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I

HIS Note presents a real-time flight trajectory optimization

method. The flight trajectory that minimizes the fuel consump-
tion or flight time of an aircraft can be solved with optimization.
Because the optimization is time-consuming, the optimal flight
trajectory needs to be obtained before flight. This, however, cannot
cope with unexpected situations in flight. Thus, the real-time opti-
mization, which optimizes the flight trajectory with the transition of
the flight state, is important. The final goal of our study is to establish
the real-time trajectory generation applicable to emergency landing
approaches. Though the present flight management system provides
the optimal flight path for a flight plan in normal operations, it cannot
operate in emergency situations. This Note presents a fundamental
real-time trajectory optimization algorithm and its flight validation.

Many studies about real-time flight-path generation have pro-
duced a flight path by connecting the trim conditions in prestored
databases [1,2]. In these studies, computer-assisted simulations
were performed, but there were few actual flight experiments. Addi-
tionally, it is difficult to generate nonstational trajectories and the
wind effects were not considered. In Japan, the Society of Japanese
Aerospace Companies has promoted research on the development of
a fault-tolerant flight control system. In a proceeding study, Suzuki
et al. proposed a flight trajectory search method composed of a real-
time A* algorithm and a random tabu search method [3]. They also
conducted flight experiments. This random-based method, however,
lacks convergent stability, so it often does not produce the appro-
priate trajectory.

‘We have taken over this study, and in this Note we apply a direct
collocation method including some schemes to solve the preceding
problems. Actual flight experiments are also conducted to prove the
effectiveness of the method. The experimental aircraft is MuPAL-o,
the Multi-Purpose Aviation Laboratory, developed by JAXA (Japan
Aerospace Exploration Agency) [4]. It has a high-precision Global
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Positioning System/inertial navigation system and a three-axis air-
speed sensor. The system allows the estimation of the wind velocity
and direction during flight. MuPAL-« also has a tunnel-in-the-sky
display, which was developed by JAXA [5]. The experiments were
conducted under manual tracking control using the display. In the
future, the trajectory generated by the real-time optimization method
will be tracked by an automatic flight control system being developed
in the research on the fault-tolerant flight control system.

II. Definition of Flight Trajectory Optimization

A three-dimensional point-mass model is used to show the motion
of the experimental aircraft MuPAL-«. The values of all the state
variables, including the location and airspeed, are known at the pre-
sent time (f = fyeqen) and the final time (¢ = 7g,,) when the optimal
flight is finished, but the final time #;;,,,; is unknown. The aerodynamic
characteristics are given as functions of angle of attack. Moreover,
the state and control variables have upper and lower limits, as shown
in Table 1. Because the pilot follows the optimal trajectory in this
study, the limits are set from flight safety as well as the physical
possibility.

A performance index function J minimized in this Note is mainly
the flight time (¢, — fpresent)- A penalty function defined from the
square integration of the differential values of the flight-path angle y
and bank angle ¢ is also included to generate smooth trajectories and
reduce the pilot workload. The performance index is determined as
follows:

Ifinal . .
J= Tfinal — tpresem + / (w1]/2 + w2¢2)dt (1)
Tpresent

Here, w; and w, are weight factors. The two variables y and ¢
and their weight factor values are decided from flight simulator
experiments.

II1.

The trajectory optimization method uses the BDH (block-diagonal
Hessian) method [6]. This method discretizes all of the variables,
motion equations, and constraint condition equations and transforms
the trajectory optimization problem into a nonlinear programming
problem. The optimal solution of the nonlinear programming
problem is computed using a dedicated sparse sequential quadratic
programming method.

A precondition for real-time flight trajectory optimization is that
the overall trajectory from the present condition to the final condition
is always obtained. The pilot wants to check the overall trajectory
with the instrument display while flying. To optimize the overall
trajectory at high speed, we add the following two schemes to the
optimization method:

1) The optimization does not strictly pursue the transition of the
flight state, but a position a little ahead of the current flight state is set
as the initial condition.

2) If the overall optimal trajectory is computed, the optimization
requires a lot of computation time when the aircraft flies far away
from the final condition. This is because a long flight time requires
many nodal points and many optimization variables.

Thus, the trajectory is divided into two intervals called stages, and
dense nodal points are collocated to the interval nearest to the present
position. The closer the trajectory, the more precise the trajectory
obtained.

The following explains the real-time optimization algorithm based
on the schemes (Fig. 1).

Real-Time Flight Trajectory Optimization Method
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Table 1 In-flight constraint conditions

Variable Lower limit Upper limit
Airspeed V 61.5 m/s 75.8 m/s
Flight-path angle y —5 deg 0.1 deg

Angle of attack o —5 deg 15 deg

Bank angle ¢ —15 deg 15 deg

Thrust 7, N 3440 —51.8 x V,m/s 20,800 — 129.5 x V, m/s

Step 1) Stage 0, of which the time length is 7,4, Seconds, is
defined. In stage O, the aircraft flies in a steady horizontal flight.
Although the aircraft flies in stage 0, the trajectory from the terminal
condition of stage O to the final condition of the overall trajectory is
optimized. Here, the T, second interval from the terminal state of
stage 0 is defined as stage 1. The number of nodal points in stage 1 is
N,, and the number of nodal points between the terminal state of
stage 1 and the final condition is N,. The initial solution of the BDH
method is set to the likely trajectory in which a level-turn straight-line
descent or ascent and a level-turn flight appear one by one. The
velocity in the initial solution changes at a constant rate during the
straight-line descent or ascent flight. The optimization is stopped
either when the solution converges near the optimal solution or
the calculation time reaches T\pqq S€conds and the trajectory is dis-
played on the instrument.

