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Abstract

High-power energy storage systems (ESS) are being considered for future aerospace
platforms and other compact DC power system applications to improve the overall
transient performance of electrical power distribution systems. These sources are being
integrated with advanced bidirectional power electronic converter interfaces with high
bandwidth control systems and current limiting functionality. To date, the literature has
primarily focused on the control and behaviour of high-power ESS during normal operating
conditions with an emphasis on the systems level benefits they offer. Little consideration

has been given to their response during network fault conditions.

Through simulation and hardware experimentation, this thesis demonstrates that an ESS,
by design, can contribute significant levels of current to a fault as it attempts to sustain the
network voltage. This behaviour inadvertently reduces the fault current contribution from
the primary source of power on the network, reducing the effectiveness of associated

protection devices (protection blinding).

The impact of several key DC power system design and operation parameters on the ESS
fault response is quantified and a new critical fault impedance term, beyond which
protection blinding can be expected to occur, is introduced. Building upon this new
knowledge, enhancements to typical compact DC power system protection schemes which

more effectively account for the presence of ESS are proposed and evaluated.

Differential protection schemes are shown to eliminate protection blinding whilst offering
the greatest flexibility in increasing protection speed and fault discrimination, and
maximising ESS availability. Adaptive protection schemes are shown to be a reliable backup
option where a consistent protection system response can be obtained despite the
potentially intermittent nature of the ESS fault current contribution. A novel control
strategy that actively modifies the fault response of the ESS to facilitate the use of
conventional overcurrent schemes is also proposed and demonstrated for applications

where communications-based protection is unfavourable.

The thesis concludes by proposing a framework to guide protection engineers in the
selection of appropriate protection and control strategies when considering the integration

of high-power ESS within compact DC power systems.
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Chapter 1

Introduction

1.1 Introduction to the Research

Advanced power systems in future aerospace platforms are projected to consume
more electrical energy [1], [2], incorporate greater levels of power electronic
conversion [3]-[10] and integrate subsystems with increasingly dynamic load
profiles [1], [11]-[16]. This growing complexity is being driven by the electrification
of loads conventionally supplied by hydraulic and pneumatic power [1], [17], [18]
owing to the fuel consumption savings and overall efficiency gains that can be made
by incorporating a globally optimised electrical power off-take system from the
engines [19]—[23]. This is being enabled by recent advances in the efficiency, the
control and the power density of advanced power electronic converter interfaces.
These changes are also putting significant strain on electrical generation systems
that must be sufficiently rated to meet the increasing demand of these advanced
subsystems, whilst being designed within strict physical and economic constraints.
More pressingly, the rising operating cost of these platforms owing to the increasing
price of fuel, together with strict government regulations to reduce emissions is
incentivizing the adoption of technologies that will improve the efficiency and

reliability of electrical power distribution.

DC power distribution is one such radical technological shift that is beginning to
emerge throughout the power industry [24]. This is an enabling technology for the
paralleling and power sharing of multiple non-synchronous converter interfaced
generators and alternative power sources that can offer system wide benefits to the
operation of future aircraft. Thus, DC power systems are underpinning the growing
interest in the integration of advanced energy storage systems (ESS). This interest

has been largely driven by the benefits that energy storage can offer to the



operational capability, flexibility and the efficiency of the power system.
Applications range from large scale interconnected grid systems to more physically
compact networks primarily considered within this thesis. Whilst particular focus is
placed on future aircraft electrical power systems in both the commercial and the
defence sector, it is anticipated that similar benefits of ESS integration are expected

within marine vessel power systems and standalone micro-grids.

Conventional energy-dense storage mediums have been widely used throughout
the industry to provide backup power in the event of loss of primary generation.
More recently, advanced power-dense storage technologies are becoming more
economically attractive and are now being proposed to play a number of complex
roles at a systems level. Coupled with advanced power electronic converter
interfaces and high-bandwidth control systems, ESSs can offer a number of benefits
to the operation of the network. This includes capitalizing on the rapid response
time to meet peak load demand, and maintaining power quality within regulated
limits during variable load conditions or large switching events. These functions can
improve the overall transient performance of the system, reduce the required

primary generation capacity and increase the security of supply to loads [25].

However, the integration of an ESS into a compact and converter-dense power
system adds further diversity to the systems dynamics, and thereby complicates the
systems protection and control. Indeed, it is anticipated that power-dense ESSs may
contribute a significant level of fault current during network disturbances, causing
protection blinding of slower responding sources [26], [27]. The resulting impact on
the safe operation of the system is uncertain and requires rigorous investigation
before power-dense ESS can be widely adopted on safety critical systems. This

thesis thereby answers the following research question:

How does the response of a high-power, high-bandwidth ESS integrated within a
current limited compact DC power system environment impact the performance of

the network-wide protection system under fault conditions?



Key characteristics of ESSs that define its response to electrical faults are identified.
The decreased sensitivity of slower acting sources to various fault impedances
owing to the rapid response of the ESS is demonstrated in simulation and the
resulting protection blinding effects are quantified. The performance degradation of
conventional overcurrent based protection approaches is experimentally validated
and alternative protection schemes that address these limitations are proposed. A
novel method of actively tailoring the fault response of the ESS to mitigate the
effects of protection blinding whilst improving the overall protection performance
for downstream faults is also proposed. Finally, a comprehensive protection
framework that enables a power system designer to select the most suitable
protection system solution when considering the integration of a high-bandwidth

ESS in a compact power system is presented.



1.2 Research Motivation

There is a persistent financial and environmental incentive within the aerospace
industry to reduce operating costs of aircraft in the form of fuel burn reduction.
Engine manufacturers, airframers and system integrators are exploring a wide range
of system design changes driven by advances in numerous technological areas that
will enable future aircraft to be more fuel efficient. The most promising research
objectives that are currently being pursued by the industry can be categorised into

four broad areas:

1. Reducing the overall weight of the aircraft through the use of lighter-weight,
composite materials in the manufacturing of fuselage, wings and engine
nacelle components [28], [29]

2. Minimising aerodynamic drag through radical airframe and wing designs
[30]-(33]

3. Optimisation of flight paths and air / ground traffic scheduling [34]-[38]

4. Increasing the efficiency of all on-board systems and reducing the overall
fuel burn of the aircraft [1], [2], [12], [21], [39] through the integration of
advanced power off-take and power distribution systems across the engine

and airframe.

This thesis is written within the context of the fourth category. Reducing hydraulic,
pneumatic and mechanical infrastructure and power off-take from the engines has
been shown to improve fuel consumption as a result of a more fuel efficient engine
operation [13], [17]. More efficient power extraction, power transfer, and energy
consumption can be facilitated instead through a lightweight and interconnected
electrical power distribution system. Air-framers and systems integrators commonly
refer to developments in this area as evolutions of the ‘more-electric aircraft’ (MEA)
or ‘more-electric engine’ (MEE) concept. These concepts broadly reflect the
industry’s long term vision to capitalise on the wide range of benefits that an

advanced and interconnected electrical power system can offer to the operational



flexibility and efficiency of the overall system [40]. This vision has provided the
impetus for academic and industrial research to focus on optimising the electrical

system in terms of weight, volume, capacity, efficiency and reliability.

Conflictingly, the increased electrification of subsystems will significantly contribute
to the rising demand of electrical power on modern commercial, defence and UAV
platforms [1], [11], [13], [20]. Recent ‘more-electric aircraft’ such as the Airbus A380
and Boeing 787 incorporate 600kVA and 1.45MVA of electrical generation capacity
respectively [17], [41], [42]. Electrical demand on future aircraft is projected to
increase even further [12], [19]. Therefore, the additional weight and complexity of
the electrical power system required to meet the projected demand, if poorly
implemented, has the potential to outweigh the benefits of the more-electric

design [12]. This trade-off has led to:

e Development of more power-dense electrical generation [43]-[45], [47], [49]
and conversion systems [3], [20], [46], [48], [50]—[54]

e Research of lighter-weight and more reliable electrical power distribution
technologies and architectures [9], [12], [19], [48], [49], [55], [56], [71]

e Exploration of the use of advanced energy storage systems to increase

system flexibility and support demand [1], [7], [14], [57]-[65].

Looking forward, there are several technological trends, advancements and
challenges associated with the design of compact electrical power systems for
aerospace applications that are shaping the projected outcome of this vision. These

are described in the following subsections.



1.2.1 Increased penetration of power electronic conversion

Advanced power electronic (PE) converter interfaces, drives and motors are rapidly
becoming lighter, cheaper, more efficient, and more power-dense [66]-[69]. PE-
driven loads offer significant performance improvements over their
hydraulic/pneumatic counterparts owing to the increased efficiency and precision
that electronically actuated systems can achieve [20], [43], [50], [70]. Examples
include: on-engine fuel and oil pumps, environmental control systems (ECS), anti-
icing systems and flight control surfaces [1], [10], [12], [13], [17], [47], [53].
Electronically driven active front end converter units are also being considered to
replace conventional transformer based primary conversion units, owing to the
considerable weight and volume reductions that can be achieved [3], [48], [52],
[53]. These developments will lead to electrical systems on future aircraft
incorporating a significantly greater density of power electronic converter units
than on current platforms. For example, the electrical power distribution system on
the most recent commercial MEA platform, the Boeing 787, includes four passive
autotransformer rectifier units to supply +/-270V DC bus and two passive
transformer rectifier units that supply 28V DC power, as well as four active inverters
used for electrical engine start and driving the ECS compressor fans [221]. These
passive conversion stages are expected to be replaced with active PE conversion
technologies in future iterations of MEA systems that are more power-dense than
current converters, and that offer additional functionality such as bi-directional

power flow capability [53].

1.2.2 DC power distribution

The use of DC for primary power distribution has been shown to bring significant
design, cost and efficiency benefits to a number of power system applications,
including aircraft, shipboard and ground-based distribution systems [9], [24], [71]-

[75]. Such systems may be referred to as ‘compact DC systems’ given the physically



compact nature of their power distribution architectures, where cable runs and bus
bars are typically less than 50m and resistance of the distribution system is less than
1mQ/m [24]. DC distribution can enable a significant reduction in the number of
conversion stages in converter-dense power systems [72], [75]. Power can be
distributed across DC electrical systems at higher operating voltages more closely
aligned to cable ratings, enabling greater power transfer than equivalently rated
cables employing AC distribution [76]. Finally, DC distribution enables sources to be
paralleled with relative ease in comparison to AC sources that require
synchronization [77], [78]. Paralleled generation through a DC network can offer
unprecedented system flexibility enabling power sharing between multi-shaft or
multi-engine electrical power off-takes at wider and more efficient engine speeds
[45], [79]-[82]. However, DC electrical systems pose exceptionally demanding
protection requirements that represent a significant barrier to more widespread
adoption [24], [71], [83], [84]. Advanced communications based protection
solutions using solid-state switchgear have been demonstrated to meet the
performance criteria required to fully capitalise on the advantages that DC networks
offer [85]. However, considerable research and development is still required certify

these technologies for aerospace applications.

1.2.3 Power-dense ESS integration

The role of energy storage in aircraft electrical systems is diversifying.
Conventionally, energy-dense storage mediums in the form of electrochemical
batteries are used to supply emergency backup power to flight critical loads in the
event of primary generation failure and no-break power transfer [6]. More recently,
they are being considered to perform additional complex system functions. For
example, the batteries installed on the Boeing 787 also provide power to start the
Auxiliary Power Unit (APU) - which can power generators to start the main engines

if needed - and navigation lights. The main batteries also support certain ground



operations such as refuelling when the engines/APU is offline [17], [86], [87].
Interest in the integration of advanced, power-dense energy storage technologies
such as supercapacitors is also growing. These ESSs may be rated to deliver high-
power, similarly matched to the rating of the primary generation system, but over a
short period of time and can therefore offer a wide range of benefits to the
operation of the electrical power system. For example, they are being considered to
mitigate electrical transients caused by large load switching events to maintain
power quality within regulated boundaries [25], [57], [88]—[92]. They are also being
considered to supply pulse power loads to minimise any undesirable torque
pulsations on the engine prime movers, decoupling any electromechanical
interactions [1], [10], [25], [27], [54], [57]-[59], [61], [62], [88]—[90], [92]-[104]. In
certain applications, they may even enable a reduction in the maximum rating of
the primary generation system [43]. While the additional flexibility that these types
of ESS bring to the overall system is beneficial, the impact that ESS have on the
performance of the network wide protection system during faults is not well
understood and has received little attention in the literature. In particular, it is
uncertain whether the fault detection time of protection devices that apply time-
based discrimination is impacted by the additional (and potentially significant)
contribution of fault current from a secondary source when integrated in a

converter-fed, current-limited, DC power distribution system.

This is therefore the motivation for this research. It is anticipated that this body of
work will aid power system designers considering the integration of fast acting and
power-dense energy storage systems in evaluating the impact that the ESS will have
on the performance of the network wide protection system. Note that the
complexity and maturity of the individual ESS types is not the focus of this research.
As such, device level challenges and developments associated with specific storage
mediums will not be discussed in detail. Instead, energy storage integration will be
explored at a systems level, where the impact of the ESS control and behaviour on
the protection system performance will be evaluated in response to abnormal

network conditions. Finally, a framework is developed that enables the systems



integrator to select the most suitable protection system to ensure safe operation of
the power system under a variety of fault conditions. This is anticipated to be a

valuable power system design tool for the industry.



1.3 Principle Contributions

This thesis provides the following contributions to knowledge:

e |dentification and experimental validation of the protection blinding risk
resulting from the integration of power-dense ESS into compact DC power
systems.

e Quantification of the degrading of protection system performance resulting
from the ESS induced protection blinding. Evaluation of the sensitivity of its
extent to key ESS and wider system design parameters.

e Proposal, derivation and validation of a new “critical fault impedance” term
which defines the conditions when protection blinding will occur on a given
system, enabling a rapid assessment of protection risk.

e I|dentification, application and quantitative evaluation of most effective
protection solutions to mitigate protection performance degradation.

e Design, demonstration and analysis of a novel ESS fault mode control that
mitigates the blinding of conventional protection approaches but does not
limit normal functionality of the ESS.

e Proposal of optimised integrated network protection and ESS fault mode

control setup for future aircraft applications.
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1.4 Publications

The following publications have been completed during the course of this PhD:

1.4.1 Journal Articles

P. Rakhra, P. J. Norman, S. D. A. Fletcher, S. J. Galloway, and G. M. Burt, “Evaluation of the
Impact of High-Bandwidth Energy-Storage Systems on DC Protection,” IEEE Transactions on

Power Delivery, vol. 31, no. 2, pp. 586-595, 2016.

P. Rakhra, P. Norman, S. Fletcher, S. Galloway, and G. Burt, “A Holistic Approach towards
Optimizing Energy Storage Response during Network Faulted Conditions within an Aircraft
Electrical Power System,” SAE International Journal of Aerospace, vol. 5, no. 2, pp. 548-556,

2012.

S. D. A. Fletcher, P. Norman, S. Galloway, P. Rakhra, G. Burt, and V. Lowe, “Modelling and
Simulation Enabled UAV Electrical Power System Design,” SAE International Journal of

Aerospace, vol. 4, no. 2, pp. 1074-1083, 2011.

1.4.2 Conference Papers

P. Rakhra, P.J. Norman, S. J. Galloway, and G. M. Burt, “Experimental Validation of
Protection Blinding on DC Aircraft Electrical Power Systems with Power-Dense Energy
Storage,” IET Proceedings of Power Electronics Machines and Drives Conference, p. 1-6,

2016.

P. Rakhra, P.J. Norman, S. D. A. Fletcher, S. J. Galloway, and G. M. Burt, “Toward Optimising
Energy Storage Response during Network Faulted Conditions within an Aircraft Electrical

Power System,” Electrical Systems for Aircraft, Railway and Ship Propulsion, pp. 1-7, 2012.
P. Rakhra, P. Norman, S. Fletcher, S. Galloway, and G. Burt, “A Holistic Approach towards

Optimizing Energy Storage Response during Network Faulted Conditions within an Aircraft

Electrical Power System,” SAE Power Systems Conference, 2012.
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P. Rakhra, P.J. Norman, S. J. Galloway, and G. M. Burt, “Modelling and Simulation of a MEA
Twin Generator UAV Electrical Power System,” University Power Engineering Conference,

no. 1, pp. 1-5, 2011.

1.5 Thesis Overview

Chapter 2 reviews the relevant background material. The chapter introduces the
principles of storing energy and defines the measurands by which energy storage
systems are quantified. It then presents relevant trends associated with certain
energy storage technologies that are valuable to power system designers. A review
of the state-of-the-art in various energy storage mediums and associated energy
conversion technologies suitable for a wide range of power system applications is
also presented. A discussion on the most viable storage technologies for aerospace

applications and their projected use cases concludes the chapter.

Chapter 3 presents the technical challenges associated with the integration of
power-dense energy storage systems into aircraft electrical power systems. This
includes a review of the state-of-the-art in DC protection systems. Assumptions
associated with ESS’s bidirectional functionality, current limiting capability and

control operations are also discussed.

The primary contributions to knowledge are presented in Chapters 4, 5 and 6.
Chapter 4 outlines the method by which the impact of the ESS fault response on the
performance of the network protection system is quantified. Through modelling,
simulation and hardware experimentation, it is demonstrated that an ESS, by
design, can cause protection blinding whereby the effectiveness of network
protection devices is reduced. A new critical fault impedance term beyond which
protection blinding can be expected to occur is introduced in this chapter. The
mathematical derivation by which it can be determined using key DC power system

design and operation parameters is also defined. Alternative protection approaches
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that minimise the adverse impact of ESS integration and enhance the overall
performance of the system, enabling the ESS to be used more effectively under
fault conditions are evaluated in Chapter 5. A novel control mode that adapts the
ESS behaviour as a function of fault location to enhance protection system response
is proposed and evaluated in Chapter 6. Chapter 7 concludes the thesis by
discussing the selection of the optimal protection system solution when considering

the integration of a high-power ESS for new build or retrofit power systems.
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Chapter 2

Energy Storage: Technologies, Trends and
Applications

This chapter introduces the background material that is relevant to the
contributions of this thesis. First, the mechanisms and constituent elements of
energy storage systems (ESS) that enable useful quantities of energy to be stored
within the context of electrical power systems are defined. ESS variants are
categorised by energy type, and the measurands by which they are compared and
qguantified are described. Relevant trends associated with the most viable storage
technologies for aerospace applications and their projected use cases are then
presented. Finally, a comprehensive literature review of the functions and roles that
state-of-the-art high-power, high-bandwidth ESS play in a broad range of compact

DC power system applications is conducted.

2.1 Energy Storage Systems and Technologies

The objective of storing energy within a system is to perform work at a later
moment in time from when that energy is first generated. Energy can be stored
using a wide range of mediums and devices that may be suitable for a specific
application depending on a number of economic, physical and functional factors.
Naturally, capital cost of installing energy storage is a limiting factor in all power
system applications, particularly for large-scale solutions that require significant
technology and infrastructure investment, such as pumped hydro stations and
compressed air storage facilities [25], [90], [105], [106]. Indeed, the economic

viability of integrating energy storage within any power system application must be

14



justified by the economic return generated by the service that it provides [25],

[107]-[109].

Similarly, the physical constraints of a specific power system application will dictate
the viability of a particular energy storage solution. For example, weight and volume
constraints on future transportation applications such as full-electric ships [61],
[92], electric vehicles [90], [94], [97] and more electric aircraft [1], [58], [60], [110],
[111] are particularly demanding when considering the integration of energy

storage.

In addition to these factors, the constraints associated with the behavioural
characteristics of an energy storage system will limit its ability to meet the
requirements of a particular application. Behavioural constraints include: the total
quantity of energy that the medium has the capacity to store; the maximum rate
that energy can be accumulated by or extracted from the storage medium (i.e. its
power rating); and the overall bandwidth (or time constant) of the energy storage

system [25], [95], [106].

These factors are limited by a number of physical characteristics of the medium
itself and the bi-directional energy conversion mechanisms that enable one form of
energy to be converted into the corresponding form of energy that is being stored.
For example, a pumped hydro system will store energy in the form of a gravitational
potential whereby a mass of water is retained at altitude via a dam or reservoir.
This stored potential is converted into electrical energy via a turbine and electrical
generator when this water is released to a lower altitude at a regulated flow rate.
Energy is then re-accumulated via the use of a hydro-pump system that replenishes
the reservoir [25], [107], [109], [112]-[114]. In a similar manner, electrochemical
batteries retain energy in the form of a chemical potential whereby voltaic cells are
connected in series by a conductive electrolyte containing electro-active ions.
Batteries convert this stored chemical energy directly into electrical energy via
reduction-oxidation reactions at the cell electrodes when connected to an external

circuit, permitting the simultaneous movement of electrons through the circuit, and
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ions through the electrolyte. A reversal of this process enables the ions to be

replenished and the battery to be recharged [94], [95], [114], [115].

Energy storage devices or mediums that retain energy in a form that is different
from the principle form of energy performing work within that system, or devices
that require regulation, must employ active mechanisms of energy conversion to
function effectively. Accordingly, integration of energy storage into an electrical
power system is normally achieved via a conversion interface (such as a power
electronic converter or charge controller) that may be commanded via a control
system to actively regulate the charging and discharging process of the storage
medium. However, the functions of charging and discharging the energy storage
medium do not necessarily need to be performed by a single bidirectional
conversion interface. For example, a heat storage system for wind power
application may be implemented using a large resistive load to ‘charge’ the heat
storage facility, whilst an independently controlled heat exchanger, steam turbine
and generator interface may be used to discharge the device [113]. Alternatively,
devices such as capacitors or electrochemical batteries that store energy in the
form of electrical potential may be passively connected to the network in

applications where active regulation of the stored energy is not required [114].

The energy storage medium (including its internal energy conversion mechanisms),
its power electronic converter interface and its governing control system are
collectively referred to as the energy storage system (ESS). ESS variants can be
classified by the type of energy that is stored. These are: mechanical, thermal,

chemical, electrical and electrochemical storage types [107], as shown in Figure 2.1.
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Energy Storage Systems
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Figure 2.1: Classification of energy storage system technologies [107]

The extensive range of ESS technologies that are categorised in Figure 2.1 may be
employed in a variety of different power system applications. In order to determine
the viability of a particular ESS for a specific power system application, the physical
and functional characteristics of that ESS, in addition to its limitations, must be
guantified for comparison and technical evaluation. The measurands by which ESSs

are quantified are discussed in the following subsections.

2.2 Quantification of energy storage systems

2.2.1 Storage capacity and state-of-charge

Storage capacity is a measure of the maximum quantity of energy, in Joules (J) or
kilowatt-hours (kWh), that an ESS can store. Similarly, the state-of-charge (SOC)
[222] of an ESS is the quantity of energy remaining within the ESS as a percentage of
its maximum capacity. Whilst this term is more accurately used to quantify the

remaining energy in an electrical or electrochemical ESS, such as a supercapacitor or

17



electrochemical battery, the same terminology is applied to mechanical, thermal or

chemical mediums [108].

In a similar manner, the depth-of-discharge (DOD) is the quantity of energy
extracted from the ESS as a percentage of maximum capacity. Many ESSs impose a
fixed DOD threshold that limits the quantity of energy that can be extracted to
perform useful work. A DOD threshold may be intentionally applied to maximise the
cycle life of the medium, for example in the active prevention of deep discharge of
electrochemical batteries in photovoltaic systems [108], or may be a physical
limitation of the device such as the minimum operating speed of a flywheel ESS
[112], [116], [117]. Certain storage mediums such as flow batteries allow for 100%
discharge capability with minimal to no impact on the cycle life performance [112],
[113]. Thus it is often beneficial to quantify the useable capacity of an ESS,
determined by the difference between the maximum capacity and the allowable

DOD threshold.

2.2.2 Power rating and bandwidth

The maximum rate that energy can be extracted from or accumulated by an ESS is
defined by its overall power rating [113]. The physical constraints that restrict the
charge/discharge rate of an ESS are dependent on a number of device specific
limitations and internal conversion mechanisms. For example, the maximum rate-
of-change of angular velocity that a flywheel ESS can achieve may be limited by: the
maximum current rating of its power electronic drive system; the maximum torque
that can be generated by its electrical motor; and the torsional stress constraints of
its drive shaft [95], [118]. A passive electrical storage medium such as a
supercapacitor or electrochemical battery will have a maximum charge/discharge
current that is restricted by the maximum rate at which electroactive components
may be supplied to or extracted from its active electrode surfaces [94], [119]-[121].
Similarly, the physical limitations of internal processes within chemical storage

devices, such as the maximum rate of electrode reactions in fuel cells [94] and flow
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batteries [113] will constrain the overall power rating of the ESS. These limitations
may be represented by the storage medium’s equivalent internal impedance [122].
This internal impedance may change as a function of time depending on a number
of factors including the ESS type, its internal chemical properties, its age and its

operating temperature.

In a similar manner, the response time of an ESS (assuming a first order
approximation) is the measure of the time it takes for an ESS to respond to a step
change in demand. The term bandwidth may alternatively be used to describe this
characteristic of an ESS given the inverse relationship with the time constant. The
overall bandwidth of an ESS may again be limited by the time constants associated

with internal conversion mechanisms of a specific ESS technology [57].

Alternatively, the bandwidth of an ESS may be intentionally restricted to limit its
dynamic performance via the adjustment of the closed-loop controller gains or
feedback system associated with its power electronic converter interface [59],
[123]. For example, this may be implemented on a fuel cell system to prevent fuel

starvation problems and to improve the lifetime of the ESS [100].

