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ABSTRACT 

An an~loc simul'1.tor for the turbine-eener~tor shaft 

~ssembly h<:ts been developed. The simul~tor consists of 

the following electronic modules: 

1) Inertia-Sh<l.ft Modules 

1) Turbine Section 

2) Generator Unit 

2) Exciter Module 

3) Steam Distribution Uodules 

4) Speed-Governor Module 

These modules offer flexibility of simulating a 

variety of turbine-reheat configurations. The design 

of the modules has been proven by frequency domain test 

of individual modules, and their combination as a system. 

This simulator has been developed as an addition to the 

existing electronic simulator of generators ~d power 

systems at the Institut de Recherche de l'Hydro-Quebec. 
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AN ELECTRONIC MODEL OF TURBINE-GENERATOR, 

INCLUDING REHEATERS 1 GOVERNORS AND SHAFT TORSIONAL SYSTEM 

Electrical Pierre R. Legault, B.Eng. M.Eng. 

RESUME 

Un slmulateur analogique pour !'assemblage axial d'un 

turbo-generateur a ete developpe. Ce simulateur est compose 

des modules electroniques suivants: 

1) des modules d'inerties axiales pour 

i) une section de turbine 

ii) un generateur 

2) un module d'excitateur 

3) un module de distribution de vapeur 

4) un module de regulateur de vitesse 

Ces modules offrent la possibilite de simuler une variete de 

configurations pour turbines avec resurchauffage. La validite 

des modules a ete demontre par une serie de tests dans le domaine 

de frequences, pour chaqu'un des modules individuellement, ainsi 

que pour (un systeme particulier au complet). Ce simulateur a 

ete developpe pour augmenter les (capacites) existances d'un 

simulateur electronique de generateurs et de reseaux de puissance. 
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Predic tionn of pov"er syBtem beh'l.viour presupp::>se 

the av'l.il'l.bility of m'l.them"ltic~l models. The early efforts 

h'l.ve begun by modelline the lo':lds [1-41, the synchronous 

gener'l.tor [5-31, the exciter system [10-11l ~nd the governor 

system [1?-141. ~or the tr'l.nsient st~bility studies, this 

proved to be ~dequqte. Recently there have been occasions 

to consider reaching further upstre'l.m for a more detailed 

model of the prime mover source. In the hydro-station, this 

consists. of more uetailed model of penstock, the surge tanks, 

etc. In fossil fuels system, this consists of the modelling 

of the turbines, reheaters, boilers, superheaters, etc. 

The shaft failures at the "Navajo Project" [151 arising 

from subsynchronous reson~nce interacting with torsional 

resonance at the turbine system hqs qlso focussed on the 

need for more detailed description of the torsional shaft 

dynamics. 

These mathemqtical models pose difficulties for the 

following reasons: 

a) High dimensionality 

b) Non-linearities 



The solutions h·1ve been pursued by tv<.'O different methods: 

1) Numericq.l integr'ltion usinr- digitq,l computers 

[16,171. 

?) Using '1.n'1.log sirnul'1.tion[1A-?Ol. 

To dq,te, there h~s been no cle~r cut ~dv~nt~ges of 

dipit'1.1 method over ~nl'llog method. There l'l.re those who 

believe th9.t with the diminishing cost in digitq,l h!lrdw'l.re, 

the digit~l simulq,tion method will ultim~tely prove to be 

the winning choice. But thes.e !ldvocq,teA ml'ly hl'l.ve not 

accounted for the cost in softwq,re development. Many 

rese9.rch group, notl'lbly Gener'l.l 3lectric Corporate Research 

2 

~nd Development [181, the Depq,rtment of Electrical Eng., Purdue, 

Lq,f~yette [1g,?.o], and the Institut de recherche de l'Hydro

Quebec (IRBQ) [21,?2!, continue to believe in analog simulation. 

Admittedly, the cost of analog hardwq,re has reached its 

platel'l.u many ye~rs 'l.go now. The preference for analog 

simulation stems chiefly from the "plug-inn convenience 

of analog modules, in contrqst to tedious rewrites of soft

ware programs. The other reason for this preference is the 

possibility of long runs at low cost, for re~l-time simula

tion. 

In the domq,in of 'l.n~log simulation, one finds two 

schools of thoughts: 

1) There are those v<•ho work with stq,ndq,rd analog 

computer hardware, such as integrq,tors, multipliers, q,dders, 

etc. [18-201. 



':') 'i\ho}1e v·ho w0rk \"'ith f1edic·1terl siT~mlqtorn [?1 , 0 ?1. 

As expected, the first ~ppro~ch h~n flexibility ~nd 

gener~lity to de~l ~ith ~ l~rFe v~riety 0f problems. In 

f1.ct, Lipo f1ql ·tnd Yr'l.uss [1'),?01 h·'lve tre·ited 'l r·l.nr;e of 

rn·oblems from reluct"lnce motor simul1.tion to v•ind turbine 

gener'ltorn. The second 1.ppro1.ch is justified when the 

3 

rese1.rch subject is orient1.ted to 1. specific class of problems. 

Thus, in IREQ, it in found justifiable to build an electronic 

micro machine [~1,~21 which simul1.te P!lrk's equ'1.tions of 

the synchronous generqtor. This is used in conjunction 

with the tr!lnsient network qn1.lyser (T.N.A.) 'lnd the high 

voltqge direct current (H.v.n.c.) simul11tor. 

The work of this thesis is orient1.ted towards the 

second ~pproach. In fact, its goq,l is to augment the 

simulation capq,bility of IREQ's existing install11tions 

in the following ways: 

11) The ability to simul1.te ~ulti-inertia generator 

sh1.ft as is typical of thermq,l stations where the generator 

sh1.ft is coupled to the HP, IP, ~d LP turbine stages. 

b) The ability to simul11te the turbine heater and 

rehe1.ter stages. 

c) The ability to simul11te the governor feedback 

control loop. 



0 Subject of Thesis 

With these objectives in mind, the aim of this thesis 

is to develop these C'lp:J.bilities in a nmnber of electronic 

modules. These electronic modules c11n be combined to give 

a full ranr;e of flexibility normally encountered in therm!ll 

stations, such as cross compound-double reheat, or t~ndem 

compound-single reheat. These modules are built from off

the-shelf electronic components. Their performance is 

demonstrated through test in the following system configu

rations: 

1) Individual operation 

2) Operation as a collection of rotating masses 

3) Operation in a feedback loop system 

Mathematical Models 

As the thesis consists of building the electronic 

modules from components and verifying their capabilities 

through tests, it relies on two papers as the source for 

its mathematical models. ~irst, the state space model 

for torsional resonance can be found in the paper by 

s. Goldberg and w. R. Schmue [231. Secondly, the represen-

4 

tation of the steam power distribution and the speed governor 

system is based on the models recommended in the IEEE 

subsynchronous resonance task force report [14]. Other good models 

are also available [24-351, but these lack general acceptance. 

All mathematical models are formulated in the s- domain 
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DYNMHG !'~OD~I/5 OP C)'rEM.~ 'L'URBIN~ AND 

Introduction 

The objective of the work reported in this thesis is 

to expand the existing f~cilities of Hydro-Quebec•s Rese~rch 

Institute for electronic simul~tion of system tr~nsient. 

The exp'tnsion must interf~ce with existing inst<tllation. 

It must 'tlso provide for development, at ~ l'tter stage not 

yet within the scope of this project. The point of inter

face consists of the signal representing the·torque of the 

generator shaft, which is ~vailable from the existing 

simulation system. Future development is envisaged to be a 

detailed representation of the boiler system, and its output 

will fit into this study through the governor valves. 

Within these limits lies the scope of this project, 

which consist of: 

a) A detailed model for the ~team turbine [14] 

b) A detailed model of the torsional shaft system [13] 

The completed facilities should enable the phenomena of 

torsional resonances of the shaft, bilateral neg~tive damping 

[32,331, and switching transients [361 to be simul~ted. 



?.1 Ste·'lm-'rurbine 'rorAion'll '3hq,ft SyRtem 

'rhe scope of the syr~tem under study is shown in 

fi~. 2-1. The points of interf'lce from the gener~tor 

torque, Te, q,nd the output of the boiler 'ire cle<::trly 

shown. Alon~': the generq,tor sh"lft 'lre the LIP, IP and JJ.P 

turbine section~~, vvhich q,re the prine movers of the 

system. The ste'lm output from the boiler is admitted 

to the turbine through the governor V"llve. The output 

6 

of each turbine is usu'llly. pq,ssed through successive 

st'l.ges of reheating, with further power discharge through 

a lower pressure turbine. 

