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Abstract: The Aerospace Plane Research Center at the Muroran Institute of Technology is currently
conducting research to develop enabling technologies for high-speed aircraft traveling at high
altitudes and constructing experimental, small-scale, unmanned supersonic aircraft called Oowashi
as a testbed for flight. To confirm the control performance of the aircraft, an experiment using a
one-third-scale model of the Oowashi aircraft has been planned. The flight of high-speed aircraft
always presents the problem of having to land on an ordinary runway regardless of the aircraft’s high
speed at the beginning of the landing process. This paper therefore proposes a new landing control
design method that can shorten the landing distance for a high-speed aircraft without increasing
the rate of descent. The design method utilizes the newly clarified relationship between an angle
of attack and the time constant of flare control system, which is effective to raise glideslope angle
during landing. The validity of the method is confirmed by computer simulation assuming the model
aircraft equivalent to a one-third-scale model of the Oowashi aircraft.

Keywords: fixed-wing UAV; high-speed aircraft; landing control; glideslope; flare

1. Introduction

In recent years, the demand for intercontinental rapid transportation has grown, as
has the global demand for transportation able to orbit Earth. As a proof of those dual
movements, emerging private companies are developing small or midsized rockets [1], and
research agencies are working on low-noise supersonic aircraft [2]. In response to those
demands, the Aerospace Plane Research Center at Muroran Institute of Technology has
performed studies on the aerodynamics, propulsion, structure, and guidance control of
high-speed, high-altitude aircraft to develop enabling technologies for those supersonic
aircraft. Some of those technologies are to be verified using a one-third-scale Oowashi
aircraft (Figure 1) as a testbed for flight.

The cruise speed of one-third-scale Oowashi aircraft is designed to be around 50 m/s [3],
and the high-speed aircraft should shorten the landing distance in order to land on an
ordinary runway. To realize it, the speed in the landing phase should be ideally reduced
to be above and near stall speed [4]. Therefore, this study aimed at developing landing
technology which can shorten the air distance of landing by clarifying the relationship of
angle of attack (AoA) of the aircraft with its speed.

In the field of short distance landing technology for unmanned aerial vehicles (UAVs),
vertical takeoff and landing (VTOL) technologies have been extensively researched [5–8]
which install lift fans or propellers for lift on wing [5] or body [6] and design examples of
UAVs with tilt wings [7] or rotors [8]. The VTOL equipment such as lift fans or propellers
increase the weight of UAVs. Generally, as UAVs must fly a long distance by carrying
required fuel and payload, so it is suitable to develop short-distance landing technologies
without increasing the weight by VTOL equipment.
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deep-stall landing [10] as well as vision-assist technology to improve usability of deep-
stall landing [11]. However, except the technology for UAVs where control surfaces and 
wing lie in the propeller flow stream [12], the deep-stall landing technologies do not take 
into account the method to recovery from stall. In addition, landing technology usually 
deals with low-speed UAVs which are to be landed on a long runway. Therefore, we have 
investigated short-landing technologies for high speed UAVs to descend with a large 
glideslope angle without stalling extra equipment, which has not been tried yet. As high 
speed UAVs require higher redundancy, using deep-stall landing is considered not to be 
suitable for high-speed UAVs. 

Regardless of the problem of long landing distances, there is a considerable need to 
shorten the landing distance to improve the use of fixed-wing UAVs in future. To our 
knowledge, no study has examined short-distance landing technology considering stall 
AoA for design of parameter fixed-wing high-speed UAV landings despite the deep-stall. 
To shorten the landing distance, it is very effective to increase AoA within a limitation of 
stall, because higher AoA increases lifts and drags and contributes to reducing landing 
speeds and maintaining the descent rate. Conventionally, there are several constraints for 
landing parameters from characteristics of UAVs. In this article, we therefore propose a 
new method that will utilize a high glideslope angle and high bandwidth flare control to 
facilitate short-distance landing with fixed-wing UAVs. In constraints of not exceeding 
stall AoA, high glideslope angle and a small flare time constant enable short landing dis-
tances. At first, we have analytically clarified the limits of the glideslope angle and the 
flare time constant with respect to AoA. Then, the proposed method was later applied to 
the landings of a one-third-scale Oowashi aircraft via 6-degrees-of-freedom simulations 
to confirm its validity. In that simulation result, the landing distance is well reduced com-
pared with the conventional one avoiding increase speed. 

