AD=AO38 758 NAVAL POSTGRADUATE SCHOOL MONTEREY CALIF
AUTOMATIC DEPTH AND PITCH CONTROL FOR SUBMARINES. (U)
DEC 76 V NITSCHE* K J LUESSOW

F/6 13/10.1

UNCLASSIFIED




o

=1l

N
O

Il

18

Il e




-

NAVAL POSTGRADUATE SCHOOL

Monterey, California

THESIS

'

AUTOMATIC DEPTH AND PITCH CONTROL SYSTEMS
FOR SUBMARINES
by
Volkmar Nitsche

Klaus J.C. Luessow

December 1976

Thesis Advisor:

G.J. Thaler

Approved for public release; distribution unlimited.




e o

SECURITY CLASSIFICATION OF THIS PAGE ("hen Deta Entered)

READ INSTRUCTIONS
- REPORT NUMBER 2. GOVY ACCUESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
4. TITLE (and Subtitle) S. TYRE Mamlwlm-ouqn:o

Y Master's A%esis,"

Automatic Depth and Pitch Control ot — £
ki pEh an ~1 December 1976

for Submarines, 8. PERFORMING ORG. REPORT NUMBER
7. AUTHOR(e) 8. CONTRACT OR GRANT NUMBER(e)

Volkmar/Nitsche

Klaus J.C./Luessow

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK
AREA & WORK UNIT NUMBERS

Naval Postgraduate School

Monterey, Califormia 93940

11. CONTROLLING OFFICE NAME AND ADDRESS 12 -REPQRT DATE
! B s
Naval Postgraduate School = | LW —
Monterey, California 93940 259 | 2> 26 Ob,
[T MONITORING AGENCY NAME & ACDRESS(// different from Contrelling Office) | 'S. SECURITY CLASS. (of thie —
Naval Postgraduate School Unclassified
Monterey, California 9 3940 Sa. Rg:.:lt.as:l:uCArlcu/oo-ncqumc

OISTRIBUTION STATEMENT (of thie Report)

Approved for public release; distribution unlimited.

7. DISTRIBUTION STATEMENT (of the sbetract entered In Bleck 20, If different frem Report)

6. SUPPLZIMENTARY NOTES

19. KEY WORDS (Centinue on reverse eide |l necescary and Identily by block number)

hﬂurncv (Centinue an reveree side Il necossary and identity by bleck mumber)

“Steady-state and total decoupling schemes for multivariable
systems are used to develop two automatic control systems
for the vertical motion of a fictitious submarine. A linearized
mathematical model is derived from a non-linear model in six
degrees of freedom. Both designs are simulated and evaluated
with respect to performance, simplicity of design procedure,

and grade of complexity. The controller, designed via the - TR
y
it 1473 eoition oF 1 wov 6818 ossoLETE 4
(Page 1) S/N 01020146601 | : 4 -
SECURITY CLASSIFICATION OF THIS PAGE (When Dara Bntered)




_—

LCUMTY CLASSIFICATION OF THIS PAGE(When Deta Entered

"steady-state decoupling method, is implemented in the
non-linear model and tested under various operating

conditionsr\/

\

\

DD lggrm 1473
Jan
S/ N 0102‘_014-6601 SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




AUTOMATIC DEPTH AND PITCH CONTROL SYSTEMS POR SUEMARINES

by

] Volkmar Nitsche
lieutenant-Commander, Federal German Navy

! Klaus J.C. Luessow
Lieutenant-Commander, Federal German Navy

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN APPLIED SCIENCE

from the

NAVAL POSTGRADUATE SCHOOL
December 1976

Authors: yd{kuﬂci L/m 1

Approved Ly:

Thesis Advisor

VA

Chaitman, r enf ot EIecfrlcaI Engine€sring

Dean of Science and Englncerlng



ABSTRACT

Stcady-state and total decoupling schemes for
multivariable systems are used to develop two
automatic control systems for the vertical motion of a
fictitious submarine. A linearized mathematical model
is derived from a non-linear model in six degrees of
freedom, BEcth designs are simulated and evaluated with
respect to performance, simplicity of design
grocedure, and grade of complexity. The controller,
designed via the steady~state decoupling method, is
implemented in the non-linear model and tested under
various orerating conditions.
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I. INTRODUCTION

,— e, e e

The extreme importance of automatic control has Leconme
obvious for example in space vehicle control and missile
guidance wkere manual control is not feasible. 1In addition
it <can prcvide means to relieve people from tedious rcutine
and repetitive manual operations.

The «complexity of a submarine offers a wide area of
control zrotlems. Leep water and near surface depth keeping,
maneuvering, hovering, <fuel economy, safety, crew comfort,
etc; require precise controls.

Characteristic for a submarine is translation in three
dimensicns, where depth control is of essential importance.
The autcmatic control of motion in the vertical plane, i.e.
derth and pitch control, is the subject of this thesis.

