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The goal of this study is to develop levitation stabi-
lization control for an aerodynamically levitated high-
speed, high-efficiency train, “Aero-Train.” Levitation
occurs due to the wing-in-ground effect acting on a
U-shaped guideway. To achieve our goal, we developed
a small experimental prototype of the wing-in-ground
vehicle, its dynamic model and control for stabiliza-
tion along the ZZZ axis and about the roll and pitch axes
using a linear quadratic regulator, as described in this
paper. Control effectiveness is confirmed by experi-
mental results.
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1. Introduction

Global environmental problems related to climate
change, pollution, and desertification are reportedly due
to expanded field, scale, and variety of human activity.
The development of high-efficiency transportation tech-
nologies is an important task, but on the other hand, there
has been a great demand for high-speed systems. Calls
are being made for next-generation transportation realiz-
ing both of high efficiency and high speed.

Kohama et al. [1–3] proposed a high-efficiency high-
speed train system named “Aero-Train” (Fig. 1(a)), aero-
dynamically levitated by the Wing-In-Ground (WIG) ef-
fect [4]. In WIG phenomenon, the lift-drag ratio is in-
creased by an air cushion effect between wing and the
ground when the wing is near the ground or water. The
Aero-Train is levitated based on this effect on a U-shaped
guideway. This has several advantages over other sys-
tems – wind drag between the vehicle and guideway is
lower than that in a magnetically levitated (MAGLEV)
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(a) Concept image [3]. (b) ART002 prototype [13].

Fig. 1. Aero-Train.

train and it is safer and more efficient than a WIG craft
on water [5–8] because Aero-Train operation is based on
the use of a solid guideway. Kohama et al. studied the
height and lift-drag ratio strongly affected by the WIG
effect and the effectiveness of a tandem wing configura-
tion [9–12]. Actual levitated running of a prototype has
been also achieved (Fig. 1(b)).

In an example of Aero-Train levitation control, levi-
tated running was realized by simple PD control [14] and
PID control [13] based on the distance measured between
the ground and vehicle. However, their results are instable
because the control methods were not based on a dynamic
model of the WIG vehicle.

In a first step toward developing levitation control for
the Aero-Train, we developed a small, lightweight, safe
experimental WIG vehicle that levitates at low speed [15].
The U-shaped guideway used in ART002 experiments is
large and we could not find a more appropriate guideway,
so experiments are done on the airstrip of a gliding field
without guide walls and our prototype has no guide wings.
A dynamic model assuming that yaw and sideslip angles
are negligible is derived, and control of position along the
Z axis and orientation about the roll and pitch axes using
a state feedback through a linear quadratic regulator is de-
veloped. Experiments confirmed the effectiveness of the
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Fig. 2. Experimental WIG effect vehicle ARTE01 [15].
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Fig. 3. Isometric view of ARTE01.

control developed.
A brief summary on the control and an experiment was

described in [15]. This paper describes the detail of the
developed experimental WIG vehicle prototype, model-
ing, control, simulations and several experimental results.

2. Experimental Ground Effect Vehicle

Figures 2–4 show the developed experimental WIG ve-
hicle and Table 1 lists specifications. Based on knowl-
edge from studies on Aero-Train, experimental model
ARTE01 was designed with the following features:

• Three levitation wings enabling levitation at low
speed.

• Clark Y, effective in the ground effect, used as an
airfoil.

• Winglets on the wingtips.
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Fig. 4. Orthographic views of ARTE01.

Table 1. Specifications.
Model No. ARTE01
Dimension / Weight

Height 500 mm
Width 2495 mm
Length 4200 mm
Weight 20 kg

Wing
Wing number 3
Airfoil Clark Y
Chord length 400 mm
Wing span 2400 mm
Angle of attack (front) 2 deg
Angle of attack (mid) 4 deg
Angle of attack (rear) 5 deg

Moving blade
Aileron flap 4
Rudder 1 (manual)

Thruster
Number 2 (manual)
Model No. E-flite 670Kv

Actuator
Number 4
Model No. SPAC-5-100-0003-SP168
Rated power 5 W
Maximum torque 2.7 Nm
Maximum speed 90 rpm

Computer / Electric System
Computer PC104
Displacement meter ILD1401-200 x4

• Distances between levitation wings over 2.5 times
the chord length.

Experiments are done on the ground without a guide
wall, so only vehicle height and orientation about the roll
and pitch axes are controlled. ARTE01 does not have
guide wings or sensors to measure its location along lon-
gitudinal and lateral axes or yaw orientation.

