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Abstract:
Three dynamic computer models of an overall magnetohydro-dynamic/steam electrical power
generating plant are developed. Time domain solutions to the three sets of system equations are given.

The three models are generated in an increasing order of complexity. 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/Channel/Diffuser developed from polynomial approximations 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 channel 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 air preheat temperature controller is given. 
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ABSTRACT

Three dynamic computer models of an overall magnetohydro- 
dynamic/steam electrical power generating plant are developed. Time 
domain solutions to the three sets of system equations are given.
The three models are generated in an increasing order of complexity. 
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/Channel/Diffuser developed from polynomial 
approximations 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 channel 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 air preheat temperature controller is given.



Chapter I 

INTRODUCTION

I.I Problem Background

Magne to hydrodynamic (MHD) research and development is currently 

in progress on an international basis. The major objective of this 

work is to produce electric power reliably and economically. The MHD 

effort in the United States has the stated goal of a commercial demon­

stration power plant being operational by the late 1980's. Electric 

power companies have indicated that a realistic demonstration facility 

should have at least 500 megawatts '(MW) of electrical output power.

A coal-fired, direct open-cycle MHD/steam combined cycle ap­

pears to be a likely plant configuration. The block diagram of such . 

a plant is shown in Figure 1.1 [69]. The system of Figure 1.1 oper­

ates as follows: Coal is burned in a combustor in the presence of

highly preheated air at approximately 7 atmospheres pressure. The 

combustion products are seeded with a relatively easily ionized mater­

ial such as potassium. This substantially increases the conductivity 

of the combustion products. The output of the combustor, an ionized 

gas, is passed through an MHD generator at approximately the speed of 

sound. An elementary MHD generator is shown in Figure 1.2 [141]. A 

strong magnetic field (B) is produced which is perpendicular to the 

velocity (u) of the ionized gas. Two walls of the generator duct per­

pendicular to the magnetic field are non-conducting. The remaining
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M l K  F V M _____

I__ I

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
2charge is represented by current density J (amperes/m ). 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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y

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/meter )
2B = magnetic flux density (weber/meter )

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:

= Ou x B - OE = 0 (uB - E)I (1.1)
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K = loading parameter = E/uB (1.2)

Therefore

j = (I-K) i.cruB ■ (1.3)

The power Pq delivered to an external load per unit volume of the gen­

erator is

P — jE = K(1 - K) CTu2B^ (watt/meter3). (1.4)

Since E = uB - j/0

Pq = juB - j2a (watt/meter3) (1.5)

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

is given by

2 ■' 3F = jB = (I - K) auB (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 difference is approximated by

2Ap = FL = Cl - K) CfuB L . . . (1.7)

where L = length of generator flow.
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Pp = rate that gas does work pushing itself through the magnetic 

field. It is given by '

Pp = Fu = (I - K) Ou2B2 (watt/meter3) . (1.8)

Electrical efficiency is

electrical efficiency P /P o p K - E/uB (1.9)

It is evident from Equation I* 4 that gas conductivity, gas ve­

locity, and magnetic flux density are important parameters concerning 

electrical generation and should be large to obtain a high power den­

sity in the MHD channel. ..

Current MHD power output capabilities are far below those re­

quired for commercial base load applications. The most powerful MHD 

generator in the world is still the Avco Corporation Mark V, built 

more than one decade ago. It produced 32 MW of electrical power for
I

one minute. The Russian U-25 MHD facility has, as its best perfor­

mances, a 20 MW output for 30 minutes, and a 2 MW output for 100 

hours. Considering long-duration tests in the United States, the 

Avco Corporation Mark VI MHD generator recently completed a 100 hour 

unattended test run with 250 kilowatt (KW) electrical power output.
3Channel power density was 30 MW/m ; a value greater than expected in

a commercial scale plant.
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Why is there interest in MHD energy conversion? A major reason 

is 45% to 60% thermal efficiency expected for an MHD/steam combined 

cycle, as seen in Figure 1.4 [69]. This compares very favorably with 

40% maximum thermal efficiency for a conventional steam turbo­

generator system and approximately 30% thermal efficiency for a 

nuclear/steam turbo-generator system. Another reason for the interest 

in MHD is that the combined cycle is expected to produce less wastes 

than conventional steam or nuclear/steam plants of comparable size.

For example, cooling water requirements for an MHD/steam combined cycle 

are expected to be 40% of the. requirements for a conventional steam 

cycle and 25% of the requirements for a nuclear/steam system. Removal 

of sulfur from the combustion products is expected to be far more ef­

ficient than existing techniques [21]. This.is accomplished by forma­

tion of potassium sulfate by reaction of potassium seed with sulfur 

and oxygen. The potassium sulfate is then removed in a seed condenser.

Still another reason for interest in MHD is nitrogen fixation.

At the high combustion temperatures required by MHD (2500°K to 2800°K), 

large amounts of nitrogen oxides, called NO compounds, may be formed. 

These compounds are basic to nitrogen fertilizer production,, and it has 

been speculated that MHD power plants might actually be fertilizer 

plants that produce electricity as a by-product. In the event that 

NO fixation is not feasible, it is possible to achieve considerably

lower NO emissions with a two-stage MHD combustor than with .x . . .
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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
gshown to produce as little as 0.052 Kg per 10 joules input or 17% of

the EPA regulations on new coal-fired plants [21].
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In order that a complex system such as an MHD/steam combined- 

cycle power plant can operate reliably and efficiently, it is essen­

tial that systems analysis be performed on the entire set of system 

components and that control system analysis be carried out concur­

rently. Systems analysis provides analytical models of the various 

system components which may, in turn, be used in formulating suitable 

control algorithms for the dynamic characteristics of the plant. Sys­

tems analysis is the most efficient means known to optimize plant de­

sign, identify technological problems, and predict system performance. 

Systems analysis also aids in giving direction for future technical 

development.

In view of the above, the research described in this report was 

supported by the National Science Foundation and by the Montana Ener­

gy and MHD Research and Development Institute under Task H III, Cycle 

Analysis and Control, of contract No.. E (49-18) - 1811 with the Energy 

Research and Development Administration.

1.2 Research Objectives

The objectives of the research presented in this report are:

(I) to develop dynamic computer models of a large-scale MHD/steam 

electrical power generating system; and (2) to utilize these models in 

control system development which will Ca) assess the feedback



information needed to control a large combined-cycle facility in an 

acceptable manner, and (b) determine the type of control required 

[113].

To achieve the stated objectives, it was necessary to perform 

a digital computer simulation on a nominal 4000 MW (thermal) MHD/steam 

combined-cycle power plant. The simulation involved the interconnec­

tion of models of the individual system components to form a computer 

model of the entire plant. Many different control configurations were 

used, ranging from proportional-integral control of the firing system, 

utilizing power generation error as the input, to various combinations 

of proportional-integral-derivative and feedforward controllers. These 

controllers affect not only firing rate in the combustor, but gener­

ation rate as well, via the steam turbine valves. The effect of pre­

heated air temperature control was also investigated.

The reason that a digital computer simulation was required in 

meeting the research objectives is that the alternative would have 

been to construct a demonstration power plant which was. clearly impos­

sible because of capital cost and time limitations. The research con­

tract duration was 15 months, ending July 31> 1976, and money is only 

now becoming available for the construction of a 20 MW pilot plant in. 

Butte, Montana. The construction and operation of a commercial scale . 

MHD/steam combined-cycle power plant is not likely to occur until the

10

late 1980's.
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1.3 Scope of This Work

The scope of the work described in this paper consists of 

the development of three system models in Chapters III, IV, and V. 

Computer simulation results are presented for all three models.

Many different controller, parameter, values are represented in the 

simulations.

The three system models are developed in an ever-increasing 

order of complexity. This is done so that the initial model may be , 

relatively easily understood and serve as a comparison for the next 

model which contains more detail. Model I is evolved from an ideal­

ized heat balance including the effect of the MHD generator enthalpy 

extraction, regenerative air preheaters, air compressor, steam (bot­

toming) plant, and stack and auxiliary losses. Proportional-integral 

control is used. Model II retains many of the model I features and 

includes a more detailed air preheater models The system response to 

effects of air preheater cycling is of major interest. An air preheat 

temperature control loop is.added. Model III, described in Chapter V, 

has much more detailed characterization of the steam plant (including 

the turbines), the Combustor/Nozzle/Channel/Diffuser, and the controls 

than do previous models.

As mentioned in Section 1.1, modeling and simulation of sys­

tems is tremendously useful in optimizing complex plant design.



determining regions of acceptable dynamic behavior,, developing appro­

priate controls, and identifying and predicting technological problems.

Important results to be obtained are: (I) dynamic computer

models of the overall MHD/steam system; (2) computer simulations which 

solve the system equations to give the time domain response of system 

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

12



Chapter II 

LITERATURE REVIEW

2.1 Introduction

This chapter describes literature pertaining to MHD/steam 

combined-cycle systems analysis and control. The literature descrip­

tion is subdivided into the following 7 categories.

1. Overall MHD/steam system description and systems analysis

2. MHD generators and Conibustor/Nozzle/Channel/Diffuser model-

3. Steam.plant modeling

4. Heat exchangers

5. Power plant control

6. General control references

7. 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] published by the U.S. Energy Research 

and Development Administration.

2.2 Overall MHD/Steam System Description and Systems Analysis

Several studies have been conducted on 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/steam combined-cycle systems are not, to. the author's knowledge 

available in the literature.

Tsu, Young, and Way [137] performed optimization studies of a 

complete MHD/steam system in 1966. The goal was to.determine a design 

for the most efficient plant and one for the least cost. Time vari­

ations were not considered.

Rosa [121] gives a review of fundamental principles and engi­

neering considerations of MHD energy conversion system components. 

Several applications for MHD energy conversion are suggested including 

commercial power generation and aerospace use.

Womack and Heywood [141] describe, in general terms, an MHD 

duct. In addition, schematics for direct and separately fired open 

cycles, a closed cycle, and a liquid metal cycle are given. An ideal- 

ized heat balance diagram for a fossil-fired open cycle is developed, 

and an equation for combined plant efficiency as a function of MHD 

enthalpy extraction efficiency is obtained from the diagram.

Harrowell, Heywood, 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



low-grade heat absorption, is studied. No time variations are con­
sidered.

Hals and Jackson [57] give the results of studies on how.pre­

heat air temperature and magnetic field strength affect MHD/steam 

combined-cycle efficiency. Hall parameter, Hall field, and steam
plant heat absorption considerations are discussed. NO and sulfur

Xremoval is briefly considered.

. Oliver and Byer [105] give physical and economic, models of an . 

open-cycle, coal-fired, MHD/steam combined cycle. Components con­

sidered are.the combustor, MHD generator, heat exchangers (air pre­

heater) , seed recovery and gas cleaning systems, steam generating 

plant, and auxiliaries. Time variations are not considered. Physical, 

chemical, and economic equations used in describing system components 

are given. A brief discussion of computer implementation of the model 

is included.

Bienstock, et al. [21] consider the air-pollution aspects of 

MHD combustor-generators. Sulfur and NO^ emissions are shown to be 

substantially lower with MHD than with conventional systems. Potas­

sium seed is instrumental in sulfur removal, arid two-stage combustion
g ■reduces NO output to as low as 0.052 Kg per 10 joules input.X -.

Bergman, et al. [18] present cycle analyses and cost estimates 

for two 300 MW (thermal), coal-fired, open-cycle MHD/steam pilot plant 

design configurations. Separately fired and directly fired air -
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preheaters are considered. Because the separately■fired system re­

quires clean fuel (low sulfur residual oil), it is considered to be 

the least favorable alternative, given the availability of oil in the 

United States.

Jackson, et al. [69] review previous open-cycle MHD/steam sys­

tem analyses. A base reference design for a 2000 MW (thermal) plant 

is developed with parametric variations. An overall development pro­

gram leading toward commercial MHD power generation is given.

Robles [120] develops a quasi one-dimensional MHD generator 

model, and.dynamic models of a DC/AC inverter, steam plant, and air 

heaters. Open-loop responses of the models are presented.

Pierre and Rudberg in [113] delineate objectives of the Montana 

State University MHD system cycle analysis and control effort. A de­

scription of an input-output model of the Combustor/Nozzle/Channel/ 

Diffuser part of the system is included, as.is a preliminary overall 
system block design.

2.3 MHD Generators and Combustor/Nozzle/Channel/Diffuser Modeling

The three-dimensional MHD duct or generator -is a very complex 

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

dimensional fluid flow equations in the direction of gas flow through 

the channels The combustor, nozzle, and diffuser all affect generator
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performance and must be considered if accurate modeling is to be 

achieved.

Sutton and Sherman . [130] describe fundamentals of charged par­

ticle motion, behavior of plasmas, magnetohydrodynamic flows, and MHD 

applications.

Hughes and Young [64] include work on incompressible viscous 

magnetohydrodynamic flow. . A Thevenin equivalent circuit for an MHD 

channel is derived assuming one-dimensional steady, viscous laminar 

flow. Approximations of fluid equations applicable to MHD are sug­

gested.

Carter and Heywood [26] develop an optimization theory that 

predicts variations of thermodynamic properties (pressure, tempera­

ture, enthalpy), duct shape and electrical loading along an MHD gen­

erator for minimum duct length, surface area, or volume. One­

dimensional fluid flow equations are used.

Baylis, et al. [15] give a very detailed■exposition of MHD duct 

physics. Physical principles are explained with one-dimensional flow 

equations. Equations for gas enthalpy are given. . Performance of an 

MHD generator is predicted with the aid of a compressor power equa­

tion.

El1 kin.and Yantovskii [45] find volt-ampere characteristics of 

an MHD generator with fixed electric field direction and single load.
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Three regions of operation are considered; I) shock-free flow, 2). shock 

in the channel, and 3) shock in the nozzle.

Kazachkov and Shipulin [71] investigate regulation of inverters 

on a segmented electrode Faraday MHD generator. Constant current, 

constant voltage, and constant load coefficients are considered.

Gigauri [53] determines external characteristics of a single- 

load, cross-connected, segmented MHD generator for subsonic flow.

These characteristics are found to be nonlinear.

Oliver [106] presents a theory, of time-dependent MHD channel 

flows. A computational approach is developed and illustrated by 

several generator response curves.

Takano, Hbmma, and Mori [132] discuss design conditions for MHD 

generator ducts applied to pilot plants of approximately 20 MW (elec- 

tribal) output.

Pierre, et al. [114] develop an input-output model of a 

Combustor/No.zzle/Channel/Diffuser. Input variables are fuel thermal 

input power and preheated air temperature. Outputs are enthalpy ex­

traction, thermal power in w^ter heating, and thermal power in combus­

tion gas leaving the diffuser. Polynomial approximations are gener­

ated for the input-output data.
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2.4 Steam Plant Modeling

Steam plant, or boiler-turbine modeling has been approached in 

two distinct ways by workers in this area. One method of analysis is 

large-scale modeling in which the models are very detailed, often non­

linear, and are developed from physical properties such as conserya- ' 

tion of mass, energy, and momentum, inertia effects, and heat transfer 

The resulting models are high order. A second method of analysis is 

the black-box approach. In this case the boiler is modeled as an 

input-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.

Chieri, et al. [30] perform a dynamic analysis of a drum-type, 

marine boiler. Approximations reduce, nonlinear, partial differential 

equations to linear, ordinary time differential forms. The system of 

equations for the boiler is 17th order. Analog computer solutions 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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Kirchmayer [74] includes a block diagram representation of a 

speed governing system, a turbine, and a power system. First-order 

lags model the three systems.

Enns [46] develops several dynamic models for single-pass heat 

exchangers as used in boiler superheaters. .Lumped-parameter: and 

distributed^parameter models are considered.

Nicholson [97] presents a large-scale 5.0th order oil-fired drum 

boiler model which is reduced to a 9th order linear model. Optimal 

and suboptimai digital controllers are developed.

Adams, et al. [1] describe an analog computer simulation of a 

191 MW (electrical) once-through boiler. Mass balance, energy balance, 

and momentum equations are used in the modeling process. Small pertur­

bation techniques solve the system equations. Therefore, dynamic 

studies are limited to small excursions about any given operating 

point. One percent variations are typical.

Fryling [52] includes material on modeling superheaters and con­

trols for drum water level and combustion. Steam flow is used to de­

velop the primary combustion control signal.

Littman and Chen [86] present a linearized mathematical model 

of a coal-fired, twin furnace, supercritical, once-through boiler with 

900 MW (electrical) output. The model is based entirely on physical 

laws and design data. Transient responses are obtained, 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, feedwater, valve position, and alternator field exci­

tation is developed utilizing dynamic programming. . Anderson and 

Qualtrough [2] present a critical review of [99]. They assert that 

the system model used by Nicholson is too crude to use for simulating 

on-line digital control.

Meyer; et al. [94] present numerous properties of water and 

steam in the classic 1967 ASME Steam Tables. These data are invaluable 

if detailed, large scale boiler modeling is done.

Thompson [135] describes a dynamic model of a drum-type boiler. 

The model is linear and suitable for representing plant dynamics about 

some steady-state operating condition. Design of a multivariable con­

troller is discussed, utilizing the boiler model.

Stagg and El-Abiad [128] show a simplified block diagram repre­

sentation of a speed governor control system. The control system is 

described by a dead-band, limiter, and first-order lag in cascade.

The steam system is represented by a first-order lag. Turbine.dynamics 

are neglected.

Laxton and Stevens [83] give steady-state design considerations 

for steam plant equipment associated with an MHD/steam combined cycle. 

The entire feedwater train is considered, including Combustor/Nozzle/
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Channel/Diffuser cooling, feed heaters, superheater and reheater, and 

economizers.

Kwan and Anderson [77] present a model of a 200 MW coal-fired, 

drum-type boiler. It is an extremely detailed analysis consisting of 

109 boiler equations which are reduced to 73 simultaneous equations •

through linearization arid substitutions, various open-loop responses..
■ . ,..-v ■' ■ .are given.

- - ■■■ '

Mizutarii and Kitamii [96] report results of applying adaptive

control techniques to a dr:um-type coal-fired power plant. On-line, 

real-time identification of suitable parameters is used to control . 

drum water level and steam pressure.

Speedy, Bell, and Goodwin [127] give results of a dynamic model­

ing study of a 50 KW drum-type steam generating plant. Least-squares 

analysis is used in which model equation parameters are chosen to 

minimize mean-squared error between measured output variable deriva­

tives and derivatives calculated from model equations. Results are 

given for data runs as long as.2800 seconds.

Berg and Kar. [17] develop mathematical models of bus loads in 

power systems. The models are given in terms of characteristic coef­

ficients which are rates of change in real and reactive power for 

changes in applied voltage and frequency. Loads Considered are resis­

tance elements including filament lamps, discharge 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 drum-type reheat boiler-turbine- 

generator system. First principles (physical laws) are used and de­

tailed assumptions are given. The resulting model uses 14 state vari­

ables to describe the boiler.

Laubli and Fenton [81] present a linear, time-invariant, model 

of a once-through boiler that is a black-box type. Input variables 

are steam generation and turbine valve area. Output variables are 

steam flow to the turbines (proportional to output power), and throttle 

pressure. The effect of generation controller variations on grid sta­

bility is discussed.

Astrom and Eklund [9] give a derivation of a nonlinear model 

for a drum boiler-turbine unit. The model is characterized by five 

parameters. Major control variables are fuel flow and steam flow 

valve setting. The output variables are drum pressure and output 

power. Experimental verification is included.

Astrom [10] published a review paper discussing power system 

modeling based on physical equations and on plant experiments. Param­

eter estimation techniques are emphasized. Applications include an 

electric generator, a nuclear reactor, and a drum boiler.

Caseau, Chaussard, 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), short elements (drums, tanks,
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condensers), and short, complex elements (turbines, furnaces). This 

allows separation of cases in which propagation delay is important 

from cases in which mass and energy storage predominates. Appropriate 

equations are given.

Eklund [43] compares a 160 MW drum boiler-turbine model with. ■ 

experimental results and with linear models obtained by maximum like­

lihood identification. The original model is 9th order.

The IEEE Working Group on Power Plant Response to Load Changes 

[67] gives some modeling information on turbines and boiler pressure 

effects. Power system response to load changes is given for boiler 

following, turbine following, and coordinated boiler-turbine control.

Young [146] published block diagrams of excitation systems, a 

hydraulic turbine, and a steam boiler-turbine system. The boiler- 

turbine model is quite detailed but still remains in the black-box 

category. It is used in a large-scale stability program.

Anderson [5] presents an excellent survey of low-order boiler 

models and different types of boiler-turbine control. Turbine models . 

are also discussed.

An IEEE committee report [65] gives models of speed governing 

systems and turbines for use in system stability studies. Hydro and 

steam turbines are represented. Typical parameters are given.

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

proach gives detailed modeling procedures for tube elements, discusses



25

incompressible single-phase flow and two-phase flow, and describes 

open- and closed-loop response of a 425 MW once-through boiler.

Anderson and Nanakdrn [7] compare three low-order boiler models 

in terms of dynamic response. The three models are also compared with 

a linear two-port network equivalent. It is observed that all three 

models can be described as a linear two-port network. The results' of 

analog simulation are given.

Bailey and Pierce [12] describe coal pulverizer systems in con­

siderable detail. They present a case for making modeling information 

of a transfer function nature available to practicing control engi­

neers rather than state 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 model.

Kundur and Bayne [76] describe studies of early valve actuation
. ■ . ' .

effects on nuclear and fossil-fired power plant stability. A steam 

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

steam piping between the reheater and the intermediate pressure tur­

bine.

McDonald [92] gives guidelines for development of useful mathe­

matical models of complex physical processes. Accuracy and usefulness 

of results are considered to be determined by parallelism between the
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model and the physical process of interest. A boiler-turbine model is 

developed using the guidelines presented.

Nielsen and Berkowitz [102] conclude that a "model and validate" 

approach to describing power plant behavior is more economical and ac­

curate than either exhaustive testing.or purely analytical modeling.

The results of applying this approach to a once-through boiler-turbine 

system is given.

Yahalom [144] presents reasons for simplifications and assump­

tions used in approximating two-phase steam flow.

Paynter [110] discusses process dynamics in boiler modeling. 

Mass, momentum, and energy balances are stressed.

Bloethe and Anderson [22] apply a low-order boiler model to a 

transient stability program. A boiler-following control mode is as­

sumed, utilizing a PID controller. The study concludes that the effect 

of the boiler is to reduce system stability.

Herget and Park [62] describe parameter identification of a 

linear fourth-order boiler model with eight unknown parameters, two 

inputs, and two outputs. Experimental verification is given for time 

periods as long as 1800 seconds.
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2.5 Heat Exchangers

The references listed in this section give information regard­

ing transient response of heat exchangers. .Transfer functions and 

electrical analogs are also considered. .

Ford [50] derives electrical analogs for heat exchangers based 

on idealized equations. Two analogs are developed; one using entirely 

passive electrical components, and one containing amplifiers and feed­

back.

Paynter and Takahasi [109] develop solutions for transient re­

sponse of heat exchangers using exact solutions for frequency response 

:of the exchangers.

Masubuchi [88] obtains transfer functions for one shell pass 

and 2, 3, 4/ , 2n, 2n + I tube pass heat exchangers as distributed

parameter systems. The heat exchange process is found to be governed 

by third-order characteristic equations with complex coefficients.

Thal-Larsen [133] develops models of heat exchangers and gives 

impulse and frequency response plots for them.

Chen and Galle [28] develop differential equations for steam 

generating heat exchangers from distributed parameter considerations.

Thal-Larsen and Luscutoff [134] present a study of fluid tem­

perature transients in an experimental heat exchanger system based on 

analog simulations.
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Watts and Schlenhals [140] discuss optimization of outlet tem­

perature control of a single fluid heat exchanger. Location of a tem­

perature probe (the error signal source) and the value of a propor­

tional gain constant are simultaneously optimized to produce a large 

improvement in system performance.

Schmidt and Clark [122] determine dynamic behavior of parallel 

flow heat exchangers with lumping of the time variable, rather than 

lumping physical parameters. An analog simulation is included.

Chojnowski, Fussey, and Chew [31] design a checker brick regen­

erative heat exchanger for use as an air preheater for an MHD/steam 

combined cycle. A complete system of 12 units, associated valves and 

ductwork is a part of the design. A suggested liquid slag regenerator 

is discussed.

Womack [142] presents an excellent introductory overview of the 

air heater problem as applied to MHD particularly. The feasibility of 

various types of air heaters is discussed, and a possible cycling mode 

is presented.

2.6 Power Plant Control----------------------------------------- - . ■ V

A considerable amount of work has been done on conventional 

plant control, ranging from classical linear proportional-integral- 

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 

nuclear reactor and nuclear power plant control.

