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Airplanes are paid attention as a new platform for Mars exploration. A high-altitude flight test using balloon was
conducted in June 2016 by Japanese working group for Mars exploration aircraft. This paper reports a method of control
gain tuning for the flight test using evolutionary computation approach. This method can find optimal robust control gains
efficiently and automatically. The combination of the control gains are evaluated by the simulations of a finite number of

the dispersion conditions defined by the sensitivity analysis. A summary of a flight test, a control law, an optimization

method, a flight simulation method, an evaluation function setting, and an optimization result are described.
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phase
W : heading (i.e. direction of airplane X-axis
in horizontal plane)

Wup upper surface direction of airplane

Waiff difference of heading and the desired
heading in last 4 seconds of pull-up
phase

Subscripts

0 :  initial

c :  desired value

nom nominal

Pull pull-up phase

Roll roll phase

s :  standard

1. Introduction

Airplane for Mars exploration (Mars airplane) is a new
Mars observation platform that enables wide-range
observation from low altitude. Since 2010, the working group
for Mars exploration aircraft has been working on concept
design and fundamental researches of Mars airplane.) A
high-altitude flight test named ‘“Mars Airplane Balloon
Experiment-1 (MABE-1)” was conducted to measure the
aerodynamic performance of a Mars airplane.> Even on
Earth, the flight condition at the altitude of 36 km is almost
same as the condition on Martian surface except the difference
of the gravity.

The control system for the MABE-1 required various
considerations. The flight area was restricted to secure the
safety of civil flights. Because the mass of the airplane was
severely restricted, the stiffness of the structure was relatively
low and the equipped sensors were limited in number and low
in accuracy. The uncertainties were large because it was first
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flight of this airplane. The airplane needed roll and pull-up
maneuvers before gliding flight because the airplane was
dropped from the airplane as shown in next chapter. Usually,
the accelerometers and the rate gyros are calibrated just before
the flight in quiescent state. However, the airplane for the
MABE-1 could not calibrate just before the flight because the
airplane was hanged and swinging under the balloon. The
sensors were anticipated to offset due to the temperature
change from the ground to the high altitude.

The airplane for this flight test was controlled by
Proportional-Integral (PI) controller. Usually, a tuning of the
control parameters is performed by trial and error. This
procedure takes much time and efforts. In addition, another
problem of the flight control was the uncertainties of the flight
simulation such as the flight environment, the initial
conditions, the sensor errors, and the modelling errors. The
determined control parameters must ensure safe flight under
such uncertainties.

To solve the parameter tuning problem, an evolutionary
computation technique has been applied by handling the
control parameters as design parameters of the optimization
problem.?” The control parameters can be tuned automatically
and efficiently by using the evolutionary computation
techniques. This technique also has been applied for acrospace
problems. Krishnakumar et al. used a genetic algorithm
technique to design a lateral autopilot and a windshear
controller. They revealed that a variety of aerospace control
system optimization problems can be addressed using genetic
algorithms with no special problem-dependent
modifications.” As shown above, the parameter tuning
problem can be solved thorough optimization technique.

There are two different approach to obtain a robust
controller. One is an analytical method and another is a
statistical method.

As examples of the analytical method, Ghazi et al. proposed
a robust controller design method using a linear quadratic
regulator theory, a guardian map theory, and a genetic
algorithm.® Avanzini et al. used an evolutionary algorithm in
the framework of H.. control theory for an unstable aircraft.”
However, these analytical methods were not optimal for the
controller design for MABE-1 because the estimated
uncertainties in MABE-1 were quite large in both number and
standard deviation. When the uncertainties are too various and
large, such analytical method usually cannot find the solution.
Even if the solution is found, the obtained solution is usually
too conservative value. Therefore classical PID theory was
considered. The differential term was not able to use for
MABE-1 because the noise was also large. Therefore, PI
controller was selected. In addition, in the case of a preflight
evaluation of the control system such as this paper, the value
of each standard deviation for controller analysis was clearly
defined in advance. Therefore, the controller should be
directly optimized for those defined uncertainties.

