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System AnalytiC3l Models 

2 . 1 Fossil- Fuel Boilers and Associatec Ccntro llers 

The control of fossil- fuel fi Tell ~team boilers poses a number of 
problems. In general these problems be::lllle mare pressinJt as tho size .:>f 
Renerator units incr.;ase. · · .. - - .· 

-.····. ".·· ... . I • .. ~ 

llescri?tionsof the physicaL f:e..rurcs of particular boiler cosiiJIS 
are given in Reference 1.. 

The various system paramet.en U1 6 hio;ll perfo:nnan·ce steam gene:-~tor 
are highly interactive, however, for the purpJs:s of description, the usual 
boiler control systems are discussed her: s~aratoly under the hoadinQS of 
c ombustion control, feedwater control &ni steam temperature control. Those 
apply to natural circulation units most. -::=only applied in Canada a.t tho 
present time. These controls are a.ppliel. to. th.e basic heat transfer sy stem 
such as that illustrated in Figure 2.1- Tbe actual dynamic relationships 
which govern the heat transfer process itsdf are quite co111plex. Tho · 
developments of these equations are aut:lined in Reference 3, 

: ' 
Combustion Control ' 

The function of the combust.ign control system is to ll&intaJ.n a 
firing rate sufficient to meet the loaj deaands on t~e boiler. It must: · 
maintain the outlet steam pressure as ,ear cons tan~ · as pcissihlA: ~!!!':R..~!!:e 
fuel/air ratio at the optimum, a deficicnc~ of air leads to tho coll ection 
of explosiVe gases in the furnace and ar e:~cess of llir loads to ino!ficient 
operation due to the heat the excess air c~rries out of the furnace; finally 
it must maintain the interior of tho furna::O at a slightly negative pTOSSUre 
(draft ) to prevent the escape of pois.o·.ou.; g~Ues into the furnace rooao. 
The inputs to the combustion control sy~ telii.S are usually the outlet ste.m ·. 
pr~ssure, the fuel/air ratio, furnace p=osJurc (draft). In some instances 
i t is necessary to use generator mega~att lo'd or boiler steam flow infor• 
~nation to provide predicthe signals :o the control systems to 'pn\'on:: 
excessive devil!tions from desired val1..es due to long inherent ,dolays in tho 
process. 

F~l!d~<ater Control 

The function of the feedwater co,trol system is to regul,tc t2e· 
water sunnly to the boiler (from the coodeasor and feedwater make-up supply) 
su.:h that a sm leyel is maintained. in th~ boiler. Too low a water le•1ol 
i n the boiler results in damage due tc overheating of tho tubes oxpo~ed to 
hot gases; too hi~h a level results ir wat.er dranleta passinR out of the bailer 
to the turbine leading to mechanical ca=a2C to it, The water loVol in tho 
$ te:llll drum cannot be used as a primaT)· mea:sureaen' alone because of surging · 
uuc to bubble formation durin~ ncriod• lf increasinlt load demand•, l• modtTil 
~lectric: util i ty boilers the practice i3 ~norally to moaJure·stoa. outlot 
flo•· , wate.r i nlet flow and water levo: ln th~> boil or and tO cOntrol the inlet 
flo11 to maintain a balance betwoen the nass flow$ of water in and steam out. 
The water level inr'ormation is used to :>rcvi;lQ a.· al~w actinR nsot sigr.al 
so thnt :1 desired ave:ago level h ma~uained olVOT lon11er perioda of tiJIO, 
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Steam Temneraturc Control 

Precise regulation of SuPeTheat~d stcunt is essential to proven~ 
thermal cycling with nsultant mechanical fatiqua dEma~e to tho turbine. · :. 
Steam outlet temperature tends to fluctuate due to c number of effects such 
aos changes in the amour.t of exce» air, changes in inlet water teJUPeruture · 
or tyoe of fuel, contaminatio~of the heat Wbsorbinf surfaces, the fluctuati~n 
of l oad demand on the boile~ , etc-. 

. ·J 
A number of nethods of outlet steam temperature control aro avail~ble 

and various combinatioascf these bMSic iduas are often employed. Tho ~ost 
comm~n principles anol:ed. are 45 follows: 

-. change the angles of injection and <U!ott. of insertion of f~l 
supply noz:les in the furnace. 

- control gas flow pat:terns in the furnace using movable control · ·, .. 
surfaces. · 
steam atte~peration usinR pure wat:er sp~uys directly· or by 
deviating part of the steam through hea: exchangers. 

