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AB STRA CT

Steady—stat e and total decoupling schemes for

multivariable systems are used to develop two

automa tic control systems for the ver tical mo tion of a
fictitious submarine. A linearized mathematical model

is derive d from a non—linear model in six degrees of

freedom . Ecth designs are simulated and evaluated with

respect to performance, simplicity of design
proce dure , and grade of complexity. The controller ,

designe d via the steady—state decoupling method , is
im plemented in the non—linear model and tested under

various operating conditions.
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a

I. INTR ODUCTION

The ex treme impor tance of automa tic control h as become
obvious for example in space vehicle control an d missile
gui dance wlere manual control is not feasible. In addition

it can prcv i de means to relieve peo ple from tedious rcu tine

and repetitive man ual operations.

The complexity of a submarine offers a wide area of

control ~zotlems . Deep water and nea r surface depth keeping,

maneuvering, hovering, fuel economy, saf ety, crew comfort ,

etc. require precise controls.

Charac ter istic for a submarine is transla tion in three
d imens icns , where depth control is of essential importance.

The automatic control of motion in the vertical plane , i.e.

depth and pitch control, is the subject of this thesis .

Three sets of planes, the rudder , the fairwattr and

stern p lane, the propuls ion system , and a ballast system can

be used to maneuver the submarine . The objective is to

design a ccntroller for depth chang ing maneuvers by

autcina tic control. of the fairwater and stern plane.

Previcus designs were based on Optimal Control Theory,

requiring feedback of both position and rate information.

Th e se infc rma tions are easily availa b le wh en the su bmar ine
is equipped with an inertial guidance system. Rate

inf ormaticn may be not available, as for example in the

German ccasta l submarines. It may also be a desirable

feature to have reduced sensor requirements. In these cases

a diff erent design approac h must oe used using posit ion
fee dback cn]y.
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This thesis investigates two possible design methods ,

steady—state and total decoupling. As a basis for both

designs a licear model is developed and validated.

Steady—state decoupling is achieved by designing a

cascaded diago na l compensator matrix , using classical
single—lcc p techn iques. Based on the desired response

charac terist ics the total decoupling scheme leads to a
cascaded ccmpens ator matrix with off—diagcnal terms. Both

designs are simulated and evaluated with respect to

perf ormance , simplicity of design procedure , and gra d e of
com plexity.

8



1~
II. SIMULATION MODELS

A. STANE IRD MODEL

A set of “ Standard Equations of Motion for Submarine

Simulaticn “ was developed by NSHDC (Ref. 1) . Equations and

additional~ auxiliary equations are repeated in Appendix A.

These equations are referred to a right—hand orthcgonal

syst em ct moving axes , fixed in the body with its crigin

located at the center of mass (CG) of the body. The

x—z— plane is the principle plane of symmetry ( vertical

c e n t e r  p l an e  fc r  s u b m a r i n e s  ) ; the x—axis is parallel to the

baseline Cf the body. Angular velocity comp cnents , fcrce s,
an d moments are shcwn in Fig. 1.

The equations are written in a form utilizing

non dimensicnalized hydrodynam ic coefficients and are

applicable tc the rigid body motions of submarines and other

submerged vehicles. Complete sets of hydrodynamic

coefficients have been determined by NSRDC. The

coefficients for a fictitious submarine used in this thes is

stem frcm a submarine simulation program developed in

Ref. 2. A notation for the various terms in the equations

including the hydrodynamic coefficients is given in Appendix

8. Numerical values of coefficients and parameters are given

in Ap pendix C. All coefficients of the terms containing

— 1) and UC are set to zero. These terms reflect the

incremen tal changes in forces and moments — generated by

prcpeller rp a — due to either over or underpropulsion. 
For9
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the mod erate changes in ahead speed involved in most normal

maneuvers all terms can be neglected. The coefficients used

in this thesis apply only to the deeply submerged case , free

of near— surface , bottom . and wall effects.

As Ref. 1 points out , correlation studies and

p r e l i m i n a r y  ccmpar i sons  h a v e  s h o w n  t h a t  the “ S t a n d a r d
E q u a t i o n s ” toge ther  wi th  a given set of c o e f f i c i e n t s  y ie ld
accu ra t e  p r e d i c t i o n s  of no rma l  m a n e u v e r s  in submerged  ahead
m o t i o n .  The “Standard Equations of Motion ” will  be :e f e r red
to as “Non—linear Model” .

In Ref. 2 H.L.Drurey translated these equations into

Digi tal simulation Language (DSL) . The system of six

equations was solved simultaneously by an approach using

Cramer ’s rul€ developed and programm ed by Ref. 3. The

cofactors fcr the set of hydrodynanic coefficients used in

this thesis here calculated by Drurey and are ised as

parameters . The validity of the DSL implemen tation has been

s n c w n  by R e f .  2.

As this model contains non—linear terms it is not

appropriate fcr the chosen design approach which is based on

t h e  l i n e a r i t y  of the  s y s t e m .  It was necessa ry  to f i n d  a
l i n e a r , r e p r e s e n t a t i v e  a p p r o x im a t i o n  of t h e  “ N o n — l i n e a r
Model” .

11



I
B. D E R I V A T I C N  OF THE L I N E A R I Z E D  MODEL

This section describes the assumptions , procedures , and
tests to validat e the linear model.

1. 
~~~It.I2fl~

* ~crwa rd speed is constant

An attempt to linearize about the axial speed , U ,

which affects nearly every term in the standard equations ,

w o u l d  ~.m l.y a great deal of complexity. Thus the fcrward

speed  wa~ assumed to be constant. This means that eithEr the

forward speed variations are small and can be neglected or

if variaticns are large they impose a control problem and

will be sclv€d acccriingly.

* R cll  angle  is small

In submarine maneuvering large roll ang ies occur

o n l y  in t h e  f c r m  of “ Snap Roll “ , i.e. high spee1 p iu s hard

over rudder . Under normal conditions depth—chan ging and

—k eeping maneuvers produce very small roll angles. Theref3re

the roll ang le can be neglected.

* Cros s p r o d u c t s  of i n e r t i a  may be neglecte- 1

this assumption is common to all  s u b m a r i n e
simulaticns because the hull and interior layout of

submarines is approximatel y symm etric.

12



* All terms involving W a re  neglected
2.

This is possible because the submarine was assumed

to be in trin .

* The submarine can be approximated by a linear model

The linear equations are assumed to be a valid

representation in the depth—keep ing and depth—changing mode

of operaticn respectivel y. This assump tion is not obvious

but will be verified via simulation.

These assumptions lead to the decoupiing of the vertical

plane from the remaining equations.

2. ~~~~~~~~~~~ of state eguat ions

As this thesis is only concerned with the vertical

plane , the linearization of the horizontal plane is omitted.

Thus the linear equations are (FORTRAN—Notati nn ,s~ e

App endix C)

4 3
— UC*~~*Q L *ZcDOT*QDOT + L * Z W D O T * W D C T  ~

3 2
L *ZQDOT*UC*Q + L *Z~ *UC*W +

2 2
L *UC * (ZDS *D S + ZDB*DB) (1)

5 4
IY*~ CCT L *MQDOT*QDOT + L * M Q * U C * Q  +

4 3
1. *MWDOT*~ DOT + L *MW*UC*W +

3 2
I.. *(J C ( M D S * D S  + ~1DB*DB) +

B *ZE *PIT Cj f  (2)

13



The linearize d auxiliary equations are

LPIDCT LQ (3)

L2EOT = W — UC *LPI TCtI (4)

Sciving equation (1) and (2) for WDOT and LQDOT

respectively and substituting into each other yields the

fc llow ing relations :

WDOT a a a 1 b b 1EDS
11 12 1 3 f  11 12

L~ DOT = a a a f LQ + b b LDB
~~ 23 ( 21 22

a a a I LP I TCH b b (5)
fl 32  J

~
j 31 32

w h i c h  can be wr i t t e n  as

i = Ax + BR (
~

)— — — —
where

2 7 5
a = £ 1  • 2 W * U C  + L *ZQDOT*N ~ *UC / ( I y — L  *M Q D C T )  ]/j -

3 8 5
a = [L *~~~~*~~I + i~*UC + L *ZQDQT*NQ* (JC/(Iy—L *f4QDOT) ]/~

,..

4 5
a =— [L *ZctOl*ZB*B/ (Iy—L *MQDOT )

3 6 3
a = CL *~~ *(JC + L *MWDOT*ZW* (JC/(fl—L *Z~ DOT) 3/e~21

4 1 4
a = [ L  ~~~~~~~~~~~ + L *MWDOT*ZQ*UC + L *MWDOT *M*UC/

22
3

( M — L *2~~DOT ) 34
a =— B*Zb ,/~2.i

14



a = 0.0
3 1

a = 1.0
32

a = 0.0
33

2 2 7 2 5
b = ( L  * Z DS * U C  + L *ZQDOT*MDS*UC /(IY— L *McDOT) )/

2 2 7 2 5
b = (L *~~ E*UC + L *ZQDOT*NDB*UC /(IY—L *M~ DOT) 3/

3 2 6 2 3
b = [L *MDS*UC + L *MWDOT*ZDS*UC /(M—L *Z~ DO T) 3/21

3 2 6 2 3
b CL *MDE*UC + L *MWDQT*ZDB*UC /(M—L *ZWDOT) 3/

22
b = 0.0

3 1

b = 0.0
32

with

3 8 5
3 — L *ZWDOT — L *ZQDOT*MWDOT/ (1Y L *~‘1CDOT)

5 8 3
E 11 - L *NQDOT — L ~MWDOT*Z~ DOT/(M — L *ZWDOT)

Vector equation (5) describes the state variable

representaticn of the linearized , vertical plane equations

of motion. Hcwever the state vector does not contain ZOOT

but ~~. ~ represents the component of u in the z—direction ,

in crder tc make the depth a state variable one wants to use

LZDCT which represents the depth change in the z—direction.

Thus the linearized auxiliary equation (14 ) is used for the

transfor m at icn

LZDCT = W — (JC*LPITCH

15



By definiticn

= 

~~ZD
CT] 

= [w 

~~
LPI’ICH LPITCH

U s i n g  the l inear opera to r  M , t h e  new set of s ta te

v a r i a b l e s  is f o r m e d

x = M x
— ~~ —

w h e r e

ri ~~~~~~~~~~~~~~~~~~

= 1 0

L o o  1

e q u a t i o n s  (6)  beco me

— 1 -.~M x = A M x + BR
— — — — — ‘— —then

x = M A M  x + MB R‘V — — — —

but

MB = B = B

thus

— 1 ,~x = M A N  x + BR

which can be rewritten as

A
x = Ax + BR (7)
‘V ‘V

16



where
I

ra C a — U C ) ( a
I 11 12 13 11

= I a  a ( a *(J C+a 3 1
21 22 21 23

L°.° 1.0 0 .0

this can be w r i tten as

r 2 y
A 1 1 *U C  A1 2 *U C [ A 1 3 + A 14 *U C  

] {
= A22*UC [A 2 3 *U C + A 2 4~

j

and

I~E 11 8121
2 1 I

B = UC 1E 21 822 1
-v

Lo .c o.oJ

U s i n g  the numer ica l  va lues  for  the  h y d r c d y n a m i c
c o e f f i c ien t s  given  in A p p e n d i x  C and l e t t i n g  t JC st i l l  be

variable , the constants of the A and B ma t r i c e s  a re
— 3

A l l  — 1 . 7 2 6  10

A 12 = — 0 . 7 0 6 2

A u = C .0128 9
—3

k il l  = — 1.728 10

—5
A2 1 = 1 .6 84 10

—3
A22 — 6 . 3 6 5  10

—5
A23 1.884 10 

/
—3

A2 4 = —2. 52 2 10

17



-4
8 11 = — 6 . 6 6 6  10

—4
812 = — 3 .~~71 10

—5
B21 = — 1 . 4 6 5  10

—6
822 = 3 . 19C 10

C. V A L I E A T I C N  OF L I N E A R  MODEL

The cb~ €c tive of this section is to compare the dynamics

of the standard model with the developed linear model.

In crder to compare both models , they should be in the

same ini tial state , i.e. besides the identica l initial

conditions tcth models have to be “ in trim “. One

lineariz ing assumption was that the model will be in trim at

all times. Therefore the standard model was brought into

“neu tral con d i tions” for the given test speeds , in or d er to
avci d addit icnal forcing terms. This procedure will be

described explicitly in a later chapter.

Any total system response can be viewed as having two

componen ts: forced and free. The forced component includes

the comp lex frequencies of the forcing functions , th e f ree
componen t the complex or natural frequencies of the system.

Bo th respcnse  co mponen ts were  checke d via s i m u l a t i o n .

18



1. 
~~ c2~~~~. . f l  ~R2fl~~

It was expected that for snail perturbations the

deviaticns between both models should be small. Therefore

initial conditions of 2.5° in pitch where tested first.

The ini ti a l value of the second va r i ab le  LZDOT was d e f i n e d
as —UC*sin (initial pitch) , based on the auxiliary e q u a t i o n
fur depth change.

Test runs  over 400 sec in the speed r ange  3 — 15

knc ts were performed simultaneously for both mcdels.

Table 01 shows the max. differences between the model

responses. rig. 2—11 are a representative selection of the

depth change and the pitch behavior. In each figure curve 1

represents the non—linear , curve 2 the linear model.

19
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L~~= r~z

c)

C,,

T~~~~~

TIME - 80 SEC P E R  I N C H

F igure  2 — IN IT IAL CONDITI ON RE SPONSE
INITIAL PITCH = 2.5 O~ SPEED 3 KM
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~‘IME — ~O S E C  P E R  IN CH

I

Figure 3 - INITIAL CONDITION RESPONSE

INITIA L PITCH = 2.5 0 , SPEED = 3 KN
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Figure 4 — INITIAL CONDITION RESPONSE

INITIAL PITCH = 2.5 0~~ SPEED = 7 K N
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TIME — 80 SEC P E R  I N C H

Figure 5 — INITIAL CONDITION RESPONSE

INITIAL PITCH = 2.5 0 , SPEED = 7 K M
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T I M E  — 80 SEC P E R I NC H

F igure  6 — I N I T I A L  C O N D I T I O N  R E S P O N S E
I N I T I A L  PITC H = 2.5 0 , S P E E D  = 9 K N
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T INE — 80 SEC P E R  L N C R

Figure 8 — INITIAL CONDITION RESPONSE

INITI AL PITCH 2.5 0, SPEED = 11 KM
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Figure 10 — INITIAL CONDITION RESPONSE

INITI AL PITCH = 2.5 0 , SPEED = 1~ KM
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(1

TIME — 80 SEC PER INCH

Figure 11 — INITIAL CONDITION RESPONSE

INITIAL PITCH = 2.5 0, SPEED = 15 KM
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As one can readily observe , a ll  deviations ar~ small

for this initial condition , which indicates that the

dynamics are neatly identical for snail p— rt irbat Lon s.

The maximum pitch angle expected in norm al

operations is limited to about 45 0~ T h e r e t c r ~ tnis initial

condition was simulated as well. As for the initial

condition of 2.50 the wax. deviations are summ arizei in

Table 02. In Fig. 12—23 curve 1 represents the non—linear ,

curve 2 the linear model.

The second set of initial conditions , which

represents rather large perturbations , still leads to very

similar dynamic behavior , bu t the deviations increased

substantially. This was expected as the angle approximation

sin 0 =0

is rather crede for angles of this magnitude. In addition

to that the constant speed assumption is not as valid as f o r
IC = 2.5°. For both sets of initial ccndition it is

observed tha t increasing speed tends to increasE the

deviations between both trajectories.
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2. !2~.ct.~ £~~R2a~

As the models considered are deeply submerged and in

tr i m , the planes exert the only relevant forces. It was

considered best to test the response of both models

(excluding actuators) to sinusoidal forcing functions ,

because  in the ccntrolled system the rudder excursions due

to depth and p itch changes are expected to be sinusoidal.

The following forcing functions were chosen fo: both

Flanes separately and three different speeds (3, 9, 15
kacts)

