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Abstract

A study is carried out to analyse the closed loop control system of a
marine bled steam turbine for both turbine's speed and extracted steam
pressure. Control action on steam admittance valves 1is achieved
through simultaneous interference of the wused controllers. The
controlled plant parameters were chosen "so as to simulate rather
difficult control conditions due to significant time delays inherent
to the plant and a small rotor time constant. Furthermore, the
disturbances are considered to be sudden changes represented by unit

step functions.
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1. Introduction

Ships, and consequently their propulsion plants, are normally

subjected to considerable load disturbances during their operation.

Due to ship motion among waves, the head on the propeller and the
pressure distribution on to blades vary continuously. Waves also
result in an increase in ship's resistance thus leading to a reductionf
in ship's speed. Consequently, the angle of attack of the blades is
also affected. All these factors may lead, according to propeller
circulation theory, to considerable disturbances represented by
changes in propeller lift and drag and consequent changes in propeller

thrust and torque.

Variations in propeller torque, when transferred to the steam turbine,
through reduction gears, represent external load disturbance on the

plant.

The steam cycle considered here 1is a regenerative steam cycle with

single steam extraction.

The fluctuation of the load on a marine steam power plant, while
affecting the steam rate, changes ir turn the condensate outlet
temperature from feed water heaters. Moreover, this condensate outlet
temperature may be sligh@ly affected by regional ambient temperature
variations along ship's route. Both variations, in the amount of
condensate and outlet temperature from feed water heaters, will urge
the temperature regulation system on feed heaters to change the amount
of bled steam resulting in a change in the steam pressure in the

extraction room. This would represent a second source of disturbance
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on the steam turbine plant.

Sudden changes, e.g. in 1load on a power plant represent severe
disturbance [1]. Although disturbances on a marine power plant are
basically of stochastic nature, unit step disturbance is normally

adopted, since it represents a more severe test function.

Apart from external disturbances, even a well designed propulsion
system, may possess poor dynamic behavior from the point of view of
its control. This may be attributed to considerable time delays in
accumulators such as steam manifolds. Moreover, turbine rotors tend to
be designed rather 1light and flexible, especially for small driving
powers, to avoid whirling of the rotor. This leads to relatively small
rotor time constant, which 1is again inconvenient from the control

point of view.

Further, to evaluate the control behavior under adverse conditions,
the hydraulic servo-motors are supposed to be slow acting, i.e. to
have large time delays. Such increased time delays may be due to
deterioration of components of the hydraulic servo-motor affecting the

response of the system [2].

Control systems are to be designed such as to maintain deviation
tolerances with respect to plant dynamics and the nature of expected
disturbance [3]. Few publ%shed works exist in the field of treatment
of the control of steam turbines. The majority of the published work
either tend to adopt simplified mathematical models [4,5] or to
present systematic structuring of control systems [6]. However, in [7]
a more sophisticated mathematical model was presented, though without

numerical evaluation.
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In [8], when studying the similarity of dynamic behavior of different
heat engines' portions, speéd control 1loops with single input and
single output were computationally evaluated using proportional or
proportional-derivative controllers with and without a derivative
auxiliary controller. Integral control actions were excluded from the

analysis.

In [9] a scheme for compound regulation of bled steam pressure and
turbine's speed with independent ccntrol actions, Fig. (1), was
analysed, such independent control actions have the drawback of slow
transient response. This is due to the fact that the speed controller
interferes only on the main steam governing valve. Moreover, a
disturbance introduced from the change in the amount of extracted
steam will affect the turbine's power, and consequently the turbine's

speed, thus resulting in an additional disturbance on the plant.

Simultaneously-interfering controllers eliminate such drawbacks and
hence give a better dynamic response than control systems with
independent control actions.  Therefore, simultaneously-interfering
controllers will be considered here to regulate both turbine's speed

and extracted steam pressure in a marine bled steam turbine.

2. Alternatives of Multi-variable Control Systems

It is intended to investigate the time domain response of the closed
loop control system composed of the marine steam turbine, as the
controlled plant, with a proportional-integral-derivative (PID) speed
controller and a proportional controller for extracted steam pressure.