' 
T 

The aoproach used for the 
boilers is considerabl·, different. 
units refer to Referen:e 1. 

control of ~~hrough and suporcritical 
For an introduc~ory discussion of these 

In Figure 2. ~ is illustrated a tyoical ananRelllcnt of contro: dovi :es 
:or an natural circulation steam boiler. In practi;e those control schenes 
can be implemented using any co~ination of electri:al, electronics, paeumatic 
or hydra~lic systems. The practice at the present time i5 to use analog 
systems although there is a tendency to move toward digital systems as on-li~e 
digital data logging is used. Modern steam units are now usually atarted ~P. 
controlled and shut-do~n under direct diRital contl')l, 

Reference 6 gives a brief review of the c:>ntrol characteristics of 
Stea111 boilers for large power swings. · 

' 
2.2 Nuclear Reactors and Associated Controllers 

The control OT nuclear power reactors is a rapidly changing fi eld 
due to the ranid chan~s in control phi losophy as rolatod to reactors 1nd 
~ lso due to the rapid advances in nuclear onjtineering itself. Thero an 

.· 

man}' types of power reoactors now under consideration for utility sorvi :o and 
~11 have engine control features. References 7 and 8 provide a brief review 
of the pertinent engineorina fe .. tures of present daly reactors. For a study 
of the control of such units the reader is referred to specialist ~itorature . 
on the subject. 

! .3 Non-Reheat· Steam Turbin~ 

The power output of a steam turbine does not respond instantaneously 
to chan~es in the steam inlet vulva position due to tho effect ot entrained . 
.Iteam i n the ttrrbin!LiU.tl!.:. _'J'h~ .. ~~..!!!:s for function 1 f'or -~nia1 1 ~ch'anges lnT~ 
level _ relating t~o _turbine power outpuf]to changes iflteiiiiivil'Veopening is 

.. 

AP m :· K \ 
Av•·ts.l ! e 

. .. (2.1) 



,.., 

-
-5-

where 

AP m is thu turt>·i no nower output (p ·\!: l. 

t:..V is the stcwn valve opening (p.u. ) 
>1P 

~H ... "'' 
A~ 

T is the steam starting time determined by 
e the volume of entrained steum 

Fi ~u:re ~ . ~ - tlc.!J-reheat steam tu::"bine 

T ,; I; second .. 

~ is a :onstaot determined ny the sfope of the mass flow-va lve opening character­
istic. This :: rouJhly equal to unity near full load. 

~-~ Re~cat S~ean Turbine 

l f :here is a st9!l(e of reheat in the steam cycle, the transfer function 
of ttle tu.rbine will be altered. This situation is indicated approximately in 
Fi~UTe 2.3. 

tU 

. :5'H. 
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AP""' 

L.P. 

f> rt!A"' 

~v· 
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Fi~l.rt! 2.5 - 5te:a~ turbine with ore stage of reheat 

F<>r th.s cas.:t.P ·~P 
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m m 1r 
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I 
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..,P K 1 (T~~• l) • ~;~ 
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o. v • cr 1 s • 1) (t 2s • 1 l 

l,'h.:rc ~P and:.: are i n per t:ni t 
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• 1 • I; ;=co:'ld 

T1 • 3 ~ S s econds 

,. / ' '. -111 1 ~ l • . . .; ..,. .;) 

!;.); •1 .., 1 

+ 
K2 

:r 
1 
S·l) (T 

2
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I,, 

~P~ . 
+ 

(2. ~} 
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Re fe~~ ncl!~ !l, l:l and 11 describe t:hc mechanical features of typical steam 
turb: r .. ~s ased f~t· utilit)' ~ervicc. 

::.s th·dr.at'li.: Tll~bine W~th Penstcd -No Sur~c T:ml< 

This .!c ·:elopmeat is based on the following assumptions: . + 
• ' : h,• conJuit and •·utcr arc1 ·~~m~ressiblo 

::.c water velocity throu!:h the turbine is proportional to 
:he nroduct of gt.tc or:cninse and the square root of the net 
l ead. 
~Icc orr::,inc> power outr.ut is proportional to product of net 
~ead and water velo~ity. 

- read loises in tke co~duit und ~ate aro nc~li~ible. 

- - · .. 
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';; r-

I H 
: -

- -· - -·- -- ---u 

. ' 

,. --......._ 

Fi.:u re 2. 5 - tlydro.ulic tt:rbine insTallation without super 'tonk 

Po•·cr E>.Tressl01l 

P • K.Hu 

whero P is the turbine power output 

u is :tJ\4: Jtet head onerotinl( 

u is The turbine flow 

Kl is a constant 

for s~all chanses 

AP • K1lli~ -+ K
1 
ull~ 

nomali~1n)! l:y .:iviuin;: both slues by P
0 

• K
1
H

0
u

0
, the 

stcL..dy statt.: p.lwcr lt.:v~l, )o!iv~s 

. 
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t,P p: 
0 

t.u -- . 
u 

0 

u ~ ;:! /11 G 

,. 