2.2.3 Energy density and power density

The gravimetric energy density of an ESS is a measure of the maximum quantity of
energy per unit mass, in Wh/kg, that the device can store. Similarly, the gravimetric
power density, measured in W/kg, is the maximum power per unit mass that the
ESS can deliver. These measurands, in addition to their volumetric equivalent, are
particularly useful quantification metrics for power system integrators to assess and
compare weight and volume footprints of various ESS technologies for a particular
application. A Ragone chart [113], which displays energy density vs. power density
on a logarithmic scale as shown in Figure 2.2, is widely used for this purpose. This
chart compares the approximate energy densities and power densities of a broad
range of energy storage mediums including electrolytic capacitors, supercapacitors,

superconducting magnetic energy storage (SMES) systems, thermal energy storage
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(TES) systems, flywheels and fuel cells, in addition to a number of electrochemical
battery technologies. These include vanadium redox (VRB) or flow batteries, lead-
acid, zinc-bromine (ZnBr), nickel-cadmium (NiCd), sodium-sulphur (NaS) and
lithium-ion (Li-ion) battery variants. As evident from the chart, supercapacitors and
electrolytic capacitors are the most power-dense energy storage medium, whilst
fuel cells offer the greatest energy density. Interestingly, Li-ion batteries have
relatively high energy density and power density, making them useful for a diverse
range of applications. Each storage medium, within their approximate range and
discharge time, can be rapidly traded off and may be selected given reasonable

assumptions associated with the scalability of a particular ESS technology.
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Figure 2.2: Ragone chart of energy storage mediums [113]

2.2.3 Life Cycle

The life cycle of an ESS is the number of full charge-discharge cycles that an ESS can
withstand without significant degradation to its performance throughout its

operational lifetime. This measurand is particularly useful in determining the
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operational lifetime of a medium within a power system, and provides the system

integrator with a reasonable estimation of its replacement or maintenance cycle.

2.3 Historical and current use of energy storage on aircraft electrical
systems

Electrochemical batteries are conventionally the only form of electrical energy
storage employed on aircraft power systems. They are predominantly used to
provide back-up power for flight critical loads in the event of primary generation
failure and have been in use since the era of twin channel 28V DC power
distribution systems on aircraft of the 1940s and 1950s [41]. To this day, defence
and commercial aerospace platforms still integrate battery ESSs directly to the 28V
DC bus with sufficient capacity to deliver power to essential loads for up to 30
minutes under emergency power conditions [60]. In modern defence platforms, the
batteries are also required to provide power independently for the re-ignition of jet

engines in the event of engine flameout.

In more recent years, advanced electrical systems on commercial MEA such as the
Boeing 787 integrate battery systems that utilise more energy-dense chemistries
such as Li-ion or Ni-Cd [17], [86]. These ESSs also benefit from greater life cycle
performance with deep-discharge capability and can therefore service more
demanding network roles. For example, they are being used at the beginning of the
flight cycle to supply power to the auxiliary starter motor drives in order to start-up
the auxiliary power unit (APU) [10], [124]. Moreover, the batteries may require
having the sufficient capacity to provide multiple start-up attempts. The APU
generator is then used to bring the main engines online through the appropriate
power electronic drives, essentially eliminating the need for a ground supply to
energise the aircraft for take-off [17], [86]. Airbus Group is also investigating the
integration of a hydrogen fuel cell ESS to replace conventional APUs on certain
platforms [60], [125]. This early stage research aims to evaluate the feasibility of
such system modifications and to determine the fuel and weight savings that may

be achieved as a result. However, considerable research is still required to quantify
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the benefits and to evaluate the reliability of fuel cells under the extreme conditions
that they are likely to be subjected to within this application [19], [125]. Boeing

have similarly demonstrated a hydrogen fuel-cell powered aircraft concept [126].

2.4 State-of-the-art and future trends of ESS use on aircraft electrical
systems

2.4.1 Energy-dense storage systems

Looking forward, energy-dense electrochemical ESSs will play a more central role on
future all-electric aircraft (AEA) platforms. For example, the electrical system on the
Solar Impulse Il concept demonstrator incorporates four Li-ion batteries with a
capacity of 38.5kWh each [127]. This concept aircraft is designed to stay in flight
over a period of several days using its photovoltaic generation system to charge its
battery bank during sunlight hours. The batteries then supply power to all critical
loads, avionics, environmental control systems and electrical propulsion drives
during non-sunlight hours. Airbus Group’s E-Fan concept demonstrator is another
all-electric aircraft that employs a large bank of Li-ion batteries to supply the
aircraft’s fan-based propulsion system [128]. The first hardware iteration of this
aircraft was recently demonstrated with a flight time of approximately 45 minutes.
The second iteration is intended to be in flight for longer than 1.5 hours as a more
energy-dense battery technology is developed [128]. A similar short duration ‘inter-
city’ all-electric concept aircraft was demonstrated by a European consortium led
program, ENFICA-FC [129]. This light-aircraft was powered by a combination of Li-
ion batteries and a hydrogen fuel cell ESS to drive its electrical propulsion system
and power its various avionic subsystems. Flight duration of 39 minutes was
achieved by this demonstrator, establishing the viability of a ‘zero CO, emission’

hydrogen powered platform.

These small, single/dual passenger, all-electric aircraft concept demonstrators are

evidently forming the test beds for evaluating the durability and performance of
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advanced, energy-dense storage technologies in real-world flight conditions.
However, the pace of adoption of state-of-the-art ESSs within commercial and
defence aircraft is comparatively slower given the safety critical nature of the
industry and the rigorous certification processes associated with deploying new
technologies. The predominant energy storage medium that will continue to be
deployed within these systems is likely to be Li-ion battery modules owing to their
sufficiently high energy-density, simplicity of design and ease of integration [1], [2],
[12], [19], [20], [57]. Nevertheless, research is still being undertaken to investigate
alternative energy storage solutions that may offer other system wide benefits to
the efficiency and functionality of advanced power systems on future aerospace
platforms. One such area of recent interest is the integration of more power-dense
ESSs. The following section provides a discussion on the benefits that power-dense
ESSs can bring to the operational flexibility of aircraft electrical systems and other

compact DC power system applications.

2.4.2 Power-dense storage systems

Power-dense ESSs with highly dynamic charge/discharge characteristics are being
considered to perform a number of demanding roles and complex network
functions within aircraft electrical power systems and other compact DC power
system applications. These include meeting peak load demand, providing short term
backup power and maintaining power quality during variable load conditions or
switching events. They are also being considered to decouple the interactions
between the electrical power system and the aircraft engine [57]. Such functionality
can increase overall system efficiency, provide better transient performance,
potentially reduce primary generation capacity and increase security of supply [58],
[90], [95], [97], [98], [105], [112], [117]. Other applications include DC microgrids
[88]-[90], integrated full-electric propulsion (IFEP) systems on marine platforms
[61], [91], [92] and electric vehicle drivetrains [10], [94], [101], [124]. Figure 2.3
shows a chart of a broad range of ESS technologies, categorized by their discharge

time characteristics and available power rating, enabling storage mediums to be
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rapidly evaluated in terms of their suitability to meet the specific power and
discharge time requirements of a particular application [25]. The storage
technologies are grouped into short-term power quality and uninterruptable power
supply (UPS) applications, medium-term transmission and distribution (T&D) grid
support and load shifting applications, and long-term bulk power management
applications. The data shown in Table 2.1 collated by Lou et al. in [113] provides a
more detailed breakdown of the ESS technology characteristics including the overall
efficiency, storage durability, self-discharge, lifetime and life cycle of each. From
Figure 2.3 and Table 2.1, it is clear that the specific ESS technologies that can meet
the rapid discharge time and power rating requirements to perform these functions
include supercapacitor, SMES and flywheel energy storage systems [58], [113].
However, given the strict weight and volume restrictions on aerospace applications
[1], supercapacitors are considered the most viable technology due to their
achievable power density [57], [59]. This is also underpinned by their high life cycle

rate, peak power output and fast discharge capability, as shown in Table 2.1.
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Figure 2.3: Discharge time characteristics of energy storage technologies [25]
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Table 2.1: Data associated with various energy storage system technologies [113]

EES technology Power range  Discharge time Overall Power density  Energy density Storage Self-discharge  Lifetime Life cycles
(MW) (ms—h) efficiency (W/kg) (Wh/kg) durability (per day) (years) (cycles)
Pumped Hydro 10-5000 1-24h 0.70-0.82 - 0.5-1.5 h—months Negligible 50-60 20000-50000
CAES (underground) 5-400 1-24h 0.7-0.89 - 30-60 h—months Small 20-40 >13,000
CAES (aboveground) 3-15 2-4h 0.70-0.90 - - h—days Small 20-40 >13,000
Flywheel Up to 0.25 ms—15m 0.93-0.95 1000 5-100 s—min 100% 15-20 20,000-100,000
Lead-acid Up to 20 s—h 0.70-0.90 75-300 30-50 min—days 0.1-0.3% 5-15 2000-4500
NaS 0.05-8 s—h 0.75-0.90 150-230 150-250 s—h 20% 10-15 2500-4500
NaNiCl2 (ZEBRA) 50 2-5h 0.86—-0.88 150-200 100-140 s—h 15% 15 2500-3000
Ni—Cd Up to 40 s—h 0.60-0.73 50-1000 15-300 min—days 0.2-0.6% 10-20 2000-2500
Li-ion up to 0.01 m-h 0.85-0.95 50-2000 150-350 min—days 0.1-0.3% 5-15 1500-4500
VRB 0.03-3 s—10 h 0.65-0.85 166 10-35 h—months Small 5-10 10,000-13,000
Zn—Br 0.05-2 s—=10 h 0.60-0.70 45 30-85 h—months Small 5-10 5000-10,000
Fe—Cr 1-100 4-8h 0.72-0.75 - - - - 10-15 >10,000
PSB 15 s—10 h 0.65-0.85 - - h—months Small 10-15 2000-2500
SMES 0.1-10 ms—8s 0.95-0.98 500-2000 0.5-5 min—h 10-15% 15-20 >100,000
Capacitors Up to 0.05 ms—60 m 0.60-0.65 100,000 0.05-5 s—h 40% 5-8 50,000
Supercapacitor Upto 0.3 ms—60 m 0.85-0.95 800-5000 2.5-50 s—h 20-40% 10-20 >100,000
Hydrogen (fuel cell) 0.3-50 s—24 h 0.33-0.42 500 100-10,000 h—months Negligible 15-20 20,000
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Commercial supercapacitor systems supplied by various manufacturers that are
available on the market today exhibit a power density of up to approximately
5000kW/kg [113]. However, this is projected to significantly increase with the
introduction of state-of-the-art systems exploiting recent breakthroughs in carbon
nanotube and grapheme technology enabling a significant increase in electrode
surface areas [130]-[133]. These devices are often subject to comparison with their
energy-dense counterparts such as battery systems, however, their dynamic
performances are notably distinct [112], [114]. Whereas batteries are a very useful
solution for applications that require a significant quantity of energy over a
relatively long period of time, super-capacitors can deliver a particularly high
qguantity of power over a much shorter period of time. In addition, supercapacitors
offer a charge/discharge life cycle considerably greater than that of battery systems.
Their limit, however, lies in the energy density that can be up to two orders of
magnitude smaller than that of high capacity batteries [113]. Thus, employment of
both devices in aircraft electrical networks may provide useful solutions to unique
challenges. Interestingly, developments in the electrode design of advanced lithium
based battery technology are enabling significant improvements to the power
density of such mediums that may be comparable to supercapacitor performance
[134]. Thus, the potential to use these ESSs for both bulk storage (long-term power)
and power quality purposes (short-term power) could be significantly
advantageous, and may provide a more competitive solution in comparison to

separate energy storage devices for tailored network roles.

The following section provides a comprehensive literature review of the roles,
functions and applications of advanced high-power, high-bandwidth ESSs within a
broad range of DC power system applications. The applicability of these functions

within the context of aircraft electrical power systems are discussed and analysed.
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2.5 Review of applications and challenges of high-power ESS integration
within compact DC power systems applications

This section provides a literature review of the functional-level applications and
systems-level benefits of integrating a high-power ESS within a variety of DC power

system applications throughout the power industry.

The functions that high-power ESS’s perform are categorised into three broad

areas. These are:

e Maintaining power quality and mitigating voltage transients
e Meeting peak load demand

e Offering short term backup power and voltage support

Integration of high-power ESS’s have been proposed for a number of power system
applications including telecommunications platforms [106], [135], [136], DC
microgrids [62], [65], [88], [89], future aircraft [1], [57], [58], [63], [93], [104],
electric vehicle powertrains [94], [97], [124], and power distribution systems for the

all-electric ship [58], [61], [69], [73], [92].

The ESS, in each of these applications, offers systems-level benefits to the
functional capability, transient performance and physical design of the electrical
system. This section categorises the particular network conditions and scenarios for
which power-dense ESSs can offer systemic benefits. The operational requirements
of the power-dense energy storage system to perform these particular functions are
established, and the applicability of these functions within the context of an aircraft

electrical power system is analysed.

2.5.1 Power quality / voltage transient mitigation

Voltage transients normally occur within electrical power systems due to large step

changes in electrical demand from loads connected to the network [24], [78], [83].
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Voltage transients can be classified as either undervoltages or overvoltages [24].
Sustained undervoltage conditions have the potential to interrupt continuity of
supply to loads, potentially causing electronically driven loads to shut down [71].
Overvoltages can be particularly hazardous, potentially damaging sensitive loads
and increasing the likelihood of insulation breakdown within cables [71]. To
minimise the disruptive propagation of electrical transients, strict regulations that
specify the transient envelopes for electrical power distribution buses are adhered
to in order to standardise the requirements of electrical sources and subsystems
integrated to the network. The most commonly referenced power quality
standards that define the upper and lower limits, and duration of voltage transients
for aerospace applications is MIL-STD-704F [137]. The normal transient envelope for

the 28V DC and 270V DC bus is shown in Figures 2.4 and 2.5.
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Figure 2.4: MIL-704F voltage transient envelope for 28V DC bus for load transitions
[137]

28



350
340 /l{ 330V, 0.020 sec

320 \

310 \\

300 \
290

270 [ 280V, 0.040 sec }/V

Volts, DC

240 I/ \{_250 V, 0.040 sec}
230 /
220
4
/

200V, 0010sec |
180 k00 .OOIJs.ecJ

0 oo 0.02 0.03 0.04 0.05 0.06 0.07 008 0.09 01

Time from Onset of Transient, Seconds

Figure 2.5: MIL-704F voltage transient envelope for 270V DC bus for load transitions
[137]

These standards are also being embraced by commercial airframers and system
integrators with growing interest in the wider use of 270V DC distribution on future
commercial platforms [9], [57], [84], [104], [138], [139]. When integrating power
system components, the systems integrator must ensure that the primary source of
power and associated power electronic conversion that regulate the DC bus are
sufficiently rated such that normal voltage transients produced by any load steps do
not exceed the thresholds depicted in Figure 2.5. To meet this criterion, the primary
generation system must also have a sufficiently rapid response time. All loads and
subsystems connected to the DC network must also be designed to withstand all

transients that lie within the defined transient envelope.

However, electrical systems on future aircraft that incorporate greater levels of
high-power electrical loading may experience significant voltage transients that
exceed these thresholds if regulation of the bus voltage is poorly managed [82].

High-power loads may be abruptly switched into the network via contactors or

29



electromechanical breakers causing a sudden increase in demand, if no soft-start
functionality is provided. Similarly, immediate disconnection of these higher power
loads may result in significant overvoltages if voltage regulation is not appropriately
designed. Example high-power electrical subsystems on future MEA aircraft include
environmental control systems (ECS) and electrical wing ice protection systems
(WIPS) [1], [11]-[13], [17], [19]. Electromechanical actuators for wing ailerons and
flaps may also exhibit more dynamic load profiles that may regenerate energy back
to the DC bus, causing undesirable overvoltages. Furthermore, loads driven by
power electronic converters with large input filter capacitance, when switched into
the network, may cause sever undervoltages and large current overshoots as the
capacitors energise. Controlled turn-on of such subsystems using soft-start pre-
charge circuits [51], [53], [140] or advanced SSPCs to limit inrush may alleviate the
depth of undervoltage produced [84], [141]. However, the only commercially
available SSPCs installed on existing platforms with this functionality are 28V DC

devices.

One approach to reduce the severity of voltage transients is to improve the
response time of the primary generation system to meet the initial demand of
higher power loads on the network. If the DC bus is supplied via an uncontrolled
passive front end such as an autotransformer rectifier unit (ATRU), then the DC
voltage dynamics will be governed by the regulation of the AC side voltage via the
generator control unit (GCU). Reducing the overall time constant of the overall
closed loop control may improve the DC transient response. Indeed, greater DC side
capacitance and incorporation of an outer DC voltage control loop as part of the
GCU controller may also improve DC transient behaviour if passive rectification is
used. Alternatively, an active rectifier employing high frequency switching may be
integrated to improve DC side voltage regulation through the use of high bandwidth
controller designs allowing the DC side voltage regulation to be decoupled from the
GCU/AC side control. This may enable higher power loading transitions without

violating power quality standards on either side of the converter.
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However, both of these solutions, although technologically feasible, may have
significant complexity, cost and reliability implications for the primary generation
design. Additionally, the burden of meeting the electrical demand of these high-
power loads is placed entirely on electrical engine off-take. Evaluation of the impact
on the engine off-take components and the subsequent transient performance of
the engine itself is an area of ongoing research within academia and industry. For
example, Todd et al. have shown in [142] that large electrical transients can
produce undesirable torque transients on engine mounted gearboxes that drive the
primary generators on commercial and defence aircraft. These transients may
increase maintenance costs over the lifetime of the engine as mechanical gear box
components are exposed to greater wear. However, implementation of torque slew
rate limitation control [59] may minimise the propagation of such large electrical

transients through to mechanical systems.

Integration of a power-dense ESS has therefore been proposed to improve the
overall transient performance of the electrical power system by absorbing or
exporting power to stabilise the DC voltage during load transitions and thereby
minimise the propagation torque pulsations. Initial feasibility studies have been
performed by Wu et al [59] and others [14], [57], [58] for more electric aircraft
applications and are currently being explored by various industrial systems

integrators.

Precedent has been taken from application areas such as state-of-the-art electric
vehicle power trains where the use of supercapacitor based ESSs have been
proposed to improve performance of electrochemical batteries and fuel cell
systems [90], [94], [97], [124], [134], [143]. Similar functionality has been
demonstrated in more conventional grid level distributed generation sources to

minimise impact on gear boxes in wind turbines driven generators [89], [144].
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2.5.2 Meeting peak demand

Power systems must be designed to ensure that the total installed generation
capacity on the network matches the aggregated demand from connected loads.
Incorporation of additional loads on a system that have highly dynamic or transient
load profiles can have significant implications on the required rating of primary
generation and may compromise the viability of a particular system design. For
example, within a MEA application, installation of additional generation capacity
can result in significant weight penalties that can substantially increase the
operating costs of an aircraft by means of increased fuel burn. Similar implications
for electric vehicle applications and marine power systems can also be incurred.
Integration of power-dense energy storage to meet the demand of peak power
loads may prove to alleviate the need for increasing primary generation capacity,
and in certain applications, may even serve to reduce it [62], [99], [113], [117],
[134]. For example, Figure 2.6 shows a high-level diagram of an electric vehicle with

an integrated supercapacitor ESS, coupled to the primary drivetrain.
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Figure 2.6: Typical EV drivetrain with integrated supercapacitor based ESS

Within this application, the supercapacitor ESS is used to provide power during

moments of peak demand, for example when the car is accelerating. This can
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decrease the demand placed on the primary energy source (fuel cell system or
electrochemical batteries) and can enable a reduction of the power rating of its
primary converter interface [134]. This in turn has the potential to reduce this

particular component’s weight, volume and cooling system requirements.

On marine platforms such as aircraft carriers, flywheel energy storage devices are
being proposed to supply the significant quantity of power required to launch
military jets using its electrically actuated slingshot mechanism [145]. They have
also been proposed to support large peak power motoring loads on IFEP systems
[61], [91], [92]. Other applications include supporting the supply of peak power to
electrical weapons systems and high-power radar loads that exhibit cyclic demand
profiles [61], [73], [99]. Power-dense energy storage, in all these application areas,
may alleviate the need to increase the overall rating of the primary generation to

match demand.

Given the benefits demonstrated within other compact DC power system
applications, there has been considerable interest in the integration of power-dense
ESSs on future MEA platforms to meet the peak load demand of various electrical
subsystems. In particular, they are being considered to meet the demand of high
torque motoring systems for electrically actuated flaps, slats, ailerons and rudders
etc [7], [10], [14], [111], [146], [147]. Similarly, they are also being proposed for

high-power cyclic loads such as radar systems [9], [62].
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2.5.3 Short term backup power / voltage support

A typical use of an ESS in many application areas is to provide immediate short term
backup power in the event of a loss of primary power. This mode of operation can
be described as ‘voltage support mode’ and can be provided by both power-dense
and energy dense ESSs. In the event of a sustained reduction in network voltage,
the ESS is used to continuously supply power to maintain the system voltage at its
nominal operating level. This is a primary function of ESSs in applications that
require an uninterruptable power supply (UPS) including telecommunications
equipment and datacentres where even a short term undervoltage condition can be
extremely disruptive [148]-[150]. Common storage technologies that are used for
UPS systems include flywheel energy storage systems, electrochemical batteries
and supercapacitors [107], [113], [149], [150]. Such systems ensure a continuous
supply of power to sensitive loads for a period of time that is sufficient to allow
longer-term backup generation to be activated. Other examples include microgrid
systems and shipboard electrical systems that incorporate medium to large scale
energy storage systems. Within these applications, the ESS is kept at 100% SOC
during normal operating conditions to enable voltage support for the maximum
possible duration. Detection of undervoltage conditions from a centralised power
management system, or in certain cases from the measurement of voltage from the
terminals of the ESS can be used to trigger the activation of voltage support

functionality [61], [91], [92].

Within the context of an aircraft electrical system, this function is automatically
provided by the backup battery system. However, only flight critical loads such as
those required to safely operate the aircraft under emergency conditions are
supported by this function. On future aerospace platforms that may incorporate
power-dense ESSs on the high voltage DC bus, this voltage support function may
also be provided for a short period assuming sufficient capacity is available. This
may be particularly useful during periods of network reconfiguration. For example,

in the event of a generator fault or loss of on engine, the electrical network
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reconfigures to enable the connection of the APU generator or until load shedding
takes place. During this transition, all loads may be supplied by a single generator
for a short period of time as the APU initiates. As an alternative, the energy storage
device may be used to provide this short term power, or at least support the
primary generation in order to reduce the significant demand placed on the single
generator [12], [125], [151]. This functionality may enable a reduction in generator
overcurrent rating and may also reduce the engine transient response during these

conditions.

2.6 Conclusions

The quantity and complexity of roles that ESSs are being proposed to play in
modern aircraft is increasing owing to the systemic performance improvements
that may be made. The most viable storage technologies for aerospace applications
and their projected use cases were presented in this chapter together with a review
of the functions that state-of-the-art in high-bandwidth, high-power energy storage
play within a broad range of compact DC power system applications. The following
chapter explores the challenges associated with integrating such energy storage

systems.
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Chapter 3

State-of-the-art in DC protection and a review of
power-dense ESS fault behaviour

This chapter presents the state-of-the-art in the intersection of two seemingly
disparate areas of research: the protection of compact DC power systems, and the
integration of high-power, high-bandwidth energy storage systems within compact
DC power systems. The system-level interaction of these integrated subsystems

underpins the following research question answered in this thesis:

How does the response of a high-power, high-bandwidth ESS integrated within a
current limited compact DC power system environment impact the performance of

the network-wide protection system under fault conditions?

The chapter begins by introducing the topic of power system protection, and hence
establishes the motivation for preventing the destructive and potentially fatal
effects of faults within aircraft electrical power systems. A review of the state-of-
the-art in DC fault detection techniques, protection switchgear and protection
systems for future MEA and other compact DC power systems applications is then

conducted.

The following subsection reviews the enabling technologies for the effective
integration of high-power ESSs within electrical power systems. Functional
requirements of the ESS power electronic converter interface are derived, taking
into account the physical constraints and limitations associated with its operation.
Functional-level control strategies that enable different modes of ESS operation are
analysed and assumptions associated with overall ESS behaviour under normal and

abnormal conditions (i.e. during network faults) are then defined.
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Finally, the shortcomings in the literature that fail to address the challenges
associated with ESS behaviour during network faults are analysed. In particular, the
seemingly limited research and discussion on the performance of protection
systems (within existing or new build applications) as a result of the fault response

of network integrated energy storage is investigated.

3.1 Aircraft electrical power system faults

Electrical faults are a source of significant fire risk on aerospace platforms. A recent
example reported by the UK Air Accidents Investigation Branch (AAIB) involved a
Boeing 777 that experienced an electrical failure on the main distribution bus after
a second generator was brought online [152]. This failure resulted in severe internal
arcing events and short circuits within the two main power contactors of the main
bus, compromising the contactor casing and igniting nearby insulation blankets with
fire and heat causing damage to the structure, cooling ducts and wiring. In 2012,
electrical arcing between a main feeder wire and a titanium hydraulic line of an F-22
Raptor military aircraft was sufficient to breach the material, causing the hydraulic
fluid to ignite and thus resulting in the catastrophic failure of the aircraft [153].
Faults can occur within sections of an aircraft electrical power system due to a

variety of causes, including:

e Abrasion of cable insulation due to chafing, repeated flexing, or contact with
high temperature surfaces leading to exposure of energised conductors.

e Internal faults within generators, transformers, power electronic converters,
distribution wunits and any corresponding connectors due to aging,
continuous environmental exposure or vibration.

e Breakdown of insulation caused by excess overloading or by overvoltages
due to electrical switching transients.

e Secondary damage from accidental mechanical failures.
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Faults can occur within both the AC and DC sections of an electrical network and
may cause considerable physical damage at the point of fault. Damage may also be

incurred by system components through which fault current is carried.

