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Abstract

This paper investigates the power and energy flows for a kinetic energy recovery system from a landing aircraft. The
concept studied here uses electrical motors installed at the wheels to produce regenerative braking during rollout. This
energy is stored temporarily into a flywheel energy storage device and is then transferred back to the wheels for
engineless taxiing. The paper develops an aircraft dynamics model to assess the bi-directional power and energy
transfer. The model is tested with two case studies; the A320 and the ATR-72 aircraft, thus assessing a wide spectrum
for short haul flights. Simulated results show that during normal operation, there is sufficient energy that can be
harvested from a landing aircraft that may be used for taxiing purposes. However, the short rollout time places a
stringent demand on the system which is limited by the safety aspect of performance limited runways or busy major
airports requiring minimum runway occupancy time operation. This limitation can be overcome by increasing the
motor torque rating.

1. Introduction

As part of the efforts towards the abatement of climate change, the European Union (EU) has set aggressive targets for
the reduction of emissions from air travel. While in the last decade, R&D targeted the airborne phase, the EU is now
legislating so that all aircraft movements on the ground will be emission-free by 2050 [1]. Airport carbon footprint
analysis and accreditation demonstrate that aircraft ground movement accounts between 5-20% of all airport emissions
[2]. Conventionally, engine thrust is used during taxiing to provide forward propulsion. A typical 10-minute taxiing
process for a narrow body aircraft consumes approximately 100 kg of fuel with a considerable amount of carbon and
NOx pollutants released at ground level. The reduction of emissions on the ground is important as it has strong links
with respiratory illnesses, amongst others. As airports and cities continue to grow, these get in closer proximity to each
other, heightening the effects of the problem.

The environmental impact of the various taxiing techniques with reference to the baseline standard taxiing method was
studied [3]. It was shown that onboard technologies have lower taxiing emissions than the use of tow trucks. The latter
can only be truly effective if electric trucks are used and the energy used to charge their batteries is provided by a high
percentage of renewables with low emission index. Onboard solutions offer fewer logistical challenges to implement
and allow aircraft to maintain their autonomy in airport operations. This characteristic is preferred by airlines which
are keen to remove dependencies. However, studies on electrical taxiing showed that while motor technology was
viable, the auxiliary power unit (APU) had to be redesigned such that the generator would be able to supply sufficient
electrical power to the in-wheel motors [4]. This would result in a costly retrofit. This paper addresses this shortcoming
and proposes that a portion of the kinetic energy of the aircraft is recovered during the landing rollout. The concept
studied here uses electrical motors installed at the wheels to produce regenerative braking during landing. This energy
is stored temporarily into a flywheel energy storage device and is then transferred back to the wheels for engineless
taxiing. A flywheel energy storage system (FESS) was selected due to its high-power density and high energy density
characteristics. A schematic of the system components and the energy flow between them is shown in Figure 1. In our
work, we consider a slow-speed, high torque traction motor (TMs) installed at each wheel of the main landing gear
(MLG). The TMs are mechanically coupled to the wheels and electrically coupled via a power electronic converter to
a high-speed flywheel machine, which in turn is mechanically coupled to a composite flywheel.

The study presented here investigates the power flows that happen whilst charging and discharging the flywheel. The
paper is therefore organised in the following manner. Section 2 provides an overview of the aircraft dynamics during
landing and taxiing, with the respective forces acting on the system components. Section 3 presents the model
developed to establish the bidirectional energy and power flows. The model is applied to two case studies: A short
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haul, single aisle aircraft A320 and a regional aircraft ATR72. The case studies and the respective aircraft parameters
are presented in Section 4. The results are presented in Section 5 and finally a discussion and conclusion are presented
in Section 6.

| Energy flow during landing and deceleration >

Slow-speed High-speed Flywheel energy
electrical machine electrical machine storage
Aircraft landing gear
< Energy flow during engine-less taxiing |

== Mechanical coupling
€= ==P Electrical coupling

Figure 1: Schematic showing the main parts of the system and the direction of the energy flow.

2. Aircraft Dynamics Theory

Having described the overall system, this section describes the aircraft dynamics theory and the forces acting on the
aircraft during taxiing as shown in Figure 2.

Foe +—
FFV

Aerodynamic Drag, .
Rolling Resistance,

Grade Force, Fgr

Figure 2: Forces acting on an aircraft on the ground during taxi

The dynamics model considers the longitudinal forces acting on the aircraft during ground movement. The forces
combine to form the traction force Fi- driving the aircraft and the opposing force F,. The difference between the two
forces yields the linear acceleration, as expressed in (1) where m. is the mass of the aircraft, and Z—: the linear
acceleration.

d
Fo = Fy =mg = e

The opposing force F, is composed of three main components, mainly the rolling resistance F, the aerodynamic
resistance Fe. and the gradient resistance Fy- as in (2).

