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Preface

Many Non-engineering professionals as well as engineers who are not
electrical engineers tend to have a phobia related to electrical engineering.
One reason for this apprehensiveness about electrical engineering is due to the
fact that electrical engineering is premised concepts, methods and
mathematical techniques that are somewhat more abstract than those
employed in other disciplines, such as civil, mechanical, environmental and
industrial engineering. Yet, because of the prevalence and ubiquitous nature of
the electrical equipment, appliances, and the role electricity plays in our daily
lives, the non-electrical professionals find themselves interfacing with systems
and dealing with matters that broach into the electrical realm. Therein rests the
purpose and objective of this text.

This text is designed to serve as a resource for exploring and
understanding basic electrical engineering concepts, principles, analytical
strategies and mathematical strategies.

If your objective as a reader is limited to the acquisition of basic
knowledge in electrical engineering, then the material in this text should
suffice. If, however, the reader wishes to progress their electrical engineering
knowledge to intermediate or advanced level, this text could serve as a useful
platform.

As the adage goes, “a picture is worth a thousand words;” this text
maximizes the utilization of diagram, graphs, pictures and flow charts to
facilitate quick and effective comprehension of the concepts of electrical
engineering.

In this text, the study of electrical engineering concepts, principles and
analysis techniques is made relatively easy for the reader by inclusion of most
of the reference data, in form of excerpts from different parts of the text,
within the discussion of each case study, exercise and self-assessment
problem solutions. This is in an effort to facilitate quick study and
comprehension of the material without repetitive search for reference data in
other parts of the text.

Due to the level of explanation and detail included for most electrical
engineering concepts, principles, computational techniques and analyses
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methods, this text is a tool for those engineers and non-engineers, who are not
current on the subject of electrical engineering.

The solutions for end of the segment self-assessment problems are
explained in just as much detail as the case studies and sample problem in the
pertaining segments. This approach has been adopted so that this text can
serve as an electrical engineering skill building resource for engineers of all
disciplines. Since all segments and topics begin with the introduction of
important fundamental concepts and principles, this text can serve as a “brush-
up,” refresher or review tool for even electrical engineers whose current area
of engineering specialty does not afford them the opportunity to keep their
electrical engineering knowledge current.

In an effort to clarify some of the electrical engineering concepts
effectively for energy engineers whose engineering education focus does not
include electrical engineering, analogies are drawn from non-electrical
engineering realms, on certain complex topics, to facilitate comprehension of
the relatively abstract electrical engineering concepts and principles.

Each segment in this text concludes with a list of questions or
problems, for self-assessment, skill building and knowledge affirmation
purposes. The reader is encouraged to attempt these problems and questions.
The answers and solutions, for the questions and problems, are included under
Appendix A of this text.

Most engineers understand the role units play in definition and
verification of the engineering concepts, principles, equations, and analytical
techniques. Therefore, most electrical engineering concepts, principles and
computational procedures covered in this text are punctuated with proper
units. In addition, for the reader’s convenience, units for commonly used
electrical engineering entities, and some conversion factors are listed under
Appendix C.

Most electrical engineering concepts, principles, tables, graphs, and
computational procedures covered in this text are premised on SI/Metric
Units. However, US/Imperial Units are utilized where appropriate and
conventional. When the problems or numerical analysis are based on only one
of the two unit systems, the given data and the final results can — in most cases
- be transformed into the desired unit system through the use of unit
conversion factors in Appendix B.

© Bobby Rauf, 2022 3




Introduction to Electrical Codes, Drawings, Controls and Lighting Systems — E11-001

Some of the Greek symbols, used in the realm of electrical
engineering, are listed in Appendix C, for reference.

What readers can gain from this text:

e Better understanding of electrical engineering terms, concepts,
principles, laws, analysis methods, solution strategies and
computational techniques.

e Greater confidence in interactions with electrical engineering design
engineers, electricians, controls engineers and electrical engineering
experts.

e A number of skills necessary for succeeding in electrical engineering
portion of various certification and licensure exams, i.e. CEM,
Certified Energy Manager, FE, Fundamentals of Engineering (also
known as EIT, or Engineer in Training), PE, Professional Engineering
and many other trade certification tests.

e A better understanding of the electricity cost rate and electrical bill
composition of electricity invoices of many large industrial and
commercial power consumers.

e An introduction to certain commonly applied articles of the National
Electrical Code.

e Better understanding of illumination principles and concepts, and an
appreciation of efficient lighting/illumination design

An epistemic advice to the reader: if you don’t understand some of the
abstract concepts the first time, don’t give up. Read it again! Such is the
nature, intrigue and challenge of engineering, physics, science and other
subjects that require thinking, reflection and rumination.
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Segment 1
National Electric Code, NFPA® 70 E and Electrical Standards

Introduction

The purpose of this segment is to merely introduce the reader to NEC ®*
National Electrical Code. The coverage of the NEC™ in this segment is not
intended to provide the reader intermediate, advanced or expert level
knowledge that is required and expected of a NEC® trained and practicing
electrical Professional Engineer, specializing in power system design.
Notwithstanding the foregoing clarification regarding the limited depth of
NEC® knowledge provided in this segment, the nonelectrical engineer or the
non-practicing electrical engineering reader will find that this segment on
NEC® and electrical safety opens the door and allows the reader to appreciate
the complexity and depth of the NEC®. And, most of all, if the nonelectrical
reader of this segment finds themselves leading a group of electrical engineers
and electricians in a “2:00 AM triage situation,” trying to troubleshoot and
reinstate an important piece of equipment back into operation, the knowledge
and familiarity they will gain in this segment should prepare them better to
comprehend the code related jargon used by EE’s and electrical technicians.

The NEC® is revised every three years. At the time this text was
authored, the 2011 revision was in effect. The reader is reminded that the
objective of this text is not to provide precise code content and references at
the time this text is read. Instead, the this text aims to give the reader general
references of NEC® articles that have, traditionally, addressed the minimum
requirements associated with equipment and appurtenances, i.e. conductors,
conduits, raceways, fuses, breakers, grounding systems, etc.

Non-electrical engineering professionals often wonder if they should
invest in the NEC® book. If so, what format and version would be most
suitable? While the most appropriate answer to this question lies in the depth
and extent of study intended, most non-electrical engineers might find the
NEC® handbook more beneficial. The handbook version of the NEC® is
replete with copious pictures, diagrams and illustrative example problems that
aptly facilitate quicker comprehension of code and associated concepts.

In keeping with the approach utilized in the rest of this text, as we get
introduced to certain commonly applied codes, we will take our knowledge
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and comprehension to the next level through example problems, end of
segment problems and the solutions at the back of the text.

NEC ® Articles

Listed below are major NEC® articles that are introduced in this
segment, followed by a few details that explain the significance of the articles.
Later, in this segment, we will illustrate the significance of some of these
NEC ® articles through examples.

. Art. 90 - Introduction to NEC ® & Outline.

. Art. 100 - Definitions, Including Enclosure Ratings

. Art. 110.6. - Conductor Sizes, AWG and Circular Mils.
. Article 110.16 - Arc Flash Regulations:

. Art. 110.26 - Clearances and Working Space Requirements.

. Art. 210 - Load Configurations and Voltages in Branch Circuits.

. Art. 210.9 - Autotransformers.

. Art 210.20 - Branch Circuit Ampacity Determination & Over current
Protection.

. Art. 240 - Over current Protection

. Art. 240.50 — 240.101 - Circuit Breaker and Fuse Types
. Art. 250 - Grounding

. Art. 310 - Conductor Insulation Rating

. Art. 310.15 - Conductor Ampacity

. Art. 358 — 392 - Conduit and Cable Trays

. Art. 408.13 — 408.35 - Panel Boards

Art. 90 - Introduction to NEC® and Outline

Article 90 of the NEC™ is a basic introduction to the intention of the
codes. This article states the purpose of the code provision of uniform and
practical means to safeguard people and equipment from electrical hazards.
These safety guidelines are not meant to describe the most convenient or
efficient installations and don’t guarantee good service or allow for future
expansion. The NEC ® articles of code are designed to provide a standard for
safety that protects against electrical shock and thermal effects, as well as
dangerous over-currents, fault currents, overvoltage, etc. The NEC® comports,
for the most part, with the principles for safety covered in Section 131 of the
International Electrotechnical Commission Standard for electrical
installations. International Electrotechnical Commission, or IEC, is the
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world’s leading organization that prepares and publishes International
Standards for all electrical, electronic and related technologies.

Art. 100 — Definitions

Professionals who are not electrical engineers or electricians are likely
to find this article on of the most useful articles. In that, this article contains
definitions of terms that are essential in the understanding and interpretation
of the code. As an introduction, a few of the terms described in Article 100
are listed and explained below.

Ampacity: Ampacity is defined as “The maximum current, in amperes, that a
conductor can carry continuously under the conditions of use without
exceeding its temperature rating."

Note: Ampacity does vary depending on several factors. Appropriate NEC ®
Tables and derating rules must be applied to determine the correct ampacity.
See Article 310 for additional explanation.

Bonded (Bonding): Bonding is defined as equipment or objects “Connected
to establish electrical continuity and conductivity.” In other words, bonding
constitutes permanent joining of metallic parts to form an electrically
conductive path that ensures electrical continuity and the capacity to conduct
electrical current safely.

Note: This is not the same as grounding, but bonding jumpers are essential
components of the bonding system, which is an essential component of the
grounding system. Furthermore, note that the NEC does not authorize the use
of the earth as a bonding jumper because the resistance of the earth is more
than 100,000 times greater than that of a typical bonding jumper.

Branch Circuit: Branch circuit is defined as “The circuit conductors between
the final overcurrent device protecting the circuit and the outlet(s).” As we
will discuss and illustrate later, a branch circuit, as defined by the NEC ®, can
be the entire circuit that lies between the overcurrent fuses and a motor load,
in a typical motor branch circuit.

