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Abstract: A new generation electric high-speed train called Aerotrain has levitation wings and
levitates under Wing-in-Ground (WIG) effect along a U-shaped guideway. The previous study found
that lacking knowledge of the design makes the prototype unable to regain stability when losing
control. In this paper, the nonlinear three-dimensional dynamic model of the Aerotrain based on the
rigid body model has been developed to investigate the relationship between the vehicle body design
and its stability. Based on the dynamic model, this paper considered an Aerotrain with a horizontal
tail and a vertical tail. To evaluate the stability, the location and area of these tails were parameterized.
The effects of these parameters on the longitudinal and directional stability have been investigated to
show that: the horizontal tail gives its best performance if the tail area is a function of the tail location;
the larger vertical tail area and (or) the farther vertical tail location will give better directional stability.
As for the lateral stability, a dihedral front levitation wing design was investigated. This design did
not show its effectiveness, therefore a control system is needed. The obtained results are useful for
the optimization studies on Aerotrain design as well as developing experimental prototypes.

Keywords: wing-in-ground effect; aerotrain; aerial robotics

1. Introduction

In recent years, the expansion of the range, transportation mass, types of activities undertaken by
human beings has created global environmental problems. Therefore, a transportation system with
high-efficiency and low power consumption is one of the important solutions for these problems and
will benefit society. For this purpose, in the future, the next-generation transportation system must
include two significant features, namely, high speed and high efficiency [1]. One of the potential
candidates is the MAGLEV train which could reach maximum velocity of up to 603 km/h [2].
However, in spite of the advantages of the technology, the MAGLEV train system has smaller
economic efficiency value than that of the Aerotrain [3], a Wing-in-Ground effect vehicle, proposed by
Kohama et al. [4] at Tohoku University, Japan.

The Aerotrain, as shown in Figure 1, has wings and levitates on a concrete U-shaped guideway
by the Wing-In-Ground (WIG) effect. The advantage of a low-cost guideway is expected to reduce the
maintenance cost of the track that up to 30% of the total operation costs according to a High-speed rail
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feasibility study reported by Rocky Mountain Rail Authority [5]. Compared with normal MAGLEV
high-speed trains, the massive energy required to maintain the electrical magnetic force is not needed,
which means that the Aerotrain could reduce a lot of power consumption. The difference between
an airplane and the Aerotrain is the WIG effect. The WIG effect happens when an airfoil or wing-like
object is close to the ground as shown in Figure 2 when the altitude h is less than 25% of the wing
chord c [6], a high-pressure air cushion will be created for the stagnation of the air which generates
a greater lift force and a greater lift-drag ratio (L/D) than the airfoil at higher altitude. When travelling,
the pitching and rolling motion of the vehicle are controlled through the control surfaces on the
levitation wings. The aerodynamic lift generated from levitation wings will levitate the train very
close to the ground under WIG effect. Thus, a greater lift force under WIG effect benefits the Aerotrain
a higher aerodynamic efficiency than that of conventional airplanes. This same principle is adopted
to the guide wing for keeping the position of the train at the center of the guideway and keeping
the direction parallel to the guideway. By changing the angle of the control surface on the guide
wing (the vertical wings at the tip of the levitation wings), the side force and the yawing moment
are also changed to make the Aerotrain stay on the proper track. The WIG effect could also provide
a recovering moment to ensure the stability of the Aerotrain when an external disturbance in the
rolling axis of motion happens.

Figure 2. Wing in ground (WIG) effect.

The development of WIG effect vehicles in general and WIG crafts (operating on water surface) in
particular have showed rapidly technical improvement in recent years. Hameed [8] and Matdaud [9]
have an extensive literature review on the design and the existing stability control system technology’s
development and enhancement for WIG crafts. According to the reviews, each WIG craft configuration
shows its own main design features, advantages and yet disadvantages. With the presence of the
disturbance caused by the round wave condition, stability problems arise that make safety issues
of operating WIG crafts become more delicate to handle. Compared with those conventional WIG
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crafts [10-13], the Aerotrain has less external disturbances and it is safer because the operation of the
vehicle is based on the use of a solid guideway [3]. There have been several studies on the control
of the Aerotrain [14-16], but there is insufficient knowledge on the design of the vehicle body which
has a desirable dynamic characteristic. Thus, the design of the Aerotrain with only levitation wings
and guide wings is controllable, but does not have dynamic stability. A recent study [3] found the
influence of the relative positions of the levitation wings and the angle of attack on the aerodynamic
performances of the Aerotrain. However, in an experiment of the previous research, the prototype
could not regain stability as it was pitching the nose up until it became stall when losing its control [17].
That potential risk raised a question about the relationship between the body design of the vehicle and
its stability. Therefore, to answer the question, the long-term objective of this research is to investigate
the relationship between the Aerotrain’s design parameters and its stability.

