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ABSTRACT

Various methods have been introduced for dynamic braking

of ships. Depending on the prime mover and transmission

system, dynamic braking is accomplished by electric power

dissipation (in electric driven ships) or clutches and brakes,

or air compression (in diesel engine propulsion systems).

In this study a gas turbine - electric drive combination

is used as the means of propulsion; the usual method for

dynamic braking is the electric power dissipation method

using resistors. 
*

This thesis is concerned with an investigation of dif-

ferent methods for dynamic braking in an attempt to find a

way to decrease the size of the braking resistors needed and

their associated equipment, or to eliminate the need for these

by using another type of dynamic braking.
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I. INTR ODUCTION

This thesis is concerned w i t h  the s tudy  of a ship ’ s

dynamic b r a k i n g  and revers ing system us ing  a combin a t ion  ot

{ gas tu rb ine  - electric propulsion motors.

Because of the ever present danger of collisions , the

problem of crash-stopping a ship is becoming more urgent both

in the Navy and the Merchant M a r i n e .

The use of a reduction gear mechanism for gas turb i ne

combatant  shi ps is qu i te  at t r a c t i ve  but  in  t h i s  case , d u r i n g

the reversing phase it introduces a comp lex reduction gear

mechanism requiring ‘arge clutches for the accomp lishment of

forward and astern motion; thus , an electric d r i ve  is also

attractive . In this  study the e l ec t r i c  dr ive  has been assumed

and various methods for  d y n a m i c  b r a k i n g  ar t ’ i n ve st  i qat ed .

The f i rst par t o f the thes i s  has bee n devo ted  t o  the

study of d i f f e r e n t  open loop systems in order  to select  t h e

one tha t best su i ts  the required s pe ci f i cat i o n s ;  these have

been defined as follows :

a. Stop the ship in minimum t i m e .

b. Try to min imize  add i t iona l e q u i p men t  to t  dy n am i c

b rak ing .

The second part of the thesis is concerned w i t h  the

study of the control system selected in the first part imple-

mented by a microprocessor-based controller.

14
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I I .  THE MODEL SHIP

For the simulation of the problem in the computer (IBM

360), a model ship was derived . For this , a destroyer escort

type vessel was selected with an approximate displacement of

4000 tons, a length of 400 feet and a top speed of 30 knots

[Ref. U.

A single fixed propeller was selected and the propulsion

plant consists of a marine gas turbine (FT4A-2), which directly

drives the main propulsion generator to produce the necessary

electric power for the main motor which drives the propeller

shaft. A schematic diagram of the propulsion system is shown

in Figure 1.

The simulation of the ship and propulsion plant uses the

above model with somewhat idealized hydrodynamic and propulsion

plant dynamics.

Since the equations governing the response of the ship

and propulsion plant are complicated non-linear differential

equations , the digital computer was used to solve the equa-

tions using numerical analysis methods .

As a consequence of the idealized model the following

non-linear functions were stored in the computer memory as

look up tables during the simulation:

a. Thrust reduction coefficient 1 - t

b. Wake fraction coefficient 1 - W

c. Ship ’s resistance R

15
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d. Propeller thrust coefficient CT

and e. Propeller torque coefficient Cq

where the thrust reduction coefficient (l-t) is a measure of

the propeller and hull interaction, and the wake frac tion co-

efficient (1-W) is a measure of the water velocity near the

propeller ; the propeller thrust (CT)~ and torque (Cq) coe f-

ficients are measures of the effic iency of the propeller.

All the above parameters, along wi th the corresponding

computer programs , are given in Appendix B.
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III. DYNAMIC BRAKING

The propeller speed can be reduced quickly from some

initial 1~ rge valve during the coaSt down phase by dynamic

b r a k i n g .

Depending on the prime mover and the transmission system ,

dynamic b rak ing  is accomplished by e l e c t r ic  power dissipation

( w i t h  e lect r ic  d r i v e ) ,  c lu t ches  (r eve r s ing gear)  , a i r  corn—

pression (diesel  eng ine)  , or w i t - h a w at er  or a i r  b r a k e  on the’

shaft.

During dynamic braking, the power d el i ver ed by the drive

t r a i n  must be equal to the power absorbed by the b r a k i n g  sy st e m

and the losses. Since the drive t r a i n  w i t h  i t s  i n e r t ia  is

being decelerated rapidly, there is a la r ge **t r a1~s ien t  ine r t i a l

horsepowe r ” due to the s h af t  and propo tier speed deceleration ,

as well as ro t a t iona l power.

In terms of a torque’ eq u a t i o n , t h i s  ca n be expressed as :

- 1~ + = 

~mot - - 
~ f r  

- 

~BR 
( 1 )  - 

-

where , is the torque developed by the’ electric motor on

the p ropel ler sh a f t

is the torque developed en the propeller by the

mass of water passing through its blades due to

the motion of the ship.

~FR is the friction torque on the shaft and motor

~brake is the torque developed by the dynamic braking

device , opposing the mot ion  of the  p r o p e ll t ’r shaft

18
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is the total moment ot inertia or the motor rotor ,

propeller shaft and propeller (i.e., It 
= ‘m +

tshf t + I )

N~ is the speed of the propeller.

For this study the following means of dynamic braking

will be considered:

a. Electric power dissipation

b. An a i r  brake

c. Combinations of the above

d. Use of the inertia of moving parts as load and

absorbing medium .

All runs have assumed an initial maximum speed of 30

knots  and a maximum propeller speed of 230 rpm .

19
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IV. SHIP’S MOTION EQUATIONS

A moving ship is a body with six degrees of freedom .

These degrees of freedom are generally chosen as follows :

a. Linear displacement along the three axes through the

cen ter of gravity.

b. Rotations around the three axes through the center

of g rav i ty .

If we assume ship ’s motion in calm water with no turning

maneuvers , then the motion of the ship is best described by

Newton ’s law of motion for the ship in translation and the

propeller in rotation [21, as follows:

thrust  equat ion

N ~~~~ l -t ~ . .~ . F  IV ,n ) - R ( V )  (~~dt 
~
‘ p p

and torque equation

T~~~ ~‘nut — 

~‘t ~ ~~~~~~ (~~~~~

where M is the mass of the ship

V is the veloci ty of the ship

Z is the number of shafts

T (V ~ ) is the propeller th rus t  as a func t ion  of the
I’ P’ propeller advance speed (V ) and propeller

speed (N) p

and R is the ship ’s resistance as a function of speed .

The inpu t data required to simula te an accelerat ion or

deceleration manuever is developed f rom the charac ter istics

of the ship and propulsion sys tem be ing modelled , and may be

20
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summarized as follows:

Ship ’s displacement

Propeller parameters

Non-dimentiona l propeller performance data

Prime mover torque characteristics

Polar moment of inertia of rotating system

The coe f f i c i en t  of added mass (c ) , r epresen t ing  the mass of

water entrained by the ship, has been assumed to be 0.08 in

all cases as recommended in Ref. 12.

Ship ’s resistance (R) has been assumed as a function of

ship ’s speed . In addition , the hull-propeller interaction

is also assumed to be a function of ship speed . The wake

factor (l-W) and the thrust reduction factor (l—t) are gener-

ally available from self-propelled model tests. The relative

rotational efficiency is assumed to be constant and equal to

unity . The net thrust applied to the ship is the product of

the propeller thrust (T
v
) and the thrust reduction factor

(l—t) . The ship speed (V) is multiplied by the wake factor

(l-W) to give the velocity of advance of the propeller (Vp
)

In terms of equations the above are given as follows
— 

[121:

Propeller thrust equation

1—t ) .1’

where TA is the propeller theoretical thrust

and

Velocity of advance of propeller

21

~~~~~~~~~~~~~~~~~~ 
_~~~~~~~~~~~~~ _ _  - - —~~~~~~~~~~ -~~~~~- - - - --



‘~~~
:— 

~~~~
-
~
-------- —

~
--

~~~~
--——-- — —-~~~ 

.— —.
— — - - — — - - .~~~~:

‘
~~~~ 

— -  -
~:~~~

--—
~
‘-- 

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

V~~(l-w).V 
(5)

where V is the velocity of the ship.

