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The Flight Dynamics of an Ocean Space
Surveying Vehicle

By

Akira AzUMA and Ken-Ichi NASU

Summary: An ocean surveying vehicle will be introduced, which is a remotely piloted
vehicle for obtaining oceanographic informations during its operation in a test area
of ocean.

The equations of motion of a general submersible and their solutions for perturbed
motion will be presented in nonlinearized form. The performance and the flight dynamics

of an exemplified vehicle will be discussed and compaired with the operational test
results.

SYMBOLS
A;; Added mass tensor, Table 2 and Table 6.
Ag1s Coefficients defined by eq. (7.10)
a Lift slope of fan blade of thruster
By, Coefficients defined by eq. (7.10)
b Distance between two thrusters
Co,1z Coefficients defined by eq. (7.10)
Cp Drag coefficient
Cr Force coefficient, ‘eq. (3.1
Cy Moment coefficient, eq. (3.1)
Cr Thrust coefficient, eq. (3.5)
D Determinant ; differential operator of time, /0t
Dy, , Coeflicents defined by eq. (7.10)
d Differential operator ; distance of vehicle from coordinate fixer, Fig.
10
d, d, Switching limit of distance, Table 10
e Exponential symbol, exp.
F Force vector
Fp Buoyant force vector
F; Gravitational force vector
F, Froud number, eq. (4.28)
F, Thrust force, eq. (3.8~9)
g Gravity acceleration
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Value of gravity acceleration, |g|

Hight of vehicle with respect to coordinate fixer, Fig. 10
Moment of inertia

Running index

Unit vectors with respect to body coordinate system, Fig. 4
Unit vectors with respect to stationary coordinate system, Fig. 5
Unit vectors with respect to Earth coordinate system, Fig. 5
Products of inertia

Running index

Coefficients defined by eq. (7.10)

Moment components with respect to body coordinate system
Mass of vehicle, M=W/g

Generalized mass tensor, Table 5

Moment vector

Buoyant moment vector

Gravity moment vector

Thrust moment

Unit normal vector of elemental surface, positive for outward
Unit vector from coordinate fixer to vehicle eq. (7.2)

Origin of body coordinate system

P ——

Nondimensional parameter defined by eq. (4.29)

Pressure of fluid

(X, Y, Z) components of w

Generalized force vector, eq. (4.1)

Generalized coordinate vector, eq. (4.8)

Fan radius of thruster ; radius of turning

Position vector of vehicle with respect to Earth coordinate system
Position vector of center of buoyant force

Position vector of center of gravity

Relative position vector of hydrophones, eq. (7.1)

Surface of integration; Disc area of thruster; Laplacian parameter
Characteristic roots, eq. (7.9)
Thrust of thruster ; Kinetic energy of total system, eq. (4.1)
Transformation matrix of body angular velocity, eq. (1.4)
Transformation matrix of body coordinate axes, eq. (1.1)
Transformation matrix of Earth coordinate axes, eq. (1.5)
Time :
Time differences among hydrophones, eq. (7.3)

Velocity of vehicle with respect to body coordinate system, Fig. 4
Velocity of vehicle with respect to stationary coordinate system

Velocity of vehicle with respect to Earth coordinate system
Relative velocity of vehicle with respect to fluid, eq. (1.10)

This document is provided by JAXA.



The Flight Dynamics of an Ocean Space Surveying Vehicle 43

V Volume of integration ; absolute value of relative velocity, | V|
Vs External volume of vehicle

Vo Displacement volume of vehicle

v Induced velocity of thruster

v; (X, Y, Z) components of U and w

VY (X,Y,Z) components of ¥V and w

w Current velocity with respect to body coordinate system

W, Current velocity with respect to stationary coordinate system
Wg Current velocity with respect to Earth coordinate system

W Wetted weight of vehicle

Wy Dry weight of vehicle

X,Y, 2 Body coordinate axes, Fig. 3

X, Y, Zyp) Stationary coordinate axes, Fig. 3, Fig. 5.
(Xg, Yg, Zg) Earth coordinate axes, Fig. 5

(XE1.2.3.65 YE1,23,0) Switching points, Fig. 11

(X8, Y5> Z8) (X, Y, Z) components of rg

(x5, Ve, 28) (Xg, Yz, Zg) components of rg

(Xg> Yasr 26) (X, Y, Z) components of r;

(Xt 11,000 Yo, Zonm) (X, Y, Z) conponents of 7y yp i

« Angle of attack, Fig. 7

iy Transformation tensor of generalized coordinate system, eq. (4.11)

B Angle of side slip, Fig. 7

Bir Inverse tensor of «;,, a;,

Tijk Tensor defined by eq. (4.14)

4 Perturbation operator

05 Kronecker’s delta -

€ijx Cyclic delta defined in eq. (4.4)

4 Damping ratio, eq. (6.36), (6.39)

Ny Attenuation factor of thrust reversal

e Elevation angle of vehicle with respect to coordinate fixer, Fig 10

o Pitching component in Eulerian angles

2 Inflow ratio of thruster, eq. (3.5)

g Generalized force vector with respect to body coordinate system, eq.
4.14)

o Density of fluid

0z Ensemble density of vehicle

2 Summation operator

o Solidity of fan of thruster

T Elemental volume

[1)] Velocity potential, eq. (4.5)

D, Velocity potential components, eq. (4.5)

1) Rolling component in Eulerian angles

v Orientation of current in Earth coordinate system
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44 A Azuma and K1, Nuasu

Uy Angle of line- of -sight, Table 10

Vg U g, Switching limit of angle of line- of -sight Table 10

\r Yawing component in Eulerian angles

0 Fan speed of thruster

@ Angular velocity with respect to body coordinate system, Fig. 4
Wy Angular velocity of Eulerian angles

w, Undamped natural frequency, eq. (6.36), (6.39)

1 Gradient operator

¢ ) Inverse form of ()

( )? Transposed matrix of ()

AC ) Perturbed quantity of ()

( Jyvz (X,Y,Z) components of ( )

C Jxovo.zo (Xo, Yy, Zy) components of ()

C Jxpyezyg (Xg Yz, Zg) components of ()

( ), Initial value of ( )

C ) Stationary value of ( )

) Nondimensional quantity of ( ), eq. (4.18 ~24)

() Time derivative of (), o( )/ot

Yy Nondimentional time derivative, ( )/d¢

C )u Differentiation of () with respect to any quantity 4, a( )/94

(X, Y ,,Z ,) Force coefficients defined by eq. (6.12~15) and (6.18 ~ 19)
(L, ,,M,,,N,,) Moment coefficient defined by eq. (6.16 ~17) and (6.20 ~23)

§1 INTRODUCTION

The ocean space surveying vehicle is one of components of ocean space robot
system (briefly called OSR) which is a system for obtaining oceanographic infor-
mation by using sugmerged vehicles, moored buoys and auxiliary subsystems such
as radio and acoustic communication systems, a data processing system, and a mother
ship. Planning and development work on this system had been conducted by the
Japan Society for the Promotion of Machine Industry (JSPMI) since 1971 and
ended March 1976. The design, production and experimental tests of the OSR
had been performed by several companies® in Japan with the technical assistance
of the OSR project team organized as an advisory group to the Machines and

* Mitsui Ocean Development & Engineering Co., Ltd.
Mitsui Shipbuilding & Engineering Co., Ltd.
Matsushita Communication Industrial Co., Ltd.

Oki Electric Industry Co., Ltd.

Hokushin Electric Works, Ltd.

Mitsubishi Electric Corporation.

Japan Radio Co., Ltd.

Fuyo Ocean Development & Engineering Co., Ltd.
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The Flight Dynamics of an Ocean Space Surveying Vehicle 45

Systems Development Center of JSPMI. The project team consisted of specialists™*
in respective field of oceanography, instrumentation, electronics, communication,
information, structure, and flight dynamics. The one of authors was a member of
the project team organized for participating the design, construction and the opera-
tion test of the vehicle as consulting staff.

The ocean space surveying vehicle is an unmanned or remotely piloted submer-
sible which has a measuring instrumentation system comprised of various sensors,
an automatic homing control system, a data storing and transferring system and
a trouble detecting system. Under the navigation of the automatic homing control
system the vehicle can descend, land and ascend vertically over a fixed position
or positions specified by a coordinate fixer or fixers within a specified interval of
time following any one of given flight patterns.

The measuring instrumentation system can measure the ocanographic parame-
ters such as water temperature, electrical conductivity or salinity, concentrations of
dissolved oxygen and hydrogen ion (pH), turbidity, pressure and acoustic speed
of that area of the sea during its ascending flight, and speed and direction of current
during landing on the bottom. Acquired data are stored in a cassette-type tape-
recorder, and then transmitted to a data processing center through a radio com-
munication system by relaying with the similar communication system on the buoy
moored around the measured area while the vehicle is floating on the surface of
the sea.

The coordinate fixer, which is sank on the bottom of the sea prior to the opera-
tion, has an acoustic transmitter and can, therefore, be a source of ultrasonic signal
for every one second. The vehicle can detect the signals by three hydrophones
installed on the respective vehicle and by the help of the automatic homing control
system approach an upright axis of radiation cone of the ultrasonic waves by search-
ing the direction of the acoustic source with respect to the body axis of the vehicle.

The vehicle can also detect its troubles being objectionable for regular operation
such as abnormal attitude, appreciable electric boltage drop, inundation and so on.
If any trouble is actually detected, then the operation is discontinued and the vehicle
is surfaced in obedience to an emergency operation corresponding to the degree
of trougle.

The functional relationships among the all systems can be seen in Fig. 1. The

*% Dr, Shigeru Watanabe, Professor, Univ. of Tokyo.

Dr. Toshihiko Teramoto, Professor, Univ of Tokyo.

Dr. Akira Azuma, Professor, Univ. of Tokyo.

Dr. Hirofumi Miura, Assor. Professor, Univ. of Tokyo.

Mr. Fumio Miyata, Research Associate, Univ. of Tokyo.

Dr. Chikara Sato, Professor, Keio University.

Dr. Shuhei Aida, Assoc. Professor, Univ. of Electrocommunications.

Dr. Tomio Emura, Manager, Japan Marine Science and Technology Center.

Dr. Takuya Homma, Chief manager, Electrotechnical Lab. of Ministry of International
Trade and Industry.

Mr. Koji Yada, Manager, Electrotechnical Lab. of Ministry of International Trade and
Industry.
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TABLE 1.

A, Azuma and K.-1. Nasu

Speciftications of main body and suxiliary devices of the V-robot

Item Description
Main Total length 4.800 m
Specification Total width 2.160m
Total height with antenna extended 4.12m
with antenna retracted 1.760 m
Total body volume (or external | 3.493 m?3
volume), Vg
Displacement volume, Vp 2.68 m3
Dry weight, in air 2.75 ton+40 kg
Wetted weight, W 3.580ton+40 kg
Center of buoyant force
Horizonal (from top of the body) 1.86 m (normal)
1.86 m (emergency)
Vertical (downward from center of | 0 m (normal)
the body) —0.0l m (emergency)
Center of gravity
Horizontal (from top of the body) 1.86 m (normal)
1.86 m (emergency)
Vertical (downward from center the | 0.05m (normal)
of body) 0.03 m (emergency)
Pressure Length 3.38m
hull Diameter 1.1lm
Displacement 2.35m3
Outer Length of nose cover 1.05m
Structure Length of tail cone 1.71 m
Area of upper fins* 0.74m?>>:2
Area of lower fins* 0.44m2>-2
Fin profile NACA 0015
Propulsion | Type Shrouded propellor
Number of thrusters 2
Number of blades 3
Operation On-oft
Normal thrust 22 kg at speed of 2m/sec.
51 kg at rest
Reverse thrust 30 kg at rest
Motor DC 5 HP (Max.) 2 HP (at set point)
Shroud diameter 0.360 m
Auxiliary Buoyancy Type Flooding and draining with water
Devices Adjustment piston pump
and Other Device Volume of ballast tank l
Accessories Pump Piston pump
Draining rate S4cc/rev at 720 rpm
Drive motor DC 5 HP at 3,500 rpm
Valve unit Electro magnetic type with
relief and check valves
Emergency | Air bottle Pressure 300 kg/cm?
Surfacing Volume 412
Device Wasted ballast 64 kg
Landing Droppable skid Length 1.90m
Skid and Weight | 97kg
Others Hooks 2
Retractable antenna 1
Power Battery for pump and | Silver oxide 100V 7140 AH
Sources thrusters
Battery for instruments | +24 V<100 AH-—-24V: <16 AH
Emergency battery Primary +24V
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TABLE 1 (Continued)

Ttem Description

Automatic Position Hydrophone

Homing Detecting Acoustic altitude meter
Control Unit Declinometer

System Attitude sensor
Control unit

— D e )

Others Surface detector 1

Sensor for inundation 2

Timer for setting of |1
time-out

* Considered to be extended to the furelage center line

general configuration and the detailed specification of the vehicle are shown in
Fig. 2 and Tablel respectively.

