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Understanding Power Concepts
• This course was put together using readily available material from 

the internet, and from older IEEE presentations.  It is for 
educational purposes only.  The user of this material should consult 
a licensed professional engineer on all topics presented in this basic 
electrical power course.

• This material has not been checked for accuracy.  It should be 
assumed to be out of date.

• This material is again for educational purposes only.  No profits 
have been made in the making of this course or in its presentation.  
This course is solely to help educate our engineers and society on 
electrical power topics.



Understanding Power Concepts

• This REV 0 April 2013 course covers Parts 1, 2, 
and 3.  

• Part 4 will be added at a later date, REV 1.



Understanding Power Concepts

• Part 1
– Introduction
– Formulas (AC/DC Basics)
– Standards
– Codes/Personal Safety
– Grounding



Understanding Power Concepts

Part 2
– Electrical Studies

• One lines
• SC
• LF
• I2T

– Transfer Schemes
– Cable types
– Feeder Designs



Understanding Power Concepts
Part 3
• Motors

– AC Induction Motors
– Motor Efficiency and Assessment
– Motor Controllers (VFD and Harmonics)
– Application Considerations

• Transformers
• Substations
• Switchgear
• Panels (Lighting and Power)
• MCC
• DC/UPS Systems 



Understanding Power Concepts

Part 4 (has not been added as of REV 0)
• Protective Relaying

– Bus
– Feeders
– Motors
– Generators
– Transformers



Power System Engineering

• During the last 50 years electrical engineering 
has become very diversified.

• It is a much broader scope than ever before.
• In order to keep pace with emerging 
technologies a need has been identified to 
provide the fundamental knowledge of 
electrical power engineering.



Electrical Power Engineering

• Manufacturing
– Generators, and motors
– Transformers
– Skidded packages (electro chlorination units, pump 
packages, filtration units, process packages)

– MCC, SWGR, power houses
• Relay programming
• System studies
• Industrial Distribution systems (LV, MV)
• Transmission design (HV, EHV)



• VISUAL / MENTAL COMPREHENSION OF THE 
COMPONENTS BASED ON PROJECT SINGLE LINE 
AND SPECIFICATION.



Learning Objectives

• Close the 
knowledge gap. 

• Real world 
examples.

• Check lists. 
• Work problems.
• Survey the 
industry.





Understanding Power Concepts

Part 1
• Introduction
• Formulas (AC/DC Basics)
• Standards
• Codes/Personal Safety
• Grounding



Before starting a project you should know the answers to the following questions.

• What is the nature and magnitude of the load?
• Where is the power coming from?
• How much will the electric power systems cost?
• What voltage levels should be selected for the plant primary system and 

secondary system?
• What circuit arrangement is best suited, i.e.; radial, secondary selective, or 

secondary network?
• What size substations are most economical?
• Secondary distribution.
• Combined light and power?
• Are voltage regulating means required?
• Short‐circuit protection?
• Grounding.
• Overcurrent protection?
• Is the lightning protection adequate?
• Power factor correction?
• Types of Lights required.



In order to understand this...



Outline

• E&M Principles
• Types of Power Plants
• Power System Components



Principles

• energy = “the ability to do work”
measured in Joules

• power = rate of energy generation or use
measured in Watts = Joules / sec

• current = rate of charge flow
measured in Amps

• voltage = “pressure” pushing current
measured in Volts

Water pipes analogy



Powerhouse @ Hoover Dam



Types of Power Plants

Classification by the “mechanical means” used 
to turn the generator...

• Thermal (water steam by burning Coal, Oil, NG)

• Nuclear (water steam by Uranium or Plutonium fission)

• Geothermal
• Hydroelectric (falling water)

• Wind
• Solar



Thermal Power Plant





Nuclear Power Plant





Hydroelectric Power Plant



Hoover

Itaipu



Power Plant Components
ELECTRICAL
• Generators & Turbines
• Transformers
• Switches
• Busses
• Cables
• Motors
• Circuit Breakers
• Capacitor Banks

MECHANICAL
• Conveyors
• Silos
• Boilers
• Scrubbers & Stacks
• Pumps
• Cooling Towers



At the front end

• Conveyors
• Boilers
• Scrubbers and Stacks
• Pumps
• Cooling Towers



Generators

• The whole point of the 
power plant is to turn 
the generators to 
produce electrical 
energy.



Turbines

• Difficult to replace
• A spare is often kept 



Busses

• non-insulated electrical conductors
• large cross-section = low resistance
• must be far from ground and other 

components to avoid arcing

flirthermography.com



Switches & Switchyards

http://www.learnz.org.nz/trips06/images/big/b-switchyard.jpg



Circuit Breaker Uses Both SF6 And Air As Insulating Gases



High Voltage Circuit Breaker



Transformers

• PURPOSE: to change the 
voltage
– increase = “step-up”
– decrease = “step-down”

• Often run hot, must be 
cooled, prone to explode.
– oil inside
– cooling fins and fans
– blast walls



Circuit Breakers

• PURPOSE: stop the 
flow of current if too 
much flows (due to 
short circuit or excess 
demand)

230 kV breaker



Capacitor Banks

• Purpose: to smooth out 
spikes or “glitches” in the 
line voltage. Used to correct 
power factor issues, or to 
mitigate harmonics in filter 
designs.



Transmission Lines

and the “grid”



Why are High Voltages Used?
• Transmission lines typically carry 

voltages of 110 kV, 230 kV, or 
even higher. The wires are not 
insulated, so they are kept high off 
the ground and well separated 
from each other, to prevent arcing 
(sparks) and injury or people or 
animals.

• Why use such high voltages? 
Using very high voltages on the 
transmission lines reduces the 
amount of energy wasted heating 
up the wires.

• And why is that so? Transformers 
cannot add energy, so if the 
voltage is increased, the current 
(in amps) must decrease. The 
charges flowing through the wires 
constantly collide with the atoms, 
losing energy and heating the 
wire. We call this resistance. 
Recall that the power (energy per 
time) lost to that heating is given 
by the equation P=I2R. If the 
current is reduced, the power used 
in heating the wire is reduced.



Transformer Sub-Station
Purpose:

• to reduce the very high 
voltages from the 
transmission lines (>100kV) 
to intermediate voltages 
used to serve an individual 
town or section of a city 
(typically 66 kV or 33 kV)

TTR Substations, Inc.





Understanding Power Concepts

Part 1
• Introduction
• Formulas (AC/DC Basics)
• Standards
• Codes/Personal Safety
• Grounding





Industrial



Basic Electricity for Industry
• Ohm’s law
• Impedance
• Power (kW)
• Reactive power (kVAR)
• Apparent power (kVA)
• Power factor (cos theta) 
• Efficiency
• Work problems.
• Survey the industry.



DC Voltage



AC Voltage



Resistive Load



Inductive Load



Capacitive Load





Ohm’s Law
• E: Electromotive force or 

Voltage; Volts, V
• I: Electric Current; 

Amperes, A
• R: Resistance of heater; 

Ohms, omega
• P: Power; watts

• Example solving resistance 
space heater element 
connected to the terminal 
of an AC generator or other 
AC source.



http://www.chromalox.com/productca
talog/Component+Technologies/Strip+
and+Ring+Heaters/product‐family‐
router.aspx?f=64







Let’s consider three resistive 
elements. (series circuit)



Equivalent Circuits



Equivalent Circuit



Parallel Circuit



Parallel Circuit



P ll l Ci i





Networks are electrical 
transmission/distribution systems



Cyclic Voltage and Current





Sinusoidal Voltage and Current





Cyclic Voltage and Current



Basic Electrical Quantities



Basic Electrical Formulas



Decimal Multiples and Submultiples



Current in phase with voltage



AC Voltage and Current in a resistance



Current lagging voltage by 30 deg.



AC Voltage and current in an inductive 



Inductive Equipment Used in Industry

• Transformers
• Solenoids
• Variable Transformers
• Relays
• Fluorescent light 
ballasts

• Motors



AC Voltage and Current in a capacitive 



Capacitor Equipment Used in Industry



Impedance of an ac circuit



   



P ll l R L C  i i



Impedance Formula Parallel‐
 



Impedance formula series connected 
elements



Impedance Formula Parallel‐
Connected Elements



Power in AC circuits and systems (inductive)



Power in AC circuits and systems 
(capacitive)



Typical users of power and their 
characteristics.



Power Factor or load and supply



Power and 
Power Factor 

in an 
induction 

load



Power 
Capacitor 

connected to 
Motor



Power Capacitor 
connected to 

Motor



Power Capacitor connected to Motor



Generation of three phase voltage



Line voltages and line to neutral 



Voltages generated by a 3‐phase 440 
volt AC generator.



Line currents in a balanced 3‐phase 





Delta and Wye connected loads



Current and 
voltage in a 

wye 
connection



   
     
 



http://www.chromalox.com/productca
talog/Component+Technologies/Strip+
and+Ring+Heaters/product‐family‐
router.aspx?f=64



Three resistors are connected in a wye 
across a 440V 3‐phase line.  If they 
dissipated a total of 6000 W, or 6kW, 
calculate:

1) Calculate the 
line current.

2) Calculate the 
resistor 
values.





A 4kV 3‐phase line carries a line 
current of 90A.  The power factor is 
0.85 lagging, and the load is 
connected in delta.

Calculate:
1) The impedance of 

the load, per phase.
2) The reactive power, 

per phase.





Phase sequence



Does the equipment used to transmit the power to the load 
have a large impact on the power factor?

Typical equipment would be cables and transformers

• These components do not dictate power factor, 
but only have a small effect on it under normal 
steady state conditions. 

• Under fault conditions their effect is very large. 



The most commonly used electrical diagrams, 
schedules, and drawings are:

• one‐line diagrams.
• elementary three‐line diagrams.
• schematic wiring diagrams.
• circuit breaker schedules.
• motor control center schedules.
• lighting panel board schedules.
• loading schedules.
• conduit schedules.
• wiring schedules.
• switchgear layout drawings.
• motor control center (MCC) layout drawings.
• riser conduit/stub‐up diagrams.
• circuit wiring layout diagrams.





Power Systems Study
• The one‐line diagram is most commonly used in the performance of 

power systems studies. The following information should be 
provided, as a minimum, on the one‐line diagram, regardless of the 
type of power system study being performed.

– bus current and voltage ratings
– short‐circuit current available (optional)
– voltage and current ratios of instrument transformers
– protective device (circuit breakers, fuses) ratings
– functions of relays indicated by device numbers
– ratings, type, and impedance of motors and transformers
– connections (i.e. delta or wye) of transformers
– number, length, size, and type of conductors and conduit

• The final application of the drawing (short‐circuit study, coordination 
study, construction, etc.) will determine the exact information on the 
one‐line diagram. For example, impedance of a motor is required for 
a short‐circuit study but not for a coordination study. Relay and 
adjustable settings of circuit breakers are required for a coordination 
study but are not required for a short‐circuit study.







Main equipment used:











Main equipment used:







Motor Control Centers MCC



Main equipment used:







Main equipment used:



Main equipment used:



Main equipment used:



Main equipment used:



Typical Low Voltage Switchgear





Main equipment used:





Main equipment used:



General Causes of failure of electrical 
equipment.



Cost of Power



Understanding Power Concepts

Part 1
• Introduction
• Formulas (AC/DC Basics)
• Standards
• Codes/Personal Safety
• Grounding



Electrical Codes

• NFPA 70 (National Electrical Code)
• NESC (The National Electrical Safety Code)
• OSHA (Occupational Safety and Health Act)
• API RP‐14F
• API RP‐500



National Electrical Code

• The National Electrical Code (NEC) establishes the 
minimum requirements necessary to provide 
practical safeguarding of persons and property from 
hazards arising from the use of electricity. 