Three =sets of planes, the rudder, the fairwater and
stern plane, the propulsion system, and a ballast system can
be wused to maneuver the submarine. The objective is to
design a «ccntroller for depth changing maneuvers by

autcmatic ccntrol of the fairwater and stern plane.

Previcus designs were based on Optimal Control Theory,
requiring feedback of both position and rate information.
These infcrmations are easily available when the submarine
is equipped with an 1inertial guidance system. Rate
informaticn may be not available, as for example 1in the
German ccastal submarines. It may alsc be a desirable
feature to have reduced sensor requirements. In these cases
a difrerent design approach must Dbe used using position
feedback cnly.




This thesis investigates two possible design methods,
steady-state and total decoupling. As a basis for both
designs a lirear model is developed and validated.

Steady-state decoupling is achieved by designing a
cascaded diagonal compensator matrix, using classical
single-1lccp techniques. Based on the desired response
characteristics the total decoupling scheme 1leads to a
cascaded ccmpensator matrix with off-diagcnal terms. Both
designs are simulated and evaluated with respect to
performance, simplicity of design procedure, and grade of
corplexity.




IT. SIMULATION MODELS

A. STANLARL MODEL

A set of " Standard Egquations of Motion for Subwmarine
Simulaticn " was developed by NSRDC (Ref. 1). Equations and
additiona]'auxiliary equations are repeated in Appendix A.

These equations are referrasd to a right-hand orthcgonal
system cf moving axes, fixed in the body with 1its «crigin
located at the center of mass (CG) of the body. The
x-z-plane is the principle plane of symmetry ( vertical
center plane fcr submarines ); the x-axis is parallel to the
kaseline c¢f the body. Angular velocity compcnents, fcrces,

and mcments are shcwn in Pig. 1.

The equations are written in a form utilizing
nondimensicnalized hydrodynamic coefficients and are
applicable tc the rigid body motions of submarines and other
sutmerged vehicles. Complete sets of hydrodynamic
coefficients have been determined by NSRDC. The
coefficients for a fictitious submarine used in this thesis
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
B. Numerical values of coefficients and parameters are given
in Appendix C. All coefficients of the terms containing
( -1) and UC are set ¢to zero. These terms reflect the
incremental changes in forces and moments - generated by
prcgeller rgan =~ due to either over or underpropulsion. For
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the wmoderate 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 efrects.

As Ref. 1 points out, correlaticn studies and
preliminary ccmparisons have shown that the "Standard
Equations" tcgether with a given set of coefficients yield

accurate predictions of normal maneuvers in submerged ahead
motion. The "Standard Equations of Motion" will be referred

to as "Non-linear Model".

In Ref. 2 H.L.Drurey translated these equaticns into
Digital <Simulation Language (DSL). The system of six
equations was sclved simultaneously by an approach using
Cramer's rule developed and programmed by Ref. 3. The
cofactors fcr the set of hydrodynamic coefficients used in
this thesis were calculated by Drurey and are used as
parameters. The validity of the DSL implementation has been

shcin by Ref. 2.

As this model <contains non-linear terms it 1is not
appropriate fcr the chosen design approach which is kbased on
the linearity of the system. It was necessary tc find a
linear, representative approximation of the "Non-linear
Model".

11




B. DERIVATICN OF THE LINZARIZED MODEL

This section describes the assumptions, procedures, and

tests to validate the linear model.

————ml i ——

* Fcrward speed is constant

An attempt to linearize about the axial speed, u,
which affects nearly every term in the standard equations,
would im ly a great deal of complexity. Thus the fcrward
speed was assumed to be constant. This means that =2ither the
forward speed variations are small and can be neglected or
if wvariaticns are 1large they impose a control problem and

will be sclved acccrdingly.

* Rcll angle is small

In sutmarine maneuvering large roll angles occur
only in the fcrm of " Snap Roll ", i.e. high speed plus hard
over rudder. Under normal conditions depth-changing and
-keeping maneuvers produce very small roll angles. Therafore

the roll angle can be neglected.
* (ross products of inertia may be neglected
This assumption is ceommon to all subrarine

simulaticns tecause the hull and 1interior 1layout of

sukmarines is approximately symmetric.

12




* All terms involving W_are neglected
3

This is possible because the submarine was assumed

to be in triw.

* The submarine can be approximated by a linear model

The 1linear equations are assumed to bDbe a valid
representation in the depth-keeping and depth~changing wmode
cf operaticn respectively. This assumption is not oktvious
but will te verified via simulation.

These assumptions 1lead to the decoupling of the vertical
plane from the remaining equations.

2. LCerivation of state equatiorns

As this thesis is only concerned with the vertical
plane, the linearization of the horizontal plane is omittad.

