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Recently, the continuous descent approach has been strongly focused because it can drastically reduce noise
emission and fuel consumption during approach. The tailored arrival is proposed to facilitate the continuous descent
approach at congested terminal airspace. In a tailored arrival operation, each arriving aircraft is provided with a
specifically designed arrival path to fly on a continuous descent approach path without any conflict with other
aircraft. In this paper, the arrival-time controllability of the tailored arrival paths determined by the top-of-descent
and waypoint positions are discussed. A tailored arrival path is designed using the least number of track-to-fix and
radius-to-fix legs neglecting the engine thrust. Two types of tailored arrival path are numerically investigated; one is
determined by adjusting the waypoint positions with the fixed top of descent, and the other is determined by top-of-
descent position with the fixed waypoints. They are numerically analyzed so as to satisfy a set of appropriate
boundary conditions both at the top of descent and landing, and the behavior of the arrival-time difference from the
standard continuous descent approach path is explored using a representative set of inputs. The arrival-time
controllability is defined as the differences between the fastest and the slowest arrival time. Through several series of
arrival-time analyses, it is found that the tailored arrival paths determined by changing the waypoint positions can
achieve the larger arrival-time controllability compared with those determined by changing the top-of-descent
position. It is also suggested that it is possible to compose an arrival path with the maximum arrival-time

controllability without any additional fuel consumption.
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aircraft mass, kg

= aircraft wing area, m?
aircraft speed, m/s
aircraft position, m
flight-path angle, rad
air density, p = 1.23 x 107436x107 ko /my?
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1. Introduction

ECENTLY the continuous descent approach [1] (CDA) has

been examined in detail because the aircraft approach noise and
the fuel consumption are both drastically reduced [2]. The aircraft
approaches the runway with the nearly minimum engine thrust from
the cruise altitude in the ideal version of this approach. However it
can be difficult to maintain the separation between the aircraft with
such small engine thrust in a congested terminal airspace [2] because
the uncertainty of the arrival time due to the arrival path deviation of
each aircraft is larger than that required for the landing interval in a
congested airspace. The tailored arrival (TA) is proposed to facilitate
CDA even in such airspace [3]. In TA operation each aircraft is
provided with a specifically designed flight-path from the air traffic
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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
[4]. 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 [4,5] 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 augmen-
tation systems [6]. 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. It is also expected that
a family of predefined WPs and corresponding TA paths will
facilitate a similar TA operation. Concerning the RNAV aided arrival
paths, some studies have been carried out for the aircraft noise
mitigation [7,8]. In this paper, the arrival-time controllability is
especially focused, and it is aimed to clarify the arrival-time
difference behavior of the TA paths indicated through the arbitrarily
determinable WPs and fixed TOD, compared with the current TA
paths indicated through the fixed WPs. Hereafter, the former path is
called 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 paths
are designed according to the standard for the RNP approach [9] so
that general aircraft are able to fly along it with only small deviations.
Through the numerical analyses, it is also aimed to find the TA path
definition that provides the optimum arrival-time controllability to
facilitate the TA operation even in congested airspace.

II. Flight-Path Composition

As mentioned above, the arrival paths are designed according to
the standard [9], and they are composed of radius-to-fix legs (RF
legs) and the track-to-fix legs (TF legs). In the standard, an RF leg and


http://dx.doi.org/10.2514/1.C000272

2022 TAKEICHI AND INAMI

aTF 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. Inthis 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
isdepicted in Fig. 1b. The standard CDA path and the fixed TOD path
are denoted as solid and dashed lines, respectively. Both faster and

TF
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TOD

RF2

Std. Fixed
CDA TOD
Path Path

/l < TOD of Fixed WP Path (reduced)
I/ TOD of Std. CDA Path

B TOD of Fixed WP Path (stretched)

c)

Fig. 1 Outline of arrival paths: a) standard CDA path, b) fixed TOD
path, and c) fixed WP path.

