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Abstract 

 

Driven by efficiency benefits, performance optimization and reduced fuel-burn, the 

aviation industry has witnessed a technological shift towards the broader 

electrification of on-board systems, known as the More-Electric Aircraft (MEA) 

concept. Electrical systems are now responsible for functions that previously 

required mechanical, hydraulic or pneumatic power sources, with a subset of these 

functions being critical or essential to the continuity and safety of the flight. This 

trend of incremental electrification has brought along benefits such as reductions in 

weight and volume, performance optimization and reduced life-cycle costs for the 

aircraft operator. It has however also increased the necessary engine power offtake 

and has made the electrical networks of modern MEA larger and more complex.  In 

pursuit of new, more efficient electrical architectures, paralleled or interconnected 

generation is thought to be one platform towards improved performance and fuel 

savings. 

However, the paralleling of multiple generation sources across the aircraft can breach 

current design and certification rules under fault conditions. This thesis proposes and 

evaluates candidate interconnecting solutions to minimize the propagation of 

transients across the interconnected network and demonstrates their effectiveness 

with reference to current airworthiness standards and MIL-STD-704F power quality 

requirements. It demonstrates that inductive interconnections may achieve 

compliance with these requirements and quantifies the estimated mass penalty 

incurred on the electrical architecture, highlighting how architectural and operating 

strategies can influence design options at a systems level. By examining the impact 

of protection operation speed on the electrical network, it determines that fast fault 

protection is a key enabling technology towards implementing lightweight and 

compliant interconnected architectures. Lastly, this thesis addresses potential 

implications arising from alternate standards interpretations within the framework of 

interconnected networks and demonstrates the impact of regulatory changes on the 

electrical architecture and interconnecting solutions. 
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Chapter 1 

Introduction 

 

Conventional civil-aviation aircraft incorporate a series of systems that require 

mechanical, pneumatic, hydraulic and electrical power sources. Given that the only 

main source of power on an aircraft is from its gas turbine engines, the majority of 

generated power is used to provide thrust whilst the remaining power is used for non-

propulsive functions. For example, pneumatic power is required for cabin 

pressurisation, air-conditioning and anti-ice wing protection, hydraulic power is 

required for the actuation of flight surfaces and landing gear, and mechanical power 

drives the engine fuel and oil pumps [1]. On conventional jetliners, electrical power 

is mainly limited to avionics, fans, cabin and exterior lights [2].  

This variety of power sources however comes at a cost as it reduces efficiency, 

increases the complexity of the aircraft systems and makes maintenance and 

servicing more difficult and expensive [3]. To power pneumatic loads, bleed-air is 

off-taken from the engine, reducing the amount of air contributing to thrust and 

therefore reducing engine efficiency, and mechanical power is extracted via a heavy 

gearbox connected to the engine shaft. The hydraulic system comprises of a network 

of heavy pipes and ducts which is demanding to maintain and prone to leaks [1]. 

The More-Electric Aircraft (MEA) concept is a technological shift in the aviation 

industry that seeks to replace hydraulic, pneumatic and mechanical systems with 

their electrical equivalents. The underpinning assumption is that having a single type 

of power source taken from the engine is more effective [4], and electrical power was 

chosen as that single source due to flexibility advantages and application range [5]. 

This incremental electrification trend is thought to introduce a small mass penalty to 

the overall weight of the aircraft [3], but is a necessary step towards the ultimate goal 

of achieving the All Electric Aircraft (AEA) [6, 7]. The adoption of the AEA concept 

could completely eliminate bleed-air systems and replace traditional hydraulic 
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systems with electro-mechanical equivalents, reducing aircraft weight and therefore 

fuel consumption by up to 4.5% [3]. 

However, the ever-increasing electrification of MEA imposes the need for new 

technologies and novel electrical architectures [8], without adversely affecting the 

pre-existing levels of reliability of today’s systems. New power-system design 

options that could reduce fuel consumption and improve engine operability are 

needed, with one possible choice being the interconnection of generation sources to 

produce a single combined power source.  

The paralleling of power sources can facilitate optimised power sharing based on the 

individual operating characteristics of these sources, thus providing the opportunity 

to increase the efficiency of power generation [9]. For many years, this principle has 

been applied on AC and DC land-based power grids to increase the security of 

supply, offer multiple routes for power flow, and to control the output of power 

stations through the use of economic dispatch [10].  

A key technological driver for the implementation of more interconnected electrical 

architectures is the potential for multi-shaft power off-takes. Advances in the 

mechanical design of the aircraft engines, more specifically in the number of spools, 

have opened up the possibility of having multiple generators been driven from 

different shafts on the jet engine. Multi-spool engines can allow different parts of the 

engine to rotate at different, more optimum speeds, thus improving engine 

performance and efficiency [11]. Therefore particularly for aircraft applications, the 

interconnection of power sources may provide a more feasible route for the 

facilitation of more efficient power sharing between multiple engine-driven 

generators [12, 13]. 

From the above points, it is clear that significant efficiency and operability benefits 

can be realised through the adoption of interconnected generation in aircraft 

electrical networks. However, there are several key factors and challenges that need 

to be overcome, or complied with, for the feasible implementation of such network 

topologies on MEA/E. The first main factor that must be addressed is how the 

interconnection of generation sources can be achieved, in other words, by which 
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implementation method or approach. As will be illustrated within this thesis, a direct 

connection between MEA/E AC generation sources is not applicable, subsequently 

novel interconnecting design approaches and mechanisms have to be considered.  

Moreover, these mechanisms face additional operational and size requirements, as 

they must be able to function properly in the harsh operating conditions of the 

aviation environment. In applications where weight and volume come at a premium, 

such as in aviation installations, there are constraints on the mass and size of 

components, as the operating cost of platforms is highly dependent on their weight 

and volume [14]. Consequently, any candidate interconnecting solution must be 

compact and lightweight in order to be viable. 

The second set of challenges are the regulatory requirements governing aircraft and 

systems design, known as airworthiness standards. Regulatory bodies, such as the 

European Aviation Safety Agency, oversee a wide variety of aviation-related 

activities, including design, operation and maintenance of airborne systems and 

platforms, and also make provisions for the electrical power system architecture. 

Additionally, power-quality requirements for normal and abnormal operating 

conditions of the electrical system are set out in Military Standard 704F. Therefore, 

any interconnecting solution option installed on-board must conform to established 

airworthiness standards and power-quality requirements. 

Moreover, the greater electrification of MEA/E brings with it a new set of protection 

challenges. To supply the ever-growing demand for electrical power, MEA/E 

networks have become larger and more complex, with state-of-the-art models 

capable of nominal electrical-power outputs of around 1 MW. The increased 

complexity of such electrical networks requires significant design undertaking to 

ensure proper and reliable systems operation. This, paired with novel paralleled-

generation schemes that result in an even greater electrical unification of aircraft 

platforms, introduces significant protection and power-quality challenges in 

comparison with isolated topologies.  

Parallel generation systems reduce the isolation of the electrical network, therefore 

advanced, fact-acting protection strategies are required, with higher rated protection 
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devices in comparison to radial systems. As the degree of interconnection increases, 

a greater portion of aircraft systems is exposed to transients and single-point faults 

that may occur in the network. This can create significant issues on a sub-set of 

electrical systems on-board MEA/E that are critical to the safety and continuity of 

flight. In order to function properly, these ‘essential loads’ require higher levels of 

reliability and redundancy in comparison with the rest of the power network. 

Consequently, to safeguard the unobstructed operation of these systems, protection 

equipment will need to detect and clear faults before network conditions breach the 

power quality requirements.  

Arguably, technological advances in the field of civil aviation and passenger aircraft, 

such as the MEA and AEA concepts, have created considerable step changes in 

technology and design philosophy. However, current airworthiness standards and 

requirements do not feature dedicated rules specifically for interconnected systems. 

Consequently, the exploitation and implementation of such innovative design 

concepts, paired with novel paralleled-generation schemes, could risk having to be 

based on standards or requirements that may potentially be unsuitable or antiquated.  

Based on the challenges mentioned above, four key research questions can be posed. 

 How can the interconnection of generation sources be feasibly implemented 

on MEA/E with regards to size and weight penalty? 

 Are current protection systems sufficiently fast to safeguard the unobstructed 

operation of essential loads and unified electrical system? 

 Do the established airworthiness standards permit the implementation of 

candidate interconnecting solutions and do these solutions meet the power-

quality requirements of the aviation sector? 

 Are the current power-quality requirements suitable or strict enough for the 

proper function of interconnected MEA/E? 
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1.1 Summary of key contributions 
 

In addressing the research questions outlined in the previous section, a number of 

contributions are made within this thesis. 

 The implementation challenges and barriers to paralleled generation in future 

MEA/E are identified and categorized, and key enabling technologies that 

will facilitate commercially feasible interconnected MEA/E systems are 

proposed.  

 It is shown that protection methods and certification implications of 

interconnected systems are not sufficiently addressed in the relevant research 

literature and patents for future MEA/E applications with higher power flight-

critical electrical loads. As a result, the systems-level impact of abnormal 

operation of interconnected power systems is not yet well documented.  

 The behaviour of an interconnected MEA/E power system during fault 

conditions is analysed, showing that some configurations can breach power-

quality requirements under fault conditions. 

 The effectiveness of three potential technology-based solutions to provide 

power-quality compliance of interconnected MEA/E power systems under 

fault conditions is analysed. These are: current limiting diodes, solid-state 

power controllers and inductive coupling.  

 Of these, only inductive coupling solutions are shown to provide the 

necessary power-quality compliance. This is achieved by ‘transforming’ the 

short-circuit into a normal voltage transient, permissible by the power-quality 

requirements, for the non-faulted parts of the network. 

 The three most important factors that enable the minimisation of the mass of 

the inductive coupling are shown to be: 

▫ Fast acting fault clearance. 

▫ The level of power quality compliance. 

▫ Power offtake mix and architecture channel configuration.  

 Novel interpretations of existing airworthiness standards are derived which 

accommodate the fault-to-transient transformation realised by inductive 
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coupling solutions. These focus on the requirement to redefine independent 

generation sources and segregation of essential loads in an interconnected 

network. 

 Three new power quality standards for interconnected MEA/E systems are 

proposed. The impact on the technological solutions required for compliance 

to each is examined.  

 It is shown that the adoption of the ‘5ms ride-through’ power quality 

standard, if practically permissible, coupled with very fast acting protection, 

can facilitate the implementation of standards-compliant interconnected 

power networks with no added weight penalty or unacceptable risk to the 

aircraft operation. 

 

1.2 Publications 
 

 T. Kostakis, P.J Norman, S.J. Galloway, “Assessing Network Architectures for 

the More Electric Aircraft”, presented at 49th International Universities Power 

Engineering Conference (UPEC), pp. 1-6, Romania, 2014 

doi:10.1109/UPEC.2014.6934680  

 T. Kostakis, P.J. Norman, S.J. Galloway, G.M. Burt, “Investigations into 

Standards Compliant Paralleled Generation in Civil Aircraft”, presented at 2015 

International Conference on Electrical Systems for Aircraft, Railway, Ship 

Propulsion and Road Vehicles (ESARS15), pp. 1-5, Germany, 

doi:10.1109/ESARS.2015.7101484 

 T. Kostakis, P.J. Norman, S.A. Fletcher, S.J. Galloway, G.M Burt, “Evaluation of 

Paralleled Generation Architectures for Civil Aircraft Applications”, presented at 

SAE 2015 AeroTech Congress, pp. 1-8, USA, doi:10.4271/2015-01-2407 

 T. Kostakis, P.J. Norman, S.J. Galloway, G.M. Burt, “Demonstration of Fast-

acting Protection as a Key Enabler for More-Electric Aircraft Interconnected 

Architectures”, IET Electrical Systems in Transportation, vol. 7, is. 2, pp. 170-

178, doi:10.1049/iet-est.2016.0065 
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1.3 Thesis structure 
 

An outline of the work presented in this thesis is presented in this section. Chapter 2 

introduces the MEA/E concept in more detail and outlines the key differences 

between MEA and conventional aircraft. It addresses the technological challenges 

and breakthroughs of this more-electric shift, and presents novel power generation 

and distribution systems. To provide some context in this area of research, this 

chapter summarizes the evolution of aircraft electrical networks and gas turbine 

engine developments. 

Chapter 3 reviews the state of interconnected generation in the current and past 

aviation industry and presents the challenges associated with paralleled architectures. 

It also identifies key technological drivers that may provide a more feasible route for 

the implementation of such architectures. Finally, it outlines the benefits and 

drawbacks of proposed approaches in the relevant literature. 

Chapter 4 presents the interconnected DC architectures that will be simulated and 

examined within this thesis, and investigates the behaviour of each interconnected 

system under fault conditions. It also presents the tools and methods used to examine 

the viability of several potential solution approaches to mitigate the breaching of 

power-quality requirements set out in MIL-STD-704F for paralleled power networks. 

This chapter concludes by demonstrating that smoothing filtering solutions 

comprised of reactors have the potential to provide voltage compliance for 

interconnected systems under fault conditions. 

Chapter 5 demonstrates that purely inductive interconnecting components appear to 

be sufficient in achieving normal and steady-state voltage compliance, thus focuses 

on the design and implementation of suitable inductive-connection options for the 

candidate DC architectures. It will also highlight the two main variables which 

impact the size of inductance required to achieve bus-voltage compliance, and 

present the apparent trade-off between the size of inductance against these variables. 

Additionally, a weight-penalty estimation analysis of the interconnecting solutions 
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will enable the depiction of the influence of these solutions on the selection of 

generation source type and architectural design at a systems level. 

Lastly, chapter 6 debates alternate airworthiness-standards and power-quality 

interpretations that may be afforded by the implementation of inductors as 

interconnecting mechanisms. This requires the re-evaluation of the requirement for 

independent power sources within the framework of interconnected networks, and 

the subsequent implications of this on generation sources and essential loads. This 

chapter also addresses several key factors that distinguish MEA/E from other 

airborne platforms in the commercial transport sector, and subsequently argues the 

need for a dedicated set of requirements for interconnected MEA/E systems. To this 

end, several candidate voltage envelopes are presented to evaluate the impact of 

potential regulatory changes on the ratings and mass on given inductive 

interconnecting solutions. 
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Chapter 2 

More-Electric Aircraft concept 

 

This chapter will briefly present the More-Electric Aircraft concept and outline the 

differences between MEA and conventional aircraft.  The technological challenges 

and breakthroughs of this more-electric shift are addressed, and novel power 

generation and distribution systems are presented. To provide some context for the 

area of research, the evolution of aircraft electrical networks and gas turbine engines 

is summarised.  

 

2.1 A typical MEA 
 

The concept of the MEA has brought many technological breakthroughs compared to 

conventional aircraft architectures and has changes the way on-board systems are 

designed and utilised. This change has brought along benefits such as sub-system 

weight reductions, optimized performance and reductions in the life-cycle costs for 

the aircraft operator [15]. More specifically, this incremental electrification has 

improved aircraft maintainability as better fault-diagnosis can be afforded through 

build-in components [16] and fewer tools and spares are required, therefore 

achieving faster aircraft turnarounds [17]. Additionally, system availability and 

reliability is improved as electrical distribution is more practical and allows for 

greater reconfiguration flexibility compared to hydraulics [18]. 

Arguably, the three main differences between MEA and conventional aircraft are 

minimisation of bleed-air off-take, engine electric self-start and superior power 

generation and distribution capabilities [19]. Minimising the amount of air that 

would  
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Figure 1. Comparison of a conventional jet engine (left) and a bleed-less (right) [19]. 

 

have been bypassed away from the engine to power pneumatic loads means more of 

the air-intake is transformed into thrust. This, in combination with the engine’s 

ability to electrically self-start consequently makes the respective pipework and 

valves obsolete, as illustrated in Fig. 1, providing further improvements in engine 

reliability [20]. However, the previously pneumatically-powered loads now have to 

be powered electrically.  

Overall, this more-electric architectural shift demands greater on-board power 

generation and distribution capabilities as, inevitably, the electrical substitution of a 

plethora of pneumatic, hydraulic and mechanical loads significantly increases the on-

board electrical demand. To address this issue, aircraft designers have implemented 

novel electrical architectures and distribution topologies, capable of delivering more 

power to ever-more loads, implementing hybrid AC and DC systems and utilising up 

to four voltage types, as will be explained in the next section.  

The Boeing 787 represents the state-of-the-art in MEA as it is the first civil aircraft to 

substitute most of the pneumatic systems with electric equivalents [19, 21]. It is a 

wide-body, twin-engine jetliner which first flew in 2009 and is thought to be 20% 

more fuel-efficient than the Boeing 767 it was intended to replace [22], with around 

8% of that efficiency gain coming from the engines [23]. It is capable of producing 

almost 1.4 MW of electrical power from two variable-frequency 250 kW generators 

per engine and two 225 kW Auxiliary Power Units (APUs) [24]. 

Airbus have also built their most electric aircraft, the A380, a double-decker, wide-

body, four-engine airplane which first flew in 2005. Although it does not have the 

power generation capabilities of the B787, it too features variable-frequency  
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Figure 2. Electrical power generation capabilities of passenger aircraft [25]. 

 

generators and incorporates electrically-assisted actuation on all flight-control 

surfaces [26]. It features one 150 kW generator per engine and two 120 kW APUs, 

capable of producing a maximum of 0.84 MW of power [27]. The on-board power 

generation capabilities of the abovementioned aircraft are depicted in Fig. 2. It 

should be noted that the power generation capability of the B787 in this figure 

includes the electrical power the APU can deliver. 

 

2.2 Electrical power generation and distribution 
 

In conventional aircraft, the electrical distribution system is typically centralized. 

Primary and secondary power distribution units located in the electrical/electronics 

(E/E) bay at the front of the aircraft regulate power to loads spread out across the 

entire aircraft. In this topology, electrical cables have to go from the E/E bay to every 

electrical consumer throughout the body of the aircraft. This topology would have 

been inefficiently heavy for the multitude of new loads a MEA would introduce to 

the electrical network. 
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Figure 3. A comparison between a traditional centralized power distribution system and a de-

centralized MEA ditribution system [19]. 

 

In an effort to reduce the weight and volume implications of the distribution system, 

aircraft designers adopted a de-centralized or remote-distribution system, illustrated 

in Fig. 3. The aircraft is divided into several zones where primary and secondary 

power distribution units regulate power in their respective zones. In this manner, the 

weight and length of power cables is significantly reduced. Boeing estimates that this 

topology reduces wiring on the B787 by 32 km [28]. At the same time, novel power 

generation systems had to be adopted for the MEA/E power supply requirements, as 

technology and solutions applied previously on traditional aircraft were not capable 

of meeting these requirements [29].  

Traditionally, aircraft use a gearbox to produce a fixed-speed shaft from the variable-

speed engine shaft. The fixed speed shaft, known as Constant Speed Drive (CSD), is 

linked to an Integrated Drive Generator (IDG) which produces a constant-frequency 

400 Hz power supply. However, this approach has the disadvantage that the 

mechanical gearbox is heavy, expensive and difficult to maintain due to its 

complexity in design [4]. Even though the IDG has been the predominant generator 

technology for civil aircraft, new MEA/E are turning towards the more efficient 
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Variable Frequency Generator (VFG). A comparison of the two different generation 

systems is shown in Fig. 4. 

By removing the need for constant frequency of supply, it is possible to remove the 

CSD and connect the generator to the engine via an accessory gearbox. In this 

manner, the generator will output 230 V AC power of variable frequency, typically 

in the range of 320 Hz to 800 Hz [30], depending on the rotational speed of the gas 

turbine. This direct approach allows for the elimination of the heavy gearbox that 

would otherwise be used to couple the IDG to the engine shaft, supports the electric 

engine starting ability and makes for a simpler, more reliable generation option [31]. 

However, given that electrical supply of variable frequency cannot be used directly 

for most on-board applications, the drawback of this approach is that now almost all 

loads will require power converters for control. Nonetheless, several applications 

such as flight-control actuators and the Environmental Control System (ECS) still 

require a power conversion stage [4], so the weight penalty is to some extent 

mitigated.  

Overall, the growing electrification of passenger aircraft has increased the on-board 

power generation and distribution requirements, which in turn has increased the size 

and complexity of a MEA/E electrical network, as will be analysed in the following 

section. The B787 for example, has a main AC architecture, features four voltage 

types, 230 V and 115 V AC, 270 V and 28 V DC, and has approximately 1055 

circuits, shown in Fig. 5 [32]. The generated power is fed directly onto the 230 V AC 

bus to power large loads, such as the ECS and wing anti-ice, before being converted 

to other voltage types. ±270 V DC is obtained through Auto-Transformer Rectifier 

Units (ATRUs) to power adjustable speed motors, 28 V DC is obtained through 

Transformer Rectifier Units (TRUs), and finally 115 V AC is obtained via Auto-

Transformer Units (ATUs). 
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Figure 4. A comparison between a fixed frequency generation system (top) and a variable 

frequency generation system (bottom) [4]. 

 

 

Figure 5. Electrical system of the Boeing 787 [32]. 

 

2.3 Evolution of airplane electrical networks 
 

To fully comprehend the complexity of today’s MEA power networks, it would be 

beneficial to briefly review several milestones in the evolution of aircraft networks in 

time. Most if not all were trialled and implemented on board military platforms. In 



15 

 

twin-engine airplanes of the 1940s, each engine powered a 28 V DC generator and an 

inverter was fitted to supply 115 V AC to the flight instruments [21]. The advent of 

the Second World War significantly increased the on-board power requirements of 

military planes as electronic warfare equipment, radio and radar was installed [33]. 

During development of the four-engine Vickers Valiant, it was decided to design the 

airplane as electrical as possible, featuring electric actuators for landing gear, flight 

surfaces, flaps and air brake [34, 35], due to hydraulics being heavier that electrical 

cabling at that time [36]. The Valiant was fitted with one 115 V AC generator per 

engine, and all four generators were paralleled to provide no-break power and an 

increased level of control and circuitry protection [37]. Applications that required 

large amounts of power were connected to the 112 V DC generators. The flight 

surfaces were controlled by AC motors, therefore in the event of a total electrical 

failure, the crew would fly the plane manually, something that required considerable 

effort [38].  

The more advanced Avro Vulcan B.1 featured a primary 112 V DC electrical system 

supplied by four 22.5 kW engine-driven generators, and a secondary system 

consisting of 28 V DC, three-phase 115 V AC at 400 Hz and single-phase 115 V AC 

at 1600 Hz, driven by inverters and transformers from the primary system [39]. The 

voltage level of the primary system was later increased in the B.2 variant to 200 V 

AC at 400 Hz for higher reliability and greater efficiency [40]. All variants of the 

Vulcan featured hydraulically-actuated flight controls but the hydraulic pumps were 

driven by electric motors [41]. A complete electrical failure would result in loss of 

control, as there was no manual reversion, which inevitably led to two aircraft 

crashing due to this [42]. What sets the B.2 apart however, is its then-revolutionary 

four channel AC electrical system featuring TRUs and frequency converters [41], an 

architectural philosophy that can still be found in many airplanes today. 

High power AC generation systems were installed in military fighter aircraft such as 

the McDonnel Douglas F-4 in the 1960s and the General Dynamics F-16 in the 

1970s. More powerful radar systems, radios, advanced weapon systems and avionics 

meant higher power requirements. To cope with the increased energy demand, the F-

16 was fitted with 40/60 kVA generators, driven by a constant speed drive from the 
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engine [43]. The F-16 was also the first fighter jet to introduce a Fly-By-Wire (FBW) 

system [44], a system which eliminates the mechanical linkages between the control 

stick and rudder pedals, and the flight-control surfaces. Consequently, electrical 

systems relayed flight commands to control surfaces through an analogue control 

system in A/B variants, and via a digital computer in later C/D versions [45]. 

However, the FBW system was vulnerable to static electricity, with up to 80% of 

C/D models’ electronics suffering from electrostatic discharge [46]. To prevent a 

single point electrical failure from rendering the aircraft uncontrollable, the FBW 

system was designed with quadruple backup [47], so in case of a fault in one or even 

two channels, the remaining channels would prevent the loss of signals to control 

surfaces. This was a big leap in system redundancy compared to World War II 

fighter aircraft.  

In the 1990s, the McDonnel Douglas F-18 featured even higher levels of redundancy 

in its electrical system. Its electrical system consisted of two 40/65 kVA AC 

generators, two TRUs and two batteries [48]. During normal operation, its two AC 

generators would independently power their respective, isolated AC buses, however 

in the case of one generator dropping offline, power from the operating generator 

would be transferred to the bus of the offline generator via a bus tie breaker, shown 

in Fig. 6. This was made possible as either generator was capable of supplying power 

to the entire electrical system [49]. Additionally, the terminals of the TRUs were 

connected in parallel, with the manufacturer’s manual stating that a short-circuit in 

one of the TRU buses does not affect the operation of the other, as adequate 

protection was in place. Similarly to the generators, one TRU could power the entire 

DC network in case the other failed [49]. Overall, the F-18 would not lose any 

system functionality in the case of a single generator or TRU shutting down. 

Arguably, the last technological milestone in airplane networks today is the advent of 

±270 V DC systems. Again, these systems were first trialled and fitted in state of the 

art military jets, such as the Lockheed Martin F-22 and F-35 [50], for increased 

power density and weight reductions in conductors. The F-22’s electrical system 

consists of two 65 kVA generators, a 27 kVA APU, two 270 V DC/115 V AC and  
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Figure 6. Electrical system of the F/A-18 [49]. 

 

two 270 V DC/ 28 V DC converters [51]. Both fighter aircraft have huge power 

demands due to even more powerful radars, avionics suites and electrically-driven 

hydraulic actuators. This requires the electrical system to respond to rapid load 

changes while maintaining a constant voltage. Another interesting reason into the 

substitution of a main AC architecture with a DC system is for stealth concerns [52], 

with one possible explanation being that design changes were needed for better heat 

dissipation, which in turn improves the aircraft’s protection against heat-seeking 

missiles, however limited information on this topic is available due to its nature. 
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Overall, the transition to a main DC architecture was not without issues, as several 

prototypes of both models suffered electrical failures that led to crashes and fleet 

groundings [53]. On one occasion, a short-circuit disabled the flight controls of the 

horizontal stabiliser on a F-35 [54] and a feeder arc resulted in the total aircraft loss 

of a F-22 [55]. In today’s MEA/E, only the B 787 features a 270 V DC system, as the 

A380 only utilises a 28 V DC generation [56]. The historic evolution of aircraft 

electrical systems is summarized in Fig. 7. 

The technological breakthroughs, and more importantly, the lessons learned from 

military aircraft design have been passed-on down to passenger airplanes, given that 

civil aviation aircraft have to adhere to stricter redundancy requirements and safety 

regulations, explained in greater detail in the next chapter. These requirements have 

shaped the design, development and certification of on-board systems, and have 

imposed a multiple-redundancy philosophy for hydraulic and electrical systems. As 

these systems have been traditionally powered by the aircraft’s engine, any shift in 

aircraft- or system-design philosophy will inevitably be reflected in the engine design 

approach as well. The next section briefly analyses advances in aircraft engines and 

how the MEA/E has changed the gas turbine. 

 

 

Figure 7. Evolution of aircraft electrical networks [21]. 
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2.4 Evolution of aircraft engines 
 

A turbofan jet engine produces thrust by igniting pressurized air in its high-pressure 

(HP) turbine (or combustion chamber) which exits the back of the engine as very hot, 

high-velocity exhaust gas, and in the process, spins a low-pressure (LP) shaft which 

turns a fan in the front of the engine. Most of the air pushed rearwards by this fan 

bypasses the turbine. The ratio of air mass-flow that bypasses the turbine compared 

to the air mass-flow that enters the turbine is known as the bypass ratio. Most civil-

aviation aircraft in use today are fitted with high-bypass type engines [57, 58]. High-

bypass engines offer many benefits compared to turbojets or low-bypass jet engines 

of the past. As moving large volumes of air at slower speeds is more energy-efficient 

than moving small amounts of air at large speeds [59], high-bypass engines are 

therefore quieter and more fuel-efficient [60].  

Additional advances have been made in the mechanical design of the engine, more 

specifically in the number of spools. Early designs featured a single shaft connecting 

the turbine to the fan, therefore both components rotated at the same speed. This was 

inefficient, as the bigger blades of the fan cannot be rotated as fast as the smaller 

turbine blades due to stress limitations [61]. Multi-spool engines allow the HP and 

LP shafts to rotate at their optimum speeds, further improving performance and 

efficiency [11]. To date, engine manufacturer Rolls-Royce produces the only three-

spool, high-bypass ratio jet engines available, the Trent series. Besides the HP and 

LP shaft, this family of engines features an Intermediate Pressure (IP) shaft, shown in 

Fig. 8, from which electrical power can also be off-taken to aid with the greater 

power requirements of MEA/E [62]. 

Digital technology and data transmission systems have made the integration of 

digital control systems with aircraft flight control systems and avionics possible [21]. 

Systems like Full Authority Digital Engine Controls (FADEC) control and monitor 

all aspects of the engine’s performance, allowing it to operate at maximum efficiency 

for a given flight condition. This system allows for optimum fuel management, and 

also provides the engine manufacturer with engine prognostics and diagnostics, 

potentially aiding in the reduction of maintenance costs [63]. To monitor the engine  
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Figure 8. A Trent 1000 engine with Intermediate Pressure (IP) shaft off-take [11]. 

 

status and performance requires mounting electronic control-units on to the engine 

itself, however, this can be a challenging undertaking not only due to thermal and 

vibration concerns, but also in terms of electrical power provision for these units and 

sensors. An adequate engine electrification network is therefore necessary in order 

for FADEC systems to operate properly.   

The MEA/E has undoubtedly changed aircraft engine design, as the minimisation of 

hydraulic and mechanical engine off-takes led to a greater electrification of engine 

accessories [8]. Hydraulic pumps and mechanically-driven fuel and oil pumps for 

example are replaced with electric motor-driven equivalents, reducing complexity 

and increasing reliability [64]. The electrical self-start of the engine eliminates the 

accessory gearbox and shaft, and improves starting performance in cold conditions 

[65]. Active magnetic bearings have showed promising results as an alternate way of 

supporting rotating engine assemblies, and could potentially eliminate the complex 

oil system and its accessories of pumps, coolers and filters [66]. These technological 

advances are associated the More-Electric Engine (MEE) concept, the engine-

equivalent to the more-electric airplane philosophy [67, 68]. 

