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ABSTRACT 

The dynamic behaviour of an a c t i v e - p a s s i v e motion 
compensation system f o r handling towed marine v e h i c l e s i s 
examined, and a mathematical model developed. In the a n a l y s i s , 
the passive system considered i s pneumatic, while the a c t i v e 
system i s e l e c t r o - h y d r a u l i c . The towed body i s assumed to be a 
point mass subjected to uydrodynamic drag, and attached to the 
motion compensator by means of a l i n e a r s p r i n g r e p r e s e n t i n g the 
cable. I t i s not intended, i n t h i s p r o j e c t , to mcdel the tewed 
body i n greater d e t a i l . 

The equations of the passive, a c t i v e , and towed tody 
systems are derived, and l i n e a r i z e d t c permit a r e l a t i v e l y 
simple frequency-domain s o l u t i o n . A time s i m u l a t i o n based on the 
nonlinear equations, i n c l u d i n g Coulomb f r i c t i o n i n the 
compensator, i s developed for use on an IBM Systeis/370 computer. 

A l a b o r a t o r y model i s used to conduct experiments at three 
f r e q u e n c i e s , and the r e s u l t s i n d i c a t e good agreement ketween the 
l i n e a r , s i m u l a t i o n , and r e a l models. Extension of the equations 
to cover multi-frequency inputs, two-dircensiona1 tewing c a b l e s , 
and slow-acting servovalves i s a l s o discussed to f a c i l i t a t e 
a p p l i c a t i o n to marine systems. 
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CHAPTER I 

I8TB0DUCTI0H 

1.1 Problem D e s c r i p t i o n 

The s a f e t y and performance of towed submersible v e h i c l e s 

depend, to a l a r g e e x t e n t , on the a b i l i t y o f the ha n d l i n g gear 

to decouple wave induced motions of the su r f a c e s h i p from the 

towing c a b l e . T h i s decoupling i s u s u a l l y accomplished by a 

motion compensation system — e s s e n t i a l l y a s p e c i a l c l a s s of a 

v i b r a t i o n i s o l a t o r . 

V i b r a t i o n i s o l a t i n g d evices are employed i n systems where a 

mass i s to be i s o l a t e d from an e x t e r n a l f o r c e c r motion 

d i s t u r b a n c e . Some common examples are automobile suspensions, 

earthquake a b s o r b e r s , and rocket-borne i n s t r u m e n t a t i o n cushions. 

The marine towing i s o l a t i o n problem has three 

d i s t i n g u i s h i n g f e a t u r e s . F i r s t , the frequency o f s u r f a c e s h i p 

motion i s low, i n the order of 0.1 Hz, while the a s s o c i a t e d 

amplitude may be i n the order of f i f t e e n f e e t . Second, the mass 

of the submersible, i n c l u d i n g the water i t e n t r a i n s , i s l a r g e — 

t y p i c a l l y i n excess of 30, 000 pounds-mass. F i n a l l y , the v e r t i c a l 

displacement of the s t e r n of the sh i p c o n s i s t s of the 

s u p e r p o s i t i o n of s e v e r a l harmonic f u n c t i o n s of d i f f e r e n t 

amplitudes and f r e q u e n c i e s as de f i n e d by a s p e c t r a l d e n s i t y 

f u n c t i o n . Thus, the i n p u t d i s t u r b a n c e i s somewhat more 
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p r e d i c t a b l e than the forms of v i b r a t i o n present i n the previous 

examples. 

The marine towing motion compensation system i s u s u a l l y 

designed to maintain constant towing cable t e n s i o n . Once t h i s 

requirement i s met, i t then f o l l o w s that the a c c e l e r a t i o n of the 

submersible w i l l be zero, and a l l u n d e s i r a b l e motion w i l l be 

e l i m i n a t e d . To provide t h i s c o n s t a n t cable t e n s i o n , a l l systems 

attempt to pay out or haul i n c a b l e as the s h i p moves up or 

down, thus decoupling the motion of the s h i p from the c a b l e . 

The index of performance o f such a motion compensation 

system i s the r a t i o of the amplitude of towed body t o s h i p 

displacement. I t i s g e n e r a l l y s t i p u l a t e d t h at the performance 

index must be l e s s than a given value at the frequency which 

c o n t a i n s the g r e a t e s t energy as taken from the sea s t a t e 

s p e c t r a l d e n s i t y f u n c t i o n . T h i s i s then c o n s i d e r e d the primary 

design frequency. In a d d i t i o n , the minimum ac c e p t a b l e index of 

performance f o r other f r e q u e n c i e s w i t h i n the spectrum may be 

s p e c i f i e d . Once the o v e r a l l p h y s i c a l c o n s t r a i n t s are met 

(e.g.. weights, geometries, e t c . , over which the d e s i g n e r has 

l i t t l e or no c o n t r o l ) the problem then becomes that of 

determining the p h y s i c a l c h a r a c t e r i s t i c s of the system. Some of 

the design c o n s i d e r a t i o n s i n c l u d e s i m p l i c i t y , r e l i a b i l i t y , 

i n i t i a l c o s t , and power consumption. 

Three of the more popular motion compensation systems are 
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shewn i n F i g . 1.1.1. although very d i f f e r e n t i n appearance, each 
employs a pneumatic sp r i n g i n the form of a gas accumulator to 
operate a h y d r a u l i c a l l y actuated p o s i t i o n e r . With systems <a) 
and (b), the p o s i t i o n e r i s a c y l i n d e r which c o n t r o l s the 
v e r t i c a l displacement of a sheave over which the cable i s 
reeved. System (c) uses a h y d r a u l i c winch to haul i n and pay out 
cable. In each case, the cable tension i s balanced by a 
p a s s i v e l y - a c t i n g pneumatic s p r i n g 1 . As w i l l be seen i n Section 
1 . 2 , such systems, under c e r t a i n c o n d i t i o n s , can be tuned to 
perform adequately over a narrow frequency range. 

It i s p o s s i b l e to design a purely a c t i v e system, i n which a 
s i g n i f i c a n t amount of energy i s expended to achieve the 
s t a b i l i z a t i o n e f f e c t . In such a system, a transducer monitors 
the motion of the load and a f t e r s u i t a b l e s i g n a l processing, 
c o n t r o l s the flow of o i l to a h y d r a u l i c actuator. Active systems 
are s u p e r i o r to passive ones i n t h a t they are capable of good 
motion i s o l a t i o n over a wider frequency range. However, because 
they r e q u i r e a bulky power source and consume a l a r g e amount of 
energy when c o n t r o l l i n g a massive load, they are not s u i t a b l e 
f o r marine a p p l i c a t i o n s . 

To improve the performance of a passive system without a 
large expenditure of power, a hybrid a c t i v e - p a s s i v e system i s 

1 In a passive system, the sum of the p o t e n t i a l energy i n the 
s p r i n g and k i n e t i c energy of the load i s conserved, apart from 
some d i s s i p a t i o n due to damping and f r i c t i o n . Thus, no e x t e r n a l 
energy i s required to operate the system. 
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proposed. Such systems have been s u c c e s s f u l l y used to i s o l a t e 
small components from an environment of severe shock and 
v i b r a t i o n . However, as o u t l i n e d i n the next s e c t i o n , no work was 
found r e l a t e d to the a p p l i c a t i o n of such systems to the marine 
towing f i e l d . 
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1.2 State of the Art 

V i b r a t i o n i s o l a t i o n systems, both a c t i v e and p a s s i v e , have 

been widely i n v e s t i g a t e d i n the past decade. In g e n e r a l , i t 

appears t h a t there were two d i s t i n c t methods of d e a l i n g with the 

problem; one being h i g h l y t h e o r e t i c a l , and the ether being the 

a n a l y s i s of a p a r t i c u l a r problem. The l a t t e r method, e s p e c i a l l y 

i n the f i e l d of ocean e n g i n e e r i n g , has been very e m p i r i c a l i n 

nature, with l i t t l e or no mathematical j u s t i f i c a t i o n of the 

ideas presented. 

This s e c t i o n w i l l d i s c u s s some of the r e l e v a n t work that 

has been done, f i r s t , i n v i b r a t i o n i s o l a t i o n , and second, i n the 

f i e l d of ocean e n g i n e e r i n g a p p l i c a t i o n s . 

In g e n e r a l , there are two d i s t i n c t v i b r a t i o n r e d u c t i o n 

methods a v a i l a b l e : a b s o r p t i o n and i s o l a t i o n . 1 I s o l a t i o n i n v o l v e s 

p l a c i n g a r e s i l i e n t m a t e r i a l between the d i s t u r b a n c e source and 

the r e c e i v e r (the system to be p r o t e c t e d ) , whereas a b s o r p t i o n 

i n v o l v e s the attachment of an energy absorbing device to e i t h e r 

the source or r e c e i v e r ( F i g . .1.2.1). I s o l a t i o n can be achieved 

e i t h e r a c t i v e l y or p a s s i v e l y , and can be made e f f e c t i v e over a 

wide range of f r e q u e n c i e s . A b s o r p t i o n i s g e n e r a l l y achieved 

p a s s i v e l y using a spring-mass system which i s i n resonance with 

the source and r e c e i v e r at one p a r t i c u l a r frequency. At that 

frequency, the r e c e i v e r e x p e r i e n c e s no input at a l l , but t h i s 

1 See Ref. (15) 
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e f f e c t i s confined to a very narrow frequency band. A l s o , 
u n desirable resonant peaks occur at two f r e q u e n c i e s , 
corresponding to the separate n a t u r a l frequencies of the 
r e c e i v e r and absorber. F i g . 1.2.2 i l l u s t r a t e s the performance of 
i s o l a t o r s and absorbers. 

A passive pneumatic i s o l a t o r as shown i n F i g . 1.2.3 (a) has 
been examined by Cavanaugh l. He solved the l i n e a r i z e d t h i r d 
order system equations i n the freguency domain, and found the 
optimum c r i t i c a l damping r a t i o i n terms of the tank to c y l i n d e r 
volume r a t i o . F i g . 1.2.3(b) shows the frequency response of the 
system, and F i g 1.2.3(c) shows the c r i t i c a l damping r a t i o 
f u n c t i o n which y i e l d s the smallest maximum amplitude r a t i o . 

Another passive i s o l a t i o n system d i r e c t l y a p p l i c a b l e to 
automobile suspensions has been examined by Thompson2. He 
considered a two-dimensional l i n e a r system with four degrees of 
freedom, and developed an optimum performance index based cn 
r i d e comfort and road-holding a b i l i t y . 