Thus the linear equations ar= (FORTRAN-Notaticn,see
Appendix L) :

4 3
M*WDCT - UCxM*Q L *Z2CDCT*QDOT + L #*ZWDOT*WDCT +

N

3 2
L *ZQDOT*UC*Q + L *Zd*UC*W +

2 2
L *UC * (ZDS*DS + ZDB*DB) (1

S 4
IY*CLDOT L *MQDOT*QDOT + L *MQ*UC*Q +

n

4 3
L *MWDOT*WDOT + L *MW*xUC*W +

3 2
L *UC (MDS*DS + MDb*DB) +
B*Z2B*PITCH (2)

13




=T

The 1

inearized auxiliary equations are :

LEIDCT = LO (3)

LZCOT = W - UC*LPITCH (4)

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

respectively and substituting 1into each other yields the

fcllo

"WDOT
L¢DO

1¢

which

where

[+
"

(<))
1]

[+Y
"

<}
]

[
]

a - =
3

wing relations :

] a a a | [w T b b |[ps
31 12 13 1 12
T| = |a a a LQ # 1D b DB
<1 22 23 21 22
a__a a LPITCH b b (5)
B N IV 32 33 B L 31 3%
can ke written as

e
n

Ax + BR (6)

~a

2 7 5
[L *2W*UC + L *ZQDOT*MA*UC/ (IY-L *MQDOT) )/p
3 3 5
[L #2Q#UC + K*UC + L *ZQDOT*NQ*UC/(IT-L *MQDOT) )/p
4 5
-[L #2QLOT*ZB*B/ (I¥-L *MQDOT) /g
3 6 3
(L *M&*UC + L *MWDOT*ZW*UC/ (M-L *ZWDOT) }/¢

4 7 4
[L *MQ*UC + L *MWDOT*ZQ*UC + L *MWDOT*M*UC/

3
(-1 *ZWDOT) Vg

-B*2b/,

14




N o

a = 0.0
31
a = 1.0
32
a = 0.0
33
2z 2 75 2 5
b” = [L #*2DS*UC + L *ZQDQT*MDS*UC /(IY-L *MCDOT) ]/
2 2 7 2 5
b12 = [{L *ZLE*UC + L *ZQDOT*MDB*UC / (IY-L *MCDOT) )/
3 2 6 2 3
b~1 = [L *MDS*UC + L *MWDOT*ZDS*UC /(M-L *ZWDOT) ]/
<
3 2 6 2 3
b2" = [L *MDE*UC + L *MWDOT*ZDB*UC / (M-L *ZWDOT) )/
pi
b = 0.0
31
= o.o
32
with

3 8 S5
y= 4 - L *ZWDOT - L *ZQDOT*MWDOT/(IY-L *MCDOT)

5 8 3
E= IY - L *MQDOT - L *MWDOT*ZCDOT/(M - L *ZWDOT)

Vector equation (5) describes the state variable
representaticn of the linearized, vertical plans equations
of moticn. Hcwever the state vector does not contain 2ZDOT
but W. W 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 (4) is used for the
transformaticn

LZDCT = W = UCxLPITCH

15
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By definiticn

LZDCT W

A

5 = LC E = L.“)
LPITCH LPITCH

Using the 1linear operator M, the new set of state
variables is formed

A
o= omx
where
1T G =BC
5 = g 1 0
0 0 1

equations (6) Lecone

-1 -1
$x = B Ok o+ 3R
then
A =
x = MAY X ¢ uBR
but
~
H,B, = §, = %
thus
~ -1/\
X = MAN x ¢ BR
~ ~ N~ ~ ~
which <can ke rewritten as
~ A
X = A% + BR (7)
~ ~ o~ -~

16




where

WD

a
11[

a
21
0.0

a =-0UC][a _*a *UC;]
12 13 11

a (a_ *UC+a_ _]
22 21 23

1.0 0.0

this can te written as

and

1324

MW

AT1*0

A21%C
0.0

Using

coefficicnts

variacle, the

Al

a1z

Al1:S

Ald

A21

A22

A23

A24

]

N

=-1.72¢&

~-0.70€2

€.0128

-1.728

1.€84

~6.365

1.884

“2e328

2
C A12*%UC ([A13+A14%0C )

2
€ A22*UC [A23*UC +A24]
1.0 0.0
1 B12
B22
0.0
the numerical values for the hydrcdynamic

given in Appendix C and letting UC still be
constants of the A and B matrices are

=3
10

9

17



B11 = -6.66€ 10
-4
B12 = -3.871 10
-5
B21 = =-1.465 10
-6
BE22 = 3.19C 10

C. VALILCATICN OF IINEAR MODEL

The ckjective 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 ke in the
same initial state, 1i.e. besides the identical initial
corditiors Ltcth models -have to be " in trim ". One
linearizing assumption was that the model will be in trim at
all times. Therefore the standard model was brought into
"neutral conditions" for the given test speeds, in crder to
avcid additicnal forcing terams. This [procedure will be
described explicitly in a later chapter.

Any total system response can be viewed as having two
cogponents: fcrced and free. The forced ccmponent includes
the comglex frequencies of the forcing functions, the free
component the complex or natural frequencies of the systenm.
Both respcnse components were ciaecked via simulation.