Apart from the MEE, advances have also been made at a mechanical level. Super-

alloys and new blade/vane cooling techniques enable the HP turbine to operate at a 

higher overall pressure ratio and temperature [69]. This raises the core’s thermal 
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efficiency, which in turn increases the fuel efficiency of the turbofan [70]. However, 

by increasing the overall pressure ratio of an engine cycle, it becomes more difficult 

to operate the engine at low power/rpm without encountering compression surge, a 

violent and damaging reversal of airflow through the compressor [71]. This 

phenomenon will be analysed in more detail in Chapter 3 (section 3.3.1). 

The ever-increasing electrification of MEA/E imposes the need for new technologies 

and novel electrical architectures [8], without adversely affecting the pre-existing 

levels of reliability of today’s systems. New power-system design options that could 

reduce fuel consumption and improve engine operability are needed, with one 

possible choice being the interconnection of generators to produce a single combined 

power source.  

 

2.5 Chapter summary 
 

This chapter reviewed the MEA and MEE concepts and outlined the key differences 

between MEA and conventional aircraft. It addressed the technological challenges 

and breakthroughs of this more-electric shift, and presented novel power generation 

and distribution systems. Arguably, the latest technological milestone in military and 

commercial airplane networks today is the advent of ±270 V DC generation and 

distribution systems. The ever-increasing electrification of MEA/E systems imposes 

the need for new technologies and novel electrical architectures. To satisfy the need 

for reduced fuel consumption and improved engine operability, this chapter 

identified that new power-system design options are needed, with one possible 

choice being the interconnection of generators to produce a single combined power 

source.  
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Chapter 3  

Interconnected Generation 

 

This chapter will briefly review the state of interconnected generation in the current 

and past aviation industry and present the challenges associated with paralleled 

architectures. It will also identify the key technological drivers that may provide a 

more feasible route for the implementation of such architectures. Finally, it will 

summarize the benefits and drawbacks of proposed approaches in the relevant 

literature.   

 

3.1 Historical review  

 

Up until the 1950s, interconnected generation was the design approach in military 

bombers, such as the Vickers Valliant. In 1951, there was a regulatory attempt in the 

United States to standardize the civil-aircraft power supply requirements, as to that 

date, 36 different varieties of electrical-power requirements for accessories existed 

[72]. It was typical for the electrical system to be comprised of different equipment 

from various sources, and put together and operated for the first time after the 

installation on-board the aircraft [73]. This was detrimental for the integrity of the 

electrical system and unacceptable for civil aviation standards.  

In 1952, the very first commercial airliner was launched, the De Havilland Comet 1. 

The Comet 1 featured four 2.5 kVA generators which were linked, via individual 

rectifiers, to a common 28 V DC bus [74]. It was soon realized however that an 

interconnected system brings with it significant protection challenges. AC faults had 

the tendency to trip the transformer’s relay, shutting down the system, whilst DC 

busbar short-circuits would “kill the supply to all connected sets” [75]. For safety 

purposes, split busbar systems with at least two busbars per aircraft were advocated. 
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Significant changes were carried out on the Comet 2E variant due to the installation 

of the autopilot/autoland system. This system requires the autopilot and flight 

director functions to be powered from separate power supplies, so no common failure 

can affect both systems. This was due to the assumption that a complete loss of 

electrical power occurring in close proximity to the ground could cause disaster 

during low/bad visibility automatic landings [76]. To provide a high standard of 

safety, it was required that no single fault condition could cause the loss of more than 

one power supply to the flight control system. Consequently, the power system was 

redesigned with no paralleling of generation, in order to provide the triplex flight 

control system with three separate sources of AC power.  

Within the first year, several Comets experienced a series of in-flight breakups and 

catastrophic failures in well-publicized accidents [77]. Following the grounding of 

the Comet fleet, valuable lessons were learned regarding metal fatigue and aircraft 

design, and significant changes were made to later variants. As a result, the electrical 

distribution system of the Comet 4 was re-designed, with more powerful alternators 

and separate busbars backed-up with separate emergency busbars [78]. 

In 1957, the first Boeing jet airliner, the four-engine B707, was designed with an 

interconnected generation architecture [79].  It featured a primary three-phase 115 V, 

400 Hz AC system, where the generated power from its four 30 kVA generators 

could be supplied to any load bus via a synchronising bus tie loop [80]. In this 

manner, any combination of generation sources could be paralleled to aid with the 

total power demand. Finally, TRUs derived 28 V DC power from the main AC 

system. 

The same interconnected power-generation architecture was adopted for the four-

engine B720 and the three-engine B727 that followed [79, 81]. This provided a 

means for powering all buses in case one or two generators were inoperable [82]. 

When power of acceptable quality was achieved, the respective generator buses 

would be connected to the synchronisation bus via bus tie breakers. The maximum 

continuous load for a generator operating separately was 36 kW, however when the 

generators were paralleled, the power output was not linear, with the output of two 

paralleled generators being limited to 54 kW, and three paralleled generators being 
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limited to 102.5 kW [83]. In the B 727, the two TRUs were also connected in parallel 

via a current limiter as a backup measure in case of a loss of one of the units, as 

either unit was capable of powering the loads on both DC buses [83].  

In Boeing’s first two-engine aircraft, the B737, the interconnected architecture was 

replaced by a fully isolated, three-phase, 115 V, 400 Hz two-channel AC system 

[84]. The electrical system would not allow any paralleling of generation sources, 

and the connection of a new power source to an already power bus would cause the 

disconnection of the existing source [85]. In normal operations, each generator would 

power its respective AC bus, but in the case of a generator failure, a bus transfer 

relay would provide power to the opposite bus. Under one-generator operations, the 

system was designed to perform incremental load sheading, based upon actual load 

sensing [86]. The B737 featured three TRUs to derive 28 V DC, two main and one 

backup, with either two being able to power all DC loads. In the event of a double 

engine or generator failure, a nickel-cadmium battery would provide emergency DC 

and AC (via a static inverter) power for approximately 30 minutes of flight time [87].   

In 1969, when the four-engine B747 came out, Boeing opted again for a 115 V, 400 

Hz AC interconnected generation architecture, similar to its previous three- and four-

engine models [88]. The electrical system of the B747 features paralleled generation 

both on an AC and DC level, and is depicted in Fig. 9. Each engine-driven IDG is 

connected to its respective AC bus via a Generator Circuit Breaker (GCB). To 

interconnect the generators, each AC bus is then connected to the synchronising 

(SYNC) bus through Bus Tie Breakers (BTBs). 28 V DC power is derived from four 

TRUs, each connected to its respective AC bus, and all four TRUs are paralleled via 

DC Isolation Relays (DCIRs) on to the DC Tie Bus.  

For such a broadly interconnected system however, there had to be operational 

limitations to ensure safe operation of electrical subsystems [89]. Any combination 

of AC-generator paralleling on the SYNC bus was possible, as long as the voltage 

and frequency were within limits. Load controllers ensured that the output of  
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Figure 9. Boeing 747 electrical power generation system (adapted from [88]). 

 

generators was balanced, consequently if a generator was contributing more than its 

equal share of loading, it would be isolated to supply only its own bus load. As in the 

B727, when more than one generator is paralleled, the contribution per-generator 

would reduce. In early variants, each generator was rated at 57 kW (60 kVA) but 

limited to 54 kW in isolated mode, the output of two interconnected generators was 

limited to 81 kW, and when three and four generators were paralleled, the total 

output was limited to 51 kW [89].  One possible explanation for this could be 

because of protection equipment tripping ratings and limitations. If the electrical 

demand exceeded the available power, the system was designed to automatically 

shed galley loads first, followed by utility loads, such as passenger lights and 

entertainment systems, air-conditioning and lavatory equipment. In the -400 version, 

the generator rating increased to 90 kVA, but in all variants, if the IDG is 

mechanically disconnected from the engine accessory gearbox, it may not be 

reconnected in flight [90]. 

In normal operating conditions, power from all four AC generators is synchronised 

and interconnected, however during automatic instrument-landing approaches below 

1,500 ft, AC and DC buses are respectively isolated [91]. In this manner, each of the 
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three autopilot’s flight control computer is powered by an independent electrical 

source, thus achieving higher levels of redundancy and reliability for the autoland 

system. AC bus 4 will keep powering the SYNC bus, and via automatic system 

reconfiguration, any other AC bus in case of a generator failure above 200 ft. Below 

200 ft., a generator failure may result in the loss of an autopilot channel as the system 

will not reconfigure itself. 

After the B747, Boeing appear to have shifted again to isolated, two-channel 

electrical systems for its future twin-engine aircraft, such as the 757, 767, 777 and 

787 [92-95]. The most recent variant of the ‘jumbo’ family however, the B747-800 

which was launched in 2010, still maintains the interconnected generation 

architecture of its predecessors, both in the passenger and cargo version [96]. Airbus 

on the other hand, does not appear to have implemented any interconnected 

generation scheme on any of its civil-aviation aircraft, including the four-engine 

A340 and A380 models [97-99]. 

Overall, interconnected generation is relatively rare in the current aviation industry, 

as most aircraft power networks feature isolated radial architectures. One reason for 

this can be attributed to protection issues as in an isolated network, transients and 

faults do not propagate through the entire network, but remain confined to a specific 

channel and do not affect the operation of other flight-critical loads and buses outside 

the faulted area. Isolated generation sources also help in constraining the fault 

current, as in an interconnected network the fault contribution would be considerably 

greater. In turn, this requires smaller-rated and lighter protection equipment, further 

minimising the weight penalty of the electrical system. 

 

3.2 Implementation challenges 

 

The key challenges associated with interconnected-generation architectures can be 

broadly divided into three categories: electrical generation technology, airworthiness 
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standards and protection equipment. This section will briefly present the difficulties 

incurred by each category. 

 

3.2.1 Generation technology 
 

For several decades, the predominant civil-aircraft generation system has been the 

constant-frequency IDG. In 2006, it was estimated that 95% of all in-service civil 

aircraft at one point employed mechanically-regulated constant-frequency  

generation systems [100]. As described in Chapter 1, the IDG produces AC power of 

constant 400 Hz frequency, regardless of the rotational speed of the engine, therefore 

AC interconnection options such as on the B 747 could be readily implemented. 

However, this generation system was complex and had a relatively low power 

conversion efficiency. As many AC loads, such as motors, require adjustable-

frequency control to arrive at the preferred operating torque or speed, constant-

frequency power is not optimal for their operation. 

Advances in high-power solid-state switching devices have enabled an alternative 

method for constant-frequency generation to be obtained, through Variable Speed 

Constant Frequency (VSCF) systems [21]. In such systems, the generator is 

connected directly on to the engine and produces variable-frequency AC power, the 

frequency of which depends on the engine’s rotational speed. The generator output is 

then processed by a power converter and filter to produce constant-speed AC power. 

Typical implementations achieve power conversion via a cycloconverter, matrix 

converter or DC-link systems [66, 101, 102]. A VSCF system removes the unreliable 

constant-speed drive of the IDG  and VSCF cycloconverters are more efficient than 

constant-frequency or DC-link systems [31], however there is a reliability issue as all 

generated power passes through that converter, therefore it remains a rarely chosen 

option [4]. Although VSCF systems were originally designed to be more reliable 

than IDGs, in practice they proved to be problematic on the MD-90 [103, 104] and 

B737 [105]. Particularly for the latter, up until 2001 before modifications where 

introduced, VSCF system reliability was approximately a third than of constant-

speed drives, and models equipped with such systems were limited by the UK Civil 
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Aviation Authority to be within 45 minutes of flight-time from a suitable airport. 

Despite these issues, an improved VSCF system serves as backup for AC generation 

on the B777 [106]. 

In recent years, the aviation industry has shifted to the more reliable and efficient 

VFG. Compared to the IDG, this technology increases the overall power system 

reliability, and has the potential to reduce operating costs by up to $16 per flight hour 

[107]. The AC power produced by the VFG is of variable (or ‘wild’) frequency in the 

range of 320 Hz to 800 Hz, depending on the engine spool speed. This variable-

frequency characteristic does not allow for a direct connection of the generation 

sources [108]. Consequently, AC interconnection options for MEA/E equipped with 

VFGs, like the B787 and the A380, would require additional frequency-regulating 

equipment and converters. For the required power ratings/levels however, new 

converter-design topologies and conversion topologies are needed, as existing 

frequency converters are not designed for aviation use, and are therefore heavy and 

bulky [100, 109]. The incurred weight and volume penalties seem to render this 

approach unfeasible. 

In an effort to reduce weight and deliver efficiency benefits, more advanced 

electrical systems feature DC distribution, with a smaller subset of airborne 

platforms making use of DC for primary generation. The feasibility and advantages 

of this design approach will be presented in more detail in Section 3.3.2. 

 

3.2.2 Airworthiness standards and power quality requirements 
 

A wide variety of aviation-related activities, including aircraft design and 

maintenance, are regulated, to promote safe aviation and protect crew, passengers 

and the greater public from unnecessary risk. In the U.S., the Federal Aviation 

Administration (FAA) sets the airworthiness requirements for aircraft and systems 

design, maintained in Title 14 of the Code of Federal Regulations [110]. In Europe, 

the European Aviation Safety Agency (EASA) maintains its “Certification 

Specifications for Large Aeroplanes CS-25” [111]. Both of these codes set out rules 
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governing aircraft design and certification, and also make provisions for the 

electrical power system architecture. 

To avoid a single point-of-failure in the electrical supply network, CS-25 requires 

that aircraft have two or more independent sources of electrical energy. The power 

sources are required to “function properly when independent and when connected in 

combination”. This suggests that to some degree, that interconnection is compatible 

with the standards, however, “no failure or malfunction of any power source can 

create a hazard or impair the ability of remaining sources to supply essential loads”. 

In turn, this requires considerable design effort and fast-acting protection equipment 

to achieve the desired reliability on an interconnected system [112]. 

CS-25 defines essential loads to be “each installation whose functioning is required 

for type certification or by operating rules and that requires a power supply”. The 

power system as a whole is required to continue to supply essential loads after 

“failure of any one prime mover, power converter or energy storage device”, and 

after failure of any one engine on twin-engine aircraft, and any two engines on three 

or four-engine aircraft. Essential loads that require an alternative power source must 

continue to operate after “any failure or malfunction” in any one power supply 

system, distribution system, or other utilisation system”. Furthermore, duplicate 

systems or equipment installed to satisfy the above requirements must be sufficiently 

segregated, to “minimize the risk of a single occurrence causing multiple failures of 

circuits or power supplies of the system concerned”. These requirements and 

provisions necessary for essential loads have shaped modern aircraft architectures 

into having multiple isolated supplies. 

In modern commercial aviation, jet aircraft are designed to be flown by a two-man 

crew, with captain and first officer having two separate flying stations with duplicate 

instruments and flight controls. Electrically powered liquid-crystal displays have 

replaced traditional analogue gauges, dials and switches, transferring more 

information to the flight crew whilst reducing space requirements inside the cockpit. 

Electronic flight displays have realised the ‘glass cockpit’ concept, enabling aircraft 

manufacturers to customise their cockpits, and at the same time improve flight safety 
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by augmenting pilot understanding of the airplane’s status relative to its environment 

(situational awareness) [113].   

CS-25 stipulates that a failure of one power source must not affect the same 

instrument of both pilot stations, which seems to imply that multiple isolated supplies 

are required. An additional requirement is that two supplies are provided to each 

instrument, which can be manually or automatically inter-switched in the event of 

loss of power on the primary supply. These requirements are satisfied on the B747 by 

providing the captain’s and first officer’s instruments from AC Bus 2 and 3 

respectively, whilst AC Bus 1 provides the automatic switchover option in case of 

loss of power on either of these buses [90]. It can therefore be assumed that when the 

B747 electrical network is in parallel generation mode, a temporary loss of power is 

acceptable to facilitate switchover of power sources and/or breaking of the bus tie 

breaker to isolate the power supplies. 

Power quality requirements for AC and DC systems are defined in the U.S. Navy 

Military Standard MIL-STD-704 (currently in revision ‘F w/Change 1’, discussed 

herein) [114], which establishes the requirements and characteristics of electrical 

power provided at the input terminals of all electric utilisation equipment. The on-

board electrical system is required to provide satisfactory quality electrical power (as 

defined for each system) during all operations of the power system, and provisions 

are made for abnormal operation, to which the systems is expected to conform to 

during faults or malfunctions of the electrical network.  

Normal operation is defined as the intended operation of the power system in the 

absence of faults or malfunctions that degrade performance beyond the established 

requirements. It includes prime mover speed changes, switching of utilisation 

equipment, and synchronising and paralleling of power sources. On the other hand, 

abnormal operation occurs when “a malfunction or failure in the electric system has 

taken place and the protective devices of the system are operating to remove the 

malfunction or failure from the remainder of the system before the limits of abnormal 

operation are exceeded”. The limits set out in MIL-STD-704F for normal and 

abnormal operation include quantitative restrictions on voltage, frequency and 
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transients, however, as the primary focus of this thesis is a 270 V DC platform, 

detailed requirements following will be limited to 270 V DC systems. 

Normal operation (or steady state) 270 V DC characteristics define the steady state 

voltage range to be between 250 V and 280 V, with a permissible voltage ripple of 6 

V. The normal voltage transient limits, or normal voltage envelope, for 270 V DC 

systems is shown in Fig. 10, whilst the overvoltage and undervoltage values during 

abnormal operation “shall be within the limits” of Fig. 11 [114]. A transient can 

occur as a result of “normal disturbances such as electric load change and engine 

speed change” or “of a momentary power interruption or an abnormal disturbance 

such as fault clearing”. Normal transients are defined as transients that exceed the 

steady state limits (250V to 280V) but remain within the specified normal transient 

limits, whilst transients that “exceed normal transient limits as a result of an 

abnormal disturbance and eventually return to steady state limits are defined as 

abnormal transients”. It is therefore evident that the transient fault response caused 

by an electrical fault is considered by the standards to be an abnormal voltage 

transient. 

Overall, the restrictions imposed by the standards would need to be satisfied by any 

new architecture. To date, there is no specific standard dedicated exclusively to 

parallel generation systems, and there are no provisions for an interconnected system 

functioning under abnormal operation conditions. Although it is permissible by the 

standards for the voltage level to collapse for a duration of seven seconds under 

‘abnormal operation’ rules, however a loss of power of such magnitude can 

potentially have a detrimental impact on flight-critical and essential loads in the 

greatly electrified network of MEA/E. Logically therefore, it would seem necessary 

that in any interconnected system, a fault on one supply channel should not cause the 

power quality on the remaining channels to deviate from acceptable levels as defined 

by MIL-STD-704F, i.e. the normal transient limits. Essentially, this work will not 

assume that the ‘abnormal’ voltage performance can be adhered to across all inter-

connected channels in the event of a fault, even if an MEA would allow for 

interconnected generation. This interpretation will be used as the basis for simulation 

studies in the following chapter. 
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Figure 10. Envelope of normal 270 V DC voltage transient [114]. 

 

 

Figure 11. Envelope of abnormal 270 V DC voltage transient [114]. 
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3.2.3 Protection equipment 
 

The greater electrification in MEA/E brings with it new power distribution 

architectures, with a greater number of on-board systems depending on power 

electronics. The increase in electric power demand has provoked an increase in the 

voltage levels both in AC and DC systems. Traditional 115 V AC systems have been 

replaced with 230 V AC, and novel ±270 V DC-voltage buses have been 

incorporated in aircraft power networks [115, 116].  The implementation of such 

complex architectures significantly increases the protection burden for isolated 

networks, let alone interconnected systems. 

Parallel generation systems reduce the isolation of the electrical network, therefore 

advanced, fact-acting protection strategies are required. As the degree of 

interconnection increases, a greater portion of aircraft systems is exposed to 

transients and single-point faults that may occur in the network. Consequently, 

protection equipment need to detect and clear faults before network characteristics 

breach the power quality requirements set out by the standards.  

Traditionally, circuit breakers are the most common protection devices for 28 V DC 

and 115 V AC systems [117]. Their functionality is limited however, as they cannot 

detect and isolate arc faults, require monitoring due to aging and exhibit poor 

performance at high DC voltage [118]. One of the challenges associated with DC 

protection is that the fault-current waveform does not have a zero crossing, therefore 

electromagnetic DC circuit breakers are heavier and larger compared to an equivalent 

AC device [119]. In the aviation environment, where weight and volume come at a 

premium/cost, the increased size of electromagnetic circuit breakers (EMCBs) for the 

±270 V DC distribution system, paired with their relatively large tripping time of 

approximately 10 ms, makes them undesirable for such applications [9].  

Recent advancements in DC protection devices may enable such protection 

capabilities to be realized. Solid State Power Controllers (SSPCs) and Fault Isolation 

Devices (FIDs) [117, 120, 121] offer improved functionality which could potentially 

enable a larger degree of interconnection in the power network. SSPCs in particular, 

can detect and isolate arc faults, have very fast operation times (3 μs - 25 μs [117, 
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122]) and no moving parts, making them ideal candidates for the harsh operating 

environment of aviation. Component advancements have allowed the addition of new 

functions and capabilities on SSPCs, such as enabling the control of loads in variable 

frequency AC [123, 124]. Although there has been encouraging research in the field 

of protection devices, few commercial devices exist which can operate either at the 

voltage level or the current level required for 270 V DC distribution on MEA/E 

[125]. Devices that can simultaneously meet the greater voltage and current 

requirements of an interconnected MEA/E system do not appear to be commercially 

available yet [117, 126].  

 

3.3 Drivers for change 

 

In a typical land-based electrical network, interconnection of numerous power 

sources allows for multiple power paths, better frequency control and greater system 

inertia. Aircraft power networks however are inherently different, as the compact 

nature of system does not encapsulate large amounts of inertia and the electrical 

frequency on MEA/E is variable by design [127].  

The benefits of generation-source paralleling in aircraft electrical networks include 

multiple power flows and increased security of supply to flight-critical loads. From 

an electrical standpoint, these factors could potentially reduce the need for backup-

generation infrastructure, although this infrastructure could be called upon in case of 

a hazardous mechanical failure condition, such as the remote event of an all-engine 

failure. Additionally, interconnected generation could also support power 

transferring and power sharing from the aircraft engine if dual/plural offtakes from 

independent shafts are employed [128]. The key drivers for revisiting interconnected 

generation schemes, including but not limited to multi-shaft power offtakes and DC 

distribution schemes, along with their benefits, will be analysed in the next sessions. 
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3.3.1 Efficiency gains through multi-shaft offtakes 
 

In Chapter 2, it was briefly mentioned that advances in material technology and 

cooling techniques have allowed the operation of the turbofan engine at a higher 

overall pressure ratio and temperature, thus improving the core’s thermal efficiency, 

and consequently the fuel efficiency of the engine. However, by increasing the 

overall pressure ratio, engine stability becomes more difficult to retain at low 

power/rpm, and could potentially lead to a disruption of airflow in the compressor, 

known as compressor stall. Stalls range in severity from a momentary drop in power 

to compression surge, the catastrophic complete loss of compression. For a safe and 

stable operation therefore, the engine should be operated at a safe margin away from 

the surge point under idle or low thrust conditions.  

At the same time, engine operation closer to its surge point makes it more fuel-

efficient, and potential fuel savings could be realisable during the portion of flight 

spent under these conditions [112]. However, traditional engine designs that extract 

all required power from the HP shaft negatively affect engine-stability control [129]. 

The high and relatively constant operating speed of the HP spool renders it an ideal 

candidate as a source of mechanical power to drive the generator, but the higher load 

placed on the HP core can have a detrimental effect on engine performance at low 

power settings, for example when idly descending. 

In an effort to obtain engine operability/performance benefits and reduce the 

necessary surge margin, and thus fuel consumption, researchers have explored the 

use of multiple shaft off-takes and power transfers between shafts [129-133]. As the 

option of installing larger generators is not always possible due to space and design 

constraints, drawing power from the LP or IP spool shaft could be an alternative 

approach in extracting power in a more fuel-efficient manner. Benefits in engine 

performance can be realized by selectively controlling electrical power extraction 

between the HP and LP (or IP) shafts [130]. As engine operation varies throughout 

the flight cycle, with high rotational speeds during take-off and climb and low 

rotational speeds during taxiing and decent, one portion of the engine may be capable 

of producing more power than is required at a specific operating point compared to 
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another portion of the engine [134]. Therefore multi-shaft power-extraction 

optimisation is necessary to ensure engine excess capacity is not left unused.  

Derouineau in [135] proposes a multi-shaft offtake configuration where generator 

control units (GCUs) regulate the output of each AC or DC generator in relation to a 

wide variety of operational parameters, such as engine thrust setting, turbine 

rotational speed, aircraft speed and altitude, power network configuration and 

electrical system load. The complicated control of the LP and HP power mix is 

thought to improve the surge margin and engine operability during high-power 

extraction demands. 

Colin et al propose a twin-rotor electrical machine driven concentrically by both the 

LP and HP spools of the engine [136]. In one configuration, electrical power can be 

extracted from both spools using speed-reducing gearboxes, and in another 

embodiment, the rotors are mounted directly onto the engine without the need of a 

gearbox, which would have a negative impact on the mass of the engine. 

Additionally, transferring power between shafts could aid in engine starting and 

could allow for better stability control without the use of traditional techniques such 

as air bleed and variable stator vanes [136-138]. Lastly, an LP-mounted generator 

appropriately designed could have the potential to generate power in case of an 

engine failure by exploiting the windmill effect [68, 139], and consequently replace 

the high-maintenance Ram Air Turbine (RAT) system used today [140]. 

 

3.3.2 Growing use of DC distribution 
 

Since the 1940s, aircraft electrical networks have employed DC distribution of up to 

28 V for avionics, low-voltage DC loads, battery-driven services and emergency 

generation. In recent years, modern passenger aircraft like the B787 make use of an 

additional ±270 V DC distribution system for large DC loads, such as Environmental 

Control System (ECS) compressors and fans, electric motor pumps and engine 

starting. The use of higher-voltage DC contributed to the reduction in size the of 
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current-carrying conductors, which in turn reduces voltage drop, power dissipation 

and weight [21].  

The initiative for main 270 V DC generation was first implemented in state-of-the-art 

military jets, such as the Lockheed Martin F-22 Raptor and the F-35 Lighting [50], 

and the Boeing-Sikorsky RAH-66 Comanche helicopter [141]. The F-22 does not 

power any flight-critical loads from its main DC system, therefore it maintains both 

28 V DC and 115 V AC distribution systems [142]. The F-35 that followed features a 

greater 270 V DC architecture, with critical loads being powered from the 270 V DC 

system,  and 270 V DC batteries, actuators, and emergency generation systems [142, 

143]. The vaster utilisation of a higher-voltage DC architecture for all load types, 

flight-critical or not, was attributed to technology maturation and risk reduction 

processes [144]. As with any new technology however there were teething problems, 

with several test planes experiencing electrical faults, ranging from electrical shorts 

disabling flight controls [145], to a fleet-wide grounding after an in-flight dual 

generator failure [146, 147]. 

In civil aviation, the state-of-the-art in all-DC aircraft is represented by the Dassault 

Falcon 7X, a three-engine business jet which first flew in 2005 [148]. Its electrical 

system consists of three engine-driven 28 V DC brushless generators, two 24 V DC 

batteries, two permanent magnet alternators and a RAT, resulting in a total of eight 

potential DC power sources [149]. Granted that a relatively small passenger aircraft 

such as a business jet has low electrical demands, this permits the use of low-voltage 

DC distribution and SSPCs for electrical protection, without a significant increase in 

weight [150]. To further aid the electrical protection of the system, the left and right 

buses are segregated throughout the flight, and the generators are automatically 

disconnected from the network in case of under/over-voltage conditions.      

The implementation of multi-shaft power offtakes and power transfer between shafts 

requires paralleling generators operating at different fundamental frequencies [151, 

152]. The generation sources could be more feasibly interconnected within a DC 

system architecture in a more efficient and lightweight manner [153-155]. Higher 

voltage DC distribution may provide a more feasible route for paralleled generation, 
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the use of which is growing within MEA and MEE systems for a number of reasons 

[67].  

DC distribution eliminates the need for frequency and phase synchronisation, 

therefore the paralleling of non-synchronous power sources can be better facilitated, 

and also promotes a reduction in cable size and weight [156]. Research has shown 

that in comparison with an AC system, a DC architecture may provide a more 

efficient electrical network [31, 157], partly by allowing the generators to run at 

more efficient operating points [9], and by reducing the number of power conversion 

stages between source and load [156]. Granted the potential benefits offered by DC 

distribution for parallel systems, an interconnected DC electrical architecture will be 

the main platform studied within this thesis. 

 

3.4 Review of relevant literature 

 

To date, the academic literature on parallel generation has mainly focused on three 

key topics, the benefits afforded by interconnected generation architectures, novel 

converter and load-grouping topologies, and relevant power/generator control 

strategies, all examined under normal operating conditions. However, the system-

level impact paralleled generation may have under abnormal operation conditions is 

not well documented and the proposed designs do not address the certification 

implications of airworthiness standards and requirements. In particular, the voltage 

disturbance during an electrical fault could potentially propagate throughout the 

entire network and lead to a breach of the power quality requirements, as Chapter 4 

will illustrate. 

Chang and Wang in [100] propose a power distribution architecture, shown in Fig. 

12, with two parallel conversion subsystems, implemented via bi-directional VF-CF 

power converters. A portion of the generated variable-frequency AC power is fed 

through the bi-directional converters and the outputted constant-frequency power is  
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Figure 12. Power distribution architecture utilising bi-directional power converters [100]. 

 

distributed to loads grouped according to their voltage and frequency requirements, 

before being rectified to power the 270 V and 28 V DC buses. Although there is 

mention of the power quality requirements in this research, it is carried out with 

respect to input current harmonics and total harmonic distortion. Additionally, one of 

the candidates studied to act as a bi-directional converter includes the cycloconverter, 

a device that was shown to be unreliable in previous aircraft models (MD-80, B737). 

