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Dynamic Simulation of the Electrical Energy Consumption of Future Regional All-Electric Aircraft

The paper presents a numerical tool named Shared Simulation Environment (SSE) developed within Clean Sky -Green Regional Aircraft (GRA) platform -All Electric Aircraft (AEA) domain.

In the All-Electric Aircraft an appropriate management of the electrical power available aboard is required to avoid excessive peaks of consumption with respect to generators capabilities.

The SSE aims at the dynamic simulation of the various onboard systems of the new all-electric GRA, with particular focus on the electrical energy absorption. Such a tool is developed in order to permit the design and the validation of the electrical energy management logics to be implemented aboard, which are under development within the project.

The paper briefly summarizes the scopes of GRA / AEA project and of the SSE tool. It describes the tool, the partners involved in its implementation, the energy management logics applied, the performances obtained and some examples of results.

INTRODUCTION

The goal of AEA project is to improve the environmental impact of aviation through a transition to all-electrical aircraft systems, in order to eliminate pneumatic power and hydraulic power [1].

Avoiding bleed air from the engine compressor increases the engine efficiency and to eliminate hydraulic power reduces the environmental impact of hydraulic fluids [START_REF] Howse | All Electric Aircraft[END_REF][START_REF] Emadi | Aircraft power systems: technology, state of the art, and future trends[END_REF][START_REF] Schettini | All-Electric Flight Control System and Landing Gear System Models for Power Assessment Studies[END_REF].

These objectives can only be achieved by properly monitoring and managing the electrical power requests through specific energy management logics to be implemented aboard the Allelectric aircraft to avoid temporary generator overloads, or possible lack of energy for powering safety-critical systems.

In this framework, the Shared Simulation Environment (SSE) tool, that is the numerical tool presented in this paper, is devoted to the simulation of the dynamic performance of the allelectrical on-board systems, with the particular aim of assessing the energy absorbed during the manoeuvres of the aircraft. The SSE is developed in order to permit the design and _______________________ ( 1 ) Corresponding author e-mail: e.denti@ing.unipi.it the validation of the electrical energy management logics under development within Clean Sky.

The models of on-board system are developed by dividing the work among Clean Sky partners, and also thanks to a Call for Proposals. And they are implemented using different simulation languages, and according to different levels of complexity.

The integration of the models in a single simulation environment (the SSE) is performed first at the University of Pisa, at a prototype level, and then thanks to a second Call for Proposals which aims at improving the SSE prototype, by transforming it in an high-quality simulation environment, having the features of an industrial software, to be used for the design and the validation of AEA plants.

The paper describes the architecture of SSE prototype and the methodologies used to integrate models developed in different simulation environments (AMESim, Dymola, Matlab/Simulink).

In addition, it illustrates the methodology used to have the models trimmed before the simulation starts, and the choice of key items, such as the integration solver and the time step. All these aspects have been treated with a special care to limit the computation time, in order to perform in reasonable times the large test campaigns needed for the validation of power management strategies.

PROJECT MANAGEMENT AND PARTICIPANTS

The AEA domain is lead by Alenia Aermacchi, and the 

MODELS FEATURES

The models of the on-board systems are developed accordingly More precisely, UniPi is responsible for developing the SSE in a prototype form using Matlab/Simulink as the integration platform, then, thanks to the CfP 2011, an improved version will be developed. This will implement a high quality user interface, as well as co-simulation and multi-rate features, in order to improve as much as possible the software performance. The CfP 2011 was won by TWT GmbH Science & Innovation GMBH with a proposal named i-SSE [START_REF] Radermacher | Co-simulation for design, optimization and validation of all-electric aircraft systems[END_REF].

THE SSE PROTOTYPE

The SSE prototype is developed at UniPi using Matlab/Simulink as integration environment. It integrates the models at the functional level (Level 2), while the behavioural level models will be integrated into the final version of the SSE.

Figure 1 shows the high level scheme of the SSE prototype. A particular interface exists between EMS and ECS because it is not possible to obtain a reduction of the electrical power absorbed by the ECS by simply reducing the voltage available for the ECS itself. Actually, the EMS can ask the ECS for a reduction of the electrical power absorbed by the ECS itself (see Command to ECS in Figure 1). In its turn, the ECS sends warnings to the EMS when it cannot further reduce the power absorbed, because its performance can go out from the required range or because there is the risk of a compressor stall (ECS output flags).

