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A Design for Hybrid Underwater Glider and The

Estimation of Field Performance Using Model Test

Kang, Hyeon Seung

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

The hybrid underwater glider (HUG) is an improved version of autonomous
underwater glider which glide under the water by controlling their buoyancy
and additional thruster. By the aid of the thruster, the maneuverability and
performance of reaching to a target area can be improved.

In this thesis, the structure of the HUG is designed through analyses on the
hydrodynamics of the ship and empirical formula for the ship design. The ship
hull design of the HUG was performed, using this, the drag of the HUG was
analysed. The structure and capacity of the buoyancy engine were designed
through the analysis on the HUG. Also, a mass transfer system was designed
for attitude control of the HUG. And an hull pressure analysis was performed
for 200m depth operation of the HUG using FEM analysis. Also, computer
simulations on the hydrodynamics of the HUG were performed through
estimation of the hydrodynamic coefficients.

To test the performance of the actuator and to get hull coefficients, water tank
tests were performed using the developed HUG. The results of the performance

tests are presented and its results are discussed.

KEY WORDS: Hybrid underwater glider sto]H 8| F%FZgto]H; Unmanned
underwater vehicle ¢l % &%A; Dynamic modeling FHEI;

Pressure-resistant analysis W $t3ll4); Hydrostatic coefficient 44 938t Al
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Table 1 Existing Underwater Gliders

Glider Hull Dimension  Volume Change Operating Endurance
Slocum Max. 20bar 0.25 m/s
L1.5XD0.21, 52kg Max 520cc
(Battery) Max. 0.4m/s 2300km
Max. 150bar 0.25 m/s
Spray L2.0xD0.20, 51kg Max 900cc
Max. 0.45m/s 7000km
, Max. 100bar 0.25 m/s
Seaglider  L1.8xD0.30, 52kg Max 840cc
Max. 0.4m/s 4500km
Slocum Max. 120bar 0.25 m/s
L1.5XD0.21, 52kg Max 400cc
(Thermal) Max. 0.27m/s 30000km
Max. 70bar 1200km

Seaexplorer [.2.0xD0.25, 59%g Max 1000cc
Max. 0.5m/s (Rechargeable)

% =doldE RHHsle ugk FEwgor FHgsle YL olgdte FIsRE, B
Y& ej(Sawtooth Pattern)e] 32 & Hlth &3
2 - 3}8h7 - A ESHE AR we s AMAE )
ARE F3sA B9 o F7)vith Z&gsls F3to) tlE) RS dAF ez 253 &
Pz

u H
T Aok sHARE Aol HET FxRA o] oz S A =Eetr] fs &7
o

B ERdAE F O AR ATAYS $FAU AR FHAL A AR £F 2ol
Hel F7hHoz g oluxe URES 9o Fasle AssE A

=
(Self-Propulsion type)S A-&3tt}. olgldk slolHEl= 4% Szho|fHybrid Underwater
Glider, HUG)+= <" d-gallA 319 SHAEATH H3AH EF AFPS A7, 7
Gzl HA wjRE kst FFoAe AAHEH 5 T4 FAE T MAW =7

(Sub-bottom Scan) o &8 + J=E AT

471 ¢4 Ao wtel HUGY 7187d A48 593 mdas 44 mde 4
=
—

E AAZ F AFste] 1 :EAse ASse Ae

12 stolHIE FF Sdold NEAEA
ol A £AE ATHY FFSHIHEL e RIS AAANNE o] 87 &
FEzo] £ EEHFS HOlFD A3¥ £ g HYBAR FHA 2F3Y5L



33y fete R FX7E A2 B3 Hybrid-driven)®¥2 o] Z&tolfEo] 54
st o). Teledynejib®] “Slocum G2” =gle|ti&= Slocum =Zhe|tle] /MHE =d =2 AA
ol ol zgdeE FAsidnt. A e] “Haiyan” S2toltj o] A9 &89

l& Hb

_‘_IB‘_
FEAZNE AA TP BASRY BEFA P SeeltE P71 el 9
1?:]_ Z

Table 2 Existing Hybrid Underwater Gliders

Slocum G2

Exterior
Dimension L1.5XD0.22, 54kg L1.8xD0.30, 70kg
Operating Depth 30~1000m 1500m
Endurance 600~1500km, 25~365days 1000km, 30days
Manufacturer Teledyne Webb Research Tianjin Univercity
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Ballast mass

j
: Center of Buoyan

Fig. 6 Glider mass definitions

x = v,cos6 +v,sinf (5)
2z = —wv,;5in0 + vyc080 (6)
0= (my—my )vlwv% —mg (rplwcosﬁeq + rp%sin@eq) (7

