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Maneuverability Analysis of a Ship by System Identification Technique
by
Chang-Gu Kang*:Sang-Hyun Suh*-Jae-Shin Kim**

Abstract

When the hydrodynamic coefficients of the ship maneuvering equation are estimated by captive
model test, it is difficult to take account of the scale effect between model and full scale ship.

This scale effect problem can be overcome by processing the sea trial data with system identificati-

on. Extended Kalman filter is used as a system identification technique for the modification of the

simulation equation as well as the estimation of hydrodynamic coefficients.

The phenomena of simultaneous drifting of linear coefficients occur. It is confirmed that two

coefficients in each pair-(Y./, ¥,'—m’s’), (N,/, N,”)-are simultaneously drifting and all 4 coefficients

are simultaneously drifting together. Particularly simultaneous drifting of 2 coeficients in each pair

is more significant. It is also shown that the simultaneous drifting of 4 coefficients can be reduced

by choosing the input data which have the random »'/r’ curve and 4 coefficients are estimated

within 2~4% error, which may be noise level. So, it is recommended to operate the rudder rand-

omly in sea trial or model test for the application of system identification technique.

G Center of gravity
7} & (Nomenclature) H Measurement Matrix
h Measurement function
Ar Rudder area k Ratio of ua to #a-
Ap Area of the portion of rudder that is in the L Characteristic length, length between perpen-
slip stream ) dicular in this study
Ce Resistance coefficient m Mass of ship
¢ Mean velocity over the rudder N Hydrodynamic moment in z-direction or
€e Mean velocity over the rudder of equilibrium Gaussian distributed random variable
propeller Joading at forward speed # Ny Asymmetrical yaw moment due to a single
£ Effective rudder angle propeller
S State function n,np Propeller rotating speed
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0 Origin of the coordinate system
P Error covariance matrix
Q Covariance matrix of process noise
R Covariance of measurement noise
T Yaw speed
S Wetted surface area
t Time or thrust deduction factor
U Resultant ship speed
U Surge speed at equilibrium state
u Surge speed
u Exogenous input matrix
us Propeller induced velocity
Upe Propeller induced velocity far down stream
uc Current speed
v Sway speed
v Measurement noise
w Wake fraction
w Process noise

Hydrodynamic force in x-direction
- Cartesian coordinate fixed on ship
x State variable
Ze Cartesian coordinate fixed on earth
za Position of the center of gravity
Y Hydrodynamic force in y-direction
Yo Asymmetrical sway force due to single pro-

peller
y Cartesian coordinate fixed on ship
e Cartesian coordinate fixed on earth
2 Cartesian coordinate fixed on ship
‘Ze Cartesian coordinate fixed on earth
z Measurements
o Current direction
a Urknown parameter to be estimated
¥} Rudder angle
gz Residuals

%1, 52, 73 Coefficients in the empirical expression of
effective thrust behind propeller
I3 Water density
z Covariance matrix
[/ Transition matrix
¥ Error covariance of the initial guess x(0)
v Heading angle
Mathematical Symbol
+ plus or minus
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0 partial differential

= identical with or defined as
Superscript
indicats nondimensionalized quantities
VAN indicates optimal quantities
degree
0

. -

ot
- mean value
~ indicates estimation error

Subscript

r indicates speed relative to water

— represents matrix
o represents the equilibrium state, unless speci-

fied otherwise

(scale effect) ¥4 Az =FLFugae <48
92 9sha] Azul 724 (system identification)ol
g E Ao Burs DAWE Tz 9

<

Az=nl Ay AsEe dAde] #AFHEHA
AgE T ol & o] 3 Ay =34 5A4 A
fEHL AE I HAS, AFT2FLA 2 FHAA
274, BPA—Ad4e Azast d4A3AAY dTFF
2 o) & sh Aol vastel, AxRAZTPeIF Atz
FAGANA 2AE A2 BH Agdold Y& AH
she Al H g 2@ F, o Axdle FoiAd
Ho| e Az Ho2FH AEA04d =YL
7 gehe 7ol AgzFedd A" Az A
Z el = WA 4 234 (equation error method) (12