Table 1 Aircraft parameters [10]

Parameter Value
m, kg 2.38 x 10°
S, m? 4.28 x 102
Cro 1.69 x 102
Cp; 4.89 x 1072
C (flap extension) 8.69 x 1072
Cp,; (flap extension) 4.68 x 1072

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. 1c. 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.

III. Equations of Motion and Boundary Conditions

The TA paths are numerically obtained using the parameters of
B777 [10]. The maximum descent gradient and the standard bank
angle in RF leg are provided in the standard [9], which are 500 ft per
1 NM and 18 deg, respectively. This descent gradient is equal to
—4.7 deg. Therefore the flight-path angle between —4.7 and 0.0 deg
and the bank angle of 18 deg in RF leg are applied in the numerical
analyses. It is also assumed that the TF3 leg corresponds to the final
approach segment, and the flight-path angle is fixed to be —3 deg.
The altitude and the velocity are 11,278 m (37,000 ft) and 250 m/s
(486 kt) at the TOD, and 305 m (1000 ft) and 80 m/s (156 kt) at the
end of TF3 leg. It is also assumed that the flap is extended at the
altitude of 610 m (2000 ft).

The TA paths are analyzed so that the aircraft values of state in the
equations of motion [Eqgs. (1-6)] satisfy the boundary conditions at
the TOD and the end of TF3 leg. The TOD position x1op and ygp 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 [Eqs. (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 aircraft parameters are shown in Table 1.
For the clarity of the problem, the following two assumptions are
made: 1) the engine thrust in idle state is negligibly small and 2) only
one flap condition is applied. Although these assumptions do not
correspond to the actual ones, they simplify the flight-path analyses,
and itis expected that the characteristics of the arrival-time difference
will be clearly obtained.

The numerical analyses to solve the boundary value problem and
the optimization have been carried by using MATLAB Optimization
Toolbox [11]. The dimensionless form of the equations are applied
[12], where the time, length, and mass of the state variables are
transformed dimensionless by v*/g, v*?/g, and p*Sv*2C}/2g,
respectively, where the variables with superscript * are the cruise
state values. The accuracy of the numerical integration and the
boundary condition are le — 8 and le — 6, respectively:
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Fig. 2 Standard CDA paths.
dx ) paper. A series of the standard CDA paths are obtained by changing
ar veosy cos 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
dy — vcos ysin ©6) final glide path. The joints of the legs are denoted as circles, and the
t ground projection of the flight-path is shown as the thin lines.
hii = h* = 11277.6 m(=37000 ft), Vini = Y %) B. Arrival-Time Difference Behavior of Fixed TOD Paths
Vi = V* =250 m/s 1. Flight-Path Angle
The arrival-time behavior and controllability of the fixed TOD
hii = h* = 11277.6 m(=37000 ft), Vi = ¥, pathsis analyzed in this section. The fixed TOD paths are numerically
. ®) obtained so that they satisfy the same boundary conditions as the
Vi = v* =250 m/s, Xini = XTOD> Yini = YTOD standard CDA paths. In this chapter, the standard CDA path with
25 km final glide-path length (#g; = 200 s)is focused as an example,
hgn = 304.8 m(=1000 ft), v, = 80 m/s and the arrival-time difference from this standard path is analyzed.
Vi = 0 rad, Xpip =0 m, Yiin =0 m €)

IV. Arrival-Time Analyses
A. 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

Table 2 Flight-path angle used in path analyses

Arrival path  TF1 RF1 TEF2 RF2 TF3

—3 deg —3 deg
—3 deg

Faster )2 V2 Vs
Slower "1 V2 Y2 V2

-50 /.;:/%
-100 L M
-150
C/// R T———
—*— =40deg
-200 - 1
——

=60deg
=80deg

Atginlsec]

@ —Fastest Arrival Path

0 50 100 150 200
trgs[sec]