18




1. 1Initial condition response

It sas expected that for small perturbations the
deviaticns between both models should be small. Therefore
initial conditions of 2.5¢9 in pitch where tested first.
The initial value of the second variable LZDOT was defined
as -UC*sin(initial pitch), based on the auxiliary egquation
for depth change.

Test runs over 400 sec in the speed range 3 - 15
kncts were performed simultaneously for both mcdels.
Table 01 shows the max. differences between the modal
responses. Fig. 2-11 are a representative selection of the
depth change and the pitch behavior. In each figure curve 1
regresents the non-linear, curve 2 the linear model.

19
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As one can readily observe, all deviations are small
for this initial condition, which 1ndicates that the

dynamics are nearly identical for small perturbations.

The paximum pitch angle expected 1in normal
operations is limited to about 45 ©., Therefcre this ianitial
condition was simulated as well. As for the initial
condition of 2.59 the max. deviations are summarized 1in
Table 02. In Fig. 12-23 curve 1 represents the non-linear,
curve 2 the lirnear model.

The second set of 1initial <conditions, which
represents rather large perturbations, still leads to very
sigilar dynamic behavior, but the deviations increasad

substantially. This was expected as the angle approximation

sin © =0

is rather crude for angles of this magnitude. In addition
to that the constant speed assumption is not as valid as for
G = 2559 For both sets of initial ccndition it is
observed that increasing speed tends to increase the

deviations tetween both trajectories.
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INITIAL PITCH = 45 ©, SPEED = 9 KN
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Figure 22 - IﬁITIAL CONDITION RESPONSE
INITIAL PITCH = 45 ©, SPEED = 15 KN
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Pigure 23 - INITIAL CONDITION RESPONSE
INITIAL PITCH = 45 ©, SPEED = 15 KN
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2. [Forced response

As the models considered are deeply submerged and in
trim, the planes exert the only relevant forces. It was
considered best to test the response of both wmodels
(excluding actuators) to sinusoidal forcing functions,
because in the ccntrolled system the rudder excursions due
tc depth and pitch changes are expected to be sinusoidal.

The follcwing forcing functions were chosen for both

flanes separately and three different speeds (3, 9, 15

kacts) :
A*sin (B*t)
where A = 359, 159, 509
and E = 5.73, 2.87 9/sec

fhe wagnitude of the amplitude was limited tc 359,
because this is an approximate, mechanical limit.
The max. deviaticns are summarized in Table 03-05. Curve 1
and 2 in Fig. Z4-69 show the responses of the non-linsar and
linear mcdel respectively.
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Pigure 29 - PORCED RESPONSE,
LDS = 15 OSIN .1 ¢t
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Pigure 31 - PORCED RESPONSE, 3 KN
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Figure 33 - FORCED RESPONSE, 3 KN
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Figure 34 - FORCED RESPONSE, 9 KN
LDB = 15 OSIN .1 t
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Pigure 35 - FORCED RESPONSE, 9 KN
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Pigure 37 - FORCED RESPONSE, 9 KN
LDS = 5 95IN .1 ¢
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Figqure 42 - PORCED RESPONSE, 9 KN
LDB = 5 9SIN .05 ¢
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Figure 47 - FORCED RESPONSE, 9 KN
LDB = 35 9SIN .05 t
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Figure 48 - FORCED RESPONSE, 9 KN
IDS = 5 9SIN .05 ¢
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* 3 knots

The response to the sternplane showed an incr<asing
deviation in pitch and depth change with increasing
amplitude.  With decreasing frequency the gain was

increased. The percent deviation stayed about the same.

The response to the fairwater plane shows the saae
behavior except that the gain ratio DS/DB = 3.5 for pitch
and 1.6 Zfor depth <change. The absolute magnitude of all
deviations is considered negligibly small.

This can te expected, because the pitch involved is
relatively srall and the speed 1is about constant (max.

decrease in speed is .38 kn for 359 plane deflection).

*# g kncts

The speed decreases substantially‘(up to 2.2 kn) for

=g

large plare angles, which causes bigger deviations in pitc
and depth change (up to 12.79).
But it cculd be observed that the linearized model was still

a good aprroximation for small perturbations.

* 15 knots

At this speed the decrease of U was even bigaer (ar
to 32% at 359 plane deflection), which resulted in lara
deviations in both variables. ©7For small perturbati

approximation is still very good.

Thus 1t has been shown that:
- Approximation by linear model is vali
Ferturbations at all speeds.

- The dynamics of both models

In addition it has
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linearized mcdel is still valid for 1large perturbations
applied <cver a short period of time (initial condition
response). When large plane angles were applied over a 1long
periogd, the speed of the standard model decreased
sukstantially, which made the conskant speed assuwmption
invalid.

3. Actuatcr model

The 1linearized model does not include the dynaamics
of the g[plare actuators, which are force and moment
producers. Including the actuators would increase the
ccoplexity of the system. The actuator dynamics may be
ignored in the analysis and initial design phase, if and
cnly if their dynamics are " fast " compared with the systenm
dynamics.