—my g (ryycos0,,+ ryzsind,,) = m,g(r, cosb,, + r,ssind,, ) + My,
0 = L,sina,,— D, ,cosa,,—my, gsinf,, 8
0 = L,,cosa,,+ D, sina,, —my gcost,, 9

(vy,v5 : Velocity in the e; and ey directions, 6: Pitch Angle, « : Angle of attack, my,,

my3 © added mass)
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Table 3 Myring Parameters for HUG

Parameters Description Units
a Nose section length m
Qo ffset Nose offset m
b Constant-radius center section length m
c Tail section length m
Coffset Tail offset m
n Exponential coefficient n/a
0 Included tail angle radians
d Maximum hull diameter m
lf Vehicle froward length m
l Vehicle total length m

rok
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Index Value Units

Density 1024 kg/m3
Refrence Area 0.4905 m2
Velocity 0.5144 m/s
Attack of Angle 0~ 10 deg
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Fig. 21 Hull structure and mesh
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Table 5 Material property of Hull

Index Value Units
Material 6061-T6 n/a
Yield Stress 2.75e+008 N/m"2
Tensile Stress 3.1e+008 N/m"2
Poisson’s Ratio 0.33 n/a

Density 2700 kg/m"3
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Fig. 22 Von mises stress

A4tE g H/H 22 ol Table 63 2T
Table 6 Von Mises Stress

Index Value Units

Max 1.51957e+008 N/m”*2

min 1.95987e+006 N/m"2
FHEFRE = 6271A] Al4bstda Hx = =12 12.44Mpaol A EA sl A T
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Table 7 A factor at Modes

Mode factor

1 6.2216
6.2478
9.6882
9.6947
11.312
11.315

D O W N

AAE AA ) AL o] Table 83 2t}
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Table 8 Specification of Hull

Index Value Units
Length 1.94 m
Diameter 0.22 m
Desired Depth 200 m
Drag Coefficiency 0.28 n/a
Nose/Tail Profile Myiring profile eq. n/a
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T=

(T Torque, [:Lead of screw, n:efficiency, m:Reduction ratio)
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] -1
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Upiston - 60n (20)
(0,;510n:Spe€d Of piston, 7, :RPM of Motor)
AAWsteFe] wep Setolrleos IAste= EHMEZ TS Ao A F317] AR
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Aol A=A o Aoz ety FHAATFS AT ZRIEM)} WVl

AR

B Aolge] WHRAV,,,,)H 1 ZHE Bhole WMHHAL,, ) LAt

M() + (A VBallast + AlBallast) (21)
VO + A VBallast

CoB =

ol Zefolte] MAGZA-S et 2ot

CobB) (22)

Zmn

0 =tan *(

1

FE A o719 343:% ol 7teF2 YHolA £75mmelH, ol Fig.263} Fig.272 ©l&
AFe Yol mE FHFA o5 B F2 JHE dehfn A

[
n
§

\

[
y
3

E
|
E 05 =
£ T
2 0 =
] 4 A0
-; 05 0! -50 0 =40 | -30 | -20-r<10 1 2 3 A0 0 0 ¢ 7
= ~
=]
3

LB T o B T

nor3on =
'
1

'
[~

Piston position{mm)

Fig. 26 Piston Position vs. CoB Variation
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Table 9 Specification of Motor for Buoyancy Engine

Index Value Units
Norminal Voltage 36 \Y
Norminal Speed 5420 rpm
Norminal Torque 418 mNm
Norminal Current 7.07 A
Torque Constant 60.4 mNm/A
Speed Constant 158 rpm/V
Speed/torque gradient 0.638 rpm/mNm
BE54Q 200me] AEHA S /1FOR W2E AFU g Y 1246NoBE,
TEEI B 4190 wet e E=E 0.25Nmolth. 2O AAYE EI ARl HlE
ol 2MAFE 415AYS 24T 5 AT A6 RE WS mel BE £57)
Sazd Bl *1(20)011 MAFAE WYkl obelsh B &xwW
ol
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Table 10 Result of FEM Analysis