~~~~~ (B*t)

where A = 3 50 , 150 , 50

and F = 5.73, 2.87 °/sec

The magnitude of the amplitude was limited tc 3 50 ,

because this is an approximate , nechanical limit.

The max . d€viaticns are summarized in Table 03—05. Curve 1

and 2 in Fig. 2L4—6 9 shoe the responses of the non—linear ~nd
linear m cdei respectively.
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* 3 knots

The response to t h e  s t e r n pl a n e  s h ow e d  an i n cr e a s in g

deviation in pitch and dep th change with increasing

amp litude. 
- 

With decreasing frequency the gain was

increased. The percent deviation stayed abou t the same.

The response to the fairwater plane shows the same

behavior except that the gain ratio DS/DB = 3 .5  for pitch

and 1.6 for depth change. The absolute magnitude of all

deviations is considered negligibly snail.

This can te expected , because  t h e  p itch involved is

relatively swail an~ the speed is anout constant (max.

decrease in speed is .38 kn for 35° p l a n e  d e f l e c t i o n )

* S k a c t s

The speed decreases substdntialll,(up to 2 . 2  k n )  f o~
l a r g e  p l a c e  ang les , which causes bigger deviations in p itch

and dep th change (up to 12.7 °)

B ut it ccuid be observed that the 1inea:ize~ model wa.s st il l
a good a~~pro~~i~ ation ±or small perturbations.

* 15 k n o ts

A t this speed the decrease of U was even nic ~~
to 32% at 350 plane deflection), whicn resu ’-~~1 in  -~~: :
-~ev i at i o ns  in both va r iaJ i es .  ?or sma l l  p e r t u :b - i  ± ~ .s
appL him ation is still v e y  good.

Thus it has been shown that :

— App roxim ation by linear model ~s ~~~~ -

pertur bations at ~ll speeds.

— Th~ dynam ics of coth mo~~~~s ~~~~~

In addition it has ~~~~~~~ -
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linearize d mcdel is still valid for large pertur b ations
applied cver a short period of time (initial condition

response) . When large plane angles were applied over a long

period , the speed of the standard model decreased

s u t s t a n t i a lly ,  w h i c h  made the constant  speed a s s u m p t i o n
i n v a l i d .

3. A c t u a t o r  model

The l inear ized m ode l  does not i n c l u d e  the  d y n am i c s
of the  p l a r .e ac tua to r s, w h i c h  are force  and  m omen t
p roduce r s .  I n c l u d i n g  the ac tua tors woul d  i n cr e a s €  the
ccm p lexi ty of the system.  The ac tua tor  dynamics  m a y  be
ignored in the analysis and initia l design phase , if and

only if their dynamics are “ fast compared with the system

dynamics.

P r c m our  own exper ience , we know that the response

of the  h y d r a u l i c  sys tems  to a u n i t  s t ep  i n p u t  looks l i k e  an
exponential function of the form:

( 1 — e

which has the Laplace transform of

1 1

S (s+~)

Thus the actuator dynamics will be represented by:

(S +
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J.. represents  the inverse  of the  t ime cons tan t ,
which  has  to be de te rmined .  As the  rate  of the  rudde r
def lec t ica  depend s on the m a g n i t u d e  of the  desired ang le  the
m a x i m u m  rat e lim it is de t e rmined  by the  mechanical  l i mi t s  of
the  r u d d e r , which are assumed to be ± 35 ° for  th i s  model .
It was assumed t h a t  t h e  m a x i m u m  def lec t ion is reached  in 5
time constants. As the needed time is about 3 to 3.5 sec,

the time ccnstant was determined to be 2/3 sec.

The actuator time constant is fast compared to those

of the system . Therefore the actuators will be neglected in

the design of the compensators , but will be included in the

simulation of the compensated system.
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r n .  DESIGN SPECIFICATIONS

The objective is to design an automatic controller for

maneuverin g in the vertical plane, i.e. dep th and pitch

control. The submarine is considered deeply submerged and

therefore free from all external disturbances like surface— ,

bottom— , an d wall-effects. The dynamics for a depth change

include the depth and pitch dynamics . The depth response tc

an ordere d d epth chan ge should basicly look like a second
order overdampe d or highly damped system response. The pitch

shall be kept as close as possible to the ordered pitch ,

whic h under regular conditions will be zero. This submarine

has no inertial guidance system (as for example the German

coastal su b~ a rifles) . Rate  i n f o r m a t i o n  is not available and
the only states to be used as feedback are depth , pitch , and

speed. ~ue to this limited instrumentation the controller
will have to use cascaded filters.

* Time requirements.

Depth ch anges at even keel for speeds

— ~ 9 km 10 f t  in � 120 sec

100 f t  in � 2(4 0 sec

— � 9 kn 10 f t  in � 60 sec
100 f t  in ~ 100 sec
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* Overshoot requ irements

For dep th changes

~ iQO ft

� 100 ft ~ 5 ft

* Pi tch devia tions

Always less than ± 2 O from ordered pitch.

* M echanical constraints

— planc angle limits according to diagram

‘+0

deg

. . . I I ~ I
S ~0

Speed in kn

— maxi m um possible pitch � 45 °
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IV. DESIGN

A. TRANSPE~ FUNCTION

The design approach chosen for this thesis requires the

system description by the transfer function matrix. ~atrix

equation (7) is the state variable representaticn cf the

system. The signal flowgraph equivalent for this system is

given below . An additional integration is included , b ecause
thE dep th  is a desired o u t p u t .

311 ~~~~~ 
ZDOT y

~, ~~~~~~~~~~p~~~-c p- -o

/ \~ -~~~f \ ~~ ~~
___-.--4--_ ,~\ / .~~~~?

\~~~~/‘

\~~~V32~
a
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The inpu t—output relations of interest are DEPTH/DS,

DEcTH/DB, PITCH/DS , an d PIT CH/DB , because depth and pitch
will be the measurable quantities and will be used for the

control.

