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ABSTRACT 
 

Accidents due to arc flash events are currently of special interest in the 

electrical power industry. These events often result in serious injuries, deaths, 

equipment damage, facility shutdowns, lawsuits, and penalties. Risk 

assessments are usually performed by the power systems engineer during the 

design phase to mitigate the effects of potential arc flash occurrences. 

The objective of this thesis is to demonstrate the significance of arc flash 

hazard risk assessments implemented during the installation of electrical power 

equipment. This thesis presents a synopsis of the main industry design 

standards and codes that govern the design of electrical distribution systems in 

commercial and industrial facilities. 

Simulations were performed for a case study using SKM Power Tools to 

demonstrate the interpretation and practical application of these standards and 

codes. Electrical studies and analyses were performed on the model, and 

recommendations were provided to address the mitigation of potential arc flash 

incidents throughout the electrical network of the case study. 
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CHAPTER 1 INTRODUCTION & THESIS ORGANIZATION 
 

INTRODUCTION 

Recently enacted guidelines and regulations regarding arc flash hazards 

have focused industry attention on quantifying the dangers of arc flash events in 

energized low and medium voltage electrical equipment. Engineers and facility 

operators are now determining the correct arc flash boundaries and personal 

protective equipment (PPE) requirements to protect workers from arc flash 

dangers. As such, non-compliance observed by regulatory institutions such as 

the Occupational Safety and Health Administration (OSHA) lead to penalties 

such as fines and facility shutdowns. 

The nature of explosive equipment failures and the rate of serious burn 

injuries in the electrical industry have been studied and the detailed investigation 

of the arc flash phenomena has led to the National Fire Protection Association 

(NFPA) to adopt arc flash guidelines for work on or near energized electrical 

equipment. IEEE Standard 1584, Guide for Performing Arc Flash Hazard 

Calculations provides detailed equations for determining arc flash energies. 

Understanding the IEEE Standard 1584 is a key qualification for a Power 

System Design Engineer. Section 4 of this standard lists steps/procedure to 

conduct a comprehensive Arc Flash Hazard Study: 

Step 1: Collect the System and Installation Data 

Step 2: Determine the System Modes of Operation 
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Step 3: Determine the Bolted Fault Currents 

Step 4: Determine the Arc Fault Currents 

Step 5: Find Protective Device Characteristics and the Duration of Arcs 

Step 6: Document the System Voltages and Classes of Equipment 

Step 7: Select the Working Distances 

Step 8: Determine the Incident Energy for All Equipment 

Step 9: Determine the Flash-Protection Boundary for All Equipment 

 

The three primary features of this procedure are – Short Circuit Study, 

Protective Device Coordination, & Arc Flash Study, which will be explored in this 

report. Arc flash hazard studies require knowledge of both the electrical power 

system facility, and the system’s electrical protection. From the above listed 

steps, arc flash studies can therefore be considered a continuation of the short 

circuit and coordination aspects of a power system, since the results for each are 

required to assess arc flash hazards.  

THESIS ORGANIZATION 

Chapter 2: This section on Short Circuit Studies will cover topics like type, 

source and effects of faults. Short circuit calculation methods supported by a 

detailed computational example will also be introduced. 

Chapter 3: This section on Power System Protection will be split into 2 

parts; Part (I) Protective Devices: will cover the significance of power system 

protection, operation and application of common protective devices in 

low/medium voltage systems such as fuses, and relays; Part (II) Device 
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Coordination: will explore how the protection devices harmonize to isolate faults 

and protect vital components like cables, transformers, motors, generators, etc.. 

The theory of Time-Current Curves (TCCs) will be introduced. There would be 

examples showing protection and coordination principles using TCCs. 

Chapter 4: This section on Arc Flash Studies will further elaborate on arc 

flash events at industrial facilities: history, nature, dangers, causes, governing 

standards, equipment labeling, etc. IEEE 1584 calculation methodology 

supported by a detailed computational example will also be introduced. 

Chapter 5: CASE STUDY - The case study to complement this thesis will 

be the upgrade of the KAMAMA Pump Station, in Katia, Texana. The system will 

be modeled in SKM Power Tools for Windows and a comprehensive arc flash 

study based on the steps outlined in IEEE 1584 will be performed. The simulation 

will outline and compare results for various system configurations with the aim to 

identify the protective device settings for the safest arc flash energy category 

levels throughout the electrical system. 
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CHAPTER 2 SHORT CIRCUIT CURRENTS & FAULT 
ANALYSIS 

2.1 INTRODUCTION – SHORT CIRCUIT CURRENTS 
 

The operation of a power system departs from normal after the occurrence 

of a fault. Faults give rise to abnormal operating conditions-usually excessive 

currents and voltages at certain points on the system which are guarded against 

by various types of protective equipment – fuses, circuit breaker and relays [1]. 

These faults or short circuits occur once in a while due to lighting, flash 

over due to polluted insulation, falling of tree branches on the overhead system, 

animal intrusion and erroneous operations [8]. During the fault, the power system 

is called on to detect, interrupt and isolate these faults. The duty impressed on 

the equipment is dependent on the magnitude of the current, which is a function 

of the time of fault initiation [8]. 

For proper choice of circuit breakers and protective relaying, we must 

estimate the magnitude of currents that would flow under short circuit 

conditions—this is the scope of a fault analysis study [5]. Such calculations are 

performed for various types of fault such as three-phase, single line-to-ground 

fault, double line-to-ground fault, etc. [8]. In the view of sizing electrical 

installation and the required equipment, as well as determining the means 

required for the protection of life and property, short circuit currents must be 

calculated for every point in the electrical system [7]. This chapter is devoted to 

abnormal system behavior under conditions of symmetrical short circuit or three-

phase fault and provide further understanding of the calculation methods 
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essential when determining short circuit currents, even when computerized 

methods are employed [7]. 

2.2 NATURE OF SHORT CIRCUIT CURRENTS 

2.2.1 Types Of Faults 
 

A fault on a power system is an abnormal condition that involves an 

electrical failure of power system equipment operating at one of the primary 

voltages within the system [2]. Short-circuit faults can occur between phases, or 

between phases and earth, or both. Short circuits may be one-phase to earth 

(single line-to-ground), phase to phase (double line, line-to-line), two-phase to 

earth (double line-to-ground), three-phase clear of earth and three-phase to 

earth. The three-phase fault that symmetrically affects the three phases of a 

three-phase circuit is the only balanced fault whereas all the other faults are 

unbalanced [2]. 

The various types of short circuit faults are depicted in Figure 1 below. 

The frequency of occurrence decreases from part (a) to part (f): 

 

Figure 1: Types of Faults – from ref [1] 
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Experience has shown that between 70 and 80% of faults are single line-

to-ground faults. About 15% are phase-to-phase faults. Roughly 5% of all faults 

involve all three phases [3, 7]. Though three-phase faults are rare, symmetrical 

fault analysis must be carried out, as this type of fault generally leads to most 

severe fault current against which the system must be protected [5]. 

2.2.2 Causes & Origin Of Faults 
 

Open-circuit faults may be caused by the failure of joints on cables or 

overhead lines or the failure of all the three phases of a circuit-breaker or 

disconnector to open or close. For example, two phases of a circuit-breaker may 

close and latch but not the third phase or two phases may properly open but the 

third remains stuck in the closed position [2]. 

The vast majority of short-circuit faults are weather related followed by 

equipment failure. The weather factors that usually cause short-circuit faults are: 

lightning strikes, accumulation of snow or ice, heavy rain, strong winds, etc. [2]. 

Equipment failure, e.g., machines, transformers, reactors and cables, 

cause many short-circuit faults. These may be caused by failure of internal 

insulation due to ageing and degradation, breakdown due to high switching or 

lightning over voltages, by mechanical incidents or by inappropriate installation 

[2]. 

Short-circuit faults may also be caused by human error. A classic example 

is one where maintenance staffs inadvertently leave isolated equipment 

connected through safety earth clamps when maintenance work is completed. A 
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three-phase to earth short-circuit fault occurs when the equipment is reenergized 

to return it to service [2]. 

2.2.3 Need For Power System Fault Analysis 
 

Short-circuit calculations are generally performed for a number of reasons. 

These are briefly described below: 

Health and Safety Considerations 
 

Short-circuit fault analysis is carried out to ensure the safety of workers as 

well as the general public. Power system equipment such as circuit-breakers can 

fail catastrophically if they are subjected to fault duties that exceed their rating. 

Other equipment such as busbars, transformers and cables can fail thermally or 

mechanically if subjected to fault currents in excess of ratings [2]. 

Design, Operation and Protection of Power Systems 
 

Short-circuit current calculations are made at the system design stage to 

determine the short-circuit ratings of new switchgear and substation 

infrastructure equipment to be procured and installed. In addition, calculations of 

minimum short-circuit currents are made and these are used in the calculation of 

protection relay settings to ensure accurate and coordinated relay operations [2]. 

Areas where short-circuit analysis is carried out is in the modification of an 

existing system or at the design stage of new electrical power installations such 

as a new offshore oil platform, new petrochemical process plant or the auxiliary 

electrical power system of a new power station [2]. 
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Short circuit calculations should be done at critical points in the system. 

This would include: service entrance, panel boards, motor control centers, motor 

starters, transfer switches and load centers [9]. 

Design of Power System Equipment 
 

Switchgear manufacturers design their circuit-breakers to ensure that they 

are capable of making, breaking and carrying, for a short time, the specified short 

circuit current. Manufacturers use the short circuit current ratings specified by 

their customers to ensure that the equipment is designed to safely withstand the 

passage of these currents for the duration specified [2]. 

2.2.4 Consequences Of Short-Circuits 
 

The consequences are variable depending on the type and the duration of 

the fault; the point in the installation where the fault occurs and the short-circuit 

power. The consequences of faults can be thermal or mechanical: 

Thermal effects 
 

Short-circuit currents flowing through the conductors of various power 

system equipment create thermal effects on conductors and equipment due to 

heating and excess energy input over time as measured by I2T where I is the 

short-circuit current magnitude and T is the short-circuit current duration [2]. At 

the fault location, the presence of electrical arcs can result in damage to 

insulation, welding of conductors or circuit breaker contacts, fire and possible 

danger to human life [7]. 
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Mechanical effects 
 

Short-circuit currents flowing through the conductors of various power 

system equipment create electromagnetic forces and mechanical stresses on 

equipment [2]. These electrodynamic forces result in deformation of the bus bars 

and disconnection of cables [7]. 

 

Other parts of the network may experience some abnormalities such as: 

 Voltage dips during the time required to clear the fault, ranging from a few 

milliseconds to a few hundred milliseconds. 

 Shutdown of a part of the network. The extent of the outage depends on the 

design of the network and the discrimination levels offered by the protection 

devices. 

 Dynamic instability and/or the loss of machine synchronization. 

 Disturbances in control / monitoring circuits, etc. [7]. 

2.3 SOURCES OF SHORT CIRCUIT CURRENTS 
 

In modern power systems, there are various types of active sources that 

can contribute short-circuit currents in the event of short-circuit faults on the 

power system. These short circuit current contributions are from utility sources, 

generators, synchronous condensers and induction motors [8] - refer to Figure 2. 

Power system elements such as lines, cables, transformers, series reactors, etc., 

between the short-circuit fault location and the various current sources will affect 

the magnitude of the short-circuit currents that feed into the fault. The effect is 
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generally to reduce the magnitude of the short-circuit currents and to increase 

the rate at which their ac and dc components will decay [2]. 

 

 

Figure 2: Sources Of Short Circuit Currents – from ref [8] 

Utility Sources:  
 

Utility represents the large interconnection of generators, transmission 

lines and load circuits. The transmission lines, distribution lines and transformers 

introduce impedance between the generator source and the fault point during a 

short circuit. The source voltage remains unaffected during fault conditions [8]. 

Generator Sources:  
 

An in-plant generator contributes to a short circuit and the current 

decreases exponentially. The generator is driven by a prime mover and an 
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exciter supplies the field; the steady state current will persist unless the circuit is 

open by a circuit breaker. The generator fault current is determined by three 

reactance values during various time frames: 

Xd" - Direct axis sub-transient reactance, during the first cycle 

Xd' - Direct axis transient reactance, during 1 to 2 seconds 

Xd - Direct axis reactance, during steady state 

The total short circuit current (It) of a generator consists of an ac component (lac) 

and a dc component (Idc). These components are given by equations 1 through 

3. The ac component of the generator fault current is 

𝐼𝐼𝑎𝑎𝑎𝑎 = �
1
𝑋𝑋𝑑𝑑"

  −  
1
𝑋𝑋𝑑𝑑′
�  𝑒𝑒

−𝑡𝑡
𝑇𝑇𝑑𝑑" + �

1
𝑋𝑋𝑑𝑑′

 −  
1
𝑋𝑋𝑑𝑑
� 𝑒𝑒

−𝑡𝑡
𝑇𝑇𝑑𝑑′  +  

1
𝑋𝑋𝑑𝑑

  .                                                          (1) 

The dc component (Idc) of the generator currents is 

𝐼𝐼𝑑𝑑𝑎𝑎 = �√2� �
1
𝑋𝑋𝑑𝑑
� 𝑒𝑒

−𝑡𝑡
𝑇𝑇𝑑𝑑   .                                                                                                                 (2) 

The total generator fault current (It) is 

𝐼𝐼𝑡𝑡 =  �𝐼𝐼𝐼𝐼𝐼𝐼2  + 𝐼𝐼𝐼𝐼𝐼𝐼2   .                                                                                                                   (3) 

Synchronous Motor & Synchronous Condenser: 
 

The synchronous machines supply fault current like a synchronous 

generator. The fault current decays rapidly since the inertia of the motor and load 

acts as the prime mover with the field excitation maintained. The fault current 

diminishes as the motor/condenser slows down and the motor excitation decays 

[8]. 
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Induction Motor Load: 
 

The fault current contribution from an induction motor is due to the 

generator action produced by the load after the fault. The field flux of the 

induction motor is produced due to the stator voltage and hence the current 

contribution decays very rapidly upon fault clearing as the terminal voltage is 

removed [8]. 

Typical current waveforms during a short circuit are shown in Figure 3 and 

Figure 4 for various types of contributing sources. 

 

Figure 3: Decaying Short Circuit Current Waveforms – from ref [8] 
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Figure 4: Short Circuit Armature Current In Synchronous Machine – from ref [5] 

Total fault current as a function of time: 
 

When a short circuit occurs in a system, the circuit impedance decreases 

appreciably. Therefore, the circuit current increases significantly as shown in 

Figure 5. During an asymmetrical fault, the total current can be treated as the 

sum of a dc current and a symmetrical ac component. The direct component 

eventually decays to zero as the stored energy in the system is expended in the 

form of I2R loss. The direct current decay is inversely proportional to the X/R ratio 

of the system between the source and the fault. Therefore, it is important to 

analyze the short circuit current during the first cycle, the next several cycles and 

in the steady state [8]. 
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Figure 5: Total Fault Current Waveform – from ref [8] 

2.4 CALCULATIONS OF SHORT CIRCUIT CURRENTS 

2.4.1 Methods Of Fault Calculations 
 

Normally, short circuit studies involve calculating a bolted three-phase 

fault condition. This can be characterized as all three-phases “bolted” together to 

create a zero impedance connection. This establishes a “worst case” (highest 

current) condition that results in maximum three phase thermal and mechanical 

stress in the system. From this calculation, other types of fault conditions can be 

approximated. This “worst case” condition should be used for interrupting rating, 

component protection and selective coordination. However, in doing an arc flash 

hazard analysis it is recommended to do the arc flash hazard analysis at the 

highest bolted three-phase short circuit condition and at the “minimum” bolted 

three-phase short circuit condition. There are several variables in a distribution 

system that affect calculated bolted 3-phase short-circuit currents [12]. 
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Appendix I and Appendix II present a number of different methods used in 

short circuit calculations. These are accompanied by solved computational 

examples. 

