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ABSTRACT 

Models for the boiler dynamics of a conventional and a nuclear 

plant and the hydraulic dynamics of a hydro plant were developed. They . 

constitute the digital part of a Hybrid Power Systems Simulator, built 

in the Power System section at Imperial College. They were designed to 

run in real-time. This requirement imposes restrictions on the processor 

time and core usage. For this reason, the models were kept relatively 

simple and include only the main variables of each process. 

It was found necessary to keep the models non-linear. This 

makes their response credible over a large part of their operating 

range. A linearised version would restrict their use near to an 

operating point. The conversion of the continuous equations to 

difference equations was made using the direct substitutional method 

of digital simulation. This method is based on the Z-transform theory. 

Two versions of the conventional plant model were developed; 

one operating on the constant-pressure principle, the other on the 

variable-pressure operating mode. The fundamental difference lies in 

the overall control of the unit's output, with little difference in 

the equations describing the process. A High Temperature Gas-Cooled 

reactor was assumed to drive the nuclear plant. 

The digital simulation can be started at will by the 

simulator user, in an interactive mode. Appropriate initialization 

programs were developed for each type of model. They acquire the 

necessary information from the user and the analog part of the 

simulator, so as to start each unit without upsetting the rest of the 

system. 

The work of the development of these models is described in 

this thesis and the problems associated with it. The responses of the 

models to typical disturbances are presented. They were taken both 

off-line and in real-time operation, to assess the usefulness of this 

kind of simulation in the context of the simulator performance. 
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6. 

NOMENCLATURE  

Economiser 

PEO 

WEO 

TEO 

WEI 

hET 
VE  

ME  

TEM 
RE  

QGE 
CE  

hE 

TGE  
CGE 

kE1 

water density at the economiser output 

water flow rate at the economiser output 

• enthalpy of the water at the economiser output 

water temperature at the economiser output 

water flow rate at the economiser input 

water enthalpy at the economiser input 

economiser volume 

mass of the economiser metal tubes 

temperature of the economiser metal tubes 

heat flow rate from metal to the water 

heat flow rate from gas to the tube metal 

• specific heat of the economiser metal 

heat transfer coefficient 

temperature of the flue gas leaving the economiser 

specific heat of the flow gas leaving the economiser 

• heat transfer coefficient 

(lb/f t3) 

(lb/s) 

(Btu/lb) 

(°F) 

(lb/s) 

(Btu/lb) 

(ft3) 
(lb) 

(°F) 

(Btu/s) 

(Btu/s) 

(Btu/lb,°F) 

( °F) 
(Btu/lb ,°F) 

Downcomers 

W
hD 

 

WDI  

water flowrate in the downcomers (forced circulation) (lb/s) 

water enthalpy in the downcomers (forced circulation) (Btu/lb) 

water flow rate at the downcomer input (natural 	(lb/s) 
circulation) 

(lb/s) 

(ft) 
(ft) 
(f t2) 
(ft3) 

(Btu/lb) 

(lb/ft3) 

(Psi) 

(psi) 

(ft/s2) 

WDD = water flow rate at the downcomer output (natural 
circulation) 

LD 	= length of downcomer circuit 

dD 	= diameter of downcomer tubes 

AD 	= total flow area of downcomer tubes 

VD 	= downcomer storage volume 

hD0  = enthalpy of water at the downcomer output 

PDD = density of water at the downcomer output 

PDD  = pressure at the downcomer output 

PDR  = pressure in the drum 

fD 	= friction coefficient of the flow in the downcomers 

g 	= acceleration of gravity 



Risers 

h m  

x 

QW 

AR 
VR 

7 

(Btu/lb) 

(Btu/s) 

(ft) 

(ft) 

(ft2) 

(ft3)  
(Btu/lb) 

(lb/ft3) 

(lb/s) 

(°F) 

(°F) 

(Btu/lb) 

(lb/ft3) 

(lb) 

(Btu/lb ,°F) 

(Btu/s) 

PRO 

WRO 
T 
-RM 

TRO  

SV 

PSVPsv 

Nw 
Cw  
QGW  

kRS 

enthalpy of the water/steam mixture in the risers 
(forced circulation) 

steam quality 

heat rate input from metal tube to the boiling water 

frictional tube length Of risers (natural circulation) 

diameter of riser tubes 

total flow area of risers 

riser storage volume 

enthalpy of the water/steam mixture at the riser 
output 

density of the water/steam mixture at the riser output 

mixture flow rate at the riser outlet 

temperature of the riser metal tube 

temperature of the mixture at the riser outlet 

enthalpy of the saturated vapour 

density of the saturated vapour 

metal mass of the risers 

specific heat of the riser metal 

heat rate input from the gas to the riser tubes 

heat transfer coefficient 

heat transfer coefficient 

Drum 

PDV = density of the water in the drum 

h 	= enthalpy of the water in the drum 

WSD  = steam flow rate out of the drum 

hSD  = enthalpy of the steam in the drum 

PSD  = density of the steam in the drum 

PSD 
= steam pressure in the drum 

VDR  = total volume of the drum 

VDW 
= volume of the drum occupied by water 

CD 	= drum time constant 

TSD  = steam temperature in the drum 

(lb/ft3) 
(Btu/lb) 

(lb/s) 

(Btu/lb) 

(lb/f t3) 

'(Psi) 

(ft3) 

(ft3) 

(s) 

(°F) 



PSO  

WSO  

pS0 

= 

= 

= 
hS0  = 

TSO  = 

fsa = 

VSH  = 

QSH = 

QGSH = 

T SEM = 

MSH  = 

CSH  = 

TGSH = 

CGSH = 

kSH  = 

kml  = 

Radiant Superheater  (RSH) 

8. 

steam pressure at the RSH output 	(psi) 

steam flow rate at the RSH output 	(ib/s) 

steam density at the RSH output 	(lb/ft3) 
steam enthalpy at the RSH output 	(Btu/lb) 

steam temperature at the RSH output 	(°F) 

friction coefficient of the flow in the RSH 

RSH storage volume 	 (ft3) 

heat transfer rate by convection from metal to steam (Btu/s) 

heat transfer rate by radiation from gas to the metal (Btu/s) 
tube 

temperature of the metal tubes 	(°F) 

mass of the RSH metal tubes 	 (lb) 

specific heat of the RSH metal 	(Btu/lb ,°F) 

heat transfer coefficient 

heat transfer coefficient 

PRSHO 
WRSHO _ 
PRSHO = 

ISHO 
TRSHO 
fRSH  
VRsH _ 

9kSH 
QGRSH 

TRI  = 

MRSH = 
CRSH 
kRSH 
kRSK1 

Primary Superheater (SH) 

steam pressure at the SH output 	(Psi) 

steam flow rate at the SH output 	(lbs) 

steam density at the SH output (lb/ft3) 

steam enthalpy at the SH output 	(Btu/lb) 

steam temperature at the SH output 	(°F) 

friction coefficient of the flow in the SH 

SH storage volume 	 (ft3) 
heat transfer rate by convection from metal to steam (Btu/s) 

heat transfer rate by convection from gas to metal 	(Btu/s) 

temperature of the SH metal tubes 	(°F) 

mass of the SR metal tubes 	 (lb) 

specific heat of the SR metal 	 (Btu/lb ,°F) 

temperature of the flue gas leaving the SH 	(°F) 

specific heat of the flow gas leaving the SR 	(Btu/lb ,,°F) 

heat transfer coefficient 

heat transfer coefficient 
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Secondary Superheater (SSH) 