Frcm our own experience, we know that the response
of the hydraulic systems to a unit step input looks like an
exponential function of the form:

-dt
= e )

which has the Laplace transform of

1 1
—
s (S+d)

Thus the actuator dynamics will be represented by:

(s+d)
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d represents the inverse of the time constant,
which has to be determined. As the rate of the rudder
deflecticn depends on the magnitude of the desired angle the
maximum rate limit is determined by the mechanical limits of
the rudder, which are assumed to be + 35 © for this wmodel.
It was assumed that the maximum deflection is reached in 5
time constants. As the neede2d 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 systen.
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III. DESIGN SPECIFICATIONS

The objective is to design an automatic controller for
maneuvering in the vertical plane, i.e. depth and pitch
control. The submarine is considered deeply submerged and
thexrefore freg from all external disturbances like surface-,
bottom-, and wall-effects. The dynamics for a depth change
include the depth and pitch dynamics. The depth response tc
an ordered depth change should basicly look 1like a <second
order overdamped or highly damped system response., The pitch
shall be kept as close as possible to the ordered pitch,
which under regular conditions will be zero. This submarine
has no inertial guidance system (as for example the German
coastal subrarines). Rate information is not available and
the only states to be used as feedback are depth, pitch, and
spreed. L[ue to this limited instrumentation the controller
will have to use cascaded filters.

* Time reguirements.

Depth changes at even keel for speeds

- <9 kn 10 £t in £ 120 sec
100 £t in <€ 240 sec
- 2 9 kn 10 ft in £ 60 sec
100 £t in £ 100 sec

98




* Overshoot requirements

For depth changes

IA

100 ft <5 %

[\

100 £t <5 £t

* Pitch deviations

Always less than + 2 © from ordered pitch.

* Mechanical constraints

~ plane angle limits according to diagram

W<

30 1
a
n <
9 201
1
e 4
in 10 ¢
deg 1

v v G L] ls—f L] 1 v .lo L ; AR ) "‘

Speed in kn

- maximum possible pitch < 45 ©
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A. TRANSFER FUNCTION

The design approach chosen for this thesis requires the
system description by the transfer function wmatrix. Matrix
equation (7) is the state variable representaticn cf the
system. The signal flowgraph egquivalent for this system is
given below. An additional integration is included, because
the depth is a desired output.

DEPTH

PITCH
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The input-output relations of interest are DEPTH/DS,
DEETH/DB, PITCH/DS, and PITCH/DB, because depth and pitch
will be the measurable quantities and will be used for the
control.

Applying Mascn's gain rule the input-cutput relations
have the form

2
Y (s) N2*s + N1*s + NO

m 3 .
X (s) C4*s + D3*s + D2%*s + D1*s + DO (8)

The coefficients for equation (8) are:

Z0CT/DS ¢
2
N2 = B11*UC
3
N1 = (A22%*B11 - A12%B21) *UC
z 2 2 2
NO = (EZ1*(A13 + A14%0UC ) - B11*(A23*UC + A24)) *UC
D4 = 1
D3 = -(211 + A22)*0C
2 @ 2
D2 = A11*A22%UC =~ (A23%*UC + A24) =~ A12*A21%*0C
2 2
D1 = A11%(A23*UC + A24)*0UC - A21*UC* (A13 + A14%0UC )
DO = 0.0
ZDOT/DB :
2
N2 = EB12#%0C
3
N1 = = (A22%B12 - A12%B22) *UC
" 2 2 2
NO = (EZ22%(A13 + A14=*0UC ) = B12*(A23*UC + A24)) *UC
D4 = 1
D3 = =(211 + A22)#ucC
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T

2 2 2
A11*A22*%UC - (A23*0C + A24) - A12*A21*UC

D2 =
2 2
D1 = A11*%(A23%UC + A24)*UC - A21%UC* (A13 + A14%0C )
DO = 0.0
PITCH/DS :
2
N1 = E21%UC
3
NO = (221%*B11 - A11%xB21) *UC
D3 = 1
D2 = -(A11 + A22)*UC
2 2 2
D1 = A11*222*%UC - (A23%UC + A24) - A12*A21*0C
2 2
DO = A11*(A23*%UC + A24) *UC - A21*UC* (A13 + A14*UC )

PITCH/DB :

2
N1 = E22%UC
3

NO = (221%B12 -A11%B22) *UC
D3 = 1
D2 = =-(A11 + A22)*UC

2 2 2
D1 = A11*%A22%UC - (A23%UC + A24) - A12%a21%0C

2 2
DO = A11%(A23*%UC + A24) *UC - A21%UC* (A13 + A14%0C )

Table 06 through 10 show the root-locations for tae
speed range 1 kn =~ 15 kn. The characteristic roots move
closer to the origin and the damping reduces with decreasing
speed. This indicates that the overall response cf the
uncompensated submarine will be much slower for 3 kn than
for 9 kn cr 1S kn.
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Table 06 - Characteristic roots