• It should not be considered a design guide since it 
does not consider efficiency, convenience, or 
expandability for future service in its requirements.



National Electrical Safety Code
• The National Electrical Safety Code (NESC) covers basic 

provisions for safeguarding people from hazards arising 
from the installation, operation, or maintenance  of

• 1) conductors and equipment in electric supply stations, 

• 2) overhead and underground electric supply and 
communication lines. 

• It also includes work rules for the construction, 
maintenance, and operation of electric supply and 
communication lines and equipment.



National Electrical Safety Code

• The document is published by the American National 
Standards Institute (ANSI) which requires it's 
standards to be reviewed and/or revised on at least a 
5 year cycle. 

• However, the NESC closely follows NEC requirements 
and therefore is updated on a three year cycle to 
match that of the NEC.



230V 10HP 
motor 50AMPS

240V 1kW 
heater 
1000W/240V = 
4.17 AMPS

54.17AMPS









1% voltage drop or 480V*.01 = 
4.8V; so 480V‐4.8V= 475V





















20A * 1.25 =25A 
5A *1.00  = 5A
So the total amps should be 25+5 = 30A









Motor FLA = 240A













#4/0 75deg C column 230A * 0.80 (six 
conductors) * .82 (43 deg C) = 
230*.8*.82 = 150.88A or (B) 151 A











OSHA 1910 Subpart S
• The Occupational Safety and Health Administration (OSHA) has 

overall responsibility for the safety and health of industrial workers in 
the United States. 

• However, their authority may sometimes be delegated to another 
agency such as the United States Coast Guard as explained above in 
Section 1. 3.

• Regardless of whether they delegate the authority, their regulations 
are still applicable to industries operating either onshore or offshore 
in the United States. 

• For electrical systems, the applicable regulations are contained in 
1910 subpart S. In addition, various state agencies may also exercise 
jurisdiction over some facilities, and where this is done, the National 
Electrical Code is typically the enforcing document.



API RP‐l4F
• "The API Recommended Practice for Design and 

Installation of Electrical Systems for Offshore 
Production Platforms" is referred to as API RP‐14F. 

• The document recommends minimum requirements, 
and guidelines for the design and installation of 
electrical systems on fixed production platforms 
located offshore,

• and is intended to bring together in one place a brief 
description of basic desirable electrical practices for 
offshore electrical systems.



API RP‐500
• The API document titled "Recommended Practice for 

Classification of Locations for Electrical Installations at Petroleum 
Facilities" is referred to as API RP‐500. 

• That document applies to the classification of locations for both 
temporarily and permanently installed electrical equipment. 

• The suitability of locations for the placement of non‐electrical 
equipment is not covered. 

• In addition, the recommendations do not address possible 
catastrophic conditions such as a well blowout or a process vessel 
rupture since such extreme conditions require emergency 
measures at the time of occurrence.



N.E.C. Article 500 Code Sections

• Article 500 Hazardous Locations
• Article 501 Class I Locations
• Article 502 Class II Locations 
• Article 503 Class III Locations
• Article 504 Intrinsically Safe Systems
• Article 505 Class 1, Zone 0, 1, and 2 Locations
• Article 510 Hazardous Location ‐Specific 
• Article 511 Commercial Garages
• Article 513 Aircraft Hangars
• Article 514 Gasoline Service Stations 
• Article 515 Bulk Storage Plants
• Article 516 Paint Spray Application



Class Locations

• N.E.C. Article 500.5 (B) 

• An area where 
FLAMMABLE GASES or 
VAPORS are or may be 
present in the air in 
sufficient quantities to 
produce explosive or 
ignitable mixtures.



Class I Locations (Gases)

• N.E.C. Article 500.5 (B) 

• An area where 
FLAMMABLE GASES or 
VAPORS are or may be 
present in the air in 
sufficient quantities to 
produce explosive or 
ignitable mixtures.



Class I Locations (Gases)
7FA GE Turbine Installation



Class I Locations (Gases)
7FA GE Turbine Installation



Class I Locations (Gases)
CLASS I INDUSTRIES AND APPLICATIONS
• Natural or liquefied gas storage facilities
• Chemical plants
• Petroleum refineries
• Bulk handling or storage facilities for gasoline
• Dip tanks
• Storage tanks for flammable liquids or gas
• Spraying areas for paints or plastics
• Aircraft fuel servicing areas or hangers
• Well drilling (oil and gas), offshore or on
• Pipeline pumping areas
• Printing machine areas



Class II Locations (Dust)

• N.E.C. Article 500.5 (C)

• An area where presence of 
COMBUSTIBLE DUST 
presents a fire or explosion 
hazard. 



Class II Locations (Dust)

CLASS II INDUSTRIES AND APPLICATIONS
• Grain storage, handling or processing plants
• Coal storage, handling or processing facilities
• Metal grinding or metal powder producing facilities
• Gunpowder or explosive (fireworks) plants
• Sugar, cocoa, spice or starch production or handling 
facilities



Class III Locations (Fibers)

• NEC Article 500.5 (D) 

• An area made hazardous 
because of the presence of 
easily ignitable FIBERS or 
FLYINGS, but in which such 
fibers or flying's are not likely to 
be in suspension in the air in 
quantities sufficient to produce 
ignitable mixtures.



Class III Locations (Fibers)

• CLASS III INDUSTRIES AND APPLICATIONS
• Cotton, textile or flax producing or handling 
facilities

• Wood cutting, pulverizing or shaping plants
• Clothing manufacturing facilities



Locations

• Division 1
• Division 2



Division 1 Location

• NEC Articles 500.5(B)(1), 
500.5(C)(1) and 500.5(D)(1) 

• An area where the HAZARD 
EXIST UNDER 
NORMALOPERATING 
CONDITIONS. This also includes 
locations where the hazard is 
caused by frequent 
maintenance or repair work or 
frequent equipment failure.



Division 1 Location

• Consider that there are 8,760 hours in a year. It is 
proposed that a Division I location would be one that 
is within the flammable range more than 0.1% of the 
time, that is more than 8.76 hrs/yr.

• From a practical viewpoint on this basis, we would 
suggest that any area in the flammable range 10 
hrs/yr. or more should be classified as Division 1.



Division 2 Location

• NEC Articles 500.5(B)(2) , 
500.5(C)(2), and 500.5(D)(2) 

• An area where ignitable gases, 
vapors, dust, or fibers are handled, 
processed, or used, but which 
EXIST ONLY UNDER ABNORMAL 
CONDITIONS, such as containers or 
closed systems from which they 
can only escape through accidental 
rupture or breakdown. 

• Note: No electrically conductive 
dust are included in Class II, 
Division 2 atmospheres.



Division 2 Location

• A Division 2 location would be one that is 
within the range more than 0.01% and up to 
0.1 % of the time (0.876 hours to 8.76 hours).

• From a practical viewpoint on this basis, we 
would suggest that any area in the flammable 
range classified as Division 2, would be in the 
range between 1‐10 hrs/yr.



Comparison of Div 1 and Div 2 for Gases



Groups A, B, C, and D (Gases)

NEC Article 500.6(A) 
• Groups indicates the DEGREE OF THE HAZARD.

• GROUPS A, B, C and D are classified by chemical families as 
shown in NFPA 497M‐1986 and 325M‐1984. 

• The important factor in classifying a gas or vapor by Group is 
how much PRESSURE is created during an explosion. Group A 
(Acetylene) creates the most pressure, with Group B 
(Hydrogen) next.



Groups A, B, C, and D (Gases)



Groups A, B, C, and D (Gases)

Relative speed and maximum pressure of five test
gases: acetylene, hydrogen, ethylene, propane, and methane.



Groups E, F and G (Dust)

NEC Article 500.6(B)
• Groups indicates the DEGREE OF THE 

HAZARD, based on Electrical Resistivity from 
Table on right (Source: ANSI/ISA‐S12.10‐
1988) 

• GROUP E ‐Atmospheres containing 
combustible METAL DUST.

• GROUP F ‐Atmospheres containing CARBON 
BLACK, CHARCOAL, COAL, or COKE DUST.

• GROUP G ‐Atmospheres containing 
AGRICULTURAL and other dusts



Summary of Classes and Groups

CLASS I:FLAMMABLE VAPORS & GASSES (Volatile gas or vapor present in 
sufficient quantity to produce ignition or explosion).

GROUP A: ACETYLENE 
GROUP B: HYDROGEN 
GROUP C: ETHYLENE
GROUP D: GASOLINE

CLASS II:COMBUSTIBLE DUSTS (Combustible dusts present in sufficient 
quantity to present a fire or explosion hazard).

GROUP E: METAL DUSTS
GROUP F: CARBON DUSTS ‐COAL
GROUP G: GRAIN DUSTS 

CLASS III:FIBERS & FLYINGS (Easily ignitable fibers or flyings present but 
not likely to be suspended in the air).



Understanding Power Concepts

Part 1
• Introduction
• Formulas (AC/DC Basics)
• Standards
• Codes/Personal Safety
• Grounding



REFERENCES
• IEEE PES (Presentation Material)
• NFPA 70E
• IEEE 1584
• NEC
• OSHA
• SEL Arc Flash Seminar Material

• This presentation does not qualify the person to perform the 
calculation (a licensed professional engineer in the State the 
analysis is being conducted) shall perform the study.

• This presentation is for educational purposes.



ELECTRICAL HAZARDS

• Electrical shock
• Electrical arc‐flash
• Electrical arc‐blast







ELECTRICAL SHOCK
• Body resistance

• Wet or dry skins are major factors of resistance

• Circuit voltage

• Amount of current flowing through the body

• Current through the body

• Area of contact

• Duration of contact



ELECTRICAL ARC‐FLASH
Arco electric flash

• Body Burn



ELECTRICAL Arc‐Blast

• Rapid expansion of the air caused by an 
electrical arc, referred to as an electrical arc‐
blast or explosion



CONTRIBUTING FACTORS TO ELECTRICAL 
ACCIDENTS

• Faulty Insulation

• Improper grounding  

• Loose connections

• Defective Parts

• Ground faults in equipment

• Unguarded live parts

• Failure to de‐energize electrical 
equipment when it is being 
repaired or inspected

• Intentional use of obviously 
defective and unsafe tools

• Use of tools or equipment too 
close to energized parts

• Tools left in electrical cubicle
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An Introduction to 
Arc Flash  



AGENDA

• Standards Related to Safety
• What is the purpose of an arc flash study?
• Approach to Arc Flash
• Preparing to Work Safely 
• Discussion/Path Forward







WHAT CAUSES ARC FAULTS?
– Human error
– Unintentional grounds
– Equipment failure (Poles welded shut)
– Forgotten tools lying on or near energized parts
– Undetected overheating
– Dielectric failure of the switchgear
– Small animals such as rat or snakes coming in 
contact with energized parts



AGENDA

• Standards Related to Safety
• What is the purpose of an arc flash study?
• Approach to Arc Flash
• Preparing to Work Safely 
• Discussion/Path Forward



STANDARDS RELATED TO SAFETY

NFPA 70E
IEEE Standard 1584
NEC 110.16
OSHA







NFPA 70E ‐ 2004

Appropriate safety‐related work practices shall be 
determined before any person approaches 
exposed live parts within the Limited Approach 
Boundary by using both shock hazard analysis and 
flash hazard analysis.