Continuous Load: A continuous load is defined by the NEC ® as "A load
where the maximum current is expected to continue for 3 hours or more."
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Note: The maximum running current referred to in this definition is exclusive
of the starting current.

Feeder: A feeder is defined by the NEC ® as "All circuit conductors between
the service equipment, the source of a separately derived system, or other
power supply source and the final branch-circuit overcurrent device."

Ground: A ground is defined by the NEC ® as simply "The earth.” On the
other hand, the term Grounded (Grounding) is defined as “Connected
(Connecting) to ground or to a conductive body that extends the ground
connection.”

Note: Simply driving an electrode into the earth does not constitute grounding
a circuit. The ground must be made with the source or supply in mind, as the
flow of electrons — or current — always tries to return to the source.

In Sight From (Within Sight From, Within Sight): The NEC ® defines this
as “Where this Code specifies that one equipment shall be ‘in sight from,’
‘within sight from,” or within sight of,” and so forth, another equipment, the
specified equipment is to be visible and not more than 15 m (50 ft) distant
from the other.” In other words, lockable disconnecting means must be

provided in sight of the load, unless the specific installation meets the criteria
stated under article 430.102 (B) (2) (a) or (b).

Labeled: The NEC ® defines this as "Labeled. Equipment or materials to
which has been attached a label...acceptable to the authority having
jurisdiction and concerned with product evaluation,...."

Note: The reader is advised to read the entire original definition in order to
attain full understanding of this term.

Neutral Conductor: The NEC ® defines this as "The conductor connected to
the neutral point of the system that is intended to carry current under normal
circumstances.

Overcurrent: The NEC ® defines overcurrent as "Any current in excess of
the rated current of equipment or the ampacity of a conductor. It may result
from overload, short circuit or ground fault.”
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Overload: The NEC ® defines overload as "Operation of equipment in excess
of normal, full-load rating, or of a conductor in excess of rated ampacity that,
when it persists for a sufficient length of time, would cause damage or
dangerous overheating. A fault, such as short circuit or ground fault, is not an
overload.”

Raceway: The NEC ® defines raceway as "An enclosed channel of metal or
nonmetallic materials designed expressly for holding wires, cables, or bus-
bars.

Note: The reader is advised to read the entire original definition in order to
attain full understanding of this term.

Short-Circuit Current Rating: The NEC ® defines this term as "The
prospective symmetrical fault current at a nominal voltage to which an
apparatus or system is able to be connected without sustaining damage
exceeding defined acceptable criteria.”

Voltage, Nominal: The NEC ® defines nominal voltage as "A nominal value
assigned to a circuit or system for the purpose of conveniently designating its
voltage class (e.g., 120/240 volts, 480/277 volts, 600 volts). The actual
voltage at which a circuit operates can vary from the nominal within a range
that permits satisfactory operation of equipment.”

Art. 110.6. - Conductor Sizes, AWG and Circular Mils.

Overall Article 110 lays out the requirements for electrical installations.
Article 110.6, specifically, addresses conductor sizes. This article clarifies the
fact that the conductor sizes are expressed in AWG, American Wire Gage or
in circular mils. For copper, aluminum or copper clad aluminum conductors
up to size 4/0 AWG, the code identifies the conductor sizes in AWG.
Conductors larger than 4/0 AWG are sized in circular mils, beginning with
250,000 mils; formerly referred to as 250 MCM. Where first “M” stands for
1000. The unit kemil was adopted 1990. Therefore, the more contemporary
identification of a 250,000 mil conductor would be 250 kemil. Note: 1 mil is
equal to 1/1000th of an inch.
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Article 110.16 — Arc-Flash Hazard Warning

This article addresses stipulation associated with potential hazard of arc-flash
incidents initiated by electrical faults. The essence of the Code, in this article
is that switchboards, panel-boards, industrial control panels, meter socket
enclosures, and motor control centers in other than dwelling units, which are
likely to require examination, adjustment, servicing, or maintenance while
energized, shall be field marked to warn qualified persons of potential electric
arc flash hazards. The marking or label shall be located so as to be clearly
visible to qualified persons before examination, adjustment, servicing, or
maintenance of the equipment. An example of a label generated as a result of
arc flash hazard analysis is shown in Figure 1.1. Look for additional
discussion on the topic of arc flash later in this segment.

A WARNING

Arc Flash and Shock Hazard
Appropriate PPE Required

120 inch Flash Hazard Boundary
468 calicm”*2 Flash Hazard at 18 inches
Dangerous!!! No FR Class Found!! DO NOT

DANGER!
WORK ON EQUIPMENT WHILE ENERGIZED!
480 VAC Shock Hazard when cover is removed
42 inch Limited Approach
12 inch Restricted Approach
1 inch Prohibited Approach

Bus Name: Water panel 1, Prot Device: CB >XO0O0K

Figure 1.1: Arc-flash hazard label, produced through arc-flash hazard
analysis.

Art. 110.26 - Clearances and Working Space Requirements

This article of the Code states: “Access and working space shall be
provided and maintained about all electrical equipment to permit ready and
safe operation and maintenance of such equipment.” The essence of this
article is that one cannot install electrical equipment in just any available
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physical space. Equipment must be installed such that it can be accessed,
safely, at all times by maintenance personal.

Art. 210 - Branch Circuits

This article applies to branch circuits that supply power to motor and
non-motor loads. Article 430 must be consulted for situations where branch
circuits feed motors only. The NEC ® handbook contains myriad illustrations
of different types of branch circuits and associated code requirements.

Art. 210.9 — Circuits Derived from Autotransformers

This article stipulates: “Branch circuits shall not be derived from
autotransformers unless the circuit supplied has a grounded conductor that is
electrically connected to a grounded conductor of the system supplying the
autotransformer.” In addition to explanation of this code, the handbook shows
circuit diagrams of autotransformers connected in various configurations.

Art 210.20 - Overcurrent Protection

According to 210.20, an overcurrent device that supplies continuous
and non-continuous loads must have a rating that is not less than the sum of
100 percent of the non-continuous load plus 125 percent of the continuous
load, calculated in accordance with Article 210. Because grounded/neutral
conductors are generally not connected to the terminals of an overcurrent
protective device, this requirement for sizing conductors subject to continuous
loads does not apply.

Art. 240 - Overcurrent Protection

This article of the Code provides the requirements for selecting and
installing overcurrent protection devices (OCPDs). On one hand an OCPD
protects a circuit by opening the circuit when current reaches a value that
would cause an excessive temperature rise in the conductors. If one were to
apply the rising water analogy, current rises like water in a tank, and at a
certain level, the OCPD shuts off the faucet. On the other hand, an OCPD
protects equipment by opening the circuit when it detects a short circuit or
ground fault. All electrical equipment must have a short-circuit current rating
that permits the OCPDs to clear short circuits or ground faults without a
catastrophic failure.
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Art. 240.50 — 240.101 - Circuit Breaker and Fuse Types

Articles, ranging from Art. 240.50 — 240.101, address requirements
associated with selection, specification and installation of various overcurrent
protection devices such as circuit breakers and fuses. Once again, in addition
to explanation of the code, the handbook shows diagrams and pictures of
various types of fuses and a breaker tripping unit.

Art. 250 — Grounding and Bonding

Overall, this article addresses general requirements for grounding and
bonding of electrical installations, types and sizes of grounding and bonding
equipment, methods of grounding and bonding, and situations when guards,
isolation, or insulation may be substituted for grounding.

Art. 310 — Conductors and General Wiring

This NEC ® article addresses general requirements for conductors,
their types, insulations, markings, mechanical strengths and ampacity ratings.
Table 310.15 lists ampacities of various conductors and is, possibly, the most
frequently used page in the Code. See additional discussion below on
conductor ampacity.

Art. 358 — Electrical Metallic Tubing: Type EMT

This article of the Code addresses the application, installation and
construction specifications for electrical metallic tubing (conduit) and
associated tubing.

Art. 408 - Switchboards and Panelboards
This article of the Code covers switchboards and panelboards
associated with equipment operating at 600 volts or less.

Ampacity of conductors — Table 310-15

In order to provide a measure of familiarity with the most frequently
used section of the NFPA, NEC, National Electric Code, an older version of
NEC Table 310-15 has been included under Tables 1.1 and 9.2. Closer
examination of this table shows that the ampacities of various conductors are
listed under two separate sections. The left section represents copper
conductors and the right section represents the aluminum or copper clad
aluminum conductors. These two sections are divided further into three
columns each. These three columns list the ampacities of various
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commercially available conductors under three temperature categories: 60°C
(140°F), 75°C(167°F) and 90°C(194°F). Note that these three separate
temperature columns lump different types of commercially available
insulations. The temperature and insulation columns are selected in
accordance with specific application, environment and ambient temperature.
The bottom section of Table 1.2 represents the conductor ampacity correction
factors based on the ambient temperatures above or below 30°C.

The methods associated with the application of NEC® articles are
illustrated through example problems listed below. However, the NEC®
articles cited are subject to change, without notice, due to periodic code
revisions and were meant to be valid at the time of development of these
problems. Therefore, these NEC® article references may not be current and
should not be used for actual practice of electrical engineering design. Instead,
reader should refer to the most current NEC® articles in their practice of
engineering.
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Example 1.1

Over current Protection:

Applicable Code/Codes: Articles 210.19 (A) (1), 210.20 (A) and 310.15.
Tables 310.15(B)(2)(a) and 310.15(B)(16).

The branch circuit in the exhibit below consists of two (2) 8 amp continuous
loads. Over current protection in the branch circuit is provided through a 20
amp circuit breaker. (a) Verify the size/specifications of the circuit breaker
and the 12 AWG conductor, assuming conductor temperature at 60°C (140°F)
or less. (b) If the ambient temperature were to rise to 50°C, how would the
conductor size be impacted?

