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ABSTRACT

The dynamic behaviour of an active-passive motion
compensation system for handling tcwed marine vehicles 1is
examined, and a mathematical mod=2l developed. In the analysis,
the passive systen considered is pneumatic, while the active
system is electro-hydraulic. The towed bedy is assumed to be a
point mass subjected to hydrodynamic drag, and attached to the
motion compensator by means of a linear spring representing the
cable. It is not intended, in this proeject, tc mcdel the tcowed

body in greater destail.

The equations of the passive, active, and towed tody
systems are derived, and linecarized tc gpermit a relatively
simple frequency-domain sclution. A time simulation tased on the
nonlinear equations, including Coulonmb friction in the

compensator, is developed for use on an IBM Systewm/370 computer,

A laboratory model is used to ccnduct experiments at three
frequencies, and the results indicate good agreement Leétween the
linear, simulation, and real models. Extension of the equations
to cover multi-frequency inputs, two-dimersional tcwing cables,
and slow-acting servovalves 1is also discussed to facilitate

application to marine systems.
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CHAPTER I

INTRODUCTION

1.1 Problem Descripticn

The safety and performance of towed =submersible vehicles
depend, to a large extent, on the ability of the handling gear
to decouple wave induced motions of the surface ship frbm .the
towing cable. This decoupling is wusually accomplished Ly a
motion compensation systeﬁ‘-- essentially a special class of a

vibration isolator.

Vibration isolating devices are emplcyed in systems where a
mass 1s to be isolated from an external fcrce c¢r motion
disturbance. Some common examples are automobile suspensions,

earthquake absorbers, and rocket-borne instrumentation cushicns.

The marine towing isolaticn prcblem‘ has three
distinguishing feafures._First, the frequency of surface ship
motion is 1low, in the order of 0.1 Hz, while the associated
amplitude may be in the order of fifteen feet. Seccnd, the mass
of the submersible, including the water it entrains, is large --
typicallj in excess of 30,000 pounds-mass. Finally, the vertical
displacement of the stern of the ship consists of the
superposition of several harmonic functions of different
amplitudes and frequencies as defined by a spéctral density

function. Thus, the input' disturbance is somewhat more



predictable than the forms of vibraticn present in the previous

examples.,

The marine towing motion compensafion system 1is usually
designed to maintain constant towing cable tension, Once this
requirement is met, it then follows that the acceleration. of the
submersible will be zero, and all wundesirable wmoticn will be
eliminated. To provide this constant cable tension, all systenms
attempt to pay out or haul in cable as the ship moves up or

down, thus decoupling the motion of the ship from the cable. .

The index of performance of such a mction compensation
system is the ratio of the amplitude of towed body to ship
displacement., It is generally stipulated that the performance.
index must be iess than a given value at the frequency which
contains the greatest enerqy as taken fronm the =sea state
spectral density function. This is then considered the primary
design frequency. 1In addition, the minimum acceptable index of
performance for other frequencies within the spéctrum may bé
specified. Once the overall physical constraints are nmet
(e.g. weights, geometries, etc., over which the designer has
little or no control) the problem then beccmes that of
determining the physicai characteristics of the syétem. Some of
the design considerations .include simplicity, reliability,

initial cost, and power consumption,

Three of the more popular motion compensation systems are



shewn in Fig. 1.1.1, Although very different in appearance, each
employs a pneumatic spring in the form of a gas accumulator to
operate a hydraulically actuated positioner. With systems {(a)
and (bk), the positioner 1is a cylinder which controls the
vertical displacement of a sheave over which the cable is
reeved. System (c) uses a hydraulic winch to haul in and pay out
cable, In each case, the cable tension is balanced by a
passively-acting pneumatic spring!. As will be seen in Section
1.2, such systenms, under certain conditions, can be tuned to

perform adequately cver a narrow frequency range.

It is possible to design a purely active system, in which a
significant amount .of  energy _is expended to achieve the
stabilization effect. In such a system, a transducer monitors
the motion of the 1load and after suitable signal processing,
controls the flow of 0il to a hydraulic actuator. Active systems
are superior to passive ones in that they are capable of good
motion isolation over a wider frequency range. However, Secause
they require a bulky power source and consume a large amount of
energy when controlling a massive load, they are not suitable

for marine applications.

To improve the performance of a passive system without a

large expenditure of power, a hybrid active-passive system is

1 In a passive system, the sum of the potential energy in the
spring and kinetic enerqgy cf the lcad is conserved, afpart frcnm
some dissipation due to dawping and friction. Thus, no external
energy is required to operate the systen,
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proposed. Such systems have been successfully used to iéolate
small components from an environment of severe shock and
vitration. However, as outlined in the next section, no work was
found related to the application cf such systems to the marine

towing field.



1.2 State of the Art

Vibration isolation systems, bcth active and passive, have
" been widely investigated in the past decade. In general, it
appears that there were two distinct methods of dealing with the
problem; one being highly theoretical, and the cther being the
analysis of a particular problem. The latter method, especially
in the field of ocean engineering, has been very empirical in
nature, with little or no mathematical Jjustification of the

ideas presented.

This sebtion will discuss some of the relevant work that
has been done, first, in vibration isclaticn, and seccnd, in the

field of ocean engineering applications.

In general, there are two distinct vibration reducticn
methods available: absorption and isolaticn.! Isclation involves
placing a resilient material between the disturbance écurce and
the receiver (the system to be .protected), whereas altsorption
involves the attachment of an energy abscrbing device to eithef
the source or receiver (Fig, 1.2.1). Isolation can ke achieved
either actively or passively, and can be made effective over a
wide range of frequencies., MAbsorpticn 1is generally achieved
passively using a spring-mass system which is in resonance with
the source and receiver at one . particular frequency. At that

frequency, the receiver experiences no input at all, but this

1 See Ref., (15)
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effect is confined to a very narrow frequency band. Also,
undesirable resonant peaks cccur at two frequencies,
corresponding to the separate natural frequencies of the
receiver and absorber. Fig. 1.2.2 illustrates the perfotmance cf

isolators and absorbers.

A passive pneumatic isolator as shown in Fig, 1,2.3 (a) has
been examined by Cavanaugh!, He solved the 1linearized third
‘order system equations in the fregquency domain, and found the
optimumncritical damping ratio in terms of the tank to cylinder
volume ratio., fig. 1.2,3(b) shows the frequency response cf the
system, and Fig 1.2.3(c) shcus tﬁe critical damping ratio

function which yields the smallest maximum amplitude ratio.,

Another passive 1isolation system directly -applicable to
automobile suspensions has been examined by Thomgson2, He
considered a two-dimensicpal linear system with four degrees of
freedom, and developed an optimum performance index based c¢n

ride comfort and road-holding ability.

A more dgeneral apprcach to cptimizing passive suspensions
has been presented by Hedrick for use 1in the desigﬁ cf bhigh
speed tracked vehicles3, An optimum passive shock isolator,
which uses a variable fricticn element tc»dissipate energy has
—-See R;f. (5)

See Refs. (20) and (22)

See Ref. (7)
See Ref., (11)
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been proposed by Mercer and Rees?,

Active systems for shock and vibration isolaticn have also
been examined. Soliman proposed a servovalve. controlled
pneumatic system using displacement and velccity feedback to
control the servovalvel!, Thompson considered active systems for
automobile suspensions2, Porter, Athans, and Karnop all
presented highly mathematical methods for dealing with linear
active systems3, Kriebel developed an active system for shock

isolation#,

None of the above-mentioned work is in a fecrm which is
readily applicable to the problem of motion compensation in the
marine environment, The theoretical scluticns relate wmcstly to
linear systems, while the more practical solutions are tco
specific and require much modification tc make them wuseful for

other design purposes.

There are a nubber of marine mction ccmpensation systems
(nostly passive) operational around the wcrld, but 1little
documentation exists to help. predict a system?'s performance
before it is built., Most systems consist of a pneumatic spring,
as described in Section 1.1, and are classed as vibration

isclators. Keefer proposed a simple manner in which an isolator

See Refs., (17) and (18)

See Ref. (21)

See Refs. (13), (1) and (8)
See Ref., (10)
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cah be made into an absorber by making the direction c¢f  wmoticn
of the conpensator mass orthogcnal to the inpu£ disturbance?l,
Fig. 1.2.4(a) 1llustrates a ram tensioner in such a
configuration. Such a system is tuned so that the anti-resonance
pccurs at the frequency which contains the dominant amplitude of
vibration, Fig 1.2.4(b) shows the typical perfcrmance ¢f a tuned
system. Note that damping increases bandwidth at the expense of

the system's attenuation.

Euckzland Sutherland3 suggested the use of active systens,
but neither has developed a complete analysis of such a systen,
nor suggested a method of predicting‘the performance of a reai,
nonlinear system. In addition, they have not recognized the fact
that power consumption can be reduced by incorporating a passive .
system to support the static weight of the load while the active

system is used solely for motion compensation.

lSee Ref. (9)
2 sSee Ref. (3)
3 See Ref., (19)
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1.3 Objectives and Scope of Project

The objectives of this project are ‘first, to study the
dynamics of an active-passive motion compensation system for
marine towing, and second, to use the results cf this study to
develop guidelines for wuse in  designing real systems. These

objectives are accomplished by proceeding in six steps:

1. BRepresenting a typical syster in a form which
closely approximates reality, yet which 1lends
itself to mathematical :analysis and simulation.

2, Developing the mathematical moael, including such
nonlinearities as hydrodynamic drag and dry
friction.

3. Lineafizing the mathematical equaticns and
conducting a frequency-domain analysis to oktain a
first approximation of the important systen
parameters.

4, Developing a digital computer simulation prcgram
which will validate and optimize the parameters
derived in step #3.