Reference [158] relates to a 230 V AC aircraft supply system comprising of different 

generators, where the combined generator output is rectified to ±270 V DC by an 

AC/DC converter  and then distributed to distinct load zones via paralleled power 

modules. Electrical protection is implemented via switching matrices which 

reconfigure the contactors in the event of a power module failure. In this 

implementation however, having all the generated power passing through a single 

converter creates a big reliability issue, and additionally, a disruption or fault in the 

AC supply will disrupt the entire power network. 
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In reference [159], Michalko proposes a multi-shaft off-take method in which the 

outputs of the engine-driven LP and HP generators are paralleled onto a common DC 

bus. The power mix is then managed by control of the terminal voltage of each 

machine. Although this is potentially the simplest multi-shaft offtake arrangement, 

its most significant drawback is that a fault on the DC bus will result in the loss of 

supply to all generators.  

In a similar approach, Yue et al. [160] propose the paralleling of all generators onto a 

common DC bus, illustrated in Fig. 13, where each GCU controls the power share of 

each generator. A supervisory controller responsible for power allocation amongst 

generators then controls each GCU in accordance with electrical loading/demands. 

Although contactors or other protection devices may provide some fault isolation 

capabilities, a fault on the common DC bus will disrupt all generation sources across 

the network. The same disadvantage can be seen in [161], where the left and right 

primary HVDC buses are interconnected. 

For the DC distribution system in [162], SSPCs are installed as bus-ties between 

HVDC segments of the power network. In this embodiment, the bus-ties are usually 

open, however they are activated under emergency operating conditions, i.e. loss of 

power source, thus allowing power from one HVDC bus to flow to the adjacent 

HVDC bus. As this implementation is designed for emergency-mode operation and 

not for normal operating conditions, it does not address the ‘normal’ certification 

requirements. 

Other offtake methods which seek to achieve power transfer between shafts, such as 

[163, 164], although differ in their implementation approach, assume normal engine 

operating conditions  and do not consider an on-engine electrical fault. Overall in the 

literature, relevant patents seem to offer significant gains with respect to engine 

operability and fuel-burn reduction, however they do not address the certification 

implementations regarding protection methods and the interconnection of power 

sources. 
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Figure 13. Paralleled HVDC bus electrical power system [160]. 

 

Research into novel distribution systems [165] and generator control strategies [151] 

address the MIL-STD-704F power quality requirements, however they do so on a 

component level under normal operating conditions. Although Muehlbauer and 

Gerling [151] do consider three different fault types, loss of generator current 

control, loss of a generator and current mismatch between generator and load, they 

are not indicative of abnormal operation conditions as defined in the power quality 

requirements.  

Abdel-Hafez in [31] reviews four ‘fault-tolerant’ distribution system topologies for 

MEA, two of which implement an interconnected generation approach to some 

degree, as all generated power is either connected and supplied through the ‘primary 

power distribution system’ or via switch/load matrices. However, in all but one of the 

topologies reviewed, a fault in the distribution system may interrupt power supply 

across the entire network. 

Reference [166] investigates control, power management and stability in a multi-

generator power system, where generation sources are paralleled onto a common DC 
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bus. Herein, the performance of droop, voltage and current control modes are 

assessed in terms of power/load sharing, under a fault scenario which consists of a 

single power-source outage. This research addresses the steady state AC voltage 

limits of MIL-STD-704F in its fault scenario, however these are by definition the 

normal operating condition AC voltage requirements. 

In contrast, DC abnormal operation condition limits are more challenging to adhere 

to for several reasons. DC system faults can present very demanding protection 

challenges with regards to fault-current magnitude and propagation speed, compared 

to faults within AC systems [167, 168]. To mitigate these issues, converter designs 

have evolved to provide more fault ride-through capabilities and current limiting to 

supress fault magnitude [169-171]. However, the use of current limiting could 

disrupt the coordination of network protection devices as many fault locations could 

present similar fault current. To overcome this problem, protection devices are often 

time-graded, thus operating at a slower protection speed, leaving the electrical 

network exposed to fault conditions for a larger time period [170, 172-174]. In turn, 

this would further disrupt power supply and power quality to flight-critical loads 

throughout the network.  

Overall in the current literature, the protection challenges and requirements of an 

interconnected network at a systems-level have received little attention. Whilst a 

small part of the literature/research has taken under consideration the power quality 

requirements under normal operating conditions, the implications of paralleled 

generation schemes under abnormal operating conditions are not well documented. 

This is an important area as MEA/E are demanding ever-increasing amounts of 

electrical energy to power an ever-increasing multitude of loads, several of which are 

flight-critical and safety-essential. To meet this demand, MEA/E electrical 

generation systems are getting larger and more complex, however this in turn 

increases the stress on the aircraft electric system in terms of power handling, fault 

tolerance and reliability [66]. Consequently, interconnected MEA/E power networks 

require novel protection schemes and innovative distribution architectures capable of 

meeting the stringent power quality requirements under normal and fault conditions. 
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3.5 Chapter summary 

 

This chapter reviewed the state of interconnected generation in the past and present 

aviation industry and presented the challenges associated with paralleled 

architectures. These challenges include adherence to airworthiness standards and 

regulatory power-quality requirements, as well as limitations within the current field 

of protection devices. It identified that the key challenge prohibiting AC 

interconnection options is the variable-frequency output of novel MEA/E generators, 

which does not feasibly permit the direct paralleling of generation sources. 

It also identified key technological drivers that may provide a more feasible route for 

the implementation of paralleled DC architectures, including efficiency gains that 

could be afforded by utilisation of multi-shaft power offtakes and the growing use of 

DC distribution in airborne platforms. Lastly, it summarized the benefits and 

drawbacks of proposed interconnected approaches in the relevant literature, and also 

illustrated that the system-level impact paralleled generation may have under 

abnormal operation conditions is not well documented. Moreover, it illustrated that 

the certification implications of airworthiness standards and requirements are not 

addressed by proposed designs. 
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Chapter 4  

DC Network and Simulation Analyses 

 

This chapter will present the paralleled two-, three- and four-bus DC power networks 

considered in this thesis and investigate the behaviour of each interconnected system 

under fault conditions. This study will show that solid short-circuit faults can breach 

certification requirements and potential solutions to this issue will be presented. Each 

of the three solution options considered is a representative example of different 

mitigation approaches, and include solid state switching, current limiting and 

smoothing filtering. To examine the viability of each potential solution approach, 

software models of a solid state power controller (SSPC), a current limiting diode 

(CLD) and a smoothing filter are developed. Simulations will show that the SSPC 

and the CLD do not appear to achieve voltage compliance when used as a bus-

interconnecting mechanism, whilst a suitably designed smoothing filter has the 

potential to stabilize the voltage within the defined limits. 

 

4.1 Selection of interconnection level 

 

As discussed in Chapter 3, the main focus of this thesis is a 270 V DC interconnected 

power network. As MEA/E are equipped with variable-frequency AC generators, the 

only logical approach to feasibly achieve any interconnection options would appear 

to be at a DC level. This section will briefly justify why a 270 V DC interconnection 

option was chosen as the main research platform over a 28 V DC interconnection 

option. 
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Figure 14. Electrical loading on B787 generators during different flight phases [175]. 

 

Table I. Bus loadings of B787 during cruise conditions [175]. 

Bus: 230 V AC ±270 V DC 115 V AC 28 V DC 

Loads (kW): 
Ice protection 

60 

ECS/Pressurisa

tion 320 
ICS 40 

Flight Controls 

14 

 
Galleys 120 Hydraulics 40 Various 140 Various 20 

 
Fuel pumps 32 

Cooling equip. 

40 
  

 Forward cargo 

AC 60 
ECS fans 32   

Total Bus 

Loading 

(kW): 

272 432 180 34 

Total demanded power: 918 kW 

 

Fig. 14 shows the electrical power requirements of the B787 during major segments 

of its flight profile. It can be seen that the electrical demand on the generators is 

relatively constant throughout the various segments. In general, an aircraft spends the 

larger portion of its flight profile under cruise conditions, and specifically for the 

B787, at cruise conditions, the ±270 V DC bus is the most loaded bus-level, as can 

be seen in Table I. From the 918 kW of the total electrical demand, 432 kW are 

needed at the 270 V DC level and 34 kW of power are needed at the 28 V DC level. 
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In terms of percentage, it can be seen that approximately 47% is converted to ±270 V 

DC, and only 3.7% of power is rectified to 28 V DC. Therefore, any benefits 

afforded by the interconnection of buses could be better taken advantage of at the 

270 V DC level.  

On the other hand, the 28 V DC bus powers directly a greater magnitude of loads, 

approximately 150 compared to the 10 loads powered through the ±270 V DC bus 

(see Fig. 5) [32]. These loads however include avionics and flight displays, which 

require relatively low amounts of power, in the region of a few tens of kilowatts, and 

feature built-in redundancy such as power bus switch-over. Also, by ATRU 

oversizing (as on the McDonnel Douglas F-18, the Boeing 727 and 737) adequate 

power can be made available to 28 V DC loads in case of an ATRU failure by 

existing units. In the B 787’s network, an ATRU malfunction requires that the 

essential loads of the respective DC bus be powered by secondary circuits built-in for 

redundancy, while non-essential loads would be shed.  

Lastly, in case of a 115 V AC bus failure or emergency, critical AC and DC loads are 

powered by the 28V DC bus via DC/AC and DC/DC power converters respectively 

[176]. Therefore, it can be argued that by strengthening the 28V DC bus, with 

regards to security of supply achieved via interconnection, the network may 

potentially perform better in case of an emergency. These types of emergencies 

however occur relatively rarely in comparison with the amount of flight-time an 

airplane spends in cruise conditions. Consequently, for the reasons mentioned above 

and also for those in Chapter 3, the primary interconnection focus in this study will 

be at the 270 V DC level. 

 

4.2 DC Network models 

 

For a quantitative evaluation of the effectiveness of potential solutions for the 

attainment of voltage-regulations compliant DC interconnections, two-, three- and 

four-bus DC power networks have been realized using the Matlab/Simulink software 



47 

 

package. The two-bus DC network is representative of a partially-interconnected 

system, i.e. an on-engine DC-distribution interconnection of a more-electric engine, 

whilst thee- and four-bus networks are more indicative of multi-channel engine 

systems and fully-interconnected aircraft systems. This section will present the 

modelled power networks and address the rationale under which the software models 

and simulations were designed and carried out. 

 

4.2.1 Methodology and design approach 
 

As stated in Chapter 3 (Section 3.2.2), the power quality requirements for aircraft 

electrical systems set out in MIL-STD-704F do not distinguish between 

interconnected and isolated generation systems. In contrast to isolated power 

networks, a transient event developing within an interconnected system may 

propagate across the entire aircraft power network, disrupting flight-critical and 

flight-safety loads. The reduction in the level of isolation within the electrical system 

presents an even bigger issue especially for MEA/E, as an ever increasing number of 

loads and aircraft/system functions are electrically powered. Therefore, it would 

seem logical that during a large transient event, i.e. electrical fault, the non-faulted 

segments of the power network should adhere to the stricter non-faulted condition 

requirements, which are defined in the standards as the ‘normal transient limits’ (Fig. 

10), whilst the faulted segments of the power network should adhere to the 

‘abnormal  transient limits’ (Fig. 11). 

However, as power networks become more interconnected, defining which segments 

can be classified as faulted and non-faulted may be challenging. To overcome this 

issue, the analogy of the radial network paradigm was adopted. In an isolated radial 

network, a transient event or fault midstream can affect units and devices upstream 

and/or downstream, in a vertical manner, but it will not affect any adjacent radial 

systems in a horizontal manner. This approach will form the basis of the 

interconnected network segmentation into faulted and non-faulted sectors. Therefore, 

a faulted segment constitutes all the affected buses that are connected vertically, 

whilst non-faulted segments are defined as the remaining sectors of the power 
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network that are connected horizontally. This is illustrated in Fig. 15 for a four-

channel interconnected system, where a fault on DC Bus 2 renders the respective 

vertical sector ‘faulted’, whilst the horizontal segments of DC Buses 1, 3 and 4 are 

considered to be ‘non-faulted’.  

In effect, this approach dictates that during an electrical transient or fault, the faulted 

bus or portion of the power network adheres to the abnormal operation limits, whilst 

adjacent interconnected (in a horizontal manner) buses or portions of the power 

network remain compliant with the normal operation limits for the duration of the 

fault and until system recovery. This interpretation of the power quality requirements 

with respect to the peculiarity of MEA/E will be the foundation stone of the 

simulation studies carried out in this chapter. 

An initial prerequisite for the design and modelling of a main DC architecture is the 

definition of the rated power of the 270 V DC system. Typically, such detailed sub-

system information is proprietary, especially with new civil aircraft. However, it was 

stated earlier that the ±270 V DC loads of the B787 at cruise conditions demand 432 

kW, and it is known that a variant of the Lockheed Martin F-22 has a ±270 V DC 

generation capability of 165 kW (Section 2.3). It was therefore decided to use the 

approximated mean of these two values as an arbitrarily-set rated power value. 

Consequently, all three modelled power network architectures were designed with a 

total rated power of 300 kW. 

As the basic principle of this research is to assess voltage compliance of an 

interconnected power network during fault conditions, line-to-line short-circuits were 

chosen as the primary fault option. From a power quality perspective, this type of 

electrical fault is considered the most severe type of fault as it is characterized by low 

impedance, high fault current and extreme voltage profile deterioration (voltage 

collapse) [177, 178]. Other types of faults, i.e. high impedance or intermittent faults, 

are typically less severe, may cause transients that do not exceed predefined 

thresholds, and time requirements for fault clearing may be less strict [179]. 

Consequently, the impact of these faults on voltage compliance is expected to be less 

significant than for short-circuit faults. 
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Figure 15. Definition of faulted segment (dashed, red line) and non-faulted segments (solid, 

blue line) in a multi-channel interconnected network for a DC Bus 2 fault. 

 

To further increase the impact of the electrical fault introduced onto the power 

network, the short-circuit is introduced with the generation systems operating at full-

load conditions. Additionally, a relatively large amount of capacitance has been 

installed in the power networks, which further worsens the current transient response 

of the electrical system during the fault. This is attributed to capacitive discharge, 

where due to the presence of the short-circuit, the energy stored in these larger 

capacitors is released into the system as fault-current. Consequently, this larger 

overall capacitance creates larger magnitudes of fault-currents than if less 

capacitance was installed in the power systems, therefore it adversely affects the 

performance of the network (i.e. voltage collapse).For example, in similarly rated 

converters as with those simulated herein, the filter capacitor is rated at 10 µF [180] 

or 100 µF [181], however filter capacitors in this study are rated at 10 mF. In the 

four-bus DC architecture therefore, a total of 40 mF of capacitance is made available 

only from the converters, without taking into consideration additional capacitive 

loads.  
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If less filter capacitance was installed in the simulated power networks, for example 

10 µF instead of 10 mF, the current transients during the fault would be lower in 

magnitude for all architectures. As will be explained in more detail at a later section, 

the current transient directly affects the rating and size of the interconnecting 

solution options, subsequently smaller-rated interconnecting solutions would be 

required in this case. For the twin-bus DC network, it was estimated that the smaller 

filter capacitance would result in an 8% smaller interconnecting solution option for a 

fault-clearance time of 5 ms. Additionally, in comparison to the 10 mF capacitors, 

the smaller-rated 10 µF capacitors would expedite recovery of the bus-voltage to 

nominal levels after clearance of the fault, thus resulting in a network less stiff to 

voltage changes. 

 

4.2.2 Modelling of components 
 

The interconnected DC-architecture models created for this study were developed at 

a functional level of fidelity and accurately capture the initial transient response of 

the generation system [182]. These functional models neglect switching-level 

transients in order to minimise the computational burden and facilitate time-efficient 

extensive simulations, but still capture the power system and controller dynamics 

with sufficient fidelity. An overview of the different hierarchical levels of modelling 

fidelity is illustrated in Fig. 16.  

The generation systems are comprised of permanent magnet machines representing 

230 V AC HP and LP/IP generators, and are rated according to the number of 

generation sources and desired power rating for each architecture. By design, the HP 

and LP/IP turbine systems have different operational constraints, i.e. speed ranges, 

and different shaft rotational speeds [183]. Depending on the engine, an HP shaft 

may rotate between 9,000-14,000 rpm [184-186], whilst an LP shaft may spin at a 

lower range of 2,600-4,000 rpm [184-187] (with the IP shaft rotating at 5,000-9,000 

rpm [185, 186, 188]). The amount of power produced by each compressor/turbine 

blade is proportional, but not limited to, the rate of gas mass flow and the speed of 

the blade [189]. Therefore the shaft power, and in turn the electrical power, produced  
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Figure 16. Hierarchical levels of modelling fidelity (adapted from [190]). 

 

by the same electrical machine from the HP turbine is greater than that of the LP or 

IP turbine [191]. Consequently, for the simulations in this study, the LP generator 

will be rated to half the nominal power of the HP generator, unless stated otherwise.  

The specification parameters of the HP and LP generator are summarized in Tables II 

and III respectively. The HP-generator variants are designed to produce 150 kW, 100 

kW and 75 kW at 12,000 rpm for the two-, three- and four-bus DC architectures 

respectively. Similarly, the LP-generator variants are designed to produce 100 kW, 

75 kW and 50 kW at 3,000 rpm for the two-, three- and four-bus DC architectures 

respectively. HP generators are designed with two pole pairs, whilst the less 

powerful LP generators are designed with 5 pole pairs.   

The generation systems operate in parallel with drooped voltage control, explained in 

more detail in the next section, and are interfaced with controlled rectifiers. The 

purpose of the rectifiers is to provide 270 V DC from variable-speed AC generators, 

with variable terminal voltage. An additional requirement for the paralleled-

generation computer models is that each converter must be capable of regulating its 

own voltage output to 270 V DC. To achieve this, two-level voltage source 

converters are used, consisting of six IGBT devices, and the output of these devices 

is regulated through voltage control. In the simulation results that will be presented 

however, the generators are loaded at 100% of their nominal power output with no 

further loads being switched on or off, thus the speed of the generators will be held  
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Table II. Specification parameters of HP generator model 

Parameter Value 

Rated power Variable 75 kW - 200 kW 

Rated speed 12,000 rpm 

Mechanical input Speed 

Stator phase resistance 19 mΩ  

Stator inductance 102 µH 

Pole pairs 2 

 

Table III. Specification parameters of LP generator model 

Parameter Value 

Rated power Variable 50 kW - 100 kW 

Rated speed 3,000 rpm 

Mechanical input Speed 

Stator phase resistance 13 mΩ  

Stator inductance 12 µH 

Pole pairs 5 

 

constant throughout the simulation, therefore it is not necessary for the rectifiers to 

vary their switching pattern to maintain the 270 V DC output.  

The specification parameters of the rectifiers are presented in Table IV. The 

switching frequency of the six-switch voltage source converter is 5,000 Hz, with a 

DC link capacitance and inductance of 10 mF and 250 µH respectively. Lastly, the 

parasitic series inductance of the DC cable is 6 µH and the resistance is 4 mΩ. 

A single power channel of the simulated architecture comprising of three-phase 230 

V AC generation and 270 V DC rectification, along with corresponding control 

systems, is depicted in Fig. 17. The generator receives as input the engine shaft speed 

and closed-loop voltage control is employed to regulate the power output. 

Rectification is achieved via a two-level VSC, designed in a three leg, six switch 

configuration. To provide voltage control in average-value models, the PWM 

generator can be directly controlled by the reference voltage in order to achieve the 

desired 270 V DC output.  

After rectification, the generated power is fed via DC buses to lumped loads, 

consisting of resistive and capacitive loads, forming a ‘DC bus’. For each DC 

architecture, the load resistance is varied according to the nominal generator output 
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and is 0.49 Ω, 0.73 Ω and 0.97 Ω for the two-, three- and four-bus architectures 

respectively. However, the capacitance of the bus loads is kept constant at 10 µF, due 

to the large amount of added capacitance at the terminals of the converters. The 

length of the main feeders was arbitrarily set to a quarter of the B787 length, i.e. 14.2 

m, and the per-meter feeder resistance and capacitance was adapted from [182] 

accordingly. The implementation of multiple single power-channels enables the 

formation of multichannel architectures, which can be paralleled or isolated at the 

270 DC bus level via ideal contactors. 

 

Table IV. Specification parameters of rectifier models 

Parameter Value 

Filter capacitance 10mF 

Filter inductance 250 µH 

Rload 4.1 Ω (300kW at 270V) 

Lline 6 µH  

Rline 4 mΩ  

Switching frequency 5,000 Hz 

Sapling frequency  20,000 Hz 

 

 

 

Figure 17. Single channel block diagram of simulation model featuring 230 V AC 

generation, 270 V DC rectification and DC bus loads. 
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4.2.3 Parallel generation regulation 
 

For the required power network simulations, dual/plural generation sources are 

paralleled, therefore there is the need to efficiently control each generator power 

output. This is particularly important in the case of HP-LP paralleling where, as 

stated previously, the simulated LP generator is rated to half the nominal power 

output of the HP generator. Due to the mismatch in generator power output, 

independent control of the generation sources, whereas each generator individually 

regulates 270 V DC, may lead to excessive generation demands on the less powerful 

LP generator. Instead, a more fair distribution of electrical loading depending on 

generator capability can provide better use of generation capacity. Other means of 

power sharing control, such as current control, master-slave control and 

concentrated/distributed control require communication between generation units 

[192], and in turn this can lead to a reduction in system redundancy [193].  

Voltage droop control however can function locally, without any communication 

between generation sources, and allows for a better exploitation of generator capacity 

whilst maintaining the level of system redundancy provided by voltage control [180, 

194-197]. Therefore, voltage droop control was implemented to regulate the HP/HP 

and HP/LP generator power output under parallel generation conditions. Suitable 

droop control profiles are incorporated into their respective control systems, as 

described next. 

To achieve parallel 270 V DC voltage regulation, each control system requires a 

voltage reference which the generation systems aim to achieve. This voltage 

reference can be derived from references [198-200] to be: 

𝑉𝑅𝑒𝑓 = 𝑉𝑁𝑜𝑚(1 + 𝑎) − 𝑚𝑃𝐺𝑒𝑛          (1) 

where VNom is the nominal voltage level, α is a constant governing the desired level 

of voltage control, the constant 𝑚 represents the voltage/power gradient (slope of 

droop control) and PGen is the rated generator power. Numerical values for α vary in 

the literature between 0.012 and 0.06 [193, 201, 202], but given that tight voltage 

control is necessary for the 270 V DC loads, a value of 0.02 was selected. The 
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constant 𝑚 can be calculated for both types of generators by setting in (1) VRef equal 

to VNom, when the generator is operating at half of its nominal power output, which 

gives 

𝑚𝐻𝑃 =
𝑎𝑉𝑁𝑜𝑚

𝑃𝐺𝑒𝑛𝐻𝑃

2

=
10.8

𝑃𝐺𝑒𝑛𝐻𝑃

          (2) 

𝑚𝐿𝑃 =
𝑎𝑉𝑁𝑜𝑚

𝑃𝐺𝑒𝑛𝐿𝑃

2

=
10.8

𝑃𝐺𝑒𝑛𝐿𝑃

          (3) 

Lastly, for the specific generator power requirements of each architecture, the droop 

control profiles are finalized by inputting the appropriate generator power output in 

equations (2) and (3). In this implementation, the control systems aim to achieve a 

changing voltage reference instead of a constant 270 V value, in a manner dependant 

on generator capability. This way, parallel operation coordination is achieved, whilst 

at the same time allowing for better exploitation of generator capacity. 

 

4.2.4 Twin-bus DC architecture 
 

To investigate the behaviour of a partially-interconnected power network under fault 

conditions and the effectiveness of potential solutions to achieve voltage-

requirements compliance, a paralleled twin-DC bus software model was created, 

shown in Fig. 18. Two variants of this model were designed, featuring HP/HP and 

HP/LP generation systems. For a total model power rating of 300 kW, in the HP/HP 

configuration both generators are rated at 150 kW, whilst for the HP/LP 

configuration, the HP generator is rated at 200 kW and the LP generator is rated at 

100 kW. Interconnection of DC buses is achieved via an ideal switch acting as a 

contactor. The network model parameters are summarized in Table V.  

For a behavioural analysis of an interconnected system during a fault, solid short-

circuit faults of 1 mΩ fault impedance are introduced on DC bus 2.These external 

faults are ‘artificially’ introduced by shorting the terminals of the busbar using an 

ideal switch, producing in this manner the most severe type of fault response, but at  
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Table V. Network model parameters of twin-bus DC system 

Parameter Value 

Rated power 300 kW 

HP/HP generators 150 kW each 

LP/HP generators 100 kW / 200 kW each 

Operating voltage  270 V DC 

Nominal current 555 A 

Feeder resistance 0.801 mΩ/m [9] 

Feeder inductance 0.65 µ/m [9] 

 

the same time without isolating the faulted DC bus from the rest of the network. 

These faults are then cleared in a pre-set time margin by un-shorting the busbar 

terminals. The pre-set time margin, representing the fault-clearing time the protection 

system is capable of operating within, will vary for different simulation scenarios. In 

this manner, the effect of different fault clearing times on the network voltage can be 

investigated, as will be illustrated at a later section.  

Fig. 19 depicts the baseline voltage profile of the non-faulty, or healthy, DC bus 1 

during a short-circuit on DC bus 2. The fault is applied at t=0 s and cleared at t=50 

Figure 18. Representative single-line diagram of twin-bus DC architecture. 
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ms, realising a protection operation speed of 50 ms, indicative of an average CB as 

typically, CBs have a tripping time of 10 ms – 100ms [117, 203]. During this 

transient event, the simulated voltage (blue line) collapses to near-zero and then 

overshoots the compliant voltage breadth (red lines) once the fault has been cleared. 

Evidently, the simulated voltage profile of the healthy bus exceeds the bounds of the 

normal voltage envelope defined in MIL-STD-704F.  

Additionally, with a fault clearing time of 50 ms, it is clear that the protection system 

is not fast enough as to eliminate the fault within the initial, wider voltage area 

provided by the standards. This would suggest that any protection system designed 

for use on an interconnected network should have an operating speed of a maximum 

of 40 ms, the time after which the allowed voltage zone is reduced to the steady-state 

voltage limits, making voltage compliance even more difficult to achieve. In an 

attempt to derive a more useful baseline voltage profile, and thus provide the 

protection system with the possibility to clear the fault within the wider voltage zone, 

a simulation with a fault clearing time of 10 ms was carried out, indicative of a very 

fast CB. The baseline voltage profile of the healthy bus during the short-circuit is 

illustrated in Fig. 20. It is therefore apparent that even with a much faster CB, 

voltage compliance cannot be achieved. 
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Figure 19. Voltage profile of the non-faulted bus during a fault with a fault clearing time of 

50 ms. 

 

 

Figure 20. Voltage profile of the non-faulted bus during a fault with a fault clearing time of 

10 ms. 
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4.2.5 Three-bus DC architecture 
 

To study the behaviour of a more interconnected power network under fault 

conditions, a three-bus DC network was created, shown in Fig. 21. Two variants of 

this simulation model were built, the first one features three 100 kW HP generators, 

and the second one is comprised of two 120 kW HP generators and one 60 kW LP 

generator. The three DC buses are interconnected via ideal switches representing 

inter-bus contactors. The network model parameters are summarized in Table VI. 

Figure 21. Representative single-line diagram of three-bus DC architecture. 

 

Due to the symmetry of the network, only two fault locations are examined, DC bus 

1 and 2. For each individual fault location, a short-circuit is introduced onto the 

network by shorting the terminals of the respective bus. The fault duration, 

representing the protection system’s operation speed, will vary for different 

simulation scenarios, highlighting the effect of different protection operation speeds 

on the system/bus voltage. 

During a fault on DC bus 1, the voltage profile of the non-faulted DC bus 2 is 

illustrated in Fig. 22. The fault is applied at t=0 s and cleared at t=10 ms, realising a 

protection operation speed of 10 ms. During this transient event, the voltage profiles 
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of the healthy interconnected buses have breached the power quality limits of MIL-

STD-704F. 

 

Table VI. Network model parameters of three-bus DC system 

Parameter Value 

Rated power 300 kW 

HP generators 100 kW each 

LP/HP generators 60 kW / 120 kW each 

Operating voltage  270 V DC 

Nominal current 370 A 

Feeder resistance 0.801 mΩ/m [9] 

Feeder inductance 0.65 µ/m [9] 

 

 

Figure 22. Voltage profile of the non-faulted bus during a fault with a fault clearing time of 

10 ms. 

 

4.2.6 Four-bus DC architecture 
 

To assess voltage-envelope compliance of a fully interconnected power network 

under fault conditions, a four-bus DC network was designed, shown in Fig. 23.  
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Figure 23. Representative single-line diagram of four-bus DC architecture. 

 

Table VII. Network model parameters of four-bus DC system 

Parameter Value 

Rated power 300 kW 

HP generators 75 kW each 

LP/HP generators 50 kW / 100 kW each 

Operating voltage  270 V DC 

Nominal current 278 A 

Feeder resistance 0.801 mΩ/m [9] 

Feeder inductance 0.65 µ/m [9] 

 

Again, two variants of the simulation model were created, the first featuring four 75 

kW HP generators, and the second featuring two 50 kW LP generator and two 100 

kW HP generators. The four interconnected DC buses are interconnected using ideal 

switches acting as contactors. The network model parameters are summarized in 

Table VII.  

Due to the symmetry of the network, only two fault locations are considered, DC bus 

1 and 2. Similarly, for each individual fault location, a short-circuit is introduced 

onto the network by shorting the terminals of the respective bus. The fault duration, 

representing the protection system’s operation speed, will vary for different 

simulation scenarios, highlighting the effect of different protection operation speeds 

on the system/bus voltage. 
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During a fault on DC bus 1, the voltage profile of the non-faulted DC bus 2 is 

illustrated in Fig. 24. The fault is applied at t=0 s and cleared at t=10 ms, realising a 

protection operation speed of 10 ms. During this transient event, the voltage profiles 

of the healthy interconnected buses have breached the power quality limits of MIL-

STD-704F. 

For all simulated architectures, it has been demonstrated that the voltage profile of 

the healthy interconnected buses collapses to near zero during the low-impedance 

short-circuit. In general, the severity of an electrical fault depends on the magnitude 

of fault impedance, as the lower the fault impedance is, the higher the voltage drop 

is. Additionally, with negligible bus-tie inductance offered by the interconnecting 

contactors, the total impedance of the network is not capable of sufficiently 

limiting/suppressing the contribution of fault current from the paralleled generators. 

