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Future naval ships will be all-electric, with an integrated power system that
combines the propulsion power system with the rest of the ship’s electrical distribution
system.  Reconfiguration of the power system will increase fight-through and
survivability of ships, but will also require the systems that support the power system,
such as the protection system, to be automatically updated to match current power system
needs. This thesis presents an adaptive relaying scheme for shipboard power systems, to
automatically modify relay settings after power system topology changes.

Multiple Groups of relay settings are predetermined and stored in the digital
relays that are protecting the power system. The active Group of settings is automatically
determined based on the open/close status of breakers and switches. The developed
protection scheme is tested on two test cases by digital simulation using CAPE software

and on one case by closed-loop simulation with RTDS and SEL-351S relays.
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CHAPTER I

INTRODUCTION

1.1 All-Electric Shipboard Power Systems

Shipboard power systems are becoming more reliable, more efficient, and more
flexible. Future naval craft will have an integrated power system, which will combine the
propulsion power system with the ship’s control and accessory power system. This
power system must be very reliable to ensure the ship can maneuver and avoid or engage
other marine vessels. Additionally, of high importance are fight through and
survivability. These terms refer to the ability of the ship to withstand damage from battle
and still have critical ship components available. This suggests that the power system
must be able to dynamically adapt or reconfigure to provide the best possible service to
all of the ship’s loads. At minimum, the power system should be able to provide energy
to the critical ship systems that are not damaged.

Shipboard power systems are different from terrestrial power systems, but there
are also some similarities. Shipboard power systems are different since they have
insulated ground and, because of its small size, no “infinite” bus. Similarities of
shipboard and terrestrial power system include three-phase generation, transmission, and
load. The work presented in this thesis assumes the shipboard power system is more like
a terrestrial power system in order to demonstrate the adaptive nature of a protection

system.



The DD(X) is a notional baseline model of the future all-electric ship, which
outlines the expected ship needs for the navy. The DD(X) is very useful in developing a
power system model that has characteristics of future shipboard power systems. This can
be used for studying future power system control and protection techniques.

Critical to the usefulness of the work presented in this thesis is the knowledge that
future naval shipboard power systems will be automatically reconfigurable. This means
when parts of the power system are damaged, the power system will deliberately modify
the remaining healthy parts of the power system to provide continued service. When the
power system changes, the support systems of the power system will also need to be
updated in order to properly interact with the power system. The support systems
needing modification after reconfiguration include protection devices, compensation

equipment, and control apparatus.

1.2 Power System Protection

Power systems need relays, fuses or other types of power system protection
devices to detect and remove abnormal power system conditions as quickly as possible.
This removal of abnormal conditions will isolate faulted parts of the power system so that
the unfaulted portion can continue to serve the connected load.

Traditional relays have been electromechanically based, with moving parts that
actuate breaker tripping. They have been reliable for terrestrial power systems, but they
are limited in their flexibility to do multiple relaying functions, ability to readily change

settings, and communication to other remote devices.



In the past twenty years, the digital relay has gained acceptance in the industry
and is becoming very common in relaying applications. Digital relays are very flexible in
terms of the variety of relaying practices they can implement. The SEL-351S digital
relay is utilized in this thesis work. Key features used for the presented power system
protection scheme in this thesis are fault direction selectivity and the ability to store

multiple settings and activate those settings based on inputs to the relay.

1.3 Adaptive Protection For Shipboard Power Systems

This thesis outlines the process of developing a first generation adaptive
protection scheme for shipboard power systems. It also seeks to determine if this is a
viable application of adaptive protection and if the method of realizing the adaptive
protection is appropriate. The necessity of adaptive protection is demonstrated by the
need to update power system support systems as the power system changes through
reconfiguration or other means. The SEL-351S digital relay is employed as the
protection device in this protection scheme. Development and testing of the adaptive
protection scheme is done primarily with CAPE, which is a protection engineering
software tool that has functions for fault analysis and protection testing. Additionally,
one of the two power systems used in studying the adaptive protection scheme is modeled
in RTDS (Real-Time Digital Simulator) [24] for closed-loop testing of the SEL-351S

relay and adaptive protection scheme.



