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ABSTRACT  

 
This work presents a modelling framework to enable comparison and trade-off study of different 
aircraft system architectures. The framework integrates a computational module to select feasible 

architectures with a modelling platform that simulates the power generation, distribution and fuel 

consumption of the aircraft as well as system-level models for the system being evaluated. Its 
capabilities are demonstrated for the case of the electrification of the primary flight control system 

(PFCS) using different electric technologies (EHA, EMA) and different levels of electrification ranging 
from the conventional hydraulic to the all-electric. The performances of different architectures are 

analysed with respect to the change in the mechanical power extracted from the engine, the weight 
and the fuel burn of the aircraft. The framework demonstrates the capability of evaluating multiple, 

different, system architectures in a way that is scalable for different systems or different aircraft. It 

supports a designer evaluating the aircraft-level impact of their design choice at system-level, and it 
can aid in assessing technology options early in the design process. 
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1 INTRODUCTION  

 
The number of passengers transported by commercial aircraft is expected to double by 2035 [1] and 

as the aviation industry rises to meet those market needs, some considerations need to be taken. The 

increase in passenger numbers means an increase in the environmental impacts of aircraft, and an 
increase in the number of aircraft being designed and built in a short period of time. To outline clear 

goals that take these and other factors into account, the Advisory Council for Aeronautics Research in 
Europe (ACARE) set clear goals for the aviation industry to reach by the year 2050 [2]: A reduction in 

perceived noise to one half of current average levels, a 50% cut in carbon dioxide (CO2) emissions 

per passenger kilometre and an 80% cut in nitrogen oxide (NOx) emissions. In addition to the 
environmental goals, ACARE proposes to establish ways in which different companies are able to 

work together more effectively. This enhanced collaboration in conjunction with advanced tools, 
methods and processes would allow the time to market of new products to be reduced.  

In this context, the European Commission launched the Clean Sky 2 Joint Technology Initiative [3], a 
public-private partnership which provides funding for research and development of the processes, 

tools and technologies that will enable the aviation industry to reach the goals set out by ACARE. The 

studies presented in this paper are conducted within the ModellIng and Simulation tools for Systems 
IntegratiON on Aircraft (MISSION) project [4] which is funded by Clean Sky 2. The MISSION project 

aims to develop an integrated framework capable of supporting aircraft design, development, and 
validation processes. The development of such a framework presents many challenges [5, 6]. 

Specifically, this paper focuses on the trade-off comparison of different aircraft power architectures. 

To enable this comparison, several modules are integrated: a modelling platform to simulate power 
generation, transformation and distribution at aircraft-level; a computational module to filter sets of 

feasible architectures; and system-level models. The framework is demonstrated for the case study of 
the electrification of the aircraft’s flight control system using different technologies and different levels 

of electrification ranging from the conventional hydraulic to the completely electric.  

The challenge is that the conceptual phase of the design process of aircraft involves the largest 
amount of design freedom, and while this allows the designer the opportunity to explore numerous 

solutions, the effective exploration of the vastness of the potential overall trade space is difficult. The 
overall trade space comprises of a set of feasible architectures that can provide the necessary 

functions and the design space for the individual systems and components of each architecture. 
Effective exploration and evaluation of the overall trade space is becoming increasingly important in 

the aerospace domain due to the emergence of several technologies that can be used as drivers of 

systems within the aircraft. This allows for the possibility of unearthing innovative architecture and 
design solutions that may not conform to conventional architectures and designs of the past 

generations of aircraft via a systematic exploration of this design space. Because of the combinatorial 
explosion of the number of candidate architectures, an automated architecture exploration and 

filtering process is essential to narrow down the design space to a list of feasible candidate solutions.   

