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This paper addresses one of the methods to estimate the maneuverability of underwater vehicles, specifically the free—running
model test, An underwater vehicle snorkeling near the surface is affected by environmental factors such as waves and
free—surface effects, which influence the vehicle’s depth keeping ability and manoeuvring performance, Therefore, precise
dynamic analysis on the vehicle near the surface is strongly required, To predict maneuverability, new free—running systems for
underwater vehicles, applicable to 1—ton—class models, have been developed, and a model testing procedure for underwater
vehicles was established using the systems and BB2 model, Based on the established procedure, manoceuvre tests, including
depth changing and keeping performance tests using a practical depth control algorithm, horizontal turning tests, and zigzag
tests, were conducted, The manoeuvre test results are presented with detailed data and pictures, The testing method and
penchmark data obtained from this study will be used for the design and manoeuvre performance evaluation of various
underwater vehicles in the future,
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Table 1 Depth control test scenarios near free surface

Test item Speed (knot) Target depth (m)

Depth control 10 0.7, 1.3, 1.9, 3.1

Table 2 Manoeuvre test scenarios for snorkel condition

Test item | Speed (knot) | Depth (m) | Rudder angles (%)
+30, £20,
Tun
10 1.0 +10, 5
Zigzag +20/20, £10/10
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Table 3 Design criteria for submerged condition

& GBv (m | bx(B) | lzz (L) |4, [s]
| v Design 0.0267 0.35 0.25 27.5
b
Measure 0.0239 0.37 0.25 14.6
Fig. 2 Coordinate systems for underwater vehicles
JSNAK, Vol, 62, No, 3, June 2025 211



AreFERdgAee set #5234 +H

ZHolMe| MER0f &

Diving
Start Step

~
> [PD control with stern sails(yaw)] > [PD control with stern sails(yaw & depth)
)

Approaching Step (design speed, straight; Steady Step (1st Depth-changing) (2nd Depth-keeping)

S
> [Speed and ROT criteria] > [Desired rudder angle w/, w/o depth control

Ready (criteria) Test Step (manoeuvre)

J

->| Surfacing
Finish Step

Fig. 3 Procedure of snorkel tests

T, 0f% 234 A4l &)
222 %xl IES ik M4-507} HofE AT S0 A
FRECk B4 3 3T sl Sge, 2

Ho

o MeAl, XTI S0l bEICt

ol
rr
it
kI
rx
=)

TAkel 02 FS0lspH Mol 7 2
Aol $ERID, 51 2H AlE § OHES 48 912 S5
FRISIZICh M Achll oHES s

Ot SO| =&=|0f ATk Fig. 62 Ml ol w2} A TA|of
DAl B2 olF F4 el 2yuel 250

FEREHS| ST DA SUE #2t UBHP U0l
UTRISE ILSIEICL 4 (024 20| S A=yl ol AL

~%5p| 91z 55271 Holz 78 o7
BFE Ho| WAZ RAlGICH £ P B59712 AT U A

o —
Helg2 125l AlSi, ¥y S22 F35P| flet
o

S22t Mot= PD Mo |E MESICt Fig. 72 7HEE! Al=Ao]
12| o0l| thet 7HE ol

BB2 Mo 29 XEIZ MA|=(0] 27| mhzof|, +AH S5t
HMojolM =& thE Mo|lgEr B g a2t

HOIM TEEI HE ADIAE BRI A (1) 24
Elofl Sst 7|2 Fa| H83l0] BRI HofsIct 0l S3lod
TN 5 ATHO| 7150 HBE A0 TEAY $2 thE

EP—.‘S Al & thFE FRI=IACE

=
=
@

sspil =@, sl AlzolM S8 5t 514 solsgeRioz

SAIEHEPIR, Fig. 70IM MBste SE AT 2ol ojxl2t 52
epAolc,

SE2SHC ARSTIHAHE Mk HololM 52
SRS | fleiM= MM YLI2|F0| 2EMo| SEl2EkakEof
W2 T2 4 UTS ASsHok Sick Fig. 82 EAE 5 ©

olet 2 =XME M| 2ol alE MulsiUEMEATA LY
ool Eﬁo [&e] 2E&0|0d, 0|F Solo MESHAO] 0|5 g2
ARof Z2HsIct
Hevooy = Py, < (Oesirea—0) + Dgamp(édesired —0) ()
Odesirea = Lyain, =< (Ziesivea—2) + ngb (Ziesired -2
Oesirea = rmar édesired =0, Zdeszred =0

AT 517152 N 0f28 AEE 4 2ok ATHD|
22 2B +30] 2asH S (hE MoRTERIS AlZsp! |
o A - ,
DaME M Q2 BEAN7|1, AlE0| XiE ESEEICt Desired Depth ——————===="—~
i = SiA T = 2 . . .
Fig. 42 BB2 2gdtde] $EEH ARIOILL, Fig. 52 S20IM 5 7 pepth control algorithm for underwater vehicles
212 CHBIRAISHSI=27] 62 R3S 20254 62