1.4 Thesis Organization

The thesis is organized by introducing the background and problem, continuing
with the development and testing of adaptive protection, and, finally, the discussion of
results and future work opportunities. Chapter II provides background on adaptive
relaying and the DD(X) shipboard power system. Chapter III introduces the adaptive
relaying problem, offers why a solution is needed, details the power system models used,
and identifies the main tools utilized. Chapter IV describes the development of the
adaptive protection scheme for both power system models used. The chapter covers
protection scheme assumptions and expectations, fault analysis and determination of
relay settings, and testing and results of the adaptive protection scheme. Additionally,
this chapter ends with testing and results of RTDS closed-loop testing of the adaptive
protection scheme. Chapter V discusses the results from all of the testing. Finally,

Chapter VI suggests the benefits of the presented work and areas of potential future work.



CHAPTER II

BACKGROUND AND PREVIOUS WORK

2.1 Introduction

Information for shipboard electrical power systems (SEPSs) is not as plentiful as
that for the traditional land-based or terrestrial electrical power systems (TEPSs). There
are similarities and differences with both, and a comparison of the two types of systems is

most useful when describing shipboard electrical power systems.

2.2 Shipboard vs. Terrestrial Power Systems

Similarities of the SEPS and TEPS are basic and include electrical power
generation, transformers for changing electrical potential, a transmission/distribution
system, protection equipment, and loads. The differences in the two systems lie in the
specific needs of the ship. The implementation of a SEPS can be viewed as a subset of a
TEPS. For example, transmission and distribution in the land-based system utilizes both
cable and overhead lines, while the ship system utilizes cabling since there is not enough
open area on a ship to employ an exposed wire distribution system.

A ship's power plants are of a smaller scale than that of the larger land-based
power systems, though the prime movers and fuel used are similar. A major difference in
the SEPS and the TEPS is that the TEPS is a three-phase grounded system (neutral is

earthed), while the SEPS is usually a three-phase ungrounded system (neutral is floating



or insulated). A floating neutral is used on ships to reduce outages and increase safety in
line-to-earth/ship faults [14], [19]. If a single-line-to-ground fault occurs, the ship’s
potential to neutral would be the same as the faulted phase, but no fault current would
flow since the grounded ship is not the neutral return path of the three-phase power.

The biggest transformers on ships are smaller in size and power rating than the
largest in terrestrial systems. This is a result of lower power requirements and limited
space on a ship. The traditional ac user level voltages in terrestrial power systems are
120 V, 240 V, 480 V, and up. However, ship loads have different voltage requirements.
Examples of the ac voltage levels used on US Navy ships are 440 V, 4.16 kV, 13.8 kV
and 120 V [18].

Not only will some ship loads have different voltage magnitude requirements, but
these loads can also have different frequency and power profile requirements and will
make up a larger percentage of the load than they do on a terrestrial power system [18].
One example of a different frequency requirement is the radar power system, which uses
400 Hz power. Pulse loads, such as electromechanical guns, use large amounts of power,
nearly what is needed for propulsion [20], which greatly stress the shipboard power
system. Other electronic systems are very sensitive to changes in the power system and
power quality causing reliability to be much more important on a ship.

The scales of both systems are different, leading to differences in energy delivery
terminology. In a TEPS, power is generated by large, remotely located power plants, the
voltage is then stepped up to a higher potential using power transformers and then it is
transmitted over a long distance through high voltage power lines. The high voltage and

long distance traveled, usually on overhead lines, describes “transmission.” Once the



power has reached the general area of its intended load, the voltage is stepped down to a
lower potential (one or multiple times) and is distributed to the nearby loads. At this
lower voltage, the electricity has a shorter distance to load and is referred to as
“distribution,” involving overhead lines as well as cables. The split from transmission to
distribution is generally associated with a voltage level. Usually, voltages less than 69
kV are considered distribution, but this varies from utility to utility. Power delivery on
the SEPS is most closely associated with distribution in the TEPS because of lower
voltages and shorter distances traveled, source to load.

To continue with the scale differences of the SEPS and the TEPS, one can look at
the basic electrical stability of the systems. Land-based systems are often very large,
both physically and electrically. In the United States, regional electric power systems are
connected with other regional power systems leading to an interconnected grid spanning
the entire USA and Canada. The benefits of such a system include the notion of an
infinite bus. It is called an infinite bus because the large number of rotating machines
(generators and motors) creates a system with a very large inertia, preventing brief
disturbances (e.g. a. line-to-ground fault) from causing the entire system to lose
synchronism and fail. Instead, normal operation can continue when disturbances are
properly isolated.