Scutt [126] describes work done on control of once-through 

boiler units. Conventional, or boiler-following control is mentioned 

as well as a direct energy-balance approach, also called turbine- 

following control. These methods of control are combined to give an 

integrated control of both the firing system and the turbine governor.

Concordia [33] shows the effect of steam turbine reheat on fre­

quency stability and response of an electric power system. In general 

reheat tends to decrease the damping of the frequency variations of 

the system as a whole, and increase maximum frequency deviation pro­

duced by an abrupt load change. Analog computer simulations are given

Nicholson [98]. describes a time-varying mathematical model of 

ah oil-fired boiler. Parameter and state estimation, is used with 

adaptive digital control. ■

Concordia, et al. [34] gives general information on hydro and 

steam generation equipment response associated with load changes in 

isolated and interconnected systems. A description of coordinated 

boiler-turbine control is included.

Nicholson [100] uses a linearized 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 mass and 

heat balance, heat transfer and momentum considerations.



r

30 "  ' .

An IEEE.committee report [66] is the result of a survey on 

power plant response. System load characteristics and plant operating 

practices are given. Prime mover characteristics are discussed in 

terms of allowable response rates.

Kenny [7] describes the differences, between drum-type and once- 

;through boilers and what the.differences imply in terms of plant con­

trols. Cycle.diagrams are. given for once-through boilers produced by- 

four major boiler manufacturers. Several different levels of detail 

are presented in descriptions of commercially available once-through 

boiler controls. .

Nicholson [101] gives the definition of a state vector associ­

ated with a matrix differential equation containing input derivatives. 

Optimal, control of the system defined by the matrix equation is de­

veloped.

Girds and Birnbaum [54] show the application of a digital con­

troller to a large steam turbine-generator. A functional block diagram

of the turbine-generator unit is included.. ■" ;■ ■ V- ' - v . .. . - ■■
Lee, Adams, and Gaines [84] illustrate techniques for developing 

physical models. Characteristics of physical processes are given. 

Linear and multiple regression models (least-squares curve fitting) 

are derived.

Anderson . [3] compares alternative control methods for a dynamic 

model.of a drum boiler. . The control methods considered are
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conventional analog PI controllers, digital computer simulation of the 

analog controllers, and on-line direct digital control.

Brown, et al. [23] present results of studies of the effect of 

several parameters on transient stability of power systems. The param­

eters considered are switching time, machine inertia, transmission re­

actances before and after a fault, excitation system response, and 

early valving. Early valving is believed to aid system first-swing 

transient stability.

Durrant [42] reports on a number of tests conducted on once- 

'through boilers forced to operate under simulated emergency conditions. 

The emergency conditions include rapid load changes over the entire 

load range, system frequency upsets, and total external load rejection.

Davis [38] gives block diagrams of a hybrid digital-analog power 

plant control system. The system controls a once-through boiler, a 

turbine-generator, and auxiliary equipment. Very little detail is in­

cluded.

Fenton and Pigford [47] summarize the main features of a coordi­

nated control system and give the results of power plant response 

tests.

Concordia 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 [143] describe testing three once-through 

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.

Louis [87] illustrates, in functional block form, some of the 

controls for a once-through boiler. Overall control is not considered.

Hastings and Louis [59] show a functional block diagram of a 

control system for a high-temperature gas-cooled reactor. System dis­

turbance test results are given.

Pinnello and Van Ness [1] give the dynamic response of a large 

power system to the cyclic load of a 200 BEV nuclear acceleration, in­

cluded is a block diagram of a generator with its voltage regulator 

and governor.

Bailey [14] reports on the response to a survey of 100 public 

utilities concerning their control practices.

deMello, Mills, and B'Rells [40] outline methods and philosophy 

of modeling power system components for simulation studies. A boiler 

model is shown and digital control techniques are described.

Babcock and Wilcox Co. [11] give a functional block diagram de­

scription of overall controls for a once-through fossil-fired boiler 

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 temperature operation is desired. The optimal system is com­

pared with actual PID control equipment.

Yoshie [145] describes variable pressure control systems for a . 

drum boiler and a once-through boiler optimized by computer.

Quazza and Ferrari [118] discuss typical responses of hydro and 

steam electric power generating plants with various control modes. A 

block diagram of a power control loop, is given.

Anderson [4] compiled an annotated bibliography on power plant 

control and energy source system modeling.: The publication period 

covered by the bibliography is from 1957 through 1971.

Cushing, et al. [37] observe that power system stability prob­

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

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

disturbance (within 0.1 to 0.2 seconds) and reopened within approxi­

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 include block diagrams, of such systems.

Kwatny, et al. [79] give a design of load-following power plant 

control systems based on optimal linear regulators. Simulation studies 

are described.

Giras and Papas [55] present the features of Westinghouse power 

plant simulation facilities. These facilities are used to verify
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control systems at the place of manufacture 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 classical control theory, expresses the dy­

namics of a steam generator by a cascade of two first-order lags, and 

discusses modern control theory as applied to power plants. State var­

iables, optimal solutions, and effects of noise and nbnlinearities 

are considered.

Buntzel [24] gives scaling and calibrating procedures for analog 

boiler controls based on design specifications and operating data.

Giras and Berman [56] describe the Westinghouse PACE (Power At 

Combined Efficiency) combined-cycle power plant control system. Two 

gas turbine-generator units are used in conjunction with a steam bot­

toming plant. The control system is hybrid, with two digital compu­

ters for data acquisition and display, and real-time digital control. 

Actual plant operation is carried out by analog controllers.

Nikravesh and Hoft [103] present a Lyapunov stability analysis ■ 

of a single-phase bridge inverter system. The system includes closed- 

loop control. A digital computer simulation of the system is given.

Hayes and Crawford [60] give results of start-ups with a third- 

generation coordinated boiler-turbine control system applied to two
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600 MW once-through boilers. Two basic concepts employed are: (I)

apply generation control directly to the turbine to obtain best re­

sponse to load requirements and (2) normally coordinate boiler with 

turbine but coordinate turbine with boiler 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 computer 

to gather data for dynamic analysis of a 700 MW coal-fired once- 

through boiler-turbine-generator. The results of many of the tests 

are given.

Fink [49] discusses how a.successful power plant modeling pro­

gram was evolved at the Philadelphia Electric Company. Modeling phi­

losophy is given. Modeling efforts with respect to the Philadelphia 

Electric Company's Cromby. station dynamic characteristics 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 op­

erational problems before they occur.

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

a 380 MW, sub-critical once-through boiler. Eight state variables are
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used in the boiler model, which has been validated for steady-state 

plant performance.

Kerlin [73] describes dynamic testing and model verification 

for nuclear reactors. System transient and frequency responses are 

shown.

Fenton [48] gives information about low-order boiler models 

using boiler load demand and turbine control valve, area as inputs and 

high-pressure steam flow and throttle pressure as outputs. Experi­

mental verification is included.

El-Abiad and Keyhani [44] discuss optimal dynamic generation 

control of fossil-fired generating plants. Variable pressure oper­

ation is utilized. Forecasting of system load demand is achieved by 

stochastic load modeling.

Bailey [13] presents details on the properties of coal pulver­

izers.

Kwatny [80] considers the application of optimal regulator 

techniques to power plant control system design.

2.7 General Control References

The books listed in this section are representative of some of 

the excellent references available in the subject area of automatic ■

control.
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Lindorff [85] has devoted a text to sampled-data control theory. 

Topics include difference equations, the z-transform method, pulse sys­

tem stability tests, the pulse model applied to sampled-data systems, 

compensation methods, statistical design, state variables applied to 

sampled-data systems, Lyapunov's stability theorems, and nonlinear . 

sampled-data system design techniques.

Schultz and Melsa [123] discuss state variable representation of 

systems, the state function of Lagrange, linear system time response, 

stability concepts including the second method of Lyapunov, optimal 

control concepts, and linear system synthesis.

Hsu and Meyer [63], in a book bn modern control theory, intro­

duce the state-space approach to system analysis and the state plane. 

System stability topics include local and.equivalent linearization, 

Lyapunov stability, limit cycles, describing functions, analysis of 

relay control systems, the second method of Lyapunov, frequency domain 

stability criteria, the Popov criterion, and stability concepts for 

systems with inputs. A section on optimal control contains time opti­

mal control, the calculus of variations, the Maximum Principle of 

Pontryagin, and dynamic programming.

Raven [119] presents a hardware oriented text on control systems 

with considerable, material on.classical time and frequency domain anal­

ysis techniques.
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Pierre [112] has included the following topics in a 'book on op­

timization theory. introduction to optimization, classical theory of 

minima and maxima, classical calculus of variations, frequency domain 

optimization, linear programming, search techniques and nonlinear pro­

gramming, dynamic programming,and a maximum principle.

Ogata [104] gives a background in mathematical tools, transient, 

response and frequency domain analysis, compensation techniques, 

sampled-data systems, state-space analysis, Lyapunov stability analy­

sis, and an introduction to optimal and adaptive control.

Takahashi, Rabins, and Auslander [131] have published a book on. 

automatic controls and dynamic systems. The text is written to cover 

both modern and classical control concepts and is subdivided into four 

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

representations, response, and stability of lumped-parameter systems, 

(2) formulation of dynamic systems, which includes mathematical system 

modeling, bilaterally coupled systems, and distributed-parameter 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 sys

terns.
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2.8 Numerical-Methods/Mathematical Methods

The references described in this section deal with computer 

methods and mathematical methods applied to systems analysis.

Davison [39] advances a method of reducing the number of equa­

tions required to describe a physical system. The system matrix is . 

approximated by one of -lower order containing the same dominant eigen­

values and eigenvectors as the original.

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

in a book on numerical methods: interpolation and approximation,

numerical integration, solution of equations, matrices, systems of 

equations, approximation of the solution of ordinary arid partial differ 

ential equations, and statistical methods. Numerous computer examples 

are included.

Chidambara [29] proposes techniques for reducing the order of 

system models and measuring the accuracy of the resulting approximation 

Bekey [16] presents a survey paper on.system identification. 

Techniques discussed and compared include spectral analysis, search and 

gradient methods, quasi-linearization, 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, modeling,

and process control.
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Peterson and Schweppe [111] give details of a computer program 

(publicly available) called GPSIE or General Purpose System Identifier 

and Evaluator. The program searches for maximum-likelihood estimates 

of unknown model parameters, and tests for consistency between the model 

and given data.

Crevier and Schweppe [36] show a method of simulating power sys­
tem frequency transients. Differential equations used to describe a 

frequency transient are solved in the Laplace domain. The method may 

be used to determine solution sensitivity to model changes, thereby 

enabling model reduction.

Schweppe [125] discusses fitting nonlinear dynamic models to 

data. Included are state estimation and system identification con­

cepts. System identification is applied to the simulation of a 1000 MW 

pressurized-water-reactor power plant.

Undrill and Laskowski [138] describe an interactive digital 

simulation facility which combines the rapid turnaround time advantage 

of an analog computer with the flexibility of a digital machine. Ap­

plications are given In the areas of automatic generation control..



Chapter III

SYSTEM MODEL I

3.I Basis for Model I

System model I represents initial efforts in dynamic studies of 

a large-scale magnetohydrodynamic (MHD)/steam combined-eyeIe 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 [141]. 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 3.1. The source of the diagram 

is Figure 1.9 of [141].

Compressor

Heat recovery
generator

Stock

Net MHD 1 
pow er 0-97 i), Net steam plant output 

0  4(1 0 9 -  i) i -0-1) -  0 105

dc/oc

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 power. They are normalized 

to 1000 MW heat input of the fuel.

2) Combustion air is preheated to ,1473.15°K.

3) Heat losses from the combustor and MHD channel are recovered at a 

steam plant efficiency of 40%.

4) The combustion gases exhaust at 393.15°K with a stack.loss of 0.1 

of the fuel heat-input.

5) Inverter efficiency is 97%.

6) Compressor power for 7 atmospheres is 0.09 heat input of the fuel.

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 r)̂  is defined as:

_ MHD electrical output power .
u fuel, thermal input power

Note that MHD generator efficiency is referenced to fuel thermal input 

power and not to the actual thermal input power. Actual power enter­

ing the channel includes power supplied by the combustion air compres­

sor and air preheaters in addition to the fuel thermal input power.

9) Overall plant combined efficiency H q is defined by:

_ net electrical output power 
nO fuel thermal input power (3.2)
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0.97 D1 + 0.4(1.09 - O 1 - 0.1) - 0.105 

1.0 (fuel thermal input power)

0.57 O1 + 0.291 (3.3)

Combined plant efficiency, OqI is plotted against MHD generator 

efficiency O1 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.

Tj1-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

I Kg of fuel is:
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Wt 5̂ I V*
Wt!' fuel = 11^53c + 34.34CH2 - O^/S) + 4.29S (3.4)

where C, H37 O3, and S are the fractions by weight of carbon, hydrogen, 
oxygen, and sulfur. The factor Og/S corrects for the hydrogen already 

combined with oxygen in the fuel, but not as oxygen in moisture. Based 

on a representative analysis of Colstrip coal, 11.8 Kg of air is re­

quired per Kg of fuel used. This allows for 19.6% excess air, a repre­

sentative value when pulverized coal is burned.

Assuming 9000 Btu/lb coal as fuel, the following observations 

may be made:

3.412 Btu/hr ='I watt 

1.194 x IO5 * * * * 10 Btu/hr = 3500 MW

For 3500 MW fuel thermal input power, 1.327 x 10^ of 9000 Btu/lb.coal .
7 .and I.565 x 10 lbs/hr of air are required. This corresponds to 664

5 6tons/hr or 6.02.x 10 Kg/hr of coal and 7825 tons/hr or 7.10 x 10 ■

Kg/hr of air. . ,

Returning to Figure 3.1, if fuel thermal input power is 3500 MW 

and MHD generator efficiency is set equal to 0.3 to give 46% cycle

efficiency, the following steady-state values result:

MHD electrical power output = 0.3(3500 MW) = 1050 MW 

Inverter output = 0.97(1050 MW) = 1018.5 MW where 97% inverter.

efficiency is assumed.



Power from preheated airflow =0.35(3500 MW) = 1225 MW

Power out of combustor = 3500 MW + 1225 MW = 4725 MW

Power for air compressor = 0.09(3500 MW) = 315 MW

Power to preheat air = 0.26(3500 MW) = 910 MW

Steam plant output = 0.4(0.99 - 0.3) (3500 MW) = 966 MW

Stack losses = 350 MW

Auxiliary power losses = 367.5 MW

Net output power = 1018.5 + 966 - 367.5 = 1617.0 MW

Combined plant efficiency = H =  1617/3500 = 46.2%. This value of n0 0
is predicted by Equation (3.3) if Yl = 0.3.

I. : . /
3.3 Model I Block Diagram

The block diagram of System Model I is shown in Figure 3.3. Ac 

tual plant output power is compared with desired output MW(REF). The 

difference is the input to the controller. Proportional-plus-integral 

control is used. The controller output operates the fuel supply sys­

tem, characterized by 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 value of 4040 MW. MHD channel input power is 

the sum of fuel thermal input power and power in the. preheated combus­

tion air. The MHD channel is described by a negligible time constant: ■ '
compared with the rest of the system time constants and by enthalpy ex 

traction which accounts for electrical output power of the channel.

45
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Figure 3.3. Block diagram for model I
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Compressor power is assumed proportional to fuel thermal input power. 

The heat exchangers are assumed to be regenerative, directly fired, 

and cycle every 360 seconds. Power available to reheat the exchangers 

is proportional to the MHD diffuser output. The steam plant is charac­

terized by a cascade of two first-order lags, one having a 62 second' 

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

3.4 Description 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

X1 MW desired plant output; MW reference
xj MW generation error
X3 — proportional control signal
X4 ■-- composite valve control signal
X5 — limited composite control signal ..
X6 MW fuel thermal input power
X? MW compressor power . .

X89
MW power in preheated air
MW power from preheated air to combustor

X10 MW combustor output power (input to MHD generator)
xU MW power available to MHD generator (T was con-«3

sidered to be negligible compared with T , T , 
and T5)

X12 MW diffuser output power (includes cooling loss)
MW steam plant input power

xM MW intermediate steam plant variable
X15 MW steam plant output.power

MW stack loss
X1? MW ' inverter output power
X18 MW gross plant generated power

MW net plant output power
X20 ’ — — integral control signal
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3.5 Initial Conditions^ Values of Constants, and System Equations

Initial conditions.for the variables and values of constants are 

developed from the combustion calculations. The system is assumed to. 

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

X1 (O) = 1620 MW Xii(O) 4725 MW
X2 (O) = 0 Xi2 (O) = 3675 MW
Xj(O) = 0 Xi2(O) 966 MW
Xy(O) = 0.866 == 966 MW.
X5 (O) = 0.866 Xi5 (O) 966 MW
X^(O) 3500 MW . *16(°> = 350. MW
x_(0) = 315/, MW = 1020 MW

OX0 = 1225 MW %18(°) = 1988 MW
X9 (O) 1225 MW *19(°% = 1620 MW

X10(O) 4725 MW X2Q(O) = 0.866,

Nominal values of constant multipliers and time constants appear 

in Table 3.3. and are controller constants and therefore are

adjustable design parameters.

System equations follow directly from the block diagram. They 

are listed in the computer program of Appendix. A.



Table 3.3. Model I multipliers and .time constants
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Constant multipliers:
K1 = 0.001

K3 = 1.0
K . = 4040 MW 

4

K5 = 0.09 
%6 =
K? = 0.2225

Time constants:
T1 = 10.0 seconds
T = 360.0 seconds 2
T3 = 0.0 seconds * 19

0.97
0.248
0.351
0.953
0.815
1.0

T^ = 67.5 seconds 
T5 = 62.0 seconds

3.6 System Equation Solutions

Figures 3.4 and 3.5 show the behavior of five system variables

for changes in MHD generator efficiency O1. The variables are:

X5 (fuel thermal input power)

X10 (combustor, output power)

X15 (steam plant output power)

X17 (inverter output power)

X- - (net plant output power)
1 9

Figures 3.6 through 3.23 illustrate the effect of load demand changes 

on six system variables for various values of controller parameters.1 

The six variables are the above five and valve control signal, X^.
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3.6.1 MHD generator efficiency rj variations

Figure 3.4 shows time variations of five system variables as en­

thalpy extraction K7 changes from 0.22225 to 0.1484 at t = 0+. This 

change in K7 corresponds to a change in O1 from 0.3 to 0.2. Control­

ler constants are = 0.001 and K3 = 0.1. At 1230 seconds, X5 comes 
out of saturation, which accounts for the sudden changes in all curves. 

Xig overshoots past MW(REF) = 1620 MW.to 1669.5 MW at 1230 seconds and 

then settles to 1619.98 MW at t = 2006 seconds.

Figure 3.5 displays the same variables as Figure 3.4 with en­

thalpy extraction K changing from 0.2225 to 0.2967 at t = 0+. This' .

corresponds to a change in from 0.3 to 0.4. X^g •instantaneously

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

2000 seconds, X17 = 1208 MW and X^ = 3180 MW giving = 6.3918. As

a check on results, Tlg = 1620/3180 = 6.509. Equation 3.3 predicts

Ti = 0.514 based on the above value of n • The two values of r). are 0 I 0
within 1% of each other.

3.6.2 Valve control signal X.
_________________________  ■ ■________ 4

Figure 3.6 shows four plots of X. as a function of time corre-4
spending to K1 = 0.001 and K3 = 0.01, 0.1, 1.0, and 10.0. MW(REF) X1 
changes from 1620 MW to 1570 MW at t = 0+. More well-damped behavior 

is exhibited with smaller values of K3. The periods of the damped
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oscillations that occur for larger values of are 24.5 seconds if K '

= 1.0, and 8.0 seconds if K = 10.0.2
Figure 3.7 illustrates four plots of X4 under the same condi­

tions as Figure 3.6 except that = 0.01. The transients are larger, 

particularly for the case K3 = 10.0, but steady-state is reached in
approximately one-third the time required when K = 0.001, or about 20

' 'seconds. .

Figure 3.8 displays the time response of x. with the same4
conditions as Figure 3.6, except that = 0.1. X4 approaches steady-
state in 1.1 seconds when K = 0.01, in 1.15 seconds when K '= 0.1,2
and in 1.25 seconds when K = 1.0. There is no overshoot when K =2 2
0.01 or K3 = 0.1 and negligible overshoot when K3 = 1.0. When inte­

grator constant K„ = 10.0, nonlinear behavior occurs with the limits 2
on the fuel valve being greatly exceeded (0 < Xr < 1.0). The maximum 

value of X4 is 41.1, occurring at t = 4.05 seconds. Steady-state is 

reached in approximately 12 seconds. Data were 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 increased nearly line­
arly with K , making the shape of the curves the same. i

3.6.3 Fuel thermal input power X^

Figure 3.9 shows four plots of X corresponding to the same6
conditions as Figure 3.6. Xr is nearly critically damped withO
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K = 0.01 and shows an undershoot of 138 MW when K = 0.1. Oscilla-

2
tions occur with = I.0 and 10.0 but are damped to zero in approxi­
mately 60 seconds. The periods of the damped oscillations are 23.5 

seconds if K = 1.0, and 7.5 seconds if K =  10.6. ̂ v . 2.

Figure 3.10 displays four plots of under the same conditions

as Figure 3.7. In the case of = 0.01, an undershoot of 134 MW

occurs at 8.6 seconds. When K„ = 0.01, an undershoot of 163 MW is2

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

zero in approximately 20 seconds. The period of the oscillation is

8.0 seconds if K^ = 1.0 and is 4.0 seconds if = 10.0.

Figure. 3.11 illustrates four plots of under the conditions

K = 0.1, and K = 0.01, ,0.1, 1.0, and 10.0. MW(REF) X undergoes a1 2 . . .  I
step change of -50 MW at t = 0+. When K^ = 0.01, X^ approaches its 

steady-state value in approximately 0.9 seconds, and undershoots that 

value by 10 MW at t = 1.6 seconds. With - 0.1, the steady-state 

value is reached in 0.87 seconds, and a maximum undershoot of 15 MW 

occurs at t =. 1.5 seconds. For the case = 1.0, the steady-state 

value of X^ is reached in 0.83 seconds, and a maximum undershoot of 

101 MW occurs at t = 1.25 seconds. A very interesting plot corre­

sponds to the K = 10.0 case. The effect of the limiter is clearly
2

shown with X. either exponentially increasing toward a limit of 
6

4040 MW or exponentially decreasing toward a limit of 0 MW with a time 

constant = 10.0 seconds when X^ is, greater than I or less than 0.
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passes through the linear region of the limiter in approximately 

0.03 seconds. The extremely nonlinear oscillation just described 

approaches zero at t = 12 seconds. Plots for the cases = 1.0 and

10.0 were not included because they are virtually identical to Figure 

3.11. The dynamic response of X remains essentially unchanged for 

larger values of because of the limiter action.

3.6.4 Combustor output power

Figure 3.12 shows four plots of X ^  drawn for the same condi­

tions as Figures 3.6 and 3.9. The dynamic response of X^q is almost 

equivalent to that of X^, being equal to the sum of X_ and the power 

from the preheated, combustion air X^. . X^ is essentially constant, 

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 plots of combustor output power X ^  

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

X^0 is effectively the same as X^ for reasons described in the pre­
vious paragraph. Therefore, the magnitudes of undershoot and periods 

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

Figure 3.14 shows,four plots of combustor output power X10 for.

the same conditions as Figures 3.8 and 3.11. For reasons given in the
■ . ■ ; :.

Figure 3.12 description, the dynamic response of X1ri is essentially• • - , -LU
equivalent to the response of X^, and the values of undershoot and
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settling time given in the Figure 3.11 description are again appli­

cable. There is no significant difference between Figure 3.14 results 

and the cases where K, = 1.0 and 10.0.I

3.6.5 Steam plant output power

Figure 3.15 illustrates four plots of Xic for K1 = 0.001 and K„
l b  I  2

= 0.01, 0.1, 1.0, and 10.0. MW(REF) X^ changes by -50 MW at t = 0+.

The response of the steam plant is predictably slow relative to the

combustor output and is limited by the controller only when K_ = 0.01

and, to a lesser extent, when = 0.1.
Figure 3.16 shows, four plots of Xic for the same conditions asit

Figure 3.15 except that = 0.01. Again, response is slow and lim­

ited by the controller only when = 0.01. The = 0.001, = 1.0

case corresponds to the K = 0.01, K = 0.1 case, and the K = 0.001, 

K2 = 10.0 case corresponds to both the = 0.01, K3 = 1.0 and = 

0.01, K2 = 10.0 cases.
Figure 3.17 displays the first 14 seconds of dynamic response 

of X^g for K^ = 0.1 and K2 = 0.01, 0.1, 1.0, and 10.0. The same input 

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

no difference between the four curves.
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3.6.6 Inverter output power X17

Figures. 3.18, 3.19, and 3.20 each show four plots of XT_ cor-
17

responding to the conditions for Figures 3.12, 3.13, and 3.14, re­

spectively. Because X ^  is directly proportional to combustor output 

power X^Q, Figure 3.18 is a scaled 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 X ^  =

(0.2158)(X10).

