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Figure 1. The Ear th at night, a photomontage. [1]
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Definition: Electric charge is a fundamental property of matter, specifically of sub-
atomic particles.  It exists in two kinds, positive and negative.  Similarly
charged particles repel each other and oppositely charged particles attract
each other.  Engineers symbolize an amount of charge with the letter Q or
q or q(t).

Definition: Electromagnetism is the theoretical framework used to explain the
physical phenomena arising from the motion and accumulation of
electrically charged particles.
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Definition: Electric current is the quantity of net positive electric charge per unit time
that flows in a given direction past a reference point.  Symbol I or i or i(t).
Mathematically, i = dq/dt or using constant amounts, I = Q/T, where t or T
represent time and d represents the differential operator.
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Definition: The ampere is the unit of measure for electric current in the International
System (SI) of units.  One ampere is the constant current that if maintained
in two parallel straight conductors (of infinite length and negligible circular
cross section) separated by a distance of one meter in a vacuum, produces
a force between the wires of 2 × 10–7 newtons per meter of length.  Also
known informally as an amp.  Abbreviated as “A.”
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Figure 2.  The mechanism of a d’Arsonval meter movement.
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Basic Unit Abbreviation Base Quantity
meter m length (or distance)
kilogram kg mass
second s time
ampere A electric current
kelvin K temperature
candela cd luminosity
mole mol amount of a substance

Table 1.  The seven basic SI units.[3]
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Definition: The cou lomb is the SI unit of measure for electric charge.  One coulomb
is the amount of net positive charge that flows past a given point in a given
direction in one second if the flow of current is one ampere.  Abbreviated
as “C.”
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Definition: Work is a force applied through a distance.  Symbol W or w or w(t).
Mathematically, if the force is constant, W = FX where F is a constant force
in the direction of the distance and X is the distance.

Definition: A newton  is the SI unit of measure for force.  A force of one newton is that
force which causes a mass of one kilogram to accelerate at a rate of one
meter per second squared.  Abbreviated as “N.”

Definition: The jou le is the SI unit of measure for work (and energy).  One joule of
work is done by a constant force of one newton acting over a distance of
one meter.  Abbreviated as “J.”
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Definition: Voltage is the amount of work needed per unit of charge to make charge
move from a reference point (labeled “–”) to another point (labeled “+”).
Symbol V or v or v(t).  Mathematically, v = dw/dq or using constant
amounts, V = W/Q.

Definition: The volt is the SI unit of measure for voltage.
One volt is one joule per coulomb.  Abbreviated as “V.”
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Figure 3.  Voltage is " across" and current f lows " through."
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Example set #1

On a cold winter day the average voltage of a certain car battery is 12 V. The car’s starter motor
must operate for five seconds to start the car.  The starter draws 100 A.  How much charge flows
through the starter to start the car?

From the definition of current, I = Q/T.  Solving for the charge, Q, gives:

Q = IT
Q = (100 A)(5 s) = 500 C

How much work does the starter do to start the car?

The word “work” in the question reminds us of voltage, the amount of work done per unit
charge.  From the definition of voltage, V = W/Q.  Solving for the work, W, gives:

W = QV
W = (500 C)(12 V) = 6000 J

Suppose that this car was to be started by hand with a crank.  Suppose that the handle of the
crank is at a radius of R = 1/π m (about one foot) from the center of rotation.  Assume the crank is
turned at a speed of two revolutions per second and that the car starts at the end of the tenth
revolution of the crank, that is, after 5 seconds.  How much force must be applied to the handle of
the crank to start the car?

We know it takes 6000 J of electrical work to start the car.  We will assume the starter
motor is 75 percent efficient so that the mechanical work that needs to be done to start
the car is only 4500 J.  Set that equal to the amount of work the crank must do, which is
the force applied to the handle, F, times the distance the handle moves, X.  In five
seconds the crank will go around the circumference of a circle ten times and the
circumference of a circle is 2π times the radius, so

X = 10(2πR) = 10[2π(1/π m)] = 20 m.

Using the definition of work and solving for F gives:

W = FX
F = W/X = (4500 J)/20 m = 225 N

Converting that to pounds-force gives about 50 lbf  (The numbers in this example are
about right for a big car or SUV.)
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Definition: Power is the rate at which work is done.  Symbol P or p or p(t).
Mathematically, p = dw/dt or using constant amounts P = W/T

Definition: The watt  is the SI unit for power.  One watt is one joule per second.
Abbreviated as “W.”