Speed Roct Complex roots
1 -0.2776 102 | -0.5652 1072 & § 0.4978 10
2 -0.5650 10 > | -0.1085 10 ' £ § 0.4841 10
3 -0.8768 10 ° | -0.1613 10 ' £ 3§ 0.4604 10
4 -0.1235 107" | -0.2114 10" " + § 094245 10
5 -0.1705 10| | -0.2563 10" & 3§ 0.3716 10
6 -0.2527 10 ' | -0.2835 10 ' £ § 0.2908 10
7 ~0.4872 10 ' | -0.2347 10" & 5§ 0.2116 10
8 -0.7068 10 ' | -0.1933 10" & § 0.2032 10
9 -0.8812 10 | | -0.1785 10" & 5 0.2014 10"
10 -0.1038 20.1643 10 ' £ § 0.1999 10 "
11 -0.1186 -0.1586 10 '+ § 0,1982 10 |
12 -0.1328 ~0.1557 10 £ 3 0.1963 10 '
13 -0.1467 -0.1546 10 £ § 0.1940 10 '
14 ~0.1603 ~0.1549 10 ' % § 0.1915 10 |
15 -0.1738 -0.1562 10 | £ § 0.1387 10
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Table 07 - Zeros of Pitch/DS
Speed Gain Root
-4 -2
1 -0.4184 10 -0.4370 10
-3 -2
2 -0.1674 10 -0.8739 10
-3 -1
3 -0.3766 10 -0.1311 10
-3 -1
4 -0.6675 10 -0.1745 10
-2 -1
S -0.1044 10 -0.2182 10
-2 -1
6 -0.15C3 10 -0.2619 10
-2 -1
7 -0.2047 10 -0.3056 10
-2 -1
3 -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
1M1 -0.5057 10 -0.4804 10
-2 -1
12 -0.6013 10 -0.5238 10
-2 -1
13 -0.7058 10 -0.5675 10
-2 -1
14 -0.8187 10 -0.6112 10
-2 -1
15 -C.9400 10 -0.6549 10
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Table (8 - Zeros of Pitch/DB

Speed Gain Root

-5 -3

1 0.9111 10 0.9434 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 0.2272 10 0.4713 10
-3 =2

6 0.3274 10 0.5654 10
-3 -2

7 0.4457 10 0.6599 10
-3 -2

8 0.582z 10 0.7542 10
-3 -2

9 0.7370 10 0.8484 10
-3 -2

10 0.9100 10 0.9428 10
-2 -1

1 0.1101 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 0.1414 10
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Table 09 - Zeros of Depth/DS

Speed Gain Root 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 0.4378 10
-1 - -1
3 -0.1714 10 -0.2320 10 + j 0.2841 10
-1 -1 -2
4 -0.303€ 10 0.5803 10 -0.3740 10
-1 -1 -1
5 -0.474S5 10 0.9089 10 ~-0.1366 10
-1 -1
6 -0.6843 10 0.1183 -0.2557 10
-1 -1
7 -0.931¢ 10 0.1438 ~0.3567 10
=
8 -0.1217 0.1685 -0.4489 10
-1
g ' =-0.1541 0.1926 -0.5356 10
-1
10 -C.1S02 0.2165 -0.6190 10
-1
11 -0.2302 0.2400 -0.7001 10
-1
12 -0.2737 0.2633 -0.7790 10
=1
13 -C.3213 0.2866 -0.8572 10
=
14 -0.3726 0.3097 -0.9343 10
15 -0%94278 0.3329 -0.1011
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Table 10 - Zeros of Depth/DB
Speed Gain Root Root
=2 = -1
1 -0.1106 10 -0.1030 10 + j 0.4792 10
=2 =1 -1
2 -0.4422 10 -0.2059 10 + j 0.4404 10
=2 —1 -1
3 =0.995€ 10 -0.3089 10 + j 0.3665 10
-1 -1 =1
4 -0.17€4 10 -0.4112 10 ¥ § 02269 10
-1 -1 -1
5 =0<2757 10 -0.7499 10 -0.2784 10
=1 -1
6 =0, 3572 10 -0.1049 -0.1853 10
-1 -1
7 -0.54C¢€ 10 -0.1304 -0.1359 10
-1 -1
8 -0.7065 10 -0.1544 -0.1020 10
=1 ~2
9 -0.8944 10 -0.1775 -0.7620 10
=2
10 -C.1104 -0.2003 -0.5510 10
=2
11 -0. 1236 -0.2227 -0.3718 10
-2
12 =0. 1589 -0.2447 =0.2156 10
-3
13 -0.1865 -0.2667 -0.7480 10
=3
14 -0.2163 -0.2886 0.5368 10
=3
15 -0.2484 -0.3088 0.1734 10
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B. STEADY-STATE DECOUPLING

The derived wmodel represents a linear, multivariable
system. In <crder to allow the application of existing
single-locp techniques, such as Nygquist-Bode-Nichol's
methods and Root-Locus design, the equations must be
decoupled. Decoupling requires the systenm to be
characterized by a non-singular, diagonal tramnsfer function
matrix. Whebn linear state variable feedback is applied, one
necessary ccndition according to Wolovich (Ref. 12) is that
a system characterized by a (n * m) transfer functicn matrix

1

may not “av: poles at the origin. The developed 1linear

system ccntains two transfer functions with such poles.