The inertias of the turbine blades 'l.nd the inertia of 

the rotors of the generators and exciters are coupled 

through elastic shaft, which form a torsionally resonant 

system. There are m~y different configurations of ste~ 

system. In the IEEE Committee report [14l, some examples 

of these are given, such as: 

a) Nonreheat 

b) Tandem Compound, Single Reheat 

c) Tandem Compound, Double Reheat 

d) Cross Compound, Single Reheat 

e) Gross Compound, Single Reheat 

f) Cross Compound, Double Rehe9.t 

These are shown in fig. 3-15. 
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T n recot~ni ~dnr: this di verRi ty of confirurg, tionn, it i r:: 

the ourpose 0f the study to develop electronic modulen 

v:hich have the flexibility of being interconnected at 

will to simul·1te <J.,ny conceiv~ble configurq,tion. 

8 

'rhe function of the electronic model is to simulr-~.te 

the dynamic beh!'lvior of the system. This dynamic process 

is presented in the following ex~ple. As the electrical 

torque, Te, increases, the speed of the generator droops. 

The governor adjusts the governor valve opening to gradually 

bring back the speed of the generator to its noming,l 

value,LJo. For the present model, it is assumed that the 

boiler can output any demand of steam, which is within the 

limits of the governor valves. 

Before discussing the individual modules, it is 

useful to consider the typical models for each of these. 

Section 2.3 will discuss the steam distribution system. 

Section ?.5 will discuss the governor system. Section 

2.6 will give the intergrated system with governor feed

back. From an understanding of their functional requirements, 

it will be possible to break the problem systematically 

into modular units. 
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:J. :> rrodel of the ;_•urbi ne-nenert tor '1h'l ft Af~neMhly: 

9chem~tic ~nd ~'lthem~tic'll Description 

rurbi ne-r:ener'l tor, for the purpone of c~iMul 'l tion of 

their dynq,mic be!n.viour, 't:r'e represented by a group of 

rot"ltin{.~ inerti'ls connected by 'l nho:tft. 1Phese inerti'ls 

q,re connected in '1. r;pecific order, ··1nd the modes in which 

mechanico:tl torsion'l.l oGcill'l.ti::ms occur, depend on these 

vq,rious eroupines. 

A simplified schem~tic model, sho•~ in fig. 2-?, is 

used to develop ~ formul'ltion of a lumped-parameter model 

of the turbine-eenerator shaft assembly [141. The mathe-

matical formulation for the LP section of the turbine is 

'1.8 follO'IVS: 

9 

2HLPSWLP + DLPWLP + DLP,IP(WLP - W IP) + 

DLP,GEN(WLP- W GEN) + J~"LP,IP(t)LP- f)IP) + 

KLP,GEN( S LP - e GEN) = O ( 2-1) 

The mathematical formulation for the other sections are of 

the same nature. For lumped-parameter representation, 

all inertias are represented as fixed point masses. Damping 

and spring coefficients are assumed constant. This model is 

valid for the linear region of the spring constant and shaft 

damping [231. 
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?.3 Model for the Stel-'UI1 Distribution System: 

Schem!ltic and Mathem':lticr:tl Description 

In this section and in section ?.5, linear ~odels 

for the representation of steam-turbines and their 

governing systems are presented. These models provide 

adequate representation for fossil fired and pressurized 

water reactor nuclear units, in most stability analysis 

[141. In these models, it is assumed that all turbine 

control is accomplished by means of governor valves. 

11 

The general model for the turbine steam systems is 

sho~n in fig. 2-3. All commonly encountered steam system 

configurations may be represented by this model [14l. 

All compound steam turbine systems utilize governor

controlled valves at the inlet to the first section of the 

turbine to control steam flow. The steam chest and inlet 

piping, reheaters and crossover piping, all introduce 

delays which are represented by the following time constants: 

TCH' TRH and T00 respectively. The fractions, ~·s, represent 

portions of the total turbine power developed in its 

various sections. 

Mathematically, the model in fig. 2-3 can be described 

by the following equations: 

TOH SP1 = -P1 + PGV 

TRH1 SP2 = -P2 + p1 

TRH2 SP3 = -P3 + p2 

( 2-2) 

( 2-3) 

( 2-4) 
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're !I SP4 = -P4 + p3 (2-5) 

pf11 = ( F1 + F3 + F5 + F7 ) PGV (2-6) 

Pp') = 
~ •I f 

( F2 + F4 + F6 + 'Fa ) PGV ( 2-7) 

'rhis model can e<:~.sily be extended to represent more stages. 

The mathem~tical equations describine these extensions would 

be of the same form as equations ?-2 to ?-7. 

The model of fi~. 2-~ is implemented in two stages. 

First, the model used for a one-shaft system is discussed. 

Then, the required extensions for the modelling of two-shafts 

systems are presented. 

A linear model of ~ typic~l single ste<:~.m turbine-

rehe!:1ter system recommended in the Ili!P!B cor.uni ttee report 

is reproduced in fig. ?-4. Some care needs to be taken 

in tr<:~.nslating this diaeram to the electronic modules 

which are built to simulate the behaviour of the system. 

Pirst, it must be 'lppreciated that physically the 

sq,me mass of ste<tm pq,sses throup:h '111 the turbines <tnd 

the reheaters. As such, the fr'lctions F1 ,F2 ,F
3 

, etc 

are not the fraction of steam mass, but rather the fractions 

of the total po~er inputted to each turbine st'lge. The 

s'lmc steam mass coming out of one turbine stage is passed 

through a reheater ¥'here the steam pickr~ up more thermal 

po·wer, which is expended as mechanic!':ll povo•er in the next 

turbine stage. The time const~ts T1 , T2 , etc convey the 
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concept of time del"ly in e"tch rche9.t st!lp:e. 

A pro9er interpret9.tion '.)f fi!~· ?-4 i~J to s"l.y th!lt, 

"it ~ typic"ll ith node ~s shown in fig. 2-5, the power Pi 

coming out of the reheater 'YI1i th time delq.y Ti is bifurcq,ted 

into two p<1rts: G.p. which is outputted !lt the turbine 'l.nd 
1 1 

( 1-G.) which is p9.ssed throur;h the reheq,ter of the next 
1 

st':lge •. The delg,y of this rehe'3.ter is represented m"l.the

mq,tic'llly by the tr3.nsfer function given in equq,tion 2-8. 
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1 (2-8) = 

The Gi (i=1,2,3,4) as desib~ated in fig. 2-6 are the 

unkno~~s which must be calculated in order to specify 

correctly the parameters in the electronic modules. 

On transformation, the block diagram of fig. 2-4 

becomes fig. 2-6. The equivalencing is based on the 

steady-state power flow, where S=O in the transfer function 

of equation 2-8. Under this condition, the power balance 

in fig. 2-4 is satisfied when: 

= 

As PM = PGV 

(F1 + F2 + F3 + F4) = 1.0 

(2-9) 

(2-10) 

{ 2-11) 

But in using the block diagram of fig. 2-6, Gi is defined as 

the fraction of the thermal power after the ith reheater 

which is converted into mechanical power at the turbine. 
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As such, under ste·1dy st1.te, PGV = t,<\Pi = Plf. B<:tch 
~= 

18 

Gi is computed from~ given specific~tion of Fi (i=1,2,3,4) 

in the followint~ ffi'l.nner for the system shown in fig. 2-4 : 

1"1 PG,= G1P 1 

G
1 

= r 1 

p2 = ( 1-G1) p1 = ( 1-P1) PGV 

F2PGV = G2P2 = G2 ( 1-F'1) PGV 

G2 = F2 

1 1i' 
-- 1 

p3 = ( 1-G2) p2 = ( 1-F,-F2) PGV 

F3 PGV = G3P3 = G3 ( 1-,..1-F2) PGV 

G3 = F3 

1-F1-F2 

P4 = ( 1-G3) P3 = {1-F1-Ji'2-F3·) PGV = F4 PGV 

F4PGV = G4P4 = G4F4PGV 

F4 

2.3.2 Two-Shaft System 

( 2-12) 

( 2-1 3) 

(2-14) 

(2-15) 

( 2-16 >. 

{2-17) 

( 2-18) 

{2-19) 

{2-20) 

( 2-21) 

(2-22) 

Only a slight modification is necessary in order to 

model the system when it has two turbine shafts. Typically, 

the block diagram at the ith reheater output is shown in 

fig. 2-7 A , where Fi' PGV and Fi" PGV are the outputs to each 

of the shaft. The combined power tapped at this node is 
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F1PGV' where F1=F1 +F1 • ~ig 2-7B is the block diagram 

of this combination. Using the method of equivalencing as 

discussed in the previous section, one can compute G1 from 

F1 • The division of power to each turbine in the fractions 

F. 'G.P./F. and F."G.P./F. can be implemented by a Fra.ctioning 
~ ~ ~ ~ ~ ~ ~ ~ 

module, which is discussed in section 3.4.4 • 

2.4 Torque from Steam Power 

For the steam power term to be included in the 

equation describing the dynamics of an inertia, it is 

necessary to obtain its torque contribution. The torque 

provided by the steam power is obtained by dividing it by 

the angular velocity of the inertia. All turbine sections 

therefore require an analog divider to determine the prime 

mover torque contribution. Such a divider is shown in fig. 

2-8. In the modules discussed in chapter 3, this divider is 

incorporated in the inertia-shaft turbine section in fig. 3-2. 