Appendix I - the Per-Unit method – from reference [9]. 

Appendix II- the ANSI method – from reference [27].  

 

We observe from the above mentioned appendices that to determine the 

fault current at any point in the system, we first draw a one-line diagram showing 

all of the sources of short-circuit current feeding into the fault, as well as the 

impedances of the circuit components. 

To begin the study, the system components, including those of the utility 

system, are represented as impedances in the diagram. The impedance tables 

include three-phase and single-phase transformers, cable, and busway. These 

tables can be used if information from the manufacturers if not readily available. 

It must be understood that short circuit calculations are performed without 

current-limiting devices in the system. Calculations are done as though these 

devices are replaced with copper bars, to determine the maximum available 

short-circuit current. This is necessary to project how the system and the current 

limiting devices will perform. Also, multiple current-limiting devices do not operate 

in series to produce a “compounding” current-limiting effect. The downstream, or 

load side, fuse will operate alone under a short circuit condition if properly 

coordinated [12]. 
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2.4.2 Computer-Aided Fault Analysis 
 

There are several programs available to perform short circuit studies. 

These programs can be used to perform data-related operations such as [8]  

 Convert the raw system data to a common base, 

 Prepare one-line diagrams, and  

 Determine system impedance for the calculation of momentary, interrupting, 

symmetrical and relay short circuit currents. 

The input data to these programs can be entered interactively. The output 

of the short circuit study includes the following: 

 Short circuit input data used in the network analysis. 

 Calculations of three-phase, single line to ground fault, line to line and double 

line to ground fault currents. For the three-phase, four-wire system with a 

neutral conductor, the short circuit currents are required for the line to neutral 

short circuit. 

 Calculation of appropriate circuit breaker current ratings based on ANSI or 

IEC standards. 

 Some programs present the short circuit outputs in a one line diagram with 

the calculated values. 

 Summary of currents at all the buses [8]. 

All computer programs designed to calculate short-circuit currents are 

predominantly concerned with (i) determining the required breaking and making 

capacities of switchgear and the electromechanical withstand capabilities of 

equipment; and (ii) determining the settings for protection relays and fuse ratings 
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to ensure a high level of discrimination in the electrical network [7]. The user 

selects the necessary short circuit results at appropriate buses and compares the 

results with the circuit breaker ratings. Also, the short circuit currents are 

compared with the equipment short circuit ratings to ensure safe performance [8]. 

Short Circuit Input Data 
 

To perform the software assisted fault calculations the following 

information must be obtained 

 Utility: Nominal voltage, Utility three-phase and line-to-ground available 

contribution with associated X/R ratios i.e., 3-Phase and SLG MVAsc available 

and X/R; or 3-Phase and SLG Isc available and X/R ratio. 

 Cable: Cable type, voltage rating, construction, size, #conductors per phase, 

length, impedance and conduit type. 

 Transformers: MVA or KVA rating, transformer primary & secondary voltages, 

winding configurations, KVA rating, percent impedance (%Z) and X/R ratio on 

nominal MVA or KVA base. 

 AC Induction Motors: Rated HP, Voltage, Full Load Amperes, Power Factor, 

Efficiency, Number of Poles, Rated Synchronous Speed (RPM). 

 Generators: Base MVA or KVA Rating, Output Voltage, Synchronous Speed 

or Output Frequency (Hz), Number of Poles, Saturated Synchronous 

Reactance (Xdv), Saturated Transient Reactance (X’dv), Saturated 

Subtransient Reactance (X”dv), Transient Time Constant (Td’), Subtransient 

Time Constant (Td”), and Armature Short Circuit Time Constant (Ta). 
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The complete list of information needed can be found in Appendix III – 

courtesy of BICE Engineering and Consulting. Remember, however, that all 

software, whatever its degree of sophistication, is only a tool. To ensure correct 

results, it should be used by qualified professionals who have acquired the 

relevant knowledge and experience. 
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CHAPTER 3 POWER SYSTEM PROTECTION 

3.1 WHAT IS POWER SYSTEM PROTECTION? 
 

Power system protection is the process of making the production, 

transmission, and consumption of electrical energy as safe as possible from the 

effects of failures and events that place the power system at risk. It is cost 

prohibitive to make power systems 100% safe or 100% reliable. As such, risk 

assessments are necessary for determining acceptable levels of danger from 

injury or cost resulting from damage. 

Hence, the essence of power system protection is to safeguard the entire 

electrical system to maintain continuity of supply, to minimize damage and repair 

costs on affected equipment, and foremost to ensure safety of personnel [24]. 

Such an undertaking abides to the IEEE Code of Ethics in the appropriate 

application of technology consistent with the safety, health and welfare of the 

public, and to disclose promptly factors that might endanger the public or the 

environment. 

3.2 BASIC REQUIREMENTS OF POWER SYSTEM PROTECTION 
 

The requirements of protection are necessary for early detection and 

localization of faults, and for prompt removal of faulty equipment from service 

[24]. In order to carry out these duties, protection must have the following 

qualities: 

 Selectivity: To detect and isolate the faulty item only. 

 Stability: To leave all healthy circuits intact to ensure continuity or supply. 
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 Sensitivity: To detect even the smallest fault, current or system abnormalities 

and operate correctly at its setting before the fault causes irreparable 

damage. 

 Speed: To operate speedily when it is called upon to do so, thereby 

minimizing damage to the surroundings and ensuring safety to personnel [24]. 

To meet all of the above requirements, protection must be reliable which 

means it must be 

 Dependable: It must trip when called upon to do so, and 

 Secure: It must not trip when it is not supposed to [24]. 

3.3 PROTECTIVE DEVICES 
 

The fundamentals of power system protection are to determine the 

measurements of currents and/or voltages whether the power system is 

operating correctly. Different kinds of protective devices operate independently, 

co-dependently and simultaneously to maintain the integrity of the power grid. 

The basic components of system protection include: Voltage or Potential 

Transformers (PTs) and Current Transformers (CTs), Fuses, Circuit Breakers 

and Protective Relays.  

The primary function of protective devices in a power system is to detect 

short circuits and isolate the fault by activating the appropriate circuit interrupting 

devices, which increases the reliability and safety of the electrical system. This 

thesis report focuses on the fundamental need-to-know information about Fuses 

and Protective Relays. 
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3.3.1 Protective Devices - Fuses 

3.3.1.A Fuses – Introduction 
 

The simplest of all circuit interrupting device is the fuse. Fuses are used 

when it is possible to use a simple and economic method protection against 

overcurrents and faults. They are fast to act when a major fault occurs and are 

reliable [6]. 

As an overcurrent protection device; it possesses an element that is 

directly heated by the passage of current and that is destroyed when the current 

exceeds a predetermined value. A suitably selected fuse should open the circuit 

by the destruction of the fuse element, eliminate the arc established during the 

destruction of the element and then maintain circuit conditions open with nominal 

voltage applied to its terminals (i.e., no arcing across the fuse element) [15]. 

The following information is required in order to select a suitable fuse for 

use on the distribution system: voltage and insulation level, type of system, 

maximum short-circuit level, and load current. These four factors determine the 

fuse nominal current, voltage and short circuit capability characteristics [15]. The 

characteristics of fuses vary widely depending upon the application. The main 

parameters concerning an application are [6] 

 

 Rated voltage 

 Rated current 

 Rated frequency 

 AC and DC service and type of 

load current 

 Time versus current 

characteristic 

 Time versus I2t characteristic 

 Rated breaking capacity 
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 Rated power dissipation of the 

fuse 

 Cut-off current in AC service 

 Pre-arcing and arcing times 

 Dimension

 

Modern fuses have different characteristics, and it is no longer satisfactory 

to just specify a voltage and current rating for them [14]. Fuse manufacturers are 

able to vary the shape and steepness of the characteristics by carefully designing 

the shape of the fuse element, by surrounding the element with different heat 

removing media and by selecting different fusable metals and alloys [6]. Each 

type must be studied so that the application of fuses is done with full knowledge 

of their respective characteristics [14]. 

3.3.1.B Fuse Design And Operation 
 

Fuse design includes both sensing and interrupting elements. Fuses 

responds to the combination of magnitude and duration of circuit current flowing 

through them. A fuse can carry continuous current, and, therefore, when this 

current exceeds its rated continuous current due to any fault, it responds to de-

energize and interrupt the affected phase or phases of the circuit or equipment 

that is faulty. 
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Figure 6: Cross Section of a Current Limiting Fuse – from ref [60] 
 

The mechanism of interruption is performed by two processes: thermal 

process and interrupting process [17]. 

Thermal Process 

The current-responsive element in the fuse is sensitive to the current 

flowing through it. Its temperature rises when heat is generated as a result of the 

current flow. For a current less than or equal to the fuse rated continuous current, 

the fuse is in a stable condition where the heat generated equals the heat 

dissipated. When a current higher than rated continuous current flows through 

the fuse with sufficient magnitude, it causes the current-responsive element to 

melt before other steady-state temperature conditions are achieved [17]. 

Interrupting Process 

The current continues to flow through an arc after the current-responsive 

element melts. The arcing takes some time until the current is interrupted. It is 

called “arcing time” and is defined as “the time elapsing from the melting of the 
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current - responsive element to the final interruption of the circuit [17]”. The 

arcing period in the interrupting process is added to the melting process time in 

the thermal process to give the total clearing time. The characteristic 

development of current and voltage during the operation of a fuse is shown in 

Figure 7 below: 

 

 

Figure 7: Current and Voltage waveforms during fuse operation – from [65] 
 

From Figure 7, we observe the maximum instantaneous current through 

the fuse during total clearing time (peak let-through current) which is much less 

than the possible peak passing without the fuse. Fuse let-through charts are 

used to determine the prospective fault current that will be available at the load 

side of the fuse. The brief description of the application of fuse let-though charts 

is presented in reference [16]. An example of a fuse let-through chart is shown in 

Figure 8. 
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Figure 8: Fuse Let-Through Chart – from ref [20] 
 

In summary, the operating sequence of a fuse (illustrated in Figure 9) is 

1. The fuse element heats up and finally melts, 

2. As soon as melting occurs a gap is formed at one or more points along the 

element, 

3. An arc is then established across each gap, 

4. The heat of the arc further melts the ends of the elements at each gap and 

so the gap is increased, 

5. Hence the arc length increases and the arc becomes weaker. A point is 

reached when the arc becomes unstable and cannot be maintained and, 

6. The arc is extinguished and the circuit is isolated by the fuse. 

 

25 
 



 

Figure 9: Construction & Operation of Current-Limiting Fuses – from ref [14] 

 

3.3.1.C Fuse Types And Classification 
 

Fuses are classified into Power-Class and Distribution-Class fuses. 

Power-Class fuses have specifications based on particular requirements for 

generating sources and substations. The specifications of Distribution-Class 

fuses are more closely matched with requirements of distribution systems. Some 

of these specifications in accordance with American National Standards Institute 

(ANSI) Standard for the two classes are given in Table 1. 
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Table 1: Comparison of ANSI Fuse Specifications – from ref [17] 

 

 

Fuses are produced in many shapes and sizes, and various types are illustrated 

in Figure 10. 

 

Figure 10: Range Of Low-Voltage Fuselink Types – from ref [13] 
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Another classification of fuses is based on interrupting characteristics. The 

fuses are classified into Current-Limiting fuses and Expulsion fuses (non-current-

limiting). 

Expulsion Fuses 

These are also called Zero-Current-Clearing fuses; since the fuse must 

wait until the current passes through zero before successful clearing is 

accomplished. An expulsion fuse is a vented fuse in which the expulsion effect of 

the gases produced by internal arcing, either alone or aided by other 

mechanisms, results in current interruption. An expulsion fuse is not current 

limiting and as a result limits the duration of a fault on the electrical system, not 

the magnitude [18]. 

Current-Limiting Fuse (CLF) 

A current limiting fuse is a fuse that when its current-responsive element is 

melted by a current within the fuse’s specified current limiting range, abruptly 

introduces a high resistance to reduce current magnitude and duration, resulting 

in subsequent current interruption. This type of fuse is basically different from the 

zero-current waiting types. Here the principle is called current limiting or energy 

limiting. It does this by introducing a high resistance into the circuit. This limits the 

current, but it also improves the power factor, making the current more in phase 

with the voltage. The mechanism of the operation of current-limiting fuses is 

discussed in Section 3.3.1.B. 
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Figure 11: TCC Current-Limiting (Left) And Expulsion Fuse (Right) – from ref [61] 
 

There are three types of current-limiting fuses: 

 Backup CLF: A fuse capable of interrupting all currents from the maximum 

rated interrupting current down to the rated minimum interrupting current [19]. 

 General Purpose CLF: A fuse capable of interrupting all currents from the 

maximum rated interrupting current down to the current that causes melting of 

the fusible element in one hour [19]. 

 Full Range CLF: A fuse capable of interrupting all currents from the rated 

interrupting current down to the minimum continuous current that causes 

melting of the fusible element(s), with the fuse applied at the maximum 

ambient temperature specified by the manufacturer [19]. 
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Figure 12: Classification of Fuses – from ref [62] 
 

Current-limiting fuses are very good at clearing high-current faults. They 

have a much harder time with low-current faults or overloads. For a low level 

fault, the fusible element will not melt, but it will get very hot and can melt the 

fuse hardware resulting in failure. This is why the most common CLF application 

is as a backup in series with an expulsion fuse. The expulsion fuse clears low 

level faults, and the CLF clears high-current faults [19]. Note: These descriptions 

are by no means complete, and the engineer should consult the manufacturers 

for fuses required for special system protection applications. 

3.3.1.D  Miscellaneous: Fuse-Fuse Coordination 
 

The essential criterion when using fuses is that the maximum clearance 

time for a main fuse should not exceed 75% of the minimum melting time of the 

back-up fuse, as indicated in Figure 13 and Figure 14. This ensures that the main 

fuse interrupts and clears the fault before the back-up fuse is affected in any way. 

The factor of 75% compensates for effects such as load current and ambient 
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temperature, or fatigue in the fuse element caused by the heating effect of fault 

currents that have passed through the fuse to a fault downstream but that were 

not sufficiently large enough to melt the fuse [15]. 

 

 

Figure 13: Criteria For Fuse-Fuse Coordination t1 < 0.75t2 – from ref [15] 
 

For coordination at higher currents than are shown on published time-

current characteristics (operations faster than 0.01 sec), ensure that the 

maximum clearing I2t of the load-side fuse is less than 75% of the minimum melt 

I2t of the source-side fuse. Manufacturers provide both of these I2t values for 

current-limiting fuses [19]. 
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Figure 14: Coordination Of Low-Voltage Current-Limiting Fuses – from ref [12] 
 

The coordination of fuses of the same manufacturer is fairly 

straightforward. Most manufacturers provide coordination chart or selectivity ratio 

guide for use with their fuses – refer to Table 2 - courtesy of Cooper Bussmann 

EATON. Figure 15 is for illustrative purposes and should not be used in actual 

studies. Note: The term lineside or protecting link means the fuse that is closest 

to the source and loadside or protected link means the fuse that is closes to the 

fault. 
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Table 2: Selectivity Ratio Guide – from ref [12] 

 

 

 

 

Figure 15:  Illustration of Fuse Selectivity Ratio Guide – from ref [63] 
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3.3.2 Protective Devices – Relays 

3.3.2.A Relays – Introduction 
 

A relay is a device which makes a measurement or receives a signal 

which causes it to operate and to effect the operation of other equipment [22]. A 

protective relay monitors system conditions (e.g., amps, volts, etc., using CTs 

and PTs) and reacts to the detection of abnormal conditions. The relay compares 

the real-time actual quantities against preset programmable threshold values and 

sends dc electrical control signals to trip circuit breakers or other opening devices 

in an effort to clear an abnormal condition on the equipment it is protecting. 