In what follows, Section 2 describes the new design method of the parameters of the 
landing control system with AoA angle considered, Section 3 describes the results of 
adapting the proposed method to the one-third-scale Oowashi, and Section 4 describes 
the results of the simulation. 

Figure 1. One-third-scale Oowashi.

As a conventional technology that achieves short-distance landing without special
equipment, the deep-stall landing technology [9–12] is well known and its detailed control
system is introduced in [9], and the control technology uses on-line nonlinear model
predictive controller to improve the precision of maneuver of transition from level flight
to deep-stall landing [10] as well as vision-assist technology to improve usability of deep-
stall landing [11]. However, except the technology for UAVs where control surfaces and
wing lie in the propeller flow stream [12], the deep-stall landing technologies do not take
into account the method to recovery from stall. In addition, landing technology usually
deals with low-speed UAVs which are to be landed on a long runway. Therefore, we
have investigated short-landing technologies for high speed UAVs to descend with a large
glideslope angle without stalling extra equipment, which has not been tried yet. As high
speed UAVs require higher redundancy, using deep-stall landing is considered not to be
suitable for high-speed UAVs.

Regardless of the problem of long landing distances, there is a considerable need to
shorten the landing distance to improve the use of fixed-wing UAVs in future. To our
knowledge, no study has examined short-distance landing technology considering stall
AoA for design of parameter fixed-wing high-speed UAV landings despite the deep-stall.
To shorten the landing distance, it is very effective to increase AoA within a limitation of
stall, because higher AoA increases lifts and drags and contributes to reducing landing
speeds and maintaining the descent rate. Conventionally, there are several constraints for
landing parameters from characteristics of UAVs. In this article, we therefore propose a
new method that will utilize a high glideslope angle and high bandwidth flare control to
facilitate short-distance landing with fixed-wing UAVs. In constraints of not exceeding stall
AoA, high glideslope angle and a small flare time constant enable short landing distances.
At first, we have analytically clarified the limits of the glideslope angle and the flare time
constant with respect to AoA. Then, the proposed method was later applied to the landings
of a one-third-scale Oowashi aircraft via 6-degrees-of-freedom simulations to confirm its
validity. In that simulation result, the landing distance is well reduced compared with the
conventional one avoiding increase speed.

In what follows, Section 2 describes the new design method of the parameters of
the landing control system with AoA angle considered, Section 3 describes the results of
adapting the proposed method to the one-third-scale Oowashi, and Section 4 describes the
results of the simulation.
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2. New Landing Control Design Method
2.1. Design Policy

As described in the previous section, a high AoA is a key design parameter to reduce
landing distance while keeping ordinary descent rate. Figure 2 shows the landing profile
which consists of a glideslope phase, flare phase, and rollout phase. To shorten the landing
distance for a high-speed UAV, from the start of the glideslope phase to the end of the
rollout, the following two steps are carried out: (1) increase of the glideslope angle and
(2) pull up rapidly during flare phase while keeping the AoA within the stall AoA, as
shown Figure 2. The first step requires a higher AoA. Additionally, those steps must be
achieved under limitations of specified descent rate and speed. In the following subsections,
the method for how to design the steps under the constraints for each phase is described.
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Figure 2. Landing profile.

2.2. Longitudinal Conrol System Configuration

The longitudinal control system configured to the new design method contains a
glideslope controller, flare controller, and speed controller (Figure 3). This configuration
enables UAV to follow landing path via controlling AoA and flight speed by pitch controller
and speed controller, respectively. The glideslope control and flare control switch at the
altitude where the flare maneuver begins. The definition of the altitude where the flare
maneuver begins hfs will be described in Section 2.4. The pitch controller and speed
controller in this system was configured by the ordinal PID controller. The sink-rate

.
h is

calculated from the differential of height h. The new design method of parameters of the
glideslope controller and the flare controller will be described below.
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2.3. Glideslope Controller