An additional issue with DC-system faults is the contribution of fault current from 

individual components such as converters, capacitors and feeders, which further 

worsens the fault-current transients [204]. In effect, low-impedance faults with 

negligible inter-bus inductance result in significant current transients and the 

unavoidable voltage collapse of the interconnected DC buses. Consequently, the 

impact/influence of the fault is transferred almost instantaneously to the non-faulted 

parts of the network.  

The instantaneous transfer of the influence of the fault across the entire network 

suggests that traditional fault-clearance speeds of EMCBs may not be sufficient in 

protecting the healthy segments of the network from voltage collapse. Any increase 

in the speed of the protection operation system will result in a reduction of the 

duration of the transient, thus reducing the amount of time the voltage is at near zero, 

however it will not prevent the voltage level from collapsing in the first place. 

Voltage compliance to the normal power-quality requirements during a fault cannot 

be maintained if the voltage level cannot be stabilized at or above 200 V during the 

initial 10 ms from the onset of the fault. 
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Figure 24. Voltage profile of the non-faulted bus during a fault with a fault clearing time of 

10 ms. 

 

To mitigate the voltage collapse of the non-faulted interconnected buses, means other 

than that of traditional protection appear to be needed, which can suppress the 

voltage drop in such a way that the voltage profile of the non-faulted interconnected 

buses does not exceed a lower-limit value of 200 V during the fault. In essence 

therefore, the voltage-transient fault responses of the non-faulted segments of the 

network must be decoupled to some extent from the fault response of the faulted 

segment of the power system. In this manner, the faulted segment of the system can 

adhere to the abnormal transient voltage limits, which permit a voltage collapse for 

up to seven seconds, and at the same time, the non-faulted parts of the system can 

retain compliance with the normal transient voltage limit.  

 

4.2.7 Model validation 
 

This section will briefly demonstrate that the simulation models presented within this 

thesis accurately capture the steady-state and transient behaviour of the 270 V DC 

system. For each DC architecture, a mathematical analysis was undertaken to 
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identify key system parameters to be simulated. First, nominal currents for all 

networks were calculated using the following equation: 

𝐼 =
𝑃

𝑉
          (4) 

which then allowed the calculation of the overall resistance values for all networks 

using: 

𝑅 =
𝑃

𝐼2
          (5) 

where P is the rated power (W), V is the nominal voltage (V), I is the nominal current 

(A) and R is the required resistance (Ω).  

For the two-bus DC architecture for example, it was calculated that in order for the 

HP generator to provide 150 kW of power at a voltage of 270 V, the nominal current 

output would be 555.5 A, a value almost identical to the 555 A of Table V with 0.49 

Ω of total resistance. Similarly, the calculated nominal current for the three-bus 

architecture was 370.4 A, in comparison to the simulated 370 A, and for the four-bus 

network, the calculated nominal current was 277.7 A, in comparison to the simulated 

current of 278 A. Overall, although the key simulated parameters for the 270 V DC 

system were almost identical to the calculated values, the simulated AC voltage was 

10 V higher than the nominal 230 V. This was attributed to the overall losses of the 

power network operating at full-load conditions.  

Additionally, the electrical behaviour of the 270 V DC system from start-up to 

steady-state operation was considered to be acceptable. Fig. 25 depicts the current 

profile of the DC bus of the three-bus architecture during start up. Initially, the 

current is zero, but as the HP generator reaches 12,000 rpm, the current spikes to 400 

A and then stabilizes at its nominal value of 370 A. Similar behaviour is exhibited by 

the voltage profile, shown in Fig. 26, where the voltage briefly peaks at 290 V before 

stabilizing at its nominal value of 270 V. 

After the simulation model has reached stead-state operation, a low-impedance short-

circuit is introduced at the terminals of one of the DC buses. Typical low-impedance 

faults are characterized by large fault-currents and extreme voltage deterioration  
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Figure 25. Current profile of healthy DC bus of the three-bus architecture during start-up. 

 

Figure 26. Voltage profile oh healthy DC bus of the three-bus architecture during start-up. 

 

(voltage collapse) [177]. After the clearing of the fault, the voltage overshoots its 

nominal value and oscillates around it, before eventually stabilizing. Such behaviour 

is observed in Fig. 20, therefore the transient response of the 270 V DC system 

during and after the fault is believed to follow the expected trend. 
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4.3 Potential solutions for voltage compliance 

 

In the previous section, it was shown that for all three simulated paralleled-

generation architectures, an electrical fault on one of the DC buses forces the voltage 

profile to collapse across all interconnected buses. It is apparent that a fault on any 

DC bus propagates throughout the entire 270 V DC system, rendering all 

interconnected buses across the power network ‘faulted’. Consequently, to achieve 

voltage-requirements compliance, there is the need to decouple to some extent the 

transient responses of the interconnected DC buses.  

To this end, three interconnecting-solution approaches are considered. First, novel 

very fast-acting protection operation and fault clearing, as extremely fast protection 

speeds could potentially tackle the almost instantaneous propagation of current and 

voltage transients throughout the power network. Second, a current-limiting 

approach, as limiting the magnitude of fault-current transients, and therefore the 

voltage sag, could potentially maintain the bus voltage within permissible limits. 

Third, a smoothing filtering approach, in an effort to mitigate transient conditions by 

limiting the high current pulses and control the non-faulted bus voltages during the 

fault. To examine the effectiveness and feasibility of each potential solution function, 

a representative example of each approach was implemented, consisting respectively 

of: 

 A solid-state power controller (SSPC) 

 A current-limiting diode (CLD) 

 A smoothing reactor 

A solution consisting of a dual active bridge (DAB) DC/DC converter as a bus-

interconnecting mechanism was also considered, mainly for its galvanic isolation 

capability, but was subsequently discarded for two main reasons. Firstly, due to high 

switching losses at light load conditions and high conduction losses (due to 

circulating currents) under heavy load conditions [205], and secondly, due to the 

complexity of control strategies across the whole power range and possible operating 
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conditions (power flow direction, emergency operation conditions) [206]. However, 

the behaviour observed for the three candidate solutions listed above can be 

extrapolated to determine the impact of a DAB based solution. The next section will 

assess potential compliance of candidate solutions with the power-quality 

requirements.  

 

4.3.1 Solid state power controller 
 

SSPCs are broadly considered to be the next generation in protection and load-

management devices. In addition to providing power (voltage and/or current) control 

to supply a load, these semiconductor devices are capable of accurately monitoring 

power quality and load conditions, allowing the system controller to instantaneously 

react to power fluctuations and fault conditions [207]. Similarly to electronic circuit 

breakers, these devices can protect against short-circuits and overload conditions, 

however are faster at switching power off and are more reliable [208]. Smart, 

programmable SSPCs also permit power-management systems to adapt to arising 

fault conditions by isolating the faulted section and reconfiguring the power network. 

This feature may be very beneficial for interconnected systems, by feasibly realizing 

a dynamically-reconfigurable network depending on given operational power-system 

conditions.  

An SSPC’s main function is to switch a device or load on or out of a power network. 

In general, SSPCs offer i
2
t protection, where power is cut off when the device senses 

that there is too much energy transfer, unlike circuit breakers that trip when the 

current reaches the tripping threshold. This allows an SSPC to achieve very fast 

power cut-off times, in the range of 3 µs – 10 µs [117, 209], depending on the power 

rating of the device. Current commercially available SSPC devices for 270 V DC 

appear to be limited to 80 A [210], with research and development going in to 

prototype ratings of 100 A [211] and 120 A [164],  and with future industry targets of 

300 A [212]. 
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The nominal current levels in the two-, three- and four-bus DC architectures 

presented earlier, were 555 A, 370 A and 287 A respectively, far higher than any 

available SSPC’s current rating. Although the power ratings of existing SSPC 

devices may be still lower than required for many applications, their fast operating 

speed and compact size may potentially make them ideal candidates for the 

protection requirements of future higher-voltage DC aerospace applications. In an 

effort to explore potential benefits arising from the use of an SSPC as a bus-

interconnecting mechanism in order to feasibly achieve voltage compliance, a 

functional software model of such device was created and adapted to the power 

ratings of each DC architecture, shown in Fig. 27.    

For all simulated architectures, Mosfet SSPC devices were installed in place of the 

pre-existing contactors, serving as bus-interconnecting mechanisms. The control 

system of each device was configured to operate within the normal voltage transient 

limits, with emphasis being placed on the ‘turn off’ specifications rather than the 

‘switch on’, as the main focus of these simulations was to assess the appropriateness 

of the candidate solution to maintain voltage-profile compliance of the healthy buses 

during a short-circuit. To this end, the input voltage range was set to 200 V- 330 V 

and the drop-out voltage ranges were set for voltages below 199.99 V and above 

330.01 V.  i
2
t parameter specification was carried out for each DC architecture, 

according to guidance provided within references [117, 120], and the most optimistic 

switching time of 3 µs was employed. These specification parameters used for all DC 

architectures are summarised in Table VIII.  

The simulated voltage profile of the healthy bus in the twin-bus DC architecture is 

shown in Fig. 28. When the fault is applied, the low fault impedance causes the 

voltage of the healthy bus to collapse almost instantaneously, but quickly recovers 

after the operation of the SSPC. In comparison with Fig. 20, it appears that the 

voltage profile is qualitatively better, however the implementation of SSPCs does not 

help in maintaining the voltage within the permissible limits during a short circuit. 

Consequently, the use of an SSPC used in isolation as bus-interconnecting 

mechanism does not appear to be a viable option for voltage-requirements 

compliance. 
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Figure 27. Block diagram and control of simulated inter-bus SSPC (Mosfet). 

 

 

 

Figure 28. Voltage profile of the non-faulted bus during a fault with a fault clearing time of 3 

μs in the twin-bus architecture. 
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Table VIII . Specification parameters of modelled SSPC devices for all DC architectures 

DC Architecture Twin-bus Three-bus Four-bus 

Power voltage (V) 270 270 270 

Nominal current (A) 555 370 280 

Max. current (A) 1,665 1,110 840 

Nominal power (kW) 150 100 75 

Instant trip I > 300% 

i
2
t trip 110% < I < 300% 

Fall time tfall < 3 µs 

 

 

4.3.2 Current limiting diode 
 

Current-limiting devices provide a means of reducing fault current to a certain level 

rather than it being regulated by the power network. Several benefits afforded from 

the implementation of such devices include reductions in circuit-breaker ratings and 

system-component stress during faults [9]. A current-limiting approach was 

implemented for the interconnection of the 28 V DC buses on the McDonnel 

Douglas F-18 (Fig. 6), although exactly what kind of the device was used is 

unknown. For the purposes of this study, a CLD was simulated as a bus- 

interconnecting mechanism, to assess whether current-limiting solutions can 

contribute towards achieving power-quality compliance. 

A CLD is a silicon carbide JFET with the gate shorted to the source, functioning as a 

two-terminal current limiter. If a potential between the gate and the terminals is 

applied, the JFET will become more resistive to the flow of current, increasing the 

effective series resistance. Therefore it allows the current passing through it to rise to 

a certain value and then level off at a specified value. Additionally, a CLD can keep 

the current flowing through the device unchanged when the voltage changes.  

After an extensive search in the literature, it was realized that a 270 V DC CLD with 

the desired current ratings of each interconnected architecture did not appear to exist. 

To overcome this issue, a 50 A CLD software model was created with guidance from 

[213, 214], and multiple CLDs were connected in parallel in-between DC buses to  
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Figure 29. I-V data used as input for the controlled current source of the CLD [213]. 

 

achieve the required current limiting capability (for power ratings as stated in Table 

VIII for each architecture). The modelled CLD consists of a controlled current source 

which uses as an input I-V data from a lookup table, extracted from Fig. 29, and is 

shown in Fig. 30. Due to the inability to locate a suitably rated CLD and 

subsequently, accurate thermal data, temperature characteristics were not taken into 

consideration. Additionally, given the parallel connection of many smaller-rated 

CLDs, the heat dissipated by the CLDs would not have been representative, therefore 

a thermal model for such configuration was considered to be inaccurate. 

Fig. 31 depicts the voltage profile of the healthy bus in the twin-bus architecture for a 

fault-clearing time of 10 ms using an interconnecting CLD. Again, the low fault 

impedance results in high fault-current which causes the voltage to drop almost 

instantaneously. In turn, the inter-bus CLD starts blocking the current transient 

almost instantaneously, which does not permit the voltage to collapse to zero, but 

instead be maintained at 80 V – 90 V throughout the duration of the fault.  

From this simulation, it is evident that the implementation of CLDs does not appear 

to be an interconnecting solution that achieves voltage compliance, although the 

CLD did not allow the voltage to collapse to zero as in the case of the SSPC (Fig. 

28). Also, an inherent disadvantage of CLDs is that they are unidirectional 
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components, allowing current to flow only in one direction. Consequently, anti-

parallel CLDs would have to be implemented to allow power transfers between 

buses, either during normal operation of the power network, or in emergency 

situations potentially requiring network reconfiguration. 

 

 

Figure 30. Block diagram of simulated CLD. 

 

 

Figure 31. Voltage profile of non-faulted bus during fault with an interconnecting CLD. 

 

4.3.3 Smoothing filter 
 

Smoothing filters consisting of reactors and capacitor banks have successfully been 

used in high-voltage DC (HVDC) distribution networks to reduce current ripple and 

overcurrent transients, and prevent steep voltage waves and spikes [215-217]. Shunt 

capacitance also aids in lowering the harmonic content and distortion in DC lines, as 
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well as limiting the inrush current following the switch-on of large inductive loads 

[218, 219]. Although the current and voltage ratings of HVDC networks exceed 

those of MEA/E, the operating principle of smoothing filters remains the same, 

therefore it is worth considering them as a candidate solution for aircraft voltage 

compliance.   

This approach can arguably receive further validation from a recent invention by 

Siemens, which utilizes smoothing reactors in DC distribution systems within ship 

power networks. A reactor, coupled with a very fast isolation switch, was chosen as a 

means to interconnect the main distribution switchboards on-board a novel class of 

more-electric, dynamic position marine vessels, as illustrated in Fig. 32 [220].  

Similarly to the MEA concept, electrical-power equivalents are used to replace 

pneumatic, mechanical and hydraulic power transfer systems in different sea vehicles 

[221]. In this more-electric ship concept, the ship’s propellers/thrusters are turned by 

inverter-fed electric motors that are powered from diesel-powered generators. 

Dynamic position vessels are designed on the principle that enough thruster power 

has to be available at all times to keep the vessel in the desired position, even in the 

event of a major part of the electrical system failing [222]. In the past, these 

requirements resulted in diesel-electric ships having two or more independent 

switchboard systems. In an effort to optimise performance, new designs enable the 

paralleling of switchboards during normal operation, however the systems are 

isolated during critical operations. 

Interconnection of the main AC switchboards is achieved by a very fast solid state 

bus-tie breaker, the Intelligent Load Controller (ILS), which is believed to have a 

breaking time of 10 μs – 20 μs [223]. A suitable ILS for DC-breaking applications 

was also built, featuring the same breaking time for low-impedance faults, with 

nominal voltage and current ratings of 1,000 V and 2,000 A respectively [222]. As a 

design requirement, several ILSs may be paralleled to achieve greater power ratings. 

The very fast breaking time of the ILS, paired with the reactor’s buffering ability, is 

thought to prevent the fault current from exceeding twice the nominal rating, 

therefore opening the possibility of parallel switchboard operation even during 

critical operations, such as dynamic positioning. 
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Figure 32. Typical Siemens diesel electrical propulsion featuring main DC distribution [220]. 

 

A candidate solution featuring a fast-breaking SSPC was trialled in a previous 

section, therefore this section will focus purely on the implementation of a smoothing 

filter acting as an interconnecting mechanism. A reactor is essentially an inductor, 

which is often fitted with a ferrous core to concentrate the magnetic flux lines, thus 

making the inductor more effective. In general, an inductor stores energy in the 

magnetic field induced by its coils and resists any change in current flow. 

Consequently, an increase in the rate of current flow will induce a voltage of 

opposite polarity to the applied voltage, 𝜀𝑖𝑛𝑑, given from the equation 

𝜀𝑖𝑛𝑑 = −𝐿
𝑑𝑖

𝑑𝑡
          (6) 

where L is the inductance and di/dt is the rate of change of current flow through the 

inductor. Therefore, if an inductor was to be connected in-between two adjacent DC 

buses and either one experiences a short-circuit, the increasing rate of change of 

fault-current would induce a voltage that opposes the voltage drop on the healthy 

bus. Based on this principle, for the case study considered, an inductor is connected 

in-between two adjacent DC buses and a capacitor is installed parallel to the 

inductor, to provide shunt capacitance.  



75 

 

Due to the novelty of this approach within the MEA/E literature, arbitrary inductance 

and capacitance values of 1 mH and 10 mF respectively were used, but the same 10 

ms fault-clearing time simulation was carried out as with other candidate solutions. 

The simulated voltage profile of the healthy bus during a short-circuit is depicted in 

Fig. 33. Evidently, the bus voltage is not maintained within the requirements-limits, 

however, the voltage does not drop below 100 V and there is no voltage-envelope 

overshoot upon fault clearance. This is attributed to the voltage of opposite polarity 

induced from the increasing rate of fault-current flow through the inductor, opposing 

the voltage collapse on the non-faulted bus. When the fault is cleared, the rate of 

current-flow through the inductor changes again, as no more current is passing 

through due to balanced operation conditions. Again, this decreasing rate of current 

flow induces a voltage which causes the bus voltage level to rise to 330 V, before 

stabilizing to the nominal value of 270 V. Overall therefore, this approach appears to 

show better potential compared to all other candidate solutions considered.  

It is apparent that in order to decouple the transient responses of the interconnected 

DC buses, an effective smoothing filter is required. Deeper analysis may permit the 

identification of suitable inductance and capacitance ratings, for a smoothing filter 

capable of achieving voltage-compliant interconnections. In this implementation, 

although the voltage of the faulted bus will collapse, the non-faulted bus should only 

experience a voltage transient compliant with the power-quality requirements. The 

next chapter will focus on the design parameters of such a smoothing filter. 
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Figure 33. Voltage profile of non-faulted bus during fault with arbitrary smoothing filter. 

 

4.4 Chapter summary 

 

This chapter has presented the simulation models and the design rational of two-, 

three- and four-channel interconnected DC architectures that were analysed with 

regards to their fault response for low impedance faults. It was shown that traditional 

means of protection do not prevent the non-faulted segments of the power network 

from breaching the power quality requirements (voltage collapse) suggesting that to 

achieve voltage-requirements compliance, the transient responses of these segments 

must be decoupled from that of the faulted part of the system.  

To this end, three solution options were considered, an SSPC, a CLD and a 

smoothing reactor, as a DC bus-interconnecting mechanism. From this assessment, it 

was concluded that despite the fast fault-clearing operation offered by the SSPC, the 

voltage collapse was not avoided. The implementation of the CLD aided in blocking 

the current transient, thus suppressing the voltage drop, however this was not 

sufficient as to allow the DC bus to maintain voltage compliance. Lastly, the 

smoothing reactor showed better potential compared to all other candidate solutions 
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considered, although the power-quality requirements were still breached. A deeper 

analysis that could permit the identification of suitable inductance and capacitance 

ratings for a smoothing filter capable of achieving voltage-compliant 

interconnections will be the focus of the next chapter. 
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Chapter 5 

Implementation and impact of smoothing filter 

solutions 

 

This chapter will focus on the design and implementation of effective smoothing 

filters, capable of achieving normal and steady-state voltage compliance for 

candidate DC architectures under full-load conditions. Simulations will show that 

shunt capacitance has an adverse effect of the bus voltage during an electrical fault, 

subsequently purely inductive interconnecting solutions will be pursued. It will be 

demonstrated that there two main variables which impact the size of inductance 

required to achieve bus-voltage compliance: the type of compliance required and the 

operation speed of the protection system. A mass estimation analysis will quantify 

the added weight penalty, and thus the feasibility, of the proposed inductive 

solutions. The apparent trade-off between the size of inductance and these variables 

will be highlighted, and adverse factors acting on these inductance ratings will be 

identified. Additional inductance ratings for partial generator loading will be 

presented, to exploit benefits afforded by load optimization schemes in 

interconnected power systems. It will also be shown that inductive solutions have the 

potential to influence architectural design and electrical machine selection. Lastly, 

the feasibility of the proposed solution approach will be examined on novel, parallel-

generation network patents. 

 

5.1 Designing an effective smoothing filter 
 

In the previous chapter, it was shown that a smoothing filter has the potential to 

decouple the transient response of the interconnected DC buses during an electrical 

fault. Through simulation, this section will focus on the identification of suitable 
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design parameters for the desired smoothing filter, in order to develop an 

interconnecting mechanism capable of maintaining voltage compliance during a 

short-circuit fault. This analysis will initially concentrate on the twin-bus DC 

architecture, and potentially meaningful conclusions will be transferred onto the 

three- and four-bus networks. To permit a normalized comparison across 

architectures, the equally-rated HP variants of the architectural simulation models 

will be investigated first. LP-generator software models and their influence on the 

necessary smoothing filters will be analysed in a later section. 

To maintain voltage compliance during a fault, an effective smoothing filter must 

perform two main functions.  First, possess the buffering ability that does not allow 

the voltage to drop below a minimum value of 200 V during the initial 10 

milliseconds from the onset of the fault, and second, ensure that the entire bus 

voltage profile stays within the defined voltage-area limits (Fig. 10). To investigate 

the potential feasibility with regards to the first main function of the filter, and thus 

identify the required inductance and capacitance ratings for the reactor and filter 

capacitor respectively, extensive combinations of values were simulated. The range 

of inductance and capacitance values simulated was from 0 mH to 40 mH and 0 mF 

to 40 mF respectively, in 1 μH/μF increments. Additionally, the fault-clearing speed 

of the protection system was varied in order to simulate different protection 

strategies and assess below which fault-clearing time this approach is potentially 

viable.  

Figures 34 to 38 illustrate the minimum sensed voltage of the non-faulted bus during 

a short-circuit that is cleared within 50, 25, 10, 5 and 1 ms respectively. Each voltage 

value (z axis) of the surface plot corresponds to a distinct pair of capacitance (x axis) 

and inductance (y axis) values, and depicts the lowest voltage sensed on the non-

faulted bus during the electrical fault, by using these capacitance and inductance 

values as reactor ratings.  
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Figure 34. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 50 ms protection operation speed. 

 

 

 

Figure 35. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 25 ms protection operation speed. 
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Figure 36. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 10 ms protection operation speed. 

 

 

 

Figure 37. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 5 ms protection operation speed. 
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Figure 38. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 1 ms protection operation speed. 

 

From an initial, visual comparison of these figures, it would appear that the minimum 

sensed voltage is more sensitive to changes in inductance and is insensitive to 

changes in capacitance. This is more evident in Fig. 34, where the minimum sensed 

voltage increases significantly for increasing values of inductance, yet appears to 

remain stable for increasing values of capacitance. Additionally, it is evident that 

faster fault-clearance speeds result in higher voltage values for the same pair of 

reactor ratings, this is more easily noticeable for 0.04 H of inductance and 0 F of 

capacitance. Lastly, it is clear that transitioning to faster fault-clearance times results 

in the surface plots gradually being more flat and less curved, suggesting that smaller 

amounts of inductance are required for a specific minimum voltage value. 

From a deeper analysis of the twin-bus DC architecture, several key observations can 

be made. First, the voltage drop caused by the short-circuit decreases as the 

protection operation speed becomes faster. The variation in voltage drop against fault 

clearing time can be quantified by examining the minimum voltage sensed for fixed 

inductance and capacitance values, as illustrated in Table IX. In this example, for an 

interconnecting smoothing filter with 15 mH of inductance and 16 mF of 
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capacitance, the difference in voltage drop between the fastest and slowest fault 

clearing time is approximately 92 V. Perhaps intuitively, this suggests that the 

protection operation speed is a key factor towards mitigating voltage-disturbance 

propagation, and thus potential voltage compliance of interconnected systems. 

Second, for a given filter inductance value larger than 1 mH, an increase in filter 

capacitance results in a decrease in the minimum bus voltage sensed. For example, 

for a fault-clearing speed of 50 ms and with a filter inductance of 10 mH, the 

decrease in bus voltage caused by different shunt capacitance values is illustrated in 

Table X. This suggests that shunt capacitance does not aid in maintaining the 

nominal bus voltage level, but on the contrary has an adverse effect, further 

increasing the fault current through capacitive discharge. For this reason, the parallel 

capacitor was removed and a purely inductive approach is further pursued. 

Third, this analysis enabled the visualization of the greatest minimum voltages 

sensed on the non-faulted bus for different filter inductance values and protection 

operation speeds. For fault clearing times faster or equal to 25 ms, the maximum 

minimum sensed voltages appear to be greater than 200 V, suggesting that suitably 

rated inductors can maintain the voltage drop during the short-circuit within the 

initial permitted voltage breadth of the ‘normal transient’ limits. 

It is therefore apparent that the first desired function of the smoothing reactor is 

achievable, however identification of inductor ratings alone is not sufficient for 

voltage compliance, as the entire bus voltage profile has to be maintained within the 

defined voltage-limits area. Subsequently, it must be verified that after the removal 

of the fault, the bus voltage returns to nominal fast enough as to stay above the 

‘slope’ provided by the power-quality standards and that it does not overshoot the 

voltage envelope. The necessary filter inductance capable of achieving overall 

voltage compliance will be investigated in the next section. 

Additionally, for this particular modelled network and the range of filter inductance 

and capacitance considered, it is not possible to meet the steady-state power quality 

requirements for a protection operation speed of 50 ms and 25 ms (Fig. 34 and 35 

respectively). This can be concluded from the fact that for these fault-clearance  
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Table IX. Protection operation speed against minimum sensed DC bus voltage with a 

smoothing filter with 15 mH of inductance and 16 mF of capacitance 

Protection operation speed Minimum sensed voltage 

50 ms 167.3 V 

25 ms 210.1 V 

10 ms 240.6 V 

5 ms 251.5 V 

1 ms 259.4 V 

 

Table X. Effect of shunt capacitance on minimum sensed DC bus voltage for a 50 ms fault-

clearance time and a smoothing filter with 10 mH of inductance 

Shunt capacitance Minimum sensed voltage 

1 mF 127.7 V 

10 mF 127 V 

20 mF 125.7 V 

30 mF 124.8 V 

40 mF 124 V 

 

times, the greatest minimum sensed voltages are 221.7 V and 243.6 V respectively, 

whilst the lower steady-state voltage limit imposed by these requirements is 250 V. 

Lastly, minimum voltage plots for the three and four-bus DC architectures for fault-

clearing times of 50, 10, 5 and 1 ms are presented in Appendix. From these plots, 

similar conclusions as for the twin-bus DC architecture can be reached. Likewise, 

steady-state voltage compliance does not appear to be achievable for fault-clearance 

times of 50 ms and 25 ms for either architecture, as the bus voltage level cannot be 

maintained above 250 V.  

 

5.2 Implementation of purely inductive solutions 
 

As was previously stated, shunt capacitance appeared to have an adverse effect on 

the sensed voltage, subsequently the shunt capacitors were removed, and solely an 

inductor acts as a candidate interconnecting mechanism, as illustrated in Fig. 39 for  
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Figure 39. Representative single-line diagram of the three-bus DC architecture with 

candidate interconnecting inductors. 

 

the three-bus DC architecture. The minimum voltage graphs presented in the 

previous section enable the identification of suitable inductor ratings that aid in 

stabilizing the voltage drop caused by the fault above the necessary 200 V level. 

Through additional simulations, this section will investigate the impact of purely 

inductive connections on the transient response of the healthy bus/buses and the 

potential of the identified inductor ratings in achieving normal-transient and steady-

state voltage compliance. 

 

5.2.1 Normal transient compliance 
 

For each DC architecture and protection operation speed considered, simulation 

studies where undertaken in which candidate inductor ratings capable of maintaining 

the voltage above 200 V during the fault were simulated, and the smallest-rated 

components that restricted the voltage profile of the non-faulted bus within the 
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‘normal transient’ limits were determined for each case. Fig.40  depicts the voltage 

profile of the non-faulted DC bus 2 of the three-DC bus architecture, for a fault in 

location F1, interconnecting inductors rated at 2.8 mH and a protection operation 

speed of  5 ms.  

Evidently, the voltage profile of the non-faulted bus appears to be maintained within 

the ‘normal transient’ limits, subsequently the healthy part of the power network 

retains normal-voltage compliance throughout the duration of the fault. Aggregated 

data regarding inductor ratings identified for normal voltage compliance for different 

simulated protection operation speeds for all DC architectures are summarized in 

Table XI.  Also, the fault current that passes through the nearest interconnecting 

inductor relative to the fault is presented for each scenario, as this will contribute to 

the weight penalty estimation presented at a later section.  

For fault-clearance speeds of 50 ms, 25 ms and 10 ms, it was not possible to identify 

inductance ratings that could retain normal voltage compliance, as the bus voltage 

profile could not be maintained within the required voltage envelope. However, 

inductance ratings were derived for fault-clearance speeds of 5 ms or less. In most of 

the simulation cases where inductance ratings could be derived, faster fault-clearance 

speeds result in less fault-current flowing through the interconnecting inductor, and 

less inductance is needed to maintain normal voltage compliance. In comparison, the 

twin-bus architecture appears to require larger interconnecting inductance than the 

three- and four-bus architectures, which in turn results in lesser currents through the 

inductor. It can also be seen that although there does not appear to be any relation 

between fault-clearance speed and required inductance, in some cases for clearance 

speeds of 5 ms and lesser, the relationship appears to be linear or almost linear. 

Overall, from these results, it can be seen that the achievable speed of operation of 

the protection system within an architecture directly impacts the size of the inductor 

required to retain voltage-envelope compliance during the specified fault conditions. 

In this manner, faster fault-clearance times reduce the propagation of the voltage 

transients following the fault, and hence reduce the inductance required to achieve 

compliant interconnection.  
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Figure 40. Voltage profile of non-faulted bus with 2.8 mH of interconnecting inductance for 

a fault-clearance time of 5 ms. 

 

However, inductive interconnections do not appear to be able to provide normal 

voltage compliance for fault-clearance times of 10 ms and slower. This can be 

attributed to the fact that for slow fault-clearance times, relatively large amounts of 

inductance are required to stabilize the bus-voltage level above 200 V, which 

subsequently delay voltage recovery, thus pushing the voltage profile outside the 

gradient of the lower-limit envelope. As this behaviour is exhibited for all simulated 

candidate DC architectures, fault-clearance times of 10 ms and slower are discarded 

from further analyses.  