Stroke 80mm Stroke 160mm Index

2= (VonMises) 3l 4]

I=

I= ANA : 572kgf/cm?
=

S Eug

: A 99 0.063mm

= A4 oAAS : 3.06
> E

AR FHA 1 E obe Fig20sh 2o, d4vt #945E AUt 52E 2ro| 1)
A w4 PAE A8 AW ALY Sk

dasddddenn $4ALAS AL AL AA LA AN

Fig. 29 Buoyancy Engine Assembly
FEA o719 AAd-S Table 113 Zoh

Table 11 Specification of Buoyancy Engine

Index Value Units
Discharge Pressure 20.00 kgf/cm®
Control Volume 0.95 (p=1000kg/m?) kgf
Driven Motor DC Type n/a
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Fig. 30 Concept of Attitude Controller
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T= (23)
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(r:Torque, W, : movable weight, [:Lead, n:efficiency, m:Reduction ratio)

olF Ao £x&= olFuAte g &R vz vEhd 4 At
oy Xl

Umass — 60n (24)

(V,,4ss:5p€€d of movable mass, r,;RPM of Motor)
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Fig. 33 Design of Attitude Controller
AZE 2AA A7l FASF 92 WHEE ol & dF dHHY s AN &
&3t wj A8k
AA AR ZA A o7 RES Fig 343 2t HHE%’,]“ 40152 LifepodeEle] 84S =H

shRal, A FA7F 480ge.2 EFolet FrbHQl o] FAE st of 4750g9] ol
Aol drh.

Fig. 34 Attitude Controller Assembly
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100mm<! 2EE23F o|Fst=d 17sec’t 28 89Y. AAHH BHE o] &5t AAA| o 7] 7}
FAgEe] A R M= THo| Fse FASAC

Table 12 Specification of Attitude Controller

Index Value Units
Movable Mass 4.75 kgf

Stroke 0.2 m
Moving Speed 0.006 m/s
Driven Motor 11W 24V DC Type n/a
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Fig. 35 Estimated Drag force
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Fig. 36 Design of underwater thruster
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Fig. 38 Measure bollard force of thruster
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Fig. 39 Thrust Force vs. RPM
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Table 13 Specification of Thruster

Index Value Units
Dimension L0.215Xd0.054(prop. d0.145) m
Input Voltage 24.0 \Y
Ballad Power(Max.) 4.2 kgf
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25 HAT F U
2 Sgtolgd e R FHVE AMESIER FHAANE X3Fo| VM5t EE A3WalEs F
&3tttk WIFEE x2etr] & Hxe FE77F astH, WEFEe AA R 2=
Hol Jorg FIAN A s HAidlele FHOE HA st oF ot
Table 15 Specification of Rudder
Index Value Units
Section NACAO0012 n/a
Planform Area 0.0118 m2
Aspect Ratio 2.68 n/a
Span 0.180 m
Mean Chord 0.067 m
Maximum rudder angle 20 deg.
37 74 ¥%
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Fig. 41 Exploded view of front hull assembly
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Fig. 43 Exploded view of payload section
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Fig. 44 Exterior dimension of HUG
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Table 16 Dimensions of HUG

Index Value Units
Length 1.97(with antenna 2.50) m
Diameter 0.22 m
Width 1.04 m
Height 0.45 (Cylinder Dia. 0.22) m
T3k, HUGS AAI" A EAQ L olgle] Table 173 At} o2& 02 4740 old
o $EAL FARYL B Solof S AT FARYL FASE AL ol
oJmz Qoo YRS S stk
Table 17 Origin Parameter of HUG
Index Value Units
Weight 50.50 kgf
Buoyancy 50.60 kgt
Tp=-0.96, y5=0.00, z,5=0.00
Center of Buoyancy m
(from Nose)
T ~~-0.96, =0.00, z~-=0.01
Center of Gravity g e c m

(from Nose)

