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ABSTRACT

Three dynamlc computer models of an overall magnetohydro— )
dynamlc/steam electrical power generating plant are developed CTime: .
domain solutions to the three sets of system equations are given.

The three models are generated in an increasing order ‘of compilexity.
Several control configurations are applied.to'the systems and their
effects on system dynamic response are presented. ‘The most detailed

- model, system model III, utilizes an input-output characterization

of the Combustor/NoZzle/Chennel/Diffuser developed from polynomial
approximatiens of data resulting from the solution of energy balance,
state, and continuity equations for the combustor, and the quasi
one-dimensional MHD equations for the charinel and diffuser. The.
boiler and turbine valve model has turbine valve area and power
available to generate steam as inputs,  and throttle pressure, power
to the turbine, and boiler and stack losses as outputs. The effect
of regenerative air preheater cycling is modeled, and the effect of
an alir preheat temperature controller is given.




Chapter T
INTRODUCTION

1.1 Problem Background

Magnetohydrodynamic (MHD) research and devélopﬁeht is curreﬁtly
in progress on an international basis. The major objective of this
work i; to produce electric .power reliably and economicaliy. The MHD
effort in the Uﬁited States has the stated goal of a commércial démpn-,
stration power plant being operational by_£he late 1980'35 -Eléct;ic

power companies have indicated that a realistic demonstrétiéﬁ faciiity-
should have af least 5001megawat£s KM&) éf'electricai-oﬁééut poﬁer.

A coal-fired, direct open-cycle‘MHD/steam combiged qule ap~
pears to be a likely plant'configuratipﬁ. The block diagrém-of such .
a plant is shown in‘Figure i.l [69]. ‘The system oﬁ,Figure 1.1 oﬁer—'

ates as follows: Coal is burned in a combustor in the presence of
highly preheated air at apéroximately‘? atmosphereé pressure. The
combustion products are seeded with a relatively éasily ionized métér—
ial such as potassium. This substahtial;y incréasés the coﬁductivitf_
of the combustion products. The outpuf of ;he combustor, an ionizéé'  _
gas, is passed through an MHD generatoi at approximateiyzﬁhe spéed_bf
sound. An elementary MHD génerator is Shown in Figure'l.é ii41]. A
strong magnetic field (E} is produced which-is'perpendiculé;rtgiﬁhel
"velocity (E} of the ionized gas;> Two wal;s'of‘the gene#étor'dﬁC£ pér—

pendicular to the magnetic field are non-conducting. - The?remaining‘
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Figure 1.1. Coal-fired, direct open-cycle MHD/steam combined cycle

two walls have electrodes in them which collect the electric charges
that are separated by the qu x B forces on the charged particles,

where q is the charge of an electron. The separation of electric
charge is represented by current density g_(amperes/mz). The resultant
DC current is converted to AC by inverters to make it compatible with
existing electrical power distribution systems.

The electrical power generated by the MHD duct represents en-
thalpy extracted from the ionized gas. Additional enthalpy is lost to
the walls of the combustor, nozzle, channel, diffuser, and radiant
boiler. A fraction of this is recovered in the cooling water which

feeds the steam generating part of the cycle. The remaining enthalpy
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Figure 1.2. MHD duct schematic

in the combustion gas is used to preheat the combustion air and to
generate steam. The enthalpy in the steam is converted to electrical
power by conventional turbo-generator units. Approximately 50% of
the total electrical output power of the combined cycle is supplied
by the MHD generator and the remainder by the steam system. The com-
bustion products are suitably cleaned, and the stack gas is exhausted
to the atmosphere.

A closer look at the MHD generator is appropriate. Rosa [121]
gives a simplified description of an ideal MHD generator that appears

below.
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Figure 1.3. MHD duct coordinate system

u = gas velocity (meter/second)

0 = scalar conductivity (mho/meter)

E = internal electric field due to external load (volt/meter)
j = current density (ampere/meterz)

= magnetic flux density (weber/meter2)

Referring to Figure 1.3, the current per unit area induced by
the motion of the gas through a magnetic field perpendicular to the

motion is:

J = oux B - OE = O(uB -~ E) (11
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K = loading paramétér = E/ﬁB '_' ..‘n,,ﬁ 1(1425 _i-
Therefore
j = (1-K)iOuB , ) - (1.3)

The power P0 delivered to an external load per unit volume of‘the gen;'

erator is

2_2

P = jE'= K(1 -~ K) ou™B (watt/meter3)_ o "(1.4)

Since E = uB - j/0
.

© P = juB - jzo Kwatt/meterg).' , '_:t : 11(1.5) '

The force F on a unit volume of gas that opposes the motion of the gas.

is given by
. 2 ' 3 N
F = 3jB = (1L - K) OuB” (newton/meter”™) . (1.6)

If the gas is to move through the generator against this force, a pres-
sure difference must exist between the entrance and exit of the chan-

nel. This pressure differénce is approximated by

Mp = FL=(Q-X oL . . Q.7

where L = length of generator flow.




6
Pp = rate that gas does work pushing itself through the magnetic

fiela. It is given by

P, = Fu= (1-K ou'B° (vatt/meter’) (1.8)
Electrical efficiency is
N = electrical efficiency = PO/PP = K = E/uB (1.9)

It is evident from Equation 1.4 that éaé danductivity, gas ve-
locity, and magnetic flux density are important.parameters‘conCerning
electrical genergtioﬁ and should be lafge té obtain a high power den-
sity in the MHD,chénngl.;

Current MHD,pbwerroﬁtput qapabiiities are far belowvthbse réf
gquired for commercial base load applications. ‘Thevmost“powerful_MﬁD B
generator in the world is still the Avco Corpératioh Mark V, bﬁilt
‘more than‘one decéde‘ago. It produced 32 MW of electrical powér for
one minute. The Rus;ién-U—ZS MHD facility has, as its best.perfor;
ﬁances, a 20 MW output for 30 minutes, and a 5 MW output for 100
hours. Considéring long-dﬁration tests in_the Unitea.stafes, the
Avco Corporation Mark VI'MHD generator recently completed a 100 hour
unattended test run with 250 kilowatt (KwW) électrical'power output.

Channel power density was 30 MW/mB; a value greater than expected in

a commercial scale plant.
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Why is‘there intereéﬁ in MHD energy conversion? A maﬁor reaébh”
is 45% to 60% thermal effiéiency expeéééa fpf.an MHD/Stgaﬁ-éoﬁbinéd”
cycle, as seen in Fiéuré i.4 [69]. Thi§>éoﬁ§éres véf§'fa§§ra5iy Qith
40% maximum thermal éffieiency fo? a conventional étéam furboj
generator system and approximately 30%§therhal efficiehcy'fér"a
ﬁuclear/steam turbo-generator system. - Andther reason for fhe interest
in MHD is that the'combined‘CYCle is expecfed to préduce lé;g wastes
than éénventional steam or nuqiear/steam piants of comparaﬁle,size.
For example, cooling water requirementé for an MHD/steam cémpined cycle
are expected to be 40% of the. requirements for a conventiqnal-steam
cycle-and'25% of-phé requirements for a nuciear/steam systeﬁ.' Removal
_éf sulfur from the COmbusfion products‘isfexpeétédnto:ﬁé:faf'mo;e éf-
ficiént than eXisting téchniq@es-[21]ﬁt;§his_is accomplished:by forma~

tion of potassium sulfate by reaction‘of>potaésium seed with sulfﬁr

and oxygen. The potassium sulfate is then removed in a-seed édndeﬁser.'

Still another reason for interest in MHD is nitrogeh fixation.
At the high combustion temperatures required by MHD (2500°K to 2800°K),

large amounts of nitrogen qxides, calléd NOx compounds, may be formed.

These compounds are basic to nitrogen fertilizer production,.aﬁd'it has

been speculated that MHD power plants migh£ actually be fertilizer
plants that produce electricity as a“by-pfoduct. In the event that -

No_ fixation is not feasible, it is possible to achieve considerably

lower NO_ emissions with a two-stage MHb?éohbuétor thaﬁ'with'M
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Figure 1.4. Results of several studies on combined cycle thermal
efficiency as a function of air preheat temperature

conventional coal combustors. In fact, two-stage combustion has been

shown to produce as little as 0.052 Kg per lO9 joules input or 17% of

the EPA regulations on new coal-fired plants [21].
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In order that a complex éystem such as an MHD/steam combined—‘
cycle power plant can operate reliably and efficiently; it is essen-
tial that,sygtems_analysis be performed oﬁ the entife-set of ;ystem
components and that conﬁfbl system analysis be carried out concur-
rently. Systems analeis provides anélytiqai models of the Qarious
- system compoﬁénté which may, in turn, be ﬁsédfiﬁ formulating suitable
control algorithms for thé dynamic characﬁeristics of fhé.plant. Sys-
tems analysis is the most efficient means knéwn.to optimize plant de-
sign, identify technological ﬁroblems, and predict system pefformance.
Systems analysis aiso aids in giving direction for future techpical
development; o |

In view of the above, the research'de;cribed in this report was
supported by the National Science Foundation .and by the Montana Ener-
'gy and MHD Research and Developmgnt_inétitute under faék H ITI, Cycle
Analysis and Cont;ol, of contract No.. E(49-18) - léll with the Energy

Research.and Development Administration.

1.2 Research Objectives

The objectivés of the research preseﬁtéd in -this report are:
(1) to develop dynémic computer models of a -large-scale MHD/steam
electrical power-generating system; and (2) to utilize these models. in

control system development which will (a) asseSS:the feédback_




1oﬁ5”:’

information needéd to éohfrol a 1argelcombined;cYcle‘£a5i1i£§ in‘ap
acceptable manner, .and (b) determine the type of control required
[113].

To achieve the stated objectives, it was necessary to perform
a digifal computer simulation on a nominal 4000 MW (thermali MHD/stéam
qombined-cycle power plant. The siﬁuiation invélved the intérconnéc—
tion of models of thg indiﬁidual systeﬁ cbmpongnts to fgrm-a cthute:
" model of the entire plaﬁt; Many differeﬁ£ qonﬁ%ol cohfigufatiopé-weré:
used, fangihg'from préporﬁional-integral_control 6f‘£he firinq.5ystgﬁ,‘
.utilizing power generaéion error as the inéﬁt, to véfiéus_c;mbihatiéns
of éroportipnal—iﬂteérél-derivative aﬁd‘féédfbrwaré céntréllers.u Thésé'
controllers affect not only firing rate in the combustor, 5ﬁt gener-
ation rate as well, via the steam tprbiné valves. ' The effec£ of.pre-
heated air témperature control was also investigated.

 The reasoﬁ that a digital-computer éimulation was fequifed'in
meeting the research objgctives'is thaf the alternative would have
been to‘cohstruct a demonstration_poWer p;ant which was.qleaFly ions—
sible becaﬁse of capital:cost ané timé.limitétiohs. The,gésearCh cbﬁ-
tract duration was 15 moﬁths, endinglguly 31; 1976, épd'monéy'iﬁ 6ni¥
now becoming available fbfuthg constrﬁction of'a.zolMW piiot é;ént iﬁ.
Buﬁte, Montana. The consf#uction and operation of a:éommerciél écaie:_
MHD/steam combined-cycle powef plant‘is pot'likelQ'to occur unti1 the

late 1980°'s.
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1.3 Scope of This Work

The scope of the work described in thié paper consists of
.the development of three system model; ;n Chapters III, IV, énd v.
Computer simulation results axe'presented'fd; all three modglé.'
Mény different gontfolle;.éaraméter_va;peé:aré réprgsénted-in the
simulations. | o

_The three syétémfmodels‘areIGEVéiépea in'aﬁ eﬁér—ihéféasigg
.ordéf of complexity. - This is done éo Fhét“fhe_initial modél'ﬁay bé.;ﬂ
“relatively easily underétepd and servé‘és a COmparison fofjthé‘néxt
model which contains mére.detaii. Model I is e§ol§ed'from an ideal-
ized heat balance including the effect of_the MHD generator enthalpy
extraction, regenerative air éreheaters; air pdmpfessor, stéam (bot~-
foming) plant, and stack and auxiliary losses. Proportional—integral'
control is used. Model II retains manf‘of the model I features and .
includes a more.detaiiedwéir éréheatér'moéela The system respohse to
. effects of air preheaﬁe; cycliné-is‘ofhéajor iﬁterest. An air pxepeat‘:"
témpera£ure control loopliéladded. :MéééiuiII, §esc:ibed,in‘Chaptér Ve
has much mére detailea qhéracterizatiéhféf.ﬁhe steam'plént.(inéluding ;"'
the turbines), the Combustor/quzle/dhannei/Diffﬁsef; #nd thé cénfrblsl
than do previous models. o

As mentioned in'Sectiop 1.1; ﬁodeling‘and simulation of sys-

tems is tremendously useful in optimizing complex plant design,
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determining ;egions of aéceptable dynémic behaVior, devéidping éppxo—
priate controls, and identifying and predicting technological probleﬁs.
Impértant results t6 be obtainéd are: (1) dynamic computer
models of the overall MHD/steam.systém; (25 computer simulations which
solve the system equations tq'give the fime ddmain response of syétem'

variables; and (3) an evaluation of types of control required.




Chapter II- *

' LITERATURE REVIEW

2.1 Introduction

This chapter describes literature pertaining to MHD/steam

combined-cycle systems analysis and confrol. - The literature descrip-

tion is subdivided into the following 7 categories.

1.

2.

7.

{

Overall MHD/steam sysﬁem description and systems analysis

MHD'geherétbré'and Combustor/Nozile/Channe1/Diffdsef_model—,

Steam plant ﬁédeling

Heat exchahngers
Powerlplant control
Gener;l control references

Numerical methods/mathematical methods

References are presented in chronological order within each

section. Additional references on MHD are to be found in a recent com~

prehensive bibliography [147] bublished.by the U.Sﬁ'Energf Research

and.Development‘Adminisﬁrétion.

2.2 Overall MHD/Steam System Description and Systems Analysis"”

Several studies have been conducted'pn;systems analysis of

MHD/steam combined-cycle power plants. These studies are generally

concerned with optimization of parameters such as plant thermal
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efficiency and investigate the effect of variation of parameters on
plant cost. = Steady-state results are used, with no work reported on
transient behavior of a complete system. - Control simulation studies

of MHD/stean.combinedjcfole systems are not},toftheiautnot's knowledge,
available in the -1iterattlr.e'. |

| fsu, Young, end“Wey‘{137] performed optimization stndies of a

complete MHD/steam system in 1966. The goai wés‘to.deternine a design.-
for the most efficient plantAand one for the leest'cost. Time.vari—
ations were not considered.

Rosa [121] gives a retiew of fundamentai principles and engi-
neering considerations of MHD energy conve;sion system components._
Several applications for MgD energy conversion are suggested inclnding
commercial power generation and aerospace use.

Womeck'and'Heywooa_[l4l] descfibe} in general terms, en MHD
duct. In addition,:scnemetics for diié&@ end separdte;y:fixed open
cycles, a closed cycle; and a liquid mét;i‘Eyéle are:gi§en. ‘Aniideei— .
ized héat balance diagram for a fossil—fifed open cycle is‘deveioped,
and an equation for combined plant efficiency as a function of MHD
enthalpy extraction efficiency is obtained from.the diagram.

Harrowell, Heynood, and Womack [58] evolve parameter values,
and reasons for their selection, for optimum MHD/steam.combined
cycles. The study is done for a 2000 MW (thermal) plant for -both di-

rectly and separately fired open cycles. The effect of variations in
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10Q;grade heat absorption is studied. {No timé var1étions are eon;
sidered.

Hals and Jackson [57] gi&e the.results of stﬁdieé on’hbwibre—
‘_heat éif temperaturg and magnetic field étréngth affect‘Mﬁb/steém::
Comb;ngdfcycxe.effidie35y.A_Hall paraméter, Hall field, and.stéam
:pianﬁ_heat ébsofpgio#.congiderations'are aiscussed. Nox and_sﬁlfur
reméval‘is briefly qonsidéred. |

. Oiiver and Byer [105] give physiéal'and'économic,médels of aﬁ‘f
open-cycle, cdal—fired,_Mﬁb/sﬁeam'comgined‘cycie.- Components con=-
sidefed ar§ the combugto}, MHD generétbr, heétxgxchangersl(air pré;
heater), éeed recovery_éqd‘gas cleaning.s§§teﬁs; steaﬁ.géne;gting
plant, and aﬁxiliaries.' Time variatiéﬁs-aré not consideréd. Physi¢al;'
chemical, and ecﬁhbmic-eéﬁationg used ih'dgscribipg sygtem,cémpéﬁéﬁts
. are given. A briéf digcuésibn of coﬁputer impiementatioﬁzbf thé}mo@el
is;includéd. | | |

.éiehstock( et ai. i2l] consider thé-air—pqllutibn aspects of
MHD éombustor—ééneraéoré:iﬁsulfur and'Ndx emiséions are shown té be -~
. substantially lower with MHD than with conventiogallsyStems. Potas-
sium seed.is inétruﬁehtai‘iﬁ sulfur ?emova;; ana‘two—stage-cbmbustiSn
reduces NO_ ?utput to as iow as 0.052 Kg:per 16? jdules inpuf._

.Befgman, et al. tlé] preseht cycle analy5es aﬁd_cost-estimétes
for'two 300 MW (thermal), coal-fired, opeﬁ*cyéle MHD/sﬁeéﬁ pilot piaﬁt'

design configurations. Separately fired and directly fired air
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pieheaters are considered. Because the séﬁarately-fired system re-
quires clean fuel (low sulfur residual 0il), it is considered to be
the least favorable'alterhativeh given'the avaiiability of oii in_the .
'U.nited States. | - |

Jackson,; et al. tg9f review preViouS'open-cyéle MHD/stearm sYs—
tem énalyses. A base reference design for a 2006 MW (therﬁal) plant
is developed with parametric variatioﬁs.‘ An qverall.deQelopﬁent prd—
gram leading toward comﬁercial MHD'power geperation is given.

Robles [120].develops a quagi one-dimensiohal MHD generator
model, and.dynamic mpdéls of a DC/AC inverter, steam plant, and air
heaters. Open-loop responses of the modelénare-presented.4

Pieire and'Rudberg.in [113] delineate objectives of the Montana

'Sfate University MHD systém-cyéle analysis and control effort. A de-
"Séfiption gf_an‘inpuf;éutpuf model of the‘Combustor/quéle/Channel/
Diffuser part of the systeim is-includea, as. is a preliminary overail

system block design.

2.3 MHD Generators and Combﬁstor/Npzzie/Channei/Diffﬁser_Modeling
The three-dimensional MHD duct or generator -is a very comélex

device to describe.. A standard simplification is to use one-

dimensional fluid flow equations in the direétion of gas flpw thrquh,

the channel: The combustor, nozzle,'and diffuséf'all_affect generétor.
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performancé apd muét berconsidered‘if‘aCCuréte modeling ié té be
achieved.

Sutton and Sherman .[130] describe fundamehéals of charged par-
ticle mo;ion, behavior of plasmas, magﬁetéhydrodynamic floﬁs,'and MHD
épplicationé}

‘Hughgs.and‘féung:[§4] include wofk-én.incomprégsible_Qiscoﬁé
magnetéhYdrédynémig flow;J A Thevenin ééuifalen;vciréuit.fof.aﬁ'MHD _
éhannelvis dérived”aSSuming'one—dimensiqnal stéady,'viSEOﬁs laminar
f;ow. Approximations of fluid équatidg; appliqable to MHD are sug-
gested. |

Carter and Héywoda [26] aevelop an optimization.theoff that-
predicts variatiéns of thermodyﬂamic properties‘(pressgre, téﬁperéj
ture, enthalpy)r duct shépe and electrical loading along an MHb gen-
erétor for minimum ducf length, surfacé area, or volume. One-

dimensional fluid flow equations are used.

Baylis, et al. [lSI'give a very detailed exposition of MHD duct -

physics. Physical principles are ekplained-with one-dimensional flow .

equations. Equations foﬁIQas enthalpy'are_éiven._ Performance of ‘an

MHD generatof is predicted with the aid of a compressor'90wer.équa;_yk

tion.
El'kin and Yantovskii [45] find volt-ampere characteristics of

an MHD generator with fixed-eléctric field direction and single load.
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Three regions of operation are considered; 1) shock=free floW;.ZX sheck
'Lin the channel; andl3i Sheck in the nozzie.. |

.Kazadhkov:and éﬁipulin [711 invesfigate-regulation of inverters
on a segmented:electrode Fareday MHD gene?ator. -Constent cdrrent, |
constant voltage; end-constant ;oad eoefficieets are eonsidereé.

Gigauri [53] determines external characteristics of a single~
load, cross-connec£ed, eegmented MﬁD generator for subsoﬁie'flew. 
These chafacteristics are:fOuﬁd to be noniinear.

Oliver [106] presents a theory. of tlme—dependent MHD - channel
- flows. A computatlonal approach is developed and 111ustrated by
several generator response,curves. |

‘ Takano, Homma, and Mori [132] dlscuss deSLgn condltlons for -MHD
'-generator ducts applled to pilot plants of approxlmately 20 MW (elec—-
trical) output.

Pierre, et al. [114] develop an input-output.modellof a
Combus;or/NQzzle/Channel/Diffﬁser. Input variables are fuel thermal
input power and preheated air temperature. Outputs are enthalpy ex- |
traction, thermal power in water heating, and thermal’bower in.eombuEF
tion gas leaving the diffﬁser. Po;ypomiai‘approximations afe Qener-

-ated for the input-output data.




19 .

2.4 Steam Plant Modeling

Steam plant, or b01ler—turb1ne modeling has been approached 1n.'
two distinct ways by workers in this area. One method of analySIS 1s
large-scale modeling in which the models are very detailed, often non-
linear, and are. developed from phy51cal properties such.as conserva;
tion of mass, energy, and momentum, inertia effects, and heat transfer{
The,resulting models are'high order.H:A'second method of analysis‘is
the black-box approach. lIn this caseythe boiler is modeled as an
‘inpnt—output device with first-order lags usually describing the dy-
namic response. Some black-box models are nonlinear. Inputs are gen—
erally turbine valve area and steam generation. Outputs are throttle
pressure and steam flow to the turbines. .

Profos [116] developed, in an early paper (1955), mathematical
descriptions of firing systems and once- through steam generators. _Ex—._
‘~perimental results_were.presented. |

: Chien,_et al. [30] perform a dynamic analysis-of a drum-type.
marine-boiler. Approximations reduce_nonlinear, partial differential .
1equations to linear, ordinary time differential forms. The system of
equations for the boiler is l7th order. Analog_computerAsolutions of
the system equations are generated.

Profos [117] gives transfer characteristics of superheaters and

discusses various types of superheater temperature control.
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Kirchma&er [74] includes a block diagram.represéntation of a
épeed governing system, a turbine, and a po&er system. First-order
lags model £he three systemé.

Enns [46] deﬁelops §everal dynaﬁic models for single-éags ﬁééﬁ
exchangers as used.in boiler superheapers._.Luﬁped%parémetgf;and f
distributedrparametér moaeis are considé;ed. |

Nicﬁolspn;[9§]'pfé§énts a iarge;SQaie SOth_order oil-fired‘drﬁm‘;
.-béiler mddel thqh ié reduéed to‘a 9t£‘ofder linear médel. . Optimal
and suboptimai digital confrolleré are developed.

Adaﬁs, et_al. [1] describe an analog cqmputér simulation of a
©.191 MW (electrical) once-through Boiler. Mass balaﬁce,_enefgy balance,
ahd momenfum equations are used in the ﬁodeling p?ocess. Small pegturj
bation techniques solve the system equgtions. Thereforé,'dynamic
studies are limited to small excursions aﬁout any_given operaﬁinq
poin£. One percent variafions are tfpical. -

Fryling {52] inéludés material éﬁ'modeling supéfheateré ;hd_cgn-.<
‘trols for drﬁm water_levgi and combustion. Steam flow ié.used'to aé¥
velop the primary combustién control signai. |

Littman and Chen [86]-present‘a_liﬁearized mathematical model
of a coal-fired, twin furnace, supercritical,'oﬁce-through boi;er with
900 MW (electrical) output. The model is basea entirgly on physical -
laws and design data. Transient responses are obtgined, using‘both,

digital and analog techniques.
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Nicholson [99] uses the same boiler model as [97] to obtain op~
timal control_of a combined boiler-turbine-generator model. Overall
control of fuel, féedwater, valve position, and alternator fiela exci-
tation is developed utilizing dynamic pfégramming,. Anderéon and
.Quaitrough [2] presen£ a_critical reQiew of [99]. They assert thatz
£he system moéellused'by'Nicholson isugbo:érude to use‘fgr éiﬁuiafing
on~line digitai coﬁt&oi; “

Me&ér; et al. t§4] present numerous broperties of water and"
steam in the classic 196§-ASME Steam Tables. These data are invaluéble
if detailed, large scale boiler modeling is done.

Thompson [135] describes a dynamié model of a drumffype boiler.
The model is linear and suitable for representing plant dynamics_about
some steady-state operatipg conditién.- Design of a'multivariéblg'coné
troller‘is-discussed, utiiizing the bqile?zmodel. | |

Stagg and El-Abiad‘[128] shqw.afsimpiifiéa block_diaérém'rébfe-'
sentatibn of a speed gpvegnor control'éystem. The control sysﬁem ié'_"
descriﬁéd.by a dead;ban§f:iimiter, and fi;st-order lag in cascade.

' The steam sysﬁem is rebresénted by a fi:sﬁ;gfder lag. Turbihe.aynamics
are negiected. :

Laxtoh and Stevens [83] give étéady—state'design'cénsidérations
for steam plant equipment associated with an MHD/steam combined gycle.

The entire feedwater train is considered, including Combusto;/Nozzle/ .
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Chénnél/Diffuser cooling; feea heate?s, superheater and reheater, and
economizers.

Kwan and Andérsoﬁ [77]‘present‘a_model Of_a 200 MW coél;fired,'
arum-fype boilgf. It is_én extremely detailed énalysis'éonsisting of
109‘bbilgf_equations,which_are'reduced to 75 gimultanéoqsfequatibns}.
th;ough linéafizafién éndléﬁbs;itutiéhs;AgVafious opén;;oob res96hs§sh.
'are giﬁep. | | | | | " |
| Mizutani énd'Kitém; [QGj répprt:?eé@lts'o% aépi?iﬁéféaapfivéff'

: contral tééhniéues tq"é a¥nm4typé coai;fifed:pbwer plant. Oh-liné,i:
-réai—tiﬁe-identificatioﬁ_d% sditable:péfameters is used to cbhtroi  .-
' drum water 1e§el.aﬁd étéaﬁ‘pressure.

_Speédy; Beli, and Goodwin [125]'§ive rgsults of.a dynamic model~
iné study of a 50 KW drumfﬁype steam generaﬁing plant. Least~sqﬁareé
Analysis is used in which médél-equation-parameters afe_chosen tq A
ﬁinimize mean—squared.erroi between measuféd output variable Qefiva?;
_tives and derivativeélc51Culated from'ﬁodel,equatiéps;' BeSults.afé-n
‘given for data funs'ag.léhé as 2800 séébﬁds.f

Beré and Kaf.[l?]_develop matheﬁéﬁiéél models'of-bﬁéfioaasjiﬁ::l
" power systems. _The-models'are given in tefmg of chara¢£existic céef—
ficients'which ére rates of change in real and reactivé.boWer for
changes in applied voltagejand frequency; L@oadé c¢onsidered are resis;
tance elements including filament.1amps,-dischar§e lamps, arc furnaces,

converters, and induction motors.
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McDonald, Kwatny, and Spare [78,90] ‘describe the development of
a nonlinear mathematical model of a.drﬁm-type.reheat boiler—tﬁibiﬁe—
generator system. First principles (physical 1éws) are uséd and_dér'”
tailed-assumptions are given. Ihe resaléing model uses 14 staté_vafi—“
ables to despribé the bbiiér.

Laubli and Fenton-Tél] presentﬂa-iinear;_time?iﬂ€§riént ﬁodéi‘
_éﬁ a.once-through.boiler-tﬂat is a black;box type. Inpﬁt variables
are steam genera£ion and tﬁrbine,valve ;réa. .Output variables are
steam flow to the turbineé (proportional to output power), aﬁd throtﬁle-
:preésure. The effect of generation controiler variations on grid sﬁa-
bility is discussed.

Astrom and Eklund [9] give a derivation’of a nonlinéaf modéi-
for a drum boiler—turbiné.unit. The modeilis cha:acterizéd Ey fivel_
parameters. Major COntroI Variables ére"fuél_fléw énd steahfﬁiqﬁ..
valve setting. The‘outp;t variablesjafeldtum p;eséuré and ohtput‘i
power.- Experimen£a1 verification is‘includéd.-

Astrom [ld]_publisﬁed a review papér discussing power sfsfem
ﬁodeling based on physical equations and on blapt experiments. Param-
eter estimation techniqﬁés aie emphasizea.' Applications include- an
electric generator, a nuclear reactor, and a drum boiler.

Caseau, Chaﬁssard, and Godin [27] present a detailed model of a
drum-type boiler. Elements of the boiler are categorized into long

elements (pipes and heat exchangers),.shért elements (drums’, tanks;:
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condensers), and short, comélex elements (turbiﬁgs, furnacesj. This
allows separation of cases in which propagation delay is iﬁportant
from cases in which mass and energy storage predominates. Appropriéte
equatiéns are given. | | |

" Eklund [43] COmparés a 160 MW drum boil;r—turbine model.with_-;
ekperimental results and‘With linear models obtaingd bﬁ'ﬁaximpm liké:
lihood identification. The original mgdéi is 9th ordgf. o

Thg IEEE Wbrkipg Gréﬁp on Power'Plant.ResPoﬁse t§ Lééd CﬁéngééL
[67] gives some médeling information én tufbines and bbiler‘pressure"
effects. waer'system-response to load changes.is given for boiler -
following, turbine followiﬁg, and coordinated boiler-turbine control.

Young [146] published block diagrams of excitation systems, é
hydraulic turbine, and é steam boiler-tﬁ?ﬁine system. The boiler-
turbine modei is quite détailed'but.stiil remains in the black;box
category. It is used in a'large—scale>stabi1ity prdgrgm.

Anderson [5] presents an'excellént‘su£vey éf.iow—order bqilér
- models and'differgnt types of boiler-turbine cpntroi. 'Tﬁrbiné models .
are also discussed.

An IEEE committee report [65] gives models of speed governih§
systems and turbines for use in system stability'studies. Hydro and
steam turbines areArepresented. Typical parameters are given.

Laubli [82] describes large-scale boiler simulation. The ap-

proach gives detailed modeling procedures for tube elements, discussés'
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incompressible single—phasg flow and two—phése'flow, and describes
open- and closed-loop response of a 425 MW onée-through boiler.
Anderson and Nanakdrp [7] compare three low-order boiler models
in terms of dynamic response. The three models aré aiso éomparédlwith
a linear two—porf network egquivalent. It is:observed that all-thfée
médels can be déscribed as a linear t&o-ppft'network. ‘Tye réguits:éf

’

analog simulation' are given.

Bailey and Pierce I12] describe coal pul&érizef systems in con-

siderable detail. They présept a case for making-modeling information
_of a transfer function nature available to practicing control engi-
neers rather than étate variable models.

Choung and Dziubakowski [32] present results'of work at Bailey

Meter Company in modeling a boiler at start-up. - Nonlinearities of the

process variables are simulated by using reference functions internal -

to the model. The boiler bypass system is not included in the deel.

Kundur and Bayne I76] describe studies of early ValVé aétﬁatiohj
' . . . ! N

effects on nuclear and fossil-fired power plant stability..,Alsteam

turbine model is given which includes an intercept yalve placed in the

steam piping,betweén the reheater and the intermediate préssure'tur—
bine.

McDonald [92] gives guidelines for development of useful mathe-
matical models of complex physical procésses. Accuracy and usefulness

of results are considered to be determined by parallelism between the

Lt Ll
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model and the physrcal process of interest. A boiler-turbine model is
- developed using the guidelines presented.

Nielsen and Berkowitz [102] conclude that a "model and va;idate"
approach to describing poner plant behevicrvds more'eccncnical and‘ec;
curate‘than either exhaustlve testlng or-pnrely analytlcal-modellng.
The results of applylng thlS approach to a once—through b01ler—turb1ne
system is given.

Yahalom [144] presents reasons_for simplifications and assump—
tions used in approximating two-phase steam flow.