NFPA 70E ‐ 2004

If live parts are not placed in an electrically safe 
work conditions (i.e., for the reasons of increased 
or additional hazards or infeasibility per 130.1) 
work to be performed shall be considered 
energized electrical work and shall be performed 
by written permit only.

NFPA 70E – 2009
130.3(C) – Equipment shall be filled marked with a label
containing the available incident energy or required level of PPE







(B) Protective Clothing and Personal Protective Equipment for Application with 
a Flash Hazard Analysis. Where it has been determined that work will be 
performed within the Flash Protection Boundary by 130.3(A), the flash 
hazard analysis shall determine, and the employer shall document, the 
incident energy exposure of the worker (in calories per square centimeter). 
The incident energy exposure level shall be based on the working distance 
of the employee’s face and chest areas from a prospective arc source for the 
specific task to be performed. Flame‐resistant (FR) clothing and personal 
protective equipment (PPE) shall be used by the employee based on the 
incident energy exposure associated with the specific task. Recognizing that 
incident energy increases as the distance from the arc flash decreases, 
additional PPE shall be used for any parts of the body that are closer than 
the distance at which the incident energy was determined As an alternative, 
the PPE requirements of 130.7(C)(9) shall be permitted to be used in lieu of 
the detailed flash hazard analysis approach described in 130.3(A). 

FPN: For information on estimating the incident energy, see Appendix D.

NFPA 70E



IEEE Std 1584 ‐ 2002
• Addresses Arc Flash Calculations:

Arcing Fault 
Incident energy 
Flash boundary

• Valid Ranges
208 V to 15 kV
700A to 106kA
Gap 13mm to 153mm

• Out of Range
Use Lee Equation







AGENDA

• Standards Related to Safety
• What is the purpose of an arc flash study?
• Approach to Arc Flash
• Preparing to Work Safely
• Discussion/Path Forward



ARC‐FLASH STUDIES
Purpose
To examine the incident energy and arc‐flash boundary at
each electrical equipment location in the electrical system. 

Study Used to Determine:
• Incident energy
• Arc‐Flash Boundary
• Personal Protective Equipment (PPE)

Goals
• Introduce operating procedures to avoid exposure.
• Keep incident energy under 40‐cal/cm2 if possible.



INCIDENT ENERGY

Energy Per Unit of Area Received On A  Surface Located A Specific Distance 
Away From The Electric Arc, Both Radiant And Convective, in Units of 
cal/cm2.



Use IEEE 1584 Calculations

Preliminary IEEE 1584 work used in NFPA 70E
NFPA 70E equations limited to < 1000V
IEEE 1584 equations expanded to 15,000V
NFPA 70E 38% Arcing Fault Current is overly 
conservative and doesn’t guarantee worst case 
incident energy.



INCIDENT ENERGY

log (En) = K1 + K2 + 1.081 log (Ia) + 0.0011 G

En Incident energy (J/cm2) normalized for 0.2s arcing duration                   
and 610mm working distance 

K1 –0.792 for open configuration 
–0.555 for box configuration (switchgear, panel)

K2 0 for ungrounded and high resistance grounded systems
‐0.113 for grounded systems

Ia Arcing fault current
G gap between bus bar conductors in mm

solve En = 10 log En



INCIDENT ENERGY

Incident Energy convert from normalized:

E = 4.184 Cf En (t/0.2) (610X / DX)

E incident energy (J/cm2)
Cf 1.0 for voltage above 1 kV and 
1.5 for voltage at or below 1 kV
t arcing duration in seconds
D  working distance
x distance exponent

x Equipment Type kV
1.473 Switchgear <= 1
1.641 Panel <= 1
0.973 Switchgear > 1
2 Cable, Open Air





Flash Boundary
DB  arc flash boundary (mm) at incident energy of 5.0 (J/cm2)

DB   =  [ 4.184 Cf En (t/0.2) (610X / EB) ]1/X
where 

EB incident energy set 5.0 (J/cm2) 
Cf 1.0 for voltage above 1 kV and 
1.5 for voltage at or below 1 kV
t arcing duration in seconds
x distance exponent

x Equipment Type kV
1.473 Switchgear <= 1
1.641 Panel <= 1
0.973 Switchgear > 1
2 all others

The flash boundary is essentially a reverse calculation to determine the distance where the incident energy is equal to 1.2 calories per square 

centimeters.





AGENDA

• Standards Related to Safety 
• What is the purpose of an arc flash study?
• Approach to Arc Flash
• Preparing to Work Safely
• Discussion/Path Forward



6 Step Approach

1. Project Understanding
2. Build an Electrical System Model
3. Short Circuit Calculations
4. Protective Device Coordination Study
5. Arc‐Flash Hazard Analysis
6. Review and Implement the Results



Data Required
• One‐Line Diagrams
• Breaker/Switch Positions
• Utility Short‐Circuit Contribution
• Transformer Data
• Generator Data
• Reactor Data
• Cable Lengths & Sizes
• Connected Rotating Machinery
• Breaker Clearing Times
• CT Ratios
• Relay/Trip Unit Manufacturer & Models
• Relay/Trip Unit Settings (Phase & Ground)
• Fuse Data



Issues – Arc Fault Tolerance
• A Small Reduction in Available Fault Current can result 

in a large increase in incident energy due to longer trip 
time.

• IEEE P1584 suggests to calculate incident energy based 
on 100% and 85% of the arcing fault.

• NFPA 70E suggests to calculate incident energy based 
on 100% and 38% of the fault current.



• Arc Flash Calculation Step Review
– Determine System Modes of Operation
– Calculate Bolted Fault Current at each Bus
– Calculate Arcing Fault Current at each Bus
– Calculate Arcing Fault Current seen by each Protective 
Device

– Determine Trip Time for Each Protective Device based on 
Arcing Fault Current

– Calculate Incident Energy at Working Distance
– Calculate Arc Flash Boundary
– Determine Required PPE

PERFORM AN 
ARC FLASH ANALYSIS



Deliverables
1. Updated One Lines
2. Arc Flash Data
3. Incident Energy
4. Arc Flash Boundary
5. Personal Protective Equipment
6. Classification of Hazard/Risk Category
7. Working Distances
8. Labels
9. Comprehensive Report







AGENDA

• Standards Related to Safety
• What is the purpose of an arc flash study? 
• Approach to Arc Flash
• Preparing to Work Safely
• Discussion/Path Forward



• Documented Procedures
• Know Fault Current Calculations
• Know Safe Approach Distance 
• Know Arcing Fault Clearing Time 
• Know the Incident Energy Exposure Calculations
• Know Hazard Risk Category 

PREPARING TO WORK SAFELY
WHAT DO WE NEED TO KNOW OR DO?



• Documented Procedures
– Job briefing (written work processes & procedures)
– Energized work permit

• Know Fault Current Calculations
• Know Safe Approach Distance 
• Know Arcing Fault Clearing Time 
• Know the Incident Energy Exposure Calculations
• Know Hazard Risk Category 

PREPARING TO WORK SAFELY
WHAT DO WE NEED TO KNOW OR DO?



OSHA 1910.333 (a) (1) & NFPA 70E 130.1

Safe Work Practices 

not to work “hot” or “live” except when Employer can 
demonstrate:

1. De‐energizing introduces additional
or increased hazards

2. Infeasible due to
equipment design
or operational
limitations



• Documented Procedures

• Know Fault Current Calculations
–Bolted Fault
–Arcing Fault

• Know Safe Approach Distance 
• Know Arcing Fault Clearing Time 
• Know the Incident Energy Exposure Calculations
• Know Hazard Risk Category 

PREPARING TO WORK SAFELY
WHAT DO WE NEED TO KNOW OR DO?



• Documented Procedures
• Know Fault Current Calculations

• Know Safe Approach Distance 
– Limits of approach
– Flash boundary

• Know Hazard Risk Category 
• Know Arcing Fault Clearing Time 
• Know the Incident Energy Exposure

Calculations

PREPARING TO WORK SAFELY
WHAT DO WE NEED TO KNOW OR DO?



• Documented Procedures
• Know Fault Current Calculations
• Know Safe Approach Distance 

• Know Arcing Fault Clearing Time 
– Time current curves
–Coordination studies

• Know the Incident Energy Exposure Calculations
• Know Hazard Risk Category 

PREPARING TO WORK SAFELY
WHAT DO WE NEED TO KNOW OR DO?



• Documented Procedures
• Know Fault Current Calculations
• Know Safe Approach Distance 
• Know Arcing Fault Clearing Time

• Know the Incident Energy Exposure
Calculations

– NFPA 70E Method
– IEEE 1584 Method

• Know Hazard Risk Category 

PREPARING TO WORK SAFELY
WHAT DO WE NEED TO KNOW OR DO?



• Documented Procedures
• Know Fault Current Calculations
• Know Safe Approach Distance 
• Know Arcing Fault Clearing Time 
• Know the Incident Energy Exposure

Calculations

• Know Hazard Risk Category 
– NFPA 70E

PREPARING TO WORK SAFELY
WHAT DO WE NEED TO KNOW OR DO?



• Prepare to work safely
• Know Fault Current Calculations
• Know Safe Approach Distance 
• Know Arcing Fault Clearing Time 
• Know the Incident Energy Exposure Calculations
• Know Hazard Risk Category 

PREPARING TO WORK SAFELY
WHAT DO WE NEED TO KNOW OR DO?

But Why?



Arc Flash Incident

480 Volt System
22,600 Amp Symmetrical Fault
Motor Controller Enclosure
6‐Cycle Arcing Fault (0.1 sec)



Each slide represents approximately 1 cycle



During the first cycle, the arc releases significant energy including 
light and heat…



At 2 cycles, vapor and debris can be seen.



At 3 cycles, the pressure and sound waves 
begin to move the worker.



At 4 cycles, the equipment and worker are engulfed in flame.
.



At 5 cycles smoke rises from the fire.





Arc Flash Incident

480 Volt System
22,600 Amp Symmetrical Fault
Motor Controller Enclosure
Current Limiting Device with < ½ Cycle operation (.0083 
sec).  Note that Arcing Fault must be in current limiting 
range.



Again each slide represents approximately 1 
cycle.



During the first half cycle some light and energy is 
released, but the fault has already been cleared. 



At 2 cycles, the environment begins to return 
to normal.



3 cycles



4 cycles



5 cycles.  For this case, by clearing the fault is 
less than ½ cycle, there is no perceivable 
damage



Recommendations to Reduce Incident Energy Levels

• Use optical sensors when flash occurs
• Use instantaneous settings when work is being performed

(maintenance settings)
• Reactors (current limiting)
• Differential protection (increases complexity an
• Fuses and or breakers (current limiting)
• Block paralleling capabilities (watch for electrical reliability

issues)

















Recommendations to Reduce Incident Energy Levels

• Decrease pickup and delay settings (watch your coordination
issues)

• Change relay settings or replacing fuse types to reduce incident
energy from arc flash events.

• Reduce fuse sizes (watch your coordination issues)
• Implement instantaneous functions
• Use current‐limiting breakers or fuses for high arcing fault currents



Be familiar with the equipment, 
this will help minimize human 

error.