PT 	= steam pressure at the SSH output (or at the throttle (psi) 
valve) 

PSSI = steam pressure at the SSH output 	(psi) 

WSSI = steam flow rate at the SSH input' 	(lb/s) 

WT 	= steam flow rate at the SSH output (or at the throttle (lb/s) 
valve) 

PSS = average steam density in the SSH 	(lb/ft3) 

PSSI = average steam density at the SSH input 	(1b/ft3) 

hsS  = average steam enthalpy in the SSH 	(Btu/lb) 

hSSI = steam enthalpy at the SSH input 	
(Btu/lb) 

hsSO  = steam enthalpy at the SSH output 	(Btu/lb) 

TSSO = steam temperature at the SSH output 	(°F) 

fSS  = friction coefficient of the flow in the SSH 

TSS  = average steam temperature in the SSH 	(°F) 

heat transfer rate from gas to steam 	(Btu/s) 
QSS =  
MSS  = "effective mass" of the SSH 	 (lb) 

VSS  = SSH storage volume 	 (ft3) 

--MSS = 
metal mass of the SSH 	 (lb) 

TSS  = metal temperature of the SSH tubes 	(°F) 

CS-S  
r 	

= average specific heat of the steam in the SSH 	(Btu/lb ,,)F) 

-MSS = specific heat of the SSH metal 	
(Btu/lb ,°F) 

spray attemperator flow rate 	 (lb/s) 
WSHS 

 

TGSS = temperature of flue gas leaving the SSH section 	(°F) 

CGSS = specific heat of flue gas leaving the SSH section 
	(Btu/lb ,°F) 

kRSS = heat transfer coefficient 

Reheater (RH)  

PTO  = pressure at the HP turbine output 	(psi) 

PRO  = pressure at the RH output 	 (psi) 

WRI 
= steam flow rate at the RH input 	(ibis) 

WRO = steam flow rate at the RH output 	(lb/s) 

WTO  = steam flow rate at the HP turbine output 	(ib/s) 

PRO = 
steam density at the RH output 	(lb/s) 

No  = steam enthalpy at the RH output 	(Btu/lb) 

TRO  = steam temperature at the RH output 	(°F) 

hTO  = steam enthalpy at the HP turbine output 	(Btu/lb) 



(ft3) 
(Btu/s) 

(Btu/s) 
(°F)  

(lb) 

(Btu/lb ,°F) 

(OF) 

(Btu/lb ,°F) 

10. 

fR  

VR  = 

RH - 

QGRH = 

TRRH = 

CRH 
kR  

TGRH = 

CGRH  

friction coefficient of the flow in the RH 

RH volume 

heat transfer rate by convection from metal to steam 

heat transfer rate by convection from gas to metal 

RH metal temperature 

RH metal mass 

specific heat of the RH metal 

heat transfer coefficient 

temperature of flue gas leaving the RH section 

specific heat of flue gas leaving the RH section 

heat transfer coefficient 

Air-Fuel Section 

WFD 
LF  = 

MCR  

W0UTr 
= 

WFI  
A 

WA = 
Tp  = 

TAA _ 

fuel flow rate into the pulveriser 

feeder stroke (control signal) 

mass of fuel in the pulveriser 

fuel flow rate out of the pulveriser 

fuel input into the burners 

power in forced draught fan 

air flow rate input into the burners 

fuel pipe time constant 

forced-draught fan and/or damper time constant 

(lb/s) 

(lb) 

(lb/s) 

(lb/sec) 

(ibis) 
(s) 

(s) 

Combustion-Furnace 

WGF 
TG  = 

Wash  
TA 	= 

F 	= 

n 	= 

CGF  = 
Tout =  

total gas flow rate 

temperature of the gas in the furnace 

percentage of the fuel lost as ash 

temperature of the air coming into the burners 

heating value of the used fuel 

burner combustion efficiency 

specific heat of gas in the furnace 

temperature of gas leaving the furnace 

(lb/s) 
(°F) 
(lb/s) 

(°F) 

(Btu/lb) 

(Btu/lb ,°F) 

(°F) 

Hydro-Plant  

L2  = tunnel length (ft) 
A2  = tunnel cross-section area (ft2) 
V2  = tunnel water velocity (f t/s) 
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Q2 	= tunnel volumetric water flow 	 (ft3/s) 

AS 	= surge tank cross section area 	 (ft2) 

VS 
	= water velocity in surge tank 	 (ft/s) 

QS 	= surge tank volumetric water flow 	(ft3/s) 

L1 	= penstock length 	 (ft) 

Al 	= penstock cross section area 	 (ft2) 

V1 	= water velocity at the turbine entrance 	(ft/s) 

Q1 	= penstock volumetric water flow 	(ft3/s) 

HT 	= pressure head at the turbine entrance 	(ft) 

VS1  = water velocity at the beginning of the penstock 	(ft/s) 

HS1 
= pressure head at the base of the surge tank or the 	(ft) 

beginning of the penstock 

VS2  = water velocity at the tunnel intake 	(ft/s) 

HS 	= water head in the surge tank 	 (ft) 

HSS  = head available at the surge tank at S.S. 	(ft) 

HR 	= head at the forebay 	 (ft) 

PTI  = mechanical power at the turbine 	(MW) 

G 	= valve (gate) position - normalized 

R 	= valve acceleration - normalized 

DN 	= frequency error (f ref f), in p.u. 

U 	= permanent droop 

Ō 	= transient drop 

Variable-Pressure Boiler Model 

PED = electrical output demand 
	expressed in p.u. 

ATREF = valve-opening set-point 
	expressed in p.u. 

PTDES = pressure set-point 
	

expressed in p.u. 

WTI = desired steam flow 	expressed in p.u. 

DF 	= nominal regulation 	expressed in p.u. 

