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Abstract 

The More Electric Aircraft concept (MEA) is one of the most discussed topics of the recent 

decades inside the aircraft market. It aims to enable the migration towards more efficient 

aircraft while reducing the environmental impact by substituting the hydraulic, pneumatic 

and mechanical parts with their electrical counterparts. As the electrical systems became 

more complex, it is inevitable the need of a control unit that can manage the EPS under all 

the possible scenarios. For this reason, this thesis presents different study cases that a 

supervisor controller (SC) unit must address for guarantying the optimal EPS operations. In 

particular, the SC must be able to manage the network overloads, for preventing unwanted 

operations or oversized design of the on-board generators. Moreover, applying constant EPS 

monitoring, the SC must be able to solve critical scenarios by splitting the power flow on a 

different path. Apart from failure and critical tasks, the SC must be also employed in the EPS 

optimization using a mathematical algorithm that ensures the correct power spreading across 

each bus. After the introduction to the actual employed algorithms and used EPS, all the 

described cases are simulated inside Simulink® environment and a test bench is then 

configured to emulate a portion of a scaled EPS in the laboratory. 
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Introduction 

1.1 Motivation 

 

1.1.1 More Electric Aircraft 

 

Over the last few decades, there have been intensive research work and rapid developments 

in the area of aircraft electrification. Flying being the fastest and one of the safest ways to 

travel over long distances has led to a sharp increase in air traffic. Since the first passenger 

flight in 1914, the passenger air traffic has continuously increased, and before the covid-19 

pandemic that affected the entire planet, it exceeded 100 000 flights daily [1, 2]. With the 

increasing number of air vehicles, it is extremely important to address the key issues related 

to aviation, starting from the constant increment of the carbon dioxide emissions with its 

significant environmental impact [3, 4] and air traffic noise [5]. To cope with high air traffic 

demand, and improve the overall aircraft performances, the introduction of the aircraft 

electrification seems to be the viable option to move forward towards the next air transport 

generation. Aircraft electrification is taking two main routes which are the more electric 

aircraft (MEA) and the hybrid- or fully electric propulsion. The MEA assumes the replacement 

of many mechanical, hydraulic and pneumatic components of the aircraft with their electrical 

equivalents. The electric propulsion regards the replacement (or boosting in hybrid-electric 

aircraft) of the main jet engines with electrical counterparts. The introduction of 

electrification to aircraft propulsion can have huge advantages in terms of environmental 

impact mitigation, noise reduction, and lower fuel consumption [6, 7]. However, extensive 

and long-term research studies will be still necessary to address these aspects due to the high 

power density requirements for the electrical machines, and high energy densities of 

batteries which are still low compared to that of fuel [8]. This work focusses on the aircraft 

electrification through the route of MEA technology development. Moving to MEA means 

significant increase of onboard electric power budget since it need to replace hydraulic, 

pneumatic, and mechanically powered systems. Correspondingly, the size and complexity of 

electric power system (EPS) used to transfer/distribute electric power from the generators to 

the loads significantly increase with the increase of  onboard electric power demand [6]. Fig. 
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1.1 shows the growth of electrical power usage in aircraft compared with the take-off trust, 

that brought a remarkable and sudden evolution of the "electrification in the air". 

 

 

Fig. 1.1. Evolution of the electrical power need in kVA compared with the take-off trust) [9] 

 

As one can note, that in Fig. 1.1, the Boeing 787 Dreamliner, use a very high amount of 

electrical power which reaches nearly 1 MW for the Boeing 787. Aircraft electrification has 

many benefits. In a MEA, heavy, inefficient hydraulic or pneumatic systems, such as actuators, 

are replaced by a lighter, more efficient electrically driven systems [10, 11]. Furthermore, the 

electrification has been proven to be capable to bringing components that are higher reliable 

over the mechanical ones hence increasing the safety levels [12]. However, this electric 

expansion in the MEA introduces problems related to the design and management of the 

extensive EPS architecture, which inevitably becomes voluminous, weighty, and intricate due 

to the massive increment of the electric equipment onboard [13]. For this reason, one way to 

achieve EPS improvements it is to develop an Energy Management system (EMS). EMS is a 

system of computer-aided tools designed to achieve energy efficiency through logical or 

mathematical process optimization by monitoring the energy use by individual pieces of 

equipment [14]. Thus, for the successful and effective application of the MEA concepts, there 

is the need to find, and adopt power and energy management strategies, which consist of 
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tracking and optimizing the power and energy distributions across the EPS. This process 

involves the collection, and analysis of data (voltage, current, power) aimed to optimise the 

MEA EPS while ensuring safe operations. In order to do that, power and energy management 

strategies can be designed to control the behaviour of the aircraft EPS, managing power and 

energy from generation to loads. Moreover, the control strategies can be designed to have 

the capability of reconfiguring the EPS while optimising the energy profiles of the grid, 

allocating the right amount of power to each load onboard, and applying safety rules to avoid 

or solve critical fault scenarios. Thus, in order to adopt a power and energy management 

strategy, there is a need to introduce a supervisory controller (SC), which is an electronic 

system composed of inputs, outputs, and software. The SC has the task to control the 

power/energy distribution across the EPS by taking input variables, processing the data, and 

setting the status of the EPS through the outputs. The role of the SC is then to control the EPS 

at a high level, which means that every electrical appliance is controlled as a slave by the 

master (SC), thus, the task of the slave is to provide to the EPS the requested value from the 

Master. The employment of a SC is a key aspect of the MEA EPS design. For this reason, the 

main aspect of this thesis is to focus on the design of a SC. 

 

1.1.2 Supervisory control for MEA EPS  

 

The MEA concept aims to enable the migration towards more efficient aircraft while reducing 

the environmental impact. However, as secondary result, it aims to extend and improve the 

EPS to achieve safe and reliable flight operations and maximize availability of electric power 

[15]. Thus, the main objectives are to guarantee a safer EPS with improved performances, in 

order to migrate to the MEA concept. Availability is defined as the probability that the system 

will operate properly when it is requested for use [16]. Thus, the EPS is not failed or 

undergoing a repair action when it needs to be used. Reliability is defined as the probability 

that a system will perform its intended function adequately for a specified period of time, or 

will operate in a defined environment without failure [17]. An EPS is considered safe when it 

can provide a high level of reliability, (i.e., having multiple parallel paths between the sources 

and the buses, and/or redundancy of the critical appliances). Moreover, the performances 

are maximised when the system can reduce or avoid overloads of the sources since it can be 
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translated into weight reduction due to the oversizing. Thus, avoiding the overrating of the 

sources will result in reduction of the entire EPS weight, and ensuring that all the loads are 

supplied with their requested power. 

 

1.1.2.1 MEA EPS 

 

For MEA EPSs, different architectures are being considered [18]. The EPS configuration can 

vary from AC systems to a total DC with different voltage levels, and in case of AC different 

frequencies. However, the topology of the EPS presents some common features through the 

different architectures. In a MEA EPS the electrical power is provided by the main generators, 

which are connected to the main engines, and through the uses of electrical buses, and power 

electronic converters (PECs) the loads are supplied with their needed power and voltage level 

[6, 10, 19]. For better understanding, consider a single-line diagram of a representative MEA 

EPS depicted in Fig. 1.2. Here, the energy sources G1, G2 supply the loads through the buses 

1 to 4, and the power electronic converters PEC 1 and PEC 2. The PECs 1 and 2 are used to 

step-down the voltage level of the buses 3 and 4 or can be used to set the power level 

between the buses 1 and 2 with the buses 3 and 4, while the PECs 3 and 4 are used to set the 

voltage level. The batteries are used as back-up sources for secondary distributions, as well 

as can provide extra power during emergencies or scenarios; the switches C1 to C4 can be 

used to disconnect the loads; switches C5 and C6 can be used to tie the buses when required. 

 

Fig. 1.2. Basic single-line diagram of a representative MEA EPS 
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The Fig. 1.2 gives a basic representation of a MEA EPS architecture. The main idea of this 

Thesis work is to investigate approaches for a SC design, with the aims to act on the EPS 

components and control the system setting (i.e., switches, batteries, converters) for 

improving the performances of a given typical MEA EPS topology. Thus, the main target is to 

obtain a safer, and reliable EPS, which is able to avoid overloads, and working under critical 

scenarios (i.e., critical component failure). 

 

1.1.2.2 Supervisory controller (overview) 

 

The scope of this work is focused on the design methods for a SC, which aims to control the 

EPS, managing the power flows between its sources, loads, and other components. The SC 

will target the following two main functions: 

• The reconfiguration of the EPS, which consists of modifying the power flow paths and/or 

activating energy sources (e.g., batteries) in order to guarantee an uninterrupted supply 

of the buses. This function is particularly required during critical scenarios (e.g., source or 

converter failure), where the SC can find an alternative path for supplying the loads. 

• The allocation of the power, which means allocation of the power requested by the loads 

with the available power from the sources. The SC should ensure that the power required 

by the loads will not exceed the available power under all possible (abnormal) scenarios 

by acting on the switches (e.g., shedding non-essential loads) or batteries (e.g., 

demanding extra power to the EPS). 

An example is given in the Fig. 1.3. The parameters of the EPS in Fig. 1.2 are given as input 

into the SC, processed, and the output values are used to modify the status of the EPS. 



Analytical approach to Electrical Distribution Systems for Aircraft 

16 
 

 

Fig. 1.3. Representative image of the SC with input and output variables 

 

A general methodology is proposed and implemented, which aims to make the considered 

EPS safe, efficient and optimised by applying the ‘re-configuration strategy method’ (RCS) and 

‘load allocation problem’ (LAP) in real-time. The implementation of the RCS and LAP is based 

on the application of different algorithms and tools which will be investigated as well. 
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1.2 Research aims and objectives 

 

As the electrification onboard becomes more extensive, the need to have safer, and 

optimised MEA EPSs becomes equally important. 

The aim of this thesis is to propose and implement an approach to manage the power and 

energy of the entire MEA EPS such that the EPS works at its optimal and safety levels. 

This will be achieved through the following research objectives: 

• Develop a methodology to design a SC that is able to manage the entire MEA EPS 

o Moving to the enhanced performance and efficiency of the EPS, while respecting 

safety constraints 

• Automatization of the EPS reconfiguration during occurring or critical scenarios, with 

automatic switch of the power on the vital loads 

• Identify, implement and test practical and computationally inexpensive algorithms and 

tools for the design of the SC 

• Validate the selected approach, algorithms and tools through different study cases in 

simulation and in laboratory experiment. 

 

1.3 Contributions 

 

The research methods that have been implemented to meet the aforementioned objectives 

are presented in the main Chapters of this thesis and are outlined in the next Section. This 

effort has resulted in three main contributions. 

• An approach has been developed for designing a SC that can be easily applied to the MEA 

EPS using one single development tool to make the EPS more efficient and safer 

• A set of algorithms and tools have been identified, implemented and tested as 

computationally inexpensive and practically applicable to MEA EPS. 

• The proposed design approach has been verified and validated using different case 

scenarios in simulation and in laboratory experiments.  



Analytical approach to Electrical Distribution Systems for Aircraft 

18 
 

1.4 Thesis structure 

 

The research findings are developed and presented in the CHAPTERSs of the Thesis, which is 

structured as follows: 

Chapter 1 provides the motivation behind the work in this Thesis, as well as states the main 

aim and objectives of this study. The first part is focused on the MEA solution for the impact 

reduction, while the second part introduces the thesis objectives deeper  

Chapter 2 deals with the literature review on the known main methods, algorithms, and tools 

used to create a SC. It describes the techniques used to control the EPS from easier to complex 

ones and wants to give an idea of the differences in using each method 

Chapter 3 gives an overview of the different architectures of the aircraft EPSs and the 

principal characteristic of each topology, for which the SC will be developed and tested. In 

particular, the last part is focused on the last theorized architectures for MEA EPSs 

Chapter 4 describes how the ‘re-configuration strategy method’ (RCS) is designed and 

implemented in a SC for an MEA EPS. It presents two simulation scenarios in which the EPS is 

subjected to a generator’s overload and multiple converter failures. In the two cases, the RCS 

method is used for addressing the critical condition 

Chapter 5 investigates the ‘load allocation problem’ (LAP). The mathematical formulation of 

the algorithm is first analysed, and the knapsack method [20] with its computational solution 

is then presented. This Chapter demonstrates how the ‘load allocation problem’ algorithm is 

integrated into the design of a SC for the MEA EPS. The design approach is verified through a 

case study where the ‘load allocation problem’ is used to optimise the power allocation to 

the MEA EPS buses.  

Chapter 6 applies and verifies the ‘re-configuration strategy method’ (RCS) on a practical MEA 

EPS demonstrator that is being developed under the Advanced Smart-Grid Power Distribution 

System (ASPIRE) project. The ASPIRE project aims at the implementation the Energy 

Management (EM) functionalities of the aircraft DC electrical power distribution system 

(EPDS), for achieving a substantial improvement in system efficiency, safety, power quality 

and eco-friendliness compared to existing solutions. 
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Chapter 7 presents a study case that uses both the ‘reconfiguration-strategy method’ (RCS) 

and the ‘load allocation problem’ (LAP). These two methods gave the possibility to control the 

entire EPS, by monitoring the power across the network, and with a low expensive 

computational operation, it is possible to redistribute the power from the sources to the loads 

(RCS), and allocate the right power amount on each electrical bus (LAP).  

Chapter 8 presents the experimental rig for verification of the case study considered in 

Chapter 6 - 7, and its components used for performing the experimental tests. The hardware 

used to build the test rig is described as well as the control algorithm to implement the SC. 

After that, the experimental tests results for the case study described of Chapter 6 are 

presented. The Chapter demonstrates the capabilities of both the algorithms and the tools 

employed. The experimental results validate the design approach for the SC using the RCS 

and the LAP by successfully matching the experimental results to the simulation results.  

Chapter 9 discusses the significance as well as the implications of the findings presented in 

the thesis and provides suggestions for future works. 
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Chapter 2:  Algorithms and tools for the supervisory 
controller design 

 

2.1 Introduction 

 

This Chapter presents an overview of the methods, algorithms, and tools for the SC design. 

First, the most relevant are analysed and discussed with their advantages and disadvantages. 

Second, the algorithm and tool selected for the SC design is introduced. 

In previous publications, different techniques have been investigated for the EPS controller 

design that aims to respect safety and performance constraints. The aircraft EPS respects 

safety constraints when it is able to ensure a high level of reliability, thus, operating without 

failures, or using redundancy or parallel paths between the sources, buses, and loads in order 

to guarantee the system operations. In this thesis work, the performances are assumed to be 

respected if the system is able to provide operation avoiding generator’s overloads, hence 

saving weight and volume, costs, and reducing energy consumption. 

There are two main methods, as already mentioned in the introduction, that are suitable for 

the EPS management, namely the ‘re-configuration strategy’ (RCS) and the ‘load allocation 

problem’ (LAP). Furthermore, there are various algorithms used for the application of the RCS 

and the LAP including knowledge-based algorithms [21], dynamic programming (DP) [20, 22] 

and linear temporal logic [23, 24], while the tools that can be used to implement these 

algorithms are the finite state machine [25-27], Tulip, C language [28-29], and sliding control 

method [30, 31], as depicted in Fig. 2.1.The application of the methods, algorithms and tools 

for the design of the SC will be demonstrated in the various Chapters as illustrated in Fig. 2.1.  
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Fig. 2.1. Flowchart showing the methods, algorithms and tools used to design the SC for the aircraft EPS 

 

The next subsection describes the methods and the choice of the algorithms and tools used 

for the SC design in this work with supporting evidence from the literature. 

 

2.2 Methods 

 

This section presents and discusses the methods considered for the design of SC (refer to 

Fig. 2.1). 

 

2.2.1 Re-configuration strategy 
 

The RCS (re-configuration strategy method) consists in defining alternate power paths within 

the EPS by the using a set of switches and PECs [32, 33]. By employing the RCS, different 

possible paths of power are made available from the various energy sources to the loads in 

the EPS. This is important for giving the EPS more degree of freedom, and as a mean of safety 
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improvement due to the higher number of EPS interconnections that leads to a higher 

number of parallel paths. In order to control the power paths, switches are used to select the 

routes power that can flow from the sources, through busbars, and to loads or busbars, and 

other busbars. Thus, the RCS is used to find the way to feed each load [21]: 

• Avoiding unwanted overloads of the sources 

• Avoiding critical conditions of the EPS in case of faults 

• Guarantying redundancy under each possible scenario. 

 

2.2.2 Load Allocation Problem 
 

The LAP (load allocation problem) consists of finding the best solution to accommodate a set 

of loads on each bus of the EPS. For example: 

• Maximizing the number of loads utilising the currently available power without 

causing generator’s overloading under variety of flight scenario  

• Implementing a mathematical solution for supplying all the vital loads while having a 

limited amount of available power 

• Smart disconnection of the non-vital loads in case of limited power, for example, 

matching the value of the available power from the main and secondary sources to 

the values of the power demand from onboard loads. 

The critical loads are the set of loads characterised by a high level of priority; thus, they cannot 

be left unpowered to ensure flight safety and survivability of aircraft. The non-vital loads are 

the set of loads characterised by a lower priority level and they can be disconnected without 

compromising aircraft safety or causing problems to the EPS. 

The use of LAP involves multi-objective optimization [34], which is used to implement the load 

shedding, power allocation, and power balance [35] as a way to allocate loads optimally. 

There is no constraint on the number of loads allocated to a busbar, and the number can be 

different from one busbar to another [36]. 
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2.3 Algorithms 

 

This section presents and discusses the algorithms considered for the design of SC highlighting 

their advantages and disadvantages.  

2.3.1 Knowledge based method 

 

The knowledge-based method, developed in the C Language Integrated Production System 

(CLIPS) environment [37], is a programming language used to implement rules and provide a 

reconfiguration solution according to scenarios associated with EPS component STATEs. In 

[21] the authors proposed a method for the automatic reconfiguration of the EPS by applying 

the RCS under different scenarios. Aiming to improve the network performances, by 

regulating the power distribution, through the use of contactors/breakers, which is found by 

setting the optimal power path between sources and loads. The possible system 

configurations are captured based on the knowhow of the designers and implemented as 

rules of the EPS. The knowledge-based method uses a heuristic approach for the finding of 

the optimal path. The heuristic approach is used in computer science, artificial intelligence, 

and mathematical optimization, and is a technique designed for solving a problem more 

quickly, enabling faster solution for emergency scenarios, when classical methods are 

relatively slow (i.e., action between warning lights and human interaction), or for finding an 

approximate solution when classical methods fail to find any exact solution (i.e., 

mathematical solution is too approximate). The key idea of heuristic method is to adopt a 

quick solution obtaining a huge reduction of the computational time, sometimes at the cost 

of lower accuracy, especially in the case of several variables. Thus, this is achieved by trading 

optimality, completeness, accuracy, or precision for speed [38]. An example is given in the 

choice of what load must be supplied in each set, if a critical load is present in a given set, 

there is no needed to spend computational resources for calculating which loads need to be 

supplied, since a critical load has the priority, thus saving computational time. 

However, this work aims to obtain an optimized EPS, thus, a heuristic method cannot be the 

best approach in all possible scenarios. But the heuristic approach can be embedded into the 

algorithm for helping the programmer in reducing coding time and help the system in 

reducing the running time due to reduced calculus operations. This is obtained  
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by monitoring the parameters of the system and depending on safety or optimization criteria. 

So, the possible scenarios of the EPS are grouped in a set of STATEs of the system, in which 

each STATE represent a particular configuration of the EPS, it is possible to decide the setting 

of the STATE a priori, covering all the possible scenarios. In this work, the heuristic approach 

has been used to set the values of the variables known a priori (i.e., critical loads, non-critical 

loads), and thus define a known STATE (i.e., all the critical loads must be supplied, all the non-

critical loads can be disconnected in case of needed). Further, it is important to note that in 

[21], the method is applied at the design phase of the EPS, while the work in this thesis is 

focused on the reconfiguration of a given EPS topology during real-time operations, thus the 

SC will apply a constant monitoring of the EPS’s variables, and it will select the appropriate 

configuration accordingly with safety and optimisation constraints . 

 

2.3.2 Linear temporal logic 

 

Linear temporal logic (LTL) is an extension of prepositional logic [39, 40] that incorporates 

notions of temporal ordering to reason about correctness over sequence STATEs. The use of 

temporal logic, to formally specify and verify behaviour, has been seen in various applications, 

including embedded systems, robotics, controls, and for the testing of the algorithm (model 

checking) [23]. The LTL method is developed in Python language through the use of the TULIP 

library, which is developed for the LTL algorithm integration in the Python language system. 

It is described in [28], while an example of its application is given in [29]. In [41] the authors 

propose a method for the design of cyber-physical systems by the use of mathematical and 

logic constraints over the heuristic approaches with the use of the contracts. A contract is a 

mathematical abstraction of component, which is used to define its characteristics in the 

computational environment,  a  more detailed definition is given in [42]. The LTL has been 

used to formalize the requirements in terms of contracts and, give a level of abstraction to 

the cyber-physical system (i.e., aircraft EPS), representing it with a set of Boolean variables. A 

rigorous design methodology for aircraft EPS that builds on a library of EPS model components 

and an initial set of design criteria has been proposed in [43], where, design specifications are 

expressed using LTL, signal temporal logic, arithmetic constraints on Boolean variables. It also 

uses Mixed Integer Linear Programming [44] to minimise the cost of the EPS topology, while 
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satisfying the design requirements. Moreover, in [24] the authors propose a method to 

improve the safety of the EPS using the LTL to satisfy the constraints of the system, calculating 

the number of the possible connections of each component of the grid and, taking into 

account the reliability level, irreversibly failures, unhealthy sources, and controller reaction 

time. Thus, the LTL, as explained in [45, 46], is very promising for the automata model 

checking of the reactive systems, and for the mission planning of mobile robots [47]. This is 

due to the characteristic of the method that allows to widely reduce the step length of the 

algorithm. However, the tool employed in the study [43] is complex and requires deep know-

how in mathematics and computer science. In [41] a new method is presented for the EPS 

design, which aims to replace the heuristic methods with a mathematical one to improve the 

reliability and control specification of the EPS in the design phase. Nevertheless, the 

complexity of LTL, and its difficult integration with other design tools makes it unfeasible and 

impractical to fully implement LTL for the design of the SC in this work. Further, it is difficult 

to link the Python language, and consequently the TULIP library, with the developing kits, 

which allows the developers to place the code on the hardware. However, LTL has been 

partially integrated in this work to add temporal order to the code to design the SC and in this 

way take advantage of the benefits of LTL, as described earlier. 

 

2.3.3 Dynamic programming 
 

In [36] the authors proposed the DP to optimize the number of loads allocated to each aircraft 

electrical busbar. DP has been used for addressing the LAP [22, 48]. It is both a mathematical 

optimization method and a computational method, which is essential for simplifying the 

developed algorithm, while seeking an optimized solution. The DP method is applicable when 

a problem can be divided into multiple simpler problems (subproblems), and there is a 

relation between the solution of the larger problem and the solution of the subproblems [49]. 

