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OVERHEAD SLIDES
FOR EIGHT LECTURES ON STOCHASTIC CONTROL THEORY

AND 1TS APPLICATIONS

K J Astrom

LECTURES 1 & 2 - LINEAR STOCHASTIC CONTROL THEORY

The major results of linear stochastic control theory are
reviewed. Emphasis is given to the problem formulation and
to the main mathematical wmodels used. The topics covered
include minimum variance controls Kalman filtering, and the
separation theorem. The problems are discussed both from the
input-output and the state space point of view. The
presentation is based on references [11s [2]: and [3].

LECTURE 3 — MODELING AND SYSTEM IDENTIFICATION

The problem of obtaining the mathematical wmodels used in
linear stochastic control from experimental plant data is
discussed. Principles of parameter estimation are discussed.
The techniques include maximum likelihood and prediction
erraor methods. Theoretical results for large sample
properties are discussed together with computational and
practical aspects. The presentation is based on references
[4] and [5].

LECTURE 4 — APPLICATION OF PARAMETER ESTIMATION METHODS TO
DETERMINE SHIP STEERING DYNAMICS

Application of the methods described in lecture 2 to
determination of mathematical models for ship steering
dynamics. The topics discussed include: mathematical models
for ship dynamicss disturbances due to wind and wavess
parameter estimation and practical aspects on parameter
estimation. The presentation is based on references [6]s
71y and [8].

LECTURE 5 — NONLINEAR STOCHASTIC CONTROL THEORY

Some important results in nonlinear stochastic control
theory are discussed. The structure of the optimal feedback
is derived for processes described by Markov chains using
Dynamic pregramming. Nonlinear filtering and the nature of



the solutions for more general problems are treated.
Concepts of certainty equivalence: caution and probing are
introduced. The presentation is based on reference Cz21.

LECTURES &6 & 7 — SELF-TUNING AND ADAPTIVE CONTROL

Principles of adaptive control are introduced based on
honlinear stochastic control theory. Self-tuning regulators
are introduced as an approximation to the general nonlinear
problem. It is also shown that sel f-tuning generators can be
motivated in more general cases. Relations to model
reference adaptive systems is discussed. Theory of adaptive
control and its short-comings and applications are reviewed.
The presentation is based on reference [?1.

LECTURE 8 — DESIGN OF AN ADAPTIVE AUTOPILOT FOR SHIP
STEERING

Describes the application of adaptive control to a practical
problem. The autopilot includes gain scheduling to eliminate
influence of velocity variationss a Kalman filtery and a
self-tuning regulator. The design trade-offs are discussed.
Results from full-scale experiments on several ships are
described. The presentation is based on reference £101.
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ST6CHASTIC CONTROL
THEORY AND  APPLICATIONS

. INTRODUCTION

2. LINEAR THEORY
~ INPUT ~0UTPUT MODELS

. STATE MODELS
X3 MODELING X IDENTIFI\CATION

4. AN APPLICATION
5. NONLINEAR THEORY

. SELF-TUNING CONTROL

7. AN APPLICATION
Q. ConaCcLL S\oNS



MODELING AND (DENTIEICATION
1. INTRODLCTION
2. CRITERIA

3. DYNAMICAL SYSTEMS

4. MODEL STRUCTURES

5. ESTIMATON THEORY

6. INTERACTIVE C(OMPUTING
7 EXAMPLE

8. CONCLUSIONS

1

-

IPENTIFILATION
MODELING

T} \_F_ME\)TAW\GN

CLASSICAL.:

TRAMS PER FONCTION
IMPULSE & FREQUENCY RESPOMSE

. "MODERN":

PARAMETRIC STATE SPACE MODELS

LEAST SQUARES
MAXIMum LIEEL HooD

TRADE EXPERIMEMTAL SIMPLICITY
TP, oMYA S T



ASTROMwa

MOTIVATION
ASSESSMENT OF NEED FOR RETUNING '

