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Abstract

The arrival time controllability of tailored
arrival (TA) paths and its optimization are
discussed. A TA path is designed using the least
number of track-to-fix and the radius-to-fix legs
neglecting the engine thrust. They are
numerically analyzed so as to satisfy a set of
appropriate boundary conditions both at the top
of descent (TOD) and landing considering
practical aircraft conditions, such as flap
settings and flight envelope. The arrival time
controllability is defined as the differences
between the fastest and the slowest arrival time.
Through several series of the arrival time
analyses, it is found that the TA paths
determined by changing the way-point positions
can achieve the larger arrival time
controllability ~ than those determined by
changing the TOD position. The feasibility of
the TA path optimization from the viewpoint of
the traffic controllability is also presented. It is
shown to be possible to compose an arrival path
with the maximum arrival time controllability
without any additional fuel consumption.

1 Introduction

The continuous descent approach' (CDA) has
been strongly focused and examined in detail
because the aircraft approach noise and the fuel
consumption are both drastically reduced®. The
tailored arrival (TA) is proposed to facilitate
CDA even in a congested airspace’. In TA
operation each aircraft is provided with a
specifically designed flight path from the air
traffic controller that simultaneously facilitates
the separation and the CDA. The TA path is
indicated through the fixed waypoints (WPs)

and the time to pass them, and the aircraft
change the top of descent (TOD) position and
the flight path angle to satisfy the indicated
arrival time*. When a larger or smaller arrival
time control is required, the addition or
omission of WPs is also necessary to stretch or
reduce the flight path length®® in addition to the
adjustment of the TOD position. It must also be
noticed that the TA path with larger flight path
angle for the faster arrival time requires the
longer cruise distance, which results in the
larger fuel consumption.

Modern aircraft is able to fly on an arbitrary
flight path quite accurately owing to the
advanced flight management system and the
precise area navigation (RNAV) systems such
as the GPS augmentation systems . It is
expected that future navigation systems will
make it possible to indicate the TA path through
arbitrarily determinable WPs unlike the current
TA paths. Concerning the RNAV aided arrival
paths, some studies have been carried out for the
aircraft noise mitigation’*®. The authors have
focused on its arrival time controllability.
Through numerical investigations using a quite
simplified aircraft model, the TA path
optimization from the view point of the traffic
controllability is demonstrated, and the TA path
with the maximum arrival time controllability is
presented’.

In this paper, some series of numerical analyses
are carried out using a practical aircraft model,
which includes actual flap settings and actual
flight envelope. Two types of the TA paths are
considered; one is determined through the
arbitrarily determinable WPs and fixed TOD,
and the other is through the fixed WPs as the
current ones. Hereafter, the former path is called
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Fixed TOD Path, and the latter one is called
Fixed WP Path. The standard CDA path is also
defined so that the aircraft descent from the
TOD and enter the final glide path through one
turning leg. The arrival time analysis is carried
out by comparing the arrival time between the
TA paths and the standard CDA path. The
arrival time controllability is defined as the
achievable time difference of TA paths, and its
optimization is demonstrated. The arrival paths
are designed according to the standard for the
RNP approach' so that general aircraft are able
to fly along it with only small deviations.

2 Flight Path Composition

The arrival paths are composed of Radius to Fix
legs (RF legs) and the Track to Fix legs (TF
legs)'’. In the standard, an RF leg and a TF leg
are defined as a constant radius circular path
about a defined turn center that terminates at a
fix and a geodesic path between two fixes. The
standard CDA paths are defined so that the
aircraft begins descent from the TOD without
changing its cruise flight direction, and enter the
final glide path through only one turning leg as
shown in Fig. 1a. In this figure, the TF legs and
RF leg are denoted as single and double lines,
respectively. It is possible to define a family of
the standard CDA paths by changing the final
glide path length. The TA paths for the arrival
time control are designed by adding the least
number of flight legs to the standard CDA path.
The Fixed TOD Path is obtained by adding one
RF leg and one TF leg and adjusting the final
glide path length. The outline of this path is
depicted in Fig. 1a. The standard CDA path and
the Fixed TOD Path are denoted as solid and
dashed lines, respectively. Both faster and
slower arrival paths are obtained by adjusting
the final glide path (TF3 leg) length. The Fixed
WP Path is designed by adjusting the TOD
position as shown in Fig. 1b. This arrangement
corresponds to the omission of the RF1 leg of
the Fixed TOD Path, and the arrival time control
is made through the cruise length and the flight
path angles of the TF1 and TF2 legs.
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Fig. 1 Outline of Arrival Paths, a: Standard CDA Path and
Fixed TOD Path, b: Fixed WP Path’