In [36] the problem comes from the high number of possible combinations that the EPS can 

have in allocating the loads. Thus, the algorithm, in this particular case, is developed to 

calculate the maximum weight reduction during EPS design phase. More specifically, the 

algorithm applied is the knapsack problem [20, 50], which is a mathematical problem solved 

with DP, and it aims to maximize the number of loads connected to a busbar without 
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exceeding the EPS available power. Knapsack is a well-known problem in combinatorial 

optimization [20, 50, 51]. When an optimization of a system with more than one variable is 

needed, (i.e., Status of the EPS contactors, Available power from the source, critical or non-

critical load) the knapsack optimisation can be applied. However, the use of DP is not the best 

choice for the establishing the overall EPS management due to its complexity resulting in the 

too intricate code with unfeasible debugging. Yet, it can be added into selected scenarios, 

allowing the SC to allocate the load in case of a re-distribution of the power, as it will be 

implemented as such in this work. 

 

2.3.4 Algorithms employed for the SC design 

 

The algorithms presented in Sections above will be embedded into the SC proposed in this 

thesis work, taking the advantages given by the use of each of them. Moreover, the SC design 

will be created based on the requirements of the EPS under investigation. For example, the 

number of sources, number of critical and non-critical loads, available power paths, and 

redundant appliances. Thus, in the employed algorithm: 

• The knowledge-based method will be used when there is the possibility to reduce the 

coding and running time. An example can be given as a request to activate a particular 

load when the drawn power is already known, hence there is no need to calculate it. 

Thus, the SC can send the command to the converter to supply the load with the 

predefined value of power. 

• The DP will be used when a mathematical optimization is needed, and when the EPS 

need to be optimized by calculating the value of a variable subjected to one or more 

constraints, for example in the optimisation of the power distribution on multiple 

loads, thus, when a source need to be used for supplying a busbar, the power will be 

distributed across the critical loads first, and the remaining power will be used for the 

non-critical loads. 

• The LTL will be used for the introduction of temporal ordering inside the code or for 

adding an instruction loop, saving the coding time, and reducing the code length. For 

example, if there is a set of sequential instructions such as a ‘for’ or ‘if’ cycle, the 
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temporal ordering will ensure that a portion of code is executed before the next 

instructions. 

 

2.4 Tools 

 

To develop the algorithms described above, different tools can be used. In literature, the 

capabilities of these tools have been demonstrated in the control of power electronic devices 

for the EPS management for several applications. The tools used for the SC programming are 

overviewed in this section; these include C language, Tulip-Python tool, and Finite state 

machine. 

 

2.4.1 C language 

 

In aerospace applications, majority of systems are programmed using ‘C’ language. The 

advantage lies in its simplicity, and easy availability. However, the use of C language is 

complex for intricate EPSs with multiple hardware to manage at the same time, and 

debugging is very difficult. For this reason, the ‘C language’ is used to program the behaviour 

of the single device, avoiding the management of multiple devices in the same code. The 

works [30, 52-54] illustrate a number of aircraft controller devices programmed in C language. 

In [52] the authors proposed an enhanced controller for a buck-boost converter for aerospace 

application, showing its capability in managing the power flow between the generator and 

the battery. Fig. 2.2 presents a block diagram of the system used for the simulations, which 

shows the PEC controlled by using a supervisor:  
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Fig. 2.2. Block diagram of a PEC  managed by a SC designed through C language [30] 

 

The control of the PEC have been performed using a sliding mode control in [31], where its 

mathematical model has been computed in ‘C language’ inside the Simulink® environment. 

Authors implemented a SC for the computing of the control equations used for performing 

the sliding control enabling a more efficient operations for bidirectional converters. In [53] 

the authors used ‘C language’ to compute the operations between the converter and battery, 

managing the EPS behaviour during power peak requests from the main generators, aiming 

to optimise the power transfer, and the reduction of the generator’s size. In [54] the authors 

used a digital signal processor (DSP), programmed in ‘C’ language, to increase the bandwidth 

of the controller, thus giving more accuracy to the system operations (i.e. PECs control, 

computing of measured values). In [52-54] the authors presented a control strategy of an 

aircraft EPS based on the control of different devices (i.e., PECs, Batteries, switches) using 

MatLab environment and then translated in ‘C’ language, obtaining excellent performances, 

as described in the papers. However, the ‘C language’ has been used to manage a single unit 

of the aircraft electrical system in the aforementioned papers, while this thesis aims to 

manage the entire EPS, which implies the use, and coordination of multiple devices at the 

same time. For this reason, the ‘C’ language code is not the best candidate for this scope of 

work due to its basic algorithms, which could make the debugging much more difficult, and 

increase the coding time. However, it can be helpful in the design of part of the SC and will 

thus be used in the development of the mathematical optimization of the EPS. 
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2.4.2 Tulip - Python  
 

Python language has been widely used in recent years for programming a new low-cost 

hardware (i.e., Raspberry PI) due to its great accessibility. It is considered as an intuitive 

language, and very easy to use for most of programmers. The coding time including debugging 

time can be reduced as discussed in [55, 56], in which is performed a study on different 

programming languages showing the computational cost reduction in the using of Python 

language, and consequently the reduction of the debugging time. However, the Python 

language, together with the LTL instructions, is not the best candidate for programming the 

algorithm used to apply the control strategies. This is due to the fact that it cannot be easily 

integrated with the common controller design software used for the experimental platform. 

Thus, even if the authors in [24, 28, 43, 57, 58] used the Tulip library in Python language for 

the LTL coding, its integration with the simulation software (i.e., MatLab®, Simulink®) and the 

hardware deployed (i.e., control board) is either not possible or extremely difficult to 

implement. So, it is difficult to create an environment that gives the compatibility between 

the hardware and software in order to develop a SC, adapt it to an aircraft EPS. 

 

2.4.3 Finite state machine 
 

Finite State Machine (FSM) is a tool where particular inputs cause particular changes in the 

state of a system, which means that for given inputs (i.e., available power, load current) a set 

of outputs (i.e., contactor opened/closed, battery on/off) are generated. FSM can be 

composed of one or more STATEs, in which each STATE defines the output variables setting. 

The change from one STATE to another is called transition [59]. An example is given in Fig. 

2.3, which illustrates STATEs as a circle with all the instructions that define the system’s 

behaviour and shows the arrows to denote possible transitions to other STATEs together with 

the conditions for these transitions. 
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Fig. 2.3. Diagram of a FSM. S0 to Sn represent the STATEs, Ԑ1 to Ԑn represent the transitions. 

 

The FSM is widely used in the automated systems with the following advantages: [26]: 

• Reduced dynamic memory allocation and simplicity of programming each system 

STATE separately 

• Optimized use of the dynamic memory, which is an important aspect to consider when 

working with large complex systems. 

• More STATEs can be added simply by declaring new transition/s. 

• Avoiding performing too many “if-else” statements. The system can reach the desired 

STATE with relatively less computational burden, which means the processor time is 

frozen for other tasks. 

There is a lot of evidence of successful FSM applications. In the patent [60], the authors 

developed a sequencing control strategy for environmental system controllers, which 

improves the system operations by creating a series of steps to perform as the response to 

every variation of pre-set variables, i.e. ambient temperature or air conditioning system 

status. The aims are to enhance the performance of the EPS by regulating the load current 

and reduce operating costs by automatically switching off the conditioning system when the 

environmental parameters are satisfactory. While the patent [25] presents a method for 

improving the flight controls of unmanned and manned aircraft, where the use of FSM 

allowed to reduce the computational time and obtain an easier debugging. In [30] the authors 

proposed a method for PECs management using an FSM. The strategy consisted of using the 

PEC to regulate the power flow between the loads and the battery. This permit to reduce of 
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the generator’s size, due to the battery, which can be used to cope with the overload request. 

Other advantages can be exploited from the point of view of the users [27] as given below:  

 

• Given a set of inputs, and knowing the current STATE, the transition can be 

predicted, allowing for an easy testing. 

• The FSMs are quick to design, implement and execute. 

• FSMs are flexible. There are several ways to implement them, based on the system 

topology. 

• Easy determination in the reachability of a STATE [61], which means that starting 

from the initial STATE of the system, it is possible to reach the final STATE, ensuring 

that unsafe/unexpected STATEs are not reached. 

Furthermore, the FSM is also well-known for its characteristic in managing reactive systems, 

i.e., systems which react to changes in its environment. An EPS is a perfect example of a 

reactive system, in fact it can change configurations as reactions to a variation of its STATE 

[62]. 

However, FSM also has some disadvantages as discussed in [59]: 

 

• Some variables need to be specified more than once. 

• With a high number of STATEs, the code can become difficult to manage, this is due 

to the high number of STATEs to consider together with the high number of 

behaviours that the system can assume, thus the number of errors can become 

untraceable. 

• Its deterministic domain force the developer to predict in advance all the possible 

system STATEs.  

 

Hence, the FSM tool has many benefits as well as few disadvantages and for the purpose of 

this study it has been found to be conveniently applicable based on four main considerations: 

• Possibility to develop the RCS and the LAP in a feasible and fast way, without 

having complex and intricate computational coding. 

• Easy determination of each reachable STATE for an easy debugging. 
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• The tool easily to connected with the hardware; this allows for an easy 

deployment on the developing boards (i.e., FPGA, Microcontrollers) and 

communication with the sensors (i.e., current and voltage). 

• The FSM is the best choice in the management of the reactive systems [63, 64] 

Furthermore, the FSM is embedded into the Stateflow® of Simulink®. The Stateflow® provides 

a graphical language that includes state transition diagrams, flow charts, state transition 

tables, and truth tables [65]. It can be used to model the FSM, and also allows the additional 

numerical computations to be introduced inside the STATEs. Moreover, owing to the 

graphical markers on each operating STATE in MatLab®, the debugging is easier compared 

with the earlier FSM development techniques [66]. As an example of its capability, in [30] the 

authors used the Stateflow® of MatLab® for generating the controller of an aircraft EPS, the 

aim was to reduce the generator’s size mitigating the power peaks through the use of energy 

of the emergency battery. 

 

2.4.4 Tools selection 
 

There is a wide variety of tools that can be used for the design of the SC, the main ones have 

been presented in sections above. However, the selected candidate has to satisfy some 

conditions: 

• Reduced complexity. It has to manage the entire EPS; thus, possible bugs must be 

easily identified. 

• Easy to interconnect with multiple software. To process multiple data set, the tool 

must be adaptable to different software environments. 

• Easy connections with the selected hardware. The communications between the tool 

and the selected hardware must guarantee on-line (analysing the code during the 

execution) and off-line (deploy the code on the hardware) operations. 

For these reasons, the FSM is considered as the tool that respects the aims of this Thesis work 

and therefore it will be employed for the SC design in next Chapters. 
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2.5 Conclusion 

 

This Chapter has presented a literature review on the field of EPS SC. 

First, the design criteria, divided in safeness, reliability, and optimised performances, have 

been chosen in order to define the objectives of the thesis work. Second, the RCS and LAP 

methods have been presented as capable to manage the EPS by reconfiguring its power flow 

paths. For the design of the SC, different types of algorithms and tools have been investigated. 

Based on the literature review, and taking into account the features presented in Section 2.3.4 

and the desired characteristic of the tool reported in Section 2.4.4, it has been decided that a 

potential candidate tool to be used in this work will be FSM implemented in the MatLab® 

environment, this choice came from two important aspects: 

• MatLab® environment integrates the Sym Power System library that can be used to 

simulate the design of the EPS 

• The model designed in MatLab® environment can be exported on a control board, and 

used to emulate the SC behaviour on the experimental platform 

The FSM tool, which is also integrated with the Simulink®/Stateflow® environment, allows the 

user to test the preliminary design of the SC coupled with the system architecture. 

Next Chapter, based on findings reported above, will deal with the different EPS architectures. 

The aims are to present the various configuration of the EPS and show the model that will be 

used for the experimental test. 
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Chapter 3:  MEA EPS Architecture 

 

3.1 Introduction 

 

This Chapter gives an overview of the different EPS architectures that are generally 

considered for the MEA and introduces the EPS architecture that has been chosen for the 

further study in this work, including verifying and validating the developed high-level SC.  The 

main challenge behind MEA technology is to increase the use of electric power onboard to 

replace non-electrically driven systems onboard aircraft, hence extending the electrical 

network to substitute pneumatic and hydraulic networks [1, 2]. This change in technology 

inevitably brings in significant changes in power generation, transmission, and distribution. 

The Fig. 3.1 depicts the concept of MEA, where the generator connected to the engine is used 

to supply the AC bus, while the rectifiers convert AC to DC power for the DC buses, and the 

transformer steps down the voltage level of the AC bus. The load scheme, divided by high 

power AC and DC, commercials and essential, are connected to the appropriate buses. 

 

 

Fig. 3.1. Power source on MEA concept 
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The major changes between a conventional aircraft and an MEA are summarised in TABLE 

3.1.  

 

TABLE 3.1. Main changes between conventional aircraft and MEA [3] 

Conventional Aircraft MEA 

Conventional engine is a source of hydraulic, 

pneumatic and electric power; pneumatic start-

up 

 

Bleedless engine, electric start-up 

Conventional APU, generates hydraulic, 

pneumatic and electric power 

Electrical APU, only generates electric 

power 

A few power electronics converters More power electronics converters 

Hydraulic and pneumatic actuators Electric actuators 

Mechanical brakes Electric brakes 

AC circuit breakers and low voltage DC breakers Solid state power contactors 

Battery only used in emergency condition and for 

APU start-up 

Used in all flight phases 

 

Since one of the objectives of the MEA is to improve the energy efficiency of the aircraft, 

choosing the correct architecture as well as control systems is key in the MEA development. 

Thus, once the EPS architecture is defined, the control techniques, discussed in the previous 

Chapter, can be integrated into it with the aim to optimize its working operations. In order to 

transfer electric power effectively from the power sources to the power consuming 

equipment, a well-designed electrical distribution system in the aircraft is essential. In an 

aircraft, the generators are driven by the engine during the flight, and the auxiliary generator 

is driven by the auxiliary power unit (APU) when on-ground or in certain flight scenario. 

Power, produced from the main generators, is then converted and distributed to the loads in 

the aircraft [3, 4]. Based on the literature review [4, 5-9], four topologies have been the most 

popular in the EPS architectures, as listed below, where the 3 and 4 are resulted as dominating 

technologies: 

1. Constant frequency (115 VAC  400 Hz) 

2. Variable frequency (115 VAC  360 – 800 Hz) and 270 VDC 

3. High Voltage variable frequency (230 VAC  360 – 800 Hz) and High Voltage DC ±270 V 

4. High Voltage pure DC ±270 V 
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3.1.1 Constant frequency architecture (CF) 

 

In CF aircraft EPS, the most popular generator is the three-stage wound field synchronous 

generator, and this is due to its safety capability, since the excitation can be instantaneously 

removed by deenergizing the machine through the direct control of the field [10]. In the Fig. 

3.2 is shown a schematic of a three-stage wound field synchronous machine highlighting the 

three principal stages: 1) the PM generator; 2) the main exciter; 3) the main generator. 

 

 

Fig. 3.2. Architecture of three-stage wound field synchronous generator [2] 

In the first stage the generation system is powered by the PM generator, whose moving the 

PMs induce a three-phase voltage in the stationary armature. The ac voltage is then rectified 

and used for supplying the field circuit of the main exciter in the second stage. At this point, 

the generator control unit (GCU) acts to fulfil two essential tasks 

1) Control the dc voltage amplitude, for regulating the excitation current of the main 

generator, which is in the third stage 

2) Deenergises the dc circuit in case of faults or anomalous operations 

The dc field induces a three-phase voltage in the moving armature of the main exciter, which 

is then converter into dc, for supplying the excitation field circuit of the main generator. The 

ac to dc conversion is performed by a rectifier, which rotates synchronously with the prime 

mover shaft, and the three-phase voltage is available at the output of the main generator 

armature. Since the frequency is dependant from the number of poles and the rotational 

speed, the prime move shaft plays an important role in the frequency setting. Thus, a variable-

ratio gearbox, referred as CSD [11], is placed between the shaft and the generator in order to 
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provide constant rotational speed of the generator, at the cost of bulky, heavy and costly 

additional components, as shown in Fig. 3.3.  

 

 

Fig. 3.3. CF generation through the use of CSD 

 

For this reason, It is also possible to obtain a CF system without the adoption of a CSD, which 

helps to reduce the wight and size of the EPS, and also reduce the maintenance problems that 

comes to the CSD in order to remove the CSD a variable speed, two methods have been 

implemented. The first method consists in implementing a dc link between the ac generator 

and the ac loads, as shown in the Fig. 3.4. 

 

 

Fig. 3.4. CF generation system diagram using a rectifier and DC/AC converter 

 

The second method consist in adding an ac/ac converter between the generator and the loads 

as shown in the Fig. 3.5. 

 

 

Fig. 3.5. CF generation system using an AC/AC converter 
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Fig. 3.6 shows the conventional CF aircraft EPS in which bus voltage is 115V at 400Hz AC and 

28V DC. 

 

 

Fig. 3.6. Constant frequency aircraft EPS architecture 

 

The constant rotating speed shaft is connected to the generator, which will then generate a 

CF power at 400Hz. As shown in Fig. 3.6, AC loads are directly powered by AC bus, while DC 

loads are supplied from the 28V DC bus. Transformer Rectifier Units (TRUs) are used to 

convert AC power into DC power. In CF aircraft EPS, AC/DC converter and TRU are the main 

power converters. Generally, batteries are used as the emergency power sources. An AC/DC 

inverter and bi-directional DC/DC converter connect the batteries with the AC bus and DC bus 

respectively. Although DC power can be obtained conventionally from a DC generator, this 

solution is not commonly implemented, mainly because the space around the aircraft main 

engine is extremely limited to install other AC or DC generators. For these reasons, TRUs are 

introduced to convert AC voltage to DC voltage. By installing the TRUs close to the DC bus, 

the weight and volume of EPS are minimised. 
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3.1.2 Variable frequency architecture (VF) 

 

The trend of moving towards the MEA concept brought to the implementation of VF 

architectures, Using VF power system helps eliminate the bulky, heavy, inefficient constant 

speed drives from the aircraft and improve the performance of the aircraft EPSs. In VF aircraft 

EPS the frequency of the primary AC bus is 360Hz-800Hz with a voltage of 115V and the 

generator is connected to the engine shaft directly a shown in the Fig. 3.7.  

 

 

Fig. 3.7. VF aircraft generation system 

 

The three-stage wound field synchronous generator are used as VF generators, where the 

frequency is proportional to the engine shaft speed [12]. Different types of converters are 

employed to convert VF voltage to multi voltage levels such as 115V AC and 270V DC. Since 

the primary AC bus has a variable frequency, a back-to-back converter [13] is needed to power 

CF loads. These converters must be designed carefully to meet the volume, weight, and 

harmonic requirements in line with aviation standards such as DO-160 or MIL-STD-704.  Thus, 

according to the mission profiles the frequency varies during the take-off and landing, while 

it is almost unchanged for the cruise operations in the Fig. 3.8 is shown the architecture of 

typical VF EPS 115V. 
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Fig. 3.8. Variable frequency aircraft EPS architecture 

 

The VF EPS presents two VF buses that supplies VF AC loads, while through the use of the 

ATRU is powered the 270V DC bus. The AC/AC converter is connected between the VF and CF 

bus in order to supply constant frequency loads, while the 28V DC is obtained through the 

use of an AC/DC converter. 
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3.1.3 High voltage variable frequency plus High voltage DC ±270 V (HVAC) 

 

A few new aircraft such as Boeing 787 have adopted High Voltage AC (HVAC) power system 

(230V at 360-800Hz). Compared to the conventional 115V EPS, power transmission loss and 

converter weight can be reduced by up to 50.7% and 42.5% respectively [14]. An example of 

HVAC EPS is depicted in Fig. 3. 9. 

 

 

Fig. 3. 9. HVAC Aircraft EPS  [4] 

 

In this type of architecture, an auto transformer unit (ATU) is used to generate 115V variable 

frequency voltage. Buck Boost Converter Unit (BBCU), which consists of 2 DC-AC stages 

interfaced with a high frequency transformer, is used for the battery charger. 
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3.1.4 High Voltage pure DC ±270 V (HVDC) 

 

Future aircraft concepts aim to improve the overall EPS architectures. As reported in [15, 16] 

significant weight saving could be achieved by increasing the distribution voltage. Considering 

the same transmitted power, a higher voltage (for the distribution system) will result in 

smaller cable cross-sectional area. Furthermore, raising the voltage will allow greater line 

voltage drop [16]. In fact, the minimum allowed voltage is 108 Vac, for distribution system at 

115 Vac, instead 250 Vdc are accepted on 270-Vdc systems (as per MIL-STD-704F) [17]. For 

these reasons, HVDC distribution systems at 270 and 540 Vdc are under investigation [16, 18]. 

Regarding the HVDC systems, the most obvious concerns are safety and the increased risk of 

electrical system failures, caused by the LP phenomenon, such as corona effects and 

insulation breakdown.  

Several possible architectures of HVDC aircraft EPS are analysed in [14]: 

• +/- 270V DC two phases with ground 

• 270V DC one phase with ground 

• +/-135V DC two phases with ground 

• +/- 135V DC two phases without ground 

In most cases, HVDC EPS can lead to weight savings from 4% (270V architecture with 230V AC 

supply) up to 28% (270V architecture with 115V AC supply). Fig. 3.10 illustrates an example 

of a 270V HVDC EPS. Generators are connected to the HV270V buses through an ATRU that 

provides 270V DC voltage. The 28V DC is obtained through a DC/DC converter.  

 



Analytical approach to Electrical Distribution Systems for Aircraft 

44 
 

 

Fig. 3.10. 270 V HVDC Aircraft EPS  
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3.2 Recent MEA EPS architectures 
 

The most recent studies in the MEA field brought to different solutions for the EPS 

architecture design. In Fig. 3. 11 is presented a MEA EPS architecture proposed in the More 

Open Electrical Technologies (MOET) project,  [19, 20], and It is based on A380 power system 

[21].  

 

 

Fig. 3. 11. The MOET aircraft power system  [22] 

 

The primary source of MOET system consists of two gas turbine engines, ENG1 and ENG2. 