PREVENTING ELECTRICAL ACCIDENTS

• Largely preventable through safe work practices

• Examples of some safe work practices

– De‐energizing electrical equipment for inspection and repair

– Keeping electrical and equipment properly maintained

– Exercising caution when working near exposed energized lines or 
equipment

– Using appropriate personal  protective equipment and insulated tools



ELECTRICAL SAFETY
• ENVIRONMENT, SAFETY AND HEALTH PRINCIPLES

(used by DOE)
• Plan Work

• Analyze Hazards

• Control Hazards

• Perform Work

• Feedback and improve



ELECTRICAL  ACCIDENTS CAUSED BY ONE OF THE FOLLOWING

• Unsafe work practices

• Unsafe equipment or installation

• Unsafe environment



REQUIREMENTS

• Knowledge/Familiarity

• Mechanical Interlocks

• Electrical Interlocks

• Bus Transfer Procedures

• Lock, Tag and Try Procedures



REQUIREMENTS

• Workers: Trained and Qualified

• One Line Diagrams: Up‐ to‐ date and attached to 
procedures

• Test Equipment: Good working condition and 
calibrated

• PPE( Personal Protective Equipment) Good Working 
Condition and tested per standards



SAFETY INTERLOCKS IN MEDIUM VOLTAGE 
STARTERS

• Protective Barriers for Safe Operation of MV 
Starter Isolating Switches

• Design And Function Of Safety Interlocks

• Maintenance of Safety Interlocks in MV Starters   





1 High MV Cell

Power Cell MV Compartment
• The power cell is 
designed to allow 
easy access without 
the need to remove 
components.



Two High MV Cell

Power Cell MV Compartment

• The power cell in a 
Two High structure 
includes, as standard, 
a swing‐out Low 
Voltage panel, 
allowing for increased 
working area.



 The standard components housed 
in the panel are:

 Normal‐Off‐Test selector 
switch

 Male test power receptacle
 Rectifier Bridge
 CR1 and CR2 control relays
 Motor protection relay(s)

Low Voltage Compartment



When in the “OFF” position 
the isolation switch is 
connected to “Ground 
Potential” via grounding 
pins.

Non‐load Break Isolation Switch



Non‐load Break Isolation Switch
• It is mechanically and 
electrically 
interlocked with the 
contactor to ensure it 
can’t open or close 
when the contactor is 
closed.

• It is also mechanically 
interlocked with the 
power cell door.
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Maintenance Aids

• Voltage detectors

• Viewing windows

• Infrared sight glass

• Grounding balls



Voltage Checking Devices
• Non Contact Voltage Detectors (NCVD)
• Voltage Indicator (low and high voltage)
• Voltmeters
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Voltage Detectors



Voltage Detectors



Voltage Detectors



Voltage Detectors



Grounding Balls



Grounding Cable



Infrared Sight glass



Infrared Scanning



• The higher voltage does not effect the function 
of the product

• it only affects the form of the product:

– size

– electrical clearances

– interlocking

– components

Medium Voltage and Low Voltage





• Arc vent on the unit roof
– Aluminum plate designed to 
open under high pressure 
associated with arc flash 
conditions

– Offset to rear of structure 
(allows use of LV wireways)

– Installers must not step on this 
area (suitable warning label is 
provided)

ArcShield Overview



Understanding Power Concepts

• Part 1
– Introduction
– Formulas (AC/DC Basics)
– Standards
– Codes/Personal Safety
– Grounding













Typical Substation Grounding Grid



Practical Earth Testing

Content 

• Principles
• Test Methods
• Practical Measurement
• Summary



What is ground?

A conducting connection, whether intentional or 
accidental, between an electrical circuit or equipment 
and the earth, or to some conducting body that serves in 
place of earth*

Ground is a connection to Earth made either 
intentionally or accidentally

*NFPA 70-2000 (National Fire Protection Association)

Earth / Ground Basics



Why ground?

By dissipating stray energy from:
Electrical faults (fuses, breakers etc.)
Lightning strikes
Radio Frequency
Static discharges

To protect people and equipment

Earth / Ground Basics



Estimate: at least 15% of power quality problems are related to 
grounding

Lightning strikes on equipment with poorly maintained 
protection systems destroy millions of dollars of equipment and 
lost production every year

Using ground testing in a PDM protocol will help prevent 
possible dangerous situations and loss of downtime          

(= money)

Why test? – Catch the problem before it happens!
Real Examples





Spheres of influence
Earth / Ground Basics





Types of Grounding Systems

Ground rod

Earth / Ground Basics

• Many different types available
• Choice depends on local 

conditions and required function

• Simplest form is a single stake

• Mostly used for:
– Lightning protection
– Stand alone structures
– Back-up for utility ground



Types of Grounding Systems

Ground rod group

Earth / Ground Basics

• ground rod group

• typically for lightning 
protection on larger 
structures or protection 
around potential hotspots 
such as substations.



Types of Grounding Systems

Ground plate

Earth / Ground Basics

• For areas where there is 
rock (or other poor 
conducting material) fairly 
close to the surface ground 
plates are preferred as 
they are more effective



Types of Grounding Systems

Ground mesh

Earth / Ground Basics

• A ground mesh consists of 
network of bars connected 
together, this system is 
often used at larger sites 
such as electrical 
substations.



Types of Grounding Systems

For the purposes of 
this presentation the 
grounding system 
will referred to as 
‘ground electrode’.

Earth / Ground Basics



What are the available techniques?

• Resistivity

• Fall of Potential – Three and Four Pole Testing

• Selective Testing

• Stakeless Testing

• Two pole method

Ground Testing Methods



Resistivity Measurement

The purpose of resistivity measurements is to quantify the 
effectiveness of the earth where a grounding system will be 
installed.

Differing earth materials will affect the effectiveness of the 
grounding system.

The capability of different earth materials to conduct current can be 
quantified by the value E (resistivity in .m).

Resistivity measurements should be made prior to installing a 
grounding system, the values measured will have an effect on the 
design of the grounding system. 

Ground Testing Methods



Resistivity values for different earth materials

Ground Testing Methods (1)



Resistivity Measurement ( Wenner method)

Resistivity measurements are performed by using a four wire 
method.

Used to determine if                                                                        
earthing should be                                                                       
placing earth stakes

Ground Testing Methods



Resistivity Measurement

From the indicated resistance value RE, the soil resistivity is 
calculated according to the equation :

E = 2  . a . RE

E ...... mean value of soil resistivity (.m)
RE ...... measured resistance ()
a ...... probe distance (m)

Ground Testing Methods









Ground Testing Methods
• The stakeless method eliminates the need for temporary 

ground stakes.  This is useful in a wide range of situations.  Examples 
include:

– Inside buildings
– Airports
– Urban locations
– Chemical and industrial plants

• The stakeless method is not available on all ground testers.  However, it 
comes standard on the earth ground testers.

• The temporary ground stakes are replaced by two current clamps.  The 
first clamp generates a voltage on the ground condutor, the second clamp 
measures the current flowing due to the generated voltage.



Ground Testing Methods
• The ground testers are 

able to measure earth 
ground loop resistances 
for multi grounded 
systems using only 
current clamps.

• With this test method, 
two clamps are placed 
around the earth ground 
rod or connecting cable 
and each connected to 
the tester.  Earth ground 
stakes aren‘t used at all.





Stakeless Measurement Equivalent Circuit



Prior to designing an grounding system:
the ground material should be evaluated by resistivity 
measurement before designing a ground system

Initial test on new ground systems:
the real effectiveness of new ground systems should be 
measured before connection – fall of potential test

Periodic tests on ground systems:
ground systems should be checked periodically to ensure they 
are not affected by changes in the ground or corrosion –
selective or stakeless test

When and why ground test?



Grounding Continued:

The Role of Electrical Grounding in 
Surge and Lightning Protection



Today in Electrical Engineering History

October 24, 1861

The first Transcontinental Telegraph Line across the United
States was Completed.

With this improvement in communication came the demise
of the Pony Express which was started only 18 months
before and the realization of the increased risk to operator
life and equipment due to lightning induced surges on
overhead lines.

SALT LAKE, OCTOBER 24, 1861, 5:13 P.M.

TO GENERAL H.W. CARPENTIER:

LINE JUST COMPLETED. CAN YOU COME TO OFFICE? 

STREET 



Why Ground Electrical Power Systems?

• The fundamental purpose of grounding electrical power systems is for
safety related to electrical shock hazard.

• Bonding of non-current carrying conductive materials to the mass of
Earth fixes their potential to “Zero Potential” and so renders them safe
for contact by persons even in the event that these materials come
into direct contact with ungrounded current carrying conductors.

• As a result of fixing the potential of one of the current conductors of
an electrical system the following arise: The potential of all electrical
conductors of the system become referenced to the potential of the
mass of Earth (Zero Potential). This assists in stabilization of the
voltage to ground during normal operation.

• As a secondary consequence of the grounding of one of the current
carrying conductors of a system, all other conductors would cause a
short-circuit if they come into contact with ground. The value of the
ground short-circuit current would be determined by the system
voltage, impedance and the ground fault impedance. This would
facilitate the operation of over-current protective devices in the event
of a ground fault.



In Order to Achieve the Stated Objectives, the Ground 
System:

• Must be able to withstand the maximum fault current
without danger of burn-off or fusing.

• Must produce a sufficiently low voltage between any
two points on the ground to prevent all personnel
hazard (Touch and Step Potentials).

• Must minimize the “Ground Potential Rise (GPR)”
with respect to remote ground (zero potential point)
by having low contact resistance to ground (Ground
Resistance) fault current.



The Lightning Strikes and Lightning Induced Surges

• Lightning is an atmospheric discharge of electricity. A bolt of
lightning can travel at speeds of 60,000 m/s (130,000 mph),
and can reach temperatures approaching 30,000 ºC (54,000 ºF)

• Large bolts of lightning can carry up to 120 kA and 350
coulombs. The Voltage being proportional to the length of the
bolt.

• It is important to note that although the value of the voltage
associated with lightning is proportional to the length of the
strike, it is not of critical concern as the main effects are related
to the stored charge and the discharge current of the strike.

• Of more concern would be the voltage developed in conductive
parts of the system which are exposed to the magnetic fields
produced by the flow of high levels of electrical energy.



The Development of a Lightning Strike

 With the development of very large storm clouds the lower part of
the cloud consists mainly of water droplets and the upper altitudes
are composed of ice crystals.

 These Clouds can range in height from 2 to 16 kM.

 Strong upward currents within the cloud cause the water droplets to
be separated resulting in high levels of positive charge at the top and
levels of negative charge at the bottom of the cloud.

 The storm cloud thus creates a dipole with the ground.

 Initially a discharge originating from the cloud known as a downward
leader is formed at the cloud center.

 At the same time the electrical charge in the atmosphere at ground
level increases as the downward leader gets closer.



The Development of a Lightning Strike

 Natural ionization begins to occur at points on the ground in the
vicinity and eventually turns into an upward discharge, the upward
leader.

 The upward leader develops toward the cloud.

 When one of these upward leaders comes into contact with the
downward leader a conductive path is created and a powerful current
flows.

 It is important to note that the lightning strike may be made up of a
number of successive return strokes.



Lightning Formation

www.geog.ucsb.edu



Types of Lightning

Negative Downward Lightning
Cachoeira Paulista (Brazil)

Positive upward lightning Nadachi
Nadachi (Japan)

www.indelec.com/



Effects of Lightning

 There are two (2) main effects of lightning strikes.
 Direct strikes can cause damage to buildings equipment and property,

injury or death to people and animals.
 Because of the high levels of electrical current discharged during

strikes in addition to the above electrical surges can result which can
cause damage to electrical equipment.

www.sciencefacts.us



NFPA 780 Standard for the Installation of Lightning 
Protection Systems

 The NFPA 780 Standard deals with the protection of structures by the
placement of air terminals and downward conductors to the grounding
system to provide a path for the electrical energy to the mass of earth.

 The fundamental concept for determining the zone of protection offered
by the system is based on the rolling sphere method (3.10.2). Basically
this is based on the rolling of a sphere of radius 46m (150ft) over the
structure. The space not intruded by the sphere is the zone of
protection. (fig 3.10.3.1).