~- - r-

'.II 
il 

0 

(2 . .3) 

-..·her~ 1:, is n c:on~ta.~t: a-cd c; is th<: wi ;;kct Rate opening. Then for small changes 

llu ~ K
2 

{H' l\G + 

K
2
G 

- AH 
2/ii 

Normali:inK by dividing throu~h by u = K, Iii G (the steuJy state f l ow) o .'("o o 
~iV<!S 

t.u 1\G 
u-=c:; 

0 0 

All 
+ - -211 

0 

Incn:ial Effect in the ,.,-nstock 

~!.A 2!. (t.u) = -hft. t. II 
g ilt 

Norn~l i :ation by multipL)ing both sides of the equation by 
u 

0 
iJ1! 

0 0 

transform~tion ~ivcs 

If!:. 
)! 

L u~ 5 (Au) 
-,-, uo R ;> 

u 

-lilt = - -li 
0 

If- • Tw is dofin~1l as tho "water Hartlns: timo" thcr1 
0 

T s (6u) - toll 
w = H u 

0 0 

Equari.:m$ (2.3) to (2.5; can be cxpn!$Scd in matrl x form. 

illP/ P 

r 1 -~- AC/G- . 
I o 0 

I 0 = . -I ~ hu/u 
0 

0 I Lo T S 1 AII/H w 0 

and Laplace 

Tncs..' <!qud ions ~an be ;;;.1\lecl to get t!\e required transfer functio[l 

AP/P 
~ 

~C/G • 
J 

.. 

(1 - T S} . w 
o ·~T w 

'I 

(2. ~) 

r2..sl 
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. 2. 6 Hydraulic Turbine With Sur~c Tank at the Tur'Ji r,e 

FOl(Cc,..o..y 
---·- --- -· 

lt'UI 

A "'. 
p 

~-.~ 
LI.'L. 

t L_ __ _,--

u,->-

L l 
~I 

Figure 2.5 - Hydraulic turbine installation wi t h a sur~e tank at tho turbine 

Power Exnress ion 

p • IClH2ul 

where P is the turbine power o~tput 

H2 is the available head 

u3 is the water mass flow rato through the turbin~ 

for small chanMes 

.liP • K1H2Au3 + IC1u_l•"~: 

.. 

J 
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nonnali :in): hy Ji\'idin~ by 1'0 = K 1 : t,,r'~l - _, 

Turhinc Flo..-

_:f' IIU. 
~ 

..1 11 "' 

p o- .. 
it~0 0 u30 

u. o K, /ii:; G 
~ 

~·h~t'l.! G is the wi ckc.H ~:ate opuniu~ 

for small chani{.:S 

t.u
3 

o K, Jil, AG .. 
K~r.w1 
2/1.. 

normali:ation gives 

11u
3 

-- = 
u30 

11112 
+ ~-

:?11:?0 
Ar. 
c; 

\) 

Inertial Effect in the Pens tock 

t;LAl 
-- s (Au

1
) = -A

1 
r,lll l, 

g -

nonuallze by multiplyint: both siuus 
ulO 

t>y ul01120 

or 

LillO ( 
--9 

!:11 20 

t>u
1 

ulO 

All., -- . 
11

20 
-sT w 

) . 
Au

1 

ulO 

-Lilt:? 

tr; 

where T , the water srartin)t time is ~ivcn by 
w 

T 
LillO 

~ --w gll20 

Cor:tir. .. n t)' at tho! .Junction 

A~ul a A2u2 + A~u3 
. 

... _A., A3 
u - ·--:.. u .. - u3 l · Al 2 .-\1 • 

• . .:''• .. 
'• 

.. 
• . ' ": I., 

• 
. 

·-

(2.6) 

(2.7) 

, thon 

2· 3 
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for small changes 

A, A3 
Au c --=.. Au2 +A Au3 1 A1 1 

normalization gives 

AUl A2 Au
2 A3 l.u:; 

-- =- --+ - -
0 10 Al ~0 Al ulO 

but u 10A
1 

= u30A3 and u20 = 0 so 

Au
1 "2 Au2 Au

3 -- = - -- + -- (219) 
0 10 AI 0 10 

0
30 

Pressure at the Bot tom of the Tank 

P iz = i' 112A2 

u., 
= Q c-=- " > ' s 2 

·~ sll
2 

.. u
2 

or s (H20 + AH
2

) = u~0 + eu2 

now u20 ~ 0 so normalization ~iv~s 

AH., 0 10 /\U2 
s - = 1120 

- -1120 0
10 

(2. 1 :) 