Each aircraft engine drives two starter/generator per channel (SG1 – SG4). The generators are 

controlled by their GCU for maintaining the voltage output at 230V RMS. Since the generator 

is directly driven by the engine, the power system is variable frequency (360 – 900Hz). The 

electrical power is distributed in AC through the four buses, (HVAC1 – 1, HVAC1 – 2, HVAC2 – 

3, and HVAC2 – 4). In this system configuration, the power distribution is categorized in two 

kind of centres. The primary electrical power distribution centre (PEPDC), and the essential 

electrical power distribution centre (EEPDC).  Thus, the PEPDC is used to supply the primary 

loads, such as the wing icing protection system (WIPS), the environmental conditioning 

system (ECS), back-up batteries and other AC loads. While, the EEPDC is used to supply the 

essential loads, which guarantee the flight control during emergency scenarios. As shown in 

Fig. 3. 11, the PEPDC1 is a multiple-bus power electrical system, which consists of a 230V AC 
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bus (HVAC1- 1), a 540V DC bus (HVDC1-1) and a 28V DC bus. The 540V DC bus is generated 

by converting the ac power to the dc form through the ATRU1. The buck-boost converter unit 

(BBCU) is connected to the 540V DC bus to feed a 28V DC bus. The similar power system 

architecture can be found in PEPDC2. In PEPDC3, the 230V AC bus (HVAC1-2, HVAC2-3) is 

converted to the 540V DC bus (HVDC1-2, HVDC2-3) by ATRU2 and ATRU3, respectively. The 

115V AC bus (AC1, AC2) for supplying the legacy loads is fed by the HVAC1-2 and HVAC2-3 

through the autotransformer unit (ATU1, ATU2). For the EEPDC1, it consists of a 230V AC 

essential bus (AC ESS1) and a 28V DC essential bus (DC ESS1) fed from a battery charge 

rectifier unit (BCRU1). The EMA1 is used to represent the AC-fed EMA fed by the AC essential 

bus. The EEPDC2 shares the same architecture as the EEPDC1. It can be easily seen that the 

MOET aircraft power system is symmetrical in terms of the arrangement of the on-board 

electrical loads. The SG1, SG2, PEPDC1, EEPDC1 and half of PEPDC3 are composed to be half 

of electrical aircraft power system. During the normal operation, SG1 supplies the power to 

PEPDC1, EEPDC1 and WIPS1. Similarity, SG4 feeds the PEPDC2, EEPDC2 and WIPS2. SG2 and 

SG3 supply the power to PEPDC3 in which the electrical loads are the ECS2, ECS3 and other 

115 AC loads. Four batteries (BAT1, BAT ESS1, BAT2 and BAT ESS2) are charged during the 

normal operation conditions.  

Since, MEA technologies relies on power electronics conversion, several EPS’s architectures 

proposal aimed to optimise the use of PECs. In the Integrated Modular Power Electronic 

Concept (IMPEC) [23], the authors proposed a set of identical PECs used to supply different 

loads during different flight stages, with the reconnections established using matrix 

contactors. The number and rating of the PECs are calculated analytically, while the status of 

the contactors (ON/OFF) is decided in 2 different ways: 1) the current or torque control is 

realized by the closed control loop of each power module. 2) The voltage or speed control is 

realized by the SC. In Fig. 3.12 is shown an example of IMPEC architecture. 
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Fig. 3.12. The IMPEC concept architecture [22] 

 

The idea of building MEA EPS using modular converters have also been investigated in [24], 

in which a small PEC  that is a bi-directional converter called “cell” can connect any primary 

bus to a secondary. In this configuration the cells operate in parallel with the others, sharing 

the power request from the load, and avoiding power interruption. In Fig. 3.13 is shown the 

EPS architecture used in [24]: 

 

 

Fig. 3.13. Modular converter cells architecture [19] 

 

In [25] has been presented an EPS topology for a potential electrical propulsion, where the 

architectures is shown in Fig. 3.14: 
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Fig. 3.14. representation of aircraft EPS with electric propulsion system  [25] 

  

In the system, each main engine is connected to two generators, the Ram Air Turbine (RAT), 

which is depicted as generator, is connected to the primary AC buses, and used in case of 

multiple failure. The considered electrical propulsion system, which is distributed (DPS), is 

directly supplied from the primary AC bus at 2kV AC. In addition, different buses are derived 
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from the primary buses using ATRU, TRU, and ATU. The different loads can be supplied by 

PECs or connected directly to the bus, based on their characteristic. While the circuit breakers 

(CBs) are used to distribute the power flow. The Ground Power Units (GPUs) are considered 

for ground maintenance. 

Different EPS topologies can be applied for moving towards the MEA trend. Of course, the 

final choice relies on safety, reliability, and optimization needed. 
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3.3 EPSs under study  
 

The previous section gave an overview of the different EPS architectures, and different 

methodologies for the MEA developing. Out of the four architectures presented in the earlier 

section, the high voltage 270V DC EPS coupled with the use of modular PECs has been selected 

to be used for designing and testing the high-level SC that is the focus of this thesis, as shown 

in Fig. 3.15.  

 

 

Fig. 3.15. Single-line diagram of the selected EPS 

The HDVC architecture has been chosen for numerous advantages.  

From the point of view of the control technique: 

• DC systems are easier to control. There are no issues here with frequency 

synchronization, reactive power flows, and harmonics, which make paralleling of 

converters comparably easier respect to AC systems. In fact, the major task is the 
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regulation of the DC link voltage within the acceptable bounds during all operating 

conditions [26-28]. 

From the point of view of the architecture, the DC system can lead to better performances, 

while the use of bi-directional modular PECs, as seen above in the MOET and IMPEC project, 

increase the EPS safety and flexibility, thus: 

• The weight of the EPS for the HVDC systems is around 35% less than AC systems [16, 

29] 

• The use of modular PECs makes the EPS more flexible, allowing the SC to have more 

degree of freedom 

• The possibility to employ bi-directional PECs allows the power sharing from the 

battery to the HV buses, adding another level of safety in case of generator failure 

• However, this system architecture as to deal with the problems related to a DC system 

fault (i.e. DC short circuit) 

Fig. 3.15 shows the MEA EPS that has been chosen to test the SC for this work. Such EPS is 

composed of two main generators, Gen1 and Gen2, which are connected to the HV270DC 

main buses 1 and 2 through the contactors C1 and C2 respectively. The contactor C3 is kept 

open and used to feed the buses HV270DC BUS 1 or HV270DC BUS 2 in case of emergency, 

modifying the power flow distribution. In the event one of the generators fails, contactor C3 

closes to enable the healthy generator to supply both ‘sides’ of the network. The generators 

supply power to two sets of high voltage loads (HV loads 1 and 2), and low voltage (LV loads 

1 and 2) through four power electronics converter (PEC1, 2, 3 and 4) and through LV DC buses 

1 and 2 as shown in Fig. 3.15. The four PECs are bi-directional converters, as discussed above 

in the modular converter “cell” architecture (IMPEC project) and are current controlled. This 

method helps to improve safety, reliability and flexibility of the EPS as they enable power flow 

in both directions, and guarantee redundancy to the faults, since the buses will be fed even 

in case of one or more “cell“ fails, and enables more options for the SC in reconfiguring the 

EPS. The employment of modular PECs makes the EPS more flexible, since this method 

enables the power sharing through different tracks across the EPS. Through use of C4, the 

PECs can be used to enable power sharing through the low voltage buses, 28 V BUS 1 and 28 

V BUS 2; The loads consist of a set low priority loads and vital loads, adding a level of priority 
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to the EPS. Moreover, the two batteries are designed to provide supplementary power to the 

EPS through DC/DC converters PEC5 and PEC6 respectively, and to the vital loads in particular, 

in case of faults in the electrical network. The PECs 5 and 6, as shown in Fig. 3.15, are voltage 

controlled, and used to maintain the voltage of the LV buses at 28 V. This design introduces 

redundancy in the power system and provides alternative paths to supply power to the loads 

in case one or more of the PECs fail. However, this will be reached at extra cost and weight 

for the entire EPS, so, the design phase must determine the correct balance between 

redundancy, cost, and weight. In particular, the SC can act on the EPS elements (i.e., PECs, 

Contactors, Batteries) to reconfigure the network in different scenarios: 

• The failure of one generator 

o Covered by closing the contactor C3 

o Using one of the PECs to split the power on a different bus for providing 

additional power  

• Failure of a converter  

o Covered by disconnecting non-essential loads, thus reducing the power 

request 

o Covered by using another available PEC coupled with the battery 

• Optimization of the power flow 

o Use of the contactors for re-configuring the power paths 

o Use of the batteries for avoiding the overloads 
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3.4 Scaled down model of the EPS under study for the experimental tests 

 

This section introduces the simulation model of the EPS which will be used in the experimental 

tests to support the analytical studies in this work. A reduced version is introduced for testing 

the capability of the designed SC in the laboratory. The proposed physical model 

(experimental set-up) is shown at the bottom part in Fig. 3.16 as a single-line diagram of the 

EPS that will be tested in experiment. It includes the main components and represents the 

key functionalities of the larger EPS in Fig. 3.15. The selected components which comprise 

generator 1, the set of loads connected to the HV bus 1 and battery 1 have been chosen in 

order to show the capability of the SC in managing power flow amongst them. The Gen 1 is 

used to supply the HV Loads through the HV Bus 1, while the PEC 1 and the Battery 1 are 

connected through the LV Bus 1 enabling the power sharing between the battery and the HV 

Bus 1. For clarity, the power path is highlighted in the Fig. 3.16. 

 

 

 

 

Equivalent circuit of the path 

scaled from 270 V to 27 V 
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Fig. 3.16. Scaled single-line diagram of the EPS used for the experimental work at the bottom of the Figure 
compared with the full version of the EPS at the top of the Figure 

 

Furthermore, the aforementioned reduced EPS in Fig. 3.16 will also be scaled down by 10 in 

voltage (from 270V DC to 27V DC) and power. The battery in the scaled down EPS is rated at 

27V DC. It is to be noted that scaling down the voltage and power will not affect the 

experimental tests intended to test the logics of the SC. The scaled down version will also be 

safer to work with in the laboratory. The scaled down EPS model, as shown at the bottom of 

Fig. 3.16, is composed of a DC generators G1, which provides 27 V DC to the DC bus. The DC 

bus supplies 8 loads divided in 3 different levels of priority, 4 high priority loads (load 1 to load 

4), 2 medium priority loads (Load 5 and Load 6), and 2 low priority loads (Load 7 and Load 8 

). Moreover, a set of contactors, C1 to C8, are used to connect/disconnect a load from the 

bus. A battery is connected in parallel to the generator through a bi-directional PEC, as shown 

in Fig. 3.16, to provide additional power to the loads.  With the configuration presented in 

Fig. 3.16, the SC can be used to experimentally test the RCS and the LAP methods presented 

in Chapter 2, as will be presented in Chapter 8. However, the presence of one PEC will not 

allow the emulation of the converter failure that will be neglected in the experimental part. 

Fig. 3.17  represents the interface between the SC and the experimental EPS. 
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Fig. 3.17. Interface diagram of the SC with the EPS, in red are highlighted the inputs for the SC while in green 
are highlighted the outputs 

 

As shown in Fig. 3.17, the SC receives as input the bus current, bus voltage, and the battery 

State of Charge from the EPS and transmits as outputs (arrows) to the EPS the switches status 

(open or closed), the power to be delivered from the PEC and the battery.  
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3.5 Conclusion 

 

This Chapter has provided a comprehensive description of the main different architectures 

for the MEA concept, and also explored different hybrid solutions for improving the EPS. Four 

different main types of architectures have been described, the CF, the VF, the HVAC, and the 

HVDC architecture. However, the most promising technologies for the MEA advancement 

seems to be given by the Hybrid EPSs, due to their safety, and reliability aspects coupled with 

the high flexibility. Thus, the simulations and experimental test will be performed on the 

HVDC architecture, which has been selected for its advantages, already discussed in the 

section 3.3, and coupled with the solution implemented in the MOET and IMPEC projects.  

The purpose of this work is to tests the SC capability in managing such EPS; from the design 

point of view, the HVDC architecture requires simpler control of its electrical components and 

has a reduced weight which is beneficial for the aerospace applications. Moreover, a 

simplified scaled version of the HVDC EPS has been proposed for the experimental tests of 

the SC capability with the objective of using a limited amount of hardware resources without 

affecting the final results analyses, verification and validation of the SC.  

In the next Chapter will be presented the RCS method. It will be implemented in the SC and 

will be applied to the selected EPS shown in the Fig. 3.15. The simulations will be performed 

on two different case scenarios in order to test the capabilities of the SC in the application of 

the RCS. 
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Chapter 4:  EPS Re-configuration strategy 

 

4.1 Overview 

 

The RCS method has been presented in Section 1.1.2. This Chapter reports two case studies 

to demonstrate the capability of the RCS approach for the high-level SC design, followed by 

the verification and validation of the method. In the first case study the RCS is employed to 

reconfigure the EPS to avoid the generator overload with the aim to reduce the generator 

sizing requirement, hence its weight and volume. In the second case study the 

aforementioned strategy is used to modify the power flow routes during one or multiple 

faults of the PECs with the objective to satisfy the specified EPS safety criteria. As already 

discussed in Chapter 1, RCS has been chosen for its intuitive algorithm and due to reduced 

coding complexity to ensure the correct power flow distribution across the EPS. The two case 

study scenarios are solved by considering the status of the entire EPS (under overload 

conditions or faulty elements), while adopting RCS and using the FSM tool for its features, 

already discussed in Chapter 2. This Chapter aims: 

• To demonstrate that the application of the chosen reconfiguration strategy, 

algorithms and tools are practical and computationally inexpensive for the design of 

the SC, while reducing complex programming. 

• To develop a methodology to design a high-level SC capable of improving EPS 

efficiency while respecting safety constraints by effective managing the power of the 

entire MEA EPS. 
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4.2 Generator overload reduction by smart power management 

 

4.2.1 Overview 

 

In this section, a control strategy is designed to control the power flow of a representative 

MEA EPS with the aim to reduce overload of main generators while ensuring safety of the 

electrical network. This would allow to reduce overloading requirements for the generators 

design hence reduced generators weight and volume, with up to 15% reduction. The FSM, 

introduced in Chapter 2, is used to design the controller, and implement the control strategy. 

This section first describes the model of the EPS and the control strategy. The control logic is 

then implemented and ran within the simulation environment. Finally, the simulation results 

are presented and discussed.  
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4.2.2  The EPS under study 

 

The control strategy developed in this case study is applied to the EPS shown in Fig. 4.1. 

 

 

Fig. 4.1. Representative MEA EPS for the case study 

 

The example MEA EPS, as shown in Fig. 4.1, is composed of two 21kW main generators, each 

connected to the 270V dc main buses 1 and 2 through the contactors C1 and C2 respectively. 

The contactor C3 is kept open during normal conditions of operation to avoid parallel 

connections of the two generators. Parallel operation of generators is not considered in this 

study. In the event one of the generators should fail, the contactors C1 or C2 are opened, and 

the contactor C3 is closed to enable the healthy generator to supply both ‘sides’ of the 

network as shown in Fig. 4.1. The generators supply power to two sets of high voltage loads 
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(HV loads 1 and 2) of 15kW each and low voltage (LV) buses 1 and 2 with their loads fed via 

four power electronics converters (PECs 1, 2, 3 and 4) as shown in Fig. 4.1. The HV loads 

comprise de-icing system, as will be explained later in this Chapter. The four PECs, rated 3kW 

each, are bidirectional converters to enable power flow in both directions. The four PECs are 

connected in pairs to LV buses 1 and 2; this design introduces redundancy in the system and 

enables power to be supplied to LV loads in case of one of the PECs fails. The LV loads consist 

of two low priority 3kW loads that can be shed if required and two vital loads 3 kW each for 

which power supply should be uninterrupted. Moreover, there are two batteries of 2.25kWh 

each to provide supplementary power to the EPS and to the vital loads in particular, in case 

of faults in the electrical network. The PECs 5 and 6, as shown in Fig. 4.1, are used to maintain 

the voltage of the LV buses at 28V. Since the focus of the case study is to demonstrate the 

control logic performance, all the components of the EPS will be modelled as ideal devices in 

the Simulink® environment. 

 

4.2.3 The Control strategy 

 

The control strategy in this case study is developed with the aim to reduce the overloading of 

the EPS generators while ensuring the following safety requirements:  

• Uninterrupted power to the vital loads,  

• Avoiding parallel connections of electrical sources 

• Avoiding discharging the batteries below a pre-set limit by monitoring the SOC.  

The HV loads 1 and HV loads 2 shown in Fig. 4.1 represent de-icing system. The de-icing 

system is used in the aircraft to remove ice formations on the critical parts of the aircraft 

structure such as airfoils leading edges and require around 20-30% of the total power of the 

EPS. 

During normal operations, the HV loads 1 and 2 consume 15kW of power each, as denoted as 

operation mode (OM) 1 in TABLE 4.1. The total power of the EPS is 42kW in OM1 as shown in 

TABLE 4.1. During de-icing conditions, each of the HV loads 1 and 2 require an additional 6kW 

of power (i.e., a total of 21kW each) for the de-icing system to function, as described in TABLE 

4.1 under OM2. The total power required by the EPS increases from 42kW to 54kW during 
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de-icing conditions. In this case, these short-term loads can be supplied by using the energy 

stored in the batteries, which are sized to cope the power demand of the de-icing system for 

12 minutes. A control strategy is to be devised to supply the surplus power to the de-icing 

system without oversizing the generators, which are rated at 21kW each. It is to be noted that 

depending on the generators design, these machines can be permitted to operate in overload 

modes for short period of times. However, such a design means an increase in weight of the 

generators. Since ice-protection and other overload requests are short-term loads, these 

pikes of load demands can be managed by batteries and therefore they may not count into 

the generator sizing task.  

In this work, the control strategy is to be devised such that the generators do not need to go 

in overload, and hence do not need to be sized for short overload operations. This can be 

achieved by first shedding half of the low priority loads on buses 1 and 2, decreasing the total 

power supplied to them from 6kW to 3kW, as shown in TABLE 4.1 under OM2. This action will 

lower the total power requirement of the EPS in OM2 from 54kW to 51kW as shown in TABLE 

4.1. 

TABLE 4.1  Load power requested during OM1 and OM2 

 Operation mode 1 Operation mode 2 

𝑯𝑽𝒃𝒖𝒔 𝟏 15kW 21KW 

𝑯𝑽𝒃𝒖𝒔 𝟐 15kW 21kW 

𝑳𝑽𝒃𝒖𝒔 𝟏 𝑽𝒊𝒕𝒂𝒍 𝒍𝒐𝒂𝒅 3kW 3kW 

𝑳𝑽𝒃𝒖𝒔 𝟏 𝑳𝒐𝒘 𝒑𝒓𝒊𝒐𝒓𝒊𝒕𝒚 𝒍𝒐𝒂𝒅 3kW 1.5kW 

𝑳𝑽𝒃𝒖𝒔 𝟐 𝑽𝒊𝒕𝒂𝒍 𝒍𝒐𝒂𝒅 3kW 3kW 

𝑳𝑽𝒃𝒖𝒔 𝟐 𝑳𝒐𝒘 𝒑𝒓𝒊𝒐𝒓𝒊𝒕𝒚 𝒍𝒐𝒂𝒅 3kW 1.5kW 

Total power 42kW 51kW 

 

Secondly, the additional 9kW required for the OM2 to further reduce the total power from 

51kW to 42kW are to be supplied by the batteries. The two batteries supply 6kW to the de-

icing system through two PECs operating in boost mode controlling the power flow from the 

battery to the loads (PECs 1 and 4 are selected in this study), and 3 kW to half of the active 

non-essential loads. It is to be ensured that the LV vital loads 1 and 2 have uninterrupted 

power. In this case study, it is assumed that the state of charge (SOC_batt) of the batteries 

are kept at 90% during normal operating conditions. In addition, the minimum SOC (SOC_min) 

of the batteries should be 50%; this reserve energy is to supply the vital loads in case of 
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emergency. Hence, 40% of the total energy (Etot) of the two batteries can be used to supply 

additional power required during the de-icing phase (Padd) of 9kW for a total duration (t) of 

12 minutes as determined by eq. 4.1. Of note is that in the worst-case scenario, the de-icing 

system is required to operate for 5 minutes, which is within the time of 6 minutes each battery 

can supply additional power to the EPS [1-3]. 

 

𝑡 =  
𝐸𝑡𝑜𝑡∗(𝑆𝑂𝐶_𝑏𝑎𝑡𝑡−𝑆𝑂𝐶_𝑚𝑖𝑛)

𝑃𝑎𝑑𝑑
=

4.5𝑘𝑊ℎ∗0.4

9𝑘𝑊
× 60 = 12 𝑚𝑖𝑛𝑢𝑡𝑒𝑠   4.1 

 

In Fig. 4.2 is shown the EPS load values during the two OMs: 

 

 

 

Fig. 4.2. EPS load configuration during the two OMs 

 

The proposed strategy allows the SC to modify the power flow of the EPS based on the two 

different OMs. When the de-icing is not active the generators will supply the total EPS loads, 

while in case of de-icing activation the SC will modify the power paths to use the batteries to 

cover the power pikes. 
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4.2.4 Strategy to logic 

 

Once the control strategy has been defined, it must be translated into a form that the SC can 

read and act upon. This work is based on the Finite state machine (FSM) and the control rules 

are written in state transition tables. The control strategy, which has been defined in the 

earlier subsection for this case study, describes the required behaviour of the system under 

different OM1 and 2. The control strategy is first converted into a state transition table, which 

the controller can read and then take required actions. The state table for this case study is 

shown in TABLE 4.2, where the variables are the state of charge of batteries 1 and 2 referred 

to as SOC 1 and SOC 2 respectively. When the power system has a power demand for the de-

icing system, depending on the values of SOC 1 and SOC2, the system will transition to STATEs 

(ST) 1, 2, 3 or 4 as shown in TABLE 4.2, and as described below 

 

TABLE 4.2. State table used to define the SC behaviour during this case scenario 

SOC Battery 1: 50%<SOC<90% Battery 1: SOC=50% 

Battery 2: 

50%<SOC<

90% 

STATE 1: De-icing ON 
- C4 closed 

- Batteries 1, 2 connected 

- Load shedding on low priority loads 

- DC/DC PEC 1 and PEC 4 operated in boost 

mode and batteries 1/2 supply surge 

power 

- If SOC Battery 1 = 50% go to STATE 2 
- If SOC Battery 2 = 50% go to STATE 3 
- After power surge, go to STATE 4 

 

STATE 2: Battery 1 OFF 
- C4 opened 

- Battery 1 disconnected; Battery 2 

connected 

- Load shedding on low priority loads 

- DC/DC PEC 1 and PEC 4 operated in boost 

mode and battery 2 supplies surge power 

- If SOC Battery 2 = 50% go to STATE 3 
- After power surge, go to STATE 4 

Battery 2: 

SOC=50% 
STATE 3: Battery 2 OFF 
- C4 open 

- Battery 2 disconnected; Battery 1 

connected 

- Load shedding on low priority loads 

- DC/DC PEC 1 and PEC 4 operated in boost 

mode and the battery 1 supplies surge 
power 

- If SOC Battery 1 = 50% go to STATE 2 
- After power surge, go to STATE 4 

 

STATE 4: De-icing OFF 
If the Generator is not in overload 

- Charge batteries until 90% SOC (battery 

with lowest SOC charged first) 

- If SOC 1 exceeds 90%, disconnect battery 

1, go to sub-state 4.1, charging only 

battery 2   
- If SOC 2 exceeds 90%, disconnect battery 

1, go to sub-state 4.1, charging only 

battery 1  
 

If the Generator is not in overload 

- No action to reduce the Generator 

overload 

 

 

ST1 – De-icing ON: If SOC 1 and SOC 2 are between 50% and 90%, (normally 90% at the start), 

both batteries supply power to the de-icing system with the PECs 1 and 4 in boost mode, and 

half of the non-essential loads that are not shed (2 times 1.5kW). The system is maintained in 

this STATE until SOC1 and/or SOC2 falls to 50%. In the figure below (Fig. 4.3) the power flow 

from the battery to the HV loads when the de-icing is active is shown. 
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Fig. 4.3. Battery to HV Loads power flow during the De-icing ON scenario 

 

ST2 – Battery 1 OFF: If SOC 1 reaches 50%, battery 1 is disconnected to preserve energy for 

the vital load in case of emergency. Only battery 2 is used to supply the de-icing system and 

half of the low priority loads that are not shed.  