Conductor and OCPD, Over Current Protection Device, verification:

Continuous
Loads

—

8A 8A
—| |— 20A Branch Circuit

<——— 20A OCPD

Solution:
In accordance with article 210.20 (A), which stipulates:

“Branch-circuit conductors and equipment shall be protected by
overcurrent protective devices that have a rating or setting that complies
with 210.20(A) through (D).

(A) Continuous and Non-continuous Loads. Where a branch circuit
supplies continuous loads or any combination of continuous and non-
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continuous loads, the rating of the overcurrent device shall not be less than
the non-continuous load plus 125 percent of the continuous load.” NEC®
2011.

The over current protection should be rated = 1.25 x Continuous Load
=1.25x(8x2A) = 20 amps.

= The 20 amp circuit breaker as an over current protection device is adequate
for the given branch circuit.

In accordance with article 210.19 (A) (1): “Branch circuit conductors shall
have an ampacity not less than maximum load to be served.....(and) shall have
an allowable ampacity not less than the non-continuous load plus 125% of the
continuous load.

= The conductor ampacity for the given branch circuit
= 1.25 x Continuous Load + 1.00 x Non-Continuous Load
=1.25x (16A) +1.00 x (0) = 20 amps.

According to Table 310.15(B) (16), for 60°C operation, with Type TW or UF
insulation, AWG 12 conductor carries an allowable ampacity of 20 amps for
conductors that are insulated, rated for 0 — 2000 volt operation, in situations
with no more than three (3) current carrying conductors in raceway, cable
earth (directly buried); under ambient temperature (not exceeding) 30°C
(85°F); with no required/applicable derating.

=~ Selection of AWG 12 would be adequate for this scenario.
(b) Ambient Temperature Rise and Conductor size:
According to Article 310.15, Tables 310.15(B)(2)(A) and 310.15(B)(16),

when ambient deviates from 30°C to 50°C, a derating multiplier of 0.58 must
be applied to adjust the ampacity of the conductor.

=~ The adjusted or derated ampacity of AWG #12 conductor, in this case,
would be:

=0.58 x 20 amps = 11.6 amps
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Since the derated ampacity of AWG #12, for this application, falls below the
20 amp capacity mandated by 210.19 (A) (1), AWG #12 would no longer be
adequate. Therefore, AWG #10, which is the next size above AWG#12, must
be considered. According to Table 310.15(B)(16), for 60°C operation, with
Type TW or UF insulation, AWG#10 conductor carries an allowable ampacity
of 30 amps. Then, if the 50°C adjustment rating of 0.58 is applied to 30 amp
ampacity of AWG #10, the derated ampacity would be:

=0.58 x 30 amps = 17.4 amps

Since the 17.4 amp derated ampacity of AWG #10 still fall short of the 20
amp requirement, it would nof meet the code. So the next larger size
conductor, AWG #8, with an ampacity of 40 amps should be considered.

If the 50°C adjustment rating of 0.58 is applied to the 40 amp ampacity of an
AWG # 8 conductor, the derated ampacity would be:

=0.58 x 40 amps = 23.2 amps

The 23.2 amp derated ampacity of AWG #10 exceeds the 20 amp
requirement, therefore, it would meet the code.

Example 1.2

Over current Protection and Minimum Conductor Size

Applicable Code/Codes: 210.20 (A), 240.6(A), 210.19 (A) (1), 310.15 and
Table 310.15 (B) (16).

Determine the size of over current protection device and the minimum

conductor size for the following scenario assuming that no derating applies:

- Four (4) current carrying copper conductors in a raceway.

- Operating temperature and OCPD, Over current Protective Device,
terminal rating: 60°C

- Insulation: THWN

- Load: (calculated) 26 amps, continuous.
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Solution:

Size of the OCPD:

In accordance with article 210.20 (A), over current protection should be rated
= 1.25 x Continuous Load = 1.25 x (26A) = 32.5 amps.

According to article 240.6(A), standard ampere rating above 30 amp is 35
amp.

. The minimum standard size or rating of the OCPD device should be 35
amps.

Minimum Conductor Size:

In accordance with article 210.19 (A) (1), the branch circuit conductors shall
have an ampacity not less than maximum load to be served.....(and) shall have
an allowable ampacity not less than the non-continuous load plus 125% of the
continuous load.

=~ The conductor ampacity for the given branch circuit = 1.25 x Continuous
Load + 1.00 x Non-Continuous Load = 1.25 x (26A) + 1.00 x (0) = 32.5
amps. Select AWG 8 which has an ampacity of 40 amps.

Example 1.3

Appliance Load — Dwelling Unit(s):

Applicable Code/Codes: 220.53

Determine the feeder capacity needed for a 120/240 VAC, fastened-in-place,
appliance load in a dwelling unit for the following appliances:

Water Heater, Rated: 4000 W, 240 V; Load: 4000 VA (PF =1)

- Kitchen Disposal, Rated: 0.5 hp, 120 V; Load: 1176 VA (PF & Eff.
<<100%)

- Dishwasher, Rated: 1200 W, 120 V; Load: 1200 VA (PF =1)

- Furnace Motor, Rated: 0.25 hp, 120 V; Load: 696 VA (PF & Eff.
<<100%)

- Attic Fan Motor, Rated: 0.25 hp, 120 V; Load: 696 VA (PF & Eff.
<<100%)
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- Water Heater, Rated: 0.5 hp, 120 V; Load: 1176 VA (PF =1)

Solution:
Total Load = 4000 VA + 1176 VA + 1200 VA + 696 VA + 696 VA + 1176
VA

=8944 VA

Since the total load consists of more than four (4) appliances, according to
article 220.53, a demand factor of 75 % is permissible.

=~ The size of the service and feeder conductors may be based on net load:
= 0.75x 8,944 VA
= 6,708 VA

Example 1.4

Outlets in Dwelling Unit(s):

A 120 V dwelling branch circuit supplies four outlets, one of which has four
receptacles. What is the total volt-ampere load?

Solution:
According to article 220.14(I), a single outlet is counted as a 180 VA load. So
the three outlets, out of the four would constitute a load of:

=(3) (180 VA) =540 VA

Each of the receptacles, in the fourth outlet - with four receptacles - according
to article 220.14(I), would constitute a load of 90 VA. Therefore, the total
load contribution from the four receptacles would be:

= (numbers of receptacles) (90 VA/receptacle)

=(4) (90 VA) =360 VA

~ The total load is = 540 VA + 360 VA =900 VA

Arc Flash

While some background information on the subject of arc flash is
presented under Article 110.16 of the NEC ®, the National Electric Code,
NEC ®, is not a core source for information on arc flash regulations. The

subject of arc flash is comprehensively addressed by NFPA 70 E. The latest
version of NFPA 70 E was released in 2012. In the recent years, NFPA 70 E,
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similar to the NEC ®, has been revised every three years. Like the NEC ®,
NFPA 70 E is available in print, on-line and in other electronic format, i.e.
CD. Arc flash is being introduced in this text primarily due to the importance
and gravity of arc flash hazard in the electrical work environment. The
introduction of arc flash in this text is at the basic level and does not enable
the reader to adequately practice arc flash safety.

Basic facts related to arc flash are listed below:

* Arc flash is the result of a rapid release of energy due to an arcing fault
between a phase bus bar and another phase bus bar, neutral or a
ground.

* Arc faults are typically limited to systems with the bus voltage is in excess
of 120 volts.

* An arc fault is similar to the arc obtained during electric welding.

* The massive energy discharged during and arc fault phenomenon has the
capacity to burn bus bars, vaporize the copper and cause an explosive
volumetric increase.

* An arc blast is estimated to cause explosive expansion of gas or air to
magnitudes exceeding 40,000 to 1.

* The essence of relative magnitude or intensity of arc flash can be
understood and appreciated through Eq. 1.1:

Arc Flash Energy, or Incident Energy = (V).(I).(t) Eq. 1.1

In Eq. 1.1, the arc flash energy, or incident energy, is the energy released
by an arc flash fault. This energy can be measured in kWh, Watt — sec,
Joules, calories, BTU’s, therms, etc. In arc flash analysis, arc flash
classifications and arc flash PPE (Personal Protective Equipment) ratings,
arc flash energy “intensity” term “Calories/cm”” is commonly used. In
Eq. 1.1, “V” is the rms (root mean square) voltage, “i” is the rms (root
mean square) fault current and “t” is the duration of the arc fault, in
seconds. The arc fault current magnitude, typically, ranges in 1,000’s of
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amps and the fault duration is typically in milliseconds. As obvious, this
equation stipulates that arc fault energy is directly proportional to the
voltage, current and fault duration. Note that, over the time span or
duration of the fault, the voltage change is negligible in comparison with
the order of magnitude rise in the current level. Therefore, mostly, the
magnitude of the fault current is responsible for the enormity of the arc

flash energy.
. Temperature in ARC Plasma is approx. 5,000°F.
. There are approximately 5 — 10 arc flash incidents (explosions)

recorded per day, in the US.

. Average medical cost associated with remediation is estimated to
exceed $1.5 Million per incident. Total cost, including litigation, is
estimated to be $8 — 10 Million per incident.

OSHA, Occupational Safety and Health Administration, carries the
Arc Flash regulation enforcement responsibility.

Compliance with OSHA involves adherence to a six-point plan:

> A facility must provide, and be able to demonstrate, a safety program
with defined responsibilities.

> Calculations for the degree of arc flash hazard, at electrical equipment
rated or operating at 120V, or greater.

> Warning labels on equipment. Note that the labels are provided by the
equipment owners, not the manufacturers.

> Provision of proper personal protective equipment (PPE) for workers,
as prescribed by proper arc flash hazard analysis.