The statistical method evaluates the controller by statistic
values such as a rate of the constraint violation. Motoda et al.
applied one of the stochastic parameter optimization methods
to solve the flight controller design for the airplane that has
uncertainties.® They evaluated the controller through the
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Monte-Carlo simulation and optimized using the combination
of the simulated annealing method and the downhill-simplex
method. However, this method requires a lot of computation
resources to perform the Monte-Carlo simulation for each
evaluation.

In this paper, a low-cost and automatic parameter tuning
method considering uncertainty is proposed. Each individual
(i.e. the combination of the control parameters) was directly
evaluated through simulations with uncertainties. Here, the
evaluation was performed by not the Monte-Carlo simulations
but the simulations of a finite number of the dispersion
conditions defined by the sensitivity analysis to reduce the
calculation cost. The proposed method is able to deal with
multi-parameter problem such as the controller design for
MABE-1 because the calculation cost is relatively low. Also,
the proposed method is able to optimize the design parameters
even if the evaluation function is multimodal, because the
proposed method uses the evolutionary computation technique.
This method can be used for optimization of any system that
has defined uncertainties, such as a controller design of a
pre-flight airplane. This paper presents the overview of the
control law, the optimization problem establishment, the
optimization methodology, and the results of the PI controller
design for MABE-1.

2. Overview of the MABE-1

Figure 1 and Table 1 show the outline drawing and the
principal dimensions of the airplane for MABE-1. Because
this test was the first trial, the objective of the test was set to
perform basic maneuvers and to obtain the aerodynamic
characteristics. Therefore, this airplane had no propulsion
system. The control surfaces of this airplane were the ailerons,
the rudders, and the elevator. Figures 2 and 3 show the flight
test sequence and the time series data at nominal flight. The
flight test was conducted over the sea for the safety reason.
First, the airplane was ascended to 36 km height by the
balloon. Here, the airplane had been hanged inside the
gondola to be protected from strong sunlight and cold
atmosphere. After the health check, the airplane was released
from the gondola and started dropping with aiming its nose
downwards. Then the airplane performed the roll and pull-up
maneuvers. The desired heading, i.e. desired direction of
airplane X-axis in horizontal plane, was set to 127 degrees
(clockwise from the north), i.e. the direction from land to sea,
for the safety. The airplane was controlled to pull-up toward
this direction. Available sensors were the 3-axial rate gyro and
the dynamic pressure sensor on the airplane, and the 2-axial
magnetic compass on the gondola. Note that an air data sensor
(ADS) was equipped but not used for the control because this
time was a first trial of the usage of the ADS at high altitude
environment and therefore the reliability was unknown.
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Fig. 1. Outline drawing of airplane for MABE-1.
Table 1. Principal dimensions of airplane for MABE-1.
Items Values  Units
Airplane length (w/o ADS) 200 m
Wing span 240 m
Chord length 049 m
Height (w/o attitude sensor) 043 m
36km 40 Airplane release

(p

\f Roll phase (20 seconds)

P

[e]

, Pull-up phase (9 seconds, My, = 0.6, Rep = 7% 10%)

Ascent with
gondola
(3 hours)

lide phase (90 seconds, M= 0.5, Re = 5 X 10*)

Parachute release

Data downlink

Ground

control iiBalloon release )

Fig. 2. Flight test sequence.
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Fig. 3. Time series data at nominal flight (0-70 seconds).
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3. Control Law

This paper deals with the lateral and directional controls
from the airplane release to the end of the pull-up maneuver.
The requirement for this control was that the absolute
difference between the desired heading and the airplane
heading at the end of the pull-up phase was within 60 degrees.
This control has two phases: a roll phase and a pull-up phase.