When system problems are detected and breakers are tripped, alarm indications 

are sent to system control and sometimes other protection operations are 

initiated. As a result, equipment may be de-energized, taken off-line, and 

consumers will be out of power with minimal equipment damage [22]. 

3.3.2.B Classification Of Relays 
 

Protection relays can be classified in accordance with their construction, 

the incoming signal and function - see Table 3. 
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Table 3: Classification of Relays – from ref [15] 

CONSTRUCTION INCOMING SIGNAL FUNCTION 

*Electromechanical Current *Overcurrent 

Solid State Voltage Directional Overcurrent 

Microprocessor Power Distance 

Numerical Frequency Overvoltage 

Non-Electrical (Thermal, Pressure) Temperature Differential 

 Pressure Reverse Power 

 Speed  

 

This report covers the fundamentals of electromechanical relays and overcurrent 

relays. 

3.3.2.C Basics Of Relay Operation 
 

A typical relay circuit is shown in in Figure 16. This diagram shows one 

phase of a three-phase system for simplicity. The relays circuit connections can 

be divided into three parts: 

i) First part is the primary winding of a current transformer CT, connected 

in series with the line to be protected, 

ii) Second part consists of secondary winding and relay operating coil; 

and, 
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iii) Third part is the tripping circuit which may be either ac or dc. It consists 

of a source of supply, the trip coil of the circuit breaker and the relay 

stationary contacts. 

 

Figure 16: Basic Functionality Of Relay Operation – from ref [23] 
 

When a short-circuit occurs at point F on the line, the current flowing in the 

line increases to an enormous value. This results in a heavy current flow though 

the relay coil, causing the relay to operate by closing its contacts. This in turn 

closes the trip circuit of the beaker, making the circuit breaker to open and 

isolating the fault section from the rest of the system. In this way, the relay 

ensures the safety of the circuit equipment from damage and normal working of 

the healthy portion of the system [23]. 

3.3.2.D Electromechanical Relays 
 

Most of the relays in service on electric power systems today are 

electromechanical type. These relays are constructed with electrical, magnetic 
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and mechanical components and have an operating coil and various contacts, 

and are very robust and reliable. They are also referred to as electromagnetic 

relays due to their magnetic components [15]. They work on two main operating 

principles: Electromagnetic attraction and Electromagnetic induction. 

Electromagnetic Attraction Principle 

Many relays are based on electromagnetic attraction principle and most of 

them are solenoid relays. The main element of these relays is a solenoid wound 

around an iron core and steel plunger or armature that moves inside the solenoid 

and supports the contacts [17]. Figure 17 shows the schematic arrangement of 

the solenoid type relay. 

 

Figure 17: Relay Operation – Electromagnetic Attraction Type – from ref [23] 
Under normal operating conditions, the current through the relay coil C is 

such that it holds the plunger by gravity or spring in the position shown. However, 

on the occurrence of a fault the current though the relay coil becomes more than 

the pickup value, causing the plunger to be attracted to the solenoid. The upward 
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movement of the plunger closes the trip circuit, thus opening the circuit breaker 

and disconnecting the faulty circuit [23]. These relays operate without any 

intentional time delay, usually within one-half cycle. They are called 

“instantaneous overcurrent relays” and operate with a definite-current 

characteristic [17]. 

Electromagnetic Induction Principle 

An induction relay works only with alternating current [15]. Construction of 

an induction disk relay is similar to a watt-hour meter since it consists of an 

electromagnet and a movable armature (metal disk) on a vertical shaft restrained 

by coiled spring [17]. The general arrangement of this type of relay is shown in 

Figure 18. 

 

Figure 18: Relay Operation – Electromagnetic Induction Type – from ref [23] 
It consists of a pivoted aluminum disc arranged to rotate freely between 

the poles of two electromagnets. The upper electromagnet carries two windings, 

the primary and the secondary. The primary winding carries the relay current I1 

while the secondary winding is connected to the winding of the lower magnet. 
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The primary current induces e.m.f. in the secondary and so circulates I2 in it. The 

flux Φ2 induced in the lower magnet by the current in the secondary winding of 

the upper magnet will lag behind Φ1 by an angle θ. The two fluxes Φ1 and Φ2 

differing in phase by α will produce driving torque T on the disc proportional to 

Φ1Φ2sin θ [23]. The rotating motion of the disc closes the gap between the 

moving and fixed contacts to finally initiate the circuit breaker tripping operation. 

Assuming the fluxes to be proportional to the current in the relay coil, the 

driving Torque T is proportional to the square of the current in the relay coil. 

T  α  Φ1Φ2sin θ 

T  α  I2sin θ 
 

Therefore the speed of the disc is proportional to I2. The classical expression of 

speed is  

𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝐼𝐼 =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐼𝐼𝐷𝐷𝐼𝐼𝑒𝑒 
𝑇𝑇𝐷𝐷𝑇𝑇𝑒𝑒

.                                                                                                                      (4) 

Thus, we observe that Speed  α  1/Time. 

    Speed  α  I2. 

    1/Time  α  I2. 

    Time  α  1/I2. 
 

It can be seen that the operating time of an induction relay is inversely 

proportional to a function of current, i.e., it has a long operating time at low 

multiples of setting current and a relatively short operating time at high multiples 
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of setting current. This means two adjustments are possible on the relay, namely: 

The current pick-up or plug setting and the time multiplier setting [24]. 

Pick-Up Current 

It is the minimum current in the relay coil at which the relay starts to 

operate. So long as the current in the relay is less than the pick-up value, the 

relay does not operate and the breaker controlled by it remains in the closed 

position. However, when the relay coil current is equal to or greater than the pick-

up value, the relay operates to energize the trip coil which opens the circuit 

breaker [23]. The pick-up current of a relay is the product of the rated secondary 

current of the CT and its current or plug setting. 

Current or Plug Setting (PS) 

It is often desirable to adjust the pick-up current to any required value. 

This is known as Current or Plug Setting. [23]. The Plug setting on the relay 

varies the effective turns in the upper electromagnet [24]. This changes the 

torque on the disc and hence the time of operation of the relay [23]. The Pick-up 

Setting value is usually referred to as the Plug Setting Multiplier (PSM). 

The Plug Setting of the relay is  

𝑃𝑃𝑆𝑆 =  
(𝑂𝑂𝑂𝑂𝑒𝑒𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 𝑓𝑓𝐼𝐼𝐼𝐼𝐷𝐷𝑂𝑂𝑂𝑂)(𝑁𝑁𝑂𝑂𝑇𝑇𝐷𝐷𝐷𝐷𝐼𝐼𝑂𝑂 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝑒𝑒𝐷𝐷𝐷𝐷)

𝐶𝐶𝑇𝑇 𝑅𝑅𝐼𝐼𝐷𝐷𝐷𝐷𝑂𝑂
 ,                                                                 (5) 

and the Plug Setting Multiplier is 
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𝑃𝑃𝑆𝑆𝑃𝑃 =
𝐴𝐴𝐼𝐼𝐷𝐷𝐶𝐶𝐼𝐼𝑂𝑂 𝐷𝐷𝑒𝑒𝐼𝐼𝑂𝑂𝐷𝐷𝐼𝐼𝐼𝐼𝑂𝑂𝑠𝑠 𝐼𝐼𝐶𝐶𝑂𝑂𝑂𝑂𝑒𝑒𝐷𝐷𝐷𝐷 
𝑂𝑂𝑒𝑒𝑂𝑂𝐼𝐼𝑠𝑠 𝐼𝐼𝐶𝐶𝑂𝑂𝑂𝑂𝑒𝑒𝐷𝐷𝐷𝐷 𝐷𝐷𝑒𝑒𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠     

=  
𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟
𝑃𝑃𝑆𝑆

=
𝐹𝐹𝐼𝐼𝐶𝐶𝑂𝑂𝐷𝐷 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝑒𝑒𝐷𝐷𝐷𝐷

 (𝐶𝐶𝑇𝑇 𝑅𝑅𝐼𝐼𝐷𝐷𝐷𝐷𝑂𝑂)(𝑃𝑃𝑆𝑆)
 .                               (6) 

 

where Irelay is the current through the relay operating coil [15, 23, 25]. 

 

The value of PSM tells us about the severity of the current as seen by the 

relay. A PSM < 1 means that normal load current is flowing. At PSM > 1, the 

relay is supposed to pick up. Higher values of PSM indicate how serious the fault 

is [25]. Note that in relay setting calculations, 1 ≤ PSM ≤ 20. 

Time Multiplier Setting (TMS) 

Also referred to as Time-Setting Multiplier or Time Dial Setting. The time 

dial setting adjusts the time delay before the relay operates whenever the fault 

current reaches a value equal to, or greater than, the relay current setting. In 

electromechanical relays, the time delay is usually achieved by adjusting the 

physical distance between the moving and fixed contacts; a smaller time dial 

value results in shorter operating times [15]. 

The effect of altering the TMS is to move the relay characteristic vertically. 

Changing both PS and TMS results in moving the relay characteristic both 

horizontally and vertically – refer to Figure 19. 
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Figure 19: Effect Of Plug Setting and Time Multiplier Setting – from ref [24] 
3.3.2.E Overcurrent Relays 
 

The operating current for all overcurrent relays is either fixed or 

adjustable. The relay contacts close and initiate the circuit breaker tripping 

operation when the current flowing from the secondary of CT to the relay 

exceeds a given setting [17]. On the basis of the relay operating characteristics, 

overcurrent relays can be classified into three groups: definite current or 

instantaneous, definite time and inverse time. The characteristic curves of these 

three types are shown in Figure 20 which also illustrates the combination of an 

instantaneous relay with one having an inverse time characteristic [15]. 
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Figure 20: Operating Characteristics of Overcurrent Relays – from ref [15] 
 

Definite Current or Instantaneous Relays - ANSI Code #50 

It is to be noted that the word instantaneous has a different connotation in 

the field of power system protection. Instantaneous actually means no intentional 

time delay. Howsoever fast we want the relay to operate; it needs a certain 

minimum amount of time. Definite Current type relays operate on the principle of 

electromagnetic attraction, with an operating time in the order of a few 

milliseconds. Such a relay has only the pick-up setting and does not have any 

time setting – operates instantaneously when the current reaches or exceeds the 

setting threshold or pre-determined value [25]. The characteristic curve of a 

definite current relay is shown in Figure 21. 
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Figure 21: Definite Current Relay Characteristic – from ref [25] 
 

Definite Time Relays 

A definite time overcurrent relay can be adjusted to issue a trip output at a 

definite (and adjustable) amount of time, after it picks up. Thus, it has a time-

setting adjustment and a pick-up adjustment. [25]. It should be noted that the 

time-delay setting is independent of the value of the overcurrent required to 

operate the relay [15]. The characteristic curve of a definite time relay is shown in 

Figure 22. 

 

Figure 22: Definite Time Relay Characteristic – from ref [25] 
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Inverse Time Relays - ANSI Code #51 

Inverse-time relays are also referred to as inverse definite minimum time 

(IDMT) overcurrent relays. The fundamental property of these relays is that they 

operate in a time that is inversely proportional to the fault current [15]. Inverse 

time characteristic fits in very well, with the requirement that the more severe a 

fault is, the faster it should be cleared to avoid damage to the apparatus. This 

type of characteristic is naturally obtained from an electromechanical relay, which 

has led to its widespread use and standardization [25]. The characteristic curve 

of an IDMT relay is shown in Figure 23. 

 

Figure 23: Typical Time-Current Characteristics of IDMT Relay – from ref [26] 
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The current/time tripping characteristics of IDMT relays may need to be 

varied according to the tripping time required and the characteristics of other 

protection devices used in the network [26]. IDMT Relays are generally classified 

in accordance with their characteristic curve which would indicate the speed of 

the operation. These are distinguished by the gradient of their curves. IEC and 

ANSI ANSI/IEEE Standards define the operating time mathematically by the 

following expression [15] 

𝐷𝐷 = 𝑇𝑇𝑃𝑃𝑆𝑆 .
𝛽𝛽

 𝑃𝑃𝑆𝑆𝑃𝑃𝛼𝛼 − 1
+ 𝐿𝐿 ,                                                                                                           (8) 

where t = relay operating time in seconds, 
 TMS = time multiplier setting, 
 PSM = plug setting multiplier, and 
 L = constant. 

 

The constants α and β determine the slope of the relay characteristics. 

The values of α, β, and L for various standard overcurrent relay types 

manufactured under ANSI/IEEE and IEC Standards are given in Table 4. Typical 

characteristics for both types are shown in Figure 24 and Figure 25. 
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Table 4: IEEE and IEC constants for standard Overcurrent Relays – ref [15] 

 

 

 

Figure 24: IEC (Left) and ANSI/IEEE (Right) Overcurrent Relays – from ref [15] 
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Figure 25: IEC (Left) and North American IDMT Relays (Right) – from ref [26] 

 

3.4 SELECTIVITY & DEVICE COORDINATION 

3.4.1 Coordination Background 
 

Isolating an electrical fault condition to the smallest area possible is 

essential in providing the most reliable electrical distribution system with 

maximum uptime for your facility. Expensive electronic distribution protection 

equipment is not worth the extra cost unless a proper protective device 

coordination study is provided by an experienced electrical engineer [28]. 

A properly coordinated system will limit an electrical fault to the nearest 

upstream protective device [28]. Selective coordination generally describes the 

design of an electrical system in which the upstream protective device (fuse or 
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circuit breaker) nearest to the system fault clears the fault without affecting the 

protective devices that are upstream from it. Figure 26 illustrates this concept, 

where a fault is seen on a feeder circuit breaker in a panel. In this example, the 

fault on the feeder serving panel (M) is protected by circuit breaker (L). With 

proper action, this will not trip protective devices (G), (E), or (A) upstream — and 

the fault is contained so that buses (B) and (H) are unaffected, as are the panels 

marked (N)[30]. 

 

Figure 26: Selectively Coordination in Electrical System – ref [30] 
 

Article 100 of the National Electric Code defines Selective Coordination as 

follows: 

“Coordination (Selective): Localization of an overcurrent condition to 

restrict outages to the circuit or equipment affected, accomplished by the 
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selection and installation of overcurrent protective devices and their 

ratings or settings for the full range of available overcurrents, from 

overload to the maximum available fault current, and for the full range of 

overcurrent protective device opening times associated with those 

overcurrents.” 

 

Figure 27: Coordination vs Non-Coordination – from ref [12] 
 

The proper selection and coordination of protective devices is mandated in 

Article 110.10 of the National Electrical Code: 

“110.10 Circuit Impedance, Short-Circuit Current Ratings, and Other 

Characteristics: The overcurrent protective devices, the total impedance, 

the equipment short circuit current ratings, and other characteristics of the 

circuit to be protected shall be selected and coordinated to permit the 

circuit protective devices used to clear a fault to do so without extensive 

damage to the electrical equipment of the circuit. This fault shall be 
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assumed to be either between two or more of the circuit conductors or 

between any circuit conductor and the equipment grounding conductor(s) 

permitted in 250.118. Listed equipment applied in accordance with their 

listing shall be considered to meet the requirements of this section.” 

For a protective system, Selectivity is a general term used in describing 

the interrelated performance of relays and other protective devices, whereby a 

minimum amount of equipment is removed from service for isolation of a fault or 

other abnormality. Selectivity is a desirable characteristic in any protection 

scheme. However, it is not always possible to obtain the desired degree of 

system and equipment protection in a selective fashion. Usually, an optimum 

setting is achieved for satisfactory performance [8]. The term Coordination is 

sometimes used to describe a reasonable compromise, based on an engineering 

evaluation, between the mutually desirable but competing objectives of maximum 

system protection and maximum circuit availability. The protective device ratings 

and settings recommended from a coordination study must be the best balance 

between these factors [8]. 