Fy = By + Fae + Fyr (2)

The rolling resistance represents the hysteresis losses in the tires. It is characterised by the z4+ coefficient as shown in
(3), where g is the gravitational constant while « is the taxiway slope.
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Ey = phymggcos(a) ®)

The aerodynamic resistance Fue is the drag produced by the aircraft. It is determined by the drag equation (4), where p
is the density of the air, Awing is the equivalent wing area, Cp is the aircraft drag polar coefficient and v is the linear
velocity of the aircraft.

1
Fae = EpAwingCsz (4)

The taxiway slope presents an additional component to the opposing forces, and this is represented by (5).
F,y = magsin(a) (5)
2.1 Landing Roll Forces

A typical medium haul aircraft uses multiple techniques to aid the deceleration during the landing roll. These include,
ground spoilers on top of the wings to add drag, reverse thrust that directs the engine thrust backwards and disc braking
on the MLG. During the landing roll these braking forces combine together with the opposing forces and the traction
force produced by the motors (acting in the opposing direction) to create a deceleration force. Since « is typically = 0,
all braking forces are assumed to act in the horizontal plane. The spoiler drag F, is determined by the drag formula
(6), where Ay is the frontal area of the spoilers, and Cse is the coefficient of drag (CoD) for a rectangular plate in an
airflow. The frontal area, Asp, of the spoilers is determined by (7) where ny, is the number of spoilers, L is the length of
one spoiler, b is the width, and Guax is the deflection of the spoilers during landing. According to Mahmood et al [5],
the total reverse thrust produced by the aircraft engines F: is proportional to the forward velocity of the aircraft. The
variation is quite linear with a low gradient, so the thrust was taken as constant, & (8), throughout the landing roll. The
reverse thrust is on until deselected by the pilot when the aircraft speed drops to 70 knots (aircraft limitation).

1
Fsp = EpAspCSPU2 (6)
Agp = NgpLbsin (0r44) (7
Frt = krt (8)

The braking force produced by the MLG brakes Fir, depends on how the brakes are applied during the rollout. The
brakes can be commanded by the pilot by exerting pressure on the brake pedal, or in the case of a typical medium haul
aircraft, through the autobrake function based on the set deceleration value. For this study, the autobrake function is
used. The force Fir is added onto the TM force to achieve the set deceleration.

2.2 Flywheel Energy Storage

The power flow in the flywheel for charging and discharging operation is shown in (9) and (10) respectively. The
efficiency 7c represents the power losses in the power converter while 7. accounts for the losses in the electrical
machines. The number of TMs in the system is defined by nm, the torque per TM by 77, and the angular rotation of
the TMs by omv. The resulting flywheel motor torque is given by (11), where 7y, is the flywheel motor torque and
wpy 1s the angular rotation of the flywheel motor.

chg __
Pew = —NpclemMrmTru@rm ©
dcg __ 1 1
Py = —— NryTryPrm (10)
Npc Nem
_ Prw
Trw = Py (11)

Neglecting friction, the flywheel dynamic equation is shown in (12), where Jrwis the moment of inertia of the flywheel.
The energy stored in the flywheel can be represented by (13).



DOI: 10.13009/EUCASS2023-688

A. Manicolo, C. Caruana, and R. Camilleri

d
]FW% =Trw (12)

Epw = %]FW(‘)FWZ (13)
3. Software Modelling

A software model was designed and implemented in MATLAB Simulink. It is comprised of five blocks, where the
Rollout and Taxi blocks drive the Aircraft dynamics block. The output of the latter block then allows calculation of
the power transfer with the flywheel and subsequently the energy stored. A schematic diagram of the software model
is shown in Figure 3. The following sub sections describe the individual blocks of the model.
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Figure 3: Schematic diagram of the software model

3.1 Aircraft Dynamics Block

The Aircraft Dynamics block implements the longitudinal dynamics described by (1) - (5). The block is expressed in
terms of torque at the shaft of the TMs as in (14), where 7 is the radius of the MLG wheel.

d d
nTM]TM%: Tr _T(F;; +mad_1;) (14)

Expressing the linear velocity v in terms of the rotational speed mrm, as expressed in (15), allows combining the TM
inertia with the aircraft mass to obtain the total equivalent inertia Jr as shown in (16). The total equivalent inertia is
expressed in (17), considering that Jrv << Jr.

V=TWry (15)

d 1

dom = L (= TE) (16)
Jr = eyl + mar? = mgr? (17)

The aircraft mass ma is kept as an input variable to reflect the difference in fuel mass between taxi in and taxi out
phases. The block outputs the rotational speed wrms and its derivative, from which the aircraft linear velocity v and
acceleration « are calculated.