A p p l y i n g  Mascn ’s gain ru l e  the  i n p u t — c u t p u t  re la t ions
have the form

2
I ( s )  $2*s + N1*s + NO

4 3 2
X ( s) E4 *s + D3*s + D2 *s + D1*s + DO (8)

The c o e f f i c i e n t s  for  equat ion (8) are:

ZECT/DS :

2
N2 = ~ 11*UC

3
Ni = ( A 2 2 * B 1 1  — A 1 2 *3 2 1) *UC

2 2 2
NO = (E21* (A13 + A1L4*UC ) — B 1 1 * ( A 2 3 * U C  + A2L4))*UC

D4 = 1

D3 = — ( A l l  + A22)*UC

2 2 2
D2 = A 1 1 *A 2 2 *U C  — (A2 3 *U C  + A24)  — A 12*A2 1*UC

2 2
Dl = A 1 1 * ( A 2 3 * U C  + A 2 Z 4 ) * U C  — A 2 1 * U C * ( A 1 3  + A1L4*UC

DO = 0.0

ZDOT/D8 :

2
N2 = E 12 *U C

3
N i = —(A22*B12 — A 1 2 * B 2 2 ) *UC

2 2 2
NO = ( E 2 2 * ( A 13  + A 1 4 * U C  ) — B12* (A23*UC + A 2 4 ) ) * U C

= 1

D3 = — ( A l l  + A 22 ) 4UC
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2 2. 2
D2 = All*A22*UC — (A23*Uc + A24) — A l 2 *A 2 1 *U C

2 2
Dl = A 1l* (A23*UC + A24)*UC — A2 1*UC* (A1 3 + A 1 4 *U C

DO = 0.0

PIICH/DS

2
Ni = E2 1 *UC

3
NO = (121*81 1 — A 1 1 * 82 1 ) *U C
D3 = 1

D2 = —(All + A22)*UC

2 2 2
D l  = A11 *A22*UC — (A23 *UC + A 2 ( 4 )  — A1 2 *A2 1*(J C

2 2
DO = All*(A23*UC + A2 L$ ) *UC — A 2 1 *U C * ( A 13  + A i ( 4 *U C

PITCH/DB

2
Ni = E22*UC

3
NO = (A2 1*a1 2 ~ A 1 1 * B 2 2 ) *U C
D3 = 1

D2 = —(All + A 2 2 ) *U C

2 2 2
D l  = A 1 1t A 2 2 *U C  — ( A 2 3 ~~UC + A 2 4 )  — Al2 *121*UC

2 2
DO = A l l * ( A 2 3 *U C  + A24)*tJC — a21*UC* (A1 3 + A1 (4*UC

Table 06 through 10 show the root—locations for tue

speed range 1 kn — 15 km . The characteristic roots mov e

closer to the origin and the dampin g reduces with decreasing
speed. This indicates that the overall response cf the

uncompen sated submarine will be much slower for 3 kn than

for 9 kn cr 15 km.
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Table 06 — Characteristic roots

Speed Root Complex roots

—2 —2 —1
— 0 . 2 7 7 4  10 — 0 . 5 4 5 2  10 ± j  0 .4978  10

—2 —1 —1
2 — 0 . 5 6 5 0  10 — 0 . 1 0 8 5  10 ± j 0.4 8 (4 1 10

—2 —l —1
3 —0.876 8 10 

- 
—0.1613 10 ± j 0.46014 10

— 1 — 1 —l
LI —0.1235 10 —0.2114 10 ± j 0942 14 5 10

— 1 —1 — 1
5 — 0 . 17 0 5  10 — 0 . 2 5 6 3  10 ± j 0 .3716 10

—1 — 1 —1
6 — 0 . 2 5 2 7  10 — 0 . 2 8 3 5  10 ± j 0.2908 10

— 1 — l —1
7 — 0 . 4 8 7 2  10 — 0.23 14 7 10 ± j 0.2116 10

—l — 1 — 1
8 —0.7068 10 —0.1933 10 ± j 0.2032 10

—1 —1 — 1
9 — 0 . 8 8 1 2  10 — 0 . 1 7 4 4  10 ± j 0.2014 10

—1 — l
10 —0.1038 —0.16 43 10 ± j 0.1999 10

—1 —1
11 — 0 . 1 1 8 6  — 0 . 1 5 8 ó  10 ± j  0.1982 10

—1 — 1
12 — 0 . 1 3 2 8  — 0 . 1 5 5 7  10 ± ~ 0 . 1 9 6 3  10

—l — 1
13 —0.1467 —0.1546 10 ± j 0.1940 10

—1 —1
14 —0.1603 —0.1549 10 ± j 0.1915 10

—1 —1
15 —0.1738 —0.1562 10 ± j 0.1887 10
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table 07 — Zeros of Pitch/DS

Speed Gain Boot

—4 —2
1 —0.14184 10 —0.4370 10

—3 —2
2 — 0 . 1 6 7 4  10 — 0 . 8 7 3 9  10

—3 —1
3 —0.3766 10 — 0.1311 10

—3 — 1
(4 — 0 . 6 6 7 5  10 — 0 . 1 7 4 5  10

—2 —1
5 —0~~lO44 10 —0.2182 10

—2 — 1
6 -0.1503 10 —0.2619 10

—2 —1
7 —0.201*7 10 —0.3056 10

—2 —1
8 —0.2674 10 —0.3493 10

-2 — 1
9 —0.3385 10 —0.3929 10

—2 —1
10 —0.4179 10 —0 .4367 10

—2 — 1
11 —0.5057 10 —0.148014 10

—2 — 1
12 — 0.6013 10 —0.5238 10

—2 — 1
13 —0.7058 10 —0.5675 10

—2 —1
14 — 0 . 8 1 8 7 10 — 0 . 6 1 1 2 10

—2 —1
15 — C . 9 4 0 0  10 — 0 . 6 5 4 9  10
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Table C8 — Zeros of Pitch/DB

Speed Gain Root

—5 — 3
1 0.9111 10 0.94314 10

—4 —2
2 0.3644 10 0.1887 10

-4 -2
3 0.8200 10 0.2831 10

—3 —2
4 0.1453 10 0.3768 10

—3 —2
5 0 . 2 2 7 2  10 0 .4713  10

—3 —2
6 0.3271* 10 0.5654 10

—3 —2
7 0.4457 10 0.6599 10

—3 —2
8 0 . 5 8 22  10 0 . 7 5 4 2  10

_______— 

-3 —2
9 0.7370 10 0.84814 10

—3 —2
10 0.9100 10 0.9 14 28 10

— 2 —1
11 0.110 1 10 0.1037 10

—2 —1
12 0.1309 10 0.1131 10

—2 — 1
13 0.1537 10 0.1225 10

—2 —1
14 0.1783 10 0.1319 10

—2 — 1
15 0.2047 10 0.14114 10
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Table 09 - Zeros of Depth/DS

Speed Gain Boo t Root

—2 —2 —1
1 —0 .1904 10 —0.7732 10 ± j 0.5083 10

—2 
— 

—1 — 1
2 —0.7618 10 —0.1546 10 ± j 0 .4 3 7 8  10

—1 —1 —1
3 —0.171 4 10 —0.2320 10 ± j 0.2841 10

—1 —1 —2
4 —0.3036 10 0.5803 10 —0 .37140 10

— 1 
— 

— 1 — 1
5 —0.4749 10 0.9089 10 —0.1366 10

—1
6 —0 .68143 10 0.1183 —0.2557 10

— 1 —l
7 —0.9316 10 0.1438 —0 .3567 10

—1
8 — 0 . 1 2 1 7  0 .1685  — 0 . 1*1489 10

—1
9 — 0 . 1 5 4 1  0 . 1 9 2 6  — 0 . 5 3 5 6  10

10 — 0 . 1 9 0 2  0 . 2 1 6 5  — 0 . 6 19 0  10
_ i

—1
11 —0.2302 0.2400 —0.7001 10

— 1
12 —C.2737 0.2633 —0.7790 10

13 -C.3213 0.2866 -0.8572 10
_ i

— 1
14 —0.3726 0.3097 —0.93 143 10

15 —094278 0.3329 —0.101 1
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Table 10 — Zeros of Depth/DB

Speed Gain Root Root

—2 — l — 1
1 —0.1106 10 —0.1030 10 ± j 0 . 4 792 10

—2 — 1 -1
2 — 0.141422 10 —0.2059 10 ± j 0.41404 10

— 2  — 1  — 1
3 — O . 9 9 5 C  10 — 0 . 3 0 8 9  10 ± j 0.3665 10

— 1 — i  — 1
4 —0.176 1* 10 — 0.4112 10 ± j 0.2269 10

r -1 -1 -1
5 —0 .2757 10 —0.7499 10 — 0.2784 10

—1 — 1
6 —0 .3~ 72 10 —0.1049 —0.1853 10

—1 —1
7 —0 .54C6 10 —0.1304 —0.1359 10

— 1 — 1
8 —0.7065 10 —0.1544 —0.1020 10

—l —2
9 —0.69414 10 —0.1775 —0.7620 10

—2
10 — 0 .110 (4 —0.2003 — 0 .5510 10

—2
11 —0. l~~26 —0.2227 —U .3718 10

—2
12 — 0.1589 —0.21447 —0.2156 10

—3
13 —0. 1865 —0.2667 —0 .7480 10

—3
114 — 0.2163 —0.2886 0.5368 10

—3
15 —0.21*84 —0.3088 0.1734 10
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8. S T E A D Y — S T A T E  D~~C 0 U P L IN G

The derived mode]. represents a linear , multivariable

system . In crder to allow the application of existing

single—locp tecnnigues, such as Nyguist— Bode—Nic hol ’s

methods and Root—Locus design , the equations must be

decoupled. Decoupling requires the system to be

characterized by a non—singular , diagonal transfer functior .

matrix . when linear state variable feedback is applied , ~ne

necessary condition according to Wolovich (Ref. 12) is that

a system characterized by a (n * m) transfer function ma~ :ix

may not a~~ poles at the origin. The developed linear

system contains two transfer functions with such poles.

Ref. 14 develops another approach which decouples t ae

steady—state only . This approach uses classical cascade

ccwpensaticn and allows the precluded poles at the ori gin.

Actually, these poles are u5ed tor the decoupling o~ linear ,

nult ivariaUe systems.

A steady—state decoupled system is a systeal in which

changes in each input are reflected in a corresponding

output and only that output , when steady—state is reached.

T h u s  m u t u a l  int e r~ict ior,s are allowed during the trafl sient

period , tut cnly during this period.

Using cascade compensation and a diagonal compensator

matrix

0

G =
C

~~

C2 2



the model configuration becom es:

~DI
~~

oERE

~

1 

22 PITCH

wh ere

g g
p11 p1 2

G
p

g g
— 

p21 p22

By theorem 2.2 of Ref. 4 the system is steady-stare
decou pled if an d only if

(k—i)
1. lim 1/ s * (I+G G ) /det (I+G G ) = 0 (9)

p c 12 p c
and

(k— 1)
2. u r n  1/ s * (I+G G ) /det(I+G G ) = 0 (10)p c 21 p c
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Since

g g g g
p11 cl i p12 c22

G G  =
P C

we have

det (I+G 0 ) = i+g g #g g +
p c p 1 1  cl i p 2 2  c22

1 ~~~~~~~ 1 l~~C22

g g g g (11)
p12 p21 cli c22

an d co fac tor s

(1+0 G ) g g ( 1 2 )
p c 12 p21 cli

(1+0 G ) = g g (13)
p C 21 p1,2 c22

K and k are defined according to
1 2

kj
(input (t)) = 1/ S

J
where the inputs are constants, steps , ramp s etc., wit h

arfitrary arn~ litude.