5.. Constructing a small working mcdel to check the
validity of the mathematical and simulation
nodels, |

6. Relating the results of the foregoing to the

design of real systeuns,
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CHAPTER II

THEORETICAL ANALYSIS

2.1 Typical Systen

Ssome of the commonly used vpassive motion compensation
systems were shown in Fig. 1.1.1. .It is possible .to devise ‘an
active-passive system by adding an actiﬁe actuator parallel to
the passive one, In the case o¢f +the ram tensioner and toon
bobber, this means adding a- second 'cylinder, while for the
tensionig winch, adding a second hydraulic. motcr., The three
configurations shecwn - in‘ Fig 1.1.1 are’ = very similar
ma thematically, The similarity betweeh {a) and (b) is_obvious -
only the mechanical-advantages of the reeving, in the case c¢f
(a), or thé toom, in the case c¢cf (b), éfe different., In the case
of the winch, the hydraulic motor is equivalent to a number cf
cylinders connected in parallel, and hence can be modelled as a
single cylindef. Thus, for the purpose of this project the ranm

tensioner is selected as a typical system.

The overall configuration of the typical system is shown in
Fig.v2.1.1. The passive subsystem is the same as befcre, while
the active subsystem consists c¢f a hydraulic cylinder ccntrclled
by an electrohydraulic servovalve., The ccntrol system consists
of accelerometers mounted on the towing and rar sheaves, wﬁose

s

signals are processed and fed to the servcvalve, The signal

processing network is the most vital component of the systen,
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and will be the subject of thorough analysis.

As pointed out earlier, the 1load can be a diving bell
suspended from a stationary ship, a submerged body towed at high
speed (in the order of 10 knots), or a surface vessel such as a
barge. For the case of a submersible supported from a ship which
is not moving horizontally with respect to the water, the catble
can be represented as a one-dimensicnal elastic 1link whose
longitudinal axis is vertical. 1In. the case of a moving ship
towing a barge or submersible, the cable will assume a éomplex
three-dimensional curve, Since this project. is <concerned
primarily with the behaviour of the motion compensation systen,
the typical system considered will include the cne-dimensicnal
cable. Application of the approach to the. case of three-
dimensional cable, as developed by Walton and Polachek, is

discussed in Chapter V.

i
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2.2 The Equivalent Model

To facilitate the-analysis of the ram tensioner described

in Section 2.1, the following simplifications will be made:

1. The static tensicn 1in the cable due to the
submersible's weight 1is not considered. This
simplificaticn dces not affect the dynamics of the

motion compensatcr,

2. The ~cable 1is ccnsidered to be a one-dimensional
elastic link for the reasons set forth in Section

2.1,

3. The passive subsystem is considered to be purely
pneumatic, This restriction actually increases the
complexity cf the problem, but is 1included to
demonstrate the method of application o¢f the
compressible fluid flow equations. In. many
applications, the passive system would actuélly pe
an Mair-over-o0il", or hydropneumatic system, as

shown in Figure 1.1.1.

Using these simplifications, it is possible to model the
chcsen system as shown in Figure 2.2.1., The form shown in Fig,
2.2.1 was devised tc facilitate mathematical analysis and test-

model <constructicn. The active and passive motion compensation
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cylinders are placed horizontally on a carriage, with their
piston rods connected sc as tc function in parallel. The
carriage is driven horizontally in a sinusoidal manner, with the

desired frequency and amplitude, simulating the vertical motion
of the ship, The 1locad is modelled by a second carriage
containing - the desired mass, conneéted to the . moticn
compensation piston rod by means of a spring which is assumed .to
model the <cable. The entire system is similar tc the real case
of Fig. 2.1.1 except that all moticn is horizontal instead of
vertical. As a result, the static weight of the tcwed bedy is
not considered, Therefcre, in modelling the spring
characteristic of the passive system, it 1is necessary to
pressurize both sides of the passive cylinder, such that the net

static force at the piston rcd is zeroc.

In general, this equivalent system accurately models the
motion compensation system, but does not fully consider the
dynamics of the cable and towed body. However, the design method
developed here is flexible enough to accomodate these additions

if the necessary parameters are available to the designer,
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2.3 : The Passive Syétem

The passive side of the system under consideration consists
of a pneumatic ram, with each end connected via a throttling
valve to a receiving tank (Fig. 2.3.1). The throttling valves

are used to introduce damping intc the systen.

- The .mass flow to and from a tank or cylinder is derived in

Appendix A, and is given by

. T 1wy ]
m = QT[YP+PV (2.3.1)

where

He

is the mass flow rate,

R is the gas constant for the particular gas used,
T is the absolute temperature,

V is the tank or cylinder volume,

P is the abtsclute pressure,

and Y is the ratio of specific heats.

Because the receiving tanks have fixed volumes, and the
mass flows are proportional to the negative of the pressure

changes, we can write

Ve =0 (2.3.2)



FiG. 2.3.1
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and
[ “ - P
m ¢ (2.3.3)
where
V¢ is the tank volune
and Py is the tank pressure.
Substituting (2.3.2) and (2.3.3) into (2.3.1) gives
. V‘t‘ .
R
' vyRT,
V (203.“)
o t2
Mz = - —2 R
yRT, %

where the subscripts 1 and 2 refer tc the left and right

hand sides of the passive system, respectively.

In general, the volume of the receiving tanks, and hence
the volume of fluid contained, is large compared to the mass
flow in and out of the tanks; thus the temperature cf the gas

can be considered constant,! i,e.

! For an actual system having an effective piston area of 13.46
square inches, a displacement of five feet as measured at the
tow point causes a change in absolute temperature cf cnly 1.9%,
assuming adiabatic compression or expansion (worst case).
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(2.3.5)

Fig. 2.3.2 is a block diagram of the tank flow equations,

The mass flow to and from the cylinders is alsc expressed

by (2.3.1), except that:

V‘:- VC1 + A1H

(2.3.6)
V?. = VC‘Z - A2_y
\./| = A1 9
Vz - _ Az_‘? (2.3.7)
m, o P
- . (2.3.8)
m, & B

where

Vy and V, are the volumes c¢f the left

= and right
. sides of the cylinder,

Ve, and Vo, are the initial values of Vy and V,,

A, and A, are the effective pistcn areas,

and y is the piston displacement.
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Substituting (2.3.6), (2.3.7) and (2.3.8) intc (2.3.1) gives

(2.3.9)

Due to the relatively small volume of the cylinder and the

large variation in pressure, temperature change is nc 1longer

negligible., Using the equation of state for an ideal gas,

P:

—
i
|,<

' (i=1,2) (2.3.10)
R :

where

m; is the mass of gas in the i-th side of the

cylinder.

Substituting (2.3.10) into (2.3.9) gives

il

: 1P Au]
Mf M1[UT5:+ V;\j

; 2.3.11
o rih A ( )

Fig..  2.3.3 shows the block diagram of the the cylinder

equaticns., .

The mass flow through each throttling valve is derived in
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Aprendix A , and is given by

RYY | 2+ R ’%‘Z -
. I 2y _[ (2.3.12)
m C°P“(R.) RT.(x-1) { l (P«)
vwhere

Co is the valve ccnstant,
P, is the upstreanm pressure,
P, is the downstreanm pressure,

and T, is the upstream temperature.

It is observed that the direction of mass flocw is froem high
to low pressure; that is, P,, the  upstream pressure, is the
greater of P,,P;, . By the conventicn shown in Fig, 2.3.1, if

Py,

i <P‘.' m'< 0.

> P then m;> 0; conversely, when P
Consequently, in solving (2.3.12) the upstream end must first be
determined. Then the correct algebraic sign can be assigned to

m; . Fig. 2.3.4 shows the block diagram of the valve eguaticns.

The equations (2.3.4), (2.3.9) and (2.3.12) must be sclved
simultaneously to yield P, and P, given a piston displacement y..

The force generated in the ram can then ke found:

F, = PA -P.A, | (2.3.13)

where

Fp is the ram fcrce.
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The block diagram of the passive system dynamics is shown
in Fig., 2.3.5. Since it is difficult to sclve this system of
equations analytically, a numerical solution is now develcped, .

The strategy used in the numerical soluticn is as fcllcwus:

1. Calculate P,; as shown in Fig. 2.3.2

2. Calculate P; as shown in Fig., 2.3.3

3. Calculate m;as shown in fig. 2.3.4,

4, Repeat steps 1 to 3 with the new value of m; until

By,

1

and P; no longer change from iteraticn to
iteration.

5., Calculate the ram force from (2.3.13).
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2.4 The Active Systenm

The active side of the system under consideration consists
of a positive displacement hydraulic pump, relief valve, gas

accumulator, servo-valve, and bydraulic cylinder. (Fig. 2.4.1)

It is assumed that +the pump discharge flcw rate alvways
exceeds the system requirement, hence maintaining the pressure
in the accumulator esqual to the relief valve setting. In fact,
the accumulator pressure will vary slightly with changes in flow
rate due to friction losses in the  hydraulic 1lines, Lut this
fluctution 1is negligible compared to the working fpressure.

Therefore, the supply pressure is considered constant.

The compressibility‘ effect of the hydraulic fluid is
examined in Appendix C, and. is found tc coentribute ap error in
flow of cnly 2.6% for a typical full-scale system. Therefore,

the compressibility of the fluid is not considered.

The flow-pressure relationship fcr the servc-valve is given
by the manufacturer for selected values cf actuating signal, z
(Fig. 2.4.2). As shown in Appendix B, this relationship, for a

zero-lapped valve!, can be accurately modelled by

1  See Ref, (6) for the equations of under- and over-lagped
servo-valves,
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QV = CSV z P; - AP (2.4.1)

where

Qy is the volume flow through the valve,

AP is the pres§hrevdrop across the load,

Csy 1s the characteristic constant of the servo-
valve,

P, is the supply pressure, assumed constant,

and 2z is the actuating signal.

Leakage across the cylinder is often useful in stabilizing
a servo-system, and is therefore included in the analysis,
Leakage 1is provided by means of an auxiliary path around the

piston, and controlled by means of a valve, The leakage flcw,

Qr, is given by

QL = Cy \/ aP (2. 4. 2)

where

Cy is the characteristic constant cf the valve,

The total flow intc the ram, Q,, is the difference between

the flow through the servo-valve and the leakage flow:
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®A= Q, - Q. '(2.10.3)

The sign convention is such that Q, 1is positive when it

causes the piston tc move to the right. Substituting (2.4.1) and

(2.4.2) into (2.4,3) gives

Q= Coz2/R-2P -C, JaP (2.4.4)

The velocity of the piston with respect to the cylinder, ¥,

can now ke expressed as

QL G [T RS e
Y% Fo-aP = & oP ( )

97 A

where

A,is the effective area of the piston.