A glideslope path, along which the aircraft flies while descending, occupies most of the
landing path. The glideslope controller is a controller which enables the UAVs following a
glideslope path via making γ = 0. The descent rate increases as the vertical component of
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the speed increases proportional to the glideslope angle, as shown in Figure 4. To reduce
the descent rate, it is necessary to increase the AoA of the aircraft to reduce the total speed
of the aircraft. This requires increasing of the drag. Therefore, it is very important to derive
the relation between glideslope angle and drag to clarify the limit of the magnitude of the
glideslope angle specified by the stall AoA. In this section, the limit of the magnitude of the
glideslope angle and that which determined the limit are described.
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In the glideslope phase, no acceleration from gravity is ideal due to maintaining
the sink rate. This is the starting point of considering what and how glideslope angle
is limited. The glideslope phase involves flying at a constant speed after deceleration,
achieved by the operation of the speed control system, while the AoA and thrust vary
during deceleration. However, since the UAV’s motion is mostly constant speed and
attitude during the glideslope phase, the AoA and thrust can be considered as constant,
and thus, the forces acting on UAV during the glideslope phase can be considered as being
balanced. To consider the limit of the magnitude of glideslope angle which avoids an
acceleration generated by gravity, it is necessary to clear the relation between glideslope
angle and flight state. As the forces are in balance, for the purpose of design, we assumed
the UAV to be a mass point and instead of using the 6 degrees of freedom equations
of motion, we employed the 3 degrees of freedom equations of motion to deal with the
glideslope angle, angle of attack, and balance of forces. Equation (1) is validated by the force
balance shown in Figure 4 under the condition of constant flight speed. From Equation (1),
it is clear that the drag D and part of thrust T are resisting the acceleration generated by
gravity. Therefore, in this study, the glideslope angle is assumed to be limited by the stall
AoA because the drag is limited by the stall AoA. A quantitative proof of that from an
analytical way is below.

0 = mgsinΓGS + Tcos α − D. (γ = 0) (1)

When calculating constant flight speed motion, lift-and-drag force is expressed as in
Equations (2) and (3) and by considering zero lift angle as being significantly small.

L = KLα. (2)

D = KDα2 + D0. (3)
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When Equations (2) and (3) are substituted for Equation (1), Equation (4) computes
the relationship between the glideslope angle and the AoA for constant flight speed motion
along the glideslope line of that angle.

ΓGS = sin−1 KDα2 + D0 − Tcos α

mg
. (4)

Equation (5) is the derivative of Equation (4) with respect to the AoA. Under the
condition of Equation (6), Equation (5) cannot be negative. The condition of Equation (6) is
the limitation of this method. However, in the glideslope phase, mostly the difference of
drag and thrust is lower than gravity so that the condition of Equation (6) is considered
as acceptable.

DΓGS

dα
=

2KDα + Tsin α√
(mg)2 − (KDα2 + D0 − Tcos α)

2
> 0. (5)

(mg)2 −
(

KDα2 + D0 − Tcos α
)2

> 0 (6)

Because the AoA cannot be larger than the stall AoA, αstall, the condition of Equation (7)
is established according to the relationship in Equation (4) and the tendency to need large
AoA for large glideslope angle ΓGS, as shown in Equation (5).

ΓGS < sin−1 KDα2
stall + D0 − Tcos αstall

mg
. (7)

In practical terms, the relation between lift and AoA is nonlinear at high AoA. Thus, to
determine the glideslope angle, it is necessary to determine nominal AoA during glideslope
phase, αGS, and during glideslope from the UAV’s specification. From this necessity, the
glideslope angle ΓGS is determined as in Equation (8).

ΓGS = sin−1 KDα2
GS + D0 − Tcos αGS

mg
. (8)

2.4. Flare Controller

The flare control pulls up the aircraft before it touches down on the ground. To shorten
the length in the flare phase, it is necessary to pull up the aircraft faster. This study deals
with the flare control system as shown in Figure 5, in which the flare time constant τ
is a design parameter [4]. In this section, it will be described that the small flare time
constant is necessary for faster pull up and what limits the smallness of the flare time
constant. In addition, tf represents time from when the flare phase starts. In this section
also consider the motion of UAV as a motion of mass point and using 3 degrees of freedom
equation of motion.
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This flare control system uses its present height h and flare time constant τ as a descent
rate

.
h as shown in Equation (9).

