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INTRODUCTION
g N e
A’great deal of ingenuity has gone into the early
design. of mechanical-hydraulic control systems,
which do most of their “thinking" by means of me-
chanical.components. Common sense and engineer-

ing intuitions were the most important ingredients
in the design of these pioneer control systems.

In.fecent yeéars we have gained much more exact
information on the process with which the devices
accomplish their functions., We have learned to ex-
press their performance mathematically and to iden-
tify their inherentlimitationsinmoreprecise terms.
We have also found that the expressions usedto de-
scribe mechanical systems have a complete set of
analogs in electrical systems, Withincertainreas-
onable limitations either one of the systems can do
the same thing as the other one, if we are immune
to complexity.

However, immune to complexity we are not. As
the control tasks become more complex we will steer
in the direction of the less complex system that ac-
complishes the specified functions,

The picture of the complexity of the control task
to be fulfilled is shown in a general way in Fig, 1.

PLEXITY
" OF
SOLUTION

DIGITAL ELEC.
COMPLEXITY OF CONTROL PROBLEM

Fig. 1. General philosophy of control systems

In Fig. 1:

The abscissa is the complexily of the problem
that has some relation to the number andthe nature
of the controlled variables and the needed perform-
ance (steady-state accuracy and transient deviation).

The ordinale is the complexily of the solution
that has some relation to the cost, the effort of ad-
justment, and the effort of maintenance of the entire
control system,

The mechanical system starts out with the least

omplex solution for a very simple task (a floating

ever is a very simple summer), butas the problem
gets more intricate, the complexity of the solution
increases rapidly.

The analog electrical system is more complex
to start with (we need an operational amplifier to
add with minimum error), but its complexity in-
creases more slowly; (if we want to add one more
variable, we just need one more resistor).

The digital electrical system is still more com-
plex for simple tasks, (weneed computer elements);
but adding very complexfunctions is relatively easy,
(we merely need to program them).

Fluidics, a fourth principle developed recently,
appears to have high capabilities with a relatively
moderate complexity of the solution, but practical
experience is limited at this time.

Assuming that the curves in Fig, 1 representthe
general picture sufficiently well, we could draw the
conclusions that the simple control system would
most likely be mechanical, the system for intermedi-
ate complexity would be predominantly analog elec-
trical, and the highly complex system wouldprefera
digital electrical solution.

Our present reheatturbine control systems would
probably fall in the category of intermediate com-

plexity.

MAJOR FUNCTIONS OF THE BASIC
ELEMENTS OF CONTROL SYSTEMS

The basic elements of a control system can all

" be called computing elements and their functions

can always be expressed in equations,

They can be classified according to their func-
tions as follows:

¢ Transducers

* Summers

¢ Differentiators °

* Integrators

e Amplifiers (multiplies a variable with a given

constant)

s Overriding devices (gating)

* Function generators

Any one device may perform several of these
functions simultaneously.

The functions of these devices are explained on
the following pages, with typical examples for me-
chanical and analog electrical systems.

1. THE TRANSDUCER

A transducer measures a certain quantity and
produces an output that has a given relation to that
quantity, probably including some limits.
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A mechanical lransducer for rolational speed is

‘ ‘the flyball governor shown in Fig. 2.

i LT
! t ey
POSITION
(OUTPUT)

(INPUT)

Fig. 2. Mechanical speed governor

The approximate transfer function of this speed
transdurcer is:

8X = Ky 4n 1)

w

Actually, this particular speed governor is a func-
tion generator with a characteristic as shown in
Fig. 3. :

Interpreting equation (1) on Fig. 3 points out the
process of linearization, whereby the slope of the

?uu LT
+2

+1

(UNITS) /<; Axl
X o - Anal‘{lk.ﬂnu
T Jrmr

-1 I |
| { |
-2 = l [ I
LIMIT
! L1
0.8 0.9 I 105 1.1

SPEED n (UNITS)

‘ Fig. 3. Characteristic of mechanical speed governor
6

characteristic at rated speed a is used to compute
Ki as:

K, = (%) =tna @)
at rated speed

An elecltrical transducer for rolational speed is

a simple permanent magnet (a-c) genérator operat-
ing a high impedance load (Fig. 4).

PERMANENT
MAGNET RQTOR

SPEED “
$ ) , En [:R]
v

~ NS

Fig. 4. Permanent magnet generatfor speed transducer

The characteristic of the permanent magnet gener-
ator is for practical purposes linear, Fig. 4a. The
transfer function of this speed transducer is

E(~) = Kpn @)

Bl — e

(0] n

Fig. 4a. Characteristic of permanent magnet generafor
speed transducer

Another type of electrical speed lransducer uses
a tooth wheel and a magnetic pickup that sends
pulses to a frequency-to-voltage converter which
transforms the pulses into a d-c¢ voltage propor-
tional to the frequency of the pulses, Fig. 5.

MAGNETIC | gt O I T

PICKUP /

FREQUENCY-TO-| E(pq,

VOLTAGE [ —°C
] CONVERTER .

n TOOTH WHEEL

Fig. 5. Magnetic pickup speed transducer
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This speed transducer is very linear downto ap-
oximately five percent of rated speed., Its trans-
r function is, therefore, similar to equation (3).

E(pc) =Ky 0 (32)

A mechanical pressure lransducer is a spring-
loaded bellows, Fig. 6.

@
==°=“

boo oo
boo o

XA
Pe |

Fig. 6. Mechanical pressure transducer (low pressure)

The transfer function of Fthis pressure trans-
ducer is

'where:

P = input pressure
A = effective bellows area
G = system spring gradient

sx=ap4& @)

An electrical pressure transducer can be in the
form of a Bourdon tube, operating a linear variable
differential transformer (LVDT), (Fig. 7). This
transducer actually transforms pressure into me-
chanical motion (X) with small forces and this mo-
tion is changed to an electrical signal by the LVDT
and the demodulator.

:Té‘—'——-;nmooumm —

AL, "m
P

Fig. 7. Electrical prassure transducer (high pressure)

The transfer function of this pressure trans-
ducer is AV = K, AP (5)

where:

P = input preséure
V = output voltage

Ky = -2—25-’ = transducer gain

Transducers of thiskind are usually very linear down
to almost zero pressure,

Mechanical vibration can produce undesirable
noise in the transducer output. The mounting of the
transducer must be done with this noise problem in
mind,

The LVDT is actually a position-measuring de-
vice that can be used in such applications as the
measurement of valve positions.

2. THE SUMMER

A summer is a device that performs the summa-
tion of two or more quantities. If any of these quan-
tities is added with a negative sign, the operation
amounts to a subtraction (computing of a difference).
The added quantities can be either variablesor con-
stant values.

In most cases the summer also multiplies each
variable with some constant value before adding it.

The simplest mechanical summer is a "floating
lever", Fig. 8.

X A rA A Y
-1———0-—.-L—-b—>
o . [) o)

Fig. 8. Mechanical summeor (flooting lever)

The following equation applies to Fig. 8.

z=x(5'j—b) +Y(-£—b) (6)

In the particular case where a=b, the sum becomes
z=X3Y (62)

The result of this summation will be reasonably
accurate only if the tilt of the leveris not excessive
(300 should not be exceeded).

ey . - W AR ——y A 2






The addition of three quantities canbe performed
‘-echanically by using a triangular plate, Fig. 9.

X

Fig. 9. Mechanical summer for three variables (wobble
plate)

If the plate is an equilateral triangle, the sum
Zis
g=WrXeY )

Note that the joints \w".'ith which the rods w, %, y and
z are connected to the plate must beball joints with
two degrees of freedom.

A larger number of quantities can be added me-
H chanically by breaking the addition into severalpar-
tial additions

V+ErW+X+Y=(V+W) +(X+7) (8)

and performing the addition in several steps using
floating levers to add each group of two quantities,

*The mechanical summation of more than three
variables is usually difficult because of conflicting
solutions to the problems of friction and backlash.

‘ Electrically the summation of d-c voltages is

performed by means of a highgain d-c amplifier (A)
called "Operational Amplifier”, represented by a
piece-of-pie~-shaped wedge, Fig. 10,

FEEDBACK
R¢

£ Ry Eo
. l_——} A . el
OUTPUT
Rz

INPUTS

\SUMMING JUNCTION

E, 00
1 _'—_i‘\SUBSTANTIALLY GROUND

,," POTENTIAL

Fig. 10. Electrical summer (with resistors)

Here the equation for the output voltage is

R R
{ £ R¢
‘ Eo:"-(El'ﬁ'i"i'Ez_Rz eve +Enﬁ) (9)

The following points should be noted and well re-
membered for the understanding of the subsequent
material, .

1. The output of the operational amplifier is al-
ways of reversed polarity. (It can be said thata
multiplication with -1 is inherent in this summer.)