Auxiliary energy hydraulic servo-motors, with P control property are

Alexandria Engineering Journal October 1988




Time Domain Analysis Of A Marine Bled Steam Turbine 187

S
1
|
l

;Eil
fi
ik

Fig.(1) Fig.(2)

T

1 Fig.(3)

Alternatives of multi-variable control systems for marine steam turbines
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Alternatives of multi-variable control systems for marine

steam turbines (cont))
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also in use. Each controller affects both steam governing valves for

simultaneous control of turbines speed and extracted steam pressure.

Alternatives of simultaneously-interfering control systems are shown

in figs. (2) to (5).

Fig. (2) is based on the hydraulic flapper-nozzle principle [10]. Fig.
(3) represents a system based on the same principle, however with
differential servo-motor [5]. Figs. (4) and (5) incorporate mechanical
links and hydraulic servo-motors transfering control signals to steam
regulating valves [5]. The system in Fig. (5) 1is for a double

extraction steam turbine.
Despite that these systems posses different control mechanisms, they

all reduce to basically similar block diagrams and transfer functions.

The system considered here is the one shown in Fig. (4).

3. Mathematical Modelling

The control system of Fig. (4) is mathematically simulated by the
block digram shown in Fig. (6), indicating transfer functions, unit
step responses and control properties of minor blocks. For determining

the transfer functions, reference in made to [11,12,13].

It is worth mentioning +that reference signals of speed as well as
extracted steam pressure are nullified since we are interested only in
the dynamic behavior of the control system under external
disturbances. Moreover, all control signals represent non-dimensional

values related to the corresponding nominal values.
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The heat drop ratio before steam extraction is, according to common
practice, one third of the total heat drop in the turbine. The
connection points on the levers connecting the speed and pressure

governors to the pilot valves of the hydraulic servomotors are taken

equidistant.

By means of the superposition principle, the multivariable block
diagram reduction gives the relative speed deviation n(s) in terms of
the relative load and steam extraction disturbances, through the
transfer matrix. Because of restricted space, the lengthy and tedious
manipulations leading to the final form are not reproduced here. The

final input-output relation, in matrix form, is given by -

Z(s)

n(s) = [ a a 1.

GE(s)

where

Z(s) relative external load disturbance
GE(s) relative bled steam amount

S Laplace operator

G11(s) Fz(s)

81 =7
F1(s)F2(s)-F3(s)F4(s)
F3(s)
#g = T
F1(s) F2(s) - F3(s) F4(s)
F1(s) = 1 + 0.5 G10(s) G11(s) [3 G1(s) G 9(s) + G3(s) G 5(s)]
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F2(s) = 1 + 0.5 G2 (s) [G3(s) 4 G9(s)]
F3(s) = 0.5 Gz(s) G11(s) [G3(s) GS(s) - G1(s) G2(s)]
F4(s) = 0.5 G1O(S) [GS(S) - 3G9(s)]

G 1(s) to G11(s) are the transfer functions indicated in Fig. (6).

It 1is noted that both a11 and a12

an increase in Z(s) and/or GE(s) would result in a decrease of

are negative. This reveals that

speed.

4. Numerical Treatment

The 6th degree characteristic equation of the system was factorized in
search of all its roots. A search algorithm based on Newton general
method for finding the roots of a polynomial [14] was adopted to pick

up the roots to an accuracy of 10_6.

Roots were found to be both pure real as well as complex. Since all
the real parts of all roots were found to be negative, the absolute

stability of the system was assured.

The general formula for the inverse laplace transform of the quotient
of two polynomials giving the speed deviation n(t) can be expressed as
[15]:

m k
n(t) = Z a.é*!it sin (B.t+ 6.) + Z b.é—ait,
i i i i
i=1 ’ i=m+1
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where k 1is the total number of roots of the denominator, m is the
number of complex root pairs, and ai, bi’ ai, Bi and ei are

the inverse Laplace coefficients. n(t) was then finally evaluated at
different time intervals. The selection of the used time increments
was based on optimizing the intervals depending on the shape of the

time response curve [15].

Single precision results were found to be inacurate, e.g. having
non-zero values at t=0, a condition not complying with the initial
value theorem or with the expected transients according to time domain
system identification through graphical analysis. The inconsistency of
the results was eliminated through more refinement of the roots and

using double precision arithmetic.

All numerical computations were carried out with programs written in
FORTRAN IV on the PDP 11 computer of the Faculty of Engineering,

Alexandria.