3 Equations of Motion and Boundary
Conditions

The TA paths are analyzed so that the aircraft
values of state in the equations of motion (1)
~(6) satisfy the boundary conditions at the TOD
and the end of TF3 leg. For the clarity of the
problem, the engine thrust in idle state is
assumed to be negligibly small. The TOD
position x,,, and y,,, are obtained through the
standard CDA path analyses using the boundary
conditions Eq. (7) at the TOD and Eq. (9) at the
end of TF3 leg. The same boundary conditions
Egs. (7) and (9) are used in the Fixed WP Path
analyses. In the Fixed TOD Path analyses, the
same TOD as the standard CDA path given in
Eq. (8) is used for the TOD boundary condition.
The TA paths are numerically obtained using
the parameters of B777-300'". The altitude and
the velocity are 11278m (37000ft) and 250m/s
(486kt) at the TOD, and 305m (1000ft) and
80m/s (156kt) at the end of TF3 leg. Three stage
flap settings are made; cruise, approach, and
landing configurations. Table 1 summarizes the
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conditions to determine these configurations.
The maximum and minimum operating speed,
Vo and v in calibrated air speed (CAS), are
also considered in the numerical analyses. The
aircraft parameters are shown in Table 2. The
standard bank angle in RF leg is given as
18deg'’.

The numerical analyses to solve the boundary
value problem and the optimization have been
carried by using MATLAB Optimization
Toolbox '*. The dimensionless form of the
equations are applied'®, where the time, length,
and mass of the state variables are transformed
dimensionless by v/g , v?/g , and
p SV, / 2g, respectively, where the variables
with superscript * are the cruise state values.

dv 1

m—=——pS(C,,+C,C; |V —mgsiny (1)
dt > ( DO DivL )
dy 1
m\/—y:—pSCLv2 cosc—mgcosy (2
dt 2
d 1 sino
mv—!’//:—pSCLv2 3)
dt 2 cosy
dh _ vsin y (4)
dt
Table 1 Aircraft Cinfigurations''
h 2 hmax,AP
Cruise or
h < hmax,AP and VCAS 2 Vmin,CR + 1Okl‘CAS
hmax,AP > h Z hmax,LD and
Approach Veas < Viincr T 10K 5
or
B <Ry 1p AN Vs 2V, 4p + 10T
Landing | /1<, ;p @Nd Veug <V gp + 10kt
(note: A, ,» =8000f%,and £, ,,=3000 i)
Table 2 Aircraft Parameters''
m [kg] 2.38x10° | C,(Cruise) | 1.69x107
S [m?] 4.28x10% | Cp,(Cruise) | 4.89x107

Vo [kteas] | 3.30x10% | Cp, (Approach) | 2.25x107

Vinin.cr [Kteas] | 2.08x10> | Cp, (Approach) | 4.96x107

Vaninap [Kteas] | 1.57x10* | C,, (Landing) | 8.69x107

Vininp [Kteas] | 1.44x10* | Cp, (Landing) | 4.68x107

ﬂ:vcosycosw 5
dt
d—yzvcosysiny/ (6)
dt

h, . =h"=11277.6m(= 37000 ft),
W, =W, v, =v =250m/s
h, =h =11277.6m(=37000 ft),
W, =w , v, =v =250m/s, (8)