Ref. 4 develops another approach which decoufples the
steady-state only. This approach uses classical cascade
ccompensaticn and allows the precluded poles at the origin.
Actually, these poles are used tor the decourling of linear,

multivariakle systems.

A steady-state decoupled system 1is a system in which
changes in each input are reflected in a correspcnding
output and only that output, when steady-state is reached.
Thus mutual interactions are allowed during the transient
period, tut cnly during this period.

Using cascade compensation and a diagonal compensator

matrix
b —
0
gc11
G =
c
0
L gC22
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the model configuration becomes:

OADERED |
DEPTH 9e 1 DEPTH
PLANT
RDERE PiTeH
PiTcH qc 22
where
r-gpll gp12
G =
P
g
o p21 pZ?._J

By theorem 2.2 of Ref. 4 the system 1is steady-state
decoupled if and only if

k-1
1« 1im 117 s( ) * (I+G G ) /det(I*G G ) = 0 (9)
s+o pc 12 P c
and
. (k=1)
2. 1lia 1/ » * (I+G G ) _/det(I+G G ) = 0 (10)
S~ 0 p ¢ 21 p c
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Since

p11qc11 gp12gc22

ng1gc?1 gpZ2gc22
— pu—
we have

det (I+G G = 1+ + +
( E c) gp1lgc11 gp229c22

g g 9

pitip22 et 22

11)
gp129p21gc1lgc22 :

and cofactors

I+G G = 12
( P c)12 gp21gc11 i
I+G G = 13
( P c)21 gp12gc22 i

K1 and k2 are defined according to

, kj
(input (t)) = 1/ s
3
where the inputs are constants, steps, ramps etc., w#ith

arkitrary amgplitude.

By substituting (11), (12), and (13) into (9) and
(10) ,and assuming a step input for depth and constant pitch,
we have the two necessary and sufficient conditions for

steady-state decoupling :

—
|
-

-

Y
oB
1
o
‘-
K.

/ D
gp219c11

S* / D
g12g22

[ 8]
o
whH
1]
-
—
w
S~

e
oB
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where

D = det (I+G G )
F C

All g are known. Thus the design fcr steady-state
E

decoupling 1is the determination of g . and g i such that
c c

(14) and (15) are satisfied.

Although the 1locations of the poles and zercs are
dependent on the speed their number is independent.
Therefore the fpoles will be called

! B = 12,30
ijm
and the zeros
2l = VeZoIe e
ijm

th
where 1ij denotes the element of the matrix and m the nm

Fcle and zerc cf the element..

Sogn © Say Oy W S 0Y
S P TR PY LR e PP L ]
921 = Koy 15*3) /¥
Ip22 = ¥zz %25 /¢

11




e o

where

§ = ste,,,) (8%, ,,0 (stp,,,)

When these transfer functions are <substituted into
equations (14) and (15), both limits go to zero for all
speeds.

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

1. Design of closed-loop system

The Fprevious section resulted in the decoupling of
the steady-state of the system. However, one must realize,
that:

1. the result does not guarantee stability.
2. steady~state decoupling is only meaningful,when
the closed-loop system is stable.
Thus 1t 1s necessary to consider the stability cf the
clcsed-locp system after the steady-state decoupling has

been achieved.

Ref.U investigates a connection between single~loop
and muitivariable systems by properly factorizing the
clcsed-lccp characteristic eguation. It allows the design of
multivariable systeams by wusing any suitable single-loop
method. The primary method chosen will be the roct-locus
design.
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2. sStakti

Ref. 13 and 14 prove that the stability of this
multivariable system is determined by the 2zeros of N1(s)

and N2(s), where

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

and
NZ(S) = A c(s) *AP(S)/D1(S) (17)

N1(s)/D1(s) is in irreducible form, i.e. all common factors

are cancelled. A c(s) represents the characteristic
polynomial <¢f the transfer function matrix G (s) and Ap(s)
(o

rerresents the polynomial of the transfer function a@atrix

G (s). The characteristic polynomial <c¢f the traaster
P

function is defined as the least common dencminator of all
mincrs.

Hcwever Ref.4 devises a method by whick it 1is
necessary tc check equation (16) alone for stability, if:

1. cancellations are selected systematically by
using equaticn (4.5) Ref. 4.