The force available to do work at the end of the pistcn

rod, F,, is given by

FA < AAA'P (2. 4.6)

Equations (2.4.5) and (2.4.6) can now be combined to yield
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y directly as a function of F :

. C = Cy 2.4.7
= Sz [r-Fa - 2 P4 e

In computing (2.4.7) it is nécessary'to introduce an artificial
sign assignment to avoid negative valves within the surds. This

is done by noting that

1. In the <case of flow through the servo-valve, Pg

nust take the sign of z. The surd then becomes

t

/\/7, Sign (Z)Ps _ FA/AAl (2.4.8)

2. In the case ¢f the leakage flcw, the surd takes
the sign of Fos which is actually the direction of

pressure drop. The surd thus becomes

sign(F) I FA/AA‘ (2.4.9)

Substituting the mnodified expressions (2.4.8) and (2.4.9)
into (2.4.7) gives the egquation for computing y from F,

consistent with the sign ccnvention:



. C — -
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Fig.

2.4.3 shows the block diagram of the active systen.
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(2.4.10)
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2.5 Active-Passive System

The total ram fcrce is the sum of the forces exerted by the

passive and active cylinders, less fricticn:

Fom = Fo +Fa-f o S @

whgre
Fuw 1S the ram force,
Fpo is the active cylinder fcrce,
Fp 1s the passive cylinder force,
and f is the fricticn fcrce, as discussed in Appendix E.
The <force felt by the cable is directly profortional to Fpoum

where the constant of proportionality is the reciprocal of the

mechanical advantage of the reeving:

F;ET = 'E&A Fram | (2.5.2)

where

Kya 1is the mechanical advantage of the reeving,

and F,, is the force acting on the cable.

The towed body can be represented by a mass M, subjected to

hydrodynamic drag and towing cable tension. (Fig. 2.5.1) The

catle is assumed to be a massless linear spring.

The compensator force causes an elongation of the <cable
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according to the relation
Fer = Ke(x,-x) ‘ (2.5.3)

The cable then applies the same force to the body, whose motion

can be described by:

Frner = MX + Gy %2 (2.5.4).

where
M is the mass of the towed bcdy,

and Cy is the hydrodynamic drag factcr.

Equating (2.5.3) and (2.5.4) and rearranging, .gives the

nonlinear differential equation of motion of the Lody:

N

. 22 2 - 2
X 4+ %"x + We X = We Xy (2.5.5)

where

W, 1is the cable-mass natural frequency, JK‘/M .

Once (2.5.5) 1is soclved, it is possible to find F,, by direct
application of (2.5.4) or (2.5.3). The blcck diagram of the

towed body and cable system is shown in Fig. 2.5.2.

The absolute displacement of the shipbcard end of the
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catle, x, is the sum of the input, u, and the displacement of

the end of the cable with respect to the input, y.:

X, = u + Ye (2.5.6)

For the case where the actuator acts on the cable thrcugh a
mechanical advantage (e.qg., the ram tensiocner of Fig. 2.1.1),

the motion of the cable with respect to the ship's stern can ke

t

expressed as:

Ye = ,<MA ‘j {2.5.7)

where

y is the extensicn c¢f the actuator.

Equations (2.5.6) and (2.5.7) are combined with the Ltlock
diagrams of the passive, active, and cable-mass systems (Figs.

2.3.5, 2.4.3, and 2.5.2) tc give the block diagram of the entire

system, as shown in Fig. 2.5.3.
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2.6 The Control Systen

The control system generates +the signal tc <cperate the
active actuator by means of monitoring and prccessing certain
variables. The controclled variable can be considered as either x
Oor Fyey » and Figqure 2.5.2 suggests that both can be ccontrclled
simpultanecusly beéause they are linearly dependent. This means
that the index of performance, as discussed in Chapter I, can . Le
2ither Fy, /7u or x/u, and both nmust be wmade tc fall below
certain specified limits for acceptable operation. In addition,
the control system must ensure that the long term average motion
of the actuator piston does not drift frem the centre .of the

cylinder.

The controlled variable (Fyr or x) can be used to generate
the primary actuating ‘signal fer the servovalve, This
constitutes a simple feedback control system where the reference
input is zero, as shown in Fig. 2.6.1. (The passive <cystem 1is
omitted from PFig, 2.6.1 for clarity.) The "Ccntrcl Elements"
blaock may contaih filters, integrators, etc,, as required for

best operation,

In addition tc feedback, it may be desirable tc include a
portion of the disturbance isput, wu(t), as indicated by the

feedforward loop in Fig. 2.6.1,

The piston centering contrel is a mincr lccp used to

restore the piston to the centre of the actuator slowly with
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respéct to the forcing fregquency. That is, the time constant of
the loop is at least one order of magnitude greater +than the
reciprocal of the input frequency. The choice between using Fyer
and X as the controlled variable is made based on thé
availability and suitability of transducers.. In either «case,
however, it 1is necessary tc provide a physical path in the
towing cable for the feedback signal to reach the surface
vessel. If this is nct pcssible, then the absolute motion of‘the’
shipboard end of the <cable, x4, can be used as the feedback
signal. Such a strategy is easily feasible in the case of the
ram tensioner and boom-bobber (Fig. 1.1.1(a), (b)), but nct =sc
for the constant tension winch (Fig. 1.1.1(c)) . Fcr
demonstration purpcses, it 1is assumed that x is the feedtack

variable.

The control system elements are now lumped into three
blocks, as shown in Fig. 2.6.2. The total contrcl voltage, E(s)

is given by (in Laplace notation):

R(s) = Hea(s) X() + Hee(S)U(S) + Hy(s) Y(s) (2.6.1)

where
Heg(s) represents‘the feedback element,
Hee(s) represents the feedforward element,

and Hy(s) represents the piston centering elerent,

The servovalve actuating current is obtained by passing the



control voltage through a power amplifier:

Z(s) = K, lZ(s} |

where
Z (s) is the actuator current,

and K, is the amplifier gain.

45

(2.6.2)
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2.7 Computer Simulation

The active-passive system as depicted in Fig. 2.5.3 has
bezn modelled by means of a "Continuous Systems Modelling
Program™"™ (CSMP), an IBM product for use 6n their System/370. The
pregramming language consists of a number of functicnal blccks
such as integration, differentiation, etc., in addition to all
the usual mathematical functions available in Fcrtran. These
blecks are assembled in much the same manner as an ahalcgue
computer network, but without +the inconvenience of scaling

variables. 1Integration can b

[0}

perfcrmed wusing any cf five
different built-in rcutines; the one employed in this project is
fourth order Runge-Kutta with fixed integration interval. This
method was selected because 1t 1is found to be the least

expensive for the degree of accuracy required.

The logic flow of the program is exactly as depicted 1in

Fig. 2.5.3. The listing is shown in Appendix F.1.
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CHAPTER III

LINEAR ANALYSIS

of the active/passive motion compensation
Chapter II are difficult to handle without
computers, In order. that the designer can
for the problem and thereby establish first
important parameters, I have simplified the

a fast approximate sclution, The =simplified

approach uses linearized equations and a frequency-domain

solution,

3.1 - Linearized

In linearizing
that the changes in
linear with respect
toc small to affect

the following:

Passive Systenm

the passive pneumatic system, I have assunmed
pressure within the cylinder and tanks are
to the piston displacement,. y, and that y is

the temperature in the system. This leads to

1. $§=Ay: i.e., the perturbation in piston displacement

is small, and denoted by §.

cylinder is

. pressure P,

i,e.,. the average pressure  in the
constant, and equal to - the gquiescent

3. Py=-P,; 4i.e., the rate of increase of pressure on

one side of

‘the cylinder is equal to the rate of
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decrease onAthe‘other.
4, The temperature throughout the passive systenm is

constant and egqual tc T,.

Furthermore, the geometry of the system is assumed to be

symmetric, which leads to the following:

5. A(+Az=2hAp; 1i.e., the effective piston areas are
averaged to a constant Ap.
6. Vg, +V,=2V.; i.e., the tank volumes are averaged tc a

constant V..

The gas flow equations are linearized by first. considering
the mass flow through the throttling valve as given in (2.2.12),

and restated here:
o o cnld) VRS0 -E]
mo= GR\RJVrmo-nl' &

=< BN i-(3)

(3.1.1)

where -

' 2Y
Co - CD P“ RTQ (Y“)

Considering the upstream pressure, P,, as constant and
equal to the quiescent pressure P,, and small variations in

pressure drop (P,-P,;), equation (3.1.1) can be linearized into
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the form:

D
3.
]

CrA(Po-PJ) (3. 1. 2)

om _ _om  2(B/R)
C = 5ty ~ 3(R/R)  2(R-R)

’ =X ' (3.1.3)
c v-| (5)‘*‘/, BE
= = “\B
¥P | 2/1-GaR)T  \R -

The flow through the valve will be positive for the half

cycle when the pistcn mcves one way, and negafive for the other
half. Therefore, (P,-B;) can assume positive or negative values.
It is thus necessary to select m,=(P,-P,) =0 as the equilibrium
point ‘about which ©perturbations are considered. However, this
will yield infinite valué_for Cr, since the slcpe of the & vs
(P, -P, ) curve, as shown in Fig. 3.1.1, is vertical at P, -P, =0.
It is therefore more reascnable tc select values of P,, By which
coincide with some average opérating condition, fcr example the
root-mean-square value. The equilibrium point, however, is still
the origin. ﬁenaming P, and P, to correspond to the tank and

cylinder pressures, the linearized mass flow equations are:
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ml = CP( Pt|" Pl)
: ' {3. 1. 4)

e = Cr (Pey-R)

Equation (3.1.4.,) is plotted together with its nonlinear form in

Fig. '3.1-1.