By substituting (11), (12), and (13) into (9) and

(10) ,and assuning a step input for depth and constant pitch ,

we have the two necessary and sufficient conditions for

steady—state decoupling

1. h I m  g g / D = 0 (11*)
.$ ‘° p2 1 c ii

2. lii s$g g / D = 0 (15)
12 22
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where

D = det ( I+G G )
P C

All g are known. Th~is the design fcr steady—state
F

decoupling is the determination of g and g such that
cli c22

(114 ) and (15) are satisfied.

Al thou gh the locations of the poles an d zercs are
dependent on the speed their number is independent.

Therefore the poles will be called

m = 1 ,2 ,3. . .
ij m

and the zeros

z = 1,2 , 3...
th

w h e r e  i j  deno tes  the e l e m e n t  of t he  m a t r i x  and ni the in

pole and zerc of the eiewent.#

g = k (s+Z ) (s+z ) / s~~p11 11 111 112

g = k (s+z ) (s+z ) / s~p12 12 121 122

g
~ 21 

= k (s+z ) /~~

= k (s+Z ) ‘r

iii



where

I (s+p
1
) (s+p ) (s+p )

When these transfer functions are substituted into

equations (11*) and (15), both limits go to zero for all

speeds.

Thus conditicns (1) and (2) are satisfied for the specified

inputs.

1. 
~~~~~~ 9.~ £i2~~~~i~22.2 ~Y~~&!

The previou s section resulted in the decoupling of

t h e  s t e a d y — s t a t e  of the sys tem .  However , one must r e a l i ze,
that:

1. the  resul t  doe s not  gua ran t ee  s t a b i l i t y .
2. s tea dy— s t a t e  decoupl ing is only  m e a n i n g f u l ,wh e n

the closed—loop system is stable.

Thus it is necessary to consider the stability of the

clcsed—locp sys tem a f t e r  t h e  s t e a d y — s t a t e  d e c o u p l i n g  has
been achieved.

Ref.4 investigates a connection between sing le— loop

and multivariable systems by properly factorizing the

clcsed—lccp characteristic equation. It allows the design of

multivariable systems by using any suitable single—loop

m ethod . The primary method chosen will be the roct-locus

design.
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2. Sta~~ilit~ cr i t on

Ref.13 and 11* prove that the stability of this

multivariable system is determined by the zeros of N (s)

and N (s), w h ere

N (s)/D (s) = det(I + 1~ (s)*G (s)) (16)
1 1 p c

and

N (s) = Ac(s)*~ p (s)fD (s) (1 7)

N (s)/D (s) is in irreducible form , i.e. all common factors

are cancelle d. ~~c(s) represents the characteristic

polynomial Cf the transfer function matrix G (s) and np (s)
C

represen ts the polynomial of the transfer function matrix

G (s) . The characteristic polynomial of the traasfer
p

f u n c tion is def ine d as the least common de nom ina tor of all
miccrs.

Hcwever Ref.4 devises a method by which it is

necessary to check equation (ló) alone for stability, if:

1. cancellations are selected systematically by

using equaticn (14.5) Ref. 4.

2. poles of 0 are carefully selected , w hic h can
C

be taken care of in the process of the design.
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Thus

det(I + G G ) = 0 (18)
P C

repr e sen ts t he charac teris tic eq uation of the mul t i var i a ble
system .

Pcr the system under consideration equation (18)

beccrnes:

det (I + 0 G ) = 1+g g + g g + det (G ) g g
p C p 11 cli p22 c22 p cli c22

w h ich can b e fac tore d

det (I + 0 0 ) = (1 + g g ) (1 + G g
p c p11 cli eq c22

w h e r e

G = g (1 + detG *g /g )/(1+g g ) (19)
eq p22 p cli p22 p1 1 cli

By cancellation of the common roots the equation

determining the stability of the system becomes

1 + G  g = 0  . (20)
eq c22

Equation (20) still contains both g and g as
cli c22

unknown func tions. It is possible for example to choose g
cli

arbitrarily. In this case the only unknown left to be

designed is g , which means the design is r ed uce d to a
c22

single—lccp case. But if g has not been chosen properly,
cli

0 may beccme very unstable. This can make the design of
eq
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g very diffic ult. Thus it is preferable to have
c22

guidelines in choosing g in order to get a reasonable
cli

pole—zero pa ttern for G , w h i c h  wi l l  make  the design of
eq

g much easier.
c22

3. 
~~~~~ ~~~~~~~

The xoots of equation (19) are determined by the

fo l l owing  express ions:

1. G = g + det (G)g
2 p22 p cli

2. G = i + g g
1 p11 cli

where

G = G / G  (21)
eq 1 2

Then

det (I + G G ) = G + G g
p c  1 2 c22

As the design is concerne d w ith the poles an d z eros
of G they must be identified. They can be found by

eq 
-

considering the functions 0 and C .  From equation (21) it

can be seen , that the zeros of G are determined by:
eq

Z = Z  + P  — (P r~~P ) (22)
Geq Gi G2 02 Ci
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F = Z + P — (P ~ P ) (23)
Geg G2 01 02 Gi

Poles and  zeros of G and G are depen de n t on the f u n c tion
1 2

g acccr d in g to:
cli

1 + det (G )*g / g = 0 (24)
p cli p22

1 + g g = 0 . (25)
p 11 cli

There fo re  th e  design will procee d as f o l l o w s:

1. Des ign  g to achieve a reasonable pole—zero pattern
c l i

f or G
eq

a.) Prepare root—locus studies for equation (24) and

(25) , where g = f (K ,s) . K is a real parameter
cli 1 1

positive cr negative. The pcles and zeros of g are
cli

determined by

aa.) number of free integrators needed to decouple

the system.

a t . )  t h e  needs of compensa t ion , which  m a y  ar i se 1
du e to desired root locations.

b.) Prc~ root—locus studies choose the parameter K ,

which fixes g - This will be an iterative process as
cli

both  r c c t — l o c u s  s tudies in combina t i on  wi th equa tions

(22) and (23) determine the fina l pole—zero pattern of

G
eq
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2. Design  of g in order to meet the  sys tem
c22

specification. As C is known equation (20) , i.e.
eq

1 + 0  g
eq c~~

can be studied via root—locus, where g = f(K ,s) . The
c22 2

cri teria wh ich  determin e f (K ,s) are the same as mentioned

above for  f (K ,s).

3. With the proper choice of K

a.) system stability is guaranteed .

b.) the dynamics of the system are fixed.

c.) the diagona l compensator is determined.

4 . The design is completed. Now simulation is required to

check whe ther the design specifications have been met. If

the specifications have not been wet , a redesign of

com pensator g or even g may be necessary. But every
c22 cii

trial prcvi des some insight and helps with the next trial.

~• ~2.2~~:I2~~~~ ~~~~~~~

Pcllcwing the design guide lines the first step is a

zoct—locus study for the equations (24) and (25) . As shown

in II.B no free integrators for g and g are required
cli c22

for the specified inputs.

The speed range of interest extends from 3 kn to 15
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kn. As the root icca tions of the system change with varying

sp eed , it is not certain whether one compensator set will

cover the whcle speed range. It seems reasonable to design
for the medium speed of 9 kn. Afterwards it can be tested

whether this compensator set is adequate for the whole speed

range and whether the variations due to speed can be taken

care of by either gain variations or other means. It may

turn out that different compensators are required tc meet

the design specifications.

a.) Design of g
cli

The rcct—lcci for l+g g =0 where g K are
c li  p 11 cli 1

shcwn in Fig. 70 K = negative and Fig. 7 1 K = positive.

K = positive is clearly undesirable , because there will be

one branch that extends along the positive real axis to +

and will produce a pole on the positive real. axis for G
eq

The root—loci for 1 + det (G ) *9 /g = 0 are
p cli p22

shcwn in Fig. 72 K =  negative and Fig. 73 K = positive.

For the same reason as above K has to be negative .

From the root—loc i for K = negative it is obvious

tha t f u r ther  compensa tion is needed in  order to ac hieve

reasona ble root locations. The following compensator was

ch csen

2 2
g K (s + 0.4) /(s + 4.0)
cli i
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Figure 70 - ROOT LOCUS 1+GP 11SGC 11 = 0

SPEED = 9 KN , Ki = NEG .
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Figure 71 — ROOT LOCUS 1+GP11*GC11 = ‘3
SPEED = 9 KN , Ki = POS.

120



*

I.

- :~
) 

,

~ ~~

In

.1 UNITS PER INCH

Figure 72 — ROOT LOCUS 1+DET (GP)/GP22*GC11 = 0

SPEED = 9 KN , 1(1 = NEG .
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Figure 73 — ROOT LOCUS 1+DET (GP)/0p22*Gcll = 0

SPEED = 9 KN , Kl = POS.
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This compensation resulted in Fig. 74 for

l+c g = 0 and FIG. 75 for 1+det (G )g g = 0 .  The
cli p11 p c li p 11

rocts of Fig . 7L1 represent part of the poles of G . By
eq

means of the compensation all roots were constrained to the

stable reg ion. The roots of Fig. 75 will fcrm the zeros of

G . Althcugh this compensation did not pull the unstable
eq

branche s considerably to the left half plane , it does not

me an that the system will not be well behaved , because the

system behavior will in the end be determined by the poles

of G and g
eq c22

As Eef. ~ in equations (6—33) points out , the poles

a n d  z e ros  cf G a re  d e t er m i n e d  as f o l l o w s:
eq

Pcles: P Z +P —(P ,~ P
Geg Gi 02 G2 Gl

Zeros :  Z = Z +~~ —(P ,-~ PGeg G2 Gi G2 01

P = P
Gi g pil gc ll

Z = (rcot s from foot—locus 1+g g =0)
Gi p 11 cli

P = P +P (det G ) g  — ( P  A P ( d e t G  ) g
G2 gp22 p cli gp22 p cli

p p = P fo r  t h i s  sy s t e m .
G2 Gi Gi
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Figure 74 — RC ’OT LOCUS 1+ G P l i *G C 1 1  0

SPEED = 9 KN , Ki = NEC. , COMPENSATED
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Figure  75 — ROOT LOC U S 1+ D E T ( G P ) / G P 2 2 *G CI 1  = 0

SPEED = ~ KN , Kl = NEG., COMPENSATED
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Thus the ~cles  of G are:
eq

p = p —(0.0)+ (roots from root—locus 1+g g =0)
GEq gpl i p 11 cli

and the zeros of G are:
eq

Z = (roots from root—locus i+detG g /g =0)
Geg p cli p22

G has four known poles, namely the poles of the
eq

system transfer func tion g . The r e m a i n i n g  poles a n d
p11

zeros have to be determined from the compensated root-locus

studies Fig. 74 and Fig. 75

Tc get an idea how the pole—zero pattern of 0 will
eq

behave with varying K both root—loci are superimposed in

Fig. 76 T1 e additiona l pole s of g — ( 0 . 0)  a re  a d d e d .
p 11

They are independent of K and therefore fixed.