Aileron flap control at the front and rear levitation
wings driven by DC servomotors enables ARTE01 to lev-
itate stably. This control is based on roll and pitch orien-
tation angle error and height error computed from the dis-
tance between the ground and parts of the vehicle, mea-
sured by 4 laser displacement meters. Thrust from 2 pro-
pellers driven by motors and a rudder is operated manu-
ally via radio control signal to keep travel straight. Levita-
tion wings are cannibalized from commercialized model
aircrafts.
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Fig. 5. Coordinate systems [15].

3. Dynamic Model

Figure 5 shows the coordinate systems used to model
the experimental WIG vehicle. Vehicle coordinate system
O−XY Z is right-hand orthogonal and fixed on the vehi-
cle. Its origin is fixed on the vehicle’s center of gravity,
and the X axis fits the vehicle velocity vector when the
vehicle is in steady horizontal flight. World coordinate
system OE −XEYEZE is right-hand orthogonal and fixed
on the ground, and its XE axis also fits the vehicle velocity
vector in steady horizontal flight.

3.1. Disturbance Equation
The equation of motion of aircraft is generally written

as follows [16]:

m(v̇x +qVz0) = −mgθ cosθ0 +∆Xa

m(v̇y + rVx0 − pVz0) = mgcosθ0φ +∆Ya

m(v̇z −qVx0) = −mgθ sinθ0 +∆Za . . (1)

Ix ṗ− Ixzṙ = ∆La

Iyq̇ = ∆Ma

−Ixz ṗ+ Izṙ = ∆Na . . . . . . . . . . . (2)

φ̇ = p+ r tanθ0

θ̇ = q
ψ̇ = r secθ0 . . . . . . . . . . . . . . (3)

where m is vehicle mass; vx, vy and vz are small varia-
tions in velocity along the X , Y , and Z axes; p, q, and r
are small angular velocities about the roll, pitch, and yaw
axes; Vx0 and Vz0 are velocities along the X and Z axes
in steady horizontal flight; g is gravity acceleration; φ , θ ,
and ψ are roll, pitch and yaw angles; θ0 is the pitch angle
in steady horizontal flight; ∆Xa, ∆Ya, and ∆Za are varia-
tions in aerodynamic force along the X , Y , and Z axes;
Ix, Iy, and Iz are moments of inertia about the X , Y , and
Z axes; Ixz is product of inertia about the XZ plane; and
∆La, ∆Ma, and ∆Na are small variations in aerodynamic
moment about the roll, pitch, and yaw axes.

The vehicle velocity vector in steady horizontal flight
fits the vehicle’s X axis, so θ0 = 0 and Vz0 = 0.

By introducing angle of attack α = vz/Vx0 and angle of
sideslip β = vy/Vx0, we assume that aerodynamic force
and moment are functions of small disturbances vx, p, q,
r, α , β , aileron flap angles of the left front levitation wing
δ f la f , right front levitation wing δ f ra f , left rear levitation
wing δrla f , and right rear levitation wing δrra f , and the
rudder angles of front vertical wing δ f rd and rear vertical
wing δrrd , and the height of the vehicle from ground h.
By expanding to a Taylor series and using the first terms,
force and moment are written as follows:

∆Xa =
∂ Xa

∂ vx
vx +

1
Vx0

∂ Xa

∂ α
α . . . . . . . . (4)

∆Ya =
1

Vx0

∂Ya

∂ β
β +

∂Ya

∂ p
p+

∂Ya

∂ r
r

+
∂Ya

∂ δ f rd
δ f rd +

∂Ya

∂ δrrd
δrrd . . . . . . (5)

∆Za =
∂ Za

∂ vx
vx +

1
Vx0

∂ Za

∂ α
α +

∂ Za

∂ q
q+

∂ Za

∂ h
h

+
∂ Za

∂ δ f ra f
δ f ra f +

∂ Za

∂ δ f la f
δ f la f

+
∂ Za

∂ δrra f
δrra f +

∂ Za

∂ δrla f
δrla f . . . . (6)

∆La =
1

Vx0

∂ La

∂ β
β +

∂ La

∂ p
p+

∂ La

∂ r
r+

∂ La

∂ δ f ra f
δ f ra f

+
∂ La

∂ δ f la f
δ f la f +

∂ La

∂ δrra f
δrra f +

∂ La

∂ δrla f
δrla f

+
∂ La

∂ δ f rd
δ f rd +

∂ La

∂ δrrd
δrrd . . . . . . (7)