AA Nzow 5B A 8IS S Jone

N

Table 18 Moments of Inertia

Index Value Units
I, 0.33 kg—m”
Iyy 6.83 kg— m2
Izz 6.75 ]f(] — m2
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o AAFE FEslstdth Ao|iFo s FEtoltE FIFAIIIAL ojuf AAFLel A
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Fig. 45 Self-propulsion speed test
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+ Fig. 467 2ot W& 89U 0.03x HHolH, F317] A 31xd4 2000rpme] 25%A
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Fig. 46 Speed using thruster
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Fig. 48 Maneuvering using rudder
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Fig. 49 Actuators calibration in water tank
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51 wAHA+ 74

511 #EA 2 AHHE A

5% Fetolts BAl, RA Y], W AFe|FHA, 2171, % @A, I o=
T} QU oleld AT olF LW, B, 5Fo F/14%, F4 gk 2
2540l Y=o} Ak

= @)t @7)
1= (8,6, (28)
o1 = (v w)” (29)
v2 = (g )" (30)
n=(X,Y 27" (3D
m, = (K, M, N)" (32)

314& Eulerzte 2 uehdm, Yaw(y), Pitch(9), Roll(¢)e 2zt 2257 whet %o
o= Fig. 50143 FdHTh
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Fig. 50 Coordinate frame on underwater glider

ATFRAFEA YA BA &5 5 2B o] BHAT

u
v] (33)
w

ojuf, EALAHHAZAE TAALZHATAZ v F= HAPE LS 2G4 2

costcosf — siniycosh + cosypsinfsing  sinysing + cosycosesind
J,(ny) = |sinycosf cosycosd+singsinfsiny — cosysing + sinfsinipcose (34)
—sinf cosfsing cosfcos¢

&l el = @59k 2ol vekd 5 glon, eyl dE 2 2(36)3 2o

¢ p
0 :JQ(%) q (35)
¢ r

1 singtanf cos¢tand
Jo(ny)=10 coS¢ —sing (36)
0 sing/cos¢ cos¢/cosh

FASA Y FEFAe AXHE = 4@E7)~2438)3 o] TA|HT
rg = EXETE ZG]T (37

rp=Tpyp 2p]" (38)

A 6AFE SEFHAE R BRI FEHo HGY-HUDE Ve



0] o] m¢l

o old, 2 AT
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239 ASE Jephn ¢

(39)
(40)
(41)

(42)

(43)

(44)

o #

(45)

(46)
47)
(48)

(49)

oot

o

AR vl re] =
m[ﬁ—vr—i—wq—xc(qQ+r2)+yG(pq—7.”)+zG(pr+.q)]ZX
mlv—wp+ur—ye (¥ +p*)+24(@r—p)tag(gp+r)]=Y
mlw—ug+vp—zc(p* +¢)+z5pg—1)+yslpr+ ol =2
Lo+ (L. —1,)qr— (r+pg)L,.+ (* = @)+ (pr—q)l,,
+m[yG(w uq—l—vp)—zG(v wp—f—ur)]:

L,q+ (I, — L.)rp— (p+ qr) L, + (p* =)L, + (gp—1)I,.
+m[zG(iL— ur + wq)—xG(iu— uq+vp)] =M
L.r+ (1, — L, )pa— (q+rp)I. + (¢ = p*)I,, + (rq—p)I,.
+m[:vG(i)—wp+up) yG(u vr—i—wq)]:N
YL I FAES VIEoE ZF P tidl thAS] FAE st Jormz dH-A
ARAEE o3 2ol Yed &
L,0 0
I,=10 1,0
0 0L,
6AFE EeHAA dis] AU5E sk o2 A6)~2GDH 2ol Yeid 4 9
=
m[ﬁ—vr—i—wq—xa(qQ+r2)+yG(pq—7.”)+zG(pr+.q)]ZX
mlv—wp+ur—ys(r* +p*)+26(gr—p) +ag(gp+r)]=Y
m[iu—uq—i-vp—za(pQ+q2)+$g(pq_?.”)+ya(p7”+.qn:Z
Ilj)-f—(f I)qr—f—m[ya(w uq+vp)—zG(v wp—l—ur)] K
Iq+(] —I)rp—i—m[za(u vr—i—wq)—xa(w uq-f—vp)] M
Ir-i—(I I)pq—i—m[wa(v wp—i—up) yG(iL—vr—l—wq)]:N
olwl sldatel gt We TRAW T AGD-AGIT ol fAH:
(Hydrostatic)®, 34 -fA@(nertial), #4746 9 (Damping), Al o] & (Control) =