E)
i
oot
5
Jhu
A
02
M
_|II
ox
ofor

Fig. 8 BB2 model in towing tank
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Table 4 Depth control test scenario details
Target depth/elevator
Test No. 0
S (m) A (m) B (m) F()
DC1 0.7 1.3
DC2 1.3 0.7
DC3 1.3 1.9
DC4 0.7 1.9 1.3 20
DC5 1.9 3.1
DC6 3.1 1.9
re— e
Initial depth 0.7m | Target depthA i ?Elevatorfix
\ Target depth B
Diving A i B surfacing

Fig. 9 Step of depth control test

Table 5 Results of depth control tests

Target | Depth [error] | Pitch | Elevator
Test No. o o
depth (M) (m) ) )
DC1-B 1.3 1.24 [-0.06] | —2.75 | —0.78
DC2-A 1.3 1.26 [-0.04] | —2.62 | —0.61
DC3-A 1.3 1.29 [-0.01] | —2.60 | -0.75
DC3-B 1.9 1.78 [-0.12] | —2.97 | -1.89
DC4-A 1.9 1.72 [-0.18] | -3.51 | —2.17
DC4-B 1.3 1.22 [-0.08] | -3.07 | —0.81
DC5-A 1.9 1.72 [-0.18] | —3.48 | —2.30
DC5-B 3.1 2.90 [-0.20] | -3.28 | —3.25
DC6-A 3.1 2.88 [-0.22] | -3.36 | —3.89
DC6-B 1.9 1.73 [-0.17] | -3.67 | -2.34
DC7-A 3.1 2.82 [-0.28] | -3.77 | -3.04
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Fig. 10 Surfacing test after depth control test

Fig. 102 =& AT 2F 5moilA{e| A=H(0f 0% 20=2| ThE
MolrgERtoz fakeh Al Znolct 3.1m, 5mZ F3E ATt
T TlollM ZlofRol| et MRk FAH(MEME) Halol e
&5 TTPL FiEE pEEch Eot A 30 I—H9|°| CHE
Mo[HERIZ AIESI| E35222 S
AT SAlol| BEEFEICE BB2 REMo| A9, B2 t'o':rLl .:IOHE

0o E Mo|sgERIE ARESIES o, =0
o] 50 Zp7tof AIS=RACE

3.2 M|, x|/ Alg Zxt

7H ZHe| MM RS Sslo ASE A

Stod, ATl FERHARS #%*EFR“;EL o
S ol = 7ok, DEHAIEe A ERIQ
43&“1'4. 2L EFMM ZEETEAY o I sl =a
oflelZRollA ARMAIRO] ZIJE O] 9—|01I M ZAIE
%”EI AUCE AFHAIR Al of 5 Lfelo] X|TRTAEE S510d
Ao Y2E0] Mg, n|MEE Aol e AnE M2

ok ol
lﬁ.ll OoT gg

—LJ

0> rﬁ re

JSNAK, Vol, 62, No. 3, June 2025

213



AhrelEeA|

og
09
flo

et FE2sH 9 U ZHoIM2| Ao &

= [ — =
=5ds F4

Table 6 Manoeuvre tests at snorkel depth

Test No. A, B (m) Manoeuwvre (°)
M1 Tun £30 (=30 w/o DC)
M2 Tumn £20 (20 w/o DC)
M3 Tun £10
M4 1o Tun +5
M5 Zigzag +20/20
M6 Zigzag £10/10

Table 7 Turning indices at snorkel depth

Index PORT/STBD mean values
Turn manoeuvre (°) 30 20 10 5
Advance (L) 2.42 2.86 4.05 6.09

Time to reach Ad (s) 11.9 | 134 | 189 | 289
Tactical diameter (L) 291 | 340 | 571 | 9.22
Time to reach TD (s) 236 | 253 | 354 | 542
|Max. yaw rate| (°/s) 10.3 | 87 57 3.8
[Max. roll angle| (%) 13.0 | 12.1 9.0 55
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Table 8 Turning indices comparison(depth control)
Index w/o DC w/ DC
Turn manoeuvre(®) -30 20 -30 20
Advance (L) 2.42 293 | 244 | 2.87

Time to reach Ad (s) 1.4 | 132 | 11.9 | 135
Tactical diameter (L) 2.75 | 357 | 297 | 3.54
Time to reach TD (s) 231 | 261 | 23.7 | 255
|[Max. yaw rate| (°/s) 10.5 8.8 10.3 8.7
[Max. roll angle| (°) 15.2 | 157 | 13.8 | 128

Table 9 Zigzag indices at snorkel depth

Index STBD/PORT mean value
Zigzag manoeuvre (°) 20/20 10/10
First OA (%) 17.33 7.97
Time to reach first OA (s) 8.4 7.9
Second OA (°) 13.84 9.89
Time to reach second OA (s) 21.4 19.4
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Fig. 11 PORT -30 turning test with depth control
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