éaynter [110] discusses process dynamics in boiler modeling.
Mass, mcmentum, and energy'nalances are stressed;

| Bloethe and Anderson [22] apply a low-order boiler model to a
transient stability program. A b01ler—follow1ng control mode is as~-
sumed, utilizing a ?Ib ccntroller. The study‘concludes thet the effect
. of the boiler is to reduce.system stabiiity.f' |

Herget and Park [62] describe ?arameter identificaticn cf.a
linear fourtn—crder boiler“model with eiéht unknown parameters,.tnc
inputs, and two outputs. Experimentai Verification_rs‘given for tine

periods as long as 1800 seconds.
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2.5 Heat Exchangers

The references:liéted in this section give ipformation regard;
ing ﬁransient response 6f:heat exchaqgérs;:.Trénéfef'functioﬁs_and-.:
electrical analogs are algdiconsidereaizf

Ford_[50] deriveg electrical éﬁalégs for heat éxchéﬁgers:baséd
on idealized équations. ‘Twio analogs éiéVAevelopéd;_one using enﬁifeiQ‘
passive electrical componeﬁté, and one containiﬁg amplifiers and feéd—
back. | |

Payﬁtet and Takahasi [102] develop éolutions‘for transient re-
éponse of heat exchangers qsing exadt‘éolutions for frequency responsé
‘of the exchanéers.

Masubuchi [88] obﬁains transfer functions fof,oné shell pass .-
and 2, 3, 4; f';‘, 2n,.23‘% 1 tube pass'héat ekchéngers as distrigﬁ£ed‘_
parameter systems; .Tﬁé.Héat exchange éroééss is found-té be.gévé:néd i.i'
.b§ third-order characteristic équatigné With.cémﬁlex coefﬁicients; |

Thal—Larseﬁ-[lBé] develops model;'of héat‘ekéhange;s and éivés-5-'

-impulse and fregquency response plots for tﬂem.

Chen and Galle [28] develop differential éqﬁations for steém
genefating-heat exchangers from distributeq parameter con;idérations.

.Thal—Larsen'and Luscutoff [134] presenfia'study-qf,fluid tem-
perature transients in an experimental heat exchanger system based oﬁ‘

analog simulations.
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Watts and Schlenhals [140] discuss optimization of Qutleﬁ'éeﬁQ
perature control of a single fluid heat exchanger. Location §f'a tem-
perature probe (the error signal source) and thé‘va;ue of a propor-
+tional gain constant are siﬁultaneously optimizéd.to produce a large
improvement in system performance.

Schmidt andlclark [122] determine @ynamiqlbehavior of parallel
flow heat exchgngers witbilumPing of Fhé.time'vagiable,,rather than:
1ﬁmping physical paiaﬁetefé. An'anaiog simﬁiation_is iﬁciudeé;f .

Chojndwski,'Fussey,.and Chew [31] design a cheéker brick‘regep— -
erative heat exchanger fo; use gs an‘aiézprehé%tér for an MHD)Steam:
comﬁihed cycle. A complete system of 12 units, associated valvés:;ha.;
ductwork is a part of the design. A Suggested‘liquid slag regenefator
. is discussed.

Womack [142] presents an exceiient introductory overvigw'of the
' air heater probleg as applied to MHD part.:iculaicly° The feasibiiity of
various types of air heate?s is discugsed, and a possible cycling mode

is presented.

2.6 Power Plant Control

A considerable.amount'of work has.been done on conventional
" plant control, ranging from classical-linear‘proportional—intégral—
derivative techniques to applied modern concepts such as adaptive con-

trol, optimal regulator theory, and' parameter and state estimation.
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Schultz [124] gives a broad coverage of topics pertaining to
lnuclear reactor and nuclear power plant control; |

Scutt [126] describes wgrk done on control of once—thfough
boiler units. Conventiénal} or boilerfﬁollowing'control is mentiéhea

as well as a direct energy-balance appfoach, also éalled turbine—:

following control. These methdds of cbﬁtrql are combined to .give an

integrated control of both the firing.éysteﬁfaﬁd the: turbine gévernor."_

Concordia [33] shows the effeétﬂdf steam turbiﬁé reheat on fréé
quency stability and respoﬁse of an electric power system. In general.,
reheat tends to décrease the damping of the freéuéncy variations of
. the system as a whole, and incfease maximum-f;equenéy deviation pro-
duced by an abrupt load change. Analog computer simulations are given.

Nicholson [98]. describes a time;varyipg méthemétical model of -
an oil—fired boilef. fafameter and sFafe estimation is used with
adaptive digital controi.3‘

| Concordia, et al;:[34] gives Qener;; inforﬁation oh hydro and ‘
steam generation equipméﬁt'response ésgécié;éd with‘loéd changes iﬁ
isolated and interconnected systems. -A description of Coordihéted
boiler-turbine control is_included.

Nicholson [100] uses a linearizea model of a nonlinear system_
to form a reference for adaptive digital control. The nonlinear sys-—
tem is an oil-fired drum‘boiler with equations derived from més; and

heat balance, heat transfer and momeﬁtum-considerations.
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An IEEEicommittee repart [66] i;‘fhe result of a survey on:

power plant»reéponse;‘ S&stem'ioad‘charéétefistics'and plant Qpérafiﬁg

,Practiées are given.' Priﬁe,mover cha;acté:isfiés“afe.discﬁssed in

terms of allowable reséonse rgtes;

| Kenﬁy f?} aescribes'the differénces,betwéen d;um—typé ahd once-

‘through bbilefs_aﬂdfﬁhdt7fhe.differenéeé imply in terms of plant con-

- trols. Cycle. diagrams é:éfgivén for onqeéthrqugh;ﬁdiiérsfproduééd by: -

four major boiler m;hﬁfééﬁﬁfers._ Sevéiél‘aifféient“lévels of‘detaiL'-t,

are presented in descriptions of commercially available once~through .

boiler cohtrols.

Nicholson [101] gives the definition of a state vector assdéi--f

ated with a mafrix differential ééuation cbntaiﬁing inpdt derivafivésf
Optimal.contfol of the system defined by-thexmaﬁrix eqﬁation is de;'
veioped. |

:_ Girés ahd Bi;nbaum {54] show the appiicafion of‘a‘digitaljéqné
"troiler téla largé:sfeﬁﬁ,tgrbinedgéne%atér. g-fuﬁctianal block aiaéram

" of thé turbine—géneratér'ﬁnit is included. .

Lee, Adams,'énd Ga{ﬁés [84] illuéffaﬁeltechniqués for'deﬁeloping

" physical models;:JCharacfé?istics of'physiéal processes are given.  ;:jf;ﬂ'"

. Linear and muitiple-:égreSSioh fiodels (ieés;;squares-curve Fitting) -
are derived.
AndeféOn.[B] compares dlternative control methods for é‘dynamié'

model .of a'drﬁm'boiler.;/The'controi methods cqnsidered are
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conventional analog PI contfollers, digita; computer simplation of the
analog controllers, and on-line direct digitai control.

Brown, et al. [23] present results éf studies éf the effect of
several parameters on'tranéieht stability of power sysﬁems. Tﬁe param--
eters considéred are‘switéhing time, machine inertia; transmission re-
actanpes'befoié aﬂd_§fter'é fault, excitationlsystem response, and -
.ear1Y,ValVing.. Early Vaiying is beliéﬁed té.éid:system first-swing
transient stability. ” -

Durrant [42] feports on a numbe? éf'tests conducted.on:once—:
‘through boilers forced to operate under siﬁulated emergency conditions.
The emergency conditions include rapid load changeslover the entire |
load range, system freqﬁeﬁéy upse?s, apd total e#ternal load rejéction.

Davis [38] gives block diagrams of a hybrid digital-analog‘power
plant control system. The system controls_a'once-through boiler, a
turbine;gepgréﬁor, and aukiliafy equipmen;.‘ Very liftle-deﬁail is in— 
éluaed. | |

| Fenton énd Pigfo}dwi47] summariie tﬁelmain features of a coofdi;
nated control syétem and give fhe reéults of péwer plant response
tests. | |

Concor&ia and Brown [35]‘conclude that the trend toward larger
"boiler~turbine-generator units has an adverse effect on power system

stability.
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Workman and Vollmer [l43]vdescribe'testing three once—throﬁgh
boiler units for response to system upsets. Normal load change rates
are 2% to at most 5% per minute. Unit control of a 600 MW (electrical)
once~through boiler is described in detail.

ﬂouis [87] illustrates, in functional block form, soﬁelof the
contréis for a once;thrqugh boiler. 6vérall cdntrol is not consideréd.

Hastings and Louis”f59] show a'fpnctioﬁéi block diagram of a
control system for a hiéh;temperature_gas;cqoled.reactOr. System'di$f 
turbance test fesults.é;e'given.

Pinnello and Van Ness [1l] give the .dynamic responsé of a large .
power system to the cyclic load of a 200 BEV nuclear acceleratiqﬁ. In-
cluded is a block’diégram of a generator with its voltage regulator
and governor.

Baiiey tl4] repo;ts'on the response to a survey of 100 pﬁblic
utilities concerning their control practiqes.

_deMéllo, Milis, and B'Rells [40] outline methods and philosophy
. of modéling power sy?#éﬁ‘éomponents for éimulation étudieé. Aiboilér
model is shown and digitai eontrol teéhniques aré described. |
| ‘Babcock and Wilcox Co. [1l] give a functioﬁal block diagrém de-
scription of overall controls for a oﬁée—thrqugﬂ féssil—fired‘boilgr'
and for a nuclear power plant.

Herbrick and Jamshidi [61] present the design of an optimum

state regulator for a once-through boiler. Variable pressure and
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constant tempe?ature opération is desifed. The optimal system is com-
- pared with actual PID control equipment.
Yoshie [145] deséribes variable pressure control systeﬁé:for a.
drum boiler and a once-ﬁhrough boiler optimized by computer.
Quazza and Ferrari [118] discuss typical responsés of hydro aﬁd
steam electric_power generating plants With various control ﬁodes. A

block diagram of a power control loop. is given.

‘Anderson [4] éémpiled an annotated bibliography on pbwer plant

control and energy sourcégsystem modelihg,;'The publication périod.‘
covered by the bibliography is from 1957 through 1971.

Cushing, et al. [37] observe that'pQwer system stability prob-

lems have become worse as generator ratings have increased. Fast valv-.

ing, in which the turbine intercept valves are rapidly closed affer a

disturbance (within 0.1 to 0.2 seconds) and reopehed within apprégi-

mately 11 seconds, is shown to increase critical switching time or ‘time’

in which a fault must be cleared to prevent generator runaway.
Watson and Manchur [139] review stabilizing systems in gener-
ator exciters and incIude.Plock diagfams,of'such systems.'

Kwathy, et al. [72] ‘give a design of load—following.power-élant

control systems based on optimal linear ;égulators. Simulation studies

are described.
Giras and Papas'[SS] present the features of‘Westinghouéé power

plant simulation facilities. These facilities are used to verify




34
control systemé at the placé of manufaéture and to train plant opera-
tors under real-time conditions.

McDonald and Kwatny [91] describe a:14 state-variable boiler
model and develop boiler—turbine—generator controls using optimal lin-
ear regulator theory.

Mika {[95] reviews c1assical.§oﬁtrol theory, expresses ﬁhe dy-
namics of a steam.geﬂefaéor'by a cascade of tﬁo‘first—order lags, and
discusses modern cohttolv£heory as appiied'ﬁo-power plants. State var-
iables, optimal solutions, and effects bﬁ'nbisé'and nbnlinearitiés
are considered. |

Buntzel [24] gives scaling and calibratiné procedure§ for analog
boiler controls based on design sbecificationé and operating data.

Giras and Berman [56] describe the'Westinghogse PACE (Powér At
Combined Efficiency) éﬁmbined—cycle power plaht control systém. Two
gas turbiné—generator.unité are used iﬁygoﬁﬁunction with a steam bot-
toming plant. The_qontrol‘system is hybrid,'with two digitai compu-—
ters for data acquisition‘énd display,vand real~time digitél control;.
Actual plant_operafion is carried out by analog controllers.

R Nikravesh and Hoft [103] present a Lyépunov stability analysié,:
" of a single~phase bridge invertef system. The .system includes closéd;
loop control. A digital computer simulation of tﬁe system is given.

Hayes and Cra&ford [60] give results of start-ups with a third-

generation coordinated boiler-turbine control system applied to two
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':GOOIMW dnce—thrquéhlboiiefs. Two basic ééﬁéepté employed are} (1).-
apply generation-conﬁrol directly. to the. turbine to obtain best re-
sponse to load requirements and (2) normaliy coordinate boiler with
turbine but coprdinate turbine with boi}er during abnormal operating
conditions.

Koekebakker [75] describes favorable results of Canadian operat-

ing experience with direct digital control of nuclear power stations.

Bethune-[20]'reports on ‘the application of a digital éomputer  .'3

to gather-data fo; dynamic analysis of a 760 MW coal-fired once-
through bpiler—turbine:éeperator. The results of many of the tests
are éivenﬂ | |

Fink [49] discusées how agsuccessful poWerlﬁlant modeling pro-
gram was evolved at the Philadelphia Electric Company. Mo@eling phi- _
losophy is given. Modeling effofts with respect to the Philadelphia
Electric Company's Cromby. station dynamic gharacteristics and controls
are detailed.

McDonald [93] gives an overview of. an extensive effort to evolve
a dynamic simulation of a_nuclear power plant during the design phase.
The simulation is used as a design evaluation tool and to identify-opf

erational problems before they occur. '

Berkowitz, Jones, and Markunas [19] present .details of modeling .

a 380 MW, sub-critical once-through boiler. Eight_staté variables .are
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used in.the boiler model,.Which has been yalidat%S for steady-state
plant performance.

Kerlin [73] describes dynamic testing and model verification
for nuclear rgactors. System transient and frequency resﬁonses are
shown.‘ | |

Fenton [48].gi§és information aboutilbw-order boiler models
using boiler 1oad démand and turbine ébnffol valvé:area as.inpuﬁs and
highfpressure steaﬁ fiow-ghd throttle pressu?e as outbuts. 'Experi;
mental verification is iﬁciuded.

El—Abiad and Keyhani [44] discusé optimal'dynamic generation
control of fossil?fired geherating plants. Vériable pressure oper-
ation is utilized. Forecaéting of system ;oad demand is achieved by
stochastic load modelihg.

Bailey [13] ﬁresents details on the properties of éoal pulve;— 
izers.

Kwatny [80].cqnsiders the application of optimal regulator “.

techniques to power plant control system design.

2.7 General Control References

The books'listéd in this section are representative of some of -
the excellent references available in the subject area of automatic

control.
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Lindérff'[SS] has'aévoﬁed'a text Eo sampled-data control tﬁeory.
‘_Topiqs include difference equations, the é%tfansform method, pulse sys-
tem stability ﬁests,-the Pulse model applied to sampled-data systems,
compensation methods, statistical design, ;tate variables applied to
sampled-data sYStems, L?apunov's stability tﬁeorems, and nonlinear.
sampled-data systém design techniques.

Schultz and Melsa [123] discuss state yariable répfesentdtion df_'
systems, the state function of,Lagrange,'linea? system'time responsé:
stability coﬁcepté inclgdiﬁg the secdnd method of Lyaéunbv; optimal
cohfrol céncepts, and linear system synthgsis. |

Hsu and Meyér [631fﬁin a book‘onim;aérn control theofy, introj
aﬁceythe sfate—space épproach to syétem analysis and the state éiané.
System stability tépics include local and.éqgiQalent linearization;
Lyapuno& stability, limit cycles, describing functions, analysis of
relay control systems, the second method qf Lyépunov, freguency_domginv
stability criteria, the Popov_criterion; and stability céncépts for
systems with inputé. A section on optimal control contains time opﬁi-
mél control, the caiculus of variations, the Maximum Prindiplg 6f
* Pontryagin, énd dynamic prggramming.

Raven [1192] preseﬁts a-hafdware oriented text on control systems
with consiaerable,material on.claséical time and frequency domain anél-

ysis techniques.
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_Pierré [112] has included the fqllowing"topics in a’book on op;
timization thegry: iﬁtréduction to optimization, classiéal theory of’
minima and maxima, classical calculus of variations, ffequency domain
optimization, linear programming, search techniqués and néﬁlinear pro-

gramming, dynamic programming,. and a makximum principle.

Ogata [104] ines a background in mathematical‘topls, transient.‘

" response and frequency domain analysis; compensatipn fechniques;-
sampled-data systemsf state~space analysis, LYapunov stéhi;ity anal?—
sis, and an introduction to oétimal and adaptiyé contrbl.'

Takahashi, Rab:;z{s, and Auslandér [1311 hav_é published a Book on
automatiéiéontrols én& dygamie systems. The text'is written to'coveri
both ﬁéderﬂ and classicéi control conceﬁts.aﬂd is subdivided into four

major areas. These areas are: (1) linear systems theory, including

representations, response, and stability of lumpedfparameﬁer systéms,' 

(2) formulation of dynamic systems, which inciudes mathematical system
modeling, bilaterally coupled systems, and diétributedfparameter sys-—
tems, (3) control of linear systems, including scalar input-output

systems, frequency response, multivariable systems, and linear digital

control, and (4) nonlinear, stochastic, optimal control, and logic sysf‘

tems.
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2.8 Numerical Methods/Mathematical Methods

The references described in this section deal with compu;er
methods and mathematical methods‘applied to systems analysis.

Davison [39] advances a method of ;educing the number of equa-"-
tions required to describe a physical.syétem. The system méﬁ?ix ié
approximatgd.byﬂdne'of.lower order coﬁtaining the éame‘domihanf eiéeﬁj
values énd eigenvectors as the original.:

| Carnahan, Luther, and Wilkes [25] include the following topics

in a book on numeiiéal metbods: interpolatibn and-apprqximation,
numerical iptegration,.so}ution of equations, matrices, systems of
equations, approximation of the solution of ordinary and partial differ-
ential equations, and.statisticg;-méthods;’ Numerous computer examples
are included. |

Chidambara [29]‘proposes techniques for_reduéing the ordef.gf 
system models and mea;uring the accuracy of the rééulting approximatibp.

Bekey [16].pre§en£s a survey paper on.system ideﬁtification..-
. Techniques discussed and éﬁmpared include spectral anaiysis, éearch'énd
gradient methods,-qu;si—iineérization, and stochastic approximation. -

Franks [51] describes modeling and simulation techniques in a

book including the following topics: numerical solution of algebraic,

ordinary differential, and partial differential equations, modéling,

and process control.




Eeal 1

40
: Pétefson and Séh&éppe [111] giye details:of a computer'prbgiém
(publicly available) called GPSIE or General Purpose System Identifief
and Evaluator. The program searches for maximum-likelihood estimates
of unknown model parameters and tests for consistenéy between the model.
and given data. - .

Crevier and Schweppe [36] showla method of éimula;iné ﬁoﬁerfsysf_
tem frequency trénsients. -DifferentiAI équétions usedrfq deséribé,a_-"
frequency transient'ére solved in the Laéiace aomain. ihe ﬁéth&d.mé§' 
be used to dete;mine,sblu£ion seﬁsitiVity:to-mddeilchangéé; fhereby.-=’.
enabling model reductiqﬁ%i |

Schweppe [125]_dis;usses fitting nonlinear dynémic'models to.
data. - Included are state estimation ana-sfstem‘identification.con-
cepts. System identification is applied to the éimulatién of a 1000 MW
pressurized—wéter—reactor power plant.

Undrill and Laskowski [138] déscribe an intéractiVe.digitaL
simulation facility which combines the rapid turnaround time‘advan£age
of an analog computer witﬁ the flexibilitquf a digital machiée; Aéf'

plications are given in the areas of automatic generation control.




Chapter III

SYSTEM MODEL I

3.1 Basis for Model I

System model I represents initial efforts in dynamic studies of
a large-scale magnetohydrodynamic (MHD)/steam combined-cycle electri-
cal power generating plant.

The starting point for a complete system model was chosen to be
an idealized heat balance for a 4000 MW (thermal) fossil-fueled open
cycle [141l]. Initial thermal input power of the fuel was taken to be
3500 MW with a limit of 4040 MW imposed on the system. The normalized
heat balance diagram is shown in Figure 3.1l. The source of the diagram

is Figure 1.9 of [141].

Fuel MHD Heat recovery
10 generator

01
Stack

™

035
0:4(1:09 = n, =0-1)
o Auxiliaries
0-105
Net MHD ™
power 097 n, Net steam plant outpu

0-4(1-09-1,-01) - 0-105

Figure 3.1. Idealized heat balance for fossil-fueled open cycle
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The assumptions made in figure 3.1 are:
1) All numbers are normalized units of powér. They are normalized
to 1000 MW heat input of‘the fuel. |
2) Combustion air is preheatéd to,l473.i5;K.
3) Heat losses ﬁrom the combustor and MHD channel afe'reéovered at a"
steam plénﬁ e%ficienéy of 40%.
4) | The combuséion gases exhaust ét 1393.15°K with a é_t':‘éc-k,..‘_los’s of 0.1
of the fuel heats;hédt.
5)  Inverter effiéiency'is 97%.
6) Compressor power fdr‘7 atmospﬁeres is 0.69 heat input of the fuel. 7‘
7) Total auxiliary power is 0.0125 for the steam plant auxiliaries, -
0.0025 for the MHD plant auxiliaries,. and 0.09 for the compressor.

8) MHD generator efficiency Ny is defined as:

n. - = MHD electrical output power '.(3 0
1 fuel thermal input power _ : 2.

Note that MHD generator efficiéncy is référenced'éo fuéi tﬁeimal input

power and not to the actuai_thermél inéut'p;wer. Actuél powef_egtefQA‘
ing the channel includes power suppliéd by the combdstioh-air comﬁ%és4 .
soxr and'air.preheaters in.éddition to the fuél thermal inpuf powef;

9) Overall plant combined efficiency no is defined by:

- net electrical output power (3.2)
nO fuel ‘thermal input power :
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Q.97 nl + 0.4(1.09 - nl = O} =2 02308

- 1.0 (fuel thermal input power)

057 ”1 + 0.291 (323)

Combined plant efficiency, no, is plotted against MHD generator
efficiency nl in Figure 3.2 [141]. MHD generator efficiency must be
greater than 19.12% in order that combined plant efficiency rise above

40%. The figure of 40% is of interest because it is an upper bound on

the efficiency currently attainable with steam generating plants.

o
o
T

MHD - St?om
plant

o
IS

Conventional plant

o
)
T

Combined plant efficiency, Mo

| . L
(0] 0-2 04 0:6
7,*MHD electrical power/ fuel heat input

Figure 3.2. Variation of MHD/steam combined efficiency with MHD
generator efficiency

3.2 Combustion Calculations

Thirty-five hundred MW (thermal) input power is assumed. From
[11], the air (Kg) theoretically required for complete combustion of

1 Kg of fuel is:
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Wt., air
We. fuel

= 11.53C + 34:.34(_1%2 - Oz/é).+ 4{295'. ‘:.k3.4;
where C, H2, 02, énd S:érg the fractiéns by Qeight of Carbdﬂ; hydfdggn,
oxygen, and sulfﬁrT ihé_factor 02/8;corrects fdr_thé hydrogen alréaéi .
combined with o#ygen in‘ﬁhé'fuel, but not as oxygen in moisture. Basea
on a representative anélyéis of éolstrip céal,_ll.S-Ré of air is re;.:
guired per Kg of fuel u;ed; This-allows for 19.6% excess air, a repré¥ _
sentative value when pulverizéd coal is burned.

Assuming 9000 Btu/lb.céal as fuel, fhe following'observafions
may be made:

3.412 Btu/hr ='1 watt

10

'1.194 x 107" Btu/hr = 3500 MW

6

For 3500 MW fuel thermal input power, 1.327 x 10 of 9000 Btu/lbfcdél

and 1.565 x 107'lbs/hr of -air are requi:ed; This-éorrespdnds to 664_

> Kg/hr of coal and 7825 tons/hr or 7.10 x 10°

tons/hr or '6.02 x 10

Kg/hr of air.
Returning to Figure 3.1, if fuel thermal input power is 3500 MW'

and MHD generatér efficiéndy n, is set equal to 0.3 to givé.46% cycle

efficiency, the foliowing steady-state vaiues result: |

| MHD electrical powgf output = 0;3(3500.MW) = 1050 MW

' Inverter output = 0.97(1050 MW) = 1018.5 MW Where 97 % inverter

efficiency is assumed.
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Power from prehéétéd airflow ¥'O,35(3560lMW) = 1225 ﬁW:? j
Power out of combustor = 3500 MW + 1225 Mﬁ = 4725-ﬁw ;
~ Power for air combressor-=‘0.69é3500 MW)‘= 315 MW
‘Power to prehé&t air = 0.26(3500 MW) = 910 MW
Sﬁeam plant output = 0.4(0.99 - 0.3) (3500 MW) = 966 MW
Stack losses = 350.MW |
Auxiliary power losses = 367.5 MW
Ne£ output power = 1018.5 + 266 - 36?.5 = 1617.0 MW
Combined plant efficienéy = n, = 1617/3500 = 46.25. This ;aige:of_noz--'

is predicted by Equation . (3.3) if'nl =i0;3._'

3.3 Model I Block Diagram

The block diagram éf System M;del T is shown in Figpre'5.3ﬂ Aé—f
tual plant outpuﬁ powexr is compared with deSiréd output.MW(REF). Thé.“
difference is the inpu£ to the controller;' Proportiohal—plus-integrali.
control is used. The controller output‘operates.the fuel supply sy3f{.
tem, characterized b& a limiter in cascade with a first-order lag [81].°
Fuel thermal input power is the output of the fuel supply system and
has an assumed maximum vélue of 4040_MW. MﬁD channel input p§wer is.
the sum of fuel.thermal input power éﬁd_power in thg;préheéféd=cpmbus_
tion air. The MHD qhannei is desdri?é&jby a hégliéible time cénétanffn
compared with the rest of the system time constanté‘and by énthaibyvéx—?

traction which accounts for electrical éutput povwer of the dhénnel.f'
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Compressor power is assumed proportional to fuel -thermal inbut power.
The heat exchangers are assumed to be regenerative,_directly fired,
and cycle every 360 seconds. Power aveiléble to reheat the exchangers
is proportional to the MHD diffuser output: The steam plant is cheree—
terized by a cascade ef‘EWO first—order-legs, one haVinéva 62 eeeend“ '

and the other a 67.5 secoﬁd time constant [96].

3 4 Descrlptlon of System Variables

The variables for model I are tabulated in Table 3.1.

Table 3.1. Description of model I system variables

Variable Units Description

xl MW desired plant output; MW reference

X MW generation error

X2 - proportional control signal

3 . .

X4 L—— - composite valve control signal

X5 - limited composite control 31gna1 ..

x6 MW fuel thermal input power

X7 MW . compressor power - -

. X8 MW power 'in preheated air’

X MW .power from preheated air to combustor,

xio _ MW . ‘combustor output power (input to MHD generator)

Xll MW power avallable to MHD generator (T3 was con—'
sidered to be negllglble compared w1th T2, ¢4
and T ) .

Xiz MW dlffuser output power (includes coollng loss)

X13 MW steam plant 1nput power .

X14 MW intermediate steam plant variable

xiS MW steam plant output power

x16 ‘MW stack loss :

Xl7 MW - inverter output power

X18 MW gross plant generated power

X19 MW net plant output power

X f—— ©  integral control signal

SN
O
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3.5 Initial-Conditiens, Values of Constants, and System Equations

Tnitial conditions for the variables and values of constants are

developed frbm'the combustion calculations, The system is.aséumedrtgj__:

be in steady-state at the start of all computer solutions. Initial

conditions are listed in Table 3.2.

Table 3.2. Model I initial conditions

X, (0) = 1620 MW

X,(0) =0
%300 = 0

X, (0) = 0.866

X (0) = 0.866

X (0) = 3500 MW
X,(0) = 315;MW
Xg(0) = 1225 MW
Xy (0) = 1225 MW

Xlo(O) = 4725 MW

X, . (0)

11

. X, (0)

12

X, 5(0)

xl4(0)

x15(0)

X, (0)-

16

X (0)

17

X, _(0)

18
X. 4 (0),

“19

X50¢0)

= 4725
= 3675
= 966
= 966
= 966
= 350
= 1020
= 1988
= 1620
= 0.866

Nominal wvalues of constant multipliers and

in Table 3.3. X, and K, are controller constants

1 2

adjustable design parameters.

time constants appear

and therefore are

System equations follow directly from the block diagram. . They

are listed in the computer program of BAppendix A.
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Table 3.3. Model I multipliers and time constants ‘;

Constant multipliers:

K, = 0.00L ' Ka = 0.97
K, = 0.1 Ky = 0724§
K3 = 1.0 KlO = 0.351
K, = 4040 MW K, = 0.953
K5 = 0.09 K12 = 0.815
K, = 1.0 Ky = 1.0
K7 = 0.2225
Time constants:
Tl = 10.0 seconds ‘ T4 = 67.5 seconds.
T2 = 360.0 Seqqnds ' I TS = 62.0 seconds
T, = 0.0 seconds

3.6 System Equation Solutions
Figures 3.4 and 3.5 show the behavior of five systemAvariablés;

for changes in MHD génerator efficiency nl. The variables are:

X6 (fﬁel thermal input power)
XlO (combustor,ou;put power)
x15 (steam plant output power)
Xl7 (inverter output power)
X19‘ (net plant output péwer)

Figures 3.6 through 3.23 illustrate the ‘effect of load demand changeé'
on six system variables for wvarious Values of controller parameteréa

The six variables are the above five and‘valve control sighal, Xé.
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3.6.1 MHD genérator efficiency nl.variatibns

 Figure 3.4 shows time variations of five system variables as en-

thalpy extraction K_ changes from 0.22225 to 0.1484 at t = 0+. This

.

change in X_ corresponds to a change in hl from 0.3 to 0.2. Control-"

7

ler constants are K, = 0.001 and K, = 0.1. At 1230 seconds, X

1 - comes

6

out of‘saturation, which accounts for the sudden changes in all éurves.

19

X, o Overshoots .past MW (REF) = 1620 MW.to 1669.5 MW at 1230 seconds and
‘then settles to 1619.98 MW at t = 2000 seconds. -

Figure 3.5 displéys the same véi@ables-és Figure 3.4 with.en-

. thalpy extrabtion'K changing from 0.2225 £o O.2967-at't = 0+, ‘This‘_

7

corresponds to a change in nl from 0.3 to.0.4. - X__ - instantaneously

19
increases to 1897 MW and drops to 1620 MW at t = 310 seconds. At t =

17 fy1208 MW and X6

a check on results, no =_1620/318O

2000 seconds, X 3180 MW giving n, = 0.3918. as

0.509. Equation 3.3 predicts

no = (0.514 based on the above value of nl. The two values of no are’

within 1% of each other.

3.6.2 Valve control sigpai.x4

Figure 3:6 éhows:fgur plots offx4las.a functioh of time'qorrej“
= 0.01, 0.1, 1.0, and 10.0.. MW (REF) X,

1 1
changes from 1620 MW to 1570 MW at t = O+, More well-damped behavior.

sponding to K, = 0.001 and K

2

is exhibited with smaller values of K2. The periods of the damped
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oscillations that occur for 1argér values of K2 are 24.5 seconds if Ké

= 1.0, and 8.0 seconds if K2 = 10.0.

Figure 3.7 illustrates four plots of X4 under the same condi-

tions as Figure 3.6 except that K1 = 0.0l. The transients are larger,

~particularly for the case K_ = 10.0, but steady-state is reached in

2

approximétely one~third the time required when Kl = Q.001, or about-ZQ'

seconds. -

Figure 3?8'diSpl§Ys the time réspbﬁse'bf X with'the same

4
conditions as Figure §.6;.except that Ki = 0.1. x4_appro§cheslstéady-
state in 1.1 seconds when kz = 0.01, in 1.15 seconds when K, = 0.1,
and in 1.25 seconds when K2 = 1.0. Theré is no overshoot when K2 =

0.01 or XK, = 0.1 and négligible overéhoot when X_ = 1.01 When inte- -

2 2

grator constant K

5 = 10.0, nonlineér behavior occurs with the limits

on the fuel valve being greatly exceeded (0 < X

5 < 1.0). The maximum

~value of X, is 47.7, occurring at t = 4.05 seconds. Steady-state is

4.

reached in approximately 12 seconds.. Dat&.wefe taken for K; = 1.0 and
10.0 with all other conditions being. the same as in Figure 3.8. Plots

were not included because ‘the magnitude of X4.increéséd nearly line-

arly with Kl' making the shape of the @urvés the same.

"~ '3.6.3 Fuel thermal input power X,

Figure 3.9 shows four plots of X corresponding to the same

6

conditions as Figuré 3.6. x6 is nearly critically damped with
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K, = 0.01 and shows an undershoot of 138 MW when Ké = 0.1. Oscilla-

tions occur with K

, = 1.0 and 10.0 but gfa damped to zero in approxi-

- mately 60 sepbnds. The periods of thé'damped oscillafions'are 23.5

= 1.0, and 7.5 seconds if K2

 seconds if K

5 = 19.0.,

Figure 3.10 diépléys four plots‘ofix6-under the same conditions

as Figure 3.7. In the case of K2 = 0.01, an undershoot of i34 MW

occurs at 8.6 seconds. When X_ = 0.0l, an undershoot of 163 Mw is’

2

observed. The oscillations noted when K. = 1.0 and 10.0 are damped to"

2

zero in approximately 20 seconds. The pefiod of ‘the Qsciliation is

8.0 secornds if K2 = 1.0 and is 4.0 seconds if K2 = 10.0.