e Zhzbe] mulEEo] 9t}
EFO = thdrostatic + -Fmertml + Fdampmg + Fcontrol (52)
EMO = Mhydrostatic + Mnertial + Mdampmg + antrol (53)

o059 FAY AFELS AAE FE=dolge AAF A sty HAE S ol 85t F
3+ tH(Prestero, 2001).
51.2 AR YEEH =89

g ARG A FAS s AL AA FHe| Wt w
ofoF gt}

F, hydrostatic = f G f B (54)

it
of
ok
o
kl
)
ol

Mhydrostatic —Tq X fG —Tp X fB (55)

7} 6AHr=oll thel A YEhH Bao] 2(G6)~A (6D 2t

Xpg=— (W= B)sinf (56)
Y s = (W— B)cosfsing (57
Zys = (W— B)cosfcose (58)
Kys =— (y,W—y,B)cosfcosg — (z, W= z,B)cosfsing (59)
Mys == (2,W—2,B)sind — (x,W— z,B)cosfsing (60)
Nyg =—(x,W—z,B)cossing — (y, W— y,B)sinf (61)

pCdAf)u|u| (62)
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A5Es ZHE G tis] Yl oo 46~ D3 2o

1 1

T tail

1 nose 1
Zw|w| = - Epcdc/ 2R(,§C>d$_ EpdeAwing

tail

1 nose 1
Mu1|w| = Epcdc/ 2$R($)d$_ Exfinpcdefm

tail

1 nose 1
Nv|v| = Epcdc/ 2$R(‘T>d$+ Exwingpcde

tail

wing

1 nose 1

tail

1 nose 1
ZQ|Q| = Epcdc/ 2$|,§C|R($)d§6+ Exwing|$wing|p0dewmg

tail

1 nose 1
Mlql = = Epcdc/ 2$3R($)d$_ 5$?mPdeAfm

q .
tail

Ny = — %pCdC/ { /2x3R(x)dx— %m‘?ﬂmngde

tail

wing

A4rE A3t= Table 199 A8 stuch
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(64)

(65)

(66)

(67)
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(69)
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Table 19 Drag Coefficients
Index Value Units
Xt -5.32 kg/m
Yu|u| -2277.64 kg/m
Z i -242.04 kg/m
Mwlwl 10.50 k‘g
Ny, -15.71 kg
Yo -5.87 kg—m/rad’
Zy 11.15 kg—m/rad’
M, ~11.40 kg—m?/rad’®
Ny -7.73 kg—m?/rad”
514 FAFAH
BENAGEFe 5o &5A7 /MEEE VHE u IS = AEE UER ™, PMM(Planar
Motion Mechanism)3 22 A3 A1 ®WHolu o]2ZQ] WHo g2 T Zo] 7hgsith. A3
02 239 $FEE FSAE APHA PN Sk ok s ol MMl ol
U 30 g3Fs A wtem=z T Al Aol EEFE ¢ ok B =felAe oA
o) APHES o bt go| RAAFASE A5
NFHAE AT A AA 6AHE SFL S BA Fgss RAAFYe thev
o] FAE T .(Newman, 1977)
M;=— dimj+3,1 — Ui 2My g € jlgMYy (73)
(i=1,2,3,4,5,6 jki=1,2,3)
u; (g, s, uy) = (u,0,w)
<U4a Uy, Ue) = (paQaT)
Qk : (Qla (227 93) = (paC_Iﬂ’)
A71M Fst ME 27t 3% 9 j% F99 2ES dehdth mE= FHEgaA
24 i Bl J1skE jUSe] RAAY I RABYRNES dudth S P&
M| 2 A4 123, 231, 3129 ASde (DY FEE Hsta, 132, 321, 2139 A= ()9