The IEEE Standard 141 - Electrical Power Distribution for Industrial Plants 

(Red Book) describes the purpose of Electrical Coordination Studies as follows: 

“The primary purpose of a coordination study is to determine satisfactory 

ratings and settings for the electric system protection devices. The 

protection devices should be chosen so that pickup currents and operating 

times are short but sufficient to override system transient overloads such 

as inrush current experienced when energizing transformers or starting 
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motors. Further, the devices should be coordinated so that the circuit 

interrupter closest to the fault opens before other devices. 

Determining the ratings and settings for protective devices requires 

familiarity with NEC requirements for the protection of cables, motors, and 

transformers, and with ANSI/IEEE C57.12.00-1980 for transformer 

magnetizing inrush current and transformer thermal and magnetic stress 

damage limits [32].” 

 

IEEE Standard. 242 - Recommended Practice for Protection and 

Coordination of Industrial and Commercial Power Systems (Buff Book) also 

states that 

“The objectives of electrical system protection and coordination are to 

prevent injury to personnel, to minimize damage to the system 

components and to limit the extent and duration of service interruption 

whenever equipment failure, human error or adverse natural events occur 

in any portion of the system [33].” 

 

Hence, there are three fundamental objectives/aspects to overcurrent 

protection which engineers should keep in mind while selecting and setting 

protective devices: 

1. Safety: Personal safety requirements are met if protective devices are rated to 

carry and interrupt the maximum available load current as well as withstand the 

maximum available fault currents. Safety requirements ensure equipment is of 
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sufficient rating to withstand the maximum available energy of the worst-case 

scenario [29]. Life safety requirements should never be compromised [31]. 

2. Equipment Protection: Protection requirements are met if overcurrent devices 

are set above load operation levels and below equipment damage curves [29]. 

Conductor, cable, transformer and distribution equipment damage information is 

defined in applicable equipment standards. Capacitor, motor and generator 

damage information is component specific, and is normally provided by the 

manufacturer. Based on system operating and equipment sizing practices 

equipment protection is not always possible [31]. 

3. Selectivity: Selectivity goals are met if in response to a system fault or 

overload, the minimum area of the distribution system is removed from service. 

Again, based on system operating and equipment selection practices selectivity 

is not always possible [31]. 

Some of the additional key benefits of a Protective Device Coordination Study 

are: 

 Increased facility reliability i.e., minimize system downtime and nuisance 

device operations 

 Increased facility operating efficiency and help prevent downtime 

 Prevent damage by identifying underrated equipment 

 Prevent damage by identifying overloaded equipment 

 Minimize damage to electrical apparatus due to overloads 
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 Minimize nuisance and false trips of protective devices due to transients, 

inrush amperage, and starting currents 

 Avoid unnecessary blackouts and brownouts to the electrical power system 

 

3.4.2 Data Required for Coordination Study 
 

Short-circuit calculations are a prerequisite for a coordination study. Short-

circuit results establish minimum and maximum current levels at which 

coordination must be achieved and which aid in setting or selecting the devices 

for adequate protection [56]. The next step in the process is obtaining information 

about the protective devices. Table 5 presents sample data about fuses, circuit 

breakers and relays required in a Coordination Study. A complete list can be 

found in Appendix III – courtesy of BICE Engineering and Consulting. 

Table 5: Information for Protective Devices for Coordination Study 

Fuses Circuit Breakers Relays 

Manufacturer Manufacturer Manufacturer 

Type Type Type 

Continuous current rating Frame size Ampere tap adjustment range 

 Ampere rating or Current sensor rating Time delay adjustment range 

 Long-time adjustment range Instantaneous adjustment range 

 Short-time adjustment range  

 Instantaneous adjustment range  
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3.4.3 Computer-Aided Coordination 
 

Overcurrent protection and coordination studies for electrical distribution 

systems have become much easier to perform with the emergence of several 

commercially available software programs that run on a personal computer [34]. 

Examples of such industry approved software programs include ETAP, SKM 

Power Tools for Windows, EasyPower, EDSA, ASPEN, CYME etc. 

 

 

Figure 28: Logos of Power Systems Analysis Modeling Software 
 

These computer software programs are utilized to generate the graphical 

representation of the Time-Current Characteristic (TCC) curves of the protective 

overcurrent devices under review. To begin, the TCC curves of the protective 

devices are inserted onto a computer-generated TCC graph consisting of a log-

log grid with a time (seconds) vertical axis and a current (amperes) horizontal 

axis at a given voltage [35]. These programs have built-in libraries of protective 

device time-current curves, damage curves for cable and transformers, and 

motor starting curves, thereby facilitating the design of a selectively coordinated 

protection [34]. 
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The TCC curves for obsolete protective overcurrent device can be 

manually entered into the computer software’s data library, allowing the TCC 

curve to be used in the current and future studies. The TCC curves for the 

protective overcurrent devices are shown on the TCC graph, and the curve is 

extended to the short-circuit fault current that was calculated as part of the short-

circuit analysis [35]. The TCC curves for protective overcurrent devices at 

different voltage levels can also be plotted but are shifted automatically by the 

computer software by the voltage ratio. In addition, it is quite common that a 

simplified single-line diagram will be shown on the TCC graph to aid in identifying 

the portion of the electrical distribution system with which the TCC graph is 

associated [35]. 

One of the greatest benefits of using a graphical computer program for 

coordination and protection is that time-current curves are displayed on the 

screen and any changes to equipment settings are updated automatically to see 

how these adjustments affect the time-current curves. This feature enables better 

"fine-tuning" of protective device settings in order to achieve the best 

coordination possible while maintaining protection of the distribution system [34]. 

The protective overcurrent device pickup settings must be evaluated with respect 

to the protected circuit’s ampacity or downstream equipment’s continuous current 

ratings. The fault clearing time of each protective overcurrent device for a fault at 

a given location must also be evaluated as well. For selective coordination 

between protective overcurrent devices, a time separation between the protective 

overcurrent devices’ TCC curves must be maintained. Adjustments to the 
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protective overcurrent device settings can be made to properly protect the cable 

circuits and the electrical equipment, as well as adjusting the time separation 

between the protective overcurrent devices [35]. 

We see that Selective protective coordination is more of an art than an 

exact science. The selection of ratings and settings of overcurrent protective 

devices to provide system protection and selective operation is often a trial and 

error process. The electrical engineer must review the electrical distribution 

system and the associated TCC curves to determine if selective coordination is 

possible. There will be instances where two overcurrent protective devices are on 

the same feeder circuit, and therefore selective coordination may not exist. In 

these instances, the lack of selective coordination will not increase the area of an 

electrical outage for a fault located on the load side of the feeder circuit and is 

therefore acceptable [35]. Often, a compromise between protection and 

coordination must be made and some overlap of characteristics may be 

necessary for the purposes of protection. Protective Device Settings Guidelines 

for Selectivity and Equipment Protection is covered in Section 3.4.4. 

 

Steps for Using Computer Software To Achieve A Well-Protected 

Coordinated Electrical System – list of steps from ref [34]: 

 

1. Draw a one-line diagram for the distribution of the electrical power to the 

loads. 
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2. Calculate the maximum available short circuit current at each bus where 

protective devices are located in the system. Protective devices must have 

interrupting capacities that exceed the maximum available fault current at that 

bus. 

3. Select as a voltage base the predominant voltage in the electrical system. 

4. Start with the largest downstream motor or other end-use load first in sizing 

overloads and circuit breakers or fuses. Work from the bottom of the one-line 

diagram upstream just as one would in sizing conductors and transformers. 

5. In the software program select either a motor starting curve or a cable or 

transformer damage curve and display it on the time-current curve chart. 

6. Check the software program’s library of protective devices for the 

manufacturer of the upstream protective device that you want to use. If 

contained in the library, choose it and select the adjustable settings so that 

the downstream equipment is protected from damage from faults or 

overloads. If the library does not happen to have the specific manufacturer’s 

device, obtain the manufacturer’s time-current curves and add the device to 

the library. 

7. Check if the protective device you have chosen is truly protecting downstream 

equipment (cable, transformer, motor, etc.) If not, select a different rating of 

the same type of device. 

8. Choose the next in series upstream damage curve and protective device from 

the library of available cable or transformer damage curves and the protective 

devices. 
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9. Coordinate overcurrent protection devices so that the one closest to a fault or 

overload opens first. 

10. “Fine-tune” any adjustable settings or sizes so that devices are selectively 

coordinated AND all equipment is properly protected. 

11. Go to the next largest downstream motor or other endues load and return to 

step 4 to start a new chart of time-current curves. 
 

Use of the (suggested) steps outlined above in conjunction with one of the 

commercially available protection and coordination software programs will enable 

engineers to properly design an electrical distribution system that not only is well-

protected but also one that should be relatively free of nuisance trips and limits 

the amount of equipment affected when a short circuit or overload event does 

occur. In a Protective Device Coordination Study, the following deliverables are 

generated: 

 Protective Device Setting Sheets: These document the ratings and settings of 

fuses, thermal magnetic circuit breakers, electronic circuit breakers, low-

voltage power circuit breaker trip units and protective overcurrent relays. The 

Protective Device Setting sheets will also indicate changes to the original 

settings of the protective overcurrent devices [35].  

 Time-Current Curves: An additional deliverable includes TCC graphs that 

were generated as part of the protective device coordination study [35]. 

 

Due to the life safety, equipment protection and selectivity requirements of 

electrical system protection design, it is strongly recommended that an 
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experienced professional electrical engineer, familiar with the applicable codes 

and standards, objectively review the results of the overcurrent coordination study 

to properly size, select and set the characteristics of protective devices.3.4.4. 

3.4.4 Protective Device Setting Guidelines 
 

Overcurrent coordination is generally performed in accordance with the 

IEEE Standard 242 - Recommended Practice for Protection and Coordination of 

Industrial and Commercial Power Systems with protective device settings 

conforming to the applicable sections of the National Electrical Code [36]. 

Performing overcurrent coordination studies is a skill required of every electric 

power system engineer and a background in equipment damage characteristics, 

along with knowledge of TCC landmarks is necessary to understand the basic 

principles of equipment protection [31]. 

A few guidelines for achieving adequate equipment protection and 

acceptable selectivity are outlined in this section. The material presented in this 

section is obtained from references [31], [36] and [37]. 

3.4.4.A TCC Equipment Protection Guidelines 
 

Cable/Feeder Protection Philosophy [31]: 

Step 1 – Identify TCC Landmarks 

• Ampacity – located in the upper decade 

• Intermediate Overload Curve – located in the upper 2 decades (typically 

not shown) 

• Short Circuit Damage Curve – located in the bottom 3 decades 
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Step 2 – Identify TCC Areas 

• Equipment Operating Area – located to the left and below the ampacity 

• Equipment Damage Area – located to the right and above the 

intermediate overload and short circuit damage curves 

Step 3 – Size and Set the Protective Device 

• Set the protection device pickup at or below the ampacity 

• Set the protection device characteristic curve below the intermediate 

overload and short circuit damage curves 

Additional Comments  

• If the maximum through-fault current penetrates the limits of the cable short 

circuit damage curve, insulation damage will occur.  

• If the maximum through-fault current penetrates the limits of the conductor short 

circuit damage curve, conductor damage will occur.  

• The through-fault current is defined as the maximum current that can flow for a 

short circuit located on or beyond the load-side feeder terminals.  

Refer to TCC illustration for Cable Protection in Figure 29 below: 
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Figure 29: TCC Cable Protection Philosophy – from ref [31] 

Transformer Protection Philosophy [31] 

Step 1 – Identify TCC Landmarks (all based on the nominal kVA rating) 

• Full Load Amps – located in the upper decade 

• Thermal Damage Curve – located in the upper 3 decades 

• Mechanical Damage Curve – located in the middle decade 

• Inrush point defined @ 12 x FLA and 0.1 seconds 

• Inrush point defined @ 25 x FLA and 0.01 seconds (Fuse applications only) 

Step 2 – Identify TCC Areas 

• Equipment Operating Area – located to the left and below the full load amps 

and inrush points 

• Equipment Damage Area – located to the right and above the through-fault 

damage curves 

Step 3 – Size and Set Protective Device 

• Set the protection above the full load amps and inrush point(s) 
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• Set protection below the through-fault damage curves 

Additional Comments 

• If current penetrates the limits of the thermal damage curve, insulation 

damage may occur. 

• If current penetrates the limits of the mechanical damage curve, cumulative 

mechanical damage may occur. 

NOTE: Transformer overcurrent protective device settings should comply with 

the requirements of NEC Section 450.3. 

Refer to TCC illustration for Transformer Protection in Figure 30 below: 

 

Figure 30: TCC Transformer Protection Philosophy – from ref [31] 

 

Motor Protection Philosophy [31] 

Step 1 – Identify TCC Landmarks 

• Full Load Amps – located in the upper decade 

• Motor Starting Curve – located in all 5 decades 
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• Rotor Safe Stall Point – located in the upper middle decades (Typical of LV 

motors) 

• Stator Damage Curve – located in the upper decade (Typical of MV motors) 

• Rotor Damage Curve – located in the middle decades (Typical of MV 

motors) 

Step 2 – Identify TCC Areas 

• Equipment Operating Area – located to the left and below the motor starting 

curve 

• Equipment Damage Area – located to the right and above the safe stall 

point for LV motors, or the running overload and locked rotor thermal limit 

curves for MV motors 

Step 3 – Size and Set Protective Devices 

• Set protection above the full load amps and motor starting curve 

• Set protection below the hot stall point for LV motors, or the running 

overload and locked rotor thermal limit curve for MV motors 

Additional Comments 

• If a motor operates above the limits of the running overload thermal limit 

curve, stator insulation life is reduced. 

• If a LV motor is allowed to operate at locked rotor for a time above the hot 

stall point, rotor damage will occur. 

• If a MV motor is allowed to operate at locked rotor for a time above the 

locked rotor thermal limit curve, rotor damage will occur. 

Refer to TCC illustrations for Motor Protection in Figure 31 and 32 below: 
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Figure 31: TCC LV Motor Protection Philosophy – from ref [31] 

 

 

Figure 32: TCC MV Motor Protection Philosophy – from ref [31] 
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LV Generator Protection Philosophy [31] 

Step 1 – Identify TCC Landmarks 

• Full Load Amps – located in the upper decade 

• Overload Curve – located in the upper 1 or 2 decades 

• Decrement Curve – located in the bottom 3 decades 

Step 2 – Identify TCC Areas 

• Equipment Operating Area – located to the left and below the full load amps 

and to the left and below the decrement curve in the instantaneous region 

• Equipment Damage Area – located to the right and above the overload 

curve 

Step 3 – Size and Set Protection Devices 

• Set protection above the full load amps and above the decrement curve in 

the lowest decade. 

• Set protection below the overload curve. 

• Set protection to intersect with the decrement curve in the second lowest 

decade. 

Additional Comments 

• If current penetrates the limits of the overload curve, stator insulation life is 

reduced. 

• If protection is set above the decrement curve, the device will never trip. 

 

Refer to TCC illustrations for LV Generator Protection in Figure 33 below: 
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Figure 33: TCC MV LV Generator Protection Philosophy – from ref [31] 

 

3.4.4.B TCC Device Coordination Guidelines 
 

PRINCIPLE OF COORDINATION - TIME AND CURRENT GRADING: 

Among the various possible methods used to achieve correct relay 

coordination are those using either time discrimination or current discrimination, 

or a combination of both [38]. 