The data required for adequate representation of fixed

pitch propeller performance , throughout the range of operating

conditions encountered during ship acce leration and deceleration

maneuvers have been developed by Miniovitch [2]. Miniovitch

has published dimentionless performance data for three-bladed

propellers with blade area ratios from 0.6 to 1.6 in incre-

ments of 0.2.

The data are presented in the form of thrust (k
b
) and

torque (k q ) coefficients versus the advance coefficient (3)

and also in the form of Kt/J
2 and Rq/J

2 vs 1/3 . The modified

thrust (kt/J
2) and torque (kq /J2) coefficients versus the

reciprocal of the advance coeffic ient (1/3) are required in

order to account for the case where the propeller rotational

speed is very low or equal to zero. The data extends over

the four distinct operating conditions to be encountered by

the propeller , namely :

Ship travelling ahead , propeller turning ahead

Ship travelling ahead, propeller turning astern

Ship travelling astern , propel ler turning astern

Ship travelling astern , propeller turning ahead .

The data for a three bladed propeller have been stored in

the computer as a look up table.

22 
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The above , in terms of equa tions can be expressed as

follows :
I

Propeller advance coefficient

J~N .D/(V + (N .DY )1L
p p p (u)

Propeller thrust

Ta~~~~P~
D•
~
•(V

p
’+(N

p~
DY) (7)

and Propeller torque

~ ~C . p .D 3 . ( V  ~+(N .N) (~)p q  p p

where

CT is the propeller thrust coef f ic ient

Cq is the propeller torque coefficient

D is the propeller diameter

p is the sea water density

is the propeller speed

The polar moment of inertia of the rotating system has been

calculated in Appendix A. The inertia of the wa ter mass

entrained by the propeller has also been calculated .

If there is more than one propulsion sha ft, then Eq. (3)

will be repeated for each additional shaft [2].

The direction of rotation of the free turbine is always

clockwise as is the direction of rotation of the generator

set. The direction of rotation of the motor and the propeller

shaft is assumed positive if the shaft rotates clockwise when

viewed from the shaft end .
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Figure 2 shows the assumed rotation and the relation of

the different torques acting on the propeller shaft for for-

ward motion of the ship .

Fig.2- Assumed notation on application of torques
and direction of rotation.

The generator speed (N gen ) is related to the gas turbine

speed (Ngt) by the relation :

-

~~ N
g

N
g~~ 

(9)

The f r ictional torque of the propeller shaft 
~
0FR~ 

has been

assumed constant throughout the simulation; actually it is a

function of the shaft speed and can be represented also as a

stored table look up [7]. The frictional torques of the

motor and generator and their windage torques have been

assumed negligible .

A. THE GAS TURBINE-GENERATOR SYSTEM

The gas turbine—generator set speed is controlled by the

influence of the engine torque , the generator load torque and

24
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the friction losses of the system. This can be expressed

as follows [61:

:~~~. 1 . — -  —~~~ —~~ - (10)
tot dt~ 1 , ~‘, ‘n Ii’

where

0E is the gas turbine drive torque . It is a non-

linear function of fuel consumption (W
F
) arid

gas turbine speed [81,

~gen 
is the generator load torque given by [4], :

N .i (t).i (1) ( I t )
‘S-’,( ’fl ~

‘, I .-‘, I

where
Kg

’ is the torque constant of the generator

l
f g

(t) is the generator field current

i (t) is the armature current

ttot is the sum of in ert ias of motor rotor

(Igen) and gas turbines power turbine (Igt )

0f r  is the friction torque which is made up of

brush friction and windage components , given

by [41:

Q~~~~~~~ 
~~~~~~~

, 
+ ~~~~~

where 
%r is the brush torque

is the windage coefficient

The engine is set to run as a nominally constant speed eng ine

with a proportional governor. Since the output torque of the

gas turbine is a non—linear function of fue l consumption and

25
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gas-turbine speed , data for the output torque have also been

stored in the computer as a look up table.

B. ELECTRICAL TRANSMISSION SYSTEM

The back emf generated by the generator and the motor

are given by [41:

E K .1 (t).N (1~)g g fg gt

and E ~K .I_ (t).N (14)m m t m  p

where

‘fm ’ ‘fg are the field currents of motor and gen-

erator , respectively

Kg is the generator electrical constant

Km is the motor electrical constant

Em is the back emf of the motor

Eg is the back emf of the generator

Ignoring the effects of the armature inductances of motor and

generator , for maneuvering conditions the armature current

will be given by

Ia
(t

a
(t)

m
(t
~~

/
~
’1
~t 

(15)

where
R R + R (1t ~)t rn g

and where

Rm is the motor armature resistance

Rg is the generator armature resistance.
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V. DYNAMIC BRAKING USING ELECTRIC POWER DISSIPATION METHODS

A braking resistor is utilized here in order to dissipate

the power produced by the motor due to the mot ion of the shaf t.

When the CRASH-STOP command is given , the main generator

is disconnected from the system and the motor is lef t to rotate

due to its inertia plus the applied torque on the propeller

due to the moving mass of water through its blades due to the

motion of the ship.

Thus , the motor effectively becomes a generator; by

leaving its terminals open , since no curren t is circula ting ,

little opposing torque will be produced . If , on the other

hand , a resistor is connected at the terminals of the motor ,

a current will circulate and thus a torque opposing the motion

of the motor will be produced and the propeller speed will

drop.

In order to have maximum opposing torque on the propeller

shaf t, the main tenance of maximum circu lating armature curren t

is required ; but  since the voltage generated at the terminal

of the motor - when funct ioning  as a generator - is variable ,

the aDove condition can only be met by a variable brak ing

resistor or by a variable motor f ield cur ren t .

In this study only the variable resistor method has been

investigated. Figure 3 shows a schematic representation of

the propulsion system a f t e r  the CRASH-STOP command has been

init iated.

- 27
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The gas turbine can be held at load , if desired , w i th

the simultaneous addition of a f ixed resistor R0 as shown in

Fi gure 3.

The equivalent circuit of the motor is shown in Figure

4 a f t e r  t = 0 , i.e . ,  a f te r  the CRASH-STOP command has been

issued .

App ly ing K i r c h o f f ’ s law around the loop we get

V (t)~ E (t)-i (t).R -L ~~~~~ ~17)m m a in r n d t

where
Vm is the voltage generated at the motor terminals

and Lm is the motor armature inductance

Due to the addition of the braking resistor the motor now is

effectively working as a generator; the load being the braking

resistor RB and the prime mover being the torque produced

on the propeller due to the motion of sea water through its

blades.

We already have assumed that the reactance of the arma-

ture circuit is negligible so that Eq. (17) is transformed to

V ~E (t)—i (t).R (1~ )m in a in

Apply ing Newton ’s law for the motor-propeller system , we get

Eq. (19), i.e.,

~~~~ n~ot~~L ~~shf t~ ~~ P n~ t ~~ ~~t~r

where ‘mot = moment of iner tia of motor

= moment of iner tia of prope l ler

tshf t = momen t of ine r tia of propuls ion shaf t

28

--p~~r ~~~~~ -~~- - - - - -  - _ -  ~~~~~~~~~~~~~~~~ -- - -~~~-~-~~~~~
- —~~

- -- - - --- -- ~~~~~~ ~~~~~ - _~~~~~~~~~~



~~~r r

I ~~ t 1 ~~~~~ n
- 

~ ~~~~~~~~~

Fig.  3. Schematic representation of the
propulsion system a f t e r  disconnection (t 0)
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~H (~~~j L
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Fig. 4. Equivalent circuit representation of
the separately excited DC motor at t 0

I
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and 
~mot , the torque produced by the motor is given by

Q K’ .i - (t).i Ct ) (:0)
ii~

-
~t in In : a

where K ‘ is the torque constant of the motor.m

As can be seen from Eq. ( 2 0 ) , since the a rmature  cur ren t

has opposite direct ion , w i l l  be negat ive as f a r  as 
~ fm ( t )

remains positive , i.e., as long as we do not reverse the motor.