TWT 
TAT = time constants as shown in Fig. 5.2 

ll 

ADPE = additional changes in demand 

Note 

It must be noted that, in the Figures, the variables are 

printed in a linear fashion to correspond to the computer output; 

for example; 

AT 	AT 

WSD WSD. and 
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UNIT CONVERSION TABLE 

Variable S.I. Conversion factor 

Density lb/ft3  Kg/m3  1 (1b/ft3) = 16.016949 (Kg/m3) 

Flow Rate lb/sec Kg/s 1 (lb/sec) = 	0.453592 (Kg/s) 

Enthalpy Btu/lb Kcal/Kg 1 (Btu/lb) = 	0.555556 (Kcal/Kg) 

Temperature °F °C TF 	= (9/5).TO  + 32 
,z 
 

Volume ft3  m3  1 (ft) 	= 	0.02832 (m3) 

Mass lb Kg 1 (lb) 	= 	0.453592 (Kg) 

Heat Flow Rate Btu/sec KJ/s 1 (Btu/sec) = 1.054852 (KJ/s) 

Specific heat Btu/lb, 
°F 

Kcal/Kg, 
grad 

1 (Btu/lb,°F) = 0.308642 
(Kcal/Kg,grad) 

Length ft m 1 (ft) 	= 	0.3048 (m) 

Area ft2  m2  1 (ft2) = 	O.O929 (m2) 

Pressure psi Newton/m2  
or Bar 

	

1 (psi) = 	0.069 x 105  (N/m2) 

	

= 	0.069 (Bar) 

Acceleration ft/sec2  m%s2  1 (ft/sec2) = 0.3048 (m/s2) 

Velocity ft/sec m/s 1C(ft/sec) 	= 0.3048 (m/s) 
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14. 
CHAPTER ONE 

INTRODUCTION 

1.1 	OVERVIEW OF THE POWER GENERATION PROBLEM 

The use of steam to drive a turbine for production of 

electricity is established worldwide. Thus a great deal of effort was 

put into the research and the development of every component of the 

power plant, from their original design. As a result, there has been 

a dramatic increase in the capacity of the turbines, boilers and 

generating units from a few hundred kilowatts up to 660 MW. The 

advances in the technology in fields such as metallurgy, welding, 

cooling etc. made possible the use of cycles with high pressures and 

temperatures. At the same time, the size of the units was increased 

and the trend is towards units rating above 1000 MW. 

Equally well established is the use of hydro plants, in 

places where the terrain favours such schemes. The potential and the 

kinetic energy of the water were used for the production of work for 

hundreds of years. But again, it was during this century that it was 

made possible to extract this energy with greater efficiency with 

hydro-units producing electricity. The high capital cost of their 

construction is greatly offset by the cheap energy produced. Their 

flexibility is valuable in the operation of the power system of which 

the power plant is a part. Inevitably the size of the hydro 

generators is increasing, with units of 600 MW already installed (as 

in Grand Coulee power complex in the U.S.A.) and others of greater 

capacity being planned. 

The nuclear energy came in the scerē increasingly during 

the last 20 years. Reactors of various kinds came into operation 

around the world, supplying base loads. The U.K. was one of the 

countries which adopted the new technology very early and has been 

among the leaders since. Its first nuclear program with the series 

of Magnox reactors has come to an end successfully. The Advanced 

Gas-Cooled reactor was adopted for the second nuclear program. Also, 

the Steam-Generating Heavy Water Reactor system (SGHWR) is under 

development. 
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The escalation of the fossil fuel prices during the last 

four years brought a completely new situation in short- and long-term 

planning in the power industry. Countries reluctant to embark upon 

large scale nuclear programs were led to the decision to build more 

nuclear stations. More effort was directed towards exploiting the 

water resources by building more hydro stations. Of course, the 

problem is not the same in every country. Countries like Norway and 

Brazil have the benefit of cheap electricity from their hydro plants. 

In England the alternative is nuclear stations and coal-fired plants 

as long as the production of coal remains competitive. All these 

alternatives have to be given careful consideration, since the economic 

incentive to do so is large. 

Coming down to the operational aspect of the power system, it 

is clear that the kind of plants involved determines operational and 

control policies. Many questions have to be asked and options to be 

studied. Which units will be run base-loaded? How will the peak load 

be met? Will it be by a pumped-storage, a normal hydro-station or 

gas turbines? If plants are operated at variable pressure, will they 

be used or are they base-loaded because of their large capacity? 

Emphasis must be given to different points and details in each case. 

At the local level the control and management problems are 

increasing with the size and the complexity of both the plant and the 

process. An improvement in the burning efficiency of the boiler by 

1-2% results in substantial savings with today's prices. Therefore 

the incentive to study also the details of the process exists. In the 

last 10-15 years the controllers in the power plants were developed 
substantially. The analog PID controller still reigns supreme, but the 

all-digital control loops are beginning to be applied with increased 

confidence. 

The digital computer presents the planner, the designer and 

the researcher with a powerful tool. The need to rethink the overall 

operational strategies and the need to improve the efficiency and the 

safety of the local plant, dictate that this tool must be used to its 

maximum advantage. Therefore techniques and methods must be further 

developed towards this goal. 
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1.2 	THE ROLE OF SIMULATION  

Simulation in various forms is used in almost every field of 

human activity. Its use in the field of power engineering is dictated 

by the nature of the processes involved and its applications cover a 

wide spectrum. 

As was mentioned in the previous section, there is a variety 

of power plants with different economic and operational constraints. 

The planner of a new power system or of an extension to an existing 

one, must study all the possibilities and evaluate the alternative 

solutions beforehand. A model or a representation has to be devised 

which will give him a view of the systems  behaviour so that its 

performance can be judged speedily. So simulation is an important 

element in planning, because it helps to eliminate unfavourable 

solutions which would prove very costly to implement. 

From the operational standpoint, the control engineer of an 

area and the operator in the plant, need to be advised and quickly 

understand the implications of their actions. A model of their 

respective process will provide them with information cheaply and 

without delay. 

For an engineer who will be given the responsibility of 

supervising and running a big plant, it is very important that he 

should have a fundamental understanding of the job. No better place 

to acquire this experience at low cost and without risk exists,than 

a simulator giving roughly the same response a,  the real system. So 
training of engineers is another field in which simulation plays a 

key role. 

There are several levels of simulation. For the study of 

the behaviour of a whole area, only the gross behaviour of a power 

plant is needed. For the design of a control loop, the detailed 

representation must be made of the part of the process involved. 

Simulation of parts of the power system has been a practice for many 

years, starting with the network analyser, the analog computer and 

finally the digital computer. Analog simulation might mean analog 

computer, micromachines, electronic circuits or even entire old small 

power stations. Analog and digital techniques have their advantages 



and disadvantages and must be applied accordingly. It can be said 

therefore that the simulation plays a fundamental role in the design, 

operation and control in the power industry. 

1.3 	SIMULATOR HARDWARE 

The simulator built at Imperial College aims at the study 

of a small power system inside the 1 second to 20 minutes time span1. 

It is designed to accommodate: 

6 generating units, 

10 transmission lines, 

4 transformers, 

16 circuit breakers, 

5 load units. 

All these sections were simulated in analog form using electronic 

circuits. The reason for this was that, to simulate digitally fast 

dynamics, a very small integration step is required by the numerical 

methods. Otherwise the model gives an unstable response. But small 

integration step means a lot of computation time. Therefore such 

technique would not be suitable for a real-time application, for 

which the simulation was intended. The whole arrangement is connected 

via a specially designed interface to a D.E.C. PDP-15 computer. 

The construction of the generating units follows two 

principles, resulting in two different designs. The first was an EMF 

behind a synchronous reactance2. In this, the magnitude of the EMF 

is determined by an AVR and the frevency is determined by the speed 

governor. In the second, the synchronous machine is represented 

according to the two-axis principle using Park's equations. This was 

developed by Giles3. A Voltage-Controlled Oscillator (VCO) is at the 

heart of both designs. Its sinusoidal output is fed into the machine 

representation. The prime mover dynamics are included. Their input 

signal is the steam flow. Their output is the mechanical power, 

which is fed into the main integrator to solve the equation of motion. 