Further detailed description on the design philosophy, general configuration, and
the experimental test results can be found in Ref. 1 and 2.

Three sets of Cartesian coordinate systems are used in this paper for describing
the dynamics. One set is fixed to the vehicle and is known as “body coordinate
system” or (X,Y,Z) axes, and other two sets are respectively ‘“stationary co-
ordinate system” or (X, Y, Zo) axes and “earth coordinate system” or (Xz, Y z, Zg)
axes the both of which are fixed in the stationately space.

The orientation of the body axes can be determined from the stationary axes
(Xo, Yo, Z,) through Eulerian angles, after three consecutive rotations, +, 6 and
¢ as shown in Fig. 3. The sign of the angle is specified by giving the axis about
which the rotation is taken as follows:

Fic. 3. Eulerian angles between sationary axes, (Xy,Y,Z¢) and body axes,
X,Y,2).
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50 A. Azuma and K.-1. Nasu

\((_0 (1),

Conter of Budvancy = I I g .
Center of Buoy T Center of Gravity

FiG. 4. Linear and angular velocities along the body axes.

Jr: angle between X, and intersection X,Y, and XZ, planes (rotation about Z,)
0: angle between intersection of XY, and XZ, planes and X (rotation about Y”)
¢: angle between intersection of YZ and XY, planes and Y (rotation about X).

The transformation matrix, T, between (X, Yo, Zo) and (X, Y, Z) systems
can be obtained from the direction cosine between them as follows:

\\;\;n\ TB |
Tyl e X \ Y %7(‘ Z
X cos 8 cos ¢ i COS ¢ sin ¢ sin §—sin ¢ cos ¢ i cOoS ¢ cos ¢ sin §+sin ¢ sin ¢
- |
Y, cos fsing¢ i sin ¢ sin ¢ sin §-+cos ¢ cos ¢ ' sin ¢ cos ¢ sin #—cos ¢ sin ¢
Zy | —sind l sin ¢ cos @ i cos 4 cos ¢

(1.1)

By referring to Fig. 4 the components of linear and angular velocities are
respectively given by

Uy=T3"-U
or
Uy, cos 6 cos COSs 1 Sin ¢ Sin 1) —sin +» cos ¢
Uy, |=|cos @sin |Uy+|sin sin ¢ sin §—cos » cos ¢ Uy
Uz, —sin ¢ | sin.gﬁ cos'f) (1.2)
COS 1fr COS ¢ Sin  + SIn ) SIN ¢
+]sin r cos ¢ sinf—cos rsing |Uy,
cos f cos ¢
and
o=T -wg
or
wy 6 —njrsin @
wy | =] 6 cos ¢+ cos 6 sin ¢ |. (1.3)
wz]  \4rcos @ cosp—0sin ¢
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The Flight Dynamics of an Ocean Space Surveying Vehicle 51

where T is the transformation matrix between the body angular velocity, @, and the
rate of Eulerian angles, wz=/($, 0, )7,

1a O; —Sin 0
T=|0, cosg, cosfsing |. (1.4)
0, —sing, cosécosg

The earth axes, (Xz, Yz, Zg), are oriented such as that X axis is pointed to
north and Z; axis is directed to the center of the earth as shown in Fig. 5. If the
orientation of the X, axis is represented by an angle denoted by ¥ with respect to
X g axis, then the angular transformation between two sets of the coordinate system
will be attained by the following transformation:

Ze(ke), Zo(ko)

g Grayity Force per Unit Mass
(Points to the Center of Earth)

F1G. 5. Orientation of earth axes

TE__I\Tf Xo Yo Zo
Xz cos ¥ —sin ¥ 0
_ (1.5)
Yg sin¥ cos ¥ 0
Zg 0 0 1

Since the earth’s rotation is negligibly slow comparing with the angular velocity
of the vehicle motion, the earth axes are considered to be Galilean or inertial co-
ordinate system fixed in stationary space.

The velocity components along the (X, Yz, Zg) axes can be given by

Ug=Tz"U,
or
Uy, cos & —sin¥ 0
Uy |=|sin¥ |Ug,+| cos¥ |Uy,+|0|Ug,. (1.6)
Uz, 0 0 1

This document is provided by JAXA.



52 A. Azuma and K.-1. Nasu

Then the position of the body with respect to the earth axes can be calculated by
integrating the above equation with time as

e ﬂwﬂ%m

"E(I):J‘t UEdt—I_rE,i

or
Xp Uy, Xg.
i
ve|=| Uss|dr+| vz (1.7)
L
g Uz, LE,1

where the subscript i/ shows initial state of the related quantities.
The current of the sea, W, can usually be shown by the components of the
earth axes as (Wy, Wy, W;). Then the current components along (X,, Yo, Zo)
and (X, Y,Z) axes are given as {

Wo=Tg Wg

or
Wy, cos & sin ¥ 0
WYO = —Sln?p' W‘YE+ COS w‘ WYE’+ 0 WEE (1.8)
W, 0 0 1
and
W=Tgz- T W;g
or
cos @ cos v cos ¥ —cos 8§ sin + sin & ]
Wi (cos 4 sin ¢ sin § —sin +» cos ¢) cos &
Wyl= —(sin « sin ¢ sin @ +cos  cos ¢) sin T | W,
W, (cos +r cos ¢ sin §+-sin + sin ¢) cos ¥
—(sin ) cos ¢ sin § —cos 1 sin ¢) sin ¥’
(cos 8 cos ) sin & +cos 4 sin + cos ¥ )
(cos + sin ¢ sin §—sin » cos ¢) sin & (1.9)
+ + (sin ) sin ¢ +cos 1 cos ¢) cos T | Wy,
(cos 1 cos ¢ sin 8 +sin ) sin @) sin ¥
L + (sin + cos ¢ sin § —cos + sin ¢) cos ¥
—sin @
+|singcos @ | W ,.

cos f cos ¢

Then the relative velocity of the vehicle with respect to the fluid can be given by
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V=U-—-W
or

Vx Uy—Wy
Vil=|Uy—Wy (1.10)
VZ UZ—WZ .

Unit vectors of these axes are defined as follows:

i, 4, k) ; (X, Y,Z) axes
(o> Jo ky); (X0, Yy, Z,) axes
(g, je  kg); Xz, Yg, Zg) axes.

§2 HYDROSTATIC AND BoDY FORCES AND MOMENTS

Hydrostatic force and moment acting on a stationary body immersed in the fluid
are resulted from the static pressure, p, over the external surface of the body as
follows:

FB:—I pndS:—j Vpdz

§ v Q2.1
MBz—j erndS:—-[ rXp)drc=rg X Fp

S 14

where r and n are the position vector and the normal vector of the elemental
surface dS respectively, dr is the elemental volume, and rj is the center of buoyant.
force. When the fluid is a single medium and is barotropic, the gradient of pres-
sure is, from Bernoullis theorem, equal to the gravity force (shown in Fig. 5) per
unit volume, pg, or

Vp=pg (2.2)

where p(=104.5 kg sec2/m*) is the fluid density, and may be assumed constant in
a specified area. Thus the force and moment can again be written as

Fp=—pgVp=—kgpgVp

or
Fgx sin 6
Fpy|=| —cos@sing |ogV g (2.3)
Fg, —cos d cos ¢
and
Mpg=rgXFpg
or
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54 A. Azuma and K.-1. Nasu

M — Y5 COS 0 cos ¢+ Zpcosdsin ¢
My |=|zpsinfd+xy,cos b cos ¢ o9V p 2.4
M , —Xpcosfdsing—yysing

where V 5(=3.49 m®) is the volume of total body or external volume of the vehicle.
The external volume is comprised of displacement volume, V,(=2.68 m®), which
is the volume occupied by both the sealed space against water and the vehicle
materials themselves, and of vacant volume, V;— 1V ,(=0.81 m?®), which is occupied
by the water inundated into the vehicle outside of the sealed space. Thus the
buoyant force is considered here to be the hydrostatic force acting on the external
surface of the vehicle. The location of center of buoyant force, rz, is also con-
sidered to be that of the total body volume.

The gravity force is, as shown in Fig. 5, directed to Z axis and acts to the center
of gravity r;. Thus the force and moment due to the gravitational acceleration
can respectively be given by

Fe=Wkr=p59V gkg

or
F. —sin 4
Fgoy|=|cos@sing |opgV s 2.5)
I cos 6 cos ¢
and
MG :erFG
or
M. x Ye €0s 6 cos ¢ — 2z cos 4 sin ¢
Mgy |=| —z¢ sin @ —x; cos 6 cos ¢ 089V 3 (2.6)
Mg , Xg COs @ sin ¢ +y, sinf

where r; is the center of gravity of the wetted weight W which is the dry weight
of the vehicle itself in the air, W, plus the weight of the water inundated into the
vehicle or

W:WD+p(VB—VD)g’ 2.7

and where pz(=104.5+1.2 kgsec’/m*) is the ensemble density of the vehicle based
on the total volume or

og=W/[gVp. (2.8)

The mass of the inundated water may be considered to be a part of the body
moving with the vehicle so that the mass, mass moment, and moment of inertia
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of the vehicle should be comprised of both the body materials and this inundated
water.

For small perturbation the derivatives of these forces and moments with respect
to the related variables are, then, given by

Fgpx—Fg « cos £
Fgy—Fqy |=(o—pr)gV 5| sinf sin ¢ (2.9)
Fp,—Fg /e sin 4 cos ¢
Fpx—Fgx 0
FB,Y—FG,Y :(p'-'pB)gVB —COS ﬁ COS ¢ (2.10)
Fpz—Fgz/4 cos @ sin ¢
Mg x—M; 5 (0ys—pBYe) sin 6 cos ¢ —(pZz— ppZs) COs 0 sin ¢
Mgy —Mg vy | =9V | (p25—p52c) cOs 0 —(pxp—ppXs) sin 6 cos ¢ 2.11)
Mgy z—Mg 2/, (oxp—ppXe) sin 6 sin ¢ —(pyp— ppYe) cos 0
Mg x—M; x (0yz—pBYg) cos 0 sin ¢+ (pzz— ppZe) €OS 6 COS ¢
Mgy —M;y |=9V sl —(pxp—ppxs) cos 0sin ¢ (2.12)
My,—M; ./, —(pxp—ppxs) cos 0 cos ¢

where subscripts # and ¢ show the partial differentiation of ( ) with respect to
the related quantities,

( )y=0( )/d¢
( )y=a( )/ab.