Executive Secretariat 6 Rue Galilée 75016 PARIS Phone : 33 (0) 1 56 64 12 35 Fax : 33 (0) 1 56 64 12 31 E-mail : alexa.faucher@aaaf.asso.fr This approach, based on the progressive enabling, dramatically reduces also the possibility of incurring in the divergence of some systems during the trim-search phase.

MODELS INTEGRATION AND SIMULATION PERFORMANCE

The SSE prototype has to integrate into Simulink models written using Dymola/Modelica, AMESim and Matlab/Simulink. This can be done using two different methods. The first one is to convert Dymola/Modelica and AMESim models into Simulink S-Functions, and to import the S-Functions into Simulink. The second one is to use the co-simulation.

The main difference between the two methodologies is that in the first case all the models use the Simulink solver, while in the second case each model uses the solver of its own development environment.

Executive Secretariat 6 Rue Galilée 75016 PARIS Phone : 33 (0) 1 56 64 12 35 Fax : 33 (0) 1 56 64 12 31 E-mail : alexa.faucher@aaaf.asso.fr This is probably due to the fact that AMESim is able optimize the performance by automatically change the solver and the integration time step used, when it runs models developed in its own environment. This optimization is lost when the models are imported into Simulink.

The second method gave good results for both Dymola and AMESim.

For this reason, the SSE prototype uses both methods: it imports Dymola models as S-Functions and runs AMESim in co-simulation.

With this configuration we obtained quite good results, because the ration between computational time and simulation time is about 5. This means that a typical regional aircraft mission of 1.5 hours requires a computational time of about 7.5 hours.

This result has been obtained using the Simulink ode23 variable step solver.

This result can be considered acceptable for the SSE prototype, also because the manoeuvres to be simulated to validate the energy management logics will generally be limited to flight phases lasting a few minutes.

it is worth noting that fixed step integration methods are not suitable to be used because of the short integration step (between 10 -4 and 10 -5 seconds) required by the high frequency models (EPGS, FCS and LGS). This short step is used for all models, including those that could run with larger steps (ECS and CT), and it is not changed during the whole simulation. This has strong repercussions on the computation time.

EXAMPLE OF RESULTS

The SSE configuration used for the tests presented here, refers to the 90-pax turboprop regional A/C. In the following conditions: Max Continuous (Cruise), One Engine Operative, Two Electrical Generators Operative, ECS pack ON.

The EMS acts:

at High Frequency on SSPCs contactors which supply: the contrary, the action on the de-icing can reduce the supply voltage up to a value that is set at the 50% of the nominal voltage of 270 Volts. Finally, the action on the ECS is made through a specific interface, as explained above.

The two generators in parallel supply all loads. Such a configuration can be easily changed to test other architectures.

For example, one generator could supply the loads commanded by the EMS, and the other generator the other loads.

The EMS threshold was set at 140 KW. This value is based on the rough estimate of power absorptions shown in Table 4.

The central column in such a table reports an estimate of the continuous power absorptions in a cruise condition. The right column reports the maximum estimate peak loads, when FCS absorbs its maximum power [START_REF] Schettini | All-Electric Flight Control System and Landing Gear System Models for Power Assessment Studies[END_REF], the LG is actuated, and the de-Icing is on. The data reported in bold are those controlled by the EMS. The values reported in Table 4 were obtained partly by running system models and partly through the analysis of the requirements of these systems established by the partner responsible for of the systems themselves.

If we assume that in the continuous conditions we want to use 4).

This means that in the maximum peak conditions, without a proper action on the ECS, the systems would absorb the 97.5% Figure 4 shows the corresponding variation in the A/C cabin temperature around the target value o 23 degrees. It is possible to observe, also here, the cyclic behaviour due to the variations in ECS power.

It is worth noting that the total power in Figure 3 almost always remains below 145 KW, with the exception of fast peaks that reach 175 kW for very short times (less than 0.5 s). This seems to be a very good result although further tests with a more severe intervention of FCS must be done.