 It is important to note that this standard was initially developed from
the document, “ Specifications for Protection of Buildings Against
Lightning” first adopted by the NFPA in 1904. The standard has been
revised more than 25 times over the years until in 1992 it was
designated the number NFPA 780.



NFPA 780 Standard for the Installation of Lightning 
Protection Systems

 The underlying principle of protection of structures is the
provision of an easy and alternative path for the dissipation of
the electrical energy or the strike.

 This is contingent on having a low impedance path to ground.
Although the air terminals and downward conductors of the
system are designed to meet this requirement, a common weak
link in the system is the ground system.

 The NEC Code requires single point grounding which means that
all systems must be tied to a common ground connection point
to the mass of Earth.

 This has implications for the rise in the ground voltage when the
protection system is required to dissipate a large amount of
energy as in the case of a lightning strike. In the case of
multiple point grounding, differential voltages can develop
between the grounds of independent systems within the same
structure.



Rolling Sphere Method

www.ptsa.co.kr



Typical Lightning Protection System

www.bondedlightning.com



Single Point Grounding

www.nepsi.com



NFPA 780 Standard for the Installation of Lightning 
Protection Systems

 Although the Standard is comprehensive and is based on over
100 years of practical experience, studies and statistical data its
scope does not cover the issue of the effects of secondary
impulsive transients on electrical systems and equipment.

 These secondary surges are caused by the induction of
impulsive transients into conducting systems by the magnetic
fields associated with the primary strike. They travel along
conductors and usually take the form high amplitude, short
duration voltages which have the potential to deliver large
amounts of energy. The effect of these impulsive transients is to
damage sensitive electronic equipment.



Impulsive Transients

 IEEE Std 1159, IEEE Recommended Practice for Monitoring
Electric Power Quality, defines a Impulsive Transient as:

 “A sudden non-power frequency change in the steady state
condition of a voltage or current that is unidirectional in polarity
(primarily either positive or negative).

 These transients are associated with lightning strikes. 

 Again the fundamental principle for the dissipation of these
transients is the shunting to ground. There also it is seen that
ultimately it is the impedance to the general mass of Earth that
will be the limiting factor in the level to which the ground
voltage will raise during a surge.



Typical Lightning Stroke Impulsive Transients

www.mtm.at/pqnet/PQDEF.htm



Typical Impulsive Transient Suppression



What Happens with a direct lightning strike on equipment



• The protection systems for both lightning protection
of structures and for the protection of electrical
systems against secondary induced impulsive
transients is contingent on the dissipation of the
electrical energy to the general mass of Earth.

• The fact that for single point grounded systems the
point of connection to the general mass of Earth is
the electrical grounding system emphasizes the need
for care to be taken when designing the grounding
system.



• Purpose of Lightning Protection

– The practical safe guarding of persons and 
property from hazard arising from exposure to 
lightning.

Introduction to Lightning Protection



• Who invented lightning Protection?

– Benjamin Franklin invented lightning rods in 1752

Introduction to Lightning Protection



Introduction to Lightning Protection

• Lightning Facts
– Globally some 2000 on going thunderstorms cause about 
100 lightning strikes to earth each second.

– Insurance Company information shows on home owner’s 
damage claim for every 57 lightning strikes.

– Annually in the USA lightning causes more than 26,000 
fires with damage to property in excess of 5 billion dollars.

– Lightning usually travels at 1/3 the speed of light.



Introduction to Lightning Protection

• Lightning Definitions
– Air Terminal – A strike termination device that is a receptor for 

attachment of flashes to the lightning protection system and is listed 
for the purpose.

– Class I Materials – Lightning conductors, air terminals, ground 
terminals and associated fittings required by this standard for 
protection of structures not exceeding 75ft. in height.

– Class II Materials ‐ Class I Materials – Lightning conductors, air 
terminals, ground terminals and associated fittings required by this 
standard for protection of structures exceeding 75ft. in height.



Introduction to Lightning Protection

• Lightning Definitions
– Bonding Conductor – A conductor used for potential 
equalization between grounded metal bodies and a 
lightning protection system.

– Ground Terminal – The portion of a lightning protection 
system such as a ground rod, ground plate or ground 
conductor that is installed for the purpose of providing 
electrical contact to earth.

– Side Flash – An electrical spark caused by difference in 
potential that occurs between conductive metal bodies 
and a component of a lightning protection system or 
ground.



Introduction to Lightning Protection

• Lightning Definitions
– Surge Arrester – A protective device used for limiting surge 
voltages by discharging or by passing surge current that 
can also prevent continued flow of follow current while 
remaining capable of discharging or by passing surge 
current.

– Zone of Protection – The space adjacent to a lightning 
protection system, that is substantially immune to direct 
lightning flashes.



Introduction to Lightning Protection

• Considerations before designing a lightning 
protection system

1. Roof types and pitch
a) Gable 

b) Hip

c) Broken Gable

d) Flat

e) Mansard 

f) Gambrel



Introduction to Lightning Protection



Introduction to Lightning Protection

2. Pitch

The roof span, rise and run is taken into account. 



Introduction to Lightning Protection

3. Materials used shall be resistant to corrosion 
a) Copper

b) Copper Alloys

c) Aluminum

i. Notes:  

» Copper lightning protection materials shall not be installed on 
aluminum roofing, siding or other aluminum surfaces.

» Aluminum lightning protection materials shall not be installed 
on copper surfaces.



Introduction to Lightning Protection

i. Notes continued:  

» Aluminum materials shall not be used where they come 
in to direct contact with earth.  A bimetallic connector 
shall be installed not less than 10” above earth level.

» Aluminum conductors shall not be attached to a surface 
coated with alkaline base paint, embedded in concrete 
or masonry, or installed in a location subject to 
excessive moisture.



Introduction to Lightning Protection



Introduction to Lightning Protection

4. Air Terminal height 

• The tip of an air terminal shall not be less then 10 
inches above the object or area it is to protect.

5. Zone of protection

• To determine the zone of protection, the geometry of 
the structure shall be considered.



Introduction to Lightning Protection



Introduction to Lightning Protection



Introduction to Lightning Protection

6. Location of devices

• There are set distances that an air terminal can be 
installed apart from each other on a roof peak or at 
the edge of the roof that is pitched or flat.
a) Within 2’ of the edge of the roof

b) 20‐25 ft. maximum spacing along the ridge.



Introduction to Lightning Protection



Introduction to Lightning Protection

7. Area on roofs that require special attention
a) Dormers

b) Exhaust 

c) Flues

d) Chimneys

e) Stacks

f) Handrails

g) Anything that is higher than the roof tip



Introduction to Lightning Protection

8. Cross‐run conductors 
• Cross‐run conductors (main conductors) shall be required to 

interconnect the strike termination devices on flat or greatly sloping 
roofs that exceed 50ft. In width

9. Down Conductors 
• Down conductors shall be widely separated as practical.  Their location 

shall depend on the following considerations:
a) Placement of strike termination devices
b) Most direct course of conductors
c) Earth conditions
d) Security against displacement
e) Location of large metallic bodies
f) Location of underground metallic piping systems



Introduction to Lightning Protection

10. Number of down conductors
a) At least two down conductors shall be provide on any kind of 

structure.

b) Structures exceeding 250ft. In perimeter shall have a down 
conductor for every 100ft. of perimeter.

11. Protecting down conductors
• The down conductor shall be protected for a minimum distance of 

6ft. Above ground level.  Usually in a PVC raceway.

12. Ground terminals
• Each down conductor shall terminate at a ground terminal 

dedicated to the lightning protection system.



Introduction to Lightning Protection

13. Ground Electrodes (Ground rods)
a) Shall be installed below the frost line where possible.

14. Concrete encased electrode (Ufer ground)
• These shall only be used in new construction. The electrode 

shall be located near the bottom of the concrete foundation 
or footing encased by not less than 2” of concrete. The 
encased electrode shall consist of the following:
a) Not less that 20ft. of bare copper

b) An electrode consisting of at least 20ft. of one or more steel 
reinforcing bars that have been bundled together by welding 
or secure wire tying.



Introduction to Lightning Protection

15. Ground plates are an option when soil is shallow and rods can’t 
be driven deep enough.
• Ground plates are a minimum 2ft. Square, buried no less than 18” 

deep and are at least .032in thick.

16. Lightning protection for miscellaneous structures
• Metal towers and tanks constructed so as to receive a stroke of 

lightning without damage shall require only bonding to ground 
terminals.

17. Concrete tanks and silos
• Lightning protection systems for concrete tanks containing 

flammable vapors, flammable gases, and liquids that can produce 
flammable vapors and concrete silos containing materials 
susceptible to dust explosions shall be provided with either 
external conductors or with conductors embedded in the concrete.



Introduction to Lightning Protection

18. Protection for heavy duty stacks 
a) Smoke or vent stack shall be classified as heavy duty if cross 

sectional area of flue is greater that 500 in squared and a 
height greater than 75ft.

b) Air terminals shall be placed at 8’ spacing max.

c) All equipment on upper 25ft. Of stack to be lead covered 
copper, stainless steel or approved corrosion resistant 
material.

d) If the stack has platform and ladders each of these will be 
bonded to the lightning protection system on the way down 
the stack. 



Introduction to Lightning Protection

19. Surge Suppression 
a) Surge suppression should also be considered for your main 

electrical devices in the plant.

In all instances use high quality, high speed, self‐diagnosing 
protective components. Transient limiting devices may use a 
combination of arc gap diverters‐metal oxide varistor‐silicon 
avlanche diode technologies. Hybrid devices using a 
combination of these technologies are preferred.

Know your clamping voltage requirements.  Confirm that your 
vendors products have been tested to rigid ANSI/IEEE/ISO 9000 
testing standards. 



Introduction to Lightning Protection

20. Standards for Lightning protection

• Standard NFPA 780

• 2008 NEC Article 250

• Article 280 Surge Arrester over 1 Kv

• Article 285 Surge Protective Devices 1 Kv or less



Introduction to Lightning Protection
Any Questions?



Grounding Continued:

The Differences Between and 
Purposes for Bonding, Grounding, 
and Earthing in North American 
Power Distribution Systems



Applicable Codes and Standards Pertaining to the Testing of 
Bonding and Grounding Systems

• NEC Article 250 (Contrary to popular belief, there are no testing or maintenance 
requirements in Article 250.)

• NFPA 99, Chapter 4 – Electrical System Requirements (Paragraph 4.3.3 –
“Performance Criteria and Testing”) 

• NFPA 99, Chapter 8 – Electrical Equipment (Paragraph 8.4.1.3 – “Testing 
Requirements”) 

• IEEE Standard  81 (IEEE Guide for Measuring Earth Resistivity, Ground Impedance, 
and earth Surface Potentials of a Ground System)  

• IEEE Standard 142, Chapter 4 (IEEE Recommended Practices for Grounding of 
Industrial and Commercial Power Systems)

• IEEE Standard  601, Clause 6.8.6.e – Field inspection procedure (This clause 
recommends testing, but does not mandate testing or provided for specific testing 
methods.)

• If a grounding system is not routinely inspected or tested, how do you know if it 
is adequate or effective for the needs of your facilities?



Differences Between Bonding and Grounding

• The terms “bonding” and “grounding” are 
often employed interchangeably as 
general terms in the electrical industry to 
imply or mean that a specific piece of 
electrical equipment, structure, or 
enclosure is somehow referenced to 
earth.  

• In fact, “bonding” and “grounding” have 
completely different meaning and employ 
different electrical installation 
methodologies.



