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INTERVAL MODELLING OF HIGH SPEED CRAFT FOR ROBUST CONTROL

J. Aranda, J. M. DelaCruz™”, J. M. DiaZ, P. RuipéreZ
"Dept. de Informéticay Automética. UNED. Madrid, Spain. " Dept. de Arquitectura de
Computadoresy Automética. U. Complutense. Madrid,

Abstract

Theinterval transfer functions from wave height to pitch and heave movement described in thisjob isinterpreted as a
family of transfer functions whose coefficients are bounded by some know intervals and centred at nomina values.
The nomind mode is obtained by a non-linear least square dgorithm applied in the frequency domain. Low frequency
congtrained for pitch and heave was considered. Once the nomina model was obtained, then the tightest intervals
around each coefficient of the nomind transfer functions was created while satisfying the membership and frequency
response requirements. Different mode vaidation tests was made (magnitude and phase plots, frequency envelope of
the interval model, smulations). These tests show that the uncertanty modd obtained isavdid interva mode and it
can be used for robust control design.

Introduction
The main problem for the development of high speed craft is concerned with the passenger’s
comfort and the safety of the vehicles. The vertica acceeration associated with roll, pitch and
heave motion is the cause of motion sickness. The rall control is the most attractive candidate
for control since increasing roll damping can be obtained more easily. However, shipbuilders
are dso interested in increasing pitch and heave damping. In order to solve the problem
antipiching devices and pitch control methods must be considered. Previoudy, models for the
vertical ship dynamic must be developed for the design, evauation and verification of the
results.

The number of published investigations about ship modelling isimmense. For example,
a non-lineal mode in 6 degrees of freedom is shown in [1], [2] and [3] This modd is
theoreticd and it is obtained from the equations of the rigid solid partidly immersed in water.

Obtaining a very accuraie mathematical model of a system is usudly impossible and
very codtly. It dso often increases the complexity of the control agorithm. A trend in the area



of system identification is to try to moded the system uncertainties to fit the available andyss
and design tools of robust control [4].

The interva functions described in this paper [5] are interpreted as a family of transfer
functions from wave height to pitch and heave movement whose coefficients are bounded by
some know intervas and centred & nomina vaues. The nominad modd is obtained by a non
lineer least square dgorithm agpplied in the frequency domain. Once the nomina modd is
obtained, then the tightest interval's around each coefficient of the nominal trandfer functions are
created while satisfying the membership and frequency response requirements.

| dentification methodology

The method described in this paper follows the steps of classicd identification diagram [6], [ 7]
and [8]. A model test was carried out in the towing tank of CEHIPAR [9] (Madrid, Spain).
The modd was free to move in heave direction and pitch angle. The wave surface eevation
was measured a 68.75 m. forward from model bow. Different regular and irregular waves
and ship speed were tested. A set of smulated data have been generated by the program
PRECAL [9] (which uses a geometricad modd of the ship to predict her dynamic behaviour),
reproducing the same conditions of the experiments with regular waves.

Two trandfer functions are identified (see Figure 1) :

Gy(9): trandfer function from wave height (metres) to pitch movement
(degrees).
G,,(9): transfer function from wave height (metres) to heave movement

(metres).
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Figure 1: Blocks diagram of theidentified system

The identification is made in the frequency domain and uses the smulated data of
magnitude and phase obtained by the program PRECAL [9] in the encounter frequency wy
(i=1,2,...,25) for the transfer functions G, (jw,) and G,,(jw,).

Go (jwg) = Re(G, (jwy)) + j IM(G,(jwy))
Gy (jwe) = Re(Gy (jwg))+ j IM(Gy (jwe))

In generd, the estimated transfer functions G, (s)andG,, (s) can be written in the

following form:

m m-1
XosmaS + XpumS T~ Fot X

n n-1
S"+X,S"+.+ X

n+m

é(s =

where misthe number of zeros and nisthe total number of poles. The parameter vector is:
P = (X, Xp sees X s Xyag reees ooy )

The esimaion of the parameter vector P is made by a nontlinear least squares
procedure that uses the following cost function [7]:

K (P) =4 [[RelG(iwg,))- RelG(iw,)))+i (me (iwe))- 1m(Giw)| @)

k=1

A number of consderations need to be made based in a priori knowledge of the ship

dynamics. So, there are three congtraints in the identification process of the models:

- The modd's must be stables.
. Thegain of G,(s) must be tend to zero in low encounter frequencies.