> Initial training, and subsequent refresher training, for workers on:
- The hazards of arc flash
- The proper interpretation of arc flash hazard labels
- Proper use of arc flash PPE and voltage rated tools and gloves.
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Physical and thermal background of arc flash

This section is devoted to the exploration of the physical, chemical and
thermal aspects of arc flash phenomena. This discussion is intended to
enhance technicians’ and engineers’ appreciation of the reasoning behind arc
flash hazard analysis requirements and the need for arc flash PPE. Pictures
from two different arc flash simulations are depicted in figures 1.2 and 1.3.
The picture in Figure 1.2 depicts a simulated arc-flash incident, conducted at
250V, 13.1 KA (13,100 amps). The energy intensity for this simulated 13,100
amp fault is estimated to be 1.48 Cal/cm?. The picture in Figure 1.3 depicts a
simulated arc-flash incident, conducted at 250V, 44 KA (44,000 amps). The
energy intensity for this simulated 44,000 amp fault is estimated to be 8.48
Cal/cm?, almost six times the fault energy released by the lower current fault.
Note that the voltage in both simulations was 250 V. This observation
supports the directly proportional relationship between fault current and the
arc flash fault energy as stipulated in the fault energy equation, Eq. 1.1.

Figure 1.2: Simulated arc-flash incident, conducted at 250V, 13.1 KA
(13,100 amps). Energy intensity: 1.48 Cal/cm®.

Some of the hazards associated with an arc flash incident are evident from
pictures in figures 1.2 and 1.3. These hazards are as follows:
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e Extreme Heat — Energy contained in explosive arc flash events raises the
temperature thousands of degrees; to the extent that it not only melts
copper components but vaporizes them. Immense heat energy contained in
vaporized copper can burn through or ignite regular work clothes. In
addition, human skin coming in contact with vapors at such high
temperatures would result in third degree burns. Temperature in ARC
Plasma is approx. 5,000°F. Proper PPE, including hood, balaclava, arc
rated coveralls and jacket can provide a measure of protection against the
radiated heat and the heat contained in the vapors. See the PPE section
below.

¢ Brilliant Flash — Without adequate tinting and shielding, the intense light
that accompanies the release of immense explosive energy can result in
retina damage and can cause blindness.

e High UV Emission — The ultra-violet light that accompanies arc flash
events can damage human epithelial (skin) layer. Once again, proper arc
rated clothing can provide a measure of protection.

e Shock Wave — Vaporization of copper accompanies 67,000 times 1
expansion of air and gases. The intense instantaneous expansion of gases
is tantamount to explosion of ordinance and results in a shock wave. The
shock wave can launch workers off their feet resulting in broken limbs and
bones. The explosive energy laden shock waves have the capacity to
subject anterior of a human body to immense pressure, potentially,
fracturing ribs, puncturing and collapsing lungs. Best practices associated
with safe posture can provide a measure of protection against effect of a
shock wave.

e Concussion (Noise) — Due to the fact that expanding vaporized copper is
an explosive event, it generates a loud report. This is the reason why
hearing protection is required by NFPA 70 E.

e Projectiles — As visible in figures 1.2 and 1.3, energy contained in arc
flash events projects components outward in solid or molten form. Note
the bright streaks in the picture of the simulated arc faults. The projectiles
launched in arc flash events can result in shrapnel injuries.
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e FElectrical Shock — The explosion associated with arc flash events
dislodges components, insulation and conductors; thus, exposing
personnel, in close proximity, to live energized components. This
exposure can result in electrical shock hazard.

Figure 1.3: Simulated arc-flash incident, conducted at 250V, 44 KA (44,000
amps). Energy intensity: 8.48 Cal/cm’.
Arc Flash PPE
Having gained some appreciation of the hazards, and causes thereof,

associated with arc flash events, let’s consider some of the PPE required by
NFPA 70E. The PPE introduced here pertains to the lowest and highest arc
flash hazard classifications. These classifications are Class or Category 0 and
Class or Category 4. Other classifications are not discussed in this text. Arc
flash hazard PPE for Class 0 and Class 4, in accordance with NFPA 70E are
as follows:

Protective Clothing and PPE, Hazard/Risk Category or Class 0, for 0 to
1.2 cal/cm2:

e Protective clothing, non-melting or untreated made from natural fiber (i.e.,
untreated cotton, wool, rayon, or silk, or blends of these materials) with a
fabric weight of at least 4.5 oz/yd

e Long sleeve shirt

e Long pants

e Safety glasses or safety goggles

e Hearing protection (i.e. ear plugs)
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e Heavy duty leather gloves

Protective Clothing and PPE, Hazard/Risk Category or Class 4, 25 to 40
cal/cm’:

e Arc-rated clothing selected so that the system arc rating meets the required
minimum arc rating of 40 cal/cm?

e Arc-rated long-sleeve shirt

e Arc-rated pants

e Arc-rated coverall

e Arc-rated arc flash suit jacket

e Arc-rated arc flash suit pants

e Arc-rated arc flash suit hood

e Arc-rated gloves

e Arc-rated jacket, parka, rainwear, or hard hat liner

e Hard hat

e Safety glasses or safety goggles

e Hearing protection (i.e. ear plugs)

e Leather work shoes

An example of a PPE system that conforms to the NFPA 70 E Class 4 hazard
is depicted in Figure 1.4 below:

Hard hat, safety Class 4 hood with

glasses and ear tinted lens/face
plugs shield

Two component
voltage rated glove

system
Class 4 Suit, rated 8 to 40

cal/cm? \ '
{
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Figure 1.4: Example of NFPA 70 E Class 4 PPE

PPE requirement can be assessed on the basis of NFPA 70 E default
table or through arc flash hazard analysis. The labels depicted in figures 1.5
and 16 are a product of arc flash hazard analysis. The label shown in Figure
1.5 represents a Class 0 equipment scenario, where potential arc flash hazard
energy is determined to be less than 1.2 cal/cm®.

A WARNING

Arc Flash and Shock Hazard
Appropriate PPE Required

48 inch Flash Hazard Boundary
MAX OF 1.2 calicm*2 Flash Hazard at 18 inches
VYR Gloves-Tools, Proper Clothes Y¥/

Safety Glasses
UP TO 240 VAC Shock Hazard when cover is removed

42 inch Limited Approach
Avoid Contact Restricted Approach
Avoid Contact Prohibited Approach

Class 0

Figure 1.5: Example of a Classification “0” label generated as a result of an
arc flash hazard analysis, based on NFPA 70 E, 2009.

On the other hand, the label shown in Figure 1.6 pertains to electrical
equipment that has the potential for drawing enough fault current to exceed
the energy intensity level of 40 cal/cm®. When fault energy intensity of 40
cal/cm’ is exceeded, as stipulated on the label in Figure 1.6, work on
energized equipment is not permitted.
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A WARNING

Arc Flash and Shock Hazard
Appropriate PPE Required

120 inch Flash Hazard Boundary

468 calicm*2 Flash Hazard at 18 inches
Dangerous!!! No FR Class Found!! DO NOT
WORK ON EQUIPMENT WHILE ENERGIZED!
480 VYAC Shock Hazard when cover is removed

42 inch Limited Approach

12 inch Restricted Approach

1 inch Prohibited Approach

Bus Name: Water panel 1, Prot Device: CB XO00OK

DANGER!

Figure 1.6: Example of a label pertaining to higher than 40 cal/em” arc flash
hazard, based on NFPA 70 E, 2009.

Electrical safety certifications

Certifications and certification labels on electrical equipment are
intended to provide the end user, installer or integrator a measure of assurance
that the labeled equipment is safe when applied or used as prescribed by the
manufacturer. The certification labels can be found at the bottom, rear or sides
of non-custom, off-the-shelf, standard electrical equipment. See Figure 1.7.

AC/DCADAPTOR

CLASS 2 POWER SUPPLY o
MODEL: YL-35-0800800

INPUT. 120V AC 60Mz 2.5W —_—
OUTPUT 6V DC 80mA Intertek

erFiciEncy LEveL @

SY!O
! M M7

(a) (a)

Figure 1.7: Examples of a safety certification labels — ETL and UL Listings.
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Various certifications exist in different parts of the world. A few, more
prominent ones, are mentioned in this text as matter of introduction. These
certifications are listed below:

- UL®, Underwriters Laboratories, United States. UL®, tests equipment
to be certified for safety, either at laboratories owned and operated by
UL or at laboratories owned and operated by its sub-contractors, such
as ETLM.

- ETL®™, Intertek Listing. The ETL Listed Mark is proof of product
compliance (electrical, gas and other safety standards) to North
American safety standards. Following authorities having jurisdiction
in 50 states and Canada accept the ETL Listed Mark as proof of
product safety: UL, ANSI ( American National Standards Institute),
CSA (CSA Group), ASTM (formerly known as: American Society for
Testing and Materials), NFPA (National Fire Protection Agency), and
NOM (Norma Official Mexicana).

- NOM Mark: (Norma Official Mexicana) NOM is a mark of product
safety approval for virtually any type of product exported into Mexico.

- ULC, Underwriters Laboratories of Canada.

- IEC, International Electrotechnical Commission. The IEC plays an
important role in developing and distributing electrical standards. IEC
was instrumental in developing and distributing standards for units of
measurement, particularly the gauss, hertz and weber. IEC first
proposed a system of standards, the Giorgi System, which ultimately
became the SI, or Systéme International d’unités (in English, the
International System of Units).

- IP Rating: IP rating stands for International Protection rating.
Sometimes interpreted as Ingress Protection rating, the IP rating
consists of the letters IP followed by two digits and an optional letter.
As defined in IEC 60529 60529, it classifies the degrees of protection
provided against the intrusion of solid objects (including body parts
like hands and fingers), dust, accidental contact, and water in electrical
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enclosures. See Table 1.2 for correspondence between the American
NEMA" ratings and their counterparts in the IP realm. Also see
Example 1.5 for illustration of enclosure ratings application.