Generally, the longitudinal stability plays an important role in the stability of the vehicle and it
could be studied separately with directional and lateral stability. Moreover, as for a flying vehicle which
have a symmetrical shape about the centerline, moderate changes in angle of attack will have little or
no influence upon the yaw or roll. This permits the stability and control analysis to be divided into
longitudinal and lateral-directional analysis [18]. According to this assumption, the previous study [19]
found that the horizontal tail has a great contribution on the longitudinal stability of the Aerotrain
by introducing a two-dimensional dynamic model. The purpose of this paper is to deeply clarify the
design-stability relation in a complicated condition when longitudinal, lateral and directional stability
are all considered. In this paper, firstly, a three-dimensional nonlinear dynamic model of the Aerotrain
with a horizontal tail and a vertical tail has been introduced. Secondly, based on the dynamic model,
the effect of the horizontal tail design (horizontal tail location and horizontal tail area), the vertical tail
design (vertical tail location and vertical tail area) and levitation wing design (flat levitation wing and
dihedral levitation wing) to the dynamic stability of the Aerotrain has been evaluated through several
indices that will be explained later in Section 3.

2. Dynamic Model of the Aerotrain

Considering it as a flight vehicle, the attitude of the Aerotrain is described in a body-fixed
coordinate system O — XYZ in which the origin is the center of gravity of the vehicle. The X-axis is
in the plane of symmetry of the body and points forward. The Z-axis is in the same plane as X-axis,
perpendicular to X-axis and points down. The Y-axis is perpendicular to the symmetry plane and
points out the right wing. However, only using the body-fixed coordinate system is not enough to
express the gravitational force acting on the vehicle. Thus, the orientation of the body-fixed coordinate
system with respect to the gravity vector needs to be determined as shown in Figure 3. This orientation
can be specified using the Euler angle (pitch angle 6, roll angle ¢ and yaw angle ) of the body-fixed
coordinate system with respect to an inertial system O — XgYgZg, where the inertial system is oriented
such that the Zg-axis points down (parallel to the gravity vector), the Xg-axis points North and the
Yr-axis completes the right-handed system, and therefore points East.

Figure 3. Coordinate systems and Euler angles.



Robotics 2020, 9, 96 4 of 22

The Aerotrain is considered as a rigid body in steady state with a total of 6 degrees of freedom
which include 3 translations and 3 rotation motions. The 3 translations are caused by the aerodynamic
forces and the gravity force. These forces and aerodynamic moments are the reason of the 3 rotational
motions which are pitching, rolling and yawing moment. In the Aerotrain model, the aerodynamic
lifts generated from two levitation wings and 4 guide wings are under the WIG effect during cruise
speed. Given that the operation occurs inside a U-shaped guideway, the movement in Z-axis and
Y-axis and the rotation about 3 axes are more important than the movement in X-axis. Thus, in this
paper, the 1 degree of freedom of the X-axis translation has been ignored under the assumption
that the vehicle travels at constant speed. Therefore, Z-axis and Y-axis forces as well as 3 moments
(about 3 axes) have been modelled.

2.1. Wing-in-Ground Effect Model

According to Honda [20], in the area affected by the ground effect, the lift coefficient changes
nonlinearly, but this can be represented by the sum of the nonlinear term caused by the influence of
the ground effect and the linear term unrelated to the influence of the ground effect.

L= %pv,fosq 1

CL= CLg.e + CLuormal,s (2)

where L is the aerodynamic lift, Cy, is the lift coefficient, p is the air density, V,g is the velocity at steady
state and S is the wing area. The lift coefficient under the WIG effect C ¢, and in normal condition
CLuormar could be expressed as followings :

h
Crge = aiexp <—ﬂzc> ®3)

CLnormal = a3 + Ay, (4)

where a1, a3, a3, a4 are obtained constants from the curve fitting of the experimental results, and they
are different at the front and rear levitation wings as can be seen in Figure 4; « is the angle of
attack. In Figure 4, Cp ¢, Cp, are the aerodynamic lift coefficient of the front and rear levitation wings;
h £r h, are the height of the front and rear levitation wings; « £, 0y are the angle of attack of the front and
rear levitation wings.
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Figure 4. Aerodynamic lift coefficient of the front and rear levitation wings under the WIG effect [20].

Similar to the aerodynamic lift, the aerodynamic moment under WIG effect is nonlinear, and it
can be represented by the sum of the nonlinear term caused by the WIG effect and the linear term
unrelated to the influence of the WIG effect.

1
M= EpVJ?OScCM (5)
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Cm = CMg.e + CMnormals (6)

where m is the aerodynamic moment, Cy is the moment coefficient. The moment coefficient under
WIG effect Mg, and in normal condition Mjyyermar could be expressed as followings:

h h
CMg.e = asexp <—a6c) + ayexp (—a8C> (7)

CMnormal = agu + aqg, (8)

where as, a¢, a7, ag, a9, 419 are obtained constants from the curve fitting of the experimental results as
can be seen in Figure 5, and they are also different at the front and rear levitation wings [20]. Cpsy in
the Figure 5 is the aerodynamic coefficient of the front levitation wing.
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Figure 5. Aerodynamic moment coefficient of the front levitation wing under the WIG effect [20].