3.6.7 Net plant output power Xn^_____________________19

Figure 3.21 illustrates four plots of X1 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 sum of

X and X1 „, and thus has the characteristics of both these variables.
A wide range of transient response is evident. For example, if K1 =I
0.001 and = 0.01, the system has no undershoot and reaches the new 
steady-state value in approximately 270 seconds. If = 0.1, a 3.5 

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

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

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 Kg = 1.0 and is 7.5 seconds if K^ = 10.0.
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Figure 3-22 shows four plots Xig for the same conditions as 

Figure 3.21 except that K1 = 0.01. Response to the -50 MW step input 

at t = 0+ is significantly faster in.this case than for K1 = 0.001.
If K2 = 0.01, the new steady-state value is reached at t = 120 seconds 
with no undershoot. If K2 = 0.1, steady-state is reached in 8 sec­
onds. Slight undershoot occurs, reaching a maximum value of 0.4 MW at 

50 seconds. Thus, for all practical purposes, the output of the 

system is critically damped. For the case K2 =1.0, an oscillation 
having a period of 8.5 seconds is damped to zero in approximately 20 

seconds. If K2 = 10.0, an oscillation occurs with a period of 4.0 
seconds. It decays to a negligible value in about 20 seconds.

Figure 3.23 displays four plots of Xig for the same conditions 

as Figure 3.21 except that K1 = 0.1. For the case K2 = 0.01, no 
undershoot occurs, and the steady-state value is approached within 

0.5 MW in 1.5 seconds. ' If K. = 0.1, the response is similar, to the
. Z

K = 0.01 case except undershoot exists with a maximum value of 1.3 MW 2
at t = 1.6 seconds. If K = 1.0, undershoot again occurs. Its maxi-2.

mum value is 16 MW at t =■ 1.25 seconds. Steady-state is reached at

t = 9.6 seconds, but Xig is within 0.1 MW of steady-state at t = 5.8

seconds. For the case K„ = 10.0, nonlinear oscillations exist be- .2
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 K1 = 1.0 and
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= 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 * 19

Classical system stability analysis was performed on moddl I.. 

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

tem equations. The model was. assumed to be operating linearly, i.e., 

the magnitude limiter was considered to be bypassed. Mason's gain 

formula was utilized in finding the system characteristic equation, 

and the roots of the characteristic equation were examined for posi­

tive real parts for several value of controller constants K and K .

The model I block diagram of Figure 3.3 contains four forward 

paths and five individual feedback loops. is the input variable

and X.. the output variable. Transfer functions for the forward paths19
are:

Forward path I gain:

Mr =K i(1 + / ,< (3.5)

■ Forward path 2 gain:

M2 = + ~ )  ( K?) (I - Kg) (K

(3.6)
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Forward path 3 gain

m3 = V 1 + T-' <k5> <r^r;,K7K8Ki2 (3,7)

Forward path 4 gain:

kI (1 + T' 1FT5TT1 <V 'FFTT1 (1 - V 11 " S1 ikIO1 iT . I
+ .T4S-

I +  T 5 S

The five individual feedback loops are:

(3.8)

"K13M1

-*13*2

~K13M3

~K13M4

(I - K ) (K) (7' 9''I + T2S'

(3.9)

(3.10)

(3.11)

(3.12) 

. (3.13)

By Mason's gain formula.

mA
(I - E P„ (3.14)

Therefore,

A = I  + K13 (M1 + M2 + M3 + M4) - (I - K7) (Kg) ̂  + T -) (3.15)

and
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*19 _ l̂ + *2 + *3 +"/I (3.16)

The characteristic equation of model I is obtained by setting A = 0. 

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 + Bs4 + Cs3 + Ds2 + Es + F = 0 (3.17)

where; T1T2T4T5' (3.18)

B “ T1V 4 + tIt21S + hVs + T2T4T5

+ K1K4K7K8K12T2T4T5 + K6K9lK7 - DT1T4T5 (3.19)

‘ tIt2 + T1T4 +'T2T4 + T1TS + T2T5 + T4T5 

+ K 1K 4K 7K 8K 12(T2T 4 + T 2T5 + T4T5 + T2T3T4T 5 )

+ K1K4K5K6K7K8K12T4T5 + W S  " " 1V 4 + V 5 + T4T5> '.
(3.20)

Tl + T 2 + T4 + T5

+ K 1K 4K 7K 8K 12(T2 + T4 + T5 + K 3T3T4 + K3T3T5 + K 3T4T 5 )

+ K1K4K5K6K7K8K12<T4 ttSt V 4tS1
T KlK4K10K12a - V (1 - V 1St -
+ W ‘K 7 - 1,<T1 + T4 T V (3.-21)



cases,

s " I + kA S V i2 (1 + SS + SS + SS5

+ kASSSSS2'1 + SS + SS1

+ kAS oS2'1 - S1'1 - V (1 + .SV
+ kASSSoS2'1 - S,(1 "S1 + SS'S - 11 '3-22>
F - VASSS 2 + SSSSSk7SS2

+ SSSSoS2'1 "S1'1 "S’
+ SSSSSSokI2'1 - S111 - S’ (3.23)

The characteristic equation roots were found for the following

defined in terms of controller constants K1 and

Case I. (a) K1 = 0.001 K = 0.01 2
(b) K1 = 0.001 K2 = 0.1

(c) K1 = 0.001 - %2 =
(d) K = 0.001

I ', K2 = 10.0

Case II (a) K1 = 0.01
(b) K = 0.01
(c) K1 = 0.01

(d) K1 = 0.01

K = 0.01

K2 = 0.1
K2 =1.0
K = 10.0 2
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Case III. (a) K1 = 0.1 . K2 0.01
(b) K1 = 0.1 ■ v - 0.1
(C) K1 = 0.1 %2 = 1.0
(d) K1 = 0.1 . K2 = 10.0

Case IV. (a) K1 = 1.0 K2 = 0.01
(b) K1 = 1.0 K2 = 0.1
(c) K1 = 1.0 K2 = 1.0 .

(d) K1 = 1.0 K2 = 10.0

Case V. (a) K1 = 10.0 ■ K2 = 0.01
(b) K1 = 10.0

K 2 =
0.1

(c) K1 = 10.0 V  K2 = 1.0

(d) K1 = 10.0 ' K2 = 10.0

In all cases the following constant values were used:
‘

K3 = 1.00 K8 = 0.97

K4 = 4040.00 K9 = 0.248

K5 = 0.09 K10 = 0.351

K6 = 1.00 K11 = 0.0953

K7 = 0.2225 K12 = 0.815

T1 “ 10.0 T4 = 67.5

T2 = 360.0 T5 = 62.0

0.0
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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

puter solutions described earlier in this chapter as all are stable.



Chapter IV

SYSTEM MODEL II

4.1 Basis for Model II

System model II represents a logical extension of the model I 

order of complexity. A block diagram of model II is shown in Figure

4.1, and a comparison between Figure 4.1 and the block diagram of 

model I in Figure 3.3 is appropriate. The idealized heat balance of 

Figure 3.1 is retained, which means that power flow in model II 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 

T^. Generated power is still the controlled variable, being compared 

with desired generation, MW(REF), to form the basis of control. The 

MHD channel enthalpy extraction representation remains the same as 

does the steam plant model.

Model II extends model I in the following ways:
'1) Transport delays are included between the fuel valve and

the MHD channel (t ) , between the radiant boiler and steam plant (T11),
1 ■ 4 ■

a n d  b e t w e e n  t h e  MHD c h a n n e l  a n d  h e a t  e x c h a n g e r s  (t  ).'5
2) T (t) and E (t) describe time variations in preheated air1 1

temperature and variations in input power to the 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.
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4) A radiant boiler in the diffuser has been added.

■5) A nonlinear block (f^) is used to implement the combustion

air preheat temperature control, where f = Z X .I °
6) A.nonlinear block (f ) describes compressor power, where f

^  2.

is given in Equation 4.12 on page 99.

4.2 Combustion Calculations

The assumption leading to the air/fuel mass ratio and calorific 

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

in Chapter V. They give:

mass of air = 
mass of fuel

Calorific value of fuel =0.29257 x 10® J/Kg

Thus, if fuel thermal input power PT is known, the mass flow rate of 

combustion air, m, may be determined.

= PT (J/sec)
0.29257 x IO8 (J/Kg)

= . (3.1685 x 10 )(PT) Kg/sec (4.1)
- - J '

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 (MW^) and air temperature in degrees 

Kelvin (0K). A mean specific heat of air at constant pressure.
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C = 1122 J/Kg °K, is used, and ambient air temperature is taken to P
be 300°K. Preheated air temperature can then be predicted, knowing 

the air mass flow rate and power PA required to increase air tempera­

ture. At any fuel thermal input power PT, the power required to raise, 

combustion air I0K is:

If = (3.1685 X IO'7 B I  (PT (1122

(3.55 5 x IO-4) (PT) W^ tS (4.2)

Equation 4.2 may be written as

#  = (PT) (3.555 x IO-4 S ^ f 5JT) ^ (4,3)

where PT is dimensioned in megawatts (MW1̂). Since 1200°C (1473.15°K)

air is desired out of the air preheaters and ambient air is 300°K,

A0K = 1173.15°K. Required power to achieve this temperature increase

at PT = 3500 MW is T

PA = (1173.15°K) (3500 MWm ) (3.555 x 10-4 MW
MW °KT

1459.69 MW (4.4)

and

PA
5KOir - 1.244 MW/0K
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Mean specific heat of air at constant pressure was found by ap­

proximating the partial derivatives of air enthalpy, HA, with respect to

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

250°K and 1950°K in IOO0K steps. C 9 ha .  ̂ , Ahawas approximated
A I2.93x10 (ItPSIA)T + 8.37x10 [■

HA(T)

(3340)(PSIA)
(2230/T)-I (3340/T)-I Je e

32 + (28)(PSIA)
(4.5)

PSIA = nitrogen/oxygen ratio of air and was taken to be 3.76. The 

function AHA/AT vs. T was approximated by a straight line, and C was 

averaged between T = 1473.15°K and T = 300°K.

A check on the value of 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 MW^, and HA(T) is given in Equa­

tion 4.5. PA = 1461.5 MW if determined by Equation 4.6, and equals

1459.7 MW if found by using mean specific heat and Equation 4.4; 

This represents an error in PA of 0.12%, which was considered accept­

able .

The compressor power function, f , was determined by the compres-2
sor Equations 4.7,and 4.8 [15], and by combustor pressure data given by 

the Combustor/Nozzle/Channel/Diffuser simulation described in Chapter 

V [114].



(4.7)PCOMP = (m) (C ) (Ta) (Pc0*286 - 1)/^

T(OUT) = -;-CQMP + T = T [(P °‘286 - I)/(T) ) + 1] (4.8)
(m)'(C ) . a a C C

where

PCOMP = compressor 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 (0K)

Pc = ratio of stagnation pressure at compressor exit to 
inlet pressure

Uc - compressor efficiency (taken to be 0.87)

T(OUT) = air temperature at compressor exit (0K)

Table 4.1 illustrates the dependence of P and T(OUT) on PT. The Pc c •
values were obtained from Combustor/Nozzle/Channel/biffuser data [114] 

and T (OUT) values were found solving Equation 4.8. Ta = 300°K and 

preheat air temperatures at the heat exchanger exit, TPHAO, was as­

sumed to be 1800°K. The variation of T(OUT) with PT is nearly linear 

and was approximated by

AT(OUT)
Ap t 0.029 °K/MW (4.9)
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Table 4.1. Compressor.parameters I

PT (MW) TPHAO (0K) p̂ . (atmospheres) . T (OUT)(0K)
300.0 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 1800 8.502 591.16

Table 4.2 shows the dependence of p^ and T'(OUT) on TPHAO . PT is

constant. -

Table 4.2.
V .

Compressor parameters II

PT (MW) TPHAO (0K) p C (atmospheres) ■ T(OUT) (0K)

3500 . ' 1700 7.255 563.0
3500 1800 7.576 570.5
3500 1900 7.90 581.2

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

T(OUT) = 539°K at TPHAO = 1473.15°K.

Assuming that TPHAO variations are not significant for the 

cases of interest, T(QUT) can be considered a function of PT only.

From Equation .4.9,

T (OUT). = [539 + (0.029) (PT - 3500) ] '°K (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 )

= (239 + (0.029) (PT - 3500) (3.55xlo""4) (PT) MW (4.11)

If PT = 3500 MW and TPHAO = 1473.15°K, PCOMP = 297.4 MW. Using 
1

Equation 4.4, the power supplied to the air by the heat exchangers 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 temperature and power available at the exit of the heat 

exchangers for steam generation. The fluctuations appear in Figure

4.3 as T^ (t) and E (t)'. These time functions are a consequence of a 

non-unique regenerative heat exchanger cycling schedule. Reheat is 

the part of the exchanger cycle in which the ceramic core of the heat 

exchanger is heated by combustion gas passing through the core from 

the diffuser to the steam plant. Blowdown occurs when air is heated 

by being, moved through the heat exchanger from the compressor to 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
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for EGAS Base Case I, an 1877 MW (electrical) MHD/steam combined cycle 

[136]. Ten individual heat exchanger units are used. There are 

always three units on reheat, five on blowdown, and two on hold. For 

any given unit, reheat time is 150 seconds, blowdown time is 250 

seconds, and hold time is 50 seconds between each reheat and blowdown. 

Cycle time for a given unit is 500 seconds.

The switching procedure must allow constant mass flow of air 

and combustion gas. This implies that as a valve in one heat ex­

changer opens or closes, a valve in another heat exchanger must be 

acting in the opposite manner at exactly the same time. This action 

must apply to both valving combustion gas at the beginning or end of 

reheat and valving air at the beginning or end of blowdown. Valves 

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

of blowdown and reheat. 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 (beginning 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 [ 136] .

1) Blowdown time, reheat time, and total cycle period are all 
integral multiples of hold time.

2) The number of heat exchangers required in the system equals 

total cycle period divided by hold time.

3) The number of heat exchangers in blowdown equals 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 Figure 4.2, it has been 

found by the authors of.[136] that preheated air temperature (blowdown 

outlet temperature) drops linearly throughout blowdown for a given 

heat exchanger. The temperature variation is approximately IOO0K 

for the 250 second blowdown period. Since a heated exchanger is 

valved into blowdown every 50 seconds while a cooled exchange is 

valved into reheat simultaneously (and instantaneously), time func­

tions for T1 (t) and (t) follow directly i. These time functions have 

a period of 50 seconds and are sawtooth waveforms. Peak-to-peak am­

plitude of T (t) is (IOO0K)/5 or 20°K. Peak-to-peak amplitude of

(t) is found from Equation 4.4 and is (1.244 MW/°K)(20°K) = 24.88 MW

at PT = 3500 MW .T
The relative phase of T^(t) and E^ (t) may be determined by the 

following argument. Air preheat temperature is a maximum just after a
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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, (t) and (t) are 180° out of phase from each other. 

Plots of (t) and (t) appear in Figure 4.3.

(seconds )-Tm - -

Env-

(seconds)
-E n v -

Figure 4.3. Variations in preheated air temperature and power 
to steam plant
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4.4 Description of System Variables

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

to the block diagram of Figure 4.3.

Table 4.3. Description of model II system variables

Variable Units Description

X1 MW desired plant output; MW reference

X2 MW generation error

X3 — . proportional control signal

X4 — composite valve control signal

X5 — limited composite ̂ control signal
x6 MW • intermediate firing system variable

X7 MWt fuel thermal input power

X8 MW/°K conversion between power in air, PA, and air 
temperature

X9 MW total power to preheat air

xio °K increase in air temperature above ambient

X11 °K increase in air temperature above ambient account­
ing for lag due to heat exchanger cycling

X12 °K ' actual preheated air temperature neglecting 
ambient

X13 ' — not used

X14 MW combustor output power (input to MHD generator)

X15 MW. MHD generator input power, accounting for losses 
to ambient and time lag for combustor residence 
time

X16 MW inverter output power

X17 MW ' Combustor/Nozzle/Chanhel/Diffuser ambient losses.

X18 MW fraction of thermal power at diffuser absorbed by 
radiant boiler



Table 4.3 (contin.)

Variable Units Description

X19 MW radiant boiler output available to steam plant

X20 MW thermal power in combustion gases leaving dif­
fuser

X21 MW thermal power in combustion gases available to 
preheat air or generate steam

X22 MW power from combustion gases used to preheat air 
assuming no preheated air temperature error

X23 MW power from combustion gases used to generate 
steam, including (t) effect

• X24 MW ■ powdr shifted from air'preheating to steam gener­
ation or vice versa, depending on preheated air 
temperature error

X25 MW steam plant input power

X26 MW intermediate steam plant variable

^27 MW gross steam plant output power

X28 MW net steam plant output power

X29 MW gross plant generated power

X30 MW net plant output power

iiSI MW power from preheated air to combustor

xS2
— actual generation control signal

X33 MW thermal power in combustion gas after ambient 
losses and enthalpy extraction by the channel are 
subtracted

X34 MW . thermal power in combustion gas after subtracting 
ambient losses in Combustor/Nozzle/Channel/Diffuser

X35 MW thermal power in combustion gases available to generate steam, assuming no preheated air tempera­
ture error

— integral control signal
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4.5 Initial Conditions, Values' of Constants, and System 
Equations

Initial conditions■for the variables of model II 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 Equation 4.2, = 3.555x10 ^MW/MW^ °K. f ̂ (X̂ ) is equal

to PCOMP, defined by Equation 4.11.

-4PCOMP = f2 (X7) = (239 + (0.029) (X7 - 3500) )(3.555 x. 10 ) (X7) MW2 7 7 7
(4.12)

f2(X7(O)) = 297.38 MW (4.13)

Xg(O) = K5 X7(O) = 1.244 MW/°K (4.14)

From Equation 4.4, X^(O) = 1459,69 MW.

X32(O) = Xg (O) - f2(X7(O)) = 1162.32 MW (4.15)

X11(O) = X12(O) = 1173.15°K (4.16)

X _  (0) = X0 (O) = 1459.69 MW 31 ^
(4.17)

X14(O) = X g (O) + X31(O) =4959.69 MW (4.18)

X17(O) =3.0 MW (4.19)
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is taken to be 0.5%. of the power absorbed by the Combustor/Nozzle/ 

Channe1/Diffuser codling water.

X34(O) = X14(O) - X17(O) = 4956.69 MW- (4.20)

K g = X i 7(O)Ai4 (O) = 6.049xl0~4 (4.21)

X (O)-= X- (0) = 4956.69 MW 15 34 (4.22)

The K block output is assumed to initially be (ri ) (3500 MW) 11 I
1050 MW if r| , defined by Equation 3.1, is set equal to 0.3. 

1
Inverter

efficiency K12 is taken to be 0.98.

K11 = 1050.00/5946;69 = 0.2118 .(4.23)

X 10) = 1029.00 MW 16 (4.24)

X33(O) = X15(O) - 1050.00 = 3906.69 MW (4.25)

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

Xig(O) = X19(O) = 595.00 MW (4.26) .

X20(O) = X31(O) = X33(O) - X18(O) = 3311.69, MW (4.27)

X35(O) = X21(O) - X 22(O) = 2149.38 MW (4.28)

K13 = X35(O)A21(O) = 0.6490 (4.29)
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X23(O) = X35(O) = 2149.38 MW 

Z(O) = Ky (X12(O) - 1173.15°K) = 0.0°K

where K7 = 1.0

X34(O) = ^ ( X 8 (O) , Z(O)) = Xg (O) Z(O) 
= 0.0 MW

(4.30)

(4.31)

(4.32)

X25(0) “ X23(0> + X24(0) + X19(0> 
= 2744.38 MW (4.33)

X2^(O) = X25(O) = X27(O) (4.34)

Stack losses are assumed to be (0.1)(3500 MW^) or 350.00 MW based on 

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

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

350.00) MW or 1428.38 MW.

K =  350.00/2744.38 = 0.1275

K = 1428.38/2744.38 = 0.5205 I /

X29(O) = X16(O) + X2g (O) = 1995.00 MW

(4.35)

(4.36)

(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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X-(O) = 1995.00 - 367.5 = 1627.50 MW JO

Klg = 1627.5/1995.00 = 0.8158

=19 =

X32(O) = X30(O) = 1627.50 MW

(4.38) .

(4.39)

(4.40)

(4.41)

K1 and K3 are controller constants and are design parameters. K3 = 
4400 MW which corresponds to maximum fuel thermal input power. Then,

if X-(O) = X_(0) = 3500. MWm , 6 7 T

.Xlr(O) = 3500.00/4400.00 = 0.79545 (4.42)5
= X^(O) = X3g(O)

X2(O) = 0 = X3(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. %0 is 
associated with the fuel feed system first-order lag and is assumed to 

be 10 seconds. T1 is a one second pure time delay in the fuel feed 
system. These values were chosen to be slower than gas/oil systems 

but faster than many existing coal firing systems in the expectation 

that advanced coal burning technology will be required in a combustor 

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

counts for radiant boiler delay in transferring thermal power from the 

combustion gases leaving the MHD channel to the steam cycle. T3 is to
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account for transport delay of combustion gases passing from the dif­

fuser to the steam plant. A magnitude of one second was assumed for 

both T4 and T5. These values are not critical because the T4 delay is 
in cascade with two large first-order lags associated with the steam 

plant (Tg = 67 seconds and = 32 seconds), 'while the delay is in 

cascade with the steam plant and/or the heat exchanger lag = 500 

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

period, and the steam plant characterization is as in model I [95]. 

the time constant associated with MHD channel enthalpy extraction, is 

assumed negligible compared with the other system time constants.

In summary, model II 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 E1(t) and T (t) on the system areX i
of primary interest as is the effectiveness of feedback variable Z

in reducing temperature and power fluctuations. All solutions begin
-at steady-state as defined in Table 4.4. Constants other than and 

Kg take the values given in Table 4.5. The functions (t), T^(t), 

and Z 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

X1 (O) = 1627.50 MW X19<0) = 595.00 MW

X^(O) = 0.00 MW. xOOlw = 3311.69 MW

X3(O) = 0.00 xOilw = 3311.69 MW

x,(0 ) 0.79545 xOOlw = 1162.32 MW

X5 (O) = 0.79545 Xg3(O) 2149.38 MW

X-(O)6 = 3500.00 MW X24lW = 0.00 MW

X7(O) = 3500.00 MW X25lW = 2744.38 MW

v o> = 1.244 MW/°K X26lW = 2744.38 MW

Xg(O) = 1459.69 MW X27(O) = 2744.38 MW

OOHX = 1173.15°K ■ X28lW = 966.00 MW

Xn(O) = 1173.15°K .. xOOlw = 1995.00 MW

X12<0) = 1173.15°K, X 3 0 lW = 1627.50 MW

Xi3 (O) = not used X31(O) = 1459 4 69 MW

X14<0) = 4959.69 MW ' ' xOOlw = 1627.50 MW

Xi5(O) = 4956.69 MW xOOlw = 3906.69 MW

OXh = 1029.00 MW X34lW = 4956.69 MW

Xi7(O) = 3.00 MW X35(O) ■= 2149.38 MW

V 0>= 595.00 MW ...... x06lw = 0.79545
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Table 4. 5. Model II multiplier and time constants

Constant multipliers:

K1 = 0.001 K11 = 0.2118

K 2 = 0.10 K12 = O CD

K3 = 4400.00 MW CO 0.649

K4 = not used K14 = not used

K 5
-4= 3.555x10 MW/MWt °K s"

 
!

= 1.00

W
vd = not used S = 0.1275

K7 = 1.00 K17 = 0.520

K 8 = 1.00 K18 = 0.816
-4

K9 = 6.049x10 K19 — 1.00

K _ = 0.15210

Time constants (seconds):

T = 10.0 T „ = 1.0 ■ ■0 .4
T = 1.0 T = 1.0i 5

T2 = 500.0 ■ T6 ’= 67.0

t = 0.0 T_ .= 62.03 , 7

System equations follow directly from the block diagram of Fig­

ure 4.1. They are listed in.the computer program of Appendix B.
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Table 4.6. Conditions for model II equation solutions

Case ■ K1 K2 E1 (t) T1 W Z

I 0.001 0.01 • 0 0 0
2 0.001 0.1 0 0 0
3 0.001 1.0 ■ 0 0 0.