Fig. 3 Faster arrival-time difference.
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Fig. 4 Faster arrival path: a) Aygp, =40 deg, trp; = 20 ~ 180 s (#: fastest arrival path) and b) A Yy, =20 ~ 80 deg, 13 = 100 s.
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This path is indicated by * in Fig. 2. The standard CDA flight-path
angle of TF1 leg is —2.76 deg, and the standard arrival time is
1241.4 sec. In the arrival-time analyses, the flight-path angles shown
in Table 2 are applied. Because the TF3 leg length becomes shorter
than that of the standard CDA path in the case of faster arrival path, the
—3 deg path angle is applied to the RF2 leg to hold the sufficient
flight-path length as the final approach segment.

2. Faster Arrival Path

Faster arrival paths are obtained by shortening the TF3 leg. By
determining the RF2 leg turning angle Avg, and the TF3 leg flight
time t1g3, a faster arrival path satisfying the boundary conditions is
solely obtained. Such a path determination corresponds to the
indication of the initial and final points of each leg as the WPs. The
difference of the arrival time from the standard path (Atg,) is
analyzed by changing the values of #1r; and Agg,. The arrival-time
differences are summarized in Fig. 3. It is clearly shown that the
larger A Yrgp, and the smaller #1g; enable the faster arrival. The shapes
of some typical flight-paths are summarized in Fig. 4, where the x
axis and z axis are magnified 5 and 10 times. Figures 4a and 4b show
the flight-paths changing the final glide-path length from about
1.75kmt022.25km (t1r; = 20 ~ 180 s) with the fixed turning angle
of AYrp, =40 deg, and those changing the RF2 leg turning angle
from 20 to 80 deg (AyYgp, = 20 ~ 80 deg) with the fixed final glide-
path length 11.5 km (#1g; = 100 s), respectively.

‘When the larger Aygg, or the smaller 1y is given, the horizontal
flight distance becomes shorter. The shorter flight distance requires
the larger flight-path angle, which results in the faster descent of
aircraft as shown in Fig. 3. The flight-path angles y; and y, are
separately chosen to satisfy the boundary conditions of the velocity
and the altitude. The fastest arrival path is obtained when f1g3 =05,
where the roll out point of the RF2 leg coincides to the point of the
final boundary conditions. In this case, AYgp = 79.1, y; = —4.70
and y, = —2.70 deg, are obtained from the numerical analysis. The
fastest path is determined by the final glide-path length limit
(13 = 0 s) and the flight-path angle limit of TF1 (y; = —4.70 deg),
and a possible combination of the Ayryg, and y, is solely determined
to satisfy the boundary conditions. The fastest path is denoted as
diamonds (#) in both Figs. 3 and 4a. Its arrival-time difference from
the standard CDA path is Azfin = —238.5 s.

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
given combination of the larger Ay, or the longer #1p3. The arrival-
time difference is summarized in Fig. 5. Some examples of slower
arrival paths are shown in Fig. 6. Figures 6a and 6b show the flight-
paths changing the final glide-path length from about 26.5 to
29.25 km (tp3 =210~ 230 s) with the fixed turning angle of
AvYrp = 92.5 deg, and those changing the RF2 leg turning angle
from 92.5 to 100 deg (AYgp, = 92.5 ~ 100 deg) with the fixed final
glide-path length 27.9 km (t1; = 220 s), respectively.

In the case of slower arrival path, when the larger Ay, or the
larger trp; is given, the horizontal flight distance becomes longer. The
longer flight distance results in the smaller flight-path angle and
slower descent as shown in Fig. 5. The slowest arrival path is
obtained when the final glide-path length is 30.1 km (#1p; = 236.1 s)
and AYrrp, = 92.5 deg, which are denoted as crosses (+) in Figs. 5
and 6a. In this case, the flight-path angles are y; = —2.07 and

y, = —3.03 deg, and the arrival-time difference from the standard
path is A7 =127.9 s. In the slowest arrival path, the aircraft

dissipates its kinetic energy by flying on the path with as small flight-
path angle as possible with satisfying the boundary conditions.
Therefore, if the aircraft flies on even a slightly longer flight-path
than the slowest path or a TF1 leg with a slightly smaller flight-path
angle than that for the slowest path y; = —2.07 deg, the aircraft
cannot maintain the velocity to satisfy the final boundary conditions.
It is considered the slowest arrival path depicted in Fig. 6a has the
longest flight distance that satisfies the boundary conditions.