_46_



W] BUMAEH S FA57] HeA AAE AAe 43S Bz JHAst A=
I @=3re] vl E o] &35ty I e 74 2Blevins, 1979)8 o] &35 T
s ol
I RUMAHES FAS] ddAe 9Y Id5FEE JPEE el diEl A3
(Newman, 1977)% o] &3} th
ma(x)ZWpR(x)Q (75)

AA AP FS 7oz FJAss 2o el Sehelviel A es WEFeto] e A

& wefste] A P2 Blevins, 1976)S &3t ch

_ 2 2 R($)4
maf(x) =7p afm—R(x) + o (76)
fin
nose finf
Y. = —/ ma(x)dx—/ maf(x)d:c 77
tail finr
nose finf
Z,= [ “m @z~ [ mplalar (78)
4 tail finr
M. = / xma ()dx— / ﬂ”fxmaf (x)dx (79
tail Finr
N. = —/”mea(x)dx-i- /ﬂ”fxmaf (x)dx (80)
tail Fin
Y. = —/”mea(x)dx-i- ﬂ”fxmaf (x)dx 81
tail Fin
fin
N / xm, (z)dr— / am,(z)ds (82)
tail fint
M(.J =— /mea ()dx— /ﬂ”fomaf (z)dx (83)
tail fint
N, =— /mea ()dx— /ﬂ”fomaf (x)dx (84)
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5.

Table

20 Added Mass Coefficients

Index Value Units
X, -0.88 ke
Y. -64.16 kg
Z -71.23 kg
Miu -4.39 kg-m
]Vl’) -2.78 kg-m
Y. -2.78 kg-m/rad
Z’q -2.68 kg-m/rad
Mé 16.06 kg-m2/rad
N. 16.06 kg-m2/rad
15 Ao #+A4
2277k A5FY o] Tgel FAAFE BEstelok Bt Aol ASE AAY F

_48_

ol 7t A= 98 &S AEI B2 AR CE YJehfoj .

Xprop = _Xu|u|u|u| (85)

K., = — Kyg = (y,W—y,B)cosfcos¢ + (2, W— z,B)cosfsing (86)

B, AoFA"H2 SEelr e s Fo WEdFEHRuddene] z-sol wE BFHI ARAA
o17]1¢] zZtEol wet FAFTA ¥R o7 He E/(Blade)o] wHezbe] wWsto] whEt LAY st
© g4 Eolth

AA s MA Warel ols) WASHE FEL nHW AENIH 2o,

1 2

Lbodu - EpApcbdu (87)

=0 s 4(88)] wlaE#A Yt HZT

Yuvl = Zuwl = EdeCyd (88)

pe AA FHo Ax, A& AAY FIHE, ue &5, ¢y AAY &Y AFE Ue
Wt Hoerneroll oJst® AAo] 23 AAdolef HIZE ¢ 10€ o, ¥ A4+ 0.030]t



of W wAs HAe mREE theol 4@t 2ol vhehd = itk

1

— N, =— —pd’c, . (89)

M, uvl — 2

uwl ~

At Belol=o] Wwezte] utet WA FH} BAEE el HO0-4ODI 2k

Lp= % pcSpdu’ (90)
Mp=xzpLy 9D
Lyp= %pCLSBQUQ (92)
Mp=zplg (93)
Yuu6R == Yur = PCLSk (94)
Zuu6B = Zyw = PCLadp (95)
Yur == PCLoSRTR (96)
Zugp = PCLaSHR 7
M5 = M,up= pcroSeTp (93)
Nouws, == Nuwr = PCLSRCR (99)
M, =Nyp==pcLsS fmxzfm (100)
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Table 21 Control Force Coefficients

Index Value Units
Y, -138.24 kg/m
wr 6.91 kg/rad
L -30.72 kg/m
Zuq -18.43 kg/rad
M, 6.91 kg/m
Muq -0.35 kg—m/rad
N, -20.56 kg/m
N, -8.68 kg—m/rad