2. The gain with which each input signal isadded
is proportional to the feedback resistance (Rf) and
inversely proportional to the respective input re-
sistance (Ri, R2, ... Rp).

3. The possible number of inputs is almost un-
limited.

4. The summing junction can be consideredtobe
* subgtantially at ground potential because of the ex-
tremely high gain of the amplifier,

5. The simple resistors Rf, Ry ... Ry canbe re~
placed by any other kind of impedances (Z) in order
to produce almost any desired transfer function of
the circuit, Fig, 11,

Z¢
—  }—

Fig. 11. Electrical summer (with impedances)

Here the output voltage is:

_ Zg Zg Zg 10
Eo—- El—ﬁ+E2-fz+'.. En'z'—n ( )

See Appendix for impedance concept.

An impedance is in general an element in which
the magnitude and the phase relation of the current
with respect to an impressed voltage are functions
of the time variations of the impressed voltage,

In most cases a combination of resistors (R :
~—{—3~) and capacitors (C : {&—) is usedto pro-
duce impedances of different character. However,
it is possible touse inductances (L: VF~) as well,






In order to express impedances mathematically,

t is necessary to use the complex representation
means of the Laplace operator "g", For a sinu-

tdal mput voltage the Laplace operator can bein-
terpreted as

8 = jw (11)
where
jo= V=T

and w = angular frequency (of impregsedvoltage)
in rad/sec .

The impedance can now be evaluated as follows:
R
1. Resistor (—:3-)
Z=R (12)

The impedance of a resistor is not notfrequency de-
pendent,

Cc
2. Capacitor (—IE——)
1 1
2535 Cie (13)

The impedunce of a capacitor is oat w=0 and
zero at w.— <,
L

3. Inductance (Jtm\_) (ideal coil)
2 = sL.= jwL | (14)

The impedance of.the ideal coil is zero at zero
frequency and infinity at infinitely high frequency.

Actually a coil will always have a finite resist-
. ance, so that the impedance of the real coil would
have to be represented by
Z =R + jwL (14a)

and would have the value of R for w=0,

A selection of typical transfer impedances is:

-‘:‘0’6'0"—1&' Z= R+sL+cls . (15)

»

‘—D‘— R -
B | c Z2=3 +RCs (16)
Ry
_:—L 1+RyCs
Rz o [ Z2RiTaRFRz O (17
e

_r::._L_D__ Z= 2R(1+RCS) (18)

_D_.L—D_ Z = 2Ry

i

1 +(R2 +T)C 8

T+R; Cs (19)

3. THE DIFFERENTIATOR

The rate of change of a certain variable can be
measured by differentiating its value with respect
to time:

The rate of position (X) change is a velocity:

d.% = v (20)

The rate of a rotational speed (n) change is an angu-
lar acceleration

% = a (21)

A differentiation of a variable canalsobe expressed
by the Laplace operator "s" (see Appendix), for in-
stance, the velocity of equation (20)

dX)_
L (EF)" sX(s) (22)
or the rotational acceleration of equation (21)
dn
L (&)= sn(s) (23)

A dashpot, a mechanical device that acts very
much like a differentiator (at low input frequencies)
is shewn in Fig, 12,

Fig. 12. Mechanical position differentiator (for low
frequency)

o
i

e s o

e e o= @






‘l‘he transfer function of this device is
Y(s) _ Ts

25
X(s) 1+7Ts (5)
It can be seen that, as long as
1
Ts<< 1 (25a)
(s = jw— very small)
the value of % is close to
3% ) =Ts (25b)
(Ts <<1)
or
¥(5) =T Xs (25¢)
or
Yy = TS (25d)

T is the time constant (sec) associated with:the
dashpot configuration,

>

An electrical differentiator can be built with an
operational amplifier using a capacitor as the input
impedance, Fig. 13.

I'—-L_l
e e——
€
___4_|@_r(> €,
|
SUMMING JUNCTION

Fig. 13. Electrical differentiator

The impedance of the capacitor C is (see equa-
tion (13))
_ 1
Z1=c3 @6)

and the transfer function of the circuit is, assuming
a perfect amplifier

E .
[o]
'E—' =ReCs 27
or
Eo(g) = - RI C 8E1 (27a)
or
dEy (21b)

Eoy=- R Cop

This is a pure differentiator at all frequencies:

(w) of Ey but if the differential becomes too big,

10

the operational amplifier will saturate and give a
wrong output. This will happen when the input sig-
nal Ej is noisy. Differentiators must be handled
with a good analytical knowledge.’ In general, it is
not advisable to have an input capacitor connected
directly to the summing junction of an Operational
amplifier,

4. THE INTEGRATOR

An integrator is a device thatintegrates the value
of a variable with respect to time. A good example
of a mechanical integrator is the combination of a
pilot valve and a piston, Fig. 14.

X
INPUT

PILOT
VALVE

T HY

e
OIL PRESSURE |,
(AUXILIARY POWER) [

Fig. 14. Mechanical integratar

From this {llustration it can be seen that if the
pilot valve is lifted by the amount X above the
neutral position, the piston will start moving im-
mediately and keep on traveling at a given speed
untfl the pilot valve is returned to the neutral posi-
tion, or untfl the piston reaches a stop (which is
also called saturation).

The particular meaning of the term "integration"
can be seen in Fig, 15,

Expressed mathematically, the integration per-
formed in Fig, 15 is

t
Y(t) =K of x(t) dt (28)

AYr KX, dt

x =<

X0 M|
/£

14 gul

L /f
/'/ -ngt-o-

5

Integration

@ . . .
hgd ...-.......«.-,.‘M.MWWWMwl'zvhmvn@m.p,‘,._.ﬂ,a_.-“,zn oy SN e easte g a,
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KX
_ (s)
Yig) = e

Ilising the Laplace operator s, this canbe written as

(29)

The operator s in the denominator signifies an in-
tegration.(See Appendix).

K is called the gain of this integrator. Itis a
constant containing the fixed physical parameters
such as oil pressure, port width, piston area and
flow coefficients,

By rearranging equation (29) we canimmediately
see that the rate of change (the linear speed) of Y is
proportional to X:

s Y(s) =K X(s) (30)

This simple example points out how the simplifica-
tion of the control language using the Laplace oper-
ator s works,

We can also see that the piston (Y) will keep on
moving until X becomes zero, which is one of the
basic qualities of an integrator (as long as it is not
saturated),

Other examples of integrators are the turbine
shaft of which the rotational energy is the time in-
egral of the sum of all torques applied to it, or the
gsure in a steam vessel that is the time integral
the algebraic sum of steam flows into the vessel
flow out of.the vessel has a negative sign).

The electrical integrator can again be built with
an operational amplifier, Fig, 16.

Cs
| {
I\

E, Eo

Ry

&
Fig. 16. Electrical integrator

The impedance Zf of the feedback capacitor is
again ,

1
5 (31)

T = e

f Cp

and the transfer function of the amplifier circuit is

B

1
Eo(gy = - (32)
(s) "R C;s
or
1 t
=~ dt 32

For) =" Ry J% (322)

Similar to the mechanical integrator, is called

the gain of this integrator and its dimension is
1

sec
volt at the input (Eq) (until saturation occurs).

. It is the rate at which E, changes with one

5. THE AMPLIFIER

Amplifiers cover a wide range of devices basic-
ally intended to increase the level of a signal to a
higher level in magnitude or in force, or in voltage
or current --- in short, to transform a signal in a
predetermined way to a higher level.

Mechanical stroke amplifier. A simpleexample
is a lever, Fig, 17,

lt— ¢ ——]

X v
= d)
s .

Fee — b

Fig. 17. Mechanical stroke amplifier

Its transfer\ function is

v=kx=2x (33)
This amplifier has no time lag; its gain Kis the
lever ratio. It amplifies only the stroke, while the
energy level of the output is substantially the same
as the input,

Mechanical -hydraulic amplifier. The mostcon-
mon one is the servomotor, It uses hydraulic fluid
under pressure for auxiliary power, Fig. 18,

P Com— t Y

X o C
[@ S)
L—a——c-b——

PRESSURE __-
FLUID PISTON
AREA!
FLOW RATE PORT WIDTH: Ap(in2)
¢( ins i 2)
Sec/ ™ Wein)

Fig. 18. Mechanical-hydraulic power amplifier
(servomolor)
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: O'he amplifier shown in Fig. 18 usually amplifies
stroke and the energy level ... the latter appre-

ciably (about 1000:1) ... and can be used to drive
substantial loads, The output (¥) follows a change
in input (X) position with a time lag.

The transfer function of this servomotoris

Y(s) K

X(s) “1+Ts (34)
where K is the lever ratio:

k=22 (34a)

also called the steady-state gain, and T is the time
constant of the servomptor (in seconds)

(34b)

A step change of the input X is followed by a move-
ment of Y as shown in Fig. 19. This response is de-
scribed completely by the transfer function (34).