140
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e P
3 s0 i
= 60
o s
40 & Mpr=92.5deg |
—x =95.0deg
20 - =97.5deg A
e =102.5deg
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200 210 220 230 240

trps[sec]

Fig. 5 Slower arrival-time difference.

C. 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. lc. 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, slowest and standard paths are shown in Fig. 7 denoted
as @, + and e, respectively. In the fastest arrival path, y, = —4.70
and y, = —0.00 deg, which means that the fastest path is determined
by the limitation of the flight-path angle. In this case, the aircraft flies
on TF1 leg with the large flight-path angle limit (y; = —4.70 deg)
for the fastest descent, and flies on TF2 leg with the small flight-path
angle limit (y, = —0.00 deg) for the most rapid deceleration to
satisfy the final boundary conditions. The flight-path angles in the
slowest path are y; = —2.52 and y, = —3.54 deg. As mentioned in
the slowest fixed TOD path case, the aircraft dissipates its kinetic
energy by flying on the path with as small flight-path angle as
possible with satisfying the boundary conditions. Therefore, it is
impossible to satisfy the final boundary velocity condition by flying
on the TF1 leg with even a smaller flight-path angle than that for the
slowest path. The cruise lengths of the fastest and slowest paths are
50.4 km longer and 3.63 km 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:

ATOD [m]

— A/TOD ATOD [m]
Vyy; [m/s]

Aty = AfFOP — i T AR T
fin fin 250 [m/s]

fin ( 10)
where A£OP is the arrival time measured from the TOD. The arrival-
time differences obtained from the Eq. (9) were A£%i" = —204.5 s for
the fastestarrival path,and Aff2* = 94.3 sforthe slowestarrival path.
In addition, it must be noticed that the amount of the fuel is also
changed due to the cruise length change. Especially this result in the
additional fuel consumption in faster arrival paths. The fuel con-
sumptionrate of the B777 aircraftis 117.5 kg/ min forthe cruise atthe
altitude 37, 000 ft[10], whichisequalto7.83 kg/km.Inthiscase, the
fastest path requires 395 kg fuel in addition to the standard CDA path
or the fixed 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 28 kg.

V. Arrival-Time Controllability

It is possible to define the arrival-time controllability as the
difference between the fastest arrival time Af'" and the slowest

fin .
one Aff*. The maximum arrival-time differences A" and
Arg¥, and the controllability A — Aff" are summarized in

Fig. 8. In this case, the arrival-time difference and the con-
trollability of the standard CDA paths with the final glide-path
length of 0 ~ 84.4 km (t7g;3 = 0 ~ 600 s) are analyzed. The verti-
cal axes denote the arrival-time difference from the standard CDA
paths in Fig. 8a, and the arrival-time controllability in Fig. 8b.
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In Fig. 8a, 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. 8b 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
flight-path angles coincide with the limit values. In the Fixed WP
path, the aircraft rapidly descents on the path of y; = —4.70 deg,
and flies on the path of 3, =0.00 deg to satisfy the boundary
conditions as shown in Fig. 7. In the Fixed TOD path, the aircraft
rapidly descents on the path of y; = —4.70 deg similarly, and flies
on the smaller flight-path angle to satisfy all of the boundary
conditions simultaneously as shown in Fig. 4a. 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. 8 line B.