b.) Design of g
c22

As t~ e gain K is important for the magnitude cf tne

plane deflection Cf the fairwater planes the problem is not

cnly to find adequate root locations , but also to pick the

right gain. Two different gains for K were chosen which

determine two different sets of pole and zero locations for

G , thus tR choice of K fixes the dynamics of the
eq 1
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open—loo p system G . The closed—loop poles are now
eq

determ ined by the root—locus stud y for 1+G g = 0. Where
eq c22

g 
- 

= K . The gain—compensated studies for K = 1.48 and K
c~ 2 2 1 1

= 75.0 are shown in Fig. 77 and Fig. 78 . Fig. 77 has

complex roots clcse to the imaginary axis which go to ~
asymp totically, which is not desirable as the damping gets

too small. Fig. 78 shows very similar behavior. Therefore

it is desired to move the asymptotes to the left, w h i c h  is
achieved 1y

g K ( s +0 . 5 )/ ( s+ 10 .0 ) .
c22 2

The results of this compensation are shown in Fig. 79 and

Fig. 80. for K = 1.48 and K = 75.0 respectively. As the

compensated toot— locus for K = 1.48 indicates, C w ill be
1 eq

stable for all values of K *K . The roct—lccus for K =
2 eq 1

75.0 has zeros in the right half plane and will limit the

value of K *K in order t~ maintain stability.
2 eq

As many poles are clustered around the orig in , it is
difficult to tell which roots will be dominant . A time

response could re veal the dominant roots, but .~s t h e  s y s t em

has to be simulated in order to check the compensation

anyhow , because both outputs have to satisfy the design

specifications , it seems more reasonable to simulate the

total system. Prom the simulation results it will be judged

w hether the ccmpensation was sufficient or if further

compensa ticn is necessary.

128



7

-
~~~~ 

.

1;
.1 UNITS PER INCH

Figure 77 — ROOT LOCUS 1+G (E Q) *GC22 = 0

SPEED = 9 KN , Ki = 1.48
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Figure 79 — ROOT LOCUS 1+G (EQ)*GC22 = 0

SPEED = 9 KN , Ki 1.48, COMPENSATED
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5. Simu l a t i o n  of co~2ensated l inear  mode l

a. tetermination of gain constants

As menticned above the roots of 0 will always be stable
eq

if a v a l u e  of K = 1.48 is chosen.  Thus this value was
1

picked for the initial simulation trials. The root—locus for

G for this choice of K is show n in Fig. 79 . T h e  n e x t
eq 1

step is to find the gain constant K .  The gains shown in

Fig. 79 represent K *K . In order to determine K , K
2 eq ~ eq

has to be found.

Because

G = g +det (G )*g /1+g g
eq p22  p c22 p1 1 cl i

—2 7 9
(—.3385 10 ) (S + .. .)/(s + . . . )

—2
K = — .3385 10
eq

Therefore

K = (gain from root—locus)/K
2 eq

The only rcots which change significantly ‘with increasing

gain are those which go to . A r easonab le  value for K
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seems to be K = 60, because :

— K is not too large (to avoid excessive rudder

deflect ions)

— dampin g is greatest in this region.

Six sii~ula ticn runs were perform ed usin g the chosen valu es

as pointed out above and variatons of them. The ordered

depth change is 10 ft., the ordered pitch is 0 ~~.

The results are shcwn in Table 11 .
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Figure 81 — RUN 1

10 FT DEPTH CHANG~~, 9 KN
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Figure 82 — R U N  2

10 FT DEPTH CHANG E , 9 KN
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All these test runs showed that the compensated system is

stable as expected and that the steady-states are reached

independ ently without error. The plane angles increase with

increasing gains. The pitch behavior has basically the same

form for all runs . In the initia l phase the submarine

pitches in the direction of the depth change , which is

counteracted by the stern planes. Before the ordered depth

is reached the submarine pitches in the opposite direction

and reaches steady—state in a sinusoidally damped motic n. An

increase in 
2 

reduces the amplitude of the pitch.

The primary task of the stern planes is to

maintain the crdered pitch , i.e. in this case even keel, and

to counteract the moments generated by the fairwater planes.

As the lever arm of the stern planes is greater than t h e  on e

of the f a irwa ter p lan es, the stern plane deflections are

significantly smaller.

The fairwater plane angles exceed the design

specifications in run 4 and 5, which eliminates those runs

f r c m  further considerations and shows that K should be

smaller than 2.0.

Run 1

K 1. K 15.
1 2

The ordered depth was reached with very small overshoot , but

the system showed a big undersh oot of 10.8~ after the first

peak. This is due to the fact that at the time the ordered

depth is reached , the pitch is greatest in the positive

direction. This is not desirable.
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Run 2 :

K = 1.5 K = 15.
1 2

The increase in K leads to an increase in the fairwater
1

plane deflection . The depth change is accelerated and the

p i t ch  dev ia t ions  increase , w h i c h  in t u r n  leads tc  greater
stern plane deflections. The amplitudes of the oscillations

increase , the overshoot reaches 11. 4% and the undershoot

11.4%. As the fairvater planes have reached about the

allowed deflection limits K will not be increased any
1

further . The action taken will concern K only.
2

Run 3

K = 1.5 K 40.
1 2

The increase in K resulted in larger stern plane

defl ections , which damped the pitch more than before. Due to

t h e  smal le r  pi tch changes w n i c h  at the same time support the

depth response , the deviations are decreased significantly

and die out rapidly. The trade—off which has to ~e

considered is that increasing the damping will result in

longer times until the ordered depth is reached .

Run 4 an d 5

are not considered as mentioned above.
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Run 6

K = 1.5 K = 60.
1 2

This further increase in K confirmed the previously

observed tendency . The overshoot is decreased to 3.6 % and

there is essentially no undershoot. Both run 3 and 6 satisfy

the  desi gn speci fications. But run 6 shows clearly the more

desirable behavior as the pitch is smaller , the overshoo t is

less and the depth accuracy is more important than the small

sacrifice in time, as all these depth maneuvers represent

standard depth changes and no emergency dives.

b . Check for valid speed range

So far the compensator is designed for 9 kn. The

sensitivity cf the compe z~sated system to speed is imp crtant

for two reasons. First, the constant speed assumpticn for

the linear model is not quite accurate , because on our

s ub m a r i n e s  the  speed is o r d e r e d  in f o r m  of r p m .  The  a c tua l
speed varies with rudder deflections and p itch angle. These

influences result in small speed changes. This phencmenon

was observed in the ccmparative test runs with t- ie  l i n e a r
and non—linear models. Second , it is of interest to f i~~d t~~e
speed range wher e this compensator still yields a

s~ tisfactcry behavior which is within t~ e design

sp€ cifications.

Therefore simulation runs with the compe nsa 1~or
designed for 9 kn were performed for the speed range ftcm 3

kn to 15 kn at 2 k n — in t e r v a l s .  The  r e s u l t s  are  s h o w n  in
Table 12.
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Figure 87 — R U N  1

100 FT DEPTH CHANGE , 3 KN

146



/
~~

-

~~~~~~~~~~~~~~~~~ --- ~~~~~~~~~~~~~~~~~ --~~~~~~~~~~~~~~~

I

=
L)
z

= 
— /

T I M E  — 80 SEC PER INCH

Figure 88 — R U N  2

100 FT DEPTH CHANGE , 5 KN
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As can be seen rrcm Table 0r the poles of the charicteri.~tic

equation cf the open loop system transfer functions move

closer tc t h e  ori g i n  of t h e  s—p lane wi th decreasii,g s~~ee” 1 ,
which should lead to a slower response . At the same time t~~~
L1amp~ ng—ratic decreases with decreasing speed. All test runs

reflect this observed tendency.

* Run 4—7

T h e  t ime , at which the ordered depth was reaches fo: the

firs t tite , is acceptable. Tne overshoot is within the

desig n specifications. The plane angles never exceeded the

liu’its and the pitch is small. Small gain variations led to

a shif t in the trade—off between response time and

overshoo t. The improvements which resulted from tests were

not significant enou~~h to justify the complexity of gain

switching. Thus the designed compensator will cov€r ~h e
entire speed range from 9 to 15 kn very satisfacto:ily.

* R u n  3 :

T h e  7 kn depth response exceeds the design spec icitio~ s
sli ghtly hith respec t to time and overshoot , w h i l e  p it ch an d
plane angles ar e still within the limits. This speed

rep:esen ts a borderline case where the comp ensator might ~e

a c c e p t a b l E .

* R u n  2 a n d  1

For t h e s e  t w o  speeds  the o v e r s h o o t  of 1 1 . 5 8  % and 18.77 %

respectively exceed the specifications by far and the times

r e q u i re d  ar~ c l e a r l y  not  des i r e d .

It was Dossjble to improve the responsE tim e
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w i t h  ~a i n  v a r ia t i o n s , b u t  it was impossible to reduce t h e

overstioot to an acceptable v a l u e .  -This  i n d i c a t e- I  t h a t  f o r

slcw speeds gain s w i t c h i n g  can n o t  be a s u f f i c i e nt mea sure

to a d j u s t  t h i s  c om p e n s a t o r .  I t  seems  tr i a t  a r e d e s i g n  of the

c cm p en s a  t c r  is n e c e s s a r y .

3 k n  a n d  5 k n  a re  e l im i n a t e d  f r o m  f u r t h e r

c o n s i d e rat i o n s  as t h e s e  speeds a r e  no t  t o o  i m p o r t a n t  f o r

subm arin e ma n e u v e r i n g .

c. modification for major depth changes

The mechanical limit for both rudder ~eflections is 35 
0

As outlined in the design specifications these lim its a:e

reduced to smaller values for higher speeds. Due to the

linearity of the system major depth chaiiges , which lead to

prcportion ai depth errors , will cause plane deflections

exceeding these limits. Therefore it is necessary to prev ent

the planes frcm exceeding these h u t S .  There a~ e two

possible actions one can take.

first, limit the planes. Test runs whe re this

scheme was implemented led to unacceptable plane be.iavio :.