- CE Certification: The CE Mark stands for Conformité Européenne, a
French term that can be literally translated into English as European
Conformity.

- Safety Compliance Statement from the manufacturer, engineering
firm, general contractor, turn-key installer or system integrator is often
required on custom engineered systems or equipment. This
requirement must be clarified and agreed upon - at the
quotation/bidding phase of the project - between the project manager,
end-user/customer, plant safety manager, engineering firm, general
contractor, turn-key installer and the system integrator (if applicable).
Absence of such documented agreement on Safety Compliance
Statement requirement, at the very outset of a custom engineered
project, can result in system commissioning and start-up delays, in
addition to penalties, unforeseen costs, potential breach of contract,
future business prospects, etc.

Additional information on NEMA and IP Ratings

- The digits or numeral in the NEMA or IP code indicate conformity
with the conditions summarized in the Table 1.3 below. The first digit
indicates the level of protection that the enclosure provides against the
ingress of solid foreign objects. For example, an electrical socket rated
IP22 is protected against insertion of fingers and will not be damaged
or become unsafe during a specified test in which it is exposed to
vertically or nearly vertically dripping water. IP22 or IP2X are
common minimum requirements for the design of electrical
accessories for indoor use.
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NEMA versus IP Enclosure Ratings

NEMA Type Definition I,EC
Equivalent
General-purpose. Protects against dust, light,
and indirect splashing but is not dust-tight;
1 primarily prevents contact with live parts; used IP10
indoors and under normal atmospheric
conditions.

Drip-tight. Similar to Type 1 but with addition
2 of drip shields; used where condensation may IP11
be severe (as in cooling and laundry rooms).

Weather-resistant. Protects against weather
hazards such as rain and sleet; used outdoors on
3 and 3S . . ) . P54
ship docks, in construction work, and in tunnels

and subways.

Intended for outdoor use. Provides a degree of
protection against falling rain and ice formation.
Meets rod entry, rain, external icing, and rust-
resistance design tests.

3R P14

Watertight (weatherproof). Must exclude at
least 65 GPM of water from 1-in. nozzle
4 and 4X delivered from a distance not less than 10 ft for 1IP66
5 min. Used outdoors on ship docks, in dairies,
and in breweries.

Dust-tight. Provided with gaskets or equivalent
5 to exclude dust; used in steel mills and cement P52
plants.

Submersible. Design depends on specified
6 and 6P conditions of pressure and time; submersible in P67
water; used in quarries, mines, and manholes.

Hazardous. For indoor use in Class I, Groups A,
7 B, C, and D environments as defined in the N/A
NEC ®.
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Hazardous. For indoor and outdoor use in
8 locations classified as Class I, Groups A, B, C, N/A
and D as defined in the NEC ®.
Hazardous. For indoor and outdoor use in
9 locations classified as Class II, Groups E, F, or N/A
G as defined in the NEC ®.
MSHA. Meets the requirements of the Mine
10 Safety and Health Administration, 30 CFR Part N/A
18 (1978).

General-purpose. Protects against the corrosive
11 effects of liquids and gases. Meets drip and N/A
corrosion-resistance tests.

General-purpose. Intended for indoor use,
provides some protection against dust, falling

12 and 12K . . . P52
an dirt, and dripping noncorrosive liquids. Meets
drip, dust, and rust resistance tests.
General-purpose. Primarily used to provide
13 protection against dust, spraying of water, oil, P54

and noncorrosive coolants. Meets oil exclusion
and rust resistance design tests.

Table 1.3: NEMA and IP electrical enclosure ratings descriptions, comparison
and correspondence.

Example 1.5

Electrical specifications for a factory call for a junction box that must be
submersed into a water tank. (a) Determine the NEMA rating of junction box
for the US installations. (b) Determine the IP rating of the junction box for the
European installations.

Solution:
(a) Examination of the NEMA — IP rating table in this segment shows that
NEMA 6 enclosure is rated as:

“Submersible. Design depends on specified conditions of pressure and
time; submersible in water; used in quarries, mines, and manholes.”

© Bobby Rauf, 2022 34




Introduction to Electrical Codes, Drawings, Controls and Lighting Systems — E11-001

Therefore, a NEMA 6 enclosure should be specified for the US installation.
(b) Since the European installation would be exposed to the same worst case
conditions, US NEMA 6’s European counterpart, IP 67 should be specified.

Common Acronyms Associated with Electrical Standards Organizations

A few organizational acronyms, commonly used in the field of
electrical engineering, are listed below with respective background
information and website addresses to facilitate further exploration of the roles
of these organizations by the reader:

NEMA: National Electrical Manufacturers Association; www.nema.org
NEMA, created in the fall of 1926 by the merger of the Electric Power
Club and the Associated Manufacturers of Electrical Supplies, provides a
forum for the standardization of electrical equipment, enabling consumers

to select from a range of safe, effective, and compatible electrical
products.

ANSI: American National Standards Institute; www.ansi.org
The American National Standards Institute (ANSI) is a private, non-profit
organization that administers and coordinates the U.S. voluntary
standardization and conformity assessment system.

IEC: International Electrotechnical Commission.
IEC is the authoritative worldwide body responsible for developing
consensus global standards in the electrotechnical field. IEC is the
European counterpart to NEMA and ANSI.

IEEE: Institute of Electrical and Electronic Engineers: www.ieee.org
The IEEE is a non-profit, technical professional association for Electrical
and Electronics Engineers. IEEE makes vital contributions in the electrical
engineering realm, in many ways. Some of IEEE’s more prominent
contributions are as follows:

- Publishing of texts and reference material that promote education
and training on various electrical and electronic technologies and
subjects.

- Development of Arc Flash Hazard Calculation formulas through
IEEE 1584 committee.
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- Facilitation of the development of protocols that promote
communication between various electronic devices.

International Society of Automation (ISA ): www.isa.org
Founded in 1945, the International Society of Automation is a leading,
global, nonprofit organization that is setting the standard for automation
by helping members and other professionals solve difficult technical
problems. ISA is based in Research Triangle Park, North Carolina. ISA
develops standards, certifies industry professionals, provides education
and training, publishes books and technical articles, and hosts conferences
and exhibitions for automation professionals.

RIA - Robotics Industries Association: www.robotics.org.
Robotic Industries Association publishes information to help engineers,
managers and executives apply and justify robotics and flexible
automation. The RIA website includes a proprietary search engine
algorithm that makes it easy to find and compare leading companies,
products and services. Robotics Online is dedicated to news, articles and
information specifically for the robotics industry.

Common Electrical/Electronic Safety Devices

This section introduces the reader to electrical and electronic devices
commonly employed in automated control systems and process controls, in
general, for safety related actions and events. We will first familiarize the
reader to each of the devices, individually. Then, we will discuss integration
of the devices in an automated manufacturing system example.

Similar to the pictorial tour approach utilized with the MCC and power
distribution system discussion, we will explore Rockwell Automation® safety
control devices to gain familiarization with what these devices look like and
gain a better understanding about their functions.

Safety E-stop Devices

E-stop switches are, functionally, passive mechanical devices, similar
to the light switches in offices and homes. Rockwell/A-B ® offer Series
800T/800E Push-Buttons and Self-Monitoring Contact Block based E-stop

© Bobby Rauf, 2022 36



http://www.robotics.org/

Introduction to Electrical Codes, Drawings, Controls and Lighting Systems — E11-001

switches. The emergency stopping function is implemented through a
combination of two components: (1) Push pull operator and (2) Contact block.
The description and specification of these two components are as follows:

) E-Stops Operator
— Available in 30mm & 22mm sizes
— Metal and plastic construction
- Meet EN418 and IEC 60947-5-5
standards
— Push-pull, push-pull/twist release, illuminated,
or key-operated devices

) Self-Monitoring Contact Blocks
— For use with 800T & 800E E-Stops
— If contact block becomes separated from E-stop,
monitoring circuit automatically opens and
shuts down the controlled process. This feature essentially
eliminates contact separation concerns from improper installation,
damage or high-vibration applications.

Contact Blocks Operators

Figure 1.8: Rockwell ® Safety E-stop switch operators and contact blocks.
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Safety Light Curtain System

Even though safety light curtains often perform emergency stopping
function, similar to the emergency stop switches introduced above, they are
powered, active, somewhat automated, and substantially more sophisticated
than the e-stop switches. See figures 1.9 and 1.10.

TRANSMITTER RECEIVER

eSafety Light Curtain
System Consists of:
— Transmitter/Receiver
— Control Reliable Controller
— Interface Cables
— Optional Power Supply

— Optional Muting Blanking
control

A bbbl bbb

Figure 1.9: Rockwell ® Safety Light Curtain.

Some of the key components of a safety light curtain system are listed
in Figure 1.9. As depicted in Figure 1.9, the transmitting “column” transmits
an array of invisible (infra-red) light beams. When the path between the
transmitter and the receiver is clear and unobstructed, the transmitted beams
are received by the receiver. This, in most applications of light curtains,
constitutes the norm. If, however, the light beams are interrupted by
equipment or personnel, typically, an emergency stop command is generated,
thus, shutting down the protected system. The interface cable pictured in
Figure 1.9, as simple and unsophisticated as it appears, it constitutes a reliable
and robust approach to electrical/control connections. Electrical connections, a
decade or so ago, had to be made one wire and one terminal at a time. With
hundreds of connections required in mid to large size control systems, the old
wire to connector method often resulted in miss-wiring, loose connections,
unreliability and delayed system start-ups.