3.2 Landing Roll Block

The landing roll block is driven by a constant deceleration setting d, and allows setting of different braking
configurations through the three component braking forces, i.e. engine reverse thrust, ground spoilers and wheel disc
brakes. The reference deceleration d as demanded by the autobrake setting is compared to the actual deceleration from
the Aircraft Dynamics block to determine the required TM and disc brake torques. The engine reverse thrust and ground
spoilers’ forces were expressed in (6) and (8). The resulting traction torque during roll operation is expressed in (18).
The traction torque is positive when the TM is supplying traction force in the forward direction whereas it is negative
when the TM is being used to provide a braking force during the landing roll.
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.[trrou =NrmTrm — T(Frt + F, + Fbr) (18)

The block is only operational during the first 30s of the simulation. This setting allowed adequate time for the aircraft
to decelerate to a safe taxi speed after landing for the different scenarios which were simulated.

3.3 Taxi Block

The taxi block is driven by a velocity profile representing the taxi-in from runway vacation until stopping at the gate,
a stationary period at the gate and a taxi out sequence to the take-off point.

The predefined taxi profile, as shown in the upper plot of Figure 5 (a), consists of a sequence made up of 5 minutes
taxiing from the runway to the stand, 5 minutes stopped at the gate and 5 minutes taxiing out for a new flight. These
average taxi time values were derived from historical values for different airports as published by Eurocontrol [6]. The
turnaround at the gate is usually much longer than 5 minutes but this value was assumed in order to contain the
simulation time and assuming that there are no significant changes in the flywheel energy during this time. An evolution
of this profile was produced in order to study the effect of introducing a deceleration/acceleration segment during taxi,
as can be seen in the upper plots of Figure 9 (a) and (b). The segments were introduced during the engine idle period
or when the engines were shut down.

Aircraft engine manufacturers require a cooldown/warmup period after/before applying high engine thrust in order to
achieve thermal stabilisation in the engine core. This requirement is considered in the taxi block, where the engine
idle thrust is added onto the TM thrust for the required period. The idle thrust is assumed constant from taxi speed until
engine shutdown after landing and from engine start until the takeoff point during taxi-out.

The taxi block determines the torque requirement from the TMs by comparing the actual aircraft speed to that set by
the taxi profile. The block then outputs the total traction torque as expressed in (19), where Fue, is the thrust produced
by the main engines. The torque generated by the TMs is positive when it is providing forward traction, whilst it is
negative whenever it is providing braking. Priority is given to regenerative braking during the taxi profiles so the wheel
brakes were not used. During the cooldown/warmup period, the main engine force, Fine will be constant equal to the
idle thrust, ki: as shown in (20).

ngxi =NyyTry T TFpe (19)

Fme = kit (20)

The switchover between the landing roll block and the taxi block occurs when the aircraft speed reduces to a safe taxi
speed threshold of 20 knots during the landing roll.

3.4 Flywheel Power and Energy Blocks

The flywheel power and energy blocks work out the power and energy flows that occur between the TMs and the
flywheel motor according to equations (9) — (13). The flywheel power block is driven by the total TM torque nrwzrm
and the rotational speed to determine the power flow between the TMs and the flywheel. The block considers efficiency
values for the electrical machines and the power convertor. The power flow for charging and discharging operation
was presented in (9) and (10) respectively.

The flywheel energy blocks is driven by the power to determine the flywheel torque trw as per (9) and (10). The block
implements (12) and (13) to determine the flywheel rotational speed wrw and stored energy Erw respectively. The
minimum flywheel speed is limited to 10% of the rated value. When the speed reaches this limit, further discharge is
disabled requiring the use of the main engines for completing the taxi profile.

4. Case Studies

Having discussed the model and its governing equations, this section turns its focus to its application to two case
studies. Short haul flights are efficiently performed through regional jets and single-aisle, narrow body aircraft such as
the Airbus A320 and Boeing 737 aircraft. In Europe and the US, low-cost carrier dominate the short haul market. Such
airlines have a typical turnaround time of approximately 25 minutes, with each aircraft managing between 3-5 flights
daily. This is important in our context as every aircraft in the fleet spends more time on the ground, and consumes over
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1 tonne of fuel for taxiing operations per day. To enhance the return on investment on such a system and provide a
unique opportunity to turn an existing emission problem into a green solution. This paper considers two narrow body
aircraft, the Airbus A320 and the ATR-72, illustrated in Figure 4 respectively. These were strategically chosen to
represent both ends of the spectrum of the narrow body aircraft class and to examine the scalability of the proposed
system.

Figure 4: The A320 NEO (left) and ATR-72 (right) considered as case studies in this paper. Images from [7,8].

The Airbus A320 NEO is a popular twin jet aircraft capable of carrying up to 194 passengers with a maximum range
of 6300km. It is one of the most commonly used aircraft in Europe and around the world for short haul and medium
haul flights. It has a Maximum Take-Off Weight (MTOW) of 79 tonnes, depending on options. Conversely, the ATR-
72 is a twin-engine turboprop aircraft that is primarily used for regional and short-haul flights. It is capable of carrying
72 passengers in a single aisle configuration with a maximum range of approximately 2800km and a MTOW up to
23 tonnes.