(23, §247 349 (phase plane analysis) (3], 2
# A (maximum likelihood method) (47, extended
Kalman filter (5], %°] Slch o] 4 2& <& slx
AT A AdutzEAade] q1&H FAY A4
A% shEdte 2% 2o g

zEy, fAEESA AFE FAT A AFEL
9 T4+ J

22 ¢ A% €4 XU

N E

3 § (simultaneous drift) & A2l My o7 nf
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2 dTeA e el 4 oA #3453 g
ALFE 4% 4 9+ extended Kalman filters A}

Bto] AfzFEA & 93z, o R4 E T4

2.

FRrAAE AA8 A gy 4t 54 =
ki

6ol A8 Algso A
FE DY

ol A 28] (system)el] A 25 7 £ (system identific-
ation) & A £3}r] M= 2 A2l od B
(dynamics)o] 483 oz ¥ AHo]ok g}, B T
A 1980 o] Abkowitzrl #¥ 3 28 (5) ¢ A4}
5, o] 28L& Abkowitze] 934 1969de] urzZE

FERY (7€ 2l €4 2 A44Y AsE 3

kel ¢4 % 2ol

ANEFEAAE FA A o] HelF 4A A
EAE AsuTh QuAd 4%e F4F FAol
WA AR ezs Bgolt o 44& ol ga]
Aot Y nasq G AFEA] 2A4E

zFo 2 Hushd 45URe F(H)ez HAgTh &
HAurgs () 3 "}"] P ‘ﬂ%ﬂ]x} 53} z_)
; o et F

ol REolch

dubA o 2 W] L 6AFE
TFAAE F2 ALY FFzA 3 o
W9 3 AH{E(surge, sway, yaw) 5
712 g, ol £F5& EASI S AzA

1l

o) Iﬂ‘-,

Fig. 1o] 2oz 2
oA AFE AZel a4 B e ARL

ut

u, tcurrent speed

@ :current angle

Fig. 1 Coordinate system and sign conventions

EEK - R - STERE

Table 1 Mathematical Model for Ship Maneuvering
Simulation (ref Abkowitz r5])

ﬂ:u,~uc-r-sm(<,;—a)

uzﬁ_ffX,—

V=0, —uc r-cos{y—a)

iz,—f ((L:~Np fo—{mxec— Y ) fs]

fzfal(m— Y.) fa— (mxe—N) fo
where
flzm’[%L"’]u,z T2 [ L La]ﬂuy 7]5, ['S—L" n*

J
—C[fSur |+ X2 S Lo+ X0 § 1r]e

14

7
(X b m'z ) [%L‘]r”— Kewtm") [5L]0rr
+ X [ G LU o

e=effective rudder angle=5-% -{——’i

<

c=weighted average flow speed over rudder

= A= T hup 3o+ AAA" (1= w)u,?

U, = vu 4o,
gl () (v fgr

]
+ Y'5(c—co) fL"’v,}

{(Y —m u,'J[gLSU,] 2"’ (c-—cg)-‘g-L3r}

+Ya[ L2 ]o+ Vi [ £ L0,
g
Fo= N[ B Lo( = J+{w [£100 e
~Ni =) § 10w }+ (N =’ ) [ G LU |
+ A Nale—e) GLr}+N[4 D)o
+ N [ £ LU, oo, + N o[ § L]0
fe=—1) [S1a@—N) (417

— ('t~ N [S 1| (e~ YD [ 1]
u, =u—u.cos(¢—a)
v,=v+usin(y—a)
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4l (open finite depth)
AdFze AFA d=

3. & F(current)®) W37 A9 gl
o] ¥ & 37} (memory effect) = FA = o}
5. 3 F 9 (roll), 2}8+% 9 (heave), %% g (pitch)7}