2.5 Model for Speed-Governor System: 

Schematic and Mathmatical Description 

The general model for the speed-governing systems of 

steam turbines is shown in fig. 2-9. This is the model 

recommended in the IEEE committee report [14-fig. 4-Al. 

This model, with the proper choice of parameters, can be used 
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to represent either a mechrtnicq,l-hydraulic syRtem or q,n 

electro-hydraulic RY~1tem [ 14l. T·1athem'ltic'llly, the model 

shown in fi~. ?-1 cq,n be described by the following equa-

tions: 

T1SWIS = -WIS + WG- Wo 

PIS= KT2( G- o)/T1 + X(1-T2/T1) IS 

T 3 SP GV = p o - pIS - p G'.T 

( 2-2 3) 

(2-24) 

(2-25) 

Since the transfer function has a term of the form 

(1+ST 1)/(1+ST2) , as shown in fig. 2-9, it requires a 

special technique in order to simul~te it using integrators 

and time delays. This technique is needed because a first 

order state space approach is used to implement the transfer 

functions. The mathematical derivations for equations 2-23 

to 2-25 are given in appendix# 3. Governor limit functions, 

shown in fig. 2-9, are the rate limits of the valve, which 

prevent too rapid speed deviations. Rate limits are 

shown at the input to the integrators representing the 

governor controlled valves. The first rate limits, i.e. 
• • PDOWN and PUP' are to set the lower and upper limits on 

the speed of opening and closing of the valve. The second 

limits, ie PMIN ~d PMAX' are the position limits of the 

valve. The implementation of the rate limits is discussed 

in section 3.5 • 
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In this f)ection, the models presented in the nre'Ji0n:-; 

:-;ectionr; q,rc interr·1ten into one cor,plete Hy:-tem. For 

the purpose of illuntr~tion, ~ npecific complete ~yntem is 

presented schem'ltica.lly in fig. /-10. It~1 m'lthem'ltic'll 

description in given in equ'ltions ?-~6 to ?-47. An cq,n 

be seen on the nchem'!ltic di"t£T!:!.m of fie;. /-10, the system 

tq,kes as input q, sir,nq,l reoresenting the electricql torque, 

1 , q,t the Fener'ltor. e V'!i th this system simul<!iting the 

dynamics of a turbine-generator Rystem, the angul!l.r speed 

of the generator can be observed for transient or steady-

state vq,riation in electricq,l toraue. 

The e~uations describing the ste'lm distribution 

system of fig. 2-10 q,re: 

25 

TCHSPVHP = -PVHP + PGV 

TRH1 SPHP = -PHP + ( 1-GVHP)PiT"fiP 

TRH?SPIP = -PIP+ ( 1-GHP)PHP 

Tco9PLP = -PLP + ( 1-GIP)PIP 

(2-26) 

(2-27) 

(2-28) 

(2-29) 

where: 

GVHP = FiJHP 

GHP = FJW'( 1-FVHP) 

GIP = 'F'Ip/( 1-FVHP-FHP) 

GLP = FLp/ ( 1-"fi'VHP-"F'HP-FIP) = 1.0 

The equations for the speed-governing system are as 

( 2-30) 

( 2-31) 

( 2-32) 

( 2-33) 
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(2-34) 

( 2-35) 

( ?- 36) 

'"in<tlly, the eqwt tionn describing the dyn<tmicB of the turbine-

gener~tor shaft qssembly system ~re: 

s e 1 = w 1 

se2=w2 

s s
3 

= w
3 

se 4 = w 4 
se 5 = w 5 
se 6 = w 6 

2H1SW1 = GVHpPVHP/w1 - D1 ,2(W1-L\)2) 

- n,1w1- IT1,2ce1_ 8 2) 

2H2sw2 = GWHP/w2 - D22w2 - D?, 3(w 2- w3) 

- n,,2·(w2-w1)- v2,3C s2-e3) 

- Y 1 , 2 ( e 2- e 1 ) 

2H3SW3 = GipPip/w3- D33c..u3- D3,4(W3-W4) 

- D2,3(W3-W2) - K3,4( f!J 3- e4) 

-K2,3(e3-&2) 

2H4SW4 = GLpPLp/w4 - D44W4 - D4,5(W4-W5) 

- D3,4(w 4-W3) - K4,5( 6 4- e5) 

- K3,4(c94-B'3) 

( 2-37) 

( 2-38) 

( 2-39) 

(2-40) 

(2-41) 

(2-42) 

(2-43) 

(2-:44) 

(2-45) 

(2-46) 



0 
?•t5:)W5 = -Te- D55W5- D5,6(W5-W6) 

- D4,5(W5-W4)- Y5,6(B5-B6) 

- Y4,5( &5- e4) 

2!I6SW6 =- D66W6- D5,6(W6-W5) 

- y· 5, 6 ( 9 6- 8 5) 

28 

(2-47) 

(2-48) 
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In chapter ?, the rn~them~tic~l model of the typic~l 

ste~m turbine system, integr~ted with torsion~l shqft 

system, hq,s been described. In orde-r to '1.Chieve maximum 

29 

flexi bi l t ty for different pon~1i hle ste'lm syntem confieurg, tions, 

the following electronic modules have been developed& 

1) Inerti'l-Shaft Modules 

1) Turbine Section 

2) Generator Unit 

2) Bxciter Module 

3) Steq,m Distribution f;1odules 

(Sect.2.2) 

(Sect. 2.2) 

(Sect.2.3) 

Reheaters, crossover ttnd steq.m chest can be 

represented with this modules. 

4) Speed-Governor r,iodule (Sect.2.5) 

The wiring diqer~s of e~ch module, and the corres

ponding mimic di~grq,ms, are presented in this ch~pter. The 

input and output points for each are sho~~. Provisions for 

the inclusion of fast vq,lving, boiler dynamics and governor 

dead-bq,nd are '1-lso discussed. ~in~lly, q,ll equations 

presented in this p~per '1.re in the per unit form. A 



0 
complete derivation for the per-unitization of the dynamic 

equations describing a specific system is presented in 

appendix 1. 

3.1 Torsional Shaft Slstem 

Fig. 3-1 shows a typical torsional shaft system. 

There are two categories of inertias: 

1) A mid-section inertia, i , which is connected to 

two neighboring inertias i+1 and i-1 

2) An end inertia which is connected only to one 

neighbor. 

In the development of the modules, it has been found that 

the left hand end inertia can be represented by a mid

section inertia module. Unfortunately, in the manner in 

which the mid-section modules have been designed, it is 

not possible to modify it to represent the right hand end 

inertia. It will be assumed that the exciter occupies 

the position of the right end inertia. For this reason, 

two modules have been developed, viz: 

1) inertia-shaft modules, and 

2) exciter modules 

The inertia-shaft modules are either turbine sections or 

generator units. ~These two are exactly the same, except 

for their torque input. The generator unit has as torque 

input +Tei and the turbine section has- GiPi/tvi. This 

difference in input is expanded further in the following 

section. 

30 
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3.~ Inerti~-Sh~ft Modules: 

1} Turbine Section 

2) Generator Unit 

There are two types of inerti3-shaft modules based on 

the torque unit. The torque input is the -G.P. term in 
1 1 

the equation 3-1 of turbine section, 

2lf. s w. - G. p. I w. + D .. w. + D. . 1 ( w. - w. 1 ) 
1 1 1 1 1 11 1 1,1+ 1 1+ 

+ n. 
1 

.(w.-w. 1 ) + K .. 1{o.-o. 1 ) 
1- ,1 1 1- 1,1+ 1 1+ 

32 

+ K. 1 .(e.-e. 1) = o 
1- ,1 1 1-

( 3-1) 

and + Tei term in the equation 3-2 of the generator 

unit. 

2HiSWi + Tei + DiiWi + Di,i+1(Wi-Wi+1) 

+ D. 1 . {W . - w.. 1 ) + K. . 1 ( 6. -6. 1 ) 1- ,1 ]. 1- 1,1+ ]. 1+ 

+ K. 1 . ( 6 . -0. 1 ) = 0 
1- ,1 1 1-

Fig. 3-3 and fig. 3-5 respectively show the electronic 

( 3-2) 

realization of equations 3-1 and 3-2. In these diagrams, we 

see that the inertia shaft modules include the terms: 

2HiSWi, DiiWi, Di+1,i(Wi-'""1_+1), and 

Ki+1,i(ei-ei+1). 

These are torque terms of the ith inertia and the inter-

coupling between the ith and ith+1 inertias. 

The terms D. . 1 ( W . - w. 1 ) and K. . 1 (e. -6. 1 ) are 
1,1- ]. 1- 1,1- ]. ].-

inputs to this module. These inputs are taken from the 

output of the ith_1 module. When the module under consi-

deration is a left-hand end inertia, these inputs are 

grounded. In the turbine section module, the input GiPi is 
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taken from the output of the corresponding steam destribution 

module. In the case of the generator module, the input 

Tei (generator torque) is taken from the existing electronic 

micro machine simulator at IREQ. 

