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Voltage and current in a practical circuit

Becauseit takesenergy to force electronsto flow against the opposition of aresistance, there
will be voltage manifested (or “dropped”) between any points in a circuit with resistance
between them. It is important to note that although the amount of current (the quantity of
el ectrons moving past agiven point every second) isuniform in asimple circuit, the amount
of voltage (potential energy per unit charge) between different sets of points in a single
circuit may vary considerably:
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Take this circuit as an example. If we label four pointsin this circuit with the numbers 1, 2,
3, and 4, we will find that the amount of current conducted through the wire between points
1 and 2 is exactly the same as the amount of current conducted through the lamp (between
points 2 and 3). This same quantity of current passes through the wire between points 3 and
4, and through the battery (between points 1 and 4).

However, we will find the voltage appearing between any two of these pointsto be directly
proportional to the resistance within the conductive path between those two points, given
that the amount of current along any part of the circuit’s path is the same (which, for this
simple circuit, itis). Inanormal lamp circuit, the resistance of alamp will be much greater
than the resistance of the connecting wires, so we should expect to see a substantial amount
of voltage between points 2 and 3, with very little between points 1 and 2, or between 3 and
4. The voltage between points 1 and 4, of course, will be the full amount of “force” offered
by the battery, which will be only slightly greater than the voltage across the lamp (between
points 2 and 3).

This, again, is analogous to the water reservoir system:



| T
Waterwheel Q T

(energy released)
Pum
3 () Pump

—
Between points 2 and 3, where the falling water isreleasing energy at the water-wheel, there
Is a difference of pressure between the two points, reflecting the opposition to the flow of
water through the water-wheel. From point 1 to point 2, or from point 3 to point 4, where
water isflowing freely through reservoirswith little opposition, thereislittle or no difference
of pressure (no potential energy). However, the rate of water flow in this continuous system
Isthe same everywhere (assuming thewater level sin both pond and reservoir are unchanging):
through the pump, through the water-wheel, and through all the pipes. So it iswith smple

electric circuits. the rate of electron flow is the same at every point in the circuit, although
voltages may differ between different sets of points.

(energy stored)

Resistance

Thecircuit inthe previous section is not avery practical one. Infact, it can be quite danger-
ousto build (directly connecting the poles of avoltage source together with asingle piece of
wire). The reason it is dangerous is because the magnitude of electric current may be very
large in such a short circuit, and the release of energy very dramatic (usually in the form of
heat). Usually, electric circuits are constructed in such away asto make practical use of that
released energy, in as safe a manner as possible.

One practical and popular use of electric current isfor the operation of electric lighting. The
simplest form of electric lamp isatiny metal “filament” inside of a clear glass bulb, which
glows white-hot (“incandesces’) with heat energy when sufficient electric current passes
through it. Like the battery, it has two conductive connection points, one for electrons to
enter and the other for electrons to exit.

Connected to a source of voltage, an electric lamp circuit looks something like this:
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Asthe electronswork their way through the thin metal filament of the lamp, they encounter
more opposition to motion than they typically would in athick piece of wire. This opposi-
tion to electric current depends on the type of material, its cross-sectiona area, and its
temperature. It istechnically known as resistance. (It can be said that conductors have low
resistance and insulators have very high resistance.) Thisresistance servesto limit the amount
of current through the circuit with a given amount of voltage supplied by the battery, as
compared with the “short circuit” where we had nothing but awire joining one end of the
voltage source (battery) to the other.

When electrons move against the opposition of resistance, “friction” is generated. Just like
mechanical friction, the friction produced by electrons flowing against a resistance mani-
festsitself in the form of heat. The concentrated resistance of alamp’s filament resultsin a
relatively large amount of heat energy dissipated at that filament. Thisheat energy isenough
to cause the filament to glow white-hot, producing light, whereas the wires connecting the
lamp to the battery (which have much lower resistance) hardly even get warm while con-
ducting the same amount of current.

As in the case of the short circuit, if the continuity of the circuit is broken at any point,
electron flow stopsthroughout the entire circuit. With alamp in place, thismeansthat it will
stop glowing:
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Asbefore, with no flow of electrons, the entire potential (voltage) of the battery isavailable
across the break, waiting for the opportunity of a connection to bridge across that break and
permit electron flow again. This condition is known as an open circuit, where abreak in the
continuity of thecircuit prevents current throughout. All it takesisasingle break in continu-
ity to “open” acircuit. Once any breaks have been connected once again and the continuity
of the circuit re-established, it is known as a closed circuit.

