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Abstract: This paper presents a flight demonstration project for LIDAR-based gust alleviation
control currently planned in Japan. The onboard coherent Doppler LIDAR has already been
developed and validated by flight experiments. The wind velocity estimation algorithm has also
been developed which can estimate two-dimensional distribution of wind field between two laser
beams of the LIDAR system. These components are to be combined with the preview control
law which utilizes the estimated wind velocities in front of the aircraft, and to be proven in
the flight demonstration. This paper shows the results obtained so far and introduces the flight
demonstration under planning.
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1. INTRODUCTION

The number of serious incidents of mid-large sized aircraft
in Japan is more than 40 from 2001 through 2014, and
about half of these incidents are due to wind gust (Japan
Transport Safety Board (2015)). According to NTSB re-
port, there were 18 U.S. air carrier accidents caused by air
turbulence in 2003, which is more than three times as many
as in 1980 (Federal Aviation Administration (2006)). Not
only in Japan and the U.S., but globally the number of
turbulence accidents of aircraft has increased and should
be reduced for improving aviation safety.

Currently most civil aircrafts have onboard weather
RADAR (RAdio Detection And Ranging), which can de-
tect areas of clouds causing turbulence. Although this
equipment is useful to some extent, it cannot detect clear
air turbulence (CAT), which occurs suddenly even in
the absence of clouds, and therefore it is not sufficient
for preventing turbulence accidents. In contrast, JAXA
(Japan Aerospace eXploration Agency) has developed an
onboard Doppler LIDAR (LIght Detection And Ranging)
system, which can detect not only CAT but windshear,
downbursts, wake-vortex and mountain wave in clear air
conditions at a range of about 10 km ahead of an air-
craft. The LIDAR system has been validated by flight
experiments using a business jet aircraft and a wide-
body transport aircraft (Inokuchi et al. (2018); Inokuchi
and Akiyama (2019)). In these experiments, an onboard
turbulence information system that provides turbulence
information to pilots based on LIDAR measurements has
also been demonstrated and proven to be effective as a
warning system (Matayoshi et al. (2018)).

Although the LIDAR-based onboard turbulence informa-
tion system is useful, it is difficult to avoid turbulence in
high altitude since the detection range is too short to warn
pilots. In order to prevent accidents due to turbulence, it
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Fig. 1. Basic concept of the LIDAR-based gust alleviation
control system.

is important not only to provide turbulence information
to pilots but also to alleviate violent aircraft motion by
automatic control. This type of automatic control technol-
ogy is called the “gust (load) alleviation control” and has
been studied since the 1970s (Regan and Jutte (2012)).
Most of them were based on only feedback sensors such
as IMUs, but recently there have been some studies which
take advantage of LIDAR measurement data (Sato (2010);
Fezans and Joos (2017)). JAXA has also been conducting
researches on gust alleviation control using the LIDAR sys-
tem (Hamada (2013)). In these studies, onboard LIDAR
technology, real-time airflow vector estimation method and
control law which utilizes estimated wind velocities are of
importance.

This paper presents JAXA’s ongoing research project on
the LIDAR-based gust alleviation control, STABLE (Sys-
tem for Turbulence Alleviation By Lidar Employed con-
troller). The gust alleviation system that will be demon-
strated in STABLE is composed of mainly aforementioned
three components. The onboard coherent Doppler LIDAR
has been developed and flight demonstration has been
carried out to show its effectiveness. The real-time airflow
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vector estimation algorithm and gust alleviation control
law have also been developed, and proven by some numer-
ical simulations. This paper presents these obtained results
so far and introduces the flight demonstration plan.

2. OVERVIEW OF THE GUST ALLEVIATION
CONTROL SYSTEM

Figure 1 shows the basic concept of the LIDAR-based gust
alleviation control system to be demonstrated in STABLE
project. The LIDAR emits two laser beams and measures
wind velocities along these beams. The estimation algo-
rithm calculates a two-dimensional distribution of wind
field between the two laser beams in real time based on the
LIDAR measurement data. The gust alleviation control
law is designed as a so-called “preview control”, which is
composed of a conventional feedback law using the IMU
measurement data and a preview feedforward compensa-
tion using the outputs from the estimation algorithm. Each
component is described in the following sections.