The difference between the turbine section module and 

the generator·unit module lies in the input terms -GiPi/uvi 

in eq. 3-1 and +Tei in eq. 3-2. As implemented in fig.3-2 

the output GiPi from the steam distribution module, is 

divided by the angular velocity ~i. The negative sign in 

eq. 3-1 indicates that the power input is a prime mover 

source. In contrast, the positive sign of Tei in eq. 3-2 

indicates that the generator input torque is a counter 

torque. 

Equation 3-1 is a torque equation. A divider unit is 

introduced to obtain the torque derived from the steam 

power. The torque applied to a turbine section is the 

steam power divided by the angular velocity of the turbine 

section. All the inertia shaft modules for turbine section 

have a divider unit. 

3.2.1 Module Parameters 

Four potentiometer are provided for the setting of 

parameter values. 

2Hi = XH p.u. of 2K.O. potentiometer (for 2Hi s 1.0) 

= 1/~ , where ~ is in p.u. of 2K!L potentia

meter {for 2Hi?1.0, see inset in fig. 3-3) 



Ki,i+1 = 1000/JS:<: , where~ is in p.u. of ?.Kn. poten

tiometer 

Di, i+ 1 = P• u. of 2K.n potentiometer 

D .. = p.u. of 2K.n potentiometer 1.1 
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The potentiometers are calibrated for one thousand divisions. 

These must be set to the calculated values in order to 

implement the desired parameter values. These are shown 

in fig. 3-3 and fig. 3-5. 

3.2.2 Module Inputs 

The terminals on the left hand side of the diagram 

of fig. 3-2 and fig. 3-4 are the inputs to the modules. 

These are described, for the ith module, in this section. 

Terminal Ewi : ''Wi+1", this is the angular velocity 

output of the ith+1 module 

Terminal EPi : "GiPi"• this is the power input to 

the ith turbine section 

Terminal ETi : ''Tei", this is the electrical. torque 

Terminal EKi 

Terminal ED1 

th .th t t' on e 1. genera. or sec 1on 

: "Ki . 1 (e.-e. 1 )", this is the shaft· ,l.- 1 ].-

torque between the ith and ith_, inertias 

: "Di, 1_1(Wi-w1_1)••, this is the 

mutual damping between the ith and the 

. th 1 . t. 1. - 1.ner 1a.s 



3.2.3 Module Outputs 

The terminals on the right hand side of the diagram 

of fig. 3-2 and fig. 3-4 are the outputs of the module. 

These are described, for the ith module, in this section. 

Terminal S Wi : "w. ", this is the angular velocity 
J. 

output of the ith module 

Terminal SKi : "Ki,i+ 1(ei-ei+1)", this is the shaft 

torque between the ith a.nd the ith+1 

inertias 

Terminal SDi : "Di,i+1(wi-wi+1)", this is the 

mutual damping between the ith and the 

ith+1 inertias 

3.3 Exciter Modules 
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The equation describing the dynamics of the exciter is: 

2H. S W. + D · . W i + D · · 1 (W· · - W · 1 ) J. J. J.J. J.' J.+ J. J.-

+ K. i 1(e.-e. 1) = o 
1., - J. 1.-

( 3-3) 

The electronic realization of equation 3-3 is shown in fig. 

3-1. In this diagram, we can see that each exciter module 

include the terms 2His w i and Dii wi • These are torque 

terms of the ith inertia.. The tenus Di,i-1(Wi-wi_1) and 

Ki,i-1(ei-ei_1) are inputs to this module. These inputs 

are taken from the output of the(i-1)th module. 
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3.3.1 Module Parameters 

Two potentiometers are provided for the setting of 

parameter values. 

2Hi = XH p.u. of 2K.t\.. potentiometer (for 2Hi-: 1.0) 

Dii = P• u. of 2K .n potentiometer 

These are shown in fig. 3-7. 

3.3.2 Module Inputs 
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The terminals on the left hand side of the diagram of 

fig. 3-6 are the inputs to the module. These are described, 

for the ith module, as follows: 

Terminal EK
1
. : "K. . 1 (e. -6. 1)", This is the shaft 

1,1- l. 1-

Terminal EDi 

torque between the ith and the ith_1 

inertias 

: "D .. 1(w .-w. 1)", this is the 
1,1- 1 1-

mutual damping between the ith and the 

ith_, inertias 

3.3.3 Module Outputs 

The terminal on the right hand side of the diagram 

of fig. 3-6 is the output of the module. It is described, 

for the ith module, as follows: 

Terminal S Wi : '' w i", this is the angular velocity 

output of the ith module 
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3.4 Steam Distribution Module 

The steam distribution modules implement the time delays 

which the steam is subjected to as it passes through the 

reheaters, the crossover or steam chest piping. The 

modules also implement the division of the total steam 

power to the sections of the turbine. The equation descri-

bing the dynamics of this module is : 

T1-SP. =- P. + (1-G.)Pi 1 (3-4) 
l. l. l. -

Fig. 3-9 shows the realization of equation 3-4. The two 

terms in equation 3-4 are defined as following: 

Ti : time constant of the ith power distribution 

module 

P. : power output of the ith power distribution 
l. 

module 

3.4.1 Module Parameters 

Two potentiometers are provided for the setting of 

the parameter values. 

T1 = 1/10XT , where XT is in p.u. of the 2KA poten

tiometer 

Gi = XG p.u. of the 2K1t potentiometer 

These are shown in fig. 3-9. 
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FIG. 3-8 MIMIC DIAGRAU FOR A STEAM POWER DISTRIBUTION 

MODULE 
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3.4.2 Module Inputs 

The terminal on the left hand side of the diagram of 

fig. 3-8 is the input to the module. It is described, for 

the ith module, as following: 

Terminal EP
1
. : "(1-G. 1)P. 1", this is the steam power 

1- l.-

received from the ith_1 steam distri-

bution module 

3.4.3 Module Outputs 

The terminals .on the right hand side of the diagram 

of fig. 3-8 are the outputs of the module. These are 

described, for the ith module, as following: 

Terminal SGPi : "GiPi"' this is the amount of steam 

power delivered to the ith 

turbine section 

Terminal SPi : "(1-Gi)Pi"' this is the amount of 

steam power passed to the ith+1 steam 

distribution module 

3.4.4 Steam Distribution Power Fractioning Unit 

The steam power can be further distributed with the 

use of a power distribution unit. This unit was intro-

duced in section 2.3.2 .• The electronic implementation is 

shown in fig. 3-11. The input GiPi is the total power 

derived from the reheater unit. Then, this power is 

fractioned to the two turbine sections as follows: 
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SF2Pi 



(F. '/F. )G.P. = XG.P. 
1 1 1 1 1 1 

(F. 11 /F. )G. P. = ( 1-X)G. P. 
1 1 1 1 . 1 1 

(at terminal SF2P1 ) 

Where X is in p.u. of the 2K.n. potentiometer. 

3.5 Speed-Governor Module 

The general model for the speed governing system 

of steam turbines was developed in section 2-5. From 

this model, the following three equations were derived: 
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T1S WIS = W G - W o - WIS 

PIS = KT2(£V G- Wo )/T 1 + K( 1-T2/T 1) (.uiS 

T.JfPGV = po - PIS - PGV 

( 3-5) 

( 3-6) 

( 3-7) 

The realization of equations 3-5 and 3-6 is shown in 

fig. 3-13. The realization of equation 3-7 is shown· in 

fig. 3-14. The implementation of the model for the speed-

governor is acheived by interconnecting the two modules shown 

in fig. 3-13 and fig. 3-14, as indicated in fig. 3-12. 

This approach to implementing the governor equations was 

selected so that more complex transfer functions could be 

easily implemented. Fig. 3~14 is a typical circuit confi

guration to implement the saturation functions of the 

speed-governor. The choice of resistances, R1 to R8, is to 

be determined experimentally. 
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3.5.1 Module Parameters 

Four potentiometers are provided for the setting of 

parameter values. 

T1 = 5/X1 , where X1 is in p.u. of 2Kil potentiometer 

KT 2/T 1 = 1/X2 , where x2 is in p.u. of 2KA potentiometer 

K(1-T 2/T 1) = 1/X4 , where x4 is in p.u. of 2K~ 

potentiometer 

These are shown in fig. 3-13. 

T3 = 1/X3 , where x3 is in p.u. of 2K1l potentiometer 

This is shown in fig. 3-14. 

3.5.2 Module Inputs 

The terminals on the left hand side of the diagram of 

fig. 3-12 are the inputs to the module. As mentionned 

previously, this module was built in two sections. These 

inputs are described as . follows: · 

Terminal E WG : "WG", this is the angular velocity of 

the generator 

Terminal EPIS : "Pis", this is a state variable introduced 

in section 2.5 

Terminal EP
0 

: "P 
0
", this is the reference power 

3.5.3 Module Outputs 

The terminals on the right hand side of the diagram of 

fig. 3-12 are the outputs of the module. These are described 
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as follows: 

Terminal SP13 : "Prs"' this is a state variable intro

duced in section 2.5 • Its output 

is the input signal to the EP18 
terminal 

'rerminal SPGV: "PGv", this is the steam power to the 

turbines 

3.5.4 Control Setting 

1) Reference Angular Velocity,(J0 

The variable resistance x5 in the fig. 3-13 provides 

the adjustment of the reference angular velocity. The 

output of one volt corresponds to one per unit angular 

velocity. 