This work follows on the steps taken within previous European Union (EU) research frameworks. 
Several other projects have undertaken efforts to improve aircraft design, development, validation 

and verification processes. For example, within the sixth framework program (FP6), Vivace [7] 
developed a collaborative enterprise to support the aeronautic product engineering life cycle, Moet [8] 

developed a framework for the integrated design of validated electrical technologies for More-Electric 
Aircraft (MEA); in the seventh framework programme (FP7), Toica  [9] created an integrated platform 

for the aircraft thermal system, Across [10] created an integrated framework for cockpit design and 

Crescendo [11] laid the foundations for the Behavioural Digital Aircraft up to MISSION in the current 
Horizon 2020 Clean Sky 2 Initiative. 

In the same vein as the Moet project mentioned above, one of the key design evolutions the 
MISSION project will support is the progressive electrification of aircraft towards MEA and All-Electric 

Aircraft (AEA). There are numerous efforts reported in current literature [12,13,14,15] that give an 

overview of the key technology enablers for MEA. One such enabler is the electrification of the 
actuation system of the aircraft and subsequent removal of the hydraulic power system, which 

motivates the choice of this case study to demonstrate the MISSION framework. Previous work in this 
topic is extensive and a selection of the most relevant efforts in the context of this paper is presented 

below. In Jackson [16], the author compares a conventional hydraulic actuation and a hybrid 

architecture featuring both Electro-Hydrostatic Actuators (EHAs) and hydraulic actuators this 
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approach didn’t address Electro-Mechanical Actuators (EMA). To be able to study a complete electric 

architecture, a deeper study of the power architecture of the aircraft had to be undertaken. Liscouet-
Hanke [17] and Lammering [18] analysed different power architectures but focused on a small 

number of options for each system. De Tenorio [19] and Armstrong [20] proposed approaches to 

manage a larger number of alternatives through the use of Model Based System Engineering (MBSE) 
techniques, but the number of options for individual systems was still limited. Chakraborty [21] 

proposed a methodology to enable the analysis of changes at the system-level, but uses heuristics to 
reduce the size of the design space to a small subset of architectures.  

The increase in electrification causes the electric loads to become larger and operational requirements 
to increase. These were studied further by Armstrong [22], Seresinhe and Lawson [23] and Xia [24]. 

The loads required by the actuators have to be calculated through performance models: Servo-

Hydraulic Actuators (SHA) and EHA are more mature technologies that have been implemented in 
commercial aircraft such as the A380 or the B787, therefore there is more information available; for 

the study of EMAs, and the EU-funded project Actuation 2015 [25] provided a number of resources.  
Once all the available technology options are clear, the different options for a system can be 

considered and the design space for that system explored in greater detail. Bauer et al. and Haitao et 
al. [26,27] proposed methods and constraints to explore the optimization of the different primary 
flight control actuation architectures. The approach taken to the architecture exploration of the 

Primary Flight Control System (PFCS) in this paper follows the method introduced in Ref [28] and [29] 
by Becz et al. and Zeidner et al. to explore the design space, and then couples it with a model of the 

power platform of the aircraft and models of the different types of the actuator to enable the trade-
off comparison among architectures. 

The paper is structured as follows: Section 2 describes the case study chosen. In Section 3 a 

description of the overall process is presented, as well as the method followed in each of the 
modules. Section 4 shows the results of the evaluation of several architectures and their comparison. 

Finally, Section 5 summarises the conclusions and discusses further improvements and future work.    

 
2 CASE STUDY 

 
The electrification of the primary flight control actuation system is an ongoing effort in the aviation 

industry; therefore it was chosen as a representative case study to demonstrate the MISSION 

framework. An architecture evaluation tool was adopted to down select a representative subset of 
feasible architectures with varying degrees of electrification. The architectures chosen determined the 

technology type and number of each type of actuator for each control surface. 
The case study was a single-aisle commercial aircraft with a conventional configuration, such as the 

Airbus A320, performing a typical mission. The configuration of the PFCS for an A320 was taken as 
the starting point [30]: Each of the flight control surfaces has to be moved by 2 to 3 actuators, each 

characterised by their geometry, attachment characteristics, kinematics, components, aerodynamic 

loads, stroke, speed, etc.  
The scope of this study was limited to PFC actuators. The main actuators studied were: 