Other important features and components associated with the light
curtains are included in Figure 1.10. Rockwell’s ® DNet module (hardware),
is an interface module and is pictured in Figure 1.10. The software or protocol
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that permits the safety devices, safety PLC’s and other Rockwell ® control
devices to communicate with each other is referred to as DeviceNet®.

3] 3] ® DNet module can be interfaced to any SafeShield
- - product at any time
— ® Diagnostic information can be transferred via
- DeviceNet
| — (Output status / EDM active / Restart required / Device
— faulted / Weak signal / Blanking selected)
-;“_ 41 ® DNet Communication via DNet Module (Black)
/J ® SCD Software for L.C. Configuration only, not for
/ DNet
=N | e
a
o # o

=g

DC
Power
Supply

Figure 1.10: SafeShield DeviceNet: Rockwell ® Safety Light Curtain and
Device-Net interface.

The laptop PC shown in Figure 1.10 allows control engineers and
technicians to configure or “program” the light curtain to respond to safety
events in a desired fashion, In addition, the Rockwell ® application software
loaded on the laptop allows the controls engineer to configure “diagnostics”
such that safety incidents and other associated events can be troubleshot
promptly.

AAC (Area Access Control)

Area access control system depicted in Figure 1.11 offers a simpler,
less costly, less complex alternative to light curtains. Typical area access
control system consists of a small single beam transmitter that transmits an
infra-red beam across the protected opening, to a pair of prism shaped
reflectors. The reflectors return the beam across the opening to a receiver.
When the beam is interrupted by personnel or equipment, an emergency stop
is triggered by the Area Access Control System. As obvious from a
comparison between figures 1.10 and 1.11, the protected opening area of
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cross-section covered by a light curtain is greater than the two dimensional
area covered by the AAC.

= Long Scan Range up to 70M (230Ft.)
= Die Cast Aluminum Housing

= Two Ranges available

= -.5M to 18M (19.5” to 59”)

= -15M to 70M (4’ to 230°)

=Easy Installation

= Heated Front Screen, l.e. can be used in &
outdoor applications

=Fast response time 22ms

= 24vd/115vac standard / 230vac (special
order)

= Built in monitored safety relays
= -2 NO/MINC / 2A Max switching Current
= |P 65 enclosure rating

= Operating temp. -25°C to 50°C
= PG connector IP 67

e

irection of Entry
into Hazardous Area

Figure 1.11: Rockwell ® Area Access Control System

Cable Pull Switches

Cable pull safety switches are designed to trip an emergency stop
circuit when the cord, cable or chain connected to the pull switch is pulled.
Rockwell ® cable pull switches incorporate a reset button on the front of the
switch.

Some of the cable pull safety switches are equipped with a tension
viewing window to facilitate set-up of the cable tension. Among other
important features incorporated in the Rockwell ® cable pull switches is a
function that latches out the contacts electrically and mechanically in
accordance to EN 418. The reason is that if a person were to pull an ordinary
cable pull switch as they were being dragged into a machine, the system
would stop, but it would not prevent the system from being restarted at the
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other end by an operator, who did not see the switch being pulled. Thus the
operator could start the machine again, dragging the other subject back into
the machine. In order to reset the lifeline 4 switch, an operator has to
physically go up to the switch and reset the device by moving the designated
lever into the run position. This allows for inspection of the area, before the
machine is restarted. The switch is yellow in accordance to EN 60204-1 which
stipulates that all e-stops have a red button and yellow background.

Key Interlock Solenoid Switches

The next family of safety switches offered by Rockwell © are solenoid
locking switches. See switches depicted in Figure 1.12. These switches are
used to prevent access to a hazardous area until the hazardous motion has
been contained. An example would be to have a gate locked until a set of
cutting shears have come to rest, after which time a voltage is applied to the
coil of the solenoid, releasing the key, allowing access to the area.

Atlas 5 w/Trap Key

TLS GD2

Atlas 4

Atlas 5 w/Key

-

Figure 1.12: Rockwell ® Key interlock solenoid safety switch system.

Spartan
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GuardMat™ Safety Mats

Guardmaster offers a full range of standard mats and controllers for all
applications. The GuardMat™ system is a tripping device. When a person
steps on the mat, or equipment rolls onto it, their presence is detected and the
safety output opens, shutting down the machine. See Figure 1.13.
The design of the mat includes two sheets of hardened rolled steel which are
separated by small insulators. The separated sheets of metal have an
approximate 24 volt potential difference across them. When pressure
exceeding 70 psi is applied to the top sheet, the sheets make contact, creating
a short circuit condition, changing the resistance, which is detected by the
GaurdMat controller. The controller, in turn, executes emergency shut down
through system interlocks and safety control circuits.

e
T TN

I
N

e Mats

Controllers

Figure 1.13: Rockwell ® GaurdMat Switch System

GuardEdge™ Safety Edges

The GuardEdge system, is a trip device which lends itself to several
applications, as depicted in Figure 1.14. The principle behind this system, is
that when the protruding rubber strip — referred to as profile — is depressed,
emergency stop signal is issued and the machine shuts down. The rubber
profile is impregnated with a conductive carbon powder, which creates a
conductive rubber. The system reacts to change in resistance. When the
profile is pressed the resistance changes; this change is detected by the
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controller. The controller, in turn, executes emergency shut down through
safety control circuits.

As apparent in Figure 1.14, a variety of profiles are available to match
specific applications. These profiles can be made up to 50 meter in length.
The profiles can also be bent to a radius of 200mm to accommodate the most
non-linear applications. The safety edges can be wrapped around corners,
incorporating active corner connections. The profiles can be wired in series or
parallel, depending on system configurations.

=
\ /
2

Profiles/Rails and Controllers

1
I@.@.

Figure 1.14: Rockwell ® GaurdEdge System

Safety PLC’s

Traditionally, National Fire Protection Association’s “Electrical
Standard for Industrial Machinery” (NFPA79) has required hard wiring and
the use of electro-mechanical components for safety circuits. With the advent,
subsequent development, and enhanced reliability of safety PLC’s,
electromechanical safety circuits continue to be replaced by safety PLC’s.
Some of the more significant advantages offered by safety PLC’s are as
follows:
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- Safety PLC based control circuits require fewer wires and terminations as
compared to electromechanical relay and contactor based safety control
circuits.

- Safety PLC based control circuits require fewer “moving parts,” fewer
contactors, timers and relays, if any, as compared to electromechanical
relay and contactor based safety control circuits.

- Safety PLC based control circuits are programmable. Therefore, their
logic and functionality can be modified through modification of
application program or code. While, with electromechanical relay and
contactor based safety control circuits, significant hardware and wiring
modifications are necessary for accomplishment of functional
modification.

Functionally and logically, safety PLC’s are similar to regular PLC’s
(Programmable Logic Controllers). Notwithstanding the similarities, there
are some notable differences between regular PLC’s and Safety PLC’s.
These differences are as follows:

- Safety PLC’s are color-coded red to signify the fact that they are
“control reliable” and safety rated.

- Safety PLC’s employ robust diagnostics and operational
verification. Standard PLC inputs provide no internal means for
testing the functionality of the input circuitry. By contrast, Safety
PLCs have an internal ‘output’ circuit associated with each input
for the purpose of periodic testing and verification of the input
circuitry. Simulated High’s (1’s) and Low’s (0’s) are presented,
automatically, to the inputs, to verify their functionality.

- A safety PLC has redundant microprocessors, Flash and RAM
memory; that are continuously monitored by a “watchdog” circuit
and a synchronous detection circuit. Regular PLC’s, are typically
equipped with one microprocessor.

- A regular PLC has one output switching device, whereas a safety
PLC’s digital output logic circuit contains a test point after each of
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two safety switches located behind the output driver and a third
test point downstream of the output driver. Each of the two safety
switches is controlled by a unique microprocessor. If a failure is
detected at either of the two safety switches, the operating system
of a safety PLC will automatically acknowledge the anomaly and
will default to a known state; thus, facilitating an orderly
equipment shutdown.

Typical specifications of safety PLC’s are listed in Figure 1.15.

e GuardPLC 2000 and 1200 shipping since August

— TUV Certified (Entire System) - IEC 61508 SIL 3, DIN
VDE 19250 AK6, EN 954-1 Category 4,

— UL Listed
— Primary Target Market - Machinery Safety
e GuardPLC 2000- 6 I/O slot, modular design
— 24 Input/ 16 Output digital
— 8 Channel Analog Input & Output (12 bit resolution)
— 2 Channel HSC (100kHz, 24 bit)
e Guard 1200- packaged design
— 20 Inputs/ 8 Outputs + 2 HSC Inputs (100khz, 24 bit)
e Communications
— Proprietary GuardPLC Ethernet + ASCII
— Peer to Peer Safety Communications
e RSLogix Guard Software (2 versions)
— Lite and Professional Versions
— Windows NT/2000
— RSLogix “Look & Feel”
— IEC 1131 Function Block Programming
— User Defined Function Block Capabilities (1755-PCS)

Figure 1.15: Rockwell ® Safety PLC (Programmable Logic Control) System

Safety Relays

A regular relay consists of an electromagnetic coil or solenoid and
associated contacts. The solenoid functions in the same manner as described
earlier in this this text; it operates or controls multiple normally open or
normally closed contacts. When a relay is off, it’s coil is de-energized, its
normally open contacts are OPEN, and its normally closed contacts are
CLOSED. Conversely, when a relay is turned on, the coil is energized, the
normally open contacts are CLOSED and the normally closed contacts are
OPEN. A regular relay is shown applied in an alarm circuit in Figure 1.16.
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In the schematic diagram of the regular relay shown in Figure 1.16, a
relay labeled CR1 (Control Relay 1) is being used to annunciate the status of
an alarm switch, to the left. The coil of CR1 is connected to neutral “N” on
the right side. The other side of CR1 is connected to 110 V only when the
alarm switch is operated. As shown in the circuit diagram, the control relay
CR1 has two normally open contacts, depicted as two parallel lines and two
normally closed contacts shown with a diagonal bar across the parallel lines.
When the alarm switch is operated, or closed, the CR1 coil is energized. This
closes the normally open CR1 contacts and opens the normally closed
contacts. The two normally open contacts are being used to turn on the alarm
horn and the red alarm light. One of the normally closed contacts is being
used to maintain the green light on, as long as the safety switch is not closed.
The second normally closed contact is left unconnected, as a spare contact for
possible future use.