The first design was used to test the models developed in this thesis. 

The block diagram of this generating unit is shown in Fig. 2.2a. 
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For the transmission lines a lumped TL representation was used. 

They were made to represent single circuit 132 KV lines3. Voltage 

and current transducers are provided at the end of each line. Their 

outputs are taken to a measurement panel, to provide the voltage and 

power flows of each line. The same technique is used for voltage 

and current measurements of the four tap-change transformers. 

The circuit breakers are represented by electromechanical 

switches. They can be operated either manually or by the digital 

computer, by which their current status is continually monitored. 

The load units were built as sinks of in-phase current and 

sinks or generators of quadrature (with the terminal voltage) current. 

The reference values of the two currents are set by two d.c. control 

signals. They can be operated manually or by the digital computer. 

Their voltage and frequency characteristics are specified for small 

variations of those two quantities. The loads were designed to 

represent bulk supply points within the power system. 

The interface consists of a control unit which switches the 

measurement and control voltages to and from the PDP-15 interface 

i.e. the ADC's, DAC's and the digital I/O unit). It contains also 

timing facilities and some analog circuitry, for the conversion of raw 

model data into derived quantities of standard voltage levels. There 

are 96 analog inputs to the computer, multiplexed to 6 channels, fed 

into the A/D converters. 64 analog outputs coming out of the D/A 

converter are demultiplexed from 4 channels. Of them, 24 are stored 

in zero order holds. 

There are 64 bits of digital input/output information. 

They are contained in groups of 16 in four 18-bit words of the PDP-15. 

They are multiplexed to the digital I/O unit. A status discrepancy 

bit in the first of those words is set when the status of any of the 

digital inputs changes. 

The model-computer arrangement described up to this point 

is shown in Fig. 1.1. The interface can be operated manually and 

also by the digital computer. 

The PDP-15 computer has 24k of memory and 250k of mass 

storage on two fixed head disks. Their access time is 20 ms. The 

word length is 18 bits and the core cycle time 0.8 microseconds. 
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The peripherals include a twin Dectape unit, a serial printer 

and a console teletype (KSR-35), which provides the main means of 

communication between the operator and the machine. A Tektronix 

4010 VDU is connected in parallel with this teletype. In addition, 

a Hazeltine 2000 character display unit is connected via the LT19 

peripheral interface of the computer. This unit is situated by the 

simulator on level 8 of the building, while the computer and its 

other peripherals are three floors below, an level 5. 

Finally, a 10 bit accuracy is used by the A/D converter 

which has a variable accuracy from 6-12 bits. The conversion time is 

18 us and the accuracy 0.1%. The D/A converter used also 10-bit 
accuracy. The details of the various computer sections can be found 

in the DEC manuals. 

1.4 	P'Hu; SOFTWARE 

There are three operating systems that can be used on the 

computer. The main system is the DOS-15 (Disk Operating System). 

The Advanced Monitor System is similar to DOS-15, with the difference 

that it provides the facilities of task building (more details in 

Section 2.6.1).Facilities for compiling, assembling, editing etc. are 

included in both these systems. They are provided by the computer 

manufacturer together with other standard software. 

None of the above systems is suitable for real-time 

operation. This gap is filled by the RSX Phase 1 Real-Time System. 

It has the facilities of scheduling, I/O supervision, resource 

allocation and operator communication. But no editing, compiling or 

assembling can be done. These facilities are provided by the 

DO8-15 and the Advanced Monitor. 

The basic data acquisition software was developed by 

Mogridge4. It provides the means of communication between the analog 

and the digital parts of the simulator, with: 

an analog input program (ANIN2) - executed every 100 ms, 

an analog output program (ANOUT) -executed every 400 ms, 

a digital input program (DIGIN) - executed every 200 ms. 



and relevant start and stop programs. Mogridge has also written the 

basic logging and monitoring programs. 

Further development of software was done for analysis, 

control and simulation. The part related to the digital simulation 

of power plants is described in this thesis. 

1.5 	THE WORK IN THE THESIS 

As was mentioned in Section 1.1, the primary function of 

the simulator is to represent the behaviour of a power system several 

minutes after the occurrence of a disturbance. But long-term 

phenomena are determined (apart from the responses of the loads and the 

transmission equipment) by the prime-mover storage times. Therefore 

the simulator would not be complete without the inclusion of the 

plant dynamics. 

It was decided that the model of the boiler would be 

implemented digitally. The long time constants involved in this 

process make its analog representation no simple matter, with problems 

of drift in the electronic circuits. In Chapter 2 the development of 

this model is described. Boiler models of various degrees of 

complexity can be found in the literature. A survey is presented of 

the most common ways of simulating the various sections of the process. 

However, the majority of these models are not suitable for real-time 

operation. The constraints on processor time and core usage are 

present in every real-time application, but they are aggravated 

by the idiosyncrasies of the specific project in hand. Therefore a 

balance had to be struck between the size and complexity of the 

model, in which a number of non-linearities are included. 

The discretization of the continuous time equations was 

made using the Z-transform theory. It has the advantage of greatly 

reducing the computational effort needed, without marked deterioration 

in the response quality of the model. The initial evaluation of the 

model was done off-line and the steps are described. Finally, its per-

formance in real-time was tested and some typical responses are shown 

and discussed. A comparison was also made between the non-linear 

model and its linearised version. 
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Chapter 3 gives an account of the development and testing 

of the steam side of a nuclear plant. A High Temperature Gas-Cooled 7 

reactor plant was used, since it is the main type of reactor used in 

the U.K. This choice also had the advantage that the secondary 

cycle is thesame as that of a conventional plant. So only the 

control structure had to be changed. The development followed the 

steps of Chapter 2. The model was made to run both in regulating 

and non-regulating mode. 

It was thought that the inclusion of different types of 

plant would enhance the flexibility of the simulator. For this reason, 

a digital hydro-plant model was also developed, as is described in 

Chapter 4. Its output is the mechanical power. It also uses the same 

analog representation of the generating unit as the previous two 

models. 

Chapter 5 discusses the operational characteristics of a 

conventional plant, when it is operated in the variable-pressure 

mode. A relatively simple control scheme was developed. The response 

of the model to frequency and demand changes is presented and 

discussed. This mode of operation was given increased attention by 

various countries in the last few years. 

The software related to these models is discussed in 

Chapter 6. The structure of the different initialization programs is 

presented and a comparison of the processor usage by the simulation 

programs is made. 

Finally, in Chapter 7 the conclusions on this work are 

summarised and some views are given on future development and research 

work on the simulator. 



CHAPTER TWO 

CONVENTIONAL STEAM PLANT 

2.1 	THE PROCESS 

The generation of steam to drive a turbine is the most 

widely used and established method of producing electrical energy. 