A more general approach to op t i m i z i n g passive suspensions 
has been presented by Hedrick f o r use i n the design of high 
speed tracked v e h i c l e s 3 . An optimum passive shock i s o l a t o r , 
which uses a v a r i a b l e f r i c t i o n element to d i s s i p a t e energy has 

1 See Ref. (5) 
2 See Refs. (20) and (22) 
3 See Ref. (7) 
* See Ref. (11) 
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been proposed by Mercer and Rees*. 

A c t i v e systems f o r shock and v i b r a t i o n i s o l a t i o n have a l s o 

been examined. Soliman proposed a s e r v o v a l v e c o n t r o l l e d 

pneumatic system u s i n g displacement and v e l o c i t y feedback to 

c o n t r o l the s e r v o v a l v e 1 . Thompson c o n s i d e r e d a c t i v e systems f o r 

automobile s u s p e n s i o n s 2 . P o r t e r , Athans, and Karnop a l l 

presented h i g h l y mathematical methods f o r d e a l i n g with l i n e a r 

a c t i v e systems 3, K r i e b e l developed an a c t i v e system for shock 

i s o l a t i o n * . 

None of the above-mentioned work i s i n a form which i s 

r e a d i l y a p p l i c a b l e to the problem of motion compensation i n the 

marine environment. The t h e o r e t i c a l s o l u t i o n s r e l a t e mostly to 

l i n e a r systems, while the more p r a c t i c a l s o l u t i o n s are too 

s p e c i f i c and r e q u i r e much m o d i f i c a t i o n t c make them u s e f u l f o r 

other design purposes. 

There are a number of marine motion compensation systems 

(mostly passive) o p e r a t i o n a l around the world, but l i t t l e 

documentation e x i s t s t o help p r e d i c t a system's performance 

before i t i s b u i l t . Most systems c o n s i s t of a pneumatic s p r i n g , 

as d e s c r i b e d i n S e c t i o n 1.1, and are c l a s s e d as v i b r a t i o n 

i s o l a t o r s . Keefer proposed a simple manner i n which an i s o l a t o r 

1 See Refs. (17) and (18) 
2 see Ref. (21) 
a See Refs. (13), (1) and (8) 
* see Ref. (10) 
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can be made i n t o an absorber by making the d i r e c t i o n of moticn 

of the compensator mass orthogonal to the i n p u t d i s t u r b a n c e 1 . 

F i g . 1.2.4(a) i l l u s t r a t e s a ram t e n s i o n e r i n such a 

c o n f i g u r a t i o n . Such a system i s tuned so t h a t the anti-resonance 

occurs at the freguency which c o n t a i n s the dominant amplitude of 

v i b r a t i o n . F i g 1.2.4(b) shows the t y p i c a l performance of a tuned 

system. Note t h a t damping i n c r e a s e s bandwidth at the expense of 

the system's a t t e n u a t i o n . 

Buck 2 and S u t h e r l a n d 3 suggested the use of a c t i v e systems, 

but n e i t h e r has developed a complete a n a l y s i s of such a system, 

nor suggested a method of p r e d i c t i n g the performance of a r e a l , 

n o n l i n e a r system. In a d d i t i o n , they have not r e c o g n i z e d the f a c t 

t h a t power consumption can be reduced by i n c o r p o r a t i n g a passive 

system to support the s t a t i c weight of the load while the a c t i v e 

system i s used s o l e l y f o r motion compensation. 

1 See Bef. (9) 
2 See Ref. (3) 
3 See Ref. (19) 
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(cO GENERAL ARRANGEMENT 

F R E Q U E N C Y 

(b) PERF ORMANCE 

FIG. 1.2.4 TUNED RAM T E N S I O N E R 
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1.3 Objectives and Scope of Project 

The objectives of t h i s project are f i r s t , to study the 

dynamics of an active-passive motion compensation system for 

marine towing, and second, to use the results of this study to 

develop guidelines f o r use in designing r e a l systems. These 

objectives are accomplished by proceeding i n six steps: 

1. Representing a t y p i c a l system i n a form which 

closely approximates r e a l i t y , yet which lends 

i t s e l f to mathematical analysis and simulation. 

2. Developing the mathematical model, including such 

no n l i n e a r i t i e s as hydrodynamic drag and dry 

f r i c t i o n . 

3. Linearizing the mathematical equations and 

conducting a frequency-domain analysis to obtain a 

f i r s t approximation of the important system 

parameters. 

4. Developing a d i g i t a l computer simulation program 

which w i l l validate and optimize the parameters 

derived in step #3, 
5. Constructing a small working model to check the 

v a l i d i t y of the mathematical and simulation 

models. 

6. Relating the re s u l t s of the foregoing to the 

design of r e a l systems. 
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CHAPTER I I 

THEORETICAL ANALYSIS 

2 . 1 T y p i c a l System 

Some of the commonly used passive motion compensation 

systems were shown i n F i g . 1.1.1. I t i s p o s s i b l e to devise an 

a c t i v e - p a s s i v e system by adding an a c t i v e a c t u a t o r p a r a l l e l to 

the p a s s i v e one. In the case of the ram t e n s i o n e r and boom 

bobber, t h i s means adding a second c y l i n d e r , while f o r the 

t e n s i o n i g winch, adding a second h y d r a u l i c motor. The three 

c o n f i g u r a t i o n s shewn i n F i g 1.1.1 are' very s i m i l a r 

mathematically. The s i m i l a r i t y between (a) and (b) i s obvious — 

only the mechanical advantages of the reeving, i n the case of 

(a), or the boom, i n the case of ( b ) , are d i f f e r e n t . In the case 

of the winch, the h y d r a u l i c motor i s e q u i v a l e n t to a number of 

c y l i n d e r s connected i n p a r a l l e l , and hence can be modelled as a 

s i n g l e c y l i n d e r . Thus, f o r the purpose of t h i s p r o j e c t the ram 

t e n s i o n e r i s s e l e c t e d as a t y p i c a l system. 

The o v e r a l l c o n f i g u r a t i o n of the t y p i c a l system i s shown i n 

F i g . 2.1.1. The p a s s i v e subsystem i s the same as before, while 

the a c t i v e subsystem c o n s i s t s cf a h y d r a u l i c c y l i n d e r c o n t r o l l e d 

by an e l e c t r o h y d r a u l i c s e r v o v a l v e . The c o n t r o l system c o n s i s t s 

of a c c e lerometers mounted on the towing and ram sheaves, whose 

s i g n a l s are processed and fed to the s e r v o v a l v e . The s i g n a l 

p r o c e s s i n g network i s the most v i t a l component of the system, 



FIG. 2,1.1 A C T I V E / P A S S I V E R A M T E N S I O N E R 
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and w i l l be the s u b j e c t of thorough a n a l y s i s . 

As pointed out e a r l i e r , the l o a d can be a d i v i n g b e l l 

suspended from a s t a t i o n a r y s h i p , a submerged body towed at high 

speed (in the order of 10 knots), or a s u r f a c e v e s s e l such as a 

barge. For the case of a submersible supported from a shi p which 

i s not moving h o r i z o n t a l l y with r e s p e c t to the water, the c a b l e 

can be r e p r e s e n t e d as a one-dimensional e l a s t i c l i n k whose 

l o n g i t u d i n a l a x i s i s v e r t i c a l . In the case of a moving s h i p 

towing a barge or submersible, the cable w i l l assume a complex 

t h r e e - d i m e n s i o n a l curve. Since t h i s p r o j e c t i s concerned 

p r i m a r i l y with the behaviour of the motion compensation system, 

the t y p i c a l system c o n s i d e r e d w i l l i n c l u d e the one-dimensicnal 

c a b l e . A p p l i c a t i o n of the approach to the case of t h r e e -

dimensional c a b l e , as developed by Walton and Polachek, i s 

d i s c u s s e d i n Chapter V. 
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2.2 The Equivalent Model 

To f a c i l i t a t e the analysis of the ram tensioner described 

i n Section 2.1, the following s i m p l i f i c a t i o n s w i l l be made: 

1 . The s t a t i c tension in the cable due to the 

submersible's weight i s not considered. This 

s i m p l i f i c a t i o n does not af f e c t the dynamics of the 

motion compensator. 

2. The cable i s considered to be a one-dimensional 

e l a s t i c l i n k for the reasons set forth in Section 

2.1. 

3 . The passive subsystem i s considered to be purely 

pneumatic. This r e s t r i c t i o n actually increases the 

complexity of the problem, but i s included to 

demonstrate the method of application of the 

compressible f l u i d flow eguations. In many 

applications, the passive system would actually be 

an " a i r - o v e r - o i l " , or hydropneumatic system, as 

shown in Figure 1 . 1 . 1 . 

Using these s i m p l i f i c a t i o n s , i t i s possible to model the 

chosen system as shown i n Figure 2.2,1. The form shown i n Fi g . 

2.2.1 was devised to f a c i l i t a t e mathematical analysis and test-

model construction. The active and passive motion compensation 
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cylinders are placed horizontally on a carriage, with t h e i r 

piston rods connected sc as tc function i n p a r a l l e l . The 

carriage i s driven horizontally i n a sinusoidal manner, with the 

desired frequency and amplitude, simulating the v e r t i c a l motion 

of the ship. The load i s modelled by a second carriage 

containing the desired mass, connected to the motion 

compensation piston rod by means of a spring which i s assumed to 

model the cable. The entire system i s similar tc the r e a l case 

of F i g . 2.1.1 except that a l l motion i s horizontal instead of 

v e r t i c a l . As a r e s u l t , the s t a t i c weight of the towed body i s 

not considered. Therefore, i n modelling the spring 

c h a r a c t e r i s t i c of the passive system, i t i s necessary to 

pressurize both sides of the passive cylinder, such that the net 

s t a t i c force at the piston red i s zero. 

In general, t h i s equivalent system accurately models the 

motion compensation system, but does not f u l l y consider the 

dynamics of the cable and towed body. However, the design method 

developed here i s f l e x i b l e enough to accomodate these additions 

i f the necessary parameters are available to the designer. 
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2. 3 The Passive System 

The passive side of the system under consideration consists 

of a pneumatic ram, with each end connected via a t h r o t t l i n g 

valve to a receiving tank (Fig. 2.3.1). The t h r o t t l i n g , valves 

are used to introduce damping into the system. 

The mass flow to and from a tank or cylinder i s derived i n 

Appendix A, and i s given by 

R i s the gas constant for the particular gas used, 

T i s the absolute temperature, 

V i s the tank or cylinder volume, 

P i s the absolute pressure, 

and i i s the r a t i o of s p e c i f i c heats. 

Because the receiving tanks have fixed volumes, and the 

mass flows are proportional to the negative of the pressure 

changes, we can write 

(2. 3. 1) 

where 

m i s the mass flow rate, 

(2.3. 2) 
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and 

m oc - Pt 
(2.3.3) 

where 

Vt i s the tank volume 

and Pt i s the tank pressure. 