Fig. 19. Response of servomotfor

»

A servomotor can also be built "'single acting",
whichi means simply that the oil forces on one side
of the pistonare replacedby a strong spring, Fig. 20.

? X4 °l ]
Q.

}4-0 !~ b~

¥ Y

OOOL

s

P ¢ Ap

@ =
, P\WP

12

In this particular case the reversing lever in the
feedback has been omitted so that Yhasthe opposite
direction of motion of X,  The transfer function of
this servomotor is the same as equation (34) with

K=- g (34c)
and
A
T =— P (sec) (344)
a+5 "p ¢

From this example it can be seen that sign re-
versals in the chain of control components canvery
easily be applied, and it is basically not important
what a specific sign in the chain is. The important
thing is that the end effectof all sign changes makes
the final element operate in the proper direction.

Occasionally the sign of intermediate steps can
be chosen so that failure of a givenlink in the chain
makes the system fail in the right direction,

If, for example, the connection at X in Fig, 18
breaks, the pilot valve will fall down and decrease
Y which will close the valves, therefore constituting

a failsafe system. :

i the connection at X in Fig, 20 breaks, and the
pilot valve falls down, Y will increase; if this would
open the valves it would not be a failsafe system.,

Therefore it can be said that the sign of inter-
mediate control quantities can be significant in the
failure analysis of the system.

Electrical amplifier. Electrical.signals can be
amplified in a number of ways,

A vollage amplifier where a sign reversal can
be tolerated is the simple use of the operational
amplifier, Fig. 21, where

R¢
EO = - El R (35)
R¢
e
Ey Ry Eo
—{ 1 A A
Fig. 21. D-c voltage amplifier
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)Tpe increase in energy level of this amplifier is
significant,

.

Usually the amplifying function can be incor~
porated in a device that performs other functions
as well, '

Occasionally, when a sign reversal is needed, this
voltage amplifier is used as a reversing amplifier.

A current amplifier can be built with a transis-
tor, Fig, 22,

+

TRANSISTOR

Fig. 22, Current amplifier

This amplifier can produce a higher currentthat
might be needed to drive the next stage. It will
change the voltage only slightly and it will not change
the sign,

Electrohydraulic amplifier. An amplifier com-
bining electrical and hydraulic components is used
in electrical systems to drive substantial loads such
as steam valves, Fig, 23.

While the transfer function of this amplifier is
too complicated to be discussed here, itcanbe seen
that the freedom of choice of Zi and Z2 makes it
possible to design the loop so that itoperates under
optimum conditions (as shown in Fig. 24 for a step
input change).

OUTPUT (Y)

100 % €
OUTPUT STEP INPUT (&)

5
100%
INPUT STEP

0 —_—
Fig. 24. Response of electrohydraulic amplifier
The new position is reached somewhat faster than

on the mechanical system and the positioning accur-
acy is generally better,

Z)
—
‘ E (+)
R /\
CURRENT
INPUT ——> ] \A/ ™  AMPLIFIER
Ef (—) zz
TORQUE
MOTORN
R ; »e 00
DEMODULATOR . JET NOZZLE
;7 27 Ql/,
L i ]
EXCITATION (~) H.P. FLUID II=l=_=1==11]
) T PiLoT
— s i ¥ STAGE
. ‘DRAIN
Lvor - .
yo——-0(0
QUTPUT = RAM

Fig. 23. Electrohydraulic amplifier
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' OVERRIDING DEVICES (GATES)

An “overriding device' is.a component of a me<
chanical or electrical system which makes achoice
between two signals, causing only one of them to
perform the controlling function.

In a mechanical system a typical example is the
load limit which can call for the valvesto be closed
further than the position set by the speed governor,
The principle is shownin Fig, 25a for a single-acting
relay (not exactly the speed governor loadlimit) and
in Fig. 25b for a double-acting relay,

—-

[ o
° o
X, 2 b4
P o
— ) TR

Fig. 250. Mechanical overriding device (single-acting
relay, X, controlling—- >
A%
[

)
v | [Joutprur

Fig. 25b. Mechanical overriding device (double-acting
relay, X, controlling)

One or both inputs can be either controlling sig-
nals or manually or automatically adjusted limit
signals., Since there is noswitchingactionwhen one
signal takes over from the other, the transfer is
. entirely smooth,

For the purpose of protection (trip devices) a
series arrangement of mechanically, hydraulically,
or electrically operated three-way valves can be

ed to obtain the desired trip action,

» In electrical systems this function is called
"gating” and the circuits that perform it are called
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either "low value gate" or '"high value gate", de-
pending on the application. A low valuegate circuit
is shown in Fig. 28,

ELC
Ry
Ry
[,
C—d
W R /A\ II>I Eol)
’ \/DIODE (ELEC. CHECK VALVE)

_Fig. 26. Electrical low value gate

The voltage Ej, () can, for example, be pro-
duced by a voltage divider (which isthecase for the
load limit) or by another control eircuit, such as
the initial pressure limit circuit. -

NOTE: Because of the fact that these gating
functions are all done in the electrical cir-
cuits, there will be no load-limit handwheel
or IPR at the turbine front standard; these
devices are all incorporated in the control
panel and the control cabinet, ‘

The output voltage Eq will be the less negative
of either Ej, (~) or -E] (disregarding the diode volt-
age drop).

It is, of course, possible to give Ef, (-) any num-
ber of characteristics such as those used for run-
backs or step-backs,

1. THE FUNCTION GENERATOR

Function generators are used to compensate for
the nonlinear flow characteristic of steam valves.

In the mechanical system we use cams in the
forward loop for the control valves, Fig. 27,

L (VALVE
LIFT)

(SERVOMOT 1 (STEAM
QUTPUT) O —> " FLow)

Fig. 27. Mechanical function generator (cam-operated
.control valve)
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Cblock diagram form this combination of func-

enerators is represented in Fig, 28.

L ) 5 ‘
Yy * L : K
(SERVOMOTOR { (VALVE STEAM FLOW
STROKE) 2 LIFT) L
Fig. 28. Block diagram for cam shaft and valve function

. generators

The effect of the series arrangementof these two
function generators is an approximately linear re-
lation between p and Yo,

A function generator with a characteristic similar
to the valve characteristic can be used in the feed-
back of the pre-amplifier, This is widely used on
the intercept valve relay.that produces the input
stroke Y} to the intercept valve servomotor and
compensates for the nonlinear flow characteristic
of the intercept valve. . This feedback function gen-
erator (cam) is shown in Fig. 29,

’

Yi
(INPUT)

PRESSURE
FLUID ___

by,

OJiouTPUT)

Fig. 29. Maechanical function generator in feedback
(intercept valve relay)

In block diagram form this intercept valve control
is represented in Fig, 30,

INTERCEPT SERVO- INTERCEPT
VALVE RELAY MOTOR VALVE

Yy X G Y’ I Yz' i B

tv

Z 2 1473 v
F reepsack
CAM

F
Yy

‘30. Block diagram of mechanical intercept valve flow

control with feedback function generator

In Fig. 30:

Yy = Intercept valve relay input

X = Pilot valve position (off neutral)
Y] = Intercept valve relay output

Y'2 = Intercept valve lift

uyy = Intercept valve flow

In order to obtain an approximately linear rela-
tion between the intercept valve flow (ppv) and the
input (Y3) the feedback ' function generator should
have very much the same characteristicasthe valve
flow-lift relation.

In the electrical system weuse "electrical cams"
in the feedback circuit of the valve positioning loop,
Fig. 31.

Ee) Pe Z, )

— 3

e B ; l [ —o{SER0 .
R 9 ame) VALVE STEAM

Eel) B ‘ VALVE

STEAM

V FLOW
g premmnn-gne
=~KE,

(ELECTR.CAM) RAM

l/_.

Fig. 31. Electrohydraulic valve flow conirol with feed
back function generator
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This nonlinear feedback can be implemented as
shown in Fig. :}2.

-

-22v
Rg Z,
BIAS —
@
€@ [ _;R: /A\ POWER | _TO SERVO
e \/ AMPLIFIER[™ VALVE
-
E:(‘) RZ
INITIAL SLOPE
DEMODULATOR |~ LvOT |e— _ RAM
POSITION

D @- FINAL
SLOPE T
—22v @--4 BREAK POINT ~
o—{ }— }— ﬁj

Fig. 32. Example of an electrical function generator
in feedback circuit
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The feedback circuit, Fig. 32, will approximate
valve characteristic by two straightlines; where-

e transition from one slope to the other is gently
rounded by the characteristic of the diode D, Fig. 33.

FINAL SLOPE
100%
BREAK POINT.
N ~ INTERCEPT
== POINT (NEXT
g3 g‘&?&omc VALVE' STARTS
» : OPENING)
52 // ACTUAL VALVE
&3 CHARACTERISTIC
INITIAL SLOPE
o .
0 VALVE LIFT 100%

Fig. 33. Approximation of valve characteristic by elec-
trical function generator (lwo slopes)

THE REHEAT TURBINE SYSTEM

The reheat turbine system we are concerned with
is shown schematically in Fig, 34.