4 0.01 0.01 0 0 0

5 0.01 0.1 0 0 0 .

6 0.001 0.01 0 0 Z

7 0.001 0.1 0. 0 Z

8 0.001 ' 1.0 0 0 Z

9 0.01 . 0.01 0 o. Z

10 0.01 0.1 0 0 Z

11 0.001 0.01 E1 Ct) T1 W 0

12 0.001 0.1 E1Ct) T1 W 0 .

13 0.001 1.0 E1 Ct) T1 (t) 0

14 0.01 0.01 E1Xt) E1 W  . 0

15 0.01 0.1 E1 Ct) T1 W  , . 0
16 0.001 0.01 Ei (t) T1 (t) . Z

17 0.001 0.1 E1 (S) T1 W Z

18 . 0.001 1.0 E1 W T1 W Z

19 0.01 0.01 E1 W T1 W Z

20 0.01 0.1 E1 W T1 (t) Z



Several important observations may be made by inspecting model

II data. First, the air preheat temperature controller f (x , z) only

affects long-term variations in air temperature X13. It has no effect

on transients occurring at the beginning of the computer runs. The

temperature controller also has no effect on the magnitude jumps.

observed in many variables which occur as a consequence of air heater

cycling. The effect of the air temperature controller on variables

X4, X7 , X^6, X35, and X30 is negligible. For example, if K1 = 0.01,

K = 0.01 or 0.1, E (t) = 0, and T (t) = 0, the most notable differ- . £ X X
ence between the Z = O  and Z 4 0 cases is that X.  ̂ increases in value 

by 0.35 MW at the end of 400 seconds for the Z 4 0 case and X33 de­
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:

X (fuel thermal input power)
/

X (preheated air temperature subtracting ambient)12
X16 (inverter output power)

X38 (net steam plant output power)

X_. (net plant output power)30

4.6.1 Fuel thermal input power X7

Figure 4.4 displays a family of curves of X7 as a function of 

time. The conditions are: K1 = 0.001, K3 = 0.01, 0.1, and 1.0,

107
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E1 (t) = 0, T1 (t) = 0, and 2 = 0. K1 and K^ are controller constants, 
and E1 (t) and T1 (t) are defined in Figure 4.3. Setting Z = O  disables 

the temperature controller. Figure 4.4 serves as a comparison for 

Figure 4.5.
.

is plotted in Figure 4.5 under the same conditions for X1 
and Xg as in Figure'4.4. In this case, E1(t), T1(t) and Z are func­

tioning. Representative values of magnitude jumps at t = 225 seconds 

are Ax^ = -5.81 MW for Kg = 0.01, Ax^ = -9.70 MW for Kg = 0.1, and 

Ax7 = -23.50 MW for Kg = 1.0.

Figure 4.6 illustrates X7 as a function of time for K1 = 0.01, 

Kg = 0.01 and 0.1, E1 (t) = 0, T1(t) = 0, and Z is functioning.
Figure 4.7 shows X7 for the same conditions as Figure 4.6 ex­

cept that E. (t), T- (t),. and Z are all functioning. Magnitude jumps at 1 1
t = 225 seconds are Ax7 = 23.56 MW for Kg = 0.01, and AX7 = 25.96 .MW 

for Kg = 0.1. . .

4.6.2 Preheated air temperature (subtracting ambient) X ^

X12 is shown in Figure 4.8 for the following conditions: K1 =

0.001, Kg = Q.Ol, 0.1, and 1.0,'E1 (t) = 0, T1 (t) = 0, and Z = 0. X12
varies by 2.13°K over 400 seconds for Kg = 0.01. Corresponding values

of Ax for cases in which K = 0.1 and 1.0 are 2.40°K and 3.55°K,12 2.

respectively.
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X12 Plotted in Figure 4.9 for the same conditions as Figure

4.8 except that Z ^ 0, allowing the temperature controller to operate

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

follows: If K2 - 0.01, AX12 = 1.59°K. If K3 = 0.1, Ax^2 = 1.68°K.
If .K = 1.0, Ax^2 = I.62°K. Thus, when the temperature controller

operates, a reduction in Ax „ is observed in all cases with a maximum

reduction of 54% if K„ = 1.0.2
Figure 4.10 indicates the effect of T^(t) on X^3. = 0.001,

K3 = 0.01, 0.1, and 1.0, and (t), (t) and Z are all functioning.

The peak to peak amplitude of X^3 is approximately 19.6°K in all
cases. The same waveform is observed for X.„ if K. = 0.01 and K„ =12 I 2
0.01 or 0.1.

Figure 4.11 illustrates X^3 as a function of time for K^ = 

0.01, K3 = 0.01 and 0.1, E^(t) = 0, T^(t) = 0, and Z = 0 .  X^3 varies
by 3.55°K in each case over the 400 second time interval.

Figure 4.12 shows the effect of using the temperature control­

ler in the cases of Figure 4.11. Z is functioning. Otherwise, the 

conditions for Figures 4.10 and 4.11 are the same. In Figure 4.12,

the variation in X^3 is 1.61°K, compared with 3.55°K if Z 0.
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4.6.3 Inverter output power X,'___ • ____  16

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

conditions of K = Q.001, K„ = 0.01, 0.1, and 1.0, E (t) = 0, T (t) =I 2. . 1 1
0, and Z = 0.

Figure 4.14 gives the effect of E1 (t) and T (t) on X,- '. TheI I 16
remaining conditions are the same as in Figure 4.13 except that Z = O

which has negligible effect on the transient behavior of x, _. In all16
cases the magnitude variation in X ^  due to E^ (t) and (t) is approx 

imately 5 MW.

Figure 4.15 repeats Figure 4.13 for the conditions = 0.01,

K2 = 0.01 and 0.1, E^ (t) = 0, (t) = 0, and Z is functioning.

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

T^(t) and E ^ (t) on X^. otherwise operating as in Figure 4.15. The 

magnitude jump due to E^ (t) and T^(t) is approximately 5 MW in both 

cases.

4.6.4 Net steam plant output power X39

X00 is given as a function of time in Figure 4.17. K = 0.001ZO I
K2 = 0.01, 0.1, and 1.0, E^(t) = 0, T^(t) = 0, and Z = 0.

. Figure 4.18 illustrates the effect of E^(t) and T^(t) on X33

for the conditions of Figure 4.17. X is unaffected by E (t) andZO I
T  ( t ) .
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Figure 4.19 shows X33 if = 0.01, K3 = 0.01, and 0.1, (t)

0, (t) = 0, and Z 0. Figure 4.20 gives X33 as a function of time
for the same conditions as Figure 4.19 except E1 (t), T1 (t), and Z are 
all functioning. Again, as in Figure 4.18, X33 is not affected by 

E (t) and T1(t).
V ; -  . '

4.6.5 Net plant output power X33

The last variable to be considered is X33. Figure 4.21 shows

X33 plotted for the conditions K1 =0.001, K3 = 0.001, 0.1, and 1.0,

E1(t) = 0, T1 (t) = 0, and Z = 0 .
Figure 4.22 repeats the conditions of Figure 4.21 except that

E1 (t), T1Ct), and Z are all functioning. The magnitude jumps in X33

due to E1 (t) and T (t) are approximately 4 MW in all cases. 1 1
Figure 4.23 illustrates X33 for the cases K1 = 0.01, K3 = 0.01

and 0.1, E1 (t) = 0, T1 (t) = 0, and Z 4 0*
Figure 4.24 shows the effects of E1(t) and T1(t) on X_. for■ I I 30

the same K1 and K3 conditions as in Figure 4.23. As in Figure 4.22, 

the magnitude jumps in X33 due to E1(t) and T1(t) are about 4 MW in 

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 III block diagram shown in Figure 5.1. For example, the boiler '• 

and turbine valve model has two inputs.and three outputs. Inputs are 

turbine valve area and power available to generate steam. Outputs are 

throttle pressure, power to the turbines, and boiler and stack loss 

[81]. The steam turbines are modeled on the assumption that high 

pressure, reheat, and low pressure turbines are used [65,69]. The 

Combustor/Nozzle/Channel/Diffuser (CNCD) section is much more sophis­

ticated than in previous models, being represented by polynomial ap­

proximations 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 channel and diffuser [114]. . Inputs 

to the CNCD are fuel thermal input power and preheated air tempera- ' 

ture. Outputs of the CNCD are thermal power loss, power absorbed by 

the cooling water, thermal power in the combustion gases leaving the 

diffuser, and inverter electrical output power.

The additional detail in model III is not limited to component 

modeling but appears in the control system as well. A wide variety of

controller variations are possible with two
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135 .
proportional-integral-derivative (PID) controllers available; one for 

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 flexibility of control.

A more detailed discussion of the overall model III block dia­

gram is given in the following section.

5.2 Model III Block Diagram

In Figure 5.1, desired unit generation, MWref, is compared with

actual unit generation, M W ^ outputr and the generation error,

MW , serves as the input to the generation controller. The deriv- error
ative of MWĵ^  is available as a feedforward signal to both the turbine 

governor and the combustor firing system.

Control of the governor is accomplished by summing the gener-

ation controller and valve feedforward outputs. The governor, in
:

turn, controls the turbine valve area. Power to the turbines, 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 accept the combustion gases from 

the diffuser to heat combustion air which is supplied by an air com­

pressor. Power recovered from condensing seed is also accounted for, 

as is power lost to ambient. Air preheater outputs are air preheat 

temperature and high-grade thermal power to the 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 compressor 

power and turbogenerator auxiliary power for pumps and other internal 

requirements.• Fixed in-plant power is the requirement for the magnet .. 

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

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

in-plant load requirements.

The control scheme for System Model IIT 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 is
■■■■■ '

shown in Figure 5.2 [72]. Essentially, boiler-following control'uses 

generation error, or MW , as an input to a controller that oper-

ates the turbine governor. Throttle pressure error, in turn, alters , 

firing rate through an appropriate controller. Thus, boiler-following 

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.

TURBINE1
VALVES

PRESSURE

BOILER

LOAD DEMAND

PUMPING AND 
FIRING RATE 
CONTROL

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: (I) 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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BOILER-FOLLOWING SYSTEM 

TURBINE-FOLLOWING SYSTEM

CONTROLLED LOAD SYSTEM

TIME IN MINUTES
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 Block Diagrams

Detailed block diagrams for model III are described in this 

section. These diagrams define the contents of major blocks in the 

overall model III diagram of Figure 5.1. A complete set of system 

equations for model III is given in the simulation program listed in 

Appendix C. The equations follow directly from the detailed block 

diagrams.

5.3.1 Generation Controller

The generation controller block diagram, shown in Figure 5.6,

also includes valve feedforward and power grid lag block diagramsi

Power generation error X is multiplied by a first-order lag to ac-

count for the effect of a power grid the plant may be supplying. The

grid-lag time constant T1 has been assumed to be 10 seconds in the
-L

simulations described later in this chapter. This value is considered 

representative for power grids in the United States [41]. The gener­

ation controller is propprtional-integral-derivative (PID) and has the 

lag output X . as an input. The controller output X^, summed with the 

feedforward output X^, constitutes the control signal to the turbine . 

governor.

The generation controller constants allow great flexibility in 

choosing the actual type of control used in a particular simulation. 

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 = O  gives true derivative action. The same is true 

for the valve feedforward derivative (D) controller. The desirability 

of the 1/(1 >  Ts) multiplier is evident if a step change in desired 
unit generation, X^, is. applied. The derivative 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 X (t) = A u(t), where u(t) = unit step function, then

X6 (S) V AK_

1 + V  1
X, (s) 1 + V (5.1)

and (t) —  e~ t/T3 u(t) (5.2)

and.T3 may be adjusted to give X^(t) a wide variety of initial 

values and decay rates.

The actual set of equations used to describe the generation 

controller appear 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.

X76 K2X4 (5.3)

X77 ' s X4 (5.4)
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Figure 5.7. Generation controller

, „ V
78 I + T2s *4 (5.5)

*5 = *76 + *77 + *78 (5.6)

»*77 = *3*4
^ _ dwhere D = -r— dt (5.7)

»*78 = (*4»*4 *78)/T2 (5.8)

In the block diagram of Figure 5.6, K2' *3' *4' *5' V and are all

design parameters and may be chosen to simulate any desired response 

of which the system is capable.



5.3.2 Governor dynamics .

The governor block diagram of Figure 5.8 processes the control 

signal, X^, and converts it into fractional change in turbine valve 

area with respect to an initial valve opening, . T4 arid are 

time constants of first-order lags which describe the governor servo­

motors. X ^  is turbine valve area. The. valve area is magnitude 

limited so that it cannot be negative or greater than maximum area.

The rate of valve opening and/or closing is constrained by.a rate 

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

tabulated in Table 5.4, page 175. X is the initial value of X . XX-3 XX XX
is converted into fractional form to be compatible with the boiler 

modeli

5.3.3 Boiler and turbine valve dynamics

The steam boiler and turbine valves are modeled as shown in

Figure 5.9 [81]. Inputs are thermal power from the air preheaters and

water heating, X3^, and fractional change in turbine valve area, X ..

Outputs are stack and boiler losses, ^2 2 ’ f^Bctional change in thrdt-.

tie pressure, X_n , and power to the turbines, Xnri.•3X 6 U ,
Xnn is the actual power available to the steam turbines at 23

steady state. X is the initial value of X . X is the fractional 6 5 63 <&0
change in X33 relative to its initial value. A certain amount of time 

is required for the boiler to change steam generation after the steam



GOVERNOR RATE
LIM ITER

%7
FR O M
CONTROLLER

MAGNITUDE
l i m i t e r

Xi3

TO BOILER  
TURBINE VALVE 

DYNAMICS

Figure 5.8. Governor dynamics

146



STACK a  
b o il e r  
LOSS

BOILER STEAM GENERATION

THROTTLEsT r ' *  
PRESSURE tXjo

I

I ♦ TaS 1+ T s S

TO TURBINES

X19

Figure 5.9. Boiler and turbine valve dynamics

147



JL I I

148
plant input thermal power, X^, is altered. This effect is modeled by 

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

The boiler and turbine valve model should reflect the following 

characteristics: (I) If thermal input power to the boiler increases

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

bines increases and throttle pressure.increases. (2) If thermal input . 

power is fixed and the turbine valve opening increases, power output 

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

age effects exist and affect boiler dynamic characteristics.

Condition (I) of the previous paragraph may be applied to the

model by setting fractional change in turbine valve area, , equal

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

propagates through the first-order lags and the K10 and K1 _ blocks,I^ 13. .
increasing Xori and X01 .

z  U o X

The effect of holding thermal power, input, , constant and 

increasing turbine valve area may be achieved by setting Xg^ equal to 

zero and increasing X^. If X35 = 0, X^g and X39 will equal zero 
also. As X ^  increases, multipliers K9 and K^g immediately transmit a 
fraction of this change to X^^ and Xgg, respectively. X3^ = -Xgg and 

X ^  = X^g because of the constraint imposed on Xgg. Thus, the immed­

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

bines, Xgg, increasing, and throttle pressure, Xgg, decreasing. If
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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 T and T .6 7
Power to the turbines drops exponentially with time constant r toward6
its original value. Simultaneously, throttle pressure X drops to a ■

lower value in an exponential manner with time constant r so that in7
the limit X__ = -X. ..

31 14
The blocks defining the relationships between X and and

between and X ^  are expanded in Figure 5.10 to show the basis for

the equations in Appendix C defining X X , X01, and X00./y oU o J. o 2
The boiler-turbine valve model of Figure 5.9 was chosen because; 

(I) 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 published. 

[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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*30

Figure 5.10. Turbine valve and boiler storage effects

[65,69]. In 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 y , K^6 , and K^7 are power frac­
tions associated with the high-pressure turbine., 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, X , in
. 31

fractional form, and desired unit generation X . The output, X , is
1 . 51

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 negative sign in the summing block which forms, the 

algebraic sum X51 = X^q - X4g is necessary because a positive pressure 

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

stants K21, K22, and K33 are positive.
7 2Pressure reference X47 is fixed at 3500 psig (2.46x10 n/m ) 

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

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

Babcock and Wilcox supercritical once-through boilers at loads greater

than 25%.
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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 K2q, K31, K33, K33, T13, and shown in Fig­

ure 5.12 are all design parameters.

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 K34 (dynamic range/second). The actual firing system
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dynamics are represented as in model II, with a first-order lag in 

cascade with a pure time delay. In all simulations, n = I in Fig­

ure 5.14 to give a model somewhat slower than typical gas/oil-fired 

systems but faster than existing coal-fired systems as in model II.

The form of the denominator of the firing system function is used to 

allow multiple first-order lag terms if required by a particular 

firing system. Values of constants are given in Table 5.4. .

5.3.7 Combustor/Nozzle/Channel/Diffuser Model

The Combustor/Nozzle/Channel/Diffuser (CNCD) representation: for ... 

system model III is the result of work by Pierre, et al. [114] which 

is based on equations by Baylis, et al. [15] and Oliver and Byer 

[105]. The following discussion is abstracted from [114].

The desired form of the CNCD is an input-output model formu­

lated from a polynomial approximation of steady-state data. The 

implicit.assumption is that time constants and delays in the CNCD are 

negligible compared with the rest of the system. Input variables are 

chosen to be fuel thermal input, power, , and preheated air temper­

ature Output variables are net MHD electrical power output, X^f

thermal power loss, X5 ,̂ power absorbed by the cooling water, X5^ , and 

thermal power in the combustion gases leaving the diffuser, X5g.
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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 I. CNCD inputs are specified. These include combustor in­

puts and appropriate inverter characteristics which af­

fect the channel.

Step 2. A combustor pressure is assumed.

Step 3. The combustor energy balance equation is used to find 

combustor temperature.

Step 4. Combustion gas density is determined, using the combus­

tion equation of state. Combustion gas velocity is 

found from the continuity equation.

Step 5. 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 J x B  

and J • E evaluated by the gas conditions, electrode 

connections, and inverter characteristics, and through 

the diffuser with B and J again zero.

Step 6. Output pressure, P is checked: If P  ̂ is in theout out
range 1.19 < P  ̂ < I.2 atmospheres, go to Step 7; if —  out —
P  ̂ < 1.19 atmospheres, increase assumed combustor out
pressure with a rational extrapolation algorithm and
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return to Step 3; and if >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: R = g(p^T) (5.9)

where R = density (Kg/m3)
2P = pressure (N/m )

T = temperature (0K)

Continuity equation: 

where

RVA = W (5.10)

V = velocity (m/sec)
2A = area (m )

W = mass flow rate (Kg/sec)

Momentum equation:

W dV , dP 
A dx dx J x B - F(V) (5.11)
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Energy equation:

W dH(P,T) . W „ dV—  -------  —  Y  A dx A dx J • E - G(TfV) (5.12)

where F is the friction force per unit volume and G is the heat trans­

fer per unit volume. Explicit forms for H(PfT), Q(PfT), F(V), and 

G(TfV) 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.

dP Q dAI + CtQp OIQt dx J x B - F  + CXr- —  A dx

dT 2A , , OtQ dAHp + OtQQp Ht + CXQQt dx W J "E " G)+ A dx

(5.13)

. ,W1 2 _ 9Q 9h2
where a A(|) r Qp = || , H7 = || , 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 < Xcc < 4200 MW—  55 —

1700°K < < 1900°K—  73 —

If 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: I) 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, X173, ac­

counts for 300°K ambient air temperature. The (t) and T^(t) func­

tions are unchanged from Figure 4.3 except that the maximum value of

E, (t), E , is slightly different for model III than for model II.I m

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 X37, power available to the steam 

cycle from water cooling the CNCD. The output variable is designated

*74'

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.



Figure 5.15. Air preheaters
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Table 5.1. Description of Model III.system variables

Variable . Units Description

X1 . MW desired plant output; MW reference

X2 MW net plant output power

X3 ■ MW • error between required and actual output 
(generation error)

' X4 MW generation error after power grid lag
X5 — generation controller output
X6 — valve feedforward controller output

X7 — composite controller signal to governor
— intermediate variable in governor between two 

first-order lag blocks

X9
2m turbine valve area1 (governor output not rate 

or magnitude limited)

Oi-4
X 2m turbine valve area (rate limited) '

xIl
Zm turbine valve area (rate and magnitude 

limited)

X12
2m AArea = actual valve area - initial or nominal 

valve area

X13
2'. m initial or nominal valve area

X14 (AArea)/ (initial area) = fractional change in 
turbine valve area with respect to initial. 
area

X1 change in fractional power from boiler to15 turbines due to fractional change in turbine 
. valve area

X16
"

change in fractional power from boiler to 
turbines due to fractional change in net. input 
thermal power to steam plant

X17 fractional output steam flow or fractional 
power from boiler to turbines (x1g/x^g)

X18 MW • APower from boiler = actual power - initial ■ 
power (X_„ - X )
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Table 5.1 (cent.)

Var!able Units Description

X19 ' MW initial (reference) power from boiler

*20 MW actual power output from boiler to turbine's

X21 MW thermal power available to steam plant from 
. combustion gases leaving preheaters plus 
power available due to water heating from 
Combustor/Nozzle/Channel/Diffuser cooling

X22 MW stack and boiler losses (K_„ X„.)30 31
X23 MW actual power available 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 genet^ 
ate steam

X26 APower/reference power =. fractional change in 
power available■to generate steam with respect 
to reference power (X24//X25^

X27 — intermediate variable in steam generation be­
tween two first-order lag blocks

X28 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 dnd 
boiler storage on fractional throttle pressure

X31 — fractional throttle pressure = Apressure/ 
initial pressure

X32 MW power available at high-pressure turbine input

X33 MW power available at reheat turbine (intermedi­
ate pressure) input

X34 MW power available at low-pressure turbine input

X35 MW output power of low-pressure turbine (neglect­
ing turbine losses)
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Table 5.1 (cent.)

Variable Units

X36 MW

X37 ■ MW

X38 , MW

X39 MW

X40 MW

X41 MW

X42 • MW

X43 MW

X44 MW

X45 MW

X46 MW

X47 n/m2

X48 n/m2

X49 ——

X50 —

X51 —

X52 —

X53 —

X54 MW

X55 ■MW

X56 MW

Description

output power of reheat turbine (neglecting 
turbine losses)
sum of reheat and low-pressure turbine outputs 
(neglecting losses)
output power of high-pressure tuibine (ne­
glecting turbine losses)
total steam turbine output power (neglecting 
losses)
turbine losses
net steam turbine output power
net MHD electrical output power
sum of net steam turbine output power and net 
MHD electrical output power
in-plant load-related power requirements (for 
example, air compressor)
overall plant output power including fixed 
in-plant power requirements
fixed in-plant power requirements
throttle pressure reference (PSI in program)
throttle pressure error (PSI in program) "
output of firing rate controller
output of feedforward firing rate controller
composite controller signal to firing system
Xr1 rate limited
X51 rate and magnitude limited
thermal power of fuel out of firing system
thermal power of fuel in combustor (PT)
power loss from Combustor/Nozzle/Channel/ 
Diffuser (CNCD)
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Table 5.1 (cent.)

Variable Units Description

X57 ■ MW power available to steam cycle from water 
cooling the CNGD

X58 MW power in combustion gas available for air 
preheaters and steam cycle

X59 MW X^g delayed by transit time of combustion 
gases from diffuser to steam 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

X63 MW diffuser output power remaining after pre­
heater and temperature control requirements 
have been satisfied

X64 MW preheater power loss

X65 MW X^- less preheater power loss6o
X66 MW Zsum of X _ and time varying power function 65

E (t) simulating the effect o f 'cycling heat ■ I
exchangers

• X67 ■ 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 required to increase air preheat tem­
perature 1°K

X71 °K preheated air temperature not accounting for 
preheater lag or effect of cycling heat ex­
changers

X72 °K preheated air temperature not including 
effect of cycling heat exchangers .
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Table 5.1 (cent.)

Variable Units

°K

MW

•MW

Description

temperature of.preheated air leaving pre­
heaters and entering combustor (T(OUT) .
power in heated water/steam available at 
steam plant due to CNCD cooling
power recovered from condensing seed
generation controller proportional output ■
generation controller integrator output
generation controller differentiator, output
component of X proportional to X1 lb 14
(Figure 5.10)
component of X due to boiler storage 
effects
component of X^q proportional to X ^
component of X^q due to boiler storage 
effects
-firing rate controller proportional output 
firing rate controller integrator output 
firing rate controller differentiator output

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].