SSE FINAL IMPLEMENTATION

The behavioural models of LGS and FCS are developed within E-Bird project (CfP 2010). The remaining behavioural models are provided by the other organizations that participate into the GRA ITD. The final integration of SSE will be made within the iSSE project (CfP 2011) [START_REF] Radermacher | Co-simulation for design, optimization and validation of all-electric aircraft systems[END_REF].

CONCLUSIONS

The implementation of the SSE prototype is concluded even if extensive tests are still to be done to tune and validate the models. The activity showed that it is possible to integrate into Simulink the models developed using Dymola and AMESim, without particular problems. The integration can be done via cosimulation or by importing Dymola and AMESim models into Simulink as S-functions. However, the specific AMESim model that simulates the Cabin Thermal balance runs much better using the co-simulation approach because of the automatic optimization of the solver made by AMESim during the simulation. For this reason, the SSE prototype implements all the models in Matlab/Simulink (Dymola models are imported as S-functions) except for the Cabin Thermal model that runs in co-simulation. Under this configuration, the best results were obtained using the ode23 variable step solver, which lead to a value near to 5 for the ratio between the computational time and simulation time. This result is also due to the particular method used to find the initial trim of the systems. This method 

  responsible for the implementation of one or more models. The Department of Civil and Industrial Engineering -Aerospace Division -of the University of Pisa (UniPi) is a member of Airgreen cluster, together with the Polytechnic of Turin and Piaggio Aero Industries S.p.A.

  All the models simulate the electrical current absorbed and the thermal flow of A/C systems, as functions of pilot commands, environmental conditions, flight conditions and the voltage made available by the EMS. In addition, the models provide further outputs (not shown in Figure1) characterizing system performances, which allow to assess if the system works in compliance with the assigned requirements. Such outputs are for example power absorbed, LGS extension/retraction velocity, FCS surface deflections, ECS mass flow. The block named Mission profile loads, as input data, the time histories of A/C manoeuvres, together with pilot commands and outside environmental conditions. Such data are obtained "offline" by a flight simulator, developed at UniPi, able to reproduce typical missions of a regional turboprop A/C by means of specific autopilots driven by a flight management system. The block named Cabin temperature controller regulates the temperature of A/C cabin. It reads the cabin reference temperature from the Mission profile block and the actual cabin temperature from the Cabin Thermal model block, and it sends proper commands to the ECS depending on the difference between the two temperatures. The command to the ECS is the target value, requested by the internal ECS controller, of the temperature of the air flow provided by the ECS to A/C cabin. The Cabin Thermal model evaluates the temperature inside the A/C cabin as a function of outside ambient conditions and of the air flow from ECS, by taking into account: the solar radiation, the thermal flows through the cabin walls, the heat produced by passengers, avionics and utilities, and the heat transport through the different A/C compartments. The electrical current absorbed by all the systems is fed back to the EPGS model which evaluates possible variations of the supply voltage with respect to the nominal value of 270 vols. On the basis of such a voltage and of the currents absorbed, the EMS model applies the energy management strategies and regulates the voltage supplied to the various systems. The EMS model developed by ALA in Dymola-Modelica includes EMS logics, some Solid State Power Controllers (SSPCs) and a High Voltage DC Bus-bar (on a single generation channel). It continuously monitors the EPGS current and its time derivative. When an overload condition is detected, the logics operate before on the SSPCs contactors to obtain a faster power absorption reduction (High frequency action). If the overload persists, the logics request the ECS to reduce the power absorbed by the ECS itself (Low frequency action) [6].

Fig. 1 :

 1 Fig. 1: SSE prototype high level scheme

Fig. 2 :

 2 Fig. 2: Dummy shift of input time histories Several tests have been performed to assess the SSE prototype performance in terms of the correlation among the computation time (the key performance parameter) and the methodology used for models integration, the solver and the integration step. The PC used for the tests is a dual-processor, 64 bit, six-core system, which is the high-end of workstations launched by Intel in 2009. The first method gave good results for Dymola but not for AMESim. Actually, the AMESim Cabin Thermal model runs very fast in AMESim (few seconds for 1000 seconds of simulation time), while the computation time dramatically increases when it is imported in Simulink via S-function.