.
h = −dh

dt
=

1
τ

h. (9)
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As the path angle Γf is equal to ΓGS at the time when the flare starts, from Equation (9),
the height where the flare phase starts is assumed as Equation (10) from using the relation-
ship between

.
h, h, and τ, as shown in Equation (9). Thus, the height during the flare phase

is assumed as Equation (11). Equation (11) explains when the flare time constant is smaller
and the UAV touches down faster.

hfs = τ
.
hfs = τVsin ΓGS. (10)

h = hfse−
tf
τ . (11)

In the flare phase, the path angle of UAV is vectored gradually along the flare path.
The path angle Γf of the UAV can be vectored by changing the force applied to the UAV in
the vertical direction. Thus, the flare time constant is limited by stall AoA because the lift is
limited by stall AoA. How the flare time constant is limited by stall AoA will be described
below. At first, the motion can be calculated with Equation (12) by using Γf determined as
in Equation (13).

Γf =
−

.
h

V
= ΓGSe−

tf
τ . (12)

ma = L + Tsinα − mgcosΓf.h = hfse−
tf
τ . (13)

The vertical acceleration is calculated with Equation (14).

D2h
dt2 =

hfse−
tf
τ

τ2 . (14)

Next, by substituting Equation (12) for Equation (13), Equation (15) is derived, and
then, by substituting Equation (14) for Equation (15), Equation (16) is derived. Because
d2h
dt2 represents a vertical acceleration, cos Γf is in the denominator of the left side of
Equations (15)–(17).

m
d2h
dt2

1
cosΓf

= L + Tsinα − mgcosΓf. (15)

m
hfse−

tf
τ

τ2
1

cosΓf
= L + Tsin α − mgcosΓf. (16)

m
hfse−

tf
τ

τ2
1

cosΓf
= (K L + T)α − mgcosΓf. (17)

By considering the lift force to be a function of the AoA (Equation (2)), the relationship
between the AoA and the flare time constant during the flare can be determined, as shown
in Equation (18), which refers to Equations (2) and (17).

α =
mgcos Γf
KL + T

(
e−

tf
τ Vsin ΓGS

gτcos2 Γf
+ 1

)
. (18)

Equation (18) can be converted to Equation (19) by way of Equation (12).

α =
mgcos(ΓGSe−

tf
τ )

KL + T

(
e−

tf
τ Vsin ΓGS

gτcos2(ΓGSe−
tf
τ )

+ 1

)
. (19)
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From Equation (19), the AoA at the flare phase start is largest, as shown in Figure 6,
and that AoA is derived as in Equation (20). Equation (20) is derived from introducing
tf = 0 to Equation (19).

αfs =
mgcos ΓGS

KL + T

(
Vtan ΓGS

gτcos ΓGS
+ 1
)

. (20)
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By calculation, the stall AoA determines the minimum flare time constant τmin, as
shown in Equation (21). In the same way as the ΓGSMAX needs to set αMAX, it is necessary
to set αMAX to determine τmin. In this term, the tale down angle is considered.

αstall > αMAX =
mgcos ΓGS

KL + T

(
Vtan ΓGS

gτmincos ΓGS
+ 1
)

. (21)

2.5. Designe Procedure

The relationship between the AoA, ΓGS, and τ were shown to be constrained by the
stall AoA, and these values can be designed by setting the AoA during landing, αGS.
Next, the design procedure of the landing control system using these relationships is
presented. The general steps in the design process are as follows, and each step is described
below (Figure 7).