5. Numerical Evaluation of Time Response for Different System

Parameters

For the numerical evaluation of the time response, different control

system parameters were considered.

These parameters and their used values are given below:
T1, T2 time delays due to steam accumulators after the main steam
governing valve and the second governing valve, respectively.

Vol. of accumulator

steam vol. flow rate
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'r1 = 0.3 sec; T. = 0 sec

Tp rotor time constant

rotor polar mass moment of inertia x nominal ang. vel.

nominal driving torque

T = 16 sec - 0
P Tarb, (e An0)
A rotor's proportionality rom | I
constant y
1 (rpm)nom. - n, (B>1, A1)
A= - 8 = \
B (rpm) nominal

|

|

|

nom. ?m |
|

If A is nonzero, it leads to |
|

a (P1) control property.

- — Tarb
If A=0 (B==), it leads ";’:",’:‘:’ o o8
to (Io) control property, Nonlinear and linearized

- L
1 relation between turbines
rpm and power

which is more difficult to

control.
A=0

TE = (extraction room vol. x max. extracted steam press.)/(superh.

steam const. x abs. steam temp. x max. mass rate of steam
extraction).

TE = 10 sec

Tg time delay due to pneumatic resistance capacitance(RC) effect

) in the pipe between extraction chamber and pressure controller
Tg = (extraction room vol.)/( superh. steam const. x abs. steam
temp. x orifice coeff. x arifice cross-section)

T = 0 sec
g 8
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B H ratio of heat drop before and after steam

R
ex%raction related to total heat drop
HR = 1/3 i HR = 2/3

spéed controller's gain
Ro = 20, 25, 30 (non-dimensional)

integral property coefficient of speed controller

RI = 0, 0.8 sec_1

derivative property ccefficient of the speed controller
RD = 0, 8 sec

extracted steam pressure controller's gain

R_ = 20 (non-dimensional)
T time delays of hydraulic servo-motors interfering on the

s2
main steam governing valve and the second governing valve,

respectively.
Ts = (cross sectional area of power piston)/

(Proportionality coeff. of the uncovered portion of pilot
valve).
Ts1 = 0.3 sec, TS2 = 0.3 sec
B,C,D,E 1lever ratios for transfering control signals from speed and

pressure controllers to servomotors

B=20.5
cC=1.5
D = 0.5
E =0.5

6. Results and Discussion

Results for the time domain response to a superposition of unit step
load and steam extraction disturbances were evaluated for the

considered system parameters. The results are illustrated in Figs. (7)
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to (13).

“Fig. (7) illustrates the comparsion of the time domain behavior un{
control of P- or PD-controllers. It can be seen that the P-controlle
results in higher speed deviation together with larger peak tim
compared with PD-controller, for the same proportionality gain of
controller Ro' Further, increasing Ro and/or RD decreases
maximum speed deviation and peak time. Significant increase only in
Ro’ however, may have more appreciable effect than inereasing only
RD while keeping RO constant.

It is worth mentioning that for plants having poor control
characteristics such as small rotor time constant, large time delays
(either in order or in magnitude) or subjected to severe disturbances,

such as in the case considered here, the D property is incorporated, 7

and even increased, in order to improve the time domain requirements.

The results for P- and PI-controllers are shown in.Fig. (8). The
effect of increasing only RI does not have a considerable effect
either on the maximum speed deviation or on the peak time.

Fig. (9) illustrates the results for PI and PID controllers. From this
curve it can be seen that with RD = 0, increasing Ro from 20 to 30
results in a reduction of about 20% in the maximum speed deviation. On
the other hand, introducing D property with RD = 8.0 sec, results in
a reduction in the maximum speed deviation also by about 20%,
irrespective of the value of Ro' Since a PID-controller means much
more manufacturing cost compared to a PI controller, it can be said
that increasing RO alone is economically preferable to introducing

D-property, at the same value of RI.