What we see here is the basis for switching lamps on and off by remote switches. Because
any break in acircuit’s continuity results in current stopping throughout the entire circuit,
we can use adevice designed to intentionally break that continuity (called aswitch), mounted
at any convenient location that we can run wires to, to control the flow of electronsin the
circuit:

switch

Vo

It doesn’'t matter how twisted or

B} convoluted a route the wires take
- conducting current, so long as they
Battery "—  form a complete, uninterrupted

loop (circuit).

L]

This is how a switch mounted on the wall of a house can control a lamp that is mounted
down along hallway, or even in another room, far away from the switch. The switch itself
Is constructed of apair of conductive contacts (usually made of some kind of metal) forced
together by amechanical lever actuator or pushbutton. When the contacts touch each other,
electrons are able to flow from one to the other and the circuit’s continuity is established;
when the contacts are separated, electron flow from one to the other is prevented by the
insulation of the air between, and the circuit’s continuity is broken.

Perhaps the best kind of switch to show for illustration of the basic principle isthe “knife”
switch:




A knife switch isnothing more than aconductive lever, freeto pivot on ahinge, cominginto
physical contact with one or more stationary contact points which are also conductive. The
switch shown in the aboveillustration is constructed on aporcelain base (an excellent insu-
lating material), using copper (an excellent conductor) for the “blade” and contact points.
The handleis plastic to insulate the operator’ s hand from the conductive blade of the switch
when opening or closing it.

Here is another type of knife switch, with two stationary contacts instead of one:

The particular knife switch shown here has one “blade” but two stationary contacts, mean-
ing that it can make or break more than one circuit. For now thisis not terribly important to
be aware of, just the basic concept of what a switch isand how it works.

Knife switches are great for illustrating the basic principle of how a switch works, but they
present distinct safety problems when used in high-power electric circuits. The exposed
conductorsin a knife switch make accidental contact with the circuit a distinct possibility,
and any sparking that may occur between the moving blade and the stationary contact is
freetoignite any nearby flammable materials. M ost modern switch designs have their mov-
ing conductors and contact points sealed inside an insulating case in order to mitigate these
hazards. A photograph of afew modern switch types show how the switching mechanisms
are much more concealed than with the knife design:



In keeping with the “open” and “closed” terminology of circuits, a switch that is making
contact from one connection terminal to the other (example: a knife switch with the blade
fully touching the stationary contact point) provides continuity for electronsto flow through,
and is called a closed switch. Conversely, a switch that is breaking continuity (example: a
knife switch with the blade not touching the stationary contact point) won’t allow electrons
to passthrough and is called an open switch. Thisterminology is often confusing to the new
student of electronics, because the words* open” and “closed” are commonly understood in
the context of a door, where “open” is equated with free passage and “closed” with block-
age. With electrical switches, these terms have opposite meaning: “open” means no flow
while “closed” means free passage of electrons.

e REVIEW:
e Resistance is the measure of opposition to electric current.

» A short circuit is an electric circuit offering little or no resistance to the flow of
electrons. Short circuits are dangerous with high voltage power sources because the
high currents encountered can cause large amounts of heat energy to be released.

» Anopen circuit isone where the continuity has been broken by an interruption in the
path for electrons to flow.

» A closed circuit is one that is complete, with good continuity throughout.



» A device designed to open or close a circuit under controlled conditions is called a
switch.

 Theterms* open” and “ closed” refer to switches aswell as entire circuits. An open
switch is one without continuity: electrons cannot flow through it. A closed switchis
one that provides adirect (low resistance) path for electrons to flow through.

How voltage, current, and resistancerelate

An electric circuit is formed when a conductive path is created to allow free electrons to
continuously move. This continuous movement of free electrons through the conductors of
acircuitiscaled acurrent, and it isoften referred to in terms of “flow,” just like the flow of
aliquid through ahollow pipe.

The force motivating electrons to “flow” in acircuit is called voltage. Voltage is a specific
measure of potential energy that is awaysrelative between two points. When we speak of a
certain amount of voltage being present in acircuit, we are referring to the measurement of
how much potential energy exists to move electrons from one particular point in that circuit
to another particular point. Without referenceto two particular points, theterm “voltage’ has
no meaning.

Free electrons tend to move through conductors with some degree of friction, or opposition
to motion. This opposition to motion is more properly called resistance. The amount of
current in acircuit depends on the amount of voltage available to motivate the electrons, and
also theamount of resistancein thecircuit to oppose e ectron flow. Just like voltage, resistance
IS a quantity relative between two points. For this reason, the quantities of voltage and
resistance are often stated as being “between” or “across’ two pointsin acircuit.

