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PREFACE 

0.1 OVERVIEW  
 

The book is structured for anyone working in the failure analysis industry. The course is particularly 

designed for individuals that encounter electrical systems in the process of incident investigations. This 

includes engineers, technicians, investigators, insurance, legal, supervisors, and staff. There is enough 

technical information that any investigator will benefit from the material, illustrations, and explanations.  

The book is not intended to make the user an electrical expert, but to broaden the investigatorôs insight into 

electrical systems. 

There are over 400 illustarations. The majority are photos of actual incidents we have investigated. Other 

photos are of events we have created in our research and are used as illustrations and aids. There are 

numerous diagrams to document the discussion. 

The book has purposefully limited the use of equations and math to make it more accessible. That does not 

limit the technical value and discussion. Only one chapter on Energy Transport is heavily structured with 

math to illustrate the thermodynamic engineering principles. That material can be bypassed by non-

engineers. 

At the completion of the book and short course, the participant will understand the components of and know 

how to look at  failures, particularly as related to electrical. This investigation will involve considerations of 

the Codes and Standards. As members of several Standards organizations, we can assure you that issues 

addressed in these references are only there because someone had a problem. The discussion will further 

involve the relationship between investigators, engineers, and legal, as well as the role of public and private 

sector processes. 

In addition to a book structured for electrical failures, there are hands-on components and illustrations. There 

are numerous plates of electrical failures that we have created in our research. The creation assures the 

analysis and description is appropriate.  

A field exercise will be conducted to see actual equipment and failures. There will be problem solving 

individually and with a team. 

The book has hundreds of color photographs. However, printing cost of color is expensive. 

Bring your computer. The entire book, in color, can be downloaded for personal access during discussions. 

Enjoy and good learning! 

 

Û Ü Ý 
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CHAPTER 1 - FUNDAMENTALS 

1.1 INTRODUCTION 
Electrical power is the primary form of energy in residences and 

business. It is commonly used, but its functions are seldom considered. 

Electrical systems receive very little attention in proportion to their 

impact; moreover, most operations are critically dependent on electrical 

energy. Whether for lighting, heating, motors, computers or 

environmental systems, electricity has become the most used and flexible 

energy form. 

The major reasons that study of electrical system is shunned are three 

fold.  The first reason is fear of the perceived hazards associated with 

electricity.  The second obstacle is a lack of understanding of the 

fundamental theory.  The third hurdle is the fact that electrical concepts 

must be explained by nebulous models.  Electricity defies the normal 

senses. One cannot see, hear, taste, smell, or touch electricity without 

significant hazard. 

A good grasp and working knowledge of the electrical fundamentals can, 

nevertheless, be obtained without being a graduate electrical engineer.  

This book is presented in a form designed to assist future quick 

reference, as well as to provide a background for understanding electrical 

phenomena. 

Electricity is a convenient form to transfer energy. Seldom is electrical 

energy generated and used directly. On the contrary, electrical systems 

convert an available energy source such as gas, coal, hydro, nuclear, 

wind, or solar to electrical energy. The generated electricity is then 

conveniently transferred to a load center. The devices at the load center 

convert the electrical energy back to another useful energy form such as 

light, heat, or mechanical motion.  

A generic electrical system covers equipment from a generator or power 

supply through controls to a motor or load.  

 

GENERATOR MOTORCONTROLLERTRANSFORMER METER

 

 

This book does not specifically address the transmission and distribution 

of electrically energy. Rather, the concepts covered are applied to the top 

of the power pole to the bottom of the basement.  Since every electrical 

power circuit has the same form, the concepts discussed are applicable to 

any situation where electric energy is used.  The items of discussion will 

be basic terminology, application, and failure considerations. 

In addition to technology, the design and installation of any electrical 

system must consider three major items - safety, environment, and cost. 

In the design, manufacture, and installation of any item there are trade-

offs to achieve a particular dollar, time, or quality value. Failures, then, 

are a result of poor quality, misuse, or abuse of the product.  

Understanding electricity 

3-D: a triad example 

Hear no evil, See no evil, Speak no evil 
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1.2  ITȭS ALL ABOUT χȭS 
Electrical systems, as all physical systems, operate based on the Trinity 

or Triad Principle [1] which states:  

Any item than can be uniquely identified can be further 

explained by three components.  
 

The necessary terms for an electrical system can be identified using this 

grouping of three quantities. If a discussion of a system has either more 

or fewer items, it is either a combination of unique terms, or an 

inadequately explained or inadequately defined system. 

1.3 MEASURE 
Only three items can be measured in any energy system. All other 

components are calculated from these. The measured components are 

pressure (potential), flow (transfer rate), and time. 

It follows, then, that only three items can be measured in an electrical 

energy system.  