Theorem: At any instant in time p = vi.
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� . � � � # � 0 ! # $ � � � � � * / � ! � � � � �  �  � $ � ) � # � � � � # � ) % � � � ! & � 0 5 6 7 8 9 7 : 0 ! # $ �  � $ � ) � # � � � � # � ) � . � � � # � ; 6 7 : 9 7 < * -  �
� � � $ . � � � " 1



AN INTRODUCTION TO ELECTRICAL ENGINEERING 7

Douglas De Boer, 2010

= > ? @ A B C A D E @ A D C A F E ? A B C A F
G H I A B C A F ? J G K I L M N M O P Q P I P R Q R O S R T M U V

W L H X Y J ? = >

Example Set #2

Suppose a 30 mile long power transmission line operates at 5000 V and caries a current of 100 A.
Also suppose that a typical farm uses an average amount of power of 10000 W.  How many farms
can be powered by this transmission line?

The power that can be delivered by the transmission line is

P = VI = (5000 V)(100 A) = 500000 W

The number of farms that can be powered can be found by dividing by the average load
of a farm

Number of farms = 500000 W/10000 W per farm = 50 farms

The zeros in the numbers above make them a little hard to read.  Below the problem is
restated using engineering notation (k = kilo, M = mega, etc.).  Electrical engineers
frequently use engineering notation to keep numbers easily readable.

P = VI = (5 kV)(100 A) = 500 kW

Number of farms = 500 kW/10 kW per farm = 50 farms

Multiple Prefix Abbreviation Multiple Prefix Abbreviation
1024 yotta Y 10–3 milli m
1021 zetta Z 10–6 micro µ
1018 exa E 10–9 nano n
1015 peta P 10–12 pico p
1012 tera T 10–15 femto f
109 giga G 10–18 atto a
106 mega M 10–21 zepto z
103 kilo k 10–24 yocto y

Table 2.  Engineering prefixes used with SI units.
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Figure 4.  A typical factory scene in the late 1800's.  Note the overhead
shafts.  Power is deli vered to each machine from an overhead shaft via a belt.[4]

Figure 5.  The mill distr ict on the lower Niagara River in the 1880’s.[5]
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Figure 6.  A Distant View of Niagara Falls
An ar tist’ s conception of what a pr istine Niagara Falls might look li ke.[6]
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Figure 7.  Lewiston reservoir (top), Robert Moses Power Station (middle) and
Sir Adam Bcck Power Station No. 2 (bottom left) along the lower par t of the Niagara River.  [7]
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Figure 8.  In the river por t city of Wushan, a bill board shows the ultimate height of the water
that will be impounded behind the Three Gorges Dam.  Eventually

all of the town’s existing whar f facili ties will be flooded. [8]
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Definition: An electrical system is called a direct current (DC) system if the
instantaneous current flow is always in the same direction.  The current
may be steady or pulsating.

Definition: An electrical system is a steady DC system if the amount of current flow is
constant (or nearly constant) for long (usually a second or more) periods.

Definition: A DC electrical system that is not a steady DC system is a pu lsating DC
system.

Definition: An electrical system is called an alternating current (AC) system if it is
not a DC system.
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Definition: The average value of a waveform is that value for which the area of the

waveform above the average value equals the area of the waveform below
the average value.
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Figure 9.  DC and AC voltages, currents, and resulting power flow in three situations.
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Definition: The Root Mean Square value of any current or voltage waveform

(pulsating or alternating) is the value of a steady DC amount that has the
capability to deliver the same amount of power.  Abbreviated RMS.  Also
known as effective value.

Theorem: The RMS value of a sinusoidal current or voltage waveform is the peak
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Definition: In an AC circuit, the apparent power is the maximum possible power that

can flow based on current and voltage.  It is symbolized by |S|.  It can
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P = (1/2)VpeakIpeakcos(α – β)
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P

P = VrmsIrmscos(θ) (valid for sinusoidal AC circuits)
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Definition: In an AC circuit, the power factor is the ratio of the average power flow to

the apparent power flow.  It is symbolized by pf.  It can always be found as
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P = VrmsIrms(pf) (Ä Å Æ Ç È É Ê Ë Ì )
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Example Set #3

The label on a certain bread toaster designed for use in a typical North American home shows that
it consumes 1000 W.  Assuming that the phase lag of the current with respect to the voltage is
zero radians (θ = 0), figure out how much current the toaster draws.