Current Discrimination: 

Current-based discrimination uses the principle that within a power 

system, the further the fault is from the source, the weaker the fault current is. 

Current discrimination can be used when there is sufficient difference between 

the maximum possible operating currents for the primary and backup devices of 

a pair of devices that need to be coordinated. For example, the setting of 
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instantaneous elements in over-current relays is generally based on current 

discrimination [38]. 

 

 

Figure 34: Current-Based Discrimination – from ref [66] 

 

Time Discrimination: 

Time-based discrimination consists of assigning different time delays to 

the overcurrent protection units distributed through the power system. The closer 

the relay is to the source, the longer the time delay. Time discrimination requires 

time settings to be selected that will ensure a primary protection device will clear 

a fault in its protection zone as quickly as possible and that any backup devices 

will not operate - the primary device successfully clears the fault by normal 

operation[38]. 
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Figure 35: Time-Based Discrimination – from ref [66] 

 

Need for a Discrimination/Coordination Time Interval: 

For selective coordination between protective overcurrent devices, a time 

separation between the protective overcurrent devices’ TCC curves must be 

maintained. The recommended time separation for microprocessor-based and 

electromechanical overcurrent relays is 0.2 seconds and 0.3 seconds, 

respectively, plus the circuit breaker operating time. The time separation is 

required to accommodate CT error, setting errors, tolerances and relay over 

travel [35] – Refer to Figure 36. 

 

Figure 36: Illustration of Discrimination Time Concept – from ref [38] 
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The time separation for low-voltage circuit breakers - including thermal 

magnetic circuit breakers, electronic trip circuit breakers, and low-voltage power 

circuit breakers - is handled differently than overcurrent relays. The objective with 

low-voltage circuit breakers is to avoid the crossing of the TCC curves with no 

intended time delay. The time separation for fuses must be such that the total 

clearing time of the downstream fuse shall be 75% of the minimum melt curve of 

the upstream fuse. The time separation for selective coordination of fuses with 

source side relays/low-voltage circuit breaker is recommended to be 0.2 – 0.3 

seconds. The time separation for selective coordination of fuses with load side 

relays/low-voltage circuit breaker is recommended to be 0.3 seconds [35]. 

As previously mentioned, overcurrent device settings are chosen to 

provide an acceptable compromise between sensitivity and selectivity in 

overcurrent protection. Reference [36] provides the following minimum 

recommended margins between device characteristics to achieve selective 

coordination: 

 

1. Relay - Relay coordination requires (i) that there be a minimum of 0.25 to 

0.40 seconds time margin between the relay curves at the maximum fault  

current to account for the interrupting time of the circuit breaker, relay 

over-travel time, relay tolerances, and a safety factor or (ii) that the 

downline relay curve be less than 90% of the upline relay curve. 

For induction disk relays, the minimum desired time margin for a 5 cycle 

breaker is generally 0.30 seconds: 
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5 cycle breaker   0.08 seconds 

relay over-travel   0.10 seconds 

CT ratio & safety factor  0.12 seconds 

0.30 seconds 

For digital relays, the minimum desired time margin for a 5 cycle breaker 

is generally 0.25 seconds: 

5 cycle breaker   0.08 seconds 

relay accuracy ±.02 sec.  0.04 seconds 

CT ratio & safety factor  0.13 seconds 

0.25 seconds 

Margin between pickup levels of ≥ 10% for two devices in series. 

2. Electromechanical Relay - Fuse Coordination requires a minimum 0.22 

second time margin between the curves. 

3. Electromechanical Relay - Low Voltage Breaker Coordination requires a 

minimum 0.22 second time margin between the curves. 

4. Static Relay - Fuse Coordination requires a minimum 0.12 second time 

margin between the curves. 

5. Static Relay - Low Voltage Breaker Coordination requires a minimum 0.12 

second time margin between the curves. 

6. Fuse - Fuse Coordination requires that the total clearing time of the 

downline fuse curve be less than 75% of the minimum melt time of the 

upline fuse curve to account for pre-loading (also refer to Section 3.3.1.D). 
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7. Fuse - Low Voltage Breaker Coordination requires that the down-line 

breaker maximum time curve be less than 75% of the minimum melt time 

of the up-line fuse curve to account for pre-loading. 

8. Fuse - Relay Coordination requires a minimum 0.3 second time margin 

between the curves. 

9. Low Voltage Breaker - Fuse Coordination requires a minimum 0.1 second 

time margin between the curves to allow for temperature variations in the 

fuse. 

10. Low Voltage Breaker - Low Voltage Breaker Coordination requires only 

that the plotted curves do not intersect since all tolerances and operating 

times are included in the published characteristics. 

11. Low Voltage Breaker - Relay Coordination requires a minimum 0.2 second 

time margin between the curves. 

Refer to Figures 37 through 41 for TCC illustrations on the application of 

Coordination Time Intervals. 

 

Figure 37: TCC Illustration Relay-Relay Coordination – from ref [67] 
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Figure 38: TCC Illustration Relay-Breaker Coordination – from ref [67] 

 

 

Figure 39: TCC Illustration Relay-Fuse Coordination – from ref [31] 
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Figure 40: TCC Illustration Breaker-Breaker Coordination – from ref [31] 

 

 

Figure 41: TCC Illustration Fuse-Fuse Coordination – from ASCO Power 
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CHAPTER 4 ARC FLASH STUDIES AND ANALYSIS 

4.1 ARC FLASH: BACKGROUND & INTRODUCTION 
 

Multiple arc flash incidents occur in workplaces across the U.S. every 

month. To be factual, five to ten arc explosions occur in electric equipment every 

day in the United States, according to statistics compiled by CapSchell, Inc., a 

Chicago based research and consulting firm that specializes in preventing 

workplace injuries and deaths [57]. 

The idea of arc flash has been around since Thomas Edison invented 

electricity in the 1870s. Arc flash hazard was initially publicized in 1982 in Ralph 

Lee’s paper titled “The Other Electrical Hazard: Electric Arc Blast Burns.” Lee 

was a pioneer in electrical safety. As the collateral damage it caused became 

increasingly evident, the US Occupational Safety and Health Administration 

(OSHA) developed regulations governing this issue. OSHA holds employers 

responsible for worker and workplace safety. It states that “each employer shall 

furnish to each of his employees’ employment and a place of employment which 

are free from recognized hazards that are causing, or are likely to cause, death 

or serious physical harm to employee.” [40]. 

Then Electric Power Research Institute estimates direct and indirect costs 

to an employer from a fatal electrical accident in the millions. This includes: 

medical costs, lost productivity, workers compensation, hiring and re-training, 

equipment replacement, facility repair, insurance premium increases, OSHA 

citations, litigation and punitive damages, etc.; and in the end, OSHA will enforce 

75 
 



compliance, including performing an arc flash hazard analysis, through a 

succession of inspections [39]. 

In 1995, the Department of Energy (DOE) named the National Fire 

Protection Association (NFPA) 70E as the basis document for electrical safety in 

all facilities. This was the first document of formal arc flash regulation, which 

incorporated the idea of an “arc flash boundary” based on Ralph Lee’s paper 

[40]. Since then, there have been changing guidelines and regulations aimed at 

reducing the number of Arc Flash related injuries and deaths have focused 

attention on the dangers of Arc Flash events in energized low and medium 

voltage electrical equipment. While every facility will have its own unique set of 

challenges, routine inspections, maintenance testing and associated costs, it has 

been proven, without exception, it is far more expensive to allow one arc flash 

accident to occur than to prevent it [39]. 

Chapter 4 provides an overview of arc flash hazards, regulatory issues, 

and methods to apply the standards available to determine conditions and 

procedures required to work safely. 

4.2 ARC FLASH DANGERS 

4.2.1 What is an Arc Flash Hazard? 
 

Arc Flash Hazard as per reference [41] is defined as: “A dangerous condition 

associated with the release of energy by an electric arc”. 
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Broken down to its components, we get: 

Arc: current flowing through air, 

Flash: release of energy including a bright flash of light; and, 

Hazard: the danger posed to personnel in the vicinity of the arc [42]. 

4.2.2 Origin of Arc Flash Hazards 
 

Before we discuss arc flash incidents themselves, we need to understand 

the cause. The most alarming fact is that arc flash incidents occur when electrical 

systems are energized. The basic rule is to de-energize electrical equipment, or 

place it in an electrically safe working condition, prior to servicing or 

maintenance. OSHA regulations state in 1910.333 (a) that workers should not 

work on live equipment (greater than 50 Volts) except for one of two reasons: (i) 

De-energizing introduces additional or increased hazards such as cutting 

ventilation to a hazardous location; and (ii) De-energizing is infeasible due to 

equipment design or operational limitations such as when voltage testing is 

required for diagnostics. 

Even though ignoring these regulations and practices is a violation of 

federal law, the unfortunate fact is that work is often conducted on energized 

equipment, inviting an electrical injury to occur [43]. When it is necessary to work 

on energized equipment, you must follow safe work practices including assessing 

the risks, wearing proper Personal Protective Equipment (PPE), and using the 

proper tools [44]. More details about PPE is discussed in section 4.4.2. 
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Arcing Faults 

Arc flash incidents are caused by arcing faults. Faults on an electrical 

system cause current to travel out of its normal path. There are primarily two 

types of faults: bolted faults and arcing faults. Bolted faults are characterized by a 

solidly connected fault path causing high levels of current to flow through this 

solid connection. This type of fault is commonly used when testing electrical 

equipment for short-circuit current ratings and overcurrent protective devices for 

interrupting ratings. Arcing faults differ in the fact that the current actually flows 

through ionized air causing an arc. The major difference between these two 

types of faults is that the energy in a bolted fault condition is dissipated in the 

faulted equipment while an arcing fault releases energy out into the surrounding 

environment [43].  

Unlike bolted faults, the predictability of an arcing fault and the energy 

released vary. This is due to the arcing fault’s dependence on many variables. 

Some of the variables that affect the outcome include 

 available bolted short-circuit current on the system, 

 the time the fault is permitted to flow (speed of the overcurrent protective 

device), 

 arc gap spacing, 

 size of the enclosure or no enclosure, 

 power factor of fault, 

 system voltage, 

 whether an arcing fault can sustain itself, and 

 type of system grounding and bonding scheme. 
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Figure 42: Origin & Buildup of Arcing Fault – from ref [43] 
 

One major characteristic surrounding arcing faults is progression of the 

fault to other energized parts of the system caused by the buildup of ionized 

matter in the arc [43]. For example, a line-to-ground arcing fault can quickly 

escalate into a three-phase arcing fault as the ionized gas produced envelops the 

other energized parts of the equipment. This causes other phases of the 

electrical system to become involved in the arcing fault, thus increasing the 

amount of electrical energy feeding into the fault; and increases the extent of the 

fault and incident. This characteristic is a major driver behind arc flash incidents 

[43]. 
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To understand this principle of fault progression, look at the physics 

surrounding an electrical arc. The arc model shown in Figure 43 and Figure 44 

shows the physical aspects of an electrical arc.  

 

Figure 43: Physical Aspects of an electric Arc – I – from ref [45] 
 

The terminal of the arc is extremely hot having a temperature estimated to 

be in excess of 35,000°F, roughly four times the temperature of the surface of the 

sun. An arcing fault usually occurs between phase bus bars, or from phase to 

neutral or ground. When an arc flash occurs, large amounts of energy can be 

dissipated in a very short time. This energy causes the ionization and 

vaporization of the conductive metal materials (highly conductive plasma) and 

heating of the ambient air creates a rapid volumetric expansion, known as arc 

blast, and consequently an explosion [45]. 
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During this event, current is conducted through the plasma and the major 

factor that affects the current magnitude is the impedance of the arc. Intense 

light, sound waves, shrapnel and molten metal, toxic gases and smoke are also 

components of the arc flash as indicated in Figures 43 and 44. 

The duration and current magnitude of an arcing fault can vary widely. An 

arc can be initiated by a flashover due to a failure such as breakdown in 

insulation or by the introduction of a conducting object that accidentally bridges 

the insulation. Under certain conditions that sustain the arc, arcing faults develop 

into dangerous arc flash incidents [45]. 

An Arc Flash therefore is a rapid release of energy due to an arcing fault 

between a phase conductor and another phase conductor, a neutral conductor or 

a ground [46]. This results in 

 the rapid release of energy which creates an explosion, 

 the rapid release of heat due to high temperatures of 35000oF, 

 blinding light caused by flash,  

 shock/pressure waves,  

 sound waves which can damage the ears possibly causing acoustic wave 

trauma, 

 sudden spray of molten metal droplets, and 

 Hot shrapnel flying in all directions. 

4.2.3 What Causes Electrical Arcing? 
 

As explained above, an arc occurs when electric current flows between 

two or more separated energized conducting surfaces. Some arcs are caused by 

human error while a person is working on an energized electrical system; this 
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could be accidental dropping of tools, accidental touching, and improper work 

procedures [44]. Mechanical failures like loose connections or falling parts can 

cause electrical arcing. It is not uncommon for a piece of hardware, such as a nut 

or washer, to fall into energized parts when a door is opened or closed, or when 

the handle is operated on a switch or circuit breaker [43]. 

 

Figure 44: Physical Aspects of an electric Arc – II – from ref [42] 
 

Another common cause of an arc is insulation failure. Build-up of dust, 

condensation, contamination, and corrosion on insulating surfaces can provide a 

path for current flow. Spark discharge created during racking of breakers, 

replacement of fuses, and closing into faulted lines can also produce an arc. 

Animals like birds, rodents, squirrels, lizards, snakes, etc., can inadvertently 

bridge the space between conductors or cause leads to slap together, creating 

an arcing fault [44]. 
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4.2.4 Consequences & Effects of Electrical Arcing 
 

Electrical hazards, such as arc flash, can be extremely damaging to 

equipment and, more importantly, to people. Exposure to an arc flash frequently 

results in a variety of serious injuries and in some cases death. Workers have 

been injured even though they were 10 feet or more away from the arc center 

[44]. The pressure wave can also knock away personnel away from the heat 

source; and sometimes from a ladder [43]. As previously mentioned, this 

pressure blast wave propels molten metal droplets which are hot enough to ignite 

clothing. In addition, worker injuries can include permanent loss of hearing due to 

the sound wave, loss of eyesight due to blinding flash light, and severe burns 

requiring years of skin grafting and rehabilitation. The radiation from arc heating 

quickly melts and evaporates metal. Consequently, equipment and building 

structures can be destroyed causing lengthy downtime which require expensive 

replacement and repair. The cost of treatment for the injured worker can exceed 

$1,000,000/case. This does not include very significant litigation fees, insurance 

increases, fines, accident investigation and cost of lost production [44]. 

An alarming number of electrically related accidents occur each year, 

often resulting in serious third degree burns or death. In order to relate the level 

of danger involved, we must investigate some important thresholds for the 

human body. One important danger associated with arc flash is burns resulting 

from the high levels of heat. Burns are often categorized as to the extent of the 

burn. For reference, a second-degree burn threshold, or a "just curable burn 

threshold,” is skin temperature raised to 175°F for 0.1 second, while a third-
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degree burn threshold or "incurable burn threshold” would result from skin 

temperature raised to 200°F for 0.1 second. Another important danger would be 

injury resulting from the intense pressure associated with an arc flash incident 

[43]. Two important thresholds relating to pressure for the human body include: 

 Eardrums: 720 lbs/ft2 

 Lung Damage: 1728 to 2160 lbs/ft2 
 

The eardrums represent the lower level threshold for damage due to their 

direct exposure to pressure waves, while lung damage is a good upper threshold 

due to the protection provided by the rib cage. Extensive tests and analyses by 

industry have shown that the energy released during an arcing fault is related to 

two characteristics; (i) the duration of the arcing fault and (ii) the amount of fault 

current or energy feeding the fault [43]. The calculation of this energy (known as 

‘incident energy’ - details in section 4.6) takes a lot of factors into account. The 

most important ones are 

 Distance - being further away from the arc reduces the hazard, 

 Arcing current - a lower current reduces the hazard, and 

 Time - a shorter arcing duration reduces the hazard [42]. 
 