110V N
Alarm Switch CR1

—" (O 3

: Alarm Horn
¢ o—Ii—e )
CR1 Red Alarm Light
| —e Y I\
* —: T

CR1 Green Light

¢ . 'rrf—o: M"‘
E% Spare, Normally
Open CR1 Contact

Figure 1.16: Regular relay applied in an alarm circuit.

Safety relays operate somewhat similar to regular relays, with the
following exceptions:

1) Safety relays are equipped with redundant coils and contacts.
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2) Safety relays are equipped with diagnostics features.

Manufacturers, such as Rockwell ®, also offer solid-state relays for
applications involving high cycle rates. Safety relays offered by Rockwell ®
are shown in Figure 1.17, along with respective features and functions.

Single Channel

e Emergency Stop Relays
— Monitorsthe E-stop Circuit

— MonitorsSafety Gate Limit
Switches

— MonitorsLight Curtains
— MonitorsRope Pull

Dual Channel

Switches
e 2-Hand Control & Safety Gate If!’il =
Monitors SEETS

— 2-Hand Anti-tiedown &
Anti-repeatrelay

— Controlsmachine from Two Hand Controllers
safety gate limit switches

e Provides additional safety
contacts

Figure 1.17: Rockwell ® Safety Relays and Contactors

Now that we have gained a measure of familiarity with electrical
control and safety devices, let’s explore typical application of some of these
devices through a tour of an automated manufacturing cell depicted in Figure
1.18. If we begin at approximately 11:00°0 clock and move clock wise, we
notice the yellow cabinet housing the safety PLC and other safety devices
such as safety relays, safety contactors, controllers for various safety devices,
1.e. safety mat, safety edge, safety laser scanners, etc. The control cabinet
housing the safety control devices is painted yellow to distinguish it from
typical, gray, control cabinets for regular, non-safety, control systems.

At about 1:00’0 clock, the common E-stop switch is shown mounted
on the right side of the processing machine opening. In the diagram, the E-
stop switch is labeled as “Safety Button.”
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The safety limit switch pointed out in the middle of the automated cell
diagram limits inadvertent rotation of the robot about its major axis, beyond a
safe point. Such application of a safety limit switch, typically, serves as a
back-up to a software based rotational limit.

Trapped key safety switch is shown installed on one of the man doors
at about 3:00°0 clock. A safety cable pull switch is shown spanning the length
of the conveyor. A Safety guard is shown applied just outside a short
conveyor section, at about 6:00’0 clock, for the purpose of preventing
authorized personnel in the area from coming too close to moving parts, i.e.
the conveyor rollers.

& Control Relays

Safety Safety Contactors
Relays

SafetyPLC |

I Safety Buttons

Network
Communications

Safety Light
Curtain

Safety Mat +
Controller

[ Safety EOI

Trapped Key

Safety Limit
Switches

Cable Pull ‘
Switches

[ Key/ Solenoid i /
| Interlock Switches

Safety Laser Safety Guard [
Scanners Edges

Figure 1.18: Rockwell ® safety equipment applied to an automated
manufacturing cell.

A safety laser scanner is shown mounted on the frame that sustains the
two gantry robots. This laser scanner is not clearly visible in Figure 1.18.
Therefore, a picture of a Rockwell/Allen-Bradley, multi-zone, laser scanner is
shown below, in Figure 1.19. Safety laser scanner represents a sophisticated
and relatively new approach to three dimensional protection that is not

© Bobby Rauf, 2022 48




Introduction to Electrical Codes, Drawings, Controls and Lighting Systems — E11-001

available through two dimensional safety light curtains, and other less
sophisticated safety devices. However, not unlike light curtains, safety laser
scanners must be programmed and configured for desired function.

Figure 1.19: Rockwell ® safety laser scanner.
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Self-assessment Problems and Questions — Segment 1

1. A given circuit is meant to carry a continuous lighting load of 16 A. In
addition, four loads designed for permanent display stands are fastened in
place and require 2 A each when operating. What is the rating of the over
current protective device (OCPD) on the branch circuit?

2. A three-phase, four-wire feeder with a full-sized neutral carries 14 A
continuous and 40 A non-continuous loads. The feeder uses an over current
device with a terminal or conductor rating of 60°C. What is the minimum
copper conductor size? Assume no derating applies. Use Tables 1.1 and 1.2.

3. Electrical specifications for a brewery company call for a fusible disconnect
switch enclosure that must be able withstand occasional splashing of water
during periodic wash downs required by the local health codes. This design
will be applied in breweries in the US as well as Europe. The water flow from
the 1-in wash down nozzles is expected to less than 60 GPM from a distance
of 11 ft for less than 4 min. (a) Determine the NEMA rating of enclosure for
the US installations. (b) Determine the IP rating of enclosure for the European
installations.

4. Over-current Protection & Conductor Ampacity:

Applicable Code/Codes: Articles 210.19 (A) (1), 210.20 (A) and 310.15, and
Tables 1.1 and 1.2 of this text (Note: This is not a current table and is only
reproduced for exercise and illustration purposes).

The branch circuit in the exhibit below consists of three continuous loads.
Over current protection in the branch circuit is provided through a 20 amp
circuit breaker. (a) Determine the size of copper conductor based on the
ampacities given in Tables 1.1 and 1.2 assuming conductor temperature is at
75°C or less. Assume 75°C operation and selection is allowed. (b) Verify the
size/specifications of the circuit breaker. Assume no derating applies. (c¢) If
the ambient temperature were to rise to 50°C, how would the conductor size
be impacted?
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Continuous
Loads

A
[ )

6A 6A 4A
—] |_| |—| | 20A Branch Circuit

<——— 20A OCPD

5. A US appliance manufacturer is planning to market a new appliance in
Mexico. The most appropriate safety certification for this appliance would be:

UL
ULC
ETL
NOM

Cow»

6. Assume that the alarm switch in the control circuit depicted below is
opened after being closed for a prolonged period of time. Which of the
following conditions would best describe the status of the annunciating lights
and the horn when the switch is opened?
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110V N
Alarm Switch CR1

: Alarm Horn
¢ —|i|—e ®
CR1 Red Alarm Light
‘| —e Y $
* —: 0
CR1 : Green Light

® ° I,f ° Y
.CRI |§f e Spare, Normally
Open CR1 Contact

Alarm horn will turn off
Red light will turn off
Green light will turn on
All of the above
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Segment 2
Electrical and controls drawings

Introduction

The purpose of this segment is to merely introduce the reader to
established electrical and controls drawings and drawing best practices. In this
segment, the coverage of electrical design drawings, and the application of
NEC ® in the associated design work, is not intended to provide the reader
expert level knowledge that is required and expected of an NEC ® trained and
practicing electrical Professional Engineer or electrical power system
designer.

However, it is our hope that the nonelectrical engineering professional
or non-engineer reader will find this segment helpful in equipping them with
enough knowledge to be able to stay abreast of discussion at hand when those
electrical and controls drawings are spread across the table in the process of
troubleshooting and reinstating an important piece of equipment back into
operation. In addition, through a brief introduction to PLC relay ladder logic,
we will introduce the reader to the programming technique utilized by most
control engineers to control electrical and mechanical systems with PLC based
control systems. Of course, as before, we will illustrate the concepts and
practices discussed, through examples, end of segment problems, and the
solutions at the back of the text.

Electrical Drawings

Three common types of electrical drawings are discussed. These
include a one-line power distribution schematic, a wiring diagram and
electrical control drawings. The objective of this segment is to inculcate basic
understanding of electrical symbols, electrical drawing conventions and
electrical design. In addition, the reader will be shown how NEC and other
methods for application of the code are employed in the electrical power
distribution system design.
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One-line Schematic Diagram

The one-line schematic diagram is also, simply, referred to as a “one-
line drawing.” This drawing is called a “one-line”” drawing because it depicts
electrical circuits and design through representation of just one of the three
phases. This is predicated on a reasonable assumption that all three phases on
the three phase loads and sources are substantially identical in current,
voltage, impedance and other important considerations. As obvious, one
important benefit derived from one-line representation of electrical circuits is
that a greater number of circuits can be captured on one drawing. In other
words, one can examine a large portion of the overall electrical system at one
glance. This facilitates a quicker and more effective comprehension of a large
segment of the electrical system being examined without flipping from one
drawing to another. This is of considerable value in a triage situation when
trouble shooting a system that is down. A simplified one-line schematic is
shown in Figure 2.1. This drawing pertains to an MCC (Motor Control
Center) based power distribution system. Due to the extensity of information
captured in this diagram, certain segments and annotation are somewhat
illegible. Therefore, those segments of the schematic that are examined in
greater detail in this segment are excerpted and duplicated in Figure 2.2.

As we examine the one-line schematic, and other drawings, we will
note the more conventional symbols and nomenclature, as well as, certain
practices adopted by the electrical engineer/designer of these drawings that
deviate from the more universally accepted methods. As we examine the top
portion of the one-line schematic in Figure 2.1, the first piece of information
we notice is the rating of the MCC power distribution system:

480 V Bus, 3 ¢, 4W, 600A, 60 Hz

This notation represents the rating of the MCC and the specification
for the MCC bus bars. This notation encircles one of the three phase bus bars
—represented by the long solid line - and it stipulates the following:

- This MCC is rated 480 V

- It 1is a three phase system

- The MCC is designed to accommodate four wire loads
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- It is rated for a maximum of 600A, for 60 Hz application.