 

Fig. 4.4. Battery to HV Loads power flow during Battery 1 OFF scenario 
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ST3 – Battery 2 OFF: STATE 3 is similar to STATE 2. However, battery 1 instead of battery 2 

supplies the additional requested power. Considering the symmetry of the EPS the probability 

to have different level of the SOC for the battery 1 and 2 is low. However, this scenario must 

be considered, in order to allow the SC to be able to manage all the possible scenarios. 

ST4 – De-icing OFF: When SOC1 and SOC 2 both reach 50%, the system is in ST4. Thus, the 

system is no longer in de-icing power surge request. The SC enables the batteries charging 

until 90% of the SOC disconnecting the non-essential loads. Once the charge is completed the 

EPS gets back to normal operations. 

 

Fig. 4.5. Power flow during the De-icing OFF scenario 

 

Assuming that the SOC of the batteries are always at 90% during normal operation i.e., OM1, 

and that the worst-case scenario of de-icing conditions i.e., OM2 require energy from the 

batteries for a maximum duration of 6 minutes on HV loads 1 and 2 respectively, then STATE 

4 is used to charge the batteries back to 90%. 
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4.2.5 EPS model components description 

 

The EPS components are created in Simulink® environment, using the Sim Power system 

library, as highlighted in the figure below. 

 

Fig. 4.6. List of the components modelled in Simulink® environment 

 

 Since the EPS is an HV 270V dc, an ideal dc generator has been used as a generator model. 

The 2 generators (G) supply the HV buses connected through a circuit breaker (C). The HV 

270V Loads are modelled as resistive loads and are activated or de-activated through circuit 

breakers. The PECs, from the HV 270V buses to 28V buses, are bi-directional dc/dc current-

controlled and working in a range of -3kW to 3kW so that the SC can be used to inject the 

calculated current value into the loads or reverse the power flow. The PECs, from the 28V 

buses to the batteries, are dc/dc voltage-controlled so that they can be used to maintain the 

voltage of the bus to 28V and supply the loads under emergency scenarios. While the battery 

is modelled with the predefined Simulink® battery tool without taking into account the 

thermal management since it was out of the scope of this work. 
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4.2.6 Simulation results 

 

In this section will be presented the simulations performed on the EPS model created on 

Simulink® environment. The scope is to test the SC capabilities in managing the power surge 

requests of the system. The simulation scenario assumes that the system is initially operating 

in normal conditions (OM1 as defined in TABLE 4.1). Assuming intense ice formation, which is 

considered as the worse-case scenario for the EPS, (OM2 as defined in TABLE 4.1), the EPS 

must supply the de-icing system with an additional 2 x 6kW =12kW power for a duration of 6 

minutes as considered in this case study. Fig. 4.7 shows the power request from the de-icing 

system of the HV load 1 rising from 15kW to 21kW at time 12s, which is similar for HV load 2. 

At time 12s, SOC1 is 70% and SOC 2 is 85%, as shown in Fig. 4.8; hence the system is in ST1 at 

time 12s as shown in Fig. 4.13. 

 

 

Fig. 4.7. Request of total of 12kW power for de-icing system with (i) 6kW to HV load 1 and (ii) 6kW to HV load 
2, respectively 
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Fig. 4.8. State of charge of batteries 1 and 2 as the system changes STATE 

 

The EPS remains in ST1 from time 12s to 286.9s. At time 286.9s, when SOC1 drops to 50% 

with SOC2 being still above 50%, the controller changes the system configuration from ST1 to 

ST2, in accordance with TABLE 4.2. The system is in ST2 until time t= 372s, as shown in Fig. 

4.13. At time 372s, i.e., 6 mins after activation of OM2, the de-icing operation terminates, and 

the system is moved to ST4 as per TABLE 4.2, and as depicted in Fig. 4.13. In system ST4, the 

battery 1 is charged first until its SOC reaches 90% at time 1438s. Thereafter, battery 2 starts 

charging from time 1438s to time 2452s. It is to be noted that when the system is in ST1 and 

2 from time 12s to 372s, PEC 1 and 4 are in boost mode, each transferring 3kW of power from 

the LV bus to the HV bus, as shown in Fig. 4.10. Fig. 4.9 shows the characteristic of one of the 

generators. The spike in Fig. 4.9 at time 12s is due to a power request. When a power surge 

comes the generator is subjected to a power request. However, the SC can see the generator's 

overload and activates the batteries mitigating the surplus power on the generator in a short 

period.  
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Fig. 4.9. Power characteristic of one generator, which shows that the generator does not go into overload 

 

Fig. 4.10. Power characteristic of power electronic converter 1 which shows power flow reversal at t =372s 

 

The controller has also activated load shedding from time 12s to 2452s, to first supplement 

power for the de-icing system in STs 1 and 2 and then to recharge the batteries in ST4, as can 

be seen from Fig. 4.11. In addition, the PECs 5 and 6 have ensured that the voltage of the LV 

buses is maintained at 28V during the state transitions as can be seen in Fig. 4.12. 
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Fig. 4.11. Power characteristic of the LV bus1. At time t=12s to 2452s power drops from 6kW to 4.5kW due to 
load shedding to supply de-icing systems in STs 1, and 2 and then to charge batteries in ST4 

 

Fig. 4.12. Voltage on low voltage buses 1 and 2 maintained at 28V 

 

Fig. 4.13. System STs for the case study. System is in (i) ST1 from t=12s to t=287s (ii) ST2 from t=286.9s to 
t=372s (iii) ST4 from t=1438s to 2500s 
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4.2.7 Conclusion for study case 1 

 

This section has exploited the re-configurability feature of a representative MEA EPS and has 

devised a control strategy aimed at reducing the overload on its two generators. Through 

simulations, it has been shown how an overload can be avoided on the generators by the 

application of a power management strategy implemented into the SC, which will allow the 

use of batteries enabling different power paths for the overload mitigation. This implies that 

smaller on-board generators can be used for the electrical network with consequent 

reduction of aircraft weight and fuel consumption. 

  



Analytical approach to Electrical Distribution Systems for Aircraft 

72 
 

4.3 Smart controller design for safety operation of the MEA electrical 
distribution system 

 

This section demonstrates how the reconfiguration strategy can be used for safety operation 

of the EPS of a future aircraft as shown in Fig. 4.1 by ensuring uninterrupted power to its vital 

loads under fault conditions. 

4.3.1 The control strategy 

 

For this case study the SC is designed to ensure the safe operation of the EPS by providing 

uninterrupted power to the two vital 6kW LV loads under a number of fault scenarios 

consisting of failures of one up to four of the 3kW DC/DC converters (PEC1, PEC2, PEC3, PEC4). 

The SC is designed such that it triggers certain specific set of actions for each of the 

abovementioned fault conditions; these are also dependent on the system variables, which 

are the states of charge of the batteries 1 and 2 (SOC 1 and SOC 2) respectively in the case 

study. The actions can be represented as 16 different STs, as given in TABLE 4.3 to TABLE 4.6. 

 

4.3.1.1 No fault scenario  

 

During this scenario the EPS is working under normal operations, which means that there are 

not overload requests or faults. However, the SC monitors the EPS status checking the 

presence of faults, overloads or the SOCs status. Thus, under normal operations, depending 

on the values of SOC1 and SOC2, the system goes in STs 1 to 4 as shown in TABLE 4.3 

TABLE 4.3. State table of the SC for the No fault scenario 

No failure 

SOC Battery 1: SOC 1=90% Battery 1: 50%<SOC 1<90% 

Battery 2: 

SOC 2=90% 
STATE 1: 

- C4 open 

- Batteries 1, 2 connected 

- No load shedding 

- Batteries 1,2 disconnected 

 

STATE 2: 

- C4 opened 

- Load shedding  

- Battery 2 disconnected 

- Battery 1 charged until 90% SOC, go to STATE 1 

Battery 2: 

50%<SOC 2<90% 
STATE 3: 

- C4 opened 
- Load shedding  

- Battery 1 disconnected 

- Battery 2 charged until 90% 

SOC, go to STATE 1 

 

STATE 4: 

- C4 closed 
- Load shedding on non-essential LV loads 

- Battery 1 charged until 90% SOC (Battery 2<90%), 

go to STATE 3 

- Battery 2 charged until 90% SOC (Battery 1<90%), 

go to STATE 2 
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The aim of the controller in this no-fault condition is to ensure that the SOC of both batteries 

is kept at 90% so that they have enough energy to cater for any possible fault conditions 

should they occur. The batteries are considered charged and kept at 90% of their SOC in order 

to leave a margin in case there is a possibility to store extra energy and avoiding overcharge 

operations. In ST1 as shown in TABLE 4.3, when both batteries have a state of charge above 

90%, the SC disconnects both batteries. If SOC2 falls below 90% with SOC1 still at 90%, the 

controller triggers an action which causes the system state to change from ST1 to ST3. 

Similarly, when SOC 1 falls below 90% with SOC2 still at 90%, the system transitions to ST2. In 

STs 2 and 3, when one of the two batteries have a SOC lower than 90%, that battery is charged 

until the SOC reaches 90%, at which point the system moves back to ST1. When both SOC1 

and SOC2 reduce below 90%, that system transitions to ST4. In ST4, the controller sheds part 

the non-essential 28V loads in order to have enough energy to charge both batteries to 90%. 

The minimum SOC to be maintained for both batteries is 50% when the EPS is healthy. 
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4.3.1.2 Failure of one power electronic converter 

 

In the event that one of the four 3kW PECs (1- 4) fails more STs must be added, thus the SC is 

required to transition the system to STs 5 to 8. The SC goes ST5 when there is a failure of a 

PEC and the batteries are charged. This ensure that all the non-essential loads can be supplied 

for a limited period of time under this critical scenario. The ST6 and ST7 enabling the 

disconnection of the batteries in case the SOCs level are low. While the ST8 enables the 

batteries disconnection in case of low SOC level, and the disconnection of the non-essential 

loads in order to use a small amount of power for charging the batteries until the 50% of the 

SOC. This allows the EPS to have extra energy stored for any other critical scenario that could 

occurs. In TABLE 4.4 are resumed the discussed STs.  

 

TABLE 4.4. State table of the SC for one converter failure scenario 

Failure of 1 DC/DC converter 

SOC Battery 1: 20%<SOC 1<90% Battery 1: SOC 1=20% 

Battery 2: 

20%<SOC 2<90% 
STATE 5: 

- C4 closed 

- Batteries 1, 2 connected 

- If Battery 1 SOC=20%, go to STATE 6 
- If Battery 2 SOC=20%, go to STATE 7 

- If Battery 1/2 SOC=20%, go to STATE 8 

 

STATE 6: 

- C4 closed 

- Battery 1 disconnected 

- Battery 2 connected – discharging faster 
- If Battery 2 SOC=20%, go to STATE 8 

Battery 2: 

SOC 2=20% 
STATE 7: 

- C4 closed  

- Battery 1 connected – discharging 

faster  

- Battery 2 disconnected 

- If Battery 1 SOC=20%, go to STATE 8 

STATE 8: 

- C4 closed 

- Low priority LV loads disconnected 

- Fast charge of the batteries 

- Battery 1 charged until 50% SOC 

- Battery 2 – 50%<SOC<90%, go to 

STATE 5 

- Battery 2 charged until 50% SOC 
- Battery 1 – 50%<SOC<90%, go to 

STATE 5 

- Battery 1/2 SOC=50%, go to STATE 5 

 

 

If the system is in ST5, the contactor C4 is closed, and both batteries are employed to supply 

the vital loads until their SOCs decrease to below 20%. The system then goes to ST6 if SOC1 

reaches 20% first, or to ST7 if SOC2 reaches 20% first, or ST8 if both SOC1 and SOC2 reach 

20%. In ST6, only battery 2 supplies power to the vital load, while in ST7, only battery 1 

supplies power to the vital load. In ST8, the 6kW non-essential LV loads are shed so that there 

is enough power, which is transferred from the HV side through the remaining 3 numbers 

PECs, to supply both the vital loads and to charge the two batteries up to 50% of their SOCs.   
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4.3.1.3 Failure of two power electronic converters 

 

The STs from 9 to 12 are created in the event that two out of four PECs fail. The ST9 enables 

the batteries to supply the non-essential loads and closes the beaker C4 for allowing the power 

sharing between the LV buses. The STs 10 and 11 are used to disconnect one of the batteries 

in case of low SOC level. While in the ST12 the battery and the non-essential loads are 

disconnected and only the vital loads are supplied. The TABLE 4.5 depicts the four STs (9 to 

12) of the EPS.  

 

TABLE 4.5. State table of the SC for two converters failure scenario 

Failure of 2 DC/DC converters 

SOC Battery 1: 20%<SOC 1<90% Battery 1: SOC 1=20% 

Battery 2: 

20%<SOC 2<90% 
STATE 9: 

- C4 closed 

- Batteries 1, 2 connected 

- If Battery 1 SOC=20%, go to STATE 11 
- If Battery 2 SOC=20%, go to STATE 10 

- If Battery 1/2 SOC=20%, go to STATE 12 

 

STATE 10: 

- C4 closed 

- Load shedding 

- Battery 1 disconnected 
- Battery 2 connected – discharging 

faster 

Battery 2: 

SOC 2=20% 
STATE 11: 

- C4 closed  

- Load shedding 

- Battery 1 connected – discharging faster  

- Battery 2 disconnected 

STATE 12: 

- C4 closed 

- Low priority LV loads disconnected 

- Both batteries disconnected 

- High priority LV loads are supplied 

 

 

The STs and the set of actions that have to be performed by the SC are similar to the earlier 

case when only of one of the four PECs fails and are described in TABLE 4.5. Note that there 

is ST12, when SOC1 and SOC2 are at 20%, both batteries and the non-essential LV loads are 

disconnected, and the vital LV loads are supplied directly from the HV bus through the two 

remaining healthy PECs. 
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4.3.1.4 Failure of three to four power electronic converters 

 

In the unlikely event that 3 or 4 of the PECs fail, the SC performs a similar set of actions as for 

the abovementioned cases where one or two of the PECs are faulty; The STs (13 to 16) and 

set of actions in this case scenario are described in TABLE 4.6 

 

TABLE 4.6. State table of the SC for three converters failure scenario 

Failure of 3 DC/DC converters 

SOC Battery 1: 20%<SOC 1<90% Battery 1: SOC 1=20% 

Battery 2: 
20%<SOC 2<90% 

STATE 13: 
- C4 closed 

- Batteries 1, 2 connected 

- If Battery 1 SOC=20%, go to STATE 15 

- If Battery 2 SOC=20%, go to STATE 14 

- If Battery 1/2 SOC=20%, go to STATE 16 

 

STATE 14: 
- C4 closed 

- Battery 1 disconnected 

- Battery 2 connected – discharging 

faster 

- If Battery 2 SOC=20%, go to STATE 16 

Battery 2: 

SOC 2=20% 
STATE 15: 

- C4 closed  

- Battery 1 connected – discharging faster  

- Battery 2 disconnected 

- If Battery 1 SOC=20%, go to STATE 16 

STATE 16: 

- C4 closed 

- Shedding of non-essential LV loads 

- Both batteries are disconnected 

- Low voltage buses disconnected, action 
in case the fourth converter fails  

 

 

It is to be noted that in ST16, the non-essential LV loads and the discharged batteries are 

disconnected; if 3 PECs are faulty, then half of the vital LV loads are supplied by the single 

healthy PEC, and when all four PECs are faulty, then there is no power supplied to the vital 

loads. The probability of simultaneous failure of more than two PECs is assumed to be low. 

The next section verifies the aforementioned control strategy by applying it to the 

representative MEA EPS model, already presented in section 4.4.2, in the Simulink® 

environment  
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4.3.2 Simulations and results 

 

This section applies the control strategy outlined in section 4.3.1 to the EPS depicted in Fig. 

4.1 by using the FSM. The simulations are performed in the Simulink® environment to show 

the SC action for the f four cases described in the earlier section, namely the cases of no-fault 

operation, failure of one PEC, failure of two PECs and failure of three PECs, respectively. 

 

4.3.2.1 No fault scenario 

 

During normal condition, the state of charge of the batteries are maintained at 90%, as 

described in the state space TABLE 4.3, and showed in Fig. 4.14. 

 

Fig. 4.14. EPS power flow during no PECs failure 

 

Fig. 4.15 to Fig. 4.17 depict the simulation results under the no-fault scenario, and assuming 

the batteries with a SOC lower than 90% and not at the same level. This scenario will test the 

behaviour of the SC in charging operations with different SOC level. From Fig. 4.15, it can be 

seen that the SOC of battery 1 (SOC1) and battery 2 (SOC2) are below 90% at the beginning 
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of the simulation t=0s to t=263s; the system is in ST4. Between 263s and 317s, the SOC1 is 

90% while SOC2 is below 90%; the system changes from ST4 to ST3. When the system is in 

STs 4 and 3, the controller sheds the low priority loads even if the de-icing is OFF, which consist 

of 1.5kW on LV bus2 (from 6kW to 4.5kW), as is depicted in Fig. 4.16, and another 1.5kW on 

LV bus1. The power made available from load shedding is used to charge the batteries. The 

system goes to ST1 after time t=317s when the batteries are charged to 90%. 

 

 

 

Fig. 4.15.  No-fault scenario: states of charge of battery 1 and battery 2 
Fig. 4.16. Load shedding of 1.5kW from LV bus 2 from t=0s to t=317s (and 1.5kW from LV bus 1 which is not 

shown in Fig. 4.10) 
Fig. 4.17.  Voltage maintained within the MIL-STD-704F on LV bus 2 
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The voltage on the buses is maintained within the voltage limits (±10%) as per specified in the 

MIL-STD-704F, as shown in Fig. 4.17.  

 

4.3.2.2 Failure of one power electronic converter 

 

In this scenario, it is assumed that one of PECs (namely, PEC1) fails and the system uses the 

remaining three to feed the loads, as shown in Fig. 4.18. 

 

 

Fig. 4.18. EPS power flow during the failure of one PECs 

 

 The 3KW power that can no longer be supplied from the HV bus through the faulty PEC1, is 

now provided by the batteries. The batteries are used to supply all the LV loads until the SOC 

is below the minimum value of 20%. When the SOC drops to 20%, shedding is applied to the 

non-essential LV loads, and the surplus power is used to recharge the batteries up to 50% 

(ST4) as detailed in TABLE 4.4 
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The Fig. 4.19 to Fig. 4.22 show the behaviour of the system after the fault in PEC1. The failure 

of one converter is shown in Fig. 4.19 at time 2s. When the fault occurs, the system starts 

using the batteries in order to supply the LV loads; the system thus transitions to ST5 as shown 

in Fig. 4.20. 

After battery 1 is discharged at time 2336s, the controller disconnects it, and the system 

moves from ST5 to ST7 where only the battery 2 is used to supply the LV load, as depicted in 

Fig. 4.20. The system drains current from the batteries until both SOC 1 and SOC 2 reach 20%. 

For 3530s, the batteries are used to supply the LV loads, including the vital loads. Once the 

SOCs reach the minimum of 20%, the controller moves the system from ST7 to ST8, as shown 

in Fig. 4.20. disconnects the non-essential loads and start to charge the battery until SOC of 

the batteries are 50%. It is to be noted that the EPS charges one battery at a time. Once the 

system charges both batteries up to 50%, the non-essential loads can be supplied again from 

the batteries as shown in Fig. 4.21 from time (t=5090s), at which point the system moves to 

ST5.  Fig. 4.21 shows the load power profiles for the LV bus 1 and LV bus 2. From time 2s to 

3530s, the total power on LV buses 1 and 2 are 6kW each. At time 3530s, the non-essential 

loads on both LV buses are shed; at that point the total power on LV bus 1 is reduced to 4.5kW 

to supply only the vital loads on that bus and the total power on bus 2 is 1.5kW which is 

required by the vital loads on bus 2. Note that the vital loads are always supplied during the 

operation. The bus voltage is maintained within the MIL-STD-704F, as the system STs change, 

as can be seen in Fig. 4.22. 
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Fig. 4.19. Failure of one PEC: Power of PEC1 drops from 3kW to 0kW 
Fig. 4.20. SOC of batteries 1 and 2 

Fig. 4.21. Load shedding of 1.5kW on bus 1 and 4.5kW on bus 2, with uninterrupted power to the vital load of 

4.5kW on bus 1 and 1.5kW on bus 2 from t= 3530s to 5200s 
Fig. 4.22. Voltage on 28V bus 
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4.3.2.3 Failure of two power electronic converters 

 

In the event of 2 PECs failure the system transfers power from the HV buses to the LV buses 

through the remaining two healthy PECs and uses the batteries to provide the additional 

power required to supply all the LV loads, as shown Fig. 4.23.  

 

 

Fig. 4.23. EPS power flow during the failure of two PECs 

 

This action is managed by the SC independently from what is the failed PEC; the system is in 

ST9 (refer to TABLE 4.5). The behavior of the system under this failure of the two PECs is 

shown in Fig. 4.24 to Fig. 4.26. The SOC of both batteries is 90% (normal operation, ST1) when 

the fault occurs; the system is in ST9. The contactor C4 is closed, enabling the power sharing 

between the LV buses 1 and 2. Both batteries supply the non-essential loads, which can no 

longer be supplied through the two faulty PECs. When the SOC of both batteries reach 20% 

at time t=1730s (≈28 mins), the batteries are not able to cope with the power demand and 

therefore the controller need to shed the non-essential loads. According with the STs TABLE 

4.5 the system changes from ST9 to ST12 once the SOCs are at 20%; the system disconnects 
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the non-essential loads (1.5kW on bus1 and 4.5kW on bus2) and the two converters are used 

to transfer power from the HV buses to the vital loads on the low voltage side (total of 6kW). 

The voltage is maintained within the MIL-STD-704F during the transitions between STs as 

shown in Fig. 4.26. 

 

 

 

 

Fig. 4.24. SOC of batteries 1 and 2, in which the batteries are used until their SOC its 20% (ST9), then they are 
both disconnected (ST12) 

Fig. 4.25. After 1680s the system disconnects the non-essential load of 1.5kW on bus 1 and 4.5kW loads on bus 
2. All power through healthy PECs supply the total vital loads of 6kW 

Fig. 4.26. Voltage of the 28V buses during all the operations 
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4.3.2.4 Failure of three to four power electronic converters 

 

The system STs during the fault scenario are detailed in TABLE 4.6. With the failure of three 

out of four PECs (1 to 4), the controller uses the maximum power capability of the remaining 

healthy converter and the batteries to feed the low voltage high priority loads, as can be seen 

in the Fig. 4.27 that shows the EPS power flow.  