  IPS (De icing function) -at Low Frequency (e) on the ECS The action of EMS on the first three loads -a), b), c) -can make the supply voltage of these loads vanish, if necessary. On

  of MCPR. (last row in Table 4) Conversely, the quick action of the EMS on the loads (a), (b), (c) and (d) can immediately reduce this percentage up to an estimated value of 87%. This is obtained by recovering 5 KW from (a), (b) and (c) and roughly 15 KW from (d).With a slower action, the EMS can then achieve a significant reduction of the power absorbed by the ECS. If we estimate this reduction in approximately 35 kW, the power consumption can drop up to the 80% of MCPR with the only action on the ECS, and the other loads can be restored.As an example of this behaviour, Figure3presents the results of a simulation carried out at sea level in a "cold day". The upper plots give the total power absorbed and those absorbed by Anti-icing, Equipment/Furnishing, Internal Lights, Entertainment, De-Icing, end ECS. The lower plots give the Electrical voltages supplying the same systems. The two plots in the right column are zooms in a shorter time-window. They are reported in order to show the action of the EMS on the voltages and the corresponding effects on the electrical powers absorbed.The powers absorbed by the other systems are not reported because they are constant and set to the following values (KW): to see that when the total power reaches the threshold of 140 kW (at about 780 s) the EMS immediately acts on the voltages of (a), (b), (c) and (d), and also it began to demand a reduction of the ECS power. When the ECS power is reduced, the EMS reactivates the other loads. Afterwards the EMS tries to increase again the power available for the ECS until the threshold is reached once more, and so on. This leads in this test to a periodic behaviour which starts at about 1600 seconds.

  Fig. 3: Simulation results

Fig. 4 :

 4 Fig. 4: SSE Simulation results

Table 3 :

 3 The block named Other Systems implements Utilities & Avionics models. The integration of the Fuel System (FS) model is not performed at this stage because the FS is not commanded by the EMS and it is not a key system for the purposes of the project. SW integration

	Models	Level 2	Level 3
	Electrical Power Distribution System (EPDS) Energy Management System (EMS)	Dymola Modelica
	Cabin Thermal model (CT)	AMESim
	Fuel System (FS)	Flowmaster	Not
	Utilities & Avionics	Dymola Modelica	necessary
	Electrical Power Generation and	Matlab
	Distribution System (EPGDS)	Simulink
	Ice Protection System (IPS)	Dymola Modelica
	Environmental Control System	Matlab	Matlab
	(ECS)	Simulink	Simulink
	Electrical Power Generation	Matlab	Sypnosis
	equipment (EPGS)	Simulink	Saber
	Flight Control System (FCS)	Matlab Simulink	Dymola Modelica
	Landing Gear System (LGS)	Matlab Simulink	Dymola Modelica
	Table 2: Simulation tools used
	SW	Integration environment	Responsibility
	SSE prototype	Matlab/Simulink	UniPi
	SSE final version	Dymola/Modelica	CfP 2011

It includes: -Electrical Power Generation System (EPGS) -Energy Management System (EMS) -Flight Control System (FCS) -Landing Gear System (LGS) -Ice Protection System (IPS) Executive Secretariat 6 Rue Galilée 75016 PARIS Phone : 33 (0) 1 56 64 12 35 Fax : 33 (0) 1 56 64 12 31 E-mail : alexa.faucher@aaaf.asso.fr -Environmental Control System (ECS) -Cabin Thermal model (CT)
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	input EEquipments EPGS (internal loss)		Max continuous original 1.00	Max peak 2.00
		FCS		4.00	20.00
		LGS		0.00	t	3.00
	FS Time range added to let the 2.00 systems to reach the "trim" Avionics and External lights (AV) 2.00	2.00 2.00
	input	Anti Icing Equipment/Furnishing (a) 150 sec Internal lights (b)	50.00 modified 3.00 2.00	50.00 3.00 2.00
		Entertainment	(c)	1.00	1.00
		De-Icing ECS	(d) (e)	0.00 75.00	35.00 t 75.00
		TOTAL		140	195
	Maximum Continuous Power Rating of the generators (MCPR)	200	200
	Percentage used of MCPR		70%	97.5%
		Table 4: 90-pax -Systems Total Electrical Power
		and generators load (kW)
	the generators, this results in a value equal to 200 KW of the
	MCPR itself (penultimate row in Table	

the 70% of the Maximum Continuous Power Rating (MCPR) of
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