AC side faults on three-phase systems can be classified as one of the following:
phase-to-phase or three-phase ‘balanced’ faults; or single-phase-, phase-to-phase-
or three-phase-to-earth faults. DC side faults can be classified as: rail-to-rail or rail-
to-rail-to-earth for two-wire systems, and/or rail-to earth (positive or negative) in
the case of three-level mid-point earthed DC distribution systems. Note that the
metal fuselage (or structural airframe on modern composite body platforms) is used

for earthing the aircraft electrical system [154].

A fault with negligible fault impedance is referred to as a short circuit. If the path of
fault current flows through some external impedance, such as through the
composite material of the fuselage, then this impedance is known as the fault
impedance. Equally as hazardous is an open-circuit fault condition which may be
caused by a loose connection or a break in a conductor where series arcing can
occur as the break develops. This can cause significant localised increases in
temperature with potentially detrimental consequences to equipment in close

proximity [152], [153].

Faults may also be classified as being sustained (e.g. a solidly clamped short-circuit
or a complete break in a conductor), semi-sustained (e.g. the conduction path of
the fault ‘burns-out’ after sufficient energy has been dissipated through it), or
intermittent (e.g. a loose connection or exposed conductor causing recurring faults
due to vibration). It is also possible for one type of fault to develop into another
type over time. For example, series or parallel arc faults may evolve into a short

circuit fault if the exposed conductor forms a conduction path to earth.

It is the role of the protection system to prevent any systemic damage that may
lead to catastrophic failures caused by electrical faults. This is achieved by rapidly

and discriminatively isolating faulted sections of the network via dedicated
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protection switchgear. These switchgear devices may be distributed across the
network and may be designed to operate in isolation or in coordination with other
such devices. Similarly, coordination with internal protection functions of electrical
sources or power converters may be achieved in accordance with the specific
requirements of the application. The following section outlines the key design and

performance criteria for the operation of electrical protection systems.

3.2 Protection system design criteria

The function of an electrical protection system is to promptly and automatically
disconnect any element or section of a network which starts to operate in an
abnormal manner that may cause damage to the rest of the system. Reference
[155] outlines the key design criteria of an electrical protection system for any

power system application. These criteria are:

e Selectivity — In the event of a fault on a network, the protection system
should trip only those switchgear devices whose operation is required to
isolate the fault. This is also known as “discrimination’.

e Speed — The protection system should aim to isolate faults on a network as
rapidly as possible to reduce fault related damage and prevent cascading
faults through the collapse of the network voltage.

e Stability — The protection system should remain unaffected by conditions
external to the protected zone (usually associated with unit protection).

e Sensitivity — The protection system should be sensitive to a minimum
operating level.

e Reliability — Protection equipment and protection system performance
should be highly reliable. Reference [156] outlines the following criteria by
which operational reliability of a protection system is measured:

o Dependability — The measure of the degree of certainty that a

protection system will operate correctly when required, and at the
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designed speed. Dependability is a concern when a fault occurs
within a defined zone of protection.

o Security — The measure of the degree of certainty that a protection
system will not operate incorrectly or faster than designed. Security
is @ concern for operation of the system under normal (un-faulted)
operating conditions and for faults external to the protected zone.

e Backup functionality — The protection system must have a means of isolating
a given fault in the event of a failure-to-detect or failure-to-isolate condition.
Backup functionality may be enabled by the provision of redundant
protection system elements, graded co-ordination of devices, or secondary

or tertiary systems.

As with the system design objectives, the importance of each of these factors varies
with the requirements of a particular application area. For the purposes of the
protection systems investigated within this thesis, particular emphasis is given to
the selectivity and speed criteria (and the subsequent impact on protection system
operational reliability). The following subsection outlines principles of operation of
an electrical protection system and describes the functions of its constituent

elements.

3.2.1 Operational principles of protection systems

All protection systems operate using the same underlying principles. Protection
systems and devices require a means of acquiring measurements associated with
the electrical system (either directly or indirectly); a means of determining whether
a fault has occurred; and a means of isolating sections of the network. Figure 3.1

shows a flowchart of the constituent elements of a protection system.
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Figure 3.1: Constituent elements of a protection system

Power system measurands, i.e. voltage, current and/or temperature, are acquired
using appropriate instrumentation or sensing technology suitable for the
application. For example, temperature measurement may be used to detect
internal overheating of power system components such as converters, triggering
isolation to prevent thermal damage. These measurands are then transmitted
either electrically (i.e. analogue transmission) or communicated (i.e. digital
transmission) via an appropriate communications protocol to a protection relay.
Fault detection is performed by the protection relay component which generates a
trip signal after an appropriate delay (where necessary) in the event of a positive
determination of a fault condition. Fault isolation is then performed by a
corresponding switchgear device (such as a breaker, contactor or solid-state switch)

that is triggered by the transmitted protection relay trip signal.

Passive protection devices for relatively low voltage/current applications such as
circuit breakers (CBs), residual current devices (RCDs) and fuses all employ electro-
mechanical or electro-thermal trip mechanisms, normally relying on a direct means
of measuring current and/or voltage to function [157], [158]. In higher
voltage/current applications, an indirect means of obtaining these measurements is
used, such as voltage/current transformers [159], Hall Effect devices [160], optical
sensing technology exploiting the Faraday Effect [161] or equivalent
instrumentation [162]. Conventionally, the electrical outputs from these
instruments are fed directly to an electromechanical protection relay via a pilot wire
mechanism. Depending on the application and deployed technology, the relays
themselves may be motor operated, utilise a magnetic induction disk mechanism or

may function using an electromagnetic solenoid [155], [163].
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Modern protection relays are electronic in nature and operate using power system
measurands that are digitally sampled prior to being computationally processed
through software implemented protection algorithms. The protection algorithms
executed by these devices may be tailored to perform specific protection functions,
enabling more configurable protection schemes with greater operational reliability,
accuracy and flexibility. Typical examples of fault detection algorithms include
instantaneous overcurrent and undervoltage protection, or more complex time-
dependant algorithms including fault energy evaluation (i’t), inverse definitive
minimum time (IDMT) relaying and arc fault detection. Functions that rely on the
computation of measurements from multiple remote sections of the network such
as differential unit protection are also widely employed within many power system

applications [155].

Irrespective of the power system application and protection system type, the
constituent elements of advanced electronic protection relays are fundamentally

similar. Figure 3.2 shows a representative diagram of these constituent elements.
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Figure 3.2: Constituent elements of a protection relay

Measurements of voltage/current obtained by the power system instrumentation
systems are normally sampled at a relatively high frequency using an analogue-to-
digital conversion system (ADC) and acquired via the signal processing unit, as
shown in Figure 3.2. Signal conditioning such as filtering functions to remove certain
frequency components may also be performed by the signal processing unit. In

addition, transformations such as Fourier transforms and further processing such as
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the derivation of the rate-of-change of acquired measurands may be performed to
extract the necessary information required by the fault detection element of the
relay. The fault detection element processes this information through a relevant

software implemented fault detection algorithm.

The computed output from the fault detection algorithm is then compared to
predetermined thresholds/trip-curves using logic functions or circuitry that
determine the trip status of the device when these trip-thresholds are exceeded. A
gate driver circuit (or equivalent for an electromechanical breaker) receives this trip
signal prompting the opening of the relevant switch device. Other outputs and data
may be made available by protection relays, for example overload and undervoltage
detection and the number of historical trips that may not necessarily be used for
triggering isolation devices. Both fault detection and isolation functions may be
performed on the individual protection device itself, or separately in the case of
centralised, communications based protection solutions that are expanded upon in

later sections of this thesis.

3.3 State-of-the-art in aircraft electrical protection systems

The growing necessity for the incorporation of advanced, electronically controlled
protection devices for MEA platforms is being driven by the increase in complexity,
power density and interconnectivity of future aircraft electrical systems. These
systems are incorporating greater quantities of power electronic conversion, higher-
voltage DC distribution architectures, increasingly dynamic loads and advanced
energy storage systems. Advanced protection devices can perform complex relaying
functions offering improved trip accuracy over conventional protection devices that
may lead to significant improvements to the safe operation of electrical distribution
systems on future aircraft. This subsection provides a literature review of
conventional and state-of-the-art electrical protection devices and schemes

applicable to aircraft power systems.
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3.3.1 Conventional overcurrent protection

Electrical protection devices are critical to the safe and secure operation of aircraft
power distribution systems and associated subsystems. Conventional circuit breaker
(CB) devices are still widely utilised on current platforms to protect loads and
distribution cables from damage caused by short-circuit electrical faults. These
protection devices are typically rated to protect 28V DC and 115V,,s AC distribution
systems offering trip-times of 0.36 — 1.4 seconds for overcurrent thresholds that are
10 times the rated current of the device [164]. Approximate it trip-time curves for
commercial-off-the-shelf (COTS) CB devices are shown in Figure 3.3. These curves
indicate the trip-times associated with the CB device when the fault current, given
as a percentage of the rated load current, exceeds the set current rating of the
device. Trip settings of a relay can often be user configurable, allowing the trip-
curve to be shifted along the % Rated Current axis, to allow for optimising the trip

thresholds as represented by the 160% rate current trip-time curve.

Remote control circuit breaker (RCCB) devices offer similar protection functionality
to conventional CBs, but with the added flexibility to operate the device manually
from a remote location via appropriate circuitry [84]. A diagram of a COTS CB and

RCCB is shown in Figure 3.4.
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Figure 3.3: Approximate time-current curves of COTS aircraft CBs [164]
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(a)

Figure 3.4: (a) Sensata single-phase AC circuit breaker [164], (b) E-T-A RCCB [165]
and (c) Esterline high-power electrical load contactor unit [166]

Higher-power AC loads and network sections are typically connected to the power
system via electronic load contactor units (ELCUs) (COTS ELCU shown in Figure 3.4
(c)). These devices also offer per-phase overcurrent and phase-imbalance
protection functionality via on-board electronics [41], [166]. A representative

diagram of the constituent components of ELCU is illustrated in Figure 3.5.
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Figure 3.5: Representative diagram of an ELCU AC protection device [41]
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These switch/protection devices incorporate appropriate instrumentation to enable
individual phase currents to be measured and processed by internal control
electronics to compute a trip signal in the event of a fault, actuating the
corresponding electrical contacts. These devices are also configurable to allow the
device trip characteristics to be closely aligned with the connected load or network
section. The typical overcurrent protection algorithm employed on ELCUs is a
modified form of i’t to emulate the performance of mechanical devices such
conventional circuit breakers or thermal fuses. However, they can also be
configured to receive external trip signals that enable them to be used for more
complex protection schemes. For example, this external trip functionality may be
utilised by a differential protection scheme for protecting safety critical sections of

the network, as discussed in the following section.

3.3.2 Differential protection

Differential protection (DP) is an established and widely adopted method used
throughout the power industry to detect short-circuit faults by exploiting Kirchhoff’s
current laws [155], [167]. It is a rapid and highly selective method of detecting faults
within a specified location on a network or within power system equipment such as
motors, generators or transformers [167]. Within an aircraft power system, the
electrical off-take system from the engine mounted generators to the main AC
distribution bus is protected using DP. This primary protection function is normally
performed by the generator control unit (GCU) and enables the rapid detection,
discrimination and isolation of faults located within predefined zones of the AC
network that the GCU monitors. A simplified diagram illustrating the GCU DP for the
Airbus A319 aircraft is shown in Figure 3.6 [168].
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Figure 3.6: Simplified schematic of the primary conversion, CTs and GCU DP [168]

The differential protection functionality provided by the GCU uses current
transformers (CTs) located at strategic points on the primary feeder network that
continually measure current at these locations [41]. There is one CT within the
generator, one downstream of the bus tie contactor (BTC) and one downstream of
the primary AC Bus. Under normal operating conditions, the generator load
contactor (GLC) is closed, the BTC is open, and power flows from the primary
generator to all loads via the AC bus bar. Alternatively, if the primary generation is
offline, the GLC will be open whilst the BTC and APU GLC will be closed, allowing

power to flow from the APU to the loads.

Two differential zones are provided by the GCU on this particular system [168]. The
GCU continually monitors the difference in current measured at these CTs. In the
event that a difference in current greater than a predetermined trip threshold is
reached for greater than 40ms, then the DP is triggered and both the BTC and GLC

are opened, de-energising the AC bus bar.
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After a further period of time (approx. 100ms), a second differential measurement
is taken. If the difference in current no longer exists then the fault is assumed to
have been located within the section of network between the GLC and the BTC or
on the AC busbar, as the isolation of electrical power to the network has removed
the fault. Under this fault condition, the BTC and GLC remain open and the

generator is de-excited.

However, if the difference in current at the CTs is still detected at the second time
of measurement, then the fault is assumed to have been located upstream from the
GLC —i.e. a generator fault or fault located on the generator feeder. Under this fault
condition, the GCU ensures that the GLC remains open but the BTC is allowed to
close to enable the connection of the affected electrical network to another source

of AC power (e.g. alternative engine generator or an APU generator).

3.3.3 Arc fault detection

Whereas conventional electro-thermal CBs are designed to protect wiring from
thermal damage during excessive overcurrent scenarios, detection and
discrimination of arcing events on aircraft electrical systems requires the use of
computational electronics to determine if an arc fault is present on the system
[169]. For example, commercial arc fault protection devices such as Labinal Power
Systems’ Arc-Fault Circuit Interrupters (AFCI) [170] measure and analyse the current

waveform to recognise unique signatures of arcing events.

In the literature, a number of different current signature analysis algorithms have
been proposed in recent years for detecting arc faults. Some reflectometry based
methods use a time domain approach [171], [172], while others rely on a frequency
domain [173] or a wavelet analysis [174], [175]. More recent developments to
detect intermittent arc faults using a transmission matrix approach to model
sections of the network, and locate them using a genetic algorithm have been

implemented by Yaramasu et al [176].
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3.3.4 Fault location using harmonic analysis

Accurately determining the location of a fault within an aircraft electrical power
system is valuable for the reliable operation of both online protection systems and
offline systems used for post-fault maintenance. Harmonic analysis methods using
current and voltage waveforms to locate faults have been demonstrated within the
literature for a wide range of power system applications. These methods can be
broadly categorised as being based on either impedance estimation techniques
[223] or travelling wave analysis methods (high-speed propagation of current and
voltage fault transient waveforms) [224]. Travelling wave analysis methods are not
commonly considered for estimating fault location within physically compact power
system applications with relatively short cable lengths such as aircraft electrical
systems due to the significantly high bandwidth data acquisition and computational

requirements.

However, various impedance estimation methods applicable to aircraft power
systems have been proposed in the literature. For example, a passive harmonic
impedance estimation technique has been proposed by Zhou et al in [177] and
mathematically validated in [178] that uses the third harmonic frequency of the AC
current and voltage profiles to identify the impedance and location of a fault within
a few fundamental cycles. Although initially demonstrated as an offline method, it
has been proposed that it may be developed into an online tool to predict the

location of network faults for use as a backup protection mechanism.

A similar technique called active impedance estimation (AIE) has been
demonstrated in a zonal DC marine power system that uses a power converter
connected to the bus to inject a short-duration spread frequency current to
measure the bus impedance [179]. Through processing of the voltage and current
responses, the system impedance is estimated as observed from a strategic point of
measurement. A portable unit that also uses this technique has been demonstrated

by Jia et al in [180] that may be suitable for post-fault maintenance processes.

49



These methods may be applicable to DC electrical power systems on future aircraft

platforms.

3.3.5 Fault current limited DC systems

Faults in DC networks can pose exceptionally demanding protection challenges in
terms of speed of propagation and fault current magnitude in comparison to faults
within AC systems [83], [181]. Safe network operation during fault conditions is
especially challenging in compact, power-dense systems with minimal fault path
impedance. In particular, interconnected DC distribution systems have been shown
to experience significantly high fault current levels that require rapid protection
system performance [24], [55], [182]. These issues are strongly driven by the
behavioural characteristics of standard voltage source converters, used for
rectification in DC networks, under fault conditions. These are namely: the inability
to limit fault current and the relatively low fault tolerance of the converters [83],
[181]. Increasingly popular solutions to overcome these limitations include the
redesign of the converter to be more fault-tolerant and the use of converter based
current limiting to suppress fault current [85], [183], [184]. Advanced topologies of
certain power electronic converters also enable galvanic isolation between the
input and output stages of conversion, preventing passive uncontrolled conduction
of fault current through the converter in the event of a fault. One such topology
applicable for aircraft applications is the dual-active bridge (DAB) DC-DC converter
and is being considered for use as the interface between the +/-270V DC and the

28V DC buses [7].

The use of converter current limiting potentially reduces the speed requirements of
the protection system enabling the continued use of standard AC side circuit
breakers or electromechanical DC switchgear for fault clearance [183], [185]-[190].
Whilst beneficial from a converter protection perspective, the use of current

limiting can make the coordination of network protection more challenging as fault
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current may be similar for many fault locations (particularly in compact, low
resistance networks). This leads protection in these systems to typically be time-
graded with respect to the output of the current limiting converter interface [183],
[185]-[190]. The main disadvantage of this approach is a slower operating speed
due to the need to set an operating delay between coordinating protection devices.
This increase in operating time can have significant consequences for energy
delivered at the point of fault, particularly for arcing faults [191], [192]. Within
aircraft electrical power systems, prolonged fault exposure can result in detrimental

damage to the platform [153].

3.3.6 State-of-the-art in solid-state DC protection

With greater levels of DC distribution in future aircraft electrical systems, there is a
need to ensure that protection systems and appropriate switchgear can detect and
isolate electrical faults rapidly. Fletcher et al. in [55] categorised the operating times
of different circuit breaking technology to determine the most suitable device
capable of isolating faulted sections of a compact UAV DC network prior to the peak
current discharge of filter capacitors. Operating times of electro-mechanical
(EMCB), hybrid (HCB) and solid-state circuit breaker (SSCB) technologies were
compared, as shown in the diagram in Figure 3.7. By comparing the circuit breaker
operating times to the typical times to reach peak discharge current, it was found
that only solid-state circuit breaker technologies are suitable for use within UAV

networks.
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Figure 3.7: Operating times of various circuit breaker technologies [55]

Figure 3.8: COTS SSPC developed by DDC [193]
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Solid-state power controllers (SSPC) are state-of-the-art, commercially available,
‘smart’ power management devices that can enable remote switching and
monitoring of loads, and perform circuit protection for primary and secondary
power distribution. The advantages of solid state switching relative to
electromechanical switching include higher reliability/system availability, reduced
weight and volume and improved operation in high vibration environments, making
them ideal for aerospace applications [84]. These electronically controlled DC
protection devices incorporate solid-state MOSFET switches with rapid isolation
functionality. Protection functions offered by commercial SSPCs include
instantaneous overcurrent protection and programmable it based overload
functionality [141]. Although COTS SSPCs used on recent commercial aircraft are
rated for low voltage DC distribution (28V), SSPCs for higher voltage levels are being
developed by GE Aviation [194] and Honeywell [195]. A 28V DC SSPC developed by
DDC is shown in Figure 3.8. Similar to ELCUs, the trip characteristics of these devices
may be modified as a percentage of the current requirements of an individual load

channel, as indicated in Figure 3.9.

The individually programmable nature of these advanced solid-state protection
devices enables greater flexibility for effective coordination with upstream and
downstream devices with improved trip functionality over their electromechanical
counterparts. However, trip thresholds are set and fixed for a given configuration of
the power system. Furthermore, commercial devices still employ slow i’t protection
algorithms and are only designed for load protection functionality with
unidirectional fault current blocking capability [141], [193]. Consequently, the
operation of existing solid-state protection devices may be suboptimal for power
systems with complex architecture arrangements, that are reconfigurable, and that

integrate multiple paralleled sources including advanced energy storage systems.

Within the literature, a more distributed solid-state protection device test bed has
been demonstrated in [85] for a marine application, where additional restraint

signals between devices have been proposed to improve protection coordination.
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However, considerable work is still required to verify the viability of solid-state

devices to provide network-wide DC protection.

3.5 Enabling technologies for the integration of high-power ESS

As established in the previous chapter, the two primary and often complimentary
functions of high-power, high-bandwidth energy storage systems within compact
DC power system applications are to ensure that load demand is met and that
network power quality is maintained [89], [91], [94]. The key technological enablers
for providing such functionality are bi-directional power electronic converter

interfaces and high-bandwidth control systems [196]—-[198].

This section provides a literature review of these enabling technologies and
analytically derives the functional requirements of the ESS converter interface that
will facilitate these functions. Assumptions associated with the internal protection
functions of the converter; the characteristics of the converter that define the
dynamic behaviour of the overall ESS; and the operating principles of the controller
that regulates the ESS response to network transients and load commands are then
defined. Finally, the behaviour of the ESS under network fault conditions is
analysed. The potential impact of the ESS fault response on the performance of
conventional protection systems within future aircraft and other DC power system

applications is then established.

3.5.1 Power electronic conversion for energy storage systems

Advanced power electronic converters play a central role in the active regulation of
the charging and discharging process of a network integrated ESS. To enable the ESS
to meet the demand of high-power loads or to perform power quality functions, the

interface must allow a significant quantity of energy to be exported to or absorbed
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from the power system within a short period of time. This functional capability may
be achieved with the use of a single, bidirectional converter interface that operates
in two-quadrants (i.e. sink and source mode). A representative illustration of such a

bidirectional converter interface is shown in Figure 3.10.

Bi-directional
Converter

l Interface l

Energy
S To Electrical
torage Network
Medium

Figure 3.10: Single bi-directional ESS power electronic converter interface

For certain pulse-power applications, two distinct control loops may be required to
regulate the charging and discharging process of the ESS. For example, in [199] a
low-speed flywheel energy storage system used for meeting the demand of a pulse-
load was demonstrated that utilised an active supervisory controller to switch
between operating modes when the pulse-load was engaged. Alternatively, tailored
power electronic interface configurations may be employed depending on the ESS
application needs. For example, Huhman et al. in [200] use a unidirectional DC-DC
converter topology to rapidly charge a capacitor bank for a high pulse-power
application from an intermediary Li-ion battery ESS to minimise the impact on the
rest of the system. A separate secondary converter is used to charge the batteries in

this case.

For the systems-level studies performed in this thesis, it is assumed that a single

bidirectional ESS converter interface is employed in order to simplify the analysis.
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Several characteristics of the ESS converter interface and its control system will
influence its response to changing network conditions. One such characteristic is
the power rating of the converter interface. Assuming sufficient state-of-charge of
the storage medium and operation below the limitations of the medium’s internal
energy conversion mechanisms, the power rating of the ESS converter will
ultimately define the maximum charge / discharge rate of the ESS. The rating of the
converter interface itself will be limited by the current and thermal constraints of its
constituent power electronic switching transistors / diodes. In order to ensure that
these operating constraints are not exceeded, converter systems will incorporate
internal protective measures to minimise component damage during overload and
short circuit conditions [201]. For example, internal converter protection may be

implemented with the use of a fuse or breaker device [202].

However, many advanced power electronic converter topologies are being designed
with active current limiting functionality to protect both the converter interface and
the network from detrimental current levels [83], [203]. The current-limited
threshold may be fixed to a predetermined magnitude and limited duration to
prevent physical damage to its internal components [202]. Alternatively, the
current-limit threshold may be programmable in more configurable converter
interfaces. For example, the ‘foldback’ protection mechanism introduced in [204]
claims to limit and then reduce the current output of converter output linearly to
zero in the event of a fault. This internal protection functionality may be broadly
referred to as overload or short-circuit protection. An example of this mode of
operation is represented in the V-l graph illustrated in Figure 3.11. Under normal
operating conditions, the regulated voltage set point of the converter is specified by
the steady-state load line, where the ‘steady state loading point’, as shown on
Figure 3.11, may move along this line depending on the load demand. The ‘steady
state current limit" is the maximum current that the converter can supply under
normal operating conditions. Under fault conditions however, the operating point
of the converter will increase beyond this point along the ‘foldback’ line, where

voltage and current will be actively decreased to zero in order to minimise the
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contribution of fault current supplied by the converter. After the fault is cleared, the

operating point is brought back to steady state load line.
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Figure 3.11: Example V-l graph of current limiting converter interface [204]

Converters that offer this functionality will observe a rapid reduction in the output
voltage and available power for load demands that exceed the maximum current
rating of the converter. Accordingly, a power systems integrator must consider both
the upper current limit in addition to the maximum power rating of the ESS
converter in the system design process given that the maximum sustained current

output from the ESS will limit its capability to support the network voltage.
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3.5.1.1 Selection of ESS converter interface

The power rating of the ESS converter may be selected, or its maximum sustained
current-limit may be set to a fixed level for a number of reasons. For example, it
may be rated to meet the peak demand of a particular load on the network [205].
Alternatively, maximum output current may be limited to a particular magnitude
and duration that is sufficient to mitigate a maximum predefined undervoltage
transient expected on the network, according to the power quality requirements of

the system [206].

In addition, the time constant or minimum response time of the ESS must be
defined. The speed of response of the ESS is dictated by its closed-loop bandwidth,
which takes into account the switching frequency of its converter interface and the
bandwidth of its controller [54], [144], [197]. To fulfil its potential for mitigating
transient propagation, the ESS by its nature should be designed to respond rapidly
to voltage transients caused by changes in load. It will therefore require operation
at a higher bandwidth than that of the primary sources connected to the network.
The following section describes the fundamental operation of ESS controllers that

enable transient mitigation and power quality functions.
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3.5.2 ESS controller operation

The primary function of an ESS controller is to regulate the rate and quantity of
energy imported or exported between the power system and the storage medium
via the ESS converter interface. Assuming that a single bi-directional DC-DC
converter interface is utilised, this primary function is achieved by regulating the

magnitude and direction of current on the network facing side of the ESS converter.

The regulation of the output current is achieved via the implementation of a high-
bandwidth inner current control loop that relies on the measurement, feedback and
comparison of this current with an adjustable reference value. The difference (or
error) between the measured and reference current values provides the necessary
signal required for the lower level proportional/integral controller to function [54].
The output signal from this lower level controller, known as the modulation index,
m, is fed through a pulse-width modulation (PWM) generator which in turn

generates the firing signals for the switchgear drive circuitry.