Equations (2 . 5) to (2.10) can bo sullilll3ri~e.t ln liiii.U'ill form as follow.11~ 

-4'/P 
0 

0 0 D 1 1 I I 6G/G
0 

0 I 0 0 -1 ~ Aul/ulO 

0 I & I I) sT 
w 

!) 0 1 AuiulO 

0 I I 0 1 -A2/Al -1 0 Au
3
;u30 

0 I lo 0 -u 10/H2u 0 ' I I AH2/H20 _I 
These cqu~tion~ can be solved to ~ivo the requirtd transfor function. 

A2 
2 ulO Al gAl ., (s -- A 1 +LA) ( !:. - ~ ) H20 /.P/1' AI 

s __ , .. _ 
2 2 w 

0 I! • 2 

2 ·uiO _I gA I ...... ;.G/G
0 ( !:. A2 2 s •Ts~l) (s + ---A s +-

I( AI " 21120 2 LA2 2 
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2. !l Spee<l c:ovcrnors 

2.~.1 Th n p rincip le s of governor operutiun 

The speed governors used on gencracor prill>C movers may be considered 
ei thcr as speed controllers or power controller~ depending on the mode of 
ge,erator operat ion. If the electric generator l S supplying a.n isolated 
lo:~d, the 2overnor tends to operate as a speed controller;. however, if the 
ge,crator is connected to a · large system where the total generating capacity 
is mu~h l~r~er than that of . the unit itself, the speed (frequency) cannot 
hL' appredably altered by the individual uni: and .th~!£!.1?!'"- ~h!L.&o..Y~Ul...Qf 
op.'r:l~_cs. ~s a po,w'.!.r ~9.~E.!.9U.~.I. The general arrangement of the functio:tlll 

-e l~ments of the governor is shown 1n Figure 2. 14. 8oth feedb ack paths are 
normally in op'eration. They comb ine to )live the governor drop characteristics 
re~uircd for stable parallel operation of generating units. 

~ 
.~ 

' 
v 

I'~ \M £. 6 uv E. I<.-

- ~~ NO~ "'""c.~ ~ F 

p 

~PHC 
( 

Sl:.><SoiR 

1-o"'D 
... . 

~Ew~o~ 

-

Figure 2.14 

For sp~ed and power control study ? Urposos, both tho steady-sta~ 
~a~n and the transient performance of the governor are oi interest. In order 
to .!Orce ,.P_~r!l_!,l~f-COnf!_C:£!~~ . 8!!P_e_!at.~~S UJ. Sh l!_~. l~!f:dS, tbe JO:V8Tn0l'll tnU3t b~ 
~et __ '!!it.h il !lrQQping-Charal'ter!sti!i.· Most of the early analytical woric ,:m / 
go¥ernors was concerned with t his steady-state droop characteristic so that ' y 
th< governor terminology which h:1s dev~1opcd to d~scribe the transient \ 
performance of governors is an exten~ion of steady-state charactariatics 
into the dynamic range of operation. · ) 

··-----
Before developing .the trans fer fun;tions of typical speed governors, 

th; steady state droop characteristics will be considered. 

The steady-state performance of a 60vcrnor depends on the value at 
th-< stcad·y-stD.te speed droop R. That b 1 undllr st:ondy-state conditions 

I 
AV • R 6w 

or in oth~r wcras th~ amount of turGinc I nlet valve mo·1em~n t which results 
frum 3. l(iven fr~quency error is cqu11l to t bc l'rt:que nf.!y e:-ror dividod by R, 
th~ "governor droop". All qu<Ult i t i us no <!xpru~sc<.l 1n per unit with full 
r ::.:ed val~cs as a base. These relati onships a ro illus trated i n Fi gure 2.15. 
Th.) value 1 is someti:nes rcforr.ed to :.:; t he "st e!tdy->tu.tc gain of the governor" , 

R' 

• .... -·----

r·,. 
··-- . 

0 

.. 
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Figure 2.15 

If the s team valve were to move over 1.0 p.u. of iu travel (full trave.lj then 

R ~ Aw xlOO is the draa:> in per cent) "'r is rated w 
r frequency 

.. llf 
1: 100 R • 60 or 

and l.l f • t%- R I for a 1 p.a. change in valve o?ening or 1 p.u. change i n 
power outp~ of the turbine 

An a:ternative method exists for the expression of the same inforbation, 
tha t is the per cent variation in turbine output po,..cr per l cycle fr~1:1enc:y 
dis-turbance. TO 

-If we define 

AP 
s • C-p) 1oo 

4f • \ power. c;,angu 
cycle! freque:tcy change 

or 
( AP) 100 

p .. 
s• • 10 Ar 

\ power ,:hange 
1 TO cycle~ frequency change 

then B • • ~~ for ll. 1 p. u. ch wtgo in powo r 

·o-r [ Af • ~ I 
If one now equates the two alternative statements for Af. 