The cylinder tlow equaticng are considered next.
Incorporating the simplifications of geometry as discussed

abcve, equation (2.2.9) becomes:

.} Vex ApS 2 .
m = {“ii;"i" Ao+ FiA.S]
[~ . ’
Voo AuS (3. 1. 5)
. ! c-Bes 5 _ :
m, = E:To[ Y P 23 AZS]
The net mass flow into the cylinder is given by
o Vol Ve s & _A_P_é(' - ¢ (3. 1. 6)
(Wioha)= 7 |7 Bom) + 5 (e + A (ReR) |

Incorporating the approximations cf pressure as described abcve,

and introducing the differential cperator D=;§, equation (3, 1.6)

can be rewritten as:
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o-thy) = = | ¥ D(P-8) + 2A,P, Ds 3.1.7
-4
Finally, the flow out of the receiving tanks is ccnsidered.

Equation (2.2.4) can be rewritten, in differential operatcr

notation, as:

m = T ToT DFL

(3.1.8)
Vi
M2 = 7 ¥RT,

DR,

Solving (3.1.4.) for P, and P,, and substituting intc equaticn

(3.1.8), the net flcw intc the cylinder can be expressed as:

(h’,‘ h’,,)_—..- Ve OCP —P.) l (3.1.9)
T S A A |

Equating (3.1.9) and (3.1.6) and solving for P-P gives

27 Ap R (3.1.10)
Y[l+ Ve/ Ve ]

) V.
¢ )+ <re% D

The force exerted by the ram is then given Ly

P-Pe
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o= Ay (P - P,) (3.1.11)

and the overall transfer function c¢f ram force tc ©piston

displacement is

Fo 27 R Ap (3.1.12)
S [ Ve /Ve ]
Vc 1 + Y
'+ 5w D

- Lumping parameters and introducing the Laplace operator, s,
in place of the differential operator, D, the cverall transfer

functicon becomes

(o) NKs | 1+ 2%ms |
pS = - __2-_ 3.1013
N+1 LT+ w55 S%,s ( )
where
2
Ks = Zl%fh— = Static stiffness,

N=V. /V, = tank to cylinder volume ratio,
\

= —t
and 2S/w, TR

The parameters w,and S are the natural freguency and critical
damping ratio, respectively, and are ultimately a function of

the mass which the system must contrcl. In particular,
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_ @n Ve
) = 21G R (3.1.18)

UF
n

Wy =

The linearized transfer function Gy(s) is now extended to

cover the full range cf pistcn disrlacement, y, such that

Fo = Gpls) y (3.1.15)

The transfer function 1is shcwn in block diagram form in Fig.

3 . 1}2’.

Introducing the time constants

T, = 25/, , T, = Nl (3.1.16)

the transfer function may be restated as

—_— - (3.1.17)
Gp (s) N+l |+ 1,
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3.2 Linearized Active Systen

The equation of the active system, as presented in Secticn

2.3, is restated here:

Ca a ‘
y = A, Z‘\/Q‘FA/AA - -—A_A‘\/F;/AA (3.2.1)

A

Equation (3.2.1) is to be linearized about some operating pocint
(§,,z,,£k). Perturbations about that pcint can be rIerresented,

by A-notation, as

Ay = (1. AZ + 'A,AFA) + A3 AFa (3.2.2)
wheie
24 Csv '
M= 52T A \/Ps-ﬂo/AA (3.2.3)
93) Csv %,
=1 22 s = ; (3.2.4)
“e (e T " e
py -(23) = — (3.2.5)
37\ OFa fieavace 2A2 1/FA°/AA T

The constants A and A are termed the "flcw gain® and

"flow-presure coefficient®™ of the servovalve, respectively, and
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As the "flow coefficient® of the bypass valve. Fricticn is nct
considered in the linear analysis because of the discontinuity

at §=Oo

Equation (3.2.2) is wvalid only for perturbaticns about the
operating point (io,z,,gﬂ). However, during normal operation of
the valve the operating point can travel in a band spanning both
the negative and pcsitive regicns of y, 2z, and E,. The
linearized equation then beccmes inappropriate in its present

form,

It is ©proposed that the perturbations 1§, 2z, and Fa be
centred about the origin, i.e., ¥ =2z,=F,,=0, but that A, A, Nskbe
calculated about a root-mean-square point using equations

(3.2.3) to (3.2.5.). Eguation (3.2.2) can thus be rewritten as
4y = Az + (7\1"';\3) Fa (3.2.6)

and (¥, +2,,E,) can be considered as the RMS operating point.

The effect of 1linearizing the servovalve equation is to
change the family of parabolae to one of straight 1lines, as
indicated in Fig. 3.2.1. Thé linear system thus devéloped is
found té model the active system adeguately over the entire

operating range,

The transfer functicn 1is <shown in klock diagrar fcrm in

Fig. 3.2.2.
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3.3 Linearized Active-Passive Systen

The linear transfer functions of the active and passive
systems are combined 1in the same manner as in Section 2.4. It
will be necessary, however, to first linearize the bcdy dynamics

transfer function. Recalling equation (2.5.4)
= 3] 2 2

it is seen that only the damping term is nonlinear. This can bte

linearized about %=0, giving

where
2%’ .
CL=Cy '5; =2Cyux,
and X, is taken as the root-mean-square velccity.

C_, is then the linearized drag coefficient.

The differential equation of (2.6.4.) can now te linearized

to give

. 2 2
X + }j X+ W X = We Xy (3.3.3)

The transfer function of the compensatcr mcoticn x4, tc body

motion x can then be expressed, in Laplace notation, as
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x 1
F@G)= — =
where
_ Co
Se = 2Mw,

and F.(s) is the cable transfer function.
The transfer function of becdy displacement, x, tc cable tension,

Fyevw » is derived from (3.3.2)

F
RG) = '::’ = Ms?>+ (s (3.3.5)

The block diagram of the linearized cable and body dynamics is
shown .in Fig. 3,3.1. The block diagram cf the linearized motion

compensation system is shown in Fig 3.3.2.
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3.4 Performance Analysis and Optimization

As a firstAapproximation to system performance, the 1linear
model derived 4in Section 3.3 will be examined in the frequency
domain. It will be most ccnveﬁient to‘use the.ratio df body to
" surface ship displacement, x/u, as the critericn ¢f performance.
Due to the linearity of the system, a minimum x/u is equivalent

to minimum variation in Fyer /U.

Sclving the block diagram of Fig 3.3.2 yields the overall

transfer function:

X _  K() |
UG) — | + H(s) o (3-4-1

where H(s) is the open-loop transfer function, given by:

Ye(s)
X, (5)

- Enn[(lzﬂs) Kua F;(%) E(‘)+ 2K E(s) “@(5) + Mlua Koy HFF(S)]
S + (‘-’\7—'“3)6‘*!’ () + X Hy() + X K sy “FF(S)

Hs) = -

(3. 4. 2)

In designing an active-passive system, the absclute value
of the closed lcep transfer function, ‘%(sﬂ, is tc be minimized
within the range c¢f operating frequencies. This in turn yields

H(s), the closed loop transfer function, a maximum.

In general, the designer has no contrcl over the cable and
body dynamics, which are represented by F.(s) and Fga(s).

Furthermore, he has very little control over the passive systenm,
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Gp(s), since the primary desigp criterion for that system is to
be able to carry the static weight of the towed becdy.! Thus; in
maximizing H(S), it 1is npecessary to design Hgg(s), pr(é),
Hy(s), and to select a suitable =ervo-valve and hydraulic

cylindér as represented by A, and A,.

3.3.1 The Feedforward Element

The first step in maximizing H(s) 1is to minimize its

denominator. Ideally, it is set tc zero, which yields

|
M Ka sy

Hee(s) = = {5 +Oz+7~3)6,,(s)+7\n‘3sv uy(‘.)] (3.4.3)

As pointed out earlier, Hy (s) is the ram centering netwcrk.
Because it is relatively slcw-acting it has little or no effect
at operating frequencies. Thus, it can te deleted frem (3.4.3).

The feedforward compensater can ncw be given as

Hee(s) = - )_I'—Z‘;A—Mw [S + Oz"ﬂé) Gp(‘)] (3.4.4)

1 The stiffness of the passive system is usually specified in
order that the active-passive system ke capable of operating in
a purely passive mode when working in a low sea state, or in
case of a power failure in the active systen,
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3.4,2 The Feedback Element

The second step in maximizing B(s) is tp raximize the
numerator., An examination of (3.4.2) reveals that this can be
done by setting the gain of Heg () as large as possilkle;
howe#er, the servovalve saturates when the actuating current, z,
exceeds a critical vélue, 2o+ Therefore, Hgg (S) must be

optimized with respect tc the above constraint.

As is customary in position servos, the feedback element
Hgg (S) is assumed to be a combination of displacement, velccity,

and acceleration feedback. Thus,

Heg () = Ki+Kys + Kgs® (3. 4.5)

where
Ky, Ky and Ky are ccnstants,

This yields a servo-actuating current z, given by

Z(s) = Koy [HerDU() + Heg (X)) 3. 4.6)

(The ram centering network, Hy(s), is again ignocred because it

has negligible effect at cperating frequencies),

The amplitude of +the actuating current, lZ(s)L is now

constrained to be less than or equal to the critical value, z4:
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| 26)| = WKy HFF(s)U(s)%”FB(s)X&;)I £ Z, (3.4.7)

For convenience, (3.4.7) is rewritten in terms of ratios:

2

U(S)\ = Koy

Uo

Hee(s) + Flm(s)ﬁ%)) e = (3.4.8)

where
u, is the amplitude of the input, IU(S)I,
and é(s) is the closed loop transfer function as given Ly

U
(3.4.1).

The optimum valuas of K,» K, and Ky are fcund wusing a
digital computer program listed in Appendix F,3, The
optimization process is carried out at one frequency only, that

being the "design frequency” which contains the greatest energy.

3.4,3 Ram Centering

The ram centering network is required to maintain the long
term average ram displacement zero. Under static conditions,
this 1is equivalent to returning the ram tc centre pcsiticn in a

given (long) time after receiving a step input.