Voltage (V) - measured as Volts - is the potential force or pressure in a 

circuit.  It exists whether anything is connected or not.  Voltage is 

measured across, or as the difference between, two points.  Voltage is 

similar to pounds per square inch (psi) on a water line. 

Current (I) - measured as Amps - is the rate or quantity of flow through a 

path.  Current can be measured only if a load or fault is connected and 

operating.  The measure for current is an Amp, which is a quantity of 

electrons per second.  Current is similar to gallons per minute on a water 

line. 

Time event (t) - measured in seconds - is the elapsed time between 

events.  The reciprocal of time is the frequency (f), whici is measured in 

oscillations per second. 

The three measurements combine in one term to produce energy (W). 

  ὡ ὠ Ὅ ὸ  

Energy is the work or activity performed due to force. It is the common 

measure between electrical, mechanical, and chemical systems.  

1.4 CALCULATE 
From these three measured variables, three things can be calculated. All 

electrical relationships can be derived from the three measured terms - 

voltage current, and time. Since the terms are unlike, you cannot add or 

subtract. The only thing left to do, then, is to multiply and divide. 

Power (S) - expressed in Volt-Amps - is the product of voltage and 

current.  Power is energy or work that occurs over some period of time. 

The asterisk simply notes a time change on the current. 

 Ὓ ὠὍᶻ 

Impedance (Z) - expressed in Ohms - is the ratio of voltage to current 

(Volts per Amp).  Impedance is the opposition to current flow. The 

relationship is called Ohmôs Law. 

 ὤ ὠ Ⱦ  Ὅ 

Parameter Symbol Units What 

Voltage V Volts potential 

Current I Amps flow rate 

Time t seconds duration 

Impedance 

   divide 

Flow rate is like current 

  Power 

multiply 

  Power 

multiply 

Pressure is like voltage 

3 measures in 1 term 

3
in
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Delay (td) - is the difference is the time between voltage and current. It 

may be expressed in seconds or in angular terms.  It is the phase shift 

between voltage being at a maximum and current being at a maximum. 

In power systems it is called power factor. It is the differential that arises 

in the Calculus. 

 ὸ ὸ ὸ 

 EXAMPLES 

 
Ex 

1.4-1 

 

Given: 120 Volts and 10 Amps. 

What is the impedance?  

ὤ
ὠ

Ὅ

ρςπὠ

ρπὃ
ρςɱ 

 

Ex 

1.4-2 

Given: 120 Volts and 10 Amps. 

What is the power?  

Ὓ ὠὍᶻ ρςπὠ ρπὃ ρςππὠὃ 

1.5 IMPEDANCE 
The opposition to current flow is called impedance. Impedance is a 

consequence of how electrical conductors are configured. As would be 

expected, there are three types of opposition. 

Resistance (R) is natural opposition of any conductor. Most conductors 

are wires made of copper or aluminum. Resistance is the friction of a 

conductor. A resistor converts electrical energy into mechanical energy 

in the form of heat.  

Inductance (L) results from a conductor being bent into a coil. A coil 

converts electrical energy into a magnet. A coil stores magnetic energy. 

Coils are used to make relays, motors, and transformers. 

Capacitance (C) results from two conductors being close to each other. 

A capacitor stores electrical energy. A capacitor can be used to smooth 

out the electrical energy. Capacitors are used in electronic circuits and to 

reduce the effect of time delay from a coil. In power circuits, capacitors 

are often used to assist with motor starting.  

For each type of impedance, there is corresponding power consumption. 

These three combine to create the product Volt-Amp. The most familiar 

of the three is resistance which creates heat and the resulting power is 

Watts. 

1.6 RECAP 
Take a minute to review all the electrical terms. Remember they are 

always in groups of three.  

There are three things that can be measured ï voltage (pressure), current 

(flow rate), and time. 

There are three things that can be calculated ï the ratio called 

impedance, the product called power, and the time delay. 

Finally there are three types of impedance or opposition ï resistance 

makes heat, coils make magnets, and capacitors store and smooth 

electricity. 

Parameter Symbol Units What 

Impedance Z Ohms (Ý) ratio 

Power S VoltAmps product 

Delay td or Ï seconds difference 

Impedance Z Energy 

Resistance R mechanical 

Inductance L magnetic 

Capacitance C electric 

Wire corresponds to pipe 

Resistor 

That is all there is 

That is all there is 

Capacitor 

Dielectric

Between plates

Plates

 are Al foil

Outer cover is 

plastic or metal

Alternating plates 

connect to terminals

Inductor ï

coil of wire 
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That is all there is. There is nothing else in the fundamentals of 

electricity. 

1.7 WIRE PURPOSE 
Electricity operates in a circuit. The energy starts at a point, travels 

through wires to a load that does some work, then returns back to the 

starting point. Wires have one of three purposes in the circuit. 