Az, Pehsquat® 27 ol ol 58 G Fol FA
2,
6. AEE(, i, NE FAYY AR ez B
=},

o] A2 7}Ae] W& Abkowitz® 423 & Tablel
of Boxz gl

3. HUXEBHC| ALHUS

e Aane 23z Ao Jd 29
& BAANFE 4252 FALG Axd oL
%%ﬂﬁwﬁﬂsﬁ$yﬂ%ﬂ% CEE R IR

3} (modeling), @} 4§ ana1y51s) 47 (estimation),
(contro) B o2 EHF3A., Az HAFL 30| %4
%% 7 (observation) & o] §3Fe] Az 4
el A& wtolzl mgel i
AAge dex Agss, Azglo] 71X
HEER 2¥3Ey] o Fo] Sch-
weppe (8] £ A2 AFol 4dAlE Lo ok
A g w9t (Fig. 2)

3-1. H|M

A & 2esielr] YA %4 A 28 (dynamic syst
em)L A 73} F-2 (time-invariant) 3ot = 714 5 =4,

AL WIE T Azdle] qE ALAA At

3 ZE XM (nonlinear estimation)

=% %9
Azie] A% 23F] ARHem Aduss
wo,r o] 4@ A FEsa 42y
&5 2L -}elF 7 {state space) V]I E oW £ 9L
ok,
u(n+1)
st = | YETVN —pan), mptn), s
[ r(n+1)
¥intl)
+w(n) e9)

z(n)=Hx(n)+u(n)
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IT-Eypothesize Structure

Estimate Parameters

Test Validity

pass fail

\ 4

Diagnostic

Analysis

Fig. 2 Procedure of system identification

8{n), a(#))

w(n)
+ [ } o =H'g'(n)+vn) @
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Table 2 Summary of Continuous (System)-Discrete (Measurement) Extended Kalman Filter

System Model
Measurement Model

Initial Conditions 2(0)~N(£(0, PO

Assumptions w()~N@Q, Q)
v(n)~N(Q, R(&))
Ewv@)T =

E{w@®z®T =0
E{ymz" 1)} =0
State Estimate Propagation

Error Covariance Propagation

Predicted State

Predicted Measurment
Residuals

Predicted State Covariance

Predicted measurement
Covariance

Normalized Predicted Measure-
ment Residuals

Updated State Estimate
Updated State Covariance

Gain Matrix

FO=f(@®,u@®, ) +w(®
2m)=h(x(ts), n) +r(m)

HOESICIORTON)!
PO=F(&(8), 2, OPO+P)F (),

Faln—D=2(-1n—D+ [ i@a
Fla—D=hG 1)
d:i(nln—1)=z(n)—2(nln—1)
Paln—D=Pa—11n—D+ [ P
F(nln—1)=H () P(rln—1) H" () +R ()

§:(nla—1)= V213 (n|n—1)

taln)=Enln—1D+K@m)3:.(nln—1)

Paln)=[I—K®m)H@®)IP(nln—-1)
=I— K(n)H(n)JP(nln DU~-KE@H®IT
+EKn)R#)KT(n)

Kmn)=Pala—~DHT @) (H@®Pnla—1)H (n)+R(m)J1

white
white
for all ¢ and all =

(), D+Q@

Definitions FGw,n=-0E0.40,0
x(t) (D=5
Oh(x(t),n)
B @ln=1)= ox(tn) };(tu)=3(nln—1)
N(m,¢) represents a random vector of normal distribution,
with mean m and covariance ¢ |
g 4 Arh o A E2F A5 ofF 2 P (flter) FAEE
AATES] T8 v AYIAAE F-S(noise) S ol HeJAFE ¥ AFEe] FA & HHzE A

Az FHG E 24N AYRA e g e no
= Aol Fasdtd. Fg9 494 (linearity) & A F
erslsled mgo] AAE, o] AL Bud AF
(validity tests)o] o8] A Z9d 5] ejoF ¥},

AAE FAL HE FdS5Hoz AgAd. 294
AWM zm& olHd 4] A4 THo| T ¥
At A= FYGEe] FdSF Azt A 2L w@x
AA Az ZAZHY Folr), A2 Aoz,
Z73 o] Bod4q extended Kalman E ¥ & Table 2 9j
2%y ok