Bonding 

“Bonding” is a method by which all electrically conductive materials and 
metallic surfaces of equipment and structures, not normally intended to be 
energized, are effectively interconnected together via a low impedance 
conductive means and path in order to avoid any appreciable potential 
difference between any separate points.  

The bonded interconnections of any specific electrically conductive materials, 
metallic surfaces of enclosures, electrical equipment, pipes, tubes, or structures 
via a low impedance path are completely independent and unrelated to any 
intended contact or connection to the Earth.

For example, airplanes do not have any connection to the planet Earth when 
they are airborne.  It is extremely important for the safety and welfare of 
passengers, crew, and aircraft the all metallic parts and structures of an airplane 
are effectively bonded together to avoid difference of potential between 
structures and parts when traveling at high rates of speed or when the frame of 
the aircraft is struck by lightning.  

. 



Bonding 

• The common mean to effectively bond different metallic 
surfaces of enclosures, electrical equipment, pipes, tubes or 
structures together is with a copper conductor, rated lugs, and 
the appropriate bolts, fasteners, or screws.  

• Other effectively bonding means between different metallic 
parts and pieces might employ brackets, clamps, exothermic 
bonds, or welds to make an effectively connections.

• In addition to preventing potential differences that may result 
in hazards, effectively bonded equipment can also be 
employed to adequately and safely conduct phase-to-ground 
fault current, induced currents, surge currents, lightning 
currents, or transient currents during such abnormal 
conditions. . 



Grounding  

• “Grounding” is a term used rather exclusively in North American to indicate 
a direct or indirect connection to the planet Earth or to some conducting 
body that serves in place of the Earth.  

• The connection(s) to Earth can be intentional or unintentional by an 
assortment of metallic means intended to be employed as a designated 
grounding electrode. 

• A designated grounding electrode is the device that is intended to establish 
the direct electrical connection to the earth.  

• A common designated grounding electrode is often a copper clad or copper 
flashed steel rod.  

• The designated grounding electrode might be a water pipe, steel columns 
of a building or structure, concrete encased steel reinforcement rods, buried 
copper bus, copper tubing, galvanized steel rods, or semi conductive 
neoprene rubber blankets.  Gas pipes and aluminum rods can not be 
employed as grounding electrode

• The grounding electrode conductor is the designed conductor that is 
employed to connect the grounding electrode(s) to other equipment 
grounding conductors, grounded conductor, and structure. 



Earthing  

• “Earthing” is a term developed by the 
United Kingdom and part of the British 
Electrical Code and is employed in Europe 
or other countries that employs 
International Electric Commission (IEC) 
standards.  

• The term “earthing” in European or IEC 
countries is synonymous with the term 
“grounding” in North America. . 



The Five Principal Purposes of Bonding & Grounding Systems

The principle purposes for an “effectively bonded grounding
system via a low impedance path to earth” are intended to
provide for the following.

1. Provide for an applicable reference to earth to stabilize the system voltage
of a power distribution system during normal operations.

2. Create a very low impedance path for ground fault current to flow in a
relatively controlled path.

3. Create a very low impedance path for ground fault current to flow in order
for overcurrent protective devices and any ground fault protection systems
to operate effectively as designed and intended.

4. Limit differences of potential, potential rise, or step gradients between
equipment and personnel, personnel and earth, equipment and earth, or
equipment to equipment.

5. Limit voltage rise or potential differences imposed on a power distribution
system from lightning, a surge event, any phase-to-ground fault
conditions, or the inadvertent commingling of or the unintentional contact
with different voltage system.



Selected Clauses from IEEE 142

• Clause  2.1.4 Overcurrent Protection Operation
“The equipment ground system is an essential part of 
the overcurrent protection system.  The overcurrent 
protection system requires a low-impedance ground 
return path in order to operate promptly and properly.  
The earth ground system is rarely of low enough 
impedance and is not intended to provide an 
adequate return path. The impedance of the 
grounding conductor must be low enough that sufficient 
ground-fault current will flow to operate the overcurrent 
protective device and clear the fault rapidly.”

• Clause 2.8.8 – Earth Resistivity
“Earth is inherently a rather poor conductor whose 
resistivity is around one billion times that of 
copper.”



Selected Clauses from IEEE 142

• Clause 4.1.3 - Resistivity of Soils:
“It is strongly recommended that the resistivity
of the earth at the desired location of the
connection be investigated. The resistivity of soils
varies with the depth from the surface, the type and
concentration of soluble chemicals in the soil, the
moisture content, and the soil temperature. The
presence of surface water does not necessarily
indicate low resistivity.”

• Clause 4.1.6 - Soil Treatments:
“To be effective, a regular maintenance scheme
must be established to ensure low resistance
grounding is achieved.)



Selected Clauses from IEEE 142

• Clause 4.4.5 - Electrical Grounding and
Corrosion:

“The effect of the grounding installation on
corrosion must be considered. Systems,
equipment, and lighting sometimes
unknowingly contribute to galvanic
corrosion of underground conductors,
structures, and piping. Galvanic corrosion
is caused by electrically connected dissimilar
metals which form a galvanic cell. Under
these conditions the following factors
determine the rate of corrosion.”



Selected Clauses from IEEE 142

Clause 4.4.5 - Electrical Grounding 
and Corrosion:

The rate of oxidation and corrosion 
is determined by;

– The potential difference between the 
two metals.

– The ratio of the exposed areas of the 
two metals.

– The resistance of the electrolyte.
– The resistance of the external circuit.
– Stray currents between electrodes, 

conductors, structures, pipes, and 
earth.

– Current of one ampere flowing for 
one year will corrode away 20lbs of 
steel, 22 lbs of copper, 24 lbs of 
aluminum, 75 lbs of lead, or 26 lbs
of zinc.  With greater current flow, 
more metal will corrode away.



NFPA 70 [The National Electrical Code (NEC)]

“Article 250 in the NEC covers grounding.

– The NEC is NOT a design document .
– The NEC is NOT a maintenance document.
– The NEC is NOT a performance document .
– The NEC is NOT a testing document.
– The NEC is ONLY a minimum construction and 

installation ‘requirement’ document.
– “Minimum requirements” are insufficient for the

construction and installation of grounding systems
associated with Critical, Emergency, and Life Safety
Power Distribution Systems in Healthcare Facilities.



Definitions in the 2005/2008/2011 Edition of the NEC
• What is “Effectively Grounded”?

The 2005/2008/2011 National Electrical Code defines effectively grounded as: “Intentionally 
connected to earth through a ground connection or connections of sufficiently low impedance 
and having sufficient current-carrying capacity to prevent the buildup of voltage that may result in 
undue hazards to connected equipment of persons."

• What is “Grounded”?

The 2005 NEC defines “Grounded” as: “Connected to earth or to some conducting body that 
serves in place of the earth." 

The 2008 NEC defines “Grounded” as: “Connected to earth.”

The 2011 NEC defines “Grounded” as: “Connected (connecting) to ground or to a conductive 
body that extends the ground connection.”

• What is “Solidly Grounded”?

“Connected to ground (earth) without inserting any resistor or impedance device."



Definitions in the 2005/2008/2011 Edition of the NEC

• What is “Solidly Grounded”?

“Connected to ground without inserting 

any resistor or impedance device."

• What is “Grounded Conductor”?

“A system or circuit conductor that is 
intentionally grounded." 

A “grounded conductor” carries current 
during “normal” operations of the 
power distribution system.
(The “grounded conductor” is 
commonly referred to as the neutral 
conductor.)



Definitions in the 2005/2008/2011 Edition of the NEC
• What is “Grounding Conductor”?

“A conductor used to connect equipment 
or the grounded circuit of a wiring system 
to a grounding electrode or electrodes." 
A “grounding conductor” is intended to 
only carry current during an “abnormal”
operation of the power distribution system 
or a faulted condition.

• What is the “Equipment Grounding 
Conductor”?

“The conductor used to connect the non-
current carrying metal parts of equipment, 
raceways, and other enclosures to the 
system grounded conductor, the 
grounding electrode conductor, or both at 
the service equipment or at the source of 
a separately derived system." 

.



Definitions in the 2005/2008/2011 Edition of the NEC

• What is “Grounding Electrode”?
“A device that establishes an 
electrical connection to the earth.“

• What is a “Grounding Electrode 
Conductor”?

“The conductor used to connect 
the grounding electrode(s) to the 
equipment grounding conductor, to 
the grounded conductor, or to both, 
at the service, at the building or 
structure where supplied by a 
feeder(s) or branch circuit(s), or at 
the source of a separately derived 
system.”



Definitions in the 2005/2008/2011 Edition of the NEC

• What is “Main Bonding Jumper (MBJ)”?
“The connection between the grounded 
circuit conductor and the equipment 
grounding conductor at the service.”

The primary function or purpose of the 
MBJ is to provide a low impedance 
return path for the return of phase-to-
ground fault current from the ground 
bus in the service equipment to the 
power supply source (transformer, 
generator, or output terminals of an 
UPS).

The MBJ must be adequately sized to 
effectively carry all phase-to-ground fault 
current likely to be imposed on it.



Definitions in the 2005/2008/2011 
Edition of the NEC

• What is “Bonding Jumper”?
“A reliable conductor to ensure the 
required electrical conductivity 
between metal parts required to be 
electrically connected.”

The primary function or purpose of 
a bonding jumper is to provide a low 
impedance electrically conductive 
connection between separate 
enclosures, conduits, raceways, 
structures, or equipment frames.  

Must be properly sized to effectively 
carry any and all current likely to be 
imposed on it.



Definitions in the 2005/2008/2011 Edition of the NEC

• What is “System Bonding Jumper”?

“The connection between the grounded circuit conductor 
and the equipment grounding conductor at a separately 
derived system.” (New definition introduced into the 2005 
NEC.)
“The connection between the grounded circuit conductor 
and the supply-side bonding jumper, or the equipment 
grounding conductor, or both, at a separately derived 
system.” (As revised in the 2011 NEC.)

The primary function or purpose of the system  bonding 
jumper is to provide for an applicable reference to earth for 
the system voltage at the origins of the specific and  
separately derived system. The system bonding jumper is a 
connection between the Xo terminal of a transformer, 
generator, or UPS output terminals and earth.  This jumper is 
not normally sized to carry ground fault current.
(i.e. 600Y/347V, 480Y/277V, or 208Y/120V, 3 Phase, 4 Wire, 
Solidly Grounded, “WYE” Systems)   



Common Issues Found with Bonding and Grounding Systems
• All utilities are not effectively bonded together.  
• All structures are not effectively bonded together
• EMT conduits with set screw couplings employed as the ground fault return path.
• No grounding bushings employed
• Improper or loose connections.  Undersized grounding conductors 
• Oxidization and reduction of mechanical grounding connections
• Lightning abatement system directing lightning currents into the building via 

connections to building steel
• No access to external ground grid system 
• Deterioration of external ground grid system over time
• No records of initial ground grid testing. 
• No records of regular inspections and maintenance of grounding systems.

• Excessive impedance in the ground fault 
return path

• No drawings or records available for the 
facility’s grounding system



Advantages and Disadvantages of 
Different Types of Neutral Grounding 

Systems



OBJECTIVES

1. Discuss five types of grounding for power 
systems.

2. Discuss advantages of high resistance 
grounding.

3. Show equipment

NEUTRAL GROUNDING OF POWER 
SYSTEMS



POWER SYSTEM GROUNDING

Power system grounding is a connection between an 
electrical circuit or equipment and the earth or to some 
conducting body that serves in place of earth.