 Aileron actuators (2 surfaces and 2 actuators per surface on A320) 

 Elevator actuators (2 surfaces and 2 actuators per surface on A320) 

 Rudder actuators (1 surface and 3 actuators on A320) 

A large number of possible architectures was generated due to various possible technologies (namely 
SHA, EMA and EHA) and the different locations where they can be placed.  The control surface 

configuration of the A320 and the redundancy rules imposed by regulation were respected. During an 

initial run it was found that, despite the number of constraints imposed, the size of the design space 
remained large and many of the possible architectures had a similar impact on the aircraft 

performance. This motivated the choice to discuss architectures that are feasible and significantly 
differ from each other in order to demonstrate the framework. 

 
3 METHOD 

 
The framework discussed in this paper includes several modules that are integrated to enable 
architecture trade-offs, namely, a computational architecture exploration tool that filters sets of 
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feasible architectures, a power platform to simulate the power distribution of the aircraft, and system-

level models. The first step in the proposed process involved the identification of requirements. The 
next step was to identify the geometry for a conventional (tube-and-wing) aircraft. These 

specifications then served as inputs to the aircraft architecture exploration tool, and the other 

modules. The tool searched for architecture solutions based on different technology solutions for 
different systems, functional requirements (e.g., consistency in generation and distribution technology 

types) and safety constraints (e.g., reliability requirements). After feasible architectures are identified 
they were fed into the power platform. The power platform provided estimates for several aircraft-

level metrics such as mass and fuel burn, which were then used to analyse the performance of the 
architectures. 

The aircraft size, geometry, mission requirements and regulation translated into system-level 

requirements and determined the primary flight control actuators size and behaviour. The distribution 
model calculated the amount and type of power it needed to deliver to the primary flight control 

model, taking into account power losses, space constraints and redundancy requirements. Based on 
the amount of power that needs to be distributed, the power platform calculated the performance 

and size of the power extraction and conversion systems (i.e. electric generators, hydraulic pumps, 

etc.) subject to space, mass and reliability constraints. Knowing the power required by the power 
conversion systems enabled the sizing of the power sources (engine and auxiliary power unit) and the 

change in their performance. Finally, all of the aircraft-level impacts (weight, drag, fuel efficiency) 
from all the systems were compounded to calculate the aircraft performance. The process was 

repeated for several architectures and the performance results were compared. 
 

3.1 Architecture selection  
 

This paper exploited the Architecture Evaluation and Enumeration (AEE) method [28,29] developed at 
United Technologies Research Center to demonstrate the use case of exploring primary flight control 

architectures. The AEE method is a novel solution strategy that provides a systematic, rigorous and 

exhaustive exploration of the technology and architecture design space for new application domains. 
This method follows a multi-level filtering process, wherein the design trade space is adaptively 

reduced in successive refinement levels. Typically, this method employs two levels of successive 
filtering, though this method can be extended to several more levels. In the first level of this two-

level filtering process, AEE used an abstraction of the architecture design space to rapidly explore the 

design space and identify feasible solutions. This set of feasible solutions was further screened using 
higher fidelity analysis in the second level. Figure 1 illustrates the AEE technology screening process. 

Ref 29 explains in more detail the AEE method and the application case study of investigating 
alternative aircraft power systems.  
 

 
Figure 1: Illustration of the AEE method [29] 
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The goal of the flight control architecture problem implemented using the AEE method was to identify 
a feasible collection of control surfaces, Flight Control Computers (FCCs), power sources and 

actuators forming feasible architectures. This design problem of identifying promising flight control 
system architectures was based on the problem formulation and technological constraints proposed 

by Bauer et al. [26]. Some of the technological constraints imposed are:  
 Each actuator must be connected to the appropriate power source type. For instance, a SHA 

must be connected to a hydraulic power source; an EMA must be connected to an electric 

power source. 