2) Reference Power 1 P
0 

The variable
1 
resistance x6 in the fig. 3-13 provides 
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the adjustment of the power setting. The signal is outputted 

through terminal SP0 • A per unit power demand is signalled 

by a. one volt setting. Usually, the terminal SPO is linked 

to EP0 • 

3.6 Steam System Configurations 

The electronic system is composed of a number of 

modules described in sections 3-2 to 3-5. The electronic 

modules "plug-in" sytem provides the user with flexibility 



for the representation of different possible steam system 

configurations. Some of the possible steam system configu

rations, that can be represented, are illustrated in fig. 

3-15 [141. These are the most commonly encountered system 

configurations. For the purpose of illustrating how these 

configurations are implemented, ex~ples of actual inter

connection of modules are given in fig. 3-16 and in fig. 

3-17. A two-shaft system interconnection is shown in 

fig. 3-18. 
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3-7 Fast-Valving Simulation, Boiler Dynamics Representation 

and Governor Dead Band 

This thesis has not treated the subjects of fast-valving, 

boiler dynamics, and governor dead band. But provisions for 

their inclusions in future development of the simulation 

hardware have been considered. 

Addition of Fast-Valving 

In order to increase power system stability, especially 

during transients, fast valving is an option that is receiving 

serious considerations (37-441. In this study, fast valving 

has not been implemented. A convenient way of implementing 

fast valving is through the output stage of a reheater unit 

using a multiplier and a waveform generator unit. Fig. 3-19 

reproduces the reheater module except that the multiplier 

is inserted before the power division to G1P1 &nd (1-Gi)Pi • 
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The terminal F"f is connected to a waveform generator. The 

waveform generator is triggered at the simulating instant 

when the fast valving is actuated. The waveform Y and the 

time delays should be such that on multiplying with the 
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output X, the product Z=XY should approximate the test results 

such as shown in fig. 3-20 [3g]. 

Addition of Boiler Dynamics 

The boiler dynamics representation is considered to 

be beyond the scope of this thesis. Its inclusion is 

necessary only when the transients have durations much 

longer than the time constants of the reheaters (lasting 

tens of seconds). Some studies of boiler representation 

have been reported in references (45-481. 

In the event that a model for the dynamics of a boiler 

be built, the point of integration with the work of this 

thesis lies in the governor valve. The governor valve 

controls the opening of the steam output of the boiler 

system. Assuming that the power outputted is linearly 

proportional to the valve opening, a multiplier may be 

used to combine the governor output and the boiler output 

signals. 

In the existing governor model, the valve opening 

variable Cv is used indistinguishably as the power output 

PGV • Of course, this amounts to saying that the boiler 

ouput is regulated at 1.0 p.u. always. 
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Governor Dead Band 

Governor dead band has not been included in any of 

these modules, since it is not normally necessary for 

large system studies. It may be necessary to represent it 

when the performance of speed governor itself is of inte

rest [141. 
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CHAPTER 4 

PEHFORMANCE OF r10DULES 

INTRODUCTION 

Linear system behaviour can be characterized 

either in the real-time or in the frequency-domain. 

These two domains are essentially equivalent. One easily 

moves from the time domain to the frequency domain by 

way of the Fourier Transform. 

In the time domain testing, one uses st~dard ex

citation input waveforms, such as the impulse or the 

step. One records the output response in an oscilloscope 

or a chart recorder. 

The test which are performed on the modules and 

the integrated system of modules, are b9.sed on the fre

quency domain. The results "l.re presented in the form of 

Bode diagrams showing the magnitude of the gain and the 

phase angle as functions of the. frequency. Conceptually 

at least, one should be able to assess the time domain 

response based on the inverse Fourier transform of these 

results. 

To ensure that the linear theory applies, the fol

lowing modifications have been performed on each module 

during the tests; 

64 



1) The dividers in each of the inertiq, modules have 

been by-passed. The divider is a non-linear 

element. 
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2) In the governor module, the saturation limits again 

represent non-linear functions. In the performance 

of these tests, the input signR.l level have been 

chosen so that the saturation never occurs. 

With these two provisions taken care of, so as to ensure 

system linearity, the test in the frequency-domain remain 

valid. 

For the data in the frequency domain to be equivalent 

to those in the time domain, the Bode diagrams should range 

from 0 Hertz to infinity. In practice, the transfer 

function of the modules is band limited. As such, it was 

found that the frequency range of the output extends from 

20 to 60 Hertzs. The attenuation outside this band becomes 

so severe that the ouput signal is indistinguisable from noise. 

A prototype of the system presented in the previous 

chapter was built to determine at which level of accuracy 

it could be implemented. The results for the testing of 

this prototype are presented in the remainder of this chapter. 



4.1 Performance Criteria 

The acceptability of the module is based on the close 

agreement between the measured Bode diagrams and the 

predictions based on transfer functions. In the first 

instance, individual modules are tested separately and have 

been found to be acceptable. Then, the modules have been 

combined in integrated systems and again theory and 

measurement have been found to be close. As an external 

check, the torsional resonant system of Schmus [23l was 

simulated by modules and again the results justify a high 

confidence level for the modules developed in this thesis. 

4.2 Module Testing and Results 
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Each modules were tested to ensure that their frequency 

response was as predicted. First, the frequency response 

is obtained mathematically, then these are compared to the 

test results through graphs. Finally, the evaluation of the 

results is made for each module. 

Test results are given for the different modules in the 

following order: 

1) Inertia-Shaft Modules-Turbine Section 

2) Inertia-Shaft Modules-Generator Section 

3) Exciter Modules 

4) Steam Distribution Modules 

5) Speed-Governor Module 



Then finally, range tests were performed on the inertia 

module. The parameters varied were 2Hi and Ki,i+ 1 • 

These were tested for specific values, and it was found 

that the module performed as theoretically predicted. 

4.2.1 Test results for the inertia module: Turbine sections 

Mathematically, the transfer function determining 

the frequency response for these modules is obtained as 

following: 

2H.sw. = G.p. - n. 1 . (W .-w. 1 ) - n .. 1(w.-w. 1 ) 1 1 1 1 1- ,1 1 1- 1,1+ 1 1+ 
- n .. w.- K. 1 .(e.-e. 1 ) 11 1 1- ,1 1 1-
- K. . 1 (e.-e. 1} 1,1+ ). l.+ (4-1) 

With all inputs grounded, except Pi' the equation 

4-1 becomes: 

= G.P. - n .. 1se. - n .. se. - K .. 1e. ). ). 1,1+ 1 11 1 1,1+ 1 (4-2) 

+ <ni,i+1 + nii)sei. + Ki,i+16i 

= G.P. (4-3) 1 1 
Therefore the transfer function rel.ating the angul.ar 

displacement of each section of the turbine to the input 

power is as follows: 

o. 1 (4-4) 1 = 

GiPi 2H.s2 + (Di,i+1 + Dii)S + Ki,i+1 1 
From this transfer function, the magnitude of the 

frequency response is calculated, using the following 
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parameter constants: 

D .. = 1.0 p.u. (4-5) Ki,i+1 := 1000 p.u. (4-7) J.J. 

Di,i+1 ::: 0.5 p.u. (4-6) 2H. = 1.0 p.u. (4-8) J. 
The calculated frequency response and the test results 

obtained for these modules are shown in fig. 4-1 • 

4.2.2 Test results for the inertia modules: Generator Unit 

Mathematically, the transfer function determining the 

frequency response for the modules is obtained as follows: 

2H. SW. = Te - D. 1 . ( W . - w. 1) - D .. w . J. J. J.- ,J. J. J.- J.J. J. 

-D .. 1{w.-w. 1)- K. 1 .(e.-e. 1> J.,J.+ J. J.+ J.- ,J. J. J.-
-K . . 1 ( e . -e . 1 ) J.,J.+ J. J.+ (4-9} 

With all inputs grounded, except Te' the equation 

4-9 becomes: 
2 

2HiS 6i = -Te - Di,i+1sei - Ki,i+1ei (4-10) 

2His2ei + (Dii+Di,i+1)S6i + Ki,i+1ei = Te (4-11) 

Therefore the transfer function relating the angular 

displacement of each generator to the input torque is as 

follows: 

1 (4-12) 
2H s2 {D D )S K i + i,1+1 + ii + 1,i+1 

From this transfer function, the magnitude of the 

frequency response is calculated, using the following 

parameter constants: 

Dii = 1.0 p.u. {4-13) 

D · · 1 = 0. 5 p. u • ( 4-1 4) J.,J.+ 

2Hi = 1.0 p.u. (4-15} 

Ki,i+1 = 1000 p.u. (4-16) 



The c~lcul~ted frequency response R.nd the test results 

obt~ined for these modules are shown in fig. 4-2. 