The boiler is the device which turns the water into steam since the 

first applications. The boilers used in power plants have come a 

long way as far as their design, size, operating regime and 

consequent sophistication are concerned5,6. The beginning of this 

century saw a rapid increase in operating steam pressures and 

temperatures up to 1200 psi and 700°F (700°F reheat)6. The capacity 

of the units built was becoming larger all the time and above 106  

(lb/hr) the chain grate firing proved to be uneconomical. Therefore 

pulverised-coal firing was developed and with it came the water-

cooled furnaces, both of which gave another boost to the design of 

larger units. At present, large units of 600-660 MW size, with 

pressures at the turbine stop valve around 2300 psi and temperatures 

of 1000-1055°F at the superheater outlet (1005°F at the reheater 

outlet) are operating and there is no doubt that units above 1000 MW 

will soon become common. 

According to the kind of path which the operating fluid 

(water and steam) is following into the boiler, three types of units 

can be distinguished, namely: a) natural circulation, b) re-

circulation, and c) once-through. The latter two can also be 

classified under the heading of "forced circulation systems" (as 

opposed to the "natural circulation" ones). On the other hand, the 

first two can be classified under the heading of "drum-type" systems. 

2.1.1 	Drum-type Boilers  

An outline of the main components in a typical unit is 

shown in Fig. 2.1. On the same figure is shown a (T,S) diagram with 

the Rankine cycle. 
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Starting at point 1 on the Rankine cycle, the state of 

the feedwater going into the drum is saturated liquid and in the 

drum it coexists with the steam. In general, the water entering 

the circuit is in excess of the steam produced and therefore a drum 

is required for the steam separation. In it, the two phases of the 

fluid coexist. The saturated water goes through the downcomers to 

the risers, which are tubes heated externally by the furnace. In 

them, the water starts boiling and the mixture enters again the drum 

where the steam separation is completed. At this point, the steam 

is still wet, having, for example, a dryness of 80-90% and this 

state can be represented by point 2 on the cycle. 

There are two ways in which the water from the downcomers 

can enter the risers: a) through a circulating pump, which pumps it 

up to the risers, leading to "forced circulation" of the water; and 

b) without a pump, where the circulation is ensured from the 

difference in density between the mixture in the risers and the 

saturated water in the downcomers. This is the case of the so—called 

"natural circulation", where the circulation increases as the heat 
input increases. At the same time the friction along the path of the 

flow increases. Also as the operating pressure increases, the 

density difference between the two phases decreases. Both these 

factors reduce the efficiency of the natural circulation system. In 

general, for pressures above 2900 psi, forced circulation becomes 

increasingly economical. 

The wet steam which leaves the drum enters the superheater 

(SH) section. There might be different subsections like a radiant 

SH section, primary SH and secondary SH. In the SH the steam is 

heated further from heat released by the flue gas, as it passes 

through. As a result, the steam becomes completely dry, its temper-

ature rising all the time. At the SH output, its state can be 

represented by point 3 on the cycle. From there the superheated 

steam enters the HP section of the turbine, where it expands, 

producing work. 

At the output of the HP section of the turbine, the condition 

of the steam is described by point 4 and at this stage it enters the 

reheater (RH) section. There it is heated once more by the flue gases 
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up to a temperature more or less similar to the one at the' SH output 

from which (point 5) it enters the IP-LP section of the turbine for 

the final expansion, thus producing additional work. 

The fluid at the turbine output (point 6) is wet steam 

again, and as such it enters the condenser where heat is rejected, 

converting it to water (point 7). This goes through the feedwater 

pump and is compressed to a higher pressure (point 8). From then 

on, heat is added to the water by the feedheaters (heated with steam 

extracted at various stages in the turbine) and the economizer 

(heated by the flue gas before it exits from the stack). This heat 

-brings the water near to saturation and as such it enters the drum, 

thus completing the cycle. 

The furnace can be fired with pulverised-coal, oil or gas. 

The forced draught fans (Fig. 2.1) provide the necessary air to 

produce the correct air-fuel mixture for the burners. The induced-

draft fans ensure that the pressure in the furnace is kept at a 

predetermined level. 

2.1.2 	Once-Through Boilers  

Once-through boiler is a forced-circulation system, with the 

working fluid pumped continuously into the boiler by the feedpump. 

There is no re-circulation. The fundamental difference between this 

type of boiler and the drum-type is that here, the heating of water, 

the steam separation and the superheating take place along the 

length of the circuit as the fluid goes through it. It can, 

therefore, be represented as a tube which receives water at one end 

and produces superheated steam at the other. So drum is not needed, 

which is an economical advantage. In addition, no pressure restriction 

is imposed so the boilers of this type can operate at supercritical 

pressures as well, thus producing greater cycle efficiency. They 

can also be operated at subcritical pressures. 

The feedwater pump is an element of primary importance 

and its function has to be controlled with precision, because the 

feedwater flow is a direct function of the load. This means that 

a once-through boiler can accomplish rapid load changes. This is 
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of great benefit in the effort to match the generation to the 

demand. On the other hand, the absence of the drum reduces the 

amount of stored energy in the system. This requires very 

sophisticated emergency controls, because in the event of f eedpump 

failure the water in the circuit will evaporate very rapidly e.g. 

in two minutes). 

Once-through boilers are used extensively with large 

generating units and for this reason they are operated base-loaded 

most of the time. However, their ability to follow rapid load 

changes makes them a very useful tool during emergencies. 

2.2 	MODET t,1NG OF A DRUM-TYPE BOILER 

The development of controllers and control techniques for 

the process of steam generation in power plants requires a good 

understanding of the mechanisms and dynamics involved and the 

physical constraints of the operation. Consequently, a 

mathematical model describing the process or its main characteristics 

becomes necessary. Chien et all published one of the first 

comprehensive studies towards this direction and many others 

followed8-24. 

The main events in the behaviour of a boiler unit can be 

approximated by non-linear partial differential equations containing 

partial derivatives of time and space, i.e. 

Ox Ox ā.~ a~ 	.. ) f(x,y,z .... mit' di' at' āR' .. 	_ 0 	(2.1) 

where: x,y,z - functions of t and t, 

(Ox/āt)- time derivative, 

(8x/a )- spatial derivative. 

Clearly the solution of a large number of equations of this 

kind is not an easy task. Enns9 showed that for flow rate and heat 

addition transients, the use of a lumped-parameter representation 

gives almost as good results as the distributed-parameter one 

(which involves partial differential equations). Therefore, the 



first simplifying assumption to be made (and which is common to 

most of the literature) is to consider that the process consists 

of a number of "lumped" sections (economizer, superheater, 

reheater, drum, etc.). In each section the properties of the 

working fluid are assumed to vary only along its length and 

linearly with space. 

Denoting the length of each section as L and xl, x2,  yl, y2,  
... the values of the variables x,y,... at the beginning and at the 

end of the section length L respectively, the partial derivatives 

can be written as: 

() = 
x2Lxl, 	() = Y2 -Y1 (2.2) 

so only ordinary differential equations remain. 