Theref ore , the right hand side of Eq. (19) is negative and

the motor decelerates faster than in the case where the ter-

minals were kept open (i.e., 
~mot 

=

From Eq. (20) it can also be seen that the bigger 
~mot

is , the fas ter  the deceleration of the propeller  sha f t  w i l l

be. Thus the armature current must be kept at maximum rated

value which can be accomplished by varying the braking resistor

RB .

In order to calculate the rate of change of the b rak ing

resistor RB ? for maximum deceleration , the program of Appendix

B was used wi th  the armature  current  held constant at i ts

maximum rated value . The values of the b rak ing  resistor can

then be calculated from Eq. (18) where solving for RB we get

R1~
z ~~~ 1~~~~~~~~~i_ Ui— (~ 1)

where
V ~R . t  ( .~~

)
in 13 a

The calculated values of the braking resistor are shown

in Table I arid have been plotted versus time in Figure 11.
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As can be seen the law of variat ion of the braking resistor

is not linear , therefore an approximation was made by fitting

straight lines to the calculated values.

The values of the linearized brak ing resistor are given

in Table I also , and they are plotted versus time in Fi gure

12.

At the instant  the shaf t  speed reaches a certain value1

determined by the maximum loading capabi li ties of the system

and assuming tha t the genera tor f ield curren t has been reversed,

the system is reconnected as before and as tern maneuvers are

applied .

The armature current  in the loop wi l l  be given by

iast (t )
~

(E g(t )_ E
m(t )  ) / ( R m+Rg

) (2 3)

where E g ( t )  is the back emf of the generator given by Eq. ( 13)

and E m ( t )  is the back emf of the motor given by Eq. ( 1 4 ) .  Rin

and Rg are the armature resistances of motor and generator

respectively.

The results of this method of dynamic braking using a

linearized braking resistor are shown in Figure 13 through

Figure 16, along with results that would have been obtained

if the theoretical variable resistor was used .

In particular Figure 13 shows the var ia t ion of ship ’ s

velocity versus time . Due to the fact that  the values of the

l inearized braking resistor are qui te  close with the values

~This value has been calculated in Appendix A to be 13 rpm .

31 

—.~~~~~~~~~~~~ --—- -_ -_-- - - ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ —-— -_- -- 



- 
- :-i~

I

of the theoretical one , the d i f ferences  of speed variat ion

are negligible.

In Figure 14 the variat ion of propeller speed is shown

versus time for both cases. The abrupt change of the curve

slope during dynamic braking , (for Od<l .4 sec.) is noticeable

compared with the change of slope during astern manuevers.

In Figure 15 and Figure 16 a power dissipation diagram

is presented . In par t icular  in Figure 15 the power dissipated

in the braking resistor (PRB ) and the internal resistance of

the motor (P RM ) have been plotted against  time for  the case

where the theoretical variable braking resistor is used . Also ,

on the same graph , the percentage of dissipated powe r in the

braking resistor and the in ternal  resistance have been plotted

(PERC1 and PERC 2 respectively) .

On the other hand , in Figure 16 the same va lues but for

the case of the linearized braking resistor have been plotted .

The difference in the percentage of dissipated power can be

noticed since now a linear resistor is being used . Due to

linearization, less power on a percentage basis is dissipated

by the braking resistor. Thus, the percentage of power dis-

sipated on the internal  resistance of the motor increases.

Due to the fact that with a linearized variable braking

resistor the percentage of power dissipation in the internal

resistance of the motor increases , another method for dynamic

braking using a f ixed braking resistor wa s selected .

In this case , as it can be expected , the time required

to stop the propeller and eventually the ship, increases.

This is because the current circulatin g in the loop is no

32
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longer maximum; therefore the opposing torque generated by

the motor (given by Eq. 2 0 ) ,  decreases along with the cur ren t .

The time required to stop the propeller wi th a variable

resistor was found to be 1.8 seconds while with a fixed re-

sistor this time increases to 28 seconds.

The results of the method where we use a f ixed braking

resistor are shown in Figure 17 to Figure 19. In par t icular

Figure 17 shows the variation of ship speed versus time and

it can be noticed that the ship ’s speed at t = 30 sec is s t i l l

above 12 knots while from Figure 14 the time to stop the ship

when a variab le resistor is used , was found to be 23.2 seconds .

In Figure 18 the variation of propeller speed versus time

has been plotted . The largest deceleration rate of the pro-

peller speed is at the beginning of the dynamic braking phase ,

since then the circulating current is still maximum. But as

time advances , the circulating current drops , therefore the

opposing torque produced on the propeller shaft becomes less,

eventually leaving the system in a feathering propeller con-

dition . At t = 28 sec the slope changes due to the application

of the astern motion on t~’e motor.

In Figure 19 as in Figures 15 and 16 , a power dissipation

diagram is presented . The constant percentage dissipation

curves PERC1 and PERC2 (for the braking resistor and the

internal resistance of the motor respectively) can be noticed.

They indicate that the percentage power dissipated in the

arma ture resistor is constant at 3% while  the remaining 97%

is being dissipated in the f ixed braking resistor.
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Table I .  Theoretical and Approximated Values of the Braking
Resistor RB (ohms )

TIME THEORETICAL APPROXIMATED

0 .0  1.72 io 2 1.7 io 2

0.1 1.7136 10 2 1.6015 10 2

0.2 1.5973 l0 2 1.5029 1o 2

0.3 1.3819 10 2 1.4044 io 2

0.4 1.1954 l0 2 1.3059 10 2

0 .5  1.0321 10 2 1 .2074  10 2

0.6  8 .8861 l0~~ 1.1088 10 2

0.7  7 . 6 0 7 3  l0~~ 1.0103 10 2

0.— 6.4422 l0~~ 9.1176 l0~~

0.9 5.3603 8.1323 l0~~

1.0 4.3190 l0~~ 7. 1470 l0~~

1.1 3.3386 l0~~ 6.1617 l0~~

1.2 2.4184 l0~~ 5.1764 l0~~

1.3 1.5493 l0~~ 4.1911 l0~~

1.4 0 .0  3 .2058  l0~~

1.5 0 . 0  2 . 2 2 0 5  l0~~
1.6 0 .0  1.5000 l0~~

1.7 0 .0  0 . 0
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The CRASH-STOP command was executed in 2 3 . 2  seconds when

a variable linear braking resistor was used and in t -
~~~ 35 sec

when a fixed braking resistor was used .
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VI. DYNAMIC BRAKING USING MECHANICAL POWER
DISSIPATION METHODS

Since the scope of this  thesis is to try to minimize

the additional braking devices required for dynamic braking ,

it may seem strange to consider the introduction of a mechani-

cal braking device .

But, on the other hand , if the sizes of the resistors

found by the application of the previous method are kept in

mind , associated wi th  the problems encountered wi th  heat dis-

sipation then it will be found that the use of a mechanical

brake may help in reducing the size of the resistors.

There is a large variety of mechanical brakes which can

be used, such as water brakes, friction brakes , or eddy current

type brakes.

Clutches and brakes are used to control the coupling be-

tween two shaf ts by means of relatively low power signals.

This coupling can be either of the continuous type , where the

degree of coupling varies smoothly with the magnitude of the

contro l signal , or of the on—of f  type where the coupling is

ei ther  zero or maximum .

A brake is not a torque converter but a t r ansmi t t e r  of

torque . The brake controls speed by permit t ing s l ip wi th

respect to the prime mover shaf t. To accomplish this , the

brake must absorb energy and thereby generate heat [ 3] .

Heat ing general ly establishes the maximum power leve l

that can be controlled by the brake by limiting the maximum

36
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slip. An analysis of the heating problem must include an

examination of the duty cycle and the inertial and/or dissi-

pative characteristics of the load . Heat dissipation is of

maximum concern in brakes that require the slipping of friction

shoes where heat is localized and wear is high .

Since no data were available on a real brake , an air—

clutch device has been implemented in place of an air brake

from Ref. 9.

The amount of torque that a brake can pass without slip-

ping is a function of the type of brake and the net air pressure

used to engage the brake .

For a 35 inch diame ter brake the torque is g iven by

( lb— ft)  ( 5 )

where 
~net is the net air pressure act ivat ing the brake in

psi. The brake glands which expand the brake shoes to make

contact with  the brake face expand inwards against the centrif-

ugal force of the rotating axis. Consequently the air pressure,