Ccnsidering the centering loop as shown in Fig 3.4.1, the

active ram force Fo, can be set to zerc under static ccnditicns.
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This gives a closed loop transfer function of

e o L (3.4.9)
Re(s) Hy6) V + T he)

Letting Hy(s)= Ky = ccnstant gives

MO 1/Ky ’ (3.4.10)
Re (<) | + Tys
where
|
Ty = —5—
y Moy Ky
It now remains to select Ky such that
o
>
Ty o

where w, is the design frequency.

3.4.4 System Stability

The stability of the system is determined by =sclving the

characteristic equaticn

1 + HG) =0 3.4.11)

and examining the root locus as the feedback gains K,, K, and Ky
are varied. In general, the characteristic function is
cumbersome to deal with, and the following simplifications are

therefore assumed:
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1. Let Gp(s)==Kp =-- i.e., assume the passive system behaves
as a simple spring (where Hccke's law applies).

2, Let F. (s)=1 -- i.e., neglect the cable dynamics. This is
reasonable because the effect o¢f the cable cn the
motion compensaticn system is relatively small, except
at the natural frequancy of the tcwed system. This
frequency should lies outside the range cf cperaticn,

3. Neglect Hy(s) as explained earlier,

With the above assurpticns, (3.4.11) can be expressed as:

s - (7\7."‘7\3) Kp + (l"zm\>>‘|KMA Koy Hee (s)
(3.4.12)

= (A2#23) Fo(5) Npn Ksv Heg (8) = O

The application of (3.4.12) to the latcratcry model is discussed

in Chapter 1IV.

3.4.,5 Power Consumpticn

The power consumed by the active system is the sur cf the
powar dissipated in the servovalve and the power required to
drive the load, This is equal tc the prcduct of the volume rate

of 0il flow into the valve and the supply pressure:
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W = Ay Byl (3.4.13)

where
W is the instantanecus pcwer consumption.
Note that although y changes in direction, W is always positive.
This 1is due to the fact that the directicon switching cccurs in
the valve itself, but the c¢il flow to the valve is

unidirectional, Thus, the average power consumed is the rcct-

mean-square of the amplitude of W:

W = 0707 Aa P | Y(s)I (3.4.14)

where
0.707 is the rms factor for a sine wave,
Ps is the supply fpressure,
Aa is the ram area,

and is the average power consumption, It is cocnvenient to

W
express W in the frequency dcmain as a ratic tc input

displacement U(s):

w - 07071 AR L X6 _  (3.4.15)
\$o) ‘. iﬁ(s) 06) 1} |
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where
£4s) is the «closed loop transfer function given in

U
(3.4.1.)

The reason for the inclusion of an accumulator in the
active system now becomes obvicus: the hydraulic power supply
needs only to provide power at the steady rate ﬁ; while the
accumulator supplies (or absorbs) the difference Letween the
average and instantaneous values. To aveoid wasting fpcwer when
the accumulator is fully charged, it is necessary to use either
an unloading valve or a pressure ccmpensated pump. This way, the
pump does not discharge through the relief valve (at high

pressure) when there is no flow demand.
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CHAPTER IV

THE LABCRATORY MCDEL

4.1 General Description

A laboratory model, closely resenrkbling the equivalent
system discussed in Chapter II was constructed to validate the
mathematical and simulation models develcped, and as a fprctctype
small scale mechanical simulator for designing- and evaluating
full scale systems. The apparatus consists of a hydraulic power
supply, active and passive «cylinders, a variable <frequency
displacenment generator, and varicus pieces <¢f electrcnic
monitoring, proceésing, and display equipment. See Figures 4.1.1

and 4.1.2,.

The péwer supply consists of a variable displacement fpump
of five gallon§ per minute capacity driven by a 5 EE electric
motor. A pressure relief valve is prcvided cn the discharge of
the 4pump, which <can be set to between 100 and 2000 psi. The

entire unit is mounted. on top of a 15 gallon oil reservoir.

The motion compénsatcr consists of a pair of «cylinders
mounted in tandem on a carriage, Fig. 4.1.3., The carriage is
given an approximate sinusoidal displacement cf variable
frequency and amplitude by means of a crank mechanism driven bty
a 1-1/2 HP DC motor, The piston rods of the twc <cylinders are

pinned together, sc that they act in parallel, rather than in-
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series as the arrangement smight first suggest. The other end of
the double-ended piston rod is pinned to.a second carriage which
contains vweights to represent the mass whose moticn is tc¢ be

isoclated.

The passive system is purely pneumatic,. consisting of a
pair of gas bottles, one connected toc each end of the larger of
the two cylinders described above, A flow control valve on <¢ach

gas bottle is used to adjust the damping of the passive system.

The active system consists of a gas/cil accuﬁulatof which
feeds o0il to a servo&alve through a filter., The. éervovaive
controls the‘ flow of o0il into the two ports of the. smaller of
the two cylinders mounted con the carriage.!ANgas linevtc,the,top

of the accumulator controls the charge pressure of the systen.

1The control sys;em monifors body and ram motions by a
seismic velocity transducer'mounted on the.mass carriagé, and a
diéplacemént poténtiometer cnl the réﬁ; cafriage. The signal
processipg function 1is achieved by gn aﬁalogue computer which
integrates, ampiifies, and sums the two signals. . A filter is
also included to remove high freéuenéy noise,. such as the type
generated by the wheels of the carriaée; The processequighal is
fed to a power amplifier which driveé the servovalve, An
oscilloscope and chart recﬁrder are.used to,ﬁonitor.any.twc of
mass velocity,mass -displacement, _inputl displacement, or 1low

level servo-actuating voltage. (Fig. 4.1.4)
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The apparatus as .constructed does nct model the spring
(L.e. cable) nor the hydrodynamig drag of the body. 2ll1 other
aspects‘ of the equivalent system are included. The exclusion of
these two parameters does not affect the modél cf the nmoticn

compensation system because they are both properties of the

towed systen,
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u,2 Performance Prediction and Evaluation

The physical properties of the labcratory mcdel are given
in Appendix D, The design is not based on any particular
requirement, but employs hardware which was readily availatle.
The input amplitude was set to 1.5 inches, and the design

frequency to 1 Hz.

The velccity transducer used to measure the mcticn of the
body was guite unsuitable at the low frequencies at which the
system could operate, and as a result scme electrcnic signal
preccessing was necessary tc obtain a useable signal. As a result
of this, only acceleration feedback was availakle for use in the
control system, The stability equaticn (3.4.12) <can now be
expressed using acceleration feedback:

ASZ + 85 + C = O (4.2. 1)

where
Az (Rz2+ D3)M + Ky, K, 2,
B = (22 +n3)C0 - 1
cC = (7L7_+7t3)l(p

By making the acceleration feedback K3 negative, the
coefficients A, B and C are always neqgative (ncte that A, and s

are negative, while RP is positive) . Therefore, the system is
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stable for all negative values of Ki.

A point to note is that the feedback constant, Kz, has the
effect of increasing the apparent mass of the system, as shown

in (4.2.1).

Because only one feedback variable is considered, it is not
necessary to use the optimization technique outlined in Section
3.4, A feedback constant of

Key Ky = =5 ma/(ft/sec?)

was used in the experiment.

The experiment was conducted at three frequencies: 0.5,
1.0, and 2.0 Hz., In each case, the system was first run in the
passive mocde (K;=0), then with Kg, Ky=-5. The computer simulation
was then conducted under the same conditions, and the results of

both are shown in Appendix G,

The time-domain records are then transformed tc the
frequency domain, and plotted as distinct points on a Bode plot
in Fig, 4.2.1. The linear model response is alsc plotted on the
same graph for comparison, over a frequency range cf 0.1 tc 10

Hz.

There appears to be gcod agreecment between the mathematical
models and the real system. Any discrepancies are due tc the
uncertainties involved 1in estimating hydraulic and pneumatic

throttling coefficients and mechanical friction., Hcwever, by



designing a real system with variable throttling valves, the
former uncertainty can be removed since the réal system can then
be matched to the model, Friction, on the other hand, <can
neither be easily predicted nor altered once the system is

operational,
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CHAPTER V

APPLICATION

This chapter is intended as a guide tc the application of
the mathematical and computer simulation models tc the design cf

real systens.

5.1 Input Conditions

The input, as stated in Chapter I, can be apprcximated ky a
Fourier series representing the vegtical displacement.cf the
surface of the water at a given rpoint. The Bretschneider
equation! can be wused to obtain an estimate of the spectral
energy density from thé average height and pericd c¢f the =seaway

for a given Sea State:

| s |
s(T) = 2—_lrh T CXP[-—QJ—_?%‘:; T4] (5.1. 1)

where
S(T) is the spectral energy density in ftz/sec,
‘T is the wave period in seconds,

T is the average wave period in seconds,

and h is the average peak—-to-trough wave height in feet.

1 See Ref., (12)
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Values for h and T can be rTeadily found in mcst nautical
handbooks. Figure 5.1.1 shcws a typical plot of the spectral
density function for Sea State 4, having mean wave height and

period of 4,9 feet and 5.4 seconds,’respectively.

A ship subjected to a multi-frequency displacement dinput
will behavé as a low rpass filter, and will not respond
significantly to waves whose length is less than one-half the
ship's length. 2 typical response curve is shcwn in Fig. 5.1.2.
The motion of the ship is then the product of the sea state
spectral density function and ship response, as shcwn in Fig.
5.1.3. The wave compcnent which contains the mest energy is
found to have a period T,, and W,=2M/T, is used as the primary

design frequency.

Figure 5.1.3 can now be used to cbtain the coefficients A;

of the Fourier Series

’

wn .
u(t) = 2. A{ sin it ' (5. 1. 2)
izl :

which can represent the motion of the ship in the time dcmain,
This is done by dividing the Ship Motion Spectral Tensity
Function into n cells spanning the entire range of period, and

calculating the energy associated with each cell:
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.
Ti+4%

f S(M AT (5.1.3)

av
T-3

]l

AS;

where
A0S, is the energy asscciated with the i-th cell,
T 1is the central period of the i-th cell,

and AT is the cell width.