. 6
K, = 0.1, and K, = 0.0L,. 0.1, 1.0, and 10.0. MW (REF) X

step change of =50 MW at t = 0+. When K

Figure. 3.11 illustrates four plots of X _ under the conditions

1 undergoes a
= 0.01l, X_ approaches its

2 6

steady—state value in approximately Ofg'secoﬁds,'and undershoots that
value by 10 MW at t = 1.6 seconds. With-K2 = 0.1, the steady-stéte“
value is reached in 0.87 seconds, and a maximum undershoot of 15 MW

occufs at t = 1.5 seconds. For the case K =-l.0; the steady-state

2

value of x6 is reached in 0.83 seconds, and a maximum undershoot. of

101 MW occurs at t = 1.25 seconds. A very intéeresting plot corre~-

sponds to the K, = 10.0 case. The effect of the limiter is clearly;

shown with Xé either exponentially iﬁcreasing‘toward a limit of

4040 MW ox eXpbnehtially-décreasing.foward a limit of O MW with a time"

constant Tl = 10.0 secon&s when X4 is,greéter'than 1l or less'than 0.
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x4‘passes through thé linear region of'the limiter in approximately

0.03 seconds. " The extremeiy honlineaf osciilétién just ‘described

approaches zero at-t = 12 seconds. Plots for,the éases Kl ='l:0 and
10.0 were not included - -because they arelvirtually identical to Figure

3.11. The dynamic responsé of X rreméinéressentially dnchanged for

6

larger values of K. because of the limiter action.

1

3.6.4 Combustor output power X4

Figure 3.12 shows four plots of xlo-drawn fdf the same condi-

tions as Figures 3.6 and 3.9. The -dynamic response of Xlo

is almost

‘and the power i

equivalent to that of X6}=being equai:to the sum of X

g - X is essentially constant,

from the preheatednéombuStion air X 9

being the output of a first~order lag block having a 360 second time

constant. The remarks pertaining to'Figure 3.9 are applicable here..

Figure 3.13 displays four plofs of combustor' output power xlo

with the same conditions as Figure 3.7 and 3.10. The time response of .

6 for reasons described in the pie~

Xlo is effectively the same as X
vious paragraph. Therefote, the magnitudes of undershoot aﬁd-periods

of oscillation given for Figure 3.10 may be applied to Figure 3.13.

10

Figure'3.l4 showéﬁfou; plots of combustor output power X for

the same conditions as Figdres 3.8 apd‘3.ll.__For reasons given ih the .

Figure 3.12'de§cription,”the dynamic"#ésponse of Xi0 is essentially

equivalent to the responsé.of x6, and thé'values.of undershoot and
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éettlingﬂtime'given'in ﬁhé Figure 3.11 descripfion are again appli-

cable. There is no significant difference between Figure 3.14 results:

and the cases where K, = 1.0 and 10.0.

3.6.5 Steam plant output power X15

Figure 3.15 illustrates four plots of X for XK, = 0.001 and K

15 1 2

‘ changes_by -50 MW at t = O+,

= 0.01, 0.1, 1.0, and 10.0. MW (REF) X,

The response of the steam plant is predictably slow relative £o.the_

combustor output and is limited by-the‘cdntrollef only when X, = 0.0l

2
and, to a lesser extent, when K, = O;i.' '

'figu;e 3.16 shgwé‘féur plots o%lxls for the éame conditionsvas-
Figure 3.15 éxcept tﬁat Kl‘= 0.01. Agéih, résppnse-is slow and liﬁ—
ited by the controller only when K2 = 0.0L.. The Kl = 0.001, K2‘= i.O-
case corresponds to the.K1 = 0.01, K2 = 0.l case, and thé,Kl = 0.001,
K. = 10.0 case corresponds to both the K .= 0.01l, XK'= 1.0 and K, =

2 1 2 1

0.01, K2 = 10.0 cases.

Figure 3.17 displays the first 14 seconds of dynamic response

of X,  for K, = 0.1 and K, = 0.0L, 0.1, 1.0, and 10.0. The same input

15 1

" disturbance is used as before. As may be noted, there is essentially

2

no difference between the .four curves.




A bl . SN W] -

55

3.6.6 Inverter output power X17

Figures 3.18, 3.19, and 3.20 each show four plots of X cor-

17

' responding to the conditions for Figures 3.12, 3.13, and_3.14, re-i

spectively. BecauSe X17 is directly propoftional to combustor output

power X

10’ Figure 3.18 is a scéled version of Figure 3.12, figure 3.19

is a scaled version of Figure 3.13, and a similar relationship exists .
between Figures 3.20 and 3.14.  Time response is ‘unchanged, and.X17 =
(O.2158)(X10).

3.6.7 Net plant output power Xl9

Figure 3.21 illustrates four plots of X19 as a function of-

time. The conditions for the plots are the same as ‘those for Figures

3.6, 3.9, 3.12, 3.15, and 3.18. X, is proportional to the stm of

Xl5 and X17, and thus has the characteristics of both these‘Variables.

A wide range of transient response is evident. ~For exaniple, if Kl =

0.001 and K2 = 0.01, the system has no undershoot.and reaches the new

steady-state value in approximately 270 seconds. If XK. = 0.1, a 3.5

2

MW undershoot occurs at approximately 87 seconds and steady-state is

reached in about 230 seconds. For the cases of K. = 1.0, and 10.0,

2
damped oscillations of the form appearing in Figure 3.18 exist but
disappear in approximately 80 seconds. The period of the oscillation

is 25 seconds if K, = 1.0 and is 7.5 seconds if K, = 10.0.
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Figure 3.22 shows four plots X for the same conditions as

1°
Figure 3.21 except that K. = 0.0l. Response to the -50 MW step input

1
at t = O+ is significantly faster in.this-case than for Kl'= 0.001.
If K.2 = 0.0l, the new steady-state value is reached at t = 120 seconds

with no undershoot. ‘If-Kz = 0.1, stéady—state is reached in 8 sec-

LLL il

onds. Slight undershoot occurs, reaching a maximum Vélue of 0.4 MW at

50 seconds. Thus, for all practical_pﬁrposesy ;he.output of the

system is critically damped. For the case K

5 = 1.0, an oscillation

having a period of 8.5 seconds is damped to zero in approximately 20

seconds. If KZ = 10.0, -an oscillation occurs with -a period of 4.0

seconds. It decays to a negligible value in about 20 séconds.

Figure 3.23 displays four plots of X for the same conditions

19

as Figure 3.21 except that Kl = 0.1l. PFor the case K2 = 0.01, no

undershoot occurs, and the steady-state value is approached within

0.5 MW in 1.5 seconds. " If K2

= 0.1, the response is similar to ‘the

K2 = 0.01 case except undershoot exists with a maximum value of 1.3 MW

at t = 1.6 seconds. If K2 = 1.0, undershoot agéin occﬁrs. Its ma#i—

mun value is 16 MW at t = 1.25 seconds.h Steady-state is reached at

t = 9.6 seconds, but X19 is within 0.1 MW of steady—state at t = 5.8

seconds. For the case K2 = 10.0, nonlinear oscillations exist be-

cause of the limiter action of the fuel feed system. :The maximum

amount of undershoot is 41 MW at t = 1.65 seconds. The oscillation

decays to zero in approximately 12 seconds. Plots for Kl = 1.0 and




MECAWATTS

4400.00

Figure 3.4(a).

S200.00

68000.00
53 |

Sen0.00

4800.00

XlO (combustor output power)

X6 (fuel thermal input power)

ﬂ.ﬁ

9600. 00

1 ' 1 = 4 L 1 L 1

8
g.m 200.00

400.00 800.00 800.00  1000.00  1200.00  1400.00  1600.00  1800.00  2000.00
TIME, IN SECONCS

n, changes from 0.3 to 0.2 at t = 0+; K, = 0.001, K2 = 0.1

1 i

LS




2000.00

g
g X19 (net plant output)
8.». &,__
.
-8
T - XlS (steam plant output)
=P
§8 e S
x:g“
S ®
Bl
Xl7 (inverter output)
8.»- _\/
8 i 3 1 'S 1 1 1 1 1 1
i.u) 200.00 400.00 600.00 600.00 1000.00 1200.00 1400.00 1600.00 1800.00  2000.00
- TIME, 1N SECONDS
Figure 3.4(b). nl changes from 0.3 to 0.2 at t = 0+; Kl = 0.001, K2 = 0.1




4800.00 S$200.00

(combustor output power)

g XlO
nBL
= 8
ot o
Se|
i
X6

2800.00 S200.00

L A A 1

(fuel thermal input power)

A  § L= A i J

200.00
TIME,

2400.00
8

Figure 3.5(a). ny changes from 0.3 to

250.00 300.00 350.00 400.00 450.00 500.00
IN SECONDS

0.4 at t = 0+; Kl = 0.001, K2 = 0.1

65




09

8
X19 (net plant output)
8L
wBl
=8
I 9 3
é X17 (inverter output)
wiB
-
8L
X15 (steam plant output)
81
8 | ' | 1 L 1 A 1 L L
g.oo 50.00 100.00 150.00 200.90 250.00 300.00 350,00 400.00 450.00

TIME, IN SECONDS

Figure 3.5(b). n. changes from 0.3 to 0.4 at t = 0+; K. = 0.001, K2 = 0.

1 1




.60

=R 4

1.40

STCNAL

.00

Il

10.0

VALVE CONTROL

| - ° i

19

| \ —3

-00 20.00 40.00

Figure 3.6.

MW (REF) Xl

60.00 60.00 100.00
TIME, IN SECONDS

changes from 1620 MW

120.C0 140.C0 160.C0

to 1570 MW at t = 0+; K. = 0.001




CONTROL SICHAL

VALVE

Figure 3.7.

=001, 9.01
= 1.0
\ 1 ! \ i B} )
40.00 60.C0 80.00 100.00 120.00 140.0C 160.00
TIME, IN SECONDS
MW (REF') Xl changes from 1620 MW to 1570 MW at t 0+;

K =500
1 1

29




100.00

B0.C0

SICHAL
40.00 £0.00
-~
N
[
—
S}
o

0]
~
o
o
=
"

[
L

VALVE CON

00 20.00
S
PR o i L
nn

n o
[

\\\

/S
///
\

£9

-20.C0

-40.00
o
=]
n
o
o
-~
D
(]
o
o
o
@

Figure 3.8. MW(REF) changes from 1620 MW to 1570 MW




64

[t -
00 "02SE 00°0YbE 00 CYEE 00°082€ C0"002E 00°021E 00°CYOE
S11EMHEI3W

(zomod 3ndut TPWISY] TONJF) wx

co

140.CC

100.00
IN SECONDS

80.00

60.00
TIME,

4C.00

20.00

‘0962

— O+’-

changes from 1620 MW to 1570 MW to t

1

X
K. = 0.001
1

MW (REF')

Figure 3.9.




65

L P VIR SRS = e

Q0 "Cest CO"0bY%E CO'CYeE C0 0492t C0-00¢eE CO'02LE CO"CYGE Cco-

S11EMJI N

(xemod 3ndut Tewxayl TonI) wx

nn

160

140.C0

MW (REF') Xl changes from 1620 MW to 1570 MW at t

Figure 3.10.

.01

K




66

- sl Jloe s SRR M. ) e o MR i s
0256 QDTBYE 0C"09€EE 00°082€  CO'002E  GO'02IE  00°CHOE
S11EMEI3N

(xomod 3ndut Tewasy3z Tanz) wx

16.00

14.00

i
€.0C
IN SECONDS

6.00
FEME,

4.00

00 "04€e

= O+l-

MW (REF') Xl changes from 1620 MW to 1570 MW at t

Figure 3.11.




67

1 - e e )

co-oose a0°coL co-eeay o Ccosy cocnve co-ceer

S11EMEDIN

(x@mod 3nd3no I03SNQuOD) oax

100.0C
<
e |

=)

=

%)

)

wJ

| 2 (6@
19

o

v o

wJ

=

C) —
8

J
Q
D
o
(=]
A~
o
-
o
19
=
o
(=]

C00cP

MW (REF) Xl changes from 1620 MW to 1570 MW at t = 0+;

K, = 0.001
i v

Figure 3.12.




68

e e e jl‘h&“t! = Wl..lr\f.,l” o

dr

o
o
o |
o |

S1IEMEIINW

(xemod 3nd3ano xo3snquod) OHx

4 CJ°0CRY co°ceey COCCYP 0Cc ocsk 0o°Ccovy CO 0CEY ca'C

120.30

83.00

GQ

40.C0

20.0C

MW (REF) Xl changes from 1620 MW to 1570 MW at t = 0+;

Figure 3.13.

= 0.01

K
1




69

Avl
N>
\\x\\\l\\\\.\%
Sl
~
o
RRRTSRIR R 75 o M, PRI, L g S Y R e
cocoLy GG 009y 0C°005% OC CovY
S11EMYI3N
0T
(xemod 3nd3no 103sSNquoD) X

14.00 16.00

0o

2
e

8.00

2.a0 4.00 6.00

.30

10.00

G r
(=}

MW (REF) Xl changes from 1620 MW to 1570 MW at t = 0+;

Figure 3.14.

i

= 0.

K
i




g97C.00
vl

965.00

b 8|
o) @
oh
)
a [
i) b)r;
SE s N
— o,
.
i &
o =g
(V2]
E a
V]
% o
) 8
v
0 &
]
(=]
o
o
-
(o2}
o
= \ jx L \ § \ . §
E.DD 20.00 40.00 60.30 80.00 100.38C 120.C0 140.C0 16C.CQ

TIME, IN SECONDS
Figure 3.15. MW (REF) xl changes from 1620 MW to 1570 MW at t = 0+;
K. = 0.001
3

oL




X15 (steam plant output power)

3960.C0

5
00

I

MEGRWARTT

8950.CC

a0

© L \ \ L A \ \ \ )
m .30 20.00 43.00 60.C20Q €0.C0 100.30C 120.00 140.00 162.00
TIME, IN SECOND

o

()]

Figure 3.16. MW (REF) Xl changes from 1620 MW to 1570 MW at t = 0+;

K. o= 0.01
g

EL




72

Pl e
. A
(@] \\\\\
I \Ammww
™ A
X s |
A
\\\\\
y \\
\\ \\
\\V\V\\ i
o
o
e |
I
N
]
s S RN SO C S R LSO S S eI | ROEEE =] 58 1 I.[lrlyivp
0696 C8°896 09°89E Cb 895 02°896 00°896 08°1.96 09
S1IEMEIIW

(xzemod 3ndano jueTd wes3ls) max

(=)
Q

a

12.00 14.00

10.00

8.00

2.00

.00

L96

MW (REF') Xl changes from 1620 MW to 1570 MW at t = 0+;

Figure 3.17.




73

5y
1CG.GG
S

80.300

il
=0
Ca

10

20.Ga

—— i 2 £ S g gl
cecyol CC"0c0! 0o-ocel 00°08€ 02 096 CO°0%€E Cco-0ce Co-coe
S1luMEI3n

.00

(xemod 3ndano x93I9AUT) hax

0.001

MW (REF) Xl changes from 1620 MW to 1570 MW at t = 0O+;
L

K

Figure 3.18.



74

o
. o
o .
— ~i
[ [
N
X b4
R - I‘HUUHFV!J(‘((
- ¢ e tee———————
co-esel 000201 00°C001 00°096 00°096 00°0%6
S1IEMEI3NA
LT
(xemod 3nd3ano 193I19AUT) X

160.00

80.00
IN SECONDS

I MF
e

20.00 40.00 60.00
T

.00

"006

MW (REF') Xl changes from 1620 MW to 1570 MW at t = 0+;

Figure 3.19.

K, = 0.01
1




(inverter output power)

X
i/

960.00 1000.00 1G20.00 1C40.00
N

MECAWATTS

960.00

940.00

920.0Cc

L A 1} | \ i i L §
.00 6.00 8.00 10.00 12.00 14.00 16.00
TIME, IN SECONDS

900.00
=)
(@]
ra
o
a
-~

Figure 3.20. MW (REF) Xl changes from 1620 MW to 1570 MW at t = 0+;

K= 1051
it

SL




SRR

0009391

76

\‘..ll\l\vx!i» . R e
A .. o, e e e st ARSI MRS GRA L 1 SN
00°0v3l 00°Ccegl 00°0091 00°08s1 00°09s1 00°0%S1

S1IBMEIIN

(zamod 3nd3zno juerd 39u) max

160.00

140.0

120.00

N

100.GC

ECCND

9%

-

[N

c0 M0
TIME

G

MW (REF) Xl changes from 1620 MW to 1570 MW at t = 0+;

Figure 3.21.

= 0.001

K
1




=

C0" 0991

00" 0p31

T

10.0

K_= .
/2 0.01
(5
\

S e ——

|\|\.uu =

R
00" 0091 00°08S1
51 1EMET3W

N EETRER MORTh B
00°CeNn

(r9mod 3ndano juetd 389u) X

00°0%S1 00°

160.00

~

140. ¢

: 120.00

|
ot

IN

IME,

MW (REF) Xl changes from 1620 MW to 1570 MW at t = 0+;

Figure 3.22.

= 0.01
Kl




78
o
N
////
S |
_ \\\u\.\
\I\\I\I\\\\\l\x,}.\
-
N
)
o
o
1
- 4
e
IR TN L e et e (o e iy 1 L
00°0931 00°0¥31 00°0291 00°0091 0070951 000351 00°0%51 00

S1LEMEI N

(xzemod 3ndano juetd 38u) me

10.00 12.00

g8.00
J

4.00

2.00

‘0251

MW (REF) Xl changes from 1620 MW to 1570 MW at t = 0+;

Figure 3.23.

i !

0

K
i




L

.79
Kl = 10.0 were not included because they are nearly identical to Fig-

ure 3.23. In both cases limiter action is the dominant effect.

3.7 Classical Stability Analysis

Classical system stability analysis was performed on_modél I.

This was done as a partial check on the computer solutions of the sys- .

tem equations. The model was. assumed to be operating 1inearly,li;e., '

the magnitude limiter was considered to be bypéssed. Mdson'é gain:

formulé was utilized in finding thé system characteristic equation,
and the roots of the characteristic equation were examined for posi—
tive real parté for several value of cont;oller'constants Kl and K2.

The model I block diagram of Figure 3.3 contains four forward

paths and five individual feedback loops. X. is the input variable

1
and X19 the output variable. Transfer functions for the forward paths
are:

Forward path 1 gain:

M=K G+ ’rl-s) K565 2 _ (3.5)
. Forward path 2 gain:

K - K ‘ o
2 4 -1 1
My =K QA+ T3 Tls) (1= Ry (L = Kg) (Ky ) (7 T4s) T3 T'SS)K12

(3.6)
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Forward path 3 gain

K K X

_ 2 4 . )
My = Kl(l + s )(1 + T s)(KS)(l + T, s

YK K_K
3 1 Ty

778712

Forward path 4 gain:

K K K
_ 2 4 _ 6
My = Kl(l +-s )(; + Tls)(KS)(l + T.s

4 ) )@ - Xk) (A - K9)(K

o(.._._.i..__
1+ TSS

)

The five individual feedback loops are:

P11 = Ks¥y
Par & KM,
Pap = Kigh
Pap = Kty
: K6
Py T T K ) pEg)
By Mason's gain formula,
_X_1_2=M-=z__A£=z M
Xy P g @ - 2P
Therefore,
Ke
A=1+ KMy + M) + Myt M) = (1= K (Ky) (5

and

10

)

25

)(1 ;}T-s.

(3.7)

1 &)
4

(3.8)

(3.9)
(3.10)

(3.11)

(3.12)

(3.13)

(3.14)-

(3.15)
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The characteristic equation of model I is obtained by setting A =

. The equation must not have any roots with positive real parts if the’

system is to be stable. The characteristic equation was found to be:

As5 + Es4‘+ Cs3'+ Ds2 +BS +F=0 ' (3.17)
where; A = T1T2T4T5 . o (3.18)
B = Tt 1, +1t,T.T. +T.T.T. + T.T.T

124 125 145 24’5

+ KK - ' L 3.19
* K1K4K7K8K12T2 aTs t KKKy - DTyT T (3.19)

= T+ + + + 1T
Cc T1T2,+ TlT4 + 1214 TlTS T2T5 .T4.5_

+ + + T T
- K1K4K7K8K12( 2'a 7 T2's T N5 T2T2 %5

+ -1 -+ +°T T
toOK KRR KKK 2Ty s+ KeKy (K MT Ty + Ty T T, Tg)

{3.20)

= + + +
D = 7, +1,+71, +1,

+ K + K T
TR KRR o (T + Ty T KTyT, F K ToT 2T4"s)

+ + K
TR K RK R KK o (T + Ty 2T47s)

KKK oK 1 T K (L= Ky (T)

- + T+ o - 3.21)
+ K6K9(K7 1)_(jtl Ty 15) . , o ( )
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Wi Li. LLL{

(L +K 1t +KT1, +K 150

147812 22 2°4 2

+ K + T )
(1 Kzr K 15)

4 2

K - K -
K1‘4K10K12(l K7)(l K9)(l +.K2T2)

K KR sKeK 10512

6

(1 - K7?(l - Ké) +\K K9(K7 T'}) (3.22)

K KKKKZK. +KEKKEKEKKEKEK

1247812

124567812

KX KK XK _(1 - K7)(l - K9)

1241012

KK KKKK K (1-K)Q1 =K © T (3.23)

12456 10 12

The characteristic equation roots wére found for the following

cases, defined in terms of controller constants K and Kz.'

Case I.

Case II.

(a)
(b)

(c)

(@)

(a)
(b)
()

(d)

K, = 0.001
K, = 0.001
Kl = 0.001
Ky =w0'001
K, = 0.01
K, = 0.01
K, = 0.01
K, = 0.01

1

K, =:0.01
K, = 0.1
LK, = 1.0
X, =10.0
'K, = 0.01
K, = 0.1
K, =1.0
K_ = 10.0
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Case III. (a)
(b)
(c)

(d)

Case IV. (a)

(b) -

(c)

Q)

Case V. (a)
(b)
(c)
(a)

In all cases the féllowing constant values were

83

K, =0.1
K, = 01
Kl'= 0.1
K, = 0.1
K, = 1.0
K, = 1.0
K, = 1.0
K, = 1.0
K, = 10.0
K, = 10.0
K, = 10.0
Kl = 10.0

1.00
4040.00
0.09
l;OO
0.2225
10.0

360.0

10.0

0.01

10.0

0.01

10.0°

used:

0.97

'0.248

0.351

0.0953

0.815
67.5

62.0
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None of the roots of the characteristic equation cases inves~ -

tigated have positive real parts. These results agree with the com-

putei solutions described earlier in this chapter as all are stable.
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Chapter IV

SYSTEM MODEL IT

4.1 Basis for Model II

System model II reéresents a logical extension of the model I
order of.cémplexity; A block diagraﬁ éf model IT is shownﬁin,Figurg.
4.1, and a cémparison between Figure.4;l and the block diééiém of |
ﬁodel I in Figure 3.3 ié appropriate. .The ide;lizéd heat balance of
Figure 3.1 is retained, which means thét power'flow in modei IT is 

similar to model I. .The form of the proportional-integral controller’

and the fuel supply system is unchanged, except for a pure time delay .

Tl. Generated power is still the controlled variablé, being compared
with desired generation; MW (REF) , fo form the basis of controlﬂ The
MHD channel enthaléy‘extraction representation remains the same as
‘éoes the steam plant model.

Model II extends modei I in the.following wayb:i-

1) Tfansport delays are includéd.between thg_fﬁei valvé and
the MHD channel (Tl), betﬁeen the rad%énﬁibdiief‘and.steam*éiant (14);
and between.the MHD chanﬁel and heat e#changers (Ts).' |

2) Tl(t) and El(t) describe time variationé in preheéted air
temperature and variations in input power to thg-steam bottoming plant
due to cycling of the heat exchangers.

3) A feedback path denoted by the variable Z has been intro-

duced to reduce variations in combustion air preheat temperature.

N )
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4) A radiant boiler in the diffuser has been added.
.5) A nonlinear blpck'(fl) is used to imblement the combustion‘
air prehegt temperatu?e control, where fl % Z X8'

6) A nonlinear block (fz) describes compressor power, where f2

is given in Equation 4.12 on page 99.

4.2 Combustion Calculations
The assumption leading to the air/fuel mass ratio and calbrific

value of the fuel are the same for model II,and_modél III, discussed

_in Chapter V. They give:

. mass of air

mass of fuel 2.27

Calorific value of fuel =.0.29257 x 108 J/Kg
Thus, if fuel thermal input power PT is known, the mass flow rate of
combustion air, ﬁ, ﬁay be determined.

. PT (J/sec)
0.29257 x 10°(3/Kg)

(3.1685 x 16_7)(PT)' Kg/sec __:_-' (4.1) .

where the dimensions of PT are joules/second or watts. -

In model II, it is necessary to convert between fuel thermal
input power PT in megawatts (MWTf.and air temperature in degrees

Kelvin (°K). A mean specific heat of air at constant pressure,
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Cp = 1122 J/Kg °K, is-qsed, and ambieﬁt air temperature is taken to
be 300°K. Prehéatéd air.temperature'can-then be predicted, knowing :
the air mass flow rate ahdlpower PA redui;éd to inérease:éir temperé;i
ture. At any fuei thermal input powér P?, tﬁe power'fequi;éd to raiSen

combustion air 1°K is:

PA -7 - J J ,
5% = (3.1685 x 10 %%)(PT seo) (1122 =)
= (3.555 x 10°%) (pD) nete ' (4.2)
Equation 4.2 may be written as
PA _ -4 MW MW :
Cvg < (BTI3.555 x 100 e o (4.3)

T
where PT is dimensioned in megawatts (MWT)' Since 1200°C (1473.15°K) -
air is desired out of the air preheaters and ambient air is 300°K,

A°K = 1173.15°K. Required power.to achieve this temperature increase

at PT = 3500 MWT is

4 MW

MW _ °K
T

PA

(1173.15°K) (3500 MW, ) (3.555 x 10° )

1459.69 MW : (4.4)

and

1.244 MW/°K
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Mean specific heat of air at constant pressure was found by ap-
proximating the partial derivatives of éirenthalpy, HA, with respect to

temperature .T. Equation 4.5 [105] was solved for values of T between

250°K and 1950°K in 100°K.steps. Cp = %%é was approximated %%é .
2230 ~(3340) (PSIA)

4 . 3.
2.93 1+P + 8. = ‘
2.9 x10 " (1+PSIA)T + 8 37X1O'[e(2230/T)—l e(3340/T)_l

32 + (28) (PSIA)

_ 1
HA(T) = '

k4.5).
PSIA =-nitrogen/oxygeﬂ rdéio of air ;ﬁd waé‘fakén to be 3.76. The-_
function.AHA/AT vs. T was approximatéd by ; étraiéht.line, a?ndcp wés
averaged between T = 1473.15°K and T = 300°K.

A check on the value of CP was made by the following equation.
PA = [HA(1473.15°K) - HA(300°K)] m ' (4.6)

where m = 1108.9 Kg/sec at PT ='3500'MWT, and HA(T) is giveh in.Equa—
tion 4.5. PA = 1461.5 MW if determined by Equation 4.6, and-equais
1459.7 Mﬁ if‘found by ﬁsigg mean speéific heat Cp and Equation 4.4;
This represehts_én errorfin PA of O.iZ%; which wéﬁ.cbnsidered_accept—
able. | |

The compressor power function, £_, was determined by the compres-

2
sor Equatfoné 4.7 and 4.8 [15], and by combustor pressure data given by
the Combustor/Nozzle/Channel/Diffuser simulation described in Chapter

v [114].
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. " 0.286
PCOMP = - /
(m)(cp)(Ta)(Pc 1)/T]C (4.7)
: o PCOMP 0. 286 : i
T(OUT) = ————+ T =T [(P - 1)/(n) + 11 (4.8)
o a a c e
{m) (C )
p
where
PCOMP = compreséor power (Mw) -
m = mass flow.rate of air (Kg/sec)
C_ = mean specific heat of air at constant pressure
P (M Joules/Kg °K)
Ta = ambient air temperature (°K)
PC = ratio of,stagnétion pressure at compressor exit to
inlet pressure '
nc = compressor efficiency (taken to be 0.87)
T(OUT) = air temperature at compressor exit (°K)

Table 4.1 illustrates the dependence of Pc and T(OUT) on PT. The Pc

values were obtained from Combustor/Nozzle/Channel/Diffuser data [114]

and T(OUT) values were found solving Equation 4.8. Ta = 300°K and
preheat air temperatures ét the heat exchanger exit, TPHAO, was as-
‘sumed to be 1800°K. The variation of T (0OUT) with PT is nearly linear

and was approximated by

AT (ouT)

AT 0.029 °K/MwW (4.9)
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Table 4.1. Compressor. parameters I

PT (MW) . TPHAOQ (°K) ' pé(atmospherés). T (OUT) {°K)
3000 1800 6.95 555.53
3250 1800 7.265 563.19

3500 1800 7.576 570.52
3750 . 1800 7.885 . 577.60
4000 ' 1800 8.193 584.46
4250 11800 . 8.502 591.16

‘Table 4.2 shows the deéendence of pc and T(OUT) on TPHAO. PT is

constant.

Table 4.2. Compressor parameters II

PT (MW) TPHAO (°K) ~ p_(atmospheres) - T(0UT) (°K)
3500 . 1700 7.255 563.0
3500 ‘ 1800 7.576 570.5
3500 1900 7.90

581.2

T(OUT) = 539°K at TPHAO = 1473.15°K.

Prom Egquation .4.9,

T(OUT). = [539 + (0.029) (PT - 3500)] °K

The three data points of Table 4.2 were linearly extrapolated to give

! . Assuming that TPHAO variations are not significant for the-

cases of interest, T(OUT)-can.be cbnsidered é function of PT only.

(4.10)
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where PT is in megawatts (MWT). Solving Equation 4.8 for PCOMP gives;‘

PCOMP

(T(ouT) - Ta)(m)(cp)

If PT = 3500 MW, and TPHAO = 1473.15°K, PCOMP = 297.4 M. Using

Equation 4.4, the power'supplied to the air by the heat exchangéré is

(1459.69 - 297.4)MW or 1162.29 MW.

4.3 Heat Exchanger Cycle Model

A model of heat exchanger cycling is a feature of system model

II. The effect of cycling individual heat exchangers between reheat

and blowdown is to introduce a periodic fluctuation in both preheated
combustion air temperaturé and power available-ét the exit of the heat

exchangers for steam generation. The fluctuations appear in Figure

4.3 as Tl(t) and El(t);.-These'time functions are a consequence of a

. non-unique regenerative héat exchanger cycling schedule. Reheat is

the part of the éxchangép cycle in which the ceramic core of the heat:
exchénger is heated by éombustion gas passiné throﬁgh thé core from
the diffuser to the steam plant. Blowdown occurs wﬁen air is heatea
by being moved througﬁ the héat excﬂanger from the compressor £o the
combustor .

One possible heat exchanger cycling schedule is shown in Figure

4.2. It is based on the tentative design of a heat exchanger system

(239 + (0.029) (PT - 3500) (3.55x10° %) (PT) MW (4.11)




[ srowoown ] [ _rewear_ 3 [ RGN o - R
e | B GER L Vg B S o R
S 1 B B PO R B N S
EIE . B bt R o : =]
ORI S B 2 SRS ¥ AR B
b Tomiie ) sl TN R Tk s L O
S T RSNl XNE EY R B R T WS sl B
e W il R B B NS s e Y
E (o TR | B bk o bl < dn
B AR TR B B e IR T
0 100 200 300 400 500 600 700 800 900
TIME (SECONDS)
Figure 4.2. Regenerative heat exchanger schedule

€6




94

for ECAS Base Case 1, an 1877 MW (electrical) MHD/steam combined cycle

fl36]. Ten individual heat exchanger units are used. There are
always three units on réheat, five on biowdown, and two oﬂ héld; For
any éiven uﬁit, reheét-timg is 150 s¢¢oﬁds,'blowdown time ié 250
seconds, and hold timé-is_SO seconds betwéén‘each reheat and blowdown.
cycle time for a given unit is 500 seconds.