Design-center conditions for the Combustor/Nozzle/Channel/

Diffuser include:
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X55 (fuel thermal input power) = 3500.00 MW

fuel calorific value. = 29.257x10^ J/Kg

X73 (preheated air temperature) = 1800°K

combustion gas mass flow rate = 1228.6 Kg/sec

fuel mass flow rate = 119.63 Kg/sec 
air mass flow rate =1108.9 Kg/sec 
potassium mass flow rate =9.86 Kg/sec

6 2combustor pressure = 0.666x10 N/m

useful electrical output from inverters = 920.63 MW

thermal power absorbed by cooling water by component:

combustor
nozzle
channel

233 MW
66.5 MW 
213.7 MW

diffuser

electrode drop loss 
total

enthalpy before combustion = 
enthalpy at diffuser outlet =

87.8 MW

: 64,35 MW 
: 665.35 MW 

3.956x1O6 J/Kg 
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(OUT),

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, C , is found by averaging over a temperature range of 300°K P
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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 C^ gives

■ S| = ,3.6359 X IO-4 ^ K P T l  ®

where PT is fuel thermal input power ) . Air temperature at the

compressor outlet is 570.5°K from Table 4.2. From Equation 4.10,

T(OUT) = [570.5 + (0.029)(PT- 3500)] 0K

and, following Equation 4.11,

(5.14)

ECOMP - Z2(X55) = X 68
-4 MW •= [270.5 + (0.029) (.X_, - 3500) ] [3.6359 x 10 0 -] [XcJ  MW55 MW_ K  55T

(5.15)
where = PT (MW^) = 3500 MW at design center. If X^^(0) = 3500 MW,

X^n (O) = 344.23 MW.
OO

-4 MW
X70 = K31 X55 = (3-63-59 x . 10 MW °K } X55 (5.16)

X - (0) = 1. 2726 MW/°K ... /U

X71 ‘ X69/X70 = pV x70 (5.17)

X (0) = 1500°K = rise in air preheat temperature above ambient at /I
design center. Therefore " '

X6g (O) = X70(O) X71(O) = 1908.85 MW (5.18)
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If Xgg (O) is checked by Equation 4.5,

[HA(ISOO0K) - HA(SOO0K)] [mass flow rate of air]

= (1.721 x lO6 J/Kg)(1108.9 Kg/sec) = 1908.4 MW . (5.19)

which is within 0.025% of the value resulting from Equation 5.18.

X60(O) = X 69(O) - X 68(O) =1564.62.MW (5.20)

Other initial values are X73(O) = 1500°K, X73(O) = 1800°K, TREE = 
1800°K, and Z(O) = 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.

HBC(T) = (— ) HA (TPHAO) + • (— -) (FUEL) - —  (ED) - —  (WATER)W W W W ■
(5.21)

where

HBC(T) = enthalpy before combustion of fuel, air, oxygen (hot 
used), and seed

W = total mass flow rate

WA = air.mass flow rate

HA = enthalpy of air

TPHAO = preheated air temperature

WE = fuel mass flow rate

FUEL = calorific value of fuel



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 mass flow rates, air enthalpy, 

seed dissociation energy, and assumed calorific value of fuel. This 

inconsistency occurs because the last three terms of Equation 5.21 

were developed for hydrocarbon liquid fuels; the sulfur and ash com­

ponents in coal were not accounted for, and the water loss term 

(WATER) is excessive [15]. Table 5.2 provides an illustration. The 

assumptions include; I) The water evaporation term in HBC(T) is not 

to be altered; and 2) 5% H^O 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 CNCD input

power equal to output power, polynomial approximations from [114] of 
■

CNCD output X (electrical output from inverters)', X (thermal 42 56
loss) and X (thermal power absorbed by cooling water) are multiplied

' ' ■by the above ratio and subtracted from input power to determine X 058
(thermal power out of diffuser). This requires power input to equal ! 

power output and increases output power, so that it is consistent 

with design-center input quantities. The

170
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Table 5.2. Equation
lations

5.21 results compared with design-center caleu- 
(power in MW)

Quantity Power from HBC(T) ' Power from design-center quantities

PT 2763.2 3500

PA 2246.63, 1908.85 (less P 1 . .)ambient
PSEED • -97.28 -123.28 *

P  ̂water -51.56 -51.56 .
evaporation .

Pwater in O -13.50
fuel

total 4860.99 5220.51

resulting approximations for X43, X55, and X57 are contained in Ap­

pendix C.
The above considerations only affect cycle efficiency and do 

not change dynamic system behavior.

Using polynomial approximation values for X42 and X^7, and

taking Xr.̂  to be 0.5% of X r gives Sb . S /

SCRIlO

INy
X ,83 MW (5.22)

X56W) + X 57(O) . 718.44 MW (5.23)

Xg(O) = 3503.37 MW = X59(O) (5.24)
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Power recovered' from condensing seed, X75, is assumed to be 85% 

of the original dissociation energy of the seed. At 3500 MW fuel 
thermal input.

X75(O) = 104.79 MW

X63(O) =, X59(O) - X60(O) = 1938.75 MW

(5.25)

(5.26)

.K
2? =59

0.5534 . (5.27)

Thermal power loss from the air preheaters, x , is assumed to-be. 2% 

of the power absorbed by the combustion air, X^ .

X6^(O) = (0.02)X60(0)

0.016

31.29 MW (5.28)

(5.29)

X65(O) = X63(O) - X64(O) = 1907.46 MW (5.30)

* 6 6 . ( ° )  : =  , X 6 5 ( O ) (5.31)

X57(O) = X66(O) + X75(O) = 2012.25 MW ' (5.32)

X74(O) = X57(O) = 714.87 MW (5.33)

X21(O) = X67(0) + X74(O) = 2727.12 MW (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
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used for feedwater heating. If additional low-grade heat is avail­

able, it cannot be absorbed by the steam plant. Turbine efficiency 

drops as more low-grade heat is absorbed because steam bled from the 

turbines is no longer used to heat feedwater [58]. Second, low-grade 

heat is defined,as power lost to the cooling water in the combustor, 

nozzle, and channel only. . Thermal loss to the diffuser coolant is 

considered to be high-grade heat. Thus,' at design, center.

P ^ ^ + P + Pcombustor nozzle channel (1.074)(233 + 66.5 + 213.7)

551.16 MW (5.35)

The maximum amount of low-grade heat the steam plant can absorb, Qmax 

equals

QMAX 0.14[%2i - X,,] (5.36)

where X ^

X22

total thermal input power to steam plant 

stack loss ■

Qm a x (O) •. = 0.14 [X21(O) - X 22(O)] = 360.81 MW

and rejected low grade heat Qg is

Qe (O) = 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 X2^ - Q fi-



(5.38)X21(O) - Qe (O) - X22(O) =' 2386.87 MW

Net steam plant output power, , is

X41(O) = (0.425)(2386.87) =1014.42 MW

The steam turbine efficiency is assumed to be 87%. Therefore,

input, X , may be found from Equation -5.40.
2 0

1014.42
0.87 1166.00 MW

Xzo(Q) Xl9 = %23(0) = X2S

Turbogenerator auxiliary power is assumed to be 4% of X yl1 (0).41
gives compressor power. In-plant, load related power, X44, is

X44(O) = (0.04) X41(O) + X68(O) = 384.81 MW

X43 X41 + X42
0.19Z

Fixed, in-plant power is assumed to be 8.0 MW for the magnet,

and other fixed loads.

Thus, X2 (O) = W 01 - 8.0 MW

= X43 <0> "

OCOIOXJ

= 1610.44 MW

Overall combined cycle efficiency Oq is

(5.39) 

turbine

(5.40)

(5.41)

Xes(Q)

(5.42)

(5.43) 

lights,

(5.44)
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TlO
1610.44
3500 46.01% (5.45)

If all the low-grade heat is absorbed so that Qg = 0, a higher cycle 

efficiency = 48.23% results.

Model III includes 19 time constants. Grid-lag time constant, 

T^, is assumed zero. T ^ ,  T 3 , T 13, and T ^  are controller time con­

stants and are design parameters. and T5 are servomotor time
constants [65]. T ^ ,  T 7 , T gf and T g are representative time constants

for once-through boilers [81]. Tlg, T11, and are associated with 

the turbines [65]. Tig and T define a first-order lag and a pure 

time delay in the firing system and have been discussed in Chapter IV. 

T17 is the transit time for combustion gases moving between the CNCD 
and the steam plant, and is assumed to be I second. Tig is the air 

preheater cycle time, and T 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. Multiplier and time-constant values are listed in Table 5.4.

System equations for model III follow directly from the block 

diagrams of Figures 5.6 through 5.15. They are listed in the computer 

program of Appendix C.
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Table 5.3, Model.Ill initial conditions

X1 (O) = 1610.44 MW. O.5)CM
X = ■ 0.00

X2 (0) = 1610.44 MW Xgo(O) = 0.00
X3(O) 0.00 Xgi(O) - 0.00
X4(O) = 0.00 Xgg(O) = 1166.00 MW
X5(O) = 0.79545 Xgg(O) = Xgg(O)
X6 (O) = 0.00 Xg^(O) = =32«"
X7(O) = Xg(O) Xgg(O) 583.00 MW
X8 (O) = Xg(O) Xgg(O) = 291.50 MW
X9(O) = Xg(O) - %37(0) = ■ 874.50 MW.
Xi0(O) = Xg (0) : Xgg(O) = =36«"
X11(O) = Xg(O) Xsg(O) '.= =32(0)

X12<0) = 0.00 X40<^ =■ 151.58 MW
Xi3(O) = Xg(O) =41(°) = 1014.42 MW
X14(O) = 0.00 =42«" 988.83 MW
X15(O) = 0.00 =43(0) = 2003.25 MW
xI6 (O) = 0.00 =44(°) = 384.81 MW
Xi7 (O) = 0.00 =4g(0) = 1618.44 MW
X18(O) 0.00 =46(0) = 8.00 MW
xI9(O) = 1166.00 ■ MW =47(0) = 3500.00 PSI
X20(O) Xig(O) =48«" — 0.00 PSI
X2I(O) 2727.12 MW Xgg(O) = .0. 79545
X22(O) = 1561.12 MW =50«" 0.00
X23(O) 1166.00 MW Xgi(O) X49(0)
X24(0> . 0.00 =5,(0) X49(0>
X25(O) 1166.00 MW =gg(0) X49(0)
X26(0) = 0.00 =gg(0) 3500.00 MW
X27(O) = 0.00 =gg(0) = 3500.00 MW

X28(0>' = 0.00 =gg(0) = 3.57 MW '
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Table 5. .3. (cpnt,) . .

X57(D) 714.87 MW X73(O) = 1800°K
X53(O) 3505.37 MW ' X74(O) = 714.87 MW
X59(O) = Xgg(O) X75(O) = 104.79 MW

X60(0) = 1564.62 MW X76(O) = 0.00
X6i(O) not used X77(O) = 0.79545

X62(0> 0.00 X78(O) = O.O0 .
X63(O) 1938.75 MW X79(O) = 0.00

1W 01 31.29 MW X80(01 = 0 . 00
X65(O) = 1907.46 MW K81(O) = . 0.00 .

X66(0) = Xgg(O) X82(0) = 0.00
X67(0, = 2012,25 MW X83(O) = 0.00

X68<0> 344.23 MW X84(0) = 0.79545

X69(0> 1908.85 MM '■ X85(O) = 0.00
K70(O) = 1.27 MW/°K TREF . = ISOO0K
X (O) = 1500°K Z = 0.00

O
CMr̂X X^(O)



178

Table 5.4. Model III multipliers and time constants

Constant multipliers:"
Controller and feedforward constants are design parameters and
are therefore not given values

K1 = 1.0 K17 - 0.5
Kg = generation controller K18 = 0.13
K3 = generation controller K19 = 0.192
K^ = generation controller K20 = fuel feedforward
K3 = valve feedforward K21 = firing rate controller
K6 - 1.0 ■ K22 = firing rate controller
K7 =0.1 K23 - firing rate controller

*8 - . ' ■ K24 “ 0.1
Kg = 0.87 : K25 = 1.0

kI O = 0-13 1Se = 4400 MW/uhit X53 -
K11 = 0.87 K27 = 0.553 .■,

kI2 = 1-0' ' K28 = 0.016 -

kIS = ^ 0 K29 = not used
K, . = 1.0 • = 0.572
14 . .. dU . -4
*15 = K31 = 3.64x10

kI6 = °-25 ■ n, . = 1.0

Time constants (seconds):

T1 = 0.00 Tii = 11.00
Tg = generation controller X12 = 0.40
T3 = valve feedforward T13 = fuel feedforward
T4 = 0.30 • X14 = firing rate controller
T5 = 0.30 ' X15 = 10.00
T6 = 115.00 X16 .= 1.00
T7 = 115.00 . X17 = 1.00 V
T8 = 115.00 X18' = 500.00 "
Tg = 6.00 - V- tI9 = 20.00

0.30
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5.6 System-Equation Solutions

Defining 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 this 

model compared with models I and II. The first two models have only a 

proportional constant and an integral constant as controller param­

eters while model III has.12 adjustable parameters which 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 

Kg = generation controller -integrator multiplier 

K^ = generation controller differentiator multiplier 

K,_ = valve feedforward differentiator multiplier

Tg = first-order lag time constant with generation controller- 
differentiator

Tg = first-order lag time constant associated with valve feed­
forward differentiator

Figure 5.12 defines 6 parameters associated with the firing 

rate and fuel feedforward controllers:

Kg^ = fuel feedforward differentiator multiplier 

Kg^ = firing rate controller proportional multiplier 

Kgg = firing rate controller, integrator multiplier
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= firing rate controller differentiator multiplier

T13 = first-order lag time constant associated with fuel feed­
forward differentiator ■

T1^ = first-order lag time constant associated with firing rate 
controller differentiator

Thirty-two model III simulation cases have been run with the 

boiler-following type of control as shown in Figure 5.1. The condi­

tions and important results of these simulations are 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 

plant output power, X3, are tabulated for a 50 MW step decrease in 

MW X at t = 0+. E (t), T (t), and Z are zero for all cases shown.
JREF J_ X J . ' .

Five variations of control are considered:

1) PI generation controller, PI firing rate controller only; no feed­

forward control 2) PID generation controller, PI firing

2) PID generation controller, PI firing rate controller; no feedforward 

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 . System model III simulation cases.

Case Controller Design Parameters Control Characteristics
config.

. K2 K3 V K21 K22 K23 T2 T3 T13 T14 Stable tI P
U

AP

I io -4 io“5 0.0 0.0 0.0 io™4 is -5 0.0 0.0 0.0 0.0 0.0 I ? 95 20.3 27.0
2 IO-4 IO-4 0.0 ' 0.0 IO-4 io "5 0.0 0.0 0.0 0.0 o.o I Yes 24 13.9 5:1
3 IO-4 io -3: 0.0 . Q-O 0.0 IO-4 IO"5 o:o 0.0 0.0 0.0 0.0 i. Yes - 5 18.6 "0.5
4 IO-4 io”3 O■ 6 0.0 0.0 IO-4 IO-4 0,0 0.0 0.0 0.0 0.0 I ' Yes 5 30.1 0.0
5 O - 

i io -3 0.0 0.0 0.0 IO-4 IO-3 0.0 0.0 0.0 0:0 0.0 I No 4 146.3 410.6
6 io -4 IO-3 0.0 0.0 o.O IO-3 IO-4 0.0 0.0 0.0 0.0 0.0 I Yes. 4 43.5 0.0
7 io”4 io "3 0.0 0.0 0.0 IO-3 IO-3 0.0 0.0 0.0 0.0 0.0 I No 3.5 111.7 406.3
8 10-3 IO-5 0.0 0.0 0.0 IO-4 IO-5 0.0 0.0 0.0 0.0 0.0 I ? 85 4.1 4.4
9 io -3 10~4- : o.p ■ 0.0 . o:o' IO"4 IO-5 0.0 0.0 0.0 0.0 0.0 . ' I Yes 27 8.0 3.6

10 io -3 IO-4 . 0.0 .0.0 0.0 IO-4 IO-4 0.0 0.0 0.0 0.0 0.0 ■ , I . No ■ 13.5 26.3 606.8
11 IO"3 io '4 0.0 0.0 0.0 IO-4 IO-3 0.0 . 0.0 0.0 0.0 0.0 : I. No 6. 60.7 998.8
12 IO-3 IO-4 0.0. 0.0 .0.0 IO-3 IO-4 0.0 0.0 0.0 0,0 o.o'.-. I ' Yes 10 13.7 . 0.0
13 IO"3 .10 4 0.0 0.0 0.0 IO-3 io "3 0.0 0.0 ■ 0.0 0.0 0.0 I No 5 47.3 946.9
14 IO-3 IO-3 0.0 0,0 0,0 ■IO-4 IO-5 0.0 0.0 0.0 0.0 0.0 I Yes • 5 .11.5 0.2
15 IO-4 io "3 io“3 0.0 0.0 IO-4 IO-4 0.0 0.5 0.0 0.0 0.0 .2 ' ■ Yes 5 30.2 0.0
16 io“‘4 IO-3 Sxio"3 "' o.o 0.0 IO-4 IO-4 0.0 0:5 0.0 0.0 0.0 2 ■Yes 6 31.0 0.0
17 IO-4 IO-3 ■ IO-.3 0.0 0.0 IO-4 IO-4 0.0 0.5 0.0 0.0 0.0. 2 :■ ; Yes ■ 7 31.3 0.0
18 IO-4 ■io-3 ■ 0.0 0.0 0.0 io "4 IO"4 IO-4 0.5 0.0 0:0 . 0.5 . ; 3 ■. Yes 5 29.5 0.0
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Table 5.5 (cont.)

Case

K2 K3 K4 .

Controller

^5. ^20

Design

K21

Parameters 

K22 ' K23 T2 T3 ■T13 T14

Control 
config.

Characteristics 

Stable t, P API U

19 10-4 io -3 0.0 0.0 0.0 10-4 10-4 -45x10 0.5 0.0 0.0 .0.5 3 Yes 4.5 26.8 0.0
20 10-4 IO-3 0.0 0.0 olo IO"4 i o ' 3 io " 3 0.5 0.0 0.0 0.5 . .3.' Yes 4.5 24.5 0.0
21 10-4 IOr"3 ' 0.0 .0.0 0.0 10-4 IO-4. id " 3 0.0 O O O O . 0.1 3 Yes 4.5 24.4 0.0
22 !O'4 IO-3 0.0 0.0 , 0.0 10-4 IO"4 io~2 0.0 0.0 0.0 0.1 3 • Yes 3.5 36.6 0.2
23 IQ"4 IO"3 0.0 0.0 0.0 IO-4 IO"4 io -1  . 0.0 0.0 0.0 0.1 3 No 3.5 55.9 61.2
24 !O'4 io " 3 0.0 0.0 0.0 IO"4 IO"4 1.0 0.0 0.0 0.0 0.1 3 No 3.5 60.4 92.6
25 io " 3 IO'4 0.0 0.0 0.0 IO"4 io " 5 io " 3 0.0 0.0 0.0 0.1 3 Yes 28 8.1 . 5.1
26 io " 3 io ^ 3 0.0 0.0 0.0 10-4 IO-5 IO-3 0.0 0.0 0.0 0.1 3 Yes 4.5 8.0 0.2
27 !O'4 IO-3 0.0 "10-4 IO-4 IO"4 io " 3 IO-3 '0.0 0.2 0.2 0.1 ’ 4 Yes 4.5 23.9 0.0
28 IO"4 IO-3 0.0. IO-= io " 2 IO"4 lQ-4 IO-3 0.0 0,2 . 0,2 0.1 4 Yes 4.5 15.1 6.0
29 . IO"4 io " 3 0.0 0.0 9x10-4 IQ-4 10-4 0:0 0.0 o.d 1.0 d.o 5 Yes 4.5 27.2 0.0
30 IO"4 IO-3 0.0 0.0 -3"I. 3x10 10-4 10-4 ■ 0.0 0.0 0.0 5.0 0.0 5 Yes 4.5 27.4 0.0
31 io " 3 IO"4 o.p 0.0 SXIO'3 10-4 io -5 0.0 0.0 0.0 12.0 0.1 5 . Yes 35 6.5 4.0

. 32 io " 3 . 10-4 0.0 0.0 -25x10 IO"4 io " 5 0.0 0.0 0.0 12.0 0.1 5 Yes 3.5 41.8 10,5
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The control configuration for each case given in Table 5.5 is identi­

fied by the number I through 5 corresponding to the above list.

Plant output power characteristics included in Table 5.5 are: 

stability; yes = stable, no = unstable,

? = insufficient information (borderline case) 

t (seconds) = time required for X3 to change from initial value 
(1610.44 MW) to the first crossing of the new 

steady-state value (1560.44 MW)

P^ (megawatts) = undershoot of X3

= 1560.44 - x2 (minimum)
AP (megawatts) = last peak value of X„ relative to 1560.44 MW before2

t = 400 seconds (within the last half-period of X3)

t. is a measure of the rate of response of X.. P determines the I 2 u
amount of undershoot, and AP indicates how closely the system ap­

proaches steady state within 400 seconds.

As an example, consider case 4 of Table 5.5. Control configu­

ration I implies a PI generation controller and a PI firing rate 

controller only. Thus, K3, K3, K , and K33 are the only non-zero 
controller parameters. The system is stable for this condition. It

takes X five seconds to reach 1560.44 MW, starting from 1610.44 MW at 2
t ='0+. X3 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.
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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 

possible with models I and II for the cases considered.

2) Using derivative control with the generation controller degrades 

system performance for the cases considered. This may be seen by . 

comparing cases 15, 16, and 17 with case 4" which lacks derivative 

control but is otherwise identical to cases 15, 16, and 17. Cases 

15, 16, and 17 have equal or slower response and greater undershoot 

than case 4.

3) Using derivative control with the firing-rate controller improves, 

system performance in several cases. For example, cases 18, 19,

20, and 21 all have the same or faster response time and less under­
shoot than case 4. However, if differentiation constant K„_ becomes23
too large, undershoot increases and system instability results as : 

in cases 22, 23 and 24.

4) Feedforward control is beneficial in several instances: Cases 27

and 28, with two feedforward controllers operating, have 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 under^

shoot than case 4.
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Plots of five model.Ill variables are given as functions of 

time in Figures 5.16 through 5.44. The variables are:

X2 (net plant output power)

(net steam turbine output power)

X^2 (net MHD electrical output power)

X^g (thermal 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 varying PI 

controller constants K2, K3, and K32 for the three selected cases.

The second figure contains two plots, corresponding to cases 4 and 21, 

drawn on a single set of axes to illustrate the effect of derivative 

control used in the firing rate controller. The-third figure compares 

cases 14 and 26, thus repeating 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 governor and the firing 

system. The fifth figure repeats case 4 with time functions E^(t) 

and T^(t) functioning. E1 (t) is the variation in thermal power avail­

able to the steam plant, and T1 (t) is the variation 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 (t), T (t),'- 

and Z all functioning.

5.6.1 Net plant output power

Figure 5.16 gives three plots of as functions of time corre­

sponding to cases 4, 9, and 14 of Table 5.5. Initial response, maxi­

mum undershoot, and steady-state error are all tabulated in the table. 

MWr e f X^ changes from 1610.44 MW to 1560.44 MW at t = 0+ for all cases 

considered. (t) = T^(t) = Z = O . .

Figure 5.17 shows two plots of X^ 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 

values of controller constants and are used.

Figure 5.19 presents two plots of X^ corresponding to.cases 21 

and 28. Feedforward control to both the governor 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 

E^(t), T^(t), and Z. The magnitude jump in X3 at t = 225 seconds, due 

to E^(t) and T^(t) is 5.60 MW.
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Figure 5.21 repeats case 14 of Figure 5.16 with E1 (t), T- (t),I I
and Z all functioning. The magnitude step in X2 at t =225 seconds, 
due to (t) and T^(t), is 4.95 MW.

5.6.2 Net steam turbine output power X

Figure 5.22 shows three plots of as a function of time 

corresponding to cases 4, 9, and 14 of Table 5.5. MW^ ,' X^ changes

from 1610.44 MW to 1560.44 MW at t = 0+. E {t) = T^(t) = Z = O  for 

Figures 5.22, 5.23, 5.24, and 5.25. In case 4, X4^ starts from an 

initial value of 1014.42 MW at t = 0, undershoots the steady-state 

value of 990.6 MW by 47.0 MW at t = 8 seconds, and then overshoots 
steady-state, reaching 1060.5 MW at t =. 22 seconds. The X4^ oscilla­

tions reduce significantly after the initial cycle. The maximum value 

of the second cycle is 996.7 MW at t = 99 seconds. In case 9, X41 
starts at the same initial value as before, never stabilizes at a 

steady-state value within 400 seconds, and reaches a first minimum 

value of 972.8 MW at t = 22 seconds. In case 14, X reaches a mini­

mum value of 947.9 MW in .8 seconds, a maximum value of 1018.4 MW at t 

= 84 seconds, and does not stabilize within 400 seconds.