oA meE Z7he] Asse SeAwo R gidetd okl A0D-2(109)3 Zol

mlu—vr+wg— xG(q2 + 7))+ vealpg— r)+ 2 (pr+ Q)] (101)
= Xpg+ X, ulul + X{Liri— Xpqwq+ X 99+ X, or+ X, rmr+ X,
mlv—wp+ ur— Ya (r* +p?)+ 2o (gr— p)+ zo(qp+ )] (102)
=Yyt YU|U|’U|’U| + Y7,|7,|r|r| + Ybi‘1+ Yﬂ.“—i— Y, ur+ prwp—i— qupq—i— Y, uv
mlw—ug+ovp—z6(p* + )+ xg(pg— )+ yglpr+q)] (103)
=Zyg+ Zu,|w|w|w| + Zq|q|q|q| + Z{uw—f— Zﬁ—i— Zuquq-f— vavp + Z,,prp + Z,,uw
Lp+ (I — Iy)qr-i— m [yG(w— ug+vp)— ZG(i)— wp+ ur)] (104)
= KHS + Kp|p|p|p| + Kpp—f— Kp’rop
Ljé+ (I, —L)rp+m [ZG(iL— vrtwqg) — xg (w— ug+vp)] (105)
= Mpg+ Mu4,|w|w|w| + Mq|q|q|q| + M&jw-i- M('Zq-i— MLquq-i— M,pvp + Mrprp
+ Muuuw + MLU&UQ(sS
= Nys+ Nyplvl+ N, rilrl + Noo+ Nor+ N, ur+ N,,wp+ N,,pq (106)
+ N, uv+ Nuu&u%r
gel olFAT PezuANe £FOoR AFFA( N AFWYRAE(Q), HEE

Alrpe] AAzto =z WaA At
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my,r, +m,r, +m,r,, (t) (107)

TG(t): m
t
L) = (= my i)+ (L= mp 7 )+ (L, = mo o (07, (1) 108)
Voar ET o &)+ Ve
o) = Lot ”w;/((z) fiaT i (109)
t

L—»{xy zphitheta psi

Heading_PID controller

Euler Mode Curhngle
: udder Angle ClriH eadSign
Fixed Ang Desangid S| e o
o
output

Maneuwering uv wpqr uvwpgqr Xy z phi theta psi

Atti_PID cortroller

output

VariC oG CriAttiSign
% Coordinates

Transformation

DesPitch

Atti Controller

L—» curos
CtriBuoy Sign

DesDepth

Buoyancy Controller Buoyancy Engine Glider 6DOF

CmdSign_Glidemode

Fig. 51 Hybrid Underwater Glider Simulator
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Table 22 Velocity and cycle distance by glide angle

Index casel case?2 case3 case4
Dischargable Volume(cc) +450 +450 +450 +450
Desire Glide Angle(deg) +35 +30 +25 +20

Attack of Angle(deg) 5.21 6.9 8.2 10.2
Cycle Distance(m) 452 612 707 806
Maximum Speed(m/s) 0.78 0.67 0.59 0.51
X-Z plane X-Z plane
0 L, . 0 N
E-mﬂ- i F - g-m \ - R . // 3
i N 200 \/ ! \ . . .\.-’ . |
2 200 atlx: Bcln = srllu 1000 rzlco 1-:00 1600 1600 0 200 400 600 BOO 1000 1200 1400 1600 1800
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; u velocity i , u velocity
= | \III_- -IIII- |_" \ I!,' \ 'I:.- | -g — v \f 7 T
%us | [ | | | | 505 | | I |
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§ | | ‘ l | | v g ) o |-
g °l . a3l 5 i 1
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= N | N BT P
o LA | 2, | . = ; N .
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5 w
£0s ——T——F \ V E05[- v v e
‘5' JI i i i i i i z W] ) . i i
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Fig. 53 Simulation by glide angle
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Fig. 54 AoA vs. Glide path angle
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Fig. 55 Velocity vs. Buoyancy variation
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Table 23 Velocity and power by Buoyancy variation

Index casel case2 case3 cased caseb
Dischargable Volume(cc) +450 +350 +250 +200 +150
Desire Glide Angle(deg) +25 +25 +25 +25 +25

Est. Power (outlet, J) 2909 2286 1662 1350 1039
Est. Power (inlet, J) 145 114 83 67 51
Cycle times(ref. 8M]J) 2095 2666 3667 4515 5871
Endurance(distance, km) 1481 1885 2593 3193 4151
Endurance(days) 21.1 30.2 48.8 67.2 159.6
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