The coefficients A; can be expressed as

AS; ) (5-1-'4)

Ni—

A =

The apprcximate ship displacement as given by (5.1.2) can
then be wused in the simulation model to give a realistic input
condition. It is not necessary to use more than three to five

terms in the series to give a good wave profile.
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5.2 Two-Dimensional Cable Model

When dealingy with 1long cable lengths (over 2C00 feet) cor
horizontal motion with resgpect to the water, the cable assumes a

catenary shape which can no longer be assumed cne-dimensicnal,

Walton and Polachek! developed a program tc ccmpute the
shape and tension of a cable subject to a displacement boundary
condition at one end and hydrodynamic drag alcng its entire
length, In essence, the continuous cable is modelled as a number
of elastic 1links pinned together end-tc-end. Each link has
masses concentrated at its two ends, as well as lcngitudinal and
transverse drag coefficients. (Fig. 5.2.1) The towed body is
represented as the last 1link of the cable, given the appropriate

values for mass and drag coefficient.

The program uses a displacement input at the top (i.e.
surface) end cf the cable, and calculates the displacements and
- axial elongations of all the 1links, This in turn yields thé
cable'tension in each link, The model of the mcticn ccmpensaticn
system developed here can use this cable/body model Lty supplying
the variable xy as the boundary condition, and receiving Fyg,
the cable tension at the surface tow pcint., If desired, the
compensator motion can be resolved into horizontal and vertical

components to increase the model's realism.

1 See Ref. (23)
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5.3 Servo-valve Model Extension

The servo-valve considered here 1is assumed tc operate
instantly upon application of a control signal., Hcwever, in the
case of large valves which are usually multi-stage, there is
considerable time lag even at 1low. frequencies.. The .dynamic
response of such valves can be considered as a first cr second
order system, depending on the accuracy desired. The valve

equation then becomes

Qy = Hsv(s)z\/Ps—AP (5.3.1)

where Heg(s) is the dynémic characteristic c¢f the valve,

In the case cf a first-order valve,

Csv

1 + 1S
and for a seccond-order,
H,, () = Cav (5.3.3)

2
Ss¢

1+ 2 S +'Z%ﬁ
whefe
Csy is the valve constant (as before),
7,, is the first-order time constant,

Ws 1s the second-order natural frequency,

and §,, is the second-crder damping ratio.
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The parameters 7., s, and Sy are estimated frcm the
response curve supplied by the valve manufacturer, Fig. 5.3.1.
They' are chosen such that the phase lags cf the real valve and
the model coincide over the frequéncy range of interest. When
operating near the rescnance of thetvalve (which is generally
not recommended since servo—valvés ére usually wunderdamped) a

higher order model may be necessary.
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5.4 Control System Considerations

In setting down the performance. requirements c¢f a real
system, the frequency response must be carefully ccnsidered, 1In
particular, 1long period waves generally have larger. amplitudes
than short waves, hence it .is not always.pbssible to ccmpensate
for them as effectively due to the 1limited travel of the
compensator, Therefore, it is desirakble to . design for zero
compensation. at high wave ©periods (in the order of 20 tc 50
seconds), increasing to maximum. compensation at the design
frequency. An acceleraticn feedback system will inherently

behave in this manner,

At frequencies above\the ship's natural frequency it is
desirable td decrease compensation since the =ship dces not
respond to such waves. Furthermore, shipboard vibrations due to
the engine and propellors may be significant above cne Hz2. A
typical frequency response which weuld give acceptable
performance is . shown in Fig. 5.4.1. The low frequency cut-off
can be moved to the .left by either decreasing the stiffness of
the passive systenm, increasing amplifier gain, or increasing the

time constant of the ram centering loop.

The ©point of maximum compensation is set by intrcducing a
second-order low-pass filter, Fig. 5.4.2..The ccrner .frequency
coincides with the desigp frequency, where mcticn ccmpensation

is maximum, The critical damping ratio determines the Landwidth
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of the response curve, Such a filter can be used tc tune the
system to virtually any sea state condition, provided that the
system 1is designed to handle the corresponding amplitudes, This
feature can be used to improve an .existing passive =systen bj

adding on an active one.
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CHAPTER VI

CONCLUSIONS

The éjnamic 'beﬁaviour of . an active-passive motion
compenéation system has been analysed and a mathematical  mcdel
developed, Experiments performed. on . a iabcratcry apparatus
indicate ﬁhat the system is adequately described by the

equations derived.

The mathematical. model has been simplified by iinearizing
the equations, and computer programs have>be9n .deveioped. which
can assist in the initial design of real systems, In addition, a
program which solves the,nonlinear”equationg by simulaticn has
been writfen, and can be used to refine the initial design. The
programs> are flexible enough to accomodate a variety cf systen

configurations.,

This project, in essence, has provided a design tcol, tased
on mathematical analysis, to an area which has traditicnally

relied on seat-of-the-pants engineering.
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APPENDIX A

G AS FLOW ERQUATIONS

. .,..-l.--’,CDMPQESSIOA/ : OF THE COA/TROL VOLUME

. Flow INTO A CLOSED VOLUME

T rate of cwwse op E/\/T/—%ALPY | W/??—HA/
. CONTROL..VOL UME.. FIG A/ o

Tl e c,,—r m.o";i?_.

d,k dt

U e pate oF. A E oF nTEedA eveeey
IS THE Flow RATE OF GAS MULTIPLIE_/) BY /TS UA//T
INTERNAL ENERGY : i _ ;

o

Qu— ,AWIC,,,-T '—‘f =2

TR eare OF CHANGE OF ENERGY (S mE
‘WorK DONE ON THE GAS BY EXPANSION OR .

dE

o SU&%‘TITW/A/@ (/} 2) /WD (/} 3) /,wo (A /}
‘ GH/ES

SoLviNG FoR  wmi . AND  SUBSTITUTING  _

W (4-4) GwveEs:

. _ L1 v yp -y, )
m. = 27,[3, +p 4y | (4_‘6)

Leev) . a2

B e o s)

,,,CPT s “;& (Pv )+ PR )
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2. Flow THROUGH A WNEEDLE VALVE

ME NEGOLE VALVE, Flé. A-2 , ConNSISTS oF A

.. VARIABLE AREA  ANNULUS, Av, WHICH S CONTROLLED . . |

. BY PR#ISING OR (OWERING A THPEREOD NEEDLE .
TS C#N BE MODELLED . BY A CONVELGENT NozZLE.

| pPPLYING 77-/E -_ Enees .E@UAT/&A/I PR
He=Hg+ 7 (A 7)
W#EQE/—D: 15 THE A\/EQAGE VELOCITY Aoeoss A/.
 ASSUMING THE ﬁb@")s Apezm;cr eas T

-—

R T e G

/1 SSUMLING (SE—MTJeaPIC Fww .

RO )/r-'- L ay

'4rl+c: MASS Fwi«/ '@/r‘g /s a‘(uEu Bv

e phE o )|
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SUBSTITUT /NG

’;',’ | )AV\/(, » {I—(&)f.}'

EcvuA*/m;./ oF sr‘kre‘ (oﬁ -

'(A-é’)/.f(A¥Ci) INTO /A~/b) GIVES:

o susfrzr(/rm}é,‘ L THE
A PERFECT GAS)

S (A

o (A1) GIVES:

2= o B

GINCE  THE _VALVE IS NoT AN IDEAL _CONVERGIG . ..
17 1S THEREFPRE WNECESSARY TO (NTRODUCE ... ...

- MNozz2lLE , ,
AN EMPIRICAL

£OUATION (A-I3) .

ComBived witH Ay,
: .~KL =_(;;4V

. W#EQE G 15 -/4ZF(/UCT/M/“A&F.“A/Eé'DLE‘ Pasﬁ'/'v.d.m

- Cs IS DETERHMINED EXPERIMENTALLY, AND USUALLY

- PUBLISHED BY MA#UFAC?_’U/ZEQSH FOR THEIR VALVES.

CAN THUS BE EXPRESSED AS:

DISCHARG € COEFFICIENT ;, &  INTO
THS COEFFIUTNT CAN THEN BE
S UcH THAT S

".'_g&u'_#rm'u (A-13)

AT o

/VOTE THAT . (,4-/5) s owty muo eor

| A < B < A
1, FOR DoWNSTRE A1 PRESSURE GREATEL THAN
THAT REQUIRED fOR CHOKED Flow. [Ok M ITROGEN

AMD AR
pP. = 0.528 B,

(A1)

(rw |

4)

(4 /5)




APPENDIX - B

LYDEAULIC SERVO-VALVES

I TYPES 0OF VALVES:

VALUES CONSIDERED HERE ARE 'FouR-WAY SPoOL VALVES, .
CONSISTING OF .4 METERING ORIFICES, FI¢ B.[..

EXHAVST - SUFLY o EXHA()ST o |
It I -1 l___] spooL.

l Ra W Q4 ' 7 Qs

B ,._,IQ'/I._._W._ A_

R T '_.A i‘;;.;;"' o  -

From [To Loap . . ... TofFeom.LOAD

Fis b

SPooL VALVE

THIs ARRANSEMENT CAN BE MODELLED BY A 'HYpéﬁuuC f
. WHEATSTONE. BRIDGE, Fl6. B.2.. . . e fee e,

Lol L souee . S ‘

N
Lt .

FlG. B.2  WHEATSTONE BRIDGE




foo

TUE HYDRAULIC }ZES/STAA/CES ARE , OF GoURSE,
NONLINEAR. :

SERVOVA(LVES MAY BE UAIDEIZLA—PPED OVEIZLAPPED, OR
2ERQ - LAPPED AsS SHowwN IN FiIG. .3 .

N

ZERO - LAPPED ..

BRI

" ‘oveR-tapPeD . I

.. UNDER-LAPPED

"Flé. B3 VALVE SPOOL DESIGNS

OVERLAPPED VALVES  Ex#HIBIT A DEAD ZoNE ABoUT- . . ..
THEIR CEWTRE POSITION, X=0, WHEREAS UNDERLAPPED
VALVES ARE FAIRLY LINEAR IN THAT REGION. UNDER -
LAPPING TEUDS TO ENHANCE STABILITY. OF THE SERVD
SYSTEM AT THE ExpEﬂJSE oF POWEQ LoSS AT X=0. .

