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Abstract—This is one of a series of papers discussing the application and accuracy of different analysis techniques supporting
the determination of industrial and commercial power system
reliability and availability. There is a need recognized in the power
industry to identify and utilize a standard tool, or a set of tools, to
analyze the reliability of power systems. Historically, the results
of applying different reliability methodologies and tools varied
significantly, and comparisons were difficult. The Reliability
Analysis Techniques Working Group of the Gold Book (IEEE Std.
493–1997) developed a standard network to enable comparison
of analytical techniques. This paper describes the approach of
simulations via reliability block diagrams as applied to the Gold
Book standard network. Reliability indexes of the load points
are presented, and are compared with ones obtained from other
techniques in the series to determine the accuracy.
Index Terms—Availability, industrial, interruptions, network reliability, power system, reliability, simulations.

I. INTRODUCTION

T

HE Power Reliability Enhancement Program (PREP) of
the U.S. Army Corps of Engineers sponsored a survey
effort to determine the various reliability/availability (R/A)
analysis software tools available for utility, commercial, and
industrial electrical and mechanical R/A analysis [1]. The
research indicated that users were utilizing a wide variety of
tools and techniques with different analysis results. Furthermore, the only recommended methodology presented in IEEE
Std 493 since 1980 was the “series and parallel” reliability
methodology and the minimal cut-set method which estimated
the frequency and duration of load point interruptions [2].
The different approaches identified in [1] include:
• Zone Branch;
• Reliability Block Diagram;
• Event Tree;
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• Monte Carlo (and Discrete Event Simulations);
• Boolean Algebra;
• FMECA;
• Cut Set.
These analytical approaches are applied to the IEEE Gold Book
standard network in a series of papers to determine the accuracy of their results and how closely they can verify operational
anomalies [3]–[5].
Other approaches applicable to R/A analysis of industrial and
commercial power systems are the following:
• Path Set;
• Fault Tree;
• Markov Model;
• Petri Nets.
This paper addresses the simulation approach as applied through
a reliability block diagram (RBD). Results are compared with
ones from other papers.
II. IEEE GOLD BOOK STANDARD NETWORK
A standard network is required to enable comparisons between different methodologies. After examination of various
actual industrial and commercial power system network configurations, the single-line diagram of the Gold Book standard
network was defined [3], as shown in Fig. 1. The equipment reliability data corresponding to each labeled component of the
network is listed in Table I.
Two independent 15-kV primary distribution feeders, as
shown in Fig. 1, supply the standard network. There are four
diesel engine generators at the facility, where two out of four
generators are required to meet the network load demands at
all times. The reliability indexes of the load points, as shown in
Fig. 1 (Outputs A, B1, B2, C, D, E, F, G1, G2, H, and I), are
evaluated by the methodology of simulation via RBD in this
paper.
The following assumptions are to be used by any reliability
methodology applied to the Gold Book standard network.
• Failure and repair times are exponentially distributed.
• Actual cable lengths are indicated on the drawings; modify
failure rate accordingly. Example:
actual cable failure rate
cable failure rate per rated length
actual cable length indicated on the drawing
• “M” denotes manual operation and is allocated 15 min for
activation.
• Required generators are two out of four.
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Fig. 1. One-line diagram of IEEE Gold Book standard network.

• The UPSs are redundant.
• The PDU transformers are redundant.
• Terminations and splices, while normal for all systems, are
not included on the drawings, and are not included in the
calculations.
• The assumed breaker failure modes are 50% open and
50% short.
One of the key reliability indexes for industrial and commercial
customers is the frequency and duration of load point interruptions within their facility.
The following reliability indexes are evaluated:
• frequency of load point interruptions (interruptions per
year);
• annual duration of load point interruptions (hours per
year);
• average duration of load point interruptions (hours per interruption);
• availability level of power supply to the load point.
III. METHODOLOGY
Generally, system reliability depends on the: 1) reliability
and maintainability of its components (including failure and
repair time distributions, failure modes and effects, and environment effects); 2) system design (configuration or topology,
dependency, and failure detection); and 3) system behavior
(operational characteristics, switching procedure, and maintenance services).