The landing gear of both aircraft is very similar and consists of two main gears positioned in the mid-section of the
aircraft and a steerable nose gear that is located in the front section of the aircraft. Each MLG has two main wheels on
a single hub and retracts inboard in the fuselage. The nosewheel also has two wheels that retract forward, beneath the
nose section. Both aircraft are thus suitable contenders for the installation of TMs on the MLG.

The A320 has an autobrake system with three different settings that can be set by the pilot during the setup for landing
depending on the landing performance required and the runway condition. LO and MED are the two settings that are
used for landing. Ground spoilers located on the wings engage as soon as the aircraft touches the ground. The primary
use for these spoilers is to dump lift from the wing and transfer the whole weight of the aircraft on the landing gear
thus making wheel braking more effective. The spoiler panels create additional drag that aid in the deceleration process.
The A320 has reverse thrust on the engines, achieved by blocker doors in the bypass section of the engine. When
operated, airflow through the engine is directed to oppose the forward motion of the aircraft. These three mentioned
features are not present on the ATR-72, mainly due to the lower energy requirement to decelerate the considerably
lighter aircraft.

4.1 Aircraft Parameters

Table 1 presents the different parameter categories which were used in the model to create a realistic representation of
the aircraft in question. The physical aircraft parameters category describes the dimensions, weight and the thrust
produced by the engines at idle or at reverse for the A320. The aircraft settings category presents those parameters
which are adjusted according to the operational requirement, depending on the aircraft weight and required
performance. The coefficients category presents the coefficients used in the equations to determine the drag produced
by the opposing force F,, and by the spoilers in the case of the A320. According to Sun et al [17], the difference in Cp
for different types of aircraft is insignificant. Thus the CoDs for the opposing forces were assumed to be the same for
both aircraft types since no reference was available for the ATR-72. The rolling resistance coefficient s+ is dependent
on the tire pressure, which is a property of the tire. Thus this coefficient was assumed to remain constant for both
aircraft. The physical constants in the last category are commonly used natural environmental constants.

In order to keep the simulation as accurate as possible, the mass of the aircraft m, was changed according to the phase
of the of the flight. It was considered as MLW for the landing rollout and for the taxi-in part, and MTOW for the taxi-
out part. This is in order to cater for the difference in the fuel load. In scenario 2 a more practical weight was considered,
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in which the landing weight was assumed at 59 tonnes, whereas the take-off weight was considered at 69t. Different
approach speeds Viua were also considered to reflect the landing weight. Cp is dependent on the aircraft configuration
so two different values were used to distinguish between the landing configuration and taxi configuration.

Table 1: Real aircraft parameters used in the software model

Parameter A320 - NEO ATR-72 Description
Physical Aircraft Parameters
Awing [m?] 123.0 [9] 61.0[10] equivalent wing area
MTOW [tonnes] 79.0 [7] 23.0 [8] Maximum Take Off Weight
MLW [tonnes] 67.4[7] 22.4 (8] Maximum Landing Weight
7 [m] 0.584[11] 0.432[12] MLG tire radius
L [m] 1.6 [13] n/a average spoiler length
b [m] 0.625[13] n/a average spoiler depth
Omax [°] 50 [14] n/a maximum angle of deflection of spoiler
Ngp 10 n/a number of spoilers
kir [kN] 7.5[11] 2.6 [15] engine idle thrust
fere [KN] 75 [5] n/a total force produced by reverse thrust
Aircraft Settings
Ten [S] 180 150 engine cooldown/warmup time
Viana mrw) [knots] 140 113 approach speed at MLW
Viand (599 [knots] 134 n/a approach speed at 59 tonnes
dro [m/s?] 2.0 n/a autobrake deceleration setting (LO)
dmvep [m/s?] 3.0 n/a autobrake deceleration setting (MED)
Coefficients
Csp 1.5[16] n/a CoD for spoiler
CD (landing) 0.12 [17] CoD for an aircraft in landing configuration
Ch (taxi) 0.055[17] CoD for an aircraft at taxi configuration.
rr 0.009 [18] rolling resistance coefficient
Physical Constants
g [m/s?] 9.81 gravitational constant
a[°] 0.5 runway/taxiway slope
p [kg/m?] 1.225 density of air at mean sea level

4.2 System Parameters

This paper considers a base profile for taxi-in and -out operations following initial rollout, as shown in the upper part
of Figure 5 (a). The initial rollout follows the set autobrake deceleration setting. As soon as the aircraft reaches the taxi
speed viaxi of 20 knots, the speed is maintained constant until the aircraft starts decelerating with a rate of 0.4m/s? to
stop at the gate at the 5-minute mark. For taxi-out operation, a similar profile is used with an initial acceleration of
0.2m/s%. Various options to the profile are introduced in the case studies where deceleration and acceleration segments
are introduced as reported in Section 4.1.3. In order to maximise the taxi range capability, regenerative braking is given
priority over the use of mechanical brakes. The torque rating of the TMs was thus set to allow reaching the deceleration
and acceleration requirements solely through the TMs. Maximum torque requirements of 9.7kNm and 3.3kNm for the
A320 and ATR-72 respectively were obtained. Using these torque ratings, the highest energy transfer to the flywheel
was determined. The flywheel rating was set to a slightly higher value to allow for a 10% safety margin. In order to
restrict the overall mass of the flywheel, a maximum rotational speed of 60krpm [19] was set. The flywheel inertias
were then determined through (13). The set system parameters are summarised in Table 2.
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Table 2: Table showing the proposed system parameters that were used in the model