For this inductive solution approach, the requirement for fault-clearance speeds to be 

less than 10 ms creates significant implications with regards to traditional protection 

equipment, in particular mechanical circuit breakers. In Chapter 3, it was stated that 

at the ±270 V DC level, it is typical for EMCBs with similar tripping times to be 

employed. This suggests that for the attainment of voltage compliance in an 

interconnecting network, inductive interconnections cannot be utilised along with 

traditional EMCBs with tripping times of 10 ms or greater.  
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Table XI. Inductance ratings for normal transient compliance under full-load HP generator 

operation 

DC Architecture Fault-clearance 

time 

Fault current 

through inductor 

Inductance rating 

2 Bus 50 ms - - 

 25 ms - - 

 10 ms - - 

 5 ms 139.5 A 4.5 mH 

 1 ms 128.5 A 2 mH 

 0.5 ms 136 A 1 mH 

 0.1 ms 151.5 A 0.2mH 

 0.02 ms 175 A 0.03 mH 

3 Bus 50 ms - - 

 25 ms - - 

 10 ms - - 

 5 ms 406 A 2.8 mH 

 1 ms 281 A 0.8 mH 

 0.5 ms 198 A 0.6 mH 

 0.1 ms 321 A 0.07 mH 

 0.02 ms 153 A 0.03 mH 

4 Bus 50 ms - - 

 25 ms - - 

 10 ms - - 

 5 ms 404.5 A 2.8 mH 

 1 ms 229 A 1 mH 

 0.5 ms 171.5 A 0.7 mH 

 0.1 ms 162.5 A 0.15 mH 

 0.02 ms 131 A 0.035 mH 

 

On the other hand, the apparent applicability of this approach in retaining voltage 

compliance for relatively fast protection operations speeds opens up the possibility to 

investigate even faster fault-clearance times, further reducing the inductor ratings and 

thus the added weight penalty on the architecture. Subsequently, three additional 

fault-clearance times were considered in this analysis, 0.5 ms, 0.1 ms and 2 μs, 

indicative of potential very fast protection systems (i.e. SSPCs).   
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5.2.2 Steady-state compliance 
 

A similar analysis was carried out to identify potential inductor ratings capable of 

providing the much stricter steady-state voltage limit compliance. To achieve steady-

state voltage compliance, the bus voltage level must be maintained between 250 V 

and 280 V. From this analysis, it was verified that particularly for these modelled 

networks and the range of inductance values considered, it is not possible to meet the 

steady-state power quality requirements for a protection operation speed of 50 ms, 25 

ms and 10 ms for any DC architecture. It was however possible to determine the 

required inductor ratings for protection operation speeds faster or equal to 5 ms for 

all simulated DC architectures. 

For comparison reasons, the same parameters as for the voltage profile of Fig 40 

were simulated, but in this case the inductors were rated for steady-state compliance. 

Fig. 41 depicts the voltage profile of the non-faulted DC bus 2 of the three-bus DC 

architecture, for a fault in location F1 and a protection operation speed of 5 ms.  In 

this case, the interconnecting inductors are rated at 13 mH, compared to the 2.8 mH 

inductors necessary for normal voltage compliance.  

Aggregated data regarding inductor ratings for steady-state voltage compliance for 

different simulated protection operation speeds for all DC architectures are 

summarized in Table XII. In the simulation cases where inductance ratings could be 

derived, faster fault-clearance speeds result in less fault-current flowing through the 

interconnecting inductor, and less inductance is required to maintain steady-state 

voltage compliance. The twin-bus architecture appears to require larger 

interconnecting inductance in comparison to the three- and four-bus architectures. 

Lastly, it can also be seen that in most cases for clearance speeds of 1 ms and less, 

the relation between fault-clearance speed and required inductance appears to be 

linear or approximately linear. 

As in the case of normal transient compliance, faster fault-clearance times have a 

direct impact on the necessary inductor ratings, however, it is evident that steady-

state compliance requires larger inductor ratings compared to normal transient 

compliance for identical fault-clearance times. It can therefore be concluded that the  
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Figure 41.  Voltage profile of non-faulted bus with 13 mH of interconnecting inductance for 

a fault-clearance time of 5 ms. 

 

tighter the voltage envelope, the larger the size of the required inductance, and thus 

the greater the impact of these solutions on the power-system mass. Additionally, the 

employment of larger rated inductors for steady-state compliance results in 

significantly smaller fault-current flows compared to those sensed in normal transient 

compliance. 

So far, it has been shown that via the implementation of bus-interconnecting 

inductive components, both normal transient and steady-state voltage compliance is 

potentially achievable for an interconnected system during a short-circuit under 

specific fault-clearance times. However, the feasibility of these solutions with 

regards to their impact on the total weight of the electric system has yet to be 

examined. The following section will attempt to address this issue. 
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Table XII. Inductance ratings for steady-state transient compliance under full-load HP 

generator operation 

DC Architecture Fault-clearance 

time 

Fault current 

through inductor 

Inductance rating 

2 Bus 50 ms - - 

 25 ms - - 

 10 ms - - 

 5 ms 118 A 17 mH 

 1 ms 86 A 7.5 mH 

 0.5 ms 69 A 4 mH 

 0.1 ms 63 A 1.5 mH 

 0.02 ms 52 A 0.2 mH 

3 Bus 50 ms - - 

 25 ms - - 

 10 ms - - 

 5 ms 99.5 A 13 mH 

 1 ms 66 A 4 mH 

 0.5 ms 54 A 2.7 mH 

 0.1 ms 52 A 0.75 mH 

 0.02 ms 35 A 0.15 mH 

4 Bus 50 ms - - 

 25 ms - - 

 10 ms - - 

 5 ms 99.5 A 13 mH 

 1 ms 58.5 A 4.5 mH 

 0.5 ms 48 A 3 mH 

 0.1 ms 34.6 A 1.2 mH 

 0.02 ms 34.4 A 0.15 mH 

 

 

5.3 Mass estimation of inductive solutions 

 

To better depict and quantify the apparent trade-off between inductor sizing and 

protection operation speed, and assess the feasibility of the proposed inductive 

solutions, system mass, or added weight penalty, would be an effective illustrator. 

However, given the multitude of required inductor ratings and desired nominal 

current levels, it was not possible to identify suitable commercially-available 

components for all simulated scenarios in order to carry out a system mass analysis.  



92 

 

To overcome this issue, and at the same time perform a uniform and normalized 

comparison, a mass index from a lightweight, aviation-grade inductor in [224] was 

derived. From the device’s weight and power ratings, a kg mass per unit mH-A was 

calculated to be 0.025 kg/mH-A. Although this number may be highly approximated, 

nevertheless it can aid in the quantitative estimation of the added weight inductive 

solution incur on the power network.   

As has been previously stated, the simulation studies have been carried out under 

full-load operation conditions, subsequently, for each scenario, the current that flows 

through the interconnecting inductor during the fault would be the greatest fault-

current contribution of the healthy part of the network to the fault. Subsequently, by 

using the largest instantaneous value of sensed current passing through the inductor, 

along with the known required inductor ratings, it is possible to estimate the inductor 

weights, 𝑊𝐼𝑛𝑑, for all simulated scenarios from the following equation: 

𝑊𝐼𝑛𝑑 = 𝑘 ∙ 𝐿 ∙ 𝐼𝑚𝑎𝑥           (7) 

where k is the inductor weight index of 0.025 kg/mH-A, L represents the required 

inductance rating in millihenries and Imax is the largest value of amperes passing 

through the immediate interconnecting inductor during the fault.  

By definition, the weight estimation of the required inductor in each simulated case 

is derived in part from the exact maximum value of fault current passing through the 

interconnecting inductor under full load and balanced operating conditions. Typically 

however, it is not uncommon for aircraft generation systems to be designed with 

overrated capabilities (overload), i.e. for equipment failure or emergency operating 

conditions. A fault under overload conditions will result in larger fault currents 

flowing through the interconnecting inductor, subsequently overrated inductance 

ratings are required to maintain voltage compliance. Overload inductance ratings are 

identified in a later section, however a weight estimation study is not carried out. 

Aggregated inductor weight results for protection operation speeds of 5 ms, 1 ms, 0.5 

ms and 0.02 ms both for normal and steady-state voltage compliance are summarized 

in Fig. 42 to 44 for the twin-, three- and four-bus DC architectures respectively. It 

should be noted that these weights are an estimate of the necessary inductance  
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Figure 42. Mass penalty estimation for the twin-bus HP DC architecture. 

 

 

 

 

Figure 43. Mass penalty estimation for the three-bus HP DC architecture. 
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Figure 44. Mass penalty estimation for the four-bus HP DC architecture. 

 

connection and do not include the new, overrated bus-tie breakers and/or contactors 

that would be required following the interconnection of the power system. 

Fig. 42 estimates the quantified weight penalty on the twin-bus architecture. It is 

evident that steady-state compliance incurs a larger weight penalty in comparison to 

normal compliance across all protection operation speeds, ranging from twofold to 

threefold depending on protection speed. For normal voltage compliance and fault-

clearance speeds of 1 ms and less, the relationship between mass and protection 

speed appears to be approximately linear.  

In the three- and four-bus architectures (Fig. 43 and 44 respectively), the mass 

difference between normal and steady-state compliance is not as acute as seen in the 

twin-bus. Additionally, the relation between mass and protection speed appears to be 

approximately linear across all protections operations speeds and types of 
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types of compliance. 
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Overall, it is clear from these figures that for any given architecture and type of 

compliance, voltage limits can be adhered to with lighter inductors if faults are 

cleared within a shorter time frame. This demonstrates that fast protection operation 

speed is crucial to the potential feasibility of interconnected systems. Also, for any 

given architecture and fault-clearance time, these results highlight that the tighter the 

required voltage envelope, the larger the weight of required inductance. Therefore, 

there is an apparent trade-off between the type of compliance required and the added 

weight penalty incurred on the electrical architecture.  

Additionally, the multitude of DC buses within an architecture also impacts the total 

added weight penalty on the power system. Although three- and four-bus DC 

networks require smaller-rated, thus lighter inductors compared to the twin-bus 

architecture to achieve the same type of compliance, they incur a greater mass 

penalty due to the need for multiple inductors for the implementation of this 

interconnection approach. The implications of this on the electrical design of an 

architecture will be illustrated in the next section.  

Lastly, to highlight the importance of inductor design and its impact on the system 

mass, if the same weight estimation analysis was carried out using a larger, heavier 

inductor with a weight index of 0.12 kg/mH-A [225], the mass results presented in 

Fig. 42 to 44 would been approximately five times larger, significantly worsening the 

feasibility of this approach. 

 

5.4 Influence of inductive solutions on generation 

source and architectural design selection 

 

Previous simulation studies were undertaken with equally-rated HP generators across 

the power network for all DC architectures. To explore the implementation of 

inductive solutions in multi-shaft power off-takes schemes, this section will focus on 

the HP/LP model variants presented in the previous chapter. The substitution of the 

left HP generator with an LP in the twin- and three-bus architectures, and the two 
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outer generators in the case of the four-bus architecture, requires the reconfiguration 

of existing generation sources so that the LP generator is rated at half the power 

output of the HP, whilst maintaining the power output of the DC power system 

limited to 300 kW.  

Although the initial twin-bus architecture for example was equipped with two 

identical 150 kW HP generators, the multi-shaft twin-bus architecture variant is 

equipped with one 100 kW LP and one 200 kW HP generator. The new HP generator 

output constitutes a 50 kW increase compared to the initial HP generator suitable 

inductance ratings were derived for. Similarly, a 20 kW increase per HP generator is 

observed for the three-bus architecture, and a 25 kW increase per HP generator is 

observed for the four-bus architecture. Consequently, new inductance ratings for the 

multi-shaft off-take variants are necessary to mitigate the induced increase in HP 

generator power output. Following the same simulation analysis as for the case of the 

identical HP generators studies, the new inductance ratings for normal transient and 

steady-state compliance are summarized in Tables XIII and XIV respectively for all 

DC architectures. 

 

Table XIII. Inductance ratings for normal transient compliance under full-load LP/HP 

generator operation 

DC Architecture Fault-clearance 

time 

Fault current 

through inductor 

Inductance rating 

2 bus 5 ms 142 A 8.5 mH 

 1 ms 106 A 2.5 mH 

 0.5 ms 127 A 2 mH 

 0.1 ms 135 A 1 mH 

 0.02 ms 151 A 0.04 mH 

3 Bus 5 ms 385 A 3 mH 

 1 ms 238 A 1 mH 

 0.5 ms 181 A 0.7 mH 

 0.1 ms 328 A 0.07 mH 

 0.02 ms 170 A 0.03 mH 

4 Bus 5 ms 334 A 3.5 mH 

 1 ms 197 A 1.2 mH 

 0.5 ms 173 A 0.7 mH 

 0.1 ms 166 A 0.15 mH 

 0.02 ms 133 A 0.035 mH 
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Table XIV. Inductance ratings for steady-state compliance under full-load LP/HP generator 

operation 

DC Architecture Fault-clearance 

time 

Fault current 

through inductor 

Inductance rating 

2 bus 5 ms 42 A 35 mH 

 1 ms 41 A 7.5 mH 

 0.5 ms 43 A 4 mH 

 0.1 ms 33 A 1.5 mH 

 0.02 ms 32 A 0.2 mH 

3 Bus 5 ms 98 A 14 mH 

 1 ms 65 A 4.5 mH 

 0.5 ms 54 A 3 mH 

 0.1 ms 58 A 0.75 mH 

 0.02 ms 41 A 0.15 mH 

4 Bus 5 ms 90 A 13.5 mH 

 1 ms 51 A 5 mH 

 0.5 ms 46 A 3 mH 

 0.1 ms 33 A 1.2 mH 

 0.02 ms 33 A 0.15 mH 

 

In Table XIII, it can be seen that the transition to faster fault-clearance times results 

in smaller inductance ratings. For the two- and three-bus architectures, it would 

appear that there is no correlation between inductance rating and protection speed, 

whilst in the four-bus architecture, the relation between protection speed and 

required inductance is almost linear for speeds of 1 ms and less. Lastly, in the four-

bus architecture, the fault-current through the inductor appears to be decreasing as 

the fault-clearing speed increases, however this is not the case in the two- and three-

bus architectures. 

Table XIV depicts the required inductance ratings for steady-state voltage 

compliance. In comparison with normal compliance, it is clear that significantly 

larger inductors are required, with the largest inductance of 35 mH being needed for 

the twin-bus architecture for a fault-clearance speed of 5 ms. A direct consequence of 

the need for relatively large inductor are the considerably smaller levels of fault 

current flowing through the interconnecting inductor, with the two-bus architecture 

exhibiting the least amount of fault current and the three-bus architecture exhibiting 

the most. Lastly, for steady-state voltage compliance, the linear relationship between 
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inductance ratings and protection speed does not appear to hold for the vast majority 

of measurements. 

Overall from these results, it is evident that the necessary increase in the power 

output of the HP generators has increased the required inductance ratings for normal 

compliance, for fault-clearance speeds of 5 ms and 1 ms in all architectures. On the 

other hand, the increase in HP generator output does not appear to have an impact on 

the inductance ratings for protection operation speeds of 0.5 ms, 0.1 ms and 2 µs for 

the three- and four-bus DC architectures. Particularly for steady-state compliance, it 

would appear that in most cases the previously identified inductance ratings for 

purely HP-generation network variants are sufficient to provide compliance besides 

the increase in HP generator output. It should be noted however that for the twin-bus 

architecture given a 5 ms fault-clearing time, the 35 mH inductance rating appears to 

be unfeasibly large for any airborne platform.  

Aggregated inductor weight results for protection operation speeds of 5 ms, 1 ms, 0.5 

ms and 0.02 ms for both types of voltage compliance are summarized in Fig. 45 to 47 

for the twin-, three- and four-bus DC architectures respectively. Again, these weights 

are an estimate of the necessary inductance connection and do not include the new, 

overrated bus-tie breakers and/or contactors that would be required following the 

interconnection of the power system. 

In Fig. 45, it can be seen that the mass penalty for both types of compliance can be 

significantly reduced by transitioning from a fault-clearance time of 5 ms to a fault-

clearance time of 1 ms, whilst for normal compliance, there appears to be only a 

marginal benefit from transitioning from a fault-clearance speed of 1 ms to a fault-

clearance speed of 0.5 ms. In the three-bus architecture of Fig. 46, again the relation 

between protection operation speed and added weight penalty appear to be 

approximately linear for normal voltage compliance, as is the case with the four-bus 

architecture. Particularly for the four-bus architecture, it would appear that across all 

fault-clearance speeds, the weight penalty difference between the two types of 

compliance is negligible, suggesting that the stricter steady-state compliance can be 

adhered to with marginally larger added weight.  
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Figure 45. Mass penalty estimation for the twin-bus LP DC architecture. 

 

 

 

 

Figure 46. Mass penalty estimation for the three-bus LP DC architecture. 
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Figure 47. Mass penalty estimation for the four-bus LP DC architecture. 
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compliance type. However, the implementation of smaller-rated inductors would 

mean that voltage compliance could only be retained for a fault on the respective LP 

bus, and not for a fault on any respective HP bus, consequently these ratings were 

discarded.  

Also, it can be concluded that the main contributor to the need for bigger-rated 

inductors is not the variance in power mismatch between generation source types 

across all architectures, and thus the kind of shaft from which power is off-taken, but 

the greatest nominal power value of the available generators. For example, this 

would mean that for any two power systems that have the same multitude of 

generators with the same generator power output, the inductor rating that would be 

needed would be the same, irrelevantly if the fault was on the LP or HP generator. 

Accordingly, if an LP is the heterodyne between two given generators with regards 

to power output, then suitable inductor ratings would be dictated by the LP generator. 

29 

6 
3 

0.6 0.12 

30.5 

6.5 
3.5 

1 0.13 
0

5

10

15

20

25

30

35

5 1 0.5 0.1 0.02

Normal compliance

Steady-state compliance

Protection operation 

 speed (ms) 

Mass penalty (kg) 

Four-bus DC architecture 



101 

 

Overall, it will be shown that the rating and mass of the required inductance 

interconnection has the potential to influence the choice of architectural design as 

well as generation source type. Within this research, it is assumed that the LP 

generator is rated to half the power of the HP generator, thus this induces a necessary 

increase in the HP generators outputs.  In turn, larger-rated inductors are required to 

maintain voltage compliance. Table XV presents the aggregated inductance ratings 

required for normal and steady-state voltage compliance for all simulated 

architectures, employing both HP and LP generator variants, across all fault-

clearance speeds considered. By comparing the inductor ratings in Table VX, it 

would appear that as the multitude of generation sources within an architecture 

increases, thus decreasing the nominal HP generator power outputs, smaller-rated 

inductors are required to achieve compliant interconnections. In this manner, it 

would be more beneficial for an architecture to be equipped with more, less-powerful 

generation sources than fewer, more-powerful sources.  

On the other hand, an increase in the multitude of generation sources, and thus the 

multitude of DC buses, corresponds to an increase in the number of inductors that are 

required to interconnect the DC buses. In turn, this increases the added weight 

penalty on the architecture. Therefore, there is an apparent trade-off between the 

multitude of generation sources, and thus their nominal power output, and the degree 

of interconnection that can be applied within the architecture via the number of 

interconnecting inductors.  

Additionally, the mass of the required inductance connection has the potential to 

influence the architectural design and degree of interconnection, as will be briefly 

illustrated in the following architecture-comparison case study. This case study will 

compare the fully-interconnected four-bus DC architecture presented earlier with a 

partially-interconnected ‘two twin-DC bus’ architecture, shown in Fig. 48. The latter 

employs the same multitude of generation sources and DC buses as the former, 

however, features a smaller degree of interconnection, as the medial inductor has 

been removed. For ease of comparison, both architectures will be assumed to feature 

four 75 kW generators, disregarding HP or LP machine selection.  
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Table XV. Aggregated inductance ratings for all simulated architectures employing both HP 

and LP generator variants for normal and steady-state voltage compliance across all fault-

clearance speeds considered 

DC 

Architecture 

Fault-

clearance 

time 

Required inductance ratings for: 

  Normal 

compliance 

with HP 

Normal 

compliance 

with LP 

Steady-state 

compliance 

with HP 

Steady-state 

compliance 

with LP 

2 Bus 50 ms - - - - 

 25 ms - - - - 

 10 ms - - - - 

 5 ms 4.5 mH 8.5 mH 17 mH 35 mH 

 1 ms 2 mH 2.5 mH 7.5 mH 7.5 mH 

 0.5 ms 1 mH 2 mH 4 mH 4 mH 

 0.1 ms 0.2mH 1 mH 1.5 mH 1.5 mH 

 0.02 ms 0.03 mH 0.04 mH 0.2 mH 0.2 mH 

3 Bus 50 ms - - - - 

 25 ms - - - - 

 10 ms - - - - 

 5 ms 2.8 mH 3 mH 13 mH 14 mH 

 1 ms 0.8 mH 1 mH 4 mH 4.5 mH 

 0.5 ms 0.6 mH 0.7 mH 2.7 mH 3 mH 

 0.1 ms 0.07 mH 0.07 mH 0.75 mH 0.75 mH 

 0.02 ms 0.03 mH 0.03 mH 0.15 mH 0.15 mH 

4 Bus 50 ms - - - - 

 25 ms - - - - 

 10 ms - - - - 

 5 ms 2.8 mH 3.5 mH 13 mH 13.5 mH 

 1 ms 1 mH 1.2 mH 4.5 mH 5 mH 

 0.5 ms 0.7 mH 0.7 mH 3 mH 3 mH 

 0.1 ms 0.15 mH 0.15 mH 1.2 mH 1.2 mH 

 0.02 ms 0.035 mH 0.035 mH 0.15 mH 0.15 mH 

 

The key parameter values of the comparison are summarised in Table XVI, for 

selected fault-clearance times. From this comparison, it is evident that although the 

‘two twin-DC bus’ architecture requires larger inductance ratings to retain normal 

voltage compliance, it employs one less inductor than the four-DC bus architecture, 

and the smaller degree of interconnection produces smaller fault currents. Therefore, 

the overall weight penalty incurred by the interconnecting inductors in the ‘two twin-

DC bus’ architecture appears to be less than in the four-DC bus architecture.  
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Figure 48. Partially-interconnected ‘two twin-DC bus’ architecture. 

 

Table XVI. Key parameters of comparison study between four-bus and ‘two twin-bus’ DC 

architectures for normal transient compliance 

DC 

Architecture 

Fault-clearance 

time 

Fault current 

through 

inductor 

Inductor rating Total weight 

penalty 

4 Bus 5 ms 404.5 A 2.8 mH  85 kg 

 1 ms 229 A 1 mH 17 kg 

 0.5 ms 171.5 A 0.7 mH 9 kg 

 0.1 ms 162.5 A 0.15 mH 2 kg 

 0.02 ms 131 A 0.035 mH 0.3 kg 

2+2 Bus 5 ms 336 A 3.4 mH 57 kg 

 1 ms 208 A 1.1 mH  11.5 kg 

 0.5 ms 152 A 0.8 mH 6 kg 

 0.1 ms 132 A 0.2 mH 1.3 kg 

 0.02 ms 103 A 0.045 mH 0.23 kg 

 

Subsequently, strictly in terms of system mass, it would be more beneficial to 

combine groups of smaller generators, and thus DC buses, into separate channels 

than opting for fully interconnected DC systems. Moreover, the weight penalty is 

further aggravated for fully interconnected systems once the need for overrated 

contactors and bus-ties is factored into the weight comparison. With regards to the 
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total weight of the electrical system, the examples described in this section illustrated 

how electrical architectures and protection operation strategies can influence design 

at a systems and architectural level. 

 

5.5 Beneficial and adverse aspects of inductive 

interconnections 

 

During an electrical fault, the implementation of interconnecting inductance between 

DC buses appears to allow the non-faulted part of the power system to adhere to the 

voltage limits defined in MIL-STD-704F, for both types of voltage compliance under 

specific fault-clearance times. For the simulation studies presented in previous 

sections, the electrical fault was introduced at the terminals of the DC busbar, in an 

attempt to analyse a worst-case scenario in terms of transient response and fault-

current within the DC system. To further aggravate this scenario, the DC bus was not 

isolated from its respective ATRU or upstream AC generation source, perhaps in 

contrast to how an actual protection system would operate in order to clear the fault. 

Nevertheless, the interconnecting inductive components appear to be able to stabilize 

the voltage profiles of the non-faulted buses within the specified limits without the 

need of isolating the DC buses. For example, a fault upstream or downstream of a 

DC busbar would necessitate the removal by the protection system of that particular 

channel from the network, and the voltage profile of the respective busbar may be 

affected, or even collapse, but the DC buses would still be able to operate in 

paralleled mode as the interconnecting components would stabilise the voltage 

profiles of the non-faulted DC buses within the required limits. Therefore, unlike the 

approach proposed for AC and/or DC distribution systems on-board diesel electrical 

propulsion vessels in [220, 222], DC bus isolation or reconfiguration of the 

distribution network does not appear to be required in this interconnecting method. 

Another benefit afforded by this inductive approach is the implementation of an 

interconnecting mechanism that has no moving parts, which makes it less susceptible 



105 

 

to wear and tear issues, and thus reduces the need of frequent maintenance. Once 

installed, these components do not need to be programmed or have their operation be 

continuously monitored, and unlike traditional fuses, are not single-use items. 

Moreover, inductors are thought to exhibit high reliability, although high temperature 

operation or exposure to high current stresses can lead to component failure [226]. 

The two most common fail modes of an inductor are open circuit (i.e. due to a crack 

in the coil wire) and short-circuit (i.e. inductance drop due to insulation 

damage/deterioration) [227]. If an inductor becomes an open circuit, this suggests 

that at least one power channel is operating in isolated-generation mode, with 

apparently no further impact to flight operations. Therefore, this failure mode is 

considered to have a minimal effect on flight safety or continuity, as the electrical 

system can subsequently be operated in isolated-generation mode. 

On the other hand, and perhaps only in the event of an electrical fault, the 

deterioration of the inductor’s insulation could potentially result in the adjacent 

power channel(s) exceeding the permissible voltage limits and relevant equipment 

being exposed to larger fault currents. However, it is believed that this can be 

mitigated by the operation of the protection system and by component inspection 

during maintenance. In essence, it would appear that an additional advantage of 

utilising inductors as bus-interconnecting mechanisms is their ‘safe fail’ 

characteristic, where following a failure of the component, it can be argued that the 

only drawback is the reduction in operability and efficiency gains due to the 

electrical system operating in isolated-generation mode. 

However, there are also several disadvantages to this approach. The following 

sections will briefly discuss the effects of unbalanced operation conditions and power 

quality on the required inductor ratings necessary to achieve compliant 

interconnections. The adverse effects of adding inductance in-between buses will 

also be considered with respect to transient load sharing and protection relay 

coordination. 
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5.5.1 Generator Imbalance 
 

In the simulation scenarios of Section 5.2.1, the identified inductor ratings were 

derived under balanced operation of the power system, however, generator operation 

may not always be balanced. The electrical generation systems on most civil aircraft 

are designed with overload provisions (time-limited excess overload capacity) or 

have over-rated generation capabilities, particularly for the case of abnormal or 

emergency flight conditions. The A380 is thought to be able to sustain the loss of 

two of its four generators before an overload situation is established [56], whilst in 

the twin-engine B777, both main AC buses and all essential electrical services can be 

provided for under single-generator operation [106]. Additionally, TRUs are 

designed with incorporated overload features, where the current output can be 

significantly increased for a limited time period [228].  

At the same time, it not uncommon for flight crew to reduce the throttle on a 

particular engine, and thus the output of the respective generator, in the event of 

excessive engine vibrations or oil temperature [229, 230]. This section will 

investigate the impact of overloaded and underperforming generators within a 

network on the required inductance ratings necessary for normal voltage compliance. 

To investigate the effect of unbalanced generator operation on the necessary 

inductance ratings, a similar analysis as in Section 5.2 was carried out for all DC 

architectures, however in this case, one generator was set to operate at 50% of rated 

power and the adjacent generator set to 150% of rated power. From this analysis, it is 

apparent that if the fault is applied on the respective DC bus of the under-performing 

generator, there is no breach of the voltage-limits envelope, however a fault applied 

on the respective bus of the over-performing generator leads to a breach of the 

normal voltage-limits envelope. As the previously identified inductance ratings are 

not able to maintain the non-faulted bus voltage within the defined limits, new over-

rated inductors are needed in this case, summarized in Table XVII, further increasing 

the added weight penalty on the DC architectures. 
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Table XVII. Inductance ratings for normal transient compliance under unbalanced generator 

operation 

DC Architecture Fault-clearance time Inductance rating 

2 Bus 5 ms 10 mH 

 1 ms 3 mH 

 0.5 ms 2.5 mH 

 0.1 ms 1.2 mH 

3 Bus 5 ms 4.5 mH 

 1 ms 2 mH 

 0.5 ms 1 mH 

 0.1 ms 0.2 mH 

4 Bus 5 ms 4 mH 

 1 ms 1.5 mH 

 0.5 ms 0.8 mH 

 0.1 ms 0.04 mH 

 

 

5.5.2 Bus power quality 
 

In the simulation scenarios of Section 5.2.1, the identified inductor ratings were 

derived under optimum power quality conditions, with a nominal busbar voltage of 

270 V DC and no fluctuations. This section will investigate the effect of power 

quality on the required inductance ratings necessary for normal voltage compliance. 

As a means of introducing a degree of instability into the simulated power networks, 

a 10.05 kVA DC-AC converter-fed constant-power load, representing a three-phase 

AC motor, was attached to each DC bus across all architectures. A two-level voltage 

source inverter, featuring six IGBTs in a three leg configuration, outputs three-phase 

AC power which in turn is fed to the motor, with the block diagram of the simulation 

model shown in Fig. 49. The control system of the inverter was designed with 

guidance provided within [231]. The output voltage magnitude of the inverter is 

regulated using a phase angle controller, and dq0 transformation is used to determine 

the Vd component magnitude. The Vd component and reference value are then 

summed with the AC voltage phase angle to provide a frequency for the reference 

sinusoidal waveform. These waveforms are created for each of the three AC phases 

and are separated by 120
o
. The sinusoids are then compared to the PWM switching  
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Figure 49. Block diagram of software model used to simulate a constant power load, 

consisting of a two-level voltage source inverter that drives an AC motor. 