§3 HypRODYNAMIC FORCES AND MOMENT

It is very much difficult to estimate the hydrodynamic characteristics of the
vehicle having a complex shape of slender like body the fineness ratio of which
is 3.77.

The added mass effects on the immersed body in unsteady motion have been
calculated from the potential theory as a summation of simply idealized forms,
each of which can be treated mathematically [3]. The result is given in Table 2
in both dimensional form and nondimensional form by dividing with pV 5 for mass,
pV*4? for mass moment, and pV%® for moment of inertia, where Vp is, as stated
before, the external volume occupied by total volume of the vehicle. Subscripts
of combinations of number 1 to 6 show respective comonent defined in Ref. 3 and
in Table 6 in the subsequent section of this paper.

The steady hydrodynamic forces and moments have been evaluated both by the
wind tunnel test, conducted at Institute of Space and Aeronautical Science, Uni-
versity of Tokyo and by the water tunnel test conducted at Mitsui Shipbuilding
& Engineering Co., Ltd. The results are shown in Fig. 6 as coefficient forms non-
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dimensionalized by dividing with dynamic pressure, (1/2)pV*=(1/2)p(U—~W)’,
times reference area, Vi*, for forces and times reference volume, V5. for moments

as follows:

Cz«i\-,r,z"_—F.\'.r,z/(l/2).0V3V33/3 } G.1)
C)I_\',}'.z:M_\'.Y,Z/(l/z)PngB '
where
V=|V|=|U-W]
TaBLE 2 Added masses
Dimensional values Nondimensional values
All 32.0 kgsec‘*’/m f_‘ln:Au/‘OVB 0.088
Ans 383.0 kgsec‘l/m Egg:Agz/pVB 1.049
Ass 377.0 kgsec®/m Ayz=As3/0V 1.033
Ay 0 kgsect’/m Az=A13/0Vp 0
Ay 0 kgsec® A=A/ pV g3 0
Ay 0 kgsec? Asg=Aay/pV /3 0
Agﬁ —98.5 kgsec‘“’ EzGZAQG/pVB'i/E) —0.173
Ass 94.3 kgsec? Ags=Aqs/ 0V g¥/3 0.170
A44 45 3 kgseCZm E;.{Z A.l,;/pVBs/a O‘ 054
Ass 504.3 kgsec?m Ags=Ass/0V 553 0.600
Asﬁ 507.0 kgsec‘lm EasIAsﬁ/PVBﬁ/S 0.603
A,m 0 kgsecgm 345:A45/0VB‘(’/3 0
0=104.5 kgsec?/mt, Vp=3.493 m3 oV s=365 kgsec?/m,
oV p*3=554 kgsec?, oV g%/3=840 kgmsec?

TaBLE 3 Coefficient and their derivatives of hydrodynamic forces and moments

Items Values } Items ‘ Values
Crx.o —0.13 Cuy .o —0.02
Cry o 0.10 Ciry .o 0.40
Cry,3 0.10 Cuy.; —0.745
Crv s 0 Cuy,, —2.43
CFY.ﬂ —1.8 Cirz,o 0
Cry,, 2.10 Cirg,s —0.40
Ciyz; . 745
Crzo 0 Az} 0.74
Ciuzy —2.43
Crz.a -L8 c 1.57
Craz.q ~2.1 | _“IZ" '
C 0 | Fre, 0.0285/P
My.o —
Ciuxp 0.029 ' i’“"”x _—gg(})izpp
C}[__Y'p _1' 05 i Tz,r . /
Cuy., 0 ‘

This document is provided by JAXA.



The Flight Dynamics of an Ocean Space Surveying Vehicle 57

TABLE 4 Thrust force and its moment*

Items Force Moment
Forward drive Fry=(Ta+To)p Mz, =(b/2(T—Tr)r
=pS(ROHCrpt+Cr)r =pSRDYCr,—~Crrr
Backward drive —Fry;=(Tgr+Tr)p —Mz,=(b/2)(Tr—Tr)s
=pS(ROCrp+CrL)p =pS(RO*Cr,—Crp)p
Right-turn drive FTz:TL,F“‘TR,B MTz:(b/z)(TL,F+TR.B)
=pS(ROUCry r— CTR.B) = (b/2)PS(RQ)2(CTL. rt CTR,B)
Left-turn drive FTz:TR,F—TL,B —-MTZ:(IJ/Z)(TR'F-*-TL,B)
= PS(RQ)Z(CTR. P CTL,B) = (b/z)pS(R‘Q)z(CTR,F_*' CTL.B)

* Subscript R and L show the right- and left-hand thrusters respectively and subscript
F and B show forward- and backward- drives respectively.

The angle of attack, «, and the side slip angle, 5, are defined in Fig. 7.
Coefficients of hydrodynamic damping forces and moments have been evaluated
by the dynamic or forcedly oscillating model test in the said water tunnel.
The above all coefficients at zero angle of attack and zero angle of side slip and

their derivatives with respect to state variables of the vehicle motion are given in
Table 3 in which

( )e=0( )/0a, ( )=0( )/op
( )i=a( )JaaVy/V), ( )=0( )/aBV¥ V) (3.2)
( )p,q,r:a( )/a{(p7 q, r)(V}B/a/V)}

and
U,=U,/VVy. (3.3)

Two ducted thrusters installed on opposite sides of fuselage give the thrust and
the yawing moment to the vehicle. When one thruster is driven in reversed direc-
tion the thrust of that thruster generates negative thrust so that the drive forces,
Fr., and moments, M,,, can be given as listed in Table 4. It must be remem-
bered that, as shown in Fig. 1, the vertical position of the thruster nearly coincides
with the center of gravity position so that any pitching moment is not introduced
by the operation of the thrusters.

The thrust T of each thruster can be expressed by using the thrust coefficient
as®®

T=pS(RI)Cr (3.4)
where
Cr=Cr,+Cr,A
Cr,=—acl4 (3.5)
2=@W+V)/RQ2

v/RQ=(1/2){—(V/RQ)++ (V]RQ) +4Cr},
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o
,=—230 4C+
L2 Ci = —0.00057 1@ ] =001
C;;:':LJBCJ Cu, =0.00071 @, B
201 ¢, = Zgoonlai+013 20
1.5+ Cr. -11.5
- -1,
1.0 c. O
0.51- -10.5
— ‘ C.’: 1 J _BIOO Oo —
380° A450° -120° -90° -60
(a) For angle of attack
CP... CFu C?\!.;, C:.(x Cass
06103
04+0.2
2-+041
C?-[.

=30

Cr

(b) For angle of side slip
F1c. 6. Hydrodynamic characteristics for the robot

and where a is the lift slope of the blade, is the solidity of the rotor of thruster,
V is the relative axial speed of the thruster with respect to the surrounding fluid,
RQ is the tip speed of the blades, v is the induced velocity of the thruster and 2
is called “inflow ratio”. For respective thruster the inflow ratio can be given as

follows:
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Fic. 7. Angle of attack and side slip angle

Arp=WWgr+Vy—0br/2)/RS
2. p=Wrr+Vx+br/2)[RQ
Ae =g 3—Vx+br/2)/R2
ZL,BZ(?)L,B*VX-b"/z)/RQ

(3.6)

where b is the distance between two thrusters, subscripts R and L show right- and
left-hand thrusters respectively and subscripts F and B show forward and back-
ward drives respectively. By assuming that the Cy, is reduced by 5;Cr, in reversed
direction and that the derivative of the thrust with respect to the inflow ratio is
constant throughout any operational condition, the thrust coefficient may be ex-
pressed as

Crpr=Cr,+Crzr
CTL,FZCTU+CT;2L,F
Crpy=Cryr+Crdzg. s
Cr.3=Cryr+Cr s 5

3.7

Substituting equations (3.6) and (3.7) into the expressions of thrust forces and
moments given in Table 4 and, then, nondimensionalizing with pS(R£)? for force
and pS(R2)*VY® for moment, they yield

My

ry=Fr JoS(R2V=2Cr,+Cr,(Vp r+v.,r+2Vx)/RQ )
forward drive

MTZ:MTZ/pS(RQ)QV},/“: b /2VY)Cr (br/RR)

—FTXZ —“FTX/PS(R-Q)Z———2CTO7)T +Cr,(Vr,p+Vr,5— 2Vy)/RR2 backward
—My,=—M;,/pS(ROWVY = —(b/2VY)Cy (br/RQ) drive (3.5)
Fp,=Cr,(1—97)+Cr,(vy,r—Vz,z+2Vy)/RQ2 } . . '
— right-turn drive

MTz: (b/ZV}fx/g){CTo(l +9r)+ CT;(/UL,F + Vg, B+ br)/R.Q}

"y

TXZCTO(I — 77T) + CT;(WR,F —v5,8+2Vx)/RQ
—Mp,=b/2VECr,(14+91) +Cr (Vg r+vr,3—br) | R}

|

} left-turn drive
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Then the nondimensional derivatives with respect to the related variables are

given by
FTX'”x:aFTX/aUX;2CTl/(E§)
Frpo =0F; |0Wy=—-2Cr,/(RD)
F,. =0dF, [/a(br/V)=0
— Tx,r —Z'x/ (—r/ ) \ (3.9)
My, , =0M,,/0Ux=0
M, =30M;,|dW =0
M,, .=dM,;,/d(br|V)=(b/2V¥)Cy,/(RD2)
where

RO=(RQ)|VV¥y. (3.10)

The above derivatives are also given in Table 3 for the present vehicle.

§4 EQUATIONS OF MOTION

A system consists of a vehicle and the surrounding fluid can be described by the
Lagrange’s equation of motion given by [4]

(d/d))(0T [dq;) —0T [6q;=Q; 4.1)

where T is the kinetic energy of the vehicle and the fluid, Q; is the generalized force
vector, and g; is the generalized coordinate vector. The kinetic energy can be

expressed as

T=(1/2) 3 (M0, +As0°0") 4.2)

1,7=1

where M,; and A;; are “‘generalized mass” and ‘“added mass” respectively, and
where v;,v; and v¥,v¥ are components of the absolute velocity of vehicle, U and
the relative velocity with respect to the surrounding fluid, ¥=U— W, respectively or

v,=Uyx, v,=Uy, v;=Ug

W=Ux—Wyx, v5W=Uy—Wy, W5W=U,—W, (4.3)

V=V =wy, V;=V5=0y, Vg=V5=0z.
The generalized mass is given by

MM:M?)'U (fOl’ i,j:1~3)

=¢ij-peMrg,x (fori, k=1~3, j=4~6) .
= —¢a-9Mrq,1 (for j, k=1~3, i=4~6) .
:(_,1)1+au'1“ (for i, j=4~6)

where ¢, is zero if any two of the indices i, j, k are alike and +1 or —1 according.
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as the indices are in cyclic or anticyclic order, and where M(=W/g), rqs . and
I,; are mass, center of gravity and moments of inertia (i=j) or products of inertia
(i+#]) respectively.

By using velocity potential components of a potential function @,

6
@: Z 1)1130@7:,
i=1

the added mass can be expressed as [3]

A =— j 007 D,)-ndS

(4.5)

(4.6)

where ndS is the normal component of an elemental surface of the vehicle and the

integration should be extended over all external surface of the vehicle.

A summation of the generatized mass and the added mass is sometimes called
“virtual mass”. Since they are symmetric, there are 10 generalized masses and 21
added masses for a given body as shown in Table 5 and 6 respectively, in the latter

of which only 15 are independent.