3. ONBOARD DOPPLER LIDAR SYSTEM

The basic specifications of the developed coherent Doppler
LIDAR system are shown in Table 1. The antenna has two
telescopes: a 150 mm aperture telescope for long range
observation and a 50 mm aperture telescope for vector
conversion of short range wind speeds. Emitted laser light
is scattered by fine aerosol particles in the atmosphere,
and back-scattered light is condensed by the telescopes and
received by the optical transceiver. Since the wavelength
of the received light varies according to the velocity of the
aerosol particles due to the Doppler effect, wind speed can
be calculated by comparing the wavelength of the trans-
mitted light with the received light. By “binning” received
signals along the time axis, it is possible to obtain wind
speeds simultaneously at multiple observation ranges. Sig-
nal processing and system management are performed by
the signal processor unit, which is a commercial off-the-
shelf general-purpose computer.

The LIDAR system was evaluated in a series of 19 flights
by a Gulfstream II over the land and sea around the Chubu
area of central Japan between December 17, 2016 and
February 10, 2017. Figure 2 shows the overview of the
experimental system. The optical antenna was installed in
a pod mounted on the aircraft’s lower fuselage so that the
laser beam was emitted in the forward direction. A double
wedge prism-type beam direction controller for steering
the laser beam was installed in front of the optical antenna
apparatus so that the beam direction could be adjusted
from the cabin and matched with the flight direction. All
other system components were installed in the cabin. In
this flight test campaign, the LIDAR was used as a one-
axis LIDAR system, that is, only the larger telescope for
long range observation was used.

Table 1. Specifications of the LIDAR system.

Laser wavelength 1.55 µm

Laser output 3.3 W

Pulse repetition frequency 1000 Hz

Laser beam diameter 150 mm / 50 mm

System weight 83.7 kg

Power consumption 936 W

Fig. 2. Overview of the experimental system for the
developed Doppler LIDAR.

Fig. 3. Maximum observation range and aerosol concen-
tration through the flight experiments.

The maximum observation range and aerosol number
concentration measured at each altitude are shown in
Fig. 3. Since the variation among observations was large,
observations were made 7 to 10 times. Average values are
plotted and standard deviations are shown by error bars.
The dashed blue line indicates the maximum observation
range of the wind speed observed by the LIDAR. The solid
green line indicates the concentration of aerosol particles
whose diameter is 0.3 µm or larger. The concentration was
measured by an optical particle counter with air sampled
from an isokinetic flow as described in Wilcox (1956).
Generally, as altitude increases, the aerosol concentration
decreases and the maximum observation range tends to
decrease accordingly. However, in these experiments the
observation range was particularly low near the altitude of
3 km. This reason is presumed to be weather related since
the aerosol concentration also decreases in the same way.
These results indicate that the observation range at low
altitudes below 1.5km exceeds 20km, but at high altitudes
above 3km, the average observation range is about 10 km.
Since the range of 10km only gives a warning of several tens
of seconds before encountering turbulence, it is too short
to warn pilots and to avoid turbulence. For this reason,
this study uses gust alleviation control instead of providing
turbulence information to pilots at high altitudes.

The accuracy of the measured wind velocity was also
evaluated in the flight tests. Since the LIDAR can measure
true airspeed (TAS), it was compared with the value of
TAS computed from Pitot tube measurements and the
TAS estimated by the speed-course method under the
calm air conditions. The measurements were carried out
at altitudes of 0.6 km, 1.5 km, 3 km, 6 km, 9 km and 12
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Fig. 4. Differences between measured TAS by LIDAR and
measured TAS by other methods.

Fig. 5. Outline of the two-axis Doppler LIDAR system.

km. The results were shown in Fig. 4, where the red dots
indicate the differences between LIDAR measurement and
Pitot tube measurement, and the blue dots indicate the
difference between LIDAR measurements and estimated
values by the speed-course method for each altitude. The
dashed line shows the tolerance of the airspeed sensor
specified in the airworthiness standard. In these flight
tests, the bias was 0.28 m/s and the standard deviation
was 0.32 m/s when compared with the Pitot tube, and
the bias was 0.25 m/s and the standard deviation was
0.55 m/s when compared with the speed-course method.
These results indicate that the measurement accuracy of
the LIDAR is comparable to that of the Pitot tube.

Although these results were, as mentioned above, obtained
by the one-axis (long range) LIDAR system, the two-
axis (short range) LIDAR system was also developed and
validated by flight tests. The two-axis LIDAR system is
expected to achieve the maximum observation range of
about 600 m, the measurement frequency of 5 Hz and the
wind velocity measurement accuracy of the same level as
the one-axis LIDAR system. Since the one-axis Doppler
LIDAR system can only measure the line-of-sight (LOS)
wind velocity, the two-axis Doppler LIDAR system is
necessary to estimate vertical wind velocity and use the
estimated value for the preview control law.