SYSTEM OPERATION

The steam is admitted through main stop valves
and subsequently through a set of control valves,
Each of these control valves admits steam through
a different set of nozzle sections, Since these sec-
tions have been distributed around the periphery
of the first stage, they divide the steam admission
into partial arcs. If only a portion of the control
valves are open, steam is being admitted along a
partial arc of the first stage rather thanthrough all
360 degrees of the circumference. This mode of
operation is called "partial-arc admission."

During the startup process the thermal stresses

can be reduced by symmetrically admitting steam to
all nozzle sections of the first stage. Turbine con-
trol, up to a predetermined fractionof ratedload, is
achieved by fully opening the control valves and con-
trolling the steam flow by the stop valves. This mode
of operation is called "full-arc admission."

During full-arc admission operation the speedof
the unit can be controlled by some speed-controlling
means, either from auxiliary speed control equip-
ment (mechanical control system) or by the main
speed control (electrohydraulic system) acting on
the stop valves.

STEAM
GENERATOR MAIN
ittt STOP
_ VALVE
| e e e (M.S.V.)
I
| ? 1|
4 SPEED
| CONTROL !
OVERSPEED I/ HIGH = INTERMED.
TRIP PRESSURE PRESSURE LOW PRESSURE GENERATOR
|1J TURBINE TURBINE TURBINE
. CONTROL
Y T VALVES | /\
X | B RA'S) L
| i . LOAD
: ‘ _ INTERCEPT
{ e - vawve
| (L.v.) CONDENSER
I REHEAT
- = STOP VALVE —
REHEATER
€ (R.S.V.)
—

Fig. 34. Reheat turbine Hlow diagram
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. Two independent lines of defense against exces-
e speed are provided. The first consists of the

rmal speed control system operating the control

alves and the intercept valves. The second com-
prises the overspeed trip system which closes the

main and reheat stop valves onoverspeeds.in excess
of the preset trip speed and shuts the turbine down.

It is the task of the control system to use the
previously described elements in order to control

the four valve sets properly under any operating

conditions and within the safety limits of the turbine-
generator,

SYSTEM REPRESENTATION

A syst.em is usually represented inblock diagram
form where:

S1 + S;-Sg

5

Sy

is a summing point where the signal Sj and the sig-
nal -Sp are algebraically added.

I )
F(s)

is a control function (transfer function F(g)) that
ansforms the input signal I into the output signal
and can either be described in words or as a

mathematical term (in most cases as a function of
"g", the Laplace operator).

MECHANICAL CONTROL SYSTEM

This system consists of an operating control
system, supplemented by auxiliary controls andpro-
tections,

Operating speed/load control system

For simplicity the operating speed/load control
system shall be discussed separately ... first, with-
out the auxiliary controls and protections, This
simplified system is shown in Fig. 35.

The speed reference (position of the speed/load
changer pg) is compared to the speed (position of
speed governor £) and the difference (€) operates

the speed relay, which is a small servomotor. The
speed relay signal (m) is further amplified in the
main servomotor (1,) (see Fig. 18, equation 34) and
produces a valve position through nonlinear cams
(function generators).

The valves (also nonlinear) will produce a steam
flow (sy) that produces the turbine flow () with
a time lag of T3 caused by the bowl volume and
drives the turbine with the fractionf (approximately
0.3) of its power in the high-pressure turbine and
1-f (approximately 0.7) in the intermediate andlow-
pressure turbine after the reheater time delay
(TR) is taken into account.

Fig. 35.

Block diagram of mechanical reheat turbine speed control
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& TIP and LP) is compared to the load torque
and the difference is the accelerating torque (A7)
that drives the rotor (an integrator with a’gain of
-,-r-la- where T4 is the time it would take the turbine
to accelerate from standstill to rated speed with
rated torque). The output of this integrator is the
shaft speed which drives the speedgovernor,norm-
ally with a gain (Cg) of 20 (5 percent regulation).

.!nge sum (7) of the two partial turbine torques

Auxiliary control functions
and protection

Most auxiliary functions and protections work
through low value gates, Fig.36. A'low value gate"

is a device that has two or more inputs and its out-
put is equal to the lowest one of the inputs.

Auxiliary speed control functions:

» The intercept valve control that holds the in-
tercept valves open during normal operation (by

BOILER

.

a + bias) and will close them quickly on over-
speed in order to prevent the reheater energy
from increasing the speed excessively.

e The long-range speed control (LRSC, optional
equipment) that can operate the stop valve by-
pass valve for controlled full-arc admission
starting (C.V. open, stop valve bypass con-
trolling through CV-SV low value gate).

e The load limit and the stop valve bypass hand-

wheel for manual control inpartial-arcor full-
arc admission respectively.

Auxiliary pressure control function:

o The initial pressure limiter will close the con-
trol valves if the boiler pressure (Yp de-
creases below 90 percent and will control the
control valves with a 10 percentpressure regu~
lation approximately. It can also be made to
respond to the rate of pressure decrease.

»

BOILER PRESSURE CHARACTERISTICS
INITIAL
PRESSURE
LFMITER
R ~
ow 1 Jc.v ey,
VALUE
GATE .- v,
+ Bi1AS Msv. | #¢
LOW
Fsy :
S.V. ]
nSV :
HP
ADNAS 1V, REKEATER -1
e RELAY
ACTUATOR REHEAT
SPEED
LOW A
CONTROL %A;huf v A \s;,m-:ssuns
OTHER LJ LV, Ry
g{ﬁ’.’,m I RSV. A IPAND
LOW MULTIPLIER
e\
EMERG | [TRIP SysTEM Rev|oRsY EFFECTIVE AREA OF
system| PRESSURE = COMBINED REHEAT VALVE

Fig. 36. Block diagram of mechanical reheat furbine control

with auxiliary functions and protactions
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Qverspeed protect!ons

e The speed (c) is compared to an overspeed trip
reference speed @), If itexceeds pq the emer-
gency trip system trips the stop valves and the
reheat stop valves close directly, Tripping of
the bypass handwheel mechanism will prevent re-
opening of the stop valves until the operator has
reset the bypass handwheel mechanism to zero,

« On units originally shipped without stop valve
bypass the-load limit istripped by the emergency
trip system (dotted line),

Other protections:

o Other trip signals that can shut the unit down
through the emergency trip system include:

- low vacuum

- thrust-bearing failure

- generator protections

- high exhaust temperature

- excessive vibration

- excéssive differential expansion
- others,

Trip Anticipator (T.A.)

® Used on units with highoverspeed on loss of load.
The T.A. closesthe M,S.V. and the R.S.V. ata
low enough speed to limit the overspeed to 20
percent in case of a failure of the C.V. or the
1.V. toclose. But if the unitdid nottrip on over-
speed, it willre-openthe M.S. V. and the R.S. V.
again in time so that the I. V. can blow down the
reheater and go back to no load rated speed on
sSpeed control.

Power supply

The power supply for the hydraulicamplifiers of
the mechanical control system is a 200 to 250 psi oil
gystem supplied with oil from a shaft pump (@uxil-
iary motor-driven pump for startup).

The characteristic of the shaft pump is such that
it can furnish large transient flow requirements
with an acceptably small drop in pressure so that
(in most cases) no accumulators are needed.

The emergency trip system isalso supplied with
pressure ofl from the same system.

Power for electrical trip functions (remote trip,
thrust-bearing wear trip and.generator protections)
is furnished by a 125 or 250 VDC station battery.

ELECTROHYDRAULIC CONTROL SYSTEM
MARK |

The electrohydraulic control system has been
organized into three major subsystems. One pur-
pose of these subsystems is to minimize interactions.
As shown in Fig. 37, the speed control unit com-
pares actualturbine speed with the speed reference,
or actual acceleration with the acceleration refer-
ence, and provides one speed error signal for the
load control unit. The load control unit combines
the speed error signal with the load reference sig-
nal and biases todetermine desired steam flow sig-
nals for the main stop valves, control valves, and
intercept valves., Finally, the valve flow control
units accurately position the appropriate valves to
obtain the desired steam flows through the turbine.

Speed control unit

The speed control unit, Fig. 38, produces the
speed error signal that is determined by comparing
the desired speed with the actual speed of the tur-
bine at steady-state conditions, or the desired ac-
celeration with the actualacceleration during start-

up.

When the desired speed signal is increased in a
step, the acceleration control will take over and ac-
celerate theunitat the sefrate up to the value of the
new speed reference, where the speed control will
take over again automatically.

Upon decrease of the speed reference, the unit
will coast down with the valves closed. They will
re-open only when the new set speed has been
reached; there is no limit in deceleration.

During normal operation at rated speed, the
Speed error signal is zero, regardless of load.