2.2. Aerodynamic Force along the Z-Axis

The aerodynamic force along the Z-axis includes the lift force from the front and the rear levitation
wing of the Aerotrain. Figure 6 shows the differential slice dy; with its height /¢ at the spanwise
y; of the front levitation wing with span b at the roll angle ¢ that will be later used to calculate the
differential lift. ki is the height of the Center of Gravity (CoG) of Aerotrain at the steady state, and # is
the displacement of the CoG from the steady state in the Z-axis.

b/2

Figure 6. The front view of Aerotrain [21].

Under the influence of the WIG effect, the lift coefficient of the front wing Cj ¢; and the rear wing
Cr,; at the spanwise y; could be written as:

h

Crfi(yi) = Crge + CrLuormal = a1€xp (-ﬂzé[) +azas +ay ©)
3

Cri(yi) = CLg.e + CLinormal = b1 exp _bZF + b3, + by. (10)
T

The parameters ay, ..., a4, b1, ..., by are defined by the curve fitting from the experiment [20];
cs, ¢y are the chord length of the front and rear levitation wing relatively. Assume that the pitch
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angle 6 and roll angle ¢ are small enough, from the geometrical relationship shown in Figure 7,
the height of the front wing /¢ and the rear wing £, are the linearized function of the actual height & of
the CoG, the pitch angle 6, the roll angle ¢ and the location y;:

he(h,0,¢,yi) = ho +h+ 160 — yip (11)

hr(h/ 9/ (P/]/i) - hO + h - 179 - ]/i(,b/ (12)

where [ iz I, are the distance from the CoG to the aerodynamic center which is located at the
quarter-chord from the leading edge of the front and the rear levitation wing as shown in Figure 7.

Figure 7. The side view of Aerotrain [21].

The Angle of Attack (AOA) of the front wing a and the rear wing a, are the function of the AOA
« and the pitching angular velocity g:

!
ar(a,q) :(x—f—if—qv—j:o (13)
Iy
ar(a,q) = a+ir+g—) (14)
VxO

where iy, i, are the mounting angle. By integrating along the wing span, the total aerodynamic force
Z, along the Z-axis can be obtained from the sum of the aerodynamic lift L Ly of the front and rear
levitation wing.

Zo=L;+1, (15)
) by /2

Ly = EPV;?on / Crri(yi)dy; (16)
—b;/2

by /2
1
LrZEPVfon / Crri(yi)dy;. 17)
b2

2.3. Aerodynamic Force along the Y-Axis

Given that the Aerotrain runs in a U-shaped guideway, the aerodynamic force generated from the
guide wings are also under the WIG effect. The aerodynamic force Y, along Y-axis is the combination
of the aerodynamic force from 4 guide wings Yﬂ, Yfr, Y1, Yir.

Y, = Yfl + Yfr + Y+ Yor. (18)
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Using the same idea as the aerodynamic force in the Z-axis, where the distance d; plays the role of
the height h; and z; plays the role of the spanwise y;, the coefficient of differential force of the guide
wing at the spanwise z;, as shown in the Figures 8 and 9, could be written as follows [21]:

Cypii(zi) = arexp <_a217l1(d,9é4;,¢,21)> +asfp(B,r) +as (19)
Cyfri(zi) = —arexp (-MW) — a3 (B, 1) —ag (20)
Cyni(zi) = by exp (-%W) + 3B (B, 7) + ba (21)

dy(d,0,¢,9,2)

sr

Cyrri(zi) =-bh exp <_b2 ) - b?),BYI’r (,B/ 7’) — by (22)

where 1 is the yawing angle; i fls i frr iy, iy are the mounting angle of the front left, front right, rear left,
rear right guide wing relatively; r is the yawing angular velocity; d is the width of the guideway; f is
the sideslip angle; B, By, Br1, Brr are the angle of attack of the guide wings.

I
Bri(B,7) =ﬁ+if1—rvfi) (23)
I
Brr(Br) = —B+ip +rv—f0 (24)
Br(B,r) =B +iy +r‘£—r (25)
x0
:877‘(‘317) =—B+in— 7171'. (26)

VxO

Figure 9. The top view of Aerotrain [21].
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The distance dy, ..., d4 from the trailing edge of the guide wing to the wall could be calculated with
respect to the inertial system O — XgYgZg as shown in Figure 10. The position vector of a point on
the guide wing in the inertial system £ p. could be obtained from the position vector in the body-fixed
system Bp, by the homogeneous translation matrix T(d, ¢, 6, 9) as follows:

EPi _ Bl’i
l 1 ] =T(d,¢,0,¢) l 1 ] (27)

T(d,¢,0,9) = (28)

0 1,

ERp(¢,6,9) Eps(d)]

where Ry is the rotation matrix and Fpp(d) is the position vector of the origin of the body-fixed
system with respect to the inertial system.

Figure 10. Position vector of the point on the guide wing with respect to the original of the inertial
system [21].