If the body of vehicle has a mirror symmetry about XZ plane like the present

case, the following terms will vanish:

TABLE 5 Generalized mass

B 1 2 3 4 5 6
1 M 0 0 0 Mzg —Myg
2 0 M 0 —Mzg 0 Mxg
3 0 0 M Myg —Mxg 0
4 0 —Mzg Myg I — Iy —1Is
5 Mzg 0 —Mxg —1Iy5 Iss — I
6 —Myg Mxg 0 — Iy —Is Ise

TABLE 6 Added mass

o 1 2 3 4 5 6
1 A Ais Az Ay Ais Asg
2 Ay Asgz Ass Aoy Ass Agg
3 A13 A23 A33 A34 A35 A36
4 Ay Agy Az Ay Ays Ay
5 Ais Aas Aas Ays Ass Asg
6 Aig Az Ass Ay Ase Ass
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yG:Iu,:Iss:O

Ap=A=Ay=Ay=Ay=Ay=Ay=A;=A4;4=0.

} 4.7

Now let g; be vectorial components of the origin of the body coordinate system
along (X, Yo, Zo) axes and orientation of the vehicle or Eulerian angles,

q1:X’
Q4:¢,

QZ:Y9 Q3:Z,

q;=10, qe=1)r.

}

4.8)

Thus, by using equations (1.2) and (1.3), the linear and angular velocities of
the vehicle can be given as

v, = Z g, (49)
where
.T:(X’ Y,Z’ -’0.’ ')T
! PONE 4.10)
:(UXoa UYD, UZ;,’ ¢’ 07 ‘l")
and
(o 1)
=
O T
(cos 6 cos +r cos @ sin Jr, —sin @ 0, 0, 0, )
cosrsing sinfd sinyrsingsing singcosd O, 0, 0,
—sin 1 cos ¢ ~+cos yr cos ¢
cos 1 cos ¢ Sin @ sin+ cos ¢ sing cos d cos ¢, O, 0, 0,
+sin v sin € —cos v sin ¢
0, 0, 0, 1, 0, —sin @
0, 0, 0, 0, cos g, cos @ sin ¢
L 0, 0, 0, 0, —sing, cosécos ¢ |
4.11)
By considering the kinetic energy as
T:T(qr’ q'r 5 t) == T(vi > t) (4~12)

the first and the second terms in the left-hand side of Lagrange’s equation become
(d/dt)(@T 9¢,)=(d/an{@T [ov,)(@v;/0q,)}=(d/d)@OT [dv)a;, + (OT [ dv,)ct;,
=(d/d)@T [dv)a;, + OT [0v)Oa:, [09) s
=(d/d)@T [dv)a;, + (T [0v) (0, /0G)Bsr Vs
0T /9q,= 0T [9v)(9v:/dq,) =©@T |0v,)(0ctss/99,)4;
=0T /9v)(Ocx;5/0G,)Bsi V-

Then the original equation can be written as
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(d/dn)@T [9v)ay, + (0T [0v:) (0, 0G)BsrVi— @OT [ 00) (0ctis/ 99,)Bsx Vi = O+
Operating an inverse matrix of «,, or 8,;=«;; from the right-hand side yields
(@d/adn@T /ov,) + @T [0v )7V =11, (4.13)

where

Tije=— 2 (aajr/aqs—aajs/aq'r)ﬁskﬁri
T 4.14)

Hi: ; Qrﬁri'

Since the v;, «;, and §,; can be written as

(U) Tz, O T, O
V= Aip = ﬁri:
) 0O T 0 T

the second term in the left-hand side of equation (4.13) becomes

@T /0 ,)1:00 = X (BT /3U) fori=1,2,3 }
=UX@T/0U) +ox (@T[dw)  fori=4,5,6.

Thus equation (4.13) yields

(d/dD)@T [dU) 4 @ X (3T |dU)=F }
(d/d))@T |0w) +U X (@T [oU) + @ X 0T [dw) =M

or

(d/dD@T U y) — 0, (0T |Uy) +wy(@T U ;) =Fx
(d/an@T |oUy) —wx@T /30U ;) + w4 (BT 8Ux) =Fy
(d/d)@T [aU ;) — wy(@T /30U ) + wx(dT |oUy) =F,

(d/dN@T [dwy) —U,GBT /3Uy) + Uy@T U ;) — w,(@T | dwy) + wy@T |dw,) =My f

(d/d@T |dwy) — Ux@T [0U ;) + U,GT /3Uy) —03(0T [0w,) + 00T |dwy) =My

(d/dt)(@T [8w,) — Uy (3T [0U ) + U x(OT [0Uy) + wy@T [dwx) — 0z (0T [dwy) =M.
(4.15)

The above expression of the equations of motion in the body-fixed-coordinate
system can also be obtained by considering the “impulse” of the system [7].

By substituting equation (4.2) into the kinetic energy, 7, and by nondimen-
sionalyzing equation (4.15) the following equation of motion of the immersed vehi-
cle about the origin of the body-fixed-coordinate system, (X, Y, Z), can be obtained:

Fy U% U oy —Uyo,
Fy|=M{| Uy | +|Us0,—U a4
F, U, Uyoy—U yoy
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M,
M y |—

+| Ty 0y + 20000y — (U xy@y + T 3 20 ,)0

A. Azuma and K.-I. Nasu

— Xo(@} + @%) — Pe(@); — o rywy) + Z6(@) +@y04)
+ ( — V(@ + %) — 2@y — @y ) + X (@ + B ydy)
Zo(@% +@F) — X (@) — D@D ;) + P (@ + Dydy)
AT A AT+ AT+ A+ Ao + A
+{ ATV A AV + AV, + Ao + Aol + Ayw)y (4.16)
AV A AV + AV + Ay + Ay + Aoy
(A TV v+ AV v+ ALV, + Ay + Aoy + 4,0, oy
-}-((.Z Vit+ AV + AV, + Aoy + Aoy + A,@,)o,
(ALV v+ AV 3+ AV 4+ Avoy + Aoy + Ao 7)oy
(A v+ AV + AV 5+ Ay + Avioy + A ),
N AT+ AV + ALV, + Ayior + Asioy + Asio )@y
(A, )V +AVy+ AV, + Aoy + Aoy + Ao,y
I3@— Ty @y — Ty ;@5 Iy —Iy)oy@

T =7 T 7 T -/ T T —_
IYCUY —Jy @7 — Jyvay | +H|UTx— [Z)(UXQ)Z
T 7 7 —/ T —7 T T E—
1,07 — JXZ(UX - JYZ(UY (IY - IX)(UX(UY

(Jyy@y + Ty ,0)0; — Ty z05 + Ty ,01) 0y

Ux287 + 1 xy0p)0y — Ty 207+ xy®2)Dx
Yo(Us+ Uyoy—Uxoy) — 26Uy —Uzowy + Uyoy)
+M| 70+ Uy —Uya,) —%e(Uy—Uywy +Uyay)
Uy +Uyw, —U o) — 56Uy —Uyow, + U ,@y)
AV 4+ A,V + AV, + Aoy + Aoy + Ay,
Ve AV + AV, + Ayoy + Ay + Ay
A+ AV y + AV, + Aoy + Aoy + Ay 2
(A x+ AV y+ AV 2+ Ayooy + Ay + Ay )V y

+| (A4, TV x+ A,V + ALSVZ + Ay@y + Aoy + AIGwJ)VZ
(A V1 + AszY + A23VZ + A24wY + Az,CUY + A'JG(UZ)VX

+
IN

“4.17)

(ALY x+ AV + AV 2+ Aoy + Aoy + Ar@ )V 4
AT s+ AV + AV 4+ Apoy + Aoy + Ay )V ¢
AV y+ AV + AV, + Aoy + Aoy + Ay@,)V y
(AyV x+ AoV v+ AV + Aoy + Ag@y + Ay@ )0y
AT+ AT+ AV, + Aoy + Aoy + Ay 5@,
(ALV y+ AV + AV 3+ Aoy + Ay + Ay 7))@y
(AT v+ A,V + AV, + Aoy + Ayioy + Ay 2) @4
N (A y+ AV y + AV 7+ Aoy + Ayoy + Age® )@y
AV v+ AV + AV, + Aoy + Aoy + A7) @y
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where

Fo Fo, F)=(Fy.Fy.F,)) ] ogV
(Fx, Fy o (Fyx Fy F ) pgVy } (4.18)

z)
(M_Ys MY~ A‘/ Z):(MI" M}'a 1‘/1/)/‘09]/1';3/3
M=M/pVs=ps/p

Tys Iy I )=, Iy, 1) | oV (4.19)
(j_Y)-, szv jyz):(lm, wa 156)/101/%,3

(f(;, yasia):(x(b Ya za)/V}g/:} (420)
(UXa Ul'a UZ):(UX9 UY7 UZ)/V/VIB/Sg (4 21)
(V:b 171” VZ):(VZI“ Vy, VZ)/\/VkE/% ‘

(Dy, @y, Bz)=(0y, 0y, (Uz)/\/g/ vy
A, =A,;/pV5s for i,j<3
A=A ;] oV for i<3 and j>4
rY or j<3 and i>4 (4.23)
Ay=A, eV fori,j>4
it/ Vg )
( y=a( )ai=( WV§]yg. N

The first bracket in each of the above equations shows the inertia terms related
to the body itself and the second bracket shows those related to the fluid due to
the added masses. It must be remembered that the added mass effects are related
to the relative fluid velocity, ¥, instead of the absolute velocity, U.

Substituting the results obtained in the preceding sections, §2 and §3, into the
left hand side of equations (4.16) and (4.17) the detailed expression of the non-
dimensional external forces and moments can be given as follows:

FA' sin 4 CFX FTX
F,|=(1—M)| —cos@sing |+F,|Cp, |+P| O (4.25)
F, —cos 6 cos ¢ Cr, 0

M, (§g— Myg) cos 0 cos ¢+ +(Zs— MZs) cos ¢ sin ¢
M, |=| (Ez— MZs) sin 6 + (X3 — MZX;) cos 0 cos ¢
M, — (X3 — M%) cos 0 sin ¢—(Jz—Myp,) sin §
Cul\ [0
+F|Cy |+P| O
Cirz MTZ

(4.26)

where
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F,=1/2)pV V¥ o9V s=(1/2D{U/V gV — (W[ gV}
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(Xp. ¥p» Zo)=(Xp. ¥p. 28) [ V§®

(/2T —-Wy

P=pS(R2)Y/pgV 5=(S/ VIRV gV =(S/V¥)RD

(4.27)
} (4.28)

(4.29)

and where either F, itsel{ or sometmes, +/2F, is called “Froud number”.
All necessary dimensional and nondimensional quantities related to the body of

the present vehicle are listed in Table 7.

TaBLE 7 Dimensional and nondimensional values of necessary parameters.