∆Ma =
∂ Ma

∂ vx
vx +

1
Vx0

∂ Ma

∂ α
α +

∂ Ma

∂ q
q

+
∂ Ma

∂ h
h+

∂ Ma

∂ δ f ra f
δ f ra f +

∂ Ma

∂ δ f la f
δ f la f

+
∂ Ma

∂ δrra f
δrra f +

∂ Ma

∂ δrla f
δrla f . . . . (8)

∆Na =
1

Vx0

∂ Na

∂ β
β +

∂ Na

∂ p
p+

∂ Na

∂ r
r+

∂ Na

∂ δ f ra f
δ f ra f

+
∂ Na

∂ δ f la f
δ f la f +

∂ Na

∂ δrra f
δrra f +

∂ Na

∂ δrla f
δrla f

+
∂ Na

∂ δ f rd
δ f rd +

∂ Na

∂ δrrd
δrrd . . . . . . (9)

Although ARTE01 has no front vertical wing, δ f rd is
included considering future expandability.

Substituting Eqs. (4)–(9) into Eqs. (1) and (2) yields the
following linearized small disturbance equation of mo-
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tion:
dvx

dt
=

1
m

∂ Xa

∂ vx
vx +

1
Vx0

1
m

∂ Xa

∂ α
α −gθ . . . . (10)

dβ
dt

=
1

Vx0

{
1

Vx0

1
m

∂Ya

∂ β
β −Vx0r+gφ +

1
m

∂Ya

∂ p
p

+
1
m

∂Ya

∂ r
r+

1
m

∂Ya

∂ δ f rd
δ f rd +

1
m

∂Ya

∂ δrrd
δrrd

}
(11)

dα
dt

=
1

Vx0

{
1
m

∂ Za

∂ vx
vx +

1
m

1
Vx0

∂ Za

∂ α
α +Vx0q

+
1
m

∂ Za

∂ q
q+

1
m

∂ Za

∂ h
h+

1
m

(
∂ Za

∂ δ f ra f
δ f ra f

+
∂ Za

∂ δ f la f
δ f la f +

∂ Za

∂ δrra f
δrra f

+
∂ Za

∂ δrla f
δrla f

)}
. . . . . . . . . (12)

d p
dt

=
IxIz

IxIz − Ixz
2

{
1

Vx0

(
1
Ix

∂ La

∂ β
+

Ixz

Ix

1
Iz

∂ Na

∂ β

)
β

+

(
1
Ix

∂ La

∂ p
+

Ixz

Ix

1
Iz

∂ Na

∂ p

)
p

+

(
1
Ix

∂ La

∂ r
+

Ixz

Ix

1
Iz

∂ Na

∂ r

)
r

+

(
1
Ix

∂ La

∂ δ f rd
+

Ixz

Ix

1
Iz

∂ Na

∂ δ f rd

)
δ f rd

+

(
1
Ix

∂ La

∂ δrrd
+

Ixz

Ix

1
Iz

∂ Na

∂ δrrd

)
δrrd

+

(
1
Ix

∂ La

∂ δ f ra f
+

Ixz

Ix

1
Iz

∂ Na

∂ δ f ra f

)
δ f ra f

+

(
1
Ix

∂ La

∂ δ f la f
+

Ixz

Ix

1
Iz

∂ Na

∂ δ f la f

)
δ f la f

+

(
1
Ix

∂ La

∂ δrra f
+

Ixz

Ix

1
Iz

∂ Na

∂ δrra f

)
δrra f

+

(
1
Ix

∂ La

∂ δrla f
+

Ixz

Ix

1
Iz

∂ Na

∂ δrla f

)
δrla f

}
. (13)

dq
dt

=
1
Iy

∂ Ma

∂ vx
vx +

1
Vx0

1
Iy

∂ Ma

∂ α
α +

1
Iy

∂ Ma

∂ q
q

+
1
Iy

∂ Ma

∂ h
h+

1
Iy

{
∂ Ma

∂ δ f ra f
δ f ra f +

∂ Ma

∂ δ f la f
δ f la f

+
∂ Ma

∂ δrra f
δrra f +

∂ Ma

∂ δrla f
δrla f

}
. . . . (14)

