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Abstract-The local DC Power Distribution System of More converters and cable insulation. Currently, this DC system is
Electric Aircraft has to be able to sustain bidirectional not totally reversible, but for optimization reasons (efficiency
power flow to and from electromechanical devices. and availability increase for example), it could be reversible
Because the mechanical source (Turbine Engine) isin the future. Some storage and dissipation systems are then
unidirectional, some storage and dissipation systems arenecessary to store or/and dissipate the returned energy to
necessary to store or/and dissipate the returned energy tomaintain the DC bus voltage.
maintain the DC bus voltage to the reference value. Some power management strategies with hybrid energy
Different power management strategies are proposed and storage systems (batteries and supercapacitors) are presented
compared. The development of experimental test benchesin [3] and [4] for electric vehicles. The objectives of these
is necessary to validate these strategies. In this paper, wgpower management strategies are to increase efficiency and to
present a 3kW test bench, emulating a unidirectional minimize energy requirements. But the dynamic of the load
source that supplies a bidirectional load with the help of a profile in the aeronautic domain is faster than in other
hybrid system using supercapacitors and a dissipation application fields (hybrid electric vehicles, power distribution
system. The experimental validation of the power systems and wind power) [2]. In this context, a hybrid storage
management strategies is presented in this paper too. and dissipation system is investigated to ensure dynamic
compensation and security [5]. Some control and supervision
strategies are proposed in this paper with the objectives to
L. INTRODUCTION ensure DC bus voltage in the range of acceptable tolerance

The aeronautic transportation burns a good part of fi&d to optimize energy efficiency.
world's oil resources, being a major source of pollution. ADifferent supervision strategies are proposed, based on
solution for energy economy is to use smart on-board systefPle P1 controller or on fuzzy logic. Fuzzy logic allows us
management strategies in order to reduce oil consumption hcEnsure simultaneously different objectives like voltage
the emissions of greenhouse gas. Also, by increasing H@Pility, energy efficiency and storage availability, for

energy efficiency of air transportation and storing the energgtance' Fuzzy logic is a well adapted tool to design multi-

recovered from the electrical machines, we are contributingdgi€ctive management strategies [3], [6], [7] and [8]. In order
this reduction in consumption. to compare the different strategies, two criteria are defined:

In this context, the More Electric Aircraft (MEA) has beed°lt2ge performance and efficiency.
put forward. It becomes the trend of the future aircraft.
Thanks to the progress of power electronics allowing more 1. POWERSYSTEMUNDERSTUDY
reliable and high performance energy conversion, there ar L .
more and more electrical equipmentg)?nstalled in the aircraf ?he D_C Io_cal power d|str|but|0n_ system un(_jer study is
The replacement of mechanical, hydraulic and pneuma? own In Fig. 1. This network mclude_s 2 mdependent
idirectional sources and 3 loads in which 2 are

actuators by an electrical equivalent is one of the mqgst, "~ ; T
important innovations [1] of MEA. In MEA, a generato idirectional, and a hybrid storage.and dissipation system.
driven by the reactor offers a variable frequency AC powgperg’g]yt h((aGPeSgrator Control Unit) ensures the voltage

because the Constant Speed Drive (CSD) has been rem .
for mass reduction reasons [2]. Currently, the main networ € rate_d voltage of DC bus is 270 V, but the aqcep_table
erance is between 250 V and 280 V as shown in Fig. 2

in the airplane remains a 400Hz AC network. The use of )
local DC Power Distribution System (PDS) makes it possib?ézcordmg to the standard MIL-STD-704 [9)]. . .
the mechanical source (Turbine Engine) is

to reach the subsystems optimum in order to get som j ional. the P M G
benefits, like a weight reduction for example. Indeed, a D¢ldirectional, the Permanent Magnet Generator (PMG)

network needs only 2 power cables to transport electri{c@nmt regenerate power. When the sum of returned power of

power whereas the AC network needs 3 power cables. ﬁdl anc_i load2 is greater than the power consumed by load
allows us to reduce the number of electronic powgr the anti-runback devices will stop the returned power,
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Fig. 1 Local DC on-board network with hybrid stoeaand dissipation system.
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which will be stored in the capacitors. It will cauan over-
voltage of the DC bus.

The hybrid storage and dissipation system (shiowig. 1)
can be used to solve this problem. A resistor agsatwith a
chopper can compensate the dynamic weakness efdtage
system. It also ensures the security of the systenase of
DC voltage increase when the storage system isagatl

[l. POWERFLOW MANAGEMENT STRATEGIES

A. SUPERVISION STRATEGIES

Different power management objectives may besiciened:
- To maintain the DC bus voltage in the range afeptable
tolerance;
- To optimize energy efficiency and then to minieithe
dissipated power;
- To ensure the availability of the storage system.