 

pattern, which generates the pulse signals to control the switching of the inverter. 

Lastly, this specific power rating for the AC motor was chosen so that the generated 

voltage fluctuations would not exceed the 6 V limit imposed by the power-quality 

requirements, while producing 12 Nm of torque at a nominal speed of 8,000 rpm.  

In all simulated scenarios, the voltage oscillations generated onto the DC buses by 

the constant-power loads lead to breaches of the normal voltage-limit envelope using 

the inductance ratings previously identified. This is illustrated in Fig. 50 for a fault-

clearance time of 5 ms in the twin-bus DC architecture, using the 4.5 mH inductor 

previously identified. Consequently, new inductance ratings are required to maintain 

voltage compliance under voltage fluctuating conditions, which are summarized in 

Table XVIII.  

Although these ratings are slightly larger than the ones identified in Table XI under 

optimum power quality conditions, the impact of voltage fluctuations on the 

inductance ratings, and thus on the added weight penalty, is less significant than the 

impact of unbalanced generator operation on these ratings. 
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Figure 50. Voltage profile of the non-fault bus of twin-bus DC architecture following the 

addition of a constant-power load, during a fault with 5 ms fault-clearance time. 

 

Table XVIII. Inductance ratings for normal transient compliance under fluctuating voltage 

conditions 

DC Architecture Fault-clearance time Inductance rating 

2 Bus 5 ms 5 mH 

 1 ms 2.5 mH 

 0.5 ms 1.2 mH 

 0.1 ms 0.3 mH 

3 Bus 5 ms 3 mH 

 1 ms 1 mH 

 0.5 ms 0.7 mH 

 0.1 ms 0.08 mH 

4 Bus 5 ms 3 mH 

 1 ms 1.5 mH 

 0.5 ms 0.8 mH 

 0.1 ms 0.2 mH 

 

 

5.5.3 Undesired effects due to interconnecting inductance  
 

Previous sections identified operational conditions, such as generator imbalance and 

non-optimal power quality, as issues that have an adverse effect on the proposed 
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inductance ratings necessary achieve voltage-envelope compliance. This section will 

briefly discuss the adverse aspects arising from the deployment of interconnecting 

inductance in-between DC buses within electrical architectures, with respect to 

transient load sharing and protection relay coordination 

First, the addition of inductive components onto the power network can incur a 

significant weight penalty, particularly for larger DC architectures with slow fault-

clearance times. In applications where weight and volume come at a premium, such 

as in aviation and offshore power installations, there are constraints on the mass and 

size of components, as the cost of platforms is highly dependent on their weight, and 

more importantly, volume [14]. Although transitioning to faster fault-clearance times 

reduces the added weight penalty incurred on the electrical architecture by the 

interconnecting inductor/s, this may increase the cost and complexity of the 

protection system. 

Additionally, there is a trade-off in inductor design between the rate of rise of fault 

current and the stiffness of the power system [14].  Higher inductance values can 

further supress the fault-current rate of rise, but in doing so, create a stiffer network 

that restricts fast current changes, impacting the response of the power flow control 

in the grid [232]. This can be illustrated in Fig. 51, which depicts a voltage response 

comparison following a 50 kW load step-up and down, at time t = 0.3 s and t = 0.33 s 

respectively, on the three-bus DC architecture with and without the inclusion of 

inter-bus inductance. It is clear that the response of this particular inductive system is 

over-damped, reducing the peak of voltage transients but at the same time extending 

the settling time of the system. 

The addition of interconnecting inductance between adjacent DC buses could also 

potentially compromise the stability of the electrical network with regards to 

transient load sharing of generators following step changes in load. Although this 

seems to pose a serious problem in islanded microgrids [233], where poor transient 

load sharing is exhibited when synchronous generators are paired with inverters, this 

does not appear to be an issue with more interconnected systems [234], or a wider 

threat to the stability of the system [235], and there are means of control to mitigate 

for such issues, such as droop-based or master-slave control. 
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Figure 51. Load sharing transient response during a 50 kW step-up and down with inter-bus 

inductance (blue line) and without (black line). 

 

Lastly, during an electrical fault, fault-current magnitude and voltage-disturbance 

propagation are expected to be greater in an interconnected system than in an isolated 

network. Therefore, protection devices and relays must be configured to operate and 

coordinate accordingly. Although research has shown that high-impedance faults can 

result in dampened protection operation [236], or protection blinding [237], in 

simulations presented in previous sections, the inductance ratings of the proposed 

interconnecting solutions are driven by low-impedance short-circuit faults. This, 

along with novel research into high-impedance fault mitigation [238], suggests that 

relay coordination poses no greater problem compared to other protection issues, 

however a relay coordination analysis is out of the scope of this research.  

 

5.5.4 Implementation of non-ideal inductor 
 

In all simulation scenarios presented within this thesis, the identified inductor ratings 

were derived under the assumption that an ideal inductor acts as a bus-

interconnecting mechanism. This section will briefly investigate the effect the 

implementation of a non-ideal inductor has on key system parameters. 
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Typically, inductors are rated with particular saturations currents, and their effective 

inductance is temperature-dependent and varies within a specific tolerance [227]. 

These factors were not considered within this work, as a linear representation on an 

inductor model was simulated. Also, a non-ideal inductor has a series resistance R 

and a stray capacitance C, as shown in the equivalent circuit of Fig. 52. The series 

resistance is dependent on the effective inductance of the inductor, temperature and 

inductor design/size [227]. Stray capacitance is dependent on the design of the coil 

and the type of core, however its impact is considered to be less severe than that of 

the series resistance. 

To investigate the effect of a non-ideal inductor acting as a bus-interconnecting 

mechanism on the network, a simulation model was created from Fig. 52. Relevant R 

and C values were looked up within the literature, however due to these parameters 

being design- and temperature-specific, arbitrary values were assumed. 

Consequently, a stray capacitance of 40 pF and a series resistance of 4 Ohms were 

chosen, as typically inductor DC resistance does not exceed 4 Ohms [239]. This 

would therefore create a worst-case scenario with regards to the impact of a non-

ideal inductor on the 270 V DC system. 

Fig. 53 depicts the voltage profile of the non-faulted DC bus on the three-bus 

architecture during a 5 ms fault, with two non-ideal inductors with a series resistance 

of 4 Ω serving as interconnecting mechanisms. For a meaningful comparison with 

the transient behaviour exhibited by the implementation of ideal inductors (Fig. 40), 

the inter-bus inductance was maintained at 2.8 mH, as previously identified in Table 

XI for normal voltage compliance of the three-bus DC architecture. It is evident that 

the power-quality requirements could not be adhered to using the previously 

identified inductance rating, due to the 15 V drop incurred onto the system voltage 

by the series resistance of the non-ideal reactor. A similar voltage drop was observed 

for smaller values of inductance afforded by faster fault-clearing times, as shown in 

Fig. 54 for the same architecture, but for a 1 ms fault and 0.8 mH of inter-bus 

inductance. Again, compliance to power-quality requirements could not be 

maintained, suggesting that the steady-state voltage profile, and thus voltage-limit 

compliance, is sensitive to relatively large increases in system resistance. 
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Figure 52. Equivalent circuit of non-ideal inductor. 

 

 

Figure 53. Voltage profile of non-faulted bus on the three-bus architecture during a 5 ms 

fault with the implementation of 4 Ω, 2.8 mH non-ideal inductors.  

 

 

Figure 54. Voltage profile of non-faulted bus on the three-bus architecture during a 1 ms 

fault with the implementation of 4 Ω, 0.8 mH non-ideal inductors. 
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At the same time, by comparing Fig. 40 and 53, it is apparent that the transient 

responses of the network are different, as the implementation of a large inter-bus 

resistance results in a noticeably less steep voltage collapse and a steeper voltage 

recovery time. Therefore, the addition of such large resistance appears to 

qualitatively improve the transient response of the system during the fault, as it 

reduces the fault-current flowing through the inductor. A steeper voltage recovery 

gradient is also observed in Fig. 54, which paired with the faster fault-clearance, 

result in noticeable overshoot of the nominal voltage level, however without 

exceeding the upper permissible voltage limit. 

Arguably, 4 Ohms is a very large value for an inductor’s series resistance, however it 

appears to imply that 15 V is the maximum amount of voltage drop to be expected by 

the practical implementation of a non-ideal inductor. As expected, further 

simulations showed that by reducing the series resistance of the inductors, the 

voltage drop is also reduced. Lastly, it was seen that in order for the non-ideal 

inductor to have a negligible effect on the system voltage, i.e. less than 1.5 V, the 

series resistance should not exceed a value of 0.5 Ohms. 

 

5.6 Optimisation under partial generator loading 
 

In the simulation scenarios of Section 5.2.1, the identified inductor ratings were 

derived under full-load operation of the generation system, simulating in this manner 

a worst-case type scenario for the network with regards to fault-current and transient 

response. However, an aircraft’s power system does not operate under these 

conditions throughout the entire flight cycle, as typically, there is less electrical 

demand from the on-board generators during cruise and descent compared to take-off 

and climb.  

Moreover, with generator operation at or around 100% of nominal power output, it is 

not possible to perform any kind of generator/load optimisation, thus reducing one of 

the added benefits that could be afforded by operating the power system under 

interconnected mode. On the other hand, if for example the generators on-board an 
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interconnected system were operated at around 70% - 80% of their nominal power 

output during particular segments of the flight cycle, this could enable the 

implementation of power optimisation schemes.  

Several benefits afforded by such schemes in interconnected networks, like electrical 

power-transfer between shafts and more efficient generator operation, have been 

previously mentioned in Section 3.3. Additionally, load optimisation can also allow 

for a more effective system response to variances in electrical demand and reduce 

peak loads [240], which in turn reduce power system losses and thermal stress on 

components [241]. Reducing component stress, thermal and/or fatigue, improves 

network stability and equipment health [242], leading to reductions in maintenance 

costs and improved asset utilisation [243]. 

This section will identify suitable inductance ratings capable of retaining normal 

voltage compliance for generator operation rated at 70% of the nominal power 

output. Subsequently, each HP generator in the twin-, three- and four-bus DC 

architecture is rated at 105 kW, 70 kW and 52.5 kW respectively. Aggregated data 

regarding inductor ratings for normal voltage compliance under partial generator 

loading are summarized in Table XIX, and their weight penalty estimation is 

illustrated in Fig. 55. 

From this weight estimation study of the required inductors, it is again clear that 

significant weight savings can be realized by increasing the speed of the protection 

system. In absolute value, this is more evident for the four-bus architecture, in 

particular between fault-clearance times of 5 ms and 1 ms, as it requires the most 

inter-bus inductors. For the same fault-clearance times, a significant weight reduction 

can also be achieved for the three-bus architecture. However, lesser weight savings 

can realized for the two-bus architecture as is requires only one interconnecting 

inductor.  

Overall, it is evident that a 30% reduction in generator output does not result in a 

similar reduction in inductance ratings. Across all architectures and fault-clearance 

times, the required inductance ratings either marginally increased for relatively slow 

fault-clearance times, or remained the same for protection operation speeds of 0.1 ms  
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Table XIX. Inductance ratings for normal transient compliance under partial-load HP 

generator operation 

DC Architecture Fault-clearance 

time 

Fault current 

through inductor 

Inductance rating 

2 Bus 5 ms 137.5 A 4.5 mH 

 1 ms 109 A 2.2 mH 

 0.5 ms 176 A 1.1 mH 

 0.1 ms 121 A 0.2 mH 

 0.02 ms 170 A 0.03 mH 

3 Bus 5 ms 404 A 2.8 mH 

 1 ms 250 A 0.9 mH 

 0.5 ms 170.5 A 0.7 mH 

 0.1 ms 315.6 A 0.07 mH 

 0.02 ms 147 A 0.03 mH 

4 Bus 5 ms 403 A 2.8 mH 

 1 ms 180.5 A 1.3 mH 

 0.5 ms 137 A 0.9 mH 

 0.1 ms 116 A 0.25 mH 

 0.02 ms 126 A 0.035 mH 

 

 

Figure 55. Estimated interconnecting solutions weight under partial loading operating 

conditions. 

 

and 0.02 ms. In comparison with full-load condition scenarios however, in most 

cases weight reductions can be realised due to smaller fault currents passing through 

the interconnecting inductors. 
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5.7 Implementation of inductive interconnections on 

novel parallel-generation networks 
 

Previous sections explored the use of interconnecting inductance as a means of 

achieving voltage compliance on baseline DC architectures. This section will 

investigate the potential feasibility of this approach on novel interconnected power 

systems within the relevant literature, presented in Sections 3.3.1 and 3.4, and 

illustrate the impact of different architecture types on system mass. For a meaningful 

comparison with the baseline DC architectures, similar fault clearance times are 

employed at 100 % generator load conditions. The generator power output ratings 

have been adapted so that the total power rating of the system is 300 kW, and where 

applicable, the HP generator is rated at twice the power output of the LP generator. 

The electrical architecture proposed by Derouineau in [135] is a twin-bus DC 

architecture comprising of HP and LP generators, identical to the baseline twin-DC 

architecture studied within, therefore this patent will not be further analysed. 

 

5.7.1 Paralleled HVDC bus 

 

In the paralleled DC architecture proposed by Yue et al. in [160] (Fig. 13), 

interconnecting inductors were installed in-between adjacent HVDC buses, as shown 

in Fig. 56. The network model parameters of the paralleled HVDC system are 

summarized in Table XX. Short-circuits are only introduced onto the terminals of 

HVDC Bus (Left) and HVDC Bus (Essential) due to the symmetry of the power 

system. The necessary inductance ratings to achieve normal voltage compliance in 

this architecture are presented in Table XXI. It is clear from Table XXI that 

regardless of fault location (Left bus or Essential bus), less interconnecting 

inductance is required as fault-clearance times become faster. It is also apparent that 

faults on HVDC Essential require considerable larger inductance ratings in 

comparison with faults on HVDC Left for the same fault-clearance speed, except for. 
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Figure 56. Paralleled HVDC bus electrical power system with interconnecting inductors 

(adapted from [160]). 

 

Table XX. Network model parameters paralleled HVDC bus electrical power system 

Parameter Value 

Rated power 300 kW 

HP/LP generator rating 200 kW / 100 kW 

Operating voltage  270 V DC 

Nominal HP current 370 A 

Nominal LP current 185 A 

Feeder resistance 0.801 mΩ/m [9] 

Feeder inductance 0.65 µ/m [9] 

 

Table XXI. Inductance ratings for normal compliance of HVDC electrical power system 

DC Architecture Fault-clearance time Inductance rating 

Yue et al. 5 ms 4.5 mH 

HVDC Bus  1 ms 1.2 mH 

(Left) 0.5 ms 0.7 mH 

 0.1 ms 0.2 mH 

 0.02 ms 0.015 mH 

Yue et al. 5 ms 15 mH 

HVDC Bus  1 ms 2.5 mH 

(Essential) 0.5 ms 1 mH 

 0.1 ms 0.1 mH 

 0.02 ms 0.04 mH 
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a fault-clearance time of 0.1 ms. Lastly, there appears to be no correlation between 

protection operation speed and inductance rating 

Although typically this is a four-generator architecture, each pair of generators is 

coupled to each of the two outer DC bus, thus essentially resembling a two-bus 

architecture. For faults on HVDC Left, the required inductance ratings are the same 

as those of the twin-bus DC architecture for protection speeds of 5 ms and 0.1 ms, 

and more similar to the candidate four-bus DC architecture for protection speeds of 1 

ms and 0.5 ms. For a fault-clearing time of 0.02 ms, this architecture requires lesser 

inductance than either of the candidate architectures.  

An arguably smoother behaviour is exhibited for faults on HVDC Essential, in which 

the inductance ratings are similar to the two-bus architecture for protection speeds of 

1 ms and 0.5 ms, and more similar to the four-bus architecture for protection speeds 

of 0.1 ms and 0.02 ms. Lastly, the apparent requirement for 15 mH of inductance for 

a fault-clearance speed of 5 ms is significantly larger than for any of the two 

candidate architectures. 

 

5.7.2 Paralleled multi-shaft power offtakes 

 

In the AC architecture proposed by Kern et al. in [130], two (or more) constant-

frequency HP generators power their respective AC buses independently, with an 

additional, synchronized LP generator capable of supplying power to each of the two 

AC buses, as shown in Fig. 57a. In another embodiment of this patent, the LP 

generator can supply additional AC power to each power electronics module, in 

parallel with the AC power delivered to each power electronics module by the 

independent HP generators, as illustrated in Fig. 576b. Lastly, it is envisioned that 

power electronic modules may “selectively provide either AC or DC power to 

desired distribution buses”.  

In this patent, there appears to be some ambiguity in relation to two main issues. 

First, it is not specified what type of power electronics module, serving as an  
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a b 

Figure 57. Paralleled multi-shaft power offtakes embodiments proposed by Kern et al. in 

which the LP generator either provides power to either AC bus (a) or provides power to 

either power electronics module in parallel with the HP generator (b)  [130]. 

 

interconnector, is used (i.e. SSPC, rectifier). Granted that all generators are defined 

as constant-frequency AC sources, this would suggest that power electronic modules 

perform either AC synchronisation functions or DC rectification. In the case of the 

former, this option is not applicable to modern MEA/E as they are equipped with 

variable-frequency generators, which do not permit AC interconnection options, thus 

both topologies of Fig. 57 can be discarded from further analysis. 

On the other hand, if the power electronics modules can rectify the generated AC 

power, then this leads to the second ambiguous issue within the patent, whether the 

LP generator and/or the power electronics modules provide additional power to both 

buses simultaneously or only one at a time. If it is the case of the latter, then the 

topology in Fig. 57b is equivalent to the two-bus HP/LP configuration presented 

earlier in Section 5.4, therefore no further analysis is justified. However, if the 

envisioned power electronics modules can power both main HP channels 

simultaneously, this could enable further analysis into a novel topology, if considered 

as a variable-frequency AC architecture featuring DC distribution. To this end, the 
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envisioned power electronics modules are replaced with closed ideal contactors, 

permitting in this manner the third LP generator to supply both respective HP buses. 

An interconnecting inductor was installed in-between the adjacent buses, as shown in 

Fig. 58. The network model parameters of the paralleled system are summarized in 

Table XXII. Short-circuits are only introduced onto the terminals of DC Bus 2 due to 

the symmetry of the power system. The necessary inductance ratings to achieve 

normal voltage compliance in this architecture are presented in Table XXIII.  

 

 

Figure 58. Implementation of interconnecting inductor in multi-shaft power offtakes 

embodiment proposed by Kern in [130]. 

 

For this power network, voltage compliance of the non-faulted bus via the 

implementation of an inductive interconnecting component appears to be retained 

only for a fault-clearance time of 2 µs. For slower fault-clearance times and given the 

topology of this network, the voltage profile of the non-faulted DC Bus 1 cannot be 

buffered against the fault-response of the generators and subsequent disturbance  



122 

 

Table XXII. Network model parameters paralleled twin-bus electrical power system 

Parameter Value 

Rated power 300 kW 

HP/LP generator rating 120 kW / 60 kW 

Operating voltage  270 V DC 

Nominal HP current 444 A 

Nominal LP current 222 A 

Feeder resistance 0.801 mΩ/m [9] 

Feeder inductance 0.65 µ/m [9] 

 

Table XXIII. Inductance ratings for normal compliance of Kern patent power system 

DC Architecture Fault-clearance time Inductance rating 

Kern et al. 5 ms - 

Left bus  1 ms - 

 0.5 ms - 

 0.1 ms - 

 0.02 ms 0.025 mH 

 

propagation. This is attributed to the existence of an alternate, lower-impedance 

fault-current flow route from the left HP generator, via the closed contactors of the 

LP generator, to DC Bus 2 that bypasses the interconnecting inductor.  

To mitigate the additional power-flow route in this network, two alternate 

implementations of inductive components were tested, as illustrated in Fig. 59. In 

option A (left), additional interconnecting inductors are placed at the terminals of the 

LP generators, whilst for option B (right), the interconnecting inductors are installed 

at the input terminals of the DC buses. For either design option, all three 

interconnecting inductors installed within are assumed to be equally rated. The 

necessary inductance ratings to achieve normal voltage compliance for design 

options A and B are presented in Tables XXIV and XXV respectively. 

From these results, it is apparent that the installation of additional inductive elements 

results in the attainment of normal voltage compliance for all fault-clearance times 

considered. Moreover, design option B appears to require less interconnecting 

inductance to retain normal voltage compliance in comparison with option A, for all 

fault-clearance speeds simulated except for 2 µs. Lastly, both design options feature 

the same nominal generator outputs and require the same number of interconnecting 

inductors as with the candidate three-bus HP/LP DC architecture presented in  
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Figure 59. Alternative proposals for the implementation of inductive interconnections on the 

Kern patent using additional inductors at the terminals of the LP generator (design option A, 

left), and at the input terminal of the DC buses (design option B, right). 

 

Table XXIV. Inductance ratings for normal compliance of Kern patent option A power 

system 

DC Architecture Fault-clearance time Inductance rating 

Kern et al. 5 ms 14 mH 

Option A  1 ms 2.5 mH 

 0.5 ms 1.5 mH 

 0.1 ms 0.5 mH 

 0.02 ms 0.025 mH 

 

Table XXV. Inductance ratings for normal compliance of Kern patent option B power 

system 

DC Architecture Fault-clearance time Inductance rating 

Kern et al. 5 ms 12 mH 

Option B 1 ms 2 mH 

 0.5 ms 0.8 mH 

 0.1 ms 0.2 mH 

 0.02 ms 0.03 mH 
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Section 5.4, however with significantly larger required ratings, with the exception of 

a 2 µs fault-clearance time. This would suggest that although some weight savings 

can be achieved by the reduction in the multitude of DC buses, these savings are 

counteracted by the larger inductance ratings required. 

 

5.8 Chapter summary 
 

This chapter focused on the design and implementation of effective smoothing 

reactors, capable of achieving normal and steady-state voltage compliance for 

candidate DC architectures under full-load conditions. Simulations showed that shunt 

capacitance had an adverse effect on the bus voltage during an electrical fault, 

subsequently purely inductive interconnecting solutions were further pursued.  

This chapter highlighted the two main variables which impact the size of inductance 

required to achieve bus-voltage compliance: the type of voltage compliance required 

and the operation speed of the protection system. It was demonstrated that steady-

state compliance incurs a twofold to threefold added weight penalty in comparison to 

normal voltage compliance. Additionally, for all simulated architectures, it was 

shown that faster fault-clearance times reduce the amount of inter-bus inductance 

required for any type of compliance, thus significant weight reductions can be 

realized with fast-acting protection systems. It was also identified that inductive 

interconnections cannot be used in conjunction with protection equipment with 

tripping times of 10 ms or greater, creating significant implications for EMCBs with 

slow tripping times.  

To assess the feasibility and applicability of this interconnecting solution approach 

on airborne platforms, a mass estimation study quantified the weight penalty incurred 

on the modelled architectures. Additionally, several beneficial and adverse aspects of 

the implementation of inter-bus inductors were discussed, including bus-voltage 

quality and imbalanced generator operation. To exploit benefits afforded by load 

optimization schemes in interconnected power systems, additional inductance ratings 

for partial generator loading were presented.  
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It was also shown how inductive solutions have the potential to influence 

architectural design, as strictly in terms of system mass, it would be more beneficial 

to combine groups of smaller generators (‘two twin-bus DC architecture), and thus 

DC buses, into separate channels than opting for fully interconnected DC systems 

(four-bus DC architecture). At the same time, inductive solutions have the potential 

to influence electrical machine selection (with regards to HP/LP generators), as it 

was demonstrated that within an architecture, the main contributor to the need for 

bigger-rated inductors is not the variance in power mismatch between generation 

source types, and thus the kind of shaft from which power is off-taken, but the 

greatest nominal power value of the available generators. Lastly, the feasibility of the 

proposed solution approach was examined on novel, parallel-generation networks 

within the relevant literature. 
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Chapter 6 

Discussion on alternate airworthiness power-

quality requirements 

 

This chapter will present equivalent airworthiness-standards and power-quality 

interpretations that may be afforded by the employment of inductors as 

interconnecting mechanisms. It will illustrate how an electrical fault can be perceived 

as a normal transient by the non-faulted parts of the power system, and discuss the 

subsequent implications of this on generation sources and essential loads. A direct 

consequence of this will be the need to re-evaluate the definition of independent 

power sources within the framework of interconnected networks. Also, it will briefly 

address several key factors that distinguish conventional aircraft from MEA/E, and 

consequently argue the need for dedicated paralleled-generation power-quality 

requirements for MEA/E.  

To this end, four candidate voltage envelopes will be presented and the impact of 

these envelopes on the feasibility of the inductive interconnecting solutions 

necessary for compliance will be estimated. It will be shown that extremely fast 

protection operation speeds have the potential to facilitate compliance of 

interconnected power systems with these candidate voltage envelopes without the 

need for bus-interconnecting mechanisms. Lastly, the implications of certification 

compliance of partially-paralleled systems with regards to critical-load segregation 

and ‘hybrid’-mode generation will be briefly presented, and it will be shown how 

such topologies can constitute a compromise between the higher levels or reliability 

required by a subset of on-board loads and the engine operability and fuel efficiency 

benefits offered by more-interconnected electrical architectures. 
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6.1 Alternative interpretation of power-quality 

requirements with regards to electrical faults 

 

In Section 3.1, it was stated that the on-board electrical system must operate in 

isolated mode when the aircraft is on approach to land [91], even for systems capable 

of paralleled generation such as on the B747, so that the multiple autopilot systems 

are respectively provided with from independent power supplies. In this manner, a 

fault on any one supply channel would only affect the operation of the respective 

autopilot system, but not the operation of the remaining channels and autopilot 

systems, thus allowing for the higher levels of redundancy and reliability that are 

demanded by the autoland system. The provisions for multiple independent power 

supplies can also be further extended to all flight critical systems that demand stricter 

power-quality restrictions for proper operation during relatively more crucial flight 

phases. 

It was also mentioned in Section 5.4, that for short-circuits at particular fault 

locations in an interconnected electrical network, the power system does not have to 

perform bus isolation actions or reconfiguration, as the voltage profile of the non-

faulted parts of the network remains within the defined normal-compliance voltage 

limits. Practically therefore, the healthy sectors of the network do not experience an 

electrical fault and the subsequent voltage-disturbance propagation, but instead, a 

permissible-by-the-standards normal voltage transient. The way in which an 

electrical fault can be interpreted as a normal transient by the non-faulted parts of the 

power system raises the following questions.  

 Since an electrical fault is ‘transformed’ into a permissible transient for the 

non-faulted parts of the power system, does this imply that there are no 

longer any higher reliability and redundancy issues for the autopilot systems, 

or any other flight-critical services, if they are powered from non-independent 

power supplies?  
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In the case of non-independent power supplies, an electrical fault would affect any 

one supply channel and the respective autopilot system, as in the isolated-network 

configuration of the autoland system, whilst the remaining supply channels and 

autopilot systems would adhere to the normal-compliance voltage limits. At the same 

time, redundancy is thought to be retained as multiple generation sources continue to 

power the remaining autopilot systems.  

 Are the normal-compliance voltage limits, with an initial voltage range of 

200 V- 300 V, sufficiently reliable or tight enough, so that operation of 

autopilots or other flight-critical services is not compromised or impaired?  

If indeed these limits are sufficiently functional and reliable, then this would enable 

the electrical network to continue to operate under parallel generation mode even 

during the approach and landing segments of the flight cycle. During these flight 

segments, relatively low amounts of thrust are demanded from the engines, and 

engine designs that extract all necessary electrical power from the HP shaft 

negatively affect engine stability and performance, as described in Section 3.3.1. 

Paralleled-generation networks however, paired with HP/LP generation systems, 

may take advantage of the benefits afforded by multi-shaft off-takes, such as 

improved engine operability and reduced fuel consumption, even during the 

approach and landing segments of the flight.  

Parallel operation of the electrical system could potentially be maintained during 

other critical flight segments, such as take-off and/or go-around after a missed 

approach. In both of these critical segments, high amounts of thrust are demanded 

from the engines, therefore engine stability would not negatively affected even by 

designs that extract all necessary electrical power from the HP spool. Additionally, 

for these flight segments, it is assumed that any major failure-event originating from 

an electrical fault, i.e. a loss of engine, would have taken place regardless if the 

electrical system was operated in parallel or isolated mode. Nevertheless, the benefits 

granted by interconnected generation and multi-shaft off-takes during all flight 

segments will have to be weighed against the larger mass penalty that over-rated 

protection equipment incur on the power network. 
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 If the normal voltage envelope does not provide the increased reliability 

required, can the tighter voltage envelope of steady-state compliance (250 V 

– 280 V) allow for uncompromised operation of the autoland system or other 

flight-critical services? 

If so, then suitable inductive solutions rated for steady-state compliance may be used 

as interconnecting mechanisms, therefore permitting the power system to remain 

interconnected potentially throughout the entire flight cycle. Again, in this manner, 

an electrical fault would affect any one supply channel and the respective flight 

critical systems, as in the isolated-network configuration of the autoland system, 

whilst the remaining supply channels and autopilot systems would adhere to the 

steady-state compliance voltage limits. From this perspective however, the benefits 

granted by interconnected generation and multi-shaft off-takes will have to be 

weighed against the larger mass penalty that adherence to steady-state compliance 

incurs on the power network, and the necessary larger-rated protection equipment. 

If the 30 V variation of the steady-state compliance envelope still does not permit the 

unobstructed and reliable operation of flight-critical services, then perhaps these 

systems must be powered from independent circuits/channels at all times. Yet, if the 

strictest power quality issues lie solely within a limited number of flight-critical 

systems, then these systems can remain isolated throughout the flight (powered from 

certain non-paralleled offtakes/spools), whilst allowing the rest of the network to 

remain under parallel generation mode even until landing. Although such critical 

systems are of great importance to passenger and flight safety, they are limited in 

numbers compared to the multitude of electrical circuits on-board MEA/E. 