4. REAL-TIME AIRFLOW VECTOR ESTIMATION

It is crucial to estimate vertical wind velocities with high
accuracy for the LIDAR-based gust alleviation control
system since the vertical velocity has the greatest influence
on the local lift through the change of the angle of attack.
The vertical wind velocities can be reconstructed from the
differences between the upward and downward LOS winds.
Figure 5 shows the outline of the two-axis Doppler LIDAR
system. The angle between the airplane’s X-axis and the
LOS is 10 deg for each upward/downward laser beam. The
LIDAR measures wind velocities along each LOS, which

are used to estimate vertical and horizontal wind velocities
in the triangular area between the laser beams.

In the most conventional way, the airflow vector in the
triangular area between two laser beams can be estimated
by a simple vector conversion:

uT
g =

(WT
1 +WT

2 )

2 cos θ
(1)

wT
g =

(WT
1 −WT

2 )

2 sin θ
(2)

where uT
g and wT

g are horizontal and vertical velocity

components, WT
1 and WT

2 are LOS wind velocities along
upward and downward beams, and θ is the angle between
X-axis and each laser beam, which is 10 deg in this paper.
It should be noted that this method assumes uniformity
of the airflow in the triangular area. This assumption
depends on atmospheric conditions encountered by the
aircraft and does not hold in a real situation such as a fully
turbulent field with atmospheric turbulence and gust. In
addition, when the estimated wind position is far ahead
from the aircraft, the distance between two laser beams
becomes too large to assume uniformity. For example,
the distance between two laser beams is 173.6 m at LOS
distance of 500 m.

In order to estimate airflow vector with high accuracy
in a real flight condition, a new estimation algorithm
is proposed (Kikuchi (2017)). While the simple vector
conversion utilizes only the current LOS wind data, the
algorithm stores the LOS wind data in each measurement
step and uses the stored data with the current LOS
wind data. Figure 6 shows the overview of the proposed
estimation method when an actual data point and two-
past LOS wind data points are used. The current and
stored data are used to extrapolate the vertical and
horizontal wind velocities in the triangular area of Fig. 6,
and the area between the two laser beams has not been
measured directly by the LIDAR. Suppose the aircraft
speed is V and the time span of observation is dt, then
the airflow moves V × dt backward because the aircraft
is advancing. The actual observation time is denoted as
T and past observation times are T − 1 and T − 2. The
proposed method uses the actual LOS wind values (WT

1

and WT
2 ) and the past LOS wind values (WT−1

1 ,WT−1
2

and WT−2
1 ,WT−2

2 ). The distances between the horizontal
line and each laser beam are denoted as zT , zT−1 and
zT−2, respectively. A first-degree polynomial expression
of the least-squares method (LSM) is applied and using
some LOS wind data values, the wind field values are
extrapolated according to the following equations.

W ′
j(z) = ajz + bj , for j = 1, 2, (3)

aj =
N

∑T
i=TN

ziW i
j −

∑T
TN

zi
∑T

TN
W i

j

N
∑T

i=TN
(zi)2 − (

∑T
i=TN

zi)2
,

bj =

∑T
i=TN

zi
∑T

i=TN
W i

j −
∑T

TN
ziW i

j

∑T
TN

zi

N
∑T

i=TN
(zi)2 − (

∑T
i=TN

zi)2
,

where N denotes the number of the LOS wind values used
for estimation of W ′

j(z), TN = T − (N − 1) and W ′
j(z)

is the LOS wind value at z from the horizontal line. The

Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

15046



Fig. 6. Overview of the proposed estimation method. The
current and stored (two-past) LOS wind data are used
here.

calculated polynomial expression is used to obtain the ex-
trapolated LOS wind at the horizontal line, and the airflow
vector is calculated by simple vector conversion using the
extrapolated LOS wind values. Although the simple vector
conversion only can be applied to homogenous wind field
conditions, the proposed algorithm can extrapolate data
points by using past measurements so that it can be used
in non-homogenous wind field conditions. Consequently,
unlike the simple vector conversion, the proposed method
can estimate a two-dimensional “distribution” of wind field
between the two laser beams.