The design of the supervision strategies hatake into
account different constraints:
- The PMG with anti-runback diodes is unidirectibsaurce;

- The voltage standard MIL-STD-704;
- The capacity of the storage system;
- The dynamic of the storage system.

The bidirectional load, the storage system am@ t
dissipation system are controlled in power. Thisw@o
reference will be determined by the supervisiortesys Two
levels of power management strategies will be amrsid
individually as shown in Fig. 3. The first leveltdemines the
total absorbed or generated power reference ofhifoid
system, Py 1 Dy measuring generation currehf, bus
voltageV,,, State Of ChargeSOC) of the storage system and
the output power of the storage systBm, . The second
level splits thePyq rer i two parts: the part to storyger rer,
and the part to dissipatByiss_rer-

For each level, two strategies are proposedisiistrategy
with a single objective and a more complex strataggeting
more objectives, based on fuzzy logic. Fuzzy |ladiows us
to ensure simultaneously different objectives likeltage
stability, energy efficiency and storage availapili3], [6],
[7] and [8].

For the first level |, the proposed strategiag dhe
following:

- A simple Proportional Integral controller (Pl) igh
controls the DC bus voltage (single objective);

- A Minimum supplied Power (MP) strategy which also
controls the DC bus voltage, but maintains the PiMiBking
and takes into account the SOC. Due to these mijéetives
approach, fuzzy logic has been used to develostiasegy.

For the second level, the proposed strategies the
following:

- A Full Compensation (FC) strategy which compessadhe
dynamic weakness of the storage system by consglexi
simple power balance;

- A Voltage Band (VB) strategy which optimizes emer
efficiency by maximizing storage. The voltage stod
tolerance is considered with the help of a fuzzgido
approach.
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Fig. 4 Global structure of each power managemeatesfy

Fig. 4 shows the global structure of the différ@ower
management strategies presented in the supengggiam of
Fig. 3. The input variables are determined by thiedives of
each strategy. Finally, by combining the differ@gnbposed
strategies, four global supervision strategies mbagy
considered. The detail of each strategy will bespntéed in
the following parts.

B. SUPERVISON LEVEL |

The aim of the first level is to determine tli¢at needed

diodes are turned off and the voltage controllethef PMG

cannot control the bus voltage any more. The hybygtem

plays the role of bus voltage controller. Bus wpdtais

measured to calculate the power which should beswoed

or stored in order to balance exceeding power. Phe
controller can be used to calculate this referqgpmeer value
Pwia_re. As the impedance value of the power cable
relatively small in comparison with the capacitatue, the PI
controller is calculated with the help of a firstler model of
the equivalent bus capacitor.

2)  Minimum supplied power (MP)

In the previous control strategy, when recovepeder is
greater than consumed power, the power suppliedhby
generator becomes null because the anti-runbadesliare
turned off. If the current is always nonzero, thd@ will
take over the voltage control. The descriptionhis function
is shown in Fig. 5. The power convention is defiresl
follows: consumed power is positive and generaaqp is
negative.

As shown in Fig. 5, the total loads power isvghadn solid
line. When the returned power of bidirectional ls@&lgreater
than the consumed power of the unidirectional |otd
power will be negative. The supplied power of thel®
without the MP strategy is shown in dashed line.eWihe
total loads power is negative, the primary sourb#GPdoes
not supply power any more. The supplied power efRIMG
with the MP strategy is shown in dash-dot line. Whhke
total loads power is greater than a “minimum sugapli
power”, the supplied power is equal to the totald® power.
When the total loads power is less than the minirsupplied
power, the hybrid system will play a role of consunio
make sure the diodes do not turn off.

In the distribution system, there are always esom
unidirectional loads that consume quasi constamtepoThe
value of the “minimum supplied power” is configured
according to this “minimum consumed power”.

The objectives of this strategy are then:

1. To slow down the decreasing tendency of the lsagp
power in order to avoid turning off the diodes.

2. When the diodes are turned off, the hybrid syss&ould
take over the bus voltage control because the Plsi@hat
continue to control the bus voltage any more.

3. The storage system can also help the primamcepBMG,
to supply the peak power requirement of the loads.

Moreover, the power management strategy shaildel into
account the limited capacity of the storage system.

According to these objectives and constraiths,generator
current lgen, the bus voltagevy,s and theSOC should be

power reference to balance consumed power and isdppbkupervised. These variables are the inputs ofsthegegy and

power.
1) Proportional Integral controller (PI)
The objective of this strategy is to maintain B voltage.

When the bidirectional loads return power and wientotal
returned power is greater than the consumed pother,

the total power referend@qy (e is the output variable. Fuzzy
logic is well adapted to develop this multi-objeeti
supervisor.