()

Xii = Xrop> Vi = Yrop
hﬁn =304.8m(=1000 f?), Vi = 80m /s

=O0rad =0 =0 @
Y =0rad, x, =0m, y, =0m

4 Arrival Time Analyses

4.1 Standard CDA Path

The standard CDA path is analyzed using the -3
deg flight path angle in both the final glide path
and RF leg. It is assumed that the aircraft arrives
from the 90 deg azimuth angle from the runway
in this paper. A series of the standard CDA
paths are obtained by changing the final glide
path length as shown in Fig. 2, where z axis is
10 times magnified. The origin of the x and y

axes coincide with the end of the final glide path.
The joints of the legs are denoted as circles, and
the ground projection of the flight path is shown
as the thin lines. In this chapter, the standard
CDA path with 25km final glide path length is
focused as an example, and the arrival time
difference from this standard path is analyzed.
This path is indicated by * in Fig. 2. The flight
path angle of TF1 leg is -2.76deg, and the
standard arrival time is 1241.4sec. Fig. 3 shows
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the time-histories of the true air speed (TAS),

CAS, azimuth angle, and altitude of this
standard CDA path.
350 350
300 +————— 300
250 ~—~<IcAs 250
g 200 ~c 200 &,
= ~ wn
2 150 : 150 <
< O
TAS
~ 100 \\ 100
50 50
0 , . 0
0 500 1000 1500
(a) Time from TOD [s]
= 12
X 10 \‘ """""""" 'Azimuth [ 90
N ' —
— 8 : &
E \ \ S 60 =
SRS 1 =
] \ =
Z, AltitucR | £
= N
< \ | - 30 <
2 ]
\
0 : — 0
0 500 1000 1500
(b) Time from TOD [s]

Fig. 3 Time-History of Standard CDA Path,
a: TAS and CAS, b: Altitude and Azimuth

4.2 Arrival Time Difference Behavior of
Fixed TOD Paths

4.2.1 Flight Path Angle

The arrival time behavior and controllability of
the Fixed TOD Paths is analyzed in this section.
The Fixed TOD Paths are numerically obtained
so that they satisfy the same boundary
conditions as the standard CDA paths. In the
arrival time analyses, the flight path angles
shown in Table 2 are applied. The RF2 and TF3
leg correspond to the final approach segment,
and the flight path angle is fixed to be -3 deg.

Table 2 Flight Path Angle used in Path Analyses

TF1

4 7> 7>

RF1 | TF2 | RF2 TF3

-3deg | -3deg

4.2.2 Faster Arrival Path

Faster arrival paths are obtained by shortening
the TF3 leg. By determining the RF2 leg turning
angle Ay .., and the TF3 leg flight time ¢,,.,, a
faster arrival path satisfying the boundary
conditions is solely obtained. Such a path
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determination corresponds to the indication of
the initial and final points of each leg as the
WPs.

The fastest arrival path is obtained when
t;+; = 0sec, where the roll out point of the RF2
leg coincides to the point of the final boundary
conditions. In this case, Aw,., =61.2deg |,
7, =-3.21deg and y, =-2.06deg, are obtained
from the numerical analysis. The shape of this
path is depicted in Fig. 4 denoted by diamonds
(#), where x and z axis are 5 and 10 times
magnified. The time-histories of TAS, CAS,
azimuth angle, and altitude are summarized in
Fig. 5. The maximum CAS becomes equal to
v_.. in the TF1 leg. This result means that the
fastest path is determined by the final glide path
length limit (#,., =0sec ) and the CAS limit,
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Fig. 5 Time-History of Fastest Fixed TOD Path,

a: TAS and CAS, b: Altitude and Azimuth
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and a possible combination of the Ay,., and
7, 1s solely determined to satisfy the boundary
conditions. Its arrival time difference from the

standard CDA path is At} = -236.5sec .