Because of the extreme importance in safeguard-
ing against overspeed, the speed control unit has
two redundant channels. If both speed signals fail,
the unit will shut down.

Load control unit

The prime purpose of the load control unit is to
develop signals to which steam flow for the main
stop valves, control valves, and intercept valves
may be proportioned. These outputsare based ona
proper combination of the speed errorand load ref-
erence signal modified by power/load unbalance,
full-arc and partial-arc transfer bias signals, the
load limit and the initial pressure limiter.

The regulation is introduced to modify only the
speed error signal; the input representing desired
1§
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INITIAL
FULL-ARC nTIAL PRESS.
PART-ARC PRESS.
TRANSFER . LIMITER
. M.S.V. FLOW -
SPEED LOAD @ SIGNAL | M.S.v. FLOW M.S.V. FLOW
REFERENCE(TTTTT}—  REFERENCE[L]R ™| CONTROL UNIT -
" LOAD
ACCELERATION LoTene LIMIT
REFERENCE .
Yy
Y C.V.FLOW
speep | SPEED oo signaL [ c.v. FLow C.V. FLOW
CONTROL > : *1CONTROL UNIT -
)
)
FIRST~STAGE
PRESSURE
1V. FLOW LV. FLOW;
" |CONTROL UNIT o
SPEED LV, FLOW SIGNAL Lo ok
Fig. 37. Block diagram of electrical reheat furbine confrol system
’ ACCELERATION
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it __| SPEED | |REFERENCE[—»4 REFER- REFERENCE vaLug |—2SNAL
SIGNAL TRIP CIRCUIT ENCE CIRCUIT GATE
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a ERROR
\ ACCELERATION
»|DIFFERENTIATOR ERROR ] |NTEGRATOR
@
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Fig. 38. Electrical speed control unit







LOAD

TORQUE
LOAD
REFERENCE
SPEED POWER
REFERENCE + TORQUE |-
+ 1 VALVE OPERATORS + ROTOR SPEED
‘? REGULATION AND STEAM VALVES INERTIA
SPEED
ERROR
SPEED
SIGNAL

Fig. 39. Electrohydraulic control system: speed control loop

load is added after this point. Figure 39 is a basic
block diagram of the speed/load control loop of this
system.

It can be seen that the load reference signal
needed to produce a certain load at constant speed
is independent of the speed regulation. This means
that for a given load reference change, the load
change will be of the same magnitude regardless of

the speed regulation that can be set from 2.5to 7
percent (required by IEEE 122 standard).

Therefore, it is now possible to calibrate the
load reference dial in percent of full load at rated
speed and maintain this calibration regardless of
what the regulation is going to be.

Figure 40 is the basic arrangement of the entire
load control unit.

LOAD LOADING
REFERENCE E@ [];.ED RATE @ @ @
GEN. CURRENT FULL-ARC a
— ——— «{POWER-LOAD LOAD ' Loap | [INITIAL | INITIAL
— PARTIAL-ARC PRESS, [-a———————
UNBALANCE REFERENCE] TRANSFER LIMIT iMITER| PRESSURE
REHEAT Sy L
PRESSURE . | |
i
MODIFIER ! SELECTOR |
L A sToP vALVE
! J . 4} LOW ) "Fiow SIGNAL
- \ T —& w,.VALUE -
MSV. REG GATE
ouT IN
\@ &
SPEED ERROR : CONTROL VALVE
SIGNAL ! GAIN Vlt-\&YE FLOW SIGNAL
C.V.REG aps | | gaTE
1
GaIN|  FIRST-STAGE PRESS.
ADJ
LOow TERCEPT VALVE
- s VALUE 1 L
1V. REG GATE FLOW SIGNAL

é ’

Fig. 40. Electrical load control unit
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he following are the operating features- of the
G control unit.

When the speed {ncreases over rated speed, the
negative speed error will decrease the flow signal
of the controlling valves at a rate defined by the
particular valve regulation. For example, in par-
tial-arc operation, if the control valve regulation
were five percent, a five percent speed error would
cancel a 100 percent load reference signal. This
would result in reducing the control valve position
from the fully open to no-load position.

Load reference

The calibrated load reference can be set locally
or remotely by jogging a push button switch, or
automatically by a dispatching or computer system.
The rate-of-load increase is adjustable in discrete
steps, thereby providing the.feature of programmed
automatic. loading. Typical rates are 0.5, 1, 3 and
10 percentper minute. Adecrease inload reference
settings is followed substantially without delay.

Since the load reference is in effect a speed

vernier adjustment, it is used for synchronizing the
turbine.

Full-arc/ partial-arc admission

Biases areused to hold any noncontrolling valves |

control valve bias calls for wide open control
ves and the main stop valves are controlling
M.S. Vo biaS = 0)0

.he wide-open position. When the unit is started

When transferring from full-arc to partial-arc
operation, it is first necessary to remove the con-
trol valve opening bias and then to apply an opening
bias to the main stop valve. By properly program-
ming the shifting of the transfer biases, both load
variations and thermal stresses will be kept within
acceptable limits. Although transfer is performed
automatically at preselected valve openings, it is
possible for the operator to modify or override the
automatic transferaction. The bias to the intercept
valve is proportioned so that on slow acceleration
the intercept valve will, in any. mode of operation,
start closing just after the controlling valve set has
come to the cloged position.

Power [load unbalance

ecegsary to quickly close the control valves and
rcept valves to stop the steam flow to the tur-
e, thereby limiting the speed increase. The

22

*When the generator loses the electrical load, it

power load unbalance relay initiates this action
simultaneously with the start of the speed increase.

The power-load unbalance relay compares reheat
pressure (a measure of steady-state power) with
generator current (representing generator load).
It also determines if the currentdecrease is occur-
ring rapidly (in less than 0.05 sec.). If the unbal-
ance is over 40 percent and the current has de-
creased rapidly the following actions are initiated:

1, The fast closing of the control valves is in-
itiated directly.

2. The load reference signal is switched to zero
by the "MODIFIER" such that the slightest speed in-
crease will start closing the intercept valves,

3. The load reference motor is run back toward
zero at full speed.

4, The automatic transfer to F.A, admission is
temporarily inhibited until the reheater pressure
has come down toapproximately 10 percent of rated
such that the transfer operation will not interfere
with the blowing down of the reheater by the inter-
cept valves.

Generator load current (instead of power = volt-
age x current) is used to'avoid unnecessary closing
of the valves by a clearable short circuit on the
transmission system. Inhibitingtheaction in a case
where the current is decreasing more slowly than
the set rate avoids actuating of the power-load un-
balance relay during the sometimes substantial
power swings that follow clearing of a short circuit
in the transmission system.

The power-load unbalance logic is shown in Fig,

.

First-stage pressure feedback

The lift/flow characteristic of any steam valve
is highly nonlinear. A first order linearization is
made in the valve positioning loops, as will be seen
later. In order to refine the linearization in nor-
mal operation on the control valves, the first-stage
pressure feedback can be used. When this is done
the gain of the control valve flow signal must be
changed in order to retain the same overall gain of

the control valve loop. This is shown in Fig. 40b.

The first-stage pressure feedback can be put in
operation only when the unit is in P, A, admission
operation and when the initial pressure is at least
0.95 (95 percent). During the process of putting it
into operation the pressure feedback signal gain will
be increased from zero to0.67 gradually, while the
gain of the control valve signal is increased from 1
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Fig. 40a. Power/load unbalance logic (T = 0.02 to 0.05 sec)

to 3. Some load changes will occur during this
transfer, but if all circuits are properly adjusted
they should be minor.

On loss of the pressure feedback signal (signal
below 0. 2) the loop will switch to the feedback "out"
conditions. A loss of load will also remove this
feedback.

Load limit

The load limit can be used to manually override
the signal to the controlling valve set to a lower
valve position than what the speed/load control dic-
tates. The "SELECTOR'" will automatically direct
the load limit signalto the main stopvalve flow sig-
nal in F, A. operation and to the control valve flow
signal in P. A, operation. When the load limit is in
control, the speed control is not modulating the
controlling valve position; therefore, the unit is not
participating in the frequency control of the power
system, Because of this fact, the load limit should
not be used to control unless a malfunction in the
boiler or turbine control makes it necessary to
temporarily peg the.valve position until the mal-
function can be corrected.

FEEDOBACK
out IN
\YN
LOAD
SPEED REFERENCE
REG*ULATION (oTo1)
1
SPEED GAIN C.V. FLOW
ERROR | =3 SIGNAL
T (0 TO1)
i
FEEDBACK 1
SIGNAL 1
(0 TO 0.867) GAIN FIRST-STAGE
. 0—+0.67 PRESSURE
(o TO01)

Fig. 40b. First-stage pressure feedback

Initial pressure limiter (IPL)

The initial pressure limiter will take control
away from the speed/load control (or the load limit
if it was controlling) when the initial steam pressure
falls to 0.9 (90 percent, normal setting) in normal
operation at full load. If the pressure keeps on
falling it will reduce the valve position down to no
load by the time the initial pressure has fallen to
0.8 (80 percent).