We assume also that the AC power line voltage is 117 V RMS and that the waveforms
of the voltage and current are both sinusoidal.  Then P = VrmsIrmscos(θ).  Solving for IRMS

gives

IRMS = P/(VRMScos(θ))

IRMS = (1000 W)/[(117 V)(cos(0)]

IRMS = (1000 W)/[(117 V)(1)] = 8.55 A

We observe that in order to carry this much current, the power wire for the toaster is
made of a heavy gauge of stranded copper.

Suppose that the above toaster is to be redesigned for use in a camper-trailer that uses a 12.6 V
car battery for electric power.  How much current will the toaster have to draw in order to operate
at the same power level?

For a steady DC circuit P = VI and we are given that P = 1000 W and V = 12.6 V.  A
little algebra gives

I = P/V = (1000 W)/(12.6 V) = 79.4 A

We observe that this idea for a toaster for a camper-trailer is not going to be very
practical due to the high current needed.  The power wiring connecting to the toaster to
the battery would have to be as heavy as a pair of jumper cables typically used to start
cars with dead batteries.  Such heavy wiring would cost more than the toaster.

Suppose the toaster is to be redesigned for the European market where the normal power line
voltage is 240 V RMS.  How much current will the toaster draw then?
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IRMS = P/(VRMScos(θ))

IRMS = (1000 W)/[(240 V)(cos(0)]

IRMS = (1000 W)/[(240 V)(1)] = 4.17 A

We observe that the line cord for the European toaster does not need to be as heavy as
the one on a North American toaster, but the insulation must be better.  We further
observe that since insulation is usually cheaper than copper, higher voltage circuits are
usually more economical when large amounts of power are needed.

Example Set #4

How long can a certain DC power transmission line be, how much power can it deliver, how much
power will it waste, and how much will it cost?  A single conductor of this transmission line is 1 cm
in diameter and it contains mostly aluminum.  The whole transmission line costs $30 per meter of
length.  (This includes the cost of land, towers, construction labor, etc.)  Suppose that there will be
a voltage drop of 0.1 volt per meter when the current is 300 A, and that 300 A is the maximum
allowable current.  Also suppose that a DC generator can produce at most 10 kV and the load at
the end of the transmission line needs at least 5 kV.

Let the current be the maximum, 300 A.  Also, to maximize the length of the
transmission line, maximize the total end-to-end voltage drop in the line subject to
maintaining the load voltage at 5 kV.  Then the power delivered to the load is

P = VI = (5 kV)(300 A) = 1.5 MW

Since the transmission line requires two wires, one to bring the current to the load and
one for the return circuit, the voltage drop allowed on each wire is 2.5 kV.
(2.5 kV + 2.5 kV + 5 kV = 10 kV, the voltage drops add up to the voltage at the
generator.)  Now extend the length of the transmission line until the voltage drop in a
conductor is 2.5 kV

X = (2.5 kV)/(0.1 V/m) = 25 km

The length, 25 km, is about 15.5 miles.  The cost is

(25 km)($30/m) = 750 000 dollars.

The power wasted by the transmission line will be

P = (2 conductors)(2.5 kV)(300 A) = 1.5 MW

The power that the generator puts out will be

P = VI = (10 kV)(300 A) = 3 MW

Note that this very expensive transmission line wastes half of the power generated.

Now suppose that the same conductor is used with AC current and transformers are installed on
each end to step the voltage on the transmission line up to 500 kV.  Also suppose the voltage drop
on the transmission lines will be only 1 % of the source-end voltage, or 2.5 kV per conductor.  (All
voltages and currents are RMS amounts now since we are working with an AC system and
sinusoidal wave shapes.)

The voltage at the load end will be

500 kV – 2.5 kV – 2.5 kV = 495 kV

Now the maximum power that could be delivered to the load (assuming the voltage and
current are exactly in phase with each other) is:

P = VrmsIrmscos(0) = (495 kV)(300 A) = 49500 kW = 148.5 MW

The length of the line and power lost will be the same as before since the voltage drop
on each conductor remains 2.5 kV and the current remains 300 A.  The cost will be a
few hundred thousand more to cover the cost of a transformer at each end.  Using
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higher voltage on the transmission line made it possible to deliver about 100 times more
power and improved the efficiency to about 99%.  (The analysis of long transmission
lines is much more complicated than this simple example of a short transmission line.)
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Definition: A material’s opposition to electric current is called electrical resistance.  It
is quantified as the ratio of voltage to current.  Symbol R.  Mathematically,
R = v/i

Definition: The ohm is the SI unit for resistance.  A material that has a one volt drop
between two points when there is one ampere of current flowing from the
positive point through the material to the negative point has a resistance of
one ohm between the two points.  Abbreviated as “Ω” (capital omega).
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Definition: A resistor is a two-terminal device designed as far as possible to have a
constant resistance between the two terminals.  Symbol 
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Figure 10.  Symbols for adjustable resistors.