Figure 3.12 provides an illustration of the inner current loop of an example

supercapacitor ESS control system integrated to a representative DC power system.

Unidirectional Rectifier ESS DC-DC Converter Supercapacitor

Generator

ESS low level control

Figure 3.12: Inner current control loop of a supercapacitor ESS
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Accordingly, the converter output current may be regulated via adjustment of the
reference signal, which in turn modifies the modulation index of the power

electronic switching function.

Application of outer control loops that automatically adjust the current reference
value as required enables a variety of sub-functions of the ESS to be implemented.
For example, secondary sub-functions such as power quality regulation which acts
on fast voltage transients, voltage support for when the ESS is commanded to
discharge a bulk quantity of energy into the network and SOC control may be
superimposed to increase ESS functionality [59]. This is achieved by enabling outer
control loops to actively set the reference set point of the inner current control

loop.

These ESS control modes may be selected by a hierarchical power management

system according the systems-level requirements as depicted in Figure 3.13.

Generator

ESS Controller modes

Power Voltage socC
Quality Support Control

Figure 3.13: ESS controller with selectable modes of operation
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3.5.3 Challenges with ESS power quality control operation during network faults

ESS power quality control may be implemented with the use of a voltage tracking
controller that enables the ESS to rapidly mitigate large voltage transients on the
network. Figure 3.14 shows how this particular control mode may be implemented

with appropriate measurement and feedback of system voltage.

Generator

ESS power quality control

Figure 3.14: ESS controller with outer voltage control loop for power quality

The ESS controller in Figure 3.14 is based on [104], and determines the output
current of a power electronic converter, Ipeqs, Via cascaded proportional and
integral (PI) gain controllers. Assuming ideal operating conditions where the initial
steady state network voltage is equal to the reference voltage used by the ESS
controller, measurement of the network voltage, Vs, at the terminals of the
converter is compared to a fixed reference value, V¢, set to the nominal steady-
state voltage of the network. The error (or difference) between the two signals is
amplified by a proportional and integral gain to generate a varying reference value,
ler. This reference is used to set the desired output current of the converter. In
practice, this control system configuration may result non-ideal behavior given that
both the primary generation and the ESS controllers are regulating the same

network voltage. A droop control method or a dead zone controller mechanism
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applied to the ESS control system may be implemented to minimize this behavior.

This is proposed as further work in the conclusions of this thesis.

A second comparator evaluates the difference between the measured output
current of the converter to that of the variable reference value. The resultant signal
is again amplified through a secondary PI controller and is then used to set the
modulation index, m, of the converter power electronic switches, thus controlling

the output current of the converter based on the measurement of network voltage.

Given that the network voltage is normally set by the primary source of generation,
the output of the ESS is typically zero at the nominal network voltage level. During
voltage transient events, normally instigated by a disturbance or change in load, the
current reference will be automatically adjusted, triggering a change in converter
output and prompting the ESS to absorb or export energy onto the network
accordingly. As the network voltage settles to the steady state level, the error
between the measured voltage and fixed voltage reference decreases to zero, thus

causing the ESS current reference to also decay to zero.

It is assumed that the energy storage medium and its corresponding converter
interface will have a transient response much faster than that of the primary
generation system to enable rapid transient mitigation. This functionality minimizes
the propagation of electrical transients throughout the wider electrical network and
intrinsically dampens the transient response of the primary generation [59]. Within
the context of an aircraft electrical system, the ESS also functions to decouple the
electrical system from the mechanical system i.e. reducing the translation of

electrical transients into torque transients on the prime mover [142].

However, given the sensitivity of the power quality control mode to the network
voltage, the ESS response is intrinsically sensitive to network faults. During this
mode of operation, the ESS controller will attempt to regulate the ESS current
output using the measurement of the network voltage, as in [54]. In the event of a

network fault (such as that applied in Fig. 3.10), the subsequent reduction of
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network voltage will trigger a large step in its current reference value and drive the
output of the current regulator into saturation (100% duty cycle). This will likely
cause the ESS to continuously output current into the fault provided that sufficient

stored energy is available to support this and that the power electronic switches

withstand the increase in current.

Generator

ESS power quality control

Figure 3.15: ESS operating in power quality control mode under fault conditions

During network fault conditions and in particular in the event of a high-impedance
fault, the response of the primary source may be significantly dampened, owing to
the coupling that exists between sources via the network voltage. The subsequent
damped response of the primary source to the fault may reduce the operational
speed of its corresponding overcurrent protection device, causing protection
blinding [26] and disrupting protection coordination. Protection blinding is the term
commonly used to describe the reduction in overcurrent levels on distribution
feeders within grid-based power systems as a result of the fault response of
distributed generation. This terminology is therefore adopted to describe the
similar effect on the fault response of primary generation within compact power
systems as a result of fault current contribution of network integrated energy

storage.

A delay in upstream protection operating times may have detrimental effects on the

system such as increasing energy delivered at the point of fault (if cleared by the
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generator protection device) and increasing time of fault exposure. This may be
particularly hazardous in the event of arcing faults [191], [192] resulting in increased
fire risk. Furthermore, the magnitude and direction of fault currents measured by
the network-wide protection system will vary with ESS availability, changing the

fault conditions.

These systems-level integration challenges have received little attention in current
literature. For example [89] and [91] demonstrate the use of an ESS to automate
power balancing and for voltage sag correction during ac grid side faults on a
microgrid. However, the response of these operational modes is not investigated
during more severe faults within the DC microgrid. Furthermore, the protection

challenges and requirements under such faulted conditions are not discussed.

Reference [146] considers the use of energy storage for fault ride-through of
generator phase faults however provides no analysis for how similar ESS control
would respond for electrical network faults. Reference [207] describes the
beneficial role that a SMES system plays in the integration of wind turbines via an
interconnected DC system, whereby stored energy in the SMES helps to maintain
the system voltage and supply current during AC and DC-side faults. However, the
protection implications of such a response are not considered. In [208], a DC-link
integrated supercapacitor based dynamic voltage restorer is considered for
restoring voltage during AC-grid faults via a bidirectional DC-DC converter. Again,
DC-side faults and protection are not considered. Reference [196] conducts fault
studies for a low voltage DC microgrid containing battery storage, where
commercial circuit breaker technology is suggested for protecting the battery
during network faults. However, the protection selectivity challenges associated
with such DC protection devices may cause the ESS protection to operate for faults
at various downstream locations, unnecessarily disconnecting the ESS. Similar
drawbacks associated with grid connected ESSs are highlighted in [209] where a
superconducting fault current limiter is proposed to minimise protection

coordination issues caused by the ESS whilst maintaining the availability of the ESS
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for post fault recovery. However, the cost and complexities of implementing such

systems may limit their use in certain applications.

The evidence therefore suggests that the issue of ESS response on protection
system performance is often overlooked and the compatibility of existing network
protection systems with networks containing fast acting and power-dense ESS is not
well understood. Similar conclusions were also reached by Padullaparti et al in [210]
when investigating the impact of large-scale photovoltaic and ESS system

installations on network overcurrent protection schemes.

To fully evaluate ESS impact on the protection performance, the technical
characteristics of the ESS that govern the coupled behaviour of paralleled sources

(through the network voltage) must be assessed.

Accordingly, the following chapters of this thesis investigate the impact of the ESS
on the fault response of the primary generation system and derive the network
conditions at which conventional protection systems may no longer sufficiently

protect the network.

3.6 Conclusions

A literature review of the state-of-the-art in aircraft protection systems was
presented in this chapter. The fault response of a high-power ESS will be governed
by its corresponding control system and will likely cause the magnitude of fault
current delivered by converter interfaced primary sources to be reduced causing
problems with the operation of corresponding protection devices, i.e. protection
blinding. Minimal work has been carried out in this area within the literature and so
the need to investigate the systemic impact of integrating high-power, high-
bandwidth energy storage systems within compact DC power systems has been

established.
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Chapter 4

Characterising the transient response of an
electrical system with integrated ESS to electrical
faults

4.1 Introduction

This chapter presents a detailed analysis of the behaviour of an electrical power
system with high-power ESS operating under electrical fault conditions. The aim of
this chapter is to characterise the impact that an ESS has on the transient response
of other network integrated electrical sources for a range of electrical fault
conditions. This characterisation will enable the subsequent impact on the

performance of the network wide protection system to be determined.

The relationship between the fault impedance, ESS controller bandwidth and ESS
peak current limit on the rate-of-change of fault energy delivered by the primary

electrical source is established and quantified.

A new ‘critical fault impedance’ term is introduced, derived and validated in this
chapter that defines the conditions at which conventional network protection
devices will experience protection blinding due to the uninterrupted contribution of
fault current from an ESS. A method to rapidly estimate the critical impedance of a
DC system that incorporates a high-power ESS is also proposed and verified. This

characterisation of the critical impedance is a key contribution of this thesis.

Finally, the experimental validation of protection blinding of a state-of-the-art solid-
state power controller (SSPC) protection device, used for aircraft DC applications, is

presented.
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4.2 Quantification of protection performance of compact DC power systems

A key design objective of any network protection system is to safely provide
continuity of supply to loads when other parts of the network are experiencing
faults. The ability of the protection system to achieve this objective is measured
using various performance criteria including speed, selectivity, stability and
sensitivity [155]. Dependability and security of the protection system are also
widely used performance criterion by which the reliability of the protection system
is measured. |EEE standard C37.100-1992 [211] defines these two facets of

protection system reliability as follows:

e Dependability is the facet of reliability that relates to the degree of certainty
that a relay or relay system will operate correctly when required, and at the
designed speed. Dependability of the protection system is therefore a
concern when a fault occurs within a specified protected zone.

e Security is the facet of reliability that relates to the degree of certainty that a
relay or relay system will not operate incorrectly, or faster than designed.
Security of the protection system is therefore a concern for faults out-with a

protected zone or under normal (non-faulted) conditions.

The capability to provide backup protection in the event of a device failure is also an
important facet of protection system operation that must be taken into
consideration. As a key contribution of this thesis is to demonstrate the impact that
ESS integration has on the protection trip-times of a primary electrical source,
protection operating speed will be the primary performance criterion of the analysis
within this chapter. However, the impact that changes in protection trip-times have
on the dependability and security of the overall protection system will also be

analysed.
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4.3 Simulation of a representative model of a compact DC aircraft electrical
power system with high-power ESS under fault conditions

Compact DC electrical power distribution systems are being considered for a
number of aerospace applications. An application area that is undergoing a more
rapid pace of adoption of advanced power system architectures and integrated
subsystems, such as high-power ESS, is unmanned aerial vehicles (UAVs) [212]-
[214]. This is due to the greater ease of certification of new technologies for such
platforms in comparison to commercial aircraft [215]. Accordingly, a UAV power

system is considered for this case study.

This section describes the construction, simulation and analysis of a compact DC
power system model with an integrated high-power ESS, representative of a state-
of-the-art UAV power system. In order to investigate the impact that the ESS has on
the fault response of the power system, multiple simulations of the DC power
system model under different fault conditions are conducted. A sensitivity analysis
of fault impedance, ESS current limit and ESS controller bandwidth is then
performed in section 4.4 to evaluate the impact on the fault response of the

primary source.

4.3.1 Model construction and assumptions

Figure 4.1 shows an illustration of the representative model and Table 4.1 presents
the relevant network parameters derived from the proposed system in [71]. The
system consists of an engine driven electrical generator interfaced with a
unidirectional current limited active rectifier with a maximum steady-state current
limit set to 200A; a supercapacitor ESS with a bidirectional and current limited DC-
DC converter interface with a maximum steady-state current limit set to 200A; and

a lumped electrical load of 19.9kW connected in parallel to a common 270V DC bus
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bar via appropriate feeders. All supply and load feeders are 5 meters in length,
equating to 4.005mQ feeder resistance and 3.25mH feeder inductance. The closed
loop bandwidth of the primary generation converter is set to 1kW, whilst the ESS
bandwidth is set to 100kW. The ESS bandwidth is set to this high value to represent

a conceptual system on future power systems.

The model is developed within the MATLAB/Simulink environment [216] using an
average-value functional-level modelling approach [217] that is ideal for evaluating
the dynamic performance of power electronic converters and their corresponding

control systems in an integrated power systems context.

Average-value modelling is a process by which the fast switching operation of a
power electronic converter device is approximated over a given period (often a
single switching interval) in order to represent the time-averaged behaviour of the
device. Average-value models are typically less computationally demanding to solve
than their detailed switched equivalents and also facilitate the use of larger
simulation time steps. Both aspects lead to much quicker completion of simulations,

often without the loss of significant accuracy at frequencies of interest [218].

(9

Figure 4.1: DC compact power system model with integrated ESS
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Table 4.1: Network parameters based on a 270V DC Power System [71]

Max Gen Max ESS Total
Voltage Current Current Reab Leab Py Gen BW ESS BW
(V) (A) (A) (mQ/m) (mH/m) (kw) (kHz) (kHz)
270 200 200 0.801 0.65 199 1 100

Averaged models replace all terminal voltages and currents with running averages,
where the resulting quantities still respect Kirchhoff’s laws, and therefore constitute
valid circuit variables. All linear time-invariant components of the original circuit
(inductors, capacitors and resistors etc.) impose the same constraints on the
average quantities as they do on the original instantaneous variables, and therefore
remain the same in the averaged circuit. Switching elements are represented as
appropriately controlled voltage or current sources, which are again averaged to
represent the output of the converter interface with control relationships involving
time-averaged quantities associated with the applied switching input (duty ratios).
Figure 4.2 illustrates the time-averaged switching process and Figure 4.3 shows an
example of a representative circuit averaged equivalent model of a bidirectional DC-

DC converter.

v Pulsed Switch Input

iy

Time-averaged switch input

»
>

Figure 4.2: lllustration of pulse averaging [219]
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Figure 4.3: Equivalent averaged DC-DC converter model [219]

Average-value models of converters are not normally considered for transient level
simulations (i.e. fault studies) of power system components. However, it is assumed
that the converters utilised in this system are capable performing sustained current
limiting to a predefined level under the range of short-circuit fault impedances
conditions evaluated in this thesis. Accordingly, the time-averaged behaviour of
these average-value converter models can be considered as being valid under such

fault conditions.
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4.3.2 Baseline case study of simulated system response under fault conditions

The baseline case study considers only the transient response of the primary source
to a fault located at the common bus bar to which the primary source and ESS are

interconnected, labelled F1 in Figure 4.1.

The behaviour of the primary source is initially evaluated in isolation to characterize
its response to a short-circuit fault (0.001Q) and to a relatively high-impedance
(0.75Q) fault. These fault conditions are then replicated with the ESS online in order
to investigate the impact that the ESS response has on the transient and sustained
supply of fault current delivered by the primary source. Within this initial study, the
ESS has a nominal closed-loop controller bandwidth two orders of magnitude
greater than that of the primary source. It is also assumed that both converters can
limit fault current to 200A. Subsequent studies will then explore the sensitivity of
varying the fault impedance, ESS current limit and ESS bandwidth on the fault

response of the primary source.

Figures 4.4 (a) and (b) show the simulated voltage response and corresponding
ESS/primary source response to a low-impedance (0.001Q) fault applied after 2.5
seconds of simulation time. For both configurations (ESS operational/disconnected),
the network voltage collapses rapidly to zero upon fault inception due to the
discharge of DC side filter capacitance. When operational, the ESS response
saturates at its peak current rating of 200A whilst the response of the primary
source reaches its rated maximum of 200A for both configurations. The initial
primary source peak current transient is produced by the discharge of its filter
capacitor and is also similar in both cases. Given the similarities in both the
transient and steady state response of the primary source, it can be inferred that
the ESS has minimal impact on the response of the primary source under low-

impedance short circuit fault conditions.

Figures 4.5 (a) and (b) show the simulated voltage response and ESS/primary source

current response to a high-impedance (0.75Q) fault on the common bus bar. When
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the ESS is operational, the transient undervoltage event that occurs when the fault
is applied is observed by the ESS and causes it to rapidly increase its current output
to support the network voltage, as anticipated. In comparison to the voltage
transient when the primary source is operating in isolation, the dominant ESS
contribution of fault current (which again saturates to its maximum level)
significantly reduces the depth of the transient undervoltage observed. This results
in a reduced transient current response from the primary source. However, if the
current traces are extended, the contribution of current from the primary source
eventually increases to its maximum limit as it attempts to drive the voltage back up

to nominal levels.

The system behaviour when the ESS is disconnected is also illustrated in Figures 4.5
(a) and (b). In this case, the peak primary source fault current is reached more
rapidly. In the absence of the ESS, the fault-related voltage transient is far more
significant in terms of both magnitude and duration. Consequently, any
conventional protection device that operates on a function of the fault current that
is used to protect the primary source will observe reduced fault current as a result

of ESS integration under high-impedance fault conditions.

The subsequent reduction in the speed of fault detection of protection relays may
result in unnecessary prolonged exposure of sensitive electrical subsystems and
other healthy sections of the network to the fault. More importantly, it may
compromise the safety of the power system with increased fire risk at the point of

fault, particularly for high impedance arcing faults
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fault
300 T
250 i ekl o et |
Zzoo - A / i
© 150 - ] |
e Y O PRSI LI LRI T LU
G100 e N
= T
50 —— Vbus -
------- Vbus no ESS
0 ! ! ! ! ! ! ! \
2.495 2.496 2.497 2.498 2.499 2.5 2.501 2.502 2.503 2.504 2.505
Time (s)
400 T T
. — Igen
— |ESS
=300 B e Igen no ESS|
0 ! ! ! ! ! ! ! ! !
2.495 2.496 2.497 2.498 2.499 2.5 2.501 2.502 2.503 2.504 2.505

Time (s)

Figure 4.5: (a) Voltage response and (b) primary source/ESS response to a 0.75Q
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4.4 Experimental validation of protection blinding

Hardware experimentation was conducted to validate that a state-of-the-art
aerospace-grade protection device, configured to protect the primary source
operating in isolation within a DC system, does not perform consistently for a given
high impedance fault when a high-power ESS is integrated. This thesis contribution

is presented in this section.

The scaled down experimental procedure, both in terms of power rating and system
voltage, undertaken to validate the protection blinding observations made in the
simulation studies of the compact dc power system model is outlined. The
observations show that the response of the primary source decreases in the event
of a large step change in demand due to the rapid response of the integrated high-
power supercapacitor ESS. It is then demonstrated that this dampened response
reduces the trip-speed of a state-of-the-art solid-state protection device used in
commercial aerospace applications when it is configured to protect the primary

source feeder.

The protection device tested in the experiment is a solid-state power controller
(SSPC) developed by DDC [141], [193]. This protection device was chosen for this
experiment as it is representative of the protection devices being considered for
aircraft power system applications, and incorporates a number of reconfigurable
protection functions that are embedded in current commercial devices. The
protection functions employed in current iterations of commercial SSPC modules
include short circuit protection enabling circuit deactivation times in the order of
1us for ‘instant trips’ of 10 times rated current, along with it overload protection.
Overload trip functions are computed using an embedded processor - individual
load channels can be programmed for different rated currents and multiple
channels may be paralleled enabling higher current capacities. Measurements of
supply voltage, load current and channel temperature are continuously acquired by

on-board instrumentation. Communication of these measurements to an external
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power management computer is achieved through the built-in and standardised

communications channels.

Figures 4.6 and 4.7 show the physical and illustrative experimental setup used to
validate the performance of the SSPC placed in series with the primary source
feeder. Note that the supercapacitor ESS was connected directly to the system
without the need for any power electronics interface (although a separate charging
circuit was implemented to bring the supercapacitor voltage up to that of the
system prior to connection). This approach was taken as the inherent response of
the supercapacitors during transient events was acceptably representative of the
desired behaviour of an ESS configured to maintain power quality on a DC system,
i.e. the ESS behaves like a low-pass filter and absorbs any high frequency electrical

transients caused by load switching events, maintaining the system voltage.

Supercapacitors

Fault resistors

Circuit Breaker

Gate drive circuits Current measurement

Figure 4.6: Hardware setup with SSPC and supercapacitor ESS

76



Control / [ Oscilloscope ]
Monitoring _ A
) Protection Software Mechanical

Diode A Breaker
© v, 1
s
c
(S S ——
o Voltage droop
o
Q
DC Source
— Charging

Load Fault

Figure 4.7: lllustrative block diagram of experimental setup to evaluate impact of
protection blinding

The performance of the it protection functionality was assessed in this experiment
as only high-impedance faults were being considered. The resultant performance of
the SSPC was evaluated by comparing its measured trip-time when the ESS is fully

operational and when it is disengaged.

The base load for the system was selected to be 10Q, drawing 2.4A from the main
supply. The resistive high-impedance fault introduced to the system is 5Q, causing
the total demand to be approximately 7.5A. The impact that the ESS response has
on the network voltage response and the primary source response when the faults
are applied was also measured. The nominal network voltage is set by the 4-
quadrant amplifier to 24V with the provision of a linear voltage droop profile that
ranges from 24.5V for open circuit conditions, to 23.5V for maximum loading. This
range was chosen due to upper voltage limitations associated with the
supercapacitors used in the experiment. The maximum current limit applied by the
DC source is 8A and the controller bandwidth was set to 10 kHz. The voltage droop
was implemented to reflect the operation and control action of a converter
interfaced primary generation system on an aircraft electrical system, albeit at
scaled voltage and power range, whilst also reflecting the configuration of the

representative aircraft power system models analysed in the previous section.
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Figure 4.8 (a) and (b) show the system voltage and primary source current response
to a 5Q fault when the ESS is connected and when it is disengaged. Note that the
protection functions associated with SSPC are disabled in this case in order to

measure the uninterrupted fault response of the network.
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Figure 4.8 Experimental results showing (a) Voltage response and (b) ESS/generator
response to a 5Q high-impedance fault, and (c) fault transient close-up
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With the ESS is offline, the undervoltage observed in Figure 4.8 (a) when the fault is
applied is caused by the discharge of the output filter capacitor associated with the
primary DC source (representing the converter fed generator system). The primary
source responds by supplying its maximum rated current (limited to 8A) in order to
drive the voltage back up to nominal levels in accordance to its voltage droop set
point. The limited current response explains the linear increase of the voltage
during the transient period. Figure 4.8 (a) and (b) also show the voltage and primary
source response to the 5Q fault respectively, with the ESS engaged. Contrary to the
previous case, the network voltage response illustrates the effectiveness of the ESS
in minimising undervoltage during network transient events. Figure 4.8 (b) shows
that the rapid response of the ESS sustains the network voltage to nominal levels.
As a result, the primary source controller that governs its response by the
measurement of network voltage, does not observe as much of a voltage dip and

therefore reacts by supplying a reduced steady-state fault current.

It is this reduced response that causes protection blinding — the rate of energy
supplied by the primary source decreases due to the rapid contribution of fault
energy delivered by the ESS. Given that the computation of it determined by a
protection device is in effect a measurand of energy, the time to reach a fixed °t
threshold will inherently increase if the rate of energy supplied by the primary
source is reduced. The SSPC begins the it computation when the supply current
exceeds the user defined current threshold (the it threshold is a function of this

current threshold).

Figure 4.9 illustrates the impact of protection blinding by comparing the trip times
when a fixed threshold of 3A is selected for the SSPC to protect the primary source.
The total steady-state fault current is approximately 7.5A when the 5Q fault is

applied.
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Figure 4.9: SSPC trip times with and without ESS

From Figure 4.9, it can be seen that the trip-time when the ESS is disconnected from
the network is 0.87 seconds. When the ESS in engaged, the trip time increases to
2.18 seconds. This corresponds to an increase of 1.31 seconds associated with the
SSPC it protection function using a fixed threshold of 3A for both network
configurations. Within the context of aircraft power system applications, this
increase in trip-time will result in a fault being present on the system for a longer
period of time than intended by the protection system. Indeed, this protection
blinding behaviour may even disrupt system wide protection coordination.
Accordingly, it is vital that this problem is addressed prior to the integration of high-

power ESS into safety critical power systems.

4.4.1 Discussion on experimental results

The results shown in Figures 4.8 and 4.9 validate the protection blinding effects
associated with integrating a fast acting ESS at a location downstream of the
primary feeder on a compact DC power system. The results prove that a protection
device with a fixed threshold associated with the primary source may take longer to

detect a fault when there is energy storage on the network.
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The reduced performance of this protection device may have a detrimental effect
on the operation of the network wide protection system and may compromise the
operational safety of the power system. Coordination with downstream protection
devices may be disrupted, prolonging fault exposure and increasing the risk of
physical damage. In particular, the combination of a downstream load fault
together with a failure of its load protection device may leave the fault on the
system for a considerably longer period of time than would normally be expected.
Similarly, the ESS may mask the presence of a fault if it was located on the common
bus bar to which the ESS and primary feeder are interconnected. This behaviour will
decrease the dependability of the protection system operation. The subsequent
safety implications may ultimately lead to the catastrophic failure of the platform.
Although the results produced in this experiment are discussed within the context
of an aircraft power system application, it is anticipated that they will apply to other
compact DC power system applications that have overcurrent based protection

systems that may be negatively impacted by the response of a high-power ESS.

4.5 Sensitivity analysis of fault energy delivered by primary source to fault
impedance, ESS current limit and ESS controller bandwidth

This section presents the results of a sensitivity analysis carried out to determine
the impact of the ESS response on the quantity of fault energy delivered by the
primary source for a range of fault impedances and different ESS behavioural

characteristics.

To fully evaluate ESS impact on the fault response of the primary source and in turn
the performance of its corresponding protection device, the technical
characteristics of the ESS that govern the coupled behaviour of paralleled sources
(through the network voltage) must be assessed. The two key behavioural

characteristics of ESS which influence this are described below.
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First, the maximum sustained current output from the ESS will determine its ability
to support the network voltage. This peak current may be due to the storage device
itself or its converter interface (assuming current limiting capability). It may be
rated to output a maximum current close to that of the demand from a peak load
on the network, or limited to a fixed level to prevent physical damage to internal

components [94], [202].