For startup when the boiler pressure is low the
pressure reference of the IPL can be set down to
any desired value or the IPL can be switched off
altogether., For extended light load operation the
setting can be raised above 90 percent in order to
reduce the delay before the IPL starts closing the
valves.

The "SELECTOR" will direct the output of the
IPL to the proper valve signal depending on the op-
erating mode (F.A. or P, A,) of the turbine.

Intercept.valve limit

The intercept valve limit is intended to be used
only for lowering the I, V. position in order to set
reheat safety valves. Its adjustment is done on a
screwdriver pot in the cabinet. During normal op-
eration the pot must be setout of the way (not limit-
ing) so that the valves are stem sealing.

Valve flow control units

The purpose of the valve flow control units is to
produce the steam flows that are commanded by the
load control unit. Because of the appreciably non-
linear steam flow characteristic of the steam valves,
compensation circuits must be introduced to obtain
quasi-linear steam flow response with respect to
steam flow signal.
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Fig. 41. Main stop

The main stop valve flow control unit is shown
in Fig. 41. During full-arc admission operation it
receives the flow signal that can be limited by the
load limit or the initial pressure limit. During

' partial-arc admission it receives a valves-full-
en signalthat is independent of speed and the limit
dtctions.
The flow signaloperatesa servoamplifier whose
output positions a servo valve, which in turn oper-
ates the ram across a trip valve (low value gate).
The feedback is modified by a function generator
having a characteristic similar to the valve (similar
to Fig, 31).

The hydraulic trip valve can close the main stop
valve on loss of emergency trip system pressure,
regardless of the flow signal.

All main stop valve loops are identical.

The intercept valve flow control unit (Fig. 42) is
* simfilar to the main stop valve flow control unit.

In order to close the intercept valves rapidly on
loss of load, a trigger amplifier is used that will
actuate a dumpvalve on a large closing error signal.

All intercept valve loops are identical.

The control valve flow control unit (Fig. 43)
nsists of as many similar positioning loops as

ere are control valves. The input to each servo
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valve flow conirol unit

amplifier for the control valves has a bias for se-
quencing the valve operation, A nonlinear feedback
and a trigger and dump valve are also used. The
trigger is operated by the power-load unbalance
relay. ’

In order to further linearize the load response
of the unit, a stage pressure feedback can be used
on the control valve flow. signal.

This feature should be used as operating control
only in cases where it is compatible with the boiler
control system.

Operating control system

The operating electrohydraulic control system
with the basic transfer functions is shown in Fig.
44 (in partial-arcadmission, all auxiliary functions
have been omitted).

The following nomenclature is used:

P(o)= Speed reference (0 to 1 + [per unit] dis-
crete values and "overspeed")

Q
1]

sSpeed (o=%—: 0 to 1 + [per unit])
r

speed [rpm], n_ = rated speed [rpm]

=
L]

@
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Fig. 43. Control valve flow control unit
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n

speed erroxr

speed regulation (5 = 0,025 to 0.07
unit], 2.5 to 7 percent; normally’s = 5 )

load reference (-1~0—~+1. 4 [per unit],
PRy = 1for full load at rated
speed) -

gain of first-stage pressure feedback
(G = 0 no feedback, G = 0, 67 full feedback)

total flow signal [per unit]

bias signal of valve i; typical values are:
#1 valve: EBIz 0

#2 valve: Ep,~ -0.4 [per unit]

#3 valve: Egg =~ - 0.65 [per unit]

#4 valve: Ep, = -0, 85 [per unit]

= 0,016 sec)

servovalve time constant ('1‘sv

integration time constant of actuator i (for
small changes)

= 0.1 to 0, 2sec (for all four actuators
&'oxlma.tely equal). For large changes
in the opening direction the valve can go
through full stroke in approximately 10
seconds. (Input current to the servovalve
is limited to achieve this).

valve lift per unit of each individual con-
trol valve (full lift = 1)

per unit maximum flow of each individual
control valve; typical values are:

Ky; = 0.4 per unit of max. turbine flow
sz = 0, 25perunit of max. turbine flow
Kv3 = 0.2 per unit of max. turbine flow
Ky 4 = 0. 15 per unit of max. turbine flow

Exvf 1 per unit

valve flow[ per unit of max. turbine flow]
of individuzl control valve

total valve flow [per unit]
bowl time constant (T3 = 0.1 to 0.5 sec)

turbine steam flow [ per unit]

first-stage pressure [perunitJ: forsteady-
state conditions

pp =Y

fraction of total power developed by the high
pressure turbine

f = 0,25 to 0, 32 [per unit]

reheater time constant [sec]

Ty = -
R ™ Qg

=total steam weight [lb] at max. load
in reheater system (including pipes
to and from furbine)

R

=Ma:§imum reheater steam flow [lb/
sec

Qr

driving torque [per unit]
load torque [per unit]
accelerating torque [per unit]

turbine time constant

T, = 5. 98 x WR__ “r \ [sec]

‘ Pmax 3600

WR? = Weight moment of inertia [Ib ft]

P ax = Max. power [Kw]

n, = rated speed [rpm]

The steady-state characteristic of the speed/load
control system set at five percent regulation and a
speed reference of 1 (rated speed) is shown in Fig.
45,

Power supplies (Mark J)

Elecltrical power to the electrical control and
protection system is supplied by redundant power
supplies at +30 VDC and -22 VDC for the control
functions. A +24 VDC system is used for relay cir-
cuits. These power supplies are fed by the 115V
60-cycle a-c line or by a permanent magnet gener-
ator on theturbine shaft. Either one of these power
sources can sustain operation of the electrical con-
trol system.
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Fig. 45. Speed/load control characteristic of EHC system

Hydraulic power is supplied by a redundant high-
pressure fluid pumping system at 1600 psi with fire-
resistant {luid,

Two full-size variable displacement pumps with
a-c motor drive are provided. One pump is norm-

ally in operation pumping only the actually used oil

‘low. The other pumpis on standby, with automatic
starting provisions if the operating pump should not
supply sufficient pressure.

For large transient flow requirements accumu-
lators are used.

Filtering and fluid treatment equipment as well
as heating and cooling provisions for the fire-re-

sistant fluidare incorporated in the hydraulic power
unit.

Protection system (Mark I) }

Trip System Mechanism

The tripsystem mechanism in the front standard,
Fig. 46, consists of:

- the conventional overspeed trip device (ec-
centric ring)

- the solenoid-operated oil trip valve
-the manual trip with mechanical trip solenoid
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- the mechanical trip valve
- the solenoid-operated lockout valve

- the dual solenoid—bperated master trip solenoid
valve -

- the reset solenoid valve actuating the bearing .

oil-operated reset mechanism

The trip system mechanism controls the emer-
gency trip fluid system pressure which is needed to
operate the main and reheat stop valves directly,
and supplies power fluid for operating the control
and intercept valves.

/FRONT STANDARD
BEARING OIL ™\
S PSI

2 OlL TRIP )
SOU VALVE ORY POCKET
RESET AIR RELAY
SOL VALVE MECHANICAL OUMP VALVE
TRIP VALVE AR _[
Y0 CHECK | '}
0 ~= of VALVES
MANUAL TRIP - MASTER
TRiP sot. U
i VALVE
LUBE OIL SPACE MECHANICAL [}
TRIP SOL =) -
LOCK-
VALVE

t £ EMERG
TRIP FLLO
SYSTEM

HYDRAUUIC POWER o
FLUID 1600 PSI v

Fig. 46. Trip sysiem mechanism






The overspeed trip device can be tested during
rmal operation at rated speed by locking out the

Qﬁp action of the mechanical tripvalve temporarily
y means of the lockout valve. During this test the
electrical back-up overspeed trip will assume the
function of the second line of defense against over-
speed. An electrical trip test logic system is pro-
vided to minimize the possibility of misoperation
during this test.

Electrical Trip System

All external trip signals are obtained by closing
contacts at the station battery voltage level (125
VDC or 250 VDC)and operating sealed relays in the
electrical trip system (24 VDC).

Trip signals from within the electrical control
system are obtained by closing contacts in the 24
VDC trip system directly or through sealed relays.

Any of these trip signals will energize the mas-
ter trip relay (24 VDC), which will initiate the fol-
lowing redundant trip actions:

-de-energizing of the two pilot solenoids of the
master trip solenoid valve (24 VDC)

- energizing of the mechanical trip solenoid (125
VDC or 250 VDC from station battery).