Nondimensional value

Items ‘ Definite | Dimensional value |
Time VVg3/g 0.3935 sec 2.5414 for 1 sec
Distance V gl/3 1.5173 m 0.6591 for I m
| Velocity vV'Vge 3.8561 m/sec 0.2593 for 1 m/sec?
2 | Acceleration g 9.8 m/sec? 0.10204 for 1 m/sec?
$ ! Force Vg 3,577.2 kg 2.795>:10-% for 1kg
§ Moment gV gt/3 5,427.7kg-m 1.842 < 10-3 for 1kg-m
E Mass oVs 365.02 kgsec?/m ' 2.740...10-3 for 1 kgsec?/m
E Mass moment oV g3 553.84 kgsec? { 1.8055::107% for 1 kgsec?
Moment of inertia oVg 840.31 kgsec®m 1.190 <103 for 1 kgsec?m
Angular velocity V' g/Vg 2.5414 rad/sec | 0.3935 for 1rad/sec
i Angular acceleration | g/Vp ‘ 6.4588 rad/sec - 0.1548 for 1 rad/sec?
Center of gravity 1 Xa,0 ! 0Om 0
| Ya.o 0Om i 0
 Zg.0 0.038 m | 0.0250
P | |
Center of buoyancy | XBo , 0m ‘. 0
{ i
! ¥YB,o0 ! Om i 0
| 220 | —0.0030 m | —0.00198
Location of thrusters | xp j 0.390 m ; 0.258
| ya(=b/2) ! +0.90 m ‘ +0.593
Ir } 0.04m 0.0264
Mass | M ] 365+4.1 1.00:+0.011
! :
Moment of intertia ’ Iy } 60.4 kg-msec? 1 0.0719
i Iy ' 504.9 kg-msec® | 0.6008
Vg j 488.4 kg-msec | 0.5812
 Jyz : 9.5 kg msec? 1 0.0113
i i
g 3,834 kg x 1.072

Maximum buoyant force By

§5

TRIMMED STATE

If the vehicle is considered to be in a steady flight (either straight or turning
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wzx0) and if the y; and pz are zero, then the all unsteady inertial terms will be
discarded in equations (4.16) and (4.17) and the following trimmed equations
can be derived:

—Uy@, —Xgly (ApUy+ Ay®)a 4
M Uxwy |+ 0 +| (4, Ux+ 4,,U ))a,
0 0 0
. ' _ (5.1
sin ¢ Cry Fo
=(1—M)| —cosfsing |+F,|Cp |+P| O )
—cos f cos ¢ Ce, 0
—26Uya, (AU x+ AU Uy
—nywz +M| —2Uyo, | +| (A Ux+ 4,U U,
%6U x@ 4 (A, Uy + A4,0,)U x
(AU x+ AU ), (zp— MZg) cos 0 sin ¢
— 0 =|(z2z— MZ) sin 0+ {Xz— MXs} cos 6 cos ¢ (5.2)
0 — (X5 — MX;) cos 6 sin ¢
Cos 0
+F|Cy, |+P| 0O
Cu, M,,/.

(i) Steady Straight Flight

Since for the mirror symmetric body the Cp, and C,, are zero in steady straight
motion in which no yawing control is applied or M;,=0 the rolling angle will be
zero or ¢=0. Thus the second equation in equations (5.1) and the first and third
equations in equations (5.2) may be discarded. The remained equations are as
follows:

(1—-M)sin@+F,Cp,+=PF, =0
—(1—M)cos 6+F,Cr,=0 (5.3)
(Zpg—MZg) sin 0+ (Xg— MZXg) cos 6+ F,C,, =0.

Fig. 8 shows trimmed states of the exemplified vehicle in terms of angle of
attack « and of pitching angle 4, for various speeds or Froud numbers F,, thrust
PF,_, vehicle’s weight and center of gravity in water, Fz—W and Xz—(oz/p)Xs
respectively. The upper part of the respective figure gives the forward motion,
while the lower part shows the backward motion.

In low forward speed the pitching angle is mainly decided by the horizontal
location of the center of gravity and is less sensitive to the angle of attack of the
vehicle because of low contribution of the hydrodynamic forces and moments. In
high forward speed and in all backward speeds, the pitching angle is strongly
related to both the horizontal location of the center of gravity and the angle of
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Fi16. 8. Trimmed states of a submersible
(a) F,=0.05

attack which is principally a function of the weight of the vehicle in water and
the thrust. The positive angle of attack is resulted from the descending flight, whereas
the negative angle of attack can be obtained by the ascending flight. It is interest-
ing to find that the operational range of the angle of attack is reduced by increasing

the Froud number or speed.
In hovering state in calm water or F,,=U=W=F,=0 the above equations

require that
M:l Oor pp=p (5.4)

and
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Z,—( 20/ 0) X,
0.02—

195
@ (deg)

165

(by F,=0.10

f=tan™' {(Xz—Xa)/(Zg —Zp)} (5.5)

where, different from surface vessels, the condition Z; >z has been usually estab-
lished. It will be appreciated that the mean density of the vehicle must be equal
to that of the surrounding fluid in hovering flight and that the attitude of the vehicle
will be determined by a ratio of the longitudinal and vertical distances between the
center of buoyancy and the center of gravity.
(ii) Steady Turning Flight

The turn is, as stated in §3, conducted by operating the differential thruster drive.
Then the equations of motion governed by this motion can be expressed as
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(—M+ Zzz)ijfﬂz + (‘an + ‘226)622:(1 — M) sin O+ F,.Cp + PFT;;

(MU 3+ 4,0+ 4,0 )@, = —(1— M) cos 6, sin ¢+F,Cp,

{(=Mzo+ AUy~ AU )0, + (AU + 4,0 )Ty (5.6)
=(Zz—Mzg) cos f,sin g+ F,Cy;,

Mz,U 36, + (AU + Ayo )0 y = — (%3 —MX;) cos 6, sin ¢+ F,Cory My,

where unknown variables are Uy, Uy, @;(=F), and ¢, and where 4 is assumed to

be given as §=4,.
The first equation will determine the Froud number,

Fr=[(M+ A)Uy7 +(— Mz + Ay)#*—(1— M) sin 6, PF,. 1/Cp, (5.7)

This document is provided by JAXA.



The Flight Dynamics of an Ocean Space Surveying Vehicle 71

R YT o SR

155 170

(d) F,=0.20

which also gives the speed of the vehicle as approximately shown by
Uy=2[—(1—M)sin,—PF; 1/Cs.. (5.8)

where

CFJ’vO g _CDO'
The last equation will decide the turning rate which may be approximated by
MXGUXC—U‘Z:FTGJIZiMTZ

or
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Mx,U o, =F,{Cy, Uy /U)+Cy, (7]U)} } (5.9)
+ PO 2VYNCr (1 +7) +Cp (0o + 0 5+ bF) [ (RO}

Thus the rate 7 can be given by

F=[FPOb/2VNCr,(L +97) +Cr (07 + DB)/Rb}—CMZ”g(UY/UO)]/
{(Cuy, /U) +Cr (b RD)— (Mx;Ux [ F,)} (5.10)
= FP(b/2V)Cr(L+9r)/{(Cu,,/Ux)+Cr,(b] RD)}.

The third equation will specify mainly the trimmed rolling angle of the vehicle
as follows:

g=sin"! {[{(— Mz + AT — AU ;}F
+ (AU x + AU ) Uy —F,C, 1/ (s — Mz;) cos 0o} (5.11)
=[(—Mzg+ A )UxP —F {Cy ,(F|UDN/ (25— M2Zg) c0s 6.

Then the second equation will give the side slip angle, 8, or the side velocity,
Uy, as follows:

B=sin"! Uy )U)=[(MU x+ AUy + A,,U 1)@, + (1 — M) cos 6, sin ¢
—FTCFY’T(f/t—I'O)]/F,CFY,ﬁ (5.12)
=Uy/Uy=[(M+ A,)U i + (1 —M) cos 8, sin ng—F,CFY'T(f/UO)]/F,CFY,ﬁ

where Uy, F and ¢ have been specified approximately by equations (5.8), (5.10)
and (5.11) respectively.

When the vehicle is required to make “coordinated turn” which is a steady trim-
med turn without side slip, Uy=Uy =0, the rolling angle must be determined to
satisfy the following condition:

$=sin"t [{(M+ A,)U y—F,Cp, ,|U}#|(M—1) cos 8,]. (5.13)

Then the center of gravity will be specified to coincide equation (5.11) with equa-
tion (5.13). For completely balanced vehicle in buoyancy, or M=1, the side slip
will be cancelled if the Cp, . can be selected as

Cryp, =M+ A)UU,/F,. (5.14)
The radius of turning, R, will be given by

R={U,/ (B + W=,/ )V (5.15)

§6 DyNAMIC CHARACTERISTICS

In order to simplify the analysis it will be assumed that the vehicle is flying in
a current and is slightly disturbed from a steady-state equilibrium attitude and
velocity, where the perturbed quantities are given as follows:
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V,\' = VX‘() + -'JVX - (U_Y,U - WX_.U) + (—IU_Y - _"W‘y)
V, =0 — 7)) 6.1)
V=Vt dV,=U;0—W, )+ U, —di),)
sin =\, cos Jr=1
0=06,+ 16 (6.2)

sin ¢ =g, cos =1

@y =¢ —’ sin @,
(l_)y :0/ (6'3)
@Z = ‘,/'/ COS 00
Wio=Wy,,cos ¥ +Wy, sinl) cos,—W,,  sin b,
Weio=—Wy,, sinl+W,, cos¥ (6.4)
Wao=Wyx,,cos ¥ + Wy, sin¥)sin6,+W,,  cos b,
AW o= (AW, cos ¥ + Wy, sin &) cos §,—W 5, sin 6,— W , 146

AW = =AW sin @ + AW cos & — Wy, cos U+ Wy, sin )+ W 5 0d¢
AW ;= (AW ., cos ¥ + AW . sin ¥') sin 6+ AW ., cos 0y + W 446

(6.5)
Mij:Mij,0+dMij (66)
Fo=Tg o+ drie=(xg 0 Ya,0 26,07 + (dxg, 4ye, 425) } 6.7)
?B:FB,O+;B:(XB.07 O, ZB,())T+(AXB, Z.'yB, AZB)T ’
AF‘)‘:(UX,O‘—WA’,D)('—/’U.Y_AWX)+(UZ,0—WZ,O)(AUZ—AWZ)
:(U.Y,O‘—WX,O)JUX +Uyz,0—Wy AU,
Uy, 0—Wx)cos 0+ Uy —W,,) sin 6,} cos TAW 5, 6.8)

AU x,0—W x5) €08 Oy + Uy y—W 5 ,) sin 8} sin T AWy,
+ {(UX,()_ Wx,o) sin 6, — (Uz,o— WZ,()) Cos HO}AWZE
+ Uy Wz,0—Uz, W x,0)40.

Combining equations (4.16), (4.17), (4.25) and (4.26) with the above per-
turbed relations the following linearized equations of motion can be obtained:
(X D+ Xy )AUx+ (X, D+ Xy AU ; + (X D+ X,D + X ,) 40
+ X, 4Uy + (X D*+ X ) A + X, A8 for surge
=Xy 1D+ Xy x ) AW 5+ X3y v, D+ Xy JAW o, (6.92)
+ Xty 2D+ Xy 2 AW 2+ Xy dM + X,

(2 D+ Zy YAV x +(Zyy, D+ Z, ) AU ; +(Z;D*+ Z,D+ Z,) 46
= (Z;V,XED + ZW,XE)AWXE + (Z;V,YED + ZW,YE)AWYE
+(Z,.D*+Z;D) A + (24 DV +(Ziy 3, D+ Zyy 7 VAW 5+ ZyAM

for heave
(6.9b)
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My DAMy )AU + (M7, D+M;: AU, +(M,..D*+ M,.D +M,) .19
+ (M,‘J,/E)J(lﬁ -} (M,:,/E)J\[r

— . _ _ for pitch
= (MW/ ,_\"ED + A/llt’,.\'E)JFV_\'E + (Mu" ,1'ED + A’IW,YE)—”VI'E -

_ . (6.9¢)
+ My D+ My )W 4,
+MydM+M, 3¢+ M, A3+ M, 17+ M., 17,
and
Yy, D+Yy )AUy + (Y. D'+ Y D+ Y )dg 4+ (Y. D+ Y, D+ Y ) Ay for sway
+Y, dUy+ Y, 40U, + (Y, D+Y,)d60 (6.108)
= (YW" ,I"EB + YIV,.YE)AWXE + (YW’ ,YEE + YIV,YE)AWYE + Y]I",ZEAWZE .
(Ly, D+ Ly AUy + Ly D*+ Ly D+ L) A¢+(LyD*+ Ly D+ L) Ay
+ Ly 40Uy +(Ly,D+Ly)AU ;+ (L, D+ L,)46 for roll
= (LH”,XED + LW,XE)AW_YE + (LW",YED + LW,YE)AWYE (6 IOb)
+ Ly z,4W 5.+ L, 496+ L, 455
Ny, D+Ny)AUy+ Ny D*+NyD+Ny)Ap+ Ny D+ Ny D +Ny)
+(NU‘,YE—{-NUX)_/II—&-%NUZAUZ+(N(,,D +N,)46 for yaw
= (NW’ \ED + NW,X;.;)AWXE + (NW’ ,YED + NW,YE)A WYE (6- IOC)
+NIV,ZEAWZE+N(IIGA.}—)G+N7/BA.)—)B+NJ
where
D=d)di, (6.11)
and