Fig. 6 shows the evolution . « vs. theSOC and the
generator currerte, whenVy,sis equal to 300V. It shows the
relationship between input and output variablesioled with
fuzzy logic.
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C. SUPERVISONLEVEL I

The objective of the supervision level Il is to isghe
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Fig. 7 Membership functions of output variable kttee VB strategy
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The rated voltage of the bus is 270 V, but tbeeptable
tolerance is between 250 V and 280 V as shown ¢n Ei
according to the standard MIL-STD-704 [9]. An olijee of
this strategy is to use the dissipation systemittle las
possible. A fuzzy logic supervisor is used in thisategy to
determine a partition coefficierk in order to create the
Psor ree 8NPy e references as expressed in (2).

Pdissi_ref =k* Ptotal_ref
Pstor_ref = (1— k)* Protal_ref (2)

The bus voltage and its evolutiof4t) are considered as

the inputs of the supervisor.

P et Detween the storage and the dissipation systems in

order to achieve the objectives of minimizing thesghated
power and to compensate the dynamic of the st@gstem.

1) Full Compensation (FC)

The objective of this strategy is to compensatediamic

weakness of the storage system. Because of thagsto

system dynamics, its output pow®x o, cannot reach the
power reference instantly. In this case, the daBip system
is used to dissipate the exceeding polgg . This strategy
is expressed in (1).
Pstor_ref = Ptotal_ref
Pdissi_ref = Ptotal_ref - Pstor_out

(1)

2) Voltage Band (VB)

The objectives of this strategy are to minimdissipated
power and to compensate the slower dynamic behavithre
storage system.

V.

A 3kW test bench has been developed to emulatenan
board network (Fig. 17). Thanks to its high dynasmiong
lifetime and good efficiency, supercapacitors ahesen to
play the role of the storage system.

The experimental results presented in followingurfes

EXPERIMENTAL RESULTS

r(Figs. 9 - 16) show the behavior of the power iistion

system in two cases: single objective strategy dach
supervision level using Pl and FC strategies, andtim
objective strategy for each supervision level usumyy logic
MP and VB strategies.

The experimental tests are performed using &mesload
variation pattern for both strategies, positive fonsumption
and negative for generation.

Figs. 9 — 12 reveal the results for mono-objectpproach
using PI+FC strategies. As shown in Fig. 12 thegnéevel
stored in supercapacitor is decreasing as no aiditaken to
control the energy storage level in this storageoge
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Fig. 12 Supercapacitor energy storage level foFElstrategy

To visualize the partition of the power dissipa{@diss)
and the power stored’$c), and are shown in Fig. 11.
The difference between gyfmg and Vs is due to anti-
parallel diodes voltage drop, when they are in cetidn
(Fig.9).

Figs. 13 — 16 show the results for multi-objeeti
strategies i.e. MP+VB. Fig. 16 demonstrate the athge
of these strategies concerning the energy levekdtn
supercapacitor. In this case the energy stotagel is
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Fig. 15 Active powers for the hybrid storage arskitiation
system with MP+VB strategy
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Fig. 16 Supercapacitor energy storage level for VB strategy

maintained around medium level in order to keegsenve
for charging and also for discharging.

The dissipated power (Fig. 15) is neglectableamparison
with the energy stored in the supercapacitor.

V. CONCLUSIONS

The local DC Power Distribution System of Moledfric
Aircraft is one of the cores of the electric powansmission.



Bidirectional load

i|Laboratory P:/f\;z;M - ; ) " |Laboraton
: network Con [JIJProtectep : Filter network |!
i No. 1 ' !
E j r V depmg E E
DS1104 | DS1103 |

;  Siorage system ! Dissipation system

E <= G |

Control I:(> i Supercapacitof pywym | ! Bl pPwm 1

e conv f— ——e L' Conv :

Mesure ' No.4 | | 1| No. 4 !

. TV ¥

| DS1104 |

Fig. 17. Test bench with hybrid storage and disgipasystem.

In this paper, different power management stragediave Distribution System of More Electric Aircraft3th International Conference

; _Ahianti on Modeling and Smulation of Electric Machines, Converters and Systems
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. .. . . [7] L. Leclercq, B. Robyns and J. Grave, “Contraksbd on fuzzy logic of a
comparison between the two supervision technigsi@sade. fywheel energy storage system associated with il diesel generators”,

The multi-objective approach (MP+VB) is more complrit  Mathematics and Computersin Smulation, no. 63, pp. 271-280, June 2003.
gives better results especially in terms of ener@ L. Karunarathne, J.T. Economou and K. Knowl€sizzy Logic Control

At s Strategy for Fuel Cell/Battery Aerospace Propulsiystem”|EEE Vehicle
- +
management. The mono ObJeCt!Ve approach (PI. FCysgi Power and Propulsion Conference (VPPC), September 3-5, 2008, Harbin,
good results but has the handicap of energy s@ioralr cpina
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and dissipation system. The proposed power manageme

strategies have then been experimentally testedaithted.
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