In the body-fixed system, for example, the position vector of a point on the front-left guide wing
at the span wise z; could be written as follows:

b
o) = [y, —52] 29)

while in the inertial system, that position vector could be written as:

E d/ 9/ a 7 Z‘
[ pl( 1¢ 4 Z)‘| = [EX1(d,9,(PrlP,Zi)/ Eyl(d,G,fPrlP/Zi)/ EZ](d,G,(P, lIJ,ZZ‘), 1]T (30)
Using the Equations (27)—(30), the distance dy, ..., d4 could be calculated.
dwull E
dl(d191¢rlprzi) = T-I- yl(d/9/¢r¢12i) (31)
dwull E
dZ (dr 9/ (Pr l/)/ Zi) = T - ]/Z(d/ 9/ 4)/ l/’/ Zi) (32)
d
d3(d,0,,,z:) = =55 + Fy3(d, 6,9, 9,2) (33)

d
dy(d,8,¢,1,z;) = ‘;”” — Eyy(d,0,¢,9,2). (34)
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Therefore, by integrating along the wing span as shown in Figure 8, the aerodynamic force along
the Y-axis of 4 guide wings could be expressed as follows:

szf
1
Yf = ipvfocsf / Cyf1i(zi)dz; (35)
7bslf

by

Yy, = %pvfocsf / Cypri(zi)dzi (36)
s
bear

Y, = %Pvﬁocsr / Cyni(zi)dz; (37)
—bs1;

szr
1
Yoo = Epvfocsr / Cyrri(zi)dzi/ (38)
7b51r

where ¢, ¢sr are the chord length of the front and rear guide wings.

2.4. Aerodynamic Moment about the X,Y, Z Axes

The aerodynamic moment about the Y-axis (pitching moment) M, is the sum of the moment of
two levitation wings, the moment of the fuselage and the moment cause by the lift of these wings.

Mu:Mf+Mr+Mfu5+lfo_lTLrl (39)

where My, M, are the moments of the front and rear levitation wings, and it can be obtained by
integrating along the wingspan as can be seen in Figure 6.

by/2

1
My = 5pViocs / Coai(yi)yidyi 40
7bf/2

by /2
1
M, = EPonzcr / Chari(Yi)yidyi. (41)
—br/2
The aerodynamic moment coefficient Cpf;(yi), Camri(y;) about the Y-axis at the spanwise y;

of two levitation wings are also under the WIG effect, therefore it can be computed from the
Equations (6)—(8) as follows [15]:

h h

Cmfi(yi) = asexp (—a6é) + ayexp (—ﬂgé) + agas +ayp (42)
hy hy

Cwmyi(yi) = bsexp (—becf) + by exp (_b8?) + boay + byp, (43)

where as, ..., 419, bs, ..., by are the obtained constants from the experimental results [20]. The constants
are different between each levitation wing because of the generated downwash behind the front
levitation wing.

The moment of the fuselage M, is expressed as follows [22]:

Mfus = pVxO2 Vfus‘x/ (44)
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where Vs is the volume of the equivalent fuselage [22] of the Aerotrain.

The moment about the X-axis (rolling moment) L, is obtained from the aerodynamic lift from
the main levitation wings Ly, the front guide wings L, the rear guide wing Ly [21], and the roll
damping moment caused by yaw rate of the front levitation wing L, and rear levitation wings L;;.

La = Lig + Lgus + Lgwr + Leg + Ly (45)
. be/2 by /2
Ly = —EPonz cr / Crri(yi)yidyi + cr / Crri(yi)yidy (46)
~bf/2 —b,/2
szf
L -1 Vio?c <—C (zi)+C -(z~))z»d24 (47)
gwf—zp x0 Csf yfli\4i yfri\#i it
7}751]
szr
Lowr = ~pVig%c (~Cyri (@) + Cyri(21) ) zidz (48)
qur 2P x0 Csr yrii\Zi yrri\Zi) ) ZiAZj.

_bslr

In rolling motion, the aerodynamic lift of the main levitation wings has the derivation from roll
rate p = d¢/dt. As can be seen in the Figure 11, the positive roll rate induces a positive angle of
attack at the right-wing tip of Aw,(b/2) = pb/2V. Because of roll rate is occurring about the X-axis,
the induced angle of attack varies linearly from Ax, = +pb/2V at the right wing tip to —pb/2V at the
left wing tip [23]. Therefore, the angle of attack of the front levitation wing and rear levitation wing in
lift coefficient Cy f;, Cr,; could be written as:

, , Iy v
ap(e,q,p,i) *“‘f'lf—qvfxo‘kpzvxo (49)
oc(aqpi):tx—i-i—i-qlfr—i-p i (50)
r rYr P r on vao

A X

.G_

|

N

y=0;Aay,=0

|
i wing span b
Figure 11. Airplane wing in rolling flight (adapted from Reference [23]).