 

 

Fig. 4.27. EPS power flow during the failure of three PECs 

 

The contactor C4 is closed, allowing the power sharing between the two LV buses. Shedding 

is applied to all the non-essential LV loads. As shown in Fig. 4.28, the total vital loads on LV 

side can be supplied for 1730s (28 minutes) before the SOC of the batteries drop to 20%; after 

this point, the healthy 3kW PEC is used to supply only the 1.5kW vital load. 
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Fig. 4.28. SOC of the battery 1 and battery 2 

Fig. 4.29. The total vital loads on LV side can be supplied for 1730s before the SOC of the batteries drop to 

20% (ST13), after that the batteries are disconnected (ST16) 
 

It is to be noted that if all four PECs fail, the batteries can supply the vital loads until their 

SOCs drop to 20% at time 1730s (28 minutes), after which point, neither the 1.5kW nor the 

4.5kW vital loads can be supplied as shown in Fig. 4.29. In actual systems, the fault scenarios 

of three or four PECs failure are less likely to happen. If such extreme fault scenario is to be 

accounted for, other emergency actions can be included in the design in a similar way. 
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4.3.3 Conclusion for case study 2 

 

The strategy for the SC has been devised with the aim to provide uninterrupted power to vital 

LV loads using FSM. The control strategy has been implemented in Simulink® Stateflow® and 

verified by considering faults scenarios involving the failure of one to four HV/LV DC/DC PECs. 

The simulation results have confirmed that the controller activates the correct STs such that 

the vital loads are always supplied for faults in up to two converters, as can be also noted in 

the state transition plot of each scenario showed in the Fig. 4.30 to Fig. 4. 33. 
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Fig. 4.30. State transition plot of scenario 1 (No-fault) 
Fig. 4. 31. State transition plot of scenario 2 (Failure of one PECs) 
Fig. 4. 32.  State transition plot of scenario 3 (Failure of two PECs) 

Fig. 4. 33. State transition plot of scenario 4 (Failure of 3 PECs) 
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For the unlikely event of three or four power converters failing, the vital loads can be kept 

supplied for a limited amount of time. Supplementary emergency actions such as different 

power paths, management of additional storage devices, or generator’s overloads, can be 

taken into account if required by the design. In fact, having a SC able to manage the entire 

EPS give high flexibility in the choice of the strategy. 
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4.4 Conclusion 

 

This Chapter, using MatLab® Simulink® time-domain simulations, has investigated and 

validated the application of the RCS method described in Chapter 2 with application to MEA 

EPS. In the first case study, the generator overloading problem is solved by re-configuring the 

EPS, allowing the batteries to provide additional power. In the second case study, the SC 

manages the EPS in emergency conditions, ensuring the EPS operation during multiple PECs 

faults, finding an alternative power path across the EPS, and maintaining the vital loads active 

until it is possible. From the obtained results it is clearly seen that the applied method is 

capable to redistribute the power across the EPS, solving different scenarios, which could be 

an overload due to a power surge request from the loads, or maintaining the EPS safe, in case 

of component’s fault, without the need to reduce the power demands. This Chapter 

contributions include: 

• Validation of the RCS method for the management of the MEA EPS, leading to the 

enhanced performance and efficiency of the EPS, while respecting safety constraints. 

• Testing the RCS method that can be applied to the MEA EPS. RCS has shown to be a 

non complex method to make the EPS more flexible and safer. 

• Analysing the SC feedback in the management of the entire EPS and test the FSM 

behaviour inside a simulation environment that includes multiple mathematical 

models 

Moreover, it has to be remarked the aim of the test. The main focus is the control of an entire 

EPS by using a single central unit, SC, which has the task to monitor in real-time and provide 

feedback that moves the EPS configuration from one STATE to another. The novelty of these 

simulations consists in investigating the EPS behavior, as well as, the SC capabilities together 

with a non-complex programming tool, which can be graphically built (easier debugging) and 

with the freedom to add more STATEs in case of need, due to its modularity. In the next 

Chapter another method re-distributing the power will be implemented based on 

mathematical operations and will be added to the one presented in this section.  
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Chapter 5:  Load allocation problem (LAP) 

 

5.1 Overview 

 

This Chapter considers a case of study related to the LAP introduced in Chapter 2, Section 

2.2.2 for the design of a high-level SC. This case study aims to demonstrate how the 

introduction of the LAP can be applied to the EPS for the power optimization on the buses. 

This technique relies on the use of dynamic programming (as discussed in Chapter 2), which 

adopt a mathematical optimization on the EPS's buses. It is a tool that the SC uses to manage 

the available power from the sources to feed the loads or to disconnect the non-essential 

loads in case of limitations on power availability. The use of dynamic programming, over the 

other methods such as heuristic approach, as has been discussed in earlier Chapter 2, has the 

advantage of providing a purely mathematical optimization for the EPS. The dynamic 

programming algorithm used for this work is the knapsack problem, which aims to maximize 

the available power on the buses, without causing the overload of the sources, and avoiding 

the disconnection of the vital loads. The LAP embedded into the SC together with the RS can 

manage the entire MEA EPS, leading to the enhanced performance and efficiency of the EPS, 

while respecting safety constraints. Thus, the LAP allows the SC to accomplish the following 

objectives: 

• Lead to the enhanced performance and efficiency of the EPS, while respecting safety 

constraints. 

• Automatization of the reconfiguration of the EPS based on the occurring scenario. 
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5.2 LAP of representative MEA EPS  

 

The Fig. 5.1 shows a single line diagram of an EPS for MEA system, selected for the study that 

has been detailed in Chapter 3. Since the aim of the work in this Chapter is to demonstrate 

the capabilities of the SC and to validate the algorithm, the loads in the MEA EPS in Fig. 5.1 

are depicted as generic loads that require a certain amount of power without focusing on the 

types of loads (i.e., motors, actuators, lights, emergency systems). 

 

 

Fig. 5.1. Theoretical model of MEA EPS concept; LAP is applied to the part of the EPS highlighted in the 
rectangular box 

 

In order to illustrate the LAP method and how it works in optimising the power on a bus, it 

has been applied to one part of the EPS, as highlighted in rectangular box in red in Fig. 5.1  

and expanded in Fig. 5.2. 
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Fig. 5.2. The electrical power system subsystem model used for simulation 

  

As shown in Fig. 5.2, the loads connected to the 28 V bus 1 are assigned with different priority 

levels (high, medium, and low). The power source represents the power that can be taken 

from the HV270DC bus 1 through power converters PEC 1 and PEC 2, while the Battery 1, for 

the purpose of this case study, it is assumed to be disconnected since the LAP depends only 

on the available power on the bus. As mentioned in the previous section, the aim of this case 

study is to solve the LAP, i.e., allocation of each load to the bus with respect to the level of 

priority assigned while respecting the available power of the EPS. The level of priority of a 

load can indicate if that load can be disconnected (low level of priority) or must be supplied 

without interruption under fault scenarios (high level of priority). The priority levels can be 

assigned different values for different flight phases as required. As an example, electro-

mechanical actuators (EMAs) may be considered as a high priority loads. In this case study, 

ten individual loads are depicted in Fig. 5.2. Loads 1 to 3 are assumed to be high priority loads. 

Loads 4 to 6 are medium priority loads. Loads 7 to 10 are low priority loads. The knapsack 

algorithm will be devised to automatically supply power to each of the aforementioned ten 

loads depending on their levels of priority and power availability on the LV bus, as will be 

described in the following sections. 
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5.3 Knapsack method for LAP of representative MEA EPS 

 

The knapsack method will be used to solve the LAP. In this case study, the knapsack algorithm 

will be embedded in a SC and applied to the MEA EPS model. This section introduces the 

mathematical theory of the knapsack problem. In Chapter 2 several techniques ranging from 

the heuristic approaches, meta-heuristic to mathematical formulations have been presented 

and discussed in order to determine the best solution for allocating power on the EPS. The 

proposed knapsack method, which has been chosen in this work for reasons explained in the 

literature review in Chapter 2, use pure mathematical formulations for optimizing the power 

usage by the various MEA EPS loads with different priority levels.  

The knapsack problem is an example of a mathematical combinatorial optimization problem 

[1-2]. This is a problem that has been studied for more than a century, when, there is a need 

to find a finite and optimized solution, where an exhaustive search is not possible. It is used 

in various fields such as applied mathematics, complexity theory, cryptography, combinatorial 

and computer science. In the knapsack problem, the given items have two attributes at 

minimum which can affect the solution: (i) an item’s value, which affects its importance and 

(ii) an item’s weight or volume, which is its limitation aspect. Based on the Knapsack problem, 

given a set of items, each with a weight and a value, the number of each item included in a 

collection must be determined so that the total weight is less than or equal to a given limit 

and the total value is as large as possible, and this is called optimal solution, as it uses the 

entire capacity of the knapsack and the maximum number of items to be taken. Fig. 5.3 

represents a synthesis of the proposed problem, with a pre-defined capacity knapsack in 

which objects with weights and values are to be fitted into the knapsack without exceeding 

its capacity, while maximizing the value. 
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Fig. 5.3. Example of a knapsack problem 

 

The following equations are used to describe the knapsack problem mathematically. Given 

two n-tuples of positive numbers “vi” as given in 5.1 which are representing the value of each 

item, “wi” as given in 5.2 which are representing the weight of each items, and the total 

capacity of the knapsack as defined by the equation 5.3, 

 

〈𝑣1, 𝑣2, … , 𝑣𝑛〉               5.1  

〈𝑤1, 𝑤2, … , 𝑤𝑛〉             5.2  

𝑊 > 0                            5.3  

 

the task is to determine the subset  

 

𝑇 ⊆ {1, 2, … , 𝑛}  that 

𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑒𝑠 ∑ 𝑣𝑖

𝑖∈𝑇

  

          𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜  ∑ 𝑤𝑖 < 𝑊

𝑖∈𝑇

 

 

It is possible to find a solution to the knapsack problem by using the dynamic programming, 

a computer programming method that consists in breaking a complex problem into a smaller 

one by obtaining a smaller set of simple problems, by following the steps below [3-5]: 
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- Decomposing the problem into smaller problems → from Fig. 5.3 a table is created, 

dividing the problem in column on index ‘i’ and rows ‘w’ 

- Finding a relationship between the structure of the optimal solution of the original 

problem, and the solution of the smaller problems → scrolling each row a sub-solution 

is found that will be compared with other ones. 

- Recursively defining the value of an optimal solution → by comparing the solutions of 

each rows with each other 

- Bottom-up computation → compute the value of the optimal solution in a bottom-up 

fashion by using a table structure. 

- Construction of the optimal solution from the computed information. 

A numerical exercise is also proposed in [6], where a problem is numerically solved step-by-

step for a better understanding the computational processes. 

TABLE 5.1 shows how the first part of the code, in Fig. 5.4, fill-up the table (Bottom-up 

computing).  

The values are stored into a matrix, represented by the table.  

 

TABLE 5.1. Table representing the operation of dynamic programming approach 

 

The source code used to fill the TABLE 5.1 is shown in Fig. 5.4: 
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Fig. 5.4. Knapsack source code 

  

However, the method does not give the optimal solution, but it only defines what the sub-

sets are. The final part of the code, displayed in Fig. 5.5, give back the value of the sub-set T 

that contains the solution: 

 

Fig. 5.5. Source code used to extract the solution from the TABLE 5.1 

 

Using the source code above, it is possible to scroll each element backward and find the 

solution that solves the problem. Referring to the Knapsack problem, it is possible to relate 

the optimization with the problem of the LAP.  
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In the case under study, it is possible to adopt the knapsack method to optimize the power 

supply to ‘n’ loads in the MEA EPS by using the following relationships: 

 

           〈𝑣1, 𝑣2, … , 𝑣𝑛〉             → Level of priority for each of the ‘n’ loads 

      〈𝑤1, 𝑤2, … , 𝑤𝑛〉             → Power of each of the ‘n’ loads in Watt 

𝑊 > 0  → Available power 

 

Thus, by solving the Knapsack problem with the variables above, it is possible to obtain a 

vector of solution that can be used to connect or disconnect the various loads in the system 

based on available power and priority levels of the loads. The next section will apply the 

knapsack method to develop a SC, which will be used to solve the LAP in the representative 

EMA EPS for three case scenarios. 
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5.4 Case scenario and simulation results   

 

Three case scenarios are considered in this section to optimize the power allocation given the 

priority level (vi) for each load and the power (wi) required by each load as shown in TABLE 

5.2. It is to be noted that the total power required by all the ten loads is 20kW. 

 

TABLE 5.2. Priority level and power required by each load 

 Loads 

1 2 3 4 5 6 7 8 9 10 

 

Priority (vi) 1000 900 800 70 60 50 4 3 2 1 

 

Power (wi) 3kW 3kW 2kW 2kW 2kW 2kW 2kW 2kW 1kW 1kW 

 

In case 1 at the start of the simulation the system has to supply 20kW loads with 20kW of 

available power (W=20kW). In case 2, which occurs after 10s the available power is reduced 

to 17 kW (W=17kW), and therefore, the control system has to recalculate a new solution. 

After a further 10s the available power is reduced from 17kW to 13kW (W=13kW) forcing the 

system to change configuration again.  

It is to be noted that in order to guarantee that the loads with the highest priority will not be 

disconnected before the ones with medium and low priority, eq. 5.4 is introduced. The 

eq.∑ 𝐻𝑃𝑙𝑜𝑎𝑑𝑖

𝑛
𝑖=1 > ∑ 𝑀𝑃𝑙𝑜𝑎𝑑𝑗

𝑚
𝑗=1 > ∑ 𝐿𝑃𝑙𝑜𝑎𝑑𝑘

𝑧
𝑘=1            imposes that the sum of the power of 

the high priority (HP) loads must be greater than the sum of the medium priority (MP) loads, 

and the sum of the medium priority loads must be greater than the sum of the low priority 

(LP) loads. 

 

∑ 𝐻𝑃𝑙𝑜𝑎𝑑𝑖

𝑛
𝑖=1 > ∑ 𝑀𝑃𝑙𝑜𝑎𝑑𝑗

𝑚
𝑗=1 > ∑ 𝐿𝑃𝑙𝑜𝑎𝑑𝑘

𝑧
𝑘=1           5.4 

 

The state models were run for the three cases and the resulting vector of solutions that 

configure the status of the switches (C1 to C10 as shown in Fig. 5.2) are given in TABLE 5.2. 

The contactor status is “1” when the contactor is closed and “0” when the contactor is open. 
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As shown in TABLE 5.2 for case 1, which occurs from time 0 to time 10s, all the contactors are 

closed. For case 2 where the power available is reduced to 17kW, contactors 8 and 10 are 

switched off. For case 3, the contactors 6, 7, 8 and 10 are open.  

 

TABLE 5.3. Configuration of the switches for each case (1=’closed’, 0=’opened’) 

Case Available power (W) State of switches 

  C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 

1 20 kW 1 1 1 1 1 1 1 1 1 1 

2 17 kW 1 1 1 1 1 1 1 0 1 0 

3 13 kW 1 1 1 1 1 0 0 0 1 0 

 

The states of the contactors for each of the three cases, as shown in TABLE 5.3, are shown in 

the Fig. 5.6(a) to (c), respectively, for clarity. In Fig. 5.6(a) all the switches are closed since the 

20kW provided from the power source are enough to supply all the loads. In the Fig. 5.6(b) 

the power source is only able to provide 17kW, thus, the switches C8 and C10 are opened 

disconnecting the loads with the lowest priority. In the Fig. 5.6 (c), the available power from 

the power source is 13kW, thus, the algorithm opened the switches C6, C7, C8, and C10 using 

all the available power to supply only the load with the highest priority. 

 

 

Fig. 5.6. a) Load distribution based on 20kW of available power, all the switches are closed (b) Load distribution 
based on 17kW of available power, the switches C8 and C10 are opened (c) Load distribution based on 13kW of 

available power, the switches C6, C7, C8, and C10 are opened. 

 

Fig. 5.7 shows the measured power on the LV bus at different times of the simulation. It can 

be noted that from time 0s to 10 s, the power allocated on the bus is 20kW, which matches 
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the available power. From time 10s to 20s, the power allocated on the bus is 17kW, and finally 

from time 20s to 40s, the power on the LV bus is 13kW. 

 

 

Fig. 5.7. The measure power on the LV buses match the available power for cases 1, 2 and 3 

  

As seen in the simulation results, the SC with the knapsack algorithm, changes the status of 

the switches automatically, hence optimizing usage of the bus power based on available 

power and priority levels. From the simulation results, it can be seen that the power supplied 

to the loads in all three cases match the available power on the LV bus. These simulation 

results validate the knapsack algorithm applied for the load allocation problem. 

  

Case 1 

Case 2 

Case 3 
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5.5 Additional considerations 

 

To clarify the work methodology of the knapsack method, which for the solution presented 

above is hidden by the Simulink® script, this section presents a numerical example that shows 

how Bottom-up computing is used to solve a simple knapsack problem. 

Let W be the knapsack capacity equal to 10.  

TABLE 5.4 are presented the elements with their value 

TABLE 5.4. Numerical example used for solving the Knapsack problem with the Bottom-up computing  

i 1 2 3 4 

vi 10 40 30 50 

wi 5 4 6 3 

 

Appling the first part of the algorithm presented in the Fig. 5.4, the following solution shown 

in TABLE 5.5 is obtained: 

 

TABLE 5.5. Table filled with the values found in the first algorithm execution 

V [i, w] 0 1 2 3 4 5 6 7 8 9 10 

i=0 0 0 0 0 0 0 0 0 0 0 0 

1 0 0 0 0 0 10 10 10 10 10 10 

2 0 0 0 0 40 40 40 40 40 50 50 

3 0 0 0 0 40 40 40 40 40 50 70 

4 0 0 0 50 50 50 50 90 90 90 90 

 

The solution is then given by the value V [10, w], which is not the best solution. Thus, the 

second part of the code shown in Fig. 5.5 is used to scroll the TABLE 5.5. backward and find 

the optimal solution by using the Boolean array keep [i, k].  the keep function in this case is 

used to memorize of the previous values. The solution results is given by selecting the item 

{2, 4}. 
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There would be also the possibility to have some scenarios in which a load has the same level 

of priority and value as another one. In that case, a conflict could be created into the algorithm 

execution, thus this problem must be solved into the SC design phase by setting and checking 

the correctness of each rule. 

Thus, the applied Knapsack method for optimizing the EPS has successfully demonstrated that 

a mathematical methodology can be used to allow the SC to take an automatic decision for 

distributing the power on the buses, and in an optimized way in a fast computational time. In 

fact, optimizing the power spreading allows the system to work more efficiently since the 

energy-wasting is reduced, and the energy sources are made working at their rating 

conditions (maximum efficiency) for most of the time. Moreover, the developed algorithm is 

integrated into the same development tool used for applying the RCS method, thus the 

combination of RCS and LAP can easily embed into the FSM. 
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5.6 Conclusion 

 

In this Chapter, the LAP has been applied to a typical MEA electrical power subsystem. Based 

on the defined characteristics of the SC presented in Chapter 2, the LAP has been 

implemented for the management and optimization of the power on the EPS bus. This study 

case applied the mathematical method, based on the Knapsack problem, through the use of 

dynamic programming, introduced in section 2.2.4, to optimize the power allocation on the 

busbar while taking into account the available power, and the level of priority of each load. 

First, the mathematical theory beyond the knapsack method has been introduced. Second, 

the method has been embedded into the SC. It has been demonstrated how the proposed 

algorithm successfully allocates a fixed amount of available power to a set of loads that have 

varying levels of priorities and power requirements. This Chapter has developed a 

methodology to design a high-level SC based on LAP, which lead to the enhanced performance 

and efficiency of the EPS, while respecting safety constraints already discussed in Chapter 1. 

It has been applied to manage the power of a MEA electrical power subsystem in this work 

and can be expanded for the power management and optimisation of an entire MEA EPS. 

Moreover, this Chapter contributed to: 

• Validation of the LAP method for the management of the MEA EPS buses, leading to 

the enhanced performance and efficiency of the EPS. 

• Testing the LAP embedded into the selected SC that can be easily applied to the MEA 

EPS using one single development tool, as already discussed in Chapter 2. This has 

shown a noncomplex method to make the EPS more efficient  
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Chapter 6:  A practical scenario: ASPIRE project 

 

6.1 Overview 

 

This Chapter aims to demonstrate the capability of the RCS method presented in section 1.1.2 

to verify this by applying it for the design of the high-level SC considering the Electrical Power 

Distribution System (EDPS) of a prototype for a real airplane. The proposed case study is based 

on the Advanced Smart-Grid Power Distribution System (ASPIRE) project, investigated in 

collaboration with the University of Nottingham [2].The ASPIRE project aims for the 

development of Cellular DC/DC converter cells for facilitating the implementation of Energy 

Management (EM) functionalities to the aircraft DC electrical power distribution system 

(EPDS) and to achieve substantial improvement in system efficiency, safety, power quality 

and eco-friendliness compare to existing solutions [1]. The project also looks at the 

development of novel DC/DC converter topologies and advanced EM and control approaches 

for achieving smart DC grid concept. The main objectives of ASPIRE include but are not limited 

to [1]:  

• The development of novel regulation techniques for the DC/DC converter to provide 

the most efficient operation in both buck and boost modes, allowing on-fly mode 

inversion and employing innovative modulation principles  

• The development of an innovative energy management strategy to reduce overloading 

capability requirements for main power sources (generators) thus reducing the overall 

EPS weight and volume  

• The development of protection and fault management strategies to enable 

uninterruptable power delivery in the case of cell(s) or communication failures 

One project objective is to identify suitable approaches for the ASPIRE EPS SC design. The 

selected approach will then be employed for the implementation of the smart grid concept 

and the enhanced electrical energy management functionalities. The RCS method is used to 

reconfigure the EPS for the reduction of the generator overloads with the aim to reduce the 

generator design weight. The proposed method solves the case scenario considering the 
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status of the entire EPS, while adopting an intuitive algorithm, RCS, for having reduced coding 

complexity and applying FSM tool.  

This Chapter aims:  

• To demonstrate that the application of the chosen reconfiguration strategy, 

algorithms and tools are practical and computationally inexpensive for the design of 

the SC, while reducing complex programming. 

• To develop a methodology to design a high-level SC that is capable of making the EPS 

more efficient while respecting safety constraints by effectively managing the power 

of the entire MEA EPS. 

• To demonstrate that the RCS method is an effective method for the SC design of 

practical EPDS by applying it to the ASPIRE based EPDS. 

 

6.2 ASPIRE electrical power system 

 

The ASPIRE EPDS model is depicted in Fig. 6.1. 

 

Fig. 6.1. Single-line circuit diagram of the EDPS topology for the ASPIRE project  [1] 

LV HP 
Load 

LV LP 
Load 

HV HP 
Load 

HV LP 
Load 
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The EPDS presented in Fig. 6.1 is composed of two main generators of 21 kW each where the 

voltage is rectified through AC/DC converters to feed HVDC buses. The EPDS is DC, divided in 

high voltage side (HV 270 V) and Low Voltage side (LV 28 V). The HV side is composed of two 

main buses (270V buses 1 & 2), and another essential bus (270V Emer bus) used to supply 

some critical loads. The LV side is composed by two main buses (28V buses 1&2) and an 

essential bus (28V Emer Bus). Two batteries (BAT 1 and BAT 2) are connected to the LV side. 