OF MINIMUM VARIANCE CONTROL PROCESS MODELLING
LOG CONTROLLED OUTPUT DURING NORMAL OPERATION

] - DESIGN OF CONTROL LAWS
] o —— B | . :
s}«?ﬁ““‘f AT R W 158 vemew Ex: Given the system

" CALCULATE COVARIANCE FUNCTION OF OUTPUT

(cov 1 | x(t+1) = Ax(t) + Bu(t) + V(t)
| y(t) = Cx(t) + el(t)

- Find control which minimizes
N, T T
; t tIQyuft)
E 31 gy x(t) + u'tigyuet}

“—)[Paocéss—L—i KF S
| . -L I‘—

ROWLEDGE OF PROCESS DEAD TIME AND SAMPLING
Jg m&f 13 ccmmmes FUNCTION SATISFIES




of the errors

Q- By 2H g hhiwvwv'v's, )

mustt become a minimum. |
"Therefore, that will be the most probable system

of values of the unknown quantities p, g, r, s,
etc., in which the sum of the squares of the
&nmqm:nm_m between the observed and computed
values of the functions V, V', V* etc is a
minimum, ..."
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- "Denoting the differences between observation ‘and

PRINCIPLE OF LEAST

calculation by A, &', A", etc, the first condition
will be satisfied not only if AA+A'A'+A"A"+ etc,,
is a minimum (which is our principle), but also if
B +AY+ A"+ etc., or K+AS+A"6+ etc., or in general,
if the sum of any of the powers with an even exponent
becomes a minimum. But of all these _isna_.mm

ours is the most simple; by the others we should

be led into the- most complicated calculations. "
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THE LIKELIHOOD FUNCTION
INTRODUCE

T [ T T

", [¥itg Tty ... yley]

USING BAYES RULE THE LIKELIHOOD FUNCTION
BECOMES

- L] t
L p(ytk) plyity)| y‘k-l, p(ytH)
Pyt My plytt-plyy, e ply(ty)ly(tg)) plyttg))

FOR LINEAR GAUSSIAN PROBLEMS

- (72 ™2 et Rit )12 exp-(172) €]t R ety )
glty) = yit) - §ity)

THE LIKELIHOOD FUNCTION CAN THEN BE WRITTEN AS
=logL = (ln)[Elog detRity) +E£T(tk) R'l(\k)e(tk)] + const,

NOTICE RELATIONS TO FILTERING THEORY |
INTERPRETATION FOR NON GAUSSIAN PROCESSES
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024

OTHER DREDICTION ERROR CRITERWA

(:1;. (0) z Z F.; (Ek‘ok\{-u.a\),e’,{ﬂ

ez

Ellbun,) = Y M) = 4 ulbes)
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4D
. bew et d
o . ' ‘ leg X0
V(e)= - log L = 4 E.A“) det RU) + 3PN oy
N R
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THE LIKELIHOOD FUNCTION

INTRODUCE
y{u . IyT(to) yT(tl) yT(tk)I

USING BAYES RULE THE LIKELIHOOD FUNCTION
BECOMES

L= py,) - p(y«tk)|y,k_l) Py, !

plytt, | W' POy e ol yttlyttg)) piytg))
FOR LINEAR GAUSSIAN PROBLEMS
Plytyly, ) =N (Ftft-p) R
- )" ™2 det Rt ™12 exp - 112) €11t R” L Jetty)
THE LIKELIHOOD FUNCTION CAN THEN BE WRITTEN AS
“logL »(112)| Llog det Rty + & £Ttt,) R*t et )+ comst.