~~~~ 
required to counteract this force subtracts from the

supply pressure (P5). Thus the net air pressure to the brake

glands is given by

p p —P (~~)net S C

The supply pressure typically increases upon inflation

at the rate of 5 psi/sec and decreases upon deflation at the

rate of 30 psi/sec . Thus, for a typical supply pressure of

150 psi and with t in seconds, the def la ting supp ly pressure

is given by
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150 — 30.t ( 7 )

and the in f l a t ion  supply pressure is

P 5. t (:~ )
S

The pressure required to counteract the cent r i fugal  force

is given by

5 + ( 5 . 9  10~~ ) . N ( _ ‘9)
C

where N . n (30)
P P

there fore p 5 + ( 3 . S ~ i0~~~) .n 2 ( 0 1)
C p

Combining the above equations yields the fol lowing expressions

for the torque supplied by the brake :

During engaging

~CL ~~~~~ ( St- S-3.54 10~~ .n~
2) (0)

and during disengaging

~CL 4550 (145-30t-0.54 10~~ .n~~~

Then , from Newton ’s law , the torque equation for the motor-

propeller system is given by:

d~I

dt 
~~ 

1’ “CL

38

____________________________ S ~~~~~~~~~~ -- _~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ -  ~~—- - —- -- - -- - -



:~~~~~~~~~~~~~~~~~
- ‘

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

I

Figures 20 and 21 give the results of using the above

mechanical brake as a dynamic braking device.

In particular, Figure 20 shows the variation of ship ’s

speed versus time and Figure 21 shows the variation of propel-

ler speed versus time. Notice the small change in the slope

of the curve during deceleration. This occurs due to the fact

that there is a delay in the application of the braking dei/ice

and also that the torque produced by the moving water through

the blades of the peopeller is still quite large. At t ?~ 10

sec the change of slope is due to the applic ation of astern

torque on the propeller shaft.

:1 Since the use of a mechanical brake alone as a dynamic

braking device will be associated with maintenance and heat

dissipation problems , a combination of the above mechanical

brake and the electric power dissipation methods examined

earlier will be attempted .

This could result in the smoothing of some of the problems

usually encountered with the stand alone application of each

system. Reduction of the size of the braking resistors or

reduction of the heat dissipation on the mechanical brake are

anticipated benefits .

For this case Eq. (34 )  is modified by the addition of

Eq. ( 2 0 )  resulting in

• ‘tot dt~ ~~~t % ~~fr ~CL

where
I ~I +1 +1tot mot shft p
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For the case where the mechanical brake is used in com-

bination with the linear variable res istor no signif icant

advantage is gained as is shown in Figures 22, 23, and 24, and

the reduction of the size of the braking resistor is insig-

nificant since most of the dynamic braking is accomplished

by the variable braking resistor.

In par ticular , Figure 22 shows the variation of propeller

speed versus time . I t  can be seen that for 0 < t ‘-. 2 sec the

deceleration of the propeller is pr imar i ly  due to the variable

resistor since from Eq. ( 3 2 )  it can be seen that  there exists

a time delay in the appl icat ion of the mechanical brake . This

deceleration of the propeller is almost the same as that  shown

in Fi gure 14 where only a l inear  variable resistor is used

for dynamic braking.

Figure 24 shows the torque developed by the mechanical

brake during dynamic braking . As can be seen it is not sig-

nificant as to cause any change in the dynamics of the system .

Figure 23 shows the variation of ship ’s speed versus time .

On the other hand , the combination of the mechanical

brake and the f ixed brak ing  resistor o f f e r s  sig n i f i c n a t  ad-

vantages as f a r  as time requirements are concerned . Thus the

time to stop the propeller reduces from 28 seconds , as in the

case where a f ixed brak ing  resistor was used as the only means

of dynamic braking,  to 6 .8  seconds wi th  the addit ion of the

mechanical brake . S i m i l a r l y ,  the time needed to stop the ship

decreases from t >~ 35 sec to approximately 25 seconds.

Figure 27 shows the torque developed by the a i r  brake .

It  can be noticed that for  the i n i t i a l i z a t i o n  of b r a k i n g

40

~~~~
, Ti~~~

—
~~~ 

— . - - -  ~~~~~~~~~~ ---—— —_--—- --~-——-- - - - --- ------------_---- -~~~~~~ •..~~— -- ,-- -.—---
~~~ -__

~~
. 

~~~~~~~~~~~~~~~~~~
___---- --- —-~~~——- 

44



~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• 

_

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

-
~
-

~~~
- - - - - - -

~~
----- - - -  -

~
----- 

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