Parameter A320-NEO ATR-72 Description
Viaxi [knots] 20 steady taxi speed
Enax [MJ] 50.0 17.5 maximum energy in FESS
new [rpm] 60 000 60 000 maximum rotational speed of flywheel
Jrw[kg.m?] 2.53 0.87 moment of inertia of the flywheel
Tmax [KNM] 9.7 3.3 maximum motor torque per MLG
nm 2 number of TMs
Tlpe 0.95 efficiency of power converter
Tem 0.95 efficiency of electrical machines
5. Results

This section presents the results of four scenarios which were carried out, three for the A320 and one for the ATR-72.
Each scenario compares two cases with different settings. The scenarios mainly compare the effects of using different
deceleration aids to the energy recovered during landing and to the possible taxi time which can be achieved. Since the
A320 has more deceleration aids than the ATR-72 during the landing roll, the majority of the studies were performed
on the former type of aircraft. Selected configurations were then applied to the ATR-72, and the results show the
outcomes which were achieved.

5.1 A320

The three main deceleration aids during landing for the A320 are; reverse thrust, spoilers and disc braking. The aircraft
has two autobrake settings; LO and MED corresponding to the deceleration rates shown in Table 1. Simulations were
performed and these parameters were systematically changed for two landing weights in order to study the effect on
the proposed system. Ground spoiler use during landing is not usually optional, unless there is some failure, so in the
tests performed it was assumed that the spoilers were always deployed. The first two scenarios presented below
compare different deceleration aids and rates, mainly through reverse thrust and autobrake settings. The third scenario
introduces deceleration/acceleration events in order to study the consequence of having a pause in the taxi procedure
due to Air Traffic Control (ATC) exigencies.

5.1.1 Scenario 1 — Comparison between Idle Reverse and Full Reverse at MLW

The first scenario considers a fully laden A320 with different reverse thrust settings whilst maintaining a LO autobrake
deceleration during rollout. Engine cooldown and warmup periods of 180s at the start of taxi-in and at the end of taxi-
out phases are included. Operation with Idle and Full Reverse thrust settings is shown in Figure 5 (a) and (b)
respectively. The top plot shows the actual aircraft speed, starting from rollout and followed by the three phases of the
base taxi profile. The middle plot shows the energy stored in the flywheel. The bottom plot shows the various
interacting force components expressed as equivalent torques on the shaft of the TMs.

The aircraft speed starts from the landing speed of 140 knots (see Table 1) and drops linearly according to LO autobrake
deceleration setting. In order to visualise the multiple contributions to the landing roll braking, the first 40s of the
torque plots for idle and full reverse thrust settings are shown in Figure 6 (a) and (b) respectively. For the idle thrust
case, initially, the main deceleration is achieved by the contribution of the opposing force Fo, the spoiler drag and TM
torque. The brake force fills in to maintain a constant total torque as required by the deceleration setting. As the aircraft
decelerates, the drag produced by F, and the spoilers drops thus more braking is required. The TM torque is seen to
start contributing to the deceleration immediately, where it reaches and maintains its maximum value and thus
extracting maximum energy for charging the flywheel.

In the full reverse thrust case, the reverse thrust acts in addition to the previous torques. It can be seen that the former
is significant and is the main contributor during its deployment. During the initial part, the total torque trace shows that
more than the required deceleration is being achieved through these conventional methods, leaving no space for the
TMs to operate. Thus, both the brakes and the TMs are not active in this period. As the force F, and the spoiler drag
reduce with aircraft speed, the TM torque rises hence starting the power transfer to the flywheel (at around 8s). The
reverse thrust is set to idle by the pilot when the aircraft speed drops to 70 knots, at which point the TM torque picks
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up and reaches the maximum value. The maximum TM torque is however not enough to maintain the required
deceleration, so the model starts applying the aircraft brakes to provide the rest of the torque needed to achieve the set
deceleration.