Either one of these actions will trip the system,

Since loss of the 24 VDC power would render the

ctrical trip system ineffective, the master trip

olenoidvalve isheld in the resetposition by having

at least one pilot solenoid energized with the same

24 VDC power. Loss of this power will, therefore,
trip the unit (see ""Electrical Power Supplies").

The redundant pilot solenoid arrangement re-
duces chances of false trip-outs and makes testing
of the pilot-solenoid valves possible,

Important features of this protection system are:

- solenoid coils can be replaced while maintain-
ing safe operation

'
‘ I3

- solenoid-operated fluid valves can be tested
(exercised) regularly

- trip actions are redundant in their final action.

A FIRST HIT monitoring system is incorporated in
order to help analyze trip incidents and diagnose
malfunctions.

Trip anticipator (T.A.)

On units with high overspeed on loss of load the
overspeed trip must be set high, in order not to
trip onloss of rated load. On some units this would
result in an overspeed above 20 percent in case the
first line of defense against overspeed should fail
to work properly. If this is the case, an electrical
speed signal is used to trigger a trip anticipator
signal, that will operate the fast acting valves on
the main and reheat stop valves at a speed suffici-
ently low to limit the emergency overspeed to 20
percent if an anticipated trip should take place. If,
however, the f{irst line of defense against overspeed
has worked properly and theanticipated trip did not
occur, the T.A. signal will reset in time to let the
MSV and RSV re-open again and permit the inter-
cept valves to blow down the reheater, and later the
control valves to re-open and control rated speed-
no load in order to be ready for synchronizing at
the earliest possible opportunity. The trip antici-
pator signal is obtained from a third speed pick-up
that produces the back-up overspeed trip signal on
units that are not using a trip anticipator.

CONCLUSION

The electrohydraulic approachto turbine control
has two important advantages: (1) it allows us to
incorporate a number of features that cannot reason-
ably be obtained on mechanical systems; (2) it im-
proves the performance of features that are pre-
sent in some form in the mechanical system. The
development of an electrohydraulic control system
is a logical step in the continuing advance of tur-
bine-generator technology. '
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THE IMPEDANCE CONCEPT

With the impedance concept it is possible to ex-
press the transfer function of a frequency~-sensitive
element by the use of a differential operator nota-
tion.

The transfer function of anelementdescribes the
ratio of the output (Q) of this elementto its input (),
whereby the magnitude and the phase relation of the
output are determined by the time variations of the
input,

In a study of differential equations Heavyside
formulated a method by which an equation such as

=g -
Y=K at (A-1)
can be represented as
Y=KpX (A-2)
or
Y - * -
z=Kp (A-3)

where p is an operator replacing %t_)' .

Q Laplace later introduced a new operator (s) de-
ined by the equation ‘

S A (A-4)
@=J fwe

where F and f represent functions of the variables
in parentheses (s = Laplace operator, t = time) and
e is the base of the natural logarithm.

It can be shown that equation (A-2) is valid for
zero initial conditions when written as

Y= K S X(S) . (A"'s)
or

i -6

XE) Ks ) (A-6)

It can be saidthatsasafactor (in the numerator)

Gsigniﬁes a differentiation.
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Equation (A-1) can be rewritten as

t )
[ ¥ty dt = KX (A-T)
0
or from (A-5)
Y
E = KX (A-S)

The operator s in the denominator signifies an
integration. »

As seen from equations (A-5, A-6 and A-8) the
factor s can be manipulated according to the simple
laws of algebra, '

From this starting point itis nowpossible to show
that frequency-sensitive elements can be repre-

sented by their transfer functions with the Laplace
operator *'s",

This is exemplified by the capacitor
C

Ei { —

(-
%, -

The voltage on the capacitor is the time integral
of the current divided by the capacitance

t
Ejgy =g of i dt (A-9)

or with the Laplace operator

i
Ei(e) = & o © @

The transfer impedance is now

Z:—is_):.—l—

T - Ts (A-11)

which is the same as stated in equation (26).

@







APPENDIX i

SPECIAL FEATURES OF THE EHC MARK II SYSTEM

The EHC Mark II System is a second generation
analog control system built for greater reliability
and gerviceability.

A block diagram of the operating control system
for a reheat turbine - EHC Mark II is shown in Fig.
417,

The basic concept of the Mark Isystem has been
retained in Mark II; however, extensive technology
advances have been incorporated which, in some
cases, resulted in an adaptation of the system., In
particular, two new groups of equipment were added:

-~ the standby control
, = the plant communication system

An electrical equipment numbering system was
created for computer use thatidentifies every piece
of electrical controlequipment witha coded number
giving location, general function, type of circuit,
an assembly identification and a component number.

Operational amplifiers

All operationalamplifiers used in the MK II Sys-
tem are integrated circuit operational amplifiers

G)t made the following improvements possible:

(1) a rated signal level of 10 volts DC is used

(2) the 1kHz oscillator for stabilization was
eliminated and the central 3kHz oscillator
was replaced by individual 3kHz oscillators
for each position indicating circuit.

(3) the I.C. op. amps occupy only the space of
a transistor (compared to a whole circuit
board for the Mark I op. amp) and use only
eight connections (compared to about 150 in
the discrete component op. amp of Mark I)

With the use of these integrated circuit opera-
tional amplifiers a functional packaging technique
became possible that further reduced the number of
connections and made servicing simpler.

Relays and logic systems

Bifilar relay coils that reduce the duty on the
coil operating contact used in sealed multi-contact
relays, together with functional repackaging on
printed circuit-boards, made it possible to handle
substantially more complex logic systems with only
modest increase in wiring,

A two-out-of-three logic principle that increases
the reliability of a function compared to a single

STANDBY
SIGNAL
MATCH
FULL-ARC | STANDBY STANDBY
PARTIAL-ARC CONTROL [ QA
TRANSFER LIMITS
REFER MAIN STOP STANESY
LOAD REFERENCE
REFERENCE VALVE FLOW SV Flow] LTRANSFER
SGNAL CONTROL | —
LOADING RATE UNIT  [M.S.V. FLOW

ACCELERATION ; *
REFERENCE
SPEED

SPEED [ERROR LOAD
CONTROL =1
UNIT [SiGNAY UNIT

CV. FLOW i C.V. FLOW
o SIGNAL CoN oL C.V. FLOW

UNIT

LV. FLOW

t t_ SIGNAL
TV, FLOW
SPEED FIRST-STAGE | B oNTROL g

PRESSURE UNIT

LV. FLOW

Fig. 47. Operating control system for reheat turbine — EHC Mark Il
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contact by severalorders of magnitude has been in-
oduced for the most important switching functions.

Such techniques were extensively used in the
TRIP and MONITORING SYSTEM that will be dis-
cussed later.

Power supplies

A 115V, 60 Hz, 7.5 KVA permanent magnet gen-
erator (PMG) driven by the turbine is used. Its
output is sufficient to supply all operating and em-
ergency circuits of the control system with power
in a black-out condition, as long as the turbine is
above 90 percent speed,

A 125 VDC system, supplied redundantly by the
PMG or the 115 VAC line is used for the protection
and test logic external to the cabinet.

A redundantly supplied 24 VDC is used for the
analog logic interface in the control cabinet and for
the redundant overspeed protection.

Also redundantly suppliedare theanalog voltages
+22 VDC and -22 VDC,

Logic powered by the 125 VDC of the customer'’s
battery can still be used to interface with the EHC
logic, if desired.

QStandby mode of operation

A STANDBY CONTROL has beenadded that will
permit operation of the unit by manually controlled
valve position while the speed controlunit and most
of the load control unit are disconnected for main~
tenance and tests.

In this mode of operation the backup overspeed
trip, usually set one percent above the mechanical
trip speed, will be reset to 105 percent of rated
speed, such that the backupoverspeed trip assumes
the role of thefirstline of defense against overspeed
and the mechanical overspeed trip remains the
second line of defense, The power/load unbalance
relay and.the trip anticipator remain in operation
during standby operation.

The transfer to standby operation is manual: a
thorough failure analysis on Mark I has shown that
the cases in whichautomatic switch-over would have
prevented a shutdown were practically nonexistent
and that the additional complexity of an automatic
switch-over system and its increased probability
of false operation could not be justified.
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For smooth transfer the valve position signals
are manually matched and the switch-over can only
be performed after proper signal matching has been
confirmed by logiec, An emergency switch-over
with unmatched valve signals is possible by pressing
an override button, but this should be necessary
only in cases of‘very rare emergencies.

It should be noted that for standby operation the
portions of the system listed below still have to
operate:

- Power supplies, electrical and hydraulic
~ The valve flow controls
-~ The power/load unbalance

—~ The trip and monitoring system including
back-upoverspeed tripand other trip functions

1t is possible to start the unit in standby opera-
tion, bring it to speed and synchronize it with an
acceleration indicator (similar to stop valve bypass
startup on mechanical-hydraulic control system),
load it part way in full-arc admission, transfer to
partial-arc admission and load it further in partial-
arcadmission, and also areversalof this sequence.
The loading and unloading rates in standby operation
are not restricted by the system; the operator has
full responsibility,

Protection system

The protection system was built using the fol-
lowing new philosophy:

Three .degrees of importance for protections
were defined and a concept of redundancy and/or
testing was established corresponding to each of
the degrees of importance:

- VITAL PROTECTIONS, the failure of which
could result in a major catastrophe en-
dangering people and equipment

Shall use CONCEPTUAL REDUNDANCY:
sensors, transmission medium, path and
output devices of different design and
nature

AND shall be COMPLETELY TESTABLE
during normal operation.