~~~ ~~~~

-- - - -

~~~~~~~

I

action approximately 1.2 seconds are required . Also , when

disengaging should occur , it does not occur immediately but

some delay is encountered .
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VII. DYNAMIC BRAKING USING THE INERTIA OF
MOVING PARTS AS LOAD

Due to problems of space requirements and heat dissipation

when electric or mechanical power dissipation dev ices are used,

an attempt was made to find a way to minimize or eliminate

these problems.

Considering first the effect of ship ’s motion on the

propulsion system , it is relevant to note the various mechan-

isms present in the electric drive during astern maneuvers.

The first stage in going CRASH-STOP is with positive

voltage at the generator and positive armature current , the

current being reduced at a fast rate . Since we want to apply

astern conditions as fast as possible , the way to stop the

propel ler is to eventual ly  reverse the arma ture current.

The second stage begins the moment that the armature

current reaches a negative value ; that is, from this momen t

on the generator starts to motor from the propeller ’s kinetic

energy

During this second stage Eq. (10) becomes

‘n(Igt
+I
gen
) ~~~ ~E ~~gen ~~fr

where the relation for 0gen is given by Eq. (11) and for

by Eq. (12).

As can be seen from the above equation the gas turbine

will start to accelerate unless a way is found to reduce the

effect of the reversed opera tion of the propuls ion sys tem.
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One way would be, if possible , to disconnect the gas

turbine from the generator set so that overspeeding of the

generator would not have any effect on the gas turbine. But

in the model system we have selected, the gas turbine is

rigidly connected to the generator set, so this cannot be

done.

Because of the limitations on the overspeeding of the

gas turbine given in Ref. 5 other ways have to be found .

The limitations are:

Power Turbine Speed

Maximum continuous speed 3600 rpm

Topping governor reference speed 3744 rpm

Overspeed trip setting 3960 rpm

Since maximum opposing torque is needed on the propeller

shaf t, this means that maximum current w ill flow in the

armature circuit. This can only be accomplished by an effec-

tive field generator current control according to the relation

E £ - ~~ 
(1) 

Volts (37)
g m

But since

E K . i Ct )  .Ng g fg gt (38)

substituting Eq. (38 )  into Eq. ( 3 7 )  and solving for ‘f g gives

I (t) E — 33
f  1<

1This has been calculated in Appendix A.
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Since the armature current 
~‘a~ 

wil l  be maintained at its

maximum rated value , it can be seen from Eq. (36)  that the

only contribution that can reduce the gas turbine overspeeding

effects  is the term 
~ E ’ i . e . ,  the gas turbine output torque .

Thus , an attempt wi l l  be made during the second stage to

reduce the gas turbine output torque . Since is a function

of the fuel flow rate (W f ) and the gas turbine speed (N gt )

the reduction of the fuel flow rate in the gas turbine was

selected as the means of doing this.

At the CRASH-STOP command , the fue l flow rate is reduced

to that corresponding to the idle speed of the gas turbine

and the armature current is controlled and held at its max-

imum value by the field generator current, according to Eq.

(33)

Then , according to Newton ’s Law , the torque equation on

the propeller shaft becomes

2ii.I.t ~~~~ — Rr~zit ~~p ~~fr

This permits rap id deceleration of the propeller. It must

be noted here that in a real system the overspeeding effects

of the second stage would be additionally lessened by the

brush friction and generator windage and friction torques

which at this stage have been assumed negligible.

The third stage beg ins as soon as the generator voltage

is reversed . From Eq. (38 )  this will  happed when the propel-

ler speed is at approximately 13 rpm ; then astern motion of

the shaf t  can be effect ively applied . This is accomplished
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by reversing the genera tor field current gradual ly ,  according

to Eq. ( 3 9 ) ,  so that no overloading of the armature circuit

will occur .

Concurrently at this stage , the fuel flow rate at the

gas turbine is increased gradually to cause the turbine speed

to assume its normal operating value (3600 rpm).

When ship ’s speed approaches zero , a gradual decrease

of the generator f ield current wil l  bring the propeller shaf t

to rest.  This can be accomplished either manually by the

operator or automatically by the control system .

The results of this method are shown in Figures 28 , 29 ,

30 and 31. In part icular, Figure 28 shows the variat ion of

propeller speed during the CRASH-STOP maneuver. The time

to stop the propeller was found to be 1.5 seconds , i . e . ,  in

approximately 6 revolutions of the propeller sha f t .  In

Fi gure 29 a plot of the law of variat ion of the field current

is shown , according to Eq. (39) in order to have maximum

armature current in the ioop result ing in maximum deceleration

conditions. Figure 30 shows the speed of the gas turbine

during dynamic braking,  where the overspeeding e f fec t s  of

this method can be noticed .

The gas turbine speed increases up to 3660 rpm during

the second phase .2 Then phase three is in i t ia ted and astern

conditions are applied.

21n accordance with overspeeding limi ts given in Ref. 5.
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In Figure 30 it can be noticed that  due to the fact that

the fue l flow rate in the gas turbine cannot be increased

immediately to the value corresponding to norma l operating

conditions , decelera tion of the gas turbine speed takes place

until  the flow rate of fuel builds up to the required amount,

where the gas turbine speed is brought back to normal operating

conditions.

Finally , Figure 31 shows the variation of ship velocity

versus time. The time required to stop the ship, from a

maximum speed of 30 knots , was found to be 25.2 seconds ,

which is quite compatible with the case examined earlier

where a variable linear resistor was used as a braking device

as is shown in Figure 13 .
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VIII. DISCUSSION OF RESULTS

The results to be discussed are shown in Table II.

The use of a variable resistor as a braking device of f ers

the advantage of fast deceleration of the propeller shaft in

1.7 seconds from an ini t ial  speed of 230 rpm to 13 rpm. This

amounts to stopping the propeller shaf t  in approximately six

revolutions.

Along with this advantage are disadvantages , however.

First, the use of a variable resistor can only be associated

with a combination of series or parallel resistors along with

a voltage controlled timing mechanism. Large circuit breakers

will also have to be incorporated . Space limi tations and heat

dissipation problems are additional disadvantages which will

add to the complexity of the system .

On the othe r hand , the use of a fixed resistor eases the

prob1em~; ~ - complexity and high maintenance costs associated

with the t ~-.n g mechanism and the circuit breakers , but still

has the additional space limitations and heat dissipation

problems though to a lesser degree due to the reduced size of

the resistor bank (fixed). But the decrease in complexity is

paid in an inc rease of time results; that  is the time to stop

the propeller is increased to 27 seconds and the time to stop

the ship from maximum speed is much greater than 35 seconds.

The introduction of a mechanical brake gives almost the

same timing as the variable resistor braking device does but

still space requirements and heat dissipation prob lems are

present.
49
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As is shown in Table II , the combination of the variable

braking resistor and the mechanical brake does not offer any

significant advantage in time requirements and it almost

doubles the space needed for accommodation of the ex tra mechan-

ical brake . Similarly the reduction of the size of the resistor

is insignificant.

On the other hand , there are advantages to using a fixed

resistor combined with the mechanical brake . There the time

to stop the propeller is found to be 6 .8  seconds instead of

28 seconds when the fixed resistor is used alone or 9 . 9  sec-

onds when the mechanical brake is used alone . The time re-

quired to stop the ship from maximum ahead speed is found to

be approximately 25 seconds instead of approximately 50 sec—

onds when the fixed resistor is used alone, or 25 seconds

when the air brake is used alone . But still , in this case ,

the disadvantages result ing from the use of heat dissipating

elements still exist along with increased maintenance prob lems

due to the addition of the mechanical brake .

For the last case of dynamic brak ing examined, i.e.,

using the inertia of moving parts of the power turbine and

the generator rotor , some assumptions were made .

First , it was assumed that the fuel flow rate in the gas

turbine could be reduced from the operating condition , to that

corresponding to the idle speed of the gas turbine , instantan-

eously . Second , complete controllabili ty of the generator

field current was assumed , so that constant maximum reverse

armature current can be maintained .
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Under the above assumptions , the simulation of the system

gave the fol lowing results:

Time required to stop the propeller from maximum speed

to zero rpm equals 1.5 seconds. Time required to stop the

ship from 30 knots to zero equals 2 3 2  seconds.

For the operation of the system no extra equipment is

needed such as braking resistors or brakes , nor any heat dis-

sipating elements in excess of those already existing . The

cost of the installation is not increased due to addition of

extra braking devices and the cost of maintenance remains

almost the same .

In order to be able to compa re the systems discussed ,

as far as performance is concerned , another assumption which

was made for all cases examined has to he taken into account;

that is , it was assumed that  astern condi t ions  could be

applied immediately at maximum operat ing conditions . The

e f fec t  of this assumption is that  the time required to stop

the ship wil l  be increased by an equal amount for all  cases

examined.

Based on the above discussion and having in mind that

the scope of this thesis was to investigate the existing types

of dynamic braking and specifically try to min imize  and possibly

eliminate the need for dynamic braking resistors, the last

system was selected for fur ther  investigation.

A b lock diagram of the open loop system in shown in

Figure 5.
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I X .  CONTROL SYSTEM DESCRIPTION

A. GENERAL

The system s imula t ion  was set up for the ind iv idua l  sub-

systems out l ined  be low :

1. Gas- turbine-generator  system

2. Electr ic  t ransmiss ion system

3. Generator f i e ld  cu r ren t  contro l system

4. Propeller—hull system

5 - . DC motor .

Subsy stems 1, 2 , 4 , and 5 ha ve a l ready been discussed in the

previous sections and th ’re is no need to describe them here

aga i n .  For re ferences purposes the equat ions governinq each

system will be repeated here .

Gas tu rb ine-genera to r  system

The gas turb ine-genera tor  set speed is cont ro l led  by the

i n f l u e n c e  of the engine torque and the generator  load torque

and f r i c t i o n , or

.—.—.--S ::~~1 —i~ —~~~It 1. 4 C 1 1  t 1

where
I 1 +- I

~-5 t ~‘,‘‘i)

where the gas turbine  drive torque is a f u n c t i o n  of the fue l

f low rate and the speed , or

(w 1- N
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The generator torque is g iven by

C’ . 1 -
4~C ’I \  ~ . - t~ S I

and the f r i c t i o n  torque is made up of brush f r i c t i o n  and

windage components assumed to be of the form

C’ 
~~~~ Q :l ~~.N‘t i -  h:’ w ~

The eng ine is set to run at constant  speed.