The roll damping moment caused by yaw rate is defined by [23]:

QSh (b
L = (ZV) c., (51)

IXX

where Q = % ponz is the dynamic pressure, Iy is the moment of inertial in X-axis, V is the airspeed,
C,, is the yaw rate derivative in the roll damping moment.
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Without the vertical tail, as an initial approximation, based on elementary wing strip theory
approach, the yaw rate derivative in the roll damping moment C;, could be written as [23]:

_ G

G, 1

(52)

Therefore, the rolling damping moment caused by the yaw rate of the front and rear levitation
wings could be written as:

b
L.r= L 53
f 8Vx0 Ixx f ( )
b?
Ly = L. 54
rr 8Vx0 Lix r ( )

The aerodynamic moment about the Z-axis (yawing moment) N, is the total moment of the guide
wings, the moment of the side force from the guide wings and the moment of the fuselage:

N, = Nfl + Nfr + N,; + Ny + lf(Yfl + Yfr) — lr(le + YTI’) + NquI (55)

where N s N frs N,;, Ny are the moments of guide wings under WIG effect and could be computed in
the same way as the moment of the levitation wings by integrating along the wingspan; Ny, is the

moment of the fuselage.
szf

1
Np = EPVxOZCsf / Cmfii(zi)zidz; (56)
7bslf
1 szj
Ng, = EPVxOZCsf / Chmpri(zi)zidz; (57)
_bslf
1 bar
Ny = EPVxOZCsr / Cwmrii(2i)zidzi (58)
—Dbsyy
1 bsoy
Ny = Epvxozcsr / Cmrri(zi)zidz;. (59)
_bslr
As was mentioned in the introduction, the guide wings is also under WIG effect.
Therefore, the aerodynamic moment coefficients Cyf1i, Cafri, C Mr1i(2i), Caprri(2i) of the guide wings
at the wingspan z; can be computed from the Equations (6)—(8) as follows:

d d
CMfli(Zi) = a5 exp (—616(:7[11) + ay exp (—618(711) + agﬁﬂ +aqo (60)
dy dy
CMfri(Zi) = as exp (—ag—=) + ay exp (—ag—=) + agﬁf, + ayg (61)
Cfr Cfr
d3 d3
Coii (i) = bs exp (=be ) +brexp (=bs ) + bopn + bro (62)
r r
dy dy
Chrri(2i) = bs exp (=be—=) + by exp (~bs ) + boprr + bro, (63)
rr rr

where as, ..., a1q, bs, ..., byp are obtained constants from the experimental results [20]. The guide wings
at the front and rear levitation wings have different constants because of the downwash occurs when
the airflow passes the front guide wings.
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The moment of the fuselage Ny, is expressed as follows [22]:

Nfus = pVxOZVfus,Br (64)
where Vi, is the volume of the equivalent fuselage [22] of the Aerotrain.

2.5. Horizontal Tail Model

The lift coefficient and moment coefficient of the horizontal tail is a function of the angle of attack
and the angular velocity [19]. Depending on the angle of attack «, the lift coefficient C;j; is directly
related to the mounting angle i, and the downwash angle € caused by the air flowing through the
main wing.

Crit = aps(o — € — ipy). (65)

In the case of the Aerotrain, the horizontal tail is located at the rear side of the train and at
a high location so that the downwash flow does not affect the tail. Thus, the downwash angle is zero,
€ = 0. Another assumption is that the horizontal tail has symmetry airfoil and does not generate any
aerodynamic force when the angle of attack is zero, which means that the chord line is parallel to the
X-axis in the body-fixed system or the mounting angle i;; = 0. As for the thin, symmetric airfoil [24],
the lift coefficient could be written as follows:

Crp(a) = 2ma. (66)

The horizontal tail is located at a distance /;;; from the origin of the body-fixed coordinate system
to the aerodynamic center of the tail as shown in Figure 12. Thus, the effect of pitching rate g in terms
of the changing of angle of attack « is described as:

Aapp = q——. (67)

Figure 12. Horizontal and vertical tail.

Thus, the lift coefficient of the horizontal tail caused by the pitching rate is:

l
Crne(q) = 27quLt0. (68)
X

Therefore, the total lift force coefficient is the sum of these two coefficients:

Crne(a,q) = Crue(a) + Crue(q).- (69)
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The total pitching moment from the horizontal tail is also a function of the angle of attack « and
the pitching rate g and it could be written as:

Cane(,q) = —InCrpe () — I Crpe (q)- (70)
2.6. Vertical Tail Model

Similar to the horizontal tail model, we assume that the vertical tail has a symmetry airfoil,
locates at a distance /¢ from the CoG of the Aerotrain to the aerodynamic center of the tail as shown
in Figure 12, and the chord line is align to the X-axis in the body-fixed system. Thus, the side force
coefficient of the vertical tail Cy,; caused by the angle of attack  and the yaw rate r is described as:

Cth(,Br 1’) = Cth(,B) + CYht (1’) (71)
Cyot(B) = 27B (72)
Cyne(r) = 27‘[1’%. (73)

The side force of the vertical tail also contributes a rolling moment:

1
Lyt = EhvtPSUthOZCth/ (74)

where /1 is the distance from the X-axis of the body-fixed system to the 1/2 vertical tail wingspan as
shown in Figure 12, Sy is the vertical tail area.