140 Aircraft Speed ] Aircraft Speed
120 1
2 100
< 80t
=
8 60
=%
Lo40 ¢
201 /\
0r
5 . i 5 x 10 i
4.5 //(/\\ | Flywheel Energy | 1 4.5 | Flywheel Energy
4 [ \ 4
~ 35¢ \ —_ 35+
= = 5l
i %
5 25 52571
5 2 N5 2 ///\
1.5 1.5
1 1
0.5 0.5 \—
5 x10°
1r | i
I . 1
g i L~ Tz L]
Z -1 / f H  Z
S 2 4 2
Z Z
= -3 . = :
Opposing Force Eq. Brake Torque Eq. Opposing Force Eq. Brake Torque Eq.
47 Spoiler Drag Eq. Eng. For. Thrust Eq. | 4 Spoiler Drag Eq. Eng. For. Thrust Eq.
st Eng. Rev. Thrust Eq. TM Torque ] -5 )» Eng. Rev. Thrust Eq. TM Torque
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Time(seconds) Time(seconds)
(a) (b)

Figure 5: Aircraft Speed, Flywheel Energy and Equivalent Torques for the A320 using (a) Idle and (b) Full reverse
thrust setting during rollout. Aircraft weight is at MLW, LO Autobrake setting.
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Figure 6: Deceleration torques acting during the landing roll with (a) idle and (b) full reverse thrust. The plots
correspond to the first 40s of the lower plots on Figure 5.

The rollout period is crucial for the charging of the FESS. The later use of maximum TM torque for operation with
reverse thrust implies less energy transfer to the FESS. The flywheel energy plots in Figure 5 show corresponding
values of 43.3MJ and 19.4M1 respectively, implying a reduction of around 55% of initial energy capture due to the use
of full reverse thrust. In both cases, there is scope for higher TM torque rating for higher power transfers to the FESS.
The torque rating is limited from considerations of the maximum mass of the proposed system.
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In both cases, as soon as the aircraft reaches the taxi speed of 20 knots, the pilot deselects idle reverse and in
consequence the engine idle thrust comes on. This thrust contributes to the traction force Fi to follow the initial part
of the taxi profile. The case of the A320 NEO is considered [11], where the idle thrust exceeds the required Fi- for the
considered scenario. Consequently, as can be seem from the lower plot in Figure 5 (a), the TM torque trm continues
to provide a slight opposing force during taxi whenever the engines are at idle, hence leading to further charging of the
FESS. The charging is confirmed by the positive slope in the flywheel energy shown by the middle plot. The respective
flywheel energies reach values of 47.8MJ and 24.2MJ respectively, i.e., an increase of 10% for the idle reverse thrust
case. After the engine cooldown period, the TMs become the sole contributor to the F required to maintain the set 20
knots. The TM operates in motoring mode, extracting power from the FESS. A consequent steady drop in the energy
is observed, down to a value of 35.4MJ in Figure 5 (a). The aircraft then decelerates to stop at the gate. As regenerative
braking is used, the TMs provide the braking torque leading to a slight recovery in the stored energy.

The taxi out operation shows a similar performance. Initially the aircraft accelerates up to taxi speed, with the
acceleration force leading to a high rate of FESS discharge. A steady discharge then follows during the constant
velocity phase, down to a value of 18.2M1 for the idle reverse thrust case. During the engine warmup period, conditions
become similar to the cooldown period leading to the flywheel charging by 4.5M1J. This includes the slight top-up
during the deceleration at the take off point.

It can be seen from the middle plot that for the case of idle reverse thrust, the aircraft is able to perform the full taxi
profile with 22.8MJ remaining in the flywheel, i.e., 46% of peak energy storage. This is not the case for operation with
full reverse thrust, where the flywheel reaches the minimum speed limit at approximately 700s, after which further
discharge is disabled. The simulation is stopped at this point and the time period 700-950s is only shown to maintain
the figure scaling. The use of reverse thrust delayed the use of the maximum TM torque for flywheel charging thus
reducing the time window for energy harvesting. Further simulations show that increasing the maximum TM rating to
20kNm allows operation with full reverse thrust to extract enough energy for the full taxi profile under these conditions.

5.1.2 Scenario 2 - Comparison between LO and MED Autobrake at 59 tonnes

This scenario considers use of LO and MED autobrake settings whilst keeping the reverse thrust at idle during rollout.
The same engine cooldown and warmup periods as the previous scenario are considered. A more operationally practical
landing weight of 59 tonnes and a take-off weight of 69 tonnes are considered. The corresponding operations are shown
on Figure 7 (a) and (b). The plots are presented in the same order as for Figure (5).

An approach speed Viaa of 134 knots is used for these cases due to the reduced weight. The aircraft speed shows a
steeper gradient during rollout in Figure 7 (b) corresponding to the use of the MED autobrake setting. The first 40s of
the lower plots are shown in Figure 8. For the LO setting in Figure 8 (a), the performance is similar to that in Figure 6
(a) where the TM reaches maximum torque immediately. For the MED autobrake setting, due to the limited maximum
TM torque, the increased deceleration requirement is mainly obtained from the use of the mechanical brakes. The
increased deceleration rate lowers the opportunity for power transfer to the flywheel. This leads to less energy storage
after rollout as seen from the energy plot in Figure 7 (b), where 28.0MJ are stored with MED setting as opposed to
39.8M1J when LO setting was used, i.e. a reduction of 30%. It can be observed from the same figure that the taxi profile
was completed despite the reduced initial energy capture, however the flywheel minimum energy point at 750s dropped
down significantly to 7.8MJ which is very close to the flywheel protection cut-out at 5.0MJ. Further simulations
showed that operation with the MED autobrake at MTOW and MLW is also possible but it will stretch the system
limits even further with a minimum energy at 6.2MJ.