Substituting (2.3.2) and (2.3.3) into (2.3.1) gives 

, VM p 
" 7RTT7 *' 

(2.3.4) 
™ - - V t * P 

where the subscripts 1 and 2 refer to the l e f t and right 

hand sides of the passive system, respectively. 

In general, the volume of the receiving tanks, and hence 

the volume of f l u i d contained, i s large compared to the mass 

flow in and out of the tanks; thus the temperature of the gas 

can be considered constant, 1 i . e . 

1 For an actual system having an e f f e c t i v e piston area of 13.46 
square inches, a displacement of f i v e feet as measured at the 
tow point causes a change in absolute temperature of only 1.9%, 
assuming adiabatic compression or expansion (worst case). 
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Ti = = T„ (2.3.5) 

F i g . 2.3.2 i s a block diagram of the tank flow equations. 

The mass flow to and from the cylinders i s also expressed 

by (2.3.1), except that: 

V z - V C 2 - A2^/ 
(2.3.6) 

V, = Atj 

V 2 = -A2j (2. 3.7) 

VV1, oC P, 
(2.3.8) 

where 

Vn and V2 are the volumes of the l e f t and right 

sides of the c y l i n d e r , 

VC| and V C 2 are the i n i t i a l values of V r and V z, 

flt and A 2 are the e f f e c t i v e piston areas, 

and y i s the piston displacement. 
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Substituting (2.3.6), (2.3.7) and (2.3.8) into (2.3.1) gives 

I Z ' 1 1 J J K-l, 
(2. 3.9) 

I 
£ T 2 

Due to the r e l a t i v e l y small volume of the cylinder and the 

large variation in pressure, temperature change i s nc longer 

n e g l i g i b l e . Using the equation of state for an i d e a l gas, 

p. y. 
T; = — 1 — L ( i * l , 2 ) (2.3.10) 

where 

m-{ i s the mass of gas i n the i - t h side of the 

cyl i n d e r . 

Substituting (2.3.10) into (2.3.9) gives 

r ± A + A , i 

' _ m f I Pz A z . "j 
(2.3.11) 

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

equations. 

The mass flow through each t h r o t t l i n g valve i s derived in 
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Appendix A and i s given by 

(2.3.12) 

where 
C 0 i s the valve constant, 
P u i s the upstream pressure, 
Pd i s the downstream pressure, 

and T u i s the upstream temperature. 

I t i s observed that the d i r e c t i o n of mass flow i s from high 
to low pressure; that i s , P u, the upstream pressure, i s the 
greater of P t t r V A . By the convention shown i n F i g . 2.3.1, i f 
P^ > Pt then ml> 0 ; conversely, when Pti < Pt , < 0. 
Consequently, i n s o l v i n g (2.3.12) the upstream end must f i r s t be 
determined. Then the c o r r e c t a l g e b r a i c sign can be assigned to 
m-. F i g . 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 solved 
simultaneously to y i e l d P, and P z given a piston displacement y. 
The f o r c e generated i n the ram can then be found: 

(2.3. 13) 

where 
Fp i s the ram f o r c e . 



F I G . 2 .3 .4 . 

B L O C K D I A G R A M of V A L V E D Y N A M I C S 
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The block diagram of the p a s s i v e system dynamics i s shown 

i n F i g . 2.3.5. Si n c e i t i s d i f f i c u l t to s c l v e t h i s system of 

equations a n a l y t i c a l l y , a numerical s o l u t i o n i s now developed. 

The s t r a t e g y used i n the numerical s o l u t i o n i s as f o l l o w s : 

1. C a l c u l a t e P t i as shown i n F i g . 2.3.2 

2. C a l c u l a t e P-, as shown i n F i g . 2.3.3 

3. C a l c u l a t e m ;as shown i n F i g . 2.3.4. 

4. Repeat steps 1 t o 3 with the new value o f m; u n t i l 

Pt. and P-, no longer change from i t e r a t i o n to 

i t e r a t i o n . 

5. C a l c u l a t e the ram f o r c e from (2.3.13). 



Mi T A N K . * 1 Pt, 

C Y U M D E R . 
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2.4 The Active System 

The active side of the system under consideration consists 

of a positive displacement hydraulic pump, r e l i e f valve, gas 

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

It i s assumed that the pump discharge flow rate always 

exceeds the system requirement, hence maintaining the pressure 

in the accumulator equal to the r e l i e f valve setting. In f a c t , 

the accumulator pressure w i l l vary s l i g h t l y with changes i n flow 

rate due to f r i c t i o n losses i n the hydraulic l i n e s , but t h i s 

f l u c t u t i o n i s ne g l i g i b l e compared to the working pressure. 

Therefore, the supply pressure i s considered constant. 

The compressibility e f f e c t of the hydraulic f l u i d i s 

examined in Appendix C, and,is found tc contribute an error i n 

flow of only 2.6% for a t y p i c a l f u l l - s c a l e system. Therefore, 

the compressibility of the f l u i d i s not considered. 

The flow-pressure r e l a t i o n s h i p for the servo-valve i s given 

by the manufacturer for selected values of actuating signal, z 

(Fig. 2.4.2). As shown i n Appendix B, thi s r e l a t i o n s h i p , for a 

zero-lapped v a l v e 1 , can be accurately modelled by 

1 See Ref. (6) for the equations of under- and over-lapped 
servo-valves. 
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(2. 4. 1) 

w her 6 

Q v i s the volume flow through the valve. 

AP i s the pressure drop across the load. 

C s v i s the c h a r a c t e r i s t i c constant of the servo­

valve , 

Ps i s the supply pressure, assumed constant, 

and z i s the actuating s i g n a l . 

Leakage across the cylinder i s often useful in s t a b i l i z i n g 

a servo-system, and i s therefore included in the analysis. 

Leakage i s provided by means of an au x i l i a r y path around the 

piston, and controlled by means of a valve. The leakage flow, 

QL, i s given by 

C v i s the c h a r a c t e r i s t i c constant of the valve. 

The t o t a l flow into the ram, QA, i s the difference between 

the flow through the servo-valve and the leakage flow: 

(2.4. 2) 

where 
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The sign convention i s such that Q A i s positive when i t 

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

(2.4.2) into (2.4.3) gives 

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

can now be expressed as 

where 

a A i s the e f f e c t i v e area of the piston. 

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

rod, F A, i s given by 

FA - A A A P (2.4.6) 

Equations (2.4.5) and (2.4.6) can now be combined to y i e l d 
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y d i r e c t l y as a f u n c t i o n of F : 

(2.4.7) 

In computing (2,4.7) i t i s necessary to i n t r o d u c e an a r t i f i c i a l 

s i g n assignment to avoid negative values w i t h i n the surds. T h i s 

i s done by n o t i n g t h a t 

1 . In the case of flow through the s e r v o - v a l v e , P s 

must take the s i g n of z. The surd then becomes 

2. In the case of the leakage flow, the surd takes 

the s i g n of F A , which i s a c t u a l l y the d i r e c t i o n of 

pressure drop. The surd thus becomes 

S ; 9 n ( F A ) y | F * / ^ | ( 2 - " - 9 ) 

S u b s t i t u t i n g the modified e x p r e s s i o n s (2.4.8) and (2.4.9) 

i n t o (2.4,7) gives the equation f o r computing y from F A 

c o n s i s t e n t with the s i g n convention: 



35 

a- ct "/Ms-*/* I - ,2-<-,o) 

Fig. 2.4.3 shows the block diagram of the active system. 
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2.5 Active-Passive System 

The t o t a l ram force i s the sum of the forces exerted by the 

passive and active cylinders, less f r i c t i o n : 

F t o B - FP + F . - f ' ( 2 . 5.D 

where 
FR*M i s t n e r a m force, 
F A i s the active cylinder force, 

F p i s the passive cylinder force, 

and f i s the f r i c t i o n f c r c e , as discussed i n Appendix E. 

The force f e l t by the cable i s d i r e c t l y proportional to F R A M , 

where the constant of proportionality i s the rec i p r o c a l of the 

mechanical advantage of the reeving: 

F = — Fo <2'5* 2) "NET J/ »RAM 

where 

KMfl i s the mechanical advantage of the reeving, 

and F^ i s the force acting on the cable. 

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

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

cable i s assumed to be a massless li n e a r spring. 

The compensator force causes an elongation of the cable 
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according to the r e l a t i o n 

fwT = ICC-X, - 7c) (2.5.3) 

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

can be described by: 

FKET = M X + C % 2 (2.5.4) 

where 

M i s the mass of the towed body, 

and C H i s the hydrodynamic drag factor. 

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

nonlinear d i f f e r e n t i a l equation of motion of the body: 

* + % + ^ X = W ' X ' ( 2 . 5 . 5 ) 

where 

60c i s the cable-mass natural frequency, ^ Ke/M" . 

Once (2.5.5) i s solved, i t i s possible to find F M 6 1 by direct 

application of (2.5.4) or (2.5.3). The block diagram of the 

towed body and cable system i s shown in F i g . 2.5.2. 

The absolute displacement of the shipboard end of the 
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cable, x„ i s the sum of the input, u, and the displacement of 

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

X, = U + vjc (2.5.6) 

For the case where the actuator acts on the cable through a 

mechanical advantage (e.g., the ram tensioner of F i g . 2.1.1), 

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

expressed as: 

y c = I ^ A y <2-5-7> 

w here 

y i s the extension of the actuator. 

Equations (2.5.6) and (2.5.7) are combined with the block 

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 i n F i g . 2.5.3. 
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2.6 The Control System 

The control system generates the signal tc operate the 

active actuator by means of monitoring and processing cer t a i n 

variables. The controlled variable can be considered as either x 
O R F»IET r and Figure 2.5.2 suggests that both can be controlled 

simultaneously because they are l i n e a r l y dependent. This means 

that the index of performance, as discussed in Chapter I , can te 

either F H E T /u or x/u, and both must be made tc f a l l below 

certai n specified l i m i t s for acceptable operation. In addition, 

the control system must ensure that the long term average motion 

of the actuator piston does not d r i f t from the centre of the 

cyli n d e r . 

The controlled variable (F N C T or x) can be used to generate 

the primary actuating signal for the servovalve. This 

constitutes a simple feedback control system where the reference 

input is,zero, as shown in Fig. 2.6.1. (The passive system i s 

omitted from Fig. 2.6.1 for c l a r i t y . ) The "Control Elements" 

block may contain f i l t e r s , integrators, etc., as required for 

best operation. 

In addition tc feedback, i t may be desirable tc include a 

portion of the disturbance input, u ( t ) , as indicated by the 

feedforward loop in Fig. 2.6 .1. 