 Depending on the actuators in the architecture, an appropriate power source (hydraulic 

and/or electric) must be generated 
 Each actuator must be connected to at least one FCC and to a maximum of two FCCs 

 Each actuator must be connected to only one control surface 

 Each primary flight control surfaces must be connected to at least two actuators 

 The actuators for each primary flight control surface must be of different types 

These technological constraints served as the first refinement level in the AEE method and reduced 

the architecture design space to a manageable list of feasible architectures. To demonstrate the 
solution approach for the trade-off comparison between different primary flight control architectures, 

the list of feasible architectures identified at the first level was down selected to a set of significantly 

different architectures which were then evaluated using the power platform. 
 

3.2 Power Platform 
 

The power platform is composed of models for different aircraft systems. It requires that a 

representative subset of the systems involved in aircraft functions is modelled so as to capture the full 

effects of the technology change in the interaction between essential aircraft systems. An example of 
the system models involved is depicted in Figure 2. These models can be realised at different levels of 

detail depending on fidelity needs and computational budget. 
 

  
Figure 2: Simplified view of the systems involved in the power platform 

 

The scope of the power platform includes, amongst others, models of the mass, electrical 
performance, mechanical performance. Developing such aircraft-wide models requires associated 

models in the system as well as a certain level of detail in the geometry of the aircraft. For example, 
the mass calculation of the primary flight control system required models of the actuators attached to 

the wing and tail control surfaces, and the associated hydraulic (pipes, reservoir etc.) or electric lines 

(power electronics, cables etc.). It also required knowledge of the size and position of the flight 
control surfaces and the flight control requirements of the aircraft. This level of detail drives the need 

for key inputs or design characteristics from an aircraft sizing model such as aircraft loads, structure, 
configuration, and from the system architecture evaluation tool such as number of components, 

technology type etc. 
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The power generation and distribution systems depend strongly on the amount of power required by 

the power sinks. The schematic flow of data for the power platform is given in Figure 3. Each of the 
blocks is a system model that is implemented in the power platform to capture the overall flow of 

different kinds of power and their impact on aircraft performance. For the present case study, all the 

architectures were compared to a baseline aircraft configuration including a pneumatic power system 
and an all-hydraulic actuation configuration unless otherwise specified.  
 

 
Figure 3: Schematic of the power platform data flow 

 
 

3.3 System models 
 

For the purpose of this paper, three different types of actuators were considered: SHA, EMA and EHA. 
In addition to the actuator themselves, the change from a hydraulically-powered actuator to an 

electrically powered actuator means that the power distribution lines and the power generating 

systems also need to be modelled.  
Modelling of systems involves sizing the system for the worst case scenario and estimating its mission 

performance. The worst cases are derived from regulation and occur at points during the flight 
envelope where performing certain manoeuvres imposes the greatest hinge moments on the control 

surfaces which, in turn, defines the maximum power required by the actuators. These manoeuvres 
are outlined in certification specification documents from the Federal Aviation Administration and the 

European Aviation Safety Agency for large commercial airplanes [31,32]. The requirements for the 

ailerons are given in FAR/CS 25.349, for the elevators in FAR/CS 25.255 and for the rudder they occur 
in cases where one engine fails as outlined in FAR/CS 25.147.  

Since the actuator performance under worst case conditions drives the sizing of the actuator system’s 
components involved in the use case, a model that captures the dynamics of the actuator is needed. 

However, dynamic models are too computationally expensive when many architectures are being 

considered, therefore, the dynamic models are run offline for the different cases and the results 
integrated in lookup tables. The power platform can then choose the correct set of data for the 

different mission cases. The choice spans three dimensions: the type of actuator (SHA, EMA, EHA), 
the control surface involved (aileron, elevator, rudder) and the mission conditions.  