XUX: —(CFX)O‘ﬁx,o—WX,o‘—ZPCT,I/(R_Q)
XUY _Ffr,o(CFX,ﬂ/Vo)
U;Z:le
Xy,=—(CrolUsz0—W 20| —F,oCry ./ Vo)
Xy =M7s,+ A4,
Xp=MU, 4+ AUz —Wr )+ AUy —2Wx )+ AWz, 3 (6.12)
X,=—(1—=M) cos 8,—(Cp )(Ux, W 7.0—U 7 Wi,
+F, (Cry. W 50/ V) —2PCp W 7,0/ (RRQ)
X,=F, (Cro ¥ 7.0/
X, =—Mjg,cos b,
Xy=—F, Cry (Wi, ,cos U+ W, sin¥)

b
Il

|
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Xy vp=A, cos I" cos O, + A, cos ¥ sin g,

Xy =(Crof — Ux.— W y.y) cos ,— (U, y—W ;o) sin 6y} cos ¥
—F, J{(Cp,..] Vo) sing, cos " — (Cpy [ Vo) sin U7}
—2PCy, cos ¥ cos 8,/ (RQD)

Xy pp=Aysin¥ cos b+ A, sin ¥ sin 6,

X”,"YE: _(CF:)O{(U‘Y,O——W,Y,O) COS 00+(UZ,U—WZ,O) Sill 00} Sill z]”'

—F, {(Fpy. ./ Vo) singysin ¥+ (Cry.,/ Vo) cos U}
—2PCy, sin ¥ cos 6,/ (RQ2)

Xypr o= — Ay sin 0,4 Ay cos 6,

Xy 2= —‘(Cm-)o{(Uz,o~ W 5.) cos 0, — (Ux.o—Wx,0) sin 6}
—F, (Cpp.al Vo) cOs ,+2PCr, sin 6o/ (RQ)

Xy=—sinb,
XL?:PFTX
:Zm

=—(Cro|Ux o= Wz,

=M+ Ay—F, Cr, i/ Vo)

= (CFZ)O | UZ,O'_WZ,Ol_Fr,O(CFz,a +Crye |t/ I7o)

= —M%z,+ Ay

= Moﬁx,o - Zu(UX,o - Wx,o) - Zsawx,o - le(Uz,o"‘ 2Wz,o)
+F, o{Crz W x,0/ Vo) —Corzd}

=—(1 "‘Mo) sin 50’}‘(Crz)o{(Uz,o—Wz,o)Wx.o— (Ux,o_ Wx,o)Wz,o}
+F1,0(FFz,a +Cz«"z,,,s ICYo D(Wx,o/r/o)

:Ho.)—’a,o

= —Fr,ocpz,p

= —M,Jg, sin 6,

ZW',;YE:{233_F7‘,0(CFZ,&/70)} SiI'l ao coS w+213 COS w’ CoS 60
ZW,XE:(CFZ)O{—'((7X,0_’WX,0) cos ‘90_(UZ,O—WZ,0) sin 50} cos ¥

—F, {(Cr, . +Crsal o))/ Vo) sin 6, cos &

Zopr yp=(Ay sin 6, + Ay, cos 6,) sin W—F,(Cp, .|V sinbysin ¥
ZW,YE: —(CFz,o){(UX.O*_WX,O) COS 00 + (UZ,O—'WZ’O) sin 60} sin Z[f

—F, {(Cpy. . +Cry 2/ Vol sinf,sin?

Zur 75 = Az €08 B,— A, sin 8,—F, (Cpy 3/ Vo) cos 6,

Zy,z5= —F, o{(Cry ot Crz e laol)/ Vo} Cos 00—‘(CFZ)0{(UZ,0“—W2,O) cos 4,

- ([_jA’,o - WX,O) sin 6}

Zﬂ[:COS 00

(6.13)

(6.14)

(6.15)
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MU_'Y:MoZG,o'F Ay

My =—24,Txy—Wy )+ Ay—ADU 50— W) — (Co o[ Uxo— Wil

MU'Z: _Mufa‘o‘l’ Ess*Fr,o(C.m-,&/Vu)

MUz Zzgls(UZ,o"" I'_Vz.o) + (/111 - fzss)(U.Y,o— WX,U)
—Fr,O(CMY,u/VO)—(Cﬂly)ﬂ U z.0— W 2.l

My =1y + Ay

My =Mz, + AU 7,0+ (MXg,0— AUy,

ﬂ — (6.16)
+F, ol —Cary g Cory s (W x,0/ Vo)}
M,=(MzZs y— 75,0 €08 Oy— (MoXg,o—Xp,0) sin 0y—{2A,(U 2,0 — W 2,0)
(A — AU 0= Wy Ny o+ {—2A4,(Ux0— Wi o)
+(A4,,— 233)([72,0— I’T/z,o)}ﬁ_/z,o +F7‘,0C;1Iy,a(WX,0/ Vo)
—Cou){Uxso—Wx DW 70— (U 70— W z,0W x4}
M,=—F, Cy, ,
M, =—F, Cy,,
My o, = (A, cos 6,4 Ay sin 8,) cos & —F, (Cyy, ./ Vo) sin 6, cos ¥
My 5, =12A4{U z,,—W 7,0) sin §,— (Ux o — W o) cos 6,}
+(Ay— AN Uy o— Wy ) sin 6+ (U 5,0—W z,) cos 6,}] cos &
+(Cu)f—UOx.0— W) €08 0+ (U z,0—W 7,0) sin 0} cos ¥
—F, (Cyy ./ Vo) sin 6y cos ¥
My, o= (A,; cos 0, + Ay sin 0y) sin & —F, ((Cyy, [ Vo) sin G, sin ¥
My o =[24,{(T 7,,—W z) sin §,— (U ,—Wx,0) cos 6y}
+ (A, — A {(Ux,g—Wx,0) sin y+ (U z,,—W z,0) cos 6i}] sin &
—(Cu){Ux.0—Wx,0) cos o+ (U 50— W 5 ) sin 6} sin ¥
—F, (Cyy../ Vo) sin 6, sin ¥ 647

My, p=— Ay sin 6y + Ay c0s 0,—F, (Ciry [ Vo) €O b,

My, ;. =24,{U z,,—W z,0) cos b3+ (Ux,o—Wx,,) sin 65}
+(Ay— AU o— W) cos 0, + (U z,0—W z,0) sin 0}
—(Cou){(U 2,0—W 7,0) cos 0,— (U x,o— W x o) sin 6,}

_Fr,o(CMY,a/Vg) cos 0,
My = —%g,,C08 6—Zg 450 6,
M, = — M, cos 6,
My, =cos b,
M,,= —M,sin 6,
M, =sin 6,
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Yy, =M+ AueFr o(Cry 3/ V)
3 Yy o= —F,.,U(CFY.ﬁ/VU)
YUX: - (CF;-_O) |U.Y.0_ WX.DI
Yy, =—(Crp U z0—=W2,l
Yg,,,—_—fffoza,o—}- A,
Y, =—MU,,—AyU;0o—W;0)— AW 50— AUz o — Wiy,
+F, {—Crp 4+ Cryp (W 2,0/ Vo))
Y,=( — M,) cos 00+Fr,0(CY5/VO)WZO
Y, =(MXq,,+ Ay cos 0+ (MyZg,o— Asy) sin 6,
Y, =(M,4+ AUy — AW g+ AU z,0—W 7,9} cos 6,
+{(My4 A,)U 50— AW 7,0+ Ay(Uy y— Wz 0)} sin 6,
+ Ay (W iy jcos U+ Wy, sin¥)—F, (Cp, ,
i ¥ +-Cry (T yy cOS U+ Ty, sin )
Yy=—F, Cry (W, cos ¥ +Wy, sin?)/V,
Yy =—F,Cry.,
Y)=— (pr)o{((jx.o‘“ Wx oW 20— (i_]Z,O—WZ,O)WX,O}

Yo xg={—Ap+F, (Cry 3/ Vo} sin ¥

Y vo=—(Cp)o{(Ux,o—W ) cos 6y+ (U z,,—W z,,) sin 6} cos ¥
+Fy o(Cry /7o) sin &

Yooy p={A—Fy (Cry 3/ 7o)} cos ¥ L (6.19)

Yir v y=—(Cr)o{Ux.0—Wx,o) 08 0+ (U z,0—W z,0) sin 0} sin ¥
—F, (Cry 4/ Vo) cOs &

Y z:= (pr)o{((_jx,o‘“ Wx,o) sin G, — ((—]z,o‘— W, ) cos 0o}

(6.18)

LUi, - —Moza,o + zu—Fr,o(CMx,,;/ I7o)

4% Ly,=AyOy0—W ) —(Ap— AU 70— W 7.0 —Fy o Carz Vo)
LUx: —_ (Cnx)o | UX.O—' WX,OI
LU'Z=M0J76,0

LUz= —(Cntx)o}Uz,o—‘Wz,ol
L, =Iy,+A4,
Lw :(MOZG,O_AM)UZ,O ““Fr,o(CMX ,,_CMX,;(WZ,O/Vo)}
L,= (Moza,o“"zB,o) cos b, —{le(ﬁX,O—" Wx,o)
—~(Ay— AU z,0—W 2 MW 2,0+ F1.6Crz f(W 2,0/ Vo) (6.20)
Ly =(—Txz,+ ) cos 6y— Iz o+ A4,,) sin 6,
L, ={—(MzZg,+ A)Ux,0+ AW x,0— (Ay+ A:)(U 7,,—W 2,0} cos b,
—{(MyZg,0— A:)U 7,0+ AW 7 5} sin 6y + Ay (Wx,, , cos &
4 WyposinO)—F, {Cyp +Cory (Wi, ,cos U+ Wy, sin &)/ V.
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L‘,v» = {Hls(UX,o - WX,()) - (/TJ': - 1—4‘33)(UZ,«) - WZ.O)}U;VXE.U Cos ')//"
F W, sin ) — FroCoe (W cos Wy, sin@))V,
L(}, = —IDIOJ?G,OU_X,U—Fr,OCJ[X,q

L,= ﬁjo..va.o sin @, — (CJ[X)U{(U,Y.I)_ W,Y,o) L_Vz,o — (Uz,o— sz’,O)W_Y,O}

Xz,

Ly ypy={—Ap+F, (Cy;/V)}sin®

Ly v,=—{AyUy =Wy —(Aypy— AU 5 o—W , )} sin &
—(Cou U5 ,0—W o) cos 6+ (U ;,,—W ;) sin ,} cos ¥
+F, o(Cop g/ Vo) sin ¥

L""»YE:{Zu—Fr,o(C.v.‘-,[;/Vo)} cos &

L5 ={AuUx0= W) —(dn— ) (U 70— W z,0)} cos ¥ (6.21)
—(Cy Uy, y— W) cos 0,4+ (U 7,,—W z,,) sin 6} sin &
_FT,O(CMA-_(Q/VQ) cos I

Ly ;.= —(CJ[I)O{(Uz,o— Wz,o) cos (90—((7‘1.,0_17/“,,0) sin 6,}

L,,=M,cos 6,

L, = —cos 6,

NU;, = Mofc:,o + ZZG—FT,O(CMz,,é [V
Ny,=—{A4,(U;0—W; )+ (4, — A,) Uy, — Wi} —F, (Ciy,/ Vo
NU;,,Z - —oJ—’G,o
NUX: - (C)[z)o IUX,O— WX,O'
NUz: _(CMZ)OIUZ,O_'WZ,OI
Nyo=—Jyzo+ Ay
Ny=— Mg oW 7+ Zss(l_]z,o —W 20— ZZGWZ,O +(A+ 224)(—7.1{,0— W x,0)
—F, {Cy,, —Cy (W 2,0/ V )}
N,=—(MyXg,,—Xp,) 08 Oy +{A;,(Ux.o— W)
+ (A — AU xo— Wy JIW 50+ FoiCuy s(Wz,/ Vo) (6.22)
Ny =I5+ Ag) cos 0+ (T x7.0,— A,5) sin 6,
Ny ={MXg,o+ AU 70— AWy o} €08 6, + {(MZg y— AU 7 o+ AW x
—(Ay+ AUy y— W )} sin by + Ay(W y,  cos U+ Wy, sin &)
—F, o{Cory, +Coty s(Wipcos¥ + Wy, sin¥)/V}
—P(b/2V§)Cr,/(RD) |
N,=—{A4,Uz,—W )+ Ay~ AUy g—Wx )Y W 5, cOs ¥
+WyposinU)—F, Cyp (W, cosU +Wy, sin¥)
No' - OyG,OﬁZ,O_FT,O(CMZ,q)
Ny=— __OJ_}G,O Cos 90—(Cuz)o{((—]—x,o—Wx,o)Wz,o——((—jz,o— WZ.O)WX.O}

This document is provided by JAXA.