dr
dt

=
IxIz

IxIz − Ixz
2

{
1

Vx0

(
1
Iz

∂ Na

∂ β
+

Ixz

Iz

1
Ix

∂ La

∂ β

)
β

+

(
1
Iz

∂ Na

∂ p
+

Ixz

Iz

1
Ix

∂ La

∂ p

)
p

+

(
1
Iz

∂ Na

∂ r
+

Ixz

Iz

1
Ix

∂ La

∂ r

)
r

+

(
1
Iz

∂ Na

∂ δ f rd
+

Ixz

Iz

1
Ix

∂ La

∂ δ f rd

)
δ f rd

+

(
1
Iz

∂ Na

∂ δrrd
+

Ixz

Iz

1
Ix

∂ La

∂ δrrd

)
δrrd

+

(
1
Iv

∂ Na

∂ δ f ra f
+

Ixz

Iz

1
Ix

∂ La

∂ δ f ra f

)
δ f ra f

+

(
1
Iz

∂ Na

∂ δ f la f
+

Ixz

Iz

1
Ix

∂ La

∂ δ f la f

)
δ f la f

+

(
1
Iz

∂ Na

∂ δrra f
+

Ixz

Iz

1
Ix

∂ La

∂ δrra f

)
δrra f

+

(
1
Iz

∂ Na

∂ δrla f
+

Ixz

Iz

1
Ix

∂ La

∂ δrla f

)
δrla f

}
. . . (15)

Here, motion about the roll and yaw axis is mutually
coupled because β , r, δ f rd , and δrrd are included in d p/dt
in Eq. (13). However, β , r, and ψ cannot be measured
and this experimental vehicle cannot control rudder an-
gles δ f rd and δrrd . In this study, these motions have been
decoupled assuming that:

• Yaw angular velocity and angle of sideslip are small,
contributing to roll moment only negligibly.

• The vertical wing is small and contribution of the
rudder angle to roll moment is only negligible.

From these assumptions, Eq. (13) is decoupled as fol-
lows:

d p
dt

=
IxIz

IxIz − Ixz
2

{(
1
Ix

∂ La

∂ p
+

Ixz

Ix

1
Iz

∂ Na

∂ p

)
p

+

(
1
Ix

∂ La

∂ δ f ra f
+

Ixz

Ix

1
Iz

∂ Na

∂ δ f ra f

)
δ f ra f

+

(
1
Ix

∂ La

∂ δ f la f
+

Ixz

Ix

1
Iz

∂ Na

∂ δ f la f

)
δ f la f

+

(
1
Ix

∂ La

∂ δrra f
+

Ixz

Ix

1
Iz

∂ Na

∂ δrra f

)
δrra f

+

(
1
Ix

∂ La

∂ δrla f
+

Ixz

Ix

1
Iz

∂ Na

∂ δrla f

)
δrla f

}
. (16)

3.2. Stability Derivatives
Coefficients of terms of the variation of each of indi-

vidual aerodynamic force and moment differentiated par-
tially by individual disturbances in Eqs. (10)–(16), called
“stability derivatives,” usually written as (∂ Xa)/(∂ vx) =
Xvx , are handled as constants under fixed flight conditions.

3.2.1. XXXvvvxxx , XXXααα , ZZZααα , MMMααα

Stability derivatives Xvx , Xα , Zα , and Mα are written as
follows [16]:

1
m

∂ Xa

∂ vx
=− 1

m

(
T0

Vx0
+ρVx0SCD

)
. . . . . (17)

1
m

∂ Xa

∂ α
=

ρVx0
2S

2m
1−2CLα

πeAR
CL . . . . . . . (18)
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(a) Front wing. (b) Rear wing.

Fig. 6. Experimental results and fitted curve of lift coeffi-
cient [17].

(a) Front wing. (b) Rear wing.

Fig. 7. Experimental results and fitted curve of moment
coefficient [17].

1
m

∂ Za

∂ α
=−ρVx0

2S
2m

CLα . . . . . . . . . (19)

1
Iy

∂ Ma

∂ α
=−ρVx0

2Sc
2Iy

Cmα . . . . . . . . (20)

where T0 is steady thrust, ρ is atmospheric density, S is
levitation wing area, e is Oswald’s airplane efficiency (=
0.6), AR is the aspect ratio, CD is the drag coefficient, CL is
the lift coefficient, CLα = ∂CL/∂ α is the lift curve slope,
Cmα = ∂Cm/∂ α is the pitching moment curve slope, and
Cm is the moment coefficient.

CL, CLα , and Cmα , in Eqs. (17)–(20), are under a strong
WIG effect.