Distance and arcing current depend on the type of equipment and the 

power system configuration. Usually it is not easy to change them. Selection and 

performance of overcurrent protective devices play a significant role in electrical 

safety. The time it will take to interrupt the arcing current is determined by the 

delay of the feeding fuse or circuit breaker. Overcurrent protective devices 

contribute to (i) control the duration of the fault and (ii) sometimes limit the 
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amount of arcing fault current depending on the type of overcurrent protective 

device selected. The poor electrical conductance of air means that the arcing 

current is less than the short-circuit current; sometimes only 35% of it – and the 

actual delay is not immediately obvious. For example, a fuse chosen for its quick 

operation under short-circuit fault conditions may take up to one second to 

interrupt the arc. Similarly the magnetic trip on a circuit breaker may not function, 

leaving the thermal element to interrupt the arc after a much longer delay [42]. 

Therefore devices that can react quickly to an arcing fault and reduce the amount 

of fault current available, aid in reducing the energy released. The lower the 

energy released the better for both worker safety and equipment protection [43]. 

4.3 ARC FLASH STANDARDS 

4.3.1 What Standards Regulate Arc Flash Hazards? 
 

The two driving regulatory bodies related to Arc Flash are the 

Occupational Safety and Health Administration (OSHA) and the National Fire 

Protection Association (NFPA) [48]. IEEE Standard 1584 Guide for Performing 

Arc Flash Hazard Calculations provides techniques for determining arc flash 

hazard levels - calculating the incident energy to define the safe working distance 

and aid in selection of overcurrent protective devices and PPE [44]. 

The NFPA is an international nonprofit organization based in the US that 

provides codes and standards aimed at reducing fire and other hazards. One of 

the standards published by the NFPA is the NFPA Standard 70E: Standard for 

Electrical Safety in the Workplace [42]. It provides guidance on implementing 

appropriate work practices that are required to safeguard workers from injury 
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while working on or near exposed electrical conductors or circuit parts that are or 

become energized. NFPA 70E covers electrical hazards including arc flash and 

helps comply with US work safety regulations. 

OSHA is an enforcer of safety practices in the workplace. Though OSHA 

does not enforce the NFPA 70E standard, the organization does recognize it as 

industry practice and the administration’s field inspectors carry a copy of NFPA 

70E for use in addressing safety procedures related to arc flash. Electrical 

inspectors across the country also enforce the new labeling requirements set 

forth in the National Electrical Code (NEC) [44]. 

The NEC included a Section 110.16 requiring the labeling of panels with 

an arc flash warning beginning with the 2002 edition. The 2015 edition of the 

NEC made minor changes to the 2011 revision and now reads [47]: 

“110.16 Arc Flash Hazard Warning 

Electrical equipment, such as switchboards, switchgear, panelboards, industrial 

control panels, meter socket enclosures, and motor control centers, that are in 

other than dwelling units, and are likely to require examination, adjustment, 

servicing, or maintenance while energized, shall be field or factory marked to 

warn qualified persons of potential electric arc flash hazards. The marking shall 

meet the requirements in 110.21(B) and shall be located so as to be clearly 

visible to qualified persons before examination, adjustment, servicing, or 

maintenance of the equipment.” 

86 
 



OSHA regulations that apply to arc flash hazards are in 29CFR 1910 

Subparts I, and S. These can be broken down into three general areas, hazard 

identification and PPE selection, training, and proficiency. 

Here are excerpts from 29 CFR: 

“1910.132(d) Hazard assessment and equipment selection.  

1910.132(d)(1) The employer shall assess the workplace to determine if hazards 

are present, or are likely to be present, which necessitate the use of personal 

protective equipment (PPE). If such hazards are present, or likely to be present, 

the employer shall: 

 1910.132(d) (1) (i) - Select, and have each affected employee use, the types 

of PPE that will protect the affected employee from the hazards identified in 

the hazard assessment; 

 1910.132(d) (1) (ii) - Communicate selection decisions to each affected 

employee; and, 

 1910.132(d) (1) (iii) - Select PPE that properly fits each affected employee. 

Note: Non-mandatory Appendix B contains an example of procedures that 

would comply with the requirement for a hazard assessment. 

 1910.132(d) (2) - The employer shall verify that the required workplace 

hazard assessment has been performed through a written certification that 

identifies the workplace evaluated; the person certifying that the evaluation 

has been performed; the date(s) of the hazard assessment; and, which 

identifies the document as a certification of hazard assessment. 
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1910.335(a) (1) (i) Personal Protective Equipment  

Employees working in areas where there are potential electrical hazards shall be 

provided with, and shall use, electrical protective equipment that is appropriate 

for the specific parts of the body to be protected and for the work to be 

performed.  

1910.132(f) Training.  

1910.132(f)(1) The employer shall provide training to each employee who is 

required by this section to use PPE. Each such employee shall be trained to 

know at least the following: 

 1910.132(f)(1) (i) When PPE is necessary; 

 1910.132(f)(1) (ii) What PPE is necessary; 

 1910.132(f)(1) (iii) How to properly don, doff, adjust, and wear PPE; 

 1910.132(f)(1) (iv) The limitations of the PPE; and, 

 1910.132(f)(1) (v) The proper care, maintenance, useful life and disposal of 

the PPE.  

1910.132(f)(2) Each affected employee shall demonstrate an understanding of 

the training specified in paragraph (f) (1) of this section, and the ability to use 

PPE properly, before being allowed to perform work requiring the use of PPE. 

1910.132(f)(3) When the employer has reason to believe that any affected 

employee who has already been trained does not have the understanding and 

skill required by paragraph (f) (2) of this section, the employer shall retrain each 
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such employee. Circumstances where retraining is required include, but are not 

limited to, situations where:  

 1910.132(f)(3)(i) Changes in the workplace render previous training obsolete; 

or  

 1910.132(f)(3)(ii) Changes in the types of PPE to be used render previous 

training obsolete;  or  

 1910.132(f)(3)(iiii) Inadequacies in an affected employee's knowledge or use 

of assigned PPE indicate that the employee has not retained the requisite 

understanding or skill.” 

4.4 LIMITS OF APPROACH & PERSONAL PROTECTIVE EQUIPMENT 

4.4.1 Working Distance and Limits of Approach 
 

The picture in Figure 45 shows two distances that are used in an arc flash 

hazard analysis: the working distance and the arc flash boundary. 

 

Figure 45: Personnel within Arc Flash boundary – from ref [42] 
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The working distance is the minimum distance at which a worker is 

expected to be when an arc flash occurs. It is a fixed number based on the 

voltage and type of equipment. Since the radiated energy decreases with 

distance, it will always be maximal at the working distance. Therefore, incident 

energy is calculated at this point [42]. 

Moving further away, energy decreases until at some point to the 

minimum value of 1.2 Cal/cm2 is reached - this is the Arc Flash Boundary. At this 

point is defined as an approach limit at a distance from a prospective arc source 

within which a person could receive a second degree burn if an electrical arc 

flash were to occur. Outside of this boundary no hazard mitigation is necessary. 

In Figure 45 above, the worker is standing within the flash protection boundary 

but not quite at the working distance. In this case personal protective equipment 

(PPE) is required to protect against the worst case incident energy (calculated at 

the working distance) [42]. 

Typical working distance is the sum of the distance between the worker 

and the front of the equipment and the distance from the front of the equipment 

to the potential arc source inside the equipment. Table 6, obtained from 

reference [41]; Informative Annex D Table D.4.3, provides information about 

typical working distances dependent on the type of equipment. 
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Table 6: Typical Working Distances – from ref [41] 

 

Approach Boundaries: 

NFPA 70E defines boundaries that correlate PPE with the type of work 

being performed [46]. In addition to flash protection, NFPA 70E also defines 

requirements for shock protection and safe distances for qualified and unqualified 

personnel [48]. NFPA 70E recommends the identification of two boundaries to 

define the safe working limits for personnel working in an area with shock 

hazards. Each area is associated with a level of training and PPE. Figure 45 [41] 

and Figure 47 illustrate these boundaries – the limited approach boundary, and 

the restricted approach boundary. 
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Figure 46: Limits of Approach – I – from ref [41] 
 

Limited Approach Boundary: 

Reference [41] defines the Limited Approach Boundary as an approach 

limit at a distance from an exposed energized electrical conductor or circuit part 

within which a shock hazard exists. 

Restricted Approach Boundary: 

Reference [41] defines the Restricted Approach Boundary as an approach 

limit at a distance from an exposed energized electrical conductor or circuit part 

within which there is an increased likelihood of electric shock, due to electrical 

arc-over combined with inadvertent movement, for personnel working in close 

proximity to the energized electrical conductor or circuit part. 
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Arc Flash Boundary: 

When an arc flash hazard exists, an approach limit at a distance from a 

prospective arc source within which a person could receive a second degree 

burn if an electrical arc flash were to occur. A second degree burn is possible by 

an exposure of unprotected skin to an electric arc flash above the incident energy 

level of 5 J/cm2 (1.2 Cal/cm2). [41] 

The Limited and Restricted Boundaries are based on the nominal voltage 

of the energized equipment. This is specified in NFPA 70E – Table 130.4 (D) (a) 

[41]. 

 

Figure 47: Limits of Approach – II 
The Arc Flash Boundary is independent of the shock boundaries. This 

boundary is calculated based on several factors such as voltage, available fault 

current, and time for the protective device to operate and clear the fault. The 
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flash protection boundary for an electrical system is determined using the 

calculating methods contained in NFPA 70E and IEEE Standard 1584.  

What is the definition of a Qualified Person? 

One who has demonstrated skills and knowledge related to the 

construction and operation of electrical equipment and installations and has 

received safety training to identify and avoid the hazards involved. 

NOTE: Unqualified Person - A person who is not a qualified person. Unqualified 

persons shall be trained in, and be familiar with, any electrical safety-related 

practices necessary for their safety [41]. 

4.4.2 Personal Protective Equipment (PPE) 
 

How do you determine what PPE is required? 

In order to select the proper PPE, incident energy must be known at every 

location where workers may be required to perform work on energized 

equipment. These calculations need to be performed by a qualified person such 

as an electrical engineer. All parts of the body that may be exposed to the arc 

flash need to be covered by the appropriate type and quality of PPE. Proper PPE 

can include arc-rated clothing, hard hat, face shield, safety glasses, gloves, 

shoes, and more depending upon the magnitude of the arc energy [44]. The use 

of PPE by qualified personnel is mandated by NFPA Standard 70E. The following 

passages from the standard explain a few reasons for appropriate PPE: 
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NFPA 70E Section 130.7(A) Employees working in areas where electrical 

hazards are present shall be provided with, and shall use, protective equipment 

that is designed and constructed for the specific part of the body to be protected 

and for the work to be performed. 

NFPA 70E Section 130.7(C)(1) When an employee is working within the 

restricted approach boundary, the worker shall wear PPE in accordance with 

130.4. When an employee is working within the arc flash boundary, he or she 

shall wear protective clothing and other PPE in accordance with 130.5. All parts 

of the body inside the arc flash boundary shall be protected. 

NFPA 70E Section 130.7 (16) Protective Clothing and Personal 

Protective Equipment (PPE). Once the arc flash PPE category has been 

identified from Table 130.7(C)(15)(A)(b) or Table 130.7(C)(15)(B), Table 

130.7(C)(16) shall be used to determine the required PPE for the task. Table 

130.7(C)(16) lists the requirements for PPE based on arc flash PPE categories 1 

through 4. This clothing and equipment shall be used when working within the 

arc flash boundary. 
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Figure 48: NFPA Table 130.7 (C) (16) PPE from goITU.com 
 

It should be noted again that 1.2 Cal/cm2 is the threshold of a second 

degree burn. Arc flash protection is designed to limit the injury to no more than a 

“just curable” second degree burn. You can still be burned by abiding by the rules 

[49]. The Category 4 PPE is not intended to protect under all conditions but 

rather only up to a limit of 40 Cal/cm2. Many arc flashes produce energy far in 

excess of 40 Cal/cm2 with energy values in the hundreds of Cal/cm2. The PPE 

categories only provide protection for the effects of the heat. They do not provide 

protection for the flying shrapnel, molten metal, pressure wave or from electric 

shock. As a reference: 

 1st degree burns affect the outer layer of skin, it is painful, but not usually 

permanent or life threatening 

 2nd degree burns cause tissue damage and blistering. The outer skin layer is 

destroyed. 

 3rd degree burns cause the complete destruction of skin. Small areas may 

recover, large areas will need skin grafting [49] 
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Photos of 2nd degree and 3rd degree burns: 

 

Figure 49: Classification Of Burn Injuries – from ref [64] 
4.5 PROCEDURE ALGORITHM FOR ARC FLASH HAZARD ANALYSIS 
 

Section 4 of IEEE 1584 suggests a nine-step approach to arc flash hazard 

analysis. The following contain a brief synopsis of each step. Be advised to refer 

to IEEE 1584 for more information and be certain to read the cautions and 

disclaimers carefully. 

Step 1: Collect System and Installation Data 

The data needed for an arc flash hazard analysis is similar to that needed 

for a short circuit and coordination study (refer to Appendix III). Collecting system 

data is the most difficult and time-intensive step in performing an arc flash hazard 

analysis, but accurate information is vital to correctly calculating flash 

boundaries. A relatively small error at this point can invalidate all further arc flash 

calculations. Information collected should be recorded on a one-line diagram of 
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the facility's electrical system. This diagram should be updated whenever 

modifications are made to the system [58, 59]. 

Step 2: Determine System Modes of Operation 

Many electrical systems, especially in smaller facilities, have only a single 

mode of operation. In large facilities, however, it is common to find a number of 

operating modes, possibly including: emergency modes in which only backup 

generators provide power; multiple utility sources or generators that are switched 

in or out; tie breakers opened or closed, and motors or portions of the system 

that may start or cease operation. As noted in Step 1, the highest available fault 

current may not yield the worst-case arc flash energy, since the worst-case 

energy also depends on the opening time of the overcurrent protection devices. 

All of these different modes cause changes in current at various points in the 

system, altering incident energy and flash boundaries [58, 59]. 

Step 3: Determine Bolted Fault Currents 

A Short Circuit Study is required to determine the magnitude of current 

flowing throughout the power system at critical points at various time intervals 

after a “fault” occurs. These calculations will be used to determine the bolted fault 

current. The bolted fault current is the current that would flow through a short 

circuit consisting of two conductors bolted together. It is the maximum current 

available to flow through a short circuit. This information is used to calculate the 

arc fault currents. Bolted fault currents should be determined for each piece of 

equipment likely to require maintenance or inspection while energized. The 
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bolted fault currents are calculated from the data gathered in Step 1 and Step 2. 

Refer to IEEE Standard 141 (Red Book) for details on methodology pertaining to 

these calculations. The typical method is to enter the data into a commercially 

available software program that allows you to model your system and easily 

switch between modes of operation [58, 59]. 