The values of x,y,z,... can be chosen at any point along the 

length L, with the points at the beginning, the end and the middle 

being the most common. These choices are known as forward, backward 

and central difference methods of finite representation. The 

backwards difference method is considered to be the most satisfactory 

while the forward difference method produces unstable results 

(Chien7; however, used the second one). So equation (2.1) can be 

written as: 

ax-2 x2-x1  dy2  y2-y1 	
_n f(x2,y2,z2,..., 717 7-' 	) (2.3) 

where: x., yi, zi  are all functions of time only. 

In the following, the most significant "lumped parameter" 

sections of the process are examined. 

Economizer 

Mass and energy balance equations are written for the 

economizer section. The water density is considered to be varying 

only with temperature and not with pressure16. Others consider the 

water incompressible7'8  or do not include the description of the 

economizer, claiming that the added complexity to the model is not 

justified by its inclusion17. So the equations are: 
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Mass balance (fluid) . 	(WEI WEO) = VE.dt(PE0) 
	(2.4) 

Energy balance (fluid): 	(W .hQ+QE WEO'hEOVE.  dt(pE0'hE0) 	(2'5) 

Energy balance (metal): 	
GĒ QE) 

= N
QE dt(TEM) 
	

(2.6) 

where 0.8 • 
• QE  = KE.WEO '(TEM TE0)  (2.7) 

Equation (2.7) represents the heat rate transfer from the metal tube 
to the (turbulent) fluid inside it by convection. It is an empirical 

expression25  widely used in the literature. 

Downcomers -Risers 

For natural or forced circulation it is assumed that no heat 

is induced on the downcomers, so that boiling takes place only in 

the risers. For forced circulation it is assumed that there is no 

mass or energy storage in the downcomer circuit8'17. This is not 

the case for natural circulation16, although storage can be neglected 

even here for simplicity. 

The total circulating flow can be considered constant in 

the forced circulation case, with the feedwater flow determining 

the trend in the drum water level. In the natural circulation 

case, entrance and exit losses are taken into account. Therefore 

two sets of equations are: 

Forced circulation 

Energy balance: WD'hD = (WD WE0)'h.  +WE0'hED :-for the downcomers 
(2.8) 

Energy balance: QW  = WD.(h- hD) 	
for the risers 
	

( 2.9) 
where: hm  = x.hD+(1-x).hDW1 

and: 	()Tor.
(TRM TSD)3 

	
(2.10) 

is the heat rate input from the metal to the boiling water in the 

riser tubes. Finally: 

Energy balance (metal): (QGw QW)  - MW'CW°d(IRM)  
(2.11) 
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Momentum 
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where it is assumed that the energy added to the fluid by the 

circulating pumps can be neglected. 

Natural Circulation 

In this case the difference between the gravity heads 

(pressure in ft. of standard water) of the downcomers and the risers 

equals the circulation losses in the system. So: 
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Momentum 	-(f 	DLDWDI ) 1.WDI2 
2 

gdDADCR 2 D PDR 

equation 	: (PDR
-P
DO) 

(downcomers) 
(2.12) 2 	PDl-e D A • dt (WDI ) 

g_ij 
Pressure 
loss due 

to friction 

Entrance 	Inertia 
loss 	 loss 

Gravitational 
head 

Mass balance  
(downcomers)' (WDI - WD0) = VD dt(PDO) 

Energy
- balance

WDI'hDR TW O' 	= V
D
. d DO vu 

(downcomers) 

(2.13) 

(2.14) 

and if the downcomer storage volume VD is considered to be negligible, 

the last two equations give: 

WDI = WDO, 	hDO = hDR. 

In a similar fashion the equations for the risers are: 

+ 	dt{W RO) 	(2.15) gAR 
Pressure 	Entrance Gravitational Acceleration 
loss due + 	loss + 	head 	+ 	loss 	+ 

to friction 
Inertia 

+ loss 

Mass 
balance' 

Energy 
' balance 

d 
(WDO wR0 ) = VR dt (pRO ) 

WD0 ' `•l)0 	 W - WRORO - VR • 7 RO ' hRO ) 

(2.16) 

(2.17) 
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where: 	(1/P RO) 

hRO 	= 

	

and: 	QW 	= 

Energy balance:  
(metal) 

Drum 

= 	(x/ PSV) + ((1-x)/P DW) 

x.hsv + (1-x).hhbl 

'(-RM - T RO)
3 

_ 	_ 	d 
(Q( 	~W) - 'CW'dt(TRM) 

(2.18) 

(2.19) 

(2.20) 

(2.21) 

are it is assumed that there is no temperature gradient 

in the vapour phase,and that there is a uniform temperature 

corresponding to the saturation condition under the drum pressure. 

Also, there is no temperature gradient in the liquid phase, except 

through a very thin layer at the liquid, surface because of the 

turbulence in the drum. 

The equations of mass and energy conservation can be written 

either separately for the two phas es (water and vapour)7, or for 

the drum as a whole8'17. With the first approach the phase change 

mechanism has also to be modelled. 

When the drum is treated as a unit and it is assumed that its 

contents (liquid and vapour) are both at a saturation pressure (PSD) 

and temperature (TSD), the equations describing it are: 

Mass balance: (WEO WSD) = dt [(vDR_vDW).PSD + VDW.PDW] (2.22) 

Energy balance: W . hh 	( WD W. ) d 
~W -SD dL(vDR_vDW)  ' ̀SD' hSD WSD'  p  

+ VDW.PDW. DW] 	(2.23) 

For sections like the radiant superheater, primary and 

secondary superheater and the reheater, the set of the equations 

describing them has basically the same form. Differences of 

approach in the formulation of these equations appear in the 

literature. For example: the energy balance equation can either be 

described with the "effective mass" principle described by 

McDonald et al17, or fluid mass and metal mass can be treated 

separately. In other words: 
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W..h. + Q - W .h `~dt(Mef•ho) 
1 1 	o o 	d 

NV.āt(Po.ho) 

Mef 
= effective mass 

i = input, o = output 

In the first case the effective mass is expressed as: 

Mef = V.po + Mm.(Cm(C).(Tm(T0), 

where: C = heat transfer coefficient. 

m= metal 

i.e. it contains the mass of the fluid plus an approximation of the 

metal mass. Also here, Q is the heat transfer rate from gas to the 

working fluid and it certainly needs to be expressed appropriately. 

In the second case, Q is the heat transferred from the metal to the 

working fluid and so the metal energy balance equation is reiuired 

as well. 

Thomson in his paperll introduced the concept of dividing 

the section into a number of "elemental volumes" and thus being 

able to obtain the change of the working fluid properties along 

the section's length. However, this method can be very cumbersome 

in a plant model where only the overall performance of e.g. the 

superheater is of interest. It can be very useful when the 

particular performance of one or two sections is of interest. 

On the other hand, division of a section into two "lumped 

parameter" sections is very common and it can be of some advantage 

to the performance of the model. 

Finally, the existence of radiant SH or secondary SH, 

horizontal or pendant sections etc. depends on the design of the 

boiler unit. 