3.2.2. CCCLLL

The lift coefficient of vehicle CL is the sum of the lift
coefficients of front, middle, and rear levitation wings
CL f , CLm, and CLr:

CL =CL f +CLm +CLr. . . . . . . . . . (21)

Honda [17] studied CL under the WIG effect in wind
tunnel experiments using a moving belt and reported that
this affects the wing strongly when the wing’s rear edge
height from the ground is less than 20% of the chord
length. In this region, lift and pitching moment coeffi-
cients vary nonlinearly, e.g., those of airfoil NACA6412-
modified, similar to Clark Y, under the WIG effect from
Honda’s experimental study are shown in Figs. 6 and 7.
Honda pointed out that the difference between front and
rear wings is due to the after-flow from the front wing in

LrF

fl

ml
rl

fM
mi ri

LfF LmF

rM

α α

0x

m

V
ql

0x

r

V
ql

mα rα

tl

fi

α

0x

f

V
ql

fα

mM

TF

Fig. 8. Lift and pitching moment [15].

CL of the rear wing. Eq. (22) is the modified equation for
the fitted curve of Fig. 6, in which wing lift coefficients
are the sum of the normal lift coefficient and terms of the
WIG effect.

CL f = CL f g.e +CL f normal

= a1 exp
(
−a2

h f

c

)
+a3α f +a4

+
∂CL f

∂ δ f ra f
δ f ra f +

∂CL f

∂ δ f la f
δ f la f

CLm = CLmg.e +CLmnormal

= b1 exp
(
−b2

hm

c

)
+b3αm +b4

CLr = CLrg.e +CLrnormal

= b1 exp
(
−b2

hr

c

)
+b3αr +b4

+
∂CLr

∂ δrra f
δrra f +

∂CLr

∂ δrla f
δrla f . . . . (22)

where CL f g.e, CLmg.e, and CLrg.e are lift coefficients for the
WIG effect of the front, middle, and rear wings; CL f normal ,
CLmnormal , and CLrnormal are lift coefficients without the
WIG; h f , hm, and hr are heights of rear edges of the wing
from the ground; c is the chord length; h f/c, hm/c, and
hr/c are height-chord ratios; and α f , αm, and αr are an-
gles of attack. a1–a3 and b1–b4 are parameters of the fitted
curve obtained experimentally.

As shown in Fig. 8, angles of attack for each wing α f ,
αm, and αr sum the angle of attack of vehicle α , mount-
ing angles of each wing i f , im, and ir and apparent angles
of attack caused by pitching angular velocity −ql f/Vx0,
qlm/Vx0, and qlr/Vx0. Heights of rear edges h f , hm, and hr
are sums of height and its variations from the pitch angle.
This means that in a geometric relationship, these values
are obtained from α , q, Vx0, θ , the height of the vehicle
in steady horizontal flight h0, and variations in height of
vehicle h as follows:

α f = α + i f − ql f

Vx0
, αm = α + im +

qlm
Vx0

,

αr = α + ir +
qlr
Vx0

, h f = h0 +h+ l f θ ,

hm = h0 +h+ lmθ , hr = h0 +h+ lrθ . . (23)

Ishizuka [18] studied the variation of CL by the aileron
flap angle under the WIG using wind tunnel experi-
ment and moving belt, reporting the proportional rela-
tionship between the aileron flap angle and the lift co-
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Fig. 9. Experimental results of lift coefficient [18].

efficient shown in Fig. 9. ∂CL f/∂ δ f ra f , ∂CL f/∂ δ f la f ,
∂CLr/∂ δrra f , and ∂CLr/∂ δrla f are obtained as linear func-
tions.

3.2.3. CCCLLLααα

By substituting Eqs. (22) and (23) into Eq. (21) and
partially differentiating them by α , ∂CL/∂ α is obtained
as follows:

∂CL

∂ α
= a3 +2b3. . . . . . . . . . . . (24)

3.2.4. CCCmmmααα

Consider the pitching moment acting on the vehicle:

M = Mf +Mm +Mr +Mf us

+l f L f − lmLm − lrLr −Tlt . . . . . (25)

where Mf , Mm, and Mr are moments generated by the
front, middle, and rear levitation wings; Mf us is the mo-
ment generated by the vehicle; L f , Lm, and Lr are lift gen-
erated by the front, middle, and rear levitation wings; and
T is thrust.