This presentation concerns the design of power system 
grounding for industrial and commercial facilities – not 
utility systems.



DISCUSSION OF GROUNDING

1. Ungrounded system
2. Solidly grounded system
3. Reactive grounded system
4. Low resistance grounded system
5. High resistance grounded system



Are You at Risk?Are You at Risk?

•Do you use 
electricity?

•Electrical deficiencies 
are the leading ignition 
source and cause of 
fire and explosion.





POWER SYSTEM GROUNDING
SYSTEM FAILURES – SHORT CIRCUITS

(FAULTS)
INDUSTRIAL POWER SYSTEMS

1.   LINE TO GROUND
2.   PHASE ‐ PHASE
3.  THREE PHASE

FAILURE MODE
PERCENTAGE
OF FAILURES

Most three phase faults are man‐made:
I.E. Accidents caused by improper operating procedure.

98 %
<1.5 %
<.5 %



Two Types of Faults
•Bolted Faults
•Solid connection between two 
phases or phase and ground resulting 
in high fault current.
•Stresses are well contained so fault 
creates less destruction.

•Arc Faults
•Usually caused by insulation 
breakdown, creating an arc between 
two phases or phase to ground.
•Intense energy is not well contained, 
and can be very destructive.



Bolted Faults
•Result from a solid connection accidentally
being made between two phases of the system
or between one phase and an adjacent
grounded metal surface.

•Because they are low resistance, high current
events, this type of fault may actually be less
destructive because the energy is spread over a
large area and the protective devices are
activated very rapidly by the large current.

•All types of electrical equipment with a
withstand and/or interrupting rating are tested
using bolted fault conditions.

•The majority of the stresses (thermal and
mechanical) are confined within the bus-bar
and associated supports, so very little arc flash
/ blast occurs, if any at all.





Arc Fault
• Usually caused by insulation breakdown, an 

arc jumps between two phases or between one 
phase and a grounded metal surface.

• The resulting fault current is smaller because of 
the relatively high resistance of the arc (25-
40% of a bolted fault). 

• Protective devices may be slow in responding 
to the smaller fault current.

• Arc faults can be the most destructive because 
of the intense energy that is concentrated in the 
small area of the arc.

• The majority of the stresses (thermal and 
mechanical) are not confined within the bus-
bar and associated supports, it extends to the 
space in the compartment.



THE ARCING FAULT

An arcing fault is an intermittent failure between 
phases or phase to ground. It is a discontinuous 
current that alternately strikes, is extinguished and 
restrikes again. For solidly grounded systems, the arc 
currents are: in percent of bolted three phase faulted

FAULTS
THREE PHASE 89%
LINE-LINE 74%
LINE-GROUND 38%





•Plot of transient over-voltage for an arcing ground fault

Arcing Ground Faults
Intermittent or Re‐strike



Industry Recommendations
•IEEE Std 242-2001 (Buff Book)
•Recommended Practice for Protection and Coordination of Industrial and Commercial 
Power Systems

•8.2.5 If this ground fault is intermittent or allowed to continue, the system could be 
subjected to possible severe over-voltages to ground, which can be as high as six to 
eight times phase voltage. Such over-voltages can puncture insulation and result in 
additional ground faults.  These over-voltages are caused by repetitive charging of the 
system capacitance or by resonance between the system capacitance and the inductance 
of equipment in the system.



THE UNGROUNDED POWER SYSTEM



THE UNGROUNDEDED POWER SYSTEM





UNGROUNDED SYSTEM 
NORMAL CONDITIONS



UNGROUNDED SYSTEM
GROUND FAULT ON PHASE A



UNGROUNDED SYSTEM 
GROUND FAULT ON PHASE A



THE UNGROUNDED POWER SYSTEM
GROUND DETECTION CIRCUIT



THE UNGROUNDED POWER SYSTEM
GROUND DETECTION CIRCUIT



THE UNGROUNDED POWER SYSTEM
GROUND DETECTION CIRCUIT WITH ALARM



THE UNGROUNDED POWER SYSTEM
ADVANTAGES

1. Low value of current flow for line to ground fault‐
amps or less.

2. No flash hazard to personnel for accidental line to 
ground fault.

3. Continued operation on the occurrence of first line to 
ground fault.

4. Probability of line to ground arcing fault escalating to 
line – line or three phase fault is very small.



THE UNGROUNDED POWER SYSTEM
DISADVANTAGES

1. Difficult to locate phase to ground fault.

2. The ungrounded system does not control transient 
overvoltages. If you have a 4160V delta system you 
need to install 5kV 133% or 8kV 100% rated cable.

3. Cost of system maintenance is higher due to labor of 
locating ground faults.

4. A second ground fault on another phase will result in a 
phase‐phase short circuit. 



THE SOLIDLY GROUNDED POWER 
SYSTEM



THE SOLIDLY GROUNDED POWER SYSTEM



SOLIDLY GROUNDED SYSTEM
THREE PHASE SHORT CIRCUIT



SOLIDLY GROUNDED SYSTEM
THREE PHASE SHORT CIRCUIT



SOLIDLY GROUNDED SYSTEM 
LINE – GROUND SHORT CIRCUIT



SOLIDLY GROUNDED SYSTEM
LINE – GROUND SHORT CIRCUIT



SOLIDLY GROUNDED SYSTEM
LINE-LINE SHORT CIRCUIT



THE SOLIDLY GROUNDED POWER SYSTEM
LINE TO GROUND FAULT



Industry Recommendations

•IEEE Std 141-1993 (Red Book)
•Recommended Practice for Electric Power Distribution for Industrial Plants

•7.2.4 The solidly grounded system has the highest probability of escalating into a 
phase-to-phase or three-phase arcing fault, particularly for the 480V and 600V systems.  
The danger of sustained arcing for phase-to-ground fault probability is also high for the 
480V and 600V systems, and low for the 208V systems.  For this reason ground fault 
protection is shall be required for system 1000A or more (NEC 230.95).  A safety 
hazard exists for solidly grounded systems from the severe flash, arc burning, and 
blast hazard from any phase-to-ground fault.



THE SOLIDLY GROUNDED 
POWER SYSTEM

ADVANTAGES

1. Controls transient over voltage between the neutral 
and ground.

2. Not difficult to locate the fault.

3. Can be used to supply line‐neutral loads



THE SOLIDLY GROUNDED 
POWER SYSTEM

DISADVANTAGES

1. Severe flash hazard
2. Main breaker may be required
3. Loss of production
4. Equipment damage
5. High values of fault current
6. Single‐phase fault escalation into 3 phase fault is likely
7. Creates problems on the primary system



NEUTRAL GROUNDING 
RESISTOR 



NEUTRAL GROUNDING 
RESISTOR with Transformer



Reactive Grounding

• Uses reactor not resistor
• Fault values of transient-overvoltages are 

unacceptable in industrial environments
• Typically found in high voltage applications (>46 kV)



LOW RESISTANCE GROUNDING OF 
POWER SYSTEMS



LOW RESISTANCE GROUNDING OF 
POWER SYSTEMS

• This design is generally for the following systems:

• At 2.4 kv through 25 kv.
• Systems serving motor loads
• Current is limited to 200 to 400 amps
• Systems typically designed to shut down in 10 seconds



LOW RESISTANCE GROUNDED
ZERO SEQUENCE RELAYING 

PARTIAL SINGLE LINE



LOW RESISTANCE GROUNDED 
POWER SYSTEMS

• 400 AMP GROUNDING

• Disadvantages

• Relatively large ground fault is required and thermal damage and core restacking is 
possible

• The faulted machine is shutdown

• Starter fuse may also operate

• Must trip upstream circuit breaker.

• Advantages

• 400 amp grounding does look at a large part of the machine winding.



HIGH RESISTANCE GROUNDING OF 
POWER SYSTEMS



THE HIGH RESISTANCE GROUNDED 
POWER SYSTEM





HIGH RESISTANCE GROUNDING 
EXAMPLE



HIGH RESISTANCE GROUNDING –
GROUND FAULT ON PHASE A



HIGH RESISTANCE GROUNDING –
GROUND FAULT ON PHASE A



HIGH RESISTANCE GROUNDED SYSTEM
LINE-GROUND SHORT CIRCUIT



HIGH RESISTANCE GROUNDING



HIGH RESISTANCE GROUNDING OF 
A 2400 / 1385 VOLT SYSTEM



THE HIGH RESISTANCE GROUNDED POWER 
SYSTEM CHOOSING THE GROUND RESISTOR

Always specify a continuously rated resistor for 5 amps for all system
voltages.

SYSTEM 
VOLTAGE

RESISTOR
AMPS

RESISTOR 
OHMS

RESISTOR
WATTS
(CONTINUOUS)

380 5 43.88 1,097
415 5 47.92 1,198
480 5 55.4 1,385
600 5 69.3 1732
2400 5 277 6,925
3300 5 295 7,375
4160 5 480 12,000



THE HIGH RESISTANCE GROUNDED 
POWER SYSTEM

ADVANTAGES

1. Low value of fault current
2. No flash hazard
3. Controls transient over voltage
4. No equipment damage
5. Service continuity
6. No impact on primary system



HOW DO YOU FIND GROUND 
FAULTS?

Ungrounded
Solidly grounded

Low resistance grounded
High resistance grounded



PROCEDURE FOR LOCATING 
GROUND FAULT

1. Alarm indicates ground fault.

2. Technician confirms ground 
faults by visiting substation.

3. Voltage on meter relay

4. Current through ground resistor.

5. Substation zero sequence feeder 
ammeters will indicate specific feeder 
to MCC or Power Distribution Panel.

6.Go to specific MCC or PDP, open 
wireway and use clamp-on ammeter 
around outgoing leads to determine 
failed circuit.

7. Evaluate need to replace or fix 
component.



Ground Fault Location Method

NOTE: Tracking a ground fault can only be done on an 
energized system. Due to the inherent risk of electrocution 
this should only be performed by trained and competent 
personnel wearing proper PPE clothing. 





Per IEEE…
•TO HRG OR NOT TO HRG?

IEEE Std 142-1991 (Green Book)
Recommended Practice for Grounding of Industrial and Commercial 
Power Systems

1.4.3 The reasons for limiting the current by resistance 
grounding may be one or more of the following.

1) To reduce burning and melting effects in faulted electric 
equipment, such as switchgear, transformers, cables, and 
rotating machines.
2) To reduce mechanical stresses in circuits and apparatus  
carrying fault currents.
3) To reduce electric-shock hazards to personnel caused 
by stray ground-fault currents in the ground return path.



Per IEEE…
•TO HRG OR NOT TO HRG?

IEEE Std 142-1991 (Green Book)
Recommended Practice for Grounding of Industrial and Commercial 
Power Systems

1.4.3 The reasons for limiting the current by resistance 
grounding may be one or more of the following.

4) To reduce the arc blast or flash hazard to personnel who 
may have accidentally caused or who happen to be in close 
proximity to the ground fault.

5) To reduce the momentary line-voltage dip occasioned by 
the clearing of a ground fault.

6) To secure control of transient over-voltages while at the 
same time avoiding the shutdown of a faulty circuit on 
the occurrence of the first ground fault (high resistance 
grounding).



Per IEEE…
•TO HRG OR NOT TO HRG?

IEEE Std 141-1993 (Red Book)
Recommended Practice for Electric Power Distribution for Industrial 
Plants

7.2.2 There is no arc flash hazard, as there is with solidly 
grounded systems, since the fault current is limited to 
approximately 5A.

Another benefit of high-resistance grounded systems is 
the limitation of ground fault current to prevent damage 
to equipment. High values of ground faults on solidly 
grounded systems can destroy the magnetic core of rotating 
machinery.