The total yawing moment from the vertical tail is also the function of the angle of attach f and the
yawing rate r and it could be written as:

Cnnt (B, 1) = —lotCyot(B) — Lot Cyor (7). (75)
2.7. Dihedral Levitation Wing Model

The dihedral wing design is easily found in the commercial and training aircraft because of its
efficient rolling damping, that is important to keep the aircraft stable. When a rolling motion happens,
it also generate a coupled yawing motion, and results a side slip angle . Assumed that the dihedral
angle I' is small enough, the differential angle of attack Aa [23] on the left and right panel of the
levitation wing change in opposite way.

Aa =TP. (76)

Thus, the difference amount of lift on the left and the right panel of the levitation wing generates
a recovering moment. In dihedral design of the front wing, the angle of attack of the front left levitation
wing a s and front right levitation wing a ¢, in the Equation (13) could be written as:

1
Déﬂ(ﬂé,q):DC-Fif—qVi—’BF (77)
x0
. Iy
ap(a,q) =a+ir+ qV—O + pBr. (78)

Figure 13 shows the height of the front left wing /s and front right wing hy, in dihedral wing
design. The height of the front wing in the Equation (11) could be written as:

tanT +

hei(h,0,9,y:) :h0+h+lf9+]/iHijr (79)
tanI —

hfr(h,e,(p,yi) Zho+h+lf9—|—]/i d (80)

1+ ¢ptanT’
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Figure 13. Dihedral levitation wing.

3. Simulation and Discussion

To evaluate the dynamic stability of the Aerotrain, a three-dimensional dynamic model has
been developed in the MapleSim [25] environment using a rigid body model as shown in Figure 14.
The advantage of the MapleSim over the others is its friendly user interface and its sufficiency when
creating custom components that are not available in the default library. Moreover, by improving the
detail of each component (for example, the roll rate and yaw rate derivatives in the rolling moment),
the accuracy of the previous model proposed in Reference [21] could be enhanced with unnoticed
additional computational cost.

S

= —
-

P

//

Figure 14. Aerotrain in MapleSim.

Base on the mathematical equations, the aerodynamic components, such as lift and moment of
the levitation wings and the guide wings has been created as the customer components. The total net
force in the Z-axis which includes the lift from the levitation wing, the horizontal tail and the total
net force in Y-axis includes the side force from the guide wings and the vertical tail were applied
to the Aerotrain body through the “Apply World Force” component. Similar to the force, the total
net moment about X, Y, Z axes was also applied to the body of the train through the “Apply World
Moment” component.

As a case study, the parameters used in the simulation in Table 1 were approximate from the
experimental ARTEQ2 prototype developed in Reference [16]. The mass of the prototype was measured
while the other parameters are designed values. The prototype, as shown in Figures 15-17, is equipped
with four aileron flaps which control the pitching and rolling motion, and four rudders which control
the yawing motion according to the distance between the vehicle body and the guideway which is
measured from the laser displacement sensors. By using physical parameters of ARTE02 prototype,
the evaluation of the state space equation of the dynamic model of Aerotrain was shown that the
system is unstable but controllable [16].

At the equilibrium state, according to each design of the Aerotrain, the velocity Vg is computed,
so that the generated aerodynamic lift is equal to the vehicle’s weight; by moving the CoG of Aerotrain
along X-axis of the body-fixed coordinate system, the distance /¢ of the front levitation wing and /, of
the rear levitation wing are calculated, so that the total moment applies to the model is zero. In order
to evaluate the dynamic stability of the Aerotrain, during 25 s of the simulation time, the external
disturbances were applied to the body after 2 s to observe the responsibility of the model. The external



Robotics 2020, 9, 96 15 of 22

disturbances include a force of 50 N which applied in Z axis, two moments of 10 N - m which applied
to rotate the body about the X-axis and Z-axis.

700 _ _
-
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78 |
40 |

E?-
!

40 |

1650
 E—
B

=
185

3460 .

[
ﬂﬂ S

3300

1390

Figure 15. ARTE(2 dimensions [16].

Rudder
Anemometer

Figure 17. The experimental WIG effect vehicle ARTEO02 [16].
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Table 1. Aerotrain parameters.

Parameters Value
Mass [kg] 425
Wing area [m?2] 2.31
Chord length [m] 0.7
Wing span [m] 3.3
Levitation height [m] 0.07
i [deg] 1.48
ir [deg] 2.63
Horizontal tail area Sj,; [m?] 0.5
Horizontal tail location Ij; [m] 2.5
Vertical tail area Sy [m?] 0.5
Vertical tail location [,; [m] 2.5
Z impact [N] 50
Roll impact [N - m] 10
Yaw impact [N - m] 10

3.1. Longitudinal Dynamic Stability

With the design of the experimental prototype ARTE02, at the equilibrium state, it requires
a velocity of Vy9 = 34.65 m/s, and the CoG of the vehicle is located at a location such that / r=084m,
I, = 1.69 m. A horizontal tail with the area of Sj; = 0.5 m?, located at [;;, = 2.5 m was added to the
model. At the same condition, with the horizontal tail, the displacement in the Z-axis and pitch angle
0 have been convergent as shown in Figures 18 and 19 thanks to the spring element « and damper
element g. The simulation results have clearly proved that the effectiveness of the horizontal tail still
remained in the three-dimensional model.