The first cases run were the worst case scenarios for the maximum hinge moment and maximum 
deflection of the surface. The geometry of the control surfaces, their wing attachment points and 

hinge structure is fixed for a given aircraft. The size and geometry of the actuator varies depending 

on the max power required for a given manoeuvre. The maximum power required is also used when 
calculating the power budget for the whole aircraft in the emergency conditions of rejected take-off 

and one-engine landing, since those cases will be the limiting cases for the power consumption and 
availability of the aircraft as a whole [23,24]. 

However, during normal operation, the control surfaces do not experience limiting loads and their 

angle of deflection is small as manoeuvres are performed during larger time intervals. During regular 
operation, the actuator has to keep the control surface steady under aerodynamic conditions and 

deflect the surface according to the command given. An example manoeuvre is the command to 
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deflect the control surface 5 degrees one direction, hold for some time, then deflect it in the other 

direction and then back to the zero deflection position, all of these subject to wind gusts of varying 
intensity modelled as simple disturbances. The power required for this type of manoeuvre is much 

smaller than the sizing condition and, therefore, the models were also run for normal operational 

conditions to reflect the power required at different mission points in a normal operation mission 
profile. Worst case conditions are used to size the capacity of the distribution lines for different power 

systems, their length is fixed by the geometry of the aircraft. The generators or pumps were also 
sized for the worst case scenario but their number is fixed according to general design rules. The 

power losses in the transformation and distribution of the power are computed using normal 
operation conditions for the given mission profile and worst case conditions for the emergency cases.  

   
4 RESULTS 

 
As explained in Section 3.3 above, certain command manoeuvres are given for different operation 

conditions. The maximum force on the control surface hinge associated with the manoeuvre for 
emergency conditions (with an added safety factor) represents the stall load the actuator is rated for, 

and therefore, its sizing point. The comparison between two electric actuators and the baseline 
performance obtained from running the models for each control surface under the same stall load 

conditions is presented in Figure 4. The power consumed by the electric actuators was compared to 

the SHA performance by calculating the hydraulic power needed from the mass flow rate and 
pressure of the system. 

 
Figure 4: Comparison of EHA and EMA Actuator to Baseline 

 

Figure 4 shows that both EMA and EHA are significantly heavier than the conventional hydraulic 

solution: the EHA doubles and the EMA almost triples the weight of the conventional solution. The 
benefit from using EMAs and EHAs in terms of power consumption is also illustrated. From the 

analysis of the single actuators, the option with the best performance for a given mission can’t be 
established since the lower power consumption of the EMA might balance out its larger mass. 

Therefore, the need to analyse the effects this change in technology at aircraft-level becomes 

apparent early in design process.  
As explained in section 3.1, there are many feasible architectures possible, all were compared to a 

baseline of an all-hydraulic architecture as present in the previous generation of single-aisle aircraft. 
While the results presented in this section are limited to one design of the actuators, and it is likely 

that their performance could be improved when more details are known later in the design process, 

the comparison between the different architectures still serves to showcase the examples of trade-
offs that exist when choosing different technologies to perform the same function. It might also be 

used to build new derivative designs using legacy models 
The first set of architectures that were analysed was composed of hybrid architectures where each 

control surface is powered by both hydraulic and electric actuators. Current aircraft such as the A380, 

A350 and B787 have some EHAs as part of the primary flight control configuration even if in a backup 
role. EMAs have not yet flown commercially due to reliability issues such as jamming but they are 
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expected to once these issues are addressed so the case of architectures including both hydraulics 

and EMAs was also studied [15].   
 