In the roll phase, the airplane was controlled to aim
horizontal component of the wing upper surface direction to
the desired heading for the pull-up maneuver. Only the
ailerons were used in this phase. The desired roll rate P. was
obtained by the following equation:

P, = AShiftAngle(y, -y,,) (1)

where

Y, =W+ PAI )
Here, a function “ShiftAngle(x)” converts an angle x [rad] into
-t to m (e.g. ShiftAngle(1.5mt) = -0.5m). The upper surface
direction was estimated by the integral of the yaw rate.
Usually, the integral of the output of the rate gyro is not
accurate. However, the integral is acceptable for this case
because the integral time is short. The ailerons deflection
angle da was controlled to follow the roll rate P to the desired
roll rate P. by the following proportional-integral controller:

Al 1o = Kappy, (P, — P) +Ka[pRol/Z(B» - P)At 3)
Note that, however, all control surfaces were fixed for the first
2 seconds to prevent from contacting with the gondola.

In the pull-up phase, both the ailerons and the rudders were
used for a stabilization control. Note that any other controls
such as a heading control or a roll angle control were
performed. Both the desired roll and yaw rates were set to 0.
The ailerons deflection angle da and the rudders deflection
angle dr were controlled to follow the roll and yaw rates P, R
to the desired roll and yaw rates P, R. respectively by the
following proportional-integral controllers:

“4)
®)

dap,,on = Kapp,, (F, — P) + KaIpPullz(Pc —P)At
drPullnom = KrrPulI (R(_ - R) + Kreru/lZ(Rc - R)At

In this flight profile, the dynamic pressure ¢ varies widely
from zero to several hundred Pa. The effectiveness of the
control surface is depends on the dynamic pressure. Therefore,
the correction factor for the dynamic pressure C, was
multiplied to the nominal defection angle of the control
surface.

C, = q,/max(q,50) 6)
Here, the standard dynamic pressure gs was set to 120 Pa
based on the nominal dynamic pressure in gliding phase. If the

dynamic pressure was less than 50 Pa, the denominator of Eq.
(6) was replaced to 50 Pa to avoid divergence. The threshold
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pressure 50 Pa was determined as a sufficiently low and well
observable value using ADS.

The bandpass filter was used to the output of the rate gyro.
Its passband was set form 0.001 Hz to 6 Hz based on the prior
examination. If the deflection angle reached its mechanical
limit, the integral was paused. As a longitudinal control, the
elevator deflection angle was fixed to -15 degrees based on
trim data of the aerodynamic model.

4. Optimization Method

Table 2 shows the design variables and its search range of
the optimization. The optimization process searched the
combination of these design variables that bring better
headings and stable flight performance under the various
off-nominal conditions.

MATLAB’s Genetic Algorithm Toolbox, especially ga
function, was employed for the current work. This function is
based on the genetic algorithm. The population size was set to
50 based on prior examination. The optimization was
terminated when the dispersion of the evaluation functions in
the generation reached to sufficiently small value. Initial
population was generated randomly. The percentage of the
elites was set to 5%. The method for parent selection was the
stochastic universal sampling. The ratio between crossover
and mutation was 4:1. An optimal set of the control gains can
be obtained through minimizing the evaluation function.

The optimization was performed for each phase. First, the
proportional and integral gains for the ailerons were optimized
by the simulation from the airplane release to the end of the
roll phase. Then, the proportional and integral gains for the
ailerons and the rudders were optimized by the simulation
from the end of the roll phase to the end of the pull-up phase.
Here, an initial condition for the pull-up phase was obtained
as a result of the simulation from the release to the end of the
roll phase with optimized gains.