4.2.3 Test results for the inertia modules: exciter unit 

Mathematically, the transfer function determining the 

70 

frequency response for the circuit of the modules is obtained 

as follows: 

2H.SUJ. =-D .. 1(W.-CJ. 1) -D .. W. 
~ ~ ~.~- ~ ~- ~~ ~ 

-K. . 
1 
(e. -e. 

1 
) 

~.~- ~ ~-
(4-17) 

2H; S W.; + D .. W . .... .... ~~ ~ 

= -D. . 1 (W.- W. 1 ) -Ki . 1 (e. -ei 1 ) 
~.~- ~ ~- .~- ~ - (4-18) 

With the Ki,i-1(ei-8i_1) input on the right hand side 

of the equation 4-18 being grounded, the equation becomes: 

2H. SW· + D .. W. = -D. . 1 (W. -W · 1) 
~ ~ ~~ ~ ~.~- ~ ~-

(4-19) 

Therefore the transfer function relating the angular 

velocity of each exciter to either of the inputs are as 

follows: 

w. 
~ 

-1 (4-20) = 
D .. ,<w.-w. 1> 
~.~- l ~-

From the transfer functions, the magnitude of the 

frequency response is calculated, using the following 
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p"lr-:tmeter const1.nts: nii = 1.0 p.u. q,nd 2Hi = 1.0 p.u. 

The frequency response and the test results obt~ined for 

these modules are shown in fig. 4-3. 

4.2.4 Test results for the ste~m distribution modules 

r~athematic~lly, the transfer function determining 

the frequency response for these modules is obt~ined as 

following: 

T.SP. = -P. + P. 1 P. 1 ~ ~ ~ ~- ~-

T.SP. + p. = F. 1 P. 1 ~ ~ ~ ~- ~-

(4-21) 

(4-22) 

Therefore the tr~nsfer equation relating the output 

power of a steam distribution unit to its input power is 

~S follOVIIS: 

p. 
~ 

F. 1 p. 1 
~- ~-

= 1 

1+ S T. 
~ 

(4-23) 

From this transfer function, the magnitude of the 

frequency response is calculated, using the following 

parameter constant: Ti = 1.0 p.u. 

The frequency response and the test results obtained 

for these modules are shown in fig. 4-4. 

4.2.5 Test results for the speed-governor module. 

The speed-governor unit consist of two modules 

Therefore, the mathematical tr~sfer functions determining 

the frequency response for these modules are obtained as 

follows: 
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0 

1) first module implements 

PIS= [ KT?/T1 + K(1-T2/T1)/(1+ST1)lx 

(W G- WO) 

2) Second module implements: 

With inputsU>
0 

and P
0 

grounded in the respective 

equations, the equations 4-24 and 4-25 become: 

PIS = W G [KT2/T1 + K( 1-T2/T1 )/( 1+ST1) l 

PGY = -P13/ ( 1+ST3) 

(4-24) 

(4-25) 

(4-26) 

(4-27) 

Therefore the transfer functions relating the output 

variables (ie. P13 ,PGY) to the input (ie.UJG,PIS 

respectively; in 4-29, the KT~/T1 term from eq. 4-27 has 

been neglected) are: 

Prs K( 1-T2/T1) (4-28) 
-= 1 + ST1 
WG 

PGY 1 
-= (4-29) 

PIS 1 + ST3 

From these transfer function, the magnitude of the 

frequency response is calculated, using the following 

parameter: T1 = 5 p.u., T3 = 1 p.u. KT2/T1 = 1.0 p.u. 

The frequency response and the test results obtained for the 

transfer functions of equations 4-28 and 4-29 are shown in 

fig. 4-5 and 4-6, respectively. 
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4.?.6 Test results on range of operation 

of given v~ri~bles 

78 

Three v~riables were tested to determine the precision 

of operation of the circuit as these are varied over a given 

range. The module used to perform these test was for a 

turbine section of the shaft assembly. The transfer function 

for this module was obtained in section 4.2.1 equation 4-4, 

and it is as follows: 

= 1 (4-30) 

FiPi 2HiS
2 

+ (Di,i+1 + Dii) S + Ki,i+1 

The variables tested are 2Hi and Ki,i+ 1 • In the fig. 4-7 and 

fig. 4-8 , calculated frequency response and test results 

are given for 2Hi and Ki,i+ 1 , in this respective order. 

4.3 Inertia Shaft Assembly System 

The system configuration that was tested is shown 

in fig. 4-9. The frequency response (amplitude) are 

obtained mathematically in section 4.3.1, and the results 

are listed in section 4.3.2. Then, these results are com

pared to those obtained by Goldberg and Schmus [231. The 

parameter constants used in the system shown in fig. 4-10 

are the following (in p.u.) 

K = 10.0 (4-33) 

K1 , 2 = 17900. (4-34) 

{4-43) 

(4-44) 
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Ti'IG. 4-9 BLOCK DIAGRAM FOR INERTIA SHA?.r ASSElffiLY SYSTEM 
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Q 
K2,3 = 23300.0 ( 4-35) H3 = 0.75 (4-45) 

K3,4 = 1700.0 ( 4-36) H4 = 0.035 (4-46) 

D11 = 0.55 (4-37) D33= o.o (4-47) 

D1, 2 = 0.6 (4-38) D3,4= 0.05 (4-48) 

n22 = 0.45 ( 4-3g) D44 = o.o (4-49) 

n2, 3 = 0.6 (4-40) 

4.3.1 Mathematical Predictions 

The equations describing the system are the following: 

2H 1 S w 1 = -D 1 , 2 ( w ,- w 2 ) -D 11 w 1 

-K,,2<e,-e2) 

2H2SW2 = -D1 ,2{W2-W1) -D22W2 

-n2,/w2-w3) -K,,2<e2-e1) 

-K2,3(e2-e3) 

2H3SW3 = -Te -D2,3(w3-W2) -D33W3 

-D3,4(W3-w4) -K2,3( 6 3- 62) 

-K 3, 4 ( 6 3- 6 4 > 

2H4S 4 = -D3,4(W4-W3) -D44W4 

-K3,4( 9 4- 9 3) 

(4-50) 

( 4-51) 

(4-52) 

( 4-5 3) 

83 

From these equations, the transfer fUnctions relating 

the angular displacement, ie ei (i=1,2,3,4), to the input 

torque, Te' are obtained. Then the following torque response 

are calculated: 

K 1 , 2 ( e 1-e 2 ) /T e 

K2, 3 ( 6 2-e 3)/Te 

K3,4(e3-e4)/Te 



0 

84 

The results are then compared to the measurements, as discus-

sed in section 4.).? • 

4.3.~ Test Results 

In this section, the test results, shown through graphs, 

describe the magnitude of the frequency response of the shaft 

torque for a given electric~! torque input. On the graphs, 

the calculated response is the solid curve, and the measured 

response is the dotted curve. The results are presented in 

the following order (in the respective fig.) 

i) K1,2(e1-e2)/Te (fig. 4-11) 

ii) K2,3(e2-e3)/Te (fig. 4-12) 

iii) K3,4(63-84)/Te (fig. 4-13) 

By comparing these results with the ones predicted by 

s. Goldberg and w. R. Schmus, the measured resonance fre

quency is practically the same as their predicted resonance 

frequency. 

4.4 Complete System Testing and Results 

The final series of tests performed were on a com

plete system. The system configuration that was tested is 

shown in fig. 4-14 • 

The frequency response are obtained mathematically 

in section 4.4.1, and the t~st results are listed in section 

4.4.2 • The parameter constants used in the system con

figuration shown in fig. 4-14 are as follows (in p.u.): 
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0 

11vHP = 0 • 5 

FIP = 0.5 

TCH = 0.25 

TRH = 5.0 

T 1 = 2.8 

T2 = 1.0 

T 3 = 0.15 

(4-75) 

(4-76) 

(4-77) 

(4-78) 

(4-79) 

(4-80) 

(4-81) 

K = 10.0 (4-82) 

H1 = 0.2 (4-83) 

H2 = 0.35 (4-84) 

n34 = o.05p.u.(4-85) 

n44 = 0.0 p.u.(4-86) 

H3 =0.75 

H4 = 0.035 

K 1 , 2=17900.0 

K2 , 3=23300.0 

K3, 4= 1700.0 

n11 = o.55 

n12 = 0.6 

D22 = 0.45 

n23 = 0.6 

n33 = 0.0 

T
8 

= 1.0+50.0 p.u. 