0.08

0.06

_ —Without horizontal tail  ——With horizontal tail
E o004
5
g o0.02 ﬂ&ﬂ
[
el
2 -0.02
E
©
N 0.04

-0.06

0 5 10 15 20 25
Time (s)

Figure 18. Displacement in Z-axis.

2.5

— el VﬂUnVﬂU{\VﬂUAU[\V(\U[\V[\U(\V(\UAU

Figure 19. Pitch angle.

In Wang’s study [26], it was found that the configuration with a higher horizontal tail has
insignificant effects on the aerodynamic efficiency of a WIG craft. Thus, based on the above
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confirmation, the design of the horizontal tail (area Sy; and location Ij;) is targeted to investigate
the relationship between the design and the longitudinal dynamic stability of the Aerotrain.
First, the horizontal tail area is fixed as 0.5 m?, the distance from the CoG of the Aerotrain to the
aerodynamic center of the horizontal tail /;;; ranges from 1 m to 5 m at a 0.25 m step. As can be seen
in Figure 20, the response of the Aerotrain in Z-axis is different at each location. Especially, at the
location of 1 m the displacement in the Z-axis becomes divergent, which means the design does not
have longitudinal dynamic stability.

0.005

= MM

-0.001

Displacement in Z axis (m)

-0.003

-0.005

0 1 2 3 4 5 6 7 8 9 10
Time (s)
—|_ht=1.00m —1_ht=1.25m — 1 ht=1.5m |_ht=1.75m —1_ht=2.00m —I_ht=2.25m
—I_ht=2.50m —I_ht=2.75m I_ht=3.00m |_ht=3.25m ——I_ht=3.50m —|_ht=3.75m
I_ht=4.00m |_ht=4.25m I_ht=4.50m I_ht=4.75m |_ht=5.00m

Figure 20. Z-axis displacement at different horizontal tail locations with the tail area of Sj,; = 0.5 m?.

Zooming in the detail of the Figure 20 at the range from 2 s to 3 s, Figure 21 shows that after one
period, the location of 2.25 m and 2.5 m have the highest amplitude reduction, therefore have the best
performance in terms of dynamic stability. In order to investigate the relationship between the location
Int, the area Sp; and the longitudinal dynamic stability, Ty /, has been introduced. T, is the time to
damp to half amplitude from maximum amplitude, so that smaller T} /,, better dynamic stability.

0.004
E 0.003
0.002
0.001

-0.001 \
A -0.002 S 2

-0.003

Displacement in Z axis (|
o

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

Time (s)
——|_ht=1.25m | ht=15m | ht=1.75m ——| ht=2.00m —|_ht=225m —I_ht=250m —| ht=2.75m —| ht=3.00m
—| ht=3.25m —|_ht=350m —I_ht=3.75m —| ht=4.00m |_ht=4.25m |_ht=4.50m |_ht=4.75m |_ht=5.00m

Figure 21. Z-axis displacement at different horizontal tail locations with the tail area of Sy; = 0.5 m?
from2sto3s.

At the same range of the horizontal tail location, two more different horizontal tail area of 1 m?
and 1.5 m? have been simulated. The relationship between the horizontal tail location, area and the
dynamic stability represented by T/, has been clarified in Figures 22 and 23. As a simple prediction,
the ideal design of the horizontal tail could be described in a straight line form:

Sy = —0.37781;,; + 1.8654. (81)
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Figure 22. Relationship between T /, and the horizontal tail location with 3 tail area values.
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Figure 23. Relationship between Tj /,, the horizontal tail location and area.

3.2. Lateral Dynamic Stability

The response of the Aerotrain to the rolling disturbance of 10 N - m is showed in the Figure 24.
The simulation result shows that the roll angle ¢ has been convergent, or the design of flat levitation
wing of Aerotrain can maintain lateral dynamic stability. The result again confirms the advantage of
WIG effect in lateral stability of WIG effect vehicles, that was found through the numerical studies by
Amir [27]. However, the damping is insufficient to damp the vibration in a short time. As a simple
comparison, the front levitation wing has been replaced by a dihedral wing with I' = 10 degrees while
maintaining the same wingspan in order to fit into the guideway. The dihedral wing design caused
a reduction of the aerodynamic lift at the front levitation wing. Thus, it requires a velocity of 42.8 km/h
(increased 23.5% in comparison with the flat levitation wing design) to compensate that reduction.
Also, the reduction of the aerodynamic lift at the front levitation wing shifted the CoG of the vehicle
rearward, so that [ = 1.31 m, I, = 1.22 m to maintain the equilibrium state.

1
0.8
0.6
0.4

MW H\”m N"‘M\ M OB

-0.4
-0.6
-0.8 ——Flat levitation wing ~ ——Dihedral levitation wing
-1
0 5 10 15 20 25
Time (s)

Roll angle (deg)
o

Figure 24. Roll angle.
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In the dihedral levitation wing design, the vibration amplitude is smaller than that of the
flat levitation wing design, but the trend is the same. Simulation result shows that the dihedral
levitation wing design can increase the stability as it does on the airplane. However, to trade
off with that small increasing of the stability, with the same wing span, the dihedral levitation
wing requires a higher velocity to compensate the reduction of the aerodynamic lift at the front
levitation wing. Therefore, it can be said that the dihedral levitation wing design is not suitable for the
Aerotrain application. The lateral stability of the Aerotrain still needs the assist of the control system,
especially for the damping.