Figure 5.23 gives two plots of X4^ for cases 4 and 21. In case

21, where derivative control has been added, the maximum undershoot of

X is 40.3 MW at t = 7 seconds, compared with 47.0 MW undershoot in 41
case 4.
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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 X4^ at t = 8 seconds. This compares favorably 

with a 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 two41

feedforward controllers operating. The maximum undershoot of X4 1̂ is 
23.7 MW at t = 7 seconds compared with a corresponding undershoot of

40.3 MW for case 21 and 47.0 MW undershoot for case 4.

Figure 5.26 repeats case 4 of Figure 5.22 with (t), T^(t), 

and Z all functioning. No discontinuities exist in steam turbine out­

put power, X41, due to (t) and T (t),'but-a steady-state ripple does 

occur. The peak value of the ripple is 7.59 MW.

Figure 5.27 repeats case 14 of Figure 5.22 with E (t), T (t),I I -
and Z all functioning. Disturbances due to E -(t) and T' -(t) are appar­

ent in X4 .̂. The peak value of the fluctuation at t - 225 seconds is 

2.13 MW.

5.6.3 Net MHD electrical output power X42

Figure 5.28 shows three plots X42 as a function of time 

corresponding to cases, 4, 9, and 14 of Table 5.5. MWree, experi­

ences a 50 MW step decrease at-t = 0+. . E^(t), T^(t), and Z are all 

zero for Figures 5.28, 5.29, 5.30, and 5.31. In case 4, X ^  starts



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 value 

of 950.7 MW. In case .9, 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, 

reaches a minimum value of 922.7 MW at vt = 84 seconds and does not 

stabilize within 400 seconds. .

Figure 5.29 illustrates two plots of X for cases 4 and 21. 

Derivative control reduces undershoot so that at t = 25 seconds, X ^  

reaches a minimum value of 902.6 MW compared with a minimum value of

896.3 MW without derivative control.

Figure 5.30 compares cases 14 and 26 for X^- With derivative

control in case 26, X.„ attains a minimum value of 924.8 MW at t = 8842
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 control reduces the 

undershoot of X^2 so that at t = 25 seconds the minimum value of X^2 

is 909.8 MW compared with 902.6 MW without feedforward control.

Figure 5.32 shows the effect of (t) , T̂ .(t) , and Z on X^2 with 
the system operating as in case 4. The magnitude jump in X42 at t = 
225 seconds due to T (t) is 7.54 MW.
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Figure 5.33 repeats Figure 5.32 for case 14. The magnitude

jump in X.„ at t = 225 seconds in this case is 7.1 MW.42

5.6.4 Thermal power of fuel in combustor

Figure 5.34 illustrates three plots of X^^ as a function of 

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 

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,

X,.r starts at 3500 MW, reaches a minimum of 3316.3 MW at t = 94 sec- 55
onds, and does not stabilize at steady-state within 400 seconds. In

Zcase 14, X ^  reaches a minimum value of 3333.5 MW at t = 83 seconds, 

and does not stabilize Within 400 seconds.

Figure 5.35 shows X t. plotted for cases 4 and 21. Derivative 

control in the firing rate controller reduces undershoot so that the 

minimum value of Xt.,. 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 

control in case 26, undershoot of X5t- is reduced by 5.3 MW.

Figure 5.37 compares cases 21 and 28 with respect to X55. 

Feedforward control reduces undershoot of X55 by 18.6. MW compared with

case 21.
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Figure 5.38 repeats case 4 with (t), T (t), and Z all oper­

ating. ^ does not experience discontinuities as a result of (t) 

and (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 observed in X55 due to

E (t) and T (t).I I

5.6.5 Preheated air temperature X^3

Figure 5.40 shows three plots of X73(°K) as a function of time. 

The conditions of Figure 5.28 apply. In case 4, X73 starts at an 
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 case 4, 
having a value of 1798.08°K at t = 400 seconds. In case 14, X73 

again corresponds to case 4, having a value of 1798.10°K at t = 400 

seconds.
Figure 5.41 compares X73 for cases 4 and 21. The plots are 

essentially identical.

Figure 5.42 compares X__ for cases 14 and 26. Again, the re-/3
suits are nearly the same for both cases.

Figure 5.43 compares X73 for cases 21 and 28.. There is almost 

no variation between the two cases.



Figure 5.44 shows the effect of (t) on X73. The result is

the. superposition of T (t) on X„̂ , plotted in Figure 5.42 for case 14I H

T^(t) is defined in Figure 4.3.
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Chapter VI

SUMMARY OF RESULTS

6.1 Introduction

The purpose of Chapter VI is to summarize and evaluate the re­

sults of computer simulations of the three system models developed in 

Chapters III, IV,/ and V. Suggestions for future research are included 

in Section 6.5.

6.2 System Model I

System model I, shown in Figure 3.3, represents the initial dy­

namic modeling effort described in this paper. The basis for the 

model is an idealized heat balance diagram given in Figure 3.1 [143]. 

Proportional-plus-integral control is used. Generation error is the 

controller input. The fuel system is characterized by a limiter and 

a first-order lag in cascade. The MHD channel is described by en­

thalpy extraction in the form of electrical output power and by a

negligible time constant compared with the. remainder of the system.
.Heat exchangers 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 compressor power and thermal power 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



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 requirements.

Numerous computer simulations of system dynamic response are 

illustrated in Figures 3.4 through 3.23. Figures 3.4 and 3.5 show the 

effect of variations■in MHD channel enthalpy extraction efficiency for 

several system variables. Figures 3.6 through 3.23 describe the re­

sult of perturbing the system with a 50 MW step decrease in MW XREF I
at t = 0+. Several combinations of controller parameter values are 

represented. A wide variation in overall plant response is possible, 

as shown in Figures 3.21 through 3.23, ranging from highly damped to 

underdamped cases. System response time to the -50 MW step ranges 

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. This is verified by a 

classical stability analysis detailed in Section 3.7.

6.3 System Model II

System model II, discussed in Chapter III, was developed as the 

first phase in.an orderly extension of model I complexity. The ideal­

ized heat, balance of Figure 3.1 is retained, as is the basic PI con­

trol and steam plant representation.



.Model II extends model I in the following ways:

'I) Transport delays are included between the fuel valve and the MHD 

channel (T1), between the radiant boiler and steam plant (T4), and 

between the MHD channel and heat exchangers (T ).

2) T1 (t) and E1 (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 introduced to 

reduce variations in air preheat temperature.

4) A radiant boiler in the diffuser has been added.

5) A nonlinear block (f ) is used to implement the combustion air pre­

heat temperature control.

6) A nonlinear block ( f describes compressor power.

Computer simulations of model II dynamic 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

E1 (t) and T1(t) on system performance. E (t) and T (t), used to model I I I I
air preheater cycling, have no effect bn steam plant output power 

(Figures 4.17 through 4.20), but have a significant effect on many im­

portant system variables, such as fuel thermal input power, inverter 

output power, and net plant output power. For example, net plant out­

put power, Xgg, shown in Figures 4.21 through 4.24, exhibits 4 MW
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perturbations due to air preheater cycling for the cases investigated.■ 

Four MW is 0.254% of the 1577.5 MW nominal plant output power. An in­

crease of 0.25% in plant output power corresponds to an increase in 

line voltage of 0.127%. This disturbance occurs too rapidly to be 

eliminated by the existing controller. The most promising way to re­

duce the transients to an.acceptable level is to control some parameter 

associated with the MHD channel which affects enthalpy extraction.

The MHD channel is the only system component that has sufficiently 

short, response times to be affected by the variations in preheated air 

temperature. Because of this, it is the most likely candidate to ef­

fect a solution to the output transient problem. Tempering combustion 

air temperature with air from a secondary source is one possible solu­

tion. Introducing seed flow variations to alter gas conductivity is 

another means of approaching the problem. Still another is fast con- . 

trol of the inverters. ' .

The existing air temperature controller (feedback variable Z) 

only affects long-term variations in air temperature. This may be i 

noted by examining Figures 4.8 through 4.12. The control used is pro­

portional type, and steady-state error could certainly be improved by 

the addition of more gain and/or integral type control. However, the 

extremely long time lag due to preheater cycling is still in the con­

trol loop, making it impossible to cause any rapid changes in the

preheated air temperature with air temperature control which adjusts .
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thermal input power to the preheaters. Thus, model II indicates that . 

temperature variations due to air preheater cycling may be a problem 

and that fast acting control of appropriate MHD channel parameters 

may be necessary.

6.4 System Model III

System model III is the second and final extension of model I 

complexity described in this paper. It is considerably more detailed 

than either model I or model II. An overall block diagram of model 

III is given in Figure 5.1, and detailed block diagrams of system com­

ponents are shown in Figures 5.6 through 5.15.

The added complexity of model III is particularly evident in 

the characterization of the steam plant, the steam turbines, the 

Combustor/Nozzle/Channel/Diffuser (CNCD), and the control system.

The boiler and turbine valve model, which was previously described as 

a pair of cascaded first-order lags, is now a two-input, three-output 

model [81]. Inputs are turbine valve area and power available to gen­

erate steam. Outputs are throttle pressure, power to the turbines, 

and boiler and stack loss. The steam turbines are modeled assuming a . 

reheat system with high-pressure, reheat, and low-pressure turbines 

represented with appropriate time constants and losses [65]. The 

CNCD is much more sophisticated than in previous models. It is an 

input-output model resulting from polynomial approximations of data
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obtained from the solution of energy balance, state, and continuity 

equations for the combustor, and the quasi one-dimensional MHD' equa- 

tions for the nozzle, channel, and diffuser [114] . CNCD inputs are 

fuel thermal input power and preheated combustion air temperature. 

Outputs are thermal power loss, power absorbed by the cooling water, 

thermal power in the combustion gases leaving the diffuser, and inver­

ter electrical output power. The control system is essentially boiler 

following type (Figure 5.2) with additional feedforward controllers 

available. A wide variety of control possibilities are available with 

twelve adjustable control parameters included in two proportional- 

integral-derivative controllers and two feedforward controllers.

A large number of computer simulations of system dynamic re­

sponse are tabulated in Table 5.5. In all cases the boiler-following 

type of control shown in Figure 5.1 is used. The values of the 12 

controller parameters are given, as are important characteristics of 

net plant output power X^. Graphical displays of the behavior of sev­

eral model III variables as a function of time are given for several 

different controller conditions in Figure 5.16 through 5.44.

Many interesting aspects of the dynamic behavior of model I H  

are apparent in Table 5.5. First, it is possible to make the overall 

system described by model III unstable. This was not possible with, 

models I and II for all. cases considered. Second, derivative control



228
added to the generation controller degrades system performance for the 

case considered. This may be seen by comparing cases 15, 16, and 17, 

all with derivative control,' with case 4 which lacks 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 performance in 

cases 18, 19, 20, and 21, compared with case 4. Cases 18 through 21 

all have the same or faster response time and less undershoot than 

case 4. However, if differentiator constant K becomes too large, 

undershoot increases and system instability results as in cases 22, 23, 

and 24. Fourth, feedforward control is beneficial in several cases.

For example, cases 27 and 28, with two feedforward controllers oper­

ating, have less undershoot than case 21 with no loss in response 

time. Case 21 is identical to cases 27 and 28 except that it has no

feedforward control. Cases 29 and 30 are the same as case 4 except . ■

that fuel feedforward control is added in 29 and 30. Both cases have 

faster, response and somewhat less undershoot than case 4.

Plots of several system variables are given as functions of 

time for cases 4, 9, 14, 21, 26, and 28 as defined in Table 5.5.. Also

shown are cases 4 and 14 with (t), T^(t), and Z all functioning.

These 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 the effect of air 

preheater cycling. The magnitude jump in net plant output power noted 

in Figure 5.20 due to air preheater cycling is 5.6 MW. This corre­

sponds to a 0.36% increase in plant output power and to a 0.18% in­

crease in line voltage. .

6.5 Comparison Between Model Simulations

A comparison between the results of the computer simulations 

for each of the three models developed is appropriate.

First, the primary difference, between model I and model II is 

the air preheater detail. In particular, the effect of preheater cy­

cling is accounted for in model II by the presence of time functions

E (t) and T (t). E (t) represents the variation of power available to .L L jL
the steam plant, and T^(t) describes the fluctuation in air preheat 

temperature due to air preheater cycling. Both models are stable for 

all cases considered. The overall system response of models I and II 

are very similar except for the effect of E1 (t) and T1 (t).

Second, the computer simulation of model III, which represents . 

a substantial advance in modeling complexity, have one major character­

istic which is notably different from the simulations of models I and 

II. That is, model III is unstable for several controller design pa­

rameter cases as may be seen in Table 5.5. Another property is that, 

for all cases considered using the boiler-following: control> the plant



230

output power always exhibits undershoot ranging 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 IIT system equations were changed so 

that the firing system was operated by a signal related to generation 

error X3 and the turbine governor was operated by a signal related, to 
throttle pressure error X4g. The only changes required in the system 

equations are:

X7 “ X49 + X50

X5 + X6

(6.1)

(6.2)

Two PI controllers were used with no derivative or feedforward control 

considered. The cases are defined in Table 6.1

Table 6.1. Simulation cases for turbine-following control

Case

1
2
3
4 
5.

r 3
. - 3

-3

10"3
10~3

-3
10

r3
)-3
D-4
r 4
-5
-5

D"3
f 4
D-3
D"4
,-3
-4

r 4 ,
D-5
>-4

-4
-56



In all cases MWr e f changes from 1610.44 MW to 1560.44 MW at t =. 0+. 

E1 (t) = T1 (t) = Z = O . .  Cases 5 and 6 exhibit overdamped characteris­
tics. X2 has oscillations with a 16 second period in cases I and 2. 
The oscillations disappear in 200 seconds for case I and 356 seconds 

for case 2. In 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, X3 takes 20 seconds to drop 50 MW and reaches 
a maximum undershoot of 4.14 MW at t ='41 seconds. In case 4, X3 
requires 23 seconds to drop 50 MW and reaches a maximum undershoot of

2.55 MW at t = 57 seconds. In case 5, net plant output power,-Xn,
■2 -equals 1610.44 MW at t = 0 seconds, 1569.63 MW at t = 50 seconds, and 

1566.8 MW at t = 100 seconds. In case 6, X^ equals 1610.44 MW at t =

0 seconds, 1572.19 MW at t = 50 seconds, and 1565.35 MW at t = 100 

seconds.

A comparison between the. results■of turbine-f0Ilowing and 

boiler-following control modes is in order.- Considering the cases 

investigated, both types of control can give stable system response to 

a disturbance. Boiler-following control is somewhat faster than 

turbine-following control in terms of overall plant response, but this 

could be altered if MHD channel and inverter controls were applied. . 

Turbine-following control makes overdamped system response possible, 

although for the cases considered, response was very slow. Based bn 

available results, either type of control mode could be used, but
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neither type would respond sufficiently rapidly to eliminate transients 

caused by air preheater cycling. It is likely that only fast-acting 

channel or inverter controls could reduce or eliminate the effect Of 

these transients.

A -50 MW step input disturbance of MW^ 1, x , was chosen as a 
standard perturbation of all three system models. This was done to 

allow comparison of step responses of the models. A step change in 

MWr e f is not a realistic variation from a normal operational point of 

view.. Standard practice is to vary desired generation by introducing , 

a ramp change in Mwref- • A step function perturbation of the system 

might, however, be appropriate in determining system response to a 

network fault.

6.6 Conclusions

Several important conclusions may be drawn from the results de­

rived in this paper.

. The fast response of system models I and II for cases typified 

by Figure 3.11, page 66,. is unrealistic. If the controller propor­

tional multiplier K = 0.1, 1.0, or 10.0, and integrator multiplier 

= 10.0, nonlinear system behavior results, due to the magnitude 

limiter in the fuel valve, The valve passes through 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, as well as magnitude limits, in the governor 

and firing system. It therefore gives more realistic behavior in re­

gions of fast system response. The rate limiter values are important 

in such regions.

System model III exhibits unstable behavior for certain values 

of controller constants. This represents a significant departure from 

results obtained with models I and II. As model III is a more realis­

tic description of the MHD/steam combined-cycle system, it is probable 

that regions of instability may be found in Actual plant operation. 

These unstable regions must, of course, be carefully avoided.

Several significant characteristics of the control configura­

tions studied were identified. First, both boiler-following (Figure 

5.2, page 136) and turbine-following (Figure 5.3, page 137) control 

modes were simulated. Both types of control allowed stable system 

response with boiler-following control being somewhat faster. The 

only simulation cases exhibiting overdamped response were for turbine­

following control. Very interesting simulation results appear in 

Figures 5.16, 5.22, and 5.28 on pages 193, 199, and 205, respectively. 

Net plant output power, ,. is plotted in Figure 5.16 for three dif­

ferent cases defined in Table 5.5. Case 14 appears to give a signifi­

cantly better plant response 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 display lightly damped re­

sponse characteristics 180° out of phase from each other. ' Therefore, 

it is not sufficient to evaluate controller performance, only on the 

basis of plant ouput. Derivative control used with the firing rate 

controller improves system performance in cases 18, 19, 20, and 21, 

compared with case 4. Derivative control may, however, cause system 

instability as seen in cases 22, 23, and 24. Feedforward control may 

be definitely beneficial as shown in Figure 5.19, page 191©. Feed­

forward control reduces system undershoot while maintaining rate of 

response.

The input-output model of the Combustor/Nozzle/Channel/Diffuser 

(CNCD), described in Section 5.3.7, provides a more accurate descrip­

tion of MHD system steady-state effects than was possible in models I 

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. Although quadratic poly-■ 

nomial approximations of steady-state data were used to formulate the 

CNCD model, linear curve-fits were very good, thereby adding confi­

dence to the validity of models I and II.

As a final conclusion, air preheater cycling does affect sev­

eral important system variables as may be seen in Figures 5.20, 5.21, 

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 Research

There are many areas which are suitable for future work. A . 

number of these are enumerated in [113]. and are included in the fol-r 

lowing comments.

First, consider the steam plant. It is characterized in system, 

model III by a linear, time-invariant, black-box model. This model is 

very adequate for investigating system dynamic response about some 

quiescent operating point, but it will prove useful in future work to 

increase the range of applicability. One means of achieving this is 

by deductive modeling [92]. Deductive modeling involves developing a 

system model from pasic physical laws such as the conservation of 

energy, mass, and momentum. The state properties of materials such as 

water and steam are defined by empirical relationships such as given 

by steam tables [94]. Deductive modeling is considered to have the. 

following advantages:

1) Values of equation coefficients may be determined by plant 

design and steady-state data

2) Minimum-order models may be logically determined

3) The model is independent of transient response data
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4) Nonlinear models should be used, if applicable, because

they are valid over a wider operating range than linearized 

models and may be validated using steady-state data 

It will also be useful to have models available to describe the steam 

plant during start-up.

Much additional work can be done with the Combustor/Nozzle/ 

Channe1/Diffuser (CNCD) model. It currently has'two independent, time 

variable inputsfuel thermal input 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 

seed density, oxygen enrichment, and the distribution of inverter 

voltage characteristics. The transient characteristics of the CNCD 

must also be known to determine its effect on system behavior. A more 

accurate combustor model is currently being developed.

The control system should be expanded and refined to include:

1) Control of additional time-variable CNCD inputs.

2) Separate firing of the steam plant

3) Inverter control of electrical output and other channel 

characteristics

4) Throttle-pressure setpoint control

5) Rate limits on MW reference variations

6) Pressure limits

7) Feedwater and airflow controls
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Continued work in the cycle analysis and control area will make 

evident appropriate research activities which will undoubtedly 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 simulate model I is given 

in this Appendix. The program was adapted from Franks [51] by William 

Crane.

Algebraic and differential equations for model I are listed in 

the program under headings "calculate algebraic quantities" and "cal­

culate the derivatives of the state, variables."
. •••

Subroutines required for the program are included. The same 

set of subroutines is used for the programs listed in Appendix B and 

Appendix C.
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b PROGRAM TO SIMULATE MHD/STEAM COMBINED CYCLE 

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)
HDR : 132 CHARACTERS READ FROM CARD READER CONTAINING ANY

DESIRED INFORMATION. THIS IS PRINTED OUT ON THE OUTPUT. 
K : ALL CONSTANTS AS NUMBERED ON MODEL DIAGRAM.
NF : VARIABLE SET BY SUBROUTINE PRTFIN. EQUALS I IF

CALCULATION DONE ; EQUALS O OTHERWISE.
NPR : SET BY SUBROUTINE PRTFIN. EQUALS I WHEN TIME TO PRINT 

RESULTS. EQUAL O OTHERWISE.
T : TIME VARIABLE, IN SECONDS.
TAU : TIME CONSTANTS AS NUMBERED ON MODEL DIAGRAM.
X : VARIABLES AS NUMBERED ON MODEL DIAGRAM.

VALUES FOR K(I) AND TAU(I) ARE INPUT VIA THE CARD READER. 
THE INITIAL VALUES OF X(I) ARE ENTERED DIRECTLY INTO THE 

PROGRAM. ANY STABLE OR UNSTABLE INITIAL CONDITIONS MAY BE 
ENTERED. ' ' "

SUBROUTINES NEEDED:
FRTFIN < MODSIM ROUTINE )
INTI ( MODSIM ROUTINE )
INT ( MODSIM ROUTINE )
TIMDAT ( TO OBTAIN TIME AND DATE )

MODEL DEVELOPED BY JOHN ASPNES. 
PROGRAM WRITTEN BY WILLIAM CRANE. 
BOTH OF MONTANA STATE UNIVERSITY 
BOZEMAN, MONTANA.
JULY 1975

IMPLICIT DOUBLE PRECISION (A-H, 0-Z)
REAL K
DIMENSION X(20), DTA(3), TAU(5), K(12), TDATE(4), HDR(33) 
DATA DTA / 0. 5, 0. 2. 0. I /

READ VALUES OF MULTIPLIERS (K), TIME CONSTANTS (TAU), THE 
HEADER LINE, AND CALL TIMDAT TO GET THE TIME AND DATE.