The equations for the different sections are presented 

below: 

Radiant Superheater 	2 
Pressure drop 	

(P P 	
) 	fRSH'WSD •

across the sections 	SD RSHO 	
pSD 

(2.24) 

Mass balance 
(vapour) 

ow -wWRSHO) = VRSH' d (pRSHO (2.25) 

Energy balance 
(vapour) WSD`hSD+QRSH SHO RSHO-VRSH'dt(pRSHO.hRSHO) 

(2.26) 
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Energy balance 	 ,~L 	r d 
(metal) 	(QHRSH-QRSH) _ - 1 tSH' NSH~ d(TRSHM) 

0.8 
where: Q 	- H'WRSHO '(TRSHM TRSHG

) _  

(2.27) 

(2.28) 

Primary Superheater  

2 
Pressure drop 	fSH'WRSHO  
across the section' (PRSHO-P SO

) 
SHO 

Mass balance  
(vapour) 	( SHO W ) = V SO 	 dt (p SO) 

(2.29) 

(2.30) 

Energy balance 	(p 	) (2.31)   
(vapour) : WRSHO'h RSHO+Q SR SO' SO - VSH'dt S0'hS0  

• 

Energy balance 
(metal) (QGSH QSH) = MsH.CsH'āt(TSHM) 

0.8 
where 	QSH = 

kSR'.WSO 	. (TSBM TS0) 

(2.32) 

(2.33) 

is the heat transfer rate from the metal tube to the steam by 

convection. 

Secondary' Superheater 

Here a two-section lumped-parameter representation is 

demonstrated, as well as the principle of the "effective mass". 

tether assumptions are as follows: 

a) The metal mass and the volume are divided equally 

between the two sections. 

b) The steam densities in the two sections can be combined 

to give an "average" density (P ss). This has the effect of 

reducing the mass balance equations from two to one. 

2 
Pressure drop 	_ fSS'WSSI 
across the section' (PSSI - PT) 

- 	
OSSI 	

(2.3) 

Mass balance 	
•(W 
	_ ~~j ) _ V 	d ( 	) 

(vapour) 	 SSI 	T 	SS~ dt p8S (2.35) 
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(QSS/2)-(hSS hSSI}'WSSI = M  2S.dt(hSS} 	(2.36) 

Energy balance for 
the two sections ' 	W  +W 	M d  

(QSS/2)-(hSSOhSS)•( SSS T)_ 2Sdt(hSSO) (2.37) 

where: M 	- (J V + M -- 	 (M.SS}.(TSSM) 	(2.38) SS — SS' SS 	.MSS' C 	T 

	

SS 	SS 

is the effective mass andQSS  = the heat transfer rate from the gas 

to the steam. 

Superheater Spray Attemperator  

The attemperator is usually situated between the primary and 

secondary SH sections. Its purpose is to exercise control over the 
temperature at the SH output. Assuming adiabatic mixing of the two 

fluids and no pressure drop across the attemperator, the equations 

describing the process are: 

Mass balance: 	WSSI = WSp + WAS 	(2.39) 

Energy balance: WSSI'hssi = WS0.hS0 + WSHS'hE0 	(2.40) 

Reheater 

Pressure drop 
across the section 

Mass balance (vapour) : 

2 
_ f  R'WRI  

(PTO-PRO} 	MRI 

d 
(WTO WRO } = VR.  dt (p  R0 ) 

(2.41) 

(2.42) 

Energy balance (vapour): 	WTO'hTO+QRH WRo.hRO=VR't(PRO.hR0) (2.43) 

Energy balance (metal) : 

where -: 

(Q Que)=M . 	T ) 

_ •WR0
0.8.(T-TRO) 

(2.44) 

(2.45) 

is the convection heat transfer rate from the tube metal to the steam. 

Air-Fuel Input Section 

A rather simple system was considered here. Of course, the 
type of pulveriser which is used, the kind of firing (tangential, 
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front wall, etc.), the kind of control on the air path (i.e. damper 

control or fan speed control), all affect a great deal the 

configuration at that part of the plant. A detailed representation 

of all these would not, however, be justified and so the following 

is considered: 

The amount of coal which goes from the hopper through the 

feeder to the pulveriser is assumed proportional to the feeder 

stroke1,7i.e. 

WED = KF.LF (2.46)  

The concentration of fuel in the pulveriser is obviously 

the difference of the amount of coal going into it and the amount 

which is coming out. The latter is set to be proportional to the 

mass of coal stored in the mill at any time. Therefore: 

dt(MGRĪ - (wFD-"OUT' = WFD - KC .% (2.47)  

The pulverised coal goes through pipes (representing a delay)  

to the burners. The dynamics of the burners are neglected. So: 

dt{wFI) = (T). (wOUT WFI)  (2.48)  

The amount of air entering through the forced-draught fans 

consists of the primary air, the secondary air and the excess air. 

A very common percentage of these quantities could be: 20%, 80% 

and 8% respectively. Only the primary air goes through the mills 

and it is used to dry and to lift and transport the pulverised 

fuel, through the pipes to the burners. There the rest of the air 

is added and the mixture enters the burners. 

The damper and the forced-draught fan dynamics (if that is 

what the plant is employing) are approximated by a simple lag. Also 

it is assumed that the input control signal results in a change in 

the fan's power and generally the power needed by a fan is 

proportional to the third power of the flow through it. So: 

i 
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dt(A) - (Tl )'(KA'-F - A) 
AA 

and 	WA = WR.3V' 

are the two equations used. 

(2.49) 

(2.50) 

Combustion-Furnace 

For the burners the fact is that there is no storage of fuel 

in them (obviously the situation is different when a stoker furnace 

is considered). For the air needed for the combustion, it is 

assumed that the "excess air" controller is perfect and the 

appropriate amount of primary plus secondary plus excess air is 

provided through the forced-draught fan. This air goes through the 

air heaters and enters the burners with a temperature TA, which is 

assumed to be constant (ideally it should be). Therefore, in the 

furnace, just after the burners, the following 5uantities are 

defined: 

Total gas flow: WGF = WA } WFI - Wash 
	

(2.51) 

Gas temperature: TG = TA + (WFI.F.n/CGF'WGF) 
	

(2.52) 

where: n = the efficiency of the burner, which is controlled by the 

excess air controller. 

F = the "heating-value" of the fuel used. It can be determined 

by an analysis of the fuel, which will determine the 

percentages of the C, H2, S in the particular sample. An 

abrupt change in F is reflected at the throttle pressure 

and it is important that the control system of the boiler 

can neutralise these changes very quickly. 

CGF = the specific heat of the gas; it can be calculated from 

the specific heats of the combustion products, at the 

appropriate range of temperature. McDonald et a1~7, 

express the specific heat as a function of the amount of 

fuel burned, although this kind of representation obviously 

requires knowledge of the operating Characteristic of the 

particular plant. 
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Another point of interest here is the possible existence of two 

furnaces, the superheater and the reheater furnace. In this case, 

the equations (2.10), (2.11) or (2.20), (2.21) should be written 

for both furnaces and the heat input to the mixture in the risers 

(Qw), should be the sum of the heat outputs of the two furnaces. 

Gas-Path 

The gas leaving the furnace goes through the various sections 

of the boiler, releasing gradually its heat. This results in a drop 

in its temperature, until it finally goes through the stack to the 

atmosphere. 