NOTICE RELATIONS TO FILTERING THEORY |
INTERPRETATION FOR NON GAUSSIAN PROCESSES



Grpn. 2o f g

EXAMPLE

X=Ax+Busv
y(t) = Cx(t, )+ e(t))

THE KALMAN BUCY THEORY GIVES:
Yty ) = Crlt, Ity )

E(t,) =yt )-y(t L, )

R(t)= R+ C P(tylt, ,)CT

Rt lt) = Xt Ity )+ Kt)-€(t,)

K(ty) = Pt It ) CT Rty

Pltiltic) = Pyt ) Kt )CPy )
ﬁﬁﬁd =AR(tIt) rBult)  yeeat,
LZ(:&’.Apcut,»Pam)AT«-R, tatety,
THE LIKELIHOOD FUNCTION

C2logL=€2lagL), +€XIR (e Je (ke Logdet Rety)

NOTILCE THE <STRLCTIURE o=

THE LiketulHoob BUMLCTWON

R —
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COMPUTATIONAL ASPECTS

E—-—mﬁ 3:“# Um 8:@” FuncTIo N m<>PC>.:Q¢
Minimization algorithms — meccran  —-
Simplifications

constant sampling rate
special model structures

BAWLE 4,1 -ty -1
x(t+l) = Axit) + Bu® + Kgity
yit) = Cxt + €M)
-2logL L._.uma Rlew + Nioger - ¢

MINIMIZE W.RT. R!
.28...38&#%&3? + TN+ const

4

{ Rid+4) = Ax =Y 4 Pufe) i< Lyle) —G==2i]

j
mmxuu Yy - Cxit)

A

d

A

2 1l = =, Tz

R = g o<H <)
7

o
(]

A, \I\.;\J



EXAMPLE (ARMAX MODEL)

yt) + apy (t-1) to.otayy(t-n) =
" byu(t-1) +...+bnu(t-n) +
+,1(e(t)+c1e(t-;)<-...+cne(t-n))

MINIMIZATION
=Log L =3¢ V(0) & § Log A+ const

v & et
C(g)elt)=Alg"y()-Blg ult)
9k+l - Q%= [Voo(ok)]-' Ve(ek)
N

Ve -E' C(t) Ee(t)\

N .
Vgg= E eg(tieg(t)s £ eegg(t
C(g" 38 = y(e-0
C(g‘)aﬁm -u(t-1)
C(q')%%({—‘-—e(t-i)



THE ARMAX MoDEL

CANONLCAL FORM FOR
LIN EAR, TIME INVARIALT
SYSTEM WHOSE DY MAMS

IS RATUNAL TRANSFER
FonCTion « TIME oeay
DISTURBAMCES AREe

STATIONARY W(TH RATIONAL

SPBCTRAL DENS(TY

(AN BE EXTEMDED TO
MlSo?

Alg = B u, +Bu, .. +B Mri-(;@

USING ADTOINT UARIABLE S
To CALCULATE GRADIEVTS

d" %(x,e 1)
Vi) = Sg(x,s\ds
- v
V(#)= §9,%ds = - § Pl §, ds

d -LT T
?ﬁz"{;h’*%x

P = o

- PRooF :

= L. % + e
W, = S[fgxxf, +p x - P Xy = PT4a (ds

= P +51‘3x><e P = Pl =T | s

= an] - Hﬁx \oT‘q$ &ﬂ“os



SNLONYULS TICOW

—Rp+p0-H
_» ¥ +PNg + PXY -0

Ma(s)9 + MN(SIH = WA
4

1

e U-pys-cs quily + @K

-9+ + (1-pol9 + W2 + u-ynUg + -+ nlg -

NONLINEAR MODELS

dQU‘- |£w)
dt

0 lubi) = 9 (X Bl )+

» D (Xuw),uk)

Rt = h R b, € )

&,‘:Lh) 2 LJ l"k) — (5,&&"‘;;,‘,,)