Second, the speed of response of the ESS will determine its ability to respond to
transient voltage changes. This is dictated by its internal impedance and the
converter’s closed-loop bandwidth, which takes into account the switching
frequency of its converter interface and its controller gains [54], [144], [197]. To
fulfil its potential for mitigating transient propagation, the ESS by its nature should
be designed to respond rapidly to voltage transients. It should therefore operate at
a higher bandwidth than that of the primary source. Therefore in the event of a
fault, the response of the ESS will likely impact the initial fault behaviour of other

connected sources and the subsequent protection response.

The following subsections will illustrate the impact of the ESS on the fault response
of the primary source for various fault scenarios, considering both changes in ESS
behavioural characteristics and network fault conditions. The degree of protection
blinding is inferred from the rate-of-change of fault energy (’t) delivered by the
primary source upon fault inception. Sensitivity of the rate-of-change of fault
energy to fault impedance is first investigated in subsection 4.4.1. Then, sensitivity
to the peak ESS current limit is presented in subsection 4.4.2. Finally, subsection

4.4.3 discusses the impact of varying the ESS controller bandwidth.

Subsequent sections then derive relationships between these behavioural
(designed) and conditional (variable) characteristics to identify the conditions in

which protection performance is degraded.
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4.5.1 Sensitivity of fault impedance on fault energy output of the primary source

The sensitivity of fault impedance on the degree of protection blinding caused by
the response of the ESS is determined in this subsection by investigating the impact
on the fault energy (i°t) delivered by the primary source for a broad range of fault
impedances. Fault impedances of 100mQ, 250mQ, 500mQ, 750mQ and 1Q are
applied. Figures 4.10 and 4.11 present a range of simulation results that show the
it output of the primary source for increasing fault impedances located on the
common bus bar to which the ESS and primary source are connected, as shown in
Figure 4.1. The impact of the ESS contribution on the primary source response is
illustrated separately within Figure 4.10 (a) and (b), whereas both sets of traces are
contrasted within Figure 4.11 to compare the initial transient behaviour of the /°t

response over a shorter timeframe.

From these figures, it can be seen that the influence of the ESS serves to
progressively reduce the fault current from the generator system for increasing
fault impedances. During lower impedance faults (up to 500mQ), the output of the
generator system is limited according to the rated current output of the converter.
In these cases the contribution of the ESS only has the effect of moving the it curve
associated with the generator and converter along the time axis during the initial
fault transient. This would introduce a relatively inconsequential increase in trip-
time in reaching a specified overcurrent threshold. However, for higher impedance
faults, the contribution from the ESS actually serves to reduce the steady state
gradient of the generator system output it curve. This effect could significantly

increase the trip-time of any associated protection devices.

To highlight how this trip time can be extended, the it response can be compared
to relevant operating thresholds. Table 4.2 presents some examples of the time-to-
threshold that are expected for the primary source operating as the single source of
fault current, and operating in tandem with the ESS. The results show that for

greater it thresholds the increase in time, as a result of the ESS contribution to the
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fault, becomes significantly greater with increasing fault impedance. These are
consistent with previous observations in Figures 4.10 and 4.11. For example, if the
primary source protection was to operate within 70us (corresponding to the time at
which a 50% decrease in voltage occurs following a short circuit on the bus bar), the
it threshold would be set to 60 A%s. The time to reach this threshold during a higher
impedance (1Q) fault would increase from 2.2 ms without the ESS, to 4.5 ms when
the ESS is operational (over doubling the operating time). Furthermore, Table 4.2
indicates that operating times for a higher trip threshold of 300 A’s (selected
arbitrarily to emphasise the impact of increased thresholds) are increased even

further, as the reduced i’t gradient dominates the change in operating time.
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Figure 4.10: Steady state it response for increasing fault impedances at F1 with (a)
no ESS and (b) with ESS
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Table 4.2: Time to it threshold for increasing fault impedance

Faultimpedance at Time to 60A%s Time to 60A%s Time to 300A%s Time to 300A%s

F1(mQ) (no ESS) (with ESS) (no ESS) (with ESS)
1 70us 70us 250us 250us
100 100ps 150us 6ms 7ms
250 100ps 1.8ms 7ms 8.1ms
500 1.8ms 2.5ms 7.5ms 8.5ms
750 2ms 2.8ms 8ms 10ms
1000 2.2ms 4.5ms 8.2ms 23ms
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4.5.2 Sensitivity of sustained ESS peak current limit on fault energy output of the
primary source

For all fault impedances investigated within section 4.5.1, the steady state ESS
current output reached its limit of 200A. This sensitivity analysis investigates the
impact of varying the ESS peak current limit from 100A — 300A (50% — 150% of the
peak generator limit) on the /’t response of the primary source for a fixed fault
impedance of 750 mQ. This impedance value is selected as it appears from Figure
4.10 that it is the first incremental impedance at which the voltage coupling
between the primary source and ESS becomes evident. The change in gradient at
this particular impedance value is discussed further in section 4.6. Figure 4.12
illustrates a selection of simulation results that show the it response of the primary
source when operating in parallel with the ESS at discrete peak current ratings.

These are compared to a baseline trace with the ESS disengaged.

Figure 4.12 clearly shows that increasing the peak current limit of the ESS relative to
that of the primary source serves to reduce the gradient of the primary source it
contribution. Moreover, it is evident that the primary source response is most
sensitive to changes in the ESS peak current limit when this exceeds the primary
source peak current (i.e. >100%). When the ESS peak current limit is less than that
of the primary source (i.e. <100%), the impact on the primary source fault response
is more marginal. Although the reduced depth of discharge of the primary source
filter capacitor causes a slight displacement of the primary source output it trace,
there is no effect on its steady state output (as indicated by only minor/no changes

in the gradient of the corresponding i°t traces).

Illustrating this further, Table 4.3 provides examples of time-to-threshold values
that will be expected for the primary source output if particular ESS peak current
limits were to be applied. It shows that for both 60 A%s and 300 A’s threshold levels,
there is relatively minimal impact on the time-to-threshold for ESS peak current
ratings less than the primary source rating. For example, a maximum increase of

0.2ms is observed for the 60 A%s threshold whereas an increase of 1.3ms is

86



observed to reach 300 A’s. In contrast, notable increases in the time-to-threshold
for the primary source are observed when the ESS peak current rating is equal or
greater to the primary source. In particular, a threefold increase is noted when the

ESS is rated at 150% of the peak current output of the primary source.
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Figure 4.12: Primary source i’t response for 750mQ at F1 with variable ESS current

limit

Table 4.3: Time to primary source it threshold for varying ESS peak current limits
and fixed fault impedance (750mQ)

ESS current limit as a percentage Time to 60A%s Time to 300A2s
of Gen peak current (%)

No ESS 2ms 8ms
50 2.6ms 8.7ms
75 2.7ms 8.8ms
100 2.8ms 10ms
125 3.4ms 15.2ms
150 5.5ms 27ms
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4.5.3 Sensitivity of ESS bandwidth on fault energy output of the primary source

The final characteristic considered is the ESS closed-loop bandwidth. Figure 4.13
illustrates the fault energy produced by the primary source when the ESS is
operating with different closed-loop bandwidths (for a fixed fault impedance of
750mQ and fixed sustained current output of 200A). The bandwidth of the primary
source in this case study is kept constant at 1kHz, whilst the ESS bandwidth is varied
logarithmically from 100Hz to 1MHz. A baseline trace where the ESS is inactive is

again included for comparison.

Figure 4.13 indicates that increasing the bandwidth of the ESS has the effect of
introducing an increasing time-delay on the i’t response of the primary source. For
lower ESS bandwidths, corresponding to larger time-constants, the primary source
it exhibits a characteristic ripple caused by the discharge of its associated filter
capacitor and that of the ESS filter capacitor. As the ESS bandwidth is increased to
two orders of magnitude greater than that of the primary source and beyond (i.e.
100kHz and 1MHz), the corresponding ripple is smoothed as the ESS time-constant
becomes lower than that of the ESS filter capacitor. This eliminates the interaction
between both filter capacitors resulting in a smoother discharge of the primary
source filter capacitor. Accordingly, a maximum shift along the time axis of 900us is
evident at these higher bandwidths in relation to the generator system operating

independently.
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4.6 Quantification of network operating and fault conditions under which
protection blinding is likely

The effects of the fault impedance and ESS peak current output on the
development of the primary source it response can be combined to determine the
conditions at which protection blinding becomes evident. Whilst this sensitivity
analysis is system specific, the findings are applicable to a wide range of compact
DC systems. Figure 4.14 depicts a graph of the steady state gradient of the primary
source it curve measured when the fault impedance is modified from 1mQ to 1Q
and the ESS peak current output is adjusted from 50% - 150% of the primary source

peak current limit.

Figure 4.14 shows that the gradient (or rate-of-change) of fault energy (it)
delivered by the primary source is consistent for relatively low fault impedances,
supporting previous observations. This region of the plot is indicative of the
network conditions at which the primary source is delivering its peak sustainable
fault current. The ESS has thus had little impact on its response compared with the
system operating with the ESS disconnected. Alternatively, the region of the surface
plot where the /°t gradient decreases is indicative of the network conditions where
the coupling between the primary source and ESS (through the network voltage)
becomes evident, and the response of the primary source to the fault is dampened.
Consequently, it is within this region that protection blinding will occur as a result of

ESS fault current contribution.
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Figure 4.14: Steady state gradient of primary source it response

As indicated in [144], the dynamic response of an ESS to a load or fault transient is
dependent on the proportional and integral gain parameters of the outer control
loop that govern the behavior of its converter interface. The converter interface will
also be limited to how much current it can physically output, according to its rating.
A high proportional gain will correspond to a large initial change in the output for a
given change in the error, whereas a smaller proportional gain will lead to a less
responsive and less sensitive controller. Given that the ESS control system operates
directly on the measurement of the network voltage which (during faulted
conditions) is analogous to the fault impedance, the ESS current output will
naturally be driven to its maximum rated limit for a wide range of fault impedances.
However, for ever increasing levels of fault impedance (that may even approach the
equivalent impedance of high-power loads) the magnitude of current output from
the ESS will become lower than its rated limit. Therefore, the ESS response will be
determined by the combination of the ESS peak current limit and its controller gains
under these faulted conditions. This will have the effect of reducing the gradient of
the primary source it to a constant level for a given high impedance fault,

independent of the ESS rating. However, this does not affect the impedance at
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which protection blinding starts to occur as this is still dependent on the peak
current limit of the ESS. This impedance can be defined as the critical impedance of
the system. To derive the critical impedance of the system, consider the simplified
equivalent circuit shown in Figure 4.15. The primary generation and ESS are
represented by current sources that feed the effective impedance, R,, prior to the

application of the fault, which is represented by resistance Ry.

P ess
<

A J
A

Primary

ESS
Generation Re Re | Vn

Figure 4.15: Simplified equivalent circuit diagram of primary generation and ESS
feeding effective system resistance and fault resistance

The critical impedance R, at which the gradient of the primary source fault energy
output (it) will start to decrease (indicating the occurrence of protection blinding)

can be estimated as

Un

R~ ——— 4.1
© iyt ess (4.1)

where vy, is the nominal network voltage, and i), and i,z are the maximum
sustained current magnitudes that the primary source and ESS respectively would

supply to a short circuit at their terminals.
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The total equivalent impedance R of the network during faulted conditions can be

estimated as

Ry = R.//R; (4.2)

where Ry is the impedance of the fault itself and R, is the effective impedance of

the network (excluding the fault), and in this case defined as

v,2

R, ~ P_L (4.3)
The term P is the total load power drawn by the network prior to the fault. If
Rt > R the ESS will likely mask the presence of the fault from a conventional
overcurrent protection device used to protect the primary source. Given that R,
(which is determined by the total loading on the network) and Ry are variable, it
may be difficult to determine R for a suitable range of potential fault conditions.
However, it may be possible to determine the minimum possible fault impedance
that will cause protection blinding. Under no load conditions, the effective
impedance R, will tend to infinity and the total impedance R; will therefore be
equivalent to the fault impedance. Accordingly, R, will determine the minimum

fault impedance Ry at which protection blinding will occur.

Based on the above approximations R, will also provide the conditions for
maximum power transfer to a fault. This can be shown by rearranging equation
(4.1) so that

~ Py less (4.4)

1
RC vTL Un .

Substituting for the resistance of both sources within (4.4) gives

N (4.5)
R, Rp Regs
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Within (4.5) it is apparent that critical resistance R, is the parallel combination of
the equivalent internal resistances of the primary source, R, and ESS, R, with
the internal resistances representing the effects of current control. These are the

same conditions for maximum power transfer.

This relationship is verified by evaluating the total power dissipated across a fault
for the range of fault impedances and ESS peak current magnitudes considered in

the previous section. The resultant surface plot is shown in Figure 4.16.

From Figure 4.16, it is evident that as the ESS rating is increased as a percentage of
the primary generation rating for any given fault impedance, the power dissipated
across the fault changes. However, the maximum steady-state power is shown to be

dissipated at the critical impedance of the system.
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Figure 4.16: Power dissipated across the fault for the range of fault impedances and
ESS peak current limit magnitudes
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4.7 Impact on the performance of conventional protection operation

Altogether, Figures 4.10 — 4.15 and Tables 4.2 and 4.3 define the degree of
protection blinding effects on the primary source as a result of integrating a high-
power, high bandwidth ESS. It was found that an increase in ESS bandwidth causes a
relatively insignificant delay in the development of the it response of the primary
source; whereas the dominant variable shaping the behavior of the primary source
fault response is the ESS peak current rating. A higher ratio of ESS to primary
source rating is found to result in an increase in the time-to-threshold of

conventional protection devices that operate on i’t.

Consequently, if the trip threshold of the primary source protection is set based on
its fault response when operating in isolation, it may not be suitable for all fault
conditions during paralleled operation with the ESS. Depending on the peak current
rating of the ESS, the response of the ESS for fault impedances beyond the critical
fault impedance (as described by (4.1)) will temporarily mask the presence of the
fault from the primary source. It is under these conditions that the coupling
between the sources via the network voltage becomes evident. As a result, fault
current levels will be reduced and fault detection times of the primary source
protection device will increase. If the fault occurs at a location that requires the use
of the blinded device to interrupt fault current this may expose the wider system to
the fault for an extended period and potentially compromise the safety of the
power system with increased fire risk at the point of fault. It is plausible that faults
of higher impedance, such as arc faults, may induce such behavior. Accordingly, the
ESS will reduce the dependability of the protection system under these conditions

due to its slower than designed operation.

If instead the it threshold for the primary source protection device is set at a lower
threshold to reflect its damped response resulting from ESS operation, coordination

issues with downstream protection may occur when the ESS is then disconnected or
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has a depleted state of charge. Under these conditions, the security of the

protection system may be reduced.

Furthermore, it is anticipated that the additional fault current supplied by the ESS
for faults that occur at a downstream location will actually serve to improve the

fault-detection times of downstream protection devices.

Thus, it will be difficult to predict how the ESS will respond during network fault
conditions, in terms of both the magnitude and duration of fault current
contribution, and subsequently how this will impact on the system response as a
whole. It is therefore essential to be able to define the acceptable limit of impact (in
relative terms) that the ESS will have on the primary source fault response in order
to identify where conventional protection approaches are acceptable and where
alternative protection approaches are required. The analysis laid out in this chapter

will help to define these limits.

4.8 Conclusions

The simulation studies and analysis presented in this chapter have enabled the
impact of high-power energy storage integrated within a compact power system on
the fault response of a primary source to be quantified. The impact of protection
blinding on a commercial DC protection device used in aircraft applications was
then validated on scaled laboratory experimental demonstrator. A new ‘critical fault
impedance’ term which defines the conditions when protection blinding occurs on a
system was then proposed and mathematically derived in this chapter, enabling a

rapid assessment of protection risk on a given system.

Based on the protection challenges this case study identifies, Chapter 5 identifies
alternative protection strategies which will help to minimize the impact of energy

storage integration on protection system performance.

96



Chapter 5

ESS protection solutions

5.1 Introduction

Key contributions to the state-of-the-art in the protection of DC power systems with
integrated high-power energy storage are made in this chapter. The research
challenge being addressed is the development of a systems-level protection

strategy that enables the ESS to be used more effectively under fault conditions.

A reference DC power system model and baseline protection system is first defined
and evaluated in this chapter. The performance of this protection system under
fault conditions is then assessed when an ESS is integrated at different locations on
the network. Then the novel application of a number of existing protection
approaches is considered. Each protection approach is assessed to evaluate its

ability to meet the following two broad design objectives:

1. To minimise (or to prevent the exacerbation of) the adverse impact of ESS
integration where possible, and

2. To enhance the overall performance of the system when feasible
These protection strategies assessed include:

e A permanent reduction in the trip-threshold settings of devices exposed to
protection blinding

e The rapid disconnection of the ESS under all network fault conditions
irrespective of fault impedance and fault location

o A modification of the baseline protection system to enable the simultaneous

disconnection of the ESS via inter-tripping
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e The novel application of adaptive protection (in combination with inter-
tripping) to enable the modification of trip-thresholds of particular devices
as a function of ESS availability

e The application of differential unit protection for rapid fault discrimination

and isolation

A description of the operating principles and limitations of each protection
approach are outlined together with a justification for their application within this
context. The performance of each approach is then compared to the performance

of a baseline protection system.

5.2 Reference DC power system model

The proposed protection solutions evaluated in this chapter are applied to a
reference  DC power system model constructed within the MATLAB
SimPowerSystems environment. A diagram of this power system is illustrated in
Figure 5.1. The system is structured to form a radial network architecture that
provides a reference evaluation platform to assess the performance of each
protection method. Relevant network parameters, such as equivalent cable
resistance and inductance per meter, are shown in Table 5.1 and were obtained
from a real UAV power system demonstrator being developed by R-R. All feeder
lengths are modelled as being 5 meters in length. Simulation results of each
protection method are presented in either graphical or tabular formats within this

chapter.

The power system consists of a single generator coupled with an active power
electronic rectifier with current limiting capability [220] feeding a DC distribution
system. This choice of source is used to ensure fault current is limited, preventing
damage to internal power electronic switchgear devices. This subsystem s
henceforth referred to as the primary source. The distribution system consists of

two distribution buses, labelled B; and B,. Three sequential protection layers,
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labelled P4, P, and P3; comprise breakers that can be tripped via their corresponding
feeder or load protection relays to appropriately sectionalise the network in the

event of a fault.

Figure 5.1: DC radial power system architecture reference model

Table 5.1: Parameters of reference model based on a 270V DC aircraft electrical

power system
\Y; mQ/m mQ/m load
v) o (mo/m)(majm) e
270 200 0.272 0.63 19.9
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Under short circuit conditions, it is assumed that the maximum steady-state DC
fault current supplied by the primary source is limited to 200A via its corresponding
converter interface. Alternatively, if a passive rectification stage such as an
autotransformer rectifier unit (ATRU) is used, steady-state fault current will be
limited by the saturation current of the generator under fault conditions provided
that the diodes withstand the delivered fault current. Protection of fault current

limited power systems is normally time-graded as discussed in following sections.

A high bandwidth ESS can be integrated at two locations on this power system: at
either B; or B,, as illustrated in Figure 5.2. It is assumed that the supply of current
from the ESS is also limited to 200A. The function of the ESS under normal
operation is to maintain power quality by tracking the system voltage and supplying
or absorbing energy as demanded to mitigate any voltage transients caused by load
transitions and network disturbances. The results of simulations in Chapter 4 show
that a sustained drop in the network voltage due to a rail-to-rail fault can result in a
sustained supply of fault current from the ESS. This behavioural response can
reduce the expected magnitude of steady state fault current from the primary

source if fault impedance is greater than the critical impedance of the network.

Accordingly, there can be two sources of fault current on the network, depending
on ESS availability. However, the employed protection system must perform
effectively under both configurations, i.e. when the ESS is active or disengaged.
When the ESS is operational, the critical impedance of this DC network can be

approximated by (1) to be:

v, 270

R =
¢ lyen + Igss 200 + 200

= 0.67512.

IR

To fully capture the system behaviour for a range of network faults that encompass

the critical impedance, simulations of the power system model are performed with
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0.5Q, 0.75Q and 1Q faults applied at the three locations on the network, as
indicated in Figure 5.2. Given the compact nature of the modelled system, and
hence the low resistance of the network cables, fault location does not affect the
critical fault impedance of the system. These fault case scenarios will be used to
evaluate both the performance of the baseline protection scheme and the

proposed solutions.

The following section describes the baseline protection scheme selected for this

case study.

Figure 5.2: DC radial power system architecture with ESS at Bus 1 and Bus 2
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5.3 Baseline protection system

The baseline protection system for the reference DC power system illustrated in
Figure 5.1 consists of distributed relays and switchgear located within protection
layers Py, P, and P3 that enable the power system to be appropriately sectionalised
in the event of a fault. Protection settings of each relay are assumed to be fixed.
Normal operation of the protection system requires that the relays operate in a
coordinated manner such that only the device immediately upstream from the fault
operates first. All devices in parallel branches, i.e. in layer P2 and P3, are assumed

to operate within the same timeframe.

Time-graded coordination with respect to the primary source operating in isolation
has been selected as the baseline protection approach to which the performance of
each proposed solution is compared [155], [181]. This selection has been made due

to the following two assumptions:

1. Given the current limited nature of the primary power supply, current-
graded coordination of network protection devices is particularly challenging
as fault current may be uniform across the system, irrespective of fault
location. This is especially true for compact, low resistance networks. This
leads protection in these systems to be typically time-graded with respect to
the output of the current limiting converter interface. The main
disadvantage of this approach is a slower operating speed due to the need
to set an operating delay between coordinating protection devices.
However, provision of strict trip-time intervals is required to minimise
spurious tripping and ensure protection security is maintained. This enables
effective fault discrimination using independently operating devices [155],
[181].

2. Given that the ESS, by its nature, is a finite and intermittent source of energy
on the network, the default configuration of the power system assumes no

energy storage is available. The ESS is therefore considered to be
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disconnected from the network when it is operating in a secondary control
mode (i.e. bulk charging); when insufficient stored capacity is available to
perform transient mitigation (i.e. depleted SOC); or when it is permanently
offline. Accordingly, fixed protection settings for all coordinating devices
have been selected assuming that the primary supply is operating in

isolation and is therefore the only source of fault current on the network.

The individually operating protection relays that form the overall baseline
protection system are assumed to employ /°t fault detection algorithms. °t based
protection has been selected as it is widely utilised within aircraft electrical power
systems and is employed on state-of-the-art solid-state protection devices for low
voltage DC sections of the network. Local measurement of current at each relay
location is obtained via appropriate instrumentation, forming the input to the relay.
After appropriate signal processing, the computation of °t is instigated when the
instantaneous measurement of current is greater than a pre-set and user
programmable threshold. The relay generates a trip signal via the associated logic
circuitry when its it threshold is exceeded. Figure 5.3 shows a diagram of the

constituent components of the relay.

}

Signal Processing

}

Fault Detection

}

Logic
' n

Trip Output  Other Outputs

Figure 5.3: Constituent components of a protection relay

103



5.3.1 Time-graded coordination of independently operating devices

The distributed relays within the system are configured to operate in a coordinated
and sequential manner such that any relay in layer P3 will trip before a relay in layer
P,. Similarly, a relay in layer P, will be configured to trip before any relay in layer P;.
For example, a fault at F3 would cause relay Ps, P, and P; to initiate the computation
of i*t. However, to ensure that a device in layer P; operates before P,, its trip
threshold is set to a lower threshold than that of the device in layer P,. The relay in
layer P; is set to the highest threshold. In this manner, the protection system offers
inherent backup protection functionality for faults at any location on the network in
the event of a failed downstream relay/breaker trip action, minimising the

disruption to healthy sections of the network.

It is assumed that all protection switchgear within the system is appropriately rated
to withstand the maximum magnitude of fault current along the fault path. It is also
assumed that the maximum user-configurable load current setting associated with
each feeder protection device is exceeded during all fault scenarios investigated in
this case study. Accordingly, it can be assumed that the computation of °t is

instigated precisely when the fault is applied.

Given that the maximum fault current at any location on the network is limited to
200A for the default system configuration, it thresholds of 300A%s, 200A%s and
100A%s have been arbitrarily selected for relays within sections P;, P, and P;

respectively to ensure appropriate delay between protection layers.
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5.3.2 Evaluation of baseline protection system performance

Assumptions associated with the evaluation of the baseline protection system
performance are presented within this subsection. Performance is evaluated using
the trip-time measurement of the protection relay directly upstream from the fault
(with respect to the primary power source) that is used to trigger the opening of its
corresponding switchgear device. This is the length of time that it takes for the
relays computational measurement of it to exceed its trip threshold from the
moment of fault inception. Latency associated with any instrumentation and digital-
sampling is assumed to be negligible. Similarly, latency associated with the
communication of these measurements is also assumed to be insignificant. Fault
clearance time associated with opening of protection switchgear used to physically
isolate the fault is assumed to be rapid in comparison to the operation of the fault
detection algorithm, and is therefore not taken into consideration within this case

study.

The performance of the baseline protection scheme is first evaluated for the default
network configuration, whereby no ESS is integrated. Then, with the ESS
connected, the performance is re-evaluated under the following configurations of

the power system:

e Network configuration 1 — ESS integrated on B,

e Network configuration 2 — ESS integrated on B,

A simplified version of the three configurations of the network is illustrated in

Figure 5.4.
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Figure 5.4: (a) Default configuration, (b) Configuration 1 and (c) Configuration 2

Given that protection blinding has been identified to occur under relatively high
impedance fault conditions, only 0.5Q, 0.75Q and 1Q faults at locations F4, F, and F3

are considered in this investigation.