3.3. Directional Dynamic Stability

By keeping a horizontal tail with the area of S,; = 0.5 m?, located at [;; = 2.5 m, a vertical
tail with the area of S,y = 0.5 m?, located at I,y = 2.5 m, was added to the model. As can be
seen in Figures 25 and 26, the design without the vertical tail can achieve the directional stability.
However, the directional damping is insufficient. At the same condition, with the vertical tail,
the displacement in the Y-axis and yaw angle has significantly reduction of the vibration amplitude.

0.02
0.015
0.01
0.005

-0.005
-0.01
-0.015
-0.02

0 5 10 15 20 25
Time (s)

Y axis displacement (m)

—Without vertical tail ——With vertical tail

Figure 25. Displacement in Y-axis.

Yaw angle (deg)

—Without vertical tail ——With vertical tail

0 5 10 15 20 25

Time (s)

Figure 26. Yaw angle.

In order to investigate the vertical tail design (vertical tail location /,; and area Sy¢) and the
directional dynamic stability, various designs has been simulated. First, at a fixed area of S,+ = 0.5 m?,
the location of the vertical tail ranges from 1.5 m to 5 m at 0.25 m step. The simulation results have
been shown in Figure 27. Since the displacement in the Y-axis and the yaw angle show the same trend
of the vibration amplitude reduction, we can use one of them to evaluate the effect of the vertical tail.
In this paper, the yaw angle was used. At different location, the maximum amplitude of the Yaw angle
change accordingly. Therefore, the maximum amplitude A,y is used to evaluate the design of the
vertical tail instead of Ty /5, that was used in case of the horizontal tail. It could be said that the smaller
AMax, the better directional stability.

At the same range of the vertical tail location, two more different vertical tail area of Sy = 1.0 m?
and S, = 1.5 m? have been simulated. The relationship between the vertical tail location I, area Sy;
and the directional dynamic stability represented by A,y has been clarified in Figures 28 and 29.
The larger vertical tail area, the better directional stability and (or) the farther vertical tail location,
the better stability.
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Figure 27. Yaw angle at different vertical tail locations with Sy = 0.5 m2.

0.9
0.8

0.7 -
. ®S=05 ®S=10 AS=15
= 0.6 .
< .
< 0.5 = .
S 04 = -
= [
*
S 03 L .o,
[ ] - - .
0.2 = n M ¢ . - .
0.1 T 1 5 4
0
1 1.5 2 2.5 3 3.5 4 4.5 5

Vertical tail location (m)
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Figure 29. Relationship between A y,, vertical tail location and vertical tail area.
4. Conclusions and Future Work

In this paper, the three-dimensional dynamic model of the Aerotrain has been developed taking
into account the nonlinear aerodynamic forces and moments under the WIG effect. Compared with the
previous studies [19,21] the side force from the 4 guide wings, the aerodynamic lift and moment from
the levitation wings, the horizontal tail and the vertical tail have been integrated into the rigid body
model to make the dynamic model more specific so that it will be useful for the optimization studies.

Based on this dynamic model, the design-stability relation of the Aerotrain has been investigated.
The horizontal tail with several designs in tail location and tail area has been simulated to evaluate the
longitudinal dynamic stability. The dihedral levitation wing design has been considered to evaluate
the lateral dynamic stability. As for the directional dynamic stability, several designs of the vertical tail
in tail location and tail area has been considered as well.

The area and location of the horizontal tail have a great effect on the longitudinal stability.
The horizontal tail shows its best performance if the tail area is a function of the tail location.
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The dihedral levitation wing, expected to improve the longitudinal stability, did not show significant
change. The vertical tail showed its effectiveness in terms of directional stability as the maximum
vibration was significantly reduced. The position and location of the vertical tail also have a great
effect on the directional stability. Unlike the horizontal tail, the larger vertical tail area, the better
directional stability and (or) the farther vertical tail location, the better stability. Therefore, the design
of the vertical tail is depended on the application purpose.

In the future, based on this dynamic model, the force in X-axis will be considered to complete
the 6-degrees of freedom of the three-dimensional model, and the contribution of each effect on the
model accuracy will be taken into account. The sensitivity analysis will be carried out by changing
one parameter at a time and keeping all other parameters fixed to figure out what would be the
consequences of parameters estimation bias to the model simulation accuracy. Figuring out which
parameter is more sensitive than the others about the stability will benefit not only the initial design
phase of Aerotrain but also the safety of the vehicle. Then, the next studies will be focused on
the experiment of a small-scale prototype in order to evaluate the reliability of the dynamic model.
The experimental results will be useful to develop a full-scale prototype and the dynamic model of
a multi-cars design as well.
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