Example Set #5

What is the resistance of the bread toaster designed for North American home use?
(see example set #3)
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R = V/I = (117 V)/(8.55 A) = 13.7 Ω

What is the resistance of the bread toaster designed for the camper-trailer?

R = V/I = (12.6 V)/(79.4 A) = 0.159 Ω

What is the resistance of the DC transmission line in example set #4?

For each wire

R = V/I = (2.5 kV)/(300 A) = 8.33 Ω

Since there are two wires, the total resistance is 16.7 Ω.

What is the resistance of the flashlight illustrated in the first column of Figure 9?

R = V/I = (6 V)/(0.5 A) = 12 Ω

8. CIRCUIT ELEMENTS:  MATHEMATICAL MODELS, AND THE PASSIVE SIGN CONVENTION� � � � � � � 	 � � � � � 
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Definition: A circuit element is a mathematical model used to describe a class of

actual electrical devices.

Definition: A simple circuit element has these characteristics
1.) It has exactly two terminals
2.) There exists a known mathematical relationship between the voltage

across and the current through the circuit element.
3.) The circuit element is irreducible to (cannot be equivalently

represented by) another simple circuit element or a combination
of other simple circuit elements.
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Definition: The passive sign convention  is that the current arrow shall be directed
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Figure 11.  A circuit element model includes three things:
1.) The symbol for the electr ical device, in this example a resistor .

2.) Labels that follow the passive sign convention, and
3.) An equation relating voltage to current.
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Figure 12.  An ill ustration of how the passive sign convention is used.  In both situations the
flow of net positive current is from r ight to left .  In both situations the

r ight side of the resistor has the greater voltage in compar ison to the left side.

-20  V

Ω5 -4  A 4  A

Ω5
2 0  V

Figure 13.  Labels may be slid around on the page but not rotated.
Both of these cases satisfy the passive sign convention in that the current arr ow is effectively pointed

into the positive labeled terminal.  They again ill ustrate the same situation depicted in Figure 12
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Example Set #6

How much electrical power does the starter motor absorb in the situation of example set #1?  How
much electrical power does the battery supply?  Recall that the battery voltage is 12 V and the
starter draws 100 A.

First we draw a schematic of the situation and add labels for each circuit element to
satisfy the passive sign convention.

StarterV s

Is

V b

Ib

Battery

Figure 14.  Labels (Ib, I s, Vb, Vs) with polar ity marks (arr ows for current, a + – pair for voltage) are
impor tant par ts of any schematic.  This is a schematic of a car ’s star ter circuit.

Comparing the schematic to the given information we conclude that Vb = 12 V and
Is = 100 A.  Since the battery and starter are connected to each other, Vs = Vb = 12 V.
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Since Ib is directed opposite to Is we conclude that Ib = –Is = –100 A.  Now calculating the
electrical power absorbed by the starter we get:

Ps = VsIs = (12 V)(100 A) = 1200 W = 1.2 kW

A similar calculation for the battery gives:

Pb = VbIb = (12 V)(–100 A) = –1200 W = –1.2 kW

This shows that the battery is supplying +1.2 kW of electrical power (or absorbing
–1.2 kW) and the starter is absorbing 1.2 kW of electrical power.
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Definition: An independent voltage source is a two-terminal circuit element (a
model) that maintains a constant voltage between its terminals regardless
of the current flow through it.
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Figure 15.  The symbol and equation for a voltage source [an independent voltage soucre].
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Definition: An independent current source is a two-terminal circuit element (a

model) that maintains a constant current through it regardless of the
voltage across its terminals.
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Figure 16. The symbol and equation for a current source [an independent current source].
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Figure 17.  Jack Philli ps, Titanic’s radio operator (left) , and his deputy, Harold Br ide. [13]

Figure 2, The only known photograph of the Titanic’s Wireless Room.  Taken by passenger
Fr . Browne.  The operator is believed to be Harold Br ide.  [13]
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Theorem: The Shannon -Hartley Capacity Theorem
The capacity of a communication channel (wired or wireless) is

C = B × log2(1 + S/N), where

C is the channel capacity in bits per second.
B is the channel’s bandwidth in Hz.