The response of the ESS during relatively low impedance (short circuit) fault
conditions has been shown in Chapter 4 to have negligible impact on the fault
response of other network integrated sources. It can therefore be assumed that the
performance of baseline protection system will not be impacted as a result of ESS

integration under these conditions.
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5.3.3 ESS protection assumptions

Simulations of the DC power system model operating under fault conditions for
network configurations 1 and 2 are performed with no ESS protection device
employed. The ESS is assumed to have sufficient capacity to supply fault current for
the duration of the fault and does not disconnect from the network. The network is
considered to revert back to the default configuration if the ESS SOC has depleted.
This systems level functional behaviour is initially assumed for the evaluation of the
baseline protection system performance as the optimal protection strategy for the
ESS is unknown. Indeed, the ESS protection requirements may be application
specific. For example, the ESS may be commanded to supply maximum available
power to a high-power load for a duration that is longer than the expected
operating time of all coordinating downstream protection devices. Under these
conditions, the ESS current output may be equivalent to the magnitude of its
current-limited fault current output. This would mean that the employment of a
conventional protection device that uses an i°t based fault detection algorithm
(with fixed settings) would require a significantly higher trip-threshold setting to

prevent nuisance tripping of the ESS under such operating conditions.

Accordingly, the performance and limitations of the baseline protection scheme and
alternative protection strategies are investigated in subsequent sections of this
chapter that address this challenge and enable a more optimised use of the ESS

during fault conditions.
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5.3.4 Simulation results of baseline protection system performance

This section presents the simulations results of fault studies of all three
configurations of the reference DC power system model shown in Figure 5.4. The
baseline protection system is first evaluated with no ESS connected to the system
(default configuration) and then with the ESS integrated at the predefined locations.
The implications of utilising the baseline protection system design with no
modification to settings when considering the integration of a high-power ESS is

then discussed in section 5.3.5.

Simulation results have been categorised by fault location (Fy, F, and F3) and show
the quantity of fault energy (i°t) measured at the location of the corresponding
upstream protection relay (P;, P, and P3) for 0.5Q, 0.75Q and 1Q faults. These
results are then used to determine the inferred trip-time of the protection relay for
the default configuration of the network in comparison to when the ESS is

operational for both network configurations 1 and 2.

Figure 5.5 (a) shows the quantity of fault energy measured by protection relay P, for
0.5Q, 0.75Q and 1Q faults at location F; when the primary power source is
operating in isolation (default configuration) and when the ESS is connected to bus
B; (configuration 1). Similarly, Figure 5.5 (b) compares the fault energy at P, for the
default configuration of the network and when the ESS is located on B,
(configuration 2). The threshold of protection layer P, is set to 300A%s, as indicated

on Figure 5.5.
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Figure 5.5: Fault energy at protection relay P; for 0.5Q, 0.75Q and 1Q faults located
at F; for (a) default / configuration 1 and (b) default / configuration 2

From Figures 5.5 (a) and (b), it is clear that the performance of protection relay P is
degraded when the ESS is operational for fault impedances greater than the critical
impedance of the network (i.e. longer trip-time) in comparison to the protection
performance when the primary source is operating in isolation. It is also evident
that a fault impedance lower than the critical impedance (i.e. 0.5Q) has minimal
impact on the performance of protection device P;. For instance, a trip-time
increase of 0.7ms is observed for a 0.5Q fault when the ESS is integrated at bus B,
whereas the trip-time increases by 1.8ms and 11.8ms respectively for 0.75Q and 1Q
faults. Similarly, when the ESS is integrated at bus B, for configuration 2, there is a
0.3ms increase in trip-time observed for a 0.5Q fault at F; in comparison to the
default configuration of the network. However, for 0.75 Q and 1Q faults the trip-

time increases by 1.1ms and 4.9ms respectively.

Note that when the ESS is integrated to bus B, (configuration 2) the protection relay
P, trips due to the fault current contribution from the ESS. It trips before relay P,
due to its lower trip threshold and, as a result, interrupts the ESS fault current by

triggering the opening of the switchgear device. This can be better visualised in the
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current path diagram illustrated in Figure 5.6. This operation is reflected in Figure
5.5 (b) where the rate of change of fault energy (it) delivered by the primary source

increases in response to the opening of protection device P,.

For faults at location F,, protection relay P, is used to interrupt the fault current
from the primary source. The trip-time of P, is therefore used to determine the
performance of the protection system. The diagram shown in Figure 5.7 visualises

the direction of fault current for all three configurations of the system.

Figure 5.8 (a) shows the quantity of fault energy measured by protection relay P, for
0.5Q, 0.75Q and 1Q faults at location F, for the default configuration of the network
and when the ESS is connected to bus B; (configuration 1). Similarly, Figure 5.8 (b)
compares the fault energy at P, for the default configuration of the network and
when the ESS is located further downstream at bus B, (configuration 2). The

threshold of protection layer P2 is set to 200A’s, as indicated on Figure 5.8.

Comparing the inferred trip-times of the protection device P, when the system is
operating in the default configuration to when it is in configuration 1, it is clear from
Figure 5.8 (a) that the baseline protection system performance is enhanced by the
additional fault current contribution from the ESS for faults at F,, irrespective of
fault impedance. For example, when the ESS is engaged, the P, trip-time for 0.5Q,
0.75Q and 1Q faults is approximately 4.3ms, 4.5ms, and 4.ms faster than its trip-

time for the default configuration of the network.

In contrast, when the system is arranged in configuration 2, P, trip-time increases as
a result of the ESS fault current contribution. Again, faults greater than the critical
impedance of the power system causes significant protection blinding as the rate of
change of fault energy from the primary source is reduced due to the ESS response.
This can be observed in Figure 5.8 (b) where the elapsed time for it to exceed the
P, threshold of 200A%s increases from 6.6ms to 9.7ms for a 0.75Q fault, and from

7ms to 25ms for a 1Q fault.
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Figure 5.8: Fault energy at protection relay P, for 0.5Q, 0.75Q and 1Q faults located
at F, for (a) default / configuration 1 and (b) default / configuration 2

This response is similar to the previous fault scenario where the performance of
protection relay P, is degraded for F; faults due to the supply of fault current from

the ESS from a location that is downstream from the considered protection device.

For Fs3 faults, protection relay Ps is used to interrupt the fault current from the
primary source. Figures 5.9 (a) and (b) compare the quantity of fault energy
measured by protection relay P3 for 0.5Q, 0.75Q and 1Q faults when the system is
operating in the default configuration and when it is arranged in configurations 1
and 2. The threshold of protection layer Ps is set to 100A%s, as indicated on Figure

5.9.

It is clear from both Figures 5.9 (a) and (b) that the performance of the baseline
protection system is improved as result of the additional fault current contribution
from the ESS in the event of a fault at location F3. Given that the ESS is integrated at
an upstream location relative to protection relay P3 for both configurations 1 and 2,
the trip-time decreases significantly in comparison to the default operation of the

system, irrespective of fault impedance.
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A summary of the simulated performance of the baseline protection system for all
considered fault locations and fault impedances, Table 5.2 displays the trip-times of

the appropriate protection devices that are triggered in the event of a fault.
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Figure 5.9: Fault energy at protection relay Ps for 0.5Q, 0.75Q and 1Q faults located
at Fs for (a) default / configuration 1 and (b) default / configuration 2

Table 5.2: Summary of baseline protection system performance

Fault Fault Default configuration Configuration 1 Configuration 2
location impedance tripped trip time tripped trip time tripped trip time
Q) device (ms) device (ms) device (ms)
0.5 P1 8 P1 8.7 P2 then P1 8.3
F1 0.75 P1 8.2 P1 10 P2 then P1 9.3
1 P1 8.3 P1 20.1 P2 then P1 13.2
0.5 P2 6.1 P2 1.8 P2 7.5
F2 0.75 P2 6.6 P2 2.1 P2 9.7
1 P2 7 P2 2.6 P2 25
0.5 P3 3.5 P3 1 P3 1
F3 0.75 P3 3.9 P3 13 P3 1.2
1 P3 4.3 P3 1.5 P3 1.5
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5.3.5 Discussion on the performance of the unmodified baseline protection
system with ESS integration

The results of the unmodified baseline protection system presented in Table 5.2
show that for a consistent set of fault conditions (i.e. fault location and fault
impedance), the additional fault current supplied by the ESS can either improve or
impair the overall performance of the baseline, depending on where on the

network that ESS is located in relation to the fault.

Accordingly, applying no change to the baseline protection system design may be a
viable solution under certain conditions when considering the integration of a high-
power ESS. For example, if faults are likely to only occur at the particular locations
where performance is improved, no change to the baseline system is required.
Indeed, if the impedance of faults located anywhere on the network are likely to be
lower than the critical impedance, the fault response of the ESS will have minimal
impact on the performance of the baseline system. For instance, this may be the
case if the rating of the ESS is relatively low, increasing the critical impedance
according to equation 4.1. However, the impedance and location of faults within a
number of critical power system applications may be difficult to predict, and so
continued use of the baseline protection solution will not be appropriate for such

systems.

The results of the baseline performance evaluation show that the protection
devices that experience protection blinding are those that are in series with the
primary source with respect to the location of the ESS. Consequently, a fault that is
greater than the critical impedance and is located within this series path will result
in a slower overall protection system performance. It is this impaired performance
for these particular fault locations that the novel application of alternative
protection solutions needs to address. On the other hand, any protection device on
a parallel feeder with respect to both sources benefits from the additional fault
current supplied by the ESS. Thus, any fault that develops downstream from these

devices, irrespective of its impedance, will be detected faster. This improvement in
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performance for these particular fault locations is another aspect of the system

behaviour that a more optimised protection system must enable.

For example, consider the trip-times of protection device P, for all evaluated F,
faults, in all three configurations of the network. With the ESS located at bus B4, P,
trip-times for all F, faults are significantly reduced in comparison to the default
configuration. This is because protection device P, is located on a parallel feeder
with respect to the ESS and primary source. Hence, the additional fault current
supplied by the ESS into fault F, accelerates fault detection and enhances the
overall performance of the protection system. The additional ESS it contribution
for accelerated performance for a fault at this location is 72A%s for the 0.5Q fault,

84A%s for the 0.75Q fault and 104A%s for the 1Q fault.

However, the same fault condition results in a slower response of P, when the ESS is
located at bus B,. In this instance, P, is in series with the primary source with
respect to the ESS, and hence is exposed to protection blinding for an F, fault. This
reduction in operating speed prolongs fault exposure and heightens the risk of
physical damage to the system and its surroundings. The length of time that the ESS
is delivering 200A into the fault prior to the tripping of protection device P, is 7.5ms
for a 0.5Q fault (additional it contribution of 300A%s), 9.7ms for a 0.75Q fault
(additional #t contribution of 388A%) and 25ms for a 1Q fault (additional i*t
contribution of 1000A%s). Therefore, by the time that the appropriate protection
device trips, the total quantity of energy at the point of fault increases substantially

as a result of its slower operation.

This behaviour is also observed in the evaluation of P, trip-times for all F; faults. For
either location of the ESS (at bus B; or bus B,) protection device P, is in series with
both sources, and hence has impaired performance due to the protection blinding
caused by the ESS for F; faults in comparison to its performance in the default
configuration. The it contribution of the ESS for an F; fault on configuration 1 is
348A%s, 400A%s and 804A%s for 0.5Q, 0.75Q and 1Q faults respectively. For

configuration 2, it is an additional i’t contribution of 332Azs, 372A%s and 528A%.
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5.4 Permanent reduction of protection settings to accommodate for
protection blinding

Figure 5.10 highlights the relays within the baseline protection system that are
exposed to protection blinding as a result of ESS integration for configurations 1 and
2. It is proposed that the trip-settings of these relays are permanently reduced so
that the trip-times match those of the baseline system when operating in the
default configuration of the network in order to minimise the adverse effect of ESS

integration.

As evident in the results of the fault studies performed in section 5.3, only
protection device P; would benefit from a trip threshold reduction if the ESS is
connected to bus B; (configuration 1). However, if the ESS is integrated to bus B,
(configuration 2) both P; and P, settings would require a reduction in trip thresholds
to improve the overall protection system performance to match that of the baseline
system performance when primary source is the only source of fault current on the

network (default configuration).
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Figure 5.10: Protection devices exposed to protection blinding for (a) configuration 1
and (b) configuration 2 of the network
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The following case study considers network configurations 1 and 2 individually, and
aims to evaluate the potential improvement in trip-times of the affected protection
relays by reducing their corresponding trip thresholds. A discussion on the
limitations of this solution in enabling consistent protection system performance to

that of the baseline protection system is then presented.

5.4.1 Configuration 1

For configuration 1 of the DC power system model shown in Figure 5.10, P; settings
are arbitrarily reduced from 300A%s to 250A%. In practice, the level to which the
protection settings may be permanently reduced may be restricted by the
coordination requirements between protection tiers and is discussed further in
section 5.4.6. This case study is performed to simply demonstrate the impact of
reduced settings. The times taken for the relay measurement of i’t to exceed this

new trip threshold for F; faults of 0.5Q, 0.75Q and 1Q are presented in Table 5.3.

The results presented in Table 5.3 indicate that reducing the trip threshold settings
of relay P; will improve the trip-time of the protection device, as expected, when
the ESS is engaged. However, the trip-times of P; for high-impedance faults greater
than the critical impedance of the network are still significantly increased. For
example, a 1Q fault at F; results in a trip-time of 16.9ms for the lower trip-threshold
of 250A%s in comparison to 20.1ms when the setting is 300A%s. Although there is a
clear improvement in the time taken to detect the fault when the ESS is engaged,
this trip-time is still more than 100% greater than the trip-time of P in the baseline
system during the default configuration of the network. This is due to the reduced
rate of change of fault energy being delivered by the primary source for higher-
impedance faults as a result of the ESS contribution (i.e. the root cause of
protection blinding). The it contribution of the ESS with the modified settings is
296A%s, 340A%s and 676A%s for the given fault impedances.
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Table 5.3: Trip-times of P; with reduced trip threshold of 250A%s

Fault Fault Default configuration Configuration 1 Configuration 1 (modified)
au
. impedance P1 trip time P1 trip time trip time
location P1 threshold
Q) threshold (ms) threshold (ms) (ms)
0.5 300A%s 8 300A%s 8.7 250A%s 7.4
F1 0.75 300A% 8.2 300A% 10 250A% 8.5
1 300A%s 8.3 300A%s 20.1 250A%s 16.9

5.4.2 Configuration 2

For network configuration 2, it is proposed that the trip thresholds of P, and P, are
both reduced to accommodate for the protection blinding caused by the response
of the ESS under fault conditions. In this case, the P, trip setting is reduced from
300A%s to 250A%s, whilst the P, trip setting is reduced from 200A%s to 150A%s. Table

5.4 shows the trip-times of these devices in comparison to the default cases.

Table 5.4: Trip-times of P; and P, with reduced thresholds of 250A°%s and 150 A%s

Fault Fault Default configuration Configuration 2 Configuration 2 (modified)
au
. mped. trip time trip time trip time
location P tripped device P tripped device P tripped device P
(Q) (ms) (ms) (ms)
2 P2 then P1 P2 then P1
0.5 P1-300A%s 5 5 8.3 5 , 7.1
200A"s - 300A"s 150A%s - 250A"s
2 P2 then P1 P2 then P1
F1 0.75 P1-300A%s 8.2 5 5 9.3 5 , 7.8
200A"s - 300A"s 150A%s - 250A"s
2 P2 then P1 P2 then P1
1 P1-300A%s 8.3 , 5 13.2 5 , 10.8
200A"s - 300A"s 150A%s - 250A"s
0.5 P2 - 200A’s 6.1 P2 - 200A’s 7.5 P2 - 150A%s 6
F2 0.75 P2 - 200A’s 6.6 P2 - 200A’s 9.7 P2 - 150A%s 7.6
1 P2 - 200A’s 7 P2 - 200A’s 25 P2 - 150A%s 18.9

The results presented in Table 5.4 show that a reduction in the trip threshold of
protection device P, enables faster fault detection of all F, faults in comparison to
the baseline P, settings for configuration 2. The reduction of the P, trip threshold is
also implemented to compensate for the protection blinding effects caused by the

ESS when providing backup protection functionality in the event of a P, trip-failure.
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In this situation, P, will operate faster in comparison to the unmodified P; settings

for configuration 2.

Similar to the previous case, it is clear that F, faults greater than the critical
impedance of the network result in P, trip-times that are significantly longer than
the baseline protection system performance during default network configuration
operation. For example, a trip-time increase of 1ms is observed when the P, trip
threshold is set to 150A%s for a 0.75Q in comparison to the baseline case. This is an
improvement over the 3.1ms increase if the P, settings are unmodified. Similarly for
a 1Q fault, a 11.9ms increase is observed with the lower threshold in comparison to
a 18ms increase in the unmodified case. Although the lower trip threshold of P,
modestly improves the performance of the protection relay, the ESS fault current
contribution still causes protection blinding by reducing the rate of change of fault

energy delivered by the primary source.

For F; faults, the overall protection system performance using the lower P, and P,
settings is improved in comparison to the baseline system performance when the
ESS is operational. This is due to the faster operation of P,, which interrupts the ESS
supply of fault current due to its lower trip-threshold, leaving P; to disconnect the
primary source. However, despite the lower P, and P, trip settings to compensate
for the ESS during operation in network configuration 2, the overall performance of
the protection system (in terms of the time taken for P, to operate) is still slower
than the baseline protection performance for a 1Q fault at F; in the default

configuration of the network.

Given the improved trip times of P, for a fault at F,, the i’t contribution of the ESS
with the modified P, settings is 60A%s less for a 0.5Q fault, 84A%s less for a 0.75Q
fault and 244A%s less for a 1Q fault in comparison to the original settings. For an F;
fault, the i°t contribution of the ESS is 48A%s less for a 0.5Q fault, 60A%s less for a

0.75Q fault and 96A%s less for a 1Q fault in comparison to the original settings.
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The implications of decreasing the trip thresholds even further are described in the

discussion in section 5.4.6.

5.5 Novel protection approaches to improve system performance under
fault conditions

It is evident from the case studies presented in sections 5.3 and 5.4 that the
availability and operation of the ESS under fault conditions plays a significant role in
shaping the protection system performance. It is clear that under certain fault
conditions, the rapid disconnection or shutdown of the ESS will benefit the overall
protection system performance whilst avoiding the unnecessary dissipation of
available stored energy. However, the removal of the ESS from the network for all
faults significantly limits the benefits of the ESS. In other cases, allowing the ESS to
continue supplying fault current into a fault will improve fault detection times of
downstream relays. However, this may not always be necessary if the protection
performance already meets the minimum safety requirements of the power system

application.

Accordingly, this section evaluates the performance of candidate protection
approaches that may minimise or prevent the exacerbation of the adverse impact
of ESS integration where possible, and that enhance the overall performance of the

system when feasible.
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5.5.1 Rapid ESS disconnection for all fault conditions

A relatively crude ESS protection approach to enable the baseline protection system
to operate as intended for all fault conditions, irrespective of the ESS location, is to
implement the rapid disconnection of the ESS in the event of any network fault
condition. This approach is being considered as it enables the network to rapidly
reconfigure in the event of a fault and revert back to the default configuration
enabling the baseline protection system that is optimised for this particular

configuration to operate as intended.

This ESS fault behaviour may be implemented through the use of a low-voltage-
disconnect function that will trigger the ESS protection device when the network
voltage drops below a fixed and predefined threshold for a fixed period of time. For
example, if the network voltage drops below 50% of nominal levels for longer than

1ms, then the ESS will be prompted to disconnect from the network.

Although this will lead to a guaranteed optimal operation of the baseline protection
solution (albeit with a minimal delay associated with the time taken to disconnect
the ESS), it leads to a suboptimal use of the ESS under fault conditions. This is
because it prevents the ESS from being used for fault ride through or post-fault
recovery. This protection approach also prevents the ESS from being used to
accelerate the performance of downstream relays where the additional fault
current being supplied by the ESS will enable the downstream protection devices to

trip faster.

Furthermore, this functionality may be sensitive to high-power load transitions or
the switching of highly capacitive loads that may cause a prolonged undervoltage
condition. This undervoltage may be observed by the protection function and
disconnect the ESS unnecessarily. Thus, as a solution it meets the design criteria of
preventing the exacerbation of protection blinding, however it does not allow for
the protection performance to be enhanced. Nor does it allow for the ESS to be

used more effectively during fault conditions.

121



5.5.2 Inter-tripping

Inter-tripping, or the use of a single protection relay to trigger the operation of
more than one switchgear device, is being considered to reduce the impact of
protection blinding caused by the ESS and to enable the ESS to disconnect from the
system to prevent the continued dissipation of stored energy into a fault.
Interrupting the fault current contribution of the ESS is necessary under the
conditions where no network protection device within the series fault path of the
ESS is available to sectionalise the network. For example, Figure 5.11 illustrates the
cases in the previous fault studies where the ESS supply of fault current must be

interrupted to prevent the continual discharge of stored energy into the fault.
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Figure 5.11: Fault cases where ESS must be disconnected to prevent unnecessary
energy dissipation into fault

From Figure 5.11, it is clear that for network configuration 1, a fault at location F;
requires the opening of protection switchgear P; to interrupt the primary source

contribution of fault current in addition to the disconnection of the ESS. Similarly
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for network configuration 2, the ESS must be disconnected to interrupt its

contribution to a fault at location F,.

One method to achieve this desired behaviour is to employ a protection relay with
inter-tripping functionality that enables a fault-detection trip condition at one
location to trigger the opening of more than one circuit breaker across the network.
This may be implemented with a modification to the baseline protection system to
enable an appropriate protection relay to simultaneously isolate the ESS in the
event of a fault. Disconnection of the ESS may be achieved using a dedicated
switchgear device to physically isolate the system, or it may be performed by a
controlled shutdown function of ESS converter interface, that is triggered via an

external trip signal.

For network configuration 1, this inter-trip function may be performed by relay P;.
This added functionality allows the ESS to disconnect from the system for all
network fault events that cause relay P; to trip. However, when implemented the
resultant ESS protection behaviour will have no impact on the fault-detection time

of P1 as the protection blinding effects caused by the ESS response will still occur.

For configuration 2, implementation of an inter-trip from relay P; to isolate the ESS
in the event of a trip event will not provide the desired ESS protection behaviour.
This is apparent when considering a fault at location F,. For this fault case,
protection layer P, is configured to operate before P;. Assuming the opening of P,
does not fail, protection device P, should not operate at all. Therefore, an inter-trip
pairing with this relay to the ESS protection device would still cause the ESS to

unnecessarily discharge into the fault.

Alternatively, implementation of an inter-trip pairing with protection relay P, will
deliver the desired ESS protection functionality under normal operating conditions.
A fault at location F, will result in a P, relay trip whilst also enabling the
disconnection of the ESS from the network. The overall performance of protection

system will again be unaffected as the P, trip-time will remain the same. However,
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for a fault at location F; relay P, will trip to trigger the opening of its corresponding
protection device, as evident in the fault studies earlier in the chapter, and
consequently disconnect the ESS. In this particular scenario, it may be more
desirable to continue having the ESS available to supply power to healthy sections
of the network. This may be achieved by blocking the trip signal being sent to the
ESS protection device and may be implemented as a function of P, fault current
direction. Figure 5.12 illustrates the two different functions that this inter-trip can
perform, depending on fault location. This inter-trip functionality will minimise the
unnecessary discharge of stored energy into an F; fault, whilst blocking this inter-

trip for an Fy fault will improve its availability for post fault recovery.
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Figure 5.12: Inter-trip functionality of ESS protection
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Accordingly, the performance of the baseline protection system will still be
impaired for faults in the series path between the ESS and primary source in this
case; however, the overall performance of the system is improved as the ESS will
now be prohibited from unnecessarily dissipating stored energy. In addition, the ESS
may still be used to continue supplying fault current to accelerate fault detection

for downstream faults.
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5.5.3 Adaptive protection settings

Adaptive protection schemes can enable the effective protection of power systems
that are reconfigurable or change operating state [27]. Adaptive protection is a
well-established method that has received considerable attention within academic
literature and operates on the principle of utilizing distinct or variable protection
settings that can be selected depending on predefined network states. Adaptive
protection relays operate in a similar manner to conventional protection devices
with the exception of an adaptive element that can change the operation of any of
the three principle parts of the relay — the signal processing, fault detection
algorithm/threshold setting, or the trip logic. A representative diagram of an

adaptive protection relay is shown in Figure 5.13(a).
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Figure 5.13: (a) Constituent components of an adaptive protection relay and (b)
selectable predefined fault detection thresholds

Information associated with the power system such as the open/close status of
certain contactors, or other power system configuration changes (such as the
disconnection of an ESS) may be identified by a supervisory control and data

acquisition system, or by other direct detection methods. This information is then
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communicated to the adaptive element to implement the appropriate changes to
its overall operation. For example, an adaptive relay may be configured to switch
between distinct and predefined fault detection thresholds depending on collected

information, as represented in Figure 5.13(b).

The distinct thresholds can be optimised to meet the requirements of the overall
protection system performance for the predefined system states. In this manner,
time graded co-ordination with downstream devices may be preserved for backup
protection. Implementing adaptive protection in hardware would normally require
relatively low cost, low bandwidth communications. In addition, existing relays that
are compatible may be modified to accommodate an adaptive element with

minimal additional weight and cost.

5.5.3.1 Modification of baseline protection system to incorporate adaptive
settings

A modification to the baseline protection system is proposed that enables the trip
threshold of each relay exposed to protection blinding to be automatically adjusted
when the ESS is active to ensure similar overall protection system performance as
the baseline system under the default network configuration. Figure 5.14 illustrates
the relays that are modified to include this adaptive element on configuration 1 and
2 of the reference DC power system model. For network configuration 1, the it trip
threshold of device P, is adapted depending on the functional state of the ESS. For

network configuration 2, both P; and P, thresholds are modified.