2. Foles of G are carefully selected, which «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
represents thke characteristic equation of the multivariable
system.
Fcr the system under consideration eguation (18)
beccmes:
det(I + G G = 1+ + + det (G
( B c) gp1lgc11 gpZZgCZZ ( p)gc11gc22
which can be factored
det(I + G G = (1 + 1 + G
( E c) ¢ gp11gc11)( quc22)
where
G = 1 + detG * / /(1+ (19)
eq gpzz‘ p gc11 gp22) : gp11gc11)

By cancellation of the common roots the equation
determining the stability of the system becomes

1+ 6 =0 . (20)

quc22

Equation (20) still contains both g and g
cil cZ2

unknown functions. It is possible for example to choose g ‘4
e

arkbitrarily. In this case the only unknown 1left to be

as

designed is g 29" which means the design is reduced to a
c

single-1lccp case. But if gc11 has not been chosen progerly,

G may beccme very unstable. This can make the design of
eq




g 4 very difficult. Thus it 1is preferable to have
c2

guidelines in choosing g - in order to get a reasonable
c

Fole-zero pattern for G , which will make the design of
eq

g much easier.
c22

3. Lesign Guidelines

The 1cots of equation (19) are determined Lty the
following exfressions:

. G = + det (G
Z gp22 , p)gc11
2. € = 1+
1 gp11gc11
where
G = G /G 21
< 1/ 2 (21)
Then
det(I + G G) =G + G g
p c 1 2 c22

As the design is concerned with the poles and zeros
of G they must be identified. They can be found by
eq
considering the functions G1 and G2. From equation (21) it
can be seen, that the zeros of G are determined by:
eq

Gegq G1 G2 G2 G1
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P =2 + P = (B  a~a P ) (23)
Gegq G2 G1 G2 G1

Foles and zeros of G1 and G2 are dependent on the function

g acccrding to:
c1i
1 + det (G )* / =0 24
( p) 9c11 9922 (24)
1 + =0 . 25
gp1‘lgc11 =

Therefore the design will proceed as follows:

1. Design g A to achieve a reasonable pole-zero pattern
c
for ¢ .
eq
a.) Prepare root-locus studies for equation (24) and
(25), where g = f(K ,s). K is a real parameter
c11 1 1

positive cr negative. The pcles and zeros of g 5§ are
c

determined by

aa.) number of free inteqgrators needed to decouple
the systen.

ak.) the needs of compensation, which may arise,
due to desired root locations.

b.) Frcr root-locus studies choose the parameter K ,

which fixes g 11" This will be an iterative process as
(o

both rcct-lccus studies in combination with equations

(22) and (23) determine the final pole-zero pattern of

G .
eq
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2. Design cf g in order to meet the system

c22
specification. As G is known equation (20), i.e.
eq
1. %6 g =4
€gq C<i4
can be studied via root-locus, where g s = f(KZ,s). The
c

criteria which determine f(KZ,s) are the same as mentioned

above for f(K1,s).

3. With the proper choice of K

system stability is guaranteed.
the dynamics of the system are fixed.

0o oo
V:’v

tke diagonal compensator is determined.

4. The design is completed. Now simulation is reguired to
check whether the design specifications have been met. If
the specifications have not been met, a redesign of

compensator g or even g may be necessary. But every
c22 cl1

trial prcvides some insight and helps with the next trial.

Pcllcwing the design guide lines the first stef is a
r1oct-locus study for the equations (24) and (25). As shown

in II.B no free integrators for g and g are required
cll c2

for the specified inputs.

The speed range of interest extends from 3 kn to 15
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kn. As the root lccations of the system change with varying
speed, it 1is npot certain whether one compensator set will
cover the whcle speed range. It seems reasonable to design
for the wmedium speed of 9 kn. Afterwards it can ke tested
vhether this compensator set is adequate for the whcle 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 sgecifications.

a.) Design of g
c1

The rcct-lcci for 1+g 0 where g =K are

ciipi1 c11 1

shcwn in Fig. 70 K1 = negative and Pig. 71 = positive.

K
21
K1 = positive is clearly undesirable, because there will be

one branch that extends aiong the positive real axis tc +

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

The root-loci for 1 + det (G ) *g /9 = 0 are
o cll p22

shcwn in Fig. 72 K1= negative and Fig. 73 K1 = positive.

For the same reason as above K1 has to be negative.

From the root-loci for K1 = negative it 1is olkvious
that furtkter compensation 1is needed 1in order to achieve

reasonable root locations. The following compensator was
chcsen

2 2
g =K (s ¢+ 0.4) /(s + 4.0)
et 1
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.1 UNITS PER INCH

Figure 70 - ROOT LOCUS 1+GP11*GC11
SPEED = 9 KN, K1 = NEG.
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.1 UNITS PER INCH

Figure 71 - ROOT LOCUOS 1+GP11*GC11

SPEED = 9 KN,
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-1 UNITS PER INCH
Pigure 72 - ROOT LOCUS 1+DET (GP) /GP22*GC11 = 0

SPEED = 9 KN, K1 = NEG.
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Pigure 73 -

.1 UNITS PER INCH

ROOT LOCUS 1+4DET(GP) /GP22*GC11
SPEED = 9 KN, K1 = POS.
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This compensation resulted in Pig. 74 for

1+c = 0 and Fig. 75 for 1+det (G )g o The
D

'c1lgp11 cl11 p11

rocts of Fig. 74 represent part of the poles of G . By
€q

means of the compensation all roots were constrained tc the

by
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