The long dashed line represents the outer chassis or MCC cabinet. The
solid horizontal line, representing one of the three energized 480 V phases,
has multiple vertical lines “hanging” below nodes. These vertical “drops
represent the branch circuits pertaining to specific loads, catered to by this
MCC. The dot at the junction of the vertical branch circuit and the horizontal
bus represents a “node.” The first branch circuit is identified by a unique
identifier “D2,” at the bus bar, on the line side. The other branch circuits are
identified as D4, D5, and so on. Note the chevron symbols directly below each
branch circuit drop. These symbols represent the MCC cubicle bus stabs,
pointed out earlier in the MCC pictures. Focusing on branch circuit D2, and
following this circuit down to the load, the next component we notice is the
fusible disconnect switch. Refer to Figure 2.2 for a detailed excerpt of branch
circuit D2. The three phase, or three pole, “switch” component of the fusible
disconnect switch is followed by the associated overcurrent protection fuse.
The branch circuit bifurcates after the overcurrent protection fuse into the
motor pilot device control circuit and the remaining branch circuit leading to
the 3-hp motor in the field. The function and operational logic of the motor
pilot device control circuit will be described in the wiring diagram section. As
we follow the remaining branch circuit, leading to the motor in the field, the
next entity we see is the solid state overload device. The branch circuit exits
the MCC chassis on the load side of the overload device, via the terminal strip
in the cubicle.
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Figure 2.1 — One line schematic for a power distribution system
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As labeled in Figure 2.2, the power in branch circuit D2, flows from the
MCC to the 3-hp motor, through a bundle of three energized conductors,
accompanied by one ground conductor. This bundle of conductors and the
conduit are specified on the one-line schematic, and interpreted, as follows:

- %” Conduit: The electrical designer of this power distribution system
selected a %" (ID) conduit, or pipe, to house the four conductors specified
for this branch circuit.

- 3 -1/C #12: The electrical designer has selected or specified a three,
single (1/C), AWG #12 conductors to supply three phase AC power to the
3-hp motor.

- 1/C #12 Gnd. The electrical designer has specified one (1/C), AWG #12
conductor to serve as ground for the grounded three phase AC service to
the 3-hp motor.

The description of branch circuit symbols and notations provided
above should be sufficient for understanding the symbols, nomenclature and
notations used for other branch circuits in the one-line schematic depicted in
Figure 2.1 with the exception of branch circuit D4. Branch circuit D4 differs
from all other branch circuits in that it represents a lighting load. Note the
square block labeled “LC-5 used to represent the lighting load, instead of the
circles used for the motor branch circuits.

Examination of Branch Circuit D2

Having introduced the symbols, nomenclature and labels employed in
the representation of power distribution branch circuits, we are better poised
to explore and examine the design criteria and specifications incorporated in
this one-line schematic. We will verify the following design specifications —
pertaining to branch circuit D2 (Figure 2.1 and 2.2) - in order to give the
reader an appreciation of the design process an electrical engineer might go
through in designing electrical power distribution systems:

1) Current carrying conductor size
2) Ground conductor size

3) Conduit size

4) Overload setting
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5) Starter size
6) Overcurrent protection fuse size
7) Fusible disconnect switch size

480V Bus, 3 ¢, 4W, 600 A, 60 Hz,

MCC Chassis I <—— MCC Cubicle Bus Stabs

Fusible Disconnect

< Switch
¢ Fusible Disconnect
Switch Fuse
Motor Starter
Contacts —> 480V/120V Control
<€— Transformer
Solid State
Over _ <€— Control Circuit Fuse
Overload N 2
Device Motor Starter Pilot
Power O| [ €— Devices
Conductor Exit o
from the MCC
%" Conduit MCC Chassis
3-1/C#12 D
1/C #12 Gnd.
3 Hp
3 Motor
Load

Figure 2.2 — Branch circuit D2 excerpt, from one line schematic for MCC.
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Current Carrying Conductor Size

As discussed in the coverage of NEC®, in Segment 1 of this text, a
conductor expected to support a certain continuous load must me rated 125%
of the full load amps. So, the next step would be to determine the full load
amps (FLA) expected to be drawn by the 3-hp motor. As discussed in
Segment 1, the code requires that the full load amp information must be based
on the “nameplate” of the motor. Since, actual motor data is not available in
this text, for illustration purposes we will base our discussion and analysis on
the information available in the Buss ® table, shown in Figure 2.3; with some
verification through NEC ®.
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Figure 2.3 — Bus ® Table, used for electrical design verification.
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As we focus on the circled/highlighted, section of the Buss ® table in
Figure 2.3, we can spot most of the code compliant design parameters
associated with the 3-hp load in branch circuit D2. According to this table, a
fully loaded 3-phase motor, operating at 480V, will demand 4.8 amps. In
addition, according to this table, in order to comply with the code, the three
current carrying conductors must be a minimum of AWG #14. If we follow
the NEC ® requirement that the conductor ampacity must be a minimum of
125% (1.25) times the motor FLA (Full Load Amps), each of the three current
carrying conductors must be capable of carrying a minimum of:

(1.25) x (4.8 A) = 6A

Examining Table 2.1 (Superseded by NEC Tables 310.15(B)(2)(a)),
we see that an AWG #14 has an ampacity of 20 A, for THHW and THWN
insulation (and other types of insulation) at 60°F terminal or conductor
temperature. Note, however, that the 20 A ampacity is predicated on other
conditions and stipulations, i.e. overcurrent protection restrictions. Further
discussion on additional stipulations, exceptions and code implications is
outside the scope and context of this text. For simplicity, acknowledging the
fact that AWG #14 has the ampacity to carry 20 A (amps), we establish that
AWG #14 — as stated in the BUS ® table (Figure 2.4) - is adequate for this
motor branch circuit.

Nevertheless, as we refer back to the schematics in figures 2.1 and 2.2,
we notice the electrical engineer/designer in this case, selected size AWG #12
copper conductors for this circuit; which is rated 25 A, and it clearly exceeds
the minimum requirement. This decision by electrical engineer/designer is an
example of how some engineer/designers and engineering firms subscribe to a
“hard deck” on the low end of conductor sizes. In this case the engineer and
the firm appear, as result of “in-house best practice,” don’t design power
circuits with conductors smaller than AWG #12. The same engineering firm,
on the other hand, might design “control” circuits based on AWG #18.
Overall, from electrical design safety point of view, selection of AWG #12 for
D2 current carrying circuit exceeds the requirements, and is safe.
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Ground Conductor Size

Next, let’s examine the ground conductor selected for branch circuit
D2. As apparent from examination of Bus table in Figure 2.4, this table does
not specify the ground conductor size for various branch circuits. One could
specity the ground conductor size to be the same as the current carrying
conductors, as done by the designer of branch circuit D2, in schematics on
figures 2.1 and 2.2; where the designer specified AWG #12 conductors for the
three, 3-hp motor, current carrying conductors, as well as the ground
conductor. The purpose of the ground conductor is to carry fault current and to
serve as a “mechanism” for safely de-energizing circuits with electrical faults.
For example, if the insulation of one of the energized phases in branch circuit
D2 were to atrophy, or break down due to other reasons, the 460 V potential
could come in contact with the motor chassis and raise its potential to 460 V.
With the motor grounded properly, such an electrically unsafe condition
would be rectified through a phase to ground fault clearing the fuse
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Table 2.1 - NEC ® Ampacity table superseded by current NEC Table

310.15(B)(16). Included for general illustration purposes, only. Courtesy,

NEC, NFPA.
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protecting that particular “leg” of the branch circuit. The fault events such as
the one cited in this example are short lived, and therefore, the ground
conductor size and ampacity, do not have to be the same as the size and
ampacity of the current carrying conductors. Often, the ground conductor size
is less than the current carrying conductors for the same branch circuit.

Ground conductors are sized in accordance with NEC ® Article
250.122 (D) (1) & (2) and Table 250.122. In this case, according to NEC ®,
the minimum ground conductor size is AWG #14. So, the AWG #12 ground
conductor specified in branch circuit D2 is “oversized,” but safe.

Conduit and Conduit Size

As stated on schematics in figures 2.1 and 2.2, the conduit specified by
the engineer is % ID. Before we determine if the ¥4 conduit is adequate for
this branch circuit, we need to recount the purpose and general characteristics
of an electrical conduit. Electrical conduits can be rigid or flexible. Electrical
conduits are similar to pipes used to convey fluids. Conduits can be
constructed out of metal or PVC (polyvinyl chloride). The key function of an
electrical conduit is to protect the electrical conductors against mechanical
damage, exposure to adverse environmental ambient factors, i.e. moisture,
corrosive liquids, solids or gases. Unlike pipes applied in fluid system,
conduits used in electrical systems cannot be filled to completely. As apparent
from Segment 1 in this text, and pertinent tables therein, electrical conduits
are permitted to be filled only partially. Two ostensible reasons for this
constraint are: (1) It is, physically, difficult to pull too many wires through a
conduit and associated elbows and fittings (2) a certain minimum, cross-
sectional, open space is necessary in an electrical conduit to facilitate
ventilation of any heat dissipated in the conductors due to IR losses.

The %4 conduit specified for branch circuit D2, on schematics in
figures 2.1 and 2.2, is oversized based on the Bus ® table in Figure 2.4. As
noted earlier, the Bus ® table identifies a 2 “conduit for the 3-hp branch
circuit D2, in combination with the AWG #14 conductors. The %4 conduit
specified on the drawings is sized based on fact that four AWG #12
conductors were selected by the electrical designer. In order to understand the
process of selection of conduits, using the NEC ®, we will compare both
alternatives: a '2” conduit and the %4” conduit.
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