The moment coefficient of the vehicle Cm is obtained
by dividing Eq. (25) by (1/2)ρVx0

2Sc as follows:

Cm = Cm f +Cmm+Cmr +Cm f us

+
l f

c
CL f − lm

c
CLm − lr

c
CLr − T lt

(1/2)ρV 2
x0Sc

(26)

where Cm f , Cmm, Cmr, and Cm f us are moment coefficients
of the front, middle, and rear levitation wings, and the
vehicle.

Here, as with the lift coefficient, wing moment coef-
ficients sum the normal moment coefficient and terms of
the WIG effect [17]. Eq. (27) is the fitted curve of Fig. 7:
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Fig. 10. Experimental results of drag coefficient [18].

Cm f = Cm f g.e+Cm f normal

= a5 exp
(
−a6

h f

c

)
+a7 exp

(
−a8

h f

c

)

+a9α f +a10

Cmm = Cmmg.e+Cmmnormal

= b5 exp
(
−b6

hm

c

)
+b7 exp

(
−b8

hm

c

)

+b9αm +b10

Cmr = Cmrg.e +Cmrnormal

= b5 exp
(
−b6

hr

c

)
+b7 exp

(
−b8

hr

c

)

+b9αr +b10 . . . . . . . . . . . (27)

where a5–a10 and b5–b10 are fitted curve parameters
found experimentally.

Cm f us is computed as follows [16]:

Cm f us =
2Vf us

Sc
α . . . . . . . . . . . . (28)

where Vf us is the volume of the vehicle.
Substituting Eqs. (23), (27), and (28) into Eq. (26) and

partially differentiating them by α yields Cmα as follows:

Cmα = a9 +2b9 +
l f
c

a3 − lm + lr
c

b3+
2Vf us

Sc
. (29)

3.2.5. CCCDDD

As shown in Fig. 10, Ishizuka [18] reported that the
WIG effect does not contribute to CD, so CD is a function
only of the angle of attack easily be obtained from Fig. 10.
This is why the WIG effect improves the lift-drag ratio.

3.2.6. ZZZhhh

When the system is balanced, from the definition of the
lift coefficient, Za is written as follows:

Za =−1
2

ρVx0
2SCL . . . . . . . . . . . (30)

Considering Eqs. (21)–(23) and partially differentiating
this by h yields the following equation:

1
m

∂ Za

∂ h
=

ρVx0
2S

2mc

{
a1a2 exp

(
−a2

c
h f

)

+b1b2 exp
(
−b2

c
hm

)
+b1b2 exp

(
−b2

c
hr

)}
(31)
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3.2.7. MMMhhh

In the same way, considering Eqs. (22), (23) and (26)–
(28) and partially differentiating Eq. (25) by h yields the
follow:

1
Iy

∂ Ma

∂ h
= −ρVx0

2S
2Iy

{
a5a6 exp

(
−a6

c
h f

)

+a7a8 exp
(
−a8

c
h f

)
+b5b6 exp

(
−b6

c
hm

)

+b7b8 exp
(
−b8

c
hm

)
+b5b6 exp

(
−b6

c
hr

)

+b7b8 exp
(
−b8

c
hr

)
+

l f

c
a1a2 exp

(
−a2

c
h f

)

− lm
c

b1b2 exp
(
−b2

c
hm

)

− lr
c

b1b2 exp
(
−b2

c
hr

)}
. . . . . (32)

3.2.8. ZZZδδδ fff rrraaa fff
, ZZZδδδ fff lllaaa fff

, ZZZδδδ rrrrrraaa fff
, ZZZδδδ rrrlllaaa fff

On normal aircraft, stability derivative Zδe , a derivative
of Za with respect to a small disturbance in aileron angle
δe, is usually written as follows [16]:

1
m

∂ Za

∂ δe
=

ρVx0
2S

2m
Czδe

Czδe = −∂CL

∂ δe
. . . . . . . . . . . . (33)

In the same way, using Eqs. (21) and (22), Zδ f ra f , Zδ f la f
,

Zδrra f , and Zδrla f
are obtained as follows:

1
m

∂ Za

∂ δ f ra f
= −ρVx0

2S
2m

∂CL f

∂ δ f ra f

1
m

∂ Za

∂ δ f la f
= −ρVx0

2S
2m

∂CL f

∂ δ f la f

1
m

∂ Za

∂ δrra f
= −ρVx0

2S
2m

∂CLr

∂ δrra f

1
m

∂ Za

∂ δrla f
= −ρVx0

2S
2m

∂CLr

∂ δrla f
. . . . . . (34)

As stated, ∂CL f/∂ δ f ra f , ∂CL f/∂ δ f la f , ∂CLr/∂ δrra f ,
and ∂CLr/∂ δrla f are experimentally obtained as con-
stants.