The switching précédure'must allow constant mass flow of air
and combustion gas. This implies that as a valve in one heat ex-
chahger opens or closes, a valve in another heat‘exchanggr-musf be
acting in the opposite manner at exactly the same time. This action
muét apply to both valying combustion gas at ﬁhe beginning or end of\
reheat and valving air at the begipning or.end of'blowaown. .Vaives

are assumed to open or close instantaneously at the beginning or end

-of blowdown and ;eheat;g For example, if a unit were switching between

blowdown and reheat, the air flow is-shut off immediately at the end

of blowdown with no throttling action of the valve. No flow of either

air or combustion gas occurs for the 50 second hold period. At the
end of the hold period (béginning of reheat), combustion gas immed-
iately flows at full mass flow rate and continues to do so until the.

end of reheat.
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Several interesting observations may be made with the aid of

Figure 4.2 [139].

1) Blowdown time, reheat time, and total cycle period are all -

integral multipies of,héld time.
| 2)- Thg'number oflheat exchaﬁgers ;eqUifed in the system equals
ﬁétal c?cle periéd diviaed by hold time.
3) The numbe;'of heat exchangers in blowdown equa;s blowdown

time divided by hold time and must be an integer. A similar re-

" lationship holds for the number of heat'exchangers in reheat.

Using the heat exchanger schedule of Figurg 4.2, it has been
found by the authors of [136] that preﬂeated air‘tempera£ure (blowdoﬁn
outlgt tempéréture) drops linearly throughoﬁt bloWdown‘for a giﬁeh:;‘A
heat exchanger. The‘température variation is apprdximgtely lOQ°K
for the 250 second blowdo@n pefiod. ‘Since a'heated.e#ghangef is
valvéd into blowdéwn evéry 50 seconds while a cooled ekchange is
valved int§ reheat simultaﬁeouély (and instantaneously), time fuan
tions for Ti(t)_and‘El(t) follow directly. These time fupctidns have
a period of 50 seéonds:and are sawtooth waveforms. Peak—to—peak am-
plitude of T (t) ié (LO0°K) /5 or 20°K. Pea.k—to—pe‘ak émpiitude of
E (t) is found from Equation 4.4 and is (1.244 MW/°K) (20°K) = 24.88 MW

at PT = 3500 MWT.

The relative phase of Tl(t) and El(t) may be determined by the

fdliowing argument. Air preheat temperature is a maximun jpst after a

Iy
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reheated exchanger is valved into blowdown. At the same time, a
cooled exchanger is valved into reheat so that maximum heat is ab-
sorbed by the cooled ceramic and minimum heat or thermal power is
available to the steam plant. As the exchanger progresses through the
reheat part of the cycle, the ceramic temperature increases and
therefore absorbs less heat from the combustion gas, leaving more for
the steam cycle. During the same time interval, the heat exchanger
on blowdown continually cools, causing air preheat temperature to de-
crease. Thus, Tl(t) and El(t) are 180° out of phase from each other.

Plots of Tl(t) and El(t) appear in Figure 4.3.
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Figure 4.3. Variations in preheated air temperature and power
to steam plant
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4.4 Description of System Variableé

The variables for model II are tabulated in Table 4.1l. Refer

to the block diagram of Figure'4.3.

Description of model II system variables

Table 4.3.
Variable Units Déscription
Xl MW desired plant output;_MW'réference
X2 MW _génerétion erroxr
Xé - _proﬁortional control signal
X4 - composite valve control signal
X5 - limited compositéhcontrol-signal
X6 MW - " intermediate firing system variable
x7 MWT' fuel thermal input power
X8 MW/°K conversion between power in aif, PA, and air
’ temperature

X9 MW total power to preheat air '
XlO °K increase in air temperature above ambient
X °K increase in air temperature above ambient account—

11 . ' .

ing for lag due to heat exchanger cycling

X oK “‘actual preheated air tempérdture neglecting

12 . : } .

- ambient . :

X13 - not used | . _ ’ .
X14 MW combustor output power (input to MHD generator)

%' 15 MW. 'MHD generator input power, accounting for losses
to ambient and time lag for combustor residence .
time :

Xl6 MW inverter output power

X17 MW - Combustor/Nozzle/Channel/Diffuser ambient losses,

X1 g MW fraction of thermal power at diffuser absorbed by
radiant boiler :




Table 4.3 (contih.)
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Variable Units Description
x19 MW radiant boiler output available to steam plant’
X20 MW thermal power in combustion gases leaving dlf—
: fuser
X21 MW thermal power in. combustion gases available to
‘ preheat air or geherate steam _ o
Xzé ' MW power from combustlon gases used to preheat alr
assuming no preheated air temperature error
X23 ‘ MW - power from combustlon gases used to generate
steam, including E (t) effect
X24 MW - 'power shlfted from air preheating to steam gener—
ation or vice versa, depending on preheated air
temperature erroxr
X25 MW steam plant input.power
X26 MW intermediate steam plant variable
X275 MW gross steam plant output  power
X28 MW net steam plant outpﬁt pewer
X29 MW gross plant generated power
X30 MW ‘net plant output power
X31 MW power from preheated air to combustor
x32 - actual generation control signal
X MW thermal power in combustion gas after ambient’
33
losses and enthalpy extractlon by the channel are
subtracted :
X34, MW . thermal power in ddmbustion gas after subtracting
ambient losses in Combustor/Nozzle/Chanﬁel/Diffuser
X MW thermal power in combustion gases available to
35- generate steam, assuming no preheated air tempera—
ture error
X ——

integral control signal .
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4.5 1Initial Conditions, Values' of Constants,.and System
Equations ' a

Initial conditions.for the variables of model IT and nominal -

‘values of constants were developed from the idealized heat balance of

Figure 3.1 and the combustion calculations of this chapter. The var-
iables and constants may be identified with the aid of Figure 4.1.

From Eqﬁation 4.2, X

_ -4 o . .
5 = 3.555x10 }\dW/MWT X. f2(37) is equal

to PCOMP, defined by Equation 4.11.

PCOMP = f2(x7) =.(239 + (0.029)(x7 ~- 3500) %3.555 x.iop4)(x75 MW -

£, (X (0)) =.g§§;3§ i T @ay
X5(0) = K X (0) = 1?244 MW /°K : S (4.14)
From Equation 4.4, X (0) = 1459.69 M.
X,,(0) = X (0) - f2(x7(0)$ = 1162.32 MW (4.15)
xll(o) = xlz(O) = 1173.15°K (4.16)
%5, (0) = %, (0) = 1459.69 W o (4.17)
xl4(o) = X9(0) + x3110) 5'4959.69_Mw ' E ‘(4;18) 

X ,(0) =3.0 MW . (4.19)

(4.12) .
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Channel/Diffusér cooling water.

X34(0) = Xl4(0) - Xl7(0) = 4956.69 MW. ' (4.20) -
s _ -4 |
K9 = Xl7(0)/Xl4(O) 67049x10 ‘(4.21)
xlscoy ='X34(O) = 4956,69'MW. } . o (4722)

The Kll block output is assumed to ipitially be (nl)(3500 MW) =;'

1050 MW if n

, defined by Equationl37;,_is set equal to 0.3, Invefter

Sl AL

X is taken to be 0.5% of the power absorbed by the Combustof/NozZle/

1
efficiency Kl.2 is taken.to bé 9.987
Kll:=rlo§0.00/5946;69 - 0.2118 - - '_(4.23)."
X, (0) = 1029.00 MW - (4.24)
X35(0) = X 5(0) - 1050.09.% 390é.69 MW | (4.25)

From [83], the radiant boiler output is initially 595.00 MW.

X18(0) = XlQKO} = 595.0Q‘MW : | . (4.?6) 
;X20(O) = X21(0) = X33(0).f X18(O) = 3311L.69. MwWw- (4.?7)
X35(0) = XZl(O) —'X22(0) = 2149.38:MW' ‘4.?8)

K3 = X, (0) /X, (0) = 0.6490 (4.29)
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X,3(0) = X, (0) = 2149.38 MW . (4.30)

_ _ o - 0ow - ‘ ‘
Z(0) = K7(Xl2 (0) ll73.‘]’.5 K) 0.0°K (4.31)

where K7 = 1.0

X, (0) = fl(Xé(O),'Z(O)) = X8(O) z(0)

24

= 0.0 MW _ (4.32)
X,5(0) = X, (0) + X, (0) + X (0) |

= 2744.38 MW (4.33)

Xye(0) = X, (0) = X _(0) B (4.34)

‘Stack losses are assumed to be (0.1)%3500 MWT) or 350.00 MW based_on'

Figure 3.1. Initial steam plant output X is 966.00 MW as in model I.

28
Thus "other losses" of the steam plant equal (2744.38 - 966.00 -

350.00) MW or 1428.38 MW.

Kl6 = 350.00/2744.38 = 0,1275 0 (4.35)
K17 = 1428.38/2744.38 = 0.5205 (4.36)
X29(0) = Xl6(0) + X28‘0) = 1995;00 MW ) .(4.37)”

In~plant power is taken to be (0.105) (3500 MW) initially, or 367.5 MW. -

This includes 297.38 MW compressor power requirement.
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x3d(0)'= 1995.00 - 367.5 = 162?750MW - (4.38)."
K g = 1627.5/1995.00 = 0.8158 (4.39)
K)o = 1.0 (4.40)
xaz(é) = X, (0) = 1627.50 MW | (4.41)

Kl and K2 are controller constants and are design parameters. K3 =

4400 MW which corresponds to maximum fuel.thérmal input power.. .Then,.

if XGIO) = X_(0) = 3500:MWT,

7
‘.xs(d) = 3500.00/4400.00 = 0.79545 O (4.42)
= X,(0) = X,.(0)
XZ(O) =0 = Xé(O) (4.43) 

Eight time constants are used in model II. Five are associated

with first-order lag functions and three are pure time delays. TO is

. associated with the fuel feed system first-order lag and is assumed to:

be 10 seconds. Tl is a one second pure time delay in the fuel feed

system. These values were chosen to be slower than gas/oil systems

" put faster than many existing coal firing systems in the expectation

that advanced coal burning technology will be required in a combustor

4

operating at seven to eight atmospheres pressure [81,116,146]. T, ac-

counts for radiant boiler delay in transferring thermal power from the

combustion gases leaving the MHD channel to the steam cycle. Tg is to
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account for transpprt‘délay‘df‘combuétion gasés passing from thé dif- :
fuser to the steam plant. A magnitude of one second was assumed for

both T, and T.. These values are not critical because the T

4 5 ‘delay‘ls

4

in cascade with two large firsf—order lags associated with. the steam

plant (T6 = 67 seconds and T. = 32 seconds), while the T

. delay is in

5

cascade with the steam plaht and/or the heat exchanger lag T2

= 500

seconds. The value of-f is determined by the heat exchanger cycling

2
period, and the steam plant characterization is as in model I [95]. I3,
the time constant associated with MHD-channel enthalpy -extraction, is
assumed negligible compared with the other system time constants.

In summary, model. IT initial conditions -are listed in Table 4.4:

Multiplier and time constant values are.tabulated in Table 4.5.

4.6 System Equation Solutions

Model II system equation solutions' were computed for the cases
shown in. Table 4.6. The effects of Ei(t) and Tl(t) on ‘the systém are
of primary interest as is the effecﬁiveness of feedback'vapiable-z
in reducing temperéture and power fluctuations. All solutions begin

_at steady-state as defiﬁéd in Table 4.4. Constants other than Kl'and
‘Kz take the values given'in Tabie 4.5. The functions El(ti, Ti(t);

and 2z are either set equal to zero or are as defined in Figure 4.3

or the system equations given in Appendix B.
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Table 4.4. Model II'initial conditions

X,(0) = 1627.50 MW X, 5(0) = 595’605MWi-
X,(0) = 0.00 MW XZO(O) 3311.69 MW
X;(0) = 0.00 X, (0) 3311.69 MW
X,(0) ‘= 0.79545 X,,(0) = 1162.32 MW
X (0) = 0.79545 X,,(0) = 2149.38 MW
X (0) = 3500.00 MW X,,(0) = 0.00 M
X (0) = 3500.00 MW X, (0) = 2744.38 MW
XB(O) = 1.244 MW/°K x26(0) 2744738 MWl
X,(0) = 1459.69 MW xé7(0) 2744.38 W
X 5(0) = 1173.15°K X,q(0) = 966.00 MW
X, (0) = 1173.15°K X, (0) 1995.00 - M
‘x12<q> = 1173.15°K X3(0) = 1627.50 MW
X 4(0) = not_us§q . X3, (0) 145956?'MW"
X, ,(0) = 4959.69 W X,,(0) 1627.50‘MW
X (0) = 4956.69 - X,,(0) = 3906.69 MW
X6 (0) = 1029.00 MW X,,(0) = 4956.69 MW
X, (0) = 3.00 MW x35(0)- 2149.38 MW

¥3p(®) = 595,00 7 K3(®) = 079545
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Table 4.5. Model IImultiplier and time constants

Constant multipliers:

K
10

0.001

0.10
4400.00 MW
not used

3.555x10

not used ’

1.00

1.00

6.049x10

0.152

Time constants (seconds):

10.0

11
12
13

14
15
16
17
18

19

0.2118

0.98

'0.649

not used

1.00

'0.1275

0.520

0.816

1.00

System equations follow directly from the block diagram of Fig-

ure 4.1. They are listed in.the computer program of Appendix B.




Ll

1] i

\_d

106
Table 4.6. Conditions for model II equai_:idr; solutions
Case‘ Kl K2 El(tv) ‘ Tl(t)
1 0.001 0.01 0 )
2 0.001 0.1 0 0
3 0.001 1.0 0 0
4 0.01 0.01 0 0
5 0.01 0.1 0 0
6 0.001 0.01 0 o
7 0.001 0.1 0 0
8 " 0.001 1.0 0 0
9 10.01 0.01 0 0
10 0.01 0.1 0 0
1 0.001 0.01 E, (t) T, (£)
12 0.001 0.1 E, (€) T, (t)
13 0.001 1.0 E, (t) T (E)
14 0.01 0.01 E, (£) E ()
15 0.01 0.1 E; (t) T, (£)
16 0.001 0.01 E, (t) T, (t)
17 0.001 0.1 B (8) T, (t)
18 0.001 1.0 E, (£) T, (€)
19 0.0 0.01 E, (£) T, (£)
20 0.01 0.1 B, (£) Ty )
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Several important observations may.be made by inspécting ﬁodel-ﬁ
II data. First, the air preheat temperature controller fl(X8, Z) only
affects long~term variations in air temperature X - It Eas no effect
on transients occurring at the beginning of‘thé computer runs. The
temperature controller also hés no effect on the ﬁagnitude jumps:
observed in ﬁany variables which occur as a céhsequeﬂce;qf air heéter:.
cycling. The effect of fhe air temperétufe éontroiler on Qariableszv
r X |

4, X7 30 is negllglble.. For example,.lf Kl = 0.0l,‘ 

'K, = 0.01 or 0.1, E (£) = 0, and T, (£) = 0, the most notable @iffer- . o

16’ X28' and X

ence between the Z = 0 and Z + 0 cases J.s'that.X16 increases in value -

by 0.35 MW at the end of 400 seconds for the 7 F 0 case and X28 de-
E creases by the same amount.

Plots of five model II variables are given as functions of

time in Figures 4.4 through 4.24. The variables are:

X7 (fuel thermal input power)

X12 (preheated air temperatu?e subtract;ng ambienf):
X16 (inverter outéut power)

X g (net steam plant output éower) .'

k30 (net plént output power)

4.6.1 Fuel thermal inbut power X7

Figure 4.4 displays a family of curves of x7 as a function of

time. The conditions are: XK, = 0.001, K2 = 0.01, 0.1, and 1.0,
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1 and K, are controller constants,

and El(t) and Tl(t) are defined in Figure 4.3. Setting % = 0 disables:

El(t) = 0, Tl(t) =0, and 2= 0. K

the temperature'qonfroller. Figure 4.4 serves.as a -comparison for
Figure 4.5.

X7 is plotted in Figure 4.5 under the same cénditions'fof‘xit'

and x2 as in Figure '4.4. In this case, El(t), Tl(t) and Z are func4';."

tioning. -Representativg values of magnitude jumpé at t 225 seconds

are AX7 = =-5.81 MW for kz = O.Ol,_Ax7 = ;9.70 MW@ for K, = 0;1, and
AX7 = =23.50 MW for K2 = 1.0.-
Figure 4.6 illué;rateé x7 as a function of time for K1 = 0.01,
= 0.01 and 0.1, E () = 0, T (t) = 0, and 2 is functioning.

for the same conditions as FiQure 4.6 ex-

Figure 4.7 shows X7

cept that El(t)‘ Tl(t),fand % are all functioning. Magnitude jumps -at

t = 225 seconds are AX_ = 23.56 MW for K

- = 0.01, and Ax7 = 25.96 MW

2
for K2 = 0.1.

4.6.2 Pfeheated air temperature (subtracting ambient) X12"

X.. is shown in Figure 4.8 for the following conditions: Ky =

12
0.001, K, = 0.01, 0.1, and 1.0, E (t) = 0, T,(t) = 0, and Z = O. X1y
varies by 2.13°K over 400 seconds for K2 = 0.01. Corresponding values

= 0,1 and 1.0 are 2.40°K and 3.55°K,

of Axlz for cases in whlcP K2

respectively.
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reduction'of 54% if XK. = 1.0. -

The peak to peak amplitudé of X

109 .

X, is plotted in Figure 4.9 for the same conditions as Figure

4.8 except that 2 + 0, allowing the temperature controller  to operate.

In this case, the variations in X over the 400 second period are as

12

= ' == o . = = °
.0.01, Ale 1.59°K. If K ‘O.l, Axlz lf68 K.

follows: If K )

2
If X, = 1.0, Ax,, = 1.62°K. Thus, when the temperature controller

operates, a reduction,in._AXl is observed in'all cases with a maximum

2

2
Figure 4.10 indicates the effect of Tl(t)_on X12. 1
K2 = 0.01l, 0.1, and 1.0, and,El(t), Tl(t) and Z are all functioning.

12 is approximately 19.6°K in all

cases. The same waveform is observed for X9 if~Kl = 0.01 and K, =

0.0l or 0.1.

as a function of time for K, =

12 1

= 0.0l and 0.1, El(E) = o,.Tlx;) =0, and 2 = 0. 312

Figure 4.1l illustratés X

0.01, X varies

2
by 3.55°K in each case over the 400 second time interval.

Figure 4.12 shows the effect of using the temperaturé control-
ler in the cases of Figure 4.11. Z is functioning. Otherwise, the

conditions for Figures 4.10 and 4.11 are fhe‘saﬁe. In Figure 4.12,

the variation in xl2 is 1.61°K, compared with 3.55°K if Z = O.

K, = 0.001, '
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4.6.3 Inverter output power Xi6

x16 is plotted as a function of time in Figure 4.13 for the

conditions of Kl = 0.001, K2
0, and Z = 0.
Figure 4.14 gives the effect of-El(t) and Tl(t) on.Xié;' The

= 0.01, 0.1, and 1.0, E;(t) = 0, T (£) = "

remaining conditions are the same as in ‘Figure '4.13 excep£ that Z = O;”

which has negligible effect on the transient behavior of X16'

- cases the magnitude variation in X6

imately 5 MW.

Figure 4.15 repeats Figure 4.13 fof'the conditions Kl = 0.01,

K2 = 0.01 and 0.1, El(t) = 0, Tl(t) = 0, and 2 is functioning.

Figure 4.16, to be compared with 4.15, shows the effect of

Tl(t) and El(t) on X otherwise operéfing_as-in Figure 4.15. The

16
magnitude jump due to El(t) and Tl(t).is approximately 5 MW ‘in.both

cases.

4.6.4 Net steam‘plant.output power X28

X28 is given as a function of time in Figure 4.17. X, = 0.001,

K2 = 0.01, 0.1, and 1.0, El(t) = 0, Tl(t) = 0, and ‘2 = 0.

. Figure 4.18 illustrates the effect of El(t) and Tl(t) on X28

for the conditions of Figure 4.17. X.. is unaffected by E, (t) and

_ 28
Tl(t).

In all

due to El(t) and Tl(t) is approx-.
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Figure 4.19 shows X28 if Kl = 0.01, K2

o, Tl(t) = 0, and Z + 0. Figure 4.20 gives X

= 0.01, and 0.1, El(t) =

og @S 2 function of time

for the same conditions as Figure 4.19_except El(t), Tl(t), and Z-are

all functioning. Again,-és.in Figure 4.18, X

,g 18 pot affected'by

El(t) and Tl(t).

4.6.5 Net plant output)poWer x30

The last variable to be considered is de. Figure 4.21 shows

=0.001, X. = 0.001, 0.1, and 1.0,

X30 plotted for the conditions K 2

1
B, (£) = 0O, T, (t) = 0, and 2 = O.

Figure.4.22 repeats the conditions of Figure 4.21 except that

El(t), Tl(t)’ and Z are all functioning.. The magnitude jumps in X3O

due to El(t) and T, (t) are approximately 4 MW in all cases.

for the cases K

1 = O“Q].'". K

Figure 4.23 illustrates X = 0.01

| | 30 2
and 0.1, E (t) = 0, T (t) = 0, and Z F 0:' '

Figure 4.24 shows.the effects'éf El(t) and Tl(t) on X3o foﬁ

" the same Ki and X, conditions as in Figure 4.23. As in Figure 4.22,

the magnitude jumps in X due to El(t) and Tl(t)‘are about 4 - MW in

30

both cases.
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Chapter v .
SYSTEM MODEL - III

5.1 Model III Features

System model III is considerably more detailed than'previously

discussed models. The added complexity is evident in the overall

model IIT block diagram shown in Figure 5.1. For example, the boiler -

and turbine valve model has two inputé_and three outputs.” Inputs are

tﬁrottle preséufe, power Eé the turbines, and boiler and sfack loss
[81]. The-steam turbines are modeled on the assumption that high
pressure, reheat, and 10Q pressure turbines are used [65,69]. The
Combustor/Nozzle/Channel/Diffuser (CNCD) section is much ﬁére sophis-
ticated than in previous models, being represented by polynomial ap-
proximations of data resuiting from the soluti&n 6f‘energy bglance;

state, and continuity equations for the compustor, and the quasi one-

dimensional MHD equations for the channel and diffuser [114]}: Ihpﬁts

to the CNCD are fuel thermal input power and preheated air ﬁempéra-
ture. Outputs of the CNCp:are thermél po%er ioss,.power aﬁéorbed by_
the cooling water, thermai power in the combustion gaseé leaving the-
diffuser, and inverter electfical output power. | |
The additional detail in model IIT is not limited to component
modeling but appears in the control éystemvas well. A wide variéty Qf

controller variations are possible with two

Ll

it

‘turbine valve area and power available to generate steam. Outputs are
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proportional-integral-derivative (PID) controllers available; one for N

controlling turbine valves via a governor, and the other for adjusting  “'

the combustor firing rate. In addition, two feedforward controllers

"are included to allow even greater fiexibility of control.

A more detailed discussion of the overallymodél iiI biock éia-'

gram is given in the folléwing section.

5.2 Model III Block Diagram

In Figure 5.1, desired unit generation, MWREF' is compared with

actual unit generation, and the generation error,

MWplant output’

W, rop! S€rves as the input to the generation controller. The deriv-

ative of MW is available as a feedforward signal to both "the turbine

REF

governoxr and the combusto; firing system.

Contfol of the governor is aqcémplished by summiﬁg theVQener—fw
ation controller and valfé-feedforward outputg. The QoVefnor( in
turn,'cont¥ols the turbine valve area. Power to thé tﬁrbineé, which.':

is proportional to the mass flow rate of steam, is a function of both

the turbine valve area and power available to generate steam. Throttle

pressure is also a function of valve area and available power.
The throttle pressure error signal is the input to the PID fir-
ing rate controller. The control signal for the firing system is the

sum of the firing rate controller and fuel feedforward outputs.
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" Regenerative air preheaters accépt'the combustion gases'from
the diffuser to heat‘comb#stion air which is supplied by an air comf
pressor. Power recovered froﬁ condensing seed is also accountedlfér,
as is pdwer lost to ambient. Air preheater outputs are air preheat
tempgrature and high-grade thermal power to thé steam plant. Power to

generate steam is considered to be the sum of thermal power in the

CNCD coolant and the high-~grade thermal power from the air preheaters;

In-plant, load-related power is taken to be air compréssor

LY

power - -and turbogenerator auxiliary power'for pumbs and other:intgrnai”~"

requirements. Fixed in-plant power is the requirement for the magnétf__h

and other fixed loads such as lighting. Actual or net plant output . -

power is the sum of steam turbine and MHD electrical output_pdwer less

in-plant load requirements.

'The control scheme for System Model III is essentially a

boiler-following or conventional mode from the boiler-turbine point of -

view if the feedforward controllers are not used. Boiler following is”

a standard control mode for fossil-fired. steam generating units and ié

shown in Figure 5.2 [72]. "Essentially, boiler-following control'usesi
, as an input to a controller'thétjoperi

error A , .

ates the turbine governor. Throttle pressure error, in tuin,aalterg

firing rate through an appropriate ¢ontroller. Thus, boiler-foilowing

control allows the steam turbines to quickly respond to changes in

load demand while the boiler firing system follows the turbine action -
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Figure 5.2. Boiler-following or conventional control mode

by acting to maintain constant throttle pressure. This method of con-
trol makes good use of stored energy in the boiler and provides the
most rapid output response possible from the steam bottoming plant.

The overall MHD/steam combined cycle is, of course, different
from a conventional steam plant in that a fraction of fuel thermal in-
put power is almost immediately available as MHD electrical output
power. This rapidly responding characteristic of the MHD channel is
utilized by providing a feedforward control path to the firing system,
making available a control signal related to the rate of change of
desired unit generation, MWREF'

For general interest, it is worthwhile to briefly describe two
other types of boiler control and compare them with the conventional
control mode. One type, called turbine-following control, is illus-

trated in Figure 5.3 [72]. In this case, generation error is used as

the input to the firing system. The throttle pressure controls the
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turbine governor. Thus, if a change in load is desired, the boiler
steam generation characteristics must first be altered before plant
output can change. This type of control is very slow but very stable.
Because of the slow response, turbine-following control is not used

except for emergency conditions.

LOAD DEMAND

"
PUMPING AND
FIRING RATE
CONTROL

3 (7

BOILER " @— GEN
TURBINE

VALVES

PRESSURE J

Figure 5.3. Turbine following control mode

The other type of boiler control to be described is shown in Figure

5.4 [72]. It is a combination of boiler-following and turbine-
following control, and is called controlled load or integrated control.
Some form of integrated control is used on most modern once-through
boiler units. As indicated in Figure 5.4, a firing rate control signal
is derived from both generation error and throttle pressure information.
These two variables are also used to determine turbine governor setting

and hence plant output power.
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Figure 5.4. Integrated control

Comparison of boiler-following, turbine-following, and inte-
grated types of control is most readily accomplished by considering
Figure 5.5 [72]. Briefly, boiler-following or conventional control
provides the most rapid response to load changes of the three config-
urations. This response is somewhat underdamped. Turbine-following
control is the slowest type of control and exhibits overdamped re-
sponse. Integrated control response rate is slower than that of
boiler-following but faster than that of turbine-following control.
It exhibits no overshoot.

Boiler following, or conventional control is chosen as the
initial control configuration for system model III for the following
reasons: (1) it takes full advantage of the energy storage charac-
teristics of the boiler, (2) it provides the most rapid steam plant

response to load variations, and (3) because of the rapid response
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Figure 5.5. Transient response of three types of boiler control

characteristics of the turbine output with this type of control, the
steam plant is expected to aid the MHD channel in load control to the
maximum degree possible, in the event that load variations exceed the
long-term MHD channel capability.

The system model is, of course, independent of the control
configuration and future work is expected to include simulations of

other types of control systems.
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5.3 Detailed:Biock Diégréhs

Detailed block digﬁfams for moggl iIi are'déécribéd in‘this
éection. vThese diagrahégdefine the csnﬁéhts ofimajorlblocks~in the-
overall modei III diagrém‘of Figure Sil;t A complete1éét of-sy§tem--
equations for model III is:given-in thé simulatién program_liStéa in’
Appéndix‘ca fhe equations follow directly from the detailéd block |

diagrams.

5.3.1 Generation Controller

"The gegeratipn controller bloqk diagram, ‘shown iﬁ Figure 5.6,
also includes valvé feedfquard and power‘grid laé block'diagrams; a
Power‘genefa;ion‘errér.g3;ﬁs multiplied by‘a firstféidér iag'to‘ac_ .
céunt for the'éffeét 05 54bower grid‘ﬁhe ?iant"may-be~§ﬁ§plyin§. -The:

grid-lag time constant T,

ﬁas'been.aséqméd.to be'lo‘éeéonds in thé
simulations deécribed later in-this‘cﬁapter. This value is considetga‘:'“.
representative for péwer grids in the Unitéd States [41]. The gener-
ation controller is proportional—integral—gerivative (Pib) and-ﬁésjthe-

lag output X, as an input. ‘The‘CQntrollér'output'xs; summed ‘with the

4
feedforward output X constitutes the cohtfol signal tO'thé turbine
governor.

The generatiqn'controller consﬁants‘éllow great'flexibility in
chéoSing_the actual type qf control qséd iﬁ*a particular simuia£i§ﬁg ’

For example, if a PI controller .were desired, K, would be set .to zero.
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The derivative portion of -the controller is modified by a 1/(1 + Ts)

multiplier, where T = 0 gives true derivative action. The same is tiuéﬂ

for the valve feedforward derivative (D) controller. The desirabiiity'.'

of the 1/(1 + Ts) muitiplier is evident if a step change in desired -

unit.genération,‘xl, is_épplied. The‘derivativé of a step function,

i.e.,; an impulse function,. would not be a realistic control signal for

either the governor or the firing system, where a similar situation oc-

curs. If Xl(t) = A u(t), where u(t) = unit step function, then

_ 5 N 5 SO
Xg(s) Tr s S =1 (5.1)" -
3 3 :
. AK )
and X (8) = —2e ¥T3 4 (5.2)
6t T,

K_and T

5 3

may.be adjus?gdlﬁo give x6(t5‘a-widé variety of initial;
.- values and'éecéy fafég;“:“ |

| The aétﬁal set of:équations used'to:describe the generatioﬁ
controller appeaf in the Model III simulation program listing of

Appendix C. The equations are based on the block diagram of Figure

5.7, and follow directly.

X = K.X ' ..A(5.3.) R

X, . ﬂ . ~-"($.4)'i"
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76
K2

X4

P<¢4 53 X?B
L& T3S

Figure 5.7. Generation controller

K,S
oy T+ 1, 4 A2
X5 = X76 - x77 B x78 (856)

DX = K.X where D = - (5.7)
77 3%4 = at t
L R R (5.8)

In the block diagram of Figure 5.6, K2, K3, K4, KS' T2, and T3 are all

design parameters and may be chosen to simulate any desired response

of which the system is capable.
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5.3.2 Governor @ynamicé,‘

The governor block diagram of Figure 5.8 processes the control

signal, X

70 and coﬂverts it into fractional change in turbine valve

T, and T_ are

area with respect to an initial valve opening, Xl4' 4 5

time constants of.first-orde; lags which describe the goverﬁbf servo=-
motors. Xll is turbine valve area. _The,yalve afea i; magnituae
limited so that‘it caﬁnot be négative'pr éreater thap'maximum?arga.
The r;te of vélve opeﬁinghand/or cloéing'is constrained by_a'rate'

limiter. . Typical vaiuQs for the constants afe used [65], and are

'is the initial value of X

tabulated in Table 5.4,7§;ge 175. X3

11° 11
is converted into fractional form to be cémpatible with the boiler

model.

5.3.3 Boiler and turbine valve dynamics

The steam boiler and turbine valves‘are modeled as .shown in
Figure 5.9 [8l]. Inputs are thermal power'from the-air prehéaters‘and-'

water heating, Xoqr and fractional change in turbinevalve apea)'xlé.i

Outputs are stack and boiier losses, X

597 fractionél chénge in throt-.

tle prgssu;e, 331,

and power to the turbines, X0

X23 is the actual pbwer available to the steam turbines at

X is the fractional

25 23° 26

23 relative to its initial value. A certain amount of time

is fequiréd for the boiler to change.steém generatién after the steam
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plant input thermal power, x21’ is altered. This effect is modeled by -

a cascade of two first-order lags with time constants T. and T

8 9% -

The boiler and turbine valve model should reflect theffolipWing

characteristics: (1) If thermal input power to thé boilexr ihcreases

and turbine valve area remains unchanged, power available to the tur-

bines increases and,thiottle pressure.increases. - (2) If thermal input:

power is fixed and the turbine Valve~6pening increaseé, power output

increases initially and throttle pressure decreases. (3) Boiler stor~

age effects exist and affect boiler dynamic characteriétics.
Condition (1) of the previous paragraph may be applied to the

model by setting fractional change in turbine valve area, Xl4' equal -

zero, and increasing thermal input power X_.. This increase in X

21

propagates through the fitst—order lags and the-'K12 and'Kié blqcksf

increasing X

20 31°

and X
The effect of holding thermal powef,input, Xy constant,énd '

21

increasihg turbine valve area may be achieved by setting'X26=equa1 to

zero and increasing X If X, =0, X._ and X, _ will equal zero

14" 26 16 29

also. As X

14 9 10

, réépectively. X.. = -X__ and

fraction of this change to X 31 30.

and X3

15 0

Xl7 = Xi5 because of the constraint imposed on X26' Thus, the‘imhed-

iate response to increasing turbine valve area is power "to the tur-

bines, X

,o¢ increasing, and throttle pressure, Xyo0

215. .

increases, ﬁultipliers K. and K immediately transmit a.

decreasing.-‘If""

f
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the turbine valve remains at its new position and thermal input power .

does not change, boiler storage effects become noticeable and are

modeled by first-order lags determined by time constants T6 and T7.