ESTIMATION THEORY

HOW WILL THE METHODS WoORK
UNDER.  IDEAL CWRLVMSTAVCES

HOow ARE THE REIULTS INFLUEMCED

By DIFFERENT CHOCES OF THE
MRokLeM BLEMEVTS Q, U, B

QASSICAL STATISTICS

COM S18TE L Y
A SYMPTOTIC DISTRIBUTIOMS
EerlliENVNCY

GEMERAL COMHMENT O ReSLLTS

LARGE SAMPLE PROTPERTIES
CHARARTER  OF BESULTS

o>

NOTIO VS
Y DATA GEVE BATED FROM M,
M MopelL  SET

¥ (RITERIA
INTRODY LE
AU Y] N A |
Wit = o W) | o Lt

SHoWw UM IBORM (OVVERGEWNCE
(ERAODIL THEOREMS OB MAPTIN GALE TTHESREM

MWALYSE wW(e) FIMD €, WHUN
MINIMI2ES W ()

UUDER GEMERAL BUT HESSY CoLDITIONS'S
) |

&, = 6,



i

2.

3,

1.

AVAMILABLE  CoMMANDS - \DPAC

INPUT & OuTPUT
CONV, ENT, MOVE , LasT
DISPLAY |

PLET, BoDE , PLMAG, FHEAD
DATA OPERAT I0NS

INS1, CUT, Cone, Pitie | SLIDE | STAT

Scw!’,_ve.cog, TREND, AloF, CCOF
FREQUENLT RESPONSE
FPoP, ASPEC, CSPEC, SPTRF

SIMULATION . MODE(L ANALYSLS

FILT, DSIM, DETER RESI), RAMPA

IDENMTIFICATION
ML, STRue, 5QR, Ls

Mise
DELETE TURM

®)

AVALLABLE COMMANDS = INTRAC

MACRD NAME [PARG) PARGZ ... |
forML  FARGL LPARGZ ... ]

END

EXEC 'on'/'oFF’

LARBEL LNAM

Go To LVAM
\E ARG\ REWP ARGL GUTO LAM

FoR COUNT = BEGQI\N TO FANSH

lstee nvem)
NEXT CounT
SWTCH
LET VAR| = ARGl (uP AR&Z]

READ VARI TYPE\ (VARZ TYPE2]
WRITE [ oev) [sTRivGL /ARaLT) ..
FREES
STOP



LS .
Alg)yte) = Blgduliee) ... + €le)
G - Ly o = elé)

Y - ¢6 =E. » [P Y][-:] w

CRNRE

[\ T e 179 (&)
0 Vi [ |70 | ] &
(5 r‘“"A -0, ) €

0 0 Yaod [, 4 Cu.,)

SQR RMAT« DATA  STEF
L6 [Sw)] SYSTLWANE)] ¢ STRE

$uBCOMM ANDS

favE  STOEV
SRVE.  GMAT

ML
T0ENT\BICATION OF MODEL

ALY )Ly e B 1g) 0, 1)+ ¢ B (g w1
+ A C(g) ely)

ML LLSW)) SsT L(NAMEY] @ DATA  NO

SVBLOMMANDS
INVAL  ABC/C  SYsT [(VAME)]
Flx ALY [VALT ...
SAVE (CoMAT] [sToev] [Gean) [evaw
et

RARAMETER, ESTIMATES
= UN CERTAWTIES

Loss
Akh\ e E AC = - DY l_u‘ ML +2p



L)

CREATION OF NEW COMMAND

> MACRO LSID MODEL& DATA N
> STRUC  STRF

> NA  MAX N

> NU  Max |

> NE MM N @
> SQR RMAT « DATA STRF
> DELET MOoDEL
3> LS MOPEL « STRF
> END

THe NEW CoMmnanNd AN RE
USED AS FoLLouw ¢

LS\D ADAM & DATA 2

@
:
\

@)

GENERATION OF COMMAND
WITH A LOT OF GU\DAMCE

2ENT FILTR
NOT FounD: FILTR
INPUT

MACRD FILTR

- WRITE (TP) 'ENTER NAME OF Flee

READ FILTN  NAME
WRITE (TP) ' wunT TYPE (WP, 8P, LP)

\$ 'FIiLTN 2!
READ FTYP NAME

CWRITE (TP) 'WHAT FILTER oRDERE'

READ N INT
\F FTYP EQ BP GoTo L1

LAREL L)

WRITE (TP) 'EMTER Low Aup
WeH CuT-0fF FREQUELCIES (oadls) !