3.2.9. MMMδδδ fff rrraaa fff
, MMMδδδ fff lllaaa fff

, MMMδδδ rrrrrraaa fff
, MMMδδδ rrrlllaaa fff

As with Zδ e, on normal aircraft, stability derivative
Mδe , a derivative of Ma with respect to a small disturbance
in aileron angle δe, is obtained as follows [16]:

1
Iy

∂ Ma

∂ δe
=

ρVx0
2Sc̄

2Iy
Cmδe

Cmδe =
∂Cm

∂ δe
. . . . . . . . . . . (35)

Using Eqs. (22), (23), (25)–(28), Mδ f ra f , Mδ f la f
, Mδrra f ,

and Mδrla f
are obtained as follows:

1
m

∂ Ma

∂ δ f ra f
=

ρVx0
2Sl f

2Iy

∂CL f

∂ δ f ra f

1
m

∂ Ma

∂ δ f la f
=

ρVx0
2Sl f

2Iy

∂CL f

∂ δ f la f

1
m

∂ Ma

∂ δrra f
= −ρVx0

2Slr
2Iy

∂CLr

∂ δrra f

1
m

∂ Ma

∂ δrla f
= −ρVx0

2Slr
2Iy

∂CLr

∂ δrla f
. . . . . (36)

3.3. State Space Equation
From the above, the following state space equation is

obtained:
dx
dt

= Ax+Bu

y = Cx . . . . . . . . . . . . . . (37)

x =
[
vx α q θ h p φ

]T

u =
[
δ f ra f δ f la f δrra f δrla f

]T

y =
[
θ h φ

]T . . . . . . . . . . . . (38)

A =


1
m

∂ Xa
∂ vx

1
Vx0

1
m

∂ Xa
∂ α 0 −g 0 0 0

1
Vx0m

∂ Za
∂ vx

1
Vx0 2m

∂ Za
∂ α 1+ 1

Vx0 m
∂ Za
∂ q 0 1

Vx0 m
∂ Za
∂ h 0 0

1
Iy

∂ Ma
∂ vx

1
Vx0

1
Iy

∂ Ma
∂ α

1
Iy

∂ Ma
∂ q 0 1

Iy
∂ Ma
∂ h 0 0

0 0 1 0 0 0 0
0 −Vx0 0 Vx0 0 0 0
0 0 0 0 0 I′ ∂ La

∂ p + I ∂ Na
∂ p 0

0 0 0 0 0 1 0




. . . . . . . . . . . . . . . . . (39)

B =


0 0 0 0
1

Vx0
1
m

∂ Za
∂ δ f ra f

1
Vx0

1
m

∂ Za
∂ δ f la f

1
Vx0

1
m

∂ Za
∂ δrra f

1
Vx0

1
m

∂ Za
∂ δrla f

1
Iy

∂ Ma
∂ δ f ra f

1
Iy

∂ Ma
∂ δ f la f

1
Iy

∂ Ma
∂ δrra f

1
Iy

∂ Ma
∂ δrla f

0 0 0 0
0 0 0 0

I′ ∂ La
∂ δ f ra f

+ I ∂ Na
∂ δ f ra f

I′ ∂ La
∂ δ f la f

+ I ∂ Na
∂ δ f la f

I′ ∂ La
∂ δrra f

+ I ∂ Na
∂ δrra f

I′ ∂ La
∂ δrla f

+ I ∂ Na
∂ δrla f

0 0 0 0




. . . . . . . . . . . . . . . . . (40)

C =


0 0 0 1 0 0 0

0 0 0 0 1 0 0
0 0 0 0 0 0 1


 . . . . . . (41)

where I = Ixz/(IxIz − Ixz
2) and I′ = Iz/(IxIz − Ixz

2).
Here, all stability derivatives are assumed to be con-

stants under steady horizontal flight conditions. Deriva-
tives related to WIG effect, although strongly nonlinear,
are also handled as constants when appropriate levitation
height is assumed. Our future work includes controller
design to use their nonlinearity effectively.

Note that roll and pitch are coupled via aileron flap ef-
fects, although they are usually decoupled in normal air-
craft dynamics [16].
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Fig. 11. Simulation results of initial h disturbance.
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Fig. 12. Simulation results of initial h disturbance with control.