4.4.1 Mathematical Predictions 

(4-87) 

(4-88) 

(4-89) 

(4-90) 

{4-91) 

(4-92) 

(4-93) 

(4-94) 

(4-95) 

{4-96) 

(4-97) 

The equations describing the system are as follows: 

(4-98) 

T3 PGV = po + KT2 (Wo-WG)- K( 1 -T2)t.JIS-~.G.V (4-99) 

T1 T1 

TCH PVHP = PG'IT - PVHP 

TRH PIP = -PIP + ( 1-FVHP) PVHP 

2H1U> 1 = FVHP PVHP- n12 S(e1-o2) -n11se1 

-K12 <e,-e2) 

(4-100) 

(4-101) 

(4-102) 

89 



0 

?H2W2 = ( l'i'IP ) PIP- D12 S(82-e.1 ) -D23 S(82-63) 

1 f;' - "VJ{P 

-D?2 S02 -Y23(02-03) -K,2(e2-e1) 

2H 3w
3 = -Te -D23S(63-62) -D34S(63-e4) 

-D33 383 -K23 (e3-e2) -K34(e3-e4) 

2H4UJ4 = -D34s(o4-e3) -D44se4 -K34(e4-e3) 

From these equations, the transfer functions relating 

(4-103) 

(4-104) 

(4-105) 

the angular displacement, ie. ei (i=1,2,3,4) to the input 

··torque, Te, are obtained. Then the following torques 

response are calculated. 

K 1 ' 2 ( e ,-e 2 ) /T e 

K2, 3 ( 62-63}/Te 

K3,4 (e3-e4)/Te 

4.4.2 Test Results 

In this section, the frequency response obtained by 

calculation and by testing is illustrated in fig. 4-15 to 

4-19. 

The results are presented in the following order: 

90 

i} K 1 , 2 ( e ,-e 2 ) /T e (4-148) 

-Magnitude Fig. 4-15 

- Phase Fig. 4-16 

ii) K2, 3(62-63)/Te (4-149) 

-Magnitude Fig. 4-17 

- Phase Fig. 4-18 



40 

20 

0 

-20 

0 

:j':i t;;)ll !t~T'!r~'{ 
1{ 'S~ :il)O fl ~) 1•: 
(db) 

20 

FIG. 4-15 

I 

I 
I 

. ,, 
" 

.. 
11 ,, 
•' I 
'• 
'I 

I 

I 

I I 
I 
I I 
I I 

91 

- - - MEASURED 

-- PREDICTED 

FREQUENCY (C/SEC) 

30 40 50 60 

MAGNITUDE 0 F THE FREQUENCY RESPONSE 0 F THE TORQUE 

[K1 , 2 ( 9 1-6
2

) l BET\\'EEN THE 'ffiP-IP INERTIA SHA ?r 

SECTIONS OF THE COMPL~E SYSTID-~ 



0 

-40 -
-80 

-120 

-160 

-200 

-240 

" -280 

-320 

-360 

92 

- - - rmASURED 

-- PTIBDICTRD 

FREQUENCY (C/SEC) 
20 30 40 50 60 

FIG. 4-16 PHASE OF THE FREQUENCY RESPONSE OF THE TORQUE 

[K1 , 2(e1-e2)l BRTWEEN THE 'lHP-IP INERTIA SHAFI' 

SECTIONS OF THE COMPLETE SYSTIDA 



40 

20 

0 

-20 

!i'!mQt 11~Nr.~Y 
!{R'1POW~ 1 ~ 

(db) 

.. •• 

•• ., 
'-, 

I 

I 

I 
I 
I 

93 

- f1BASURED 

-- PRRDTCTBD 

11 

·~ ,, 
11 
I I 

I I 
I t 

I 

I 

' 

FREQUENCY (C/SEC) 

20 30 40 50 60 

FIG. 4-17 MAGNITUDE 0:;' THR 'FREQUENCY RESPONSE OF THE TORQUE 

[K2, 3(e
2
-e

3
)l BETWEEN THE IP-GEN INERTIA SHAFT 

s~aTIONS 01i' THE f'!O'"PLETE SY9T'Ti!M 



0 

0 -40 

-80 

-120 

-160 

-200 

-240 

0 
-280 

-320 

-360 

'~~ 

FR !~QURNCY \J 
H":SP0NSB 
( RU~CTHICAL 
DEGHEBS) 

\ 

94 

-- PH;.;DICTED 

\ -"' ...... _____ _ 

20 30 40 50 
FREQUENCY (C/SEC) 

60 

FIG. 4-18 PHASE OF THE FREQUENCY RESPONSE OF THE TORQUE 

[K2 ,
3
(e2-e

3
)l BET~~EN THE IP-GEN INERTIA SHAFT 

SECTIONS 0 F THE COMPLETE SYSTEN 



2 0 I '&1T) l<'r) 1 P<'l" r• y r r1 J , l.. ,.J , . , 95 

0 

G -2o 

-40 

RESP0Tl:'38 
(db) 

; 
I 

20 

I 

I 

30 

' ' 

.. 
11 

- - - rmASURED 

--PRBDICT~n 

.... _____ .... __ ------

FREQUENCY (C/SEC) 

40 50 60 

9IG. 4-19 ~tAGNITUDE OF THE FREQUENCY RESPONSE OF THE TORQUE 

[K3 , 4 <~ 3-64 )1 BETWEEN THE GEN-EXC INERTIA SHAFT 

SECTIONS OF THE COMPLETE SYSTEM 



iii) K3, 4(e 3-e4)/Te 

-Magnitude Ji'ig. 4-19 

(4-150) 

For the last one, the phase could not be obtained 

due to the small amplitude of the signal, (which could not 

be distinguished from the noise). 
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4.5 Evaluation of System Performance 

Tests on the electronic simulator have demonstrated 

good ~greement with the mathematical predictions. This 

can be seen in this chapter. By examining fig.s 4-1 

97 

to 4-19, it is seen that there exist only minor discre

pancies. The discrepancies have arisen mainly from the 

difficulty of finding electronic components which are 

sufficiently close to the required values. This is especially 

eritical in the construction of integrators. In making 

the RC ~atios equal to one, care has been exercised in 

selecting resistances and capacitances of fine tolerances 

to match the product. Because of their unavailability in 

stock, and being pressed for time, a few of the integrators 

have been built with components of one percent accuracy. 

This explains in part the slight shift in resonance 

frequency of fig. 4-11 to 4-19. 
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CHAPTER 5 

CONCLUSION 

The objective of this thesis hqs been to develop 

~ electronic analog simulator of the steam turbine

generator system. There are a number of eround rules to 

this exercise: 

1) The simulator must dovetail with the existing 

simulator of the Institute de Recherche de 

Hydro-Quebec (IREQ). 

2) The simulator must be able to reproduce torsional 

resonance phenomena in the turbo-generator shaft. 

3) The simulator must be capable of been configured 

into a variety of reheats and turbines topologies. 

The first stage of the development has consisted of 

deciding on the mathematical models of the system. The two 

papers: 1) Subsynchronous Resonance and Torsional Stresses 

in Turbine-Generator Shafts, by s. Goldberg and W.R. Schmus 

[23], and 2} Dynamic Models for Steam and Hydro turbines in 

Power System Studies, by IEEE Committee Report [141, were 

adopted for the purpose of this study. The integration of 

the steam turbine dynamics with the elastic shaft inertia 

dynamics has been accomplished in section 2-6. 

The second stage has consisted of deciding on the 

minimum set of modules which on interconnection offer the 

maximum flexibility in the implementing of all conceivable 

98 



turbine-reheat configur~tions. 

The module sets are: 

1) Inertia-Sh~ft Modules 

1) Turbine Section 

2) Gener~tor Unit 

2) Exciter Module 

3) Steam Distribution Modules 

(Reheaters, crossover and steam chest 

are represented with this module). 

(Sect.3-2) 

(Sect. 3-3) 

(Sect.3-4) 

4) Speed-Governor Module (Sect.3-5) 

The third part of this thesis consisted of building 

each of these modules. The schematic diagram and the 

wiring diagram of each are shown in the corresponding 

sections given with the previous list of modules. 

The electronic modules have been tested individually, 

then as an inertia-shaft assembly system and finally as 

part of an integrated governor, turbine, reheat and shaft

inertia system. The test consisted of frequency domain 

measurements and the results are presented in the form of 

Bode diagrams in chapter 4. Close agreement between 

measurements and predictions has been observed. This gives 

a high level of confidence in the design of the modules and 

in their capabilities to perform as part of the simulator. 

It is recommended from this study that the modules 

based on the designs be constructed as adjunct to the 

simulating facilities of IREQ. 
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APP!i;NDIX I 

PEH UNIT CJYSTEr.1 OF EQUATIONS 

The m~them~tical models used in this thesis to 

develop the electronic modules 'l.re in the per unit form. 