The piston centering control i s a miner loop used to 

restore the piston to the centre of the actuator slowly with 
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respect to the forcing freguency. That i s , the time constant of 

the loop i s at least one order of magnitude greater than the 

r e c i p r o c a l of the input freguency. The choice between using F N t T 

and x as the controlled variable i s made based on the 

a v a i l a b i l i t y and s u i t a b i l i t y of transducers. In either case, 

however, i t i s necessary to provide a physical path in the 

towing cable for the feedback s i g n a l to reach the surface 

vessel. If t h i s i s not possible, then the absolute motion of the 

shipboard end of the cable, x t, can be used as the feedback 

s i g n a l . Such a strategy i s e a s i l y feasible i n the case of the 

ram tensioner and boom-bobber (Fig. 1.1.1 (a) , (b)) , but net so 

for the constant tension winch (Fig. 1.1.1(c)). Fcr 

demonstration purposes, i t i s assumed that x i s the feedback 

variable. 

The control system elements are now lumped into three 

blocks, as shown in F i g . 2.6.2. The t o t a l control voltage, B (s) 

i s given by (in Laplace notation): 

R(Y)= M fBCs)X(s) + WFFCs)\J(s) + U,(s)Y(s) (2.6.1) 

where 

Hpj,(s) represents the feedback element, 

Hpp(s) represents the feedforward element, 

and (s) represents the piston centering element. 

The servovalve actuating current i s obtained by passing the 



control voltage through a power amplifier 

Z(s) = J<svR(s) 

where 

Z (s) i s the actuator current, 

and K w i s the amplifier gain. 
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2.7 Computer Simulation 

The active-passive system as depicted i n F i g . 2.5.3 has 

been modelled by means of a "Continuous Systems Modelling 

Program" (CSMP), an IBM product for use on their System/370. The 

programming language consists of a number of functional blocks 

such as integration, d i f f e r e n t i a t i o n , etc., in addition to a l l 

the usual mathematical functions available in Fortran. These 

blocks are assembled in much the same manner as an analogue 

computer network, but without the inconvenience of scaling 

variables. Integration can be performed using any of f i v e 

d i f f e r e n t b u i l t - i n routines; the one employed in t h i s project i s 

fourth order Bunge-Kutta with fixed integration i n t e r v a l . This 

method was selected because i t i s found to be the least 

expensive for the degree of accuracy required. 

The l o g i c flow of the program i s exactly as depicted in 

Fig. 2.5.3. The l i s t i n g i s shown in Appendix F.1. 
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CHAPTER I I I 
LINEAR ANALYSIS 

The equations of the a c t i v e / p a s s i v e motion compensation 
system developed i n Chapter I I are d i f f i c u l t to handle without 
extensive use of computers. In order . that the designer can 
q u i c k l y gain a f e e l f o r the problem and thereby e s t a b l i s h f i r s t 
approximations f o r important parameters, I have s i m p l i f i e d the 
equations to permit a f a s t approximate s o l u t i o n . The s i m p l i f i e d 
approach uses l i n e a r i z e d equations and a frequency-domain 
s o l u t i o n . 

3.1 L i n e a r i z e d Passive System 

In l i n e a r i z i n g the passive pneumatic system, I have assumed 
tha t the changes i n pressure w i t h i n the c y l i n d e r and tanks are 
l i n e a r with respect to the p i s t o n displacement, y, and that y i s 
too s m a l l to a f f e c t the temperature i n the system. This leads to 
the f o l l o w i n g : 

1 . S=Ay: i . e . , the p e r t u r b a t i o n i n p i s t o n displacement 
i s s m a l l , and denoted by S. 

2. P 1+P 2=2P 0; i . e . , the average pressure i n the 
c y l i n d e r i s constant, and equal to the quiescent 
pressure P 0 . 

3. P1
:=-Pa; i . e . , the r a t e of increase of pressure on 

one s i d e of the c y l i n d e r i s equal to the rat e of 
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decrease on the other. 

4. The temperature throughout the passive system i s 

constant and equal to T<>. 

Furthermore, the geometry of the system i s assumed to be 

symmetric, which leads to the following: 

5. A t+A Z=2A P; i . e . , the e f f e c t i v e piston areas are 

averaged to a constant Ap. 

6. Vc, + V C i=2V c; i . e . , the tank volumes are averaged tc a 

constant Vc . 

The gas flow equations are li n e a r i z e d by f i r s t considering 

the mass flow through the t h r o t t l i n g valve as given in ( 2 . 2 . 1 2 ) , 

and restated here: 

where 

(3.1.1) 

Considering the upstream pressure, P w , as constant and 

equal to the guiescent pressure P c, and small variations in 

pressure drop (Pe -Pa ), equation (3.1.1) can be linearized into 
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the form: 

A w -
# 

Cr A ( P . - P a ) (3. 1. 2) 

where 

9w- 5>v̂  3Cfl/P.) 
S>CPJ/PO) 3 ( P o - ^ ) 

(3. 1.3) 

The flow through the valve w i l l be positive for the half 

cycle when the piston moves one way, and negative for the other 

half. Therefore, (P0"P<i) c a n assume positive or negative values. 

It i s thus necessary to select m0= (P e-P d ) =0 as the equilibrium 

point about which perturbations are considered. However, t h i s 

w i l l y ield i n f i n i t e value for C r, since the slope of the m vs 

(P0 -Pa ) curve, as shown in Fig. 3.1.1, i s v e r t i c a l at P o-P d=0. 

It i s therefore more reasonable to select values of Va, Pj which 

coincide with some average operating condition, for example the 

root-mean-sguare value. The equilibrium point, however, i s s t i l l 

the o r i g i n . Renaming P e and Pd to correspond to the tank and 

cylinder pressures, the l i n e a r i z e d mass flow equations are: 
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= C r f Pt,- P.) 
(3. 1.4) 

Equation (3.1.4.) i s plotted together with i t s nonlinear form in 

F i g . 3.1.1. 

The cylinder flow equations are considered next. 

Incorporating the s i m p l i f i c a t i o n s of geometry as discussed 

above, equation (2.2.9) becomes: 

v '+ A ' s p, + P. 

(3. 1. 5) 

The net mass flow into the cylinder i s given by 

(3. 1. 6) 

Incorporating the approximations of pressure as described abcve, 

and introducing the d i f f e r e n t i a l operator B= ~ t, equation (3.1.6) 

can be rewritten as: 



FIG 3,1.1  
PRESSURE - FLOW CURVE 

{or TMROTTLIKJG V A L V E S 

1 + 2 s/u)A 5 F P 

N+l L 1
 + ' N + t S J 

F IG. 3.1.2 

LINEARIZED PASSIVE SYSTEM TRANSFER FUNCTION! 
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(3. 1.7) 

F i n a l l y , the flow out of the receiving tanks i s considered. 

Equation (2.2.4) can be rewritten, in d i f f e r e n t i a l operator 

notation, as: 

DP*. 
Vi 

(3.1.8) 

Solving (3.1.4.) for Ptl and p t i and substituting into equation 

(3.1.8), the net flow into the cylinder can be expressed as: 

/. , x • v t r PCP.-PQ 1 (3. 1.9) 

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

P. - P 
2Y A P P» (3.1.10) 

I + 
Vt /Vc  

v t — D 

The force exerted by the ram i s then given by 
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FP = Ap ( p , _ P z ) (3.1.11) 

and the o v e r a l l transfer function of ram force tc piston 

displacement i s 

^ _ 2 y P o A P (3.1.12) 

L 1 T TC R R T . U J 

Lumping parameters and introducing the Laplace operator, s, 

in place of the d i f f e r e n t i a l operator, D, the ov e r a l l transfer 

function becomes 

N + 1 

1 + 2 s 

1 + (3. 1. 13) 

where 

K * = 2 V y f c
A ' = Static s t i f f n e s s , 

N=Vt/Vt= tank to cylinder volume r a t i o , 

A N D 2 S / C J N = Y C V R T . 

The parameters w„and 3 are the natural freguency and c r i t i c a l 

damping r a t i o , respectively, and are ultimately a function of 

the mass which the system must control. In pa r t i c u l a r , 
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[W7 
W „ - 7 H , J "" 2 r c V E T 0 ( 3 . 1 . 1 4 ) 

The linearized transfer function Gp(s) i s now extended to 

cover the f u l l range of piston displacement, y, such that 

F P = G p G O i , ( 3 .1 .15 ) 

The transfer function i s shown i n block diagram form i n Fig. 

3 . 1 . 2 . 

Introducing the time constants 

f , = 2 % * ; T a » — ( 3 . 1 . 1 6 ) 

the transfer function may be restated as 

Cf (i) ( 3 . 1 . 1 7 , 
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3.2 Linearized Active System 

The equation of the active system, as presented in Section 

2.3, i s restated here: 

9 = ̂ z v̂  -  ? a / a a ~ x V /̂A* (3.2.D 

Equation (3.2.1) i s to be l i n e a r i z e d about some operating point 

(Yo »z 0 ,FA(>) . Perturbations about that point can be represented, 

by A-notation, as 

Ay = (A., A * T- A^Ap;) + A 3 AFA (3.2.2) 

where 

(3. 2. 3) 

^* S f )SETV6 ~ ^ A ^ r T T 7=—71—1 (3.2.4) 

..Cy 

^ S - U F J ^ ~ ZAZ JKJA* (3,2'5) 

The constants A , and X 2 are termed the "flew gain" and 
> 

"flow-presure c o e f f i c i e n t " of the servovalve, respectively, and 
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^ 3 the "flow c o e f f i c i e n t " of the bypass valve. F r i c t i o n i s net 

considered in the l i n e a r analysis because of the discontinuity 

a t y= 0. 

Equation (3.2.2) i s v a l i d only for perturbations about the 

operating point (y e ,z 0 ,FAo) . However, during normal operation of 

the valve the operating point can t r a v e l in a band spanning both 

the negative and positive regions of j , z , and F A. The 

l i n e a r i z e d equation then becomes inappropriate i n i t s present 

form. 

It i s proposed that the perturbations y, z, and FA be 

centred about the o r i g i n , i . e . , y, =z„ =FAo=0, but that ">3 be 

calculated about a root-mean-square point using equations 

(3.2.3) to (3.2.5.). Equation (3.2.2) can thus be rewritten as 

y = + F A (3.2.6) 

and (Yo# zof FAo) c a n ^e considered as the BHS operating point. 

The e f f e c t of l i n e a r i z i n g the servovalve equation i s to 

change the family of parabolae to one of straight l i n e s , as 

indicated in F i g . 3.2.1. The l i n e a r system thus developed i s 

found to model the active system adeguately over the entire 

operating range. 