4. Controller Design

Checking the eigenvalue of A and controllability matrix
of the system shows that this system is unstable but con-
trollable. Fig. 11 shows simulation results with an initial
disturbance of small vehicle height without control, indi-
cating that vehicle height and pitch angle have diverged.

State feedback through the linear quadratic regulator
was thus used as the controller. Weighting matrices were
decided based on the movable ranges of aileron flaps as
follows:

Q = diag[50,50,50,50,500000,50,50]
R = diag[1,1,1,1]. . . . . . . . . . (42)

Simulations with initial disturbances of vehicle height,
roll, and pitch angle were conducted using this controller,
resulting in initial height disturbance of 0.02 m, roll dis-
turbance of 2◦, and pitch disturbance of 2◦ are shown in
Figs. 12–14. Small roll errors occur in regulating pitch
and height disturbances because longitudinal and lateral
motions are coupled. Simulation results show that the ve-
hicle height and roll and pitch angles converged at 0.

5. Experiments

To confirm the effectiveness of the experimental WIG
vehicle ARTE01 and its controller, several levitation run-
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Fig. 13. Simulation results of initial φ disturbance with control.
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Fig. 14. Simulation results of initial θ disturbance with control.

ning experiments were conducted at the Kakuda glider
field at Kakuda, Miyagi, Japan.

Figure 15 shows levitation running experiment results
without control by fixing all aileron flaps. As is simula-
tion results, vehicle height and pitch angle diverged. An
appropriate controller is thus essential to have the WIG
vehicle levitate stably.

In running experiments using the controller, desired
levitation heights were set at 0.05 m (h0/c = 0.125) and
0.1 m (h0/c = 0.25), while desired roll and pitch angles
were set at 0◦.

Figure 16 shows levitation running experiment at a de-
sired vehicle height of 0.05 m, with vehicle height and
roll and pitch angle results shown in Fig. 17. Levita-
tion started at 65 s. Fig. 17 shows that although small
vibrations occurred, vehicle height was generally 0.05 m
and the pitch angle stabilized near 0◦ without undesirable
pitching-up. Although the roll angle showed larger vibra-
tion with a maximum amplitude of 2◦, it avoided diver-
gence. Stable levitation with the desired vehicle height
was thus realized using our proposed controller.

Figures 18 and 19 show levitation running experiment
at a desired vehicle height of 0.1 m. Levitation starts at
63 s. Vehicle height rarely reached 0.1 m and error in ori-
entation was larger than that at a desired vehicle height of
0.05 m, presumably because the WIG effect contribution
to lift was reduced and it was difficult to obtain enough lift
to stabilize orientation by controlling aileron flaps. De-
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Fig. 20. Third prototype Aero-Train: manned experimental
WIG vehicle ART003R.

signing an effective levitation height to use the WIG ef-
fect is thus also important in levitation control of the WIG
vehicle.

6. Conclusions and Future Work

This paper has described the development, modeling,
and controller of an experimental WIG vehicle. In the
first development step of levitation control for Aero-Train,
a small, lightweight experimental WIG vehicle that levi-
tates at low speed was developed. The dynamic model
in which the WIG is accounted for was derived and, by
using this model, control based on a linear quadratic reg-
ulator was developed to stabilize the position along the
Z axis and orientation about roll and pitch axes. Results
of several experiments confirmed the effectiveness of the
control developed.

In this study, the lateral position and yaw angle of the
experimental vehicle could not be measured, so motions
along roll and yaw axes were decoupled under several as-
sumptions. The reasonableness of these assumptions is
uncertain, however, and it was difficult to manually op-
erate a rudder to keep vehicle travel straight. In our next
report, we hope to develop a refined experimental WIG
vehicle with guide wings and sensors to measure lateral
and directional positions and a 6 DOF dynamic model
and controller for stabilization along the Y and Z axes and
around the roll, pitch, and yaw axes including control of
running velocity on the U-shaped guideway.

The linearized disturbance equation must be improved.
Even though CL and Cm under the WIG are strongly non-
linear, all aerodynamic forces and moments have been fi-
nally linearized by treating all stability derivatives as con-
stants. The effectiveness of this has been confirmed, but
its reasonableness is questionable. We also plan to study
the aerodynamic model including the nonlinear WIG and
control based on the model.

Experiments for verifying high-speed control will be
conducted using ART003R shown in Fig. 20, a manned
experimental prototype still under development that trav-
els at 200 km/h.
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