. -~ IMPORTANT PROTECTIONS, the failure
of which would result in increased main-
tenance but would not endanger people






..“

Shall use EQUIPMENT REDUNDANCY:
two-out-of-three or two-out-of-two logic
using identical hardware for the three (or
two) branches

OR shall be FULLY TESTABLE during
normal operation.

-~ OPERATIONAL PROTECTIONS or LIMIT
FUNCTIONS, the failure of which could
cause minor damage or misoperation

Shall use an ALARM when the condition
becomes marginal

AND a TRIPof a single function line, when
the condition becomes intolerable.

Statistics and failure probability calculations
have played an important role in deciding what the
degree of importance of a given protection should
be and what redundancy and testing features should
be used to implement the protection.

The Mark II protection system is shown in block
diagram form in Fig. 48. It consists of

- the 125 VDC (EHC) trip and reset logic that
handles all trip functions external to the
cabinet

-~ the 24 VDC trip and reset logic functions in-
ternal to the cabinetand the 24 VDC electrical
trip solenoid valves in the front standard

— the cross trip functions
— the manual trip and reset push buttons

— the overspeed trip reset and test monitoring
logic

~ the MECHANICAL-HYDRAULIC TRIP SYS-
TEM at the front standard

The mechanical trip pilot valve, the mechanical
shut-off valve and the mechanicaltrip valve as well
as the electrical trip pilot valves and the electrical
trip valve have been designed such that there is no
close-fitting sliding seal under pressure drop dur-
ing normal operation. Both the mechanical and
electrical trip line are fully testable during opera-
tion by way of automatic test sequences.

As in the Mark I system, loss of 24 VDC power
will trip the unit through the electrical trip valve.

A FIRST HIT monitoring system is providedto
help analyze trip incidents and diagnose malfunctions
in each one of three groups of equipment; it then
determines which of the three groups was first to
trip.

Cabinet
The cabinet has been designed for:
-~ ample room for servicing

— strict circuit separation for elimination of
noise \

- accommodating four different terminal
board designs '

- accommodating a standard option package
that will be sufficient for most users

The four-bay cabinet is divided into:

-~ the power supply bay

the analog bay

the relay bay
the terminal strip bay (wide bay)

MARK Il CONCLUSION

The Mark II EHC system is the result of an in-
tensive effort to build the most reliable electro-
hydraulic controlsystem without departing from the
well-proven basic functional principles of its pre-
decessor, the Mark 1.
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VALVE TEST LOGIC

(BWR)

GENERAL

See Schemalic Wiring Diagram - Valve Test Logric
following this publication,

The purpose of valve tests is to permit regular
checking of the operationof all turbine steam valves
during normal ON-LINE OPERATION,

The Schemalic Wiring Diagram — Valve Tes! Logic
also contains the controlling logic of all non servo-
controlled (non positioning) valves.

VALVE TEST FOR CONTROL VALVES

The control valves are tested separately. When
the test button of the CV-1 valve is depressed, CV-1
will close at a moderate velocity until, at approxi-
mately 1/2-inch of stroke of the servomotor, the
fast-acting valve is operated to close the valve
rapidly for the remaining stroke. Both the normal
operating devices and the fast-acting devices are
thereby tested.

When the control valve has closed, and the op-
erator releases the test button, the control valve
will open,

All other associated CV's are tested in a like
manner,

NOTE: The operator should test only one
control valve at one time. When one fest
button is released to allow the tested valve
to reopen, the opening movement should be
observed and the next valve of the set should
only be tested after the first one has again
assumed normal operating position.

The CV's should be tested weekly,

MULTIPLE ADMISSION UNITS: The 'following”
CV testing procedure is recommended for multiple
admission units.

Decrease load so that CV-4 is more than 90%
cloged. Test CV-4 to check the fast-acting valve
operation. This procedure will minimize load
swing due to CV-4 fast closing.

Continue to decrease load so that CV-3 (3 or 4
admission) or CV-1, 2, 3 (2 admission) have just

partially closed. Test CV-1, CV-2, and CV-3 in
sequence. Thisprocedure will minimize load s »ing
during CV—I 2, and 3 test,

The unit may see some bypass valve action to
compensate for the pressure increase.

SINGLE ADMISSION UNITS: The followini; CV
testing procedure is recommended for singlc ad-
mission units.

Decrease load to approximately 70% to allow for
increasedflow pickup inthogse CV's notbeing tested.
This will minimize load swing. Test each valve in
sequence.

VALVE TEST FOR STOP VALVES
INDIVIDUAL TESTING

The stop valves are tested separately. Whan the
test button on the SV-1 valve is depressed, SV-1
will close at a moderate velocity until, at approxi-
mately 1-inch of stroke of the servomotor, the fast-
acting valve is operated to close the valve r.apidly
for the remaining stroke. Both the normal oper-
ating devicesand the fast-acting devicesare thereby
tested.

When the stopvalve has closed, and the operator
releases the test button, the stop valve will open.

All other associated SV's are tested in a like
manner.

NOTE: The operator should test only one
stop valve atone time. When one test but-
ton is released to allow the tested valve to
reopen, the opening movement should be
observed and the next valve of the set
should only be tested after the first one
has again assumed normal operating po-
sition,

Individual testing should be done daily.

MULTI-TESTING

Any combination of 2 stop valves can be tested
simultaneously by pushing the associati'd test buttons
simultaneously, The valveswill slowly move to the
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QJ% closed position and stop. When the buttons are
eleased, the valves will re-open.

For multi-testing procedures refer to APED
specifications.

VALVE TEST FOR INTERCEPT AND
+ INTERMEDIATE STOP VALVE

The intercept valve and its associated inter-
mediate stop valve are tested together. When the
test button of the IV-1/1SV-1 valve combination is
depressed, 1V-1 will close at a moderate velocity,
until, at approximately 1l-inch of stroke of the
servo-motor, the fast-acting valve is operated to
close the valve rapidly for the remaining stroke.
Both the normal operating devices and the fast-
acting devices are thereby tested.

When the intercept valve has closed, the associ-
ated intermediate stop valve starts closing, Again,
as mentioned above, both the normal operating de-
vices and the fast-acting devices are thereby tested.
When both valves are closed and the operator re-
leases the test button, the intermediate stop valve
will open first and afterwards the intercept valve
will open.

NOTE: The operator should test only one
intercept/intermediate stop valve combi-

nation at one time. When one test button

is released to allow the tested valve(s) to
‘ reopen, the opening movement should be
observed and the next valve of the set
should only be tested after the first one
has again assumed normal operation.

Combined valves should be tested daily.

The combined valves test circuits also contain
the necessary logic to control the slave intercept
valves. The slave intercept valve is controlled by
means of limit switches, which are mounted on the
master intercept valve, and associated relay logic.

VALVE TEST FOR BYPASS VALVES
See Sclhematic Wiring Diagram - Bypass Valve

Test Logic included in this Tab, For bypass valve
testing procedures refer to APED specifications.

a. Units with selector switch and fast acting op-

eration

These units are tested individually. The op-
erator chooses the bypass valve to be tested
by turning a selector switch, When the oper-
ator depresses the valve test button, the se-
lected bypass valve starts opening at a mod-
erate velocity. When the bypass valve is 90%
open a fast-acting solenoid valve is operated
to open the valverapidly during the remaining
stroke. When the valve is fully open, the op-
erator releases the test button and the valve
will close.

A light will indicate when the next valve can
be selected.

The selector switch is used on units having
more than four (4) bypass valves.

The bypaés valve test amplifier is a ramp
generator, which opens and closes the bypass
valve at a moderate velocity during test.

. Units with Selector Switch.

Same as(a) but without fast opening operation.

. Units with Push Buttons and Fast Opening

Operation

These valves are tested individually by de-
pressing the appropriate push button. When
the operator depresses the valve test button,
the selected bypass valve starts opening at a
moderate velocity. When the bypass valve is
90% open, a fast-acting solenoid valve is op-
erated to open the valve rapidly during the
remaining stroke. When the valve is fully
open, the operator releases the test button
and the valve will close.

A light will indicate when the next valve can
be selected.

Push buttons are used on units having up to
four (4) bypass valves.

The bypass valve test amplifier is a ramp
generator, which opens and closes the bypass
valve at a moderate velocity during test.

GENERAL @D ELECTRIC
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