3.2, MEH o SANHF BN
FAEHGA ATE FE57] G oA dF

g g 23E A5 AGEAT EHQE Dol
BARE Yok ¥V, H& NG N E A0 $4¢

F(drift)etr) A ZstE Aolwk. ESSO OSAKAS 4
Felo)Ad® 10°/10° Zig-ZagA s E Hag Ast
Fig. 3] Rejxlz ed] 4714 “FA HF(simulta-
neous drift)” ¥4-¢ I & g, oHe Y.,
Y, N'w, N8 grel ol 3ol wheda] FAo] &7
3]'71"} T2 7 den, = gausd HEe] £
o= g o g, gdE2uE
L R2E A dE EAS)
o

olelgr A F4ql

o] A ‘i.LZé 5 «] A4} & 7} (cancellation effect)zts A
Hetz gon, A o)L (slender body theory)&

S8 A2FA 44 5E 405
2ol AL BARFALY 9% 47 BE B
2 A Table 1] Sl AutzF A &4 o}
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A
:é:_i -‘\ 52’1 /N\\
N =T
P B g 10 Ve
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Be| &| o
e T e Tl Tame [wnlae T i T aadion  iedon o e o e e e
Tg; YV’ "qgc‘ _________________________ Y_ E ______________________ 4
;?1 ;: L //\\w\/ﬁ'{
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I M CRR T e T AR voa.50
IOENTIFICRTION —— MODEL TEST VYALUE ...
Fig. 3 Results of identification to illustrate the phenomenon of “simultaneous drifting”
the estimation of coefficients
A€ A% 7% Y FAA A3 Fed i g3 TEL AAGIE 49T #ol ¥ 2 @z 44
A zHd 2R 442 EA g2 i HHANRE ¢ JFEAel 4 gk
7 A zkol A vl 4,7 Fol AY AetAA el P 1A FnEd (654 & F de A= 3] 107/
ddle] =EdiA "o, F, $£32FFdA A4HE 10° Zig-Zag A @3} 20°/20° Zig-Zag A@ 2 & A
of Atz wEst o] Ty A¥wAYen HAzEL AR d9eA o/r't Ay AT A
A" e T 77 fE AFEY FAAF 4ol Fd
Yo'+ (Y, —m'u)r’'+ Y 0" =0 Aoz oA,
N '+ (N, —m'z6’u’)r’ + N5’ =0 3 3.3. SAHFHA HHuY
AB)FANA Y52 NS #AE dubsal Ao to A Y EIY “FAAFALE AAE A9
WA et e ZANer AL F Y, A gl A, ‘sl -sa 22A FAT, HeEHE”
N'3=—0.5Y%; 4) Fol dTEe] %
AWE @0 st el oL 3o FA4e & 2FdA L AFY Aedrr &
v/irel g kgt Ag AdE 4 gl HE Holmz Addasst douA & 4L AL
voprm L) 2N i) (W), FE 2USE B e 2344 A5E BA
T Aeste “WgdA"AE L SARFY FIE AdA
@ g & gAw ggEstl 9@ TRAd FALFAY
AG)E ¥ HYAgd A e sof AAY o ulE g hE WA EA = Rtz 9
A AAY GIALE AR AEFIEER AFL o0 e e s 2
FEA P AAR 2, F22 (o)E S aage e A%d049 AR 2ol old] T
AR Yo Ny (Yymmals, (NL=m'ad WD 3% gy gowe) A0 A9 9 32 $448 F
9 4 e 298 A7k AT ¢ RFE A F L o
g A 5, FIRAAA VS I IAT g gg5o g0 dolwe W NiY BauRe
AE ol 884 Yo, N, (Y —m'e), (N, —m'zs'u’) o Ao westgh oledt APEEAAZT A4
R ()8 A o AL A Do aune sgae SAAEE 40T S0t
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T Q.50 L £3.00 80.30 1€0.00 120.083 14C.00 1€0.00
TINE [SECY w'"}

Fig. 4 Postion of the instantaneous pivot point during
the biased Zig-Zag maneuver(15°+10°)