Second , limiting of the error si.;nals. The

resultant blcck diagram is:

~~~~E2~~ ________ ______

~ CPfl-I ~~P7i7~~R

COM PEN— PLANT ~

SATOR ACTUATO R
_______ 

~.RROR

PrT~~i LU1CT~~.
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Prom the design specifications it was determined that the

ertor limit functicn could be approximated by a straight

l i n e :

lim = —1 .6655*UC + 59.6875

W h e r e  UC is in f t/ s .

This function and the resulting maximum angles are shown in

t h e  f o l l cw i ng  d i a g r a m

~~~2 O~~~~~~~~~~~~~
LANE E

~~~~~~~~~~~~~

SPEED IN KN

Table 13 shows the simulation runs for 100 ft depth chaage.
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100 FT DEPTH CHANGE , 7 KN
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100 FT DEPTH CHANGE , 15 KN
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A fter an ini tial pitch the submarine approaches the ordered

dep th with constant plane deflections. Shortly before tne

depth is rEached , opposite rudder angles are used to

eliminate the depth rate.

Although it takes longer to reach the ordered

depth initially the overall time to steady—state decreases

w i t h  i n c r e a s i n g  speed.

‘Ibis comp letes the design for the speed ran ~e

frcm 7 kn to 15 kn and all possible depth changes. From n.ere

on the behavior of the compensated non—linear nodel will be

inves tigated under special conditions , like turns , o u t  of
t r i m  cond i ti cns , etc.
T h e  final blcck diagram and the DSL—Prograw are shown in

App. D.
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C. TOTAL DECOUPLING

The previ ouE desi;n led to a steady—s tate decoupled system ,

where bcth ou tputs were influence d by a single input during

the iy n a~ ic period . In our case the pitch ~ncountere d was

small. In order to keep the submarine at even keel for zero

pi tch input at all times the system has to be tctally

decoupled. One method to achieve this behaviour for a

m ul tivariable system will be analysed and applied tc the

l in e a r  m c d e l .

The system c o n f i guration chosen for this desi gn is:

U E x

The  clcs e~ icop system can be represented by:

G p

which can be com bined to , as 4i11 be shown:

U I 
_ _ _ _ _- -1~

1
6 4



I’ is th€ desired overall transfer function which d.~term ines
the desired cverall respones.

Th€ refore

T = PG

t h u s

G P  T

Frcm the blcck diagrans:

Y =

y =

X = CE

= t J - F Y

T h u s

‘1 = ~C [ U — E Y )

or

I = L I  + PCF ] PCtJ

and

T [ I  + PCF] PC =
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solving fcr compensator C r e s u l t s  in

— 1
C = G[I  — E T ]

In the c o m p e n s a t ion used f o r  this  les i g n  the f e e d oack ~ain

matrix is the identity matrix , thus

— 1
C = G [ I — 7 J

—1 —1
= P ‘I [ I — T ]

T h u s  the cc m~~~nsa tor is determined by the p~~~n t , w h i c h
is known , and the desir ed overall transfer function T.

in order to deternine the compensator which deccuples

the syste~ a t all  t i m e s , one has  to :

— d e f i n e  the des i r ed  response  a c c o r d i n g  to the sys te n

specifications. This de termines the overall transfer

fuEctic n T.

— find G = P ‘I and check for realizabili ty.

— 
~Ietermine C = G~~I — T ]

A p p l y i n g  u n i ty r eedbac k and  us ing casa d~ c om p e n s a t~~~n as
ou t l i n e d  the blockdiagram for the linear m o d e l  b ec~~n e s :

lbó
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As can be seen from the block diagram the requirements

for total decoupling can be stated in a -different way.

It is required that

c g = —c g (26)
11 p~ 1 21 p22

a n d

c g = — c  g . ( 2 7 )
12 p 1 1  22  p 1 2

Single loop methods can be applied to design the

comp~ nsators c and c to guarantee the desired response.
11 22

Once c and c are determ ined the compensators c and c
11 22 12 21

can be calculated from (26) and (27)

As Ref. 15 shows C is realizable if G a n d  (I 
— T

:eaiizabie . A rational function in s is p hysically

real± z~ bi~ as a vcltage transfer function , if the f o l l o w ~~nq

cond itions are met :

— t~~~ coefficients o~ the function must be reai.
— the order of t ue  numerator must be less or equal

to t~~~ ~rder of the denominator.
— t h e r e  are no poles in the right h a l f  p l a n e a n d po les

on the im ajinary axis must be simple.

1. ~~~~~~

It is d~ sir€i th at the transient response has no oversh~’3t

an ~ has  an a c cep t a b l e  r i s e  t i m e .  The f o l l o w i n g  t r a n s f e r
ru n c~ ion is chosen for both outputs

m a



= t  =[~~ 1~11 22 ~.s +~J

t = t = 0, because the system is to be decouple -i .
12 21

~cllcwin ; the previou sly outlined design steps ,

—1
p *T has  to  be d et e r m i n e d .

The  p l a nt  m a t r i x  has  the  f o l l o w i n g  elements

= k ( z e ros  g )/ s~~9p11 11 p 1 1

= k ( z er o s  g
12 p 1 2

g = k (zeros g )/ ~
-

p 2 1  21 p 2 1

g = k ( z e ros  g )/ ~
.

22 p 2 2

T h u s

k ( ze ros  g )/ ~- -k  ( z e r o s  g ) /g-~p~~. 12 p l 2

—1
P = -k (zeros g )/~~

‘- k (zeros g ) / ~~~~
— 

21 p 21 
— 

11 p 11 
—

g~~11
g~~22 

—

It can  b e  s h o w n  t h at

- ;~~12
g~~2 1 

= 1/sf
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Th e  r e f  o re

k (zeros g )s —k (zeros g
22 p22 12 p12

p =

—k (zeros g )s k (zeros  g
p21 11 p1 1

p
121

L~2 1
and

—1 2 2 —1
G P  ~~~~~~~ (s+ ~~~) ]P

The next step is tc find

1—t
22

1
= 0 1— t

11
( 1 — t  )(1—t )

11 2 2

2
(S+o~.) /s (s+2ct) 0

2
0 (s+~~) /s ( s + 2~~J
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F i n a l l y  the  c cmp e n s a t o r  m a t r i x  C can be d e t er m i n e d :

— 1
C = G(I—T]

(-
C C l
11 12

C CL21 22J

w h e r e

C d k  (zeros  g ) / ( s + 2 ~~)
11 2~ p 22

c = -~~

2
k (zeros

c~ = ~2 (zeros g )/(s+2~ )21 p 2 1

2
c = d~ k ( z e r o s  g )/ s (s+2~ .)

11 p 1 1

T h e  e l e m e n t s  of t h e  c omp e n s a t o r  f o r  th i s  s p e c i f i c

de s i g n  ccnsi s t  of t h e  zeros of t h e  p i a n t  t r a n s f er  f u n c t i o n

a n d  poles w h i c h  d e p e n d  on t h e  des i red  r e s p o n s e .  As t h e  zeros

of t h e  p l a n t  a n d  p r o b a b l y  t h e  t i m e  c o n s t a n t s  of the desir~ -d

r e sp on s e  dep end on the speed of t a e  su b m a r i n e , i t  can  be

e x p e c t e d  t h a t  the c o m p e n s a t o r  is highly dependent on speed.

The realizability of C is guaranteed , if G and

[I 
— T )  ire realizable. t t  can easily be seen that f o r  a l l
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e l em e n t s  of G a n d  [T  — T J all t h r e e  a b o v e  m e n t i o n e d

c o n d i t i o ns a r e  s a t i s f i e d .

2.  S i m u l a t i o n

In  c r d e r  to  check  t h e  des ign  t h e  s y s t e m  w a s  s i m u l a t e d  f or  a

s p e e d  of 9 i cn .  The choice of t h e  o v e r a l l  t r a n s f e r  f u n ct i o n

2 2
t = t = . 2  / ( s + .2 )

11 22

t = t  = 0
12 21

s h o u ld  l e a d  to  an o v e r~~an p e d  r e s p o n s e , w h i c h  :eac~~es t~~e

o r d e r e d  d e p t h  in  a b o u t ~ O sec. F r o m  T a b l e s  06 — 10 and t h e

i et in e d  o v e r a l l  T i t  f o l l o w s

c = — . 3 1 9 4 5  10 ( 2 5 . L 4 5 2 s + 1 )/ ( 2 . 5 s + 1 )

c = - .3 8 1~~4 ( - 5 . H2 1 s + 1) ( 1 8 . 6 7 1 s + 1) / s ( 2 . 5 s + 1 )

—2
C = .15017 10 ( — 1 1 7 . ~~7 s + 1 ) / ( 2 . 5 s + 1 )

c = — . 2 9 0 5 6 10 ( 5 . 6 3 3 8 s + 1 ) ( 1 3 1 . ~~3 s + 1 ) / s ( 2 . 5 s + 1 )

* Uncon strained trials:

I n  t n e  f i r s t  s i m u l a t i o n  t h e  s u b m a r i n e  h a d  to  ch an ~~e t~ie

d ep t h  oy  10 f t  a t  e v e n  kee l .  T he  s i m u l a t i o n  shove-i t h e
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expected response , i.e. the ie 1t h was reached after 50 sec.

—5
w i t h o u t  o v e r s h o o t .  T h e  p i t c h  w a: ;  of t h e  o r d e r  of ± 1 3  . This

d e v i a t i on  c a n  be e x p l a i n e d  n y  : - u n d — J f f  a n - i  truncation.

In t h e  d e s i g n  t h e  p h y s i c a l  c o n s t r a i n t s  on th e  p l a n e ~ w e r e

n e g l e c t e d .  As i t  t u r n e d  out these constraints were exceeded

by f a r .  ~ ue to  t h e  st e p  i n p u t  of t n e  o r d e r e d  d e p t h  t a c

f a i r w a t e r  p l a n e  a ng l e  increased initially to 117° and

exceeded  the limit of 30° f o r  a b o u t  4 . 5  sec.  The m a x .  s tc~rn

p l a n e  a n g l e  w a s  a b o u t  25 ° . Obviously further compensation

is necessary.

A~~c th e r  imp ortant aspect is the sensativity w . :. t .

sp € e d .  T~~e r € f o r e  tn~ s u b m a r i n e  was  r u n  w i t h  t h e  sane

c o m p e n s a t c r  f o r  7 an - I  11 c-i .

For 7 kn t h e  d e p t h  :~sponse was oscillatory w ith ~n

ov er s h o o t  of 7 .6~~. The  pitch oscillated with a anpli tude of

.1°.

For ii kn the depth response was oscillatory wi th an

c ve r s h c o t  of 1~~. T h e  p i t oh  o s c i l l a t e d  w i t h  an a m ~~i i tu d e  of

.09 0. As ex p e c t e d  toe system is no l o n g e r  d e c o u p l e d , b e c a u s e
the “correct ” compensator iepends among others on the zeros

of the system , whic h in turn vary with speed. As t:1e depth

resp Jnse deviates significantly from the desiro~ respons e

w itn change in speed , i t  can  be c on c l u d e d  t h a t  t h ~
cczpensatcr , designed for a specific speed , cov~ rs on ly a

relatively s~ all interval.

* Implem entation of constraints

T h e  t w o  c cn s t r a i n t s  ar e  t h e  r a t e  l i m i t  of t h e  p l a n e s  a n d  t h e

m a x .  ann ie allowed for a specific speed. The rate limit is

t a k e n  c a r e  cf b y  t he  a c t u a t o r .  T h e  a n g l e  can be ep t  w i t h i n

its l i m i t s  ( C a .  30° f o r  9 K n )  u s i n g  e i t h e r  a l im i t  on  t n e

si g n a l  a p p l i e d  a t  the  a c t u a t o r  or e r r o r  l im i t a t i o n .  F o r  a
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10 PT D E P T H  C H A N G E , 9 K M
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depth change , generally the required fairwater plane

deflecticns are muc h larger than the stern plane

deflections. As soon as only one plane limiter is s a t u r a ted ,
the achieved decoupling is -disturbed as can be seen from

Fig. 100. This saturation occurs for a small depth change of

cnly 3 ft. Cbviously this scheme is not acceptable.

m e  error limitation eliminates these problems. When

the depth error is limited to 2.5 ft. the initial fairwater

plane angle stays within the specifications. On the other

hand the “steady—state ” angle for large depth changes turned

out to be toc small (U.50) , which leads to an unacceptaole

response time. To achieve both an acceptable initial and

“steady— stat€ ” angle , the limit was ke p t  at 2 .5  f t  f o r  1 .5

sec and then increased to a final value of 12.5 ft at a

c cn st a n t  r a t e .

The limiting functicu used is

UN = 2.5 ft t < 1.5

lI �i = . 2 * ( T IN E — l . 3 ) + 2 . 5  ft 1.5 5 t S 53.5

L I M  12 .5  f t  t > 5 3 . 5

The  f i n a l  block diagram and the D~ L—Prog :aai ar e  g i v e n  in
A p p .  D

Fi g .  101 to 105 show a 13 f t  and 100 f t  -i~~p t h

change. In both cases the depth response is ove rdam~.ei and

s a t i s f i e s  t h e  t i m e  r e qu i r e m e n t s .  The  p i t c h  is d e c ou p l e d  ~ n d
the subm arin € remains at even keel.

It  ha s  been s h o w n  t h a t  t h i s  de s i g n  a pp r o a c h  h a s  t h ~
fc  llc wing disadvan tages:

— speed range wh ich is c o v e r e d  by i n d ~~v i J u a l
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c o n t r o l l e r  is v e r y  smal l .  If  t he  speed deviates too mu ca

from the design speed the system is no longer totally

decoupled.

- Ihe high speed dependence requires a cc~ plex

controller with varying pole—zero combinaticns dependent on

the speed variaticns ( system dynamics )

Additionally the “ Total decoupling scheme is

disturbed by the non—linear terms in the ncn—linear model ,

which are not ccntained in the linear approximation.

Therefore this des ign approach will not be pursued further.
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V .  S I M U L A T I O N  OF T H E  C O N P E N S A T E D  N O N — L I N E A R  M O D E L

A. MODIFICATIONS FOR NON— LINEAR MODEL

Two of the linearizing assumptions were , that the fcrward

speed is constant and that the subm arine is always in trin .

The purpcse at this chapter is to investigate the

d e v i a t i o n s  f r o m  t he se  a s s ump t i o n s  a nd  t h e i r  i n f l u e n c e  cn t he

behavior cf the submarine during basic maneuvers like depth

changes , turts , and turns during depth changes.

Generally trim is a moment , but it is commonly used in a

different context

— “In trim ” has the meanin g tha t the  s u bm a r i n e  m a i n t a i n s

d e p t h  a t  a g i v e n  speed  w i t h  t h e  des i red  p i t c h  a n g l e .
— “Jut of trim ” con ditions are heavy or light forward ,

heavy or light aft , heavy or l i g h t  overall , and combi n~ tions

of these.

— “To trim ” means to change the contents of the tanks by

shifting watEr between tanks , flooding tanks from se .~, or

p u m p i n g  w a t e r  f r o m  t a n k s  to sea .

The  a r r a n g e m e n t  of d e p t h  c o n t r o l  or a u x i l i a r y  and  t r i m  t a n k s

in the assumed submarine are such tha t any change in the

depth contrci tank does not produce a moment , i.e. the depth

con trol tank is at the center of gravity. The trim tanks are

arran ged as shown in Fi~ . 107.

1 .  T r i m

F r c m  e x p e r i e n c e  i t  is k n o w n  t h a t  a s u b m a r i n e , w h i c h  is in

neu tral ccniit±ons for a certain spec-I , gains oloya ricy ”
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and pitches up with increasing speed and vice versa due to

dynamic forces acting on the hull , and therefore is no

longer in trim as defined above.

Generally a submarine should be in trim at any time

for a given cowmm and speed to avoid initial plane

deflections. This guarantees availability of the full range

of the planes for maneuvering. Although it is nearly

impossible tc get the exact trim , it certainly is helpful to

kncw the corrections for different speeds.

A s s u m i n g  n e u t r a l  cond i t i ons  fo r  0 kn s p e e d , t h e

corrections for trim were found by trial and error. The

values shcwn in Fig. 108 guarantee an approximately neutral

trim.

Th e results confirmed the tendencies observed in

practice.

2. Mechanical constraints

The design specifications define the m axi m um plane

d ef le c t i c ns  as a f u n c tion of speed. While the ordered

revoluticns cf the shaft remain constant , the actual fcrward

speed ( in direction of the x—axis of the body—fi xed

coordinate system ) decreases diring maneuvers due to drag,

which is p zcduced by t~ie deflected planes , the pitch , the

roll , and the yaw.

A f e E d b a c k  of the actual forward speed U instead of

the ordered speed lic modifi~ s the error limiter to

LIM — 1.6655*U + 5 .6d75

and allcws the use of ~he maxi m um plane deflection s as a

function of the actual speed.
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B. TEST SUNS

For the test runs to follow the designed compensator ,

the modified limiter , and the trim values for the ordered

speed according to Fig. 108 are implemented in the

non—linear mcdel.

The program and final block diagram are given in App. D.

1. 1 ft deEth changes

Table 14 lists the results of the simulations f r o m
7—15 km . Ccnparing these results with Table 13 it is

obvious that the d ynamic oehavior of bot h the linear and the

non—linear wcdel are essentially the sane.

Due to the initially large plane deflections the speed

decreases by more than 1 k n  for all initially ordered speeds

until the ordered depta i~ reached. At this time the plane

deflections get small and the submarine accelerates to the

original speed. As predicted , t~~e initial plane angles ~r e
increased wi th decreasing speed.

Although the reduced speeds cause slightly increased

overshoots , the designed controller is still anle to ~~ t~ s f y
all tri e design specifications.

2. ‘lurn s

Cne cf the mo re difficult maneuvers wita a subrarine

is to chang e the depth and tac course simultaneou sly . It is

of interest to study tne behavior of t~;e submarine in i

18o



first without depth change , because the flow dynamics in a

turn change significantly.

The transverse motion of the submarine causes cross flow

velocities. If the submarine had no appendices this

crcssflow wculd produce no pitch or other forcing moment on

the hull. But due to the conning tower and cther appendices

the flcw cver the upper portion of the hull slows dcwn. A

wake shed frcm the canning tower also effects the velocity

d i s t r i b u t i cn  a f t .
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These effects combine to cause vertical forces ani çitching

moments. Anctber important factor is the loss of speed. The

deflected rudde r causes additio na l drag, the hull is moving

at an angle Cf attack to the flow , where the drag is larger
than at zerc angle of attack , and finally, the propeller is
operating at a higher loading and therefore is less

efficient.

At an ordered speed of 11 kn three different cud~ er

angles were applied over a period of 100 s and then reset to

zero. The results are shown in Table 15. The above

discussed Effect s are reflected in Fig. 124—135. The

sutaiarine pitches up to a steady—state angle , the depth is

kept ~~ a small steady—state error , and the speed

decreases significantly . All 4?viations from the equilibrium

state increase with increasing rudder deflection . Wh en tne

rudder is reset to zero pi tch , depth , and speed return to

their ori ginal values.

‘lable 15 — Course changes

Rudder Maxim al deviation in

angle Speed Depth Pitch Yaw

in 0 in km in ft in 0 in 0

10 1.37 1.5 1.14 92.6

20 2 .89  3.1 3 .2  124 .0

30 4 .05  3.9 5.1 140.5

Ju dging frcm our experience on manually controlled
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submarines t~ e performanc e of the controller even f or har d
turns is very satisfactory.

After both maneuvers hav e neen studied independently

the comb iiaticn of them leads to Fig. 136— 141 and Table 16.

It is obvious that both parts of the combined maneuver

influence each other. The time required to reach the ordered

depth increased with increasing rudder angle. At the same

time the yaw—angle reached after 400 s decreased by about

200 compared to a turn without depth change. The overshoot

experienced stayed still within the design specifications.

Table 16 — Course and depth change of 100 ft

Rudder Depth Max Max speed

angle reacned pitch Overshoot deviation Yaw

in 0 in sec in ° in f t in km in °

10 8~ 1.54 2.97 2.08 70.7

20 2.51 3.32 2.94 102.8

30 98 3.27 4.77 3.91 120.3

3. Cut Cf trim conditions

All test runs performed indicated that the speed was

reduced due to additional drag introduced by all ~an euvers.

Frcm Fig. 1C8 one must conclude that the submarin e is not

in trim during maneuvers. This out of trim condtion has

clearly an effect on the performance of the submarine. But

as the contrcl.ler is capable of handling these deviations it

is not advisable to try to trim the boat temporarily during
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Figure 124 — COURSE CHANGE , HORIZONTAL PLANE
RUDDER ANGLE = 100, SPEED = 11 KN
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Figure 125 — COURSE CHANGE

RUDDER ANGL E = 100, SPEED = 11 KN
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Figure 126 — COURSE CHANGE

RUDDER ANGLE = 100, SPEED = 11 KN
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Figure 127 — COURSE CHANGE

RUDDER ANGLE = 100, SPEED = 11 KN

209



N