Hot conductor carries the current to do the work. When looking at a 

standard receptacle, this is the short prong. It is the black wire and is 

connected to the brass color terminal. 

Neutral conductor is the return or common conductor that completes the 

current path back to the source. This is the wide prong on a 120V 

receptacle. It is the white wire and is connected to the silver color 

terminal. It is carrying current, but, under ideal circumstances, the 

voltage measured to ground is zero. 

Ground conductor is the safety path. It does not carry current during 

normal operations, but is a path for when things go wrong. This is the 

round prong. It is the green or bare wire and is connected to the green 

color terminal. All metal associated with the electrical system should be 

bonded to the ground in a specified manner. 

The neutral is connected to the ground system at one point, and one point 

only. This is typically in the main circuit breaker panel. If there is a panel 

and a sub-panel, the neutral in the second panel is not connected to 

ground. Doing so would make an energized path for current through the 

ground wiring. 

The wires are typically grouped together in a cable. Permanently 

installed cable in a residence is often NM, or non-metallic sheath, cable. 

In common usage it may be referred to as Romex®, which is one brand. 

Appliance and extension cords may not have a ground conductor if there 

is no risk of a user touching metal that can be energized. These 

appliances are often referred to as ñdouble insulatedò. 

1.8 SOURCE OF POWER 
All common electrical power is carried in conductors or wires. The 

arrangement of these wires determines the wire function. There are three 

fundamental power supplies. 

Direct current is generally associated with batteries. It delivers a steady, 

constant voltage. The color scheme used is a red wire for positive and a 

black wire for the negative.  

Single-phase (1f) is an electrical system that uses only two current 

carrying conductors. The supply is generally derived from a rotating 

machine that causes a cyclic voltage variation. The color scheme used is 

black for the hot side and white, or grey, for the neutral or common. The 

ground wire is identified with green. This is the most common type 

electrical system in residences and commercial installations. 

Three-phase (3f) is a system that uses three current carrying conductors. 

The system is actually three single-phase systems connected together. 

The color scheme uses any color for the current carrying conductors, 

although black is the most common. The ground wire is still identified by 

green. 
DC ï mobile battery 

Standard 120, 15A receptacle 

120 / 240 V receptacle 

H1 H2N G

120 V 120 V

240 V

Standard 120 / 240 V single-phase 
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1.9 NOMINAL VOLTAGES 
There are many different system voltage levels. For failure analysis these 

can be separated into three categories ï non-lethal, standard, and high 

energy. 

Non-lethal is electrical supplies less than 50 volts.  Electronics, portable, 

and mobile items are typically low voltage items. Common voltages are 

3, 5, 9, 12, and 24 volts. Electric welders also operate in this voltage 

range. Although in a non-lethal system, the voltage is low and will not 

fatally injure someone, clearly the power systems can still have adequate 

energy to cause a fire, or to cause some injury. 

Standard power voltages are typically 120 and 240 Volts, single-phase. 

This is by far the most common system. They predominate in both 

residences and commercial installations. A 240 Volt source has two hot 

conductors. A 120 Volt source uses one of the hot connectors and a 

neutral. A 240 Volt source is actually two 120 Volt sources with the 

neutral as the common connection. Because 120/240 Volt systems are so 

prevalent, they are a frequent source of injury and fire. These 

installations are covered by the National Electrical Code. 

Large energy voltages are anything higher than 240V. Large motors and 

loads operate at 277 Volts to 7,200 Volts, while utility lines operate 

between 12,470 Volts and 1,000,000 Volts. Obviously, these are 

potentially very dangerous to both people and property. However, 

because they are usually used only by authorized and trained individuals, 

failure is not as common as standard power systems. Inside facilities, 

these installations are covered by the National Electric Code. Utility type 

systems are covered by the National Electrical Safety Code. 

1.10 CONDUCTORS 
Paths for electricity can consist of simple metal, insulated metal, or a 

group of paths. 

Conductors are metal material that is used for an electrical path. The 

most common metal used for conductors in residential and commercial 

installations is copper. Aluminum is used outside of buildings and for 

large feeders in buildings. Gold and silver are used in electronics.  

Wire consists of a conductor covered with insulation. The components 

can be compared to the water circuit discussed earlier. The size or 

diameter of the conductor (pipe) determines how much current can 

safely flow. The thickness and type of insulation is like wall thickness of 

pipe and determines the voltage (pressure) rating. The length of the wire 

(pipe) causes a voltage or pressure reduction at the end. 

Cable is simply more than one wire that is bundled together. It has an 

outer covering called a jacket.  

DC ï portable battery 

Three-phase large power 

Three-phase pole top 

Welder ï low voltage but high current 


























































































































































































































































