Per IEEE…
•TO HRG OR NOT TO HRG?

IEEE Std 242-2001 (Buff Book)
Recommended Practice for Electric Power Distribution for Industrial 
Plants

8.2.5 

Once the system is high-resistance grounded, over-voltages are reduced; and 
modern, highly sensitive ground-fault protective equipment can identify the 
faulted feeder on the first fault and open one or both feeders on the second 
fault before arcing burn down does serious damage.



Design Considerations with HRG 
Systems

•National Electrical Code (2005)

250.36 High-impedance grounded neutral systems in which a 
grounding impedance, usually a resistor, limits the 
ground-fault current to a low value shall be permitted for 
3-phase ac systems of 480 volts to 1000 volts where all the 
following conditions are met:

1) The conditions of maintenance and supervision ensure that only 
qualified persons service the installation.

2) Continuity of power is required.
3) Ground detectors are installed on the system.
4) Line-to-neutral loads are not served.



Duty Ratings for NGR’s
IEEE Std 32

Time Rating and Permissible Temperature Rise for Neutral Grounding 
Resistors

Time Rating (On Time) Temp Rise (deg C)

Ten Seconds (Short Time) 760oC

One Minute (Short Time) 760oC

Ten Minutes (Short Time) 610oC

Extended Time 610oC

Continuous 385oC

Increased Fault Time Requires Larger Resistor

Duration Must Be Coordinated With Protective Relay Scheme



THE HIGH RESISTANCE GROUNDING
OF POWER SYSTEM

1. No shutdowns when a ground fault occurs
2. Quick identification of the problem
3. Safer for personnel & equipment
4. Offers all of advantages of the ungrounded & solidly 

grounded systems
5. No known disadvantages

The high resistance grounded power system provides the
following advantages:



Should High Resistance Grounding 
be used to help prevent Arc Flash 

Hazards to Personnel?



Absolutely!!  Since 98% of faults 
start off as a phase to ground faults, 

this will lower the current that is 
supplied to the fault.



Can I lower the Amps Interrupting 
Capacity (AIC) rating of my 
switchgear, if I have a neutral 

grounding resistor?



No.  You could still have a phase to 
phase fault that could produce the 

high current fault levels.



Retrofit from Solidly or Ungrounded 
Grounded System to High 

Resistance Design Considerations

1. Are cables rated line to line or line to neutral.  On a 
480 Volt system some people have installed 300 Volt 
cable.

2. Are there surge arrestors and MOV’s on the system. 
Are they sufficiently rated?

3. Are the Neutrals on the transformers fully insulated?
4. Are there other sources of power on the circuit?  

Generators or Tie Breakers







Zig-Zag Wiring 



Minimum Specifications

•120 Volt Control Circuit
•385ºC Temperature Rise Resistor
•Line Disconnect Switch
•Ground Bus (freestanding units only)
•Pulser, Including Pulsing Contractor, Pulsing Timer, Normal/Pulse Selector Switch
•Relays for under and over voltage
•Relays for under and over current measuring only fundamental 
•Auxiliary contacts
•Test Push-button
•Fault Reset Push-button
•Green Indicating Light for “Normal” Indication
•Red Indicating Light for “Fault” Indication



GENERATOR APPLICATONS OF 
NEUTRAL GROUNDING 

RESISTORS





GENERATOR APPLICATONS OF 
NEUTRAL GROUNDING 

RESISTORS
1. All generators should use a NGR.
2. If you have 2 generators on a system with 

different pitches you will need to use 2 NGRs to 
limit the harmonics that are generated. 

3. On a delta generator you should use an NGR 
with a zig-zag transformer.



Generator Grounding – IEEE

IEEE Std 242-2001 (Buff Book)
12.4  Generator Grounding
• A common practice is to ground all types of generators through some form 

of external impedance.  The purpose of this grounding is to limit the 
mechanical stresses and fault damage in the machine, to limit transient voltages 
during fault, and to provide a means for detecting ground faults within the 
machine…

Solid grounding of a generator neutral is not generally used because this 
practice can result in high mechanical stresses and excessive fault damage in 
the machine…

Generators are not often operated ungrounded. While this approach greatly 
limits damage to the machine, it can produce high transient overvoltages during 
faults and also makes it difficult to  locate the fault.



Generator Grounding – IEEE
IEEE Std. 142-1991 (Green Book)
1.8.1 Discussion of Generator Characteristics
• …Unlike the transformer, the three sequence reactances of a generator are not equal.  

The zero-sequence reactance has the lowest value, and the positive sequence 
reactance varies as a function of time. Thus, a generator will usually have higher 
initial ground-fault current than a three-phase fault current if the generator is 
solidly grounded.  According to NEMA, the generator is required to withstand 
only the three-phase current level unless it is otherwise specified…

A generator can develop a significant third-harmonic voltage when loaded. A 
solidly grounded neutral and lack of external impedance to third harmonic current will 
allow flow of this third-harmonic current, whose value may approach rated current. If 
the winding is designed with a two-thirds pitch, this third-harmonic voltage will be 
suppressed but zero-sequence impedance will be lowered, increasing the ground-
fault current…

Internal ground faults in solidly grounded generators can produce large fault 
currents. These currents can damage the laminated core, adding significantly to the 
time and cost of repair…Both magnitude and duration of these currents should be 
limited whenever possible.



GENERATOR APPLICATONS OF 
NEUTRAL GROUNDING 

RESISTORS

• A large generator (> 20 MVA, 13,800 
volt) may take 5 to 20 seconds to stop. A 
IEEE working group wrote a series of four 
papers.  They proposed a hybrid system 
having a low resistance grounding system 
and when the fault occurred switch to  a 
high resistance grounded system.



HYBRID SYSTEM



Common optionsCommon options

• Enclosure rating
• Enclosure finish
• Current transformer
• Potential transformer
• Disconnect switch
• Entrance/exit bushings 
• Elevating stand
• Seismic rating
• Hazardous area classification
• Third party certification











Ground Fault Detection Under voltage and under current detection and alarm 

Resistor Monitoring NEW – Sensing resistor for neutral path monitoring standard 

Pulsing System Adjustable from 10 to 50 pulses per minute allowing custom setup within your system 

Password Security NEW – Prevent unauthorized parameter and setting changes 

Harmonics Filtering Avoids nuisance tripping by measuring only fundamental frequency 

Communications NEW – Remote operation and monitoring via Ethernet and RS 232/485  (Modbus)

Data Logging NEW – Comprehensive data logging of all alarms and events for fault isolation and 
trending 

Tapped Resistors NEW – Quickly and easily change resistance taps via terminal strip 



THE HIGH RESISTANCE GROUNDED 
POWER SYSTEM

CONTROL OF TRANSIENT OVERVOLTAGE



How Modern High Resistance Grounding 
Systems Calculate the Capacitive Charging 

Current



THE HIGH RESISTANCE GROUNDED POWER 
SYSTEM

LINE – GROUND FAULTS – DELTA CONNECTED MOTORS



THE HIGH RESISTANCE GROUNDED POWER 
SYSTEM

LINE-GROUND FAULTS WYE CONNECTED MOTORS



COMPARISON OF THE FOUR 
METHODS



HIGH RESISTANCE GROUNDING 
OF A 2400 VOLT MOTOR SYSTEM

COMPARISON OF SOME CHARACTERISTICS



THE HIGH RESISTANCE GROUNDED
POWER SYSTEM

DAMAGE TO POWER SYSTEM COMPONENTS

Comparison of solidly grounded and high resistance grounding 
methods – 2000 KVA transformer at 480 volts

1. Thermal damage

2. Mechanical damage

IRMS( )
2

Ip( )
2

SYSTEM 
GROUNDING

LINE‐GROUND
FAULT AMPS

DAMAGE TO
EQUIPMENT

Hi – R 5 A 1 per unit
Solidly 20,000 A 16 x 106

Increase in damage = = 16,000,00020,000 A
5 A

2( )

t



CHARGING CURRENT 
CALULATIONS

Some manufactures are now bringing in the 3 
phase voltages and determining the capacitive 
charging current on  the actual system.



HIGH RESISTANCE GROUNDING – 2.4KV SYSTEM 
CALCULATION OF SYSTEM CHARGING CURRENT



CHARGING CURRENT TESTS 
ON POWER SYSTEMS

• Tests made by federal pioneer of Canada at several pulp and paper 
sites in Canada.

• .02-.06 amps per 1000kva of transformer nameplate KVA. For 
system with no aerial construction.

• TRANSFORMER CHARGING
• KVA CURRENT
• 1000 .02 - .06 AMPS
• 1500 .03 - .09 AMPS
• 2000 .04 – .12 AMPS
• 2500 .05 – .15 AMPS



HIGH RESISTANCE GROUNDING 2.4KV SYSTEM
CALCULATION OF CHARGING CURRENTS

• 1. SURGE CAPACITORS

3 ICO = 3(2πf CE/10 ) = 3(2π*60*.5X(2400V/3^1/2)= 3X.261= .783 AMPS6

106
2. MOTORS

3 ICO = [0.005X (     )]  REF. ALVIN KNABLEHP
RPM

450 HP MOTOR   0.05 X       = .013AMPS450
1765

200 HP MOTOR   0.05 X       = .06AMPS200
180

100 HP MOTOR   0.05 X       = .02AMPS100
257

125 HP MOTOR   0.05 X       = .01AMPS125
585

3. ZIG‐ZAG TRANSFORMER – APPROXIMATE VALUE .01 TO .001 MICRO FARAD

XC=            = 2.65 X 10^5 TO 2.65 X 10^6 OHMS10^6    
377X10^-2

3ICO=               = .0156 TO .00156 AMPS. DISREGARD THIS VALUE2400/3^(1/2)   
2.65X10^5



HIGH RESISTANCE GROUNDING 2.4KV SYSTEM
CALCULATION OF SYSTEM CHARGING CURRENT

• CABLE CAPACITANCE
C=                                  WHERE  SIG= SPECIFIC INDUCTIVE CAPACITANCE =30.00735(SIC)

LOG  (D/d)
mfd  

100 ft. D= DIAMETER OVER INSULATION
d=DIAMETER OF CONDUCTOR

AVERAGE LENGTH OF CABLE RUNS = 75 FT, #2  5KV UNSHIELDED.
C= 0.00735*3

LOG (.56.34)

C= .1017 X           = 7.63X10^-3 ufd75 f
1000 ft

Xc=                     =3.47x10^5 OHMS.10^6
377 X 7.63x10^-3

3Ico=                       = .0119AMPS = .012AMPS PER FEEDER2400/ 3^(1/2)
3.47X10^5 OHMS



HIGH RESISTANCE GROUNDING – 2.4KV SYSTEM 
CALCULATION OF SYSTEM CHARGING CURRENT



HIGH RESISTANCE GROUNDING 2.4KV SYSTEM
CALCULATION OF SYSTEM CHARGING CURRENT

• SUMMARY OF CAPACITIVE FAULT CURRENT VALUES
• 3MVA Transformer        = .15A.
• FDR   #1 = .013 + .012    = .025A.
• #2 = .06 + .012      =.072A.
• #3 =.06 + .012       =.072A
• #4 =.02 + .012       =.032A
• #5  =.02 + .012       =.032A
• #6 =.01 + .012       =.022A
• SURGE CAPACITORS = .783A
• 1.188 AMPS
• CHOSE GROUNDING RESISTOR OF 5 AMPS
• NOTE: SURGE CAPACITORS ACCOUNT FOR 75% OF THE 

TOTAL