The HV and LV buses are connected though four DC/DC converter cells which are 3 kW bi-

directional converters. As discussed in Chapter 3, in this configuration the cells operate in 

parallel with the others, sharing the power request from the load, and avoiding power 

interruption, thus giving redundancy to the EPDS. The DC/DC converters can be connected to 

the HV buses through a set of four channels and to the LV buses through another set of four 

channels as shown by the blue dotted lines in Fig. 6.2. The DC/DC converters have the 

capability to switch from one channel to another depending on the requirements of the 

system. Moreover, this particular architecture gives an additional degree of freedom to the 

system. Since all the buses can be connected to each other through the bus switches, all the 

loads can be reached from different power paths, allowing the batteries to be used to supply 

HV or LV loads under each scenario. 
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Fig. 6.2. An example of possible connections between the four DC/DC power electronic converters and the HV 
and LV buses 1 and 2 

 

The loads in the system in Fig. 6.1 are assigned with different levels of priority. The buses 

highlighted in red represent high priority loads (HP), and they need to be kept powered at all 

times. The buses and loads in Fig. 6.1 highlighted in blue are low priority (LP) and can be 

subjected to power shedding for a limited period of time in case of an emergency. A detailed 

description of the management rules will be discussed in the next section. 

 

6.3 Energy management concept of the ASPIRE system  

 

The EM system of the ASPIRE aims to optimize the performance of the EPDS of the aircraft 

through the use of a smart controller. A list of predefined rules is set up in the ASPIRE project 

to enable the reconfiguration of the smart network in accordance with particular sets of 

events as given below. For instance, in case of a fault in the system, the EM system has the 

task to reconfigure the power paths of the network in order to re-distribute the available 

power while considering the level of priority of each load or avoiding generators to overload. 
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6.3.1 Logic rules definition 

 

Knowing the ASPIRE EPDS model, based on the operating scenario of the aircraft, a set of rules 

need to be defined in order to impose and prioritize important behaviours of the system. 

The set of rules that have been defined for the ASPIRE project are given hereunder, TABLE 

6.1. 

TABLE 6.1 

Definition of the logic rules that will be used for programming the FSM 

1 High priority Buses must be fed at 100% of their power demand 

2 
The Buses with the same priority are fed by sharing the available power. The available power 

is calculated as the difference between rated and instantaneous power. 

3 The battery connected to the high priority bus should not be discharged first 

4 The battery connected to the lower priority bus must be used in power reversal mode 

5 Reversal mode is only allowed in case of generator’s overload 

6 
If the number of the active cells is less than needed, they have to be removed from the Low 

Priority buses and fed the High Priority buses 

7 

The change of network configuration is made in case of: 

a. Changing number of active cells 

b. Generator overload conditions 

c. Grid faults (i.e., generator fault) 

 

The aforementioned set of rules form the basis of the logics for the SC.  
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6.4 Application of the logic rules 

 

FSM is used to implement the logic rules given in the previous section as depicted in the three 

states and three sets of conditions given in Fig. 6.3. 

 

 

Fig. 6.3. Description of the condition for each transition 

 

Condition 1: applies when the system is operating in normal conditions, all the loads are 

supplied, the generators are not overloaded and there is enough power on the high priority 

buses. It activates STATE1. 

Condition 2:  applies in case there is a generator overload. It activates STATE2. 

Condition 3:  applies when the system identifies a higher power request on the HP LV bus. It 

activates STATE3. 

The FSM is set to the STATE1 when the EPDS is working at its rated conditions. In this case, 

rules 1 and 2 are applied. In this STATE, the SC will constantly check the value of the power 

flow across the buses of the EPDS. Once a variation of the nominal values identifies the SC 

will take action for addressing the power flow distribution.   

Once the SC detects an overload condition the FSM goes in STATE2, where the rules 3, 4, 5, 7 

are applied (TABLE 6.1). In this scenario, the SC will allow the EPDS to use the battery for 

avoiding the overload of the generator, but at the same time, as states in rule 3, the battery 

placed on the HP bus will not be discharged first. 
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The FSM will move to STATE 3, in which rules 3, 6, 7 will be applied (TABLE 6.1) when the SC 

detects a higher power request from the HV load bus. In this scenario the converter will be 

allowed to work in power reversal mode, disconnecting the LV loads in order to cover the 

overload request. 

Thus, STATE 1 is activated subject to the condition 1. If the event condition 2 is valid, the 

system changes from STATE 1 or STATE 3 to STATE 2. Finally, STATE 3 is activated from STATE 

1 or STATE 2 when condition 3 occurs.  

In the next section the FSM design in Fig. 6.3 is used to apply the ASPIRE rules on the EPDS in 

Fig. 6.1. 

 

6.5 Simulation model 

 

The EPDS in Fig. 6.1 has been modelled in the Simulink® environment. The FSM supervisor 

controller, which is based on the FSM shown in Fig. 6.3, has then been built by using the 

Stateflow® chart in Simulink®. The FSM acts on the EPDS system by controlling its converters 

and the contactors while the key parameters of the system are constantly monitored through 

real-time driven logic. TABLE 6.2 describes the input and output variables that are computed 

by the FSM, and Fig. 6.4 shows the simulation model of the FSM. These variables are required 

for allowing the FSM to compute a solution for the ongoing scenario. The SC computes the 

action to be performed by constantly monitoring the load power request, the battery SOC, 

and power delivered from the generators. As result, the SC uses this information to generate 

the outputs that re-configure the EPDS. After the solution is computed, the output is used to 

set the power delivered from the PECs, the connection of the buses, the power delivered from 

the batteries, and the eventual disconnection of non-critical loads. 
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TABLE 6.2. Description of the system variables 
Variable Value Description 

Pmax 3000 [W] Maximum power rating of DC/DC 
converter 

P1 Range: -3000 to +3000 [W] Actual power of converter cell 1 

P2 Range: -3000 to +3000 [W] Actual power of converter cell 2 

P3 Range: -3000 to +3000 [W] Actual power of converter cell 3 

P4 Range: -3000 to +3000 [W] Actual power of converter cell 4 
Batt1 ‘1’ when is in operation, ‘0’ when is 

disconnected 
Battery status on the HP side 

Batt2 ‘1’ when is in operation, ‘0’ when is 
disconnected 

Battery status on the LP side 

SOC1 Range: 0 to 100% State of charge of battery 1 (HP side) 
SOC2 Range: 0 to 100% State of charge of battery 2 (LP side) 

HP_Batt_Power Range: -6000 to +6000 [W] Delivered power to Batt1 

Batt_Power Range: -6000 to +6000 [W] Delivered power to Batt2 

Shed ‘0’ when there is no Load shedding, ‘1’ when 
the Load shedding  is active 

Load shedding on LV Bus 2 (LP side) 

P_inst Range: 0 to maximum power rating Total actual power of the generators 
1&2 

P_highP 30000 [W] Total power of HP loads 

P_avl P_inst - P_highP Available power after deducting  
power to HP loads from total power 

from the generators 

P_HP_Bus Range: -15000 to +18000 [W] Power request on Bus 1 on HP side 

Bus_Switch_HV1 ‘1’ to connect the converter cell 1 with the HV 
bus 1 and ‘0’ to connect the converter cell 1 

with the HV bus 2 

Setting the connection of the cell 1 
with the HV buses 

Bus_Switch_LV1 ‘1’ to connect the converter cell 1 with the LV 
bus 1 and ‘0’ to connect the converter cell 1 

with the LV bus 2 

Setting the connection of the cell 1 
with the LV buses 

Bus_Switch_HV2 ‘1’ to connect the converter cell 2 with the HV 
bus 1 and ‘0’ to connect the converter cell 2 

with the HV bus 2 

Setting the connection of the cell 2 
with the HV buses 

Bus_Switch_LV2 ‘1’ to connect the converter cell 2 with the LV 
bus 1 and ‘0’ to connect the converter cell 2 

with the LV bus 2 

Setting the connection of the cell 2 
with the LV buses 

Bus_Switch_HV3 ‘1’ to connect the converter cell 3 with the HV 
bus 1 and ‘0’ to connect the converter cell 3 

with the HV bus 2 

Setting the connection of the cell 3 
with the HV buses 

Bus_Switch_LV3 ‘1’ to connect the converter cell 3 with the LV 
bus 1 and ‘0’ to connect the converter cell 3 

with the LV bus 2 

Setting the connection of the cell 3 
with the LV buses 

Bus_Switch_HV4 ‘1’ to connect the converter cell 4 with the HV 
bus 1 and ‘0’ to connect the converter cell 4 

with the HV bus 2 

Settimg the connection of the cell 4 
with the HV buses 

Bus_Switch_LV4 ‘1’ to connect the converter cell 4 with the LV 
bus 1 and ‘0’ to connect the converter cell 4 

with the LV bus 2 

Setting the connection of the cell 4 
with the LV buses 
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Fig. 6.4. Model of the FSM used to program the logic of the supervisor controller 
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Fig. 6.4 shows the STATEs 1, 2, 3 of the system with the condition for each transition defined 

by the arrows. The conditions are applied, and the relevant STATEs activated depending on 

the behaviour of the system such as the generator's operating conditions, the state of charge 

of the batteries and the level of priority. 

Three case studies are presented in the subsequent subsections to demonstrate and validate 

the operation of the FSM in Fig. 6.4. 

 

6.5.1 Normal operation 

 

For the normal operation scenario a 5s operation has been simulated, for showing the power 

setting when the EPDS is under the condition 1. At the start of the simulation, the system is 

initialized by defining the main parameters, such as the connection between the DC/DC 

converter cells and the buses, and computing the requested power from the HP loads, as 

shown in Fig. 6.4. Initially, the generators supply the HV loads, which require 30 kW in total, 

then the DC/DC converter cells 1 and 2 are supplied with 3kW each. After that, the system 

moves to STATE 1 (normal operation, condition 1, Fig. 6.3), and with the remaining available 

power P_avl, the generator 2 supplies the DC/DC converter cells 3 and 4. Fig. 6.5 shows the 

generator 2 power, which goes from 15kW to 21kW after 0.1s (actually the power goes over 

21kW for a short period due to switches opening and closing operations) with the activation 

of the DC/DC converter cells 3 and 4. 
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Fig. 6.5. Generator's power before and after the activation of converter 3 and 4 at 0.1s in a simulation scenario 
of 5s  

Fig. 6. 6 and Fig. 6.7 show the power values of the DC/DC converter cells before and after the 

activation. 

 

 

Fig. 6. 6. DC/DC converter cell 3  switched on after 0.1s, once the P_avl has been calculated   
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Fig. 6.7. DC/DC converter cell 4  switched on after 0.1s, once the P_avl has been calculated 

 

During the normal operation, the rules 1 and 2 have been applied, with constant computing 

of the P_avl, and all the HP loads supplied. 

 

6.5.2 Generator overload 

 

In this case scenario, the power demand on the HV HP load increases from 15kW to 18kW, as 

shown in Fig. 6.8, which causes the generator 1 to go in overload from 21kW to 24kW. 
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Fig. 6.8. power on the HP HV bus 

  

The SC has the task to avoid generator overloads by applying a power reduction from the 

shedding of the LV LP load and the use the LP battery (batt2). In order to avoid generators’ 

overloads, the rules 3, 4, 5, and 7b are applied. Referring to TABLE 6.1, the SC will allow the 

battery to be used for covering the overload, and since the overload is coming from the HV 

bus, the converter can work in power reversal mode enabling the power sharing from the LV 

bus to the HV bus. The Fig. 6.4 shows the logic of the system during a generator overload. 

After the overload occurs, the system passes into the STATE 2 (overload operation, condition 

2, Fig. 6.3 ). In STATE 2, the converter 4 is made to work in power reversal mode as shown in 

Fig. 6.9. The power in converter 4 reverses from 3kW to -3kW at 2.5s as shown in Fig. 6.9. Of 

note is that since there is an overload on HV HP load, the converter 4 is disconnected from 

HV bus 2 through the Bus_Switch_HV 4 and connected to HV bus1. 
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Fig. 6.9. Power on the converter 4. At 2.5 s the converter goes in power reversal mode 

 

Further, the LP LV load is shed from 6kW to 3kW as shown in Fig. 6. 10. By shedding the LP LV 

load, the power from battery 2 (3kW) supplies the HV HP load through the converter 4. In 

order to avoid current loop on the LV bus2, the converter 3 is switched off. 

 

 

Fig. 6. 10. LV LP load shedding from 6kW to 3 kW at 2.5s 

 



Analytical approach to Electrical Distribution Systems for Aircraft 

119 
 

6.5.3 Increase in power demand on LV HP bus 1 

 

In this case study, there is an increased power demand on the LV HP bus from 6kW to 9kW at 

1.5s as shown in Fig. 6.11. The system transitions to STATE 3 as explained in section 6.4. 

 

Fig. 6.11. Power demand on LV HP bus increases from 6kW to 9kW from 1.5s to 3s 

  

With reference to Fig. 6.1, it can be seen that the two active DC/DC power converter cells are 

not sufficient to supply the LV HP load during this overload. Hence, the power converter 4 is 

disconnected from LV LP bus 2 and connected to LV HP bus 1, as required by rule 6 and 7a, 

which states that the converter cell can work in reversal mode (TABLE 6.1). As one power 

converter 4 has been removed from LV LP bus 2, only power converter 3 is supplying the LV 

LP load, which thus has to be shed from 6kW to 3kW, as shown in Fig. 6.12.  
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Fig. 6.12. Load shedding on LV LP load from 6kW to 3kW at 1.5s 

 

By performing the power converter reconfiguration, the HP battery 1 has not been used as 

required by rule 3. 
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6.6 Additional considerations 

 

In the study case presented above, the simulation model has been used to test the capability 

of the SC controller on a potential EPDS candidate to be used in a commercial aircraft.  The 

considered simulation scenarios showed the EPDS in its normal scenario, the overload 

operations, and a critical overload issue. However, as showed in Chapter 4, the capability of 

the SC can be expanded in solving emergency scenarios, which can consider multiple 

converters failure and very low SOCs levels of the batteries. The EPDS presented in this 

Chapter is derived from the model presented in Chapter 3, section 3.2, which is composed by 

multiple converter 'cells'. The use of this architecture adds to the EPDS more degree of 

freedom, thus the FSM code presented in Chapter 4 regarding the safety operations, for 

addressing the emergency scenarios, can be easily applied to the ASPIRE model.  

Thus, the set of rules presented in TABLE 6.1 can be expanded, adding more STATEs that cover 

the emergency scenarios. 

Chapter 5 has presented the knapsack problem to solve the LAP. The same concept can be 

easily transferred to ASPIRE EPDS giving an additional optimization of the power flow in case 

of multiple loads connected on the bus. 

Moreover, this aspect will be considered in the Chapter 8 that will introduce the experimental 

test. 
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6.7 Conclusion 

 

This Chapter has validated the RCS method described in Chapter 2 by solving a real case 

scenario as defined by the ASPIRE project. The simulations have demonstrated how the RCS 

method can manage EPS overloads on both sides of the network, high voltage, and low 

voltage, and also respect the level of priorities while providing the requested power of the 

loads. The FSM tool has been used to apply a set of energy management and safety logic rules 

to a representative EPDS of an aircraft of the ASPIRE project based on real-time computational 

model. Depending on the events that can occur in the power system and that are captured 

through predefined sets of conditions, a particular system STATE is activated such that a set 

of agreed rules pertaining to the power system are respected. Moreover, the results showed 

in this Chapter satisfied the following tasks: 

• Validate the RCS method for the management of the smart-grid EPS using example of 

ASPIRE project, considering a real scenario, leading to the enhanced performance and 

efficiency of the EPS, while respecting safety constraints 

• Validate a methodology to design of a high-level SC that is able to manage the entire 

MEA EPS, leading to the enhanced performance and efficiency of the EPS, while 

respecting safety constraints. 

• The used approach has been developed for designing a SC that can be easily applied 

to the MEA EPS using one single development tool to make the EPS more efficient 

and safer.  
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Chapter 7:  Case study for experimental application 

 

7.1 Introduction 

 

This Chapter presents a case study to be tested in the laboratory to validate experimentally 

the RCS method and the LAP operations that have been presented in earlier Chapters. For the 

selected case study, the SC will use optimisation technique to reduce or avoid the generator’s 

overloads with the aim to reduce the generator’s size and consequently the overall weight of 

the system. The presented case scenario will first be created and simulated in the Simulink® 

environment. Then the simulation model will be scaled in terms of voltage and power to be 

eventually assembled in the laboratory for experimental validation which will be presented 

in the next Chapter.  

 

7.2 Test scenario 

 

The EPS topology used for this case study is presented in Fig. 7.1. 

 

Fig. 7.1. Single-line diagram of the EPS configuration used for the test scenario 
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A generator (G1) is designed to supply a total load of 21KW (rated conditions), which includes 

the ice protection system, as resumed in TABLE 7.1. During peak icing conditions an additional 

3kW power is required; this can be available either from the battery and/or by other loads 

shedding employing the knapsack method that has been presented in Chapter 5. An energy 

management strategy will be developed and implemented so that the generator’s power can 

be kept at rated 21kW instead of going to overload (24kW) during this peak icing conditions. 

The electrical power system (EPS) will be controlled by acting on two main variables, the 

requested power of the loads (PL) and the state of charge (SOC) of the battery. TABLE 7.1 

details the EPS loads for the studied scenario. The loads are characterised by level of priority 

and the absorbed power, in case of extra EPS power demand (as peak icing case) their power 

demands can be reduced. 

 

TABLE 7.1. EPS loads considered for the presented EPS 

Loads power during cruise flight stage in normal and peak conditions 

 

Loads (represented by Resistive loads 
in experiment) 

Normal 
Condition(kW) 

Peak 
Conditions 
(kW) 

Sheddable 
loads (kW) 

Priority 
Level 

          

1 
Commercial load1 / Commercial load 2 
– Lights, entertainment systems 2 1 0.75 

 Low / 
Low 

2 Ice Protection System - Nominal 5 5 0  High 

3 Ice Protection Add. System - Peak  0 3 0 
 High (on 
request) 

4 
Avionics – Electronics systems and 
navigation 3 3 0  High 

5 
Cabin Equipment1 – Pressurization 
system 4 6 0  High 

6 
Cabin Equipment2 – Environmental 
control 2 2 1.25  Medium 

7 Actuation system 1 - Flaps 3 3 0  High 

8 Actuation system 2 – Flaps  2 3 0  Medium 

 Total Load (PL) 21 26 2   

 

Total power provided from the 
generator 21 24   
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Fig. 7.2 is described the flow-chart of the STATEs with the transition conditions. The FSM is 

initialized through the STATE ‘start’, which is used to define the main variables and the first 

configuration of the EPS. After that, the FSM will move to the STATE 3 in which all the 

components of the system work at their rated condition and assuming the battery charged 

and no overload requests. From STATE 3 the FSM can move to other STATEs depending on 

the transition conditions defined beside the arrows (see Fig. 7.2). In the case of a low level of 

the SOC, and no overload requests the system will move into the STATE 1 or STATE 2 

(depending on the SOC levels). If the FSM will detect an overload request with the battery 

charged (high SOC level), then it will go into the STATE 5 or STATE 6 (depending on the SOC 

level). While, if the FSM will detect an overload request with a low level of the SOC, then it 

will move into STATE 4. 

TABLE 7.2 shows the STATES and transition conditions of the EPS. They are based on the 

battery SOC (high, medium, low), and the PL (< 21kW or > 21kW). 
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Fig. 7.2. Flowchart of the FSM available STATEs for the EPS operations 
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TABLE 7.2 represents the 6 STATEs, which are made to set-up the system during peak 

conditions (overloads) by applying the RCS and LAP strategy. The variable Pbatt defines the 

amount and direction of the power flowing through the battery.  In each STATE, the value of 

Pbatt is calculated considering the requested power of the load PL and the delivered power 

from the generator Pgen. If the power request is higher than the battery capacity of 3kW as in 

the case in STATEs 5 and 6, the controller will apply the knapsack optimisation discussed in 

the Chapter 5 to provide the surplus power required through load shedding.  
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TABLE 7.2. State table used to define the SC behaviour 

SOC/PL PL < 21kW PL > 21kW 

SOC < 30% 
(Low) 

STATE 1: Battery discharged 
 

- Charging battery  
Pbatt = Pgen – PL → Pbat positive, 
charging operation:  
Disconnect the load with the 
lowest priority level in order to 
do not overload the generator 
during the charging scenario 

- If SOC > 30 %, goto STATE 2 
- If PL > 21kW, 

goto STATE 4  
 

STATE 4: Battery discharge + Overload 
Overload with low level of SOC 
 

- Apply knapsack method to shed 
load: 
In order to avoid generator’s 
overload, when the battery is 
discharged the Knapsack method 
needs to be applied, 
disconnecting the loads with the 
lowest priority (see TABLE 7.1) 

 
- If PL < 21kW, 

goto STATE  1 
 

30%<SOC<
90%  
(Medium) 

STATE 2: Battery with medium charge 
 

- Charging battery with  

Pbatt = Pgen – PL → Pbatt positive, 
charging operation: 
Disconnect the load with the 
lowest priority level in order to 
do not overload the generator 
during the charging scenario 
 

- If SOC>90% goto STATE 3  
- If PL > 21kW, 

goto STATE 5  

STATE 5: Battery with medium charge + 
overload Peak condition with acceptable 

level of the SOC 

 
- Pbatt = Pgen – PL → Pbatt negative, 

discharging operation: 
The battery is providing power 

- If Pbatt < 3kW 
Battery supplies power within its 
acceptable rating   
Pbatt = Pgen - PL  

- If Pbatt > 3kW 
The battery delivered power is 
fixed to 3kW (i) (Battery 
discharge rating power) 
The Knapsack method is applied 
to avoid generator’s overloads (ii) 
(i) Pbatt = 3kW 
(ii) and apply knapsack method 
to identify and shed load by (PL – 
3kW) 

- If SOC < 30% goto STATE 4 
- If PL < 21kW goto STATE 2 

 

SOC >90% 
(High) 

STATE 3: Normal conditions 
 

- No action:  
The generator is able satisfy the 
power request  

- If PL > 21kW, 
goto STATE 6  
 

 

STATE 6: Battery fully charged + overload 
Peak condition, battery fully 
charged 
 

- Pbatt = Pgen – PL → Pbatt negative, 
discharging operation: 
The battery is providing power 

- If Pbatt < 3kW 
Battery supplies power within its 
acceptable rating   
Pbatt = Pgen - PL  

- If Pbatt > 3kW 
The battery delivered power is 
fixed to 3kW (i) (Battery 
discharge rating power) 
The Knapsack method is applied 
to avoid generator’s overloads (ii) 
(i) Pbatt = 3kW 
(ii) and apply knapsack method 
to identify and shed load by (PL – 
3kW) 
 

- If SOC < 90% goto STATE 5 
- If PL < 21kW goto STATE 3 
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7.3 FSM description 

 

The FSM model is used to develop the algorithm presented in Fig. 7.2 and  TABLE 7.2. In order 

to control the power flow within the EPS, the FSM will receive the SOC, Pgen, and PL as input 

variables and will give the status of the switches, C1 to C8, and the value of Pbatt as outputs. 