For simplicity, it is assumed that only two functional states of the ESS are
determined by the adaptive element: ESS fully operational and ESS unavailable. In
practice, there may be other functional states of the ESS that may impact the
selection of protection settings, such as when the ESS is charging and when the ESS
is operational but has depleted SOC. However, for the relevance to this case study,
it is assumed that the ESS will be operating at full capacity. It is assumed that the

adaptive element determines the availability of the ESS by acquiring knowledge of
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the operating state of the ESS contactor (on/off) or converter interface
(online/offline) and the SOC of the ESS. It is assumed that if the ESS SOC is depleted
to a level that will render it incapable of impacting the fault response of the primary

source, it can be regarded as unavailable.

Given that these system level functional states are Boolean in nature, it is assumed
that a low bandwidth communications system is suitable to transmit system
information to the adaptive elements incorporated within the protection devices.
The identification of ESS availability may therefore be determined with the use of a

simple AND gate logic function.

Accordingly, only two distinct protection settings for each upstream relay are
proposed. When the ESS is determined to be fully operational, relay trip thresholds
are decreased from default levels to ensure similar trip times. When the ESS is
offline, the settings revert back to the default baseline settings. Table 5.5 shows the
performance of the baseline protection system with fixed default settings (300A%,
200A%s and 100A’s for protection layers Py, P, and P; respectively), whilst Table 5.6
shows the performance of the system with automatically reduced adaptive settings
when the ESS is engaged. The adapted P; and P, settings have been reduced to
250A%s and 150A%s respectively.

Maloperation of the adaptive element may result in the wrong protection settings
being applied for the wrong configuration of the network. For example, if the
reduced settings were selected when the ESS is offline, protection coordination may
be impaired. However, a failsafe mode may be incorporated into the system to
ensure that the default settings are used in the event of an inoperative component,
such as a failure to detect that the ESS is operational or a failure or that the SOC of
the ESS is uncertain. The default settings in this is case are the original higher trip
thresholds that will not accommodate for the protection blinding effects, but will at
least provide protection, albeit with degraded performance. This will result in a
similar protection system performance as the baseline when the ESS is engaged,

and may prove to be easier to certify.
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Figure 5.14: Adaptive element incorporated into modified baseline protection
system for (a) network configuration 1 and (b) configuration 2

Table 5.5: Summary of baseline protection system performance

Fault Fault Default configuration Configuration 1 Configuration 2
au
location impedance tripped trip time tripped trip time tripped trip time
Q) device (ms) device (ms) device (ms)
2 ) P2 (200A%S) then
0.5 P1 (300A%S) 8 P1 (300A%S) 8.7 5 8.3
P1 (300A%S)
5 5 P2 (200A°S) then
F1 0.75 P1 (300A%S) 8.2 P1 (300A%S) 10 5 9.3
P1 (300A%S)
, , P2 (200A%S) then
1 P1 (300A%S) 8.3 P1 (300A%S) 20.1 5 13.2
P1 (300A%S)
0.5 P2 (200A°S) 6.1 P2 (200A°S) 1.8 P2 (200A%S) 7.5
F2 0.75 P2 (200A%S) 6.6 P2 (200A%S) 2.1 P2 (200A%S) 9.7
1 P2 (200A%S) 7 P2 (200A%S) 2.6 P2 (200A%S) 25
0.5 P3 (100A%S) 3.5 P3 (100A%S) 1 P3 (100A%S) 1
F3 0.75 P3 (100A%S) 3.9 P3 (100A°S) 1.3 P3 (100A%S) 1.2
1 P3 (100A%S) 43 P3 (100A%S) 1.5 P3 (100A%S) 1.5
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Table 5.6: Summary of adaptive settings baseline protection system performance

Fault Fault Default configuration Configuration 1 Configuration 2
au
location impedance tripped trip time tripped trip time tripped trip time
Q) device (ms) device (ms) device (ms)
5 5 P2 (150A%S) then
0.5 P1 (300A%S) 8 P1 (250A%S) 7.4 5 7.1
P1 (250A%S)
, , P2 (150A%S) then
F1 0.75 P1 (300A%S) 8.2 P1 (250A%S) 8.5 5 7.8
P1 (250A%S)
, , P2 (150A%S) then
1 P1 (300A%S) 8.3 P1 (250A%S) 16.9 5 10.8
P1 (250A%S)
0.5 P2 (200A°S) 6.1 P2 (200A%S) 1.8 P2 (150A%S) 6
F2 0.75 P2 (200A°S) 6.6 P2 (200A°S) 2.1 P2 (150A%S) 7.6
1 P2 (200A%S) 7 P2 (200A%S) 26 P2 (150A%S) 18.9
0.5 P3 (100AS) 35 P3 (100A%S) 1 P3 (100A%S) 1
F3 0.75 P3 (100A°S) 3.9 P3 (100A°S) 1.3 P3 (100A%S) 1.2
1 P3 (100A%S) 43 P3 (100AS) 1.5 P3 (100A%S) 1.5

Comparing Table 5.5 and 5.6, it is evident that automatically reducing the
thresholds of protection device P; for configuration and 1, and P, and P, for
configuration 2 when the ESS is available delivers better overall protection system
performance than the baseline. As anticipated however, it is difficult to exactly
match the response times for both network configurations and all potential fault
impedances. In particular, trip times with the reduced settings are still notably
longer for 1Q F; faults on configuration 1, and 1Q F, faults on configuration 2 of the
network. Accordingly, although the application of adaptive protection settings can
improve the trip speeds of upstream protection devices for fault that are close to
the critical impedance of the network, the improvement is marginal for faults
significantly greater than the critical impedance. Therefore, it can be concluded that
the incorporation of adaptive settings does not significantly improve the
dependability of the protection system for all potential fault conditions. This is
because the accommodation of protection blinding using adaptive protection
settings does not eliminate the cause blinding itself, i.e. the fault response of the
ESS still remains the same under these fault conditions. Accordingly, adaptive
protection would not be a suitable primary protection solution and may be better

suited as a secondary or tertiary backup protection system.
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5.5.3.2 Experimental verification of adaptive protection using a commercial SSPC

In order to verify the performance improvements of an SSPC when an ESS is
connected to a compact DC power system, the experimental procedure described in
Chapter 4, section 4.4 was repeated with the protection setting of the SSPC adapted
to incrementally decreasing thresholds. These new trip-times were then compared
with the fixed 3A threshold results with the ESS disengaged in order to determine
the optimum setting that delivers similar performance for each network
configuration. Table 5.6 shows a summary of the trip-times using the adapted

settings.

Table 5.7: Comparison of trip-times with adapted protection settings

Fault Adapted Trip time with T”p time
. generator without ESS
impedance . ESS
Q) system trip (s) (3A
threshold (A) threshold) (s)
3 2.18
2.9 1.77
2.8 1.53
> 2.7 1.33 0.87
2.6 1.07
2.5 0.79

The results in Table 5.7 verify that adapting the settings to a reduced threshold for
the SSPC when the ESS is operational, the trip-time of the protection device can be
tuned to give similar performance when the ESS is disengaged. This is reflected in
Figure 5.15. This was found to be between 2.6A and 2.5A. It was found that
decreasing the trip thresholds further than this level would correspond to a faster
trip time when the ESS is connected to the network. In practice, this may also
disrupt protection coordination with downstream devices and reduce the security
of the overall protection system. Given that the SSPC software only allowed the
user to configure the current threshold for the device, it is difficult to optimise the

performance of the SSPC for all possible fault scenarios.
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Alternatively, an adaptive current and time setting associated with the SSPC may
provide a more precise means of matching trip times for different network
configurations, for example using an IDMT trip curve. A device with this flexibility
may be a valuable component in the design of a more effective DC protection
system for a number of applications. Expanding this concept further, an adaptive
protection device operating at a higher voltage and power level may provide an

unprecedented combination of power system flexibility and protection

functionality.

20 without ESS (3A threshold)
= 5 with ESS (3A threshold)
t ——with ESS (2.6A threshold)
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Figure 5.15: Trip-times with 3A and adapted 2.6A and 2.5A protection setting
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5.5.4 Differential unit protection

Differential (or unit) protection [20] is a highly discriminative protection method
that exploits the fundamental principal of conservation of electrical charge, based
on the theory of Kirchhoff’s Current Law. Differential protection requires
appropriate current measurements (such as current transformers or Hall Effect
transducers) to be located at each end of a feeder, bus bar or section of network
that is being protected. These measurements of current are then communicated to
a centralised differential protection relay that compares the current measurements
and calculates the difference between the two (or more) measurement points. A
fault that occurs within the protection zone is detected if the sum of these current
measurements ). I, # 0. The output from the fault detection algorithm can then

be used to trigger the opening of any contactors or breakers on the faulted feeders.

Differential protection is inherently insensitive to fault impedance and can
therefore enable the rapid detection, discrimination and isolation of a faulted
section of a network. In contrast, the insensitivity of differential protection to faults
out-with the protected zone makes it very suitable for protecting points of common
coupling (e.g. for bus bar protection) where multiple sources of generation and

loads may be interconnected.

In this manner, a differential protection scheme around the common bus bar to
which the ESS is integrated may help to resolve some of the integration challenges
associated with such sources. The network diagram illustrated in Figure 5.16 shows
an example of how this differential protection scheme me be configured on
network configuration 1 and 2. The performance of the differential unit protection

is given in Table 5.8.
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Figure 5.16: Differential unit protection around (a) bus B1 and (b) bus B2

Table 5.8: Summary of differential unit protection performance

Fault Fault Configuration 1 Configuration 2
location impedance tripped trip time tripped trip time
(Q) device (ms) device (ms)
0.5 P1 and ESS 0.1 P2 then P1 8.3
F1 0.75 P1 and ESS 0.1 P2 then P1 9.3
1 P1 and ESS 0.1 P2 then P1 13.2
0.5 P2 1.8 P2 and ESS 0.1
F2 0.75 P2 2.1 P2 and ESS 0.1
1 P2 2.6 P2 and ESS 0.1
0.5 P3 1 P3 1
F3 0.75 P3 13 P3 1.2
1 P3 1.5 P3 1.5
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As shown in Figure 5.16, this type of protection system can be practically
implemented on the network by summing measurements of current from all source
and load feeders connected to the common bus bar. A fault located within this zone
(e.g. fault F; in configuration 1 and fault F, for configuration 2) will be detected and
isolated by opening the appropriate switchgear to interrupt the fault current. Faults
located within sections of the network further downstream, for example faults F,
and F3in network configuration 1, will not be identified by the differential scheme,
however may be detected and isolated using conventional overcurrent (i’t)

methods.

The principal advantage of implementing this differential protection scheme is that
it enables the simultaneous isolation of multiple sources of fault current operating
in parallel that may be feeding a fault. This alleviates the requirement for both the
ESS and primary source to continue supplying fault current to actuate their
corresponding protection devices and minimises the total fault energy dissipated
into a fault located within this network section. The sensitivity of differential
protection to faults of high impedance also makes it particularly advantageous in
minimising the protection blinding effects of conventional protection devices
associated with slower acting sources integrated within the network. Furthermore,
the highly selective nature of differential protection enables the ESS to continue
supplying fault current for faults further downstream to increase the speed of
detection of conventional downstream protection, thus improving the overall
performance of the wider protection system. Additionally, such a system will
further enhance the effectiveness of integrating ESS onto a compact network as the
highly selective principle of unit protection will enable the optimal response of the
ESS for close up faults. This would prevent the ESS from unnecessarily adding to the
energy delivered at the point of fault, thus preventing the dissipation of additional
energy stored within the ESS, and increasing the ability of this system to support the

post-fault recovery of the network and its loads.
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The significant improvement in protection performance in comparison to the
previous protection methods is evident in the results presented in Table 5.8. For
configuration 1, F; faults are detected and isolated within 100us irrespective of the
fault impedance. This corresponds to an i’t contribution of 4A%s from the ESS into
this fault, which is significantly lower than previous methods for the same fault
condition. This system behaviour also eliminates any measurable impact of
protection blinding. Furthermore, faults downstream of the bus B; (F, and F3) are
detected faster due to the additional contribution of fault current from the ESS.
Similar performance improvement is achieved with configuration 2. However, in
this case P, will still be subject to protection blinding for a F; fault as shown in the
results. The performance of P; in this case is equivalent to the performance of the
baseline. This may be alleviated by deploying an additional differential unit zone

around this particular section of the network.

Accordingly, differential protection is an ideal primary protection mechanism. By
being largely insensitive to fault current magnitude, a unit protection scheme offers
similar advantages to adaptive protection for relatively low impedance faults over
conventional protection methods (i.e. increased speed).The fast acting capabilities
of differential unit protection have been experimentally demonstrated in [225] and

support the ethos of enabling the ESS to be used for fast fault recovery.

The key drawback of differential protection however is the lack of provision of
backup protection functionality. This would have to be provided through
conventional overcurrent approaches (which may be enhanced by the adaptive
protection philosophy described previously). Furthermore, this solution would be
significantly more reliant on communications than adaptive protection with the
need for incorporating high-bandwidth feedback systems for the current
measurements. Similarly associated drawbacks include additional weight,
complexity and cost of the overall network protection system. However, differential
protection is an established method for protecting critical sections of aircraft

electrical systems as described in Chapter 3. Accordingly, the certification of
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differential protection for DC systems on future platforms may be more achievable

than certifying adaptive settings.

5.4.6 Discussion on the novel application of existing protection strategies

The protection solutions applied to the DC power system with integrated high-
power ESS proposed in this chapter were evaluated on their ability to meet the

following two objectives:

1. To minimise the adverse impact of the ESS on the fault response of the
network, and
2. To enable the ESS to be used more effectively under fault conditions where

feasible.

Integrating the ESS with no change to the baseline solution enabled faster detection
of F, and F3 faults in configuration 1, and F; faults in configuration 2, meeting the
second objective of the protection system design. However, the increased trip-
times for F; faults in configuration 1 (worst case increase of 11.8ms for 1Q) and F,
faults in configuration 2 (worst case increase of 18ms for 1Q) in comparison to the
default configuration proves that the no change solution does not minimise the
adverse effect of the ESS fault response on the overall protection system
performance. However, this solution is still viable for a system application where

sensitivity to only low-impedance faults is required.

Permanently reducing the settings of devices P; and P, did reduce the trip-times
when the ESS was engaged. Compared to the default configuration, a smaller worst
case increase of 8.6ms was observed for 1Q F; faults in configuration 1, and an
increase of 11.9ms for 1Q F, faults in configuration 2. However, there are two main
limitations or drawbacks associated with permanently reducing the trip thresholds
of the respective protection devices that are exposed to protection blinding as a

result of ESS fault current contribution to network faults.
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The first drawback is that a reduction in trip-threshold settings of the corresponding
protection devices does not prevent protection blinding from occurring. Although
reducing the settings may improve the trip-times of the protection devices, the
improvements are only modest when considering relatively high-impedance faults.
This is because the ESS response to faults greater than the critical impedance of the
network still causes a reduction in the rate of change of fault energy delivered by
the primary source. Hence, a reduction in protection trip thresholds will not change
the fault response of interconnected sources. Therefore, network protection
systems consisting of individually operating protection devices that employ it
based fault detection algorithms, that may be configured to deliver optimal
performance for a particular network configuration, will never perform consistently

for all possible network configurations, fault locations and fault impedances.

Secondly, given that relay settings are fixed for all configurations of the network,
ensuring accurate time-graded coordination using reduced trip thresholds may be
challenging as the system reverts back to its default configuration and the ESS is
offline. For instance, an over-reduction in the trip thresholds of upstream
protection devices may increase the probability of unintentional trips when the sole
contribution of fault current is supplied by the primary source. This behaviour may

reduce the security of the protection system.

Furthermore, the level to which the protection trip thresholds may be reduced may
be significantly constrained. For instance, the assumption that there is sufficient
headroom for reducing upstream relay trip thresholds for the case study presented
in this chapter may not be applicable in certain applications as the trip thresholds of
the coordinating layers were arbitrarily set. However, in a practical system there
may be a minimum delay requirement between coordinating protection layers that
is application specific. Under these conditions, it can be assumed that the individual
trip thresholds of the coordinating devices would already be set to the lowest
possible setting to comply with the time-grading requirements. It can also be

assumed that these settings will be optimised for the default configuration of the
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network. Therefore, the option to reduce the protection settings of upstream
devices to a level lower than the optimised settings for the default configuration of

the network may not be feasible for all scenarios.

However, similar benefits of permanently decreasing the ’t trip-thresholds of the
baseline system to reduce the trip-times of the system when the ESS is operational
can be achieved with the employment of automatically adapting to lower settings
when the ESS is online. This protection approach eliminates the drawbacks
associated with increased risk of nuisance tripping and coordination issues when
the network reverts to the default configuration. Again, a worst case trip-time
increase of 8.6ms was observed in configuration 1 for a 1Q F; fault, and an increase
of 11.9ms in configuration 2 for a 1Q F, fault. However, the adverse protection
blinding effects caused by the ESS fault response are not eliminated using this

protection approach.

The protection approach of rapidly disconnecting the ESS from the network for all
fault conditions guarantees the optimal operation of the baseline protection
solution (with a minimal delay associated with the time taken to disconnect the
ESS). This behaviour meets the first objective of the protection system design as
protection blinding is effectively eliminated. However, this approach also leads to a
suboptimal use of the ESS under fault conditions. This is because it prevents the ESS
from being used for fault ride through or post-fault recovery and prevents the ESS
from being used to accelerate the performance of downstream relays where the
additional fault current being supplied by the ESS will enable the downstream

protection devices to trip faster.

Incorporating inter-tripping to enable the ESS to disconnect from the network
alongside the breaking of fault current from the primary source improves the
overall performance of the system as the ESS is prohibited from unnecessarily
dissipating stored energy into the fault post-clearance. However, this additional
functionality does not improve the trip-time performance of the baseline protection

system. Indeed, the performance is the same as the ‘no change’ approach as the
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system is still impaired for faults in the series path between the ESS and primary
source. However, the ESS may still be used to continue supplying fault current to

accelerate fault detection for downstream faults.

The most effective protection method applied to the DC system eliminating
protection blinding caused by the ESS and enabling the ESS to accelerate
downstream protection performance is differential unit protection. This protection
method enables all F; faults in configuration 1 and all F, faults in configuration 2 to
be detected within 100us. This corresponds to a decrease in trip-time of 8.2ms and
6.9ms for configuration 1 and 2 respectively in comparison to the baseline system

performance operating in the default configuration.

A chart of the respective worst case trip-time performances for 1Q F; faults for
configuration 1 and 1Q F, faults for configuration 2 for all evaluated protection

approaches are shown in Figure 5.17.
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Figure 5.17: Respective worst case trip-time performances for 1Q F; faults for configuration 1 and 1Q F, faults for configuration 2 for all
protection approaches
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5.6 Conclusion

Through extensive simulations of a number of protection techniques applied to the
DC power system model with integrated high-power ESS to evaluate their
performance under fault conditions, it is evident that differential unit protection
enables the most effective use of the ESS under fault conditions. Within the context
of an aircraft power system, this type of protection method will be ideal for primary
protection of exposed sections of the DC distribution system to prevent protection
blinding, allowing for the safer integration of a high-power ESS with substantially
less fault current contribution to faults within protected zones. Due to the maturity
of using differential unit protection for critical sections of an aircraft electrical

network, certification of such a system for DC systems on future aircraft is plausible.

Adaptive trip settings for i’t based time-graded protection systems together with
inter-tripping functionality is a viable backup protection method that will secure
better overall protection system performance than utilising the baseline approach

with no change.
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Chapter 6

ESS fault mode control

6.1 Introduction

The application of a novel ESS fault mode control (FMC) is proposed and evaluated
in this chapter. ESS FMC is a protection function and supplementary mode of
operation of the ESS converter controller that overrides its normal operational
modes. FMC adapts the response of the ESS to a network fault as a function of its
location and also offers inherent backup protection functionality. The tailored ESS
fault behaviour enables both protection system design objectives defined in chapter
5 to be met and surpasses the performance of the evaluated existing protection

approaches.

ESS FMC is shown to enable better utilisation of available energy under fault
conditions to accelerate fault detection of downstream faults, whilst minimising
protection blinding of upstream devices by rapidly interrupting ESS fault current for
close-up faults. The inherent backup functionality offered by the ESS FMC in the

event of a network protection device trip-failure is also demonstrated.

6.2 Principle of operation of ESS FMC

The FMC commands the ESS to perform one of the two following functions:

1. To shut down or disconnect the ESS immediately in the event that a ‘close-
up’ fault is detected (as defined below).

2. To allow the ESS to continue supplying maximum fault current for a fixed
period of time for faults that are identified as being ‘downstream’ with
respect to the ESS point of integration. If the fault is not cleared within this

timescale, then the ESS will be commanded to shut down.
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Close-up faults are those that occur at a network location where there is no
network protection device in series with the ESS fault path to interrupt its fault
current contribution. For example, a fault that develops across the terminals of the
ESS or on the bus bar to which it is integrated is considered to be a close-up fault.
Downstream faults are those that occur at a location where there is a network
protection device available within the fault path of the ESS to sectionalise the

network.

Function 1 mitigates protection blinding of upstream protection devices and
minimises unnecessary discharge of stored energy, whist function 2 improves the
performance of downstream network protection devices. Figure 6.1 provides an

illustration of the ESS fault response for these two functions.

Upon fault inception, the ESS converter filter capacitor will discharge into the fault.
The ESS FMC protection algorithm must then determine if there is a fault on the
network, and then decide what FMC function must be triggered in response to the
fault. Accordingly, the FMC must have a mechanism to detect and then discriminate
between ‘close-up’ and ‘downstream’ faults. The following sections describe how

this may be implemented.
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Figure 6.1: Representation of the ESS fault response for FMC functions 1 and 2

6.2.1 Categorisation of faults

F1, F, and F3 faults on configuration 1 and 2 of the reference DC power system
model can be categorised as either close-up or downstream faults with respect to

the ESS, as illustrated in Figure 6.2.

For configuration 1, fault F, is considered to be a close-up fault, whilst F, and F3 are
considered to be downstream faults due to the availability of protection devices P,
and Ps to interrupt the fault path. Accordingly, P, and P3 would benefit from an
additional supply of fault current from the ESS to increase fault detection speed,
thereby improving the overall performance of the baseline protection system.
Conversely, for a F; fault, an immediate shutdown of the ESS would eliminate P;
protection blinding, enabling its performance to match that of the baseline system
when operating under the default configuration of the network. The use of inter-

tripping between the ESS and P, protection devices will enable the protection
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performance of the baseline to be surpassed, whereby the detection and

discrimination of a close-up fault by the ESS is the trigger to trip the network device.

Categorisation of F;, F, and F;3 faults for configuration 2 is more challenging. Given
that the ESS is integrated to bus B,, fault F; is considered to be a close-up fault as
the immediate disconnection of the ESS in this scenario would mitigate blinding of
protection devices P, and P;. F3 is clearly a downstream fault with respect to the ESS
as the additional fault current contribution from the ESS would improve the fault

detection speed of Ps.

For fault F,, the immediate shutdown of the ESS will prevent blinding of protection
device P4, enabling the equivalent performance to the baseline when the network is
configured in default arrangement. However, this ESS behaviour will prevent
protection device P, from tripping, leaving F; exposed to healthy sections of the

network and preventing the ESS to be used for post fault recovery.

To enable P, to open as fast as possible for this fault event, the FMC should
command the ESS to continue supplying fault current even though this additional
fault current contribution will lead to a slower P; performance in comparison to the
baseline in the default network configuration. Accordingly, fault F; should be
categorised as a downstream fault with respect to the ESS connected to bus B,.
Although this will result in a prolonged exposure of F; to any B; connected loads,
this will not impair their ability to be resupplied post clearance, as the primary
source will always require to be disconnected under this fault condition. This ESS
fault behaviour and protection system response will, however, improve ESS
availability for loads connected to bus B, post fault clearance, leading to a better

overall protection system performance.
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Configuration 1 Configuration 2

Figure 6.2: Categorisation of close-up and downstream faults with respect to the ESS
for configuration 1 and 2

6.3 Methods for enabling rapid fault detection and discrimination

Two methods to enable rapid fault detection and discrimination for the purpose of

initiating ESS FMC are proposed. These are:

1. The differential measurement of current of all nodes feeding the bus bar to
which the ESS is connected, exploiting Kirchhoff’s current law, and

2. The utilisation of a highly novel fast fault detection technique [226] to
measure the initial rate-of-change of current at the terminals of the ESS

filter capacitor at the time of fault
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6.3.1 Current differential method

The first proposed method to enable rapid fault detection and discrimination for
triggering ESS FMC exploits Kirchhoff's current law in a similar manner
demonstrated in Chapter 5 for differential current protection. Figure 6.3 provides
an illustration of the additional communications infrastructure required on network
configuration 1 and configuration 2 to implement this system. A fault within the
differential zone will result in a non-zero sum of currents enabling rapid fault
detection and discrimination of close-up faults, irrespective of fault impedance. A
fault outwith the current differetial zone, characterised as a downstream fault, will
not impact the sum of currents, meaning ), I, = 0. This can be observed in the
results presented in Figure 6.4 that shows ), Iz, for 0.01Q, 0.5Q, 0.75Q and 1Q
faults at locations Fy, F, and F3 on network configuration 1, and similarly, ). Iz, for

configuration 2 on Figure 6.5.

Accordingly, this technique may be used to instigate the activation of function 1
(rapid shut down) of the proposed ESS FMC if the fault is found to be within the

differential zone.