10 ..i.. R of • F c lv 

B'R • lOC a l :. 2/3 
6 

TJ-.15 is a useful r(!J~t-on ~hlp t \.'1 rt:mCI:tbcr. 

-·- . . . .. ' ­·-------· . 
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2.!S.:! ~cchtlOICUI - hydr.Jultc t;ovt.:rnor :'or ,, ~ tt· .un turhi11c 
0 

Figure 2.16 illu~tratus schcmatt~ally tho busi~ mcchanicul an~ 
hydraulic features of a convent i anal n~echau i cal-hy<.lraul i<.: gave mar used 
for steam turbine speed control. In some ~ovcrnors, espccia ily those of 
mon recent design the sFeed sensing and computing parts cif the governor 
are electri.::al rather than mt:chanica l and an clectric-hydrauiic transducer 
is used to couplt: the electrical signals into the final power gain stages 
whidl, in nearly all cases, are hydrauli.c. 1}t.s:._jly.:ral! txansfer funct icn 
of the more modern unit.s . ...ilr~. ~till very sinti.la.r to..tbnsc d ven here. ·-- -- -- - -· 

Ftgure 2.17 is an operational block diagram representation of 
the eover:1or. G

5 
i:i the rran~fer function of the speed sensor. From this 

<h."l~ram, the overall transfer funcnon of tho: ~:overnor can be calculated. 
Con5idcr that the X variables represent small deviations away from steady 
sta~e positlons and that x

8 
# 0. Then the inner loop reduces to 

X K 
4 (s) Q 

1 

x3 (s + x
1 

.,) 

f 

xs 
ca• b) cc• d) i X1K2 t and (s) • 

2 x1es hjdK1K2 xl a c 
5 

• T • c(g•h}(i+j) 
J 

xs A A' or ..,re simply (s} • (s•m) (s•n) " (T gs+l)(TRs.l) xl 
~ l 

note x
1 

c G
5 

(61.1) 

In practice the opdration of the speed &tlneor 1' norm•lly f ast 
comp&rod ~ith the rest of tho governor and also TR is usually much amMller 
than T so that the transfer function relating steam vulve movement x

5 
to 

speed Srror aw is given b~ 

L. 
" :t;;;; (s) • 

1/R 
(T s • 1) 

i 

whe:-e x5 and d"' are ill per unit 

.... - oy .... 

~is the steady stato ~po11J hoop , no:rn!ally -01 < R < 0.1 per unit 

T normally 
~ -Figure 2.18 

of tne aovernor. 

is in tho order af .1 • .25 seconds. v 

and 2.19 illustrat~ thd signal flow graph representation 

2.8.3 i_mcc.,anica l hydrn~lic governor for warer turbine" (WoodWQrd Gqverr.or Co. T)'fD) 

Fi~ur~ 2.20 illLst:ratc:S s~hematic:tlly the mech,.nt.o:nl and hydraulic 
system> of a conv~ntionr.l ti!<Jporary dro:>p covornor w;ed for hydrllulic turbine 
soce.J control. Tr.e actuo.l phy:11.;ul .1rT:.nr.cmcnt of liOL.!I(cs may va:;· fro11 one 
unlt to .ln:>ther; howe'"" =' , the b;~sic ~cl:cnto; s hvwn wil! o.ppl)' t o r,osr cases . 

. -;-: -·--· - ·- --. 
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Tht: :la~tted l1 ncs : n Fi1:ure· 2 . 20 repre sent otl :' l ..Jw li n<-"; anJ the solid lines 
rcpr~~ cn t mc :hani~a l li n·k~cs s uch .;s s hafts, ~:w h:~ :>r rods. 

Fi ; urc 2.:!1 
show• in Fig-.J re 1 . :!0. 
ra:i ~" exccp: for the 

is a s : gna l flow 
U 1 b:-an.:hes in 

fulmw.ns: 

gr:.ph rcpr..,scncation of tho gove:r:-or 
the t'low graph arc defined by lin ~ age . ' . ,. . --

( i J branch ~ (:S) ~ X (S) = 
"' 1 

Gc(S) which i s the transfer function 
I> 

of the fly:>a.ll speed sensor head. ::=or sm . .tll speod variati :.ns 

G (5) : 
c 

G I 
c 

2 . 
s ~ 2sw

11
S + "'n 

2 

Wh :; re w is the na:ural frc~ucncy of the speec.l sensor dependant on 
the spring =onst~t a.n.d. flyball i nen:ias. ~ is the c.lamping ratio and C ' 
is aa appro~riate constant. This transfer functLon is usually consider~a 
to ·,e a con,: rant equal to G.' /w 2 sinccu,; is nonnully considerably hig ~.er 
thin any of the other CO!iiponent~ in the f'tcqucnc:t control loop . 