W 774/5 ANAL‘/.S'/S , 2€20- LAPPED VALVES ARE
CONSIDERED. HENCE, (Qs3=0d4=0.
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P 1o\ does rot exist|

b2

2.

DERIVATION OF PRESSURE -FLow EOUATIONS

A 2ERO-LAPPED VALVE MAY BE MODELLED 3\/ THE
SIMPLIEIED CiRcUIT OF  Flig. B-4.

oo o o RO

Q—— g —= T @

 FIG. B-4  2ERO-LAPPED VALVE

e C

@ ce G0

ASSUM:UG THAT oeucrcé' AQEA /s PEOPOQT /ouAL To

DISPLACEMEMT,...X, v\lE HAVE THE FA—MILIA-/Q OR/F/cc— FLou/

LERUATIONS =

I HE o [

. _ (8.2)

4. Q; = AR
WRHERE L S L i
.. P._.=  SUPPLY. PRESSUERE.
. K= A CONSTANT . . :
g &L = LoAD'FLow. L ;

comauums THE. mo E@UAT/OMS OF (B 2) /wz)

REARRANGING , . YIELDS.;

WHERE . o
. AP = P,aP2

. FOR NEGATIVE SrooL D/SPLACEMEAIT (X 40), NOTE
THAT ,

4, - a, -0 . (5. 4)
& Asc@ =@

|F EOMPRESSIBILITY. WITHIN THE SYSTEM rs”.u'sswcrrso |

. - .2~ xJasar ey
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Tyd YIELDS

a: ExJriar . . @
COMB/A.//.UG,. (3.3)_.AMD (3-5), AND LETTING
Csv.= Kfo

We GET :

&L = Cov X [ P = sign(z) 4P - - @)

WiticH 1S THE. GEWERAL SERVO VALVE. EQUATION. .

. ; .
N !
: i :
t ' ,
M 1
o sl :
i H
i .
. - §
- - : g
— s e
.
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APPENDIX C

COMPRESSIBILITY EFFECT OF HYDRAULIC FLUID

CONSIDER THE CYLINDER SHown IN FlG. CJ :

P

P

FlG. C.1

THE . Flow 00T, G, , 15 EQMBL To THE Flow

IN, Q; , LESS .THE. RATE OF - FLUID COMPRESSION INSIDE,

| THE "COMPEESSIB/UTY FLOW', @ s

@o ":’Q QC
Vo dP

- E‘ e 6?0,.,: . B d_{: . C e ,..4:.:,. ,.*&....,N,;‘.A..u : ISR I

WHERE . ... = oL
- Vs THE l/DLUHE OF THE cumoee
B s THE BULK MODULVS OF THE FLU/D
& .. 4Pt 15 . THE _RATE  OF CHANGE OF
,,,.VPEESSUZE IN THE C_\/LH\/DEQ

Foe THE E@UIVALEUT MODEL D/SCUSﬁED IA/TH'E TEXT, |

v 470 Cint
B.= 95000. ,Dsi ,

5 P:‘”?:'» 300(/ + sin wt)

nene wmx ~ 4Hz. -_._. 25' raal/sec‘:" N

s GIVES }E 300 w st

\

dP » T
OE l})mw =  300w = 7500 psi[sec.

el B
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4 I s,
THIS GIVES  (Qc)yy = apppp * 7500 = 0.371 in’fecc
FOR  MAxMUM  INLET FLow COA/D/TIOA/
@i = Ag

WHERE A = PisTON A,QEA' = 0,303 in?

&. 4y = PISTON VELOCITY.
COMSIDERING =~ FULL  12-INCH STROKE :

Y= 6 sin 4)+  : L

5 < Gw coswi‘

R AU

;:
Foon

e =59 infsec.
CTHIS GIVES  THE RATIO |
. : , @C_' - .."0,37,

| THE COMPRESSIBILITY.  Flow .1$ THUS NEGLIG IBLE.

CONSIDER nOW A ‘FU.L:L-!S"CA'LE SYSTEM. TYPICALLY,
B -

V= 5000 [n (8 D/A x'8 Fr Loué)'\

(9é wcuEs)

no

_P.= 1000 .( 1+ Sin wf)

| '. WHERE w,_'“= 025 Hz = 157 radfsec.

I

77+IS GIV[S (c[&)qu .
5000

CHENCE  Qc = 5rp0p * 1570 = 83 in®fsec

(5)»@( i——.‘..._. /50 m/scc .

rwis eves. | @ = ossixiso |

== - 06% . .. |

1000 * 1.67 = IS70 psifsec
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THE INLET Flow BATE IS Now

. O{-: Aﬂm»\x = 50 x 48 x 1:57 [in_z/sec)

L]

3770 in3/sec.
CTHIS GIVES THE RATIO
C_‘)f _ 83

& = 3170° 2:27%

THIS IS AlLSO  MEGLIG I8BLE..

1 , ]
NI OBHEL -
) s e - o
: ¥ i
§ i )
i —
|
: +
- e -
K
]
- . SR o,
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APPENDIX D

LABORATORY MODEL ‘SPECIFICATIONS

[ INPUT :

My = X" = o025

e = | Hz (DESIeN FRERUENCY)

M= 3.0 shgs. = 97 lbomass.

e ]

'3 PASSIvE SysTEM

e s T
A, = 34 %

A2 =.2.950n% ]

[

Av.AREA :  Ap =.3.04 in® R U RN T S

V. = 20 1n".

Ve < 280wt

N=_y= 14

empmess Ky - e < |

N+ Ve

4. ACT\VE SYSTEM

SERVOVALVE:  VICKERS SC4-03 |
3 UsSGPM (@ 800 psi Jrop

Coy = | 0.0118 (in75ec>/(m¢ ﬁ;‘) |




log

AA. = 0»3‘?3' ;VIZ
378 (fng/sac)/\, psi

. Soo Psi

{1

Cv

i

Fe

LINEAR  APPROXIMATION.:

Lot FA. _ ok

». UM‘ - 9,'(;3, a: u;Qo_ = L& vé,.lzg 9 42 m/su_ .

e Gms = O.70T'x 9.42= G.66 in /s¢c.

o | T z g0 Aa . 666 x0.393
T G R Fae/pn f,_ooua r—“4vs

[T . rarans i g ot

2= [0 ma

.U ".'*""'Csv Ff‘v-‘ 0.01i8
A, = AL VBT T To0.393

A

Coy 2o - ‘ 0. 0118 * 10

L ,, , "Az__ : T 2 AA mﬁ , 2‘ (0 393) 4_75_ o n; .
o | = 20007 Gnjsec)/ b |

= = -0.0014 (#fsec)/lb .

S =g A:m’““ S N
B 375 _ _z7.4 (fn/sec)/]b
21‘(0-393) vz BT
' o= =02 (t[se)/ b

475

= 0 055, (f’\‘:/sec)/ma B




109

APPENDIX _E

FRICTION PARAMETER

" FRICTION IS .CONSIDERED AS AN EXTERNAL FoRCE
" ON THE SYSTEM , AS sSHowN IN Flg. E-l : R

I

THE _ NET FOQCC 15 Given' BY . .

WUERE. . _'f" )5 THE FRICTION Fopce..
O Is A FUNCTION OF 5 _
@ §=o0: f Is EQuAL AND omosiTE |
L T0. (Fa +F,,) UNTIL . Mona/u
BEGINS . ) U
(b)..'g"v"#o : f s CONSTANT AAJD oPPoserﬂ'

IN- SENSE .TO g

- A - .i. _- .

~(+5) — §
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APPENDIX F.1

ONLIN
i sk ko ookokokkakok ok R EMC s NONL IN sk sedodiod e sk e sk oo e
2 3k
3 #x%%% NONLINEAR MODEL SIMULATICON PRCGRAM *3%x
4 *
5 INITIAL
6 CONSTANT CSV=0.0118, U0=0.125y AA=0.393y 2P=3,0y eee
T VG‘=201|' VT=28001 M:BDG, GAM=1.29 PS=5000 Y000
8 W0=6.28
9 PARAMETER K2=0es K3=Ce0y KSV=1.0y PO=15e010ees

10 ZETA=1.00, CV=3,15, FFO=1l,, YDCR=0.,CC00001l, CX=1o
10.25 ' PARAMETER K1={(0esy5.)

11 PARAMETER RW= 1.0, TCV=0.C25

12 ' N=VT/VO

13 KS=2e %*GAMXPOXAP*%2/VT*12,

14 WN=SQRT(KS/M)

15 TC1=2.%ZETA/WN

16 TC2=TC1/(N+1,)

17 ' KP=N*KS/{(N+1.)