Ai| ]

AT

The Flight Dynamics of an Ocean Space Surveying Vehicle 79

Ny xp=— Ay sin ¥ +F, (Cy, 3/ Vo) sin &

Ny vp= {213((72,0—' Wy o)+ (A, — AUy ,— Wy o)sin
—(Cu D{Ux,o—Wr ) cos 0y+ (U ; ,—W 5 ) sin 6,} cos I
P, o(Cyp, [V sin &

Ny pg=-dAy cOS T —F, (Cy, 5/ V) cos U

Ny yp= —{Zlg((_/z‘o—— W, +(A4,— 223)([7_‘-,0— W_Y,o)} cos ¥

—(Co DU y—Wx o) €08 0+ (U 5 y— W 5 ) sin 6,} sin ¥ (6.23)
ﬁFr,o(Cle,‘g/Vo) cos "
Ny, z25=—(Cy){(Uz,,—W z,0) cos ,— Uy, — W y ) sin 6,}
N,=PM,,
N,,= M, sin 6,
N,,= —sin 6,.
TaBLE 8 Derivatives or coefficient of equations of motion
Items Number | Items Number
Xug 1.160 Ny —0.546
Xvx 0.130V x,o Nyy —0.2(Ux,0—Wx,0)
Yor 2.121 | Ny~ 1.184
Yuy 0.9V, Ny 1.59W .o
Yy 1.088U x.0—1.011W x ¢ Ny —0.2W2x 4
—VoWx,o
Yy —0.VWgx,

Some of necessary derivatives used in the perturbed motion from a steady straight
flight are listed in Table 8.
(i) Response of Forward Speed

The flight speed is controlled by the change of thrust. Equation (6.9a) for surg-
ing motion may be simplified as

(XU‘,YE-I—XUX)AU_Y:XE. (6.24)
Then the solution for a step input of X, can be given by
AU (D) =(X;/ Xy ){1—exp (—1/Ty)} (6.25)
where
TX:XU;Y/XUI. (6.26)

Fig. 9 shows the above result compared with a test result of the vehicle, which
has been obtained from a flight recorder installed on the vehicle in operation in
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F1c. 9. Time response of surging motion for a step input of thrust

the sea. The discrepancy between theory and experiment must be resulted from
the inadequate drag estimation due to neglect the change of Reynolds number during
the flight.
(ii) Vertical Ascent or Descent

The ascending or descending speed can effectively be controlled by the change
of mass or change of difference between buoyant and gravity forces for low speed
flight and by the change of attitude angle of the vehicle in high forward speed. Here,
let us consider the former case. Equation (6.9b) for heaving motion may be
approximately rewritten as

(Zy,D+Z;,) 40 =AM, (6.27)

and its solution for a step input of —AM for ascending and + 4M for decending
motion can be given by

AU () =F(1/Z, )1 —e VT2 AM (6.28)
where
Tr=Zy,/Zy, 2 {(M+ Ay + Fr o Cry o [VOH{— (Co o\ U zo— Wz} (6.29)

The time history of the vertical velocity for a step input of ballast change or
weight drop is completely similar to Fig. 9. It is interesting to note that the addi-
tional mass, As3, is usually larger than the mass, M, when the vehicle is prepared
with tail surfaces for the stability.

(i) Response of Attitude Change
By moving the ballast in the longitudinal direction the attitude change in vertical

plane will be resulted. Then the equation of pure pitching motion and its solution
can respectively be given by

(M,.D*+M, D+ M)A0= — M,A%, (6.30)
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460 = — (M, M) A%[1+(S,/ (S, — S)}eS + {5,/ (S, —Sples™]  (6.31)

where

S,=(1/2){— (M, /M,.) + (M, [M,. Y —4(M,]M,)} (6.32)

and where M,.. is always positive.

As well known, if either M,. is positive or M, is negative o rzero the system has
divergent characteristics; if M,. is zero and M, is positive the system is a neutrally
oscillatory motion; and if M, is negative and M, is positive the system is stable
and has an oscillatory convergent motion for (M, /M,.)*<4(M,/M,.) or a
nonoscillatory motion comprised of two monotonically comvergent motions for
(M, [M,.)>4(M,[M,.).

In either stable motion the damping is solely obtained from the hydrodynamic
damping, whereas the restoring moment can be given by both the hydrodynamic
and hydrostatic or buoyant moments.

(iv) Motion in Vertical Plane

By neglecting the cross couppled terms with lateral motion a complete set of
longitudinal equations, equations (6.9), specifies the dynamic behaviour of the
vehicle in the vertical plane. The characteristic equations of these linearized
equations,

D) =8SYXy, Zy M —Xo.Zy My, — Xy, Zo My}
+8 Xy Zy My + Xy Zy My + Xy Zg My + Xy, 20 My,
+XpZy My, =Xy Zy My, —XoZy,My, — Xy Zy My,
"‘XU&,Za"MUz‘"XUzZo"MU'z—XUva"MU'Z}
+SHX g2 Zy Mo+ Xy Zy My + Xy Zy My + Xy Z, + M,
+ Xy, Zo My +Xy,ZoMy, +XopoZy My, + X, Zy My,
—XpZy My —XyZy My, — X0 Zy,My, —X,Zy My,
Xy, Zo My, — Xy ZeMy, — Xy, Zo My, — Xy, 25 M,
+8{Xy, Zy Mo+ Xy Zy My + Xy Zy My + Xy, 2, My,
+ Xy, ZMy + X Zy My, +X,Zy My,
— Xy Zy My, —XZy My, —XZy,My, — Xy, Z,My
Xy Zo My~ Xy Z oMy, — Xy 7 M, )
X Zo Mot X, ZMogy 4+ X, 2y My,
—XZy My — Xy, ZMy,— Xy, 2, M} =0

(6.33)

have usually two real roots and a pair of complex roots, all of which are close to
those given by the preceding simplified equations. Since there are no positive lifting
surface for the present submersible socalled phugoyed oscillation being familiar in
the airplane dynamics has not been observed.
(v) Rolling Motion

The rolling motion in the immersed vehicles is mainly governed by the vertical
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distance between the center of gravity and the center of buoyancy. Different from
surface vessels the center of buoyancy is over the center of gravity so that the
vehicle is inherently stabilized for the rolling motion in any rolling angle. This
arrangement is earnestly necessary because there is no hydrodynamic restoring
moment at any flight speed in wingless vehicles.

The equation of pure rolling motion can be derived from equation (6.10b) as
tollows:

(L;.D*+L,D+L,)) 1= (M,cos 6,)17. (6.34)

The above equation has a solution of a lightly damped sinusoidal oscillation in
usual immersed vehicle such as

Ap(B)y=(M,] L) Ayl —e "4/ 1= cos (w,v/ 1—C%) } (6.35)
1+ sin (0o T=TD} v T—] '
where
w,= ~\/L¢/L¢u = \/MO(ZG —‘ZB)O/(T.r'f‘ /‘—144)0} (6.36)
zcwn:L;b’/Lgﬁ” = _‘FT,UCMX_,;,’/ (71+ 244)0)-

It must be careful to have too large positive metacentric height, Z; —Zz, so as to
have too rapid rolling motion with poor damping.
(vi) Lateral Motion

A typical lateral motion in horizontal plane is a coupling motion of yawing
angular motion and lateral translation under a constant speed without any current.
This can be, from equation (6.10), approximated by

Yy, D+Y  )AUy+(Y,..D*+Y ;. D)d,=0 6.37)
(Ny, D+Ny AUy +(N,..D*+N,.D)dy=N,, '
the characteristic equation of which is given by
D) =Yy, Ny —Y . .Ny IS+ 20,5 + wy) =0 (6.38)
where
280,= (Y y,Ny -+ Y yuNyos = Y o Niy = ¥ N ) | (¥ 1 Ny — Y.WNU,Y)} 6.39)
i =YyNy—Y Ny ) [ (Y5 Ny — Y, Ny '

The characteristic roots have one zero and either two real roots or one pair of
complex roots. It is, thus, obvious that the yawing angle is indefinite without
specifying initial condition. For stability in conventional configuration of the im-
mersed vehicle, which has positive values of (YUi,N\!r”'—Y\lr”NUi,) and 2fw,, the
following condition must be satisfied:

Yy Ny — Y, Ny, >0. (6.40)
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| In an uncoordinated turning flight this must be
Ny /N> Yy Y =00y [0 = (R ViENLUy U ) (6.41)
which is also approximated by
Uy oCisy | Crg D= (RIVENIUR Uy ). (6.42)

Usually the slender body configuration has nonlinear characteristics in yawing
moment with respect to the side slip at small angle of side slip so that the derivative
Ny, or Cy, has a great variety of its value corresponding to the configuration and
the side slip angle. Specifically for small tail fin configuration in small side slip the
derivative sometimes takes a positive value so that the two roots might have a posi-
tive real part and, therefore, the vehicle is inherently unstable in lateral motion.
This characteristic is, as the occasion may demand, required to get the quick
i3 response in the maneuver because a too stable vehicle will not turn as tight as a
1 somewhat less stable vehicle. Then the vehicle must either install an automatic
stability equipment in pilotless vehicle or be controlled in constant use of rudder
by human pilot. If it is not so the vehicle will have a snaking motion eternally in
such unstable region of side slip angle.

As stated before, since the differential drive of thrust produces not only turning
moment but also change of longitudinal force the complete equations of motion in
horizontal plane must be described by introducing the surging motion of the vehicle.
This kind of motion will be treated in the subsequent section.

§7 AutoMATIC HOMING CONTROL SYSTEM

In order to know the position of the vehicle with respect to a coordinate fixer
the vehicle provides three hydrophones and a signal processor. The hydrophones
are arranged at the underside of the vehicle as shown in Fig. 2 and Table 9 and
can receive a series of the ultrasonic signals which are generated every second at
an acoustic generator of the coordinate fixer and propagated through the water.
The signal processor can detect the time differences of signal reception among the
three hydrophones and compute the vectorial position or distance and direction of
the vehicle with respect to the signal generator or the coordinate fixer by knowing
the depth and the attitude of the vehicle itself through the depth meter and a
vertical gyro respectively.