A comparison of Figure 7 (a) with Figure 5 (a) shows that the change in aircraft mass leads to slightly lower peak
energy values in the flywheel but less overall discharge to achieve the taxi profile. The energy varies between 47.8MJ
and 18.2MJ for operation at the maximum weights. The corresponding values at the practical weight of 59 tonnes are
46.6M1J and 20.6MJ, equivalent to a drop of around 3% in the peak energy storage but a gain of 13% in the remaining
energy.
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Figure 7: Aircraft Speed, Flywheel Energy and Torques for the A320 using (a) LO and (b) MED autobrake setting.

Aircraft weight is 59 tonnes with idle reverse thrust setting.
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Figure 8: Deceleration torques acting during the landing roll with (a) LO and (b) MED autobrake setting. The plots

correspond to the first 40s of the lower plots in Figure 7.

5.1.3 Scenario 3 — Considering a deceleration and acceleration stage in the taxi profile

In normal operations, due to ATC exigencies, the taxi profile does not usually contain one constant speed phase for
taxi-in and one for the taxi-out. In order to study the effect of having to stop during a taxi phase, simulations were
carried out including deceleration and acceleration events at strategic points during the taxi profile. Figure 9 (a)
includes two events occurring whilst the engines are at idle while in Figure 9 (b) similar events occur whilst the engines
are shutdown. MLW and MTOW were assumed in these cases in order to consider the limits of the system.
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Figure 9: Aircraft Speed, Flywheel Energy and Torques acting on the A320 with the introduction of
deceleration/acceleration events during taxiing. Both plots consider LO autobrake and idle reverse thrust setting with
a landing weight at MLW.

The deceleration and acceleration during taxi are achieved with the sole use of the TMs and no disc braking is used.
When the deceleration/acceleration segment occurs during the engine idle period, as shown in Figure 9 (a), the TM
torque initially has to oppose the engine thrust leading to higher energy regeneration. For the acceleration part, the
torque is aided by the engine thrust thus requiring a lower value than if the engines shut down. The energy regeneration
in this case is higher than the discharge leading to a slight increase in the stored energy. For the case when the
deceleration/acceleration occurs during the engine shutdown period, as illustrated in Figure 9 (b), the TM torque
initially goes negative to aid the opposing force F, in braking the aircraft. During this part, power flows towards the
flywheel to increase the stored energy. For the acceleration part, the TM torque reaches a higher positive value than
during operation at steady speed. It is thus expected that the energy discharge during the acceleration exceeds the
energy regeneration. The energy plot confirms this by showing that the energy at the end of the segment to be less than
that at the beginning of the segment.

Comparison of the final energy values in the flywheel shows a different trend than the previous observation. The final
energy values in the middle plots of Figure 9 (a) and (b) are 20.3MJ and 33.2MJ respectively. The corresponding value
from Figure 5 (a) is of 22.8MJ, implying a decrease in the final energy values of approximately 10% and an increase
of 45% for the event occurring during idle and shutdown respectively. Comparing the performances to Figure 5 (a)
reveals that despite the slight net increase in energy storage in Figure 9 (a) during the deceleration/acceleration event,
this is less than the steady energy rise due to the higher engine idle thrust thus leading to an overall loss of energy. For
the case of Figure 9 (b), Figure 5 (a) shows a steady drop in energy during operation with the engines shut down.
Despite the net drop in energy observed for the deceleration/acceleration segment when engines are shut down in
Figure 9 (b), the drop is less than the steady energy drop in Figure 5 (a) leading to the higher final energy value.
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5.2 ATR-72

Similar simulations were carried out for the ATR-72 model. Since the ATR-72 does not have an autobrake system, the
same landing roll-out deceleration rates as for the A320 were assumed in order to have a baseline for comparison. No
ground spoilers are available on the ATR and no propeller reverse pitch was taken into consideration.