Lastly, if the apparently unmovable constraint of independent power supplies is 

dominating the operation of the autoland system, then perhaps the definition of 

‘independent power supplies’ in the framework of interconnected networks must be 

re-evaluated, as will be addressed in the next section.  
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6.2 Alternative interpretation of standards with regards 

to independent generation sources 

 

The requirements set out by airworthiness standard CS-25 regarding on-board 

electrical generation sources were presented in Section 3.2.2. At this point, it is 

useful to briefly revisit several key points in order to provide a foundation for 

subsequent discussions. The following sections will address and consider, point by 

point, the current interpretation of independent generation sources and their supply to 

essential loads, with regards to paralleled power systems. In particular, the general 

requirements that govern power-source design are briefly presented, and the effect of 

interconnected generation schemes on the proper operation of essential loads is 

discussed. The last section debates three possible interpretations of power-source 

independence that could be offered within the current regulatory standards.    

 

6.2.1 General provisions for power sources 
 

CS 25.1307 requires that aircraft electrical systems have two or more independent 

sources of electrical energy, excluding batteries and other emergency sources, this 

way avoiding a single-point-failure in the supply network. According to CS 25.1351, 

these power sources must function properly when independent and when connected 

in combination, and that the system voltage and frequency at the terminals of all 

essential loads is maintained within the limits for which the equipment is designed, 

during any probable operating conditions. Also, from CS 25.1310, the ability of the 

remaining power sources to supply essential loads should not be impaired following 

the failure or malfunction of any power source. CS 25.1355 stipulates that for 

particular systems or equipment that need two independent power supplies for 

certification, or by operating rules, an additional, separate power source must be 

manually or automatically selectable to maintain system or equipment operation. 

Lastly, CS 25.1431 requires that electronic equipment must be designed and installed 
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such that they do not cause essential loads to “become inoperative as a result of 

electrical power-supply transients or transients from other causes”.  

Although not directly relevant to the requirements regarding generation sources, 

additional limitations within CS 25.1165 and 25J1165 demand that main engine and 

APU ignition systems “are independent of any electrical circuit that is not used to 

assist, control, or analyse the operation of the system”. For an uneventful flight, 

engine ignition systems are only required for starting the engine, since once 

combustion has begun, engine operation is continuous. Nevertheless, it would appear 

that these types of loads must, by design, remain isolated from the remaining 

network at all times. 

The requirements and provisions necessary for essential loads have shaped modern 

aircraft architectures into having multiple isolated supplies. It has also been 

established that an interconnected aircraft electrical system is exposed to larger 

voltage-disturbance propagations during electrical faults, as the paralleling of 

generation sources reduces the degree of isolation in the network. However, it has 

also been demonstrated that inter-bus inductive solutions have the potential to 

transform these voltage disturbances into normal or steady-state voltage transients. 

Therefore, it is worth examining the implications of this on the key points set out by 

the standards regarding generation sources and power supply to essential loads. 

For the purposes of this discussion, even if the required inter-bus inductors are 

perceived as ‘electronic equipment’, as they help stabilize the bus voltage and buffer 

against inter-bus fault-current flow, it can be argued that their deployment does not 

cause essential loads powered from the non-faulted buses to become inoperative. 

Inevitably in an interconnected system, these essential loads would experience a 

normal or steady-state transient during an electrical fault originating from a different 

bus, but the effects of these transients on the operation of flight-critical loads can be 

mitigated, as discussed in the previous section. 
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6.2.2 Proper function of power sources and essential loads 
 

With regards to the ability of the remaining power sources to supply essential loads 

following the failure or malfunction of any power source, it can be argued that it is 

not impaired, both for AC and DC generation systems. In MEA/E, AC generators 

and buses are kept isolated due to the variable frequency characteristic of novel 

generation systems, subsequently a fault at the AC level directly affects the 

respective AC generator and bus, and potentially other devices downstream, but not 

the remaining isolated AC power sources. At the interconnected DC level, a failure 

or malfunction of a power source that leads to that power source being dropped 

offline is believed to be ably sustained, as the existing power sources can maintain 

power to the DC buses, by potentially increasing their power output and shedding of 

non-essential loads if needed. For a failure or malfunction of a source that is 

attributed to an electrical fault, suitable inductance ratings have the potential to retain 

normal or steady-state compliance of the healthy DC buses during the fault, therefore 

a permissible voltage transient is not thought to be capable of negatively affecting the 

ability of the remaining sources to supply essential loads. 

It will also be assumed that ‘proper function’ of generation sources when 

independent and when connected in combination implies operation compliant with 

the power-quality requirements set out in MIL-STD-704F. The identification of 

suitable inductive components appears to permit the lawful interconnection of DC 

generation sources, therefore it can be argued that ‘proper function’ can be warranted 

in this manner. The necessary provisions that require all essential loads to be 

provided with voltage within the limits for which the equipment is designed have 

been addressed in the previous section, and as frequency limits are not applicable to 

the DC segments of the power network, they will not be further discussed. 

For the inductive-interconnections approach proposed within this research for 

interconnected networks, it can be argued that there do not appear to be any 

unmovable constraints against the key points dictated by the standards with regards 

to generation sources, except for the requirement for two or more independent power 

sources, which is also embedded within the conditions of CS-25.1355. In the pursuit 
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of standards-compliant paralleled systems that may be entirely operated in 

interconnected mode throughout the flight cycle, the clause for multiple independent 

power sources, and subsequently their electrical supply to specific types of loads, 

may be interpreted as a firm restraining factor. This might not be the case however, 

as will be explained next. 

 

6.2.3 Definitions of power-source independence 
 

An initial step would be to define what independent power sources are, and within 

which context, i.e. mechanical, electrical, structural. Within the current airworthiness 

standards of CS-25 for large turbine-powered aircraft, there does not appear to be a 

precise definition of power source independency. Some speculation may be offered 

however in the certification specifications in Book 1 of CS-23 [244], an 

airworthiness standard relating to, among others, propeller-driven twin-engine 

commuter aircraft of up to 19 passengers. Although its action area does not apply to 

large passenger jetliners, it may aid in defining what independent generation sources 

are at least for smaller passenger airplanes.  

CS 23.1331 sets out the requirements governing electrical system design, with 

similar provisions for instrument and power supply systems as of those for larger, 

turbine-powered aircraft. CS 23.1331(c) however stipulates that “there must be at 

least two independent power sources (not driven by the same engine on twin-engine 

aeroplanes)” and that there must be a means to either manually or automatically 

select between each power source. These requirements would suggest that regardless 

of the multitude of engines, airplanes must have at least two independent sources of 

power, with an additional provision for twin-engine aircraft, as on single-engine 

airplanes there is no other option other than to have potentially several generators 

being driven from a single engine off-take. From this, it can be concluded that 

independent power sources are not defined as those sources of electrical power that 

are driven from different engines, with regards to some kind of mechanical-power 

delivery, therefore electrical independence must be implied.  
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Consequently therefore, it can be argued that aircraft electrical systems must have at 

least two or more electrically-independent power sources, and load-types requiring 

two electrically-independent power sources for certification, or by operation, must 

manually or automatically be able to be provided with an additional, separate power 

source.  The next step would be to define what ‘electrical independence’ is, and for 

this, two definitions may be the most plausible. The first, is the conventional 

interpretation of the definition, in which generation sources and type-essential loads 

are completely isolated electrically, and with no common feeders, as is the current 

norm for the autoland systems during approach to land. However, this interpretation 

would be a direct contradiction to the applicability of paralleled generation on-board 

current platforms such as the B747. 

The second definition may be found within Amendment 5 of CS-23 [245], in which 

CS 23.2430 regarding power-plant installation, energy storage and distribution 

systems, states that these systems must “be designed to provide independence 

between multiple energy storage and supply systems so that a failure in any one 

component in one system will not result in the loss of energy storage or supply of 

another system”. This ‘provision’ of independence could imply that even paralleled 

generation sources can be considered to be independent as long as there are some 

protection mechanisms or infrastructure in place that can provide the necessary 

electrical isolation when such a failure occurs. This interpretation of source 

independence appears to be more suited to past and current interconnected-

generation power systems on-board larger, turbine-powered aircraft. Granted that 

paralleled systems are permitted to function as such on several aircraft, like the 

B707, B727 and B747, this would appear to be the most dominant interpretation of 

power source independence. 

Moreover, this particular interpretation of the definition of independent power 

sources does not appear to be contradicted by the power-quality requirements. The 

first Military Standard to be issued by the U.S. Department of Defence in 1959, MIL-

STD-704 [246], which standardized military aircraft power quality requirements for 

115/200 V AC and 28 V DC systems, does not make mention of a requirement for 

independent power sources during normal operation conditions of the electrical 
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system. In Section 7.3 however, it does stipulate that in the emergency operation case 

where the primary electric system becomes unable to supply electrical power, “a 

limited independent alternate source of power is required”. A similar provision for 

emergency power generation was included in Section 3.10 of MIL-STD-704B [247], 

released in 1975, however the limited electric source is characterized as “often 

independent” from the main generation system, implying that even emergency 

generation options do not have to be isolated form the main network. In the current 

MIL-STD-704F however, emergency generation sources have to remain isolated 

from the main generation system. 

Indications of an even more relaxed interpretation of power source independency 

were provided within the Military Specification MIL-E-7016 [248], covering 

requirements and methods governing the preparation of AC and DC electric load and 

power source capacity analyses for military aircraft, which was published in 1976 

and last validated in 1988 [249]. In Section 6.2.3.1, it is stated that an electrical 

power source “may consist of multiple unit sources operating in parallel”, suggesting 

that multiple generators driven from the same engine may be combined into and 

perceived as a single power source. However, these specifications are believed to 

have only applied to U.S. military aircraft, as there appear to be no evidence 

suggesting that these requirements were adopted by civilian aircraft at any time.  

Overall however, the interpretation that independent sources consist of those power 

sources that have the ability to be isolated on demand, provided that there are 

adequately-rated protection mechanisms in place capable of attending to the greater 

protection challenges caused by the paralleling of generation sources, appears to 

comply with  the current power-quality requirements and the airworthiness standards. 

This, paired with mitigating measures relating to the operational safeguarding of 

essential loads, presented in the previous section, appear to remove the firm 

constraints that were believed to be unmovable regarding interconnected power 

systems. 

A third, novel definition of source independency can be argued, where generation 

sources may be coupled in such a way that the operational conditions of one 

generation source do not impair or affect the operation of the remaining sources out 
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with pre-defined limits. In effect, this would mean that although several generation 

sources would be physically coupled via appropriate interconnecting mechanisms, 

the electrical behaviour and transient response of these sources would be electrically 

decoupled, consequently therefore be considered as ‘electrically independent’.  If this 

would be achievable, then type-essential loads could be powered from a multitude of 

interconnected but ‘electrically independent’ generation sources throughout the 

various flight segments. In essence, perhaps the most appropriate question that could 

be raised is: 

 Does the electrical decoupling of paralleled generation sources, potentially in 

accordance with some type of power-quality compliance, render them 

independent? 

It is likely that there is no clear and easy answer to this. Even in the case where the 

electrical power system is able to function properly within an interconnected but 

‘electrically isolated’ manner for certain fault types and locations, the repercussions 

of this on the operation of other major aircraft systems that will inevitably be 

affected have to be further investigated. After all, civil aircraft are comprised of such 

a large multitude of complex heterogeneous components and systems, where possible 

adverse interactions between different systems regarding performance and safety 

implications may be difficult to be mapped or anticipated beforehand [90, 250, 251]. 

Nevertheless, it can be argued that regulatory standards are by nature, first, open to 

interpretation, and second, have to be broad enough to cover all aspects and provide 

guidance within a discipline, but at the same time without restricting progress and 

limiting innovation. Relevant providers are responsible in achieving or complying 

with specific discipline expectations, but unless explicitly stated, providers should be 

free to determine how this would be done. It has been stated previously that there is 

no dedicated airworthiness standard governing the operation of interconnected 

electrical networks. Additionally, the exploitation and implementation of 

technological advances in the field of civil aviation and passenger aircraft, such as 

the MEA and AEA concepts, paired with novel paralleled-generation schemes, could 

risk having to be based on established standards that may potentially be antiquated or 

inappropriate. The next section will attempt to address the suitably of existing 
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airworthiness standards with regards to MEA/E and discuss the need for dedicated 

interconnected-generation power quality requirements. 

 

6.3 Discussion on the suitability of existing standards 

for MEA/E 

 

It was seen that within the current airworthiness standards, electrical sources are 

permitted to operate in parallel arguably under two main conditions, first that power 

sources ‘function properly’ when doing so and in a manner that does not impair the 

operation of the remaining power sources, and second, granted the electrical system 

has the ability to reconfigure itself and operate under isolated generation conditions 

when necessary (i.e. electrical fault, activation of autoland system). Although 

airworthiness standards incorporate several provisions regarding the paralleling of 

generation sources, power-quality requirements specified within MIL-STD-704F do 

not draw notable distinctions between isolated and interconnected sources or 

architectures. Therefore, the quantitative restrictions on power quality, such as the 

normal and abnormal DC voltage-transient envelopes, will have to be satisfied by 

any architecture, regardless of the topology of the generation system. 

Consequently, it can be assumed that the electrical systems of airborne platforms that 

feature paralleled generation must adhere to the abnormal-operation power 

requirements under fault conditions, even when interconnected. Some evidence of 

this can be found in the ARINC Report 413A [252], prepared by the Airlines 

Electronic Engineering Committee in 1989, whose purpose was to provide guidance 

for electrical power utilization and transient protection, and also industry 

interpretations of the MIL-STD-704B, which was current at the time. The report 

considers AC and DC short-circuits, as well as their subsequent clearance by 

protection devices, to be abnormal operation of the electrical system, and as such, the 

less strict abnormal transients limits should be adhered to.  



138 

 

Additionally, Appendix 4 of the report presents the capabilities of the protection 

system and observed transient behaviours of the B747, without however explicit 

mention of the model variant. Nevertheless, it is stated that AC faults inside 

differential current protection zones can be cleared within 40 ms or 115 ms, 

depending on the exact fault location, and faults outside of these zones can be cleared 

within 3 s via thermal circuit breakers. During normal operation, the generators 

function in paralleled mode, where a loss of the excitation system or an open 

contactor has the potential to reduce the voltage to zero. These “undervoltage 

conditions on all buses simultaneously are limited to 4 seconds, although a given 

channel may be subjected to an abnormally low voltage for up to 10 seconds”. With 

regards to the 28 V DC system, low impedance faults that may cause the voltage to 

collapse to near zero are typically isolated from un-faulted bus sections within 0.3 s 

and removed in no more than 3 s. 

Lastly, a summary of observed AC and DC transient behaviours is presented, 

accompanied with a recommendation to avionic equipment designers to carefully 

consider the transient and frequency characteristics of the electrical system in the 

design of aircraft avionics. It is stated that any transients on the 115 V AC level, 

owing to load application and removal, as well as AC power source transfers, will 

result in disturbances at the TRU input terminals, and subsequently, the transients 

will be injected into the 28 V DC system. With regards to the magnitude and 

duration of these transients, it was seen that the AC system voltage may approach 

175 V for small fractions of a second, spike to 600 V for several microseconds and 

collapse to almost zero for up to 10 seconds. Similarly, the DC system voltage may 

go up to 42 V for small fractions of a second, reach 600 V for a few microseconds 

and be as low as zero for up to 10 seconds.  

It is apparent from Report 413A that the entire interconnected power network of the 

B747 had to adhere to the abnormal voltage limits during an electrical fault and 

subsequent fault-clearance procedures. This could expose non-faulted paralleled AC 

parts of the network to undervoltage events with potential durations of up to 4 

seconds. The network-wide propagation of fault events sustained for such large 

durations could have detrimental effects on the operation of all connected loads, 
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whether flight-essential or not. It could be argued that the operational speed of the 

protection system on-board the mentioned B747 variant was subject to technological 

limitations of its time, and that new designs incorporating more recent advances in 

the field of electrical protection may have significantly reduced the time that is 

needed to complete fault isolation and clearance actions, however, perhaps the most 

important issue remains, airplane electrical networks have evolved significantly since 

then as well. 

Technological advances in the field of civil aviation and passenger aircraft, such as 

the MEA/E concept, have brought with them a broader electrification of on-board 

systems. Electrical systems are now responsible for functions that previously 

required mechanical, hydraulic or pneumatic power sources, with a subset of these 

functions being critical or essential to the continuity and safety of the flight. For 

example, modern aircraft feature electric actuators and pumps for trim control, which 

also serve as backup for secondary control-surface actuation, and also electronic 

systems that work in conjunction with hydro-mechanical controls to operate the 

turbofan engines. On the B757 for example, there is no mechanical link between the 

throttle levers in the cockpit and the Pratt and Whitney 2037 engines, as the engine 

actuators are controlled by a dual-channel digital computer [253], thus a significant 

part of the electronics have to remain operative for the engine to work [254]. 

To supply the growing electrical demand of on-board systems, modern jetliners are 

generating ever-increasing electrical energy, which in turn, has made their power 

networks larger and more complex. The B747 features two voltage types, for main 

115 V AC and secondary 28 V DC systems, while modern MEA may utilise up to 

four voltage types, for main 230 V AC and secondary 115 V AC systems, as well as 

DC distribution systems of 270 V and 28 V. The increased complexity of such 

electrical networks not only requires significant design undertaking to ensure proper 

and reliable systems operation, but also poses considerable challenges with regards 

to the thermal management of the heat emitted by the plethora of electrical 

mechanisms on-board. In restricted environments, such as those typically 

encountered in aerospace applications, keeping component temperatures within 
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operational limits, in turn requires complex cooling mechanisms which increase the 

weight and cost of the system [255]. 

As well as more electric, modern aircraft have also become more digitalized. The 

glass cockpit concept facilitated the replacement of analogue gauges and dials with 

multi-functional display screens, although a few analogue systems are retained as 

backup [256]. Traditional gyroscopic instruments have been replaced by computer-

driven reference systems and satellite-linked GPS receivers aid conventional inertial 

systems used for navigation [257]. Digital computers have replaced analogue 

equivalents within flight-management information systems, which simplified aircraft 

operation and navigation, thus improving the situational awareness of pilots, and also 

eliminated the need for a flight engineer inside the cockpit. The computational 

benefits afforded by digital systems enabled the replacement of 17 analogue flight 

computers on the A310 with 9 digital computers, and the subsequent reduction to 4 

and 2 digital computers on the A320 and A330/340 respectively [258].  

Modern aircraft also contain large amounts of software and code, which on the A 380 

is distributed over 1,000 on-board systems [259]. Within these systems, embedded 

microprocessors and controllers have provided an unprecedented and affordable 

opportunity to monitor and manage systems and platform health, thereby enabling 

diagnostic and prognostic capabilities [260]. These capabilities have reduced 

maintenance and lifecycle costs for the operator, however the progression to 

software-intensive digital systems has led to the surfacing of a new issue, the no-

fault-found problem [261]. As maintenance crews are faced with a myriad of ‘black 

boxes’ full of micro-electronics, one or more of which may not be performing 

properly, visual inspections previously used to easily identify faults within 

mechanical of pneumatic systems are now obsolete. Subsequently, maintenance work 

may be limited to guesswork and unnecessary replacement of boxes, later found to 

be working properly or not being able to reproduce the fault.  

To safeguard the operation and longevity of digital devices and circuits, one 

mitigating measure would be to protect such equipment from transient events. 

Although permanent damage to electronic devices can occur from potentially 

uncontrollable transients caused by lightning strikes [262], such devices can be 



141 

 

shielded from transients caused by the operation of the power system, either through 

better protection afforded by advancements in PDUs and arc-detection algorithms 

[260], or by stricter power-quality requirements [263]. Although avionic equipment 

have experienced significant growth in terms of reliability and performance, they are 

still bound to large voltage transients and long power interruptions permissible by 

MIL-STD-704F. 

Current platforms such as the B787 have reached nominal power ratings of 

approximately 1 MW, with future AEA concepts featuring electric propulsion 

expected to require even more power-dense generators, capable of producing of up to 

48 MW of electrical power [264]. Electric propulsion itself will require the 

development and maturation of new technologies, one example being 

superconductive machines [265], as conventional means cannot meet the weight and 

volume requirements with current power-density levels [266]. Moreover, it is 

expected that the interconnection of generators and motors will be necessary in order 

to redirect power in case of a failure within a part of the system. 

Whether for the MEA or AEA concept, novel paralleled-generation schemes would 

bring an even greater electrical unification on aircraft platforms, with greater 

protection and power-quality challenges in comparison with isolated topologies. The 

exploitation and implementation of such innovative designs however, could risk 

having to be based on potentially antiquated or inappropriate established standards. 

In order to meet the ever increasing regulatory and customer demands for safety and 

reliability, new certification and safety standards will be required for these electrical 

systems [255]. 

One example of aircraft operation where increased reliability is demanded is under 

Extended Operations (ETOPS), which allow airplanes to fly routes that are within a 

certain amount of flight time between diversion airports under single-engine 

inoperative conditions. In the past, twin-engine aircraft routes had to be within 60 

minutes of flight time under single-engine cruising speed from a diversion airport, 

while three- and four-engine airplanes had to be within 90 minutes of an alternate 

airport at single-engine-inoperative cruising speed. This favoured wide-body jets 
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such as the four-engine B747 and the three-engine MD-10 for trans-Atlantic and 

trans-Pacific routes. 

After 1985, aircraft certified for ETOPS could fly extended routes regardless of 

number of engines, but within their flight time certification. Over the years, this has 

made twin-engine aircraft eligible for up to 180 minutes of flight time, and three- and 

four-engine aircraft for up 240 minutes [267], with new platforms such as the A350 

achieving a 370-minute ETOPS [268]. ETOPS certifications however bring 

additional provisions with regards to fuel reserves, maintenance procedures and pilot 

training, and also demand the rigorous operational approval of many systems, 

relating to communication equipment, cargo-fire suppression systems and others 

[269]. However, they do not bring additional provisions regarding the operation of 

the electrical system, nor about the quality of electrical power that would be required 

under the more critical single-engine-inoperative conditions.  

Overall, the power quality requirements did not change following the entry into 

commercial service of several interconnected platforms, such as the B707 and B747. 

Perhaps it would be unreasonable for regulatory standards to change for every new 

aircraft platform that is designed and built, however it could be argued that 

requirements may have to be adapted when considerable step changes in technology 

and design philosophy are made. Within this section, several key reasons that could 

justify the need for dedicated paralleled-generation requirements for MEA/E were 

briefly addressed. The next section will discuss what these potential requirements 

may be, particularly with regards to candidate voltage envelopes. 

 

6.4 Candidate voltage envelopes for paralleled-

generation MEA/E 

 

Since it was first issued in 1959, MIL-STD-704 has undergone many revisions over 

the years, incorporating inclusions related to increasing AC voltages and the 

introduction of the 270 V DC bus. However, even in the latest version of 704F which 
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was released in 2004, there is no dedicated voltage envelope for interconnected 

systems. Given the greater electrification of on-board systems on MEA/E, and the 

more perplexed power-quality and protection issues brought on by interconnected 

networks, this section will present three novel voltage envelopes, as well as the 

‘normal transient’ envelope, as a potential dedicated set of requirements for 

paralleled generation MEA/E. Additionally, the impact of these voltage envelopes on 

the feasibility of interconnected generation across different fault-clearing speeds will 

be evaluated. Simulations will show that for a proposed voltage envelope, fast-acting 

protection can maintain power-quality requirements compliance without the need for 

any type of interconnecting mechanism. This would suggest that a potential change 

in regulatory standards, paired with advances in the field of protection equipment, 

could facilitate the interconnection of power channels with no added weight penalty, 

other than that of suitably-rated protection devices. 

 

6.4.1 The normal requirement 
 

In the ARINC Report 413A, AC and DC short-circuits on paralleled-generation 

networks were considered as abnormal transients, and as such, the entire network had 

to comply with the abnormal transient voltage limits. In Section 6.3, it was argued 

that these loose voltage requirements may not be adequate in safeguarding the proper 

operation of interconnected MEA/E systems. To ensure the unobstructed operation of 

flight-essential loads, a logical requirement for interconnected MEA/E networks 

would be that during an electrical fault, the faulted part of the power system complies 

with the abnormal transient limits, but adjacent, non-faulted segments of the network 

adhere to the normal voltage transient limits. This candidate requirement was the 

basis on which the simulation studies in Section 5.2.1 were carried out, subsequently 

suitable inductance ratings have already been identified and their potential weight 

has been estimated. 
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6.4.2 The 5 millisecond ride-through requirement 
 

In Section 6.3, it was seen that AC and DC transient behaviours of the power system 

may expose electrical components and loads to large transient events of short 

duration. Consequently, it may be assumed that to some degree, anticipated transient 

and frequency characteristics are factored into the design of avionics and electrical 

equipment by respective manufacturers. If large disturbances of short duration can be 

tolerated by electrical equipment, thus ensuring continuity of service, this could open 

up the possibility of a power-quality requirement that permits the voltage to 

considerably overshoot currently-established peak values and collapse to zero for a 

specified small time-duration, but recover quickly enough so that the operation of the 

power system in not impaired.  

In this approach, the non-faulted part of the interconnected network would 

experience a significant, but very brief and assumedly sustainable voltage 

disturbance. However, several key issues that arise from the implementation of this 

approach include the uncertainty surrounding the order of tolerable magnitude of 

disturbance caused by the electrical fault, and its subsequent impact on the operation 

of digital flight control and other avionic systems.  

Relevant systems that require very high levels of functional integrity and reliability, 

such as the Fly-By-Wire assembly, are typically designed in such a way that 

uninterrupted control may still be provided following a specific number of failures, 

but it is not clear what type or how severe these failures may be [270]. Also, the 

duration of the disturbance may be a critical safety factor, particularly for airborne 

systems that operate outside the stricter safety requirements of commercial passenger 

transport. For the Space Shuttle for example, an erroneous flight control command 

persisting for 10 ms to 400 ms, depending on the flight phase, could lead to a loss of 

vehicle control [271]. Subsequently, it will be assumed that the order of magnitude of 

the voltage disturbance and its impact on the operation of avionic systems can be 

militated against by imposing a suitable upper voltage limit or permitting shorter 

recovery times. 
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To this end, an upper voltage limit of 810 V DC is imposed, arbitrarily derived as 

three per unit of the nominal voltage level of 270 V, and a recovery time of 5 ms is 

selected for this candidate voltage envelope, as shown in Fig. 60. The upper voltage 

limit of 810 V DC may appear to be a relatively high limit, however in comparison to 

the 600 V spike seen on the less powerful electrical system of the B 747 (Section 

6.3), is assumed to be acceptable for the greater generation capabilities of MEA/E. 

The selected recovery time seems to be in accordance with the fault ride-through 

capabilities of DC converters [272] and the time duration VSC valves can withstand 

the maximum fault current in multi-terminal DC networks [14]. Aggregated 

inductance ratings for the 5 ms fault ride-through requirement compliance are 

summarized in Table XXVI for all DC architectures, and their estimated weight is 

depicted in Fig. 61. Due to the time frame of this voltage envelope, fault-clearance 

times greater than 5 ms are discarded. 

From these results, it is evident that interconnecting inductors cannot maintain the 

voltage profiles of the adjacent DC buses within the defined limits for a fault-

clearance time of 5 ms, as voltage recovery cannot be facilitated quickly enough in 

the given time frame. Overall, in comparison with normal transient compliance, 

voltage compliance with a 5 ms fault ride-through envelope requires considerably 

smaller-rated inductive components, thus significantly reducing the added weight 

penalty on the electrical architecture. At the same time, due to the need of smaller-

rated inductors, the fault currents through the interconnecting inductors are 

noticeably higher. 

Lastly, it is apparent that for all DC architectures considered, fault-clearance times of 

0.02 ms may retain voltage compliance without the need of any additional 

interconnecting mechanism. This would suggest that if large disturbances of small 

duration could be tolerated by the electrical system and other essential loads, 

extremely fast protection operation speeds have the potential to facilitate power-

quality requirements compliance of interconnected power systems with no added 

weight penalty, other than that of suitable over-rated protection equipment. 
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Figure 60. Alternate 5 ms ride-through candidate voltage envelope. 

 

Table XXVI. Inductance ratings for transient compliance with 5 ms fault ride-through 

voltage envelope 

DC Architecture Fault-clearance 

time 

Fault current 

through inductor 

Inductance rating 

2 Bus 5 ms - - 

 1 ms 556 A  0.2 mH 

 0.5 ms 605 A 0.15 mH 

 0.1 ms 778 A 0.03 mH 

 0.02 ms 830 A 0 mH 

3 Bus 5 ms - - 

 1 ms 771 A 0.25 mH 

 0.5 ms 513 A 0.2 mH 

 0.1 ms 398 A 0.07 mH 

 0.02 ms 1290 A 0 mH 

4 Bus 5 ms - - 

 1 ms 664 A 0.3 mH 

 0.5 ms 422 A 0.25 mH 

 0.1 ms 200 A 0.15 mH 

 0.02 ms 1650 A 0 mH 

 



147 

 

 

Figure 61. Mass penalty estimation of 5 ms ride-through voltage envelope. 

 

Consequently, the technological maturation of fast-acting, high-power DC protection 

equipment (i.e. SSPCs), paired with novel power-quality requirements envelopes, 

could facilitate the most feasible implementation of interconnected-generation 

schemes on MEA/E in terms of mass penalty. 

 

6.4.3 The 5 millisecond sloped envelope 
 

For the 5 ms fault ride-through requirement presented in the previous section, it was 

assumed that the electrical system and other loads could tolerate large disturbances 

of short duration. If however the proper operation of loads and electrical system can 

be impaired by large transients, an alternate voltage envelope can be proposed, where 

the maximum permitted voltage is restricted to 350 V DC, as is in the current 

abnormal transient requirements. Additionally, the permissible voltage collapse for 

the initial 5 ms is maintained, but the recovery gradient is relaxed, so that the voltage 

must not be below 200 V after 10 ms and 250 V after 40 ms, as illustrated in Fig. 62. 

In essence, this sloped recovery time could be regarded as a compromise between the 

permissible long voltage collapse and abrupt voltage recovery of the current  
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Figure 62. Alternate 5 ms sloped candidate voltage envelope. 

 

abnormal transient limits, and the very short voltage drop and sloped voltage 

recovery of the current normal transient limits. 