The transfer function i s shown in block diagram form in 

Fig. 3.2.2. 
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3.3 L i n e a r i z e d A c t i v e - P a s s i v e System 

The l i n e a r t r a n s f e r f u n c t i o n s of the a c t i v e and passive 

systems are combined i n the same manner as i n S e c t i o n 2.4. It 

w i l l be necessary, however, to f i r s t l i n e a r i z e the body dynamics 

t r a n s f e r f u n c t i o n . R e c a l l i n g equation (2.5.4) 

F N & T * M X + C w X (3.3 .1) 

i t i s seen t h a t o n l y the damping term i s n o n l i n e a r . T h i s can be 

l i n e a r i z e d about i=0, g i v i n g 

F N e 1 - M * + C t X (3.3.2) 

where 

CL=Crt | | 7 = 2 C H i e 

and x, i s taken as the root-mean-sguare v e l o c i t y . 

C L i s then the l i n e a r i z e d drag c o e f f i c i e n t . 

The d i f f e r e n t i a l equation of (2.6,4.) can now fee l i n e a r i z e d 

to g i v e 

- X + ^ "X + C0c X = X , (3.3.3) 

The t r a n s f e r f u n c t i o n of the compensator motion x 1 # t c body 

motion x can then be expressed, i n Laplace n o t a t i o n , as 
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*. 1 + 2 % » . s + s7«2 <3-3-'" 

where 

i c 2-MtOt 

and F c (s) i s the cable transfer function. 

The transfer function of body displacement, x, tc cable tension, 

F H f r t , i s derived from (3.3.2) 

FB(s) = % = M s S C L S 0.3.5) 

The block diagram of the l i n e a r i z e d cable and body dynamics i s 

shown i n Fig. 3.3.1. The block diagram of the linearized motion 

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

As a f i r s t approximation to system performance, the linear 

model derived i n Section 3.3 w i l l be examined in the freguency 

domain. It w i l l be most convenient to use the r a t i o of body to 

surface ship displacement, x/u, as the c r i t e r i o n of performance. 

Due to the l i n e a r i t y of the system, a minimum x/u i s equivalent 

to minimum variation in FNE.T /U. 

Solving the block diagram of Fig 3.3.2 yields the o v e r a l l 

transfer function: 

X6) _ FcCs) 
Uts) | + W(s) (3'a*1) 

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

In designing an active-passive system, the absolute value 

of the closed loop transfer function, |TJ(S)|, i s t c be minimized 

within the range of operating frequencies. This in turn yields 

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

In general, the designer has no control over the cable and 

body dynamics, which are represented by F c (s) and F 6 ( s ) . 

Furthermore, he has very l i t t l e control over the passive system. 
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Gp.(s) , since the primary design c r i t e r i o n for that system i s to 

be able to carry the s t a t i c weight of the towed body.1 Thus, in 

maximizing H (s) , i t i s necessary to design H F 8 ( s ) , H F F (s) , 

Hy(s), and to select a suitable servo-valve and hydraulic 

cylinder as represented by A| and 

3.3.1 The Feedforward Element 

The f i r s t step in maximizing H{s) i s to minimize i t s 

denominator. Ideally, i t i s set to zero, which yields 

= " ^ u
 S ^ ^ X ^ W l ^ V Uy£0l (3.4.3) 

As pointed out e a r l i e r , Hy (s) i s the ram centering network. 

Because i t i s r e l a t i v e l y slow-acting i t has l i t t l e or no effect 

at operating frequencies. Thus, i t can fce deleted from (3.4.3). 

The feedforward compensator can now be given as 

H f ^ ) - - r r j — , [s + ( V W o ] (3-'-'" 

1 The s t i f f n e s s of the passive system i s usually specified i n 
order that the active-passive system he capable of operating i n 
a purely passive mode when working i n a low sea state, or in 
case of a power f a i l u r e i n the active system. 
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3.4.2 The Feedback Element 

The second step i n maximizing H (s) i s t c maximize the 

numerator. An examination of (3.4.2) r e v e a l s t h a t t h i s can be 

done by s e t t i n g the gain of H r a ( £ ) as l a r g e as p o s s i b l e ; 

however, the s e r v o v a l v e s a t u r a t e s when the a c t u a t i n g c u r r e n t , z, 

exceeds a c r i t i c a l value, z 0 . T h e r e f o r e , H F B (s) must be 

optimized with r e s p e c t to the above c o n s t r a i n t . 

As i s customary i n p o s i t i o n s e r v o s , the feedback element 

H F B (s) i s assumed to be a combination of displacement, v e l o c i t y , 

and a c c e l e r a t i o n feedback. Thus, 

K, + I4S + SZ (3.4.5) 

where 

K j , K z and K3 are c o n s t a n t s . 

T h i s y i e l d s a s e r v o - a c t u a t i n g c u r r e n t z, given by 

ZM = KSV[HFF6)U(S)T- WpB(OX(sT>] (3.4.6) 

(The ram c e n t e r i n g network, Hy(s), i s again ignored because i t 

has n e g l i g i b l e e f f e c t at o p e r a t i n g f r e q u e n c i e s ) . 

The amplitude of the a c t u a t i n g c u r r e n t , |z<s)|, i s now 

c o n s t r a i n e d to be l e s s than or equal to the c r i t i c a l v alue, z e : 
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|Z(s)| - Ksv| HFF(s)U(s) + WFB(s)X(s)| ^ (3.4.7) 

For convenience, (3.4.7) i s rewritten i n terms of r a t i o s : 

Z(s) - 1/ 

where 

HFF(s)+ H, Is (3. 4. 8 ) 

u„ i s the amplitude of the input, ju (s)^ , 

and — (s) i s the closed loop transfer function as given by 

(3.4 . 1 ) . 

The optimum values of K,, Kz and K 3 are fcund using a 

d i g i t a l computer program l i s t e d in Appendix T.3. The 

optimization process i s 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 i s required to maintain the long 

term average ram displacement zero. Dnder s t a t i c conditions, 

t h i s i s equivalent to returning the ram tc centre position in a 

given (long) time a f t e r receiving a step input. 

Considering the centering loop as shown in Fig 3.4.1, the 

active ram force F A can be set to zero under s t a t i c conditions. 
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This gives a closed loop transfer function of 

Y(s) 

Letting Hy(*) = Ky = constant gives 

(3.4.9) 

(3.4. 10) 

where 

It now remains to select Kv such that 

where 0)„ i s the design frequency. 

3.4.4 System S t a b i l i t y 

The s t a b i l i t y of the system i s determined by solving the 

c h a r a c t e r i s t i c equation 

1 + U(s) = O (3.4.11) 

and examining the root locus as the feedback gains K, , Kj_ and K 3 

are varied. In general, the c h a r a c t e r i s t i c function i s 

cumbersome to deal with, and the following s i m p l i f i c a t i o n s are 

therefore assumed: 
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1. Let Gp (s) = -Kp i . e . , assume the p a s s i v e system behaves 

as a s i m p l e s p r i n g (where Hccke's Law a p p l i e s ) . 

2. L e t F c (s)=1 — i . e . , n e g l e c t the c a b l e dynamics. T h i s i s 

r e a s o n a b l e because the e f f e c t of the c a b l e cn the 

motion compensation system i s r e l a t i v e l y s m a l l , e x c e p t 

a t the n a t u r a l frequency of the tewed system. T h i s 

f r e q u e n c y s h o u l d l i e o u t s i d e t h e range c f c p e r a t i c n . 

3. N e g l e c t Hy(s) as e x p l a i n e d e a r l i e r . 

With the above a s s u m p t i o n s , (3.4.11) can be e x p r e s s e d a s : 

(3.4.12) 

The a p p l i c a t i o n of (3.4.12) t o the l a b o r a t o r y rcodel i s d i s c u s s e d 

i n Chapter IV. 

3.4.5 Power Consumption 

The power consumed by t h e a c t i v e system i s the SUIT c f the 

power d i s s i p a t e d i n the s e r v o v a l v e and the power r e q u i r e d to 

d r i v e the l o a d . T h i s i s e q u a l t c the product of the volume r a t e 

of o i l f l o w i n t o the v a l v e and the s u p p l y p r e s s u r e : 
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W = A A ? s \ i ) (3.4.13) 

where 
W i s the instantaneous power consumption. 

Note that although y changes i n d i r e c t i o n , W i s always p o s i t i v e . 
This i s due to the f a c t that the d i r e c t i o n s w itching occurs i n 
the valve i t s e l f , but the o i l flow to the valve i s 
u n i d i r e c t i o n a l . Thus, the average power consumed i s the r o c t -
mean-sguare of the amplitude of W: 

and W i s the average power consumption. I t i s convenient to 
express "w i n the freguency domain as a r a t i o to input 
displacement U(s): 

(3.4.14) 

w her e 
0.707 i s the rms f a c t o r f o r a sine wave, 
Ps i s the supply pressure, 
A A i s the ram area. 

onoi AA R 
I6,A FcCs) uCs) 

(3.4.15) 
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where 
v 
2-(s) i s the closed loop transfer function given i n 

(3.4.1.) 

The reason for the inclusion of an accumulator in the 

active system now becomes obvious: the hydraulic power supply 

needs only to provide power at the steady rate W, while the 

accumulator supplies (or absorbs) the difference between the 

average and instantaneous values. To avoid wasting power when 

the accumulator i s f u l l y charged, i t i s necessary to use either 

an unloading valve or a pressure compensated pump. This way, the 

pump does not discharge through the r e l i e f valve (at high 

pressure) when there i s no flow demand. 
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CHAPTER IV 

THE LABORATORY MODEL 

4,1 General Description 

A laboratory model, closely resembling the equivalent 

system discussed in Chapter II was constructed to validate the 

mathematical and simulation models developed, and as a prototype 

small scale mechanical simulator for designing and evaluating 

f u l l scale systems. The apparatus consists of a hydraulic power 

supply, active and passive cylinders, a variable frequency 

displacement generator, and various pieces cf electronic 

monitoring, processing, and display equipment. See Figures 4.1.1 

and 4.1.2. 

The power supply consists of a variable displacement pump 

of f i v e gallons per minute capacity driven by a 5 BP e l e c t r i c 

motor. A pressure r e l i e f valve i s provided on the discharge of 

the pump, which can be set to between 100 and 2000 psi. The 

entire unit i s mounted on top of a 15 gallon o i l reservoir. 

The motion compensator consists of a pair of cylinders 

mounted i n tandem on a carriage, Fig. 4.1.3. The carriage i s 

given an approximate sinusoidal displacement cf variable 

frequency and amplitude by means of a crank mechanism driven ty 

a 1-1/2 HP DC motor. The piston rods cf the two cylinders are 

pinned together, so that they act in p a r a l l e l , rather than in 
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series as the arrangement might f i r s t suggest. The other end of 

the double-ended piston rod i s pinned to a second carriage which 

contains weights to represent the mass whose motion i s tc be 

i s o l a t e d . 