~~~~ -~~

1000 FT PER INCH

Figure 128 — COURSE CHANGE , HORIZ ONTAL PLANE
RUDDER AN GLE 20°, SPEED = 11 KN
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Figure 129 — COURSE CHANGE

RUDDER AN GLE = 20°, SPEED = 11 KN
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Figure 130 — COURSE CHANGE
RUDDE R ANGLE 20°, SPEED = 11 KN
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Figure 131 — COURSE CHANGE

RUDDER AN GLE ~ 20°, SPEED = 11 ~N
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Figure 133 — COURSE CHANGE

RUDDER ANGLE = 30°, SPEED = 11 KN
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Figure 1314 — COURSE CHANGE

RUDDER ANGLE = 30°, SPEED = 11 ~N
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Figure 13 5 — COURSE CHANGE
RUDDER ANGLE 300, SPEED = 11 KN
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Figure 136 — COURSE AND 100 FT DEPTH CHANGE

RUDDER ANGLE = 10°, SPEED = 11 KN
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Figure 137 — COURSE AND 100 FT DEPTH CHANGE

R UDDER ANGLE = 10°, SPEED = 11 KN
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Figure 138 — COURSE AND 100 PT DEPTH CHANGE

RUDDER ANGLE = 20° , SPEED = 11 ~N
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Figure 139 — COORS ! AND 100 FT DEPTH CHANGE

RUDDER ANGLE = 200, SPEED 11 !(N
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RUDDER AN GLE 30°, SPEED = 1’~ KN
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maneuvers.

To demonstrate the influence of the out of trim conditions

100 ft depth changes were simulated. First, the ccrrect
f o r w a r d  and  aft trim for the ordered speed of 11 kn was

maintaine d while the submarine was too heavy or too light

overall. Seccnd , the correct overall weight was used and

for ward a~ d aft trim changed by the same am oun t, but
opposite in sign.