The inductance ratings required for compliance are summarized in Table XXVII and 

their weight estimation is provided in Fig. 63. In contrast to the 5 ms fault ride-

through envelope, suitable inductance ratings for protection operation speeds of 5 ms 

can be identified with these voltage requirements, as the less steep lower voltage 

limit gradient permits voltage recovery within the given time-frame. Also, in 

comparison to the normal envelope requirements, it is evident that compliance with 

this envelope requires considerably smaller-rated inductors, thus significantly 

reducing the added weight penalty incurred by the interconnecting solutions, which 

in turn results in noticeably higher fault-current levels. In contrast to the 5 ms ride-

through envelope, for extremely fast protection operation speeds, small amounts of 

interconnecting inductance are required to prevent the bus voltage overshooting the 

upper voltage limit upon the clearance of the fault. 
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Table XXVII. Inductance ratings for transient compliance with 5 ms sloped voltage envelope 

DC Architecture Fault-clearance 

time 

Fault current 

through inductor 

Inductance rating 

2 Bus 5 ms 551 A 0.3 mH 

 1 ms 526 A 0.25 mH 

 0.5 ms 604 A 0.15 mH 

 0.1 ms 540 A 0.05mH 

 0.02 ms 645 A 0.003 mH 

3 Bus 5 ms 1925 A 0.3 mH 

 1 ms 771 A 0.25 mH 

 0.5 ms 513 A 0.2 mH 

 0.1 ms 424 A 0.065 mH 

 0.02 ms 584 A 0.005 mH 

4 Bus 5 ms 1658 A 0.45 mH 

 1 ms 664 A 0.3 mH 

 0.5 ms 422 A 0.25 mH 

 0.1 ms 203 A 0.15 mH 

 0.02 ms 331 A 0.012 mH 

 

 

 

Figure 63. Mass penalty estimation of 5 ms sloped candidate voltage envelope. 
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6.4.4 25 milliseconds envelope 
 

The last voltage envelope considered in this section is in direct correlation with the 

operation speed of current protection systems on-board MEA/E. It will be assumed 

that at the 270 V DC level, bus-interconnecting EMCBs are deployed, capable of 

breaking and isolating an electrical fault within 20 ms [9]. Subsequently, upon the 

introduction of the fault, the voltage profile of the paralleled DC buses may collapse 

for the initial 20 ms until it is cleared by the EMCB adjacent to the fault, and then 

recover to a lower voltage limit of 250 V within 5 ms, as shown in Fig. 64. In 

essence, this voltage envelope would create an MEA/E baseline in the case where 

fast-acting, high-power SSPC equipment are not technologically suitable for the 270 

V level. 

Suitable inductance ratings for compliance with this voltage envelope are 

summarized in Table XXVIII, and their weight estimation is depicted in Fig. 65. As 

with the 5 ms voltage envelopes, 25 ms voltage envelope compliance requires 

smaller-rated inductors compared to the normal voltage compliance, and presents 

very high levels of fault current. As in the case of the 5 ms sloped envelope, it would 

appear that for extremely fast protection operation speeds, small amounts of 

interconnecting inductance are required to prevent the bus voltage overshooting the 

upper voltage limit upon the clearance of the fault. Lastly, the similarity in required 

inductance ratings between the 25 ms envelope and 5 ms sloped envelope is due to 

the influence of overvoltage conditions on these ratings and not undervoltage.  
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Figure 64. Alternate 25 ms candidate voltage envelope. 

 

Table XXVIII. Inductance ratings for transient compliance with 25 ms voltage envelope 

DC Architecture Fault-clearance 

time 

Fault current 

through inductor 

Inductance rating 

2 Bus 5 ms 986 A 0.25 mH 

 1 ms 780 A 0.2 mH 

 0.5 ms 858 A 0.1 mH 

 0.1 ms 814 A 0.02mH 

 0.02 ms 550 A 0.005 mH 

3 Bus 5 ms 2038 A 0.25 mH 

 1 ms 878 A 0.21 mH 

 0.5 ms 557 A 0.18 mH 

 0.1 ms 424 A 0.065 mH 

 0.02 ms 584 A 0.005  mH 

4 Bus 5 ms 1780 A 0.4 mH 

 1 ms 662 A 0.3 mH 

 0.5 ms 421 A 0.25 mH 

 0.1 ms 201 A 0.15 mH 

 0.02 ms 376 A 0.01 mH 
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Figure 65. Mass penalty estimation of 25 ms candidate voltage envelope. 

 

6.5 Brief discussion on potential regulatory changes to 

voltage-limit envelope 
 

Over the last two decades, aircraft design has undergone significant technological 

step changes which have benefited the efficiency and operability of the platform, 

reduced emissions and decreased fuel consumption. New electrical systems have 

further improved aircraft reliability and safety, and at the same time have reduced 

maintenance costs [273]. These key factors have arguably contributed to making 

commercial aviation cheaper, thus more accessible to the greater public. The 

International Air Transport Association (IATA) has forecasted that by 2035, 

commercial aviation will transport 7.2 billion passengers, approximately double than 

the 3.8 billion passengers that flew in 2016 [274]. 

Undoubtedly, this will result in a substantial growth of the aviation industry, and 

require advancements in technologies and operations, as well as efficiencies in 

infrastructure [274]. Particularly for aircraft, new design concepts such as the MEA, 

AEA and MEE are already revolutionising the commercial transport sector. In order 

to meet the ever increasing electrical demand of on-board systems, as well as future 
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regulatory and customer demands for safety and reliability, new certification and 

safety standards will arguably be required for these electrical systems. 

As has already been mentioned, the MEA/E concept brings a greater and broader 

electrification of on-board systems, a subset of which have become critical to the 

safety and continuation of flight. This, paired with the partial or total electrical 

unification interconnected systems deliver, could potentially justify the need to re-

evaluate the suitability of current airworthiness standards and power quality 

requirements for these systems.  

In an effort to estimate the impact of potential future regulatory changes on the 

inductive interconnecting solutions described within this research, four candidate 

voltage envelopes dedicated to paralleled power systems were presented. For each 

voltage envelope, suitable inductance ratings that could achieve voltage compliance 

were derived and their mass penalty was estimated. Perhaps the most important 

conclusion reached from this analysis is that different regulatory power-quality 

requirements have different impacts on the ratings and mass of the required inductive 

interconnecting solutions, and thus on the potential feasibility of this approach. 

For all simulated DC architectures and fault-clearance times, it would appear that the 

‘normal requirement’ voltage envelope incurs the greatest mass penalty on the 

architecture, whilst the 5 ms voltage envelope incurs the smallest mass penalty where 

applicable. On the other hand, the larger the required inductance rating, and thus the 

mass of the interconnecting component, the better the power quality and the less 

severe the voltage transient is. Subsequently, this highlights the apparent trade-off 

between the weight penalty incurred on the electrical architecture due to 

interconnecting solutions and the qualitative improvement in power quality and 

envelope strictness. 
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6.6 Brief discussion on regulatory compliance for 

partially interconnected systems 
 

The discussion and analysis carried out in previous sections of this chapter were 

focused on fully, and uniformly, interconnected power networks. This section will 

briefly address the certification compliance of partially-paralleled systems against 

two key points made earlier in this chapter, in particular critical-load segregation and 

utilisation of ‘hybrid’-generation mode systems. 

In Section 6.1, it was argued that flight-critical loads with strict power-quality 

provisions and/or higher levels of required reliability for type certification could 

remain isolated throughout the flight, whilst the rest of the power system can remain 

in interconnected-generation mode. This would require that at least one supply 

channel (or engine spool) remains isolated from at least two paralleled channels (or 

one pair of paralleled engine spools). Subsequently, an electrical topology featuring 

distinct sub-network parts for isolated flight-critical loads and interconnected non 

flight-critical loads would require at least three power channels, if these channels are 

powered from three isolated spools respectively.  

The existence of three isolated spools satisfies CS 25.1307, which requires all 

passenger aircraft to have two or more independent sources of electrical energy. In 

this ‘2+1 DC bus’ topology, and under normal operating conditions, flight-critical 

loads can be provided with from their dedicated, isolated power supply. Under 

abnormal operating conditions however, i.e. loss of supply, the automatic crossover 

to the channel of the interconnected power sources would “maintain system or 

equipment operation”, as stipulated in CS 25.1355. The interconnected supply 

channel is by design independent from the channel of the critical loads, therefore in 

this manner, flight-critical loads can be provided with at least two independent 

sources of electrical power (i.e. main AC sources). An additional, automatically-

selectable, back-up power supply can be made available from a different voltage-

type bus depending on the location of the load (i.e. via static inverters), thus fulfilling 

the requirements of CS 25.1355 for type-certification of flight-critical loads.  
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Although part of the electrical network may operate under isolated mode and other 

parts under paralleled mode, requirements CS 25.1351 and CS 25.1310, regarding 

proper operation of power sources, as discussed in Section 6.2 are also fulfilled. 

Consequently, ‘hybrid’generation-mode architectures featuring three supply busses 

or more do not appear to violate the airworthiness standards. Similarly, this can be 

extended to the ‘two twin-DC bus’ architecture presented in Section 5.4 of this 

thesis. Such ‘hybrid’ topologies would constitute a compromise between the higher 

levels or reliability/redundancy required by a subset of loads critical to the safety and 

continuity of flight, and the engine operability and fuel efficiency benefits offered by 

more-interconnected electrical architectures. 

The potential realization of architectures that feature both modes of generation could 

open up the possibility of dynamic or multiple voltage-envelope requirements. 

Segregated flight-critical loads can adhere to strict voltage requirements, i.e. steady-

state voltage envelope, whilst at the same time, less-critical interconnected loads can 

adhere to less strict voltage limits. In this manner, two different sets of requirements 

must be obeyed by the same power network as a whole, however with different 

degrees of severity for different sub-parts of the network. Such an approach does not 

appear to openly reduce the reliability of existing electrical systems and can allow 

the deployment of more-interconnected schemes at a smaller weight penalty, in 

comparison to single-envelope voltage requirements or fully-interconnected systems. 

Lastly, perhaps a less complicated implementation than the two-envelope approach, 

and applicable to both partially and fully interconnected systems, would be to have 

one dynamic voltage-envelope that would account for the different flight phases. In 

this manner, the electrical architecture would have to adhere to strict power-quality 

requirements during critical segments of the flight (i.e. take-off, landing) but less 

strict requirements during less critical phases of flight (i.e. cruise, top of descent). 

This approach implies that during non-critical flight phases, the impact of an 

electrical fault on the proper function and reliability of loads and systems is less 

severe than the impact the same fault would have if it would occur during critical 

flight segments. Recognition of the different phases of flight for the dynamic voltage 
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envelope can be carried out through the status of the on-board flight 

data/management computer. 

 

6.7 Chapter summary 
 

This chapter discussed alternate airworthiness-standards and power-quality 

interpretations that could be afforded by the employment of inductors as 

interconnecting mechanisms. It illustrated how an electrical fault can be perceived as 

a normal transient by the non-faulted parts of the power system, and discussed the 

subsequent implications of this on generation sources and essential loads. A direct 

consequence of this was the need to re-evaluate the definition of independent power 

sources within the framework of interconnected networks. From this, a novel 

interpretation was debated, wherein interconnected generation sources could be 

considered as independent power sources if their transient responses can be 

electrically decoupled in accordance with some type of compliance. 

Also, it briefly addressed several key factors that distinguish conventional aircraft 

from MEA/E, and consequently argued the need for dedicated paralleled-generation 

power-quality requirements for MEA/E. To this end, four candidate voltage 

envelopes were presented, and the impact of these envelopes on the feasibility of 

inductive interconnecting solutions necessary for compliance was estimated. It was 

shown that very fast protection operation speeds have the potential to facilitate 

compliance of interconnected power systems with these candidate voltage envelopes 

without the requirement for a paralleling mechanism. 

Lastly, the potential compliance of partially-paralleled systems to certification 

provisions was briefly presented, with regards to critical-load segregation and 

‘hybrid’ mode generation. Such topologies would constitute a compromise between 

the higher levels or reliability required by a subset of on-board loads and the engine 

operability and fuel efficiency benefits offered by more-interconnected electrical 

architectures. 
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Chapter 7 

Conclusions, contributions and future work 

 

The work presented within this thesis covers a number of key issues related to 

interconnected generation within MEA/E electrical networks. This thesis highlights 

that the paralleling of generation sources introduces considerable protection demands 

and presents significant challenges in order for power-quality requirements 

compliance to be maintained during an electrical fault. Through a detailed analysis of 

the fault response of two-, three- and four-bus DC architectures, three key 

interconnecting solution approaches were trialled, and their influence on the 

attainment of voltage compliance under fault conditions was evaluated. From this 

analysis, inductive coupling was identified as a suitable interconnecting mechanism 

capable of maintaining bus-voltage compliance, based on its ability to suppress the 

propagation of the fault transients throughout the power network. It was 

demonstrated that there are two main variables which impact the size of inductance 

required to achieve bus-voltage compliance: the type of voltage compliance required 

and the operation speed of the protection system. 

To assess the feasibility and applicability of bus-interconnecting inductors on aircraft 

power systems, further analyses were carried out under different operating conditions 

of the power system and varying protection-speed operation, accompanied with 

mass-estimation case-studies of the required interconnecting inductor. From these 

analyses, it was identified that inductive coupling cannot retain normal voltage 

compliance with traditional protection systems that have operation speeds of 10 ms 

or greater. It was also demonstrated how the implementation of inductive solutions 

has the potential to influence architectural design and electrical machine selection 

(power off-take mix). Finally, the impact of the implementation of bus-

interconnecting inductance on the established power-quality requirements is 

presented and novel interpretations of airworthiness requirements and standards are 
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discussed. Conclusions and contributions from each of these aspects of this thesis are 

presented in the following section. 

Overall, this thesis demonstrated that a fully interconnected design with fast 

protection systems can deliver greater efficiency gains but requires more inductors 

and higher-rated protection equipment, resulting in more added weight on the 

electrical architecture.  This added weight though can be traded against certification 

requirements that permit the network to operate in parallel mode for a greater 

duration (potentially throughout all flight phases with the necessary critical-load 

segregation), therefore realising efficiency and operability benefits over a wider area.  

On the other hand, partial interconnection is a design solution that incurs a relatively 

smaller weight penalty (less inductors required, less higher-rated protection 

equipment) and permits the segregation of critical loads more feasibly, however 

delivers reduced efficiency gains in comparison to full paralleling. In turn, any gains 

offered by this approach may be rendered unviable if there is no change in 

certification requirements. 

Purely from a mass-centric scope, fast and lightweight protection equipment can 

facilitate interconnection solutions with minimal mass penalties, for both fully or 

partially paralleled networks. The feasible implementation of fully-interconnected 

configurations will deliver the greatest efficiency gains with the lowest weight 

penalty. Very fast protection speeds that facilitate adherence to steady-state envelope 

compliance may even render the need for critical load segregation obsolete. If 

however, SSPC technology does not reach the necessary maturation for the desired 

power levels (ratings) and mass requirements, due to the operating characteristics of 

traditional EMCB equipment, the interconnection of supply channels will incur a 

significant weight penalty on the electrical architecture. 

Moreover, design (architectural) selection and power off-take mix (multitude of 

HP/LP generators) directly influence the feasibility of inductive solutions. A 

topology featuring fewer, larger-rated generators will require more inter-bus 

inductance than an architecture of the same power output featuring more, smaller-

rated generators, and will therefore incur a larger weight penalty for a given power 

output. The larger weight penalty can be mitigated by transitioning to faster 
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protection-operation speeds and fully-paralleled systems that can deliver higher 

efficiency gains. At the same time, the degree of interconnection within an 

architecture depends on the multitude of generators, and thus multitude of channels. 

Consequently, topologies with relatively few generators/channels have limited 

paralleling options, in comparison to topologies with a relatively large number of 

generators/channels. In turn, this affects the segregation of critical loads within any 

architecture with relatively few and fully paralleled generators/buses. 

It is clear that the feasible implementation of inductive coupling on MEA/E electrical 

networks is not a single-parameter optimisation problem, but a function of 

architecture topology, protection solutions and regulatory requirements, as illustrated 

in Fig. 66. Consequently, there can be no single optimum solution or design 

approach that can suit any potential design/system, for example by aggregating each 

individual parameter’s optimum point into one design. In contrast, the solution space 

may be optimised if a more holistic approach is taken, where perhaps the 

contribution of one or more parameters may be sub-optimal, however overall, this 

delivers the optimum solution for a given set of initial conditions/constraints. In 

essence, each potential combination of initial conditions (or constraints) can lead to a 

different optimised balancing point, with this equilibrium being the ‘global’ trade-off 

among these three interacting parameters. In this manner, the exploitation and 

viability of optimised designs or solution approaches can be assessed on a system-

specific basis. 

 



160 

 

 

Figure 66. The interaction of certification requirements, architecture solutions and protection 

solutions within the solution space. 

 

7.1 Summary of chapter conclusions 
 

Chapter 2 

Chapter 2 reviewed the MEA and MEE concepts and outlined the key differences 

between MEA and conventional aircraft. It addressed the technological challenges 

and breakthroughs of this more-electric shift, and presented novel power generation 

and distribution systems. Arguably, the latest technological milestone in military and 

commercial airplane networks today is the advent of ±270 V DC generation and 

distribution systems. The ever-increasing electrification of MEA/E systems imposes 

the need for new technologies and novel electrical architectures. To satisfy the need 

for reduced fuel consumption and improved engine operability, this chapter 

identified that new power-system design options are needed, with one possible 

choice being the interconnection of generators to produce a single combined power 

source.  
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Chapter 3 

This chapter reviewed the state of interconnected generation in the current and past 

aviation industry and presented the challenges associated with paralleled 

architectures. These challenges include adherence to airworthiness standards and 

regulatory power-quality requirements, as well as limitations within the current field 

of protection devices. It identified that the key challenge prohibiting AC 

interconnection options is the variable-frequency output of novel MEA/E generators, 

as frequency-converter technology is not yet sufficiently mature for aviation use with 

regards to weight and volume. 

It also identified efficiency gains (through multi-shaft power offtakes) and the 

growing use of DC distribution as the key technological drivers that may provide a 

more feasible route for the implementation of paralleled DC architectures. Lastly, it 

summarized the benefits and drawbacks of proposed interconnected approaches in 

the relevant literature, and also illustrated that the system-level impact paralleled 

generation may have under abnormal operation conditions is not well documented. 

Moreover, it illustrated that proposed designs do not address the certification 

implications of airworthiness standards and requirements. 

The work presented within this chapter contributed to a conference publication. 

 

Chapter 4 

Chapter 4 presented the modelled interconnected 270 V DC architectures that were 

analysed with regards to fault response for low impedance faults, and described the 

modelling rational underpinning this analysis. It is shown that traditional means of 

protection do not prevent the non-faulted segments of the power network from 

breaching the power quality requirements, suggesting that to achieve voltage-

requirements compliance, the transient responses of these segments must be 

decoupled from that of the faulted part of the system. To this end, three solution 

options were considered, an SSPC, a CLD and a smoothing reactor, as a DC bus-

interconnecting mechanism, to assess voltage compliance of a paralleled power 
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network during fault conditions. From this assessment, it was concluded that the 

smoothing reactor showed better potential compared to all other candidate solutions 

considered. 

 

Chapter 5 

This chapter focused on the design and implementation of effective smoothing 

reactors, capable of achieving normal and steady-state voltage compliance for 

candidate DC architectures under full-load conditions. Simulations showed that shunt 

capacitance had an adverse effect on the bus voltage during an electrical fault, 

subsequently purely inductive interconnecting solutions were further pursued. This 

chapter highlighted the two main variables which impact the size of inductance 

required to achieve bus-voltage compliance: the type of voltage compliance required 

and the operation speed of the protection system. It was also identified that inductive 

interconnections cannot be used along with protection equipment with tripping times 

of 10 ms or greater, creating significant implications for EMCBs with slow tripping 

times.  

To assess the feasibility and applicability of this interconnecting solution approach, a 

mass estimation study quantified the weight penalty incurred on the modelled 

architectures. Additionally, several beneficial and adverse aspects of the 

implementation of inter-bus inductors were discussed, including bus-voltage quality 

and imbalanced generator operation. 

To exploit benefits afforded by load optimization schemes in interconnected power 

systems, additional inductance ratings for partial generator loading were presented. It 

was also shown how inductive solutions have the potential to influence architectural 

design, as strictly in terms of system mass, it would be more beneficial to combine 

groups of smaller generators, and thus DC buses, into separate channels than opting 

for fully interconnected DC systems. Additionally, the influence of inductive 

solutions with regards to electrical machine selection was illustrated, as it was shown 

that within an architecture, the main contributor to the need for bigger-rated 

inductors is not the variance in power mismatch between generation source types, 
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and thus the kind of shaft from which power is off-taken, but the greatest nominal 

power value of the available generators. Lastly, the feasibility of the proposed 

solution approach was examined on novel, parallel-generation networks within the 

relevant literature.  

The work presented within this chapter has to date contributed to one journal paper 

and two conference publications. 

 

Chapter 6 

Chapter 6 debated alternate airworthiness-standards and power-quality 

interpretations that could be afforded by the employment of inductive coupling as an 

interconnecting mechanism. It illustrated how an electrical fault can be perceived as 

a normal transient by the non-faulted parts of the power system, and discussed the 

subsequent implications of this on generation sources and essential loads. A direct 

consequence of this was the need to re-evaluate the definition of independent power 

sources within the framework of interconnected networks. This re-evaluation led to a 

novel interpretation of the airworthiness standards with regards to generation source 

independency, in which the electrical decoupling of paralleled generation sources, 

and potentially in accordance with some type of power-quality compliance, could 

render them independent. 

Also, it briefly addressed several key factors that distinguish conventional aircraft 

from MEA/E, and consequently argued the need for dedicated paralleled-generation 

power-quality requirements for MEA/E. To this end, three novel candidate voltage 

envelopes were presented and the impact of these envelopes on applicability and 

feasibility of inductive interconnecting solutions necessary for compliance was 

estimated. Lastly, it was shown that extremely fast protection operation speeds have 

the potential to facilitate compliance of interconnected power systems with these 

candidate voltage envelopes with no added weight penalty. 
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7.2 Key areas of future work 
 

A number of areas of future work have been identified which have the potential to 

advance the work presented in this thesis and the wider research area. These are 

discussed next. 

 

 Evaluation of inductive interconnection approach at an aircraft power system 

level 

The analyses carried out within this thesis mainly focused on the effect and impact 

the implementation of interconnecting inductance had during an electrical fault at the 

±270 V DC level. Whilst suitable inter-bus inductance ratings for normal and 

abnormal voltage compliance were derived for a fault within the main DC 

distribution system, it was not examined whether these ratings are still sufficient in 

maintaining voltage compliance for faults elsewhere in the network. 

Additionally, it is not uncommon for electrical systems on-board civil aircraft to have 

overrated capabilities, potentially time-limited, in the event of an emergency. The 

presented inductance ratings in this work were derived under full and partial 

generator loading, and did not take into account the need for capacity overhead 

which may be required during emergency flight conditions. In this case, larger-rated 

inductors would be required, however is not known with how much overrated 

capabilities various aircraft platforms are designed with.  

Until this information becomes publicly available, it is up to the aircraft 

manufacturer to consider the trade-off between the need for larger-rated inductors 

(thus more added weight penalty) in order to allow the DC distribution system to 

operate in interconnected mode during abnormal operating conditions, and the 

frequency by which emergency conditions that require isolated generation occur. 

 

 



165 

 

 Model expansion and fidelity 

The interconnected simulation models presented within this thesis were designed at a 

functional level of fidelity. Such models neglect switching-level transients in order to 

minimise the computational burden and facilitate time-efficient extensive 

simulations. This permitted the execution of millions of simulations so that suitable 

combinations of inductance and capacitance could be identified, in order to create an 

effective smoothing reactor capable of maintaining voltage compliance. Subsequent 

analyses demonstrated the required order of magnitude for the ratings of the bus-

interconnecting inductors for all three DC architectures. 

Given that a feasible region of inductance ratings for voltage compliance has been 

identified, more computationally-intensive and time-consuming software models can 

improve the fidelity of simulation studies presented in this work. In this manner, 

more accurate inductance ratings can be analysed and potential transient behaviours 

not captured by existing models be made visible. At the same time, simulation 

models of increased fidelity can promote the expansion of these models to a systems-

level approach (future work mentioned at the beginning of this section), 

incorporating in this manner all voltage types of MEA networks. 

 

 Evaluation of the undesired effects incurred due to the implementation of 

bus-interconnecting inductance  

In inductor design, there is a trade-off between the rate of rise of fault current and the 

stiffness of the power system. Higher inductance values can further supress the fault-

current rate of rise, but in doing so, create a stiffer network that restricts fast current 

changes, impacting the response of the power flow control in the grid. Therefore, a 

deeper investigation is required into the effect and impact of slower current changes 

caused by the addition of inter-bus inductance on the operation of flight-essential 

loads and systems. Moreover, the suppression of the rate of rise of current transients 

may adversely impact the operation of protection devices. Subsequently, a more 

thorough protection analysis is required to determine to what degree the employment 

of inductance impacts the required level of protection performance. 
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 Adverse effects resulting from the implementation of non-ideal inductors 

In all simulation scenarios presented within this thesis, the identified inductor ratings 

were derived under the assumption that an ideal inductor acts as a bus-

interconnecting mechanism. This allowed for a uniform analysis (and comparison) 

across all simulated DC architectures with regards to fault-clearing time, type of 

compliance, fault-current magnitude and weight-estimation studies. However, this 

work did not take into account that non-ideal inductors are rated with particular 

saturations currents, and that their effective inductance is temperature-dependent and 

varies within a specific tolerance. Additionally, the series resistance of a non-ideal 

inductor is dependent on its effective inductance, as well as its design.  

This work briefly demonstrated that an inductor’s series resistance has the potential 

to cause the voltage to deviate from acceptable voltage-compliance limits. This is 

attributed to the significant stead-state voltage drop caused by large values of series 

resistance. It was also seen that in order for the inductor series resistance to have a 

negligible effect on the bus voltage, the resistance should not exceed a value of 0.5 

Ohms. Overall, this demonstrates that inductor design requires more attention, as the 

practical implementation of non-ideal inductors as bus-interconnecting mechanisms 

may have adverse effects on the system voltage of an interconnected power network.  

 

 Quantification of the impact of protection infrastructure on overall system 

design 

From the simulation studies presented in this thesis, it was illustrated that the 

transition to faster fault-clearance times reduces the added weight penalty incurred 

on the electrical architecture by the interconnecting inductor/s. However, at the same 

time this may increase the cost and complexity of the protection system. 

Additionally, the paralleling of generation sources significantly increases potential 

fault currents, therefore heavier, overrated protection equipment will be required for 

interconnected architectures. The influence of cost and mass of overrated protection 

equipment must be investigated and quantified, since both these factors directly 
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affect the feasibility and applicability of the inductive interconnection approach in 

the attainment of voltage compliance for paralleled systems.  

SSPCs are considered to be the next generation in protection devices due to their fast 

operating speed and light weight. Smart, programmable SSPCs also permit power-

management systems to adapt to arising fault conditions, by dynamically 

reconfiguring the power network depending on operational system conditions. To 

date, the power ratings of existing SSPC devices appear to be lower than required for 

high-power aviation applications. Future advances however could be the defining 

step in the feasible realisation and wider adoption of interconnected power networks 

for commercial aviation. 
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Appendix 

Minimum-voltage plots for the three- and four-bus 

DC architectures 

 

This section contains the minimum sensed voltage plots of the three- and four-bus 

DC architectures during an electrical fault, in an attempt to derive suitable inductance 

and capacitance ratings for the inter-bus smoothing reactor. The range of inductance 

and capacitance values simulated was from 0 mH to 40 mH and 0 mF to 40 mF 

respectively, in 1 μH/μF increments. Additionally, the fault-clearing speed of the 

protection system was varied in order to simulate different protection strategies and 

assess below which fault-clearing time this approach is potentially viable. 

Figures 67 to 70 illustrate the minimum sensed voltage of the non-faulted bus on the 

three-bus DC architecture during a short-circuit that is cleared within 50, 10, 5 and 1 

ms respectively. Similarly, Figures 71 to 74 depict the minimum sensed voltage of 

the non-faulted bus over the same fault-clearance speeds in the four-bus DC 

architecture. Each voltage value (z axis) of the surface plot corresponds to a distinct 

pair of capacitance (x axis) and inductance (y axis) values, and depicts the lowest 

voltage sensed on the non-faulted bus during the electrical fault, by using these 

capacitance and inductance values as reactor ratings. 

In both architectures, it would appear that the minimum sensed voltage is more 

sensitive to changes in inductance rather than changes in capacitance. This is more 

evident for a 50 ms fault-clearing speed in Figures 67 and 71, for the three- and four-

bus architecture respectively, where the minimum sensed voltage increases 

significantly for increasing values of inductance, yet appears to remain stable for 

increasing values of capacitance. Additionally, by comparing Figures 67 to 70 and 

Figures 71 to 74, it is evident that faster fault-clearance speeds result in higher 

voltage values for the same pair of reactor ratings. Lastly, it is clear that transitioning 
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to faster fault-clearance times results in the surface plots gradually being more flat 

than curved, suggesting that smaller amounts of inductance are required for a specific 

minimum voltage value. 

In comparison to the twin-bus DC architecture, similar conclusions can be reached 

for the three- and four-bus DC architectures. Likewise, both normal and steady-state 

voltage compliance does not appear to be achievable for fault-clearance times of 50 

ms for either architecture, as the bus voltage level cannot be maintained above 250 

V, but suitable inductance ratings can be derived for both compliance types for fault-

clearance speed of 10 ms or faster. 

 

1.  Three-bus DC architecture 
 

 

 

Figure 67. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 50 ms protection operation speed. 
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Figure 68. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 10 ms protection operation speed. 

 

 

 

Figure 69. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 5 ms protection operation speed. 
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Figure 70. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 1 ms protection operation speed. 

 

2.  Four-bus DC architecture 

 

Figure 71. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 50 ms protection operation speed. 
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Figure 72. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 10 ms protection operation speed. 

 

 

 

Figure 73. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 5 ms protection operation speed. 
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Figure 74. Minimum sensed voltage of interconnected non-faulted bus during a fault for 

varying filter inductance and capacitance values for a 1 ms protection operation speed. 
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