To be able to make meaningful statements about these quantities in circuits, we need to be
able to describe their quantities in the same way that we might quantify mass, temperature,
volume, length, or any other kind of physical quantity. For mass we might use the units of
“pound” or “gram.” For temperature we might use degrees Fahrenheit or degrees Celsius.
Here are the standard units of measurement for electrical current, voltage, and resistance:

Quantity Symbol Me gg Liltrte:i rf'ne nt | Ab blr'ujeijitatinn
Current 1 Ampere ("Amp") A
Voltage E or Vv Volt V
Resistance R Ohm Q

The “symbol” given for each quantity is the standard alphabetical letter used to represent
that quantity in an algebraic equation. Standardized letters like these are common in the



disciplines of physics and engineering, and are internationally recognized. The “unit
abbreviation” for each quantity representsthe a phabetical symbol used asashorthand notation
for its particular unit of measurement. And, yes, that strange-looking “horseshoe” symbol is
the capital Greek letter ©, just a character in a foreign aphabet (apologies to any Greek
readers here).

Each unit of measurement is named after afamous experimenter in electricity: Theamp after
the Frenchman Andre M. Ampere, the volt after the Italian Alessandro Volta, and the ohm
after the German Georg Simon Ohm.

The mathematical symbol for each quantity is meaningful as well. The “R” for resistance
and the“V” for voltage are both self-explanatory, whereas“1” for current seemsabit weird.
The “I” is thought to have been meant to represent “Intensity” (of electron flow), and the
other symbol for voltage, “E,” stands for “Electromotive force.” From what research |’ ve
been able to do, there seems to be some dispute over the meaning of “1.” The symbols “E”
and “V” areinterchangeable for the most part, although some textsreserve “E” to represent
voltage across a source (such as a battery or generator) and “V” to represent voltage across
anything else.

All of these symbols are expressed using capital letters, except in cases where a quantity
(especially voltage or current) is described in terms of a brief period of time (caled an
“instantaneous’ value). For example, the voltage of a battery, which is stable over along
period of time, will be symbolized with a capital letter “E,” while the voltage peak of a
lightning strike at the very instant it hits a power line would most likely be symbolized with
alower-caseletter “€” (or lower-case V") to designate that val ue as being at asingle moment
intime. This samelower-case convention holdstruefor current aswell, the lower-case | etter
“I” representing current at some instant in time. Most direct-current (DC) measurements,
however, being stable over time, will be symbolized with capital |etters.

Onefoundational unit of electrical measurement, often taught in the beginnings of electronics
courses but used infrequently afterwards, is the unit of the coulomb, which is a measure of
electric charge proportional to the number of electronsin an imbalanced state. One coulomb
of chargeis equal to 6,250,000,000,000,000,000 electrons. The symbol for electric charge
guantity isthe capital letter “Q,” with the unit of coulombs abbreviated by the capital letter
“C.” It so happensthat the unit for electron flow, the amp, isequal to 1 coulomb of electrons
passing by agiven point in acircuit in 1 second of time. Cast in these terms, current is the
rate of electric charge motion through a conductor.

As stated before, voltage is the measure of potential energy per unit charge available to
motivate electrons from one point to another. Before we can precisely define what a “volt”
IS, we must understand how to measure this quantity we call “potential energy.” The genera
metric unit for energy of any kind isthejoule, equal to the amount of work performed by a
force of 1 newton exerted through a motion of 1 meter (in the same direction). In British
units, thisis slightly less than 3/4 pound of force exerted over a distance of 1 foot. Put in



common terms, it takes about 1 joule of energy to lift a 3/4 pound weight 1 foot off the
ground, or to drag something adistance of 1 foot using aparallel pulling force of 3/4 pound.
Defined in these scientific terms, 1 volt is equal to 1 joule of electric potential energy per
(divided by) 1 coulomb of charge. Thus, a9 volt battery releases 9 joules of energy for every
coulomb of electrons moved through a circuit.