S is the signal power in W
N is the power of gaussian noise in the channel, in W

Furthermore, if the needed information rate in bits per second, R, is less
than C, then there exists a coding technique that will allow the information
to be transmitted through the channel with an arbitrarily small number of
errors.  On the other hand, if C is less than R, then the error rate will
increase without bound.
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Example set #5

An analog television station transmits with a bandwidth 4.5 MHz for the picture.  The signal-to-
noise power ratio (S/N) at the receiver is typically 100000.  The equivalent information rate, R, of
an analog video signal is about 4 megabits per second (Mbps), depending on the quality of the
signal.  How does this compare with the Shannon-Hartley capacity for a television channel?
(Recall from rules of logarithms that logb(x) = log10(x)/log10(b))

C = (4.5 × 106)log2(1 + 100000) = 75 × 106 bits per second = 75 Mbps

Obviously, the present analog TV system, a standard that dates from 1941, is a very
inefficient use of the channel capacity.  With a capacity of C = 75 Mbps we get a rate of
only about R = 4 Mbps.  HDTV systems do little better, achieving a rate of R = 19 Mbps
in a 6 Mhz channel with about the same signal-to-noise ratio.  The sacrifice of the
channel’s ultimate capacity is used to reduce the complexity and cost of the television
receivers.

A standard land-line telephone circuit has a bandwidth of 3 kHz and a signal-to-nose power ratio
(S/N) of 500000.  What is the capacity of this communication channel?

C = 3000log2(1 + 500000) = 57000 bits per second

Remark:  There will be no faster telephone modems than we already have.  The V90
standard which allows data rates up to 56000 bits per second was published in 1998.
This represents the first consumer electronics device that can achieve data rates near
the Shannon-Hartley limit.  Although newer modem standards have introduced new
features such as fast connection negotiation, the V90 standard will be the last word on
modem speed using standard land-line telephone circuits.  (DSL service requires special
circuits at the telephone company’s end of the line to expand the bandwidth of the
telephone circuit well beyond 3 kHz.)
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Figure 18,  Three still shots from Apple Computer’s 1984 Superbowl TV advertisement.[21]
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Definition: A nod e is a model of a portion of a circuit that is assumed to have no
resistance.  It is the connection between circuit elements.

Definition: A bus is a collection of nodes that all serve a related purpose.
(Occasionally a bus has only one node.  This is similar to the idea of a “set”
with only one element.)
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Figure 19.  A circuit with four nodes labeled “0” through “3.”  Node “3” is fur ther
ill ustrated with a dashed line around it.  (The six dots in the schematic are not nodes.)

Definition: A path is a route through a circuit through which current may flow and not
enter or exit any node more than once.  The direction of travel is
considered part of the path.
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Definition: A loop  (also known as a closed path) is a path that starts and ends at the
same node.  A loop has a direction.
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Definition: A mesh is a loop that does not enclose any circuit elements.  A mesh can
only be defined on a schematic where no wires cross.  (Equivalently, a
mesh is a loop that does not enclose any other loops.)
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Definition: A series conn ection  is a connection between exactly two circuit elements.

Definition: A parallel conn ection  is formed when two or more circuit elements share
exactly the same node-pair.
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Definition: An open circuit is a broken, removed, or missing connection.

Definition: A closed circuit is a connection through which current may flow with
practically no resistance.  (Also known as a short circuit.)
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Theorem: Kirchho ff ’s Current Law (KCL) states that the algebraic sum of all the
currents exiting any node is zero.
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Figure 20.  An example of a single-loop circuit.
Find voltage vo.
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Figure 21.  The above figure has been annotated to show loop direction and the unknown voltage v1.
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Figure 22.  (a) Two resistors in series connected to a voltage source and

(b) an equivalent resistance connected to a voltage source.
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Figure 23.  An example of a single node-pair circuit.
Find current, i given that the voltage source is adjusted until I  = 60 A
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Figure 24.  The above figure has been annotated to show a reference node,
voltages, and currents exiting the top node.
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Figure 25.  (a) Two resistors in parallel connected to a voltage source

(b) an equivalent resistance connected to a voltage source.
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Figure 26.  A circuit with four nodes and two meshes.  Find V.
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Figure 27.  The two-mesh circuit has been annotated to show
mesh directions and all voltage drops.  A current, I , has also been labeled
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Definition: The total current that flows in a given direction through a circuit element is
called the element current (Also known as branch current).

Definition: A mesh current is one component of an element current.
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