The passive system i s purely pneumatic, consisting of a 

pair of gas bottles, one connected to each end of the larger of 

the two cylinders described above. A flow control valve on each 

gas bottle i s used to adjust the damping of the passive system. 

The active system consists of a ga s / o i l accumulator which 

feeds o i l to a servovalve through a f i l t e r . The servovalve 

controls the flow of o i l into the two ports of the smaller of 

the two cylinders mounted on the carriage... A gas l i n e tc the top 

of the accumulator controls the charge pressure of the system. 

The control system monitors body and ram motions by a 

seismic velocity transducer mounted on the mass carriage, and a 

displacement potentiometer cn the ram, carriage. The signal 

processing function i s achieved by an analogue computer which 

integrates, amplifies, and sums the two signals. A f i l t e r i s 

also included to remove high frequency noise, such as the type 

generated by the wheels of the carriage. The processed signal i s 

fed to a power amplifier which drives the servovalve. An 

oscilloscope and chart recorder are used to monitor any twc of 

mass velocity,mass displacement, input displacement, or low 

l e v e l servo-actuating voltage. (Fig. 4.1.4) 
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The apparatus as constructed does not model the spring 

(i.e. cable) nor the hydrodynamic drag of the body. a l l other 

aspects of the equivalent system are included. The exclusion of 

these two parameters does not affect the model of the motion 

compensation system because they are both properties of the 

towed system. 
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4.2 Performance Prediction and Evaluation 

The physical properties of the laboratory model are given 

in Appendix D. The design i s not based on any p a r t i c u l a r 

reguirement, but employs hardware which was rea d i l y available. 

The input amplitude was set to 1.5 inches, and the design 

frequency to 1 Hz. 

The velocity transducer used to measure the motion of the 

body was guite unsuitable at the low frequencies at which the 

system could operate, and as a result some electronic signal 

processing was necessary tc obtain a useable s i g n a l . As a r e s u l t 

of t h i s , only acceleration feedback was available for use in the 

control system. The s t a b i l i t y equation (3.4.12) can now be 

expressed using acceleration feedback: 

As 2 + B S + C = O ,n o -n 

where 

B = O z +^3) C u - 1 

C ^ C ^ + ^ 3 ) kip 

By making the acceleration feedback K 3 negative, the 

c o e f f i c i e n t s A, B and C are always negative (note that and > 3 

are negative, while Kp i s p o s i t i v e ) . Therefore, the system is 
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stable for a l l negative values of K 3. 

A point to note i s that the feedback constant, K 3, has the 

ef f e c t of increasing the apparent mass of the system, as shown 

in (4.2. 1). 

Because only one feedback variable i s considered, i t i s not 

necessary to use the optimization technique outlined in Section 

3.4. a feedback constant of 

K 5 VK 3= -5 ma/(ft/sec 2) 

was used i n the experiment. 

The experiment was conducted at three frequencies: 0.5, 

1.0, and 2.0 Hz. In each case, the system was f i r s t run i n the 

passive mode (K3 = 0) , then with Ksv K5=-5. The computer simulation 

was then conducted under the same conditions, and the re s u l t s of 

both are shown in Appendix G. 

The time-domain records are then transformed tc the 

frequency domain, and plotted as d i s t i n c t points on a Eode plot 

in Fig. 4.2.1. The linear model response i s also plotted on the 

same graph for comparison, over a frequency range of 0.1 to 10 

Hz. 

There appears to be good agreement between the mathematical 

models and the r e a l system. Any discrepancies are due tc the 

uncertainties involved i n estimating hydraulic and pneumatic 

t h r o t t l i n g c o e f f i c i e n t s and mechanical f r i c t i o n . However, by 
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designing a r e a l system with variable t h r o t t l i n g valves, the 

former uncertainty can be removed since the real system can then 

be matched to the model. F r i c t i o n , on the other hand, can 

neither be easily predicted nor altered once the system i s 

operational. 
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CHAPTER V 

APPLICATION 

T h i s chapter i s intended as a guide tc the a p p l i c a t i o n of 

the mathematical and computer s i m u l a t i o n models t c the design of 

r e a l systems. 

5.1 Input C o n d i t i o n s 

The i n p u t , as s t a t e d i n Chapter I , can be approximated by a 

F o u r i e r s e r i e s r e p r e s e n t i n g the v e r t i c a l displacement cf the 

s u r f a c e of the water at a given p o i n t . The E r e t s c h n e i d e r 

e g u a t i o n 1 can be used to o b t a i n an estimate of the s p e c t r a l 

energy d e n s i t y from the average height and pe r i o d cf the seaway 

f o r a given Sea State: 

S C T ) = ^ L L ' T - e ^ - ^ T * ] 

where 
2 

S (T) i s the s p e c t r a l energy densxty i n f t /sec, 

T i s the wave p e r i o d i n seconds, 

"f i s the average wave p e r i o d i n seconds, 

and h i s the average peak-to-trough wave height i n f e e t . 

i See Ref. (12) 
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Values for h and T can be r e a d i l y found in most nautical 

handbooks. Figure 5.1.1 shows a t y p i c a l 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 input 

w i l l behave as a low pass f i l t e r , and w i l l not respond 

s i g n i f i c a n t l y to waves whose length i s less than one-half the 

ship's length, fi t y p i c a l response curve i s shown in F i g . 5.1 . 2 . 

The motion of the ship i s then the product of the sea state 

spectral density function and ship response, as shown in Fig. 

5.1 . 3 . The wave component which contains the most energy i s 

found to have a period T 0, and 0)o=27r/To i s used as the primary 

design frequency. 

Figure 5.1 .3 can now be used to obtain the c o e f f i c i e n t s A-t 

of the Fourier Series 

which can represent the motion of the ship in the time domain. 

This i s done by dividing the Ship Motion Spectral Tensity 

Function into n c e l l s spanning the entire range of period, and 

calcu l a t i n g the energy associated with each c e l l : 

<5. 1.2) 
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AS •• J S(T)«IT 
H Z 

(5.1.3) 

where 

&S t i s the energy associated with the i - t h c e l l , 

T i s the central period of the i - t h c e l l , 

and AT i s the c e l l width. 

The c o e f f i c i e n t s A^ can be expressed as 

The approximate ship displacement as given by (5.1.2) can 

then be used i n the simulation model to give a r e a l i s t i c input 

condition. It i s not necessary to use more than three to f i v e 

terms in the series to give a good wave p r o f i l e . 

(5.1.4) 
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5.2 Two-Dimensional Cable Model 

when dealing with long cable lengths (over 2000 feet) or 

horizontal motion with respect to the water, the cable assumes a 

catenary shape which can no longer be assumed one-dimensicna1. 

Walton and Polachek 1 developed a program tc compute the 

shape and tension of a cable subject to a displacement boundary 

condition at one end and hydrodynamic drag along i t s entire 

length. In essence, the continuous cable i s modelled as a number 

of e l a s t i c links pinned together end-tc-end. Each link has 

masses concentrated at i t s two ends, as well as longitudinal and 

transverse drag c o e f f i c i e n t s . (Fig. 5.2.1) The towed body i s 

represented as the l a s t l i n k of the cable, given the appropriate 

values for mass and drag c o e f f i c i e n t . 

The program uses a displacement input at the top (i.e. 

surface) end of the cable, and calculates the displacements and 

a x i a l elongations of a l l the l i n k s . This in turn yields the 

cable tension in each l i n k . The model of the motion compensation 

system developed here can use t h i s cable/body model by supplying 

the variable as the boundary condition, and receiving F N E T, 

the cable tension at the surface tow point. I f desired, the 

compensator motion can be resolved into horizontal and v e r t i c a l 

components to increase the model's realism. 

i See Ref. (23) 
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5.3 Servo-valve Hodel Extension 

The s e r v o - v a l v e considered here i s assumed to operate 

i n s t a n t l y upon a p p l i c a t i o n of a c o n t r o l s i g n a l . However, i n the 

case of l a r g e v a l v e s which are u s u a l l y m u l t i - s t a g e , there i s 

c o n s i d e r a b l e time l a g even at low f r e q u e n c i e s . The dynamic 

response of such v a l v e s can be c o n s i d e r e d as a f i r s t cr second 

order system, depending on the accuracy d e s i r e d . The v a l v e 

equation then becomes 

(5.3.1) 

where H s v(s) i s the dynamic c h a r a c t e r i s t i c c f the v a l v e . 

In the case c f a f i r s t - o r d e r v a l v e , 

Hsv(s) = (5.3. 2) 
1 + tsvS 

and f o r a second-order. 

c (5.3. 3) 

where 

C s v i s the valve constant (as before) , 

T$y i s the f i r s t - o r d e r time cons t a n t , 

0)W i s the second-order n a t u r a l freguency, 

and 5*v i s the second-order damping r a t i o . 
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The parameters t„ V f o) w and S s w are estimated from the 

response curve supplied by the valve manufacturer, Fig. 5.3.1, 

They are chosen such that the phase lags of the real valve and 

the model coincide over the freguency range of inte r e s t . When 

operating near the resonance of the valve (which i s generally 

not recommended since servo-valves are usually underdamped) a 

higher order model may be necessary. 
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FIG, 5.3.1 SERVOVALVE RESPONSE 
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5.4 Control System Considerations 

In setting down the performance reguirements of a r e a l 

system, the frequency response must be c a r e f u l l y considered. In 

p a r t i c u l a r , long period.waves generally have larger.amplitudes 

than short waves, hence i t i s not always possible to compensate 

for them as e f f e c t i v e l y due to the limited t r a v e l of the 

compensator. Therefore, i t i s desirable to design for 2 e r o 

compensation at high wave periods (in the order of 20 tc 50 

seconds), increasing to maximum compensation at the design 

frequency. An acceleration feedback system w i l l inherently 

behave in t h i s manner. 

At frequencies above the ship's natural frequency i t i s 

desirable to decrease compensation since the ship does not 

respond to such waves. Furthermore, shipboard vibrations due to 

the engine and propellors may be s i g n i f i c a n t above one Hz. A 

t y p i c a l frequency response which would give acceptable 

performance i s shown in F i g . 5.4.1. The low frequency cut-off 

can be moved to the l e f t by either decreasing the s t i f f n e s s of 

the passive system, increasing amplifier gain, or increasing the 

time constant of the ram centering loop. 

The point of maximum compensation i s set by introducing a 

second-order low-pass f i l t e r , Fig. 5.4.2. The corner frequency 

coincides with the design frequency, where motion compensation 

i s maximum. The c r i t i c a l damping r a t i o determines the bandwidth 
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of the response curve. Such a 

system to v i r t u a l l y any sea state 

system i s designed to handle the 

feature can be used to improve an 

adding on an active one. 

f i l t e r can be used tc tune the 

condition, provided that the 

corresponding amplitudes. This 

existing passive system by 
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CHAPTER VI 
CONCLUSIONS 

The dynamic behaviour of an a c t i v e - p a s s i v e motion 
compensation system has been analysed and a mathematical model 
developed. Experiments performed, on a labo r a t o r y apparatus 
i n d i c a t e that the system i s adequately described by the 
equations derived. 