Fig. 7.3 shows the FSM block with the inputs (on the left) and outputs (on the right): 

 

Fig. 7.3. Input and output variables of the FSM 

  

The initialization of the system is showed in Fig. 7.4 as the ‘Start’ STATE, referring to Fig. 7.2 

it is possible to see that is used to initialize the FSM configuration, and importing all the 

variables needed for the computation. 
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Fig. 7.4. Initialization STATE of the system  

 

The matrices v, V, and s are initialized to zero here, and will be used to calculate the solution 

for the knapsack problem. As already explained in Chapter 5, the knapsack method consists 

of using the available power for suppling as much load as possible respecting the priority 

levels, the algorithm used for finding the solution consist in storing the value inside a matrix 

of ‘i’ rows and ‘j’ columns and find the best solution by scrolling each value and match it with 

the previous one. In v are stored the value of the priority level of each considered load, V is 

used to store the value of the requested power of a selected load that has to be compared 

with the previous one, while s is used to keep record of the stored value from the selected 

load and compare it with the others in the table. The variable sol1 is used to store the 

knapsack solution that will act on the eight switches and is set to ‘1’ (switches closed/all the 

loads active) in the ‘Start’ STATE.  The variables L, M, H refer to the SOC of the battery (low, 

medium, high). Pbat is used to store the value of the calculated power delivered to or absorbed 

by the battery. Px and Pbat_monitor is used to check the value of Pbat. The variables C1 to C8 are 

used to set the status of the switches. Once all the system variables are initialized, the system 

can pass into the operation STATEs.  
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Initially, the SOC is set at high level (battery charged) and a rated power request of 21kW 

(nominal conditions) is made. The EPS system will operate in STATE 3 as per Table 7.2, and is 

shown in Fig. 7.5: 

 

 

Fig. 7.5. STATE 3 of the system 

 

In the STATE 3, the battery is disconnected, and all loads are working at their rated condition, 

so the total EPS load power is 21kW. Considering the aircraft in cruise operation and 

neglecting faulty scenarios, the system could go in the following STATEs (referring to the 

TABLE 7.1 and 7.2): 

• Overload due to the activation of the de-icing system (additional power request of 

3kW) 

• Overload due to power peak request of other loads (TABLE 7.1) 

• Overload due to the combination of the activation of the de-icing system and other 

loads power peak request (TABLE 7.2) 

Moreover, the controller must consider the SOC status during the abovementioned scenarios. 

From  TABLE 7.2 it is possible to see 6 STATEs, but the behaviour of the system can be resumed 

in 4 STATEs, since the STATE 1 and STATE2 are similar as well as the STATE 5 and the STATE 6, 

in which the only difference is a lower level of the SOC in STATEs 1 and 5 respectively, as it is 

possible to see in TABLE 7.3 below. 
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TABLE 7.3. Battery operations during the different STATEs 

 SOC/PL PL < 21kW PL > 21kW 

SOC =  Low STATE 1: Charging battery 
STATE 4: Knapsack 

optimization 

SOC =  Medium STATE 2: Charging battery STATE 5: Discharging battery 

SOC = High STATE 3: No action STATE 6: Discharging battery 

 

Fig. 7.6 depicts the FSM code implemented in Simulink® for STATE 6 during the overload 

scenario when the SOC is high. In STATE 6.1 the system starts to use the battery by providing 

the required power, which is calculated as the rated power of the generator (21kW) minus 

the power requested from the load. The function ‘during’ enables the FSM to perform a 

continuous check (real time) on the delivered power during the STATE 6.1. In this STATE, all 

the loads are supplied since the system has enough power to cover the overload. In the 

eventuality of additional power, the FSM will go in the STATE K.6 that applies the knapsack 

optimization by disconnecting the loads with the lowest priority and using the maximum 

available power. Once the knapsack optimization has been applied the system will go in the 

STATE 6.2, which fixes the value of the drained power of the battery to its nominal (3kW) and 

disconnects the loads as calculated in the STATE K.6. When the overloads are extinguished 

the FSM can go back in the STATE 6.1 
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Fig. 7.6. STATE 6 the system reduces the generator’s overload using the battery or the knapsack optimisation 

 

In the STATE 6.1 the power requested by the load 3 (Ice protection add. system) is within a 

range of 3kW, so the battery can help the generator; the power that should be delivered from 

the battery is calculated and stored in the variable Pbat. Moreover, if the power request is 

greater than 3kW the SC will go to the STATE k_6, where the knapsack optimisation algorithm 

will be applied giving back a solution that allow the EPS to don’t overload the generator. After 

that, the SC will go into the STATE 6.2, where the battery will be set to provide 3kW (the 

maximum discharge rating allowed). Applying the presented algorithm, the system can 

maintain the generator’s power at 21kW.  

Fig. 7.7 and Fig. 7.8 present the FSM code during rated conditions of the load (21kW) with a 

low level of the SOC (STATE 1) and peak conditions of the de-icing system and/or the peak 

condition of the other loads with a low level of the SOC (STATE 4) respectively, as resumed in 

TABLE 7.3. 
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Fig. 7.7. STATE 1, battery charging operations 

 

In STATE 1 the battery is in charging operation, disconnecting the load 8 (refer to Fig. 7.1), 

which is the one with the lowest priority level. 

It is to be noted that in Fig. 7.7 the Generator’s power is set to 21100W instead of 21000W in 

order to take into account small power variations. These variations are given by the 

combination of the current transient and the sampling period of the FSM in reading the 

values. These variations are very small. However, the desired value will never be exactly 21kW 

but in a small range around it, thus this behaviour must be taken into account during the 

coding stage, otherwise, it could destabilize the FSM.  

In Fig. 7.8 the code used to cover the scenario in which a load power peak arrives during 

charging operations (STATE 4) is shown.  
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Fig. 7.8. STATE 4: overload scenario during low level of the SOC 

 

From the code it is seen that the knapsack optimization can be applied under 3 different cases. 

In the STATE K4.0, the knapsack optimization is applied to an overload of 2kW, in the STATEK 

4.1 is considered an overload of 3kW, and in the STATE 4.2 is considered the maximum 

overload of 5kW. In this case, the code has been divided into three different calculations to 

obtain faster feedback when the knapsack method needs to be applied. Once the knapsack 

optimization has been calculated the SC will go into the STATE 4.2 where the knapsack is 

applied to change the contactor’s configuration. Thus, if an overload occurs and the battery 

is discharged, the system goes into the STATE 4 where the charging operation is stopped, and 

the knapsack optimization is applied to avoid the generator’s overload and keep the de-icing 

system active. In the next section presented FSM will be tested through simulations.  
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7.4 Simulation results 

 

This section reports the simulation results for the above-described case study. It is divided in 

two different scenarios in order to show the operation with low and with a high battery SOC. 

In the first scenario the system initially is working at rated conditions with high SOC level. 

After 10 seconds the ice-protection is activated with a consequent increase of the requested 

power (according to [1] the worst-case scenario with peak demand of ice-protection is 

assumed to take 6 minutes). In addition, a peak power request from the other loads will be 

assumed during the ice-protection peak request as well, in order test the controller operation 

during multiple events.  

 

Scenario 1: 

In Fig. 7.9 the behaviour of the load power during the first scenario is shown. For the first 10 

seconds the system is working at rated conditions (21kW), when the de-icing system starts to 

request the peak power hence increasing the total load power demand from 21kW to 24kW. 

At the t=130s the system receives another peak request from other load (Cabin equipment 1 

– Pressurization system, for this case); thus, the knapsack method is applied to reduce the 

power request from 26kW to 24kW. 

 

 

Fig. 7.9. Behaviour of the load power during different overload operations (scenario 1) 



Analytical approach to Electrical Distribution Systems for Aircraft 

137 
 

From Fig. 7.10 it’s possible to see that at 10s the system starts to use the battery power in 

order to cope with the overload request. The drained power from the battery is calculated by 

the controller and it’s around 3kW, which is the maximum value that the battery can provide. 

As explained in section 7.3 the power delivered from the battery is calculated from the 

controller, as the difference of the generator’s power and the requested power, thus the 

value is not exactly 3kW but presents an oscillation around it due to the current transients. 

 

 

Fig. 7.10. Behaviour of the battery power during different overload operation (scenario 1) 

  

From t =130s to t=150s, the EPS receives another overload request, 2kW, from the other load 

(Cabin equipment 1 – Pressurization system), although the battery is not able to provide more 

than 3kW; therefore, the battery’s delivered power is set to 3kW and the knapsack 

optimization is applied in order to shed additional 2kW of loads.  In the Fig. 7.11 the behaviour 

of the generator power is show it can be remarked how the control system keeps the 

delivered power at the rated level of 21kW.  
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Fig. 7.11. Behaviour of the generator power during different loading conditions 

  

The SOC of the battery is shown in Fig. 7.12. From the eq. 7.1 it’s possible to calculate the 

amount of energy used to supply the loads for 6 minutes: 

 

Etot∙(SOCinitial 
−  SOCfinal) = Pde-icing∙t  (7.1) 

 

where Etot is the total battery energy in Wh, SOCinitial is the initial state of charge, SOCfinal is the 

SOC value after the use of the battery, Pde-icing is the required power from the system in W, 

and t is the duration time of the discharge operation. For completion. Fig. 7.13 shows the 

system STATEs during the scenario. This is used to track the moves of the controller during 

the variations of the system. 
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Fig. 7.12. Behaviour of the SOC during the scenario 1 

 

Fig. 7.13. STATE position of the system during the scenario 1 

 

In Fig. 7.12 the it is possible to see that the system started with 95% of the SOC, thus once an 

overload request arrived the system moved from the STATE 3 to the STATE 6 (Fig. 7.13), in 

according with Fig. 7.2, and TABLE 7.2. 

In the scenario 1, the FSM was able to respect the rules provided in the TABLE 7.2 solving the 

overload request without pushing the generator behind its power rating. Moreover, the 

transitions between the STATEs have been performed in a fast computational time (no 

transient are present in the plots), showing the capability of the FSM to manage the EPS. 
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Scenario 2: 

In the scenario 2, the system will receive the same overload request as in the scenario 1, but 

the level of the SOC is low, thus the controller has the task to manage the variation of the 

loads without having help from the battery and try to charge the battery when the overloads 

are not present. Fig. 7.14 depicts the requested load power; initially the system is working at 

the rated condition, but the level of the SOC is low, thus the controller sheds 1kW of load in 

order to start charging the battery. At t=10s the system receives an overload request from 

the de-icing system (peak mode), the controller must stop the charging operation and apply 

the knapsack optimisation in order to avoid the overload of the generator.  

 

 

Fig. 7.14. Behaviour of the load power during the scenario 2 

 

Referring to Fig. 7.14, a second overload request arrives at t=130s, in this case, the controller 

must apply the optimisation algorithm again aiming to shed more loads. In Fig. 7.15 the 

battery power characteristic is shown before the overload occurs, the battery is in charging 

operation at 1kW, and disconnected during the peak mode of the de-icing (6 mins). 
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Fig. 7.15. Characteristic of the battery power 

 

Fig. 7.16 shows the generator power during the scenario 2. As in case of the scenario 1, the 

controller is able to keep the power within a range of 21kW in much more complex scenario 

2. 

 

 

Fig. 7.16. Behaviour of the generator power during the scenario 2 

 

According with the battery power characteristic, it’s possible to see the SOC level during the 

simulation time in Fig. 7.17. 
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Fig. 7.17. SOC level during the charging and overload operations 

 

In addition, Fig. 7.18 shows the operating state during all the simulation time, of note that at 

t=150s the system must apply the knapsack to recalculate the distribution of the power during 

the second overload passing from the STATE 1. As it is possible to see from the plot, it takes 

0.2s for the re-calculation. 

 

 

Fig. 7.18. STATE position of the system during the scenario 2 
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In the scenario 2, the FSM was able to respect the rules provided in the TABLE 7.2 solving the 

overload request, and with a low SOC level without pushing the generator behind its power 

rating. The scenario 2 is more critical due to the fact that the FSM cannot use the battery for 

covering the overload request. Thus, the knapsack optimization needs to be applied, forcing 

the FSM to solve a complex computing for re-distributing the power. Also, in this case, the 

transitions between the STATEs have been performed in a fast computational time (no 

transient are present in the plots), showing the capability of the FSM to manage the EPS under 

a critical scenario. 
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7.5 Conclusion 

 

This Chapter has reported case study scenarios that will be used for the experimental test in 

the laboratory. These simulations aim to demonstrate how the controller can apply the RCS 

method and the LAP for managing the different scenarios that could affect the EPS. The 

simulations have been divided into two parts. First, studying the behaviour of the SC and the 

EPS with a high level of the SOC. Second, the same scenario is proposed simulating a low level 

of the SOC. The simulation results demonstrated that the developed algorithm is in line with 

the thesis objectives, thus:   

• The SC can manage the entire MEA EPS. 

• Total automatization of the reconfiguration of the EPS based on the occurring 

scenario. 

• The implemented algorithm is computationally inexpensive. 

• Fast computational time even in case of complex computational operations 

The key aim of the Chapter is to create a simulation model that matches the experimental 

results that will be performed in the next Chapter. As shown in the previous Chapters, the SC 

is able to correctly manage even more complex EPS, related to the one presented here, thus 

no problems were expected from the simulation side. However, this step has been necessary 

to create a model that can be imported into the experimental setup, in order to address the 

preliminary aspects of the EPS to be built, such as: 

• Predicting and correct possible bugs that could affect the experimental scenario 

• Analysing the behaviour of the system in the laboratory 

• Defining the correct rules for the FSM that need to be transferred on the test bench 

 All the solutions have been realized in a short computational time. For the considered case, 

it has been used a small EPS in order to make it replicable in the laboratory. In the next 

Chapter will be presented the experimental bench that will be used to test the SC behaviour.  
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Chapter 8:  Experimental rig and study case scenario  

 

8.1 Introduction 

 

This Chapter presents the experimental rig created for testing the proposed SC, and the FSM. 

A case study scenario used for performing the experimental tests is also presented. The 

platform aims to demonstrate the capability of the SC in applying the RCS and the LAP. The 

EPS considered for the test is shown in Fig. 8.1, it is scaled to 27V in order to operate at 

reduced power level verifying the developed control logic: since the test targets the SC 

operations, this approach can be adopted without affecting the final results. A simplified EPS 

topology has been chosen. The power to the rig is provided by a DC supply source, which 

feeds a DC Bus with 27V (1). The EPS loads are represented by a set of power resistors; they 

are conditionally divided into the levels of priority, from the highest to the lowest (1 to 8). 

The switches (3) are placed on a relay board and are used to interrupt the power to the loads. 

The bus is also connected to a 3-phase converter (4), which is used as bi-directional back-

boost DC/DC converter (by using only one leg), to allow the power sharing between the 

Generator, representative loads, and the Battery. In order to emulate the behaviour of the 

battery, a Bi-directional DC power supply (5) has been used. A dSpace board RS1104 (6) is 

employed to deploy the designed FSM code, as well as manage communication between the 

converter, the switches, and the sensors.  
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Fig. 8.1. scheme of the EPS used for the experimental test 
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8.2 Description of the components 

 

In this section all the components used for assembling the rig are presented in detail. 

 

1 - DC power supply 

 

A DC power supply, in Fig. 8.2, has been used to emulate the DC power source. As the 

experiments will deal with the scaled EPS, the source provides 27V DC to the Bus and is set to 

deliver maximum 180W (without considering the losses). In the experimental test the DC 

power supply unit is set as constant voltage source. 

 

Fig. 8.2. DC power supply used to obtain a constant DC voltage on the Bus 

 

2 - DC load sets  

 

A set of power resistors has been assembled in order to emulate the loads on the DC Bus, 

each load is divided based on priority levels and the required power. Fig. 8.3 shows the set of 

power resistors used in the test rig. The circuit diagram will be presented in the section 8.4.  
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Fig. 8.3. DC loads created with a power resistors. The loads are labelled in order of priority from load 1 
(highest) to load 8 (lowest) 

 

3 - DC load switches 

 

Fig. 8.4 shows the switches module board used to connect or disconnect the EPS emulator 

loads. The control logic will operate on the switches states in order to re-distribute the power. 

 

 

Fig. 8.4. Switches module board used to connect or disconnect a load from the DC Bus 

.  

The switches are controlled through the digital input/output of the dSpace. 
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4 - Power electronics converter 

 

In Fig. 8.5 the model of the power converter, Semikrone – Semikube, which has been used to 

control the power flow between the battery and the DC Bus is shown.  

 

 

Fig. 8.5. 3-phase inverter used as back-boost DC\DC converter 

  

The Semikube® is a three-phase, 3kW inverter and it will be used in buck-boost mode. In order 

to allow buck-boost operations for DC circuits, only one leg is used and controlled by PWM, 

which is generated from the dSpace.  

 

5 - Bi-directional supplier 

 

A bi-directional DC supply unit shown in Fig. 8.6 has been used to emulate the battery 

operations, input and output power, while the battery SOC is emulated inside the Simulink® 

environment. The unit is connected to the converter. The source is set to 16.5V/1Ah of 

capacity. 
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Fig. 8.6. DC\DC bi-directional supplier used to emulate the battery behaviour  

 

6 - dSpace control board 

 

The dSpace control Board Fig. 8.7A and the dSpace connection board RS1104 in Fig. 8.7b has 

been used to control the EPS emulation platform. 

 

  

(a) 

 

(b) 

Fig. 8.7(a-b). dSpace control board (a) and RS1104 board (b) used to control EPS.  
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The control board implements the control algorithm developed in Simulink®, while the 

connection board sends the control signal to the inverter and switches, and receives the 

information from the sensors.  

The components presented above are used to assemble the platform, and a scheme of the 

system is shown in Fig. 8.1. 

 

8.3 Sensors and additional devices 

 

In this section will be explained the additional devices used to complete the rig 

 

Current and voltage sensors 

 

Current and voltage sensors have been built and calibrated in order to acquire data from the 

EPS emulator. The sensor boards are shown in Fig. 8.8 and Fig. 8.9. 

 

 

Fig. 8.8. Current sensor used to measure the battery and the BUS current 
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Fig. 8.9. Voltage sensor used to measure the battery voltage 

 

For the measurement the selected components are: 

- LEM LA 55-P current sensor  

 

Fig. 8.10. Voltage sensor used to measure the battery voltage 

  

- LEM LV25-P voltage sensor  

 

Fig. 8.11. Voltage sensor used to measure the battery voltage  
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Electro-optical converter 

 

In order to implement electrical insulation between the control board and the Inverter, the 

optical fibre communications are used. The PWM control signal is converted in optical signal 

by the use of the customised board in Fig. 8.12. 

 

 

Fig. 8.12. Electro-optical converter used to send PWM to the converter 

 

  

The electro-optical converter has been made using of the following main components: 

- Broadcom AFBR-1624Z, 50MBd Fibre Optic Transmitter 685Nm  

 

 

Fig. 8.13. Electro-optical converter used to send PWM to the converter  
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- Circuit driver IC SN75451BP  

 

Fig. 8.14. Electro-optical converter circuit driver used to send PWM to the converter  
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8.4 Experimental case scenario 

 

In this section, the experimental test on the assembled EPS platform will be presented. First, 

a single line diagram of the EPS will be given. Second, the study case of Chapter 7 will be 

emulated for demonstrating the FSM capability in the application of the RCS and the LAP.  

As explained in the previous sections, the platform has been scaled in power and voltage 

compared with the model simulated in Chapter 7. However, this will not affect the method 

and behaviour of the SC, as well as the development of the algorithms. In  Fig. 8.15 the single-

line diagram of the regarding EPS is shown, while TABLE 8.1 presents the value of each 

component used for the experimental test. 

 

 

Fig. 8.15. Single-line diagram of the applied EPS for the experimental study case 
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TABLE 8.1. EPS loads considered for the presented EPS 

Loads power during cruise flight stage in normal and peak icing conditions 

 Loads (experimental platform) 
Normal 
Condition(W) 

Peak 
Conditions 
(W) 

Sheddable - 
through the 
Knapsack 
method 

Priority 
Level 

          

1 Commercial load1 / Commercial load 2 23 5 8 
 Low / 
Low 

2 Ice Protection System - Nominal 22 0 0  High 

3 Ice Protection Add. System - Peak  0 15 0 
 High (on 
request) 

4 Avionics 22 0 0  High 

5 Cabin Equipment1  30 5 0  High 

6 Cabin Equipment2 8 0 8  Medium 

7 Actuation system 1 30 0 0  High 

8 Actuation system 2 15 5 0  Medium 

 Total Load (PL) 150  180 30   

 

A scaled generator (G1) is capable to supply a total load of 150W (rated conditions), which 

includes the de-icing system during the more prevalent normal icing conditions. During peak 

icing conditions an additional 15W of power to the Ice-protection system is required, as well 

as additional 5W required from the commercial loads, cabin equipment 1, and the actuation 

system 2. These can be provided by the battery in combination with load shedding decisions 

made by using the knapsack method developed in Chapter 5. Implementing the presented 

energy management strategy, the generator’s rated power can be kept to 150W instead of 

180W. The EPS will be controlled by acting on two main variables, the requested power of the 

loads (PL) and the state of charge (SOC) of the battery. In Fig. 8.16 is presented the flow-chart 

of the STATEs with the conditions for the transition, while TABLE 8.2 presents the EPS STATEs 

and the conditions for the transitions. These are based on the battery SOC (high, medium, 

low), and the PL (< 150W or > 150W).  
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Fig. 8.16. Flowchart of the FSM available STATEs for the experimental scenario 
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TABLE 8.2. State table used to define the SC behaviour 

SOC/PL PL < 150W PL > 150W 

SOC < 30% STATE 1: Battery discharged 
 

- Charging battery  
Pbatt = Pgen – PL → Pbat positive, 
charging operation  
Disconnect the load with the 
lowest priority level in order to 
do not overload the generator 
during the charging scenario 

- If SOC > 30 %, goto STATE 2 
- If PL > 150W, 

goto STATE 4  
 

STATE 4: Battery discharge + Overload 
Overload with low level of SOC 

 
Overload with low level of SOC 

- Apply knapsack method to shed 
load: 
In order to avoid generator’s 
overload, when the battery is 
discharged the Knapsack method 
needs to be applied, 
disconnecting the loads with the 
lowest priority (see TABLE 7.1) 

- If PL < 150W, 
goto STATE 1 
 

30%<SOC<
90%  

STATE2: Battery with medium charge 
 

- Charging battery with  

Pbatt = Pgen – PL → Pbatt positive, 
charging operation 
Disconnect the load with the 
lowest priority level in order to 
do not overload the generator 
during the charging scenario 

- If SOC>90% goto STATE 3  
- If PL > 150W, 

goto STATE 5  

STATE 5: Battery with medium charge + 
overload Peak condition with acceptable 

level of the SOC 

 
Peak condition with acceptable 
level of the SOC 

- Pbatt = Pgen – PL → Pbatt negative, 
discharging operation: 
The battery is providing power 

- If Pbatt < 15W 
Battery supplies power within its 
acceptable rating   
Pbatt = Pgen - PL  

- If Pbatt > 16W 
The battery delivered power is 
fixed to 16W (i) (Battery 
discharge rating power) 
The Knapsack method is applied 
to avoid generator’s overloads (ii) 
(i) Pbatt = 16W 
(ii) and apply knapsack method 
to identify and shed load by (PL – 
16W) 
 

- If SOC < 30% goto STATE 4 
- If PL < 150W goto STATE 2 

 

SOC >90% STATE 3: Normal conditions 
 

No action: 
The generator is able satisfy the 
power request   

- If PL > 150W, 
goto STATE 6  
 

 

STATE 6: Battery fully charged + overload 
Peak condition, battery fully charged 

Peak condition, battery fully 
charged 
 

- Pbatt = Pgen – PL → Pbatt negative, 
discharging operation: 
The battery is providing power 

- If Pbatt < 15W 
Battery supplies power within its 
acceptable rating   
Pbatt = Pgen - PL  

- If Pbatt > 16W 
The battery delivered power is 
fixed to 16W (i) (Battery 
discharge rating power) 
The Knapsack method is applied 
to avoid generator’s overloads (ii) 
(i) Pbatt = 16W 
(ii) and apply knapsack method 
to identify and shed load by (PL – 
16W) 
 

- If SOC < 90% goto STATE 5 
- If PL < 150 W goto STATE 3 
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TABLE 8.2 includes 6 STATEs, which are made to set-up the system during peak conditions 

(overloads) by applying reconfiguration and load allocation strategy. The variable Pbatt defines 

the amount and direction of the power flowing through the battery.  In each STATE, the value 

of Pbatt is calculated considering the requested power of the load PL and the delivered power 

from the generator Pgen. If the power request is higher than the battery capacity, the system 

will apply the knapsack optimisation discussed in Chapter 5. 