These units and symbolsfor electrical quantitieswill become very important to know aswe
begin to explore the relationships between them in circuits. The first, and perhaps most
important, relationship between current, voltage, and resistance is called Ohm’s Law,
discovered by Georg Simon Ohm and published in his 1827 paper, The Galvanic Circuit
Investigated Mathematically. Ohm’s principal discovery was that the amount of electric
current through ametal conductor inacircuit isdirectly proportional to the voltage impressed
across it, for any given temperature. Ohm expressed his discovery in the form of asimple
equation, describing how voltage, current, and resistance interrel ate:

E=1R

In this algebraic expression, voltage (E) isequal to current (I) multiplied by resistance (R).
Using algebra techniques, we can manipulate this equation into two variations, solving for |
and for R, respectively:

Let’s see how these equations might work to help us analyze simple circuits:
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In the above circuit, thereis only one source of voltage (the battery, on the left) and only one
source of resistance to current (the lamp, on the right). This makes it very easy to apply
Ohm’'s Law. If we know the values of any two of the three quantities (voltage, current, and
resistance) in this circuit, we can use Ohm’'s Law to determine the third.



In thisfirst example, we will calculate the amount of current (1) in acircuit, given values of
voltage (E) and resistance (R):
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What is the amount of current (1) in thiscircuit?

V

R 3Q

In this second example, we will calculate the amount of resistance (R) in a circuit, given
values of voltage (E) and current (1):

+
Battery —— _“‘<>n “ Lamp
E=36V ——— Py R =777
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What is the amount of resistance (R) offered by the lamp?

E 36V
1 4 A




In the last example, we will calculate the amount of voltage supplied by a battery, given
values of current (1) and resistance (R):

1=2A
e - i
+ !
Battery —— \CB/ Lamp
E=777 ____ s R=70Q
— — —
1=2A

What is the amount of voltage provided by the battery?
E=1R = 2AN7TQ)=14V

Ohm'sLaw isavery smple and useful tool for analyzing electric circuits. It isused so often
in the study of electricity and electronics that it needs to be committed to memory by the
serious student. For those who are not yet comfortable with algebra, there's a trick to
remembering how to solvefor any one quantity, given the other two. First, arrangetheletters

E, I, and Rinatriangle like this:
E
I R

If you know E and |, and wish to determine R, just eliminate R from the picture and see

what’s | eft:
E
: R=—
X




If you know E and R, and wish to determine |, eliminate | and see what’s | ft:

/ X | R\

Lastly, if you know | and R, and wish to determine E, eliminate E and see what's | eft:

K E=IR
| | R

Eventually, you' || haveto befamiliar with agebrato serioudy study electricity and electronics,
but thistip can makeyour first calculationsalittle easier to remember. If you are comfortable
with algebra, al you need to doiscommit E=IR to memory and derive the other two formulae
from that when you need them!

* REVIEW:

Voltage measured in volts, symbolized by the letters“E” or “V”.

Current measured in amps, symbolized by the letter “1”.

Resistance measured in ohms, symbolized by the letter “R”.

Ohm'sLaw: E=IR; I =E/R;R=FH/

Resistors

Because the relationship between voltage, current, and resistance in any circuit is so regu-
lar, we can reliably control any variable in a circuit simply by controlling the other two.
Perhaps the easiest variable in any circuit to control isits resistance. This can be done by
changing the material, size, and shape of its conductive components (remember how the
thin metal filament of alamp created more electrical resistance than athick wire?).

Specia components called resistors are made for the express purpose of creating a precise
guantity of resistance for insertion into a circuit. They are typically constructed of metal
wire or carbon, and engineered to maintain a stable resistance value over a wide range of
environmental conditions. Unlike lamps, they do not produce light, but they do produce
heat as electric power is dissipated by them in a working circuit. Typically, though, the
purpose of aresistor is not to produce usable heat, but simply to provide a precise quantity
of electrical resistance.



The most common schematic symbol for aresistor isazig-zag line:

M-

Resistor values in ohms are usually shown as an adjacent number, and if several resistors
are present in acircuit, they will be labeled with aunique identifier number suchasR , R,,
R,, etc. Asyou can seg, resistor symbols can be shown either horizontally or verticaly:

Ry This is resistor "R,"
—VVV— with a resistance value
150 of 150 ohms.

with a resistance value
of 25 ohms.

This is resistor "R,"
R, % 25

Real resistors look nothing like the zig-zag symbol. Instead, they look like small tubes or
cylinderswith two wires protruding for connection to acircuit. Hereisasampling of differ-
ent kinds and sizes of resistors:

In keeping more with their physical appearance, an aternative schematic symbol for are-
sistor looks like a small, rectangular box:

1 F



Resistors can also be shown to have varying rather than fixed resistances. This might be for
the purpose of describing an actual physical device designed for the purpose of providing
an adjustabl e resistance, or it could be to show some component that just happensto have an
unstable resistance:

variable
resistance

In fact, any time you see a component symbol drawn with adiagonal arrow through it, that
component has a variable rather than a fixed value. This symbol “modifier” (the diagonal
arrow) is standard electronic symbol convention.