50 READ ( 105, 10, END=Sl ) K, TAU



10 FORMAT ( 8F10. 5, /, 4F10. 5, /, 5F10. 5 )
READ < 105, 11 ) HDR

11 FORMAT ( 20A4 )
CALL TIMDAT < TDATE)

c-:-:-------- ------------------------------------------------------------ ---------------------------------------------------
C DO LOOP TO TRY SEVERAL STEP SIZES. MAY BE OMITTED IF
C ONLY ONE STEP SIZE IS DESIRED BY SETTING THE STEP IN STATEMENT I.C---- ---------------------- ----------'----------------------

DO 8 J = I, 3
C-------------------- — ------ :------- ------ '----------------------:--------
C INITIAL VALUES OF STATE VARIABLES
C----'--------------------------------- .-----:-------------------------------

X(&) = 3495. 93506 
X (9) = 1224. 97607
X(14) = 
X(15) = 
X ( 20) ' =

968. 839.84 
968. 83984 
0. 86534

C
C--

MI SC. VALUES

X(I) = 1570.0
T = 0. 0

I DT = DTA(J)
C------------------------- :------------------------------ — ;---------------
C HEADERS FOR PRINTED OUTPUT
C----------------------------------------------------------------- --------

WRITE ( 108, 30) TDATE, K, TAU, X ( 6), X ( 9), X < 14), X < 15), X ( 20), DT, HDR 
SO FORMAT ( 'I', 90X, 4A4,///, ' "COMBINED MHD - STEAM BOTTOMING ",

1 'PLANT SIMULATION, MODEL I',///,' 'MULTIPLIER VALUES'-,
2 //, ' ", 10X, 'K - K", 6F12.5,/," ", 11X, "I 6", ZZ,
3 " ", 10X, "K - K", 6F12. 5, /, " ", IIX, "7 12",///," ",
4 . "TIME CONSTANTS", //, " ", 10X, "TAU - TAU", 5F12. 5,
5 /, " :, 13X, "I 5",. ///, " ", "INITIAL VALUES OF" '
6 " STATE VARIABLES", //, " ", 10X, "X", 15X, 5F12. 5, .
7 /, " ", IIX, "6,9,14,15,20", ///, " ", ‘"TIME STEP = ",
8 -F12. 4, " SEC. ", ///, " ", "SPECIAL CONDITIONS FOR THIS ",
9 "ARE: ", //, " ", 33A4 ).
WRITE ( 108,31 ) ’

31 FORMAT ( "I", " TIME, SEC", SX, "X(2!.", 9X, "X(4) ",
1 9X, "X (6) ", 9X,. "X (9) ", 9X, "X(IO)", 8X, "X(12) ",
2 8X, "X ( 15) ", 8X, "X (17) "', 8X, "X(19)", // )

C -------------------- :------- :---- '------------------------------------------------------------------------- —
C CALCULATE ALGEBRAIC QUANTITIES
C----------- r----------- ‘------:-------------------------------------------
7 X(7) = K(5> * X(6)

X(IO) = X(6) + X(9)
X (12) = ( I. O - K(7) ) # X(IO)
X (13) = K(IO) « < I. O - K(9) ) * X ( 12)
X(16) = K(Il) « X(12)
X(17) = K(7) « K(8) *X(10)
X(IS) = X(15) + X(17)
X(19) = K <12) * X(IS)
X(2) = X(I) - X(19)
X(3) =K(I) * X(2>
X(4) = X(3) + X(20)
X ( 5) = X ( 4 )
X(8) = X(7) + K(9) # X(12)
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LIMITER FOR X<5>

21
IF ( X(5) - 
X(5) = K(3)

K (3) ) 20, 20, 21

20
GO TO 23 
IF ( X(5) ) 22, 23, 23

22 X (5) = 0. 0

CALCULATE THE DERIVATIVES OF THE STATE VARIABLES

23. DX6 = ( K<4) * X<5) - X(6) ) / TAU<1) 
DX9 = ( K (6 >. e X (8) - X<9) ) / TAU<2> 
DX14 = ( X(13) - X(14) ) / TAU(41 
DX15 = ( X ( 14.) - X (15) ) / TAU(S)
DX20 = X(3) * K(2)

CHECK TO SEE IF READY TO PRINT VALUES AND/OR IF 
CALCULATIONS ARE DONE

CALL PRTFIN ( 2. 0, 500. O,. NF, . NPR )
IF ( NPR ) 25, 24, 25

PRINT RESULTS : UNIT 108 = LP, UNIT 109 = DISK OR OTHER DEVICE. 
UNIT 109 IS FOR TEMPORARY STORAGE OF VALUES FOR POSSIBLE 
LATER USE.
WRITE ( 108,32 ) T, X (2), X ( 4), X (6), X ( 9), X (10), X ( 12), 
I X(15), X(17),X(19)
WRITE ( 109,32 ) T, X (4), X (6), X(IO), X (15), X (17), X (19) 
FORMAT ( ' 10( IPE13. 5) )
IF ( NF ) 8, 24, 8

INTEGRATE THE STATE VARIABLES
24 CALL INTI ( T, DT, 4 ) 

CALL INT ( X(6), DX6 ) 
CALL INT ( X(9), DX9 ) 
CALL INT ( X(14), DX14 ) 
CALL INT ( X(15), DX15 ) 
CALL INT ( X(20), DX20 ) 

■ GO TO 7 
8 CONTINUE

GO TO 50 "
51 END FILE 109 

REWIND 109 
STOP 
END
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SUBROUTINE PRTFIN < PRTINT, FINISH, NOTFIN, NOPRT )

SUBROUTINE TO CONTROL THE FREQUENCY OF PRINTING THE SOLUTION 
VALUES AND TO INDICATE WHEN COMPUTATION IS COMPLETE.

THIS SUBROUTINE IS PART OF THE MODSIM SYSTEM.

USAGE : CALL PRTFIN ( PRTINT, FINISH, NOTFIN, NOPRT )
WHERE

PRTINT : 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 INDEPENDENT. VARIABLE USED IN THIS 
SIMULATION. IT IS NOT MODIFIED BY THIS ROUTINE.

FINISH : THE UPPER VALUE DESIRED OF THE INDEPENDENT VARIABLE.
WHEN THE INDEPENDENT VARIABLE REACHES OR EXCEEDS ■ 
FINISH, NOTFIN IS SET TO THE VALUE I. THE VALUE OF 
FINISH IS SUPPLIED BY THE CALLING ROUTINE IN THE 
SAME UNITS AS THE INDEPENDENT VARIABLE, AND IS 
NOT MODIFIED BY THIS ROUTINE.

NOTFIN : FLAG TO INDICATE IF COMPUTATION HAS BEEN COMPLETED.
IF THE INDEPENDENT VARIABLE EQUALS OR EXCEEDS FINISH 
NOTFIN IS SET TO THE VALUE I. IT IS SET TO O OTHER­
WISE.

PRINT : FLAG TO INDICATE WHEN TO PRINT SOLUTION VALUES.
IT IS SET TO THE VALUE I AT THE END OF EVERY PRINT 
INTERVAL, WHEN THE INDEPENDENT VARIABLE IS ZERO,
AND WHEN COMPUTATION IS COMPLETE. IT HAS THE VALUE 
O OTHERWISE. THIS ALLOWS EVERY N-1TH SOLUTION 
VALUE TO BE PRINTED, RATHER THAN EVERY VALUE.

SUBROUTINES REQUIRED: 
NONE.

WRITTEN BY WILLIAM CRANE
MONTANA STATE UNIVERSITY, BOZEMAN, MONTANA 
JULY 1975
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COMMON /MODSIM/ T, DT, OS, JN, DXA(SO), XA(SO), 10, US4, MAXON, 
I NTD, MAXNTD
.IMPLICIT DOUBLE. PREC IS I ON (A-H, 0-Z)
DATA TPRNT / 0. O /
NOPRT = O

C---------------------------- -̂------------------------------------------- -
C CHECK TO SEE IF IT IS TIME TO PRINT SOLUTION VALUES. .
C VALUES WILL BE PRINTED ONLY AT THE END OF AN
C INTEGRATION STEP ( WHEN JS = 2 OR JS4 = 4 )

C

IF < TPRNT - PRTINT ) 20, 21, 21
21 IF < T - ( FINISH - DT / 2. O ) > 28, 27, 27
27 IF ( JS - 2 ) 28, 29, 28
28 IF ( J.34 - 4 ) 26, 29, 26
26 IF ( T - ( TPRNT - DT / 2. O ) ) 22, 23, 23
23 IF < JS - 2 ) 24, 25, 24
24 IF < JS4 - 4 ) 22, 25, 22
22 ■ RETURN

SET COMPUTATION FINISHED FLAG OFF •

20 NOTFIN = O
SET PRINT FLAG ON AND INCREMENT TPRNT

25 NOPRT = I
TPRNT = TPRNT + PRTINT 
RETURN

FOR T >= FINISH 
RESET PARAMETERS AND INDICATE RUN IS DONE ' ■ ' V " - '

29 TPRNT = 0.0 
NOTFIN = I 
NOPRT = I 
T = O. O 
JS = O 

' JN = O 
JS4 = O 
NTD = O 
RETURN 
END
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C
SUBROUTINE INTI ( TX, DTX, IOX )

BASIC CONTROL SUBROUTINE FOR THE MODSIM SYSTEM OF SUBROUTINES. 
THIS SUBROUTINE CONTROLS CERTAIN PARAMETER VALUES, INCREMENTS 
THE DEPENDENT VARIABLE, AND INFORMS THE OTHER SUBROUTINES OF THE 
METHOD CHOSEN FOR SOLUTION OF. THE DIFFERENTIAL EQUATIONS.
.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 PRIOR TO ALL CALLS TO INT 
FOR A GIVEN INTEGRATION STEP.

USAGE : CALL INTI < TX, DTX, IOX )
WHERE

TX : THE VALUE OF THE INDEPENDENT VARIABLE. IT SHOULD BE.SET 
TO 0. O BY THE CALLING ROUTINE BEFORE ANY CALLS TO INTI 

' AND LEFT ALONE AFTER THAT. IT IS INCREMENTED BY THIS 
SUBROUTINE. AT THE COMPLETION OF ANY INTEGRATION STEP 
TX WILL HAVE THE PROPER VALUE.

DTX : THE INTEGRATION STEP SIZE. 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.

IOX : THE INTEGRATION ORDER. THIS SELECTS THE METHOD OF 
' INTEGRATION WHICH WILL BE USED WITH VALUES OF 
I, 2, OR 4 TO SPECIFY 1ST, 2ND, OR 4TH ORDER METHOD. 
THIS VALUE MAY BE CHANGED DURING A PROGRAM RUN.
SEE NOTE BELOW.

' SUBROUTINES REQUIRED : 
NONE.

IT IS POSSIBLE TO CHANGE THE VALUES OF DTX AND IOX DURING 
A PROGRAM RUN. HOWEVER, ANY CHANGE MUST TAKE PLACE AT THE END 
OF ALL CALCULATIONS FOR A GIVEN INTEGRATION STEP. THE EASIEST 
WAY TO INSURE THIS IS TO CHANGE VALUES WHEN SOLUTION.VALUES ARE 
PRINTED OUT, AS SPECIFIED BY SUBROUTINE PRTFIN.

WRITTEN BY WILLIAM CRANE
MONTANA STATE UNIVERSITY, BOZEMAN, MONTANA 
JULY 1975
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COMMON /MODSI'M/ T, DT, JS., JN, DXA(SO), XA(SO), 10, JS4, MAXJN, 
I NTD, MAXNTD '
IMPLICIT DOUBLE PRECISION (A-H, O-Z)
IO =IOX 
JN = O 
NTD = O

CHECK FOR IO = I, 2, 3, OR 4. IO = 3 IS TREATED AS IO = 2.
IF ( IO ) 20, 20, 21

21 IF ( IO - 4 ) 22, 22, 20
22. GO TO ( 23, 24, 24, 25 ), IO

1ST ORDER SOLUTION - EULER'S METHOD

23 JS = 2 
GO TO 26

2ND ORDER SOLUTION - MODIFIED EULER METHOD
24 JS = J S +  I -

IF ( JS - 3 ) 40, 41, 40 V
40 IF < JS - 2 ) 26, 42, 26
42 RETURN
41 JS ” I
26 DT = DTX 

T = T + DT
TX = T 
RETURN

4TH ORDER SOLUTION - RUNGE - KUTTA'METHOD
25 . JS4 Il c_ CO +

IF ( JS4 - 5 ) .44, 43, 44
44 IF ( JS4 - 3 ) 45, 29, 45
45 IF < JS4 - I ) 46, 28, 46
46 RETURN
43 JS4 = I
23 DT = DTX / 2. O

T = T + 
TX = T 
RETURN 
T = T + 
T X = T  
DT = DT 
RETURN

* 2.0

ERROR MESSAGE FOR IO NOT IN RANGE OF I TO 4

20 WRITE ( 108,30 )
30 FORMAT ( 'O', '*** INTEGRATION ORDER OUT OF RANGE OF I TO 4'

I " IN SUB. INTI. PROGRAM TERMINATED. ' )
STOP
END
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SUBROUTINE INT ( X, DX

SUBROUTINE TO PERFORM THE ACTUAL INTEGRATION OF DIFFERENTIAL 
EQUATIONS. THE METHOD USED IS.CHOSEN BY THE PREVIOUS CALL TO 
SUBROUTINE INTI, AND MAY BE THE 1ST ORDER EULER METHOD, THE 2ND 
ORDER MODIFIED EULER METHOD, OR THE 4TH ORDER RUNGE - KUTTA 
METHOD, A SYSTEM OF UP TO 50 FIRST ORDER EQUATIONS MAY 
BE SOLVED BY THIS SUBROUTINE, ONE EQUATION PER CALL OF THIS 
SUBROUTINE.

USAGE : CALL INT < X, DX > . .
WHERE

X : THE VALUE OF THE FUNCTION AT SOME VALUE OF THE INDEPENDENT
VARIABLE. ' THE INITIAL VALUE OF THE SOLUTION MUST BE 
SUPPLIED AS A BOUNDARY CONDITION 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 REQUIRED : 
NONE.

WRITTEN BY WILLIAM CRANE
MONTANA STATE UNIVERSITY, BOZEMAN, MONTANA 
JULY 1975

COMMON /MODSIM/ T, DT, JS, JN, DXA(SO), XA(SO), 10, JS4, MAXJN, 
I NTD, MAXNTD
IMPLICIT DOUBLE PRECISION (A-H,O-Z)

INCREMENT THE CALL INDEX JN AND SEE IF IT IS LE THE MAXIMUM 
VALUE ALLOWED ( MAXJN ). BRANCH TO CHOSEN SOLUTION METHOD.
J N = J N +  I
IF ( J N -  MAXJN ) 26, 28, 29 
GO TO ( 20, .21, 21, 22), IO

1ST ORDER INTEGRATION METHOD ( EULER METHOD )

20 X = X + DX * DT 
RETURN



O O
248

c
2ND ORDER METHOD ■ < MODIFIED'EULER I'

21 GO TO ( 23, 24 )„ JS
23 DXA(JN) = DX

X = X.+ O X *  DT 
RETURN •

24 X = X + ( DX - DXA(JN) ) # DT / 2. O 
RETURN

C 4TH ORDER METHOD ( RUNGE KUTTA )
22 GO TO ( 25, 26, 26,. 27 ), JS4
25 .XA(JN) = X 

DXA(JN) = DX
X = X + DX * DT 
RETURN

26 • DXA(JN) = DXA(JN) + DX 
X = XA(JN) + DX * DT 
RETURN

+ DX

27 . X = XA(JN) + ( DXA(JN) 
RETURN

+ DX ). * DT / 6. O

C ERROR MESSAGE FOR JN > MAXJN

29 WRITE ( 108,30 ) MAXjN
30 .FORMAT ( 'O', '*** MORE THAN 15, ' .'EQUATIONS IN THIS

I 'SYSTEM. PROGRAM TERMINATED: ' )
STOP
END
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#
* SUBROUTINE 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.
* . ' - ••• ■■e
*■ SUBROUTINE USAGE :
*  '
* CALL TIMDAT ( T D )
*
# WHERE TD IS AN ARRAY CONTAINING 4 WORDS OF STORAGE.
* ' .*
* THE TIME AND.DATE ARE RETURNED IN THE FORM
*
» .. HH: MM DD MON ?YY
»  ■ '•***«tt*.***t ************************************************************ 
*

SYSTEM 
SYSTEM 
■ SYSTEM 

TIMDAT BAL, b 
EVRY 
M:TIME 
B

TIMEDATE RES 
REF 
DEF 
END

BPM
FORTLIB 
SIG7F 
9SETUP1 
TIMEDATE 
*TIMEDATE 
*15 I
9SET0P1
TIMDAT
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BLOCK DATA

SUBROUTINE TO INITIALIZE COMMON DATA VALUES.
ALL COUNTERS ARE SET TO ZERO. THE INDEPENDENT VARIABLE T IS 

SET TO 0. 0. MAXJN IS SET TO THE NUMBER OF LOCATIONS IN DXA AND 
XA. MAXNTD IS SET TO THE MAXIMUM. NUMBER OF TIME DELAYS ALLOWED 
PER SIMULATION ( SEE SUBROUTINE DELAY ).

THIS SUBROUTINE IS PART OF THE MODSIM SYSTEM.

WRITTEN BY WILLlAM CRANE
MONTANA STATE UNIVERSITY, BOZEMAN, MONTANA 
JULY 1975

COMMON /MODSIM/ T, DT, .JS, JN, DXA(SO), XAC50), 10, JS4, .. MAXJN, 
I NTD, MAXNTD
IMPLICIT DOUBLE PRECISION (A-H.O-Z)
DATA JS /0/, JN /0/, JS4 /0/,. T /0. 0/, . MAXJN /50/
DATA NTD /0/, MAXNTD /25/
end



APPENDIX B -

DIGITAL COMPUTER SIMULATION PROGRAM 
FOR SYSTEM MODEL,II

The digital computer program used to simulate model II is given 

in this Appendix. The program was adapted from Franks [51] by William 

Crane. Subroutines required for this program are given in Appendix A. 

An additional subroutine DELAY is required and follows the model II 

program. This subroutine was written by William Crane and modified by 

Robert Uhlrich.

Algebraic and differential equations for model II are listed in 

the program under the heading "calculate algebraic-quantities."
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PROGRAM TO SIMULATE MHO/STEAM COMBINED CYCLE OPERATION 
USING MODEL II. REFER TO MODEL 11 BLOCK DIAGRAM:

VARIABLES USED :

DLINEI : DELAY LINE ARRAYS FOR DELAY UNIT I.
DT : TIME INCREMENT, IN SECONDS.
DXI : TIME DERIVATIVE OF VARIABLE. X(T).
HDR : ONE PRINTER LINE < 132 CHARACTERS ) OF INFORMATION :

READ FROM THE CARD READER. THIS IS PRINTED ON THE
OUTPUT.

K : MULTIPLICATIVE CONSTANTS, AS NUMBERED ON THE MODEL
DIAGRAM.

NF : SET BY SUBROUTINE PRTFIN. EQUALS I IF CALCULATIONS
ARE DONE. OTHERWISE EQUALS 0.

NPR : SET BY PRTFIN. EQUALS I WHEN IT IS TIME: TO PRINT
RESULTS, AND IS O OTHERWISE.

T : TIME, IN SECONDS.
TAU : TIME CONSTANTS AND DELAY TIMES, AS NUMBERED ON THE

MODEL DIAGRAM.
X ■: VARIABLES AS NUMBERED ON MODEL DIAGRAM.

VALUES FOR K(I) AND T A U d )'ARE ENTERED VIA THE.CARD READER. ' 
. THE INITIAL VALUES. OF X(I) ARE ENTERED DIRECTLY INTO THE 
PROGRAM. ANY STABLE OR UNSTABLE INITIAL CONDITIONS. MAY BE. . 
ENTERED.

SUBROUTINES REQUIRED :

PRTFIN ( MODSIM ROUTINE )
INTI ' < MODSIM ROUTINE )
INT ( MODSIM ROUTINE )
DELAY < MODSIM ROUTINE )

. TIMDAT ( TO OBTAIN THE TIME AND DATE )

MODEL DEVELOPED BY JOHN ASPNES.
PROGRAM WRITTEN BY WILLIAM CRANE.
BOTH.OF MONTANA STATE UNIVERSITY, BOZEMAN, MONTANA. 
AUGUST 1975

IMPLICIT DOUBLE PRECISION (A-H, O-Z)
REAL K
INTEGER TDATE
DIMENSION X (36), K( 19), TAU(S)'; DLINEl (50), DLI.NE4(50), DLINES(SO)
DIMENSION HDR(33), TDATE(4)
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GET TIME AND DATE. READ K. TAU, . AND HDR FROM CARD READER.
CALL TIMDAT < TDATE )

50 READ < 105, 10, END=Sl ) K, TAU, DT, . HDR
10. FORMAT ( 2< SF10. 5, / ), 3F10. 5, /, SF10. 5, /, 1F10. 5,

& /, < 20A4 ) )

INITIAL VALUES OF STATE VARIABLES. •
X (6) . = 3500. 002 
X(H) = 117.3. 15 

' X (26) = X (27) = 2744. 3774 
■ X ( 36) ='■. 795.455

M I SC. INITIAL VALUES.
X(I) = 1577. 5 
KNT = 9 
T = 0. 0.
X ( 7 ) = . X ( 6)
X(IS) = X ( 19) = 595. O ' 
X (20) = X (21) = 3311. 4 
TREF = .1473. 15

CALCULATE THE NUMBER OF LOCATIONS NEEDED FOR THE DESIRED 
TIME DELAYS. THIS NUMBER MUST BE NO GREATER THAN THE..MAXIMUM 
NUMBER OF LOCATIONS AVAILABLE ( MAXLOC ).

NTDl = IFIX( TAU(I) / DT >
NTD4 = IFIX( TAU(4) / DT )
NTD5 = IFIX( TAU(S) / DT )
MAXLOC = 5 0
IF ( NTDl - MAXLCiC ) 28, 28, 29

28 IF ( NTD4 - MAXLOC ) 40, 40, 29
IF ( NTD5 - MAXLOC ) 41, 41, 29.

WRITE OUTPUT HEADINGS
41 WRITE ( 108,30 ) TDATE, K, TAU,. X (6), X (.111,' X (26), X(27), X (36) /

I X( I), DT, HDR
30 FORMAT ( "'I', 'COMBINED MHD -> STEAM PLANT CONTROL SIMULATION, f,

1 ' MODEL IIz, T90, 4A4, ///, z ", -fMULTIPLIER VALUESz, .
2 //, z z, 10X, zK - K z,' 7X> 6E12. 5, /, z z,. IIX,
3 'I 6Z < //, z z, 10X, zK - Kz, 7 X,' 6E12. 5, /, z T, IIX,
4 '7 12z, //, z z, 10X, zK - Kz, 7X, 6E.12. 5, /, z z,
5 IIX, z 13 ISz, //. ' z, 10X, zKz, 12X, . E12. 5, /, ■ z z,
6 IIX, z19z, ///, z z, 'TIME CONSTANTS AND DELAY TIMES',
7 //, ' z, 10X, zTAU - TAUz, 3X, . 6E12. 5, /, z ",
S 13X, zI 6Z, //, z ', IOX,. TAU - TAUz, 3X,
9 2E12. 5, A  z ', 13Xi z7 Sz, ///, z ',
A 'INITIAL VALUES OF STATE VARIABLES', //, ' ',
B 10X, 'Xz, 15X, 5F12. 5, IIX, '6,11,26,27,36',' '
C ///, ' ■', 'DEMAND REFERENCE IS X(I) = ',. F 12. 5,
D ' MEGAWATTS', ///, ' ', TIME STEP = ', F7. 5,
E ' SECONDS', ///, ' ', 'REMARKS:',/, ' ', 33A4 ) ■
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WRITE < 108,31 )
31 FORMAT- ( 'I', '■ TIME, SEC', 8X,. 'X(Z)-', 9X, 'X<4)", 9X,

1 ' X < 7) ' 9X, 'X(IZ)--, 8X, ' X < 14)-', 8X, .'X( 16)', 8X,
2 'X(ZS)'i 8X, 'X(SO)', IOX, 'Z', /> )

CALCULATE ALGEBRAIC OUANTITIES
20 CALL DELAY (DLINEl, NTD I, X (6), X.(7)-,.l)

X(IZ) = X(Il) + Tl(T)
X(S) = K(S) * X(7)
X (31) = X(S).» X(IZ)
X( 14.) = X(7) + X(Sl)
X (34) .= < I. O - K (9) ) * X (.14) ■'
X< 15) = X (34)
X( 16) = K(Il) # K(IZ) # X(15) .
X(ZS) = (1.0- K( 16) - K(17)) *X(27)
X (29) = X(16) + X(ZS)
X(SO) = K (18) # X(29)
X (32) sr K(I9) # X(30)
X(2) = X(I)- X(32)
X (3) = K(I) * X(Z)
X (4) = X(3) + X(36)
X (5) = X (4 )
2 = (X(12) - (TREF -300)) # K(7)
X (-33) = (1. 0 - K(ID) * X(15)
X (20 ) = X (33) * (1.0 - K(10))
CALL DELAY (DLINE4, NTD4, X (20), X (21), Z)
X(ZZ) = (I - K(IS)) * X(Zl) - Z » X (8)
X (9) = (239+. 029*(X(7)-3500) ) * (. O0O3555*X(7) ) + X(ZZ) 
X(IO) = X<9) / X(S)
X(IS) = K(IO) - * X(SS)
CALL DELAY (DLINE5, NTD5, X(18), X (19), 3 )
X (35) = K (13) * X(Zl)
X (23) - X (35) -t El(T)
X (24) = Z * X(S)
X (25) = X( 19) .+ X(23> + X(24),
X( 17) = K(9) « X<14)

C---
C . LIMITER FOR X(S), O <= X(5). C= 1. 0 . ■■

c IF ( X ( 5) ) 24, 24, 25
24 X (5) = 0. O

GO TO 26
25 IF CX(S) - I. I0) 26, 26, 27
27 X ( 5) = I. O .V
26 DX6 = (X(5) # K(3) - X (6) ) / TAU(S)

DXll = (XdO) 
DX26. = ( X ( 25) 
DX27 = (X(26)

- X(ID) / TAU(Z)
* K(15) - X(26)) / TAU(7)
- X(27)) / TAU(6)

0X36 = K(Z) .* X(S) -



O
O
O
 n

o
n
 

o
o
o
o
o
o
 

° 
tP 

° 
,, 

o
o
o
o
o
o

255

CHECK TO SEE IF READY TO PRINT .VALUES < NPR = I ) AND IF 
CALCULATIONS ARE DONE < NF = I.'.).' UNIT 108 = LINE PRINTER. 
UNIT. 109 = DISK OR OTHER SECONDARY STORAGE TO HOLD DATA FOR 
POSSIBLE LATER USE.
CALL PRTFIN < 0. I, 400. 0, NF,. NPR ). .
IF < NPR. ) 21, 22, 21 '
WRITE ( 109, 32 ).T, X<2>, X<4), X (7), X< 12)', X (14), X(16),
I . X (28), X (30), Z
KNT .= KNT + I
FORMAT ( ' ', IPEl I. 3, 9 (1PE13. 5) )
IF (KNT. NE. 10) GO TO 35
WRITE ( 108,32 )• T, X (2), X (4), X (7), X (12), X(14), X( 16),
I ■ X (28), X (30), Z -
KNT = O
IF ( NF ) 23, 22. 23

INTEGRATE THE STATE VARIABLES

CALL INTI 
CALL INT ( 
CALL I NT. ( 
CALL INT ( 
CALL INT < 
CALL INT ( 
GO TO 20 
CONTINUE 
GO TO 50 
STOP

T, DT, 4 ) 
X(6), DX6 ) 
X(Il), DX l I ) 
X ( 26), DX26 ) 
X (27), DX27 ) 
X(36), DX36 )

' ERROR MESSAGE FOR TOO LONG A DELAY. .-

29 WRITE ( 108,33 )
33 FORMAT ( ' '*** TOO LONG A TIME DELAY DESIRED FOR GIVEN ARRAY

I vSIZE/ PROGRAM TERMINATED. ■' )
■" STOP ■ ■ ■ . . .  ' •

e n d ... . ■ V-.
FUNCTION Tl(T) '-

FUNCTION SUBROUTINE TO GENERATE THE TEMPERATURE RIPPLE 
FUNCTION. FOR THE MHO/STEAM CYCLE, MODEL II.