.. (ii l branch (y(S).-.x4 (S)) • k 1/S which is the transfer functi:m 

re:ating: the pi lot valve opening (:f) to tlw valve servomoter 

d~~placcmen-:: (x 4 ). Tht: constant.!<.. _del.'_~f!c.l~ .... dire_::_ly~l} .. the 
QE!'?~L!.a.:e. -~ 1 and .. inv~~<:!J_o~ .!h_~ __ S!'~!i-~~~-~;.!.9.!l'!!!.J!r~L>lf 
the valve servomoter piston. ·.·· ·----- .. - . . .. -.. 

(iii; branch (.(~(3) + x
5

(S)) • ys which is thCI transfer functian 

relating ~he distributor valve opening (x
4

) to the displacement 
of the g~te servomotor (x ). The ~onstant k 2 dep~nds direct•y 
on the o U .flow rate v, ;;kd invers.,ly on tha cross-5ectional 
area of :he gattl servomotor piston . 

(iv; branch ((
0

(3) + x.,CS)) • Gd(S) whi~ is the tunsfe~r funct:ion 

oi tbe re:~.,; da>;hpot m.:chanism, To evalw.te G (s) refer t.a 
Hgurc 2 .lO. At tho junction of the spring ana daahpot the: ro 
will be ~ b~~ce of forces thus -· 
OdS(x

6
(Sl- x

7
(S}) • K5x7 (S) 

~:Sl sod SDd/K5 
T S 

r 
Cd(S) • X. , 51 .. 

Ks•OdS 
; 

Dd/\'+l 
D 

T S+l , r 

where nd ts :he damping coefficient of tha dashpot,J 

anJ 

K J S :he spring co~fficient, s 

Dd/ < ~ T is the relaxatiOn time constant. s r 

The sig!!&l flow Krarh :;hown in F i ~Ul-~ 2.11 can be reduce<i to 
t~at oi Figure 2.12. ~ c~m~arison of Figure Z.i2 indicates that the 
pemmlent droop (o) of the li,OVerr.or i~ givo:n 'Jy 
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D F~1 J f h a 
0 = ACG (S) 

c 
= ( o.:· r)-Q7·-~ J-(z;;.[i) ( ::•J) G ($) 

c 

and the tempo ra:-:1 J roop fct:d: " '" k p~ th b 
).. 

wht!re 

'il T S r 
(T s .. i ) 

r 

• 
·' 

S G (S) J T ~/A c r 
= 

(T.S + 1) 

bi 

g l VCl by 

6 = Gc (S) JB/A • (L .. :)(i•j ) Gc (S) 

To determine the trans fer fu c.ct ion of the for•ard path of -;ho 
temporary droop ROVernor :-cfcr to Fl)lU::-c; 2."11 und 2.:1.::. 1:;" the pilot 
valve-valve servomotor conbi nation i s ! a.st cc:nparcu wit , the distributor 
valve -gate servomotor combl.nation; i. c . :t-.

1 
»K

2
, t hen t "tt: t:-ansfer function 

xs 
for -- (S) is gi ven by 

x3 

where 

XS AC£ lS)k./1-: 
( s . c • X .I a ,... ,..,... J ,. , .,( , " 

3 

= I 
T S s 

K 
Ts " t t\CG (S) 

2 c 

Ac::;c(S) /K ~ACG (S)/K ... c 
• S(S/Kk 1~ 2 ) + l/k

2
) s 

figure 2.23 ~llustrates the £O•Il rnor transfor function used ~n theae 
notes; it is expressed by tho relution~hip 

AG/G 
t.l.J/Ol 

0 
• 

(l + 1'RS) 

T R T 5s 2 
+ (T S • 6T R + crt R) S • C" 

2.6.4 E1ectro-hydarulic 6overnor for Ma~ar turu i n~s (~~EA t~o) 

The basic measuring and conttoili:Jg opllration; of a governor can 
be carried out ~.~Sing electrical methods. . 0:1e rnuthod (wed by ASBA) aates use 
of po~e~ frequency a-c se~vomechanism ~echnique• for th~ co~puting ~rt of 
the governor and hydraulic techniqUbs foT p)wer g~in . 