TABLE 9 Relative of the hydrophones

Dimensional values \ Nondimensional values
X1— X1t i 2.03m [ X1— X111 , 1.338
vt | 0.4m ' 1t | 0.264
=2z 0 ZI=Zn 0
Zu1 0.05m ZII 0.0330
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Fic. 10. Vehicle position in surveying area

In the present program of operation the vehicle has been required to stay in an
imaginary cylinderical space the axis of which is standing uprightly on the co-
ordinate fixer and the radius of which is specified by 25 m. (See Fig. 10)

By assuming the distance between the coordinate fixer and the vehicle, +/d?+ h?
is large enough comparing with the vehicle dimension, VY3, the acoustic wave
from the generator may be considered a plane wave so that the time difference of
signal reception between any couple of hydrophones is equivalent to the difference
of relative distance along the direction of wave propagation between the said hydro-
phones. The relative positions of the hydrophones based on the No. 1 hydrophone
can be expressed in the Earth coordinate system as follows:

I‘I = O
ru=Ts(@ =¥ 5)- T5(=0)-(0, —2y;, )7 (7.1)
ru=Tz(T =03) Ts(y=0) (X — X1, — Y1, Zin— 27,
where ¥ 5 is an angle of line-of-sight to the target measured from the longitudinal

axis of the vehicle.
Since a unit vector from the coordinate fixer to the vehicle, n;, can be given by

ny =(—cos 4,0, —sin §)7 (7.2)

the time differences of the second and third hydrophones with respect to the first
hydrophone can be given by

tu="ry-ny[c=2y{(cos ¥ p sin ¢ sin § —sin ¥ 5 cos ¢) cos & +sin ¢ cos §sin O} /c
IHIzl‘HI-nV/CE{-—(.XHI—XI) COS w.B COSﬁCOS@ 2
+y; (cos ¥ g sin ¢ sin —sin ¥ 5 cos ¢) cos O §

~+ (X —xp) sin 4 sin @ + y; sin ¢ cos 8 sin B} /c.
(7.3)
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By assuming that ¢, 6 | the above equations yield

cty)2vi= —sin ¥z cos O+ ¢ sin @ 1
Clyy/ (X —x) = —c0s U pcos O@—{y /(¥ —x)}sin " cos O+ sin e (7.4)
+{v /(X —xD} ¢ sin O. J

These relations give the following relations:

sin @ = (cty /2y + c(tin — tu/ 2) [ (X — X0
+ v/ 1—(cty/ 2.\’1)5:‘—{‘0(1m— tu/z)/(-"In—xn)}2 ’
cos O= *[{(ctii/2y)) — ¢ sin o) + {e(tig—tu/2) ] (X — X)) — 0 sin (5)}2]1’/2}‘ (7.5)
sin ¥ z={¢ sin ©® —ct,;/2y,)}/cos O )
cos U =10 sin O —c(t;;— ty/2) | (Gt — Xp)}/ cOs C)

and
d=hcot®. (7.6)

The vertical motion and the trimming of the vehicle can be done by pumping
in and out the water into a ballast tank and by shifting the mercury through front
and rear tanks respectively. These operations are periodically performed by fol-
lowing to any one of presettled operation phases which can be selected by command
signals sent from the data processing center on the land or ship via either buoy or
mother ship by which the radio signals are transfered to the acoustic signals.

TaBLE 10 Control algorithm in the automatic homing control system

T | W > U= ne > U>—Tp |
Up>Up — . T.B2>w.B>—w.BZ!‘. 1 Uy > Uy

~ | r5<0 Up>0 (75<0 | ¥m>0
d>d, Left turn Forward drive ] Right turn

é.i<0 X=X, X=X, X=X,

dizd>ds ———

a>0 N;=-—N;, N;=0 N;=+Nj,
dosd No control No control No control
3> X;=N;=0 X3=N;=0 Ns=N;=0

W =30°, Wp=20°, di=15m, d>=10m

- q J

' / iy \\\
\<§\\ / / |d Z d’)"r
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The control algorithm in the automatic homing control system is as follows: It
the vehicle is in a target zone specified by a cylindrical space the both thrusters
of the vehicle are stopped and the vehicle is therefore in state of no control. 1f the
vehicle is, on the other hand, out of the target zone any of either right or left
thruster is reversed and the vehicle makes right or left turn corresponding to the
relative direction of the coordinate fixer with respect to the X-axis of the vehicle.
By this operation if the relative direction of the vehicle is within a prescribed range
the both thrusters are fully driven and the vehicle will approach to the target zone.
Actually, there are, however, provided positively time lag for driving the thruster
and hysteresis for making differential insentive zones in order to prevent the damage
of electric motor of thruster and the batteries and to avoid unfavorable hunting
respectively. That is to say, the thruster has the rest of two seconds at every switch-
ing of its rotational direction, and the insensitive zones of distance and direction
have different levels for switching on and off as shown in Table 10.

The vehicle motion of the present problem can be represented by equations
(6.9a), (6.10a) and (6.10c) as follows:

(X D+ Xy AU o+ X, AUy + (X . D* + X D) A =X,
Y AU+ (Y, D+ Y )40y + (Y, D'+ Y D+ Y ) A =0 (7.7)
(Ny D+ Ny )dU . + (NU;,D +Ny AUy 4+ (N,..D*+N,.D+N,) 4y =N;.

In these equations, the second term in the left hand side of the first equation and
the first terms in the left hand side of the second and the third equations may be
neglected as small quantities comparing with others. Thus the equations can be
split further into the equation of pure surging and the coupled equations of swaying
and yawing motions. Now, let us consider a case that the exemplified vehicle is
in operation in a current, Wy ,=—W and Wy =W, =0, with zero speed with re-
spect to the stationary axes or Uy ,=Uy,=U,,=0 and with horizontal attitude,
6,=0.

A solution of the perturbed or maneuvered motion by a step input of turning
command is as follows:

AUy=(X;/X ) +{dUy,—(X;/ X ) }e5o
AUy =A,4Uy ;+ By dir; + Codipi + (Dy+ Eot)N;
+ (A 4Uy ;+ B4y + C dvri+ D\Nj)es
+(A,4Uy s+ By A + Codiy; + D,Nj)es* L (7.8)
M=k A, AUy ;+ Bodpr; + Codrr; 4+ (kyDy+ EF)N,}
+ ki (A, 4Uy s+ By dvrs + C Ao+ D N;)e’
+ ky(A,4Uy + B, dvp; + Codiy, + D,N,)eS?

where subscript / in (), shows initial condition of ( ), and where
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So=—Xp /X =—0.112W

g}} = (/DI Npp+ YN — Y Ny — Y N,

s ) - .
i {(Y “1,,' /N("Y + Y‘y//Nl‘{‘_ - YL-Y[V‘,""' b I’[,’i_N,'y,r)"_4(Yl';.v[v\‘l,// - NL';_Y,],.//). (7 9)

(YU;JV\,W + Yz';.Nw — Nc';. Y,— N(';-Y\J»")}I/D] /( YL';,Ner" - NU;.Y\W)
= —1.024W and —0.370W

X,/ X ;,=0.480

Ay=—0.999, B,=1.999, C,=1.202, D,=—1.421/W, E,=0.983
A,=—0.434, B,=0.434W, C,=-—0.650, D,=0.589/W
A,=2.433, B,=—2.433W, C,=—0.549, D,=0.831/W
k,=0.916/W, k,=1/W, k,=1.300/W, k,=0.644/.

(7.10)

By applying the control algorithm to the above solution it will be expected to
have limit cycles in the terminal area of the motion around the target zone. One
possible cycle will be a symmetric lateral motion shown in Fig. 11.

The location of the vehicle in the horizontal plane and the angle of line-of-sight
to the target can be given respectively by

Target

(X0 Yo

Fig. 11. A symmetric model of limit cycle

Xp— U (AT — A AT )di + xEo} s {j AT (di + xEo} s
(7.11)
Y= {J (A‘!fAUJ: + AUY)dZ + J—)Eo} Vii= {f AUYdZ + yEo} vV

Up=v=tan™' (yp/ —xp)=(dUy /W) +tan™! (yz/ —xz) (7.12)

where AU, 4Uy and 4y have been assumed small. Referring to Fig. 11 the limit
cycle will be specified as follows:
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(1) Negative moment will be introduced at (—xz,, Vz,)

(i1) The moment will be released at (—xj., vz.)

(iit)  Positive moment will be introduced at (—x,,, ¥z,

(iv) The moment will be released at (—xz,, ¥z,).

By imposing both symmetric conditions and the switching conditions on the
solution given by equations (7.8) and (7.11-12) the limit cycle will be deter-
mined [8]. If the X coordinate of the switching points X, and X, arc assumed
to be Xz =d, and X ,=d, approximately, then the maximum lateral deviation
in the limit cycls, vz, ... which can be obtained by solving dx;/dy=0 at yp=
YE, max» 0Y Fig. 12, in which a solid line shows the result obtained for two-seconds-
rest of thrusters at switching point and a dotted line gives the result obtained for
no rest of thrusters.

It is interesting to find that the maximum lateral deviation has a minimum value
at a specific current speed and increases steeply as the current velocity decreases
beyond the specified speed and that the two-seconds-rest of thrusters increases the
deviation appreciable.

By investigating further the analytic solution for the above simplified model the
following facts have been found: For higher current speed the effects ot design con-
trol parameters such as hysteresises ¥ 5, —¥% 5, and d,—d, are smaller than those
for lower speed, and in the present system larger ¥ 5 —¥ 5, (=15°) and smaller
d,—d, (=2m) are necessary for better performance in lateral deviation.

In Fig. 12 there are also shown the results obtained from the simulation test of
the unabridged equations of motion by means of the digital computer. They are
split into two groups, the lower branch of which is close to the analytic solution
and is obtained from the symmetric motion as shown in Fig. 13a and the upper
branch of which is obtained from the larger side of asymmetric motion as shown
in Fig. 13b. It is, thus, apparent that the simple analytic treatment is effective to
examine the design parameters of the automatic homing control system.

Fig. 14 shows a typical example of the lateral orbit obtained by analyzing the
tracking data of the exemplified vehicle during its actual operation in a test area

. Tvio-Seconds-Rest of Thrusters

= |
- ! ! === No Rest of Thrusters
< 20 ' r l| ’ ’
= 1
= \
- \
5 15+ \
2
= 10
2 s
£
£ 0 ! !
@] 0.5 1.0 1.5

Current Speed, (W) (m/sec)

Fic. 12. The maximum lateral deviation versus current speed
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FiG. 13. Limit cycles in lateral motion obtained from the simulation test by means
of the digital computer

50m

Fic. 14. Lateral motion in the operation test on October 25, 1975

at the Uchiura Bay. It is observed that the orbit of the vehicle in lateral plane
shows similar behaviour to the computed result.

CONCLUSION

A short description has been presented on an ocean surveying vehicle which has
been developed by the Japan Society for the Promotion of Machine Industry for
obtaining oceanographic informations as a remotely piloted vehicle and was
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operated successfully at Uchiura Bay, Numazu City on November and December
1974.

The equations of motion of a general submersible have been given in the strict
sense of the form. They were nondimensionalized by dividing with the buoyant
force, pgVy, for force balance and with its moment, pgV'¥?, for moment balance
so that the equations of motion were treated universally in any flight speed includ-
ing even hovering condition. By solving the stationary equations the performance
of the exemplified vehicle was obtained. The flight dynamics of the vehicle has
been discussed by getting linearized solutions of the perturbed motion of the vehicle.
Some of design paramters of the automatic homing control system were also inves-
tigated by treating the simplified mathematical model of motion.

The comparison of the analytical results of the vehicle motion with those of
simulation by means of digital computer was seen in very good coincidence. The
experimental results on the vehicle motion obtained from the operational test in the
sea showed similar behaviour to the computational results in the lateral motion.

Department of
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