The mathematical model has been s i m p l i f i e d by l i n e a r i z i n g 
the equations, and computer programs have been developed which 
can a s s i s t i n the i n i t i a l design of r e a l systems. In a d d i t i o n , a 
program which solves the nonlinear equations by s i m u l a t i o n has 
been w r i t t e n , and can be used to r e f i n e the i n i t i a l design. The 
programs are f l e x i b l e enough to accomodate a v a r i e t y of system 
c o n f i g u r a t i o n s . 

This p r o j e c t , i n essence, has provided a design t o o l , based 
on mathematical a n a l y s i s , to an area which has t r a d i t i o n a l l y 
r e l i e d on seat-of-the-pants engineering. 
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p, p2 
1 1 

— 

FIG,. C-l 

TH-e F-LOti' OoT., QQ t. IS. . ErQAf&L TO THE FLOIAI 
IhJ j Q{ f L6SS THE IZATE OF ....FLUID COMPRESSION IHSlPE, 
THE "COMPRESSIBILITY FLOW'',.. 6?c. 4 

A tfc 

Y... IS THE \/OLUHE OF TUB CYLlriOEZ, 
3 IS THE SULU hiODOLOS OF THE . FLuib, 
dP/Jt THE RATE OF CHA+IG, E OF X. 

.„ pa ESS UZE .... isJ Tti€ CiLWlDER • .' .. 

.'FOB. THE FOUJVALEKJT MODEL DISCUSSED IAJ THE TEXT, 

V ~ 4-10 m3 

. & - 3>5ooo psi 

5 P. 2oo(l..+ sin oji) 

, IAJU-ERE CJ^ ^ 4 Hz. 25 " raJ/sec. _ . 

mis Gfives ft = 3oo u> coso)t 

3 dt 

VJUEA£ 



TH15 Gives (Qc)mx = $ J ^ 0 0 « 75-00 = 0,37/ / V / « c 

£0£ MAXIMUM F-LON CONDITION, 

- Q i = Ay 

wH-E-zE A = PISTON AREA - . 0 . 3 9 3 / > 2 

4. y = P(ST6>N VELOCITY. 

COUSIPERHJG FULL 12-iNcu STROKE • 

y =• <S ?w £jt 

Cf - & cu cos cot 

6j)i*c-=V ^ ' I S O m/scc 

7-/̂ /S 6/i/<5S ..... (5/ ....= . 0<393 x /s~£> 

: _: *=..59. in3/sec. 

THIS <s,iVES THE HATiO 

- 0.6°Jo 

T14E COMPRESSIBILITY FLOU) IS THUS N E G L I G I B L E . 

CONSIDER. uoiN A FULL-SCALE SYSTEM, TYPICALLY, 

V - 5O00 in3 (8" D I A - * 8 FT LoNC 

P " IOOO (I + Sin Ot) 

WHERE comA = 0.2S' Uz = /.£\7 taj/sec. 

mis Gives C£)»*X
 =

 1 0 0 0 * /• 57 * isio psi 

So 00 
NENCE O c - /S-70 = 8 3 }/73/s^c 
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mz. iKiter FLON RAI& IS Noui 

Of = -Aijnw = SO x 48 x },SI (In*/sec) 

- 3110 in3/sec-

miS Cwes, THG RATIO 

Qc _ _B3_ 
Q; ZTlO 2 . 2 % 

THIS IS ALSO iJe&LiG I8LE. 



APPENDIX 0 

LABORATORY MODEL 'SPECIFICATIONS'  

/• INPUT • 

ju0 .- .. i. \{ " . = i O.I2Sfh 

- 2. LP AD  

M = S o «sLû -s *=* 97 !i>-iwass. 

. tfc = <*> ...;  

3- PASSiy/E ''SYSTEM' L l -

P0 - 0 psig - X5psia. 

Aj ~ 314 inz 

. . . . . . / 4 2 = 2.95 in* . . . . . . : L : . ; ... 

Av. AREA •• Ap - • 3 - C 4 i / i * ' . : 1: 

V c = ZO /n* ' • ,! 
. : . . . . . . j • v 

.4 : • V* = . 2.SO m 3 ̂  

A/ = £ = /4 . . / i : ' r . .. 

STIFFNESS: KP - 7̂77 2 r ^ 4 p " = ..T-yXjk/\'»\=\W- Ih/iL 

4- ACTIVE SYSTEM 

£E(Z\/0VALVE- VlOlERS SC4--03 
3 US&Pfi] @> EOO psi Jrep 

C s v = OrOU8 Lin/sex)/ff?) 



A, 

Ps 

= j-7s- foe)/fj^i 

Ll*l£A£ . APPeoxiMATi'OtJ :  

LET FAo - /a* . . 

. ...... - \ . y 0 y ^ n s = C7o7^9 -4 -2= /"«/s<zo 

-Z„...= 

A- • • - • ! • 

Id-* AA _ _ * 0 . 3 93 

(0 ma .•.,. ... 

c"sv. r ^ _ o-o a8 r-—1 

I.""....'. = w 0.055. (^b/uc)/^. 

_ . J ... ' =--o,on. (j*/*«-)//t- , -

. 4 , ... : 4 -0.OO14 (fr/s*c)/lh . 

2 A ^ / ^ 7 A A • : ' * " " ., ;,f ; 
g_?^ = - 2 . 4 - Qh/<*t)/ ik 

2+(o.5°>3,y{2<t .... 
- -<D.2 0+/scc.)/ll> 



/ ) P P£A / D / X E 

FlZICTioN PARAMETER 

.fRiCTiOti .IS-. CONSIDERED AS AN E?)CTER.hiAL FOQLCS 

d>W THE SYSTEM , AS SHotJtJ >N £1$. £.[ • 

109 

F A 

F I G - E . I 

RAM 

THE . MET FORCE IS GiVEti BY 

^ A V * ' = =- I~A + Fp - f 

WUERE '.. f IS THE FZICTioN FO&CE 

i IS A FUNCTION OF t/ 

(a) y = 0 : f /5 'EQUAL A7v7> OPPOSITE 
TO (FA +FP) UNTIL MOTION 

...„ BEGitJS 

r 4 

(b) • y * O • Jr. IS COslSTAMT AMD OPPOSJTE 
IN- SE-tJS£ TO j 

•(FP + FA) 

L 

= 0 5 f ° 
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APPEMDIX F. 1 

ONLIN 
1 » ^ » a j i » » » a i n i i » ^ 3 » a j t » REMCiNONLIN ******** 
2 * 
3 ***** NONLINEAR MODEL SIMULATION PROGRAM *** 
4 * 
5 I N I T I A L 
6 CONSTANT CSV=0.0118, UG=0.125, AA=0.393, AP=3.0, ... 
7 V0=20., VT = 280., M=3.G, GAM=1.2, PS=50G. ,.«,. 
8 K0=6.28 
9 PARAMETER K2 = G., K3 = C.O, KSV=1.0, P0=15.0,... 

10 ZETA=1.00, CV=3.75, FF0=1., YDCR=0.CCOGGG1, CX=1. 
10.25 PARAMETER K1=(0.,5.) 
11 PARAMETER RW= 1.0, TCV=0. 025 
12 N=VT/VO 
13 KS=2.*GAM*P0*AP**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' = Rfo#WO 
19 DYNAMIC 
20 Ul=UO*S INE(0 . f W,0.) 
21 U2=RA,MP( 0.0) -RAMP ( l.O) 
22 U=U1*U2 
23 UD=DERIV<0.,U) 
24 UDD=DERIV(0.»UD) 
25 X=U+Y 
25.25 X1=CMPXPL<Q. ,0. ,0.5,W,XD) 
25.5 X0UT=W*X1 
26 F1=LEDLAG(TC1,TC2,Y) 
27 FP=-KP*F1 
28 YD=IMPL( 0 . t 0 . 0 5 i F Y O ) 
31 XD=UO+YD 
32 YDD=DERIV(0.,YD) 
33 XCD=UDD+YDD 
34 FNET=M*XDD+CX*XD 
35 PROCEDURE FFR = FRIC(YD,FFG ,FNET,YDCR> 
36 I F ( A B S ( Y D ) - Y D C R ) 1 0 , 1 0 , 1 1 
37 11 I F ( Y D ) 1 , 1 , 3 
38 1 FFR=-FFG 
39 GO TO 4 
40 3 FFR=FF0 
41 GO TO 4 
42 10 F F R = L I M I T i - F F 0 , F F 0 , F N E T ) 
42.25 4 CONTINUE 
43.25 ENDPROCEDURE 
44 FA=FNET-(FP-FFR) 
45 XDDD=-W**2*XD 
46 R1=-K1*XDDD*W 
47 R=CMPXPL(0.,0.,0.5,W,R1) 
48 Z1=KSV*R 
49 Z = L I M I T ( - 4 0 . ,40. , Z D 
50 SGN=FCNSW (Z, -1 .0,0.0, 1.0 ) 
51 SGN2=FCNSK(FA,-1.0,0.0,1.0) 
52 YD1=CSV*Z*SQRT(PS-LIMIT(-PS,PS,SGN*FA/AA)) 
53 YD2=SGN2*CV*SQRT(ABS(FA/AA)) 



/ / / 
54 FVD={ Y U i - V D 2 ) / 1 2 . / ^ A 
55 V=1MGRL (0.,YC) 
55. 25 NOSORT 
55.5 * GO TO 30 
55.6 51 IF ( K f c f c P . N E . l ) CC TC 30 
55.7 TX=TIME+C.CC1 
55.8 IF{AMOD(TX » .0 5 ).GT#0.002) GO TO 30 
55.81 WRITE(8,31) TIM£,XCuT,U 
55.82 31 FORMAT(3E14.6) 
55.83 30 CONTINUE 
56 PRINT I , X, Y, XCLT, P, FNET, F P , F L 
57 T I T L E ACTIVE/PASSIVE MQTICN COMPENSATION SYSTEM 
58 TIMER PRCEL=0.05, FINTIM=iO.» DELT = 0.05 
59 METHOD RKSFX 
60 END 
60.7 PARAMETER RW=0.5 
60.8 TIMER DELT = 0.1 
60.81 ENC 
61 STOP 
62 ENDJOB 

:N0 OF F I L E 

EC * S K I P 
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A P P E N D I X F. 2. 