- Thegan of G,(s) must betend to onein low encounter frequencies



The solution to this nortlinear least squares problem with constrains is described in [8]

and it uses tools described in [9].

Interval modelling

Bhattacharyya [4] describes a method to obtain the family of linear time invariants sysems
é(s) by letting the transfer function coefficients lie in intervals around those of the nomind
G(s). Thismethod is adapted to our problem. Let

y(jwg) = D(jwg)u(jwg) i =12,...,N

where w, W,,,---W,y, are the test encounter frequencies and the complex number u(jwy), y(w,)
denote in phasor notation the input-output pair a the frequency wy generated from an
identification experiment. Suppose that G(9) is the transfer function of a linear time-invariant
sysem which is such that G(jw) is closest to D(jwg) in some norm sense. In generd it is not
possible to find asingle rationd function G/(s) for which G'(jug )= D(jwg) and the moreredistic
identification problem is to fact identify an entire family G(s) of transfer functions which is
cgpable of vaidating the data in the sense that for each point D(jw) there exists some transfer
function G T G(s) with the property thet G'(jw)= D(jwg).

Let the nomind transfer function G(s), which has been identified by anonlinear least

squares procedure explained in the previus section, and the trandfer function G(s) with the

form:

" m s m-1
G (s)zxmmﬂs +XpemS F e

n s ni s
S +X S T+..tX

The family of lineer time-invariant sysems  G(s) is defined by:



G(s)={G(s):§gT [X - w, 8 % +w, >e] |} 4)

wherew,; are to be regarded asweigths chosen apriori whereas the s are to be regarded as

dilation parameters to be determinated by the identification algorithm and the data D(jwy,)

Weight selection
Suppose the test data consists of N data points obtained at corresponding frequencies,

D(jw,) ={D(jw,) =a, + jb, ,i =12,...N}
the 1™ model isdefined as:

W) =
G, (jw,) :EQI(JYVe.) |. 5
G (jwg) i=12...,01-11+1..,N

The moded G(jwy) isidentica to the nomind identified mode G'(jw) with the I'" data
point replaced by the " component of the test data D(jw). Now the " identified modd G'(s)
is congtructed, which isidentified from the I data set G (jw). Let

XI nma ST+ . +X

S+ x's" X,

G|I (s =

The models G/'(s) must beidentified with the same method used to identify the nomind
modd G'(jw). The weight vector w is

=558 - |8 P - X
= - . — n+ml T nemel L:I

N 5 N = u @
W:[lei """" "W, W, ’Wxn+m+1]



The weight sdlection is important because ingppropriate selection of weights may

resultsin an unneccesaily large family.

Computation of theintervals of the transfer function coefficients

Recall the nomina system given in (1) and substitute s=jwy, then we have

~ N . N 3A
G(jw,) = (Xn+1_ Wi Xn+3+""')+J >(Weixn+2_ Wi Xn+4+""')
R (R S T O
R - Wy Ry + oo AWK, - WK,

if G(jwg) is made equa to the data set D(jw) for aparticular encounter frequency w, we have

. , nl+ j xn2
D J=a +jb =——
(jwg)=a; +jb; dl+ |2

Operating, we obtain the next pair of equations:

Y T — Knemea) = (@,d1- b,d2)- =0
Fey by X Xinsme1)= (bd1+a,d2) - n2=0

If we rewrite thisin terms of alinear matrix equations, we have



where
A 2 3 2 4 >
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¢-a, s n=26]0,.. ¢ b, s n=26,0,....
§ b, sin=3711,.... -a,sin=3711,..
u, 0 0
é 1]
Ww =€ a
e u
e u
@ O Wxn+m+1g
é lX: [exll T elxnﬂml]T
>l P X!
B = AxX

€' isthe vector of the dilation parameters obtained for the encounter frecuency wy,

Here it is assumed without loss of generdity that A(wy,a ;,b;) has full rank. Then the minimun

norm solution € | can be computed as.