BEAD LCF wP=HTE REAL HcF BEAL

EILT FILTN & FTYP M LCLF HCF

EMD |

| hg%?‘"r



PROGRMA  DETMILS
S FILTR

ENTER. NAME OF FILTER b5 SORROVTINES 9200 STATEMIUIS
- TEST (4l UMVAL 10§

WUHAT TYPE (WP, BELP) I8 TESTT 2k  USING  SEGMEMTATION

BP

wHAT FEILTER - CRPER.T OPTIM|ZATWN ALGOR\THM S

G N B QuAll = Newdn  Elelkehem

EMNTER  Lew AMD  Myah CUT - 0FE Brewt:

EreauenctEs (BAP/S)

5§ 360 | APPLL CATION S

o2 . SHIP STEERING DYNAMICS
INSULIN  KINBTICS
GLUCWSE EINETICS

EWNOMETRICS




CONCLUSIOMNS

0 COMMANDS  THAT ARE
NATURAL FBom THEOCRY

e NEW COMMANDLS CAN

EASILY RBE CREATED
£.6, aLS GLs ETe

o  KHEXIBUTY

SPECIAL PURPCSE Toels CAN
EAMILY BE IMPLEMENLTED

NoT At PROBLEMS ARE
SUITABRLE R INTERACTIFN
COPY 0F DIALOGUE
DIBEET  pocumen jarioM
i DENTIES EATIFN LA A GuA Gk N




EXAMPLE
SCENARIO & EXMORANORY PIALL
| A = Bl U + ) Cg)eld
A(q) = (qz‘ 1959 4 0.96) (9- 09)

K)L\:O\) 330,74

B(9)= 9°+q +l

PLOT <3@>

7600, |

C(Qx) =

YS/CHPY> U

ARMA A

c_f‘ +6.79 1072,

I '\\
T T T

| L] i
| Q. 1. 20, 36;
| f:d e
|
A
Q.
*‘1'. rT I‘ 1 S
I h
& 1. 25. 4.

o ———— g e P e o T . e . e = e — .._._.._..__ __ _

INTERACTIVE COMPUTING

\DPAC

MOVE WRK(l) <=V
MOVE WRK (2) «— TS
ML P| ¢ WRK |
ML P2 +— WRK 2

ML P3 <« WRK 3

ML P4 = WRKY

m| Vv |AlC A B C

| layeb| »76g [-0995 | 621 | roo

2 (1728 | 1597 [-1979 | 4o | 1.66
0.955 | 437 [ (.79

3 | 1393 | (8Y2)| -2351 | 1.06 | 0.72
2.7 0.81 ] 6.20
05| (.65 ] 0.03

4 | 16| 950




R C380- WA 6 | NOISEFREE outpUT

7528; |
-75a@. | _ . _ h _ n
@ 10 28. 3g.
!
T = =
1 _ | “ m.u
| | H_ _ _
1 | b
{ i
— g -
< e 2Bz =

MEASURED DATA

PEDT (382> YS/FQP) U

1

‘. 18.  ze.