LINSYS 
1 c******************** REMC !L INSYS *************************** 
2 C 
3 C L I N E A P I Z E C MUCEL OF MOTICN CCKPtNSAT ION SYSTcM 
4 C 
5 £ * * * * * * * * * * * * « * $ * * * * * * * * * ******** **>!« ** v * * * i | - * * * i ; * * * j , ' . j ; t w*4«r.< :*****.• 
6 COMPLEX G,F,T1,T2,FFF,FFB,Z1,S,H,PWR 
.7 REAL KS,Kl,K2,K3,KP,M,N,LCGRh,KFF 
8 REA0(5,1,END=99)AA,A,PQ,VC,V T, G AM , M , Z , CV 1 ,C V2,CX,DELAY 
9 KS=2.*GAM*PG*A**2/VT*12. 

10 l»N = SCRT( KS/M) 
11 N=VT/VC 
12 IF<Z.EG.G.) Z = S Q R T ( ( N + l . ) * ( N + 2 . ) / ( 8 . * N ) ) 
13 TC1=2.*Z/WN 
14 TC2=TC1/(N+ 1 . ) 
15 KP=N-KS/(N+1.) 
18 100 REAC(5,1,END=99) WQ,K1,K2,K3,KFF,CBP 
18.1 HCV1=1./(CV2+CBP) 
18.2 HCV2=CV1*HCV1 
18.25 RWN=WN/WO 
19 I F t K F F . E C . C . } KFF = KP*(CV2 + CEP )/CV1 
20 WRITE(7,4> P0»VC,VT,N»KS,Z,kN,CX 
21 WRITE(7,5) C V l , C V 2 , C b P , K l , K 2 , K 3 , K F F 
21.25 fcRITE(7,6) kG,RhN 
22 L0GRW=-1. 
22.2 5 TCV=T A M DEL AY/180 .* 3 . 14 159 )/W0 
22.5 ALPH=SQRT(!.+(TCV*WC)**2I 
23 DO 20 1=1,81 
24 R^=10.0**L0GRW 
25 W=kW*WO 
26 S = C M P L X ( C , I* ) 
27 G = - K P * ( l . + T C l * S ) / ( l . + T C 2 * S ) 
28 F=M*S**2+CX*S 
29 HFB = ( K1+K2*S+K3*S**2)*ALPH/ l l . * T C V * S )*I«*S / ( W* *2<-k »S+S**2) 
30 HFF=KFF 
31 h = -(F/HCV1 + CV1*(HFE + H F F ) ) / ( G / F C V l + C V 1*FFF + D 
32 T l = l . / ( 1 . + H ) 
33 PHIH=ATAN2(AIMAG(H)»R E A L ( H ) M : 1 8 0 . / 2 . 1 4 _ 5 9 
34 Z1=HF6*T1+FFF 
35 T 2 = T 1 - C M P L X ( 1 . , 0 . ) 
36 T1A=CABS(T1) 
37 T2A=CA6S(T2) 
38 HA=CA6S(H) 
39 P H I l = | A T A N 2 ( A I M A G ( T l » t R E A L ( T l ) ) ) * 1 8 C . / 3 . 14159 
40 PHI2=(ATAN2(A I MAG(T2 ).FEAL ( f2 ) ) )* 180•/2.14159 
41 DB1=20.*AL0G10{T1A) 
42 CB2 = 20 .*AL CG10 (T 2 A ) 
43 DBH=20.*ALGG10(HA) 
44 Z2=CA6S(Z1) 
44.25 PWR=500 . * A A*S*T2 
44.5 PWRA=CABS(PfcR) 
45 IF (MUD{I,2).EQ.1) WRITE(7,S> Rh ,DB1 , PH 11 ,062 , PHI 2 , 
46 * CBH,PHIF,Z2,PWRA 
46.25 DBZ=2C.*ALCG10(Z2) 
46.5 PH I Z= { AT AN 2 { A IMAGt Z D , REAL ( Z D ) I * 18u. / 2. 141 59 
47 WRITE(8,3) LCGRW,DE1,C82,PH11,Ph12 
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48 20 LOGRW=LOGRW+0.025 
49 GO TO 100 
50 1 FORMAT(12E12.0) 
51 3 FORMAT(10F13.4) 
52 4 FORMAT {• 1PASSIVE SIDE' / 'OPRESS » = 1 , F 6 . 0, 5X, »C YL • VOL . =*, 
53' *F6.0,5X,«TANK VOL. = • , F6.0»5X,«VOL RATIO =',F6.3/ 
54 *• STAT.STIFFNESS = •,F8.2,5X, «CRIT.DAMP.RATIO = «,F7.3, 
55 *5X, • NATo FREQ • = • , F 6 0 2 / , BODY OR0G COEFF. =«,F6.0) 
56 5 FORMAT <'OACTIVE S IDE V CLI NEAR VALVE CCEFFS. CV1 ='» 
57 *F9.5,5X,*CV2 =',F9.5,5X, ,CBP=»,F9.5/« FEEDBACK CONSTS. K l =«, 
57.25 * F 6 . 0 , 
58 *3Xt 'K2 = S F 6 . 0 , 3 X , «K3 = »,F6.1/' FEEDFWD CONST. KFF =«,F6.3/) 
58.25 6 FORMAT(•OOPERATING FRECUENCY=• f F 7 . 2 / 
58. 5 * 5X,'NAT.FREQ./OP.FREQ.=•,F6.2/*0*) 
59 99 STOP 
60 END 
OF F I L E 

SKI P 

i 



lit 

APPENDIX r . 3 

PTIM 
1 C ******************* REMC :0PTIM **************** ********** 
2 C 
3 c **** PROGRAM TO OPTIMIZE PARAMETERS OF CCNTROL SYSTEM *** 
4 c 
4.5 c ********************************************************* 
5 DIMENSION VAR(3,6) 
6 EXTERNAL TRANSF,FLO,FH I,FMPL 
7 COMPLEX S,HFF,F,G 
8 REAL M,N,KP,KS 
9 COMMON/PARAM/S,HFF,F,G,KCV1,HCV2 

10 READ(5,1) AA, A , PO , VC , V T , G AM, Mt, Z , CV1 , CV2 , CBP 
10.25 READ(5,1)W 
11 1 FORMAT(12E10.0 ) 
13 KS = 2.0*GAM,*P0*A**2/VT*12.0 
14 WN=SQRT(KS/M) 
15 N=VT/VC 
16 I F i Z . E Q . O . ) Z = S G R T ( ( N + l . ) * ( N + 2 . ) / ( 8 . * N )) 
17 KP=N*KS/(N+1. ) 
18 S=CMPLX(0.,W) 
18. 25 TC1=2.*Z/WN 
18.5 TC2=TC1/(N + 1. J 
18. 6 G = K P * ( l . + T C l * S ) / ( l . + T C 2 * S ) 
18.7 F=M*S**2 
18.8 HCV1=1./CCV2+CBPJ 
18. 81 HCV2=CV1*HCV1 
18.82 KFF=0. 
18.83 H FF = KF F 
19 VAR(1,1)=0.0 
20 VAR(2, 1 )=0. 
21 V A R ( 3 , 1 ) = 0 . 
22 CALL C0MPLX(X,VAR,3,3,6,4,9.9,50,150,2 50,10,0.001,TRANSF,FLO, 
23 *FHI,FMPL,£999,£777) 
24 STOP 
25 999 STOP 9 
26 777 STOP 7 
27 END 
28 FUNCTION TRANSF(T,NN) 
29 DIMENSION T ( 1 ) 
30 COMPLEX S,G,F,HF8,T1,HFF 
31 REAL K1,K2,K3 
32 COMMON/PARAM/S,HFF,F,G,HCV1,HCV2 
34 K1 = T U ) 
35 K2=T(2) 
36 K3=T(3) 
41 HFB=K1+K2*S+K3*S**2 
42 T1=(G-HCV2*HFF-HCV1*S) /{F+G+HCV2*HFB-HCV1*S ) 
43 TRANS F=CABS (T 1 ) 
44 RETURN 
45 END 
46 FUNCTION FLO(T, N , J ) 
47 DIMENSION T ( l ) 
48 GO TO ( 1 , 2 , 3 , 4 ) , J 
49 1 FLC=0. 
50 RETURN 
51 2 FLO=0 . 



us 
52 RETURN 
53 3 FL0=-10. 
5 4 RETURN 
54.25 4 FL0=0. 
54.5 RETURN 
55 END 
56 FUNCTION F H I ( T , N , J ) 
57 DIMENSION T { 1 ) 
58 GO TO (1 ,2 ,3 ,4) , J 
59 1 FHI=.0. 
60 PETURN 
61 2 FHI=0. 
62 RETURN 
63 3 FHI=10. 
64 RETURN 
64.25 4 FHI=128. 
64.5 RETURN 
65 END 
66 FUNCTION FMPL<T,N,J) 
67 DIMENSION T U ) 
68 COMPLEX S,T1,HFF ,HF8,F,G 
6 9 COMMON/PARAM/S•HFF t F,G,HC VI,HCV2 
6 9 . 2 5 K1=T(1) 
69. 5 K2=T(2) 
6 9 . 6 K2=T( 3) 
69.7 HF8=K1+K2*S+K3*S**2 
69.8 Tl=(G-HCV2*HFF-HCV1*S)/(F+G+HCV2*HFB-HCV1*S) 
69.81 FMPL=CABS(HFB*T1+HFF) 
71 PETURN 
72 END 
OF F I L E 

SKI P 



APPENDIX G 

EtPER. I MENTAL j SIMULATION R.ESULTS 

Hz. 
*3 

AM PL. RATIO PHASE LAC FIGURE 

Hz. 
*3 EY.PT SWUL. &XP 'T 

FIGURE 

0-5 0 Odb -14 di> 0° 18° 6./ 

0.5 ...5 -3db -z.i<u> 41° 27° 

1-0 ... .0 -Adh -4T5Ji 54° 36° 6.3. 

1.0 5 - 7.3 Ah -i&Jb . 72°. 54° . 1 , : 64-

2.0 0 -ISAh ----- 11° 100° 

2-0 5 -/hldl - JOSdh 30° 108° 

THE7 ABOVE ARE PloTTErD OfJ A BODE DIAGRAM 

Ik) FIG. 4.2-1- •-- -

MOTES, ON . FI&UZCS G.I -..£.4 • 
- LOWE a 2 CURVES WERE GENERATED BY WE 

COMPUTER. USING THE SIMULATION PROGRAM OF .. 

APPENDIX Fj- L -I ; .. •• ; 

- UPPER 2 CURVES ARE FROM CHART RECORDER. 

FULL SCALE OEFLECTION IS + i-5 INCHES. . .1 

- AMPLITUDE RATIOS WD PHASE SN/FTS IN ERE 

ESTIMATED ... FROM THESE. CVZVES, 

http://ey.pT
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