PERD = 50.6 
TIME = T + 25
Tl = 10 - (TIME/PERD - INT(TIMEZPERD)) * 20
RETURN
END
FUNCTION El(T)

FUNCTION SUBROUTINE TO GENERATE THE POWER RIPPLE FUNCTION 
FOR THE MHO/STEAM CYCLE. MODEL II.

PERD = 50.0 
TIME = T + 25
El = -12. 44 + (TIME/PERD - INT(TIMEZFERD) ) # 24.88 
RETURN 
END



n
o
o
n
 

n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
 o

n
 n

o
n
 o

n
 n

o
n
 o

n
n
n
o
n
n 
n 
n 

n 
n 
n

i H t: t' i

■ . '

• .... ■ "256..

SUBROUTINE DELAY ( DLI NE, NUN ITS, VALIN, VALOUT, KNT)

SUBROUTINE TO SIMULATE A PURE TIME DELAY. THIS SUBROUTINE 
WILL WORK ONLY FOR THE FIRST ORDER EULER METHOD OR THE FOURTH 
ORDER RUNGE-KUTTA METHOD. IT IS PART OF THE MODSIM. SYSTEM.

USAGE : CALL DELAY (DLI NE, NUN ITS, VALIN, VALOUT, KNT)

WHERE:
DLINE : AN ARRAY TO HOLD DELAYED VALUES. ON THE FIRST CALL 

TO DELAY (T = 0. 0) THE ARRAY. IS INITIALIZED TO THE 
VALUE OF VALOUT.

KNT ■ : AN INDEX TO INDICATE. A. PARTICULAR DELAY IN THE SYSTEM.
THERE ARE 25 POSSIBLE DELAYS', NUMBERED I TO 25.

NUNITS :.THE NUMBER OF LOCATIONS IN DLINE. NUNITS MUST BE
EQUAL TO THE TIME DELAY.DESIRED DIVIDED BY THE STEP ' 
SIZE, AND MUST BE AN,INTEGER MULTIPLE OF THE STEP 
SIZE. '

VALIN i. THE. VALUE BEING PUT INTO THE DELAY LINE.
' VALOUT : THE VALUE RETURNED FROM THE DELAY UNIT.

NOTE: UPON THE FIRST CALL TO RKDELAY, THE VALUE OF VALOUT IS USED
TO INITIALIZE THE ARRAY DELAY LINE. IT IS ASSUMED THAT VALOUT 
HAS REACHED EQUILIBRIUM FOR T<=0.

WRITTEN BY WILLIAM CRANE 
AUGUST 1975
REVISED BY ROB UHLRICH'
BOTH OF MONTANA STATE UNIVERSITY, BOZEMAN, MONTANA 
APRIL 1976

COMMON /MODSIM/ T, DT, US, UN, DXA<50), XA(SO), Ip, JS4, MAX UN,
& NTD,.MAXNTD
IMPLICIT DOUBLE PRECISION (A-H, O-Z)
•DIMENSION DLINE'( I), I PO I NT (251, PREV (25) -■

• SEE IF INITIALIZATION IS NEEDED (T=O. 0) AND INSURE THAT KNT 
IS IN THE RANGE OF I TO 25

IF (T) 27, 27, .28 ' ' ' ■ ■
23 ■ IF. ( (KNT. LT. I ). OR. (KNT. GT. 25) ) GO TO 25 ''
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CHECK FOR VALID INTEGRATION ORDER.
BRANCH FOR EULER OR RUNGE-KUTTA METHOD OF INTEGRATION.

IF .(IO.. EQ. I ) GO TO 35 
IF < 10. EQ. 4) GO T O  29 
GO TO 50

BRANCH FOR THE NUMBER OF THE PASS (INDICATED BY JS4)
IN THE RUNGE KUTTA INTEGRATION ROUTINE. IF JS4 IS OUT OF 
THE RANGE I TO 4, OUTPUT AN ERROR MESSAGE'AND STOP EXECUTION.

29. GO TO <33, 33, 34,35) JS4
GO TO 32 . :

(JS4. = I OR-2) INTERPOLATE MIDPOINT BETWEEN LAST TWO VALUES 
IN THE. DELAY LINE.

33 . VALdUT = (DLINELIPOINT(KNT) ) ■+ PREV(KNT) )/2. O 
RETURN '."

(JS4 = 3). TAKE THE LAST VALUE OUT OF THE DELAY LINE. 
NO NEW VALUE IS INSERTED.

34 VALOUT = DLINEdPOINT(KNT) ) 
• RETURN

(JS4 = 4 OR EULER METHOD)
SWAP VALUES INTO AND OUT OF DELAY LINE AND INCREMENT POINTER

35 VALOUT = DLINEdPOINT(KNT))
PREV(KNT) = VALOUT 
DLINEdPOINT(KNT) ) = VALIN 
IPOINT (KNT) = IPOINT(KNT) + I 
IF ( I PO I NT(KNT). GT. NUN ITS) I PO I NT (KNT) = I 
RETURN

. INITIALIZE THE DELAY

27 DO 29 I F 2, NUNITS 
29 DLINE(I) =VALOUT 

DLINE(I) = VALIN 
!POINT (KNT) = I 
PREV(KNT) = VALOUT 
RETURN

C ERROR MESSAGES
C----------------------.---:------------ '— -7™ — — ------------------- r------—
25 WRITE (103,31). KNT
31 . FORMAT ( 'O', '*.**DELAY INDEX OUT/OF RANGE OF I TO 25

& ''VALUE IS ',115, '. PROGRAM TERMINATED)
STOP

32 WRITE (108,41) KNT
41 FORMATdO-', -1IHr*INTEGRATION INDEX (JS4) OUT OF RANGE FROM I TO 4. '

& -'VALUE IS 115, ■' . PROGRAM TERMINATED. ')
STOP

50 WRITE ( 108, 51 )
51 FORMAT ( -1O ', ' ***DELAY LINE WORKS ONLY FOR 1ST ORDER EULER OR ',

1 'FOURTH ORDER RUNGE-KUTTA INTEGRATION METHOD. ' ,
2 •'PROGRAM TERMINATED. ' . ' :
STOP ■
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APPENDIX.C

DIGITAt COMPUTER SIMULATION PROGRAM 
FOR SYSTEM MODEL III .

The digital computer program used to simulate model III is given 

in this Appendix.. The program was adapted from Franks [51] by Robert 

Uhlrich. Subroutines required for this program are given in Appendix 

A and Appendix B.

Algebraic and differential equations for model III are listed 

under the headings "calculate algebraic quantities" and "calculate 

derivatives." • .
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. PROGRAM TO SIMULATE MHO/STEAM COMBINED CYCLE OPERATION 
USING MODEL III. REFER TO MODEL 111 BLOCK DIAGRAMS.

VARIABLES USED :

DLINEI- : DELAY LINE ARRAYS'FOR DELAY UNIT I.
. DT .'.-, TIME INCREMENT, ' IN SECONDS.

DXI : • TIME DERIVATIVE OF VARIABLE X ( I). ■
' HDR : ONE PRINTER LINE (.132 CHARACTERS ) OF INFORMATION 

READ FROM THE CARD READER. . THIS IS PRINTED ON THE 
. OUTPUT.

K : MULTIPLICATIVE CONSTANTS, AS' NUMBERED ON THE MODEL
DIAGRAMS.

NF : SET BY SUBROUTINE.PRTFIN. EQUALS I IF CALCULATIONS
ARE DONE. OTHERWISE EQUALS 0.

NPR : SET BY PRTFIN. EQUALS I WHEN IT IS TIME TO PRINT .
RESULTS, AND IS O OTHERWISE.

T : TIME, IN SECONDS. .
TAU : TIME CONSTANTS AND DELAY TIMES, AS NUMBERED.ON THE 

MODEL DIAGRAMS.
X : VARIABLES. AS NUMBERED .ON MODEL DIAGRAMS.

VALUES FOR K(I) AND TAU(I) ARE ENTERED VIA THE CARD READER. 
THE INITIAL VALUES OF X(I) ARE ENTERED DIRECTLY INTO THE 

PROGRAM. ANY STABLE O R .UNSTABLE INITIAL CONDITIONS MAY BE 
ENTERED.

SUBROUTINES REQUIRED :
PRTFIN ( MODSIM ROUTINE );
INTI ( MODSIM ROUTINE ) •"
..INT ' ( MODSIM ROUTINE )
DELAY ( MODSIM ROUTINE > ..
TIMDAT ( TO OBTAIN THE TIME AND DATE )

MODEL DEVELOPED BY JOHN ASFNES.
PROGRAM WRITTEN BY ROB UHLRICH .
BOTH OF MONTANA STATE UNIVERSITY, BOZEMAN, MONTANA. • 
APRIL 1976

IMPLICIT DOUBLE PRECISION (A-H, O-Z)
REAL K
INTEGER TDATE
DIMENSION X (85), K(31>, TAU(19), DLINEl(50), DLINE2(50)
DIMENSION HDR(33), TDATEt4)
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GET T I ME AND DATE, READ K, TALI, DT,. AND HDR FROM CARD READER:

CALL TIMDAT ( TDATE )
DT, HDR50 READ ( 105, 10, END=Sl ) K, TAUi

10 FORMAT (3(8F10. 5, /), 
& 1F10. 5, A  (20A4 ) )..

7F10. 5, A 2( 8F10: 5, /), 3F10. 5, /,

INITIAL VALUES OF STATE VARIABLES.

X(S)
X (27) 
X (28) 
X (32) 
X (54) 
X (72) 
X (74) 
X (77 > 
X (73) 
X(SO) 
X (82) 
X (84) 
X (85)

• X(P) = . 795455 
= '0. O .= 0. O
= X (33) = X (34) - 1165. 9988 
= 3500. O 
= 1500. O - ■.
= 714.86834 
= .• 795455'= Op = 0.0 . .
=  0 , 0 ,
= -. 795455 • 
= 0. O \

M I SC. INITIAL VALUES.

X.(l) = 1560.4418 
PREV4 = X ( 4) ■ = 0. O 
X(P) = X(Il) = : 795455 
X(IS) = . 795455 
X(IP) = 1165. PPSS 
X (25) = 1165. SPSS 
X (46) = 8. O 
X (47) = 3500. O 
PREV48 = X (48) = 0. O 
X (53) = . 795455.
X (54) = X (55) = 3500. O 
X (58) = X (59) = 3503.372 
KNT = 9 
A = -50. O 
TREF = 1800 
T = O. O

CALCULATE THE NUMBER OF LOCATIONS NEEDED FOR THE DESIRED 
TIME DELAYS. .THIS NUMBER MUST BE NO GREATER THAN THE MAX.IMUM ■ 

C NUMBER OF LOCATIONS AVAILABLE ( MAXLOC ).
c— — ----- ------ — ------------- -------------------- —

NTDl = IFIX( TAU(16) / DT )
NTD2 = IFIX (. TAU ( 17) / DT )
MAXLOC.= 50
IF ( NTDl - MAXLOC ) 40, 40, 29
IF ( NTD2 -. MAXLOC ) 41, 41, 2940
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WRITE OUTPUT HEADINGS
41

30

WRITE (108,30) TDATE, K, TAU, X (4), X(8), X(9), X (27), X(28), X(32),
& X (33), X (34), X (54), X (72), X (74), X (77), X(78), X (80), X (82),
& X (84),X (85), X( I ), DT, HDR
FORMAT ( 'I'. 'COMBINED MHD - STEAM PLANT CONTROL SIMULATION, ',
1 . ' MODEL III', T90, 4A4,. ///, ■' ', 'MULTIPLIER VALUES',
2 //, ' ', I OX, 'K - K', 7X, 6 ('-IPE12. 5), /, ' ', IIX,
3 'I ' ', 10X, 'K - K', 7X, &( 1PE12. 5), /, ' ',IlX, '
4 '7 ' 12', //, ' ', I OX, 'K - K', 7X, 6( 1PE12. 5), /, ' ',
5 IIX, '13 IS',//,' ', 10X, 'K —  K', 7X, 6( 1PE12. 5), /, ' ',
6 IIX, '19 24',//,' /, IOX, 'K K', 7X, 6( 1PE12. 5), /, ' ', 11X,
7 '25 30<, //, ' ', 10X, 'K', 12X, .( 1PE12. 5) ,./, ' ', IIX, ' 3 1 .
8 .. 6/, ', 'TIME CONSTANTS AND DELAY TIMES'^
9 . //,.'' ', 10X, 'TAU I  TAU', 3X, 6(1PE12.. 5), /, '',.■
A 13X, 'I 1 &', //, ' ', ' I OX, 'TAU - 'TAU','. 3X, 6(1PE12. 5),
B /, 13X, '7 12',//,' .', 10X, 'TAU - TAU', 3X, S( 1PE12. 5),
C /, . 13X, '13 18', //, i IOX,- 'TAU', 9X, K1PE12. 5),
D /, 13X, '19', ///, .. .
E 'INITIAL VALUES OF STATE VARIABLES', //, '■', '
F I OX, 'X', 15X, 6( 1PE12. 5), /,, '. ', 11X, '8,9,27,28,32',
G //, ' ', I OX, X', 15X, 5( 1PE12. 5), /, ' ', 11X,
H '33, 34, 54, 72, 74, 77', //, ' IOX, 'X', 15X,. 5( 1PE12. 5),
I /, ' ', IIX, '78, 80, 82, 84, 85',
J ///, ' ', 'DEMAND REFERENCE IS X(I) = ', (1PE12. 5),
K ' MEGAWATTS', ///, ' ', 'TIME STEP = ', ( IPEl I. 3),
L ' SECONDS', ///, ' ', 'REMARKS:',/, ' ', 33A4 )
WRITE ( 108,31 )
FORMAT ( 'I', ' TIME, SEC', &X, X(2) ', 9X, ' X (3) ', 9X,
I ' X ( 7 ) ', 9X, ' X < 41) ', 8X, 'X ( 42) ', 8X, 'X(48) ', 8X,
2- 'X(Sl)', SX, ' X (55) ', SX, ' X ( 14) ', // )

CALCULATE ALGEBRAIC QUANTITIES

20 X(6) = C A*K(5)/TAU(3)) * EXP (-TZTAU(S))
■ X(SO) = ( A#K ( 20) /TAU( 13) ) *■ EXP(-T/TAU (13) )

X(76) = K (2) % X(4)
X (5) = X (76) +' X (77) + X (78).
X(7) = X(5) + X(6)

C **** RATE AND MAGNITUDE LIMITERS FOR X(Il)
PREVll = X(Il)
X(Il) = X(9)

■ CNGMAX = K (7) e K(8) » DT / 4. O
IF- ( X (. 11) .. GT. (PREV11 + CNGMAX)) X(Il) = PREVll + CNGMAX 

. IF (X(Il) -.,LT. (PREVl I - CNGMAX) ) X(Il) = PREVll - CNGMAX 
IF (Xdl)-. LT. 0.0) X(Il) = 6. O 
IF (Xdl) . GT. K(S) ) X(Il ) = 1K(S)

X<12). = X(Il) - X<13)
X (14.) - X( 12) /X( 13)
X(79) =• K<9). * X( 14)
X(IS) = X(79) - X(SO)
X(16) = K(12) * X(28) .
X(17) = X(15) + X(16)
X(IS) = X(17) * X(19).
X(20) = X(IS) + X(19)
X(38) = K<15) * X(32)
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X (36) =K<16) * X (33)
X <35) = K<17) # X (34)
X (37) = X (35) + X <36)
X < 39) = X (37) + X (38)
X (40) = K<18) * X (39)
X (41) = (I. O-K(IS)) * X (39)
X (29) = K(13) * X (28)
X(Sl) = K(IO) * X<14)
X (30) = X(Sl) + X (82)
X < 31) = X (29) - X (30)
X (48) = X (31) * X (47)
X (S3) •= K (21) * X (48)
X < 49) = X (S3) + X (84) + X(SS)
X(Sl) = X (50) - X (49)
**** RATE AND MAGNITUDE LIMITERS FOR X(53).

PREV53 = X (53)
X (53) = X (51)
CtdGMAX = K (24) e K (25) * DT Z 4. O
IF < X (53) .. GT. < PREV53 + CNGMAX) ) X (53) = PREV53 + CNGMAX
IF (X(53) . LT. (PREV53 - CNGMAX)) X (53) = PREV53 - CNGMAX
IF (X<-53) ■: LT. 0.0) X<53) = 0.0 '

. IF ( X ( 53) ''. GT. K (25) ) X (53 ) = K (25)
CALL DELAY (DLINEI< NTDl, X (54), X (55), I)
X (73) = X (72) + Tl(T) + 3 0 0

■ Z = X (73) -TREF 
Z = O
X (42) = -470. S3184 + . 30481901 * X (73) + . 08256244 * X (55)

& -(9. 3459595E—5 ).'■#■ (X(73) ** 2) '+ I. 180927E-4 # X (55) * X(73)
& + ( 1..4762662E-5) « (X(55) *«• 2) .. .
X (57) = -3. 4977822 + . 087953017 * X (73) =. 048262178 * X(55)

& + 3. 132002E+5 # (X<73)*#2) + I. 2341633E-4 # X (55) * X(73)
& - (I. 224S198E-5). * (X(55) * * 2 )
X (58) = X (55) + 3. 6359E-4 * X(SS).*' (X (,73). -300) - I. 0099748 * 

& X (42) - 1.005 * X (57) - 5. 3S11701EK2 * X (55)
X (56) = . 005 * X (57)
X (75) = 2. 9938733E-2 * X (55)
CALL DELAY (DLINE2, NTD2, X ( 58), X ( 59), 2)
X (70) = K(31) * X (55)
X (61) = X (70)
X (62) = Z *  X (61)
X <60) = .(1. 0 - K < 27) ) * X (59) - X (62)
X (68) = (270. 5 + 0.029 * (X(55) - 3500) ) * . 00036359 * X (55)
X (69) = X(60).+ X(68)
X (71) = X (69). / X (70).
X (63) = K (27) * X (59)

■ X(64) =' K'(28). * X(63) .
X (65) = ( I. 0 . -. K (28) ) * X (63)
X (66) = X (65)' + El(T)
X (67) = X (66)"+ X (62) + X (75)

.X(21) = X (67) +.X (74)
X(22) = K (30) * X (21)
X (23) = ( 1 .0- K < 30) ) * X (21)
X (24) = X (23) - X < 25).
X < 26) = X (24) / X (25)
X (43) = X (41) + X (42)
X ( 44) =' K( 19) * X (43)
X < 45) = (1.0 - K( 19) ) e X (43)



X<2> = X (45) - X (46)
X <3) = X(I) - X (2)
X (4) = K(I) * X (3)

C CALCULATE DERIVATIVES

C **** APPROXIMATE DX4 BY NUMERICAL DIFFERENTIATION 
DX4. = (X (4) - PREV4) * 4. O /  DT 
PREV4 = X (4)

DXS = < X (7) - X(S)) / TAU (4)
DX? = (K(6) # X(S) - X<9)) / TAU(S)
DX27 = <K(14) * X (26) - X (27)) / TAU(9)
DX2S = (X(27) - X (28)) / TAU(S)
DX32 = (X (20) - X (32)) / TAU(IO)
DX33 = (X (32) - X (33)) / TAU (11).
DX34 = (X (33) - X (34)) . / TAU(12)

C **** APPROXIMATE DX4S BY NUMERICAL DIFFERENTIATION 
DX4S = (X'( 48) - PREV48) * 4. O / DT 
PREV48 = X (48)

DX54 = < K(26) # X (53) - X (54)) /.TAU(15)
DX72 = ( X ( 71) - X'( 72)') /.TAU(IS)
DX74 = (X(57) - X (74)) / TAU(19)
DX77 = K(3). * X (4)
DX78- - (K < 4) * DX.4 - X (78) ) / TAU<2)
.'DX 80. =. (K (9) * X (14) - X(SO) ) / TAU(B)
DX82 = (Kdl) * X (14) - X (82) ) / TAU(7) .

■ ' DXS4 = K( 22) * X (48)
DX85 = ( K ( 23) * DX 48 - 'X(SS) ) TAUCl 4) ,

C - CHECK TO SEE IF READY TO PRINT VALUES (' NPR = I ) AND IF
C CALCULATIONS ARE DONE < NF = 'I )'. UNIT 108 = LINE PRINTER. .
C. ' UNIT 109 = DISK OR OTHER SECONDARY. STORAGE: TO HOLD DATA FOR
C POSSIBLE LATER USE.
c— -------- -------— -----------— --------------------------------------------------- -------------------- ---------

CALL FRTFIN ( 0. I, 400.0, NF, NPR )
IF ( NPR ) 21, .22, 21

21 WRITE (109,32) T, X(2>, X (3), X (7.), X (41), X (42), X(48>,
& X (51), X (55), X (73)
WRITE (109,32) T, X (14), X(20>, X(21), X(31), X (58),. X(BO), X(B7),

St X(Il), X ( 53)
C . X (5) & X (49) WHEN X(B) AND X (.50) . NE. O i  X(Il), X (53) "OTHERWISE
32 FORMAT ( ' K  IPEl I. 3), 9< 1PE13. 5) )

KNT = KNT + I
IF (KNT. NE. 10) GO TO 34 .
KNT = O
WRITE (108, 32) T, X (2), X (3), X (.7), X (41), X (42), X(48>, X(51),

& X (55), X (14)
34 IF ( NF ) 50, 22, 50



C----------------------------- :-----------------::-----
C INTEGRATE THE STATE VARIABLES
C------------------------------------ -----------------
22 CALL INTI ( T, DT, 4 )

CALL INT <X<8), DX3)
CALL TNT <X(9), DX9)
CALL INT (X(27), DX27)
CALL INT (X(28), DX28)
CALL INT (X<32), DX32)
CALL INT <X<33), DX33)
CALL INT <X<34), DX34)
CALL INT (X < 54), DX54)
CALL INT (X(72), DX72)'
CALL INT (X (74)> DX74)
CALL INT <X<77)., DX77)
CALL. INT <X<78), .0X78)
CALL INT (XCSO), DX80) .
CALL-INT <X<82>, DX82)
CALL INT (X < 84), BX84)
CALL INT <X<85), DX85)
GO TO 20. .

51 STOP ■

C ERROR MESSAGE FOR TOO LONG A DELAY.
C-------------------- ----------------------------
29 WRITE < 108,33')- 
33 FORMAT .< - '*** TOO LONG A TIME DELAY DESIRED FOR GIVEN ARRAY

I ■ "SIZE. PROGRAM TERMINATED.. "■ )
STOP ' ’
END - -
FUNCTION Tl(T)

C:---------------------:------------ '--------- :------------ ------------------
C
C FUNCTION SUBROUTINE TO GENERATE THE TEMPERATURE RIPPLE
C-. FUNCTION FOR THE MHD/STEAM CYCLE, MODEL III.
C -
C -------------------------------------------------------------------------------- :---------------------------- ------------------ :-----

PERD = .50. O 
TIME = T + 25
Tl. = 10 - ((TIME/PERD - INT(TIMEZPERD))) « 2 0
T l = O
RETURN
END
FUNCTION El(T)

c  • — —

C FUNCTION SUBROUTINE TO GENERATE THE POWER RIPPLE FUNCTION
C FOR THE MHD/STEAM CYCLE, MODEL III:
c . • .
C------------- ------- T--------------- ----------  =-------------- ----- "-----

PERD = 50. O
TIME = T.+ 25. O ' -

' El = TlZ 726' + (TIME/PERD - INT (TIME/PERD) ) « 25.452 
E l = O O  
RETURN 
END
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