Electrical transmission system

The t ransmission equations are

~~R . 1 . N
~
‘, g t~ ’, gt

1 ~K . 1  .N
flt t til 

~

Ignor ing the e f f e c t s  of armature  inductance f~~r m a n eu v e r i n g

conditions , the armature  cur ren t  is given by

I~~~~~L~ni

N N + Nwhere t- ~
‘, in

Propel ler  and hu l l  system and motor

The propeller dynamics are described by the f o l l o w i ng

equations :

- 1 

~~ 

‘ I’ 
— 

‘ t ~ ‘

S4

~ 

— 
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where 
~~ + 1  + 1

p rn shft p

and 0 1< .1 - I
‘m in fin a

The load torque on the propeller is defined by

Q~ C
q - - P~~

where D is the propeller diameter , p is the local sea water

density and

A (V + N ~~~ ~a p

The coeff ic ient  Cq is defined by graphical data against

the modified advance coefficient S where

S Vd /

The ship hull dynamic e f f ec t s  are g iven by

-Tdt 
- p v

where
T . p .11 .A

and
f(S)

and Tr is the ship ’s resistance as a func t ion  of the ship ’ s

velocity.
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- B. GEN ERATOR FIELD CONTROL SYSTEM

The generator field coil equation is given by

L ~~~~~~~~~~~ V (t )  —I .Rfg dt c fg fg

where L is the f ield circui t inductancefg
Vc (t )  is the voltage of the f ield circuit

R fg is the field circuit resistance.

A closed loop system to control shaf t  speed using the

generator f ield current to achieve speed changes would be

appropriate for the following reasons :

1. Speed control with a percentage accuracy better than
- 

~
- 

the percentage system losses is not necessary and the operator

could compensate for the losses if required .

2. During turns using rudder control it is not desirable

to compensate for the resul t ing shaf t  speed changes.

- 

- 
3. The prime mover has been designed to run as a

constant speed machine .

The control system then is basically a f ie ld  current

controller.

C. DEVE LOPMENT OF THE FIELD CURRENT CONTROLLER

From the discussion of the open loop system , it has been

observed that the armature current  must be constant in order

H to apply maximum opposing torque on the s h a f t .  From the re-

lation

E E — 33 Voltsg m

substi tut ing the equation for E g and solving for ‘fg g ives
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I (E - 33)/K .Nfg m g g t

Due to advances in solid state electronics and micro-

processor chips the use of a microprocessor based controller

was assumed .

Comparing a microprocessor based controller wi th  the up

to now commonly encountered f ie ld  current  controllers incor-

porating thyristor devices [7 1,  we obtain the fol lowing:

1. Control Room Space Considerations

Because of the high density packag ing used in micro-

processor based controllers , large amoun ts of computational

and control components can be placed in a relatively small

enclosure to reduce control room space requirements .

2.  Component Count

Microprocessor controllers use “ti v’ie - shared” com-

ponents and thus reduce component count. The same circuit

that compute a 3-mode algorithm is also used to output out-

o f—l imi t  alarms and extract square roots . One microprocessor

controller, which can be used in lieu of up to six analog

controllers and numerous computing relays , operates at least

four final control elements.

3. Accuracy

There is no question that  d ig i t a l  devices are more

accurate than analog devices. Using a 15-bit word length

microprocessor uncertainty in any addition , mul tipl icat ion ,

division or square root is about 0.003%. Digital devices do

not suffer from drift problems . And with proper design , the
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noise immunity of digital devices can be made superior to that

of analog devices.

4. Reliability

The reliability of a microprocessor based digital

controller can be made much higher than the conventional control

equipment that it replaces. High temperatures are avoided in

microprocessor controller designs by virtue of the low power

consumption of solid state electronics. Although the reliability

of a single microprocessor controller may or may not be super-

ior to a single analog controller, there is no question that

a single microprocessor controller is more reliable than a

system consisting of , let us say , six analog controllers, 30

computing relays , and a panel fu l l  of logic circuitry. Use

of a microprocessor also allows a number of “tricks” to be

played by the programmer to enhance basic reliability even

further.

Self—test  features can easily be incorporated into

the program and failure of a self-test can be used to alert

the operator that a replacement should occur .

5. Flexibility

With analog and discrete components in a control

system a change in control strategy normally requires a change

in control equipment; these changes can be easily implemented

by software changes in a microprocessor based controller.

6. Cost

Generally speaking for a single application the

cos t of analog devices may be smaller ; but for a number of
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applications the pertinent cost of the microprocessor based

controller decreases rapidly.

A simplified diagram of a microprocessor based controlled

is shown in Figure 6.

Ed 11tr 
-

I

SENSORS

AiD

—

5- 
~~ Hi i}— ~

Figure 6. A real time )4—controller system

A dedicated microcontroller receives information from

the input sensors and it is connected to the plant so that

it may exercise direct control.

Input to a microcontroller can be from:

push buttons

limi t switches

voltage sensors
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temperature sensors

pressure sensors , etc.

The output of a microcontroller can be directed to:

starteLs

solenoid valves

stepping motors

displays

servomotors , etc.

Figure 7 shows a typical programmable controller processor

diagram along with the associated units.

C PU

____ 
MEM 0RI

7~~Ok~PT~~\ ~~~
__ _—

~~~\ ~~~~~~~~~~~~ ~~~~~~
\-.~______,

/

‘ 41
.z/ o

Uif tT

Figure 7. The programmable controller/ processor system

The sensing devices of the process are connected through

converters to the microcontroller. These converters (trans-

ducers) reduce the size of the actual signal and then the

signal is passed through A/D converters which change the

analog signals into digital. After processing , the output
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data are passed through a D/A converter which t ransforms them

into analog signals to be used as control commands.

In the actual system to be used the following inputs are

required:

a. gas turbine-generator speed

b. fuel flow rate in gas turbine

c. generator field current

d. propeller speed

e. field motor current.

In the computer memory the following constants w ill be

stored :

a. generator constant KG

b. motor constant Km

c. constant of voltage difference N = 33

The required outputs depend on the control system to be used .

For an e f fective control of the generator field current,

it was decided that a positioning servo would be used to vary

the field generator resistance .

D. DESIGN CONSIDERATIONS OF THE POSITIONING CONTROL
SERVOMECHANISM

A positioning servomechanism can be designed as a

second order system [13 and 14], as shown in Figure 8 with

an open loop transfer function

2

G( ) — R(s) - Wn
S — 

R(s) 
— 

s1i+2iw)~~

The requirements for such a system are:

a. fas t settling time

b. restricted overshoot
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c. almost critical damping.

Selecting for our system

settling time t~ = 0.01 sec

maximum overshoot M~ = 10%

and J = 0 .9 we get from the relation

~~ S J . W ~~

solving for

w ~~4.5 rad/sec
n

There fore the open loop transfer function becomes

G( ) - R(s) 
- 197527

S - 
C(s) 

- s(s+800)

The closed loop system is shown in Figure 8 .

_ _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _ _

Figure 8. Closed loop positioning servo

The transfer function of the closed loop system will be

R(s) W 19.76 10

~~~~~~~~~~ 2 2s +2jw +w s +800s+l9.76 10n f l

E. FINAL REALIZATION OF THE n-CONTROLLER ‘

The microprocessor based controller is shown in Figure

: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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Figure 9. Condition monitoring and control of propulsion plant

The output of the system will be

a. output 1 — command to reduce fuel flow rate

in gas turbine

b. output 2 - value of calculated field generator

resistance for maximum deceleration.

Outputs are also provided for alarm purposes or self-test

diagnostics.

The operation of the system will be as follows :

Upon issuing the command CRASH-STOP the controller

is enabled for CRASH-STOP maneuvers. The necessary field

generator current is calculated from Eq . (39) and then the

required resistance value from the relation

Simultaneously, the WF = idle is issued to a solenoid valve

to cut the fuel flow rate in the gas turbine. Feedback is

provided so that a false or slow response due to false operation
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can be identified and corrected if possible . When the pro-

peller speed reaches 13 rmp the system returns to normal astern

maneuvers by giving the command to increase the fuel flow rate

in the gas turbine .

The above microprocessor based controller has been imple-

mented for the CRASH-STOP maneuvers only but there is no reason

why such a system could not be implemented for the complete

control of the propulsion system.

