 signifies that the energy stored in the
capacitor at /=0 is dissipated by the resistor at a rate determined by the product of the circuit
equivalent resistance (viewed from the capacitor) and the capacitance (RxC) " This product is
called the capacitor circuit time constant.

1
3 First Order
2 Exponential Decay
E' and
© Time Constant
0 1 2 3 4 5 time

Figure 1.3  First order exponential decay

Time constant for a series R-C circuit:
=RC

where 7 is in seconds when “C ” is in farads and “R ™ is in ohms.

The time constant is a relative measure of the rate at which the voltages and currents are
changing in a transient phase. The time constant for a single capacitor circuit is RryC where Ryy is the
Thevenin equivalent resistance as seen by the capacitor. Note that to calculate Ryy all sources should
be turned off first.

The transient in R-C circuits is essentially zero after 5 time constants (57 ) . This means that the
transient analysis in first-order circuits involves circuit solution from the instant transient starts to the
time equal to about five time constants.

After 5 time constants the capacitor current and voltage become equal to “dc steady state”
conditions in which the capacitor is modeled as an “open-circuit”.

Charging a Capacitor A capacitor charges when it is connected to a dc source. See Figure
1.4, when the switch is closed, electrons are drawn from one plate and deposited on the other;
resulting in net positive and negative charges on plates. The transfer of electrons is very rapid at first.
It slows down as the V- approaches . It ceases when V=E, where the net charge of Q = CV stays on
plates.

When a capacitor is connected to a dc supply of voltage £ via R, it will be charged up to the
supply voltage.

Voltage equation is

Ve =E(1-e"")
Current equation is
E _irc
i _Ee /RC



+ ir
L .
E__._.‘ Velt) /’\ c
L

Figure 1.4 Charging a capacitor

* Since e™/"is a decaying exponential function, the factor (1 —e™'") will grow towards its
maximum value of 1 with time.

® Since £ is the multiplying factor, the capacitor voltage essentially becomes equal to £ volts
after five time constants of the charging phase.

Keeping R constant and reducing C will result in smaller RC, and faster charging time. RC will

always have some numerical value, even though it may be small.
Capacitor voltage cannot change instantaneously. Note that at /=0 the voltage across the

capacitor is still zero due to the capacitor voltage continuity principle. At that instant, the capacitor

can be treated as a voltage source of strength zero (ie. a short circuit) . However, the current through

the capacitor can change instantaneously (or relatively so) from zero to a new value. Here the voltage
source E drive s the current through R.

Ve (@) =V.(07)=0

Capacitor Discharge In Figure 1.5, when the switch is placed in position “1”, the capacitor

will charge toward the supply voltage E through R. At any point in the charging process, if the switch

is moved to “2”, the capacitor will begin to discharge. Discharge circuit includes C and R, therefore

T =RC. As explained before, the time constant for a series R-C circuit is equal to 7=RC where 7is in

seconds when “C” is in farads and “R” is in ohms.
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Figure 1.5 Capacitor discharge
If the capacitor has a voltage of £ across its plates, the equation for decaying V¢ is
V.= Ee'RC
C
V¢ has the same shape as i during the charging phase. During the discharge phase, i will also

decrease. The equation for decaying i is



For practical purposes, the complete discharge occurs in 57 . Also note that where more sources

and/or more resistors are involved, E7, and Ry, external to the capacitor, should be used in capacitor
charging/discharging equations.“ I

1.

Notes

A capacitor consists of two parallel conducting plates separated by an insulating material such as
air.

FL A A B N2 X B AR R B R BT AT 1 AR AL

The ideal capacitor does not dissipate any of the energy supplied to it.
HENHEAR AN HREAMRAENER.

supplied to it 2B T thatis 1) E & M), energy.

. Electrolytic capacitors are Polarised and they must be connected the correct way round, ...

AR AREN, ENLFLER N s, -

If the project parts list does not specify a voltage, choose a capacitor with a rating which is greater
than the project’s power supply voltage.

TRIIFRFEA VA EEFERER/D, EEEEN, EEREMAEHERTHREBENES.
However older ones use a colour-code system which has two stripes (for the two digits) and a spot
of colour for the number of zeros to give the value in pF.

R, FERNERFEAACRRERREEMER/NG, XFHEHRREOHWMMEHE (REM
THF) MERTHRERSAR, BENELRF.

ones /N AT A 1Y tantalum bead capacitors.

Practically, there are free electrons in every dielectric due in part to impurities in the dielectric.

Lo L, HFENMRFAERDE, E/ASHENRAFHFTEEBTHE.

7. This in fact is the resistance of dielectric material through which leakage current flows.

A BB P A RERNE . Which $848) FH#9 dielectric material.
The response of a circuit to sudden application of a voltage or current is called “transient
response”.

5 SR G L IS B8 L IA ) EL B M R FR O AR
Note that the existence of a closed circuit path drains the capacitor of its stored charge.

P& HEERHAE T AN FENRER.

10.Physically, the exponential decay shown in Figure 1.3 signifies that the energy stored in the

1.

capacitor at /=0 is dissipated by the resistor at a rate determined by the product of the circuit
equivalent resistance (viewed from the capacitor) and the capacitance (RXC) .

P B, B 13 FREEAERERN =0 I RITT LS, AT AR DL — & 058 S s
¥, RERHAEME R MBS REHMEAERE.

#)-FH determined by the product of the circuit equivalent resistance (viewed from the capacitor)
and the capacitance (RX C) 1&#fi rate.

Also note that where more sources and/or more resistors are involved, Ez, and Ry, external to the
capacitor, should be used in capacitor charging/discharging equations.
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