HE” A E A A FELE 7“]7%%7-{— 9 354

a gdelet ¥ 4 A zE o Age] HAAE
oo A7Y wh sieh
3.2 460 oi—lfs_» shshzre] (5

il & =
qe FUdSA A" 4 QL Aol

Abkowitz [5] & = &3X (discussion)e 4] Bystrém o]
#] 215} PRBS(pseudo-random-binary-sequence) 7 % &}
ol zzte] g 7-}71] H7 s Eol AAE Zleo] FHAT

o)A the zEe] ofE AW wlgoel niy] =R
o e} 232 »—J.'%ﬂ (random) ¥ A 2} = A uke] Wk
o (¥ )2a0] 257 (random) ez 7 ¢y W E
oo 24 B9 zduce At wea (2)
Z4¢ walst BEA (random)el A stAESFE A
2 A%gol Fobuw o FF Fig. 49 22 f,’)
FZHe 2= AN Zig-Zag A3E YR AL
8 AEEA ol Eolbd Aolrh

4. HMEIDL H nE

Extended Kalman " E ] o3 2 1?14— 2 D] x]a]

FAFHgA AF FFY5E A}

o &z Qe FAFIAEA AFEL AET 71}001

EEH AEHe AL S Fozs gIAEE HET
olg@A o)A PR 2o extended Kalmande &

:L
X
2

EBK - RHX - £ERF

A g8t 49 AFES AR ¥l agd.
1. 50 A==

AZs ool & FHAEHFIAA Ag FAA AgAS
= Y. Y. N. N, 9 eldgAsgst o] 44
a3} 2ghimst Fol gHlA AFo] AGEE AFE
L e AoA AEIAZ 3, N m'+X'., uc,
aFoll BAHA A mad 2A,

Table 1 & £E5HAA SFAA '+ X )v'r 2 4
AH oz ARG SREMd T GFE wAE
golct.

Extended Kalman Helo] JslA m' +X,, & F3 %

2

o] Fig. 5colA diupel o] ¥ 2 29 Ao
#pf ol 4] %75‘01 7458t

Table 1 & &E53AA & s8] tol YE
N5, Y’m% N, Yoo Nool 24 4527

o 2 &t Ogawa [10] & N3/ Y= =771 0.5 2}

g7k ade 2A¢ deAg, Y 438

dgo] Aormz AEAql oA thizt

4 A4 F A

Y's=—2N’; 6

Aot e BAE Vi Yool 2 530l HEFH
1=

Agd NS 2A4AFAE= 433 EHF28d N’a% T

Hol v $ wzw, FAHANY HALAE 2%

& ‘ﬁﬂi 1% 9 235 Holx &c‘r
FUeg ast 2w LA H2
Futdg a9 A —rM_ZHH ‘4494‘3_“11 o] ke

1°80 AL o3E vehde, A F=27] w o FAL

HE 3~4% F 2 o)A 0.05ft/secd 2xEF o}

Bz ue £xd A GEE FA e

AzAAZA SFLF ast 27 w5 TS

Sk, 2, AAY §

AdAHE NG AAg F

AARE] HE FAAZE ¢

ARAsZAA 77 €Az dA g AER

B FEE Agetyd 40 dEHY A

4.2. H¥He di}
10°/10° Zig-Zag, 20°/20° Zig-Zag, R A AAE 5

3 o] A4 o9 ALHE 2FAHAEE A

atsl 3.2 B A AFF uwhep 2ol V., N, (Y

—m'u’), N9 o' z§o] 4 (5 F H&ste B

AA Az FAe] HET 4 Aok o=F Hel FAH

9 7)-F(mechnism)o] o}, o} g} 3ol o

2t AE AdA7 9894 2709 AEE AY

o

TYL
[

|
Fr e Azel 23
A

B4R =
A
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Fig. 5.a :lesults of parallelly processing two identical files that have a phase shift-the fltering of
state measurements
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Fig. 5.b Resuks of parallelly processing two identical files that have a phase shift-the estimation
of coefficients
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Fig. 6.8 Results of parallelly processing two identical biased Zig-Zag data files that have a phase
shift-the filtering of state measurements
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