5.2.1 Scenario 4 — ATR-72 with deceleration rate similar to LO at MLW

Figure 10 shows the plots for two ATR-72 cases, where part (a) presents the basic taxi profile while part (b) introduces
a deceleration/acceleration event for the more restrictive case occurring whilst the engines are at idle. Both plots
consider operation at the MLW of 23 tonnes (Table 1). Some differences worth noting as compared to the A320
scenarios are the initial speed of the aircraft Viua (113 knots), no spoiler drag, and shorter engine cooldown/warmup
time of 150s. Considering Figure 10 (a), it can be observed that the engine idle thrust of the ATR-72 is also higher than
what is needed in order to maintain steady speed, leading to a similar positive slope in the first and last parts of the taxi
energy profile. The maximum energy reached after roll out is of 12.9M1J, which increases to 14.6MJ after cooldown,
i.e., an increase of 13% which is slightly higher than for the A320. The results show that with the maximum torque of
3.3kNm per MLG, the whole taxi profile can be achieved and that similar to the A320 case study, more energy is
available if the TM maximum torque is increased. The remaining energy in the flywheel at the end of the taxi period
is approximately 4.8M1J, i.e., 27% of the peak energy storage. Although not presented in this paper, tests were
performed for practical weights other than the ML W, and it was seen that even in the case of the ATR-72, by using the
mentioned torque limits, enough energy can be harvested to achieve a full taxi profile for similar conditions to this
scenario.
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Figure 10: Aircraft Speed, Flywheel Energy and Torque acting on the ATR-72 for (a) basic taxi profile and (b) with
deceleration/acceleration event. Both plots consider deceleration as for LO autobrake setting, no reverse thrust and a
landing weight equal to MLW.
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Figure 10 (b) shows that the performance is similar to Figure 9 (b) where a lower final energy value is observed. In
this case the final energy drops from 4.8MJ to 3.7MJ, i.e., a drop of 21%. This is higher than the drop observed for the
A320 case, mostly due to the higher ratio of engine idle thrust of the ATR-72 compared to the opposing forces,
therefore resulting in a higher gradient for energy gain during operation with engines at idle.

6. Discussion and Conclusion

In the results section we have shown that the first three scenarios were based on the A320 and the last scenario on the
ATR-72. In the first scenario, it was noted that with the use of reverse thrust during rollout, there will be less time
available to harvest energy through the TMs. The reverse thrust on an A320 is dominant when compared to the other
decelerating forces. When selected, it leads to a higher decelerating force than is required by the LO setting. This is
not the case when the MED setting is used. The use of reverse thrust is discouraged in normal operation on a dry
runway and whenever landing performance is not an issue. This is due to high fuel flow required to accelerate the
engine in a very short deployment time of the reversers, noise sensitivity of the airports and engine wear. Thus, the
reduced performance with full reverse thrust is not seen as a major limitation on the use of the proposed system.
Whenever full reverse thrust is used, the priority would be to stop the aircraft in the landing distance available rather
than on storing the energy to be used for taxi. In the first scenario, it is evident that the main limitation of the system
is the short time available to extract enough energy. This can be alleviated, even in the case when using full reverse
thrust, with higher TM torque ratings. The physical restrictions imposed by the mounting of the TMs on the MLG and
considerations of financial viability impose maximum torque / weight restrictions. These are expected to be relaxed
with the emergence of novel motor designs for aircraft electrification.

Typically, a landing aircraft does not land at MLW. Scenario 2 investigated this and used a practical mass of 59 tonnes
with a lower approach speed that is appropriate for the weight. Through these tests, it was seen that the lower aircraft
mass leads to slightly lower energy values in the flywheel. With this scenario, the taxi profile was managed for both
scenarios although for the MED autobrake case it was stretched to its limit as the minimum energy point was close to
the safety flywheel energy limit. Comparing the first two scenarios, the initial energy capture after roll-out for the full
reverse thrust case was 55% less than with idle reverse, whereas the initial energy capture for the MED autobrake case
was only 30% less. This means that the most stringent parameter on the system is the use of reverse thrust.

Stops during taxiing are common in everyday operation. Scenario 3 studies this reality by showing a
deceleration/acceleration event during taxi. As was observed in the plots, the deceleration/acceleration segments have
to displace operation with a higher discharge rate in order to leave a net energy gain effect. This was shown to happen
when the segment occurs during the engine shutdown period for the considered scenarios.

Finally, scenario 4 considers the case of the ATR-72. Only a quarter of the energy harvested on the A320 is
accumulated in the ATR-72 case but this energy proved to be enough to achieve the required taxi profile. The obtained
energy profiles look similar with an initial increase of 11% for the A320 and 13% for the ATR-72 during cooldown.
However, the remaining energy at the end of the taxi profile for the ATR-72 is lower than for the A320 at 32% instead
of 46% of the peak energy value when comparing similar scenarios. This shows that the system scales accordingly and
that the model remains valid for other types of aircraft.

From the results presented it is evident that during normal operation, there is sufficient energy that can be harvested
from a landing aircraft that may be used for taxiing purposes. The most used setting for normal operation, with LO
autobrake deceleration setting, spoilers (for the A320) and no reverse thrust, recovers enough energy to provide
sufficient energy for the typical taxi time for both taxi-in and taxi-out for majority of airports. The main challenge for
energy capture is the short time available during the aircraft roll out. This is limited by the safety aspect of performance
limited runways or busy major airports requiring minimum runway occupancy time operation. However, this limitation
can be overcome by increasing the TM torque rating.
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