Power to the turbines drops exponentially with time constant T6 toward

its original value. Simultaneously, throttle pressure X31 drops to a -

lower value in an exponential manner with time constant T so_that‘in-

7
the limit X3l = —Xl4.

and'glsland .

The blocks defining the relationships between X,
| between X

and X320 are‘ekpanded'in Figuré 5.10 fo_show the basis . for

14

g1’ and X82'

the equations in Appendix ¢ defining X79,fX80, X
The boiler-turbine valve model of Figure 5.9 was chosen because;
(1) it was developed to describe supercritical once-through boiler

units; (2) it clearly shows the effect of turbine valve variations on

steam flow (output power) and on throttle pressure; (3) representative

values for the model constants are available as non-proprietary infor- .
mation in the published literature [81];.and (4) experimental verifi- °

cation of this and other similar low-order models'has been pdbliéhed}.:'

[48,62].

5.3.4 Turbine dynamics

The model for the steam turbines is shown in Figure 5.11. It is

a standard representation of the dominant features of a reheat system
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A

10 1.+ 1-755

Figure 5.10. Turbine valve and boiler storage effects

[65,69]. 1In fact, the model is more detailed than that commonly used
by a major boiler manufacturer [48].

The input to the turbines is power output from the boiler. The
outputs are turbine loss and net steam turbine output power. First-
order lags are associated with the steam bowl or chest, the reheat

piping, and the crossover piping. The dominant time constant is
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associated with reheat. Constants K ' 16' and K

15' 17

tions assoc1ated with the high—pressure turblne, the reheat turbine,

and the low—pressure turbine,-respectively._ The combined turbogener—"

ators are assumed to be 87% efficient [69]. Typical values of multi—

plier and time constants are suggested in [65] and are given in Table

5.4.

~5.3.5 Firing rate controller

The firing rate controller and fuel feedforward controller are

illustrated in Figure 5.12. Inputs are throttle pressure; XBl’ in

The output X

1

fractional form, and deSired unit generation X. 51

' is

the control signal to the firing system and consists of the difference'

between the fuel feedforward block output and the firing rate”control;

ler output. The negatiﬁensign in the summing block which;forms.the

algebraic sum X =X - X is necessary because a positive pressure

51 50 49

error requires a reduction in the fuel firing rate, and because con-

stants K21, K22, and K23 are pos1tive.

Pressure reference-x47 is fixed at 3500 psig (2.46x107 n/m2)

throttle steam pressure. This conforms to.practice at the'Four Cor—.

ners power plant, Frultland NM, in controlling 755 MW (electrical)

Babcock and Wilcox supercrltical once—through b01lers at loads greater

than 25%.

are poWer frac-
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The set of equations used to describe the firing rate control-
ler are based on the block diagram of Figure 5.13 and are given in

Appendix C. Constants K__,

20 Kzl' K22, K23, Tl3’ and Tl4 shown in Fig-

ure 5.12 are all design parameters.

Xag % X a9

Koz S Xgs
1+T14S

Figure 5.13. Firing rate controller

5.3.6 Firing system

The firing system for model III is shown in Figure 5.14. The
firing rate controller output is magnitude limited to ensure that the

fuel valve position is always between fully open and fully closed, and

rate limited to K24 (dynamic range/second). The actual firing system
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dynamics are represented as in model II, with a first;ordef 1ag‘in_
cascade with a pure time delay. In all simulations, n = 1 in FiQ-
ure 5.14 to give a model soméwhat slower than typical gas/oil—fifed
systems but faster than ekisting coal-fired systems as in model II.
The form df the denominator of the firing system function is ﬁsednto
allow mﬁl;iple'firstéorde? lag terms if %equired.bi a paréiéu;af '

firing system. Values of constants are §iven in Table 5.4.

5.3.7 'Combustof/Nozzle/Channel/Diffﬁéer'Mbdel

The Combustor/Nozzie/Channel/Diffuser (CNCD) représentationlforﬂ i
system model III is the result of wofk by Pierre, et ai. [114] which o
is based on equations by Baylis, et al. [15] and Oliver and Byer
[105]. The following discussion is abstracted from [114].

The desired fofm of the_CNCD is an input-output modei formu-
lated from é polynomial approximation of steady-state data. . The -
implicit_aséumption is that time consﬁanfé'and'delayé in'thé CNCD afeA
negligible compafed‘Wifh’;he rest of.fhe’system. Input Variables.are

chosen to be-fuél thermal input power, X55, and preheatéa_air temper=-
ature X_.. - Output variables are net MHD electrical power output,'x42,

thermal power loss, X56' power absorbed by the cooling water,'X57,'and "“N

thermal power in the combustion gases leaving the diffuser, X58
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Computational steps leading to the desired polynomial approxi-

mation are listed below. These steps are applied to a CNCD that has

been designed under design-center conditions.

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

CNCD inputs are specified. These include combustor in-
puts and appropriate inverter characteristics which af-
fect the channel.

A combustor pressure is assumed.

The combustor energy balance equation is used to find
combustor temperature.

Combustion gas density is determined, using the combus-
tion equation of state. Combustion gas velocity is
found from the continuity equation.

Quasi one-dimensional MHD equations are solved through
the nozzle with magnetic field density B and current
density J both zero, through the channel with the TUXEB
and J * E evaluated by the gas conditions, electrode
connections, and inverter characteristics, and through
the diffuser with B and J again zero.

is checked: If P is in the

Output pressure, Pout' ek

range 1.19 f-Pout < 1.2 atmospheres, go to Step 7; if
P it < 1.19 atmospheres, increase assumed combustor
(o]

pressure with a rational extrapolation algorithm and




return to Step 3; and if PO
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& > 1.2 atmospheres, de-

crease assumed combustor pressure and return to Step 3.

Step 7. Record output gas properties and electrical output as a

function of CNCD inputs.

Step 8. Select another set of CNCD inputs and repeat Steps 2

through 7, or if all input data have been processed, go

to Step 9.

Step 9. Generate a polynomial approximation for the input-

output data recorded in Step 7.

Equations used in the computational steps are as follows.

Equation of state:

where

Continuity equation:

where

Momentum equation:

> =

R=Q—(I%E (5.9)
R = density (Kg/m3)
P = pressure (N/m2)
T = temperature (°K)
RVA = W (5.10})

V = velocity (m/sec)

A = area (m2)

W = mass flow rate (Kg/sec)
Zx—"+§§ = JxB-F(V) (5.11)
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Energy equation:
g Ry M P G O
z e + X v g J E - G(T,V) (5% 129

where F is the friction force per unit volume and G is the heat trans-
fer per unit volume. Explicit forms for H(P,T), Q(P,T), F(V), and
G(T,V) are given in [114].

Equations 5.11 and 5.12 are manipulated into the following ma-

trix form to utilize P and T as state variables.

I aQP (o70) e Jx BU= P'+ 0

Qu
o)
> O
&[5

2
ar Boten o aQ da
Hp + 0QQ, Hy + 000, ax K S
- gl et o I 4]
(5.13)
W, * 90 OH
where o é(;ﬁ R, = EE i B e etc.

Input-output data for the CNCD was developed for the following

magnitude ranges of the input variables x55 and x73:
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3000 MW < X . < 4200 MW

1700°K s € X 1900°K

| A

73

15 X55 is greater than 4200 MW, shock occurs which is to be avoided.

5.3.8 Air preheaters

The air preheaters are modeled as shown in Figure 5.15. The
model is essentially the same as that used for system model II (Fig-
ure 4.1). Differences are: 1) thermal power from condensing seed is
explicitly shown as an input in Figure 5.15; 2) thermal power loss to

ambient is an output; and 3) air preheat temperature output, X_., ac-

73
counts for 300°K ambient air temperature. The El(t) and Tl(t) func-
tions are unchanged from Figure 4.3 except that the maximum value of

El(t)’ Em, is slightly different for model III than for model II.

5.3.9 Thermal Lag
The block titled "thermal lag" in Figure 5.1 consists of a
simple first-order lag to account for thermal lag in the CNCD cooling

system. The input to the block is X 7 power available to the steam

5

cycle from water cooling the CNCD. The output variable is designated

X74.

5.4 Description of System Variables

The variables for model III are tabulated in Table 5.1. Refer

to the detailed block diagrams of Figures 5.6 through 5.15.
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Table 5.1. Description of Model III, system variables e
Variable _Units ' Descfiption'

Xl MW t.deSired plant output;‘MW reference

XZ MW net plant output power

X3 - MW -error between required and actual output
(generation error)

X4 MW generation error after power grid lag

X5 - geheration controller output

x6 - valve feedfbrward.controller output

X7 -- composite controller signal to governor

x8 - intermediate variable in governor between tw0
first-order lag blocks

X9 m2 turbine valve area: (governoxr output not rate

‘ or magnltude limited) :

X10 m2 turbine valve area (rate llmlted)

X. m2 ‘turbine valve area (rate and magnltude

11
‘ llmlted)

X12 m2 Aarea = actual valve area - initial or nominal“

o \ "valve area

X4 n2 initial or nominal valve area

X4 - (AArea)/(initial area) =‘fractiona1-change.in

. turbine valve area with respect to ‘initial
area . ’

X15 - change in fractional power from boiler ta
turbines due to fractional change in turbine
valve area

X16 - change in fractional power from boiler to.
turbines due to fractional change in net 1nput,
thermal power to steam plant §

X17 - fractional output steam flow or- fractlonal
power from boiler to turbines (XlB/Xl9

X18 MW APower from boiler = actual_poWer - initial
power Xy, = Xp9)
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Variable Units 'a.Description

X g MW initial (referehee) power from boiler .

%50 MW dctual power output from boiler to. turbines -

X MW thermal power available to steam plant from

~21 e : .
combustion gases leaving preheaters plus
power available due to water heating from
Combustor/Nozzle/Channel/Diffuser cooling

W ack and boiler losses

X22 M stack and boiler 1osses (K30_X21)

X23 M actual power avallable to generate steam after
subtracting stack and boiler losses

x24 MW A power available to generate steam = actual
power - reference power

x25 MW initial (reference) power available to gener-
ate steam - o

X26 -- APower/reference power = fractlonal change in -
power available' to generate steam with respect
to reference ‘power (X /X25)

x27 - intermediate varlable in steam generatlon be-
tween two flrst—order lag blocksv :

X5g - ‘fractional change in’ "virtual" steam flow
(steam flow related to firing rate only and
not to turbine valve area)

X29 - effect of fractional Virtual'steam flow on
fractional throttle pressure

X30 -- effect of fractional turbine valve area and
boiler storage on fractional throttle pressure

x31 - fractional throttle pressure Apressure/ .

: initial pressure ' B
X35 MW power available at high-pressure turbine'inpﬁt
X 3 MW power available at reheat turblne (1ntermed1—
3 ate pressure) 1nput _

x34 MW power avallable at 1ow-pressure turblne 1nput.

X35 MW output power of. low-pressure turblne (neglect-v;
ing turbine losses)
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Table 5 l (cont )
Variable Units Description
X36 MW output power of reheat turbine (neglecting
turbine losses)
X37 _ MW sum of reheat and low—pressure turblne outputs
(neglectlng losses) :
X MW output power of hlgh-pressure turblne (ne—
738 ]
glecting turblne losses) ‘
x39 MW total steam turblne output power (neglectlng
losses)
'X40 MW turbine losses
X4l MW net steam turbine output power
X42 MW net MHD electrical output power
X43 MW sum of net steam turbine output power and net
MHD electrical output power
X44 MW in-plant load-related power requirements (for
example, alr compressor)
‘X45 MW overall plant output power including fixed
in-plant power requirements
X46 MW fixed in-plant power requirements
x47 n/m throttle pressure reference (PSI 1n program)
X48 n/m throttle pressure ‘error (PSI in program)
X109 -~ output of firing rate controller N
XSO - ‘output of feedforward flrlng rate controller-.‘
XSl - composite controller signal to flrlng system o
- : imited - '
X52 x5l rate limite -
X53 - Xeq rate and magnitude‘limited
X54 MW thermal power of fuel out of firing system
X55 MW thermal power of fuel in combustor (PT)
X56 MW power loss- from Combustor/Nozzle/Channel/

Diffuser (CNCD)
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Variable Units Description
Xeo MW . ‘power available to steam cycIé frdﬁ‘wa£ef._
"¢ooling the CNGD _ _ '
X MW Vpower in combustion gas aVaiiabie;fdf-éii_'
. 58 o L : B :
preheaters and Steam cycle _ - _
Xz MW .x58 delayed by tiansit time ofvcohbugtionf-
gases from diffuser to stéam plant’
X60 MW fraction of combustion gas thermal power used
to preheat combustion air
X61 - not‘used
X62 MW power out of preheat temperature control
X . MW diffuser output power remaining after pre-
63 .
heater and temperature control requirements
have been satisfied
Xey MW preheater power loss
X65 MW X63 }ess pré#eater powé? loss _
1 X66 MW “sum of X65 and time varying power function
! CE(E) simulating the effect;ofchcl;hg_héat _
3 ..gxchangers ‘ - ' ‘ '
Xy MW power available to steam plant from heat_
' exchangers :
X68 MW power in preheated.air due to compressor
(PCOMP)
X69 MW power in preheated air due to compressor and
air preheaters (PA)
x70 MW/ °K power redquired to’ increase air preheat tem-
perature 1°K
x7l °K prehéated air temperature not accounting for
preheater lag or effect of cycling heat ex-
changers
X7é °K " preheated air temperature not includiﬁq.y 
' effect of cycling heat exchangers - '
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Table 5.1 (cont.)
Variable Units ‘Descripfion
' Xoq °K ' temperature of.preheated air 1éaving—pfe§
heaters and.entering combustor (T(OUT) " -
X74_ - MW .Lpower in heated water/steam avallable at
steam plant due to CNCD coollng
X75 MW power recovered from_condenslng seed
X76 - generation contrb;lef p:oportiona1 outpuﬁ
X77 -- generation\dontroiler integrator outpuf-
X78 - generation controller differentiator output
X79 - component_of Xls.ppoportional to Xl4
(Figure 5.10)
X -- 'component of X due to boiler storage:
80 15
i effects ) ‘
X8l -- component of X30.proportional to X14
X - - component of X: due to boiler storage
82 - 30 _ .
effects : _ :
x83 - -firing rate:éontroller proportional.outpﬁt-”
x84 - ' firing rate ‘controller integratof output
g5 - ~. firing rate'controllér'differenﬁiator outéut_ -

5.5 Initial Conditions, Values of Constants, and System Equations

The initial conditions and values of constant multipliers for

‘model III are calculated using design~center data for the CNCD [114],

and steam plant assumptions from [58].

Diffuser include:

Design~center conditions for the Combustor/Nozzle/Channel/
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X55 (fuel thermal input power) = 3500.00 MW

fuel calorific value = 29.257x106 J/Kg

X73 (preheated air temperature} = 1800°K

combustion gas mass flow rate {1228L6 Kg/sec

:119.63 Kg/sec
11108.9 Kg/sec

© fuel mass flow rate

air mass flow rate

‘potassium mass flow rate = 9.86 Kg/sec

combustor pressure = O.666x106-N/m2":
useful electrical output from inverters = 920.63 MW

thermal power absorbed by cooling water by component:

combustor : 233 MW
nozzle : 66,5 MW
channel : 213.7 MW
diffuser : 87.8 MW

électrode drop loss : 64.351MW
total : 665.35 MW
enthalpy before combqstion'= 3;956x106 J/kg _ ‘ )
enthalpy at diffuser outlet = 2.6518x10° J/Kg (from 114])

The following section describes how initial conditions and .
values of constants for model III are developed. Assumptions are

stated where appropriate.

Compressor power, PCOMP, compressor outlet temperature, T(OﬁT)L

and thermal power in the preheated air, PA, ‘are determined as in. -
Chapter IV from equations 4.2, 4.3, 4.7, and 4.8. Mean specific heat

of air, Cp, is found by averaging over a temperature range of 300°K
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to 1800°K using the same technique as in Chapter IV, resulting in

Cp = 1147.5 J/Kg°K. Using this value of'Cp gives

PA
°K

4 MW MW
wi ok T o

= (3.6359 x 10

wheére PT is fuel thermal input power (MWT). Air temperature at the

compregssor outlet is 570.5?K from Table 4,2. From Equation 4.10,
T(OUT) =. [570.5 + (0.029) (PT - 3500)] °K @  (5.14)

and, following Equation '4.11,

PCOMP = f2(X55)-= X68
= [270 5+ (0 0295(X - 3566)][3 6359 X lO_4 MW"][X 1 MW
- - 55 , : - 'MWT°K 55
. , (5.15)
where x55 = PT (MWT) = 3500 MW at design center. If X55(0) = 3500 Mw,
X68(0) = 344.23 MW. .
_ _ -4 MW
X70 —'K31 X55 = (3.6359 x_lO MWT°K ) X55 (5.;6)
X7O(O) = 1,2726 MW/ K o
Xy = x6'9/x70 = PA/X,0 _  =- (5.17)

X7l(0) = 1500°K = rise iﬁ air preheat temperature above ambient aﬁ_ 2

design center. Therefore

X69(O) = X7O(O) X7l(0) = 1908.85 MW (5.18)
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If X69(O) is checked by Equation 4.5,

[HA(1800°K) - HA(300°K) ] [mass flow rate of air] .

= (1.721.x 10° J/kg) (1108.9 Kg/sec) = 1908.4 MW _(5.19)
which is within 0.025% of the value resulting from Equation 5.18.

X 0(O) = X69(O) —‘X68(0) =_l564.62.MW ‘,.T(S.QO)‘
other initial values are X,,(0) = 1500°K, X_.(0) = 1800°K, TREF =
1800°K, and z(0) =

An equation for enthalpy before combustion of fuel, air, seed

and water is used to determine input power in the CNCD [15,105,114]

and is given as Equation 5.21.

(%%-)HA(TPHAO) +-(¥—F~) (FUEL) - -VE (ED) = v;_v (WATEli)

'.HBC'(T)
-(5.2.1) '

" where

"HBC(T) 'enthalpy before combustion of fuel, air, oxygen (not

used) , and seed

W = total mass flow rate
WA = air mass flow rate
HA = enthalpy of air

TPHAO

It

_preheated air temperature
WF = fuel mass flow rate A %“?”

FUEL = calorific value of fuel.
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WS = seed mass flow rate

ED = dissociation energy of seed
WV = moisture mass flow rate
WATER =

enthalpy change of water upon evaporation

Equation 5.21 does not give consistent results with design-
center calculations determined from masé flow rates, air enthalpy,
seed dissoéiation energy, and assumed calorific value of fuel. . This
inconsistency occurs-bec;uée the last'three terms of Equation 5.21
wére developéd fqr hfdrdcg;bon liquid fﬁels;'the'su;fur‘and ash com~
ponents in coal were n6£ éccounted fbr;-ana £he'water loss terﬁ:;' I
(WATER).is excessive [15], Table 5.2 brpVides an illustration. lTﬁe
assumptions:include: l).The water gvapoiation term 'in ﬁBCfT)'is'npt 
to be altered; and 2) 5% H20 exists in the fuel, accounting for the

-13.50 MW entry in the right column. The ratio (total design-center

power/total power predicted from HBC{T))'is 1.074. To make CNCDIinput

power equal to output power, polynomial approximations from ([114] of

CNCD output X42 (electrical output from inverters), X56 (thermal

;o?s) and X57

(thermai power absorbed by cooling water) are multinied

58

(thermal power out of diffuser). This requires power input to equal .

power output and increases output poWef.So that it is cohsistént'

with design-center input quantities. The
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" Table 5.2. Equation 5.21 results compared with design-center calcu—-
lations (power in MW)

Quantity Power from HBC(T)‘ Power - from design—center quantities
PT 2763.2 3500
PA 2246.63 1908. 85
. o , T T (lgss Pambient)
PSEED ~97;28 - =123.28
P ~51.56 . -51,56
water T S
evaporation ‘ '
P , 0 '-13.50
water 1n
fuel
total 4860.99 5220.51

resulting approximations for X 6" and X__ are contained in Ap- N

42’ x5 57

pendix C.

The above considerations onlylaffect‘cycle efficiency apd>d§
not change dynamic éyé?ém'behavior. | | |

QSing polynomiairapproximatioﬁ'vglues fqr x42land Xeqr ;q@i‘
" taking X ' |

58 59

56 to be 0.5% o# 357, gives
X,,(0) = 988.83 MW L (5.22)
Xgg (0) + X, (0) = 718,44 M (5.23)
X__(0) = 3503.37 MW = X__(O) ' (5.24)
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Power recovered Ffrom condensing seed, X7
of the original dissociation energy of the seed. At 3500 MW fuel

thermal input,

X,5(0) = 104.79 i (5.25)

%g3(0) =i Xgp(0) - X (0) = 1938.75 My - (5.26)
K. = 22 =" 0.5534 S (5.27)
Ko7 Koy . | IR

, is assumed to- be. 2%

- Thermal power loss from thé air prehéatérs, X64

of the power absorbed by the combustion air, X

60"
x64(0) = (0.02)%,(0) = 31.29 MW . (5.28)
Kyg. = ;92- = 0.016 | | T (5.29)
63

¥e5(0) = g3 (0) = g, (0) = 1907.46 W N '(5.30)"
'x66(9)-:% ;x65(o) ) 52' _“ : (5.31)
'x67§d)' . X g (0) + x7;¥g$'= 2012.25 MW | '(5!32)'
X, (0 = .X57(0)' = 714.87 A - (5'..3135-
X, (0) - X (0) + X, (0) = 2727.12 W .(5.34)'

The following assumptions are used to determine boiler effici-

ency: First, 14% of the net thermal input to the steam plant can be

57 is assumed to be 85%




173
used for feedwater heating.‘ If additidnal-lowégrade heat is avail-
able, it cannot be absorbed by the steam plant; .Turbine efficieﬁcy
drops as more low—grade.heat is absorbgd'becausé steam bled from the
turbines is n& ionggr gsed‘tb‘heat feedwate£ [581] .. éecond? leQQ;ade
heat ié defingd,és pqwégzioﬁt to the:éobiiﬁé'ﬁater»iﬁ'the_cémbuétor,
'nqézié, and‘chaﬁﬁei.qnly,}{Thermal lQS§.t6 thé-diffusef coolant is

- considered to be high-grade heat. Thus, at design center,

Pcombustor + Pnozzle + Pchannel - (1.074) (233 + 66.5 + 213'7)

The maximum amount of low-grade heat the steam plant can absorb, Q

equals - ‘ _
_ QMAX = Oflé[le - X22J- : H(5-3§?'
where X2l = total thermalhinput power.to ?te?m plant.
X,, = stack loss S |
QMAX§0)~_= o.14[xé;(0) - xéz(O)] = 360.81 MW

and rejected low grade heat QE is

0 (0) = 551.16 - 360.81 = 190.35 MW (5.37)

Steam plant efficiency is assumed to be 42.5% with reduced feedwater

heating from the turbines. Net steam plant input power is le - QE

X22..

551.16 M4 . (5.35)

MAX . -
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X21(0) - QE(O) - X22
Net steam plant output power, x4l' is

X4l(0) = (0.425)(2386.87) = 1014.42 MW (5.39)

The steam turbine efficiency is assumed to be 87%. Therefore, turbine

input, X20, may be found from Equation .5.40.
« o 1014.42 - - S
XZO(O) = STET 1166.00 MW _ (5.49)
xzo(o.)-_,__= ‘X19 = x23(0) = X0 _ : (5'41), :
Turbogenerator auxiliary power is assumed to be 4% of X4l(0). X68(0)‘
gives compressor power. In-plant, load related power, x44; is
X44(O) = (0.04) X4l(0) + X68(Q) = 384.81 MW (5.42?;'
X X S
Ky = x44- = 2 ﬁ4x = 0.192 : T (5.43)
43 41 42 . :

Fixed, in-plant powér is assumed to be 8.0 MA for the magnet, lights,

~and other fixed loads. ‘

Thus, X, X5 (0) = 8.0 MH

X43(O) - X44(O) - 8.0

It

Overall combined cycle efficiency_nO is

(0) = 2386.87 MW - - (5.38) .

1610.44 ™ (5.44)
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1610.44 46.01%

"o = oo - (5.45)

If all the low-grade heat is absorbed so that QE = 0, a higher cycle
efficiency n6 = 48.23% results.
Model III includes 19 time constants. Grid-lag time constant,

T is assumed zero. T T., T

17 2t T3 137 ané Tl4_are controller tlme con-

stants and are design parameters. T4

and T, are servomotor: time

constants [65]. T6' T7,'f and T9 are-reﬁrésentative timé constants

'81

for once-through boilers [8l1]. T and T, are associated with

10" 1 12

the turbines [65]. . TlS and Tl6 define a first-order lag and a pure
time delay in the firing system and have been discussed in Chapter IV.

Tl7 is the transit time for combustion gases moving between the CNCD

and the steam plant, and is assumed to be 1 second. Tig is the air

preheater cycie time, and T

1g is a thermal lag associated with the -

.CNCD cooling system, assumed to be 15 to 20% of the main boiler time.
constants.
- To summarize, model:III initial conditions are given in Table

5,3.f Multiplier and time¥éonstant values are listed in Table‘5.4.

System equatiohs for model III follow directly from the block .

diagrams of Figﬁres 5.6 through 5.15. They are‘lisfed in the computer

program of Appendix C.




176 -

‘ Table' 5 '3_.‘ Model’ IIT lnltlal _cond:,t;ons_ .
%, (0) 1610. 44 A X, (0) - = 0.00
2(0) 1610.44 MW X30(0) 0.00
- X5(0) 0.00 X, (0) 0.00
X, (0) 0.00 X,,(0) 1166.00 MW
X (0) 0.79545 X450 X,, (0¥
X, (0) 0.00 X4,(0) x32(0x
X, (0) X; (0) X,:(0) : 5§3.oo MW
8(0) X, (0) x36(o) 291.50- My
X, (0) X5 (0) X 45 (0) . 874.50 .
X, ,(0) X, (0) ‘X35(0) X5 (0)
X1, (0) x5(0) X4 (0) X,,(0)
X, ,(0) 0.00 X400 151.58 MW
X, 5(0) X, (0) 'X41(0), 1014.42 MW
X, ,(0) 0.00 X,5(0) 988.83 MW
X, 5(0) 0.00 X,4(0) 2003.25 MW‘
X, 50 0.00 X400 384.81 MW
X, ,(0) 0.00 X 5 (0) 1618.44 MW
X,4(0) 0.00 X,6(0) 8.00 MW
X, 4(0) 1166.00 - MW X,,(0) 3500.00 .PSI
X, (0) X,4(0) X g (0) 0.00 PST
X, (0) 2727.12 MW X4 (0) 0.79545
X,, (0) 1561.12 MW X, (0) O”QQ.
X,4(0) 1166.00 MW X, (0) X,4(0)
X, ,(0) . 0.00 X, (0) x49(o)'
x25(0) 1166.00 MW" ‘ x53(0) X,q(0)
X, (0) 0.00 Xy, (0) 3500.00 MW -
X, (0) 0.00 55 (0) 3500.00 MW
x2810) 0.00 X (0) '3.57 MW
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X5 (0)
X5g(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)

59
%60
%61
62
%63
X6
%65
56
%67
%58
X59
%20
X1
%,

= 714.87 MW
= 3505.37 MW
Xss(O)

= 1564.62 MW

= not used

= 0.00

= 1938.75 MW
= 31.29 MW

= 1907.46 MW
X5 (0) -
= 2012.25 MW
= 344.23 MA@ -
= 1908.85 MW

= 1.27 MW/°K

= 1500°K

. X, (0)

%73
X74¢
%75
X (
%77
%78
X, (0)
Xgo (!
Xg1
%82
g3
X84

Xg5
TREF

(0)
0)
(0)
0)
(0)
()]
79

(0)
(0)

(0)
(0)
(0)

)y =

1800°K
714.87 MW
104.79 MW
0.00
0.79545

0.00

0.00
0.00

. 0.00 .

0.00
0.00 -
0.79545
0.00
1800°K
0.00
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Table 5.4. Model IIT multipliers and time constants

Constant multiplierss

Controller and feedforward constants are

are therefore not given values’

kl = 1.0 . ; K, =
K2 = generatign controller Kls-ﬁ
K3 = generation controller K19 =
K4 = generation controller. 'K-20 =
K, = valve feedforward K21'=
K6 = 1.0 K22 =
K, = 0.1 K3 ©
Ky = 1.0 : K?4 =
K9 = 0.87 ‘FZS =
KlO =_0.13 g26 =
Ky, = 0.87 : Ky =
Ky, = 1.0 . . o ~Kyg =
Ky =10 Ko T
Kg.71:0 K30 7
K5 = 0.25 Kil =
K¢ = 0.25 n.. =
: Time constants (seconds):
Tl = 0.00 Tll f
T2 = generation controller le =
T3 = valve feedforward T13 =
T4 = 0.30 T14 =
Ty = 0.30 Ty5 =
T6 = 115.00 T16‘=
T7 = 115.00 _ Tl7 f
T8 = 115.00 T18.=
T, = 6.00 Ty =
T

[
o

= 0.30

‘4800 MW/unit X

. 3.64%10

désign parameters and’
0.5

0.13

0.192

_fﬁei feedforward

firing rate controller

firing rate controller:

firing rate cohﬁrglle; a

0.1 -
1.0

53

0.553
6:016‘;.
not used
0.572
4

1.0

11.00

0.40

fuel feedforward
firing rate controller
10.00

1.00 '

1.00

500.00 °

20.00
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5.6 System-Equation Selutions

Defininé computer simulation cases for model III is more diffi-
cult than for previous cases. .The primary cause for this is the sig—
nificant increase in number of controller design parameters in thle
moael'compared with models I.and II. The first two moaele have-onlY;a

proportiOnal constant and an integral constant aS'controllétwﬁaram—.

eters while model III has 12 adjustable parametefs'whicn may‘be iden=-

tified in Figures 5.6 and 5.12.
Figure 5.6 defines the. following 6 parameters associated with
the generation and valve feedforward controllers:

generation controller proportional multiplier

K =
2
K3 = generation contfolleruintegrator multiplier
K4 = generation controller differentiator multiplier
K, = valve feedforWard differentiator multiplier
T2 = first-order lag time constant with generatlon controller
dlfferentlator
T3 = first—-order lag time constant ass001ated w1th Valve feed—

forward dlfferentlator
Figure 5.12 defines 6 parameters associated with the firing

rate and fuel feedforward controllers:

KZO = fuel feedforward differentiator multiplier
K2l = firing rate controller proportional multiplier
K = firing rate controller_lntegrator multiplier

"22
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K23 = firing rate controller différentiator multiplier_'
T = flrst—order lag time constant assoc1ated with fuel feed-
13 :
forward differentiator :
‘Tl4 = first-order lag time constant assoc1ated w1th flrlng rate'

controller .differentiator

Thirty-two model III simulation cases have been run witn tne
boiler-following type of control as shown in Figure 5.1. Thé.condi-
tions and important results of these simulations afe given in Table
5.5. Values of the 12 control parameters are listed for each case.
The control configuration is indicated, and four characteristics of
plént output power, X2,_are'tabula£ed for a 50 MW step degréase in

MW X, at €= Of. Ej(£), T (£), and z'are zero for all rc.:"ase's.. Shown.

REF "1

Five variations of control are considered:

1) PI generation controller, PI firing‘rate‘qontroliéi only; no feed- _'2

forward control 2);fID generation ébnt%olléfv PI fiying

2) PID generation controller, PI firing rate controllef; no feedfofWard
control

3) PI generation controller, PID firing rate controller; no feedforward

control

4) PI generation controller, PID firing. rate .controller; both feedfor-

ward controllers operating
5) PI generation controller, PI firing rate controller; fuel feedfor-.

ward controller operating




Table 5.5. éystem model Ii‘I" ;ifnulation cases.
Case Coxiti‘oiléf_ Desig'h Parameters ACont:::ol X2 Characteristics
L . : config. ]
X K Ky Ky Ko Ky Kpp Ky3 Ty T3 Tiz Tig Stable t, P, &
1 10 10 0.0 0.0 0.0 107 107 0.0 0.0 0.0 0.0 0.0 1 ? 95 20.3 27.0
2 10% 10% 0.0° 0.0°0.0 200" 107 0.0 0.0 0.0 0.0 0.0- 1 Yes 24 13.9 5.1
3 10% 207 o0, 0.0 0.0 10% 107 00 0.0 0.0 0.0 00 i T Yes . 5 18.6 0.5
4 107% 107 "6.07 0.070.00 107 107 0.0 0.0 0.0 0.0 000 -1 7 Yes: 5 30.1 0.0
5 10% 107 0.0 0.0 0.0 107 107 0.0 0.0 0.0 0.0 0.0 1 No 4  146.3 410.6
6 10% 1073 0.0 0.0 0.0 103 107 0.0 0.0 0.0 0.0 0.0 1 Yes. 4  43.5 0.0
7 .10% 100 0.0 0.0 0.0 1073 1073 0.0 0.0 0.0 0.0 0.0 ‘1 No 3.5 111.7 406.3
8 10° 10° 0.0 0.0 0.0 10 107 0.0 0.0 0.0 0.0 0.0 1 ? 85 4.1 4.4
9 107 107% 0.0 0.0 0.0 207 107° 0.0 0.0 0.0 0.0° 0:0-.} 1" Yes 27 8.0 3.6
10 1073 107 0.0 {o_b"o.o 10’? 1074 0.0.0.0°0.0 0.0 0.0 . T .- No. 13.5  26.3 606.8
11 1073 '19'4, 0.0 q;o 0.0 102 107 0.0..0.0 0.0 0.0 0.0 " :'1- No 6. .60.7 998.8
12 1073 10",4 0.0; 0.0 .0.0 1073 107 0.0 0.0 0.0 0.0 0.0 1 Yes 10 13.7 = 0.0
13 1073 ,iofé 0.0 0.0 .0.0 1073 1072 0.0 0.0 0.0 0.0 . Q.df.'f 1 No 5  47.3 946.9
14 1073 0.0-10"% 10™° 0.0 0.0 0.0 0.0 0.0 i Yes 5 11.5 0.2
15 107 0.0 10% 10™ 0.0 0.5 0.0 0.0 0.0. . .2 ‘Yes 5 30.2 0.0
16 1074 0.0 107% 107* 0.0 0:5 0.0 0.0 0.0 T2 -Yes 6 31.0 0.0
17 w07t . 7 0.0 1074 'lo_é' 0.0 0.5 0.0 0.0 0.0 -2~ t:YQS- t7 31.3 ° 0.0
18 104107 0.0 0.0 0.0 207 107 107% 0.5 0.0 0:0.0.5 T Yes 5 205 0.0

18T

T

T W I

1




Table 5.5 (cont.)

Control

Case Cont?blleg Design Parameters . X2.Characteristics
L config.- -
Ky X3 Ky Ky Ky Ky Ky Ky Ty T3 Ti3 Ty . Stable t, P AP
19 16™% 1077 0.0 0.0 0.0 . 10% 107* sx10™* 0.5 0.0 0.0 0. ‘3 Yes. 4.5 26.8 0.0
20 107 1072 0.0 0.0 0.0. 1074 100 107 0.5 0.0 0.0 39.' .'3; Yes 4.5 24.5 0.0
21 107% 107 0.0 0.0 0.0 107 107 167 0.0 0.0 0.0 .0.i° '3 | Yes 4.5 24.4 0.0
22 104 1073 0.0 0.0, 0.0 120% 107* 107% 0.0 0.0 0.0 3. Yes 3.5 36.6 0.2
23 10% 102 0.0 0.0 0.0 1007?10 107 0.0 0.0 0.0 3 No 3.5 55.9 61.2
24 10% 107 0.0 0.0 0.0 107% 10% 1.0 0.0 0.0 0:0 3 No 3.5 60.4 92.6
25 107 10% 0.0 0.0 0.0 10* 107 107 0.0 0.0 0.0 3 Yes 28 8.1 .51
26 1077 102 0.0 0.0 ' 0.0 104 10 107 0.0 0.0 0.0 3 Yes 4.5 8.0 0.2
27 100% 1072 0.0 107 10t 10 10 107 0.0 0.2 0.2 -4 Yes 4.5 -23.9 0.0
28 10% 1072 0.0 1072 07?2 10™* 107* 107 0.0 0.2 02702 4 Yes 4.5 15.1 0.0
29. 10 1072 0o 0.0 emo0™? - 107" 710 00 0.0 6.0 1.0 0.0 5 Yes 4.5 27.2 0.0
30 10% 1073 0.0 0.0 . 1.3x0° .10% 10 "0.0 0.0 0.0 3.0 5 Yes® 4.5 27.4 0.0
31 1043 107% 0.0 0.0 sx07° 107% 107 6.0 0.0 0.0 1200 5 Yes 35 6.5 4.0
J32 1070 1074 0.0 2 107 107 0.0 0.0 12.0 O, 5 4.8 10.5

0.0

551072 100% 10° 0.0

“Yes - 3.5

i

N

|k
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'The control configutétidn for each casé given in Table 5.5 is1identi—
fied by the number_l_thrbﬁgh 5 corréspondihg to the above list.
Plant.outéutupower characterisfics inc;uded in Table'5;5 are:
stability: yes = stable, no = unstable, |

?

insufficient information (borderline case)

t. (seconds)

1 time required for X2.to change from initial value

(1610.44 MW) to the first crossing of the new
steady-state value (1560.44 MW)

undershoot of X2

I

Pu (megawattsf

= 1560f44 T Xz(minimum)f

AP (megawatts). last peak value of X, relative to 1560.44 MW before

2
t = 400 seconds (wifhin the last half-period of X2)

t. is a measure of the rate of response of X

P determines'tﬁe
1 u : )

5
amount of undershoot, and AP indicates how closely the éystem ap-
proaches steady state within 400 seconds.

As an example, coPsider cése 4 of Table.5.5. Control configu~-
ration 1 implies a PI generation controller and a PI firing rate

controller only. Thus, K2, K3, K2 ’ and K are the only non-zero

1 22

controller parameters. The system is stable for this condition. It

takes X2 five seconds to reach 1560.44 MW, starting from 1610.44 MW at

St =0+, X, then undershoots the new steady-state value of 1560.44 MW

by 30.1 MW but - -has settled to the new steady-state value before t =

400 seconds.




0 R )

1

184

Several interesting'observations may-be made with the aid of

Table 5.5.

1) It is possible to make the overall system unstable. This was not

2)

3)

4)

possible with models I and II for the cases conéidered.

Using dérivafive ébntrol'withythe gg#eration controller degrades-.
system performance”fqr'the cases considered. This may be seen.by
compa¥iﬁ§ céseé'IS,.l6; and 17 with case 4 which lacks derivative
control but is otherwise identical to‘éases 15, 16, and 17. Cases
15, 16, and 17 have egual or slower response and greater'undershoqt
than case 4.

Using derivative control with the firingfrate controller improves.-

system performance in several cases. For example, cases 18, 19,

20, and 21 all have the same or faster responseltime'and less under—' =3

shoot than case A.IZHowever, if differentiation constant K23'bec6mes_

too large, underShéSt‘increases and éystem instébility~results as
in éases 22, 23 and,i41

Feedforward conﬁrol'ié<beneficiallin several‘instances; Cases 27
and 28, with two feedforward controllers operating, havé less
undershoot than case 21 with no loss in response time. Cases 29

and 30 are the same as case 4 except that fuel feedforward control

is added. Both cases have faster response and somewhat. less uhderé“'

shoot than case 4.
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Plots of five model. III variables are given as functions 6f
time in Figures 5.16 through 5.44. The variables are:

X2 (net plant output power)

X1 (net steam turbine output power)

X42‘(net MHD electrical output power)

x55'(therma1 power of fuel in combustor)

X73 {preheated air'temperature)

Each variable is described by six figures except that X73 is described
by five figures. The first  figure consists of three curves, corre-
sponding to cases 4, 9, &and 14 of Table 5.5, drawn on a single set of

axes. This allows comparison' of the effects caused by varyiné PI

for the three selected cases.

controller constants K2f K3, and K22

The second figure contains two plots, correspoﬁding to cases 4 ana 21,
-drawn oﬁ a single set of,axés to illustrate the effecf”éf derivative
control used ip the fifing rate'con£roller. The third ‘figure éomparés
cases 14 and 26,.thus répeating the second figure for different.values
of controller constants K2 and K22. The fourth figure compares cases
21 and 28, showing the improvement in system response due to the
addition of feedforward control to both the go&ernor and the firihg
system. The fifth figure répeafs case 4 with time -functions El(t)

and Tl(t) functioning. .El(t) is the variation in thermal power avail-

able to the steam plant, and Tl(t) is the wvariation in preheated air

temperature due to air preheater cycling. Temperature controller Z is
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also operating. The sixth figure repeats case 14 with El(t)’ Tl(t),'

and Z all functioning.

¢
5.6.1 Net plant output power X2

Figure 5.16 gives three plots of X, as functions of time corre-

2
sponding to cases 4, 9, and 14 of Table 5.5. 1Initial response, maxiF
mum undershoot, and stéad&—state error are all tabulated in the table.

MU changes from 1610.44 MW to 1560.44 MW at t = O+ for .all cases

REF xl
considered. El(t) = Tl(t) = 7 = 0. .

Figure 5.17 shows two plots of X2 operating under the condi-
tions of cases 4 and 21. Case 21 repeats case 4 with the addition of

derivative control in the firing rate controller. The remaining re-

marks for Figure 5.16 are applicable to Figures 5.17, 5.18, and 5.19.

Figure 5.18 repeats Figure 5.17 for cases 14 and 26. Different i

values of controller constants K2 and K22 are used.

Figure 5.19 presents two plots of X corresponding to.cases 21

2
and 28. Feedforward control to both thé ggvernor-and the;firing sys-—
tem is added to case 21 to form case 28.

Figure 5.20 repeats case 4 of Figure 5.16 with the addition of
El(t), Tl(t), and Z. The magnitude jump in xz'at't = 225 seconds, dué
to El(t) and Tl(t) is 5.60 MW.-

|
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Figure 5.21 repeats case 14. of Figure 5.16 with El(t),:Tl(t),
and 2 all functioning. The magnitude step in'X2 at t =:225 secbnds,
due to E, (t) and T, (), is 4.95 MW.

5.6.2 Net steam turbine output power X . .

Figure 5.22 shows three plots.of X41fas a function of‘time

corresponding:td caseé 4, 9, and 14 of Tablé 5.5, MWRE-F'Xl changes

from 1610.44 MW to 1560.44 MW at t = O+. E, (t) 1

T (t) = Z =0 for -

. Figures 5.22, 5.23, 5.24, and 5.25. In case 4, X, starts from an .

initial value of 1014.42 MW at t ='O, undeishoots the steady-state
value of 990.6 MW by 47.0 MW at t = 8 secdnds, and then' overshoots

steady-~state, reaching 1060.5 MW at t = 22 seconds. The‘X41 oscilla-

tions reduce significantly after the initial cycle. The maximum value

of the second cycle is 996.7 MW at t = 99 sSeconds.  In case 9, X,q

starts at the same initial value as before, never stabilizes at a
‘steady~-state value within 400 seconds, . .and reaches a first minimum

reaches a mini-

value of 972.8 MW at t = 22‘seconds; in case 14, X41

mum value of 947.9 MW-in 8 seconds, a maximum value of 1018.4 MW at t
= 84 seconds, and does. not stgbilizeJWithiﬁ 400 seconds.

Figure 5.23 gives two plots of X4l
21, where derivative control has been added, the maximum undershoot of
X4l is 40.3 MW at‘t = 7 seco§ds,‘compared with 47.0 MW undershoot in

case 4.

for cases 4 and 21. 1In case
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Figure 5.24 illustrates plots of X41

corresponding to cases 14
and 26. Case 26 has derivative control'added, resulting in a minimum

value of 956.5 MW for X4l at .t = 8 seconds. This compares favorably

with & minimum value of'947.9 MW given in case 14. That is, deriva-
tive control reduces undershoot by 8.6 MW.

Figure 5.25 compares cases 21 and 28 for X .Case 28 has two

41°

a1 *°

: feedforwaré controllers-operating. The mékiﬁumjundershbét‘;f X
_ 23.7 MW at t = 7 seconds compared with a .corresponding underéh&ot of
40.3 MW for case 21 ahdr47a0 MW‘undershoét~foricase 4, |

Figure 5.26 repeats case 4 of Figure 5.22‘with Ellt), Tl(t),
and Z-all functioning. No discontinuities exist in steam turbiﬁé out-

put powér, X due to El(t) and Tl(t),'but-a steady—state'ripple does

41’
occur.  The beak value of the ripple is 7.59 MW.

Figure 5.27 repeats case 14 of Figure 5.22 with El(t), T, (£),
and Z all functioning. Disturbances due to El(t) and Ti(t)'are appar-

ent in X The peak value of the fluétuation at "t = 225 seconds is

-
2.13 MW,

5.6.3 Net MHD electrical output power X42

Figure 5.28 shows three plots of‘x42 as a function of time

‘ cérresponding to cases 4, 9, and 14 of Table 5.5. MWﬁEF X1 experi--
ences a 50 MW step decrease at t = 0+.,'El(t), Tl(t), and Z are all

zero for Fiéures 5.28, 5.29, 5.30, and 5.31. In case 4, X

42 ;tar?s’

LR

.
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from an initial value of 988.8 MW at t = 0 and reaches a minimum value

of 896.3 MW at t = 21 seconds before settling at a steady-state valie

of 950.7 MW. In case .9, x42 starts from the same initial value,

reaches a minimum value of 915.9 MW at t = 94 seconds, and never

- stabilizes at steady-state within 400 seconds. 'In case 14, X4

reaches a minimum value of 922.7 MW étlt = 84 seconds and does not
stabilize within 400 seconds.

- for 'cases 4 and'2l.

Figure 5.29 illustrates two plots of X5

Derivative control reduces undershoot so ‘that at 't = 25 seconds, X42
. reaches a minimum value of 902.6 MW compared with a minimum value of
896.3 MW without derivative control.

42°

control in case 26, X attains a minimum value of 924.8 MW at t = 88

Figure 5.30 compares cases 14 and 26 for X With derivative

42

seconds, compared with a minimum value of 922.7 MW at t = 84 seconds.

without derivative control.

Figure 5.31 displays cases 21 and 28, showing the effect of two

feedforward controllers operating. Feedforward -dontrol reduces the

undershoot of X42 so that at t = 25;secénds the minimum valué of X

ié 909.8 MW compared with 902.6 MW without feedforward control.

42

42
at t =

Figure 5.32 shows the effect of El(t), Tl(t), and 2 on X, with

the systém operating as in case 4. The magnitude jump in X42

225 seconds due to Tl(t) is 7.54 MW.
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Figure 5.33 repeats Figure 5.32 for case'l4. The ﬁagnitude

jump in X . at t = 225 seconds in this case is 7.1 MW.

5.6.4 Thermal power of fuel in combustor X55

Figure 5.34 illustrates three plots of X as a function of

55

~time corresponding with cases 4, 9, and 14 of Table 5.5. The condi-

tions for Figure 5.28 apply. In case 4, X starts at an initial

55
value of 3500 MW at t = 0, reaches a minimum value of 3265.6 MW at t = . .

© 21 seconds, and ends at a steady-state value of 3405.8 MW.. In case 9,

x55 starts at 3500 MW, reaches a minimum of 3316.3 MW at t = 94 sec-

onds, and does not stabilize at steadyfstate within 400 seconds. In

’ . . /
case 14, x55 reaches a minimum value of 3333.5 MW"at 't = 83 seconds,

and does not stabilize within 400 seconds.

Figure 5.35 shows X 5 plotted for cases 4 and 21. Derivative

5

control in the firing rate controller reduces undershoot so that the

minimum value of X55 becomes 3281.8 MW at t = 25 seconds, compared

with 3265.6 MW at t = 21 seconds_without derivative control.

Figure 5.36 compares case 14 and 26 for X With derivative

55°
control in case 26, undefshoot of x55 is reduced by 5.3 MW.

Figure 5.37 compares cases 21 and 28 wifh respect to X55.
Feedforwaid control réduces undershoot of‘xssﬂby”18.6:MW‘COmpared wiﬁh"

case 21.
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Figure 5.38 repeats case 4 with El(t), Tl(t)' and 2 all oper-

ating. does not experience discontinuitieé as a result of Ei(t)

x55
and Tl(t) functioning. The peak value of ripple noted in Figure 5.38
is 11.42 MW.

Figure 5.39 repeats Figure 5.38 for case 14. A slight disturb-

ance of approximately 0.5 MW peak value,is_ob's"er‘Ved.in‘X55 due to.

: El (t) and Tl‘(t) .

73

Figuré 5.40 shows three plots of X, (°K) as a function of time.

73

The conditions of FPigure 5.28 apply. In.case 4, X starts at an

73

initial value of 1800°K and decreases without oscillation to a value

of 1798.17°K at t = 400 seconds. In case 9, X73-behaves as in casé‘4,

having a value of 1798.08°K .at t = 400 seconds. 1In case 14, X73

again corresponds to case 4, having‘a:value of 1798.10°K at t = 400
seconds.

Figure 5.41 compares X fpr.céses"4 and 21. The plots are

73

'eséentially identical.

Figure 5.42 compares X

. for cases 14'and 26. Again, the re-

sults are nearly the same for bqth cases.
Figure 5.43 compares X,/.3 for cases 21 and 28. There is almost

no variation between the two cases.




Figure 5.44 shows the effect of Tl(t) on X

the.superposition of Tl(t) on X

7

T (t) is defined in Figure 4.3.

192

73" The result is .

3 plotted in Figure 5.42 for case 14.
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Chapter VI
SUMMARY OF RESULTS

6.1 Introduction

The purpose of Chapter VI is‘totshmmariZe and evaluate the re-

sults of cémputer simulations.of the,three‘system models developéd iﬁ

"Chaptérs III, ‘IV,r and V.’ suggestions: for futute research'are'inClﬁded:

in Section 6;5.

6.2 System'Model I

System model I, shown in Figure 3.3, represents the initial_ay—
namic modeling effort described in this paper. The basis for the
model is an idealizedlheat balance diagraﬁ given in Figure 3.1 [143].
froportiqnél—pius-inteérai control ié used. Generation'eriér is tﬁe

vcpnfroller inpgf} The fugl system is 6haracteri;ed by a,iimiter.and 
é firét-o?der.lég-iﬁ éqécéde.' The MHP:Channel is déscribe@ b¥ en-

thalpy extraction in_thelform of elecf;ical output power and by a

negligible time constant compared with the remainder of the system. - e

Heat exchangeré or air preheaters are regenerative and are described
by a.first-order lag with a 360 second time constant. -Inputs to the
preheaters are air compfessor power and thermal powér'from combustion

gases. Air preheater output is thermal power in preheated air avail-

able to the combustor. The steam plant, described by a cascade of two

first-order lags, has thermal power of combustion gases as the input
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and gross electrical power as the output. Net plant generated . power
is the sum of inverter output power and steam plant output power less
in-house load requlrements.

Numerous computer simulations of system dynamic response arehi
illustrated in Figures 3.4 through 3.23.- Fiéures 3.4 and 3.5 show the
effect of variations-in MHD ‘channel enthalpy extractlon efficiency for -
several system varlables. Figures 3.6 through 3 23 descrlbe the re-
.sult of perturblng the system with a 50 MW step decrease in MWREF x1
at t = d;.; Several comblnatlons of controller parameter values are
represented.l A wide varlatlon'ln overall plant response is possihle, '
as shown in‘Figures 3.21 through 3.23,.rahgihg from highly dahped to
underdamped cases. ‘System response time to the -50 MW step ranges N
from 1.5 seconds to 270 seconds for the cases considered.

A very interesting observation is that the system described by'-
model I is stable for all cases considered. Thls is verified.by a

classical stability analysis detailed in Section 3.7; -

6.3 System Model II

System model II dlscussed in Chapter ITI, was developed as the ’
first phase in. an orderly extension of‘model.I_complexity. The ideal~
ized heat balance of Figure 3.1 is retaihed, as is the basic_PI con~

trol and steam plant representation.
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Model II extends model I in the follow1ng ways.
:l) Transport delays are 1ncluded between’ the fuel valve and the MHD
channel (Tl), between the radiant boiler and steam plant (T4)} and
between the MHD channel and heat exchangers (TS); |

2) Tl(t) and El(t) describe time variations in preheated air tempera-

ture and variations in input power to the steam bottoming plant due to

air preheater cycling.

3) A feedback path, denoted by the variable Z, has been 1ntroduced to E

reduce varlatlons 1n alr preheat temperature.

4) A radlant b01ler in the dlffuser has been added.

5) A nonllnear block (f ) ‘is used to 1mplement the combustion air pre—.

heat  temperature control.
6) A nonlinear block (fz) describes cempressor power.

Computer simulations of medel IT dynamie response are shown in
Figures 4.4 through 4.24. The essential response characteristics of
model II are similar to model I. No instabilities. exist in any cases

considered. Of particular interest is the effect of time functions

El(t) and Tl(t) on system_performance;_‘El(t) and Tl(t)} used to model . .

air preheater dycling, have no effect en steam'plant-output power
'(Flgures 4. l7 through 4 20), but have a s1gn1f1cant effect on many im-

-portant system varlables, such as fuel thermal input power, 1nverter

output power, and net plant output power. For example, net plant out—f.

put power, X shown in Eigures 4.21 through 4.24, exhibits 4 MW

28’
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per#urbatidns due to air preheater cycling for the cases investigated. .
Four MW is 0.254% of the 1577.5 MW noﬁinal plant output power. An in-
crease of 0.25% in plant output power correspondé to:an iﬁqrease ih 
line voltage of 0.127%. This disturbance océurs too.rapidlylfo be

eliminated by the existing controller. The most prémising way to re-

duce the transients to an acceptable level is to contfol SOmé parameter

;sSpciatedlwifh.the MHD éhannel whiqh:aﬁfepts enthalpy extracfion.
The MHD chanhél'ié-fﬁé dniy system éémbonent that has sufficiently
short. response times to be affected by the véria£ions in preheated'air
teﬁperature. Because of this, it is the most likely candidaté to ef-
fect a solution to the outpu£ transient problem. Tempefing combustiﬁﬁ
air temperature with air from a secondary source is one pbésible solﬁ;'
tion. Introducing seed flow variations to alter gas cdndﬁctivity iél;;
another means of apbroaching the problem; Still another is fast conf':
trol of the inverters. |
The existing éir £émperature dbntroller (feedbéck varihb}eiZ?
‘only éffects 1§ng—term1§a?iations iﬁﬂair;tegperature.' Thié‘may beli
noted by'examiﬁing Figﬁfes 4.8 thrqﬁgh-4.12} :The control used is pro-
portional type, and steady-state errof'could certaiﬁly 5é iﬁpfoved Ey_
‘the addition of mofe gain-and/or integral type cpnttol. However, tﬁg
extremely long ﬁimé lag due to preheater cycling is still in the éon—

trol loop, making it‘impossible to cause any rapid changes in the

preheated air temperature with air temperature-controi which adjuéts
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.thermal input power to the preheaters. Tbus,,model II indicates that .

tempefature'?ariatiohs due to air preheater cycling may be a problem

and that fast acting control of appropriaté MHD channel parameters

may be necessary.

6.4 System Model III

System model III is the secona and final extension of model I

complexity described in this paper. It is considerably more detéiiéd:

than either model I or model II. An overall block diagram of modél"

IITI is given in Figure 5,1, and detailed block diagrams of sysﬁem com~ -

ponents are shown in Figu?és 5.6 through 5.15.
The added.comple#iﬁy of model_III is particularly evident in

the characterization of the steam plant, the steém turbihes, the

" Combustor/Nozzle/Channel/Diffuser (CNCDf,'and the control system.

The boiler and turbine wvalve model, which was previously described as

a pair of cascaded first~-order lags, is now a two-input, three-output

model [8l]. Inputs are turbine valve area and power available to gén—_-

erate steam. Outputs are throttle pressure, power to the turbinés;

and boiler and stack loss. The steam turbines are modeled assuming a )

reheat system with high-pressure, reheat, and low-pressure turbines '
represented with approériate time constants and losses [65].. The
CNCD is much more'sophisﬁicated than in previous models. It is an

input-output model resulting from polynomial approximaticns of data.
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obtained from the solution of energy balance, state, and cbntiﬁﬁi£y
equatioqs for the combustor, and‘the?quasi one—dimensionai MHD'eéua— u'
'tiéns for‘tﬁe.nozzle; cﬁé;nel, and diffuser [114]. CNCD'inputs a?e'
fuel thermal input.pdwer and preheaféd'COmbustiqn'air temperaturé._
) Outputs are'thermal.power iogs, power absorbed by the cooling water,
thermal power in the combustion gasés leaving the diffuser, and_ipver—
ter electrical output power. fThe control system is essentially boiler

following type (Figure 5.2) with additional feedforward'controllérs

available. A wide variety Qf control ?oSsibilities are évailable with - _"‘X

twelve adjustable control parameters included in fwo prdpdrtiénél;z
integral-derivatiQé conpgpllérs and two feedforward cont?élléré.

A large number of-computer simulations of systeﬁ dynamic ré4
épbnse are tabﬁlated iﬁ'Table 5.5. In_%ll cases the boiler-folloﬁing .
type of contfol shown in figure 5.1 is used. Thg vélues.of the 12

.controller parameters are given, -as are important characteristics of

net plant output power_x

- Graphical disﬁlays of the behavior of sev-

eral model III variables as a function of time are'givén fb:-severél .
diffefent confroller coﬁditions in Figure 5.16 through 5.44.

Many interesting aspects of thé dynamic behévior of.modellI;I
are apparent in Table 5.5. First, it_is‘possible £o m;keAthé ovérali ‘T
s&stem described by model iII unstable.l'This was not pdssiblevwi£ﬁ

models I and II for all cases considered. Second, derivative control
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added to the‘generation‘éontroller degradés system‘performénce fdr tﬂe-
case considered. This may be seen by compariné cases 15, 16, and 17,
all with derivative control, with case 4 which-;acks derivative control
but is otherwise identical.' Cases 15, 16, and 17 have equal or slower

response and greater undershoot than case 4. Third, using derivative.

control with the firing rate controller improves_syStem:performanbé in B

cases 18, 19, 20, and 21, compared with case 4. Cases 18 througH‘Zi
all have the same or faster response time and less undershoot than

case ‘4. However, if differentiator constant X 3 becomes too'large,

2
uhde;shoot_inéreases and system instability results as in cases.22, 23;
‘and 24. Fourﬁh, feedforward'control'is-beneficial ih.s¢Veral cases.
For example, cases 27 and 28, with two feedfoxrward controliers oper-
'atipg, have less undershoot than case 21 with no loss iﬁ'response

time. Case 21 is identipal to cases 27 and 28 except that it has no
feedforward control. Cases 29 and 30 are the same as case 4 é%cept. .
that fuel feedforward control is addéa in 29 and“30. Bofh caSes-héve
faster. response and somewhat‘less undershoot-than case 4.

Plots of severél system Variaﬁles are given as funéfiéns_df~
time for cases 4, 9, 14, 21, 26, and.28\a$ defined in Téble 5.5,. Also
Shown.are éases 4 and 14 with El(t)’ Tlft), and Z‘all functioning. |
Tﬁese plots are shown in Figures 5.16 through 5.44. The'cases are

chosen to illustrate the effect of various PI controller parameter
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values, derivative control, feedforward control, and thereffect of air
preheater cycling. The magnitude jump in nét plant output power noéed.
in Figure 5;20 due to air preheater cycling is 5.6 MA. - Thié corre-
sponds to a 0.36% increase in plant éqtput power'ahd‘ﬁo.a'§.18%;iﬁ;‘

crease in line voltage.

6.5 Comparison Between Model Simulations

A comparison befween the results of thé.computer simula£iohé
for each of the tﬁree models developeé is appropriate.

First, the primary'aifférence.betwéen model i.and model 1II .is
the air preheater detail. 1In particular, the effect of preheater_dy—,
cling is accounted for in model II by the pre;ence of time funcpibns
El(t) and Tl(t). El(t) represents the variatipn of Qower'availgb;e tp'
the steam plant, and Tl(t) describes'the fluCtuation ihtéir preh§a£:‘f'
temperature due to air. preheater cycling. Both models are s£abi'e- féf C
all cases considered. The:overall syétem'ré5ponse of[moaels I;and iI
are very similar except for the'effect\pf‘ﬁl(t) and let).-

Second, the computér simulation of model III,-which.representé'l’
a éubstantial advance in modeling coﬁp;exiﬁy,'have oﬁe”major charaéter4"
istic which is notably different from the simulations of models I and
I1i. That is, model III.is unstable for seQeral controller design pa-
rameter éases as may be seen in Table 5.5. Anoﬁher property'is that,

for all cases considered using the boiler-following: control; the p;aﬁt
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output power always exhibits undershéot‘fanging from 3.5 MW to 43.5

MW.

As a supplement to the boiler-following simulations of Chapter

V, six simulation cases were run for turbine=following control as

shown in Figure 5.3. The model III system equations were changed so

that the firing systém was operated by -a signal related to generation '

3

error X_. and the turbine governor was operated'by a signal related to

throttle pressure error X

equations are:

Two PI controllers were used with

Table 6.1. Simulation cases for_turbine—folloWing dontrol

48°

X

The

51

considered. The cases are defined in Table 6.1

only changes required in the System 5:-

'ks.l)"'

L (6.2) -

no derivative or feedforward control

K

Case ) Ky 3 X1 Ka2
1 1073 _ 1073 1073 1074
2 1077 1073 . 107 107
3 1073 1074 1073 107
4 1073 1074 107% 107>
5. 1073 107> 1072 107
6 1073 107> 1q'4 107>




2,3;1 _

In all cases MWREF l changes from 1610 44 MW to 1560 44 MW ‘at’ t O+

El(t) = Tl(t) =7 = O.: Cases 5 and 6 exhlblt overdamped characterls-

tics. X2 has oscillatlons with a l6:second perlod in cases 1 and 2.

The oscillations disappear .in 200 seconds for case 1 and 356 seconds
for case 2. 1In both cases the new steady-state value -of 1560.44 MW is
reached at the end of the oscillation period. Cases 3 and 4 are'both

underdamped. In case 3,,X2 takes 20 seconds to drop 50 MW and reaches

a maximum undershoot of 4.14 MW at t =41 seconds. In case‘4, X2

requires 23 seconds to drop SOHMW-and reaches a-maximum undershOot of

2.55 MW at t = 57 seconds. In case 5, net plant output power,-xz, -

equals 1610.44 MW at t =‘O seconds, 1569 63 MW at t = 50 seconds, and .

1566.8 MW at t = 100 seconds. In case‘6, X2¢equals 1610344‘MW at t =

0 seconds, 1572.19 MW at t = 50 seconas,wand 1565.35'ﬂW at t = 100
seconds. |

A comparison between the results of turbine-following and
boiler—following control modes is in order.'<Considering the cases
investigated, both types of control can give'scanle system response to
a disturbance. Boiler-following conn;ol is somenhat'faster than
turbine~following control in terms o£ oyenall'plant ;esponse( but this
could be altered if MHD ohannel‘and inverte;:controls_were~applied;}i

Turbine~following control makes‘overdamped system fesponse possible,

although for the cases considered, resbonse was very slow. Based on’

available results, either type of control mode could be used, but
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neither type would respond_sufficiently rapidly to eliminate trénsiehts ’

caused by air preheater cycling. It is likely that only fast-acting
channel or inverxter controls could,réduce 6r-eliminate-the effect of -
these transients.

A -50 MW step input disturbance of MWREF' X., was chosen as a

1

standard perturbation of ‘all three'SYStem models. This was doné'to

- allow comparison of sfep responses of the models. A step changé'in

MWREF is not a realistic variation from a nofmalvoperational point of -

view. . Standérd practice is to vary désired_generation by'introduciné .

a ramp change in MW

REF" A step function.pe;tu;bation of the system .

‘might, however, be appropfiate in detérmining system-reéponse to.a_

network fault.

6.6 Conclusions
Several important conclusions may be drawn from the results de-
rived in this paper.

The fast responée'of system models I and II for cases typified

by Figure 3.11, page 66,. is unrealistic. If-the_controllér propor- )

tional multiplier K

, = 0.1, 1.0, or 10.0, and integrator multipliér’

X, =.10.0, nonlinear system behavior results, due to the magnitude
limiter in the fuel ValVe,g The valve passesithrough‘its dynamic..

range, from fully off to fully on, in approximately 0.03 seconds.