 
Figure 5: Comparison of hybrid architectures with distributed hydraulic and electric power 

 

Figure 5 shows that the hybrid architecture with both hydraulic actuators and EMAs is both more 

efficient in terms of power required, and heavier than the baseline and the EHA hybrid architecture, 
as expected from the results in Figure 4. However, it also shows that while the architecture with EHAs 

still consumes more fuel overall than the baseline, its lighter weight results in slightly better fuel 
efficiency than the architecture with EMAs. Both hybrid architectures are, nevertheless, less fuel 

efficient and heavier than the conventional, largely due to the greater mass of the actuator 

themselves, increase their overall impact on the systems weight. 
One of the significant theoretical advantages of converting to electric actuation systems is the 

reduction in the hydraulic distribution system which is both heavy and causes problems due to 
leakage of fluid [14] and other maintenance issues. In the architectures presented above, each 

surface now needs to be provided with both electric and hydraulic distribution lines and the 
associated the weight penalty that represents. In the next set of hybrid architectures studied, all the 

actuators in either wing or empennage will be either hydraulic or electric, with the electrically 

powered control surfaces including both types of electric actuators for the sake of redundancy. In 
order to assess the impact the reduction in the distribution lines may have other surfaces such as the 

spoilers in the wing and the horizontal stabilizer in the tail, they are also electrified with respect to the 
baseline.  
 

 
Figure 6: Comparison of hybrid architectures with completely electric surfaces 
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For the case of electrifying the empennage, the weight reduction in the hydraulic system offsets a 

large amount of the weight gain due to the heavier actuator as seen in Figure 6. This fact, coupled 
with the reduction in power extracted from the engine, causes the architecture with the electrified tail 

to burn only 0.1% more fuel than the baseline, well within the margin of error in the conceptual 

design. In the case of electrifying the wing, the benefits are not so immediately evident due to the 
fact that a lot of the remaining hydraulic architecture remains in the wings due to the position of the 

main landing gear and the engines; therefore the reduction in weight is significantly less.  
Once the benefits of having only one type of distribution lines to the surface was demonstrated, the 

next step was to investigate a fully electric primary flight control system, such as in the case of an All-
Electric-Aircraft. The first electric architecture studied features both EMAs and EHAs on all surfaces, 

but the cases of the all-EHA and all-EMA architecture were also studied to observe the full impact of 

each technology. For all cases, the hydraulic systems in the aircraft were replaced with their electric 
counterparts so the weight of the hydraulic system is eliminated.   
 

 
Figure 7: Comparison of all electric actuation architectures 

 

Figure 7 shows that the all-electric actuation architectures all require less power from the engine but 

they are also all significantly heavier (more than 15% increase). This weight increase is due to the 
individual actuator weight as well as the increase in the electric system weight caused by the higher 

loads required. Although, overall these electric actuation architectures consume from 1 to 2 % more 
fuel than the baseline, the huge impact of weight on the fuel burn performance of the aircraft shown 

here indicates that if the power density of the system models improves, the fuel efficiency could be 

reduced to baseline levels or even further. 
These results demonstrate the capability of the MISSION framework to support trade-off analysis, 

both in terms of the type of design choices and the aircraft-level impacts. The results are, 
nonetheless, dependent on the system models chosen and the optimization of these would lead to 

changes at the aircraft-level and likely better performance. In addition, when the aircraft 

manufacturer is making a design decision there are many other factors to consider such as safety 
concerns, ease of maintenance, modularity of the design etc. which are not yet captured in the 

framework.  

 
5 CONCLUSION 

  
This paper proposed and discussed a methodological framework for the trade-off analysis of early 

design decisions for the use case of electrifying the Primary Flight Control System of a short range, 
single aisle aircraft. The type of performance data that can be assessed as well as the range of 

architectures that can be evaluated was illustrated. Future developments include the optimization of 
the system model accounting for its aircraft-level impact, and expanding the results shown to take 

into account metrics such as emissions, maintenance and cost. The results discussed in this paper 
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demonstrated that the framework can assist large-scale evaluation of many similar architectures; it 

can be expanded to aircraft of different size and different configurations at system-level. The final 
goal is allowing an aircraft manufacturer or supplier to assess the impact of a system change at 

aircraft-level for a range of design options early in design process.  
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