A complete diagram of the closed loop system is shown

in Figure 10. The results of the closed loop simulation are

shown in Figures 32 to 35.

In particular , Figure 32 shows the variation of ship ’s

speed versus time . Comparing this figure with Figure 31

where the open loop system velocity variation is plotted , it

can be seen that the time to achieve zero velocity with the

closed loop system has been increased to 24.2 seconds , i.e.,

— 
an increase of 4% more time than in the open ioop system.

This is to be expected since the response of the system takes

into account the time response of the positioning servo-

mechanism involved for the regulation of the generator field

current.

Figure 33 shows the variation of propeller speed versus

time . A comparison with the results shown in Figure 28 for

the open loop system shows a sl ight d i f fe rence  in the time

required to reduce propeller speed from maximum to zero . To

be specific , approximately a 2% increase in time is required

for the closed loop system.

- 
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Figure 34 shows the response of the positioning servo-

mechanism where Rc is the commanded position from the micro-

controller and RF is the actual value of the field circuit

resistance .

Finally Figure 35 gives the closed loop gas turbine speed

response where it can be seen that the increase in speed is

up to 3650 rpm, i .e., an increase of 1 .5% above the rated

speed in contrast with 2% increase in the open loop system.

This is due to the fact that the small time delay of the

positioning system causes a slight decrease in the armature

current.

An attempt to use an operator controlled open loop system

for the CRASH-STOP maneuvers is considered highly ine ff i cient

since the operator ’s response to fast changes in system dy-

namics will be very slow . On the other hand , for normal

operating conditions and changes of propulsion plant dynamics

an operator could quite ef fec tively control the system when

time response is not a serious factor.

Thus the proposed closed loop system using a microproces-

sor based control ler is considered to be the most eff icient

way for controlling the propulsion plant dynamics under any

operating condition, since this controller could, as stated

earlier, be implemented for control of the system under ar.y

operating condition without much greater effor t for program-

ming it.
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X. THE ROLE OF SUPERCONDUCTORS

The relative f l e x i b i l i t y  and simplicity accruing to elec-

trical power systems, in comparison to mechanical systems , has

long been recognized . Specifically, electrical power and

transmission systems provide flexibility of installation , are

easily suited to automation and have a high degree of dependa-

bility [151.

Despite these advantages , and others that could be obtained ,

the full benefit of electrical power systems has not been

realized in marine propulsion applications . To be sure elec-

tric drive systems have been used in ship propulsion , however,

such use has been mostly limited to small or intermediate size

propulsion p lan ts .  The prima ry reason tha t  elc ’ctric drive

systems have not been adopted for large power plants has been

that the weight and spoce for such systems is greater than

that required for geared propulsion systems . —

As mentioned above , an e lectr ic  propuls ion system a f f o r d s

greater flexibility of installation. In  contrast to a conven-

tiona l geared propulsion system extensive shafting is not

required and the location of the power source is not as re-

stricted. In addition , the large noisy reduction gear could

be e l imina ted . The noise generated by this component is of

increasing military significance . —

For some time now it has beon realized tI:-.~t when the

temperature of an electrica l conductor is reduced to a few

degrees absolute , the resistance of the conductor decreases
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to an immeasurable amount. The implications of this fact have

considerable value for use in electrical machines.

If the resistance in the windings of an electrical gener-

- 
- 

ator or motor is removed , much greater current densities can

be achieved with an accompanying increase in the magnetic flux

densities within the machine . If this increase in flux density
— 

is obtained , greater power can be generated within a given

volume. Thus , it follows that the volume of an electric

machine can be reduced if superconducting windings are used .

Superconducting machines also have disadvantages , how-

ever. In addition to the requirement that a superconductor

be maintained at a low temperature , there is a limitation on

the amount of current carried that is exposed to a magnetic

field . If the magnetic flux density increases then the per-

missible current density is reduced .

Similarly, the very fact that a superconducting machine

— develops extremely intense magnetic fields invites yet another

complication . Since fields of the order of several kilogauss

can be expected within the machine , disturbance of equipment

in the vicinity of the machine will certainly result , as well

as unbalanced loads on the superconducting field winding .

Therefore it is necessary that a shield be provided to confine

the magnetic fields within the machine .

From Ref. 15 it was found that if a superconducting motor

were to be used for the model ship derived in this study ,

L 

certain variations on the values already derived in Appendix

A would be necessary .
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Table III gives a comparison of the values used on the

model ship and those that could be used if superconducting

motors were installed . The values for the superconducting

machinery were extrapolated from Ref. 15, Table 3-1. These

values are the results of a computer optimization method .

For a generator set no data were available from Ref. 15 but

it was mentioned that the diameter of the machine decreases

rapidly as speed increases . For the model ship the generator

rotor was selected to be 4.9 feet in diameter which is reason-

able and compatible with that of a superconducting machine .

This study on superconducting machines was made in order

to be able to compare the values of the inertia used in the

model study with another model.

It is the author ’s belief that if superconducting machines

were to be used instead of the conventional DC machines , then

the variation of the specified parameters in Appendix A would

be minima l and the results would not differ much from those

obtained in this thesis.

If , on the other hand , conventional DC machines were to 
S

be used , modification of the calculated parameters most probably

would be necessary, since all calculations were performed on

data extrapolated from different machines .

It appears that the results obtained in this thesis for

a conventional electric propulsion system , would rema in sub-

stantially correct if superconducting machines were used

instead .
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Table III. Comparison Between Conventional and Superconducting
Machines

SUPERCONDUCTING CONVENTIONAL
MACHINE USED IN

- 
MODEL

- Operating voltage 300 volts 400 volts

Operating current 50,000 amps 33 ,000 amps

Motor speed 200 rpm 230 rpm

Approximate diameter 639 ft 6.5 ft

Weight 113,000 lbs 90,000 lbs

L__ 
_ 
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XI. CONCLUSION

This thesis has presented a control model for dynamic

braking of ships.

The use of di f f e rent braking devices , such as a resistor

bank or a mechanical brake has been avoided by the use of the

inertia of moving parts of the gas-turbine-generator set as

load on the motor , which during the dynamic braking phase

effec tively operates as a generator .

It has also been shown that by effective control of the

generator field current, maximum deceleration of the propeller

shaft can be achieved without exceeding the overspeeding limits

of the gas turbine.

The model used permits the study of dif f e r en t  motors and

generators as long as their characteristics are specified .

It also permits the evaluation of a given propulsion p lant

with different types of propellers if their characteristics

are also known.
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XII. RECOMMENDATIONS

The control method that has been presented for the auto-

matic control of ship deceleration during emergency conditions

provides a realistic tool for further studies. The following

are topics suitable for future investigation:

1. Design of a microprocessor based controller for all

phases of propulsion.

2. Effect of sea-state conditions on the operation of

the propulsion plant during CRASH-ASTERN maneuvers.

3. Development of a complete propulsion system, in-

cluding gas turbine dynamics and control based on microprocessor

based controllers .

4. Utilization of superconducting electric machines in

propulsion systems.
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Fig.15-Power dissipation diagram-Theoretical resistor

PMAX=Maximum power dissipated
PRB ~Power d i ss i pated in braking resistor RB
PRM ~Power dissipated in internal resistor RM
PERCl~ Percen tage of d is sipa ed power in R~
PCRC 2~percentage of dissipated power in RM
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APPENDIX A

DETERMINATION OF ELECTRICAL AND MECHANICAL
CHARACTERISTICS OF THE SYSTEM

A. DETERMINATION OF THE EL€TRICAL CHARACTERISTICS OF
ELECTRIC MOTOR AND GENERATOR

Since data of an actual working system were not available

at the time this study was conducted, an effort is made here

to establish the electrical characteristics of the motor and

generator, based on general known characteristics [4].
I

The maximum torque on the propeller due to the water

moving through its blades can be found from the tabulated

data of the propeller and the equation

Q C .p. (V 2~ (N . DY ) ( 1)
• p q p

Thus for the maximum number of shaft rpm ’s this was found to

be equal to

Q ~583SBO ft—lb ( 2 )
p

Assuming the frictional torque on the shaft to be constant

with a mean value of 22,500 ft ibs, then the maximum torque

exerted by the motor according to the equation

2w1 ~Qm - Qp -Qfr (3)

under steady conditions is found to be

Qm Qp + Qfr 608580 ft—lb (Li )-
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Translating this to horsepower gives

33000 
- 266 50 .87 Up (5)

Expressing this value in kilowatts we get

• P Hp x .7146 i-I88l.55 Kw (6)

For marine applications the maximum operating voltage of

motors is 600 V. Therefore the circulating maximum armature

current  wi l l  be

I - 33135.9 amperes ( 7 )

By now motor e f f i c i ency  of 1 has been assumed .