4.2.3 Slower Arrival Path

It is also possible to obtain slower arrival paths
by extending the TF3 leg. In the same way as
the faster arrival paths, a slower arrival path
satisfying the boundary conditions is solely
determined for a longer final glide path.

The slowest arrival path is obtained when the
final glide path length is  23.8km
(t;r3 =2259sec) and Ay, =91.4deg. In this
case, the flight path angles are y, =—-2.07deg
and y,=-294deg , and the arrival time
difference from the standard path is
Aty =123.3sec . Figures 6 and 7 shows the
path shape and the time-histories of TAS, CAS,
azimuth angle, and altitude.

4.3 Arrival Time Difference Behavior of
Fixed WP Paths

The Fixed WP Paths are obtained by moving the

TOD in the arrival direction as shown in Fig. 1b.

Slower arrival path is obtained by shortening the
cruise length and applying the smaller flight
path angle. The faster arrival path is obtained by
extending the cruise length and applying the
larger flight path angle. The Fixed WP Paths are
analyzed by finding a combination of y, and y,
to satisfy the boundary conditions.

The fastest and slowest paths are shown in Fig.
8 denoted as ¢ and +, respectively. Figure 9
shows the time-histories of TAS, CAS, azimuth
angle, and altitude. In the fastest arrival path,
y,=—321deg , y,=-0.05deg , and the
maximum CAS in TF1 leg is equal to v_, . The
fastest path is determined by the limitation of
the CAS in the same way as the fastest Fixed
TOD Path. The flight path angles in the slowest
path are y, =-2.50deg and y,=-2.90deg .
The cruise lengths of the fastest and slowest
paths are 18.6km longer and 2.50km shorter

than that of the standard CDA path, respectively.

The cruise time difference should also be
considered in the arrival time analyses using the
following equation:

Fig. 6 Arrival Path Shape, +:Slowest, ®:Standard
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Fig. 7 Time-History of Slowest Fixed TOD Path,
a: TAS and CAS, b: Altitude and Azimuth

_ a0 _ATODIm] _\ rop _ ATOD[m]

fin fin 1 T 50m /8]
, where Aty;" is the arrival time measured from
the TOD of this path. The arrival time
differences obtained from the Eq.(10) were
Aty =—153.4sec for the fastest arrival path,
and Ar;" =59.9sec for the slowest arrival path.
In addition, it must be noticed that the amount
of the fuel also changes due to the cruise length
change. Especially this result in the additional
fuel consumption in faster arrival paths. The
fuel consumption rate of the B777 aircraft is
117.5kg/min for the cruise at the altitude
37000ft'!, which is equal to 7.83kg/km. In this
case, the fastest path requires 146kg fuel in

addition to the standard CDA path or the Fixed

At (10)

v, .[m/s
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TOD Path. On the other hand, the slowest path
can achieve almost the same arrival time delay
as the Fixed TOD Path with diminishing the
fuel consumption about 20kg.

Fig. 8 Fixed WP Path, ¢: Fastest, +: Slowest
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Fig. 9 Time-History of Fixed WP Path,
a: TAS and CAS, b: Altitude and Azimuth

S Arrival Time Controllability

It is possible to define the arrival time
controllability as the difference between the
fastest arrival time At;‘;" and the slowest one
Aty . The maximum arrival time differences

Aty and A", and the controllability
AtpY —Arg" are summarized in Fig. 10. In this

case, the arrival time difference and the
controllability of the standard CDA paths with
the final glide path length of 9.5~84.4km
(t;-3, =100 ~ 600sec) are analyzed. The vertical
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axes denote the arrival time difference from the
standard CDA paths in Fig. 10a, and the arrival
time controllability in Fig. 10b. In Fig. 10a, the
lines A and B denote the slowest and fastest
arrival time differences of the Fixed TOD Paths,
and the lines C and D denote those of the Fixed
WP Paths, respectively. The lines E and F in Fig.
10b denote the arrival time controllability of the
Fixed TOD Path and the Fixed WP Path.