The evaluation function was defined considering the ability
to pull-up toward the desired heading under a finite number of
the dispersion conditions selected by the sensitivity analysis to
reduce the calculation cost. By this method, the robust control
gain settings under the various off-nominal conditions can be
achieved. As the dispersion conditions, 35 principal
conditions was selected based on the sensitivity analysis. The
12 basic dispersions are shown in Table 3. Here, the amount
of the effects of these 12 basic dispersions accounted for over
70% of the total amount of change in sensitivity analysis. In
particular, the influence of the atmospheric density was large.
Therefore, in each simulation, only one of the basic 12
dispersions was fluctuated under the positive, zero, or
negative density fluctuation condition. The evaluation value
of each design individual was calculated as the sum of the
evaluation values of 36 simulations (i.e. 35 dispersion
conditions plus 1 nominal condition). Because the 36
dispersion conditions included the conditions that two high
sensitivity parameters simultaneously took bad values, the 36
dispersion conditions were eligible for robustness evaluation.

The evaluation function for the roll phase was as follows:
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Table 2. Design variables and search range of optimization.

Design variables Range

Kaproi nom Proportional gain of ailerons in roll phase 0 ~ 3

Kalprounom  Integral gain of ailerons in roll phase 0 ~ 2

Kappuit nom Proportional gain of ailerons in pull phase 0 ~ 3

Kalppyiqom  Integral gain of ailerons in pull phase 0 ~ 2

Krrpui nom Proportional gain of rudders in pull phase 3~ 0

Krlrp..»  Integral gain of rudders in pull phase 2 ~ 0

Table 3. 12 basic dispersions.

Names Dispersions  Units  Rationales

Cy modelling error 0.0245 - Wind tunnel test

Incident angle error of Alignment

. 2 deg

aileron measurement

Aeroelastic deformation o .

dispersion of dihedral 10 % Wind tunnel test

Aproelqstlc defqrmatlon 10 % Wind tunnel test

dispersion of twist

Inmfient ' angle of 03 deg Alignment

vertical tail measurement

C;, modelling error 50 % DATCOM

C;» modelling error 50 % DATCOM

Spanwise center  of Alignment

. . 3 mm

gravity position error measurement

Alignment of twist 0.42  deg Alignment
measurement

Atmospheric  pressure Height,

change 134 Pa Weather

Atmospheric Height,

temperature change 10 degC Weather

Atmospheric density ;  Height,

change 0.0017  kg/m Weather

N
Ep = 200, max(( g, )+ W, Y| P1+7,p)

1

(M

In the first term, gy represents the difference of the
horizontal component of the upper surface direction of the
airplane and the desired heading in last 2 seconds of the roll
phase, as shown in Fig. 4. The design individuals that show
better roll control performance can be found by evaluating the
maximum value of the absolute value (i.e. the worst value) of
dair. The second term represents a time integral of the absolute
value of the roll rate to find the solution which performs
minimum roll motion. The third term represents the penalty
function that becomes non-zero only if the simulation failed
before the end of the phase. In this study, the penalty function
was set to an uncalculated time length (i.e. the time length
from the failed time to the end of the phase). As shown above,
several evaluation criteria were integrated into the single
evaluation function by the weighted sum to save calculation
cost. The weight coefficients Wi, W2, and W3 were set to 107!,
107, and 10°, respectively. These values were determined
based on a priority of each term and a magnitude of each term
without weight. Here, the order of priority was the third term,
the first term, the second term in descending order.

The evaluation function for the pull-up phase was as
follows:

N

Epy = 3 (W, max((y )+ Wy min| 01]) + W, max(|4]) + W, p)

1

®)

In the first term, way represents the difference of the
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heading of the airplane and the desired heading in last 4
seconds of the pull-up phase, as shown in Fig. 5. The design
individuals that show better heading can be found by
evaluating the maximum value of the absolute value (i.e. the
worst value) of was. The second term represents the minimum
value of the absolute value of the pitch angle in last 4 seconds
of the pull-up phase. The design individuals that success
pull-up can be found by this term. The third term represents
maximum value of the absolute value of the roll angle in last 4
seconds of the pull-up phase. The fourth term was the penalty
function. It is similar to that in roll phase. The weight
coefficients Wi, Ws, Wes, and W7 were set to 5, 1/15, 0.1, and
103, respectively. Here, the order of priority was the fourth
term, the first term, the second term, the third term in
descending order.