.- A si~~~plifieo.l dra•·ing of su t:h a go•c:-nor appoiin ir. Figure ;;,:;.4. 
Thu electrical part of the fi:O\•drnor in~ t:at<~s action in the hydraulic 
part when tt.e ir.put r oth" operationa l 11npliEer A is w.balo.nced, I r.put X

1 is the temporary droup inFUT. and i npu t X, i; the input ~oin t for the 
various qu:>nti t i <:s considered ~n the "sufiUlury lcop". Input X~ to th!: 
operational ii.mplifier is z:ero if t hto vc lc:l f!c: aC!"'J!!~ T

3 
fr im;:. cy is 1e::-o 

In the sunur.ing loop the volta,c Jrop .1cross C i> propo:-tloral to th: 
r- fro.:qeur.cy deviat ion aw ay hom :-ci<:ld•c~ -·::-o ;J u~n<:y ( i.e . 60 h. ), the :l rop 

a<:ross T1 i s proportl<ll1a1 ~a t:h~ ot'f~<-t :·::-equ~nc)• desired, die drop s.cross 

• 

( 



x
10

CSI • 

-~~ ($) 
"'o 

-DE 
ACGciSI 

•-------:> • -x-
2
-cs-,--

. 

-20 -

-DFM 
GcAC 

ACGciSI k2/K 

S(S/Kk1+11 

- BJ T,S . 

A--:_-ci_S.l(Tr/
1 

X (S);~(SJ 
II G0 

~ 

Fi,:ure 2.2 2.- R,·,duced sicnal rlow l!raph JC a tc:::l;>orary droop 
~ovornor 

JJ.w (Sl 
"'o 

tr P£RMt.NENT 
OROOP 

I 

T., S • -----• 

s r, s -r, s .... 1 

TEII.?ORARV 
OROO? 
FEEDBACK 

60 
'G'~> 

0 

t'ii;~u u 2: - O: .:;r,\·~: r.tional .oi.: r:ol flo...- rapru~r,ntlltion r::i a te~­
v-::;.~· .. 1 .:::oop tiGvur nor 

, 



... I 
I 

-to
- ?'
 

(
\
 

~
 

n r. ;- ... c -.
 

( 

,r
 

r 
c 

(
l 

:1
 

(' 
J 

"'
! 

- t ' 

J 

.. ~ ---1 

+
 . I 

(
)
 __ ,

 

-<r:
r 

><
. 

r'
 

X
 



L·· 

-.Ll-

T, i~ proportioual to th.: power output uf the t lll"llln<! Ci .t· . pt•nnancul th·oop 
uiput l) .. ntl the; voltage dro) >S a.:ro~s T anJ T~ uro dcr.:l"JIIJH•·••.!>.t... .t lll; h'iJtt 
c.>ntrol cu·cuu whtch act~ to waint~1n ~ .. .:.p.ccif.U:u pow,·r lli\o:L:t12JL.!~hlt! "ll.?.5 
~- . -· --

the to.tal ~~-~:! r~!!!HQ!:...l!) i! pl\111~. !be. 1?\il!'!:lncnt m:>J;!JLlf ~:en,1 qt~Qr .. !'M.Ii. 
supplies " trcqucncy proportional ro turuonc >hart un,:ular vt·locliY· Normal 
powe_: fr.,queni:y-trused so ~h:~t_ ~-~~a! )o~o:r ~~PP.~t can ~" _.u~.".~- fa! ... ~i<; 
tcs t purposes: - ·-.. · · · 
·····-·-· --

A simplifi ed sketch of tht' jolnt control circuitry for .m ac serve 
govt!mor is showu in Figure 2.25 for a thretl machine pldllt. The potcr.timctcrs 
RL' R,, R

3
, R

4
, R

5 
and R

6 
arc link.:d mcchani.::ally to th" gate servo shafts 

of t he thrt!e !:en.:rators -Rc1 and R7 to w1it number 1, R3 and R to unit number 
~ :~nd R5 anu R6 to unit numbe r 3.- Th.: voltages on the ~econdftries of trans­
formers T , ·rh, T , T , T f anJ T will therofore be pro"ortiunal to the power 
outputs of the unhs Sith whu;h they arc a.sociated. Tile potentio:llcter R 
is set to give an output across T J pr oportio•lal to the desired toul powc~ 
our put from the station and poten1ometcr R

7 
is set to give an overall drooping 

dtara..:tcristi.: for the entire plant . The lower summation loop in the 
s.:h<!matic diagram provides an output from trw1sfonncr T. if the ac:ual summation 
of power from all t hree units is not equt..l to the dcm1.nded output from the 
station biased for the desired st~aJy state speed droop. The outputs frcm 
Ti go to the T7 inputs of the three un1t governors (see Figure 2.~4). 