 

8.4.1 FSM description for the EPS emulator 

 

The FSM model is used to develop the algorithm presented in TABLE 8.14. In order to control 

of the system, the FSM will compute the SOC, Pgen, and PL as input variables and will give as 

outputs the status of the switches, C1 to C8, and the value of Pbatt. In Fig. 8.17 is shown the 

FSM block: 

 

 

Fig. 8.17. Input and output variables of the FSM 

 

The initialization of the system and the rating operations of the EPS, already presented in 

Chapter 7, are shown in Fig. 8.18, the ‘Start’ STATE and the STATE 3. 
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Fig. 8.18. Initialization STATE of the system and STATE 3 (normal conditions of the EPS) 

  

the ‘Start’ STATE is used to set the system variables, the matrix v, V, and s are used to calculate 

the solution for the knapsack problem and are set to zero (as already explained in the Chapter 

7), while the variable x, which is present in all the STATEs is used to take a record of the 

operating STATE. The variable sol1 is used to store the knapsack solution that will act on the 

switches, it is set to ‘1’ (switches closed/all the loads active) in the ‘Start’ STATE.  The variables 

L, M, H refer to the SOC of the battery (low, medium, high). Pbat is used to store the value of 

the calculated power delivered or absorbed to the battery, Px and Pbat_monitor is used to check 

the value of Pbat. The variables C1 to C8 are used to set the status of the switches and the 

variable x is used to take record of the system status. Once all the system variables are 

initialized the system goes into the STATE 3. The following is considered as scenario’ initial 

conditions: the SOC at high level (battery charged), the rated power request (150 W nominal 

conditions) and the battery disconnected. Assuming the aircraft is in cruise operation and 

neglecting faulty scenarios, the system could go in the following STATEs (referring to TABLE 

8.1 and 8.2): 

• Overload due to the activation of the de-icing system 

• Overload due to peak conditions of the loads 
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• Overload due to the combination of the activation of the de-icing system and load 

peak conditions 

In addition, the SC must consider the SOC status during the mentioned scenarios above. From 

TABLE 8.2 it is possible to see 6 states, but the behaviour of the system can be condensed in 

4 STATEs, since the STATE 6 and the STATE 5 are similar, as well as the STATE 1 and STATE 2, 

in which the only difference is a lower level of the SOC. Thus, in the experiment 2 main 

scenarios are considered: a peak request of the de-icing system and/or a peak request from 

the other loads with a high level of the SOC and with the low level of the SOC. In Fig. 8.19 the 

FSM code during the overload scenario when the SOC is high is depicted. 

 

 

Fig. 8.19. STATE 6 of the system, it reduces the generator’s overload using the battery or the knapsack 
optimisation 

 

In the STATE 6.1 the extra power requested from the loads is within a range of 15W, so the 

battery can help the generator: the power that is to be delivered by the battery is calculated 

and stored in the variable Pbat.  If the power request is greater than 15W the battery power 
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will be re-calculated, while the additional power request will be mitigated using the knapsack 

optimisation algorithm (in the STATE k6) and passing into the state 6.2. Applying the 

presented algorithm, the system can maintain the generator’s power within 150W. Fig. 8.20 

and Fig. 8.21 present the FSM code during rated conditions of the load (150W) with a low 

level of the SOC (STATE 1) and peak conditions of the de-icing system and/or the peak 

condition of the other loads with a low level of the SOC (STATE 4). 

 

 

Fig. 8.20. STATE 1, battery charging operations 

 

In the STATE 1 the battery is in charging operation, disconnecting the load 8 (refer to Fig. 

8.20), which is the one with the lowest priority level. Fig. 8.21 shows the code used to cover 

the scenario in which a load power peak arrives during charging operations (STATE 4). 
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Fig. 8.21. STATE 4, overload scenario during low level of the SOC 

 

If an overload occurs and the battery is discharged, the system goes into the STATE 4 where 

the charging operation is stopped, and the knapsack optimization (STATE K4.0 and STATE 

K4.1. The algorithm inside the states has been explained in the Chapter 5) and is applied in 

order to avoid the generator’s overload. If a second overload request occurs, the system will 

move in the STATE 4.2 to recalculate the distribution of the power and keep the de-icing 

system active. In the next section presented FSM will be tested through simulations. 
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8.4.2 Experimental results 

 

This section reports the experimental results for the described study case. It is divided in two 

different scenarios in order to show the operation with low SOC and with a high SOC with 

different power requests from the loads. In the first scenario the EPS is working at rated 

conditions with high level of the SOC. After 10s the system activates the ice-protection with 

a consequent increase of the requested power, in which, as already discussed in the Chapter 

7, the worst-case scenario is represented from 6 minutes of ice-protection peak. 

Furthermore, a peak power request from the other loads occurs during the ice-protection 

peak operation, in order to test the SC operation during multiple events. Moreover, in this 

experiment, the system must also take into account the voltage drops due to the non-ideal 

resistance of the components (wire, switches, etc..), thus the power will be slightly smaller 

than the reference values. 

 

Scenario 1: 

 

Fig. 8.22 shows the behaviour of the overall load power during the first scenario. For the first 

10s the system is working at rated conditions (145W considering the losses), when the de-

icing system starts to request the peak power the total load request rises from 145W to 159W, 

and the system moves to STATE6 (overload with high level of SOC). At the second 130 the 

system receives another extra power request from other loads (refer to TABLE 8.1); thus, the 

knapsack method is applied to reduce the power request from 174W to 159W by shedding 

16W from the load 8 (Commercial load 2) and load 6 (Cabin equipment 2). Following the state 

diagram presented in Fig. 8.15, the SC has to enable the battery to provide the power to cope 

with the extra demanded power from the de-icing system. While, when another power 

request arrives, the SC must use the knapsack optimization for avoiding the overload, which 

is obtained by shedding 16W. 
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Fig. 8.22. Behaviour of the load power during different overload operations (scenario 1) 

 

In Fig. 8.23 it’s possible to see that at t=10s the system starts to use the battery in order to 

cope with the overload request. The drained power from the battery is calculated by the SC 

and it’s around 16W (average value). From the plots of the load power and battery power, it’s 

also possible to see the fast response of the SC in changing the system STATE. Even in the case 

of the application of the knapsack method, the SC is fast enough (few milliseconds) to find 

the right sequence of the loads that need to be disconnected for avoiding the overload.  
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Fig. 8.23. Behaviour of the battery power during overload operation (scenario 1) 

 

From sec 130 to 150, the system receives another overload request from the other loads, 

although, for these experimental tests, the battery is not able to provide more than 16W; 

thus, the delivered power is set to 16W and the knapsack optimization is applied in order to 

shed the additional 16W of power request. In Fig. 8.24 is shown the behaviour of the 

generator power, it can be remarked how the control system keeps the delivered power 

around 145W. 
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Fig. 8.24. Behaviour of the generator power during different loading conditions 

 

The SOC of the battery is shown in Fig. 8.25, it shows how the battery is discharged during the 

overload scenario.  

 

 

Fig. 8.25. Behaviour of the SOC during the scenario 1 
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In order to confirm the behaviour of the SC, Fig. 8.26 shows the system STATEs during the 

scenario 1. Of note that the SC capabilities during the scenario, it can be observed how all the 

transitions from one STATE to another are processing with an almost no delay on the actions 

on the EPS. 

 

 

Fig. 8.26. STATE position of the system during the scenario 1  

 

The first scenario presented a situation in which the EPS must deal with multiple overload 

requests. In this case, the SC must work by monitoring the EPS status in real-time and be able 

to change the system configuration by adapting the power levels and re-distributing the loads. 

From the presented plots the SC successfully covered scenario 1, following all the predicted 

steps of the FSM algorithm.  
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Scenario 2: 

 

In Scenario 2, the system will receive the same overload request as the scenario 1, but the 

level of the SOC is low, thus the SC has the task to manage the variation of the loads without 

having help from the battery and try to charge the battery when the overloads are not 

present. In the Fig. 8.27 is shown the requested load power, initially the system is working at 

rated condition, but the level of the SOC is low, thus the SC sheds 8W of load (Load 8 - 

Commercial load 2) in order to start charging the battery. At the t=10s the system receives an 

overload request from the de-icing system (peak mode, 15W), the SC must stop the charging 

operation and apply the knapsack optimisation in order to avoid the overload of the 

generator. 

 

 

Fig. 8.27. Behaviour of the load power during the scenario 

 

Referring to Fig. 8.27, a second overload request arrives at t=130s, in this case the SC must 

compute the optimisation algorithm again applying the knapsack and shedding more loads. 

Fig. 8.28 shows the battery power characteristic before the overload occurs, then when the 

battery is in charging operation at 8W, and when disconnected during the peak mode of the 

de-icing (after 6 mins, or at t=360s). 
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Fig. 8.28. Characteristic of the battery power 

  

Fig. 8.29 reports the generator power during the scenario 2: similar to the scenario 1, the SC 

is able to keep the power within a range of 145W. 

 

 

Fig. 8.29. Behaviour of the generator power during the scenario 2 
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It’s possible to see the SOC level during the simulation time in Fig. 8.30, from which it is 

possible to see how the battery has been charged for a short period of time. 

 

 

Fig. 8.30. SOC level during the charging and overload operations 

 

Fig. 8.31 shows the operating STATEs during all the simulation time. 

 

Fig. 8.31. STATE position of the system during the scenario 2 
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The second scenario presented a situation in which the EPS must deal with multiple overload 

requests in the particular case of low SOC level. In this case, the SC, which is monitoring the 

EPS in real-time, detects a low level of the SOC and starts to charge the battery by 

disconnecting load 8 (Commercial load 2) which is the lowest priority one. Once a second 

overload occurs, the SC must apply the knapsack method to avoid the overload of the 

generator, and stop the battery charging for all the overload duration.  From the presented 

plots the SC successfully covered scenario 2, and once again following all the predicted steps 

of the FSM algorithm.  
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8.5 Conclusion 

 

This Chapter has presented the EPS emulator (test bench) for the verification of the developed 

in this work RCS and the LAP.  Details the implementation are given, including the FSM code 

used for the applications of the algorithms. Through the tests on a scaled test bench, the SC 

was able to change the system configuration based on the power request or the status of the 

system components. The experimental test has been performed by applying a study case 

scenario, in which the RCS and the LAP have been applied for the managing of a predefined 

load set. The experimental tests have demonstrated how the SC has the capability to control 

the power flow across the EPS giving the following contributions: 

• The SC can be easily applied to the MEA EPS using one single development tool to 

make the EPS more reliable and safer by controlling the EPS power flow. 

• The set of algorithms identified, implemented, and tested are computationally 

inexpensive and practically applicable to MEA EPS. Thus, the SC has the capability to 

make the EPS more flexible by monitoring its status, and act to modify the EPS 

behaviours according with the operational requests 

• The SC showed a fast response of the entire EPS, this enables an increased safety level 

since the system is instantaneously re-configured.  

Moreover, the SC can give an important boost in the aircraft electrification. Since the 

laboratory experiments showed efficient and fast capabilities of the SC to take actions in the 

system re-configuration, the method can be easily translated in as an important help for the 

management of the electrical systems on-board. An optimised management of the EPS can 

improve the performance under several side aspects: 

• Avoiding the overload of generators can lead lighter electrical machines to be installed 

on-board, since they do not need to be overrated 

• Having a fast response of the SC can enable the installation of several electrical 

components, such as multiple converters that are used to re-distribute the power on 

the buses and also giving to the EPS additional redundancy 

• The experimental test has demonstrated that the FSM can be used for developing 

complex algorithm, but in graphical language. This helps the developer to create 
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complex systems with reduced bugs. Moreover, a key component of the method is 

done by the modularity, thus more STATEs can be added to the existing model in case 

of needed 

The experimental test performed in this Chapter have never been demonstrated before, this 

is due to the fact that the previous methods, as explained in Chapter 2, were focused on the 

management of an isolated system in which each part of the EPS is controlled by a single 

board with an embedded code (i.e., real time C language). Thus, in this final experiment, the 

author has been demonstrating how a central unit has been used to control multiple devices, 

with a single tool that is composed by a graphical language, but capable to perform complex 

mathematical operations. 
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Chapter 9:  Conclusion  

 

9.1 Introduction 

  

Flying being the fastest and one of the safest ways to travel over long distances has led to a 

sharp increase in air traffic. Before the covid-19 pandemic that affected the entire planet, 

more than one hundred thousand of flights per day were scheduled. However, looking at the 

increasing number of air vehicles, it is extremely important to address the key issues related 

with it, including constant increase of the carbon dioxide emissions with their significant 

environmental impact, and air traffic noise. To cope with high air traffic demand, and to 

improve the overall aircraft performances, the introduction of the aircraft electrification 

seems to be the viable option to move forward the next air transport generation, and lead to 

a substantial increase of the electrical power budgets required onboard. However, as the 

electrical power systems became more complex, there is the need to implement a control 

system, which aims to guarantee their optimal operations under all possible flight scenario. 

This work has proposed a SC to ensure that the electrical network of the aircraft works under 

safety conditions with a higher level of reliability, and automatic system management.  

This has brought to achieve the following research objectives: 

• Develop a methodology to design of a SC that is capable to manage the entire MEA EPS 

o Moving to the enhanced performance and efficiency of the EPS, while respecting 

safety constraints 

• Automatization of the EPS reconfiguration during occurring or critical scenarios, with 

automatic switch of the power on the vital loads 

• Identify, implement and test practical and computationally inexpensive algorithms and 

tools for the design of the SC 

• Validate the selected approach, algorithms and tools through different study cases in 

simulation and in laboratory experiments 
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9.2 Research outcomes 

 

The research outcomes of thesis are presented herein. The main contributions along with the 

implications of the study are emphasised. 

 

9.2.1 Theoretical aspects 

 

Chapter 2 provided a comprehensive explanation of the methods that can be employed in the 

programming a SC. This is a key aspect, since this thesis work is focused on the electrical 

distribution system management, and how to apply a correct set of rules that allow all the 

correct system operations. Different type of algorithms and programming techniques are 

overviewed, and a final choice is justified. In the Chapter 3 a state-of-the-art of the aircraft 

electrical distribution systems has been presented, and potential candidates for the next 

generations of aircraft are reviewed. 

In Chapter 4, the theoretical aspects presented in Chapter 2 have been applied to one of the 

electrical distribution systems proposed in Chapter 3. The SC showed the capability to control 

the power flow across the EPS, and bringing additional advantages over the previously used 

methods presented in Chapter 2: 

• The SC can be easily applied to the MEA EPS using one single development tool 

• The set of algorithms identified, implemented, and tested are computationally 

inexpensive and practically applicable to MEA EPS. 

• The SC showed a fast response of the entire EPS, this enables an increased safety level 

since the system is instantaneously re-configured.  

• The SC is bult by using a graphical language leading to less bugs, so easier debugging 

• The FSM used to develop the SC is composed by STATEs. This method adds modularity 

to the code, which means a new STATE can be added without adding complexity to 

the FSM code 

Moreover, in Chapter 5, the supervisor controller has been used to optimize the power 

distribution across the electrical buses. The method consisted in using a complex 
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mathematical optimization, called knapsack problem, to find a solution that guarantees that 

the power provided from the source is always used to supply the loads respect to their level 

of priority. This method is particularly useful in an environment as the aircraft EPS, since there 

is a presence of critical loads, in which their power request cannot be cut off. This method 

confirmed that the SC, coupled with the FSM, is able to solve a scenario in which complex 

mathematical optimization is needed, as a plus, it has also been performed in a fast 

computational time.  

In Chapter 6, the management strategy has been applied to a realistic case study linked to 

ASPIRE project (see Chapter 6 for more details), demonstrating SC capabilities in managing 

the distribution of the power across the buses, and through the use of multiple converter 

cells. The outcome of the simulations confirmed the feasibility of implementing the SC to 

manage the entire EPS. In summary: 

• An approach has been developed for designing a SC that can be easily applied to the MEA 

electrical systems using one single development tool to make it efficient and safer 

• A set of algorithms and tools have been identified, implemented and tested as 

computationally inexpensive and practically applicable to MEA electrical system. 

For all the simulations, the SC has been built into the Simulink® environment, together with 

the electrical model of the electrical distribution system. 

 

9.2.1 Experimental aspects 

 

In order to validate the SC behaviour, a test bench has been developed, and the scenarios 

performed in the simulations have been replicated in the laboratory. In Chapter 7, it has been 

created a test case scenario, in which the following operations of a high voltage 270V bus 

have been simulated: 

• Normal operations with the battery disconnected  

• Overload operations with battery in discharging mode for helping the generator 

• Overload operations with battery discharged 

• Charging operations during a normal scenario 
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• Charging operations with a sudden overload 

• Re-distribution of the power through the use of knapsack method during normal 

operations 

• Re-distribution of the power through the use of Knapsack method during an overload 

scenario 

The test case scenario is then replicated in the laboratory on a test bench (physical EPS 

emulator) scaled in power and voltage. Chapter 8 has presented all the components used to 

assemble the experimental platform, and the experimental results have been compared with 

the test case scenario performed in Chapter 7. The conclusions of the experimental test 

showed how the SC manages the aircraft's electrical power network, achieving the same 

behaviour in both the test case scenario and the experimental test.  

Thus, the employment of the SC can give an important boost in aircraft electrification. Since 

the laboratory experiments showed efficient and fast capabilities of the SC to take actions in 

the system re-configuration, the method can easily be translated in as an important help for 

the management of the electrical systems on-board. An optimized management of the EPS 

can improve the performance under several side aspects: 

• Avoiding the overload of the generators can lead lighter electrical machines to install 

on-board, since they do not need to be overrated 

• Having a fast response of the SC can enable the installation of several electrical 

components, such as multiple converters that are used to re-distribute the power on 

the buses and also giving to the EPS additional redundancy 

Even in the experimental test, it has been demonstrated that the FSM can be used for 

developing complex algorithms with a graphical language. This helps the developer to create 

complex systems with reduced bugs. Moreover, a key component of the method is done by 

modularity, thus more STATEs can be added to the existing model in case of need.  

In conclusion, in both simulation and experimental test, the SC has demonstrated the 

capability of managing the entire system, performing fast computational operations in 

modifying the EPS state when needed.  
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9.3 Future research 

 

This thesis has aimed to contribute towards the future of aircraft electrification, especially in 

the field of electrical power systems management. Two main areas can be further 

investigated amongst many others. 

• The SC can be used to control the entire aircraft power network. This will enable new 

safety and reliability levels. In fact, the SC is capable to perform fast computational 

operations, and the EPS can be controlled also in the case of multiple buses. Indeed, 

one of the next steps could be consist of connecting multiple test benches on a single 

SC unit in order to test the behaviour and in more complex EPS architectures, thus, 

the electrical power system can be divided into multiple sub-systems and controlled 

by multiple SCs. This will give: 

o another level of redundancy to the entire network covering the possible failure 

of the SC units.  

Another future investigation could consist in connecting multiple SCs and divide them into 

master and slave units. This solution can provide: 

• additional redundancy to the control systems and give an optimization in terms of bus 

management.  

• The salve units can be used to manage a single bus or a portion of the EPS, while the 

Master can be used to manage the slave units enabling more complex and faster 

operations since more units are employed. 
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Appendix A – List of Simulink® Models  

 

 

Fig. 1. Simulink® model of the high voltage part of the EPS used for the simulation in Chapters 4, and 6 
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Fig. 2. Simulink® model of the High Voltage Variable load used for simulating the extra power request in 

chapters 4 and 6 
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Fig. 3 Simulink® model of the conversion stage connection from 270V to 28V 



Analytical approach to Electrical Distribution Systems for Aircraft 

183 
 

 

Fig. 4. Simulink® ideal model of the DC/DC converter (current-controlled) that connects the High voltage to 

Low voltage side 
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Fig. 5. Simulink® model of the Low voltage side 
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Fig. 6. Simulink® ideal model of the DC/DC converter (Voltage controlled) that connects the Battery to Low 

voltage side 
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Fig. 7. Simulink® model of the Low Voltage Variable load used for simulating the extra power request in 

chapters 4, 6, and 7 
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Fig. 8. Simulink® model of the conversion stage connection from 270V to 28V in ASPIRE project presented in 

Chapter 7 
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Fig. 9. Simulink® ideal model of the DC/DC converter (Current controlled) that connects the High voltage to 

Low voltage side with the bus switching capacity as described in the ASPIRE project in Chapter 7 
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Fig. 10. Simulink® model of the Finite State Machine used in Chapters 4 and 6 
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Fig. 11. Simulink® model of the FSM STATE1 used in Chapter 4 for the system initialization 
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Fig. 12. Simulink® model of the FSM, Generator’s failure event STATEs used in Chapter 4  
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Fig. 13. Simulink® model of the FSM, Converter’s failure event STATEs used in Chapter 4  

 



Analytical approach to Electrical Distribution Systems for Aircraft 

193 
 

 

Fig. 14. Simulink® model of the FSM, Generator’s failure and Converter’s failure event STATEs used in Chapter 

4  
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Fig. 15. Simulink® model of the Loads presented in chapter 7 
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Fig. 16. Simulink® diagram of the battery and converter connections 
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Fig. 17. Simulink® model of the ideal converter used in Chapter 7 
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Fig. 18. Simulink® model of the FSM and Algorithm used for applying the Knapsack code of Chapter 5, 7, and 8  
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