It is found that the arrival time difference of the
fastest Fixed TOD Path (denoted by line B)
becomes larger as the longer final glide path is
applied. On the contrary, the arrival time
difference of the fastest Fixed WP Path (denoted
by line D) becomes smaller. Both of the Fixed
TOD and Fixed WP fastest arrival paths are
obtained when the maximum CAS coincide
with the limit values. Both in the Fixed WP and
Fixed TOD paths, the aircraft rapidly descents
on the TF1 leg with p =-3.2ldeg to
experience the maximum CAS. The TF1 leg
length decreases as the final glide path length
increases. The faster arrival time difference of
the Fixed WP Path also decreases because the
arrival time control is made mainly by the Flight
path angle of the TF1 leg. On the other hand,
the faster arrival time difference of the Fixed
TOD Path increases because the path length
difference between the standard and the fastest
path length becomes larger. However the path
length difference turns to decrease as the final
glide path length further increases, and the
increase rate of the faster arrival time difference
becomes smaller as shown in Fig. 10 line B.
Both of the arrival time difference of the
slowest Fixed TOD (line A) and Fixed WP (line
C) paths decrease in almost the same manner.
Because the arrival time of the standard CDA
path with longer final glide path becomes larger
while the slowest arrival time hardly differ, the
difference between the slowest arrival time and
the standard one monotonously decreases as
shown in Fig. 10 Line A and C.

Because the faster arrival time difference
increases with its rate decreasing, and the
slower arrival time difference monotonously
decreases in the case of the Fixed TOD Paths,
the arrival time controllability has a maximum
value as shown in line E. The maximum

6



ARRIVAL TIME CONTROLLABILITY OF A CONSTRAINED TAILORED ARRIVAL PATH

controllability is realized when ¢,., =300sec .
The difference between the fastest and slowest
arrival time is 370.2sec in this case. Therefore,
by defining the flight path with the arrival time
difference of Az, =-75.7sec as the standard
arrival one, the maximum controllability of
+185.1sec is achieved. Figure 11 shows several
arrival paths with the RF2 leg turning angle
from 20deg to 80deg ( Ay, =20~80deg ),
where x and z axis are 5 and 10 times
magnified. It is possible to compose a series of
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E: Arrival Time Controllability of Fixed TOD Path,
F: Arrival Time Controllability of Fixed WP Path

Fig. 10 Arrival Time Difference and Controllability,
a: Fastest and Slowest Arrival Time Differences,
b: Arrival Time Controllability

Fig. 11 Arrival Paths with Maximum Arrival Time
Controllability

the arrival path with the maximum
controllability by determining the combinations
of the path parameters ¢,,., and Ay,,.,.

6 Conclusion

The arrival time behavior and its controllability
of two types of the tailored arrival paths have
been discussed in this paper. It has been
clarified that the Fixed TOD Paths can achieve
the larger controllability than the Fixed WP
Paths. The series of numerical analyses has
shown the feasibility to optimize the traffic
controllability, and the concept of the arrival
path with the maximum controllability is
proposed. This TA path can moderate the
required accuracy and range of the TOD
required time of arrival. It is also shown that the
combination of the faster Fixed TOD Path and
the slower Fixed WP Path can simultaneously
achieve the quasi-optimum arrival time
controllability and fuel consumption reduction.
In this paper the arrival time controllability
determined by the flight path composition with
the least number of flight legs has been
discussed through numerical analyses using
only one type of aircraft parameter. Therefore,
to show the feasibility and practical usefulness
of the presented concept, more detailed analyses
considering various aircraft types and conditions,
and actual flight procedures such as boundary
conditions at TOD and landing, aircraft arrival
azimuth angle etc. are indispensable in future
works. In addition, the effects of many causes of
the flight path deviation, such as the aircraft
parameters, the navigational and the flight
technical errors, the atmospheric conditions, etc,
must also be investigated. It is also expected
that the further larger arrival time controllability
will be achieved by using a larger number of
flight legs.
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