For the purpose of writing the equations describing these 

changes the following assumptions can be made: 

Radiant heat transfer is assumed for the risers and 

the radiant superheater. 

Convective heat transfer is assumed for the remaining 

sections. 

The inertia and the heat capacitance of the gases is 

neglected, i.e. the velocity and temperature changes take place 

instantaneously 
 

The heat coefficient is assumed to be constant for 

each section. 

So, the heat transfer rates for each section are: 

kk~~ 	4 	4 	heat transfer from gas to 
QGw 

ft 
-Ri•(TG -TRM ) - 

	
ser metal 	(2.53) 

~ 	_ 	.(T4 -T4 	) heat transfer from gas to 	(2.54) 
'GRSH- 	1 out RSHM radiant SH metal 

0.6 	heat transfer from gas 
9GSS = kRSS.-G 	'(TGSS TSSM) to secondary SH metal 	(2.55) 

Equation (2.55) will not be used if the concept of the 

effective mass is employed in the equations for the secondary SH. 

Because in that case, QS,S will include it. 
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A~~ 	= k 	
.W 0.6,(T 	

-T ~ 
) _ heat transfer from gas (2.56) 

G̀SH 	SH1 G 	GSH SAM 	to primary SH metal 

0.6 	
- 

heat transfer from gas 
QGRH = 	'WG '(TGRH TRHM) 	to reheater metal 	(2.57) 

Q 
= k 

W 
0'6 (T 

-T Em) 
	_ heat transfer from gas (2.58) 

GE 	E1'G 	GE 1M 	to economiser metal 

The corresponding equations for the gas temperature "just 

after" each section, are: 

QGW 
Tout 

_ 
- 

T
G - CGF'WG 

_ GSS _ 
TGSS - Tout C

GSS.WG 

_  QGSH  _ 
TGSH - TGSS CGSH.WG 

4GRH  T 	= TGSH C .WGGRH 

QGE 
TGE 	T

GRH 
- C

GE.WG 

at the furnace output 	(2.59) 

after the secondary SH 	(2.60) 

after the primary SH 	(2.61) 

after the reheater 	(2.62) 

after the economizer 	(2.63) 

The equations of the various sections presented so far will 

be supplemented by the appropriate number of state equations so that 

the number of equations equals the number of the unknowns in each 

case. The state equations are relations between quantities such as: 

pressure, temperature, density, enthalpy, etc. of the working fluid. 

They can be derived from the steam tables
26,27,28 

by approximation 

inside the appropriate operating "window", defined, for example, 

between the values of pressure or temperature or both (see 

Appendix A). 

2.3 	CHOICE OF MODEL EQUATIONS  

It was decided that there would be no linearisation of the 

equations around an operating point (although this case is examined 

in Section 2.5.3). Non-linearities like square or cube roots, 

multiplication of variables, etc. would be allowed in the model. 

In addition to that, real physical values were used for most of the 

variables in an attempt to derive the model on the basis of its 

physical characteristics and not just an input-output model. This 
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gives a better and more realistic understanding of the changes taking 

place in the actual plant.  

Actual operating data to the extent required by the equations 

presented in the previous section are very difficult to find in the 

literature. For this reason, the data given in reference 14 were 

used as a basis for the computation of the steady-state. They 

correspond to a 200 MW coal-fired drum-type boiler, operating at 

M.C.R. 

The forced-circulation equations of the downcomer-riser 

section were adopted as being simpler than those of natural 

circulation and a steady-state was computed for the equations 

presented in the previous section. The procedure here was to assign 

the steady-state values to the key variables and then compute the 

rest of the variables and the constant coefficients as a function 

of those key variables. As has been already mentioned, a certain 

number of state equatiOns._is necessary. These ecru.ations were 

derived as shown in Appendix A. As a result, the model at this 

stage consisted of: 20 linear and non-linear ordinary differential 
equations and 45 non-linear algebraic equations. The equations of 
the controllers are not included in these figures. 

The drum equations (2.22) and (2.23) were combined with the 
state equation (A.6) and equations (2.8) and (2.9) and they were 
solved for 

pSD 
 and VDW  from the system of equations: 

(wE0 W 	= SD)  d pSD).CVD (1-E3) .VDW] + dt(VDW)  • EEE3-(1-E3) pSD: 
(2.64) 

Qw+WE0'hEO WSD'hSD = dt(PSD).E(2VD )'0SD+VDw'p6(2(E2.E3-E1))  

+ VD.EEI+VDW. (-EE1+E2.EE3i-E3.EE2)] + 

+ di0Dw)11SD '(E2.E5-El) + 

+ PSW (- EEl+E2.EE3+E3.EE2)+EE2.EE3] (2.65) 

The solutions resulted in a third order equation. To investigate further 

this part of the model, the rest of the drum state equations were 

used and this system of equations was discretised (see Section 2.4). 

A Zero-Order Hold approximate discrete integrator was used for this 



purpose. Lengthy manipulations were required to derive the coeff-

icients of the cubic equations giving pSD• 
 It was found that the 

equation has one real and two complex roots. The real root is of 

interest and therefore it was taken to be one of the two roots of 

a quadratic approximation of the cubic equation within a "window" 

of values of pSD.  But this approximation proved to be very bad 

and it was soon abandoned. 

The amount of core which the boiler simulation should occupy 

had to be as small as possible, with the figure of 3k as the 

absolute maximum. The other restriction is, of course, the 

computation time. This is a function of the size of the simulation 

as well as of the kind of computations that have to be performed. 

At this point it should be noted that the floating point 

arithmetic is performed by software. 

These limiting factors led to the adoption of a much more 

simplified model, from the original that was envisaged. The first 

simplification was to drop the reheater section. In fact, in the 

analog model of the generator3, the simulation of the prime mover 

includes the dynamics of the turbine and the reheater (Fig. 2.2a). 

Furthermore, a digital simulation of the reheater would require 

for the analog model to be split in the way shown in Fig. 2.2b. 

Such a scheme was not investigated. But it could certainly present 

problems of stability, which would perhaps require the reheater 

part of the program to be run much faster than the rest of the 

digital simulation. 

The air-fuel section equations were retained as they 

appear on page 35. 

If the metal temperatures of all the sections were included 

in a simplified model, then all equations of the gas-path should be 

included as well. Therefore only the riser metal temperature is 

included and the heat transfer ecuations in the riser section. 

Perfect temperature control is assumed at the throttle 

valve. This makes the equation giving the steam flow at the valve 

(WT) independent of the temperature (or the density) of the steam. 

At the same time the equations of the spray attemperator are not 

needed any more. 
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Radiant and primary SH sections were "lumped" together. 

Originally it was thought desirable to include a primary and a 

secondary SH section. But it was found that it would not add 

too much to the performance of the model and would add another 

square root in the computation time. So all the three sections 

were lumped together to form one "superheater" section. 

The feedwater section equations were also dropped, because 

their inclusion would involve computing 9GE and QE and this 

requires the values of the temperatures TEM and TE0. Therefore, 

perfect feedwater control was assumed. This implies that the