Step 2) Entering stage 1, the aircraft starts to fly along the
trajectory obtained in step 1. Although the aircraft flies within the
first Typaae SeCONds in stage 1, the trajectory roughly optimized in
the previous step is reoptimized with higher accuracy. Stage 2 is
defined as a T,q second interval of which the initial state is the
state at T\pq, seconds in stage 1. Here, because the trajectories are
connected smoothly, stage 2 overlaps the last Ty, seconds of
stage 1. The numbers of nodal points in stage 2 and in the other
interval are N, and N,, respectively. The optimal trajectory obtained
in step 1 can be used as the initial solution in this step. Before the
T\ paxe Second flight in stage 1, the optimization is stopped.

Step 3) The aforementioned process is repeated until the aircraft
gets close to the final condition. If the remaining flight time to the
final condition is within T, Seconds, the overall trajectory is
discretized with N; + N, nodal points and optimized at once.

In the optimization, we should consider wind effects; otherwise, it
is very difficult for pilots to follow the optimized trajectory. The
average wind velocity and direction, which can be measured by
MuPAL-q, are calculated in one step and incorporated in the next
step. The optimization parameters, which were decided based on the
computer power, are summarized in Table 2. We used a personal
computer with an Intel Core 2 Duo T7600 (2.33 GHz) CPU.

IV. Numerical Simulations

We compared the real-time optimization with an offline optimi-
zation to confirm the effectiveness of the real-time flight trajectory
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Fig. 1 Real-time optimization algorithm.

ENGINEERING NOTES 1469

Table 2 Parameters of real-time

optimization
Parameter Value
N, 40
N, 40
Tslage 40 s
Tupdalc 30s
Toverlap 10s
Tlermina] 90 S

optimization. The offline optimization optimizes the entire trajectory
at once. The interval of the nodal points in the offline optimization is
almost equal to that of the nearest stage in the real-time optimization.
The values of the weight factors w, and w, in Eq. (1) are zeros in this
section.

Figure 2 shows the flight trajectories of the real-time optimization
and offline optimization. The figure omits stage O of the real-time
optimization trajectory. The total flight times of the real-time optimi-
zation and offline optimization are 320.0 and 318.4 s, respectively;
both are almost equal. The horizontal projection of the trajectory,
airspeed history, bank-angle history, and angle-of-attack history of
the real-time optimization almost correspond to those of the offline
optimization, but the flight-path angle of the real-time optimization
oscillates to satisfy the final conditions. The oscillation can be sup-
pressed by the weight factors w; and w,. Figure 3 shows the con-
vergence histories of the estimated total flight time. Though the
offline optimization takes more than 90 s for convergence, the real-
time optimization converges sufficiently within 7,4, seconds in
each step.

V. Actual Flight Experiment

The actual flight experiments were performed to confirm whether
the proposed real-time optimization worked well and pilots could
track the trajectories in actual environmental conditions. In flight
simulator experiments before the actual flight experiments, we

Final condition
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elocity 61.7 m/sec L 5000

y [m]

Fig. 2 Comparison of flight trajectories.

W
=2
(=)

Step 1 Step2 i, Step3

(98]

[=)

(=]
-

Real-Time Optimizatibn
Offline Optimization ——- |

B
[5)
E
S \
2350
2 | ‘ ‘
3 \
= | |
> ] ]
= i ;
330 LTS f
b= Ngp—— 3
\
£ 320—L | ﬂ\\_l‘L___L -
B 30 60 90 120 150

Time [sec]

Fig. 3 Comparison of convergence histories of performance functions
(estimated total flight times).
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Fig. 4 Flight trajectories in case 1.
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Fig. 5 State variable histories in case 1.

Actual Flight Trajectory
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Fig. 6 Flight trajectories in case 2.

decided the weight factors, w; = 1.0 s> and w, = 0.01 s?, with
which we could confirm the effectiveness of the optimization without
giving the pilots a heavy workload. This Note shows two of the
flights. The flights assumed landing approaches near a runway. At
the final conditions, the trajectories were connected to glide paths for
the runway. Figures 4-7 show the flight results until the runway. The
figures of the airspeed histories also include the commands indicated
to the pilots. Displaying the optimal airspeed accurately gave the
pilots a heavy workload for throttle adjustment. Thus, we displayed
the target airspeed at 10 kt intervals. The wind velocity observed
during the flight experiments was from 5 to 20 kt, and about 10 kt on
average. Though the flight-path angle, angle of attack, and bank
angle of the actual trajectories oscillate due to the shifting flight
environment, such as wind disturbance, all the states satisfy the
constraint conditions. The proposed real-time optimization worked
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Fig. 7 State variable histories in case 2.

well even in the actual flight experiments, and the pilots were
adequately able to follow the optimal flight trajectories.

VI. Conclusions

This study developed the real-time flight trajectory optimization
method. A feature of the optimization method is that the forthcoming
condition on the already-obtained overall trajectory was defined as
the initial condition and the optimization was recalculated by the time
the aircraft reached the initial condition. In addition, the nodal points
of the trajectory optimization method were well allocated to achieve a
good balance between the optimization speed and precision. In the
numerical simulation, the real-time optimization showed good con-
vergence characteristics and could produce the trajectory that was
almost equal to the optimal trajectory of the offline optimization. In
addition, the actual flight experiments were performed with manual
tracking of pilots. The pilots could track the optimal flight trajectories
with good accuracy. In the future, we will conduct more simulations
and flight experiments under various situations and integrate the real-
time optimization method in an automatic flight control system.
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