Step 4: Determine Arc Fault Currents 

The current that flows through an arcing fault is usually significantly less 

than the bolted fault current, due to greater resistance. The bolted fault current 

calculated for each point in the system represents the highest possible fault 

current expected to flow to that point. In the case of an arcing fault, the current 

flow to the fault will be less, due to the added impedance of the arc. It is 

important to adequately predict these lower current levels, especially if the 

overcurrent protective devices are significantly slower at these reduced levels, as 

these situations have been known to provide worst-case arc fault hazards. Arc 

fault current calculations are based on voltage, bolted fault current, conductor 

gap distance, and other factors. IEEE 1584 presents two formulas for calculating 

arc fault currents, one for use with 0.208 to 1 kV systems, and the other for 

systems between 1 and 15 kV (refer to section 4.6 of this chapter) [58, 59]. 

Step 5: Find Protective Device Characteristics and Duration of Arcs 

A Protective Device Coordination Study should be performed to ensure 

selection and arrangement of protective devices limits the effects of an 

overcurrent situation to the smallest area. Results will be used to make 
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recommendations for mitigation of arc flash hazards. The time-current curves of 

upstream protective devices are the major factor in determining how long an arc-

fault will last. An effort should be made to determine the actual settings rather 

than relying on standard values, as these may cause incident energy to vary 

greatly [58, 59]. 

Another consideration when analyzing protective devices is that incident 

energy depends on both fault current and time. Since protective devices are 

slower at lower currents, minimum fault currents often pose the worst-case arc 

flash scenario [58, 59]. 

Step 6: Document System Voltages and Classes of Equipment 

Factors that affect arc energies, such as bus gap and voltage, are 

required for IEEE 1584 equations. A table is provided with typical bus gaps for 

various equipment up to 15kV (refer to section 4.6 of this chapter) [58, 59]. 

Step 7: Select Working Distances 

The working distance is the distance from a potential arc source to a 

worker's face and chest. It is a critical quantity in determining the flash hazard 

boundary, as even an increase of a few inches in working distance can cause a 

significant drop in incident energy. Incident energy on a worker’s hands and arms 

would likely be higher in the event of an arcing fault because of their closer 

proximity to the arc source. 18 inches is the working distance most commonly 

assumed in calculations, but efforts should be made to determine actual working 

distances [58, 59]. 
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Step 8: Determine Incident Energy for All Equipment 

Incident energy is defined in NFPA 70E as "the amount of energy 

impressed on a surface, a certain distance from the source, generated during an 

electrical arc event." In an arc flash hazard study, the "surface" is the worker's 

body at the assumed working distance. Incident energy is expressed in Cal/cm2. 

The analyst will need to choose equations based upon voltage level, type of 

overcurrent protective device and equipment. In addition to the current limiting 

fuse equations, the IEEE guide provides other equations that call for the data 

described above. Because of the complexity and number of manual calculations 

possible, software is recommended to complete this step. Most software gives 

you a choice of equations, including three other incident energy equations (refer 

to section 4.6 of this chapter) [58, 59]. 

Step 9: Determine Flash Protection Boundary for All Equipment 

Instead of solving for Cal/cm2 at a given working distance, this equation 

solves for a distance at which the incident heat energy density would be 1.2 

Cal/cm2 (or 5 Joules/cm2). Due to the same reasons mentioned in Step 8, 

software is also recommended for this calculation [58, 59]. 

4.6 ARC FLASH HAZARD ANALYSIS METHOD – IEEE STANDARD 1584 
 

IEEE Standard 1584-2002 contains calculation methods developed 

through testing by several sources to determine boundary distances for 

unprotected personnel and the incident energy at the working distance for 
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qualified personnel working on energized equipment. The incident energy level 

can be used to determine the proper PPE required for personnel [48]. 

The equations developed in the IEEE standard assess the arc flash 

hazard based on the available bolted fault current, voltage, clearing time, 

equipment type, grounding, and working distance. The working voltage is also 

used to determine other variables. The equations account for grounding, 

equipment type, and construction. This method can also determine the impact of 

some classes of current limiting low voltage fuses as well as certain types of low 

voltage breakers. The calculations can be applied over a large range of voltages 

[48]. 

The many variables of this method make it the preferred choice for Arc 

Flash evaluations, but at the same time requires either a complex spreadsheet or 

computer program to be used efficiently. 

- The Equations For Arc Flash Incident Energy Calculations Are Found In 

Appendix IV (Extracted from Section 5 of IEEE 1584-2002).  

- Solved example in Appendix V from Thomas Smith. Courtesy of Power System 

Analysis– NOTE: Calculation performed prior to 2015 Revision of NFPA 70E. 
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Figure 50: Procedure for Comprehensive Arc Flash Hazard Risk Assessment 
 

4.7 ANATOMY OF ARC FLASH LABELS 
 

The 2002 edition of the NEC introduced a requirement that most electrical 

equipment be field marked to warn of potential arc flash hazards [54]. Each piece 

of equipment operating at 50 Volts or more and not put into a de-energized state 

must be evaluated for arc flash and shock protection. This evaluation will 

determine the actual boundaries and will inform the employee of what PPE must 

be worn. 

Once the evaluation is complete an Arc Flash Hazard warning label must 

be affixed to the equipment and readily accessible to employees who may work 

on the energized equipment [50]. The 2015 edition of the NEC made minor 

changes to the 2011 version and now reads [47]: 
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“110.16 Arc flash Hazard Warning 

Electrical equipment, such as switchboards, switchgear, panelboards, industrial 

control panels, meter socket enclosures, and motor control centers, that are in 

other than dwelling units, and are likely to require examination, adjustment, 

servicing, or maintenance while energized, shall be field or factory marked to 

warn qualified persons of potential electric arc flash hazards. The marking shall 

meet the requirements in 110.21(B) and shall be located so as to be clearly 

visible to qualified persons before examination, adjustment, servicing, or 

maintenance of the equipment”. 

NFPA 70E-2015, provides assistance in determining severity of potential 

exposure, planning safe work practices, and selecting personal protective 

equipment. A similar requirement is included in Article 130.5 (D) of NFPA 70E-

2015, as follows [41]: 

“130.5 (D) Equipment Labeling 

Electrical equipment such as switchboards, panelboards, industrial control 

panels, meter socket enclosures, and motor control centers that are in other than 

dwelling units and that are likely to require examination, adjustment, servicing, or 

maintenance while energized shall be field-marked with a label containing all the 

following information: 

(1) Nominal system voltage 

(2) Arc flash boundary 
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(3) At least one of the following: 

a. Available incident energy and the corresponding working 

distance, or the arc flash PPE category in Table 

130.7(C)(15)(A)(b) or Table 130.7(C)(15)(B) for the 

equipment, but not both 

b. Minimum arc rating of clothing 

c. Site-specific level of PPE 

Exception: Labels applied prior to September 30, 2011 are acceptable if they 

contain the available incident energy or required level of PPE. 

The method of calculating and the data to support the information for the label 

shall be documented. Where the review of the arc flash hazard risk assessment 

identifies a change that renders the label inaccurate, the label shall be updated. 

The owner of the electrical equipment shall be responsible for the 

documentation, installation, and maintenance of the field-marked label”. 

 

The American National Standard Institute (ANSI) is the organization 

responsible for publishing the ANSI Z535 series of standards. The ANSI Z535.4 

Standard, titled Product Safety Signs and Labels, defines the content for a safety 

label. ANSI Z535.4 offers two header options or signal words to classify the 

relative seriousness of the hazardous location – based on the probability of being 

injured if the hazard is not avoided, and on the severity of the resulting injury i.e., 

A “DANGER” header with white letters on a red background or a “WARNING” 
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header with black letters on an orange background – refer to Figure 51 [51, 52, 

and 53].  

The “DANGER” header indicates a hazardous situation which, if not 

avoided, will result in death or serious injury. This signal word is to be limited to 

the most extreme situations - calculated incident energy greater than 40 Cal/cm2. 

The “WARNING” header indicates a hazardous situation which, if not avoided, 

could result in death or serious injury - calculated incident energy less than 40 

Cal/cm2. The header option should be go together with its safety alert symbol -- a 

symbol that indicates a hazard. It is composed of an equilateral triangle 

surrounding an exclamation mark. The safety alert symbol is only used on hazard 

alerting signs [51, 52, and 53]. 

 

Figure 51: Safety Alert Symbols – from ANSI Z535.4 
 
Symbol (A) for use with DANGER signal word; (safety white triangle, safety red exclamation mark, safety red background) 

Symbol (B) for use with WARNING signal word; (safety black triangle, safety orange exclamation mark) 

Finally, the labels must have UL 969 standard compliance for durability 

and adhesion. Note: The NFPA does not specify whether the sign must use a 
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“DANGER” or “WARNING” header nor set forth requirements for the design or 

sign layout, but refers to ANSI Z535.4 for guidelines on the design [55]. 

SAMPLE ARC FLASH LABELS – Courtesy of POWERSTUDIES.com, 

EMERSON, and MARTIN TECHNICAL: 

Figures 52 and 53 are two examples of labels generated using the arc 

flash module in a power systems analysis software tool. Images are courtesy of 

PowerStudies.com, Emerson and Martin Technical. 

 

 

Figure 52: Arc Flash Labels from PowerStudies.com and Emerson 
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Figure 53: Arc Flash Labels from Martin Technical 
 

We observe that the labels on the right indicate prohibited work - incident 

energy is far above the 40 Cal/cm2 limit for energized work. In addition to the 

incident energy information, the labels also include required glove classification 

and the shock protection boundaries required by NFPA 70E. Since these labels 

are part of a certified process, they include who performed the work and on what 

date. Documenting and dating Arc Flash Warning labels is imperative because 

NFPA 70E-2015 Article 130.5 states that “An arc flash risk assessment shall be 

performed and updated when a major modification or renovation takes place. It 

shall be reviewed periodically, at intervals not to exceed 5 years, to account for 

changes in the electrical distribution system that could affect the results of the arc 

flash risk assessment”. 
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CHAPTER 5 ELECTRICAL POWER SYSTEMS STUDIES FOR 
THE KAMAMA PUMP STATION 
 

5.1 EXECUTIVE SUMMARY 

5.1.1 Overview – Purpose of Study 
 

When the electrical power distribution system is modified and upgraded in 

a facility like the KAMAMA Pump Station in Katia, Texana; a comprehensive 

power system analysis should be performed. 

The first step is to conduct a short-circuit study. This study confirms that 

all circuit breakers, switchgears, motor control centers, panel boards, fuses and 

other protective devices within the scope of the study are properly rated for the 

maximum system fault current. The short-circuit study is documented in Section 

5.3. 

A protective device coordination study is necessary in order to provide 

recommended device settings for the adjustable circuit breakers and relays. This 

study is documented in Section 5.4. 

Finally, an arc flash study is contained in Section 5.5. The results of the 

short-circuit and coordination studies are utilized to determine the arc flash 

boundaries, incident energies and protective clothing classes for the equipment 

locations within the scope of this study. Equipment arc flash labels have been 

produced indicating the type of protective clothing that is to be worn when 

working on electrical equipment within the facility. 
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5.1.2 Summary of Study Results 
 

(1)  In the short-circuit study, all equipment locations were evaluated 

for adequacy to interrupt or withstand the maximum three phase fault current to 

which they could be subjected. All equipment PASSED the Evaluation Study - 

the tables in Attachments III, IV, V and VI verify that all of the evaluated 

equipment is applied within the equipment fault ratings. 

(2)  The coordination study has in general provided a high level of 

selectivity among the power system protective devices. The coordination study 

showed for the most part, acceptable levels of selectivity were achieved among 

devices in the system. The devices have been optimized to provide the highest 

level of selectivity possible for the equipment and system design. It also displays 

the overcurrent protection of major components such as cables, transformers 

and motors. The breakers and relays in the system should be set to the 

recommended levels found in the device setting sheet in Attachment XII. Refer to 

Section 5.4.1 for a detailed discussion. 

(3)  All equipment locations were analyzed to determine the amount of 

arc flash incident energy to which a worker might be exposed during an arc flash 

event. PPE category 1 and 2 are present on the arc flash labels created for the 

equipment. The results of the arc flash analysis show both the calculated arc 

flash incident energy and flash protection boundary distances at each bus under 

study. There were two arc flash fault current scenarios considered. The first 

consisted of a utility source (2067 Amps at 24900V, based on a maximum fault 

current). The second was a generator source for equipment fed by the 
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emergency generator. The results of all the scenarios were combined into one 

composite table showing the worst case results for each piece of equipment 

evaluated.  

The arc flash hazard analysis and recommended PPE levels are no 

substitutes for safe work practices. As stated in NFPA 70E, burn injuries can 

occur even when adequate PPE is employed, and the recommended PPE may 

provide little or no protection against arc blast and its effects. Protection from arc 

flash can best be provided by working only on circuits or equipment that have 

been placed in an electrically safe work condition. Work should not be performed 

on or near equipment listed “Dangerous” unless it has been placed in an 

electrically safe work condition. 

All Studies were performed at using the DAPPER, CAPTOR and A_FAULT 

modules of SKM Power Tools for Windows Software, version 7.0.4. 

5.2 ELECTRICAL SYSTEM DESCRIPTION 
 

The electrical reliability package of the modification of the KAMAMA Pump 

Station comprised mainly of the addition of two 800 HP motor pumps. The facility 

upgrade therefore included the addition of a new motor control center MMC-B-

WEST, new transformer XFMR-B-WEST and switchgear SWG N2-WEST to be 

fed from existing transformer XFMR-N2-WEST. To prepare for the possible 

outage of Utility power, a new 2250 KW Standby Generator will keep the motors 

running. 
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There are two modes of operation or scenarios considered for the arc 

flash study. The first consist of a Utility source (Normal operation mode). The 

second is a generator source for equipment fed by the Standby generator 

(Emergency operation mode). During normal operation, breakers 1200A-VCP-W-

BT1 and 1200A-VCP-W-BT2 are offline. In Emergency mode, they switch to “in-

service status” on the loss of utility power to energize switchgears SWGR N1-

EAST and SWGR N2-WEST when the generator is running. 

Accurate data about the power system is essential for any system study to 

accurately predict its behavior. Sometimes even seemingly insignificant errors in 

the system data can produce significant errors in the study results. This is 

especially the case with an arc flash hazard analysis. A single line diagram will 

show how the main components of the electrical system are connected. It shows 

the power distribution path from the power source(s) to each downstream load – 

including the ratings and sizes of each piece of electrical equipment, their feeder 

conductors, and their protective devices. The single-line diagram associated with 

the scope of the expansion of the power distribution system of the KAMAMA 

Pump Station is shown is Section 5.3.3. Refer to Section 5.2.1 for component 

input data. 

5.2.1 Input Data – Normal and Emergency Operation 
 

Attachment I – Input Data – Normal Operation 

 

Attachment II – Input Data – Emergency Operation 
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5.3 SHORT CIRCUIT ANALYSIS STUDY 
 

Short-circuit analysis is done to determine the magnitude of the 

prospective currents flowing throughout the power system at various time 

intervals after a fault occurs. The magnitude of the currents flowing through the 

power system after a fault varies with time until they reach a steady-state 

condition. During this time, the protective system is called on to detect, interrupt, 

and isolate these faults. 

Short-circuit momentary duties and interrupting duties imposed on the 

equipment is dependent upon the magnitude of the current, which is dependent 

on the time from fault inception. This is calculated at each switchgear bus, 

switchboard, motor control center, distribution panel board, and other significant 

locations throughout the system. The information is used to select fuses, 

breakers, and switchgear ratings in addition to setting protective relays. 

The short circuit data is used to determine the bolted three-phase short 

circuit current, which is in turn used to calculate the arcing fault current. The short 

circuit analysis is required for proper sizing of circuit breakers and/or fuses. 

Three-phase and line-to ground fault studies were performed. The A_FAULT 

module of the SKM Power Tools for Windows Software performs fault 

calculations in full compliance with the ANSI C37 standards C37.13, C37.010, 

and C37.5. 