18 W=RWkWO

19 DYNAMIC

20 UL=UO*SINE(OeyWs0.)

21 U2=RAMP(C.0) —RAMF(1.0)

22 , U=uUl#*U2

23 UD=DERIV{O., U)

24 UDD=DERIN( 0. ,UD)

25 X=U+Y .

256 25 X1=CMPXPL(0Oo y0e y0a59WXD)

25.5 XOUT=W%X1

26 F1=LEDLAG(TC1,TC2,Y)

27 FP=-KP%F1

28 YD=IMPL{Qe40.05,F YD)

31 XD=UD+YED

32 YDD=DERIV{Q.,YD)

33 XCD=UDD+YDD

34 FNET =M*XDL+CX*XD

35 PROCEDURE FFR=FRIC{YD,FFQ4FNET,YDCR)

36 IF(ABS(YD)-YDCR)10,10,11

37 11 IF(YD)1,1,3

38 1 FFR=-FFQ

39 GO _T0 4

40 3 FFR=FFO

41 . GO TO 4

42 10 FFR=L IMIT{-FFO,FFO,FNET)

42.25 4 CONTINUE

43,25 ENDPROCEDURE

44 FA=FNET-{FF-FFR)

45 XDDD=-W*%2%XD

46 R1=—K1*XDDD*W

47 » R=CMPXPL{0+90es0s5,W,R1) )

48 Z1=KSV*R

49 Z=LIMIT(=404y40e421)

50 SGN=FCNSW{Zy=-1+0y0e04140)

51 SGN2=FCNSW(FAy-1.0,0.0,1.0)

52 YD1=CSV*Z#SQRT{PS-LIMITI{~-PS,PS,SGN*FA/AA))

53 _ ¥YD2=SGN2%CV%SQRT (ABS (FAZAA))



54 FYD=(YUI-YDZ) /124 /24

55 Y=INTGRL (0o ,YE)
55,25 NOSORT
55.5 % ¢o TO 30
55.6 51 IF(KEEP.NEL1) CC TC 30
5547 TX=TIME+C.CC1
55.8 IF(AMOD(TXy «05)+GTo0.002) GU TO 20
554 81 WRITE(8,31) TINE,XCUT,U
55.82 31 FORMAT ( ZE L 4. €)
55.83 30 CONT INUE
56 PRINT U, Xy Yy XCUTs Ry FNET, FP, F2
57 TITLE ACTIVE/PASSIVE MOTICN COMPENSATICN SYSTEM
58 TINER PRCEL=0.05, FINTIM=10., DELT=0.05
59 METHOD RKSFX
60 ENG 4
60.7 PARAMETER RW=C45
60.8 TIMER DELT=G.1
60.81 ENC
61 STOP
62 ENCJOR
ND OF FILE

C *SKIP



AP’PEND]X F.2

LINSYS

21425
2
22425
2245
23

24

25

26

21

28

25

30

31

32

3

34

35

2
z

37

38

39

40

41

42

43

44
44425

44,5

45

46

46425

4605
41

CoatedboR e R A R Rt R gk dokbok REMO 3L TNSY S %ok b 5k ok ob o0 okt 3ot e st ook ok 0 s o ol ¢

C
C
C

(3 e o o % 3ol % e 3 e e o o ¥ B ol sk e ok e ol v e o g St R sl o e g N B YUK X s a0 T e

100

LINEARIZEL MULCEL OF MOT ICN CCMPENSATION SYSTiM

CONMPLEX GoFoT1yT24FFFyFFByZ1ySykyPRE
REAL KSyK19yK23K39KPyMyNyLCGRWKFF

REAC(IS5y 1 +END=99)AA A PGy VC s VT4 GAMyMyZy (V1 CV243C X LELAY

KS=2 . #GAMEPOXARXR2/VT %12,
WN=SQRT{KS/M)

N=VT/VC

IF{ZeEQelUe) Z=SQRTI(N+LIH(N+2,)/(BLEN))
TC 1=2e#2 / 4N

TC2=TC1l/ {N+1,)

KP=N"KS/{N+1,)

REAC(Sy L4yEND=99) WU IK1)KZyKZyKFF,LEP
HCV1=1s/{CV2+CBP)

HCVZ=CV1i*HCV]

RWN=WN/ WO

IF{KFFaEGela) KFF=KP=({CV2+CEP)/CV]
WRITE(Ty4) POV o VT Ny KSyZ yWNsCX
WRITE(T95) CV14C0V2Za0BP yK1K29K34KFF
WRITE(T7+6) WQsRWN

LOCGRW=-1,
TCV=TAN{DELAY/180.%3,14159)/W0
ALPH=SQRT{le+{ TCVRW(C)H¥%2)

DO 20 I=1,81

Ri=10s0%* | CGRW

W=RKW*K0

S=CNFLX{Cas )
G==KP*{1la+TC1%S)/{1.4+TC2%S)

FeMuS %5240 X%S

HFB=( K1+K2*S+K3*%S*k%2)x ALPH/ (1o 4TCVES IRRHS/ (WHS240 ¥ S+5%%2)

HEF=KFF
b= (F/ZHCVIHOVI*(HFR+FFF))/(G/FCVI+CV IXFFF+ )
Tl=1e/(1la+H)

 PHIH=ATANZ(AIMAGIH)REAL(H) ) *18(Ca/2.14.59

I1=HFB*T1+FFF

T2=T1-CMPLX{1le+0e)

Tl1A=CABS(T1)

T2A=CABS(TZ2)

HA=CABS(H)

PHII={ATANZ(AIMAG(TL) »REAL(T1)))*18Ce/ 2. 14159
PHIZ={ATANZ2(AIMACITZ2)sFEAL(T2))})*18C 4/ 214159
DB1l=20.%AL0GL0(T1A)

CB2=20 «*ALLCC10{T24)

DBH=20*ALCCIC{HA)

LZ2=CABS({Z1)

PRR=500 ¢ %42 A%S*T 2

PWRA=CABS(PnR}

IFIMUDIIy2)eEQuel) WRITELTyZ) RwsDBL ZPHIL JDRLZPHIL,
* CBlRyPHIERy2Z2)PWRA

DEZ=2C*ALCG10(Z2)
FHIZ=(ATANZ(AIMAG(Z1 ) REAL(Z1))I¥1BUe/ 2214159
WRITE(8y3) LCGRKW,DB1,CB24yPHIL,PHIZ

Loue X Es e
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48 20 LOGRW=LOGRW+0. 025

49 GC TC 100

50 1 FORMAT(12E12.0)

51 3 FORMAT(10F12.4) '

52 4 FORMAT {*1PASSIVE SICE*/'OPRESS. ='yF6.0y5Xy 'CYL.VOLe =1,

53 #F6e 0y S5Xy ' TANK VOLe =',F6.095X,'VCL RATIO ='4Fb643/

54 ¥ STATSSTIFFNESS ='3F84295Xy 'CRIT.DAMPLRATIO =',FT7.3,

55 *5Xy*NATo FREQs ="' 43F602/ ' BODY CORAG COEFF. =',F6.0)

56 5 FOGRMAT("OACTIVE SIDE'/'CLINEAR VALVE CCEFFS. CV1l =1',

57 #FQa595Xy"CV2 =", F94595Xy*'CBP=1,F9,5/* FEEDBACK CONSTS. K1 =*,
57025 *Fé.ﬂy ’

58 #3Xy K2 ='yF6s0y3Xy*'K3 ='9F6,1/" FEEDFWD CONST. KFF =!,F6.3/)
5825 6 FORMAT(*OOPERATING FREGQUENCY="',F7.2/

58¢5 # SX9'NATFREQe/OPeFREQa=',F6.2/'0")

59 99 STOP :

60 END

OF FILE

SKIP

-\
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APPENDIX .3

PTIM - .
1 € dddsopckdsoksokdiobddoris REMC sOPTIM sk b o sor Sk dorop dodop s
2 C '

3 C  #x%sk PROGRAM TO COPTIMIZE PARAMETERS CF CONTRGL SYSTEM %X
4 C

Tl o B G o i ook ok ook o o o A A At sk o o o o o o o e e o o o oo o % B B o R R

5 DIMENSICN VAR(Z246€)

6 EXTERNAL TRANSF,FLO,FHI,FMPL

7 COMPLEX SsHFF,F,G

8 REAL MyNyKP4KS

9 COMMON/ PARAM/SyEFFyFy G4y ECV 1, ECVZ

10 READ(5,1) AA, APOWVCWVT,GAM,MyZ,CV1,(V2,(BP

10.25 READ(5,1) WU '

11 1 FGRMAT{12E10.0)

13 : KS=2. 0%GAMXPO* AX%2 /VT%12.0

14 WN=SQRT(KS/M)

15 N=VT/NVC

16 IF{ZeEQeVe) Z=SQRTU{N+1.)%(N+24)/(Bo%N))

17 KP=N#*KS/{N+1.)

18 S=CMPLX(Des W)

18.25 TC 1=24 %2 /4N

18.5 TC2=TC1/(N+1l.) ,

18. 6 G=KP¥ (1, +#TC1%S)/({1.+TL2%S5)

18.7 FaMESkk 7

18.8 HCV1=1./{CVZ+CBP)

18. 81 HCV2=CV1%xHCV]

18.82 KFF=0.

18.83 HFF=KFF

19 VAR(1,1)=0.0

20 VAR(241)=0.

21 VAR{3,1)=0.

22 CALL COMPLX{XsVAR 3939614994 9+50,15042504910,04.001,3TRANSFyFLO,

23 *FH1,FMPL, €999, E777)

24 STQP

25 999 STOP S

26 177 S5TG6P 7

27 END

28 FUNCTION TRANSF(TyNN)

29 DIMENSION T(1)

30 COMPLEX SyCyFoHFB,T1,HFF

31 REAL K1,K2,K3

32 COMMON/PARAM/S yHFF4F4GyHECV1,HCVZ

34 K1=T(1)

35 Ke=T(2)

36 K3=T(3)

41 HFB=KL1+K2%S+K3%S%*2

42 T1={G-HCVZ*HFF-HCV1*S) /(F+G+HCVZ2*HFB- HCVI*S)

43 TRANSF=CABS (T1)

44 RE TURN

45 END

46 FUNCTION FLC{(TyNyJ)

47 DIMENSION T(1)

48 GO TO (1429344)yJ

49 1 FLC=0.

50 RETURN

51 2 FLO=0.




52 " RETURN

53 3 FLO=-10.

54 - RETURN

54,25 4 FLO=0.

54.5 RETURN

55. : END

56 FUNCTION FHI(TyNyJ)

57 CIMENSION T(1)

58 CO TO (1929344)4d

59 1 FHI=0.

60 ' RETURN

61 2 FHI=D.

62 RETURN

63 3 FEI=10.

64 RETURN

64.25 4 FHI=1Z8.

6445 RETURN

65 END

66 FUNCTION FMPLITyNsJ)

67 DIMENSION TH{1)

68 COMPLEX S3T1,HFF,HFB,F,C
69 COMMON/PARAM/SyHFF 4 F4GyHC V1 JHC N2
69.25 K1=T{1)

6%. 5 Ke=T{2)

69.6 K2=T(3)

69,7 HFB=K14+K2%S+K3%S%x%2
69.8 T1=(G-HCV2%KEFF~HCV1%S) /{F+G+HCV2¥HFB-HCV1%S)
69,81 FMPL=CABS(EFB*T1+HFF)

71 RETURN

12 END

OF FILE

SKIP
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