Ta ble 17 — Incorrect overall weight

Weight Cepth Stead y—state error in

error reached overshoot pitch depth

in lbs in sec in ft in 0 in f t

+2000 814.0 3.72 0.035 0.440

+1000 €5.0 3.41 0.018 0.210

0 € 6 . 0  3.10 0 .000  0 .000

— 1 0 0 0  87.5 2 .76  — 0 . 0 1 8  -0 .315

—2000 89.0 2.45 —0 .037 -0.516

Tables 17 and 18 show the influence of trim changes. A
c h a n g e  in the  overal l  we igh t  of 2000 lb and a t r a n s f e r  of
800 lb f r c m  the  a f t  to the  f o r w a r d  t r i m  t a n k  cr vice versa
is r e q u i r e d  for the  ad j acen t  2 kn i n t e r v a l s .  The overshoot
b e h a v e s  as exp ected , i.e. w h e n  t he  boa t is too heavy overall

or the  bow is too heavy the  overshoot increases.  Vice  versa
the  overshoot  decreases w h e n  the  s u b m a r i n e  is too l i g h t .
D u r i n g  all maneuvers the speed decreases, w h i c h  causes
a c c o r d i n g  tc Fig. 108 too heavy overall an d too heavy
f o r w a r d  cond i t i ons .  This exp la ins  the  increased overshoot
observed f o r  the d e p t h  changes  s imu la t ed  be fo re .
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Table  18 — Incorrect f c r w a r d  t r i m

Forwar d tepth Steady—state error in

trim reached overshoot pitch depth
in lbs in sec in f t  in ° in f t

+800 63.0 4.17 
-
~~ —0.067 0.790

+4 00 65.0 3.63 — 0 . 0 3 4  0.380

0 € 6 . 0  3.10 0 .000  0 .000

— 1 4 0 0  87.0 2.56 0 .034  — 0 . 4 3 4

—800 SO.0  2 .00  0 .067 — 0 . 8 4 0

A new f e a t u r e  exper ienced d u r i n g  these  t r ia ls  is a
s t e a d y — s t a t e  error in dep th  as well as in pi tch a f t e r  the
s u bm a r i n e  has  rega ined  its original ordered speed. These

steady—state errrors are small for relatively great cut of

trim conditions as 2000 lb in overall weight and 800 lb

heavy fcrwazd. If the disturbances become greater it is

clearly necessary to prevent these steady—state errors.

There are basically two alternatives. First, correct tne

trim. Seccnd , increase tie sensitivity, i.e. the gains of

the compensator for small depth and pitc h errors.
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VI. CONCLUSIONS

The syste.  under  inves t iga t ion  was a mu l t i v a r i a b l e
n o n — l i n e a r  system wi th  six degrees of freedom. Linearizing

a s sump t i c n s  decoupled the  ver t ical  plane, now a
two—dimensional multivariable linear system. Comparative

test  r u n s  cf the open—loop l inear and n o n — l i n e a r  model
j u s t i f i e d  t h e  u t i l i za t ion  of the l inear  model f o r  the
des ign .  The cb jec t ive  was to  design a dep th  con t ro l l e r  w i t h
a l i m i t e d  n u m b e r  of f eedback  states. Two approaches using

cascaded trarsfer function matrices were investigated.

A. STEAD~ —S ’IATE DECOUPLING

It has been  shown that the steady—state decoupling scheme

can be successfull y applied to this submarine problem.

Using output feedback , steady—state decoupling depends

only on the sure integrators the number of which is easy to

determine by applying the fina l value theorem. But the

ac tua l  des ign  of the compensator is a matter of trial and

e rr o r .  fl~t h c u g h  s ingle  loop t echn iques , he re  the root-locus

design , can be applied systematically, it s t i l l  is a
laborious and iterative process which requires either

exp erience cr many trials.

Design fcr  stability and desired dominant roots was

possible , bu t  on ly  si m u l a t i o n  verified the dominance

a s s u m p t i o n .  As the  desired charac te r i s t i c s  f i x e d  t h e  g a i n  of
the  c o m p e n s a t o r  m a t r i x  l a rger  d e p t h  changes  led to excessive
p l a n e  de fl e c t i o n s .  Therefore limiters were required tc keep

the planes within the physical const raints.
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The c c n t r cl l e r , designed on the  basis of the  l inear
model  d y n a m i c s  f o r  9 kn , showed the f o l l o w i n g  p e r f o r m a n c e ,
when im plemented in the non—linear model:

a . )  The  design spec i f ica t ions  fo r  a speed range from

7 — 15 km w e r e  s a t i s f i ed .

b.) Out cf trim conditions led to small steady—state

errcts.

C . )  When  cpera t ed  in depth keep ing  mode in a t u r n  t h e
c cnt r c l le r  pe r fo rmed  s a t i s f a c t o r i l y .

The c cm p e n ~ a ted  system is r a t h e r  i n sens i t ive  to speed.
Thus  all p r c t l em s  r e l a t ed  to gain s w i t c h i n g ,  l ike c h a t t e r i n g
an d disccn tinui ties in comman d plane angles , are avcided .

This is esp ecially important because the speed changes

s i g n i f i c ar t l y  du r i ng m a n e u v e r s .

The design was only concerned with the derivation cf the

transfer functions for the cascaded compensator. When

implemented in hardware it has the following desirable

fe at ures :

* Mi~iw al instrumentation
As no ra te inform ation is req uired only simple sensors for
depth and pitc h angle are necessary, i.e. no in ertial

guidance system.

* Low cost, weight , an d size
The simplicity of the compensator transfer functions makes

them easily realizable in physical hardware at low

manufac turing cost . Weight and size requirements are very

small , anc tk€r important factor especially for small ccastal

su bmarines.

* Reliability

The automatic controller can be realized with a set of

physical ccmp cnent s with a well known high reliability. High
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ccm ponent reliability and a small number of components will

generally result in a high system reliability.

B. TOTAL LECOUPLING

As for the steady—state decoupling scheme the tctal

de c o u p l i n g is based on the linear model. The determination

of the compensator matrix is an easy mathematical process,

once the desirEd response dynamics have been defined in form

of an over all transfer function matrix. At the first glance

this method seems to be very appealing but it has some

limitations:

a.) The realizability of the compensator is not always

guaranteed , as the poles and zeros of the compensator

ma trix am cng others are determine d b y the p lan t
singularities.

b.) Changes in the plant dynamics require changes in the

ccm pensator matrix.

The realizability of the compensator was no prc b l€m for

the system under investigation . The second limitation

presented serious problems. As the system dynamics change

wit.n speed , the ccmpensator theoretically covers only a

specific speed. Test runs showed that a compensator

calculated fcr one speed was capable of ccvering a very

small speed interval. In order to cover a large speed range

as required in our problem the compensator has to be very

ccmp lex because the gain and the root-locations have to be

ad justed in very small step sizes. The influence of

ncr—ljneaziti€s was not considered as these will disturb the

total decoupling scheme even more.

As result of this investigat ion it is concluded that the

total decoupling scheme seems not to be practical. The
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cascade compensa tion, using the steady—state decoupling
method , is pcss ible  and p rac t i ca l  for  a u t o m a t i c  p i t ch  and
depth contici of small submarines.
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G. AUXILIARY EQUATIONS
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AP P ENDIX B

NOMENCLATURE

SYMB OL DETINI TtOi {

. A dot over any ay ebo l signi-

fie s di f f e r e n t i a t i o n  w ith res-

pec t  to  tine .

B Buoy ancy  f o r c e  wh ich  is posi-
t ive u p w a r d s .

Mass of the su b a ar trt e i r t c lu d t r . g

the water in the free r3~,o~~~tg

s p a c e s .

Overall length of the sub cs ar fn c

U Linear velocity of origin of

body axes  r e l a t i v e  to an e a r t h —
fixed axis sy st e n.

U Corsp onent of U along the bo d y

x— a x is.

V Co sspo n en t of U ~1ong the bo d y

y— ax is .
I

V C o m p o n e n t  of U along the bo4y

z — a x t s .
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Com mand speed: A s teady vit tu .

of u for a g i ven p r o p e l l e r  rpm

whenoç ,~~ and c o n t r o l  s u r f a c e

angles a re zero. S i g n ch a n g e s
with pr o p e l l e r  rev e r sa l.

x I .ongtt ud tnal axis of the bod y

fixed coordinate axis system.

y Tran sverse axi s of the body

fixed coordinate a xis syste m .

a Vertical axis of the bod y fixed

coordinate axis syste m .

Distance along the x 0 axis of am

earth—fixed axis sy st em .

Di s tance along the axis of an

c a r t h — f i c e d  axis syste m .

2 0 Dist ance along the axta of an

e a r t h — f i x e d  axis sy S te m .

p Component of angular veloc i ty

about the bod y fixed x - a x i s .

q Component of angular v e l o c i t y

about the bod y f i xed y — a x i s .

r Component of angular v e l o c i t y

about the bod y fixed z- a xt s .

The z ,co o r d t n a c e  of the center

of buoy an ce (C3) of t h c  sub m a—

Ti ne.
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Angle of a t tack.

An g le of d r i f t .

Sb , Db Deflection of b ovplan e C or
s a i l p l a n e  )

~ 
Dr D eflection of rudder.

~ 
Deflection of st e ra pl an e.

The ratio u t /u.

e Pitch angle.

Ya w ang le.

Roll angle .

c Mass density of sea water.

Weigh t of w a t e r  b l o w n  f r o m  a

p a r t i c u l a r  ba l last tank i d e r t t —
f i led  b r the i n t e g e r  assig n ed

to the index L .

CL) Angular velocity.

C T i m e .

L oca ti on along th e bod y x - a x i s
of t h e  c e n t e r  of mass of the 1 th

b a l ? a s t  tank when th i s tank is

f i l l e d  w i t h  se a water.
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Propulsion force (see au x t—

li .iry e q u a t i o n s  and rel a tion-

ships).

- Mo ,’sent of inerti a  of a sub—

m ar i ne about ths ~ x—a xia .

Moment of i n e r t i a  of a sub-

m a r i n e  abo ut the y -ax ts.

‘a Mo me nt of i n e r t i a  of a sub-

ma r ine  about  the 2 — a x i s .

K 1i~s Kp
’i Kp Ip (’,K qr ’.

Non—dimension .,l const ants each

Kr
’, K~ ’, K~~’~ )C~~

’. K~~
’ of which is ass igned to a parti-

cular force term in the equatloa

i , of motion abou t the body x- axis .
V ’ V (v ( ’ ~~ w ’

N . ’ , 14 ‘ H ‘ AM ‘ , H ’, Hq yr rp rp q q~ 6s

M
i w i q I M s,

’ • M ,~,y ’ M~~~’ . M
q~~

’ • M~~~
’ ? 4 o n — d f m c n s i o n a l  c o n s t a n t s  each

of w h i c h  i s  a s s t g n c d  to  a p a e t t —

N ‘ , 14 , Ms  ‘ . H ‘ , H ‘ , H ‘ , cu ia r force term in the e qu a t t c~t
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