· The primarics ofT ,Th,T are connect~d in parallel so that th~ir 
outputs will be zero provide& allcthrco units share thG load changes propor­
tionately. The outputs ofT , Tb and T go to the r

6 
inputs of the three 

un1t governors (see Figurd 2~~4). c 

The ac serVo type elcctrohydral!lic governor can be reducod to tho 
hlock uiagram of Figure 2.16. The Joint Control Ci rcuitry providcs~cct!ye 
actiun jn the evt!nt that an individual unit docs nor pick "P its share of a 
r§<l.i ,k•mand on the station. 1!i'iS"ii"ct1on is not stron~ howevel' .. and rnJ!Y...be 
'.l o) t;l"£.1.£.~ in assessing tfie actualdynwiiic contN'i1 E!l'rfui-DU;0Zc_.2.( a gowXMr. 
! f .Lil!:: .l9l~t ~trol ·p·4~li ~.:(' <?Diit'i9U:_-"t'L!Ltm3.Iir_f\ulSiioiioi'~ha governor 
catl b11 obu!neirlrom !'fgure 2.'16. Thu r4l~ul% is -- · ·--

X 
D (s) • 

ll.f (l+sl'f) 

{1 + sTR) 
7 • 

{T
5
T1ts- • (T

5 
~ 6TR • aTR)s • o) 

The ru!ationship between the pilot: ~<.!rvo shut poation X aud the gate servo 
shaft position G is given by P 

l ~ ( s ) a 17'srl: 
p 

It 1 s to be not cJ that 1 f the T, and T f tintu ~onstant' •re small compued 
with T R then t h" tl'ans fer funct~on 

r. 
uf ( s ) " ' TR\is· • ('1'5 + 6'flt + oTR)~ • o 

(I + sTit) 

~>·h ich i .> the ;a.1:~ as tJ:J.t ·.11' ti • ., t:a;\:h.m! .:.d -hyJraull.:: governor. 
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1.~.5 EI<Jctronic-hvuaruli.; Govern: . .- for IYut..:r 'l"urbll><'"i liYoodward G1.1vernor Co. Type) 

Elcctroni~ cir.:uits o~in~ ~cmtcondu~tor J..:VILcS are very ruliabl~ 
and can be used to advantage 111 gov..:rnor desi~1\. Thcy offer a r.wnbcr of 
Slgnifici.tnt advant ages in that :;,upt•ryisory contrpl :;j goal:; ancl rrnrccti gn 
sis._nal~n bc_verv e3sily ii!!.I:QdJ.u;.cd._int.a. the b;a$ic c h :c;rranjc cjrcpits . 
The 1\oodward Transistorized Electronic Governor which lS described briefly 
hereunder is an example ·of this typo of gqvernor . 

In th is governor (sec Fi.:ure 2.27) the speed is sonsod 'ly a magne t ic 
pick- up which generates a senes of pulsus at a rate proportional to the 
an!(u l ar ve locity of the tl.(rbi n" shaft. The speed s<Jns 1111: circui t compare:~ 
the .;ctual speed w with the Jesircd value and sunJs a Jc error signal pro· 
portional to llw to the electronic amplifier. f..!!>rortionnl plus derivytive 
fcl!d_!l_!ck is .!!I!E.!icJ around th1• amp.l.J..fi<~r and thc=..JUllY . .h~lltSted to a l ter 
tl~..piH'-f~n:~o&M'C of tl}~_!l9.~ern~r . The output <•f t he runplifier feeds 
an electro-IJ.ydrnulic transdu~l!r. The output of the transducer is &mplified 
hydraullcnlly to the power level rcctuir!!d by the widot gate ·servo motor. 
The governor droop characteriHic i~ obtaincJ from the measured e :ectr ic 
power output o'C'thligiJ-ntirator :-- - --·-- -· -

Leum(•) has shown ·that the output voltage of the electl'onic amplifier 
is gi ven by 

1 s o • i( ( 1f + 1) [Aw - RP] 

where e is the electronic amplifier output 

k is the gain adjustment of the elect ronic amplifier ...... 

a is the time constant adj ustment of the ol.,ctranic lllf.Jlli f i e r 

6w the frequency error .. 
~ R the speeJ regulation 

• P t he electric powe r output Whl 

S the Laplace op.,rutor 

norma l l y 0. 02 < k < .2 

1.0 < 8 < 00 

0 <R<O.!O 

The e lcctro hydr11ul.ic trunsducer p!!riormanc" cun be represented by the 
relationship 

• 

sZ •o .OS7 (s • a)~ 

H . Lcum "The Oev.,!cpntl!n! an1l FielJ ~ .,pcn~n.: !l o f ,, Trun>istor !:lectric 
t;ovcrnor for IJy,i rv Turo~nl!s". l'r:.n> ,,._,,..,,. App f. Sy>t, Apr/6o , I.E.J.i.L 
TJ' u5-6o6 
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