A reliable equipment data source is key to an accurate analysis. Data sources such as the IEEE Gold Book and the PREP
database, partly shown in Table I, provide the user with the necessary data to evaluate the reliability of power system network
configurations. These two equipment reliability data sources are
based on extensive surveys over many years. An understanding
of component reliability and maintenance actions provides the
necessary background to determine the availability value of the
reliability approach. If actual data recorded from the facility or
vendor are available, it is better to proceed with analysis using
these data. However, component reliability information (equipment data) is not a topic of this series of papers. This study focuses on, having component reliability information, and from
the component reliability information, creating the system level
reliability model, based on system design and behavior.
Since industrial and commercial power systems are complex (large number of components or equipment, redundant
networks, complicated operation) and repairable, reliability
analysis becomes difficult. In general, no closed-form solutions
to system reliability quantities of interest exist.
Usually, there are two steps to find the system reliability
indexes: 1) constructing the system reliability model and
2) analyzing the model.
A system reliability model accommodates the system configuration and its behaviors. Of course, the answer relies on how
accurately the system configuration and its behaviors are understood, and what assumptions are made and adopted. It also relies
on what modeling method and tool are used.
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(Continued.) One-line diagram of IEEE Gold Book standard network.

The RBD method has been found to be a practical reliability
modeling method for industrial and commercial power systems
[6]. It is a graphical presentation of a system diagram in reliability-wise or functional logic; i.e., connecting subsystems or
components according to their function or reliability relationship. The virtue of RBD is that it is easy to read. It is readily
understood by customers who purchase the critical power systems, by the people who sell the systems, by engineers who design and test the systems, and by managers who make decisions
on the systems. With knowledge of the system design (such as
a one-line drawing), engineers can easily construct, verify, and
modify the RBD, and also communicate with those of different
disciplines.
RBD has traditionally been used for nonrepairable systems
with mathematics—structure function—behind it. With the
structure function, the system reliability indexes can be obtained analytically. However, the structure function can only be

applied to certain system configuration and system behaviors.
For example, it does not capture inter- and sequence-dependent
behavior and repair. For complex repairable systems, the structure function that can be obtained through the RBD becomes
intractable. On the other hand, the RBD approach opens up
degrees of freedom in model construction. Without being
worried about the analysis, one can easily model the behavior
of the most complex repairable systems, just by connecting
components using the functional logic.
Many analysis methods (approximations) have been used to
solve the reliability model. When an exact computation is intractable, simulation methods (discrete event simulations) can
be employed to obtain solutions to complex repairable systems
constructed using an RBD approach. Simulation technique provides a powerful tool that enables engineers and managers to
study system behavior and performance, and to understand how
internal and external factors impact system reliability [6].
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TABLE I
EQUIPMENT RELIABILITY DATA FOR GOLD BOOK STANDARD NETWORK CONFIGURATION

Fig. 3.

Fig. 2. Examples of RBDs.

A. Constructing the Reliability Block Diagram
An RBD presents a logical or function relationship of the
system components. It is a graphic representation of the components and how they are reliability-wise (functionally) related

A simulated “history” of a two-unit-parallel system.

(connected). A block physically represents a component or subsystem. The logic diagram is arranged to indicate which combinations of component failures result in the failure of the system,
or which combinations of components working properly keep
the system operating. Therefore, RBDs are based on system
design, operation and maintenance procedures, and analysis of
component failure effects. A block in an RBD also represents
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Fig. 4.

RBD of the IEEE Gold Book standard network.
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(Continued.) RBD of the IEEE Gold Book standard network.
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TABLE II
RELIABILITY INDEXES AT OUTPUT LOAD POINTS

* Results are based on 10 000 simulations only for each load point
TABLE III
ANALYSIS RESULTS FROM DIFFERENT METHODS