Upper surface
direction

Pair

Desired heading

Fig. 4. Definition of @y

Desired heading

Yaify

Airplane X-axis

Fig. 5. Definition of w

5. Flight Simulation Method

The principal dimensions of the airplane for MABE-1 is
shown in Table 1. The inertial matrix was obtained by the
3D-CAD drawings. The aerodynamic model was established
based on the wind tunnel testing result of the scale model.”
The control period was 0.05 second. The time step of the
simulation was set to 0.005 second. The solver was 4" order
Runge-Kutta method. The sensor output that were used for
control were calculated from the true values using sensor
model. Table 4 shows the nominal release condition. The
airplane was released from the gondola with aiming its nose
downwards.
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Table 4. Nominal release condition.

Variables Values  Units
Height 36,000 m
3-axial translational velocity 0 mfs
3-axial angular rate 0 deg/s
Roll angle 0 deg
Pitch angle -90 deg
Yaw angle v, (=127) deg

The gravity acceleration g was calculated as follows:

R

Earth

2
g B gS(REarth +hJ

where the gravity acceleration at the ground gs and the radius
of the Earth Rgws were 9.80665 m/s’> and 6,378,100 m,
respectively. The viscosity coefficient was obtained using the
Sutherland’s law. The atmospheric density p and temperature
T were calculated as a function of the height /.

€

plkeg/m*®]=197576exp (-0.00015575 h[m])
T'[degC]=0.002768 h/[m]-133.534353

(10)
)

6. Results and Discussion

Figure 6 shows the transition of the evaluation function in
roll phase optimization. It indicates that the optimization was
sufficiently converged. Figure 7 shows the distribution of the
evaluation value on the design space. The optimal
combination of the aileron gains was obtained as [Kaproii nom,
Kalproinom] = [0.0861, 0.0822].
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Fig. 6. Transition of evaluation function in roll phase optimization.
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Figure 8 shows the transition of the evaluation function in
pull-up phase optimization. It indicates that the optimization
was sufficiently converged. Figure 9 shows the distribution of
the evaluation value on the design space. The optimal
combination of the aileron and rudder gains were obtained as
[Kappuit nom, Kalppuit nom, Krreut nomy Krlveui nom] = [0.0590,
0.1357, -0.0131, -0.0032].

Finally, the Monte-Carlo simulation was performed to
confirm the control performance of the obtained gains. 136
dispersions including 12 basic dispersions in Table 3 were
changed randomly in each simulation. A number of the
simulations were 2001. Here, a confidence interval of the
obtained success rate was about 1% with a significance level
of 5%.!9 Figure 10 shows the histogram of the absolute
difference between the desired heading and the airplane
heading at the end of the pull-up phase. All results of the
difference were within 60 degrees and satisfied the given

10°
V Max
v ® Mean
:{ Vv A Min
g L ]
= 4 A Y
=
Q *
& A
10" * v
AAaX xx % x

1 2 3 4 5 6 7 8 9 10 11 12
Generation

requirement. It is clear that the robust control gains were
found by the proposed method. Even though the quality of the
solution might be same or less than the solution using a
high-cost method, the proposed method was able to obtain
practically sufficient solution as shown in Fig. 10.

7. Conclusion

The robust control gains for the Mars Airplane Balloon
Experiment-1 was automatically and efficiently determined
through optimization using evolutionary computing technique.
Each combination of the control gains were evaluated through
the calculations for a finite number of the principal fluctuation
conditions. The robustness of the solution of this method was
ensured because the highly sensitive dispersion parameters
were extracted for the principal fluctuation conditions. The

sufficiently robust solution was obtained with lower
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calculation cost than the method using Monte-Carlo
simulation. Obtained control gains were used in MABE-1 and
performed well. Also, this method contributed to reduce the
amount of the development time.
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