Alexandria Engineering Journal October 1988



Time Domain Analysis Of A Marine Bled Steam Turbine 197

lig]
I l ~
©
v 8 3 &
L
w 2 8 8 =
— < 2 8 8 —° 124
[=]
= : 8 (=X o
2
!
i o.
b =% 2 8 =4 o
““ =
. - e
Lz & & « —Juw d
= ~ <
¢ G 1=
z O T
- | 0 ~
(&) o I
v
E
<2}
g
| F o0
c %
foary
=
IR
N~
| l | | =
@© ~ O w0 3 ™ o~ — o 58
) o = o o o o o S e
e} O S O O o S o o -

uoleIASp poads

Alexandria Engineering Journal October 1988



1ouanop 611?«12311}52!3 DIIPUDTD] §

speed deviation

8861 a2qo200

86L

| | |
008 — Curve Nr. 1 7 3 g 5 T
Ro 20 20 25 25 30 30
007 |— Ry 00 08 0o 08 00 08 —
Rop 00 00 00 00 00 00

006 |— ]
005 — o] =
:
‘\\\\\ X
003 — 3]
0 &
@ &
002 - — I
~
d
00T H- &

000 l | | l
0 5 10 15 20 25
time, (sec.)
Fig. (8) Superimposed transient response of the closed loop with P and PI

speed controlles.



1puInop Buiaosuirbug DIIPUDIILY

8861 <2q0790

speed deviation

008 |-

007

006

005

003

002

001

000 ¢ ] J

] T
Curve Nr. 7 8 9 0 N 12 =

R, 20 20 25 25 30 30

0 5 10
time , (sec.)

Fig. (9) Superimposed transient response of the closed loop with PI, PID

speed controlles.

661 2uiqan] umolS palg duldDp ¥ £0 Sisfipuy uipwoq auij



00

v
]

PO AL PID
008} Ro = 20 Curve Nr. 1 2 7 8 -

Rg 00 00 08 03

007 |- 80 00 60 _

006 \ | _

SICISIS
8

1ouanop buiaasuirbug

G V4
ko]
- pah ]
s 005 | ‘ _ =
& y
[S)
b 2
o 004l _ &
& o
) ' 0
003 L - g
b Y
o~
o«
002 n 3
:
Q01 o,

000 ! ! ] |
S 10 15 20 25 i

time, (sec.)

Fig. (10) Superimposed transient response of the closed loop with ?,PD,PL,I
speed concrollers for constant R .

 12q0790
o




Time Domain Analysis Of A Marine Bled Steam Turbine 201

For a specific value of RO(Ro = 20), Fig. (10) shows a comparison

of the response of P, PD,. PI and PID controllers. Apart from the
question, whether it is required to keep constant the turbine's speed
irrespective of the external disturbances as in the case of a
turbo-generator, it can be seen that a PD - controller is preferable
to a PI - controller with respect to speed deviation, for the same
value of Ro' This fact is confined to the begining of the transient
response, particularly with zero order of delay, as in our case. As

time increases the effect of the I-property dominates.

From Fig. (11) it can be seen that the effect of Ry is more

effective in improving the maximum speed deviation than RI'

Figs. (11) and (12) show that increasing R_ magnifies the effect of

RI on maximum speed deviation and pZak time, respectively,
particularly for lower values of Ro' The maximum speed deviation is
improved by D-property. However, introducing D-property  increased peak
time for most of the considered range of Ro' Fig. (13) shows the
steady state error with respect to RO for different values of RI

and RD. It is evident that the steady state error vanishes when an
integral property is incorporated into the controller. Further, it is

independent of the value of RD and decreases as R0 increases.
7. Conclusion

The time domain response of a marine bled steam turbine with
simul taneously-interfering speed and extracted steam pressure
controllers has been investigated as a multi-variable control system.
The considered plant was chosen to represent poor control

characteristics.
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The study displayé the improved performance as compared
contr.llers having independent control action, as treated in [9].
improvem=nt can be expressed in terms of better transient performanc
specifications. For instance, the maximum speed deviation was redud§1
from about 10.3% to 6.5%. The peak time was improved from about 5 sec

to 1.5 sec. Also the settling time was reduced from 12 sec to 7 sec.

A comparison between simultaneously-interfering controllers with
different control properties was also carried out. The analysis should}
help in the task of selecting properly controller's properties and

coefficients.

In [16] a promising approach was suggested for obtaining quicker
settling time and considerably less ITAS index value through
introducing proportional minus delay (PMD) controllers as compared
with proportional plus derivative (PD) controllers. This may represent

a topic of interest for future work.
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