For this size motor almost 6% of the power is dissipated

in the armature resistance , so

Rm + R~ = ~~~~~~00 
~J .00 l0 9  ohms (S)

Assuming equal internal resistance for generator and motor

we get

Rm = Rg S 10 ’
~ ohms (~1)

The back emf of the genera tor becomes

Eg 600 + Ia . Rg 616.5 Volts ( 10)

and of the motor

Dn 600 — Li . 583.5 Vo~ t~ ( lOa)

under steady state conditions.

So for ahead maneuvers at max imum speed

100
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= L~n + 33 Vo ~ t s (1 ~)

and for astern maneuvers

Eg Dii — 33 Volu~ i. I Lt )

The generator back emf on a D.C. machine is given by

E K • t f . ( 12)

from which solving for K

H E /(i -~~fl) ( 13)

Assuming, at steady state, a field current of 10% - 12% of

the armature current
then I

~ max 
140 ~lmperes

Therefore at maximum operating conditions at steady state

Em = 583 volts

N gt 60 rp/sec

Nprop = 230 rpm

Eq = 616 volts

So
0 .0b3.~6 and Hg 0.

Similarly , from the torque equation of a D.C. machine

Q K 
~~ ~a

having in mind that the output torque of the motor must equal

the sum of f r i ction and propeller torques , is found to be

Q 608580 ft—lbu~ x
101
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Solving Eq. (14) gives

Km

For the genera tor , considering maximum operating conditions

and steady state at 3600 rpm the tabulated data give

3~O00 f t — l b

therefore from Eq. (14)

Kg

The above results are summarized in Table IV .

B. CALCULATION OF PROPELLER MOMENT OF INERTIA

From [16), propeller weight is given by

~ K . P~~~~ R) ( ~~~

where D is the diameter of propeller in inches

P ~13.~~4 f t  :l t ~ ’ .20

MWR is mean width ratio = .8 for a three bladed propeller

SRI is blade thickness fraction and is assumed to be .05

K is assumed to be .26 for three bladed propellers.

Substitution yields
W 140I~I~~1.66 lb
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Table IV . Summary of Characteristics of Motor and Generator

AA DESCRIPTION MOTOR GENERATOR

1 Torque constant  Km = 0 . 4 5 9 1 5 3  KG = 0 . 0 2 8 6 6 9 7

• 2 E lec t r i ca l  constant K m = 0 . 0 6 3 2 6  KG O . 0 0 4 2 9 16

3 Ba ck emf (max )  Em = 5 83 . 5  vol ts  Eg=6 16 .S  volt s
—4 — 44 Internal resistance Rm=5 10 ohms Rq=5 10 ohms

S In t e rna l  inductance n e ql iq i ble  n e q l i q i b l e

6 Field voltage E =400  vol ts  E =400  vol tsfm

7 Field resistance R = 10 ohms mm R~ ~ 10 ohms mmmf t q

8 Field inductance L =20 hrs  L =20  hr smf t q

At steady maximum f i e ld  cu r ren t  I~ 40 amps
state

maximum a rmature  cu r ren t  I 33136 ampsa
Notice that  the d i f f e r e nc e  in Eq and Em is 33 vo lt s~ ther e fo re ,

wi thout  overloading the a rma tu re  c i r c u i t , app l i cat io n of ast er n

motion s t a r t s  when Em = 33 vo l t s .
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There fore propeller mass

m -b-- 
~~~~~~~ S~

s 1t~— -
~~~~

-

The radius of gyration is assumed to be . 25  D so

( . 2~ I~~~ 
2 

~~ ~t’ l. t 
2

An allowance of 25% increase is allowed for the inertia of

entrained water in the propeller. Therefore

I I ~~~~~~~ 2~1~~L’ . 2  : t — 1 ~~ ~;ec
p i’

C. COMPUTATION OF MOMENT OF INERTIA OF MOTOR ROTOR

Since no data were available for a D.C. motor this size ,

considering data which apply for a synchronous motor of 15000

Hp rating output power and which qive the weight of the

rotor to be approximately 69,000 lbs , a rotor weight of.90 ,000

lbs was selected [12). Therefore

m —
~~
- 

~~~~
‘
~~~‘ . 2 3  ~~~‘ sec , t t

and
-~~ I 2  m r ~

2

For an outside diameter of the rotor of ( 2 ) 6 . 5  f t  we ~et

tm lS0t~2. 2 ft—lb ~ec

D. COMPUTATION OF MOMENT OF IN ERTIA OF PROPELLER SHAFT

Assuming a shaf t  length of 50 ft with outside diameter

D2 = 1.6 f t  and inside diameter Dl = 1.37 f t  qives:  [ 12 1

Vo1~u~~ n~ r 2 —R 1~ t4 :3t . 12 t t ’
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3The specific weight of steel is 4’~0 lb ft

so weight of a shaft
:-~.‘~ 11’

so mass

and .‘. t — ~~~‘ ~:~~~-

Total moment of ine r t i a  ot  motor—propeller s y s te m

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

E. CALCULATION OF GENERATOR ROTOR MOMENT OF INERTIA

As in the case of the motor and taking into acco un t the

maximum n umber of r evo lut ions  of the generator  a ro tor  w e igh t

of 40 , 000 lbs ( 1 2 ]  was assumed

There fore

2. 2~
and assuming an outside d iameter  of D = 4.9 ft we ~iet

~ ‘2 ~ ~~~~~ ~ : t — : ~ ~~~~~ _‘

F. CALCULATION OF TURBINE ROTOR INERTIA

From ( 9 ]  the fo l lowing  data were ext racted

Low pressure compressor Jp 586

High pressure compressor Jp = 4 S~

Free turbine rotor Jp = 500’~1
where Jp = polar moment of inertia. Therefore

I ~
— —

~~ I ~~~ . ~
-‘i — 1’ - ‘c
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Therefore total moment of iner t ia  of gas turbine-generator

system

I~~ Ig + I~’eii 39 1 6 . 2 ~~3 ft-tf~ ~~c

C. CALCULATION OF THE WEIGHT OF B RAK I NG RESISTORS

In order to be able to select the system that will be

applied some cr i ter ia  about the size of the braking resistors

are needed for each case [171.

The energy that has to be dissipated in the resistor is

g iven by

E in jo ules/sec

The energy which has to be absorbed is given by the area under

the curve of the previous equation.

If the resistor were of copper wi th  specific heat of

0. 0918 BTU/ lb°F , for an acceptable temperature rise of 100°C

the weight of the resistor wi l l  be g iven by the formula

Weight in lbs ~~ner~ i absorbed in joules

0.~ 9l8—~~~-~.x212 F x 10514 .8

The energy absorbed in jou les by the braking resistor in

each case was found by using Simson ’s discrete integration

formula.
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Table V. Weights of Necessary Braking Resistors

Method of Energy Absorbed Wei ght of
Dynamic Braking in Joules Resistors in lbs.

Use of a Variable 1.38717 1O 7 675 .7
• Resistor

Use of a Fixed 1.7621 io6 85.883
Resistor

Use of a Mechanical 1.3870 ~~~ 673.3
Brake with a Variable
Resistor

Use of a Mechanical 1.2549 106 61.131
Brake with a Fixed
Resistor
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