The ship system does not have the advantage of an infinite bus [18], as there are
usually two to three primary generation units and a similarly small number of backup
generators. The few, relatively small generators in the system are not significant enough
to improve the spinning reserve of the power system. Disturbances on the ship system

must be resolved quickly to decrease the chance of the entire system failing.



Table 2.1 summarizes the similarities and differences between a TEPS and a
SEPS. A theme in Table 2.1 is the smaller size of the SEPS system. Two issues that are
significant for every piece of equipment on the ship, whether electrical or not, are the
equipment’s size and weight. Size and weight are usually not limiting factors in
terrestrial power system planning, but are critical in shipboard power systems. Large
electrical equipment limits space for supplies and additional equipment on ships. Heavy
equipment will hinder the ship' s speed/acceleration and maneuverability more drastically

than would lighter equipment.

TABLE 2.1 SUMMARY OF TERRESTRIAL AND SHIPBOARD POWER SYSTEM COMPARISON

Differences
System Similarities
Component TEPS SEPS
) .. . fuel,
Power Plants few size restrictions smaller size
technology
Transformers few size restrictions smaller size -
more electronic based
Loads not heavily electronic and.sensmve; voltage -
magnitude and frequency
requirements
Energy overhead lines and cable, TEPS distribution i
Delivery cable, all voltage levels voltage levels
Power System very large, grounded small, ungrounded 3-phase
in General ylarge. g - ung P
Stability infinite bus no infinite bus all equipment
interconnected

2.3 Fight-Through and Survivability
Fight-through and survivability are important concepts for military marine

vessels. Fight-through and survivability mean that when a ship is damaged, usually as a



result of battle, it can redirect available resources to its functioning equipment to continue
an attack or take defensive action. Electrical power resources (generators and power
delivery equipment) are manipulated to avoid damaged infrastructure and deliver
electricity to the essential loads that are in operation (weaponry, propulsion motors, and

communication equipment).

2.4 Reconfiguration

A reconfigurable power system is one that contains switches that allow sections of
the power system to be rearranged to provide continuity of service. Switches, like a
breaker, may simply open because of an overcurrent or other fault condition on a line.
More complex switching involves computer controls that use complex algorithms to
monitor the power system and open and close switches to optimize energy delivery.

Reconfiguration is more complex than simply removing a faulted line. It requires
reconfiguration or updating of the systems that complement the power system. Examples
of these complementary systems include compensation equipment, relays and other
protective devices. Once the power system is reconfigured, compensation systems, such
as voltage regulators, reactive compensators and harmonic filters, may be needed more or
less and at different locations, depending on load profile changes in the system.
Similarly, equipment will not be properly protected if the protection devices are set for
the pre-reconfiguration settings. These situations may lead to more equipment being
damaged and catastrophic results due to a second fault, not as a direct result of enemy

attack.
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A specific example of updating overcurrent relays after the power system
topology changes is illustrated in Figure 2.1. Depending on which configuration, (a) or
(b), relays 1 and 2 must change direction of overcurrent sensing to view a fault and they

must also change trip delay time so that the relays are coordinated.

Bus 1 Bus 2
bkr1 | bkr2 bkr3 | bkr 4

@_/

g ry Fatat
L L o

0

|re|ay1| |relay2|
L1 L2
(a) Breaker 1 Open

Bus 1 Bus 2
bkr1 | bkr2 bkr3 | bkr 4

®

FaTal oot
L o L e

®

|re|ay1| |relay2|

L1 L2
(b) Breaker 2 Open

Figure 2.1 Two-bus Reconfigurable System

2.5 Protection

Protection devices are controls that attempt to limit detrimental power system
conditions, such as high currents, over/under-frequency, over/under-voltage, and reverse
power flow. Protection devices include the equipment that senses, transforms, and makes
control decisions (open/close) based on system voltages and currents. Relays are the
protection devices that control whether switches should be open or closed for the given

state of the power system.
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2.5.1 Relays

Relays are protective devices that observe a scaled version of the line voltage and
current and control whether or not the system being monitored should continue to operate
in its current state. Relays are essential for the safe and reliable operation of power
systems. For a more detailed understanding of protective relaying and power system
protection, the reader is directed to [12] and [21].