As for the measurement error, two filtering algorithms are
used in this study to remove the error and the loss of
data of LIDARmeasurements. Firstly, a filtering algorithm
that is a simple representation of the Kalman filter with
simplified Kalman gain (Misaka et al. (2015)) is used. The
algorithm assumes that infinite variance is used to exclude
outliers and loss of data. It uses the LIDAR spectrum data
at each range-bin and defines the validity of the measure-
ments during the LIDAR data peak detection process.
Secondly, a robust LSM estimation, based on Tuckey ’s
biweight methodology (Huber and Ronchetti (2008)), is
carried out to reduce the impact of the error in the LOS
wind velocity. Unlike the first method, which used the
spectrum data from LIDAR observations, this method is
based on LOS wind data. Although the filtering algorithm
based on a simple Kalman filter can remove the error, it
is essential to deal with the error and the loss of data of
the LIDAR more carefully when the filtering algorithm is
used for the preview control. Thus the robustness of the
estimated airflow vector is secured by using the filtering
algorithm based on a simple Kalman filter together with
robust LSM. In addition, the robust LSM estimation can
make use of the extrapolation algorithm effectively. There-
fore, the robust LSM estimation provides a simpler and
more robust algorithm. The concept of a robust LSM is
proven by analyzing the difference between the observed
LOS wind values and those LOS wind values estimated by
the polynomial expression.

The numerical simulations were carried out to confirm the
accuracy of the estimated airflow vector. The ideal vortex
model is defined as in Hinton and Tatnall (1997) and used
in order to generate a reference wind field for the simula-
tions. A large amount of emulated LIDAR measurements
along flight paths is generated from the wind filed. Then
the airflow vector is estimated using the emulated LIDAR
measurement data and the estimated airflow vector is
compare with the reference field of the ideal vortex model.
Figure 7 shows the distribution of vertical wind velocity
generated by Hallock-Burnham vortex model.

Fig. 7. Distribution of vertical wind velocity generated by
the vortex model.

Fig. 8. Statistical accuracy of estimated vertical wind
velocities.

Figure 8 shows the statistical accuracy of estimated ver-
tical wind velocities evaluated by 100-pseudo flight paths.
In the legend “Num” means the number of stored data
used in the extrapolation. Results of different “Num”s are
compared in the figure. The dotted line is the required
accuracy for the gust alleviation control law. The results
show that the simple vector conversion can not satisfy the
requirement at LOS distance farther than 350 m. This
means that it is difficult to use the simple vector conversion
for gust alleviation preview control. On the other hand, the
proposed method is able to satisfy the requirement for each
“Num”s. In this case, lower Num leads to better estimation
accuracy. In an vortex model such as this example, the
accuracy was reduced by increasing “Num” because the
distant data cannot be represented by the linear approx-
imation of (3). On the other hand, increasing “Num”
ensures robustness against outliers, so “Num” should be
determined by taking the balance between accuracy and
robustness into consideration. In conclusion, the proposed
method can estimate vertical wind velocity with higher
accuracy than the simple vector conversion.

5. GUST ALLEVIATION PREVIEW CONTROL

As mentioned in Section 2, the control system is designed
as a preview control law, which is composed of a conven-
tional feedback control and a preview feedforward compen-
sation. Preview control is a control methodology that takes
advantage of prior information regarding imminent dis-
turbances or commands (Sheridan (1966)). An estimated
wind velocity, obtained from the estimation algorithm,
ahead of the current aircraft position can be regarded as
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a velocity ahead of the current time step. For example,
the future vertical gust velocity wg(k + h) is measured
as the vertical gust velocity at h × ∆t × V [m] ahead of
the current aircraft position, where ∆t is the sampling
time and V is the airspeed of the aircraft 1 . Thus the
preview control technique is available using the LIDAR
system. In addition, it should be noted that, unlike other
LIDARs, the LIDAR referred to Inokuchi and Akiyama
(2019) can simultaneously measure the vertical wind veloc-
ities in multiple range segments in real time. This means
that the preview controller can utilize not only a single
future velocity wg(k + h) but a series of future velocities
wg(k), wg(k + 1), . . . , wg(k + h).

The aim of the gust alleviation here is to prevent in-flight
accidents resulting from sudden unexpected wind gusts. A
sudden change of vertical wind speed may cause unsecured
persons and even heavy objects to momentarily float up
and then suddenly drop to the floor, potentially causing
injuries. This type of wind gust is usually modeled as “dis-
crete gusts”, where the gust velocity varies in a determinis-
tic manner (see Chapter 14 of Wright and Cooper (2007)).
Thus, in the controller synthesis the controller is designed
to minimize the magnitude of vertical acceleration against
discrete gusts which are not modeled by spectral filters.
For the performance index, the H2 norm is appropriate
for the controller’s objective because ||Hzw||2 bounds the
least upper bound of the absolute value of z when w has
an energy bound (see Section 2.3 of Doyle et al. (1992)),
which is true of discrete gusts.