1. Identify the aerodynamic and physical characteristics via measurement or estimation
from the analytical methods.

2. Design target performance from mission requirement or acceptable load at touch down.
3. Determine KL, KD, and D0 as in Equations (2) and (3) by introducing the aerodynamic

characteristics and the physical characteristics of UAV.
4. Determine αMAX and αGS from aerodynamic characteristics and the physical charac-

teristics of UAV.
5. Design ΓGS using Equation (4) by introducing the parameters determined in previ-

ous step.
6. Design τ using Equation (20) by introducing the parameters determined in previ-

ous step.
7. Design control systems which configure the longitudinal control system shown in

Figure 3 to meet the target performance.
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2.5.1. Determine αGS and αMAX

Equations (4) and (21) indicate the αGS and αMAX must be determined to calculate the
ΓGS and τ. Therefore, the αGS and αMAX should be within a margin from the marginal AoA
that can be taken according to the aircraft characteristics, such as the stall AoA, in the range
of AoA in which the lift curves linearly, and the tale down angle and the AoA of the roll
reversal occur.

2.5.2. Design ΓGS and τ

Equations (4) and (21) indicate that the ΓGS must be determined before determining
the flare time constant. The ΓGS is designed by substituting the αGS into Equation (4); then,
by substituting the ΓGS and αMAX into Equation (21), τ is designed sequentially.

2.5.3. Control System Design

The GS control system and flare control system should be designed to follow the
set path and meet the target performance. Additionally, the pitch control system and
speed control system should be designed by bode diagram to be stable and meet the
target performance.

3. Design

The proposed method is applied to a one-third-scale Oowashi model shown in Figure 8
and later is confirmed by using computer simulations.
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3.1. Specifications of a One-Third-Scale Oowashi

The specifications of the one-third-scale Oowashi model are shown in Tables 1 and 2.
The aerodynamic parameters were measured by wind tunnel test.

Table 1. Physical parameters of the one-third-scale Oowashi.

Items Value

Mass 4 kg

Length 1.5 m

αstall 16 deg.

Average cord 0.4 m

Wingspan 0.8 m

Table 2. Aerodynamic parameters of the one-third-scale Oowashi.

Longitudinal Lateral

Items Value Items Value

Cxu −0.1340 Cyβ −0.0083

Cxα 0.0390 Cyp 0

Czu 0 Cyδr
0.1483

Czα −3.1139 Cyr 0.6062

Czδe −0.5076 Clβ −0.1031

Czq 0 Clδa
0.0605

Cmu 0 Clδr
0.0152

Cmα −1.7120 Clp −0.2194

Cmδe −1.3121 Clr 0.0802

Cmq −5.0348 Cnβ 0.2077

Cm .
α −3.4185 Cnδa 0.0685

Cnδr −0.1152

Cnp −0.0107

Cnr −0.4804
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3.2. Target Performance

The target performance of the landing control system for the one-third-scale Oowashi
is shown in Table 3. From the experience of flight tests of lower cruising speed UAVs [3],
the velocity of touch down is set to 25 m/s as a realistic value. In this simulation, the
speed of the one-third Oowashi is reduced from 50 m/s to 25 m/s before the landing
sequence. The target performance of the sink rate at touch down is defined by referring to
the experimental flight of lower cruising speed UAV [3].

Table 3. Target performance.

Items Value

Sink rate at touchdown <1 m/s

Landing distance <400 m

Velocity at touch down 25 ± 1 m/s

3.3. Design result

Since TGS is time-varying by the speed controller and impossible to accurately deter-
mine, it was assumed that TGS is balanced with D0. KL, KD, and D0 are calculated from
specifications in Tables 1 and 2.

From the parameters of Table 4, the ΓGS and τ are designed as in Table 5 by the design
procedure shown in Figure 7. The ΓGS = 12[deg.] is larger than is conventional; it is around
3–5 deg. The τ = 1.5[s] is smaller than is conventional; it is around 2–5 s.

Table 4. Parameters used for design.

Items Value

KD 271 N/(rad2)

D0 12.5 N

TGS 12.5 N

KL 253 N/rad

V 25 m/s

αGS 10 deg.

Table 5. Design result.

Items Value

ΓGS 12 deg.

τ 1.5 s

4. Simulation

To validate the effectiveness of the proposed design method which takes into account
AoA, the 6-degrees-of-freedom simulations were carried out and were configured as a rigid
body model on SimuLink. Simulation conditions are shown in Table 6 and were imported
to the simulation. These are defined by referring to experimental flight. In addition, the
cross wind, gust, and ground effect are not introduced to verify the validity of the design
method only. The observed values such as height, speed, and angles of attitude on the
simulation contain noise which is based on the characteristics of the sensors which were
introduced to the one-third Oowashi.
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Table 6. Simulation conditions.