- Results are not available
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the physical component working well, and the failure of this
component is indicated by the removal of the corresponding
block. If enough blocks are removed in an RBD to interrupt the
connection between the input and output points, the system has
failed. In other words, if there is at least one path connecting
between input and output points, the system is still operating
properly. For example, in the IEEE standard network, electric
power to main switchgear B1 from the utility feeder requires all
components between these two points; i.e., cable line (1 mile),
disconnect switch, fuse, cable line (300 ft), transformer, cable
line (1000 ft), and circuit breaker, working properly. If any of
these components fails, no power feeds to the main switchgear
(B1) from the utility (no path from utility to B1). Therefore, the
RBD representing this function would be a series of blocks that
represent these components, just like the actual physical connection, as shown in the left diagram of Fig. 2. If there are two
UPSs in parallel, any one of them can fully power their load and
failure of one UPS does not affect operation of the other UPS;
an RBD of two blocks (UPS) in parallel will represent this configuration, as shown in the upper right diagram of Fig. 2.
Another simple example is that of generators in the IEEE
standard network. There are four diesel generators at the facility where two out of four generators are required to meet the
network load demands. When any one or two generators fail,
the generator switchgear still has enough power input. It is a
2-out-of-4:G configuration, and looks like a parallel connection,
as shown in the lower right diagram of Fig. 2.
It is easy for engineers to construct the RBD model of a power
system—just by connecting all paths with components required
in each path to the load point. Although the RBD may differ
from physical connections in general, the RBD of an industrial
and commercial power system is pretty similar to configuration on its one-line drawing with only a few exceptions such
as k-out-of-n:G and standby designs.
B. Analyzing Complex Repairable System RBD
For a repairable system, which is the case of commercial and
industrial power systems, an RBD model does not provide any
computing method behind it. Only series or parallel structures
can be calculated directly, which is network reduction method
in current version of the Gold Book. Actually, that method can
only handle the exponential case and steady-state (long-term)
solutions. Several methods, such as merging, truncation, R-M,
and decomposition, have been used to seek approximation of
system reliability quantities [6].
Simulation provides the “exact” solutions to system reliability. Once the RBD of a system is determined, simulation is
straightforward. The concept of simulation is simple: it’s just a
series of numerical experiments on RBD. An “actual” realization of states is simulated on each block. During its course of
a block, events (working or failing) are made to occur at times
determined by random processes obeying failure or repair time
distributions of the block (component). A system realization
is then composed according to all blocks’ realizations and the
RBD (system design). After having observed histories of many
identical systems, estimates are made of the desired reliability
indexes statistically. Fig. 3 shows an example of one trial of two
blocks in parallel.

Life histories of two blocks are simulated, and then a system
(failure-operation) history is assembled through examining the
system states over the time. When a large number of experiments (system histories) have been created, all reliability indexes can be obtained easily and with satisfactory accuracy.
Theoretically, an infinite number of trials would result in the true
value of. Obviously, a computer program is needed to perform
a large number of simulations to reach an acceptably accurate
result. Fortunately, there are many reliability simulation software packages available of varying modeling capabilities, such
as ReliaSoft’s BlockSim (used in the analysis in this paper),
Relex’s RBD, IsographDirect’s AvSim+, ITEM’s RBD, Clockwork’s ENRiCO, ARINC’s Raptor, Data Solutions’ RBDA, and
others. Among these software packages, ReliaSoft’s BlockSim
is capable of handling and modeling a large, repairable system.
Additionally, through it’s intuitive interface it can be easily used
for industrial and commercial power systems. With simple drag
and drop techniques, users can easily define a power system utilizing a RBD and, through a fast and efficient built-in simulation
engine, required reliability indexes can be easily obtained.

IV. CASE STUDY—APPLY RBD AND SIMULATIONS TO THE
IEEE NETWORK
This section performs the inherent availability analysis on the
IEEE Gold Book Standard Network System, using the method
described in this paper, and also shows the obtained results. To
simplify the analysis, manual switches and maintenance paths
are not included in this analysis. An RBD representing this standard network has been developed using BlockSim, as seen in
Fig. 4, with input data of each block from Table I. Based on the
equipment reliability data, the frequency and duration of interruptions for each load point being served by this power system
have been evaluated (calculated through simulations) and listed
in Table II.

V. CONCLUSION
The results of the analysis, through simulation on the RBD
representing the IEEE Gold Book standard network, are obtained, which can then be compared to results obtained from
other methods/tools, as seen in Table III.
Simulation via RBD is a practical and applicable technique
in determination of industrial and commercial powers system
reliability and availability. Primary advantages of this method
include the following:
1) easily model large, repairable systems;
2) no restrictions on the failure, repair, and other time distributions in the system;
3) dependent relations between the failure, repair, and other
events easily accounted for;
4) easy to construct, understand, modify, and incorporate
any system additions;
5) all reliability indexes are obtainable;
6) solutions of reliability indexes to RBD are “exact” (accurate);
7) both long-term and short-term solutions easily obtained.
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