Hence: The purpose of a short circuit study is to identify the maximum 

available fault current at all locations, called busses, in the power system. It is 
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then compared with the ratings of the individual power system components to 

determine if the equipment is adequately rated to safely withstand or interrupt the 

calculated fault current. The results of the short circuit study are also used in both 

the coordination study and the arc flash study. 

5.3.1 Short-Circuit Study Results 
 

The Normal and Standby operation modes for the maximum possible fault 

conditions were both evaluated. The Equipment Evaluation Tables, found in 

Attachments III, IV, V and VI, summarizes fault duties on circuit breakers and 

fuses. Then it verifies if the ratings of the equipment being supplied meets or 

exceeds the required ratings. Attachments VII and VIII shows the one line 

diagrams with ratings of all equipment buses (panel boards, MCC’s, 

switchboards and switchgear) and their corresponding calculated three-phase 

fault current and/or MVA. Attachments IX and X are detailed short circuit output 

reports. 

5.3.2 Equipment Evaluation Tables – Device & Panel 
 

Attachment III - Panel Evaluation-Normal Operation 

 

Attachment IV - Device Evaluation-Normal Operation 

 

Attachment V - Panel Evaluation-Emergency Operation 

 

Attachment VI - Device Evaluation- Emergency Operation 
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5.3.3 Short-Circuit Study One-Line Diagrams – Normal & Emergency 
Operation 
 

Attachment VII - Short-Circuit Study One-Line Diagram – Normal Operation 

 

Attachment VIII - Short-Circuit Study One-Line Diagram – Emergency Operation 

 

5.3.4  Short-Circuit Computer Output Reports – Normal & Emergency 
Operation 
 

Attachment IX - Short-Circuit Study Computer Output Report – Normal Operation 

 

Attachment X - Short-Circuit Study Computer Output Report – Emergency 
Operation 

 

5.4 PROTECTIVE DEVICE COORDINATION STUDY 
 

The objective of a protection scheme in a power system is to minimize 

hazards to personnel and equipment while allowing the least disruption of power 

service. Coordination studies are required to select or verify the clearing 

characteristics of devices such as fuses, circuit breakers, and relays used in the 

protection scheme. These studies are also needed to determine the protective 

device settings that will provide selective fault isolation. In a properly coordinated 

system, a fault results in interruption of only the minimum amount of equipment 

necessary to isolate the faulted portion of the system. The power supply to loads 

in the remainder of the system is maintained. The goal is to achieve an optimum 
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balance between equipment protection and selective fault isolation that is 

consistent with the operating requirements of the overall power system. 

Short-circuit calculations are a prerequisite for a coordination study. Short-

circuit results establish minimum and maximum current levels at which 

coordination must be achieved and which aid in setting or selecting the devices 

for adequate protection. When facilities are changed or upgraded, it is necessary 

to revisit the existing protection scheme to determine if change is needed to be 

made to ensure that devices are coordinated properly. A change in load or 

equipment could change the timing and coordination of the protective devices. 

Hence: The purpose of a Protective Device Coordination study is to 

determine the proper settings for overcurrent protective devices in the power 

system. A Coordination Study will show you the probable and possible values of 

fault currents within the system and show you impact short circuits and failures 

would have on your fuses, circuit breakers, and your facility's operation. Ideally 

the selection of the proper settings will both protect the power system equipment 

as well as remove only the smallest portion of the electrical system as necessary 

from service in order to isolate a fault. In most cases however, compromises 

must be made in order to provide the best overall system reliability.  

5.4.1 Discussion of Coordination Study 
 

In order to determine the proper setting for the overcurrent protective 

devices, they are plotted on time-current curve graphs (TCCs). The CAPTOR 
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module of the SKM Power*Tools Software was used to complete the device 

coordination analysis. 

The TCCs in Attachment XI show select coordination curves of the 

KAMAMA Pump Station power system. As shown from the TCCs, the protective 

devices in the system provide acceptably good coordination. Comments on the 

specific TCC graphs as applicable are given below: 

1) TCC # 01: SWGR N1-EAST PROTECTION 

This curve provides the coordination from the Cooper iDP-210 Relay on the 

Cooper iDP-210 Switchgear and Cooper VFI Tri-Phase Control Switch on the 

existing 25KV Switchgear through the Cooper VFI Tri-Phase Control Switch on 

the primary of the XFMR-N1-EAST down to the N1-M3520 Beckwith Main and 

the GE Multilin BT1-MIF-II Tie relays on SWGR N1-EAST. Coordination has 

been achieved. Cable protection is excellent. 

2) TCC # 02: PUMP #1-EAST PROTECTION 

This curve provides the coordination from GE Multilin BT1-MIF-II Tie and the D1-

MIF-II feeder relays on SWGR N1-EAST down to the 400E main and the EJ2-6R 

feeder fuses on MCC-A-EAST feeding SR-369 motor protection relay which 

feeds Pump#1-EAST. Coordination has been achieved. Cable protection is 

excellent. 

3) TCC # 03: PUMP #3-WEST PROTECTION 

This curve provides the coordination from GE Multilin BT1-MIF-II Tie and the D2-

MIF-II feeder relays on SWGR N2-WEST down to the 400E main and the EJ2-9R 
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feeder fuses on MCC-B-WEST feeding SR-369 motor protection relay which 

feeds Pump#3-WEST. Coordination has been achieved. Cable protection is 

excellent. 

4) TCC # 04: GENERATOR MCC-B-WEST PROTECTION 

This curve provides the coordination from the GE Multilin SR-489 Generator 

Protection Relay, BT2-MIF-II Generator Tie relay and D2-MIF-II feeder relay on 

SWGR N2-WEST feeding MCCB. Coordination has been achieved. Cable 

protection is excellent. 

5) TCC # 05: SWGR N1-EAST GROUND FAULT PROTECTION 

This curve provides the 4160V ground fault coordination between the main, Tie 

and the feeders on SWGR N1-EAST. Coordination has been achieved. 

6) TCC # 06: GENERATOR-1 GROUND FAULT PROTECTION 

This curve provides the 4160V ground fault coordination between the Generator 

main, tie and the feeder relays. Coordination has been achieved. 

Attachment XI - All TCC Coordination Graphs 

 

Attachment XII - Device Settings Sheet 

 

5.5 ARC FLASH ANALYSIS STUDY 
 

In the early 1980's, a paper "The Other Electrical Hazard: Electric Arc 

Blast Burns" by Ralph Lee was published in the IEEE Transactions on Industrial 
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Applications. The effect of this paper was to realize the need to protect people 

from the hazards of arc flash. Four separate industry standards concern the 

prevention of arc flash incidents: 

 OSHA 29 Code of Federal Regulations (CFR) Part 1910 Subpart S 

 NFPA 70-2014 National Electrical Code (NEC) 

 NFPA 70E-2015 Standard for Electrical Safety Requirements for Employee 

Workplaces 

 IEEE Standard 1584-2004 Guide for Performing Arc Flash Hazard 

Calculations 

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

 A facility must provide, and be able to demonstrate, a safety program with 

defined responsibilities 

 Calculations for the degree of arc flash hazard 

 Correct personal protective equipment (PPE) for workers 

 Training for workers on the hazards of arc flash 

 Appropriate tools for safe working 

 Warning labels on equipment 

 

Arc flash Hazard Analysis calculates the incident energy and arc flash 

boundary for each location in a power system so that electrical workers are 

aware of the potential hazard and can make informed choices about personal 

protective equipment. Trip times of protective device settings obtained from 

coordination studies and arcing fault current values from the short circuit analysis 
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are used in arc flash hazards analysis. Incident energy and arc flash boundaries 

are calculated following the NFPA 70E or IEEE 1584 Standards. 

Once again, multiple operating scenarios (Normal mode and Standby 

mode) were considered in order to properly calculate the incident energy levels in 

the system. Unlike short circuit studies where we are concerned with the 

maximum available fault current, with arc flash studies we are really concerned 

with all possible available fault currents. In many cases the highest incident 

energy levels are produced by the scenario that produces the lowest available 

fault current. This is because fault currents that fall just below the instantaneous 

or short time pickup of circuit breakers will last for a much longer time period and 

therefore expose an electrical worker to more energy. 

Arc flash Hazard Warning Labels showing flash protection boundary, 

incident energy, arc resistant clothing required, and other valuable information 

system mandated by the NEC and NFPA 70E Standards will be printed on stick-

on labels to be easily placed on equipment. The label tags will display the worst-

case incident energy levels based on the arc flash study results from both 

operating scenarios. 

5.5.1  Arc Flash Study Results 
 

The Arc Fault study indicated that there are two locations classified as 

PPE Category 1. All other locations are classified as PPE Category 2. 

 

120 
 



5.5.2 Arc Flash Study One-Line Diagrams – Normal & Emergency 
Operation 
 

Attachment XIII - Arc Flash Study One-Line Diagrams – Normal Operation 

 

Attachment XIV - Arc Flash Study One-Line Diagrams – Emergency Operation 

 

5.5.3 Arc Flash Study Computer Output Reports – Normal & Emergency 
Operation 
 

Attachment XV - Arc Flash Study Computer Output Report – Normal Operation 

 

Attachment XVI - Arc Flash Study Computer Output Report – Emergency 
Operation 

 

5.5.4 Arc Flash Warning Labels 
 

Attachment XVII – All Arc Flash Labels 
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DISCLAIMER 
 

 Modification of equipment, changes to system configuration, adjustment of 

protective device settings, or failure to properly maintain equipment may 

invalidate these results. If changes are made to the electrical system, then the 

arc flash study and the arc flash labels are no longer valid and a new arc flash 

study must be performed. 

 The project name, facility location and equipment ID tags were changed for 

the purpose of this report. 
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Chapter 6 CONCLUSION, FUTURE WORK AND FOCUS 
 

CONCLUSION 

The case study of the modification of the KAMAMA Pump Station in Katia, 

Texana; illustrated the interpretation of design standards and codes utilized in 

performing comprehensive short-circuit analysis, protective device coordination 

and arc flash hazard risk assessments.  

The short-circuit analysis evaluated new electrical equipment to be 

installed. All circuit breakers, switchgears, motor control centers, panel boards, 

fuses and other protective devices considered in the study passed the 

evaluation. 

The protection coordination study reviewed the selectivity and 

discrimination among the new and existing protective devices within the facility. A 

record sheet was provided to recommend device settings for the adjustable 

circuit breakers and relays. 

The arc flash analysis assessed the magnitude of the incident energies at 

vital locations considered in the short circuit analysis. Equipment arc flash labels 

were created to inform qualified personnel of the required PPE to be worn during 

equipment maintenance. 

The subjects presented in this thesis act as an introductory material to 

readers interested in exploring and learning about the significance of power 

system studies and arc flash hazards in commercial and industrial facilities. The 

information presented here are summaries obtained from numerous references. 
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Engineers and Field Technicians new to this subject are strongly advised to 

further read the relevant electrical engineering textbooks and governing industry 

standards (NEC/NFPA, NFPA 70E, IEEE), accompanied by formal education and 

training to have an appreciation of the significance of co-dependent system 

studies relevant to IEEE Standard1584. 

FUTURE WORK AND FOCUS 

 

Compliant engineering design is just part of the solution to address arc 

flash mitigation. Adopting on-site preventive maintenance methods like periodic 

inspection and comprehensive mechanical/electrical testing of equipment help 

extend life expectancy and ensure operating efficiency of the facility. 

Moreover, appropriate safety training mandated by the NFPA 70E should 

be supervised and conducted by instructors who are experienced and OSHA 

qualified. Facilities should also be willing to explore new products to reduce arc 

flash hazards such as installing fast-acting fuses, remote racking, arc resistant 

switchgears/MCCs, utilizing low arc flash circuit breakers, using infrared 

scanning windows on switchgears/MCCs, etc. The industry should also be on the 

lookout for innovations in clothing and textiles technology to better specify arc-

rated protective apparel. 
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ATTACHMENTS 
 

Attachment I – Input Data – Normal Operation 

Attachment II – Input Data – Emergency Operation 

Attachment III - Panel Evaluation-Normal Operation 

Attachment IV - Device Evaluation-Normal Operation 

Attachment V - Panel Evaluation-Emergency Operation 

Attachment VI - Device Evaluation- Emergency Operation 

Attachment VII - Short-Circuit Study One-Line Diagram – Normal Operation 

Attachment VIII - Short-Circuit Study One-Line Diagram – Emergency Operation 

Attachment IX - Short-Circuit Study Computer Output Report – Normal Operation 

Attachment X - Short-Circuit Study Computer Output Report – Emergency 

Operation 

Attachment XI - All TCC Coordination Graphs 

Attachment XII - Device Settings Sheet 

Attachment XIII - Arc Flash Study One-Line Diagrams – Normal Operation 

Attachment XIV - Arc Flash Study One-Line Diagrams – Emergency Operation 

Attachment XV - Arc Flash Study Computer Output Report – Normal Operation 

Attachment XVI - Arc Flash Study Computer Output Report – Emergency 

Operation 

Attachment XVII – All Arc Flash Labels 
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Attachment IX - Short-Circuit Study Computer
Output Report – Normal Operation











Attachment X - Short-Circuit Study Computer
Output Report – Emergency Operation
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By Benny E. May, P.E.     3/7/2008  
President/Principal Engineer  8:41 PM 
BICE Engineering and Consulting 

  BICE Engineering and Consulting 
 

Typical Information Required For Arc-Flash Hazard Analysis: 
 

1. Utility or Local Energy Provider: Thevenin Impedance in Ohms or In 
Per Unit on 100 MVA base; or 3-Phase and SLG MVAsc available and 
X/R; or 3-Phase and SLG Isc available and X/R ratio. 

2. Electrical conductors: Type (i.e., CU/AL Cable, Segregated Bus Duct, 
Cable Bus, Isolated Phase Bus Duct, etc…), Size, Ampere Rating, length 
(ft), Insulation Type, Number of Conductors Per Phase, and Voltage 
Rating. 

3. Molded Case Circuit Breakers: Manufacturer, Type/Model, Continuous 
Ampere Rating, Voltage Rating, Short Circuit Current Interrupting Rating, 
and Instantaneous Trip Setting (If available). 

4. Circuit Breakers w/ Electronic Static Trip Units: Manufacturer, Type, 
Continuous Ampere Frame Rating, LTPU, LTD, STP, STD, INST, and GF 
Settings. Also, provide breaker short circuit current interrupting rating. 

5. Protective Relays: Manufacturer, Model/Type, CT ratio, Tap Setting, 
Time Dial Setting, Instantaneous Trip Setting. 

6. Fuses: Manufacturer, Type, Continuous Amp Rating, Short Circuit Current 
Interrupting Rating, Voltage Rating.  

7. Transformers: MVA or KVA rating, Primary-Secondary Winding 
Configuration and Voltages, Neutral Grounding Resistor Rating (If Used), 
X/R ratio, and Percent Impedance (%Z) on Nominal MVA or KVA base.   

8. AC Induction Motors: Rated Hp, Voltage, Full Load Amperes, Power 
Factor, Efficiency, Number of Poles, Rated Synchronous Speed (RPM). 

9. Synchronous Generators: Base MVA or KVA Rating, Output Voltage, 
Synchronous Speed or Output Frequency (Hz), Number of Poles, 
Saturated Synchronous Reactance (Xdv), Saturated Transient Reactance 
(X’dv), Saturated Subtransient Reactance (X”dv), Transient Time Constant 
(Td’), Subtransient Time Constant (Td”), and Armature Short Circuit Time 
Constant (Ta).  

10. Switchboards, Motor Control Centers, Panelboards, Switchgear: 
Manufacturer, Model/Type, Voltage Rating, Continuous Ampere Rating, 
Number of Phases, Number of Wires, Rated Frequency, and Short Circuit 
Current Bus Bracing Rating.  
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