Variable resistors must have some physical means of adjustment, either a rotating shaft or
lever that can be moved to vary the amount of electrical resistance. Here is a photograph
showing some devices called potentiometers, which can be used as variable resistors.

Because resistors dissipate heat energy as the electric currents through them overcome the
“friction” of their resistance, resistors are also rated in terms of how much heat energy they
can dissipate without overheating and sustaining damage. Naturaly, this power rating is
specified in the physical unit of “watts.” Most resistors found in small electronic devices



such as portable radios are rated at 1/4 (0.25) watt or less. The power rating of any resistor
Is roughly proportional to its physical size. Note in the first resistor photograph how the
power ratingsrelate with size: the bigger theresistor, the higher its power dissipation rating.
Also note how resistances (in ohms) have nothing to do with size!

Although it may seem pointless now to have a device doing nothing but resisting electric
current, resistors are extremely useful devicesin circuits. Because they are simple and so
commonly used throughout the world of electricity and electronics, we' |l spend aconsider-
able amount of time analyzing circuits composed of nothing but resistors and batteries.

For a practical illustration of resistors' usefulness, examine the photograph below. It isa
picture of aprinted circuit board, or PCB: an assembly made of sandwiched layers of insu-
lating phenolic fiber-board and conductive copper strips, into which components may be
inserted and secured by alow-temperature welding process called “soldering.” The various
components on this circuit board are identified by printed labels. Resistors are denoted by
any label beginning with the letter “R”.
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This particular circuit board isacomputer accessory called a“modem,” which allows digi-
tal information transfer over telephonelines. There are at |east adozen resistors (all rated at
1/4 watt power dissipation) that can be seen on this modem’s board. Every one of the black
rectangles (called “integrated circuits’ or “chips’) contain their own array of resistors for

their internal functions, as well.

Another circuit board example shows resistors packaged in even smaller units, called “ sur-
face mount devices.” This particular circuit board is the underside of a personal computer
hard disk drive, and once again the resistors soldered onto it are designated with labels

beginning with the letter “R”:
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There are over one hundred surface-mount resistors on this circuit board, and this count of
course does not include the number of resistors internal to the black “chips.” These two
photographs should convince anyone that resistors — devices that “merely” oppose the
flow of electrons — are very important components in the realm of electronics!



In schematic diagrams, resistor symbols are sometimes used to illustrate any general type of
devicein acircuit doing something useful with electrical energy. Any non-specific e ectri-
cal deviceisgenerally called aload, so if you see a schematic diagram showing aresistor
symbol labeled “load,” especially in a tutorial circuit diagram explaining some concept
unrelated to the actual use of electrical power, that symbol may just be akind of shorthand
representation of something else more practical than aresistor.

To summarize what we' ve learned in this lesson, let’s analyze the following circuit, deter-
mining all that we can from the information given:

Battery — R =777
E=10V — é

P =777

All we've been given here to start with is the battery voltage (10 volts) and the circuit
current (2 amps). We don’t know the resistor’s resistance in ohms or the power dissipated
by it in watts. Surveying our array of Ohm’s Law equations, wefind two equationsthat give
us answers from known quantities of voltage and current:

R:—l and P =1E

Inserting the known quantities of voltage (E) and current (I) into these two equations, we
can determine circuit resistance (R) and power dissipation (P):

R=_10V  _ 59
7 A

P=(2A)I0V)=20W

For the circuit conditions of 10 voltsand 2 amps, theresistor’sresistance must be5©. If we
were designing acircuit to operate at these values, we would have to specify aresistor with
aminimum power rating of 20 watts, or else it would overheat and fail.



REVIEW:

Devices called resistors are built to provide precise amounts of resistance in electric
circuits. Resistors are rated both in terms of their resistance (ohms) and their ability
to dissipate heat energy (watts).

Resistor resistance ratings cannot be determined from the physical size of theresistor(s)
in question, although approximate power ratings can. The larger the resistor is, the
more power it can safely dissipate without suffering damage.

Any devicethat performs some useful task with electric power isgenerally known as
aload. Sometimes resistor symbols are used in schematic diagrams to designate a
non-specific load, rather than an actual resistor.