This paper focuses only the longitudinal motions of the
aircraft. The frequencies of the aircraft’s vibration modes
are here assumed to be far higher than the frequency of
the short-period mode, and therefore the vibration modes
are supposed not to be excited by gust alleviation control.
Thus only the rigid mode model is considered below. A
linearized aircraft mathematical model at a cruise flight
condition can be described in the discrete-time state-space
form:

x(k + 1) = Ax(k) +Buδec(k) +Bwwg(k),

where x(k) is the state vector, δec(k) elevator command
and wg(k) vertical gust velocity at time step k. In this case
the elevator is the control input and the vertical gust is the
disturbance input. The state vector is defined as

x(k) := [u(k) w(k) q(k) θ(k) δe(k)]
T

where u(k) is axial velocity, w(k) vertical velocity, q(k)
pitch rate, θ(k) pitch angle and δe(k) elevator deflection
around the equilibrium point. Since the actuator of the
elevator is modeled as a first-order model in this case,
δe(k) is included in x(k). The vertical acceleration az is
given by

az(k) = Cx(k) +Duδec(k) +Dwwg(k).

The controlled output is described by

z(k) =

[
Q

1
2 az(k)

R
1
2
e δec(k)

]
= Czx(k) +Dzuδec(k) (4)

1 Here it is assumed that the gust wind does not change drastically
during h step. This holds when the preview time h×∆t is sufficiently
short.

so as to minimize the weighted quadratic sum of vertical
acceleration az(k) and elevator command δec(k).

Simulation results of the gust alleviation preview control
are shown below. In the previous studies, Hamada (2019)
for example, simulations in a homogenous wind field have
been only dealt with, but here the results of simulations in
a vortex wind field shown in Section 4 are provided. Figure
9 shows the vortex wind field used in the simulations. The
dotted line shows the nominal flight path of the simulated
aircraft. The aircraft is to fly the wind field between wind
velocities of 9 m/s and 12 m/s. A mathematical model of a
small jet aircraft 2 in the cruise condition is used to design
a control system and conduct flight simulations.

The preview control law is designed using the LMI-based
synthesis condition proposed in Hamada (2019). In this
simulation,H2 optimal state feedback controller was firstly
designed so as to minimize the controlled output (4). Then
the static preview feedforward compensation was designed
using the same controlled output (4). The designed pre-
view control law has the form:

δec(k) = ufb(k) + uff (k), where

• ufb(k): Feedback control

ufb(k) = Kfbx(k)

• uff (k): Preview feedforward compensation

uff (k) = Kff [wg(k), wg(k + 1), . . . , wg(k + h)]
T
.

The sampling time of the discrete-time system is set to 0.1
sec and preview length h to 44 (that is 4.4 sec). In general,
the longer h makes the control performance better. In
this simulation the possible longest value is adopted for
h by taking into account the measurement range of the
LIDAR and the aircraft’s cruising speed. The future wind
velocities wg(k + i) used in uff (k) (i = 0, . . . , h) are
estimated in two ways: the conventional vector conversion
(2) and the proposed method based on (3).

Figures 10–11 show simulation results. The dotted lines
correspond to the open loop case (that is δec(k) = 0), the
dashed lines to the preview control with the conventional
estimation method and the solid lines to the preview con-
trol with the proposed estimation method. As mentioned
in Section 4, since the uniformity assumption no longer
holds in a vortex wind field, the conventional method
cannot estimate the airflow vector correctly. As a matter of
fact, Fig. 10 (upper) shows that the vertical acceleration of
the preview control with conventional estimation is worse
than that of the open loop case. This indicates that the
preview control does not work with the conventional esti-
mation. On the other hand, the preview control with pro-
posed estimation suppresses the acceleration well. These
results show that the preview control can be applied to
general non-homogenous wind fields by using the proposed
airflow estimation method.

6. PLANNED FLIGHT DEMONSTRATION

Currently the LIDAR system is being modified to be
smaller and lighter in order to fit small experimental
2 Such mathematical models can be found in some research papers.
Here the model was constructed with reference to Berger et al.
(2017).
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aircrafts. Flight demonstrations are to be carried out in
2021 and 2022. In the first demonstration, the effectiveness
of the LIDAR system and the estimation algorithm will be
demonstrated without the gust alleviation preview control.
In the second demonstration, the full LIDAR-based gust
alleviation control system is to be installed to a Fly-By-
Wire experimental aircraft and flight test campaign will
be carried out. An experimental aircraft to be used in the
flight demonstrations will be selected in the near future.

7. CONCLUSION

This paper presented the obtained results concerning
LIDAR-based gust alleviation control and planned flight
demonstration for it. The onboard LIDAR system and

real-time airflow vector estimation will be demonstrated
through flight experiments in 2021. After that, the whole
gust alleviation system including preview control will be
demonstrated in 2022. The results of these flight experi-
ments will be presented in future conferences.
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