The first protective relays used in power systems were analog. They were based
on mechanical principles and had moving parts that included springs, rotors, and
solenoids. Scaled line voltages and currents were used in these relays to actuate the
moving parts. When a line current was too great or voltage was not within limits, the
mechanical parts of the relay would interact to close or open a set of contacts. This, in
turn, could affect a larger collection of different relays and result in operating a switch in
the power system.

Analog relays are still in use today, but during the past twenty years the digital
relay has become increasingly popular. Digital relays are protective devices that are
based on microprocessors for switch control. Power electronics are used to discretize the
scaled line voltage and current signals, which the microprocessor can sense and use to
implement the control algorithm. Digital relays use software to realize many different
types of analog relays and, therefore, the package of a digital relay is a fraction of the size
of the comparable analog relays.

Communication is an important benefit of digital relays. Digital relays can easily
communicate between each other across long or short distances. The addition of

communication to protective relaying greatly increases the power of a protection scheme.
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Relays can communicate with one another to indicate failures, suppress operation, and
properly isolate a fault.

Communication is also possible between devices other than relays. Computers,
remote or local, can interface with digital relays and allow humans to easily interact with
the relay. A computer can download almost any digital aspect of the relay, including
current settings, event reports, and operation logs. Changes to relay settings can be done
on the computer, saved to a separate file for future reference, and uploaded to the relay
for desired operation. Figure 2.2 illustrates relay-to-relay and relay-to-computer

communication paths for a digital relay.

Remote Computer

Figure 2.2 Digital Relay Communication Paths

Adaptive relaying on shipboard power systems must be rapid in order for the
power system to be protected correctly all of the time. As the power system changes, due
to damage or planned switching, so, too, must the protection and relay settings. The

work in this document utilizes the digital relay because of its ability to quickly change
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settings, store alternate settings, and communicate to determine the status of other relays

and switches.

2.5.2 Shipboard Power System Protection

Just like terrestrial power systems, shipboard power systems have protective
devices. The previously noted differences in SEPSs and TEPSs translate into different
protection requirements for each system. In his review of electrical installations on ships
[14], D. Gray indicates that shipboard protection must emphasize power system stability
and discrimination. Stability is important because there is no infinite bus in the shipboard
power system and a fault could quickly cause the entire power system to collapse.
Discrimination should be observed because complete loss of power to critical ship
components could lead to very serious consequences.

E. J. Greer [15] also discusses the capacity vs. size of load issue, making
protection of SEPSs more complicated. Additionally, he indicates that some protection
philosophies that have been traditionally used for land-based power systems are being
applied to new naval ships in England. Examples include reverse power flow protection
and load shedding.

Since the SEPS has an insulated neutral, minimal current will flow through a
single phase-to-ground fault. However, if either of the two remaining phases were to
contact ground, a phase-to-phase fault would occur and result in high fault current and
possibly damage and widespread outages. H. L. Hess et al [17] suggest a method of
recognizing a single phase-to-ground fault so it can be isolated and removed before a

phase-to-phase fault occurs.
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H. Xiao et al [16] present a method of simulating how a ship would respond to
battle damage, i.e. physical location of blast impacts on local electrical components. This
was done by simulating and modeling a shipboard power system in the Alternate
Transients Program and a GIS/AM/FM system.

As for protective device implementation, a digital relay works well in SEPSs
because of the lack of moving parts and space-saving compact package. The moving
parts in an analog relay used in a moving ship (or non-vertical mounting) may cause false
operation of the relay and lead to system failure [10].

As suggested previously, the flexibility of a digital relay is also a benefit. One
digital relay can take the place of many different analog relays in a much smaller space.
Updating the relay functions can be as easy as installing different software.
Communication with computers and other relays aids in correctly protecting the power

system.

2.6 DD(X)
The DD(X) is a destroyer-class ship in the proposed all-electric fleet.. The E-
ship, as it is often called, is an all-electric ship where the electricity is produced by

traditional means and is used to power everything else on the ship. A concept drawing of

the DD(X) is shown in Figure 2.3.
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DETAILED TABLE OF TWO-BUS PROTECTION RESULTS FROM RTDS

CLOSED-LOOQOP TESTING
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