Both of the arrival-time difference of the slowest Fixed TOD (line
A) and Fixed WP (line C) paths are almost the same values and
decrease in almost the same manner. As mentioned above, the
slowest arrival path is determined so that the aircraft dissipates its
mechanical energy as long as possible with satisfying the boundary
conditions. Hence there are small differences between the slowest
arrival times of the Fixed TOD and fixed WP paths. Because the
arrival time of the standard CDA path with longer final glide path
becomes larger while the slowest arrival time hardly differ, the

i — e
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E: Arrival Time Controllability of Fixed TOD Path,
F: Arrival Time Controllability of Fixed WP Path

b)
Fig. 8 Arrival-time difference and controllability: a) fastest and

slowest arrival-time differences and b) arrival-time controllability
(#: maximum controllability).
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Fig. 9 Arrival paths with maximum arrival-time controllability.

difference between the slowest arrival time and the standard one
monotonously decreases as shown in Fig. 8 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. Through the
quadratic interpolation, it is clarified the maximum controllability is
realized when trg; = 520.5 s, which is indicated by * in Fig. 8. By
defining the flight-path with the arrival-time difference of Af;, =
—172.5 s as the standard arrival path, the maximum controllability of
£242.6 s is achieved.

It is possible to compose a series of the arrival path with the
maximum controllability by determining the combinations of the
path parameters f1r; and Aygg,. Figure 9 shows several arrival paths
with the RF2 leg turning angle from 20 to 80 deg (AYprm=
20 ~ 80 deg), where the z axis is 10 times magnified. In this way, itis
possible to compose various arrival path with the same maximum
controllability. Therefore, it is expected to be possible to achieve the
maximum controllability and the noise abatement simultaneously by
composing the arrival path avoiding residential area. It will also be
possible to achieve the maximum controllability and the obstacle
clearance by composing the arrival path avoiding large obstacles,
such as tall buildings, mountains, etc.

VI. Conclusions

The arrival-time behavior and its controllability of two types of the
TA paths have been discussed in this paper. The arrival paths are

composed of TF and RF legs so that the general aircraft can easily
follow them. It has been clarified that the fixed TOD paths can
achieve the larger time controllability than the fixed WP paths. In
addition, it is possible to control the arrival time of the fixed TOD
path without any additional fuel consumption, in contrast to the
conventional fixed WP path which inevitably requires the additional
fuel consumption for faster arrival-time control.

The arrival path with the maximum controllability is also
proposed. Itis possible to maximize the arrival-time controllability of
the TA operation by having aircraft arrive toward the TOD of the
arrival path with the maximum controllability, and indicating a TA
path to satisfy the required time of arrival. In addition, the arrival path
with the maximum controllability still has 1 degree of freedom in
path structure as shown in Fig. 9. Therefore it is further possible to
compose the standard arrival route considering other conditions,
such as the noise abatement, the obstacle clearance, etc. Through the
arrival-time analyses, it has also been shown that it is possible to
compose the faster arrival path by the fixed TOD path without any
additional fuel consumption, and that it is possible to compose the
slower arrival path by the fixed WP path with reducing the fuel
consumption. Therefore the simultaneous optimization of the arrival-
time controllability and the fuel reduction is also possible by the
combination of the faster fixed TOD path and the slower fixed WP
path.

This paper has discussed the arrival-time controllability deter-
mined by the flight-path composition with the least number of flight
legs through numerical analyses using only one type of aircraft
parameter. Therefore, to show the feasibility and practical usefulness
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of the presented concept, more detailed analyses considering various
aircraft types, actual flight procedures such as flap setting and near
idle thrust state, speed limitations, boundary conditions at TOD and
landing, etc., are indispensable in future works. In addition, it is also
expected that the further larger arrival-time controllability will be
achieved by using a larger number of flight legs. It is also necessary
to confirm the advantage of the arrival path with the maximum
arrival-time controllability in the cases where the aircraft arrives
from all the azimuth angle. 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 to show the feasibility of the presented TA
procedure.
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