{

Qﬁﬁc.r».:ozq (0 __nmm__ DLALS X | anmwﬁ_ocw

RESID E2 « P23 WRK \00

] Tode)

1.2 -
Lo

@7S_ 9.75 |
®.5 8.5 |
8.25 8.25 _

-1e8 e. ‘n-OQ.
¢ ¢ ¢ ( ( (
RESID E2 + P2 WRe 100
" ¥ [2) 1 eu (<)
- B A
"1 \}/Lxm awr=vmram



{

" EXAMPLE ‘OF MODEL VALIDATION
RES\D B\ « P| WR¥ 100 |
1: _.,Wﬁdv ..».1. —MSﬁ.ﬂV

] /N PN /\

0. \ / \ .1/ \ Fadi I\
{ A S ] \_7 I
] < N\ ., < :
" |N_ls . H—.g

( ¢

PEDT (RMY YY YA/ Q:Pd U

75002 |

o3 |
-

-7508. |
e. 1. 20. 3p.

T T T T T
e. 1. 20. 30.



TIME & COsT

300 INPUT/OUTPUT PAIRS
GENE RATION OF DATA

PARAMETER ESTIMATION
PLOTTING OF CULRVES

15 b TIME AT TERMINAL

TTAL COST  §2 slr & &7Y00

l

‘@2
1

‘a2
1

N CEDI/BA A CRND -L03d

N €4 ~> A FIL3g

)

)]
"



| g SWILL OBTEN REQULRE

SPECAL FEATURE S
OF WML & PRED ERR‘.

db GREAT FLEXIBILITY

WRT MODEL STP.ucTUBE ‘

£ DISTURBANCES ARE
MODELED

fp  GREAT PLEXIBILITY wr-T

PARAMETRI 2ATION,

l}

"PHYSIAL" PARAWMETERS S (ON1INUAS |

TIME MODELS CAM RE USED

$ THEORETILAWLY REASOMMLY

WELL LNODERSTOOP

SV BSTASTIAL CALCUMW%

PRACTICAL EXPERIENCES

PAPER MACHINES

DRUM BOILERS

BISTILLATION COLUMNS
NUCLEAR REACTORS

ACTIVATED SLUDGE PROCESSES
SHIP STEERING DYNAMICS
THERMAL HEAT CONDUCTION
MACROECONOMICS
PHARMACOKINETICS -
INSULIN KINETICS



WHERE DOES ML & PE |
FIT INTO The MODEWLNG
WoR K 2

fh ExPLORATORY PHASE
ASSUME A CANONLCAL |

MISo MODEL. FIT ToO |
DATA AND TEST 7 |

( *8*’ FINAL PARAMETER ESTIMATION |
PHASE, ASSUME PHYSICAL
MODEL WITH ALL AVAILABLE
INFORMATION, FIT PARAMETERS !i
AND VOLIDATE & |




'STOGCHASTIC CONTROL
THEORY AND  APPLICATIONS

\. INTRODUCTION

2. LINEAR THEORY
INPUT ~0UTPUT MODELS

STATE MODELS
3. MODELING & \DENTIFICATION

¥4, AN APPLICATION
5. NONLINEAR THEORY

(. SELF-TUNING CONTROL

7. AN APPLICATION
Q. CondCcLL S\oNS



EXPERIENCES OF SYSTEM IDENTIFICATION
APPLIED TO SHIP STEERING DYNAMICS

C.G. KALLSTROM K.J. ASTROM
SWEDISH STATE SHIPBUILDING LUND INSTITUTE OF
EXPERIMENTAL TANK TECHNOLOGY
(SSFA) (LTH)

\C\Ql \l.
I med ~A‘o..\.

INTRODUCTION
SHIP STEERING DYNAMICS
IDENTIFICATION METHODS

EXPERIMENTS

INTERESTING OBSERVATIONS
CONCLUSIONS

o g N W DN



® ARE IDENTIFICATION METHODS
OF ANY USE FOR DETERMINING
SHIP STEERING DYNAMICS 7

HOW CAN IDENTIFICATION METHODS

BE USED IN AN EXERCISE iN
DYNAMICAL MODELING ?

° WHAT IDENTIFICATION METHODS
ARE APPROPRIATE ?

69(70|71\72|73|74 (75|76 |77 |78| 79
EXPERIMENTS \¥4 |V |VIV v
Atlantic Sea|Sea|Sea Sea
| Song [Splendour Sceut Swift Stratus
>mZ>x MODELS | ¢
STATE SPACE
MOCELS:
LINEAR =
NONLINEAR ;
Vv % Vv
S_m Inmcm .—__um:mm Uﬂﬁ:mﬁo%




SIX DEGREES OF FREEDOM:

SURGE, SWAY, HEAVE
ROLL, PITCH, YAW

SENSOR AND ACTUATOR DYNAMICS

 DISTURBANCES

WIND, WAVES, CURRENTS

DIFFICULTIES

SIMPLIFICATIONS
SEPARATION

NORMALIZATION



1

EQUATIONS OF MOTION:

m(d -vr - XGrz) =X +X disturbance
m(v +ur + XsF) - =Y +Tgisturbance

Lt + mXg(v+ur) =N+ N disturbance

THE HYDRODYNAMIC FORCES X AND Y
AND THE TORQUE N ARE FUNCTIONS
OF THE MOTION, EG.:

X =Xlu,v, 1,8, 0,v,i )

—

EQUATIONS OF MOTION:

m-Yy

mXG —Nv

mXG-Yi| V| Yy Xr-mug |[|v] [Ys

+

I,-N; [|F[ [Ny Ne= mXgug|(r| [Ng

STATE EQUATIONS:

T

Gys (s)

Gys (s) =

Uyp oV b
0.22 0 I' + b21 6 =

I ol |¥ 0

RANSFER FUNCTIONS:

(S+I/T3) -
s{s+1/T Ns+l/T,)

= K

K -
E S lea /T ( Nomoto's model)

K (S+|/T3V)
V o (s+l/T s+ 1/T,)

6



PARAMETER ESTIMATION
MODEL STRUCTURES:

DISCRETE TIME INPUT- OUTPUT { ARMAX) PROBLEM:

MODELS [IDPAC]:

y(t) + a,y(t-1) +,,.+ apylt-n) =z byult-k-1) +,, .+

+ bpult-k-n) + Alel(t) +c, elt- 1)+, +cpel(t-n]] - CONSIDER THE MODEL
dx = Ax dt

CONTINUOUS TIME STRUC TURAL g x d T o G & dw

MODELS [LISPID]: ) WHERE THE OUTPUT

V| [ay an of[v] [ba ylt)=Cx(t ) +Dult,) +elt,)

Fl=la, a, ollr|+|byl8 |

V| |o I olly R IS MEASURED AT DISCRETE TIMES
t,, k=0,1, ..., N

CRITERIA: "
OUTPUT ERROR
MAXIMUM LIKELIHOOD DETERMINE THE PARAMETERS

PREDICTION ERROR
OF THE MODEL!




R HEADING W

5 .‘._) YAW RATE r
o - SWAY VELOCITY v

SIMPLE EQUIPMENT:

COMPASS | |
MANUAL EXCITATION AND LOGGING

COMPLEX EQUIPMENT:

COMPASS, RATE GYRO, DOPPLER SONAR,
INERTIAL NAVIGATION

COMPUTER ~ CONTROLLED EXCITATION
AND LOGGING

20 EXPERIMENT CORRESPONDING TO
18 HOURS PERFORMED WITH
12 SHIPS HAVE BEEN ANALYSED

TANKERS: SEA SPLENDOUR
SEA SCOUT
SEA SWIFT
SEA STRATUS
SEA SCAPE
AK  FERNSTROM
NORSEMAN
THORSHAMMER

CARGO SHIPS: ATLANTIC SONG
COMPASS ISLAND

FERRY: BORE 1

NAVAL CRAFT: HIGH -SPEED PATROL
BOAT

7 FREE-SAILING TESTS WITH

2 SCALE MODELS HAVE ALSO BEEN

ANALYSED