&' =-w(aTA'A"(B+E) ©)



After finding € ! for dl I=1,...,N, the dilation parameters d the intervels of the transfer

function coefficients are determined as follows:

e, =mnfoe'} e =maoe'} (10

Results

Tables 1 and 2 show, respectively, the model structure order (where m is the number of zeros,
n is the tota number of poles and nps is the number of smple poles) for heave and pitch
movement. For each ship speed is showed different structures, so, we can compare the cost

function and mean sguare error when the modd structure is reduced.

Table 1: Modd dructure for heave movement

Ship Mode Valueof | Mean square

speed Structure the cost error ()
(knots) (m,n,nps) | function

462 0.0383 0.014333

20 (351 0.0692 0.014062

231 0.0696 0.013793

(462 0.0385 0.011061

30 (352) 01012 0.011476

(231 0.2381 0.017047

(4,6,2) 0.0471 0.011186

40 (351 0.1045 0.011323

(231 04510 0.01246




Table 2 Modd dructure for pitch movement

Ship Modd Valueof | Mean square
speed | Structure | thecost | error (99
(knots) (m,n,nps) | function
20 (4672 01213 0.10562
(351 0.1228 0.10518
30 46,2 0.0938 0.099554
(351 0.0946 0.099763
40 (46,2 0.0942 0.12141
(352) 0.0989 0.12256

The modd

interval was obtained for each of modd structure show in Table 1 and Table 2. For example,
the modd structure (4,6,2) for heave movement with a ship speed of 20 knots has the transfer

function:

115.8s* - 78.38s® +831.2s% - 557.7s+1325

G, (9=

Table 3 shows the modd interva of G,,(s). Figure 2 shows the Bode plot of G,(s) and

data obtained by PRECAL program.

s® +39.47s° + 471.6s" +1688s® + 2690 + 2459 s +1325

Table 3: Modd interva of Gy(9)




X L ower Nominal Upper
Interval value Interval
X1 13009. 3 1325 1388
© X, 2411 2459 2479
X3 2624 2690 2832. 4
Xa 1649. 3 1688 1793. 6
Xs 331.88 471.6 548. 86
© X6 33. 488 39. 47 42.611
: Xa -557. 88 -557.7 -556. 55
Xo 830. 22 831.2 832.12
X10 - 83. 187 -78.38 -77.61
X11 90. 822 115.8 128. 37

Bode plot (*) Experimental (=) Model

@)hn

L

M
¥

d
i

o L

Frequency ofencounter (rad/s)

Figure2 : Bode plot of G,(s) and data of PRECAL program

Figure 3 shows the output of G,(s) and the measured output in the CEHIPAR when

theinput wasirregular waves a 20 knots and SSN=5.
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Figure 3: Smulation of G,,(s) and real data at 20 knots and sea state SSN=5.

The modd dructure (4,6,2) for pitch movement with a ship speed of 20 knots has the
transfer function:

- 1.19s" - 10.85s° +14.98s” - 50.62s

G,(9s) =
(9 s® +19.27s° +50.86s" + 87.04s® +113s” + 71.955+40.93

Table 4 shows the modd interva of G,(s). Figure 4 shows the Bode plot of G.(s) and
data obtained by PRECAL program.

Table 4: Modd interva of G4(9)

X | Lower Interval | Nominal value| Upper Interval
X 40. 6239 40. 9301 42,1549
X 69. 8317 71. 9466 72. 2921
X3 111. 9658 113. 0089 113. 4570
Xa 86. 6317 87. 0402 88. 3162
Xs 50. 1333 50. 8560 52. 1965
X6 17. 4087 19. 2750 19. 6824
Xs -51. 6473 - 50. 6223 -50. 3770
Xo 14. 4200 14. 9826 15. 0770
X10 -11. 6252 - 10. 8545 -8. 9156
X11 -1.3675 -1.1900 0. 5597
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Figure 4: Bode plot of G,(s) and data of PRECAL program

Figure 5 shows the output of G,(s) and the measured output in the CEHIPAR when
the input wasirregular waves a 20 knots and SSN=5.

Outputs(Zoom),mean square error 0.10567
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Figure5: Smulation of Gp(s) and real data at 20 knots and sea state SSN=5

Conclusons
In this paper has been showed the continuos linear models for verticd dynamics of a high

speed craft identified by a nortlined least square adgorithm applied in the frequency domain



Once the nomina mode was obtained, then the tightest intervals around each coefficient of the

nomind transfer functions was crested while saisfying the membership and frequency

response requirements. Different mode vaideation tests was made.
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