However, faults out with this zone will not be picked up by this discrimination
method. Therefore, a secondary means of discriminating ‘downstream’ faults is
required to instigate function 2 of the ESS FMC. One such method that may be
relatively simple to implement is the use of a time-based overcurrent algorithm,
whereby function 2 of the ESS FMC is triggered if the ESS output is equal to its
maximum current-limited magnitude for greater than a predefined period.
Alternatively, the §i/&t fault detection approach described in the following section

may be used in conjunction with this method to initially detect a fault.
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Figure 6.3: Additional communications infrastructure required to enable current
differential fault discrimination method
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Figure 6.4: Differential current around Bus 1 for 0.01Q, 0.5Q, 0.75Q and 1Q faults at locations F1, F2 and F3 on network configuration 1
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Figure 6.5: Differential current around Bus 2 for 0.01Q, 0.5Q, 0.75Q and 1Q faults at locations F1, F2 and F3 on network configuration 2
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6.3.1 Initial rate-of-change of current

The second method for rapid fault detection and discrimination exploits the
proportional relationship between the voltage across a capacitor, the initial rate-of-
change of current as it discharges into a fault, and the line inductance, L. Consider

the representative RLC circuit diagram shown in Figure 6.6.

Energy
Storage
Medium

Fault

Figure 6.6: Representative RLC circuit of a faulted circuit with respect to the ESS
converter interface

In the event of a fault, the voltage at the point of fault will decrease rapidly creating
a potential difference between the capacitor voltage v, and the voltage across the
fault. To balance these voltages, the capacitor will discharge current. Assuming that
the fault occurs att = 0, line inductance, L,,.qs, Can be approximated by the

equation [24]

L ver(® = i (R +Rp)
meas — diL(t N 0) ’ (6-1)
dt

where v (0) is the voltage across the discharging capacitor at the time of fault, R
is the line resistance and Ry is the fault resistance. Assuming inductance per meter

of the power system cables is known (in H/m), and assuming that the cable
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resistance R is negligible (due to the relatively low line resistance of a physically

.. dip(t- .
compact power system), as Rp — 0,the measurement of the |n|t|al$wnl

enable the distance to the fault from the point of current measurement to be
approximated [24]. The sensitivity and impact of high-impedance faults on this
detection method is addressed later in this section. The capacitor voltage, v-r(0),
at the time of fault can be assumed to be the nominal voltage of the system when
performing this calculation. Computation of the rate-of-change of current can be

made over a discrete sampling time period, ét, where

60 i(t+8t)-i(t)

— = 6.2
ot &t (©.2)

Due to the very rapid rise time of the current in the event of a fault, accurately
measuring the initial rate-of-change of current requires a relatively small sampling
time in the order of micro-seconds. Use of a sampling time that is greater than the
rise time of the discharging capacitor will result in an inaccurate 6i/6t
measurement, where the rising edge of the current profile may not be captured. In
addition to the high frequency analogue-to-digital conversion of current samples,
the extensive computational overhead associated with processing these samples to
accurately compute §i/8t is substantially greater than conventional current

measurement techniques.

This method of measuring §i/dt is applied to the filter capacitor of the ESS
converter integrated within the reference DC power system model, using a 6t
sampling time of 10us. Figures 6.7 and 6.8 show the computed profiles of §i/5t for
0.01Q, 0.5Q, 0.75Q and 1Q faults at locations F;, F, and F3 for configuration 1 and 2
respectively. The magnitudes of the initial §i/8t measurements att = 0 are also

presented in Table 6.1.
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Table 6.1: Initial §i/5t measurements for F1, F2 and F3 faults at t = 0

Fault Fault Configuration 1 Configuration 2
location impedance initial 8i/8t initial 8i/6t
(Q) (A/s) (A/s)
0.01 21,000,000 9,600,000
0.5 13,000,000 6,800,000
Fl 0.75 11,000,000 6,000,000
1 9,000,000 5,200,000
0.01 6,700,000 21,000,000
£ 0.5 5,500,000 15,000,000
0.75 5,000,000 14,000,000
1 4,600,000 12,500,000
0.01 5,800,000 11,400,000
F3 0.5 4,100,000 9,200,000
0.75 3,800,000 8,400,000
1 3,500,000 7,800,000

Note that the magnitudes of the initial i/t measurements for each fault location
decrease as a function of increasing fault impedance. This is due to a non-negligible
voltage developing across the fault resistance, Rr. However, for the fault
resistances simulated at each fault location, the range of §i/8t magnitudes

measured, although wide, are still relatively distinctive.

For example, from Figure 6.7 it is clear that the magnitude of the initial §i/4t for all
evaluated F; faults is greater than that of F, and F; faults, when the ESS is integrated
to bus B;. An initial §i/8t measurement of 9,000,000 — 21,000,000A/s is obtained
for F; faults between 1Q — 0.01Q in comparison to 4,600,000 — 6,700,000A/s and
3,500,000 — 5,800,000A/s for F, and Fs faults respectively. Therefore, if a §i/dt
greater than 3x10° A/s is measured, corresponding to a threshold marginally lower
than the 6i/8t measurement for a 1Q fault at F3, it can be assumed that a fault is
detected on the network. Furthermore, discrimination of the fault location may be
achieved if the §i/6t measurement is compared to a second threshold of
8,000,000A/s. Note that the initial §i/5t measured for 0.01Q short-circuit faults at
F, and F3 do not exceed this upper threshold. If this upper threshold is exceeded,

the fault can be safely assumed to be a close-up fault (i.e. F1). Otherwise, the fault is
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considered to be located downstream with respect to the ESS. These minimum

thresholds are depicted in Figure 6.7.

Similarly, when the ESS is on bus B,, the initial §i/6t measurements for all F, faults
are greater than all F; and F3 faults, as shown in Figure 6.8. 1Q - 0.01Q faults at
location F2 result in a §i/8t of 12,500,000 — 21,000,000A/s, whereas F; and F3 faults
produce a 6i/ét of 5,200,000 — 9,600,000A/s and 7,800,000 — 11,400,000A/s
respectively. To determine if there is a fault on the network, a §i/6t measurement
greater than minimum threshold of 4,000,000A/s can be applied, whilst exceeding a
second threshold of 12,000,000A/s can discriminate the location of the fault as

being at F, (i.e. close-up) in this network configuration.

This method of calculating §i/6t also removes the intrinsic drawback associated
with derivative measurements, i.e. sensitivity to noise. Assuming the presence of
significant harmonics on the system which may propagate throughout the network
due to the likely integration of switching converters and harmonic loads, this
method will be immune to such interference due to the relatively small numerator
term in the equation under non transient conditions. In the event of more
significant transients of greater magnitude, such as a fault on the network, the
numerator term of equation 6.2, i(t + 6t)-i(t) will be intrinsically greater (by an
order of 1,000,000). Similarly, measurement noise may prove to be a potential
hindrance to accurately measuring the initial §i/8t. Any electromagnetic
interference (EMI) impacting the measurement sensor and its corresponding means
of feedback to the computation device may significantly impact the measurement
of §i/8t. This may produce false trip/threshold conditions. A possible solution to
this would be to use reliable and EMI resistant instrumentation and

communications infrastructure such as optical based SCADA systems.

Another potential drawback associated with using this method (not necessarily for
ESS control, but for other applications such as fast acting protection/fault detection)
is the potential sensitivity to load transients. If the activation or switch on of a load,

regardless of its impedance, were to occur in the same manner as a fault condition
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(i.e. passive turn on of a load with no control over inrush) then a false alarm (or
notification) signal of there being a fault on the network may occur. However,
modern SSPC technology can accommodate for potential false trip conditions by
controlling inrush by means of applying a ramped voltage output from the device
gate driver [141], significantly increasing the response time of the respective load

transient.
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Figure 6.7: di/dt measurements for F1, F2 and F3 faults for configuration 1
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Figure 6.8: di/dt measurements for F1, F2 and F3 faults for configuration 2
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6.4 Implementation and evaluation of ESS FMC

This section first describes the implementation of ESS FMC, specifcally using the
initial §i/8t discrimination method. The operation of the inherent backup
protection functionality offered by ESS FMC is also demonstrated. Second, the
performance of the protection system is evaluated using this method and is
compared to the baseline and alternative protection systems proposed in Chapter

5.

6.4.1 FMC algorithm

The FMC algorithm continuously measures §i/dt using equation 6.2. This
measurement is then compared to two distinct and predetermined thresholds that
are specific to the configuration of the network. A flow diagram describing the

implementation of ESS FMC algorithm is illustrated in Figure 6.9.

If the §i/8t measurement is greater than the lower and upper thresholds, then the
ESS is commanded to initiate function 1 and immediately rampdown the ESS
current output. For example, an F; fault in configuration 1 up to an impedance of 1Q
will result in an initial i/t measurement greater than the lower threshold of
3,000,000A/s and greater than the upper threshold of 8,000,000A/s as indicated in
Figure 6.7. This condition is indicative of a close-up fault condition. Similarly, a
close-up F, fault in configuration 2 up to 1Q will result in a §i/8t measurement
greater than the lower threshold of 4,000,000A/s and upper threshold of
12,000,000A/s.

If the lower §i/4t threshold is breached but upper threshold is not, then the ESS is
commanded to initiate function 2 of the ESS FMC. This condition is indicative of a
downstream fault condition. F, and F3 fault in network configuration 1 and F; and F3
faults in network configuration 2, up to 1Q, will trigger this function. This function

commands the ESS to continue suppling maximum fault current for a
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predetermined period of time. This time may be selected based on the expected
time of operation of downstream protection. If the fault is cleared within this
timescale, which is determined by the recovery of the voltage to nominal levels,
then normal operation of the ESS will continue. If the voltage does not recover
within this period, then the ESS is commanded to ramp down. This scenario may
occur in the event that downstream protection fails to operate. Accordingly, this

enables ESS FMC to deliver inherent backup functionality.

In the event that the measurement of §i/4t is less than the lower threshold, then

the normal operation of the ESS continues.

di
measure —
dt

4 threshold 17
dt

Continue as normal ]7

output maximum ]

i
2> threshold 2?
dt current

Yes

fault cleared
in < x seconds?

controlled
ramp-down / shutdown

Figure 6.9: Fault mode control algorithm
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6.4.2 Performance of ESS FMC

The FMC algorithm was implemented in Simulink and applied to the ESS controller
within the reference DC power system model. The unmodified baseline protection
system described in Chapter 5 was also utilised. The performance of this protection
system was evaluated with the ESS FMC implemented in both configurations of the

network in comparison to the default configuration. Results are shown in Table 6.2.

Table 6.2: Performance of protection using ESS FMC

Fault Fault Default configuration Configuration 1 Configuration 2
location impedance tripped trip time tripped trip time tripped trip time
Q) device (ms) device (ms) device (ms)
0.5 P1 8 P1 8 P2 then P1 8.3
F1 0.75 P1 8.2 P1 8.2 P2 then P1 9.3
1 P1 8.3 P1 8.3 P2 then P1 13.2
0.5 P2 6.1 P2 1.8 P2 6.1
F2 0.75 P2 6.6 P2 2.1 P2 6.6
1 P2 7 P2 2.6 P2
0.5 P3 3.5 P3 1 P3
F3 0.75 P3 3.9 P3 13 P3 1.2
1 P3 4.3 P3 1.5 P3 15

From Table 6.2, it is clear that the protection blinding effects caused by the ESS for
close-up faults can be eliminated with the use of ESS FMC. The ability for F; faults in
configuration 1 and F, faults in configuration 2 to be reliably discriminated using the
0i/8t measurement, triggering the rapid ramp-down the ESS output vyields
equivalent trip-time performance to the baseline protection system. At the same
time, it enables the ESS to accelerate the performance of P, and P; for downstream

faults. Similar results are obtained for configuration 2 of the network.

However, trip-time performance for close-up faults can be further improved with
the use of inter-tripping between the ESS and P, for configuration 1 and P, for

configuration 2. In configuration 1 of the network, inter-tripping when the
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shutdown/ramp-down function of the ESS FMC is triggered with protection device
P, improves its trip-time performance to match that of the differential scheme
evaluated in Chapter 5 for a fault at F;. Again for configuration 2, inter-tripping the
ramp-down function of the ESS FMS with protection device P, yields similar results

to the differential scheme. These results are shown in Table 6.3.

Table 6.3: Performance of protection using ESS FMC with inter-tripping

Fault Fault Default configuration Configuration 1 Configuration 2
location impedance tripped trip time tripped trip time tripped trip time

Q) device (ms) device (ms) device (ms)
0.5 P1 8 P1 0.1 P2 then P1 8.3
F1 0.75 P1 8.2 P1 0.1 P2 then P1 9.3
1 P1 8.3 P1 0.1 P2 then P1 13.2
0.5 P2 6.1 P2 1.8 P2 0.1
F2 0.75 P2 6.6 P2 2.1 P2 0.1
1 P2 7 P2 2.6 P2 0.1

0.5 P3 3.5 P3 1 P3 1
F3 0.75 P3 3.9 P3 13 P3 1.2
1 P3 4.3 P3 1.5 P3 15

It is clear from the simulation results of the reference DC power system presented
in Tables 6.2 and 6.3 that the application of ESS FMC improves the performance of
the baseline protection system. Although this type of control will add cost and
complexity to the design of the ESS controller and converter interface, it will enable
conventional time-graded network protection to function optimally, delivering
baseline equivalent performance for close-up faults. In addition, it enables the
operation of downstream protection devices to be accelerated for downstream

faults.

With the additional functionality of inter-tripping between appropriate breaker
devices in conjunction with the ramp-down trigger of ESS FMC, the performance of
the baseline protection system can be further improved to match that of the best
performing existing solution (differential protection) evaluated in Chapter 5. It is

therefore evident that ESS FMC meets both protection system design criteria set in
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Chapter 5, whereby the adverse impact of ESS integration is minimised and the
overall performance of the system is enhance by enabling a more effective use of

the ESS during and post fault conditions.

6.4.3 Inherent backup protection functionality of ESS FMC

The inherent backup protection functionality associated with ESS FMC is
demonstrated in this section. Given that the initial §i/8t measurement of the filter
capacitor associated with the ESS converter interface enables downstream faults to
be discriminated, the automatic ramp down of ESS current output after a
predetermined period of time, together with the inter-tripping functionality with
specific network protection devices, enables backup protection functionality to be
achieved in the event that downstream devices fail to isolate faulted sections of the

network.

6.4.3.1 Configuration 1

To demonstrate this inherent backup protection functionality, the time-constrained
threshold associated with the restoration of voltage after fault clearance is set to
5ms for configuration 1 of the network for ramping down ESS output. This threshold
corresponds to a moderately greater time than the worst case downstream
protection operation time of P, when the ESS is operational (1Q fault at F,).
Simulations of downstream faults (F, and F3) are repeated but with protection
device P, permanently closed and then with P, and P; permanently closed,
emulating failure-to-open conditions. The respective results are presented in Tables

6.4 and 6.5.
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Table 6.4: Performance of protection using ESS FMC with P, failure

Fault Fault Default configuration Configuration 1
location mpedance  tripped trip time tripped trip time

Q) device (ms) device (ms)

0.5 P2 6.1 P1 5

F2 0.75 P2 6.6 P1 5

1 P2 7 P1 5

0.5 P3 35 P3 1

F3 0.75 P3 3.9 P3 1.3

1 P3 43 P3 15

Table 6.5: Performance of protection using ESS FMC with P, and Ps failures

Fault Fault Default configuration Configuration 1
location impedance tripped trip time tripped trip time

(Q) device (ms) device (ms)

0.5 P2 6.1 P1 5

F2 0.75 P2 6.6 P1 5

1 P2 7 P1 5

0.5 P3 3.5 P1 [

F3 0.75 P3 3.9 P1 5

1 P3 4.3 P1 5

These results show that the time-retracted current output of the ESS enabled by ESS
FMC in conjunction with inter-tripping with protection device P, prevents a network
fault from being present on the network for greater than 5ms, even if downstream

protection fails to operate.

6.4.3.2 Configuration 2

For configuration 2, the backup protection time-constrained threshold is set to 7ms
for ramping down ESS output. This threshold is reflective of a moderately greater
time required for tripping protection device P, for a 1Q fault at F;, as indicated in
Figure 5.5 (b) in Chapter 5. Table 6.6 presents the backup protection results for
downstream faults for network configuration 2 assuming a Psfailure, whilst Table

6.7 presents the results assuming P, and Ps failures.
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Table 6.6: Performance of protection using ESS FMC with Psfailure

Fault Fault Default configuration Configuration 2
location impedance tripped trip time tripped trip time
(Q) device (ms) device (ms)
0.5 P1 8 P2 then P1 8.3
F1 0.75 P1 8.2 P2 then P1 9.3
1 P1 8.3 P2 then P1 13.2
0.5 P3 3.5 P2 7
F3 0.75 P3 3.9 P2 7
1 P3 4.3 P2 7

Table 6.7: Performance of protection using ESS FMC with P, and Ps failures

Fault Fault Default configuration Configuration 2
location impedance tripped trip time tripped trip time

(Q) device (ms) device (ms)

0.5 P1 8 P1 8.4

F1 0.75 P1 8.2 P1 9.5

1 P1 8.3 P1 13.5

0.5 P3 35 P1 8.5

F3 0.75 P3 3.9 P1 9.8

1 P3 4.3 P1 13.9

The trip-times of protection device P, shown in Table 6.6 (operated as a result of the
inter-tripping with the ESS FMC ramp-down function) for the faults thrown at
location F3 are all 7ms. This is evident that the backup protection functionality

enabled by ESS FMC is operational and minimises prolonged fault exposure.

However, in the event that protection device P, and P3 are malfunctioning and are
permanently closed, the worst case backup trip-time of Pyis 13.5ms for a 1Q fault at
F; and 13.9ms at F3 This performance is only moderately slower than the expected

performance when all network protection devices are fully operational.
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6.5 Conclusion

The proposed ESS fault mode control has been demonstrated through modelling
and simulation to deliver equivalent protection performance utilising the existing
baseline protection system to that of the best performing alternative protection
approach (differential protection) for the reference DC power system model. In
addition, the inherent backup protection functionality of this method makes it a
viable solution to alleviate the adverse effects of integrating a high-power ESS into a
compact DC power system whilst improving its safety. The primary advantage of
this method over differential protection is that it does not require the use of a
network wide high-bandwidth communications system to function. However, the
8i /6t discrimination method utilised is sensitive to fault impedance, which may
limit its use for very high-impedance faults. Within the case studies presented in
this chapter, faults up to 1Q were discriminated. Physically larger power systems
with greater line impedance or networks with high-impedance grounding systems
may not allow for this discrimination method to be accurately used. In these cases,

differential based methods may be a more viable alternative.
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Chapter 7

Conclusions and further work

7.1 Summary

This thesis has presented a number of contributions to knowledge. Through
simulation and experimental validation, it has been demonstrated that a high-
power high-bandwidth ESS, by design, can contribute significant levels of current to
a fault as it attempts to sustain the network voltage. This behaviour inadvertently
reduces the fault current contribution from the primary source of power on the
network, reducing the effectiveness of associated protection devices (protection
blinding). Several key DC power system design and operation parameters that
impact on the ESS fault response have been quantified and a new critical fault
impedance term, beyond which protection blinding can be expected to occur, was
introduced. This work is presented in Chapter 4 of this thesis and has been

published in reference [27].

Enhancements to typical compact DC power system protection schemes which
more effectively account for the presence of ESS were proposed and evaluated.
Differential protection schemes were shown to eliminate protection blinding whilst
offering the greatest flexibility in increasing protection speed and fault
discrimination, and maximising ESS availability. Adaptive protection schemes were
shown to be a reliable backup option where a consistent protection system
response can be obtained despite the potentially intermittent nature of the ESS

fault current contribution. This work is presented in Chapter 5 of this thesis.

Finally, a novel control strategy that actively modifies the fault response of the ESS
to facilitate the use of conventional overcurrent schemes was proposed,

demonstrated and evaluated. This solution minimises the adverse effects of the ESS
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response during faults whilst enabling a more effective use of the ESS during and
post faults, delivering comparable protection system performance to that of the
differential protection solution. This solution also provides inherent backup

protection. This work is presented in Chapter 6 of this thesis

7.2 Conclusions

The basis of the work presented in this thesis and the contributions to knowledge
that it provides will enable systems integrators to establish the most suitable
protection solution when considering the integration of high-power energy storage
in existing and new build power system applications. In particular, the trade-offs of
modifying existing protection systems within established platforms may not be
feasible due to the significant certification costs. For example, incorporation of
protection devices that allow for trip settings to be adapted to accommodate for
network configuration changes, such as the potential for the ESS to be taken offline
during system operation, intrinsically adds significant complexity to the dynamics of
the system under both normal and abnormal operating conditions. Accordingly, the
fundamental operating states of the power system will change. Such major changes
in the functional behaviour of established power systems are likely to warrant the
requirement of re-certification to ensure safety standards are upheld and that
failure of such safety critical subsystems will not ultimately lead to the catastrophic
failure of the entire system. Indeed, the integration of an ESS into an existing
system in itself may result in the requirement to reclassify and re-certify the host
power system. However, this may not be the case if the ESS has little impact on the
performance of the primary generation under fault conditions. In these cases,
moderately degraded protection performance may be tolerated if the ESS is

sufficiently low rated or if the likelihood of high-impedance fault conditions is rare.

For retrofit applications where a sufficiently high-power ESS is to be integrated, the

systems integrator has the tools presented in this thesis to evaluate the potential
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impact on the existing network wide protection system performance. If the costs
associated with the implementation and certification of the proposed ESS fault
mode control is sufficiently lower than the additional weight, cost and complexity of
incorporating a high-bandwidth communications based protection system for the

desired application then this option should certainly be explored.

Alternatively, for new build applications where the ESS fault response will likely
impact on the fault response of primary sources on the network, then the use of a
dedicated differential unit based protection system is a viable option. Indeed,
differential protection is a well-established protection method that has been widely
implemented within aircraft power systems for protecting critical sections of AC
distribution systems, and therefore offers a useful precedent in its introduction for
protecting DC systems. Although research and development of high-speed
differential protection for DC power systems is still ongoing due to the challenges
associated with DC current sensing and measurement technology, as well as high-
bandwidth communication systems, its functional operating states do not change as
a function of power system configuration. Accordingly, certification of such
protection systems for aircraft applications may prove to be more achievable than
other solutions. This is due to the maturity and reliability of differential protection

systems.

7.3 Recommendation of Future Work

Looking forward, a number of work streams are recommended to progress this
research. The first work stream involves the development of a comprehensive
protection framework for system integrators to assist in the selection of
appropriate protection schemes and converter-level protection functions when
considering the integration of a high-power, high-bandwidth ESS within a compact

DC power system.
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This work will require structuring the protection schemes evaluated in this thesis
into a system-wide protection framework which guides the system integrator
through a series questions regarding the system’s features, its architecture and key
network parameters. This will establish the system’s protection requirements. By
defining protection system operational constraints such as the desired maximum
fault impedance sensitivity, minimum speed requirements and selectivity options,
the optimal primary, secondary and further backup protection schemes may be
established. This framework, together with any additional constraints such as
weight, complexity and cost, will help the system integrator to make a more
informed decision in the implementation of a protection strategy when considering

the integration of a high-power ESS into a compact DC network.

The second area for exploration relates to design of a robust ESS control system
that ensures stability of its operation under all operating conditions when operating
in parallel to a primary conversion system. The conceptual controller design used in
the case studies performed in this thesis assumed ideal network operating
conditions prior to fault application. Under these conditions, the steady-state
network voltage was assumed to be settled to precisely to the desired nominal level
(270V). However, both the ESS converter controller and the primary generation
converter controller were operating to regulate the same network parameter — the
system voltage. In practice, the measurement of the actual system voltage may
have an off-set from the reference voltage set point within the ESS controller. Any
minor deviation from this set point for the system modelled in this thesis will result
in the ESS being commanded to absorb or deliver energy to the network. Therefore,
it is recommended that more robust control system designs are explored in future
such as dead zone controllers and more robust droop control mechanisms when

researching the dynamics of interacting controllers.

The third recommended area of future research is to conceptually analyse the
dynamics of power systems that incorporate high-power ESS from an energy flow

perspective. Analysis of the use of all sources of energy on an aircraft system is a
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wide area of research that may enable energy optimisation, minimisation of fuel
consumption and reduction in the rating of energy resources on future aircraft
platforms. With the incorporation of high-power energy storage on these future
systems, another dimension to this energy flow optimisation problem is introduced.
Research in this area may offer opportunities to explore novel uses of high-power
energy storage in innovative ways that will enhance their overall performance of

these platforms.

The final recommended work stream involves the hardware implementation of fault
mode control on a prototype high-power ESS to validate its operational benefits
over more complex, system wide protection approaches. In order to implement
fault mode control, a high-power, high-bandwidth, bi-directional DC-DC converter
interface for a supercapacitor ESS must be developed that offers galvanic isolation,
current limiting capability and rapid shut-down functionality. One example
converter topology that offers this functionality is the dual active bridge converter

and has been discussed in the thesis.

The detection mechanisms that enable fault location to be discriminated, such as
current differential zones or the use of di/dt trip thresholds, must also be fully
evaluated before integration with the ESS converter to trigger fault mode control.
One particularly challenging aspect of the di/dt discrimination method that requires
investigation is its dependability when discriminating against high-impedance close-
up faults. For instance, these particular fault types may look like distant faults,
triggering the wrong FMC behaviour. However, failsafe modes of operation (such as
supplying limited fault current for a reduced time period) may be incorporated to

overcome these issues.

The operation of fault mode control must override any normal operating mode of
the converter and perform the function of either continuing the supply of current
into faults that will accelerate downstream fault detection, or rapidly disengaging

the ESS in the event of close-up faults to ensure protection blinding does not occur.
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The complexity, cost, ease of certification and achievable performance of this
protection function must then be evaluated and traded-off against the performance

and drawbacks of more sophisticated protection schemes.

Progression of the research in all these streams of work will contribute to the safe
integration of high-power energy storage systems within future compact DC power

system applications.
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