This is clearly not feasible in .practice. System model III
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incorporates rate limits, aé well as magpitude limits, in the go&ernor
and firing system. It thereforé'gives more realistic behavior ip ré—
gions of fast systeﬁ response.- The réte limiter values are important:
in suéh‘reéions. |

System model III exhibits unstable behavior for ceftain values

of controller constants.’ ﬂThis represehté‘a sigﬁifidant departure from

results obtained with models I and II. As modellIII is a more fealis—w.

tic description of the MHD/sféam combined-cycle system, it is prpbable
~ that regions of instability may be found in actual plant éperation.
These unstable regioné must, of course, be carefully avoided.
Several'significént characteristics éf thé control configura-
tions studied were identified; First, bdth boilefffolléwing (Figure
5.2,.page 136) and turbine~following (Figure 5.3, page:ié7) ééﬁtrqi“u
modes were éimulated;”JBbth types of épnérol aliowed'étabiénsféﬁeﬁ__
response wi£h boiler;foilBWing éontroijﬁéiﬁg sdméWﬂé£-féééer. ;ﬁh§€;
only simulation cases éxhibiting ove%aéﬁped resbonsé weré fér fu;binef
following controi. Very_interestingﬂsimdlatibn resuits appear iﬁ
Figures 5.16, 5.22, and 5.28 on pages 193, 199, and 205, resp‘ec.ti-v'ely.

Net plant output powér,‘x .- 1s plotted in Figurei5.16 for three dif-

2

ferent cases defined in Table 5.5. Case 14 appears to give'a signifi- ~

cantly better plant reéponse than either cases 4 or 9. It exhibits

"~ the least undershoot and the fastest ‘settling time. From the steam

plant or MHD channel.point of view, however, case 14 does not look as
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good as case 4. The steam turbine and MHD channel outputs, WHich:add

together to form plant output power, both displéy”iightly dampéd ref:-

sponse characteristics 180° out of phasé from each othér.'.Therefore, .

it is not sufficient to é?aiuate contféi;ér'performance‘only on thé
basis of plant ouput. ‘Derivative cohé?ol’used with the'fiiing.réte
controller improves sYstem.peerrmance-ih-cases 18, 19, 20, ;nd 21,
compared wifh_case 4. 'Defivative control may, however, cause system.
instability as seen in casés 22, 23, and 24. Feedforward.control méy
be definitely‘beneficial as shownlin Figure 5.19, page 196. Feed-
forward control reduces system undershoot-while maintéining rate of 
respoﬁse.

The input—outpuﬁimodel of thefcémbusFér/ﬁoééie/chénnel/Diffuser

(CNCD), described in‘Section 5.3.7, proVideslaﬂmoré accurate"descripf

tion of MHD system steady-state effects than_Was possible'ih.modéls T

and II where only enthalpy extraction was considered. This more de-.

tailed model of the CNCD did-not, however, substantially_change the
overall MHD/steam system dynamic response. Al£hough guadratic poly--
nomial approximations of steady-state data were used té formuléte the
CNCD model, linear curve-fits were very éood, thereby adding coﬁfi—-
dence to the validity of models I and II.

As a final conclusion, air p:éhéatér cycling does afféct éevf y
eral important syétem'v;;i;bleé as ma§=bé seen ianiéﬁrés 5;20;'5521,

5.26, 5.27, 5.32, 5.33, 5.38, and 5.44, for example. If. these. ..
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fluctuations prove to be a problem in system operation, the most ap-
propriate means of reducing or eliminating the effect of these trans-

ients is via fast-acting channel or inverter controls.

6.7 Recommendations for Future ResSearch

There are many areas which are éuitablé for‘futurg work;‘ A.
number of these are'enumgrated in [llé].dnéuare included in:the.fél;f
lowing comments. |

Firét, éonsider thé stéam plant: ;f is charécteriééd in_syéééﬁ_
model III by a linear, time-invariant, biéék—box model. ' This ﬁode;_is‘
very adeéuafe for inﬁestigating sysfem dYﬁamic reéponse about some
quiescent-operating point, but it will prové useful in future work to
increase the range of gpplicability. One means of achieving this;is
by deductive modeling [92]. Deductive modeling involves developiné"aﬁ
system model from basic.physical laws such as éhe conservation of
enexgy, masé, and momentum. The staﬁe pxoperties of matérials.such as“ 
water éhd sfeam-are definéd by'empiriéal xélationsﬁips suc¢h aé‘given
by steam tables [94]. Deductive modélihglis'donsiAefedlﬁo:hévg the:
following advantageé: | | | |

1) values of equationvcoefficienté may-be‘determined by‘plan£‘

design and steady-state daté |

2) Minimum—-order models may be logiéally determiped

3) The model is independent of transient response data
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4) Nonlinear modele should be used, if epplicable,-because
they are valid over a wider opereting range than linearized
models‘and may be validaﬁed ueing steady—state data
It will also be_ueeful.eo.nave models evaileble_fo describe the steam -
piant during start-up. |
Much additional werk can be done Wien:the Cembustor/Nezzle/l )
Channel/Diffuser (CNCD) nodel. It curreneiy hae;twp independent, time
variable inputs; fuel thermal inpuf power and-preheated air tempera-

ture. Additional inputs are necessary in order that advanced control.

of the CNCD may be modeled. Possible inputs include loading parameter, -

. eeed density, oxygen enrichment, and the‘distfibution‘of in&erter
voltage characteristies.' The transient characteristics of the CNCD
must also be known to determine its effect on éystem behavipr. A more
aecurate combustqn.model‘is currentlf bein§'develeged. |

The control system.ehould be ekpended‘and refined te"include:

1) Control of edditionel timeénafieble CNleinpufs

2) Separate firing of the steam plent

3) inverter control of electrical output and other channei

characteristics

4) Throttle-pressufe setpointlcontrol

5) Rate limits on MW reference.variationé.

6) Pressure limits

7) Feedwater and airflow contfqls_
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Continued work in the cycle analysis and control area will make.f

evident appropriate research activities which will undoubteédly go' be-

yond those outlined above.
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APPENDIX A

DIGITAL COMPUTER SIMULATION. PROGRAM
FOR SYSTEM MODEL I

The digital computer program used to simﬁldte‘model:I is givén
in this Appendi#. Thé prograﬁ was adapted from Franks [51] by-William
Crane.

Algebraic and‘differential equations for model‘I are listed in
the program under headings "calcﬁlate algebraic quantities" and "cal-
culate the derivatives of the state variables."

Subroutines required for the pfogram are included. The sé&é :
éet of subroutines is used for the prdgrams iiéted in Appendix'ﬁ and |

Appendix C.
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PROGRAM TO SIMULATE MHD/STEAM COMBINED CYCLE i
OPERATION USING MODEL I. REFER TO MODEL .I BLOCK DIAGRAM..

VARIABLES USED:

DT : TIME INCREMENT, IN SECONDS.

DTA : ARRAY TO HOLD TIME INCREMENT INTERVALS

DXI : TIME DERIVATIVE OF VARIABLE X(I)

HOR : 132 CHARACTERE READ FROM CARD READER CONTAINING ANY
DESIRED INFORMATION. THIS 1S PRINTED OUT ON THE UUTPUT

< : ALL CONSTANTS AS NUMBERED ON MODEL DIAGRAM.

NF : VARIABLE SET BY SUBROUTINE PRTFIN. EQUALS 1 IF
CALCULATION DONE ; EQUALS O OTHERWISE.

NPR : SET BY SUBROUTINE PRTFIN. EGUALS 1 WHEN TIME TO PRINT
RESULTS. EQUAL © OTHERNICE

T . TIME VARIABLE, IN SECONDS.
TAU : TIME COMSTANTS AS NUMBERED ON NDUEL DIAGRAM.

X : VARIABLES AS NUMBERED ON MODEL DIAGRAM

VALUES FOR (1) AND TA(I) ARE INFUT VIA THE CARD READER.

THE INITIAL VALUES OF X(1) ARE ENTERED DIRECTLY INTO THE
FROGRAM. ANY STABLE OR UNSTABLE INITIAL CONDITIONS MAY BE
ENTERED. ) Ce :

SUBROUTINES NEEDED:
FRTFIN ¢ MORBSIM ROUTINE )
INTI ( MODSIM ROUTINE )
INT ( MODSIM ROUTINE )
TIMDAT ( TO OBTAIN TIME AND DATE )

MODEL. DEVELOPED BY JOHN ASFNES.
PROGRAM WRITTEN BY WILLIAM CRANE.
BOTH OF MONTANA STATE UNIVERSITY
BOZEMAN, MONTANA,

JULY 1975

OO00O00O0000000000000O0D000000

IMPLICIT DOUBLE FRECISION (A-H, 0-2)

REAL K . .

DIMENSION X(2Z0), DTA(3), TAU(S), K(1Z), TOATE(4), HOR(33)
DATA DTA 7 0.5, 0.2; 0,1 /

READ VALUES OF MULTIPLIERS (K), TIME CONSTANTS (TAU), THE
HEADER LINE, AND CALL TIMDAT TO GET THE TIME AND DATE

0OO0On0n

50 READ ( 105, 10,END=51 ) K, TAU
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10 FORMAT ( 8F10.5,/,4F10.5,/,5F10.5 )
. READ ¢ 105,11 ) HDR
11 FORMAT ¢ ZO0A4 )
CALL TIMDAT ( TDATE)
c- : : .
c DO LOOF TO TRY SEVERAL STEFP SIZES. MAY BE OMITTED IF
c ONLY ONE STEF SIZE IS DESIRED BY SETTING THE STEP .IN STATEMENT 1.
C - — - :
po8J=1, 3 ‘ )
C - : —
(3 INITIAL VALUES OF STATE VARIABLES
c - :
X(&) = 34%3, 93506
X(Q) = 1224, 97607
X(14) = 948, 83984
X(1S5) = 948 85984
X(Z0) = 0. 86534
c
[ MISC. VALUES
C...._._
X¢(1) ="1570. 0
T =00
1 0T = DTAGD)
I -
c HEADERS FOR FRINTED OUTPUT
[ -
] WRITE( 108, 30) TDATE, K, TAU, X(&), X(¥), X(14), X(15), X(Z0), DT, HOR
20 FORMAT ( “1”,90X,4A4,///,° *, “COMEINED MHD — STEAM BOTTOMING -,
1 “PLANT SIMULATION, MODEL I, ///,7 *,“MULTIFLIER VALUES”,
z LS 20 10K, K~ KT, &F1205, /7,7 7, 11X, 71 &0 /7,
2 7 7,10X, 'K~ K2, 6F12.5,/,7 7, 11X, 7 12077707 0
4 . - *TIME CONSTANTS”,//, 7 7, 10X, “TAU - TAU", SF1Z 5,
5 Lo Ty 13X, 71 - 8¢, //f ¢ ¢, CINITIAL VALUES OF~
& © STATE VARIABLES’, s/, * 7, 10X, “X’, 15X, SF1Z. 5, .
7 sy 7 %y 1M, “6,9,14,15,207, /770 7 7, “TIME STEP = 7,
8 Flz. 4, 7~ SEC.”, ///, * 7, “SFECIAL CONDITIONS FOR THIS -,
4 “ARE:”, s/, * *, 33A4 ). - .
WRITE ¢ 108,31 ) s
31 FORMAT ¢ “17, “ TIME, SEC”, 8X, “X(Z)7. 9X, “X(4)’,
o PX, CXLE)7, FX,. CX(EI7, 9X, CX(10)7, BX, “X(12)7,°,
2 BX, “X(15)7, BX, “X(17)”, 88X, “X19)7, s/ )
c : :
c CALCULATE ALGEBRAIC QUANTITIES
C -— : :
7 X(7) = K(5) % X{&)

X(10) = X(&) + X(%) -

X(12) = ( 1.0 - K(7) ) # X(10)
X(13) = K(10) # ¢ 1.0 — K(9) ) # X(12)
X(16) = K(11) % X(12Z)

X(17) = K(7) # K(E€) #X(10)
XC18) = X(15) + X(17)

X(19) = ¥K(12) # X(18)

X(2) = X(1) — X(19)

X(B) = K1) # X%X(2)

X¢8) = X{(3) + X(zZ0)

X(S) = X¢4)

X¢e) X<7) + K(P) # X(1Z)

ol
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LIMITER FOR X(5)

IF ¢ X(5) — K(2)
X(5) = K(3)

GO TO 23 .
IF ( X{5) ) 22, 28, Z3
X(5) = 0.0

) 20, z0, 21

oono

CALCULATE THE DERIVATIVES OF THE STATE VARIAELES

DX&6 = ( K(4) # X{(5) ~ X{(&) ) / TAU(1)
DX9 = ( K(6) # X(8) — X(9) ) / TAU(2)
ox14 ¢ X(13) = X(14) ) / TAL(4E)
DX15 ¢ X(18) = X(15) Y / TALS)
DXz0 X(3) # K(2)

CHECK TO SEE IF READY TO FRINT VALUES AND/OR IF
CALCULATIONS ARE DONE

D000

CALL FRTFIN ( Z. 0, SO0.0L NF, . NPR )

IF ( NFR ) 25, 24, 25

PRINT RESULTS : UNIT 108 = LP, UNIT 109 =
UNIT 109 IS FOR TEMPORARY STORAGE OF VALUES FOR POSSIBLE
LATER USE.

DISK OR OTHER DEVICE.

o0000

WRITE ¢ 102,32 ) T, X(Z),X{4),X(6), X(9), X(10), X(12),
1 X¢15), X(17), X(19)

WRITE ( 109,32 ) T.X{4),X{6), X(10), X{(15), X(17),X(19)
FORMAT ¢ 7 7, 10(1FE12. 5) )

IF ¢ NF ) 8 24, 8

INTEGRATE THE STATE VARIABLES

U]

CALL INTI ¢ T, DT, 4 )
CALL INT ¢ X(&), DXé&6 )
CALL INT ( X(%), DX% )
CALL INT ¢ X(14), DX14 )
cALl INT ( X(1S), DX15)
CALL INT ( X(20), DXzO )
GO TO 7 g

CONT INIJE

" Ga To S50

S1

END FILE 109
REWIND 109
STOP

END




o NI [N W VA 1| L

243

SUBROUTINE PRTFIN ¢ PRTINT, FINISH, NOTFIN, NOPRT )

SUBROUTINE TO CONTROL THE FREGUENCY OF PRINTING THE SOLUTION
VALUEES AND TO INDICATE WHEN COMFUTATION IS COMPLETE.
THIS SUBROUTINE IS PART OF THE MODSIM SYSTEM

USAGE : CALL PRTFIN ¢ PRTINT, FINISH, NOTFIN, NOPRT )

WHERE

PRTINT :

FINISH :

NOTFIN :

FRINT

PRINT INTERVAL. THIS GIVES THE INTERVAL DESIRED
BETWEEN PRINTING OF SOLUTION VALUES. THIS VALUE

IS SUPPLIED BY THE CALLING ROUTINE, AND IS IN THE
SAME UNITS AS THE "INDEFENDENT. VARIABLE USED IN THIS

SIMULATION. IT IS NOT MODIFIED BY THIS ROUTINE

THE UFPER VALUE DESIRED OF THE INDEPENDENTfQARIABLEL

WHEN THE INDEPENDENT VARIAGLE REACHES OR EXCEEDS -
FINISH, NOTFIN IS SET TO THE VALUE 1. THE VALUE OF
FINISH IS SUPPLIED -BY THE CALLING ROUTINE IN THE - -
SAME UNITS AS THE INDEFENDENT VARIABLE, AND IS

NOT MODIFIED BY THIS ROUTINE,

‘FLAG TO INDICATE IF COMPUTATION HAS BEEN COMPLETED.

IF THE INDEPENDENT VARIABLE EQUALS OR EXCEEDS FINISH
NOTFIN IS SET TO THE VALUE 1. IT IS SET TO O OTHER-
WISE. : .

‘FLLAG TO INDICATE WHEN TO PRINT SOLUTION VALUES

IT IS SET TO THE VALUE 1 AT THE END OF EVERY FRINT
INTERVAL, WHEN THE INDEPENDENT VARIABLE IS ZERO,
AND WHEN COMPUTATION IS COMFLETE. IT HAS THE VALUE
O OTHERWISE. THIS ALLOWS EVERY N“TH SOLUTION
VALUE TO BE PRINTED, RATHER THAN EVERY VALUE.

SUBROUTINES REQUIRED:

NONE.

OO0 0O0CO0ODO000OOO00N000000000000O0N00000CN00000000000

WRITTEN BY WILLIAM CRANE .
MONTANA STATE UNIVERSITY, BOZEMAN, MONTANA

JULY 1975
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c
p .
COMMON /MODSIM/ T, OT. J%, JN, DOXA(S0), XA(S0), 10, JS4, MAXJN,
1 NTD., MAXNTD : . )
IMPLICIT DOUBLE FRECISION (A-H,0-Z)
DATA TPRNT / 0. o s
NOFRT = O -
c .
c CHECK TO SEE IF IT IS TIME TO PRINT SCOLUTION VALUES. .
C VALUES WILL BE PRINTED ONLY AT THE END OF AN
c -INTEGRATION STEF ( WHEN JS = 2 OR JS§ = 4 ) -
p .
IF ( TPRNT = PRTINT ) 20, Z1; 21 .
z1 IF ¢ T - ¢ FINISH -~ DT / Z.0 )Y 26, 27, Z7
27 IF ( JS — 2 ) 28, 2% 28 :
zg  IF ( JZ24 - 4 ) 26, 29, 26
26 IF ¢ T~ ( TFRNT - DT / 2.0 ) ) 22, 23, Z3
¢

J5 - 2 ) 24, 35, 24
24 IF ( JS4 - 4 ) 22, 25, 2z
22 "RETURN

c —
c SET COMFUTATION FINISHED FLAG OFF
O OV S P
z0 NOTFIN = ©
[
Cc SET FRINT FLAG ON AND INCREMENT TRRNT |
c .
25 NOFPRT = 1
TPRNT = TPRNT + FRTINT
RETURN
[ FOR T >= FINISH
RESET FARAMETERS AND INDICATE RUN IS DONE
C
29 TPRNT = 0.0
NOTFIN = 1
NOFRT = 1
T=00
Js = 0O
© JUN =0
JSgq4 = 0
NTD = O
RETURN
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SUBROUTINE INTI ¢ TX, DTX, 10X )~

BASIC CONTROL SUBROUTINE FOR THE MODSIM SYSTEM OF SUEROUTINES
THIS SUBROUTINE CONTROLS CERTAIN PARAMETER VALUES, INCREMENTS
THE DEPENDENT VARIAELE, AND INFORMS THE .GTHER SUBROUTINES OF THE -
METHOD CHOSEN FOR SOLUTION OF. THE ‘DIFFERENTIAL EGUATIONS
.A_FIRST ORDER EULER METHOD, A SECOND ORDER _MODIFIED EULER
METHOD, AND A 4TH ORDER RUNGE ~ KUTTA METHOD ARE AVAILABLE.

THIS SUBROUTINE MUST BE CALLED FRIOR .TO ALL CALLS TO INT
FOR A GIVEN INTEGRATION STEP

WSAGE : CALL INTI ¢ TX, DTX, IOX )
WHERE

TX : THE VALUE OF THE INDEFENDENT VARIABLE. 1T SHOULD BE. SET
TO 0.0 BY THE CALLING ROUTINE BEFORE ANY CALLS TO INTI
" AND LEFT ALONE AFTER THAT. IT IS INCREMENTED BY THIS
© SUBROUT INE. AT THE COMFLETION OF ANY INTEGRATION STEP
TX WILL HAVE THE FROFER VALUE.

DTX : THE INTEGRATION STEF S1ZE. THIS IS GIVEN IN THE -
_SAME 'UNITS AS TX. THIS VALUE CAN BE MODIFIED BY THE
CALLING ROUTINE DURING A PROGRAM RUN. SEE NOTE BELOW.

I0X : THE INTEGRATION ORDER. THIS SELECTS THE METHOD OF
© INTEGRATION WHICH WILL EE USED WITH VALUES OF
1, 2,7 0R 4 TO SFECIFY 18T, 2zND, OR 4TH ORDER METHOD.
THIS VALUE MAY BE CHANGED DURING A PROGRAM RUN
SEE NOTE BELOW.

" SUBROUTINES REGUIRED :

NONE.

IT IS POSSIRELE TO CHANGE THE VALUES OF DTX AND IOX DURING
A PROGRAM RUN, HOWEVER, ANY CHANGE MUST TAKE FLACE AT THE END
OF ALL CALCULATIONS FOR A GIVEN INTEGRATION STEP. THE EASIEST
WAY TO INSURE THIS IS TO CHANGE VALUES WHEN SOLUTIQN.VALUES ARE
PRINTED OUT, AS SPECIFIED BY SUBROUTINE PRTFIN. )

0000000000000 DOD000000NN0DONN00D00NO0DD0

WRITTEN EY WILLIAM CRANE -
MONTANA ZTATE UNIVERSITY, BOZEMAN, MONTANA
JULY 1975 - :
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COMMON /MODSIM/ T, DT, JS, JN, DXA(S0), XA(50), 10, JS&, MAXJN,

NTD, MAXNTD .
IMPLICIT DOUELE PRECISION (A-H,0-2)
I0 = 10X . '
JN = 0
NTD = 0

CHECK FOR 10 = 1, Z, 3, OR 4 I0 = 3 IS TREATED AS 10 = 2.

IF ¢ 10 ) 20, 20, 21
IF ¢ 10 - 4 ) 2z, 2z, 20

GO TG ¢ 23, 24, 24, 25 ), 10

1ST 'ORDER SOLUTION - EULER’S METHOD

JS = 2

2ZND ORDER SOLUTION -~ MODIFIED EULER METHOD

24

40
4z
41
24

JS = Jg
IF ¢ JS
IF ¢ JS -
RETURN

JS = 1

DT = DTX

T =T+ DT
T™@ = T
RETURN

i+
N =

") 40, 41, 40 . : o
) 26, &2, 26 :

4TH ORDER SOLUTION RUNGE — KUTTA METHOD

N
R

C~——-
C

JS4 = Js4 + 1
IF ¢ JS4 — 5 ) 44, 43, 44

IF ( JS4 — 3 ) 45, 29, 45

IF ( JS4 - 1) 46, 28, 46
RETURN :

JS4 = 1

DT = DTX / 2.0

T=T+ DT

X = T

RETURN

T=T+ DT

T™X =T

DT = DT # 2.0

RETURN v

ERROR MESSAGE FOR I0 NOT IN RANGE OF 1 7O 4

C__
20
30

1

WRITE ( 108,320 ) : \ . o _

FORMAT ( “0’, “### INTEGRATION DRDER OUT OF RANGE OF 1 TO 47,
7 IN SUB. INTI. PROGRAM TERMINATED. < ) S

STOP ; .

END
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SUERQUTINE INT ¢ X, DX )

SUBROUTINE TOQ PERFORM THE ACTUAL INTEG%QTION OF -DIFFERENTIAL
EQUATIONS. THE METHOD USED IS.CHOSEN BY THE FPREVIOUS CALL TO

" SUBROUTINE 'INTI, AND MAY BE THE 1ST ORDER EULER METHOD, THE-2ZND

ORDER MODIFIED EULER METHOD, OR THE 4TH-ORDER RUNGE ~ KUTTA
METHOD, A SYSTEM OF UP TO S0 FIRST ORDER EQUATIONS MAY .
BE SOLVED BY THIS SUBROUTINE, ONE EGQUATION PER CALL OF THIS
SUEROUTINE. ‘ ’ '

USAGE @ CALL INT ( X, DX ) . : .
WHERE ‘

X : THE VALUE OF THE FUNCTION AT SOME VALUE OF THE INDEFENDENT
VARIAGLE. *~ THE INITIAL VALUE OF THE SOLUTION MUST BE.
SUPFLIED AS A BOUNDARY GCONDITION BY THE. CALLING ROUTINE. .
AFTER THAT, X IS ALWAYS CALCULATED BY THIS SUBROUTINE
AND SHOULD NOT BE MODIFIED BY THE CALLING ROUTINE

DX : THE DERIVATIVE OF THE FUNCTION BEING INTEGRATED AT SOME“
VALUE OF "“THE INDEPENDENT VARIABLE., THIS VALUE IS : '
ALWAYS CALCULATED BY THE CALLING ROUTINE

SUBROUTINES REGUIRED -
NIINE.

WRITTEN BY WILLIAM CRANE . :
MONTANA STATE UNIVERSITY, BOZEMAN, MONTANA
JULY 1975

000000 NODOOANODN0N0000000000N0N00ONO0000NN000D0D

COMMON /MODSIM/ T, DT, JS, JN., DXA(S0). XA(50), 10, JS&, MAXJIN,
1 . NTD, MAXNTD '
IMPLICIT DOUBLE PRECISION (A-H, 0-2)

c : -
c INCREMENT THE CALL INDEX JN AND SEE IF IT IS LE THE MAXIMUM
c VALUE ALLOWED ( MAXJN ). ERANCH TO CHOSEN SOLUTION METHOD
[
IN = JN + 1 ,
IF ¢ JN ~ MAXJN ) 25, 28, 29
2z 60 TO ( 20, .21, 21, 2% ), 10 .
c- e _
c- 18T ORDER INTEGRATION METHOD ( EULER METHOD )
c ——— - et -
20 X = X + DX % DT

RETURN
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[ - :
[t ZND ORDER METHOD -( MODIFIED EULER )°
[ g :
z1 GO TO ¢ 23, 24 ), JS
z3 DXA(JIN) = DX o
X = X .+ DX # DT
‘RETURN -

‘24 X = X + ( DX - DXACJN) ) = OT /2.0

oo0o

RETIURN

4TH ORDER METHOD ( RUNGE -~ KUTTA )

GO TO ( ZS, 26, Z&. 2T ). JS4
¥ :

22
z5 XACGINY =

DXA(JN) = DX .
X = X + DX % DT
RETURN
24 - DXACIN) = DXAGJIN) + DX + DX
X = XA(JN) + OX % DT

RETURN L o
27, X = XAWN) + C DXAGIND + DX ) % 0T / 6.0
RETURN T
ERROR MESSAGE FOR JN > MAXJN
z?  WRITE ( 108, 30 ) MAXJIN T . o
0 . FORMAT ( <0, ~##% MORE THAN -, 15, 7 EGWATIONS IN. THIS -/,
1 “SYSTEM. FROGRAM TERMINATED. -~ ) - . .
STOF : ’ .

END

i
11
b
i
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********4**#******‘#*****

*#*%*****#*******#***#****#*%***#***#*******************#***********#**
CUDROUTINE TO OBTAIN THE TIME AND DATE FROM THE MONITOR

WRITTEN BY WILLIAM CRANE

MONTANA STATE UNIVERSITY, BOZEMAN, MONTANA

JULY 1975 :

VARIABLES

TIMEDATE : ADDRESS OF THE 4 WORD LOCATION INTO WHICH THE,
: TIME AND DATE WILL BE PLACED.
SUBROUTINE USAGE
CALL TIMDAT ¢ TO ) _ L
- WHERE TD IS AN ARRAY CUNTAINiﬂs'qlwbRns'bF STORAGE.

THE' TIME AND.DATE ARE RETURNED IN THE FORM . . -

HH MM DD MON ’YY

3 *****#r**-)i—*******#***#*******'h-**#********#*#********************** ’

3+
SYSTEM BFM
SYSTEM FORTLIE
- SYSTEM ~  SIG7F
TIMDAT  EAL, & SSETUFL
EVRY TIMEDATE
M: TIME #TIMEDATE
B . #15
TIMEDATE RES 1
© REF FSETUP1
DEF ~ TIMDAT

"END_
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'BLOCK DATA

SUBROUTINE TO INITIALIZE CONMGN DATA VALUES.

ALL COUNTERS ARE SET TO ZERC. THE INDEFENDENT VARIABLE T 18
SET TO 0. 0. MAXJN IS SET TO THE NUMEBER OF LOCATIONS IN DXA AND
XA, MAXNTD IS SET TO THE MAXIMUM. NUMBER OF TIME DELAYS ALLOHED
PER SIMULATION ( .SEE SUBROUTINE. DELAY ).

THIS SUBROUTINE IS PART OF THE MODSIM SYSTEM

%

WRITTEN BY WILLIAM CRANE .
MONTANA STATE UNIVERSITY, BOZEMAN, MONTANA
JULY 1975 ’

1

COMMON /MODSIM/ T, DT, JS JN,.DXA(SO), XACS0), 10, JS4,-, MAXJN,

: NTDO, MAXNTD .
IMPLICIT DGUDLE FRECISION (A-H,0-Z7) T s
DATA JS 70/, JN 70/, JS4 /07, T /0. 0/,  MAXJN /S0/

DATA NTD. 70/, MAXNTD /257

END
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APPENDIX B -

DIGITAL COMPUTER SIMULATION PROGRAM =
FOR SYSTEM MODEL:IT

The digital computér program used to'simuléte ﬁodel II‘is given
in this Appeﬂdix. The program was adapted from Franks [51] by William
Crane.' Subroutines required for this pProgram are_éiven in Appendix A.
An additiondl subroutine DELAY is required and followé the model II

-prograﬁ. This subroutine‘waé written‘bylwilliam éréne and-médified by

Robert Uhlrich.

Algebraic and differential equations for model II are listed in

the progrém under the'heqding "célculate algébraig‘quantities."-f'




| | - Ll LI L0

252,

FROGRAM TO °INULATE MHID/STEAM CGMEINED CYCLE OFERATIUN
USING MODEL II. ’REFER TO MODEL II BLOCK DIAGRAN .

VARIAELES USED :

ULINEI : DELAY LINE ARRAYS FOR DELAY UNIT I.

oT ;. TIME INCREMENT, IN SECONDS.
DXI . TIME DERIVATIVE OF VARIABLE. X{I)-. .
HOR : ONE FRINTER LINE ( 13Z CHARACTERS ) OF INFORMATION
READ FROM THE CARD READER THIS 1S FRINTED ON THE
- OUTFUT. L .
K :‘MULTIPLICATIVE CONSTANTS, AS NUMBERED ON THE MODEL
DIAGRAM.
NF : SET BY SUBROUTINE FRTFIN EGUALS 1 IF CALCULATIUNS
’ ARE DONE. 'OTHERWISE EGJALS O.
NFR : SET BY FRTFIN. EGUALS 1 WHEN IT 1S TIME TU FRINT
.+ REZULTS, AND IS O 0THERNI°E ’
T . ;. TIME, IN SECONDS. : : L.
. TAU : TIME ‘CONSTANTS AND DELAY ‘TIMES -AS 'NUMBERED ON THE
MODEL DIAGRAM. .
X © VARIAELES AS NUMDEREU UN MUDEL DIAGRAM.

VALUES FUR EA(TI) AND TAULI) " ARE ENTERED viAa THE CARD READER
. THE INITIAL VALUES OF X(I) ARE ENTERED DIRECTLY INTO THE
. FROGRAM.". ANY cTABLE OR UNS TGDLE INITIAL CDNDITIONc MAY BE.
ENTERED. e

OO0O0ODNOO00000000000000000000000000000000D0O0ODOO0N00NO0OD0

SUBROUTINES REGUIRED :

FRTFIN ¢ MODSIM ROUTINE )
INTI { MODSIM ROUTINE )
INT ( MODSIM ROUTINE )
DELAY ( MODSIM ROUTINE )
. TIMDAT ( TO OBTAIN THE TIME AND DATE )

MODEL DEVELOFED BY JOHN ASFNES.

FROGRAM WRITTEN BY WILLIAM CRANE. . .

EOTH .OF MOMTANA STATE IINIVERSITY, BOZEMAN, MONTANA
AUGUST 1975

IMPLICIT DOUELE FRECISION (A~H, 0~Z)
REAL K

INTEGER TDATE. . P - I . .
ODIMENSION X(36), K(19), TAU(S)?-DLINEI(SO), DLINE4(50). DLINES(50)
DIMENSION HOR(S3), TDATE(4) ' o ‘ : T




¢

o000

GET TIME ‘AND DATE. READ K., TAU, AND HDR FROM CARD REAbER

50
10,

CALL TIMDAT ( TDATE ) .

READ ( 105,10,END=51 ) K, TAU, DT, HDR S
FORMAT ( Z{ &F10.S, / ), ZF10.5. /, &F10.5, /, 1F10.5
%/, ( ZOAG D) L L

onNa

INITIAL VALUES OF STATE VARIABLE$.-

T X(Z8)
CX(E6)

X(&) = 3500. 002

X(11) 117%. 15 )
X(27)- = 2744, 3774
75455

MISC. INITIAL VALUES.

X¢{1) = 1577. 5

T =00,
X{7) =.%X(&)
X(1g) =
X(Z0O) = X(Z1)

TREF = 1473. 15

595, 0
3311, 4

>
—
~Q
~
n

noo0o

CALCULATE THE NUMEER OF LOCATIONS NEEDED FOR THE DESIRED
TIME DELAYS, THIS NUMEER MUST BE NO GREATER THAN THE.. MAXINUN
NUMBER OF LUPATIOND AVAILAEBLE < MAXLUC ).

C——

. IF ¢ NTDS — MAXLOC ) 41, 41,

NTDI = IFIX¢ TAUCLY) / DT 9
NTD4 = IFIX(¢ TAL(4) 7/ DT )
NTDS = IFIX( TAUCS) / DT )
MAXLOC = 50 . = '
IF ( NTD1 — MAXLOC ) 2§, Z8,
IF { NTD4 - .MAXLOC ) 40, 40,

NN N
0N

WRITE QUTPUT HEADINGS

MOOWDOONECARON-

WRITE ( 108,30 ) TDATE. K. TAU.. xxbr,_x1411,’x(26)r X(27), X(36)}
1 X(1), DT, HDR " o
FORMAT ¢ ~17, “COMEINED MHD - STEAM FLANT CONTROL SIMULATION, 7,

* MODEL 117, T90, 4Ad, ///, 7.7, 7MULTIPLIER VALUES?,

£f0 20, 10X, K — K7 7% GE1Z.5, £ 7 . 11X,

7 124, /70 7 7, 10X, K- V' TX: BE1Z. 5, [, 7%
11%, “13 18°, 7/, 4, 10X, “K?, 12X, .E12.5, fr:7 7»°
11X, 7197, /77, © <, “TIME CONSTANTS AND DELAY TIMES”,
77, ¢ 4, 10X, ‘TAU® = TAU’, 3X, &E1Z. 5, /, 7 *,

13X, ‘1 6%y /707 7, 10X, “TAU - TAU”, 3X, -

ZE12.5, /, © ‘. 13X, 7 8, 7//0 7 7,

“INITIAL VALUES OF STATE VARIABLES®, /., * *, :
10X, “X7, 15X, -SF12.5, /, ", 11X; "6, 11,28, 27,367,
/774 ¢, “DEMAND REFERENCE IS X(1) = <, F1Z 5,

* MEGAWATTS”, ///, 7 *,» “TIME STEF = *, F7.5,

“ ZECONDS®, ///, * *, “REMARKS:”,/, <, Z3A4 )

‘1 &%y S10 4% 10X K = KZw 7X) LELZUS, Ay 2 011X
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Q00
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WRITE ( 102,31 ) . .
31 FORMAT- ¢ 717, - TIME, SECY, 8X, “X(Z)4, 9X, “X(4)7, 9X,
XY . PR, CXC12) 7, BX, “X(14)7, BX, . X(1&)7, BX,

[

TXLZBY 5 BX, IX(30)7, 10X ‘17, s70Y

CQLCULATE ALGEERAIC CUANTITIES

20° CALL DELAY (DLLINE1, NTDL, "X(6&), X7y, 1) .
TX(1Z) = X(11) + TILT) .

X(8) = K(S) % .X(7) . L
X(31) = X(2).% X(12) ' - PN
X(14) = X(7) + X(31) ST
X(34) = (1.0 - K(9)) # X(14)

X{1S) = X(34) - .

X€16) = K(11) # K(1Z) % X(15) . -
X(22) = (1.0 = K(1&) — K(17)) #X(2Z7) -
X(Z9) = X(1&6) + X(28) :

X¢BO) = KO18) # X(2%)

X(32) = K(19) # X(30)

¥(Z) = X(1) = X(3Z)

X(2) = K(1) # X(2)

X(4) = X{(3) + X(36&)

X(S5) = X(4) o .

Z = (X(12Z) — (TREF -300)) # K(7)

XC2B) = (1.0 — K(11)) # X(15)

X(20) = X(I3) # (1.0 — K(10))

CALL DELAY (DLINE4, NTD4, X(20), X{(z1), 2)
X¢2Z) = (1 — KC13)) # X(2Z1) =~ Z # X(8) . )
X(9) = (ZIP¥, 0ZFE(X(T7)-3500)) # (, OC0ISSSHX(7)) + X(Z2)
X(10) = X(9) 7/ X(£) . ' ' ‘ C
XC18) = K(10) - # X(3Z3) .

- CALL DELAY (DLINES, NTDS, X(18), X(19), 3 )

X(35) = K(12) # X(Z1)
X€23) = X(35) + EA(T).

X(24) = 7 % X48) o
X(2Z5) = X(19) 4+ X(Z3Z) + X(24),
XC17) =

K(P) # X{14)

LIMITER FOR X(S), O <= X(5). <='1.0 ..

IF (X(S)) z4, 24, 25
24 X(5) - = 0,0

GO TO 26 g :
25 IF (X(5) - 1.0) 2&, 26, 27
27  X(S) = 1.0,

26 DX& = (X(S5) # K(3) - X(&)) s TAUE)

DX11 = (X(10) — X<(11)) / TAULZ) .
BXZ&. = (X(2Z5) '# K(15) -~ X(Z&)) / TAU(T)
OXZ7 = (X(26) = X(ZZ)) s/ TAU(E)

DX26 = K(Z) # X(3)
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c--- , e

CHECK TO SEE IF READY TO PRINT VALUES ( NPR = 1) AND IF
CALCULATIONS ARE DONE ( NF = 1°)." UNIT 108 = LINE FRINTER
UNIT 109 = DISK OR OTHER SECONDARY STORAGE TO HOLD DATA FOR
POSSIELE LATER USE. e

Dooon

G s
mmPWHN(OL4MJ, NF, NFR ). . B N . S SR
IF ¢ NFR.) 21, 22, 21 - - L . L R R ’ |
WRITE 104,:2 YT, XCZ), X(&), X(7)s XC1Z), X(14), X{16),7 .02 ° - . ’
1 - CLX(ZE), X(30), T e S
KNT = KNT + 1 . R
2 FORMAT (-~ 7, 1FE11.2, 9 (1PE1Z. S) )
"IF (KNT.NE. 10) GO TGO 35 . L
WRITE ¢ 102,32 ¥ T, X{(Z), X(4), .X(7), X{(12), X{(14), X(16&),
1. ] X(zg), X(z0), z . - - .
‘KNT = 0

‘@5 IF ( NF ) 23, 22, 22

N
-

@

[
c - INTEGRATE THE STATE VARIABLES
C 3 -

ZZ' CALL INTI ¢ T, DT, 4 )

CALL INT ¢ X(&), DX& )
CALL INT. ¢ X(11), DX11 ) .
_ CALL INT ( X(26), DXZ& )
CALL INT ( X(27), DX27 )
CALL INT ¢ X¢3&), DX3& )
. GO TO 20
%3 - CONTINUE
© GO TO 50
s51° .°TOF
c 2 .
c ' ERROR MES°AGE FOR TOO LONG A DELAY.
C ———= : - - —
| 29 WRITE { 108,32 )
{ - ] .o 32  FORMAT ( - 7, “### TOO LONG- A TIME DELAY 'DESIRED FOR GIVEN AFRAY - 1
|- : 1 " “SIZES  FROGRAM . TERMINATED. * ) S ;
! ' STOP : ) .
END - ;
FUNCTION T1(T) '~
c
c
c FUNCTION ‘SUBROUTINE TO GENERATE THE TEMFERATURE RIPPLE :
c FUNCTION, FOR THE MHD/STEAM CYCLE. MODEL II. [
| c '
i [ -
I FERD = S0. 0
L TIME = T + 25 . ’ :
.- TL = 10 - (TIME/FERD - INT(TIME/FERD)) # 20
' RETURN ’ ' ——
4 : END
! FUNCTION E1(T)
o e i
c N
c FUNCTION SUBROUTINE TO GENERATE THE FOWER RIFFLE FUNCTION -
C FOR THE MHD/STEAM CYCLE, MODEL 11, :
c . ‘ . - - . -
[ e e - —_—— - .. .. Lo A ;

El = ~1Z 44 + (TIME/FERD - INT(TIME/FERD)) # 24. 88

P
m
a4
c
ral
z
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SUBROUTINE DELAY (QLINE:NUNITS:VALlN,VALDUT,KNT)

SUBROUTINE TO SIMULATE A PURE TIME DELAY.
ONLY FOR THE FIRST ORDER EULER METHOD OR THE FOURTH

WILL WORK

ORDER RUNGE-KUTTA METHOD. IT- IS PART OF THE MODSIM, SYSTEM.

USAGE :
WHERE :

DLINE

KNT -

NUNITS

VALIN

VALOUT

cALL DELAY (DLINE, NUNITS, VALIN, VALOUT, KNT) . |

AN ARRAY 'TO HOLD DELAYED VALUES. GN‘THE'FIRST

TO DELAY (T = 0. 0) THE ARRAY. IS INITIALIZED TO

VALUE -OF VALOUT.

AN INDEX TO INDICATE A PARTICULAR DELAY IN THE

THERE ARE 25 POZ IBLE DELAY NUMBERED 1 TO Z5.

.THE NUMDER oF LGCATIUN IN DLINE. “NUNITS MU;T

EQUAL TO THE TIME: DELAY DESIRED DIVIDED BY - THE

THIS SUBROUTINE

CALL

THE - - e

SYSTEM.”

BE -~

STEP

SI1ZE, AND MUST BE AN INTEGER MULTIFLE OF THE STEP

';‘IZE

THE VALUE DEING PUT INTG THE DELAY LINE

'THE VALUE RETURNEU FRDM THE DELAY UNIT.

NOTE:  UFON THE FIRST CALL TO RKDELAY, THE VALUE OF VALﬁQT

TD INITIALIZE THE ARRAY DELAY LINE.

HAS REACHED EGUILIBRIUM FOR T<=0

0000000000000 0000000 n(1rrr§r:n.nriran OO0OOO0O0O00000O00

WRITTEN EY WILLIAM CRANE

AUGUST 1975

REVISED EBY ROB UHLRILH B
BOTH OF MONTANA STATE UNIVERSITY, -BOZEMAN, MONTANA

APRIL 197¢&

1$ USED

-IT IS ASSIUMED THAT VALOUT -

%

IF (T) 27,

COMMON /7MODSIM/ T, DT, JS, N, DXA(SO), XA(S0)., 10, JS4, MAXJIN,
NTD, . MAXNTD : ’
INPLICIT DOUEBLE FRECISION (A— H,D Z)
UIMENCIGN DLINE(I), IFOINT(25),  FREV(Z5)

-CEE IF INITIALIZATION IS NEEDED (T=0 0) AND INSURE THAT KNT
IS IN THE RANPE OF 1 TO 75

c

27, Ad

IF. CCRNT. LT.17.0R. (KNT. GT. 25)) GO TQ .25

:
3
i
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C
C CHECK FOR VALID INTEGRATION ORDER.
[ BRANCH FOR EULER OR RUNGE~KUTTA METHOD OF INTEGRATION.
[»
IF (10 EQ 1) GO TO 35
IF (I0. EGL 4) GO TO Z¢
GO TO S0
c——— : :
c ERANCH FOR THE NUMBER OF -THE PASS (INDICATED BY JS4)
c IN THE RUNGE KUTTA INTEGRATION RGUTINE IF .JS4 IS OUT OF
c ~ THE RANGE 1 TO ‘4, OUTFUT AN ERRDR MESSAGE ‘AND STOF EXECUTION,
Co-r—=
TZ%. .60 TO (33, 33, 24, 55) JS4
L GO TO zz-- - :
Cm e 2o -
[ (JE4. = 1 OR.2) INTERFDLATE MIDPUINT BETWEEN LAST Two VALUES
c IN THE. DELAY LINE. - .
e S - S .
"33 . VALOUT = (DLINE(IPGINT&KNT))if‘PREV(KNT)WZZ.O
RETURN : Co B “"
D U
c (JE4 = 3). TAKE THE LAST" VALUE OUT BF THE DELAY LINE
c NO NEW VALUE 1§ INSERTED.
C__
24  VALOUT = DLINE(IFOINT(KNT))
" RETURN :
r_': ————
c (J54 = 4 OR EULER METHOD)
c SWAF VALUES INTO AND OUT OF DELAY LINE AND INCREMENT FOINTER
C_
35 VALOUT = DLINE(IPDINT(KNT))
- PREV(KNT) = VALOUT .
DLINE(IPOINT{KNT)) = VALIN
IFOINT(KNT) = IFOINT(KNT) + 1 ,
IF CIFOINT(KNT).GT. NUNITS) IFOINTC(KNT) = 1
. RETURN
c .
c INITIALIZE THE DELAY
c : - :
27 DO 29 1 = Z, NUNITS
29 DLINE(I) = VALOUT
DLINE(1) = VALIN
IFOINT(KNT) = 1
PREV(KNT) = VALOUT ] o : . S . o
C————‘—————————‘———.; - N Enbbantcals T & oy " = g " - . n T .
c ERROR_HESSAGES
C_
25 CWRITE (108, 31) KNT .
31 . FORMAT (“0°, ‘##%DELAY INDEX ouT oF RaNGE OF 1 TO 75 “
& “VALUE IS *, 115, . FPROGRAM TERMINATED’
ETOF
22 WRITE (108, 41) KNT . ’ ’ . oL : -
41 FORMAT(“07, %4+ INTEGRATION INDEX (JS4) OUT OF RANGE FROM 1 TO 4. ~
% “VALUE IS -, 115, ° . FROGRAM TERMINATED. *)
STOP .
50 WRITE .(103, 51)
51 FUORMAT (<07, ~###[ELAY LINE WORKS ONLY FOR . 1ST ORDER EULER OR “,

1 “FOURTH ORDER RUNGE~KUTTA INTEGRATION METHCID AT
2 "PROGRAM TERMINATED. -

STOP”

END
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APPENDIX,C

DIGITAL COMPUTER SIMULATION PROGRAM
’ FOR SYSTEM MODEL IIT .

The digital gomputer program ﬁéed to‘simulaﬁe model IIi igvgiveﬁ
in this Appendix.. The program was adabtéé from.FranES'[Sl] b& Roﬁerﬁ'
Uhirich. Subroutines réquirea for this-progiam are.giveﬁ in A?péﬁdix
A and Appendix B. | |

‘-‘glgebraic and differéntiél equatiégs for~mod§1 IiIigré 1i§t¢a
under the'ﬁeadings_fcaléuia;é a;gebréicMéuénfiﬁies" én& "balqﬁ}éie ?

. derivatives." . -

>
5
5
¢
1:
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PROGRAM TO- SIMULATE MHD/STEAM CUMDINED CYCLE DPERATION
JCINF MODEL III © REFER TO MODEL I11 DLOCY DIAGRAMS.

IVARIABLEC UuEU : o ce R E : S R |

,DLINEI ‘DELAY LINE ARRAYC FOR DELAY UNIT I

C
c
]
c
[
L=
B 5
C
c
C
c - DT .:leng INCREMENT, IN SECONDS.
c DXI - . TIME DERIVATIVE OF VARIABLE X<T). AU C . L
c HDR : ONE FRINTER LINE "¢ 132 CHARACTERS ) OF INFORMATION . - R
c B - ‘READ FROM. THE CARD READER . THIS 1S FRINTED ON, THE B Sy
c . . OUTPUT, B - .
c K : MULTIFLICATIVE CGNuTANT Ag NUMBERED ON -THE Monst"-
c . © " 'DIAGRAMS,
c NF 1 SET BY SUBROUTINE. FRTFIN. EGUALS 1 IF CALCULATIONS
c . ARE DONE. OTHERWISE EGUALS 0. .
C NFR - : SET EY PRTFIN. EGUJALS 1 WHEN IT IS TIME TO PRINT
c RESULTS, AND 1S O OTHERWISE
c T : TIME, IN SECONDS. - L
c TAL 1 TIME CONSTANTS AND DELAY TIMES, AS NUMBERED . .ON THE
c MODEL DIAGRAMS,
c X ! VARIAELES AS NUMBERED .ON MODEL DIAGRAMC
c : )
’: _________________________
c . . i : . .
c VALUES FOR K(I) AND TAU(1) ARE ENTERED VIA THE CARD READER.
c THE INITIAL VALUES OF X(I) ARE ENTERED DIRECTLY INTO THE
.C FROGRAM. ANY STAELE. R UNSTAEBLE INITIAL CONDITIONS MAY BE ‘
o » ENTEREL. . - S ‘ —
c : : i
C —_ .
c
- C SUBROUTINES REGUIRED
c FRTFIN ¢ MODSIM ROUTINE ), - - : ‘ !
c INTI ¢ MODSIM ROUTINE )7 .. - . s . S o
- JINT ¢ MODSIM ROUTINE ) J L . . - s !
c- DELAY - ¢ MODSIM ROUTINE ) .
c TIMDAT ( TO OETAIN THE TIME AND DATE I
c
1. Cmm—m bl e - :
; c . . i
c MODEL DEVELOFED BY JOHN ASFNES. ‘
c FPROGRAM WRITTEN EY ROE UHLRICH | S
c EBOTH OF MONTANA STATE UNIVERSITY, EOZEMAN,: MONTANA. -
c AFRIL 1976 : ‘
c .
c - . . . l

IMPLICIT DOUELE FRECIuIUN (A-H, O-2)

REAL. K

INTEGER TDATE . . '

DIMENZION X(235), K(321), TAU(19), DLINEI(SO)} DLINEZ(S50)
DIMENZION HDR(32), TDATE(4)
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c——- = -
c GET TIME AND DATE, READ K, TAU, DT,. AND HDR FROM CARD READER:
¢ ; ) -
. CALL TIMDAT ¢ TDATE )
S0 READ ¢ 10S,10,END=51 ) K, TAU, DT, HDR
10  FORMAT (3(S8F10.5, /), 7F10.5,/, Z(8F10.5,/), 2F10.5,/,
% 1F10.5,/, (20A4)).
c
c INITIAL VALUES OF ‘STATE VARIABLEC
c
X(g) = X(9) = 7°5455
X(27) = 0.0
Xtzg) = 0.0 :
X(32) = X(I3) = X(34) = 1165, 9988
X(S4) = 3500, 0 .
X(72) = 1500.0 - ..
X(74) = 714, SLE24
 X(77) = 795455
X(72) = 0.0 '
X(80) = 0.0"
X(g2) = 0.0, ,
X(E84) = - 795455 -
X(85) = 0:0° "
C
c. MISC, INITIAL VALUES.
c “ _ »
X(1) = 1560, 4418 oy
FREVE = X(4) = 0.0
X(9) = X(11) '= | 795455
X(13) = . 795455
X(19) = 1165 7988
X(2S5) = 1145 992
X(46) = 8.0
X(47) = 3I500. 0
FREV4E = X(48) = 0.0
X(S3) = .735455”
X(54) = X(55) = 3500. 0
X(58) = X(5%) = us 3. 372
KNT = &
A= -50.0
TREF = 1300
T=0.0
C- : - - =
c CALCULATE THE NUMEER OF LOCATIONS NEEDED FOR THE DESIRED
c TIME DELAYS. .THIS NUMBER MUST BE NO' GREATER THAN THE MAXIMUM
I NUMEER OF LﬂCATION’ AVAILAELE ¢ MAXLOC ).
C.._ ———— ——

40

NTD1 =
NTDZ =
MAXLOC

IFIX{ TAW(16)
TAL(17)

IFIX{
S0

TIF-( NTDI - MAXLOC )
IF ( NTDZ - MAXLOC )

i,

/ DT »
s/ DT )

40,
41'

40,
41,

29
27
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WRITE OUTFUT HEADINGS

a1

(]
Q

E1

& X(33), X{(34), X(54), X{(7Z), X(74),

%

I"/".LHID'HNGOGJ'D‘OCO\IL-\UI:I:(\\NH

-

Z-

WRITE (10%,30) TDATE, K, TAU, X(4),

X(g4), X(g5), X(1), DT, HOR

X<(g),

X(%),
X¢773,

X(27), -X(zg), X(32),
‘X(78), X(80), X(8Z),

FORMAT ( “17, “COMBINED MHD — STEAM PLANT CONTROL SIMULATION, -,
. “MULTIFLIER VALUES”,
7X,. GCIFELZ.5), /, 7 <, 11X,
K TR BUIPELZIS), /17 7, 11K s
K= K,

7 MODEL IIIY, TS0, 4A4,
S, 10X, K - K7,

L LSS 710X, K~
‘7 12, sf 7 4. 10X,
11X, “13 1287, /0,7

11X, %19 287,//,7
Y35 B0%, LA

s7.77 F0 10X, TAU ~ TA
TEX, L s APV IR
s izx, ey 127,77, %
/0 13X, 713 187, /7,
AT TR ST T AR

10X, X7, 19X, &(1PE1Z. S
SO0 7 4, 10X, XY, 15X,

‘33, 34,548,72, 78,77 L1
S 74, 11X, 778, 80,82, 8

° MEGAWATTS?, ///, *© 7,

WRITE ¢ 108,31 )

FORMAT ¢ “1°, * TIME, SEC”, 6&X,
X7V, 9X, “X(41)7, X,
“X(S1)7, X, “X(55)7, BX

yo7e

<, 10X, K= K7

4 3%

10X,

P

Yo S

10X,

“INITIAL VALUES OF STATE.VARIABLE

e
- T

S{1IFEL1Z. S),

P
2T

4,857,

Xtz 7,
’X(42)7,

10X,

WA ’DEMANU REFERENCE IS -X(1)
“TIME .STEP =
* SECONDS”, ///, 7 7+ “REMARKS

A

o,

,TXe14y,

7Xs ¢
) 7X, GUIFELZ.5Y, 7)7 7,
2010%, 'K .= K7, 7X, 6C1IFEL1Z. 5), /, 7 7, 11X,
7, 10X, “K”, 12X, (1FE1Z. S), /,* 20 11X, “317,
&/4 ' <. “TIME CONSTANTS AND DELAY TIMES : '
EAFELZ.S), /) 7 ST
“TAU - TAU”,” 3X, &(1FE1Z S),
<, 10X, “TAU < TAU’, 3X, 6(1FE1Z. 5), -
“TAUY, 9%, 1{1FE12.5), '

-

&GCIPELZ. 5), /0 7 7,

VISR o
11X, ‘2.9, 27, 28, 527,
/e 7t 11X,
‘X7, 1SX,. S(IFE1Z S)..

7, (1PE1Z.5),
» (1FE11. 3),
7, .33A4 )

X3V, FX,

X,

“XCa48)7, BX,

yZam)

CALCULATE ALGEBRAIC GUANTITIES

X(6) = (¢ A#K(S)/TAL(S)) * EXF (-T/TAU(S))

X{S0)
X(76) K(Z) % Xi{4)
X(5) = X(76) + X{77) + X{(78) ..
X(7) = X(5) + X&)

**** RATE AND MAGNITUDE" LIMITEF\C

. FPREV11 =.X(11)
X(11y = k(?)
CNGMAX = K(7) #* K(8) # DT /

C A%E(ZO) /TAUCLIS) ) EXP(—T/TAU(I 3))

FOR X(11)

4.0

IF.- ¢(X(11) . GT. (FPREV11 + CNGMAX ) ) X(11)

:1F~(X(11) L,LT. (FREV11 — CNG

IF (X(11)- .LT. 0.0) X(11) =

TIF {X(11) . GT. K(S)) X(11) =

X(12). = X(11) = -X(13) Lo
X(14) = X(1Z)/X(13 ‘

X(79) =. K(9). # X(14)

X(15) = X(79) — X(£0)

X(16) = K(12) % X(2ZE)

X(17) = X(15) + X{16)

X(18) = X(17) # X(1%) .

X¢20) = X(18) + x<19)‘

X(38) = K(1S5) #* X(32)

MAX) )
0.0
K(8)

X(11)

FREV11 -+ CNGMAX

FREVI1 ~ CNGMAX

LI

AN

L




)
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X(36) = K(1&) ® X(33)

X€35) = K(17) # X(34)

X(37) = X(3S5) + X(3&)

X(3Z9) = X(37) + X(3&)

X(40) = K(18) # X(3%) . : : ) . R
X(41) = (1. 0-K(18)) # X(39) . : ’ : REE o " I |
X(Z9) = K(13) % X(2Z8) . e  l
X(81) = K(10) # X(14) o . ) : . - )
X(30) = X(81) + X(E2)

X{31) = X(Z9) — X(30)

X(48) = X(31) # X(47)

X(82) = K(Z1) # X(4%8) - . C Co ; L 1
X(49) = X(83) + X(84) + x<as)' . : " - I - N &
X(S51) = X(50) ~ X(49) : S ' e S

###4# RATE AND "MAGNI TUDE LINITERc FOR X(53)
L FREU = X(53) :

i ‘xt C= X(51) R ) S Crenl 1
CNGMAX = K(28) # V(zs> *,nm,zv4.o : - R T |
- IF (x{53 (FREVSZ + CNGMAX)) X(S3) = FREVS3 + CNGMAX ) I |

IF (X(S53)-.LT. (FREVS’ rNGMAX)) X(SJ) FREVSS - CNGMAX'
IF (X¢53) = LT. 0.0) X(53)-=°0.0 ‘
IF {X(53)"/GT. K(25)) X{(53) = K(25)
CALL DELAY (DLINEL, NTD1, X(S4), X{55), 1)
X(73) = X(72Z) + TI(T) + 200 :

- Z = X(73) -TREF . . - . . Lo Lo .
Z=0 ‘ . - ) . i
X(4Z) = -470. 53184 + . S0451901 # X(73) + . OSZ56Z44 # X(55) . - -

% —(9.:4=0=Q=E—d) # (X(73) #% 2Z) '+ 1. 120%Z7E-4 # X(S5) % X(73)

%+ (1,8762Z662E-5) # (X(S55) #% 2) L ‘ :
X(S7) = —3. 4977822 +. . OE7YSBO17-# X(73) = . 048ZLZ17E # X(55) L . |

% + 3. 13Z00ZE-S # (X{73)##2Z) + 1. 25416’”E 4 # X(S55) #- x<7°) : Co |

%~ (1, ZZAB19ZE-5) # (X(55) ## Z)

X(58) = X(55) + 3. 4359E-4 # X(S55).# (X(73). —300) — 1. 0099748 +

% X(4Z) — 1,005 # X{57) - 5. 3811701E~2 # X(535) -
X(5&) = . 005 # X(57) ‘
¥(75) = 2. 9YEETZIE-Z X(Js) : )

CALL DELAY (DLINEZ, NTDZ, X(58), X{(59), 2)

X(70) = KR(3Z1) # X(55)

X(61) = X¢(70)

X(&62Z) = Z # X(&1) . -

X(60) =.(1.0 — K(Z7)) # X(59) — X(6Z) . T

TX(&E) = (270.5 + 0. 029 # (X(55) - 3500)) ¥ . O00I6ZSF # X(55)

X(&9) = X(60) .+ X(&8) B

X{71) = X(&%). / X(70)

X(&3) = K(27) # X(S5%) °

SX(64) = KUZE), ¥ X{(63) S

X(&5) = (11 0. - H(ZB)) # X{63) -

X(&6) = X{&5) + EL(T)

TXUGTY = X{LL)TH X(EZ) + Xi75) L. . |
CX(Z1) = X(67) +.X(78) , o o . o
X(2Z2) = K(30) # X{(Z1) S . Lo o
X(2Z3) = (1.0 — K(30)) # X(21) ' o ’ .
X(28) = X(2Z3) — X(2S).

X(26) = X(Z4) / X(ZS)

X(42) = X(41) + X(4Z) : o .
X(44) = K(19) # X(4Z) - : : N
X(45) = : T : : . : S

(1.0 - K(1%)) # X(43)
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X(Z) = X(45) = X(46)
X(3) = X(1) = X(2)
X(4) = K(1) # X(3)

‘CALCULATE DERIVATIVES

#### AFFROXIMATE DX4 BY NUMERICAL DIFFERENTIATION
DX4 = (X(4) — FREV4) ®* 4.0 / DT
FREV4 = X(4)

(X(7) — X{(8)) / TAU (4)

(K(6)Y # X(8) — X(9)) / TAU(S)
(K(14) * X(2&) = X(2Z7)) / TAUL(S)
(X(2Z7) — X(28)) 7/ TAU(E)

(X(Z0) — X(32)) 7/ TAU(10)

DX&3 (X(32) - X(32)) 7 TAU (11) .

DX34 (X(3ZT) ~ X{(34))./ TAU(1Z) |

#%#% AFFROXIMATE DX48 BY NUMERICAL DIFFERENTIATIUN
DX4S = (X(42) - FREV4S) # 4.0 '/ DT
FREVA4E = X(48)

KK(26) # X(53) - X{(58)) /. TAUC1S)
(X(71) — X(72)) /. TAU(1S)

(X(57) - X(74)) / TAU(1°)

KOS, # X(4)

(K(4) & DX4 - X(78)) / TAU(Z) ]
(K(%) # X(14) — X(80)) / TAU(L)

TCHOL1) ¥ X(14) - x<s7)) 4 TAU(?)
K(ZZ) # X(48) :

e (23) % Dx4g - x<aJ)) s TAU(14)

oxe
DX®
DXz7
DX2zg
DX32

oxss
DX72
DX74
DX77
oxX7s
"DXEO,
DX=2
T DXE4
DX=5

mannw.uwn

00NO0o .

. CHECH'TU SEE IF READY TO FRINT VALUES ( NFR = 1°) AND IF
CALCLILATIONS ARE DONE ( NF =1 ).' UNIT 108 = LINE FRINTER.
UNIT 109 = DISK OR OTHER UECONDARY STURAGE TO HOLD DATA FOR
PUSSIBQE'LATER USE

CALL FRTFIN ( 0.1, 400.0, NF, NPR')

IF ¢ NFR ) 21, 22, 21 | oo

WRITE (10%,32Z) " T, X(2Z), X(3), X(7), X(41), X(42), X(48),
% X(S51), X(SS5), X(73) . : .

WRITE (109, 32) T, X(14), X(Z0O), X<(Z1), X(31), X(58), X(60), X(&7).
% X(11), X(53) : ) : B
X(5) & X(4%) WHEN X(&) AND X¢S0) .NE. O ; X(11), X(52) OTHERWISE

FORMAT ¢ “ *, 1(1FEL1.3), %¥(1FE1Z. S)) ‘ o

KNT = KNT +°1 .

IF (KNT. NE. 10) GO TO 34

KNT = 0 ’ o - - :
WRITE (108, 32) T, XC¢Z), X(3), X(7),-X(41), X(42), X(48), X(S51),
% X(S5), X(14) ‘ : .

IF ( NF ) S0, Zz, 50

A
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INTEGRATE . THE STATE VARIABLES

a0

22 cALL INTL ¢( T, DT, 4 ) - ‘ ' ' . . ' B -
CALL INT (X(&), DX&) ‘ . B -

CALL INT- (X(9), DX%)

CALL INT (X¢27), .DXZ7)

CALL INT (X(28), DXz&)

CALL INT (X(3Z), DX32) . ; o : )

CALL INT (X{(33), DX33) . < L o

CALL INT (X(34), DXZ4) - : . -

CALL INT (X(354), DXS4)

CALL. INT (X(72), DX72)°

CALL INT (X(74), DX74)

CALL- INT (X(77), DX77) o . SR o . S ]

CALL. INT (X(72), DX7€) : ) . ‘ ’ . L ¥

CALL INT ¢X(80), DXE80) . co SR : S ]

CALL. INT (X(82), DXE2)

CALL INT (X<{g4), DX&4)

CALL INT (X(£3), DXE5)

GO TO 20.

1 STOF :

oooom -

ERROR MESSAGE FOR TOO LONG A-dELAY.Z : o S

WRITE ¢ 108,33 )

FORMAT . < 7, <##% TOD LONG A TIME DELAY- DESIRED FOR GIVEN ARRAY
1 " - 7SIZE.  FROGRAM TERMINATED. " )

STOF : : : Co S
CEND - - ‘ . o : ’ S - " IR |
FUNCTION Ti(T) ~ : o ST

WK
W -0

FUNCTION SUBROUTINE TO GENERATE THE TEMPERATURE RIPPLE
FUNCTION FOR THE MHD/STEAM CYCLE, MODEL IIL.

oo0o0no0q

-PERD = 50.0

TIME = T + 25 . ’

T1.= 10 - ((TIHE/FERU - INT(TIME/PERD))) # 20
T1 =0

RETURN

END :

FUNCTION E14T)

FUNCTJON UEROUTINE TO DENERATE THE PUNER RIFPLE FUNCTIDN'”
FOR THE MHD/CTEAM CYCLE, MODEL 111,

0O00BO

FERD = 50. 0 :
TIME =T # 25.0 . N R oL ‘ .‘
El = =12 7% + (TIME/FERD - INT (TIME/FERD)) # 25. 452 R ' e
RETURN_
END
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