In this appendix, the equ'ltions are per-unitized in terms 

of the machine constants. The inertia is expressed in 

terms of the inerti~ const'lnt "II" b'l.sed on the rated 

~lA. The base torque is that required at synchronous 

speed to deliver the machanical power in kilowatts equal 

to the rated ~!A V'llue. The spring constant is defined 

as the base torque divided by the base angle. The dif-

ferent constants, with their corresponding units, are as 

follows: 

Power (P) 
Torque (T) 
Spring Constant (K) 

Damping Constant (D) 

Inertia Constant (J) 

Base Quantities: 

1 Watt = 1 Kg-m2-rad2/sec3 
1 N-m = 1 Kg-m2-rad/sec2 

N-m/rad 

N-m-sec/rad 

1 Kg-m2 = 1 N-m-sec 2 

Base Electrical Angular = 120 radians 

Displacement (eeb) 

Base Electrical Angular = 120 radians/second 

Velocity (Web) 
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B'J.se f.leclnnical Anp;ul!tr = 28eb/p ( p=number of poles 

Displacement (8b) of generator) 

B~se rTech<:tnic'-ll Angulq,r = 2CJ
9
b/p 

Velocity 

Base Torque (T
9

b) 

Base Power (P
9
b) 

Base Time 

2H = J Wb/T e b 

= rated r'lTA/W b 

=(L)bTeb 

= 1 second 

The per-unitization of the system's equations is given 

in sections I.1 to I.4. 

I.1 Inerti~ Shaft Eguations: Turbine Section 

The equ~tion for the ith inertia (turbine section) 

is as follows: 

J.sLU.- G.P./C.U. +D. 1 .(6J.-W. 
1

) + n .. 6.). 
1 1 1 1 1 1- ,1 1 1- 11 1 

+ n .. 1(W.-W. 
1

) + K. 
1 

.(e.-e. 1 ) 
1,1+ 1 1- 1- ,1 1 1-

+ Ki,i+1(ei-ei+1) = 0 

The per unit terms are obtained by dividing equation 

I-1 by the base torque. Equation I-1 the becomes: 

Jiu.>b swi 

Teb l4, 
n . . w.1.\ 

11 1-b 

+ Di-1, i (W i -u.>i-1 )Wb + 

Teb (.Jb 

+ D. · 1 <(.J · -w. 1 )UJb 1,1+ 1 1+ + 

T eb(.Jb 

(I-1) 

(I-2) 



rrhe 

(Jrg-m'--rq,d/ sec2) 

P. = p. (Kg-m~-rad2/sec3) = P. 
l. l. 1 

D .. 1,J 

K .. 
1,J 

6. = 1 

w. 
1 

I ? I 2 -----w bTeb ( r'ld sec) (Kg-m -r~d sec ) WbTeb 

= D .. LLl.. (N-m-sec)(rq,d/sec) = D .. wb 
1,J-~b 1,J 

Teb (N-m) Teb 

= K .. eb (N-m/ra.d)(rad) = K .. eb 
1z~ 11~ 

Teb (N-m) Teb 

ei (ra.d) = e. 
1 

eb (rad) eb 

= w. (rad/sec) = w. 
1 1 

wb (ra.d/sec) wb 

per unit equation is then a.s follows: 

2H.W. - G.P./w. + D. 
1 

. (W.-W. 
1

) + D .. W. 
1 1 1 1 1 1- ,1 1 1- 11 1 

+D .. 1(w.-w. 1> + K. 
1 

.(e.-e. 1> 
1,1+ 1 1+ 1- ,1 1 1-

+ K .. 1(e.-e. 1) = o 
1,1+ 1 1+ 

I-2 Inertia Shaft Equations: Generator Unit 

The equation for the ith inertia, generator unit, 

is as follows: 

J. Sl..u. + T + D. 1 . (W.- w. 
1

) + D .. W. 
1 1 e 1- ,1 1 1- 11 1 

+ D1. 1. 1 ( w. - w. 1 ) + K. 1 . ( 6. -6. 1 ) , + 1 1+ 1- ,1 1 1-

+ K .. 1(e.-e. 1) = o 
1,1+ 1 1+ 
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(I-3) 

(I-4) 



As in section I.1, the equ~tion I-4 is divided by the 

base torque. The obtained equation is same except for 

the input torque term, i.e. Te instead of G.P./6V .• 
1 1 1 
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The per unit torque terms are the same as in the section 

I.1, except the per unit input electrical torque to the 

generator, which is as follows: Te = Te/Teb(N-m)/(N-m). 

The per-unit equation for the generator unit inertia 

is as follows: 

2H. S w. + T + D. 
1 

. ( w . - w. 
1 

) + D .. w. 
1 1 e 1- ,1 1 1- 11 1 

+ D. . 1 ( W . - W. 
1 

) + K. 1 . ( 6 . -6. 
1 

) 
1,1+ 1 1+ 1- ,1 1 1-

+ K .. 1(6.-6. 1 ) = 0 
J.,J.+ J. J.+ 

I.3 Steam Power Distribution Equations 

The equation for the ith steam power distribution 

module is as follows: 

( 1 +ST. ) P. = ( 1-G. 1 ) P. 1 J. J. J.- 1-

The per unit terms are obtained by dividing equation 

I-6 by the base power. Equation I-6 then becomes: 

The per unit power terms are of the following form: 

P. = P. (Kg-m2-rad2/sec3) = P. 
J. J. J. 

WbTeb (rad/sec)(kg-m2-rad/sec2) W_b_T_e_b 

The per unit equation is then as follows: 

( 1 +ST. ) P. = ( 1-G. 1 ) P. 
J. J. J.- 1 

(I-5) 

(I-6) 

(I-7) 

(I-8) 



I. 4 '3peed-Governor r,~qua tions 

'rhe per-uni tization of the speed-governor eq'Ua.tions 

W'3.s perfonned in the reference 14. 
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APPT<.:NDIX II 

BACJI C BLTI:C'riWfH G COMPONENTS AND CONFIGURATIONS 

The electronic components used in the construction of 

this electronic model are quality off-the-shelf integrated 

circuits (operational amplifiers and dividers) and passive 

elements ( resist.ance, capacitors, and potentiometers). 

The operational ~plifier and the divider are repre

sented in the circuit diagrams by the symbols shown in 

fig. II-1 and fig. II-8 respectively. With the use of opera

tional amplifier, the basic operation of addition, substrac

tion, integration and variable constant are implemented, as 

shown in fig.s II-3 to II-7 respectively. Division is 

implemented by the integrated circuit shown in fig. II-10. 

The symbol for a multiplier is shown in fig. II-11. 
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FIG. IJ-1 OPERA'riONAL AJI~PLIWIER GYrmOL 

- BALANC~ N0 

NATIONAL 

INPUT v+ 
SEl'U CONDUCTOR 

INPUT OUTPUT 8041 LF356N 

v- BALANCE 

FIG. II-2 OPERATIONAL A1\~PLIFIER PIN CONNECTION DIAGRAM 
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Rf Rf Rf 
eo = -(~ e1 + n; e2 + ~ e3) 

1 1 1 1 1 
~=lr1+'R2+~+ltf 

FIG. II-3 Y.'ITUNG DT AGHAH FOR ADDPriON OPERATION 

0 

FIG. II-4 WIRING DIAGR.Ar1 FOR SUBSTRACTION OPERATION 

FIG. II-5 WIRING DIAGRAM FOR INTEGRATION OPERATION 
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0 

..--o e 
0 RV~ 1.0 

J.i'I G. II-6 V'THING DTAGHAr7 Ti'OR "~'ATITABLB nONS'rANT 

RV<< Rf 

eo = - Rfe1 
~ 

1 1 1 
n;=~+n; 

FIG. IT-7 WIRING DTAGRAl'~ 'F'OR VARIABLE CONSTANT OPERATION 
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X ~o---1 
.. 1--o X Y 

y ~ I 
0------' 

i"' G. II -8 DIVIDTm '1Yf.1BOI.J 

+VS NC OUT Z1 Z2 NC -VS 

14 13 12 11 10 9 

ANALOG DEVICE AD535 

1 2 6 

X1 X2 NC SF NC Y1 Y2 

FIG. II-9 DIVIDER PIN CONNECTION DIAGRAU 



----··--··---------c 

+15v 

14 13 12 11 

1INPUT 

VOUT : z2INPUT/X1INPUT 

z2INPUT 

10 9 

6 

FIG. II-10 DIVIDER CIRCUIT IMPLEMENTATION 
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y o----1 X 1---oo X Y 

X no----t 

PIG. II-11 MULTIPLIER SYMBOL 
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APP"SNDIX III 

SPEED-GO"BHNING SYSTET1: f,!ATHBr~ATII'"!ATJ MODEL 

The model for the speed-governor is sho~n in fig. 2-9. 

It is 1'1 model recommended in the Il~EE Committee Report [ 141. 

This model is described mathem~tically in the following 

equations. 

SP GV = ( 1 /T 3 )( p o ~ pI<) - p GV) (III-1) 

PIS (K/r 1)(1+ST 2) KT? 
= = + (III-2) -----

(WG-Wo) S+1/T 1 T1 1+ST 1 

Let W IS 1 = (III-3) 

(WG-Wo) 1+ST1 

Then 

(III-4) 

The breakdown of equation II-2 into equation II-4 simplifies 

the electronic implementation of the speed-governor system 

model. 