Items Value

Height of glideslope start 60 m

Initial speed 25 m/s

4.1. Simulation Cases

The two cases of simulations delineated in Table 7 were carried out in order to com-
pare the performance of conventional design and newer design by the proposed method.
Case 1 (ΓGS = 3[deg.], τ = 3[s]) was compatible with conventional design, whereas Case 2
(ΓGS = 12[deg.], τ = 1.5[s]) was compatible with a newer design from the proposed method.

Table 7. Conditions of simulation for cases 1 and 2.

Case ΓGS τ

1 3 deg. 3 s

2 12 deg. 1.5 s

4.2. Simulation Results

The simulations of the proposed system confirmed the target performance shown in
Table 3. Figure 9 presents the longitudinal profile. The simulations showed that the control
system designed according to the proposed method could greatly reduce the landing
distance from 1106 m to 308 m.
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Figure 10a presents the descent-rate profile, while Figure 10b presents the velocity
profile. From Figure 10a,b, the descent rate at touch down is 0.3 m/s and velocity is
maintained at nearly 25 m/s during landing, and both of these are in the range of target
performance. These results show that despite the increase in ΓGS from 3 deg. to 10 deg., the
glideslope control worked very well while preventing acceleration, and the descent rate
was suppressed to within the target value by flare control.
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Lastly, Figure 11 shows that the AoA of the one-third-scale Oowashi never exceeded
the stall AoA of 16 deg. and the margin from the stall AoA was 1 deg. The simulation
results presented here are based on a 6-degrees-of-freedom simulation, in which the UAV’s
motion is described by the 6 degrees of freedom equations of motion. Therefore, in this
simulation, not only the vertical motion but also the lateral motion is simulated. The cross-
wind and ground effect were not considered in the design, and to take them into account, it
is necessary to confirm the variation of the AoA using a 6-degrees-of-freedom simulation
that includes these effects. The results of the confirmation showed that no countermeasures
are necessary as long as the AoA does not exceed the stalling AoA. However, if it does
exceed the stalling AoA, countermeasures are required. To address this, it is necessary to
decrease the AoA during flight, and since the maximum AoA during landing is reached
at the beginning of the flare control, increasing the flare time constant τ is considered to
be effective. In addition, though this system does not control AoA, the AoA during the
glideslope phase is converged to 10 deg., which is equal to αGS. This also shows the validity
of the proposed glideslope angle design method.
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From the simulation results, it is confirmed that the performance of the landing control
system designed according to the proposed method met the target performance completely.

5. Conclusions

From the results presented in the previous section, the proposed method worked very
well, as intended. The simulations confirmed that it is possible to greatly reduce land-ing
distances with the method and that the landing control system during glideslope phase
maintained an AoA of 10 deg., within maximum AoA, and contributed to maintaining
airspeed at 25 m/s and that the time constant during flare phase was maintained at the
limited descent rate of 1 m/s without exceeding the stall AoA. The conclusion of this paper
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is that it is possible to design larger glideslope angle and smaller flare time constant by
determining the maximum or nominal AoA in each phase to shorten the landing distance.
In the future, a flight experiment using conventional fixed-wing UAVs with the weight,
wingspan, and length around 6 kg, 2 m, and 2 m, respectively. After that, the flight
experiment using the one-third-scale Oowashi will be conducted to prove the validity of
the method.
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Nomenclature

a acceleration, m/s2

D drag, N
g gravitational acceleration, m/ s2

h height, m
KL lift per unit AoA, N/rad
KD drag per unit AoA, N/rad2

L lift, N
m mass, kg
T thrust, N
t time from flare start, s
V velocity, m/s
α angle of attack, rad
γ error of path angle, rad
Γ path angle, rad
θ pitch angle, rad
τ flare time constant, s
Subscripts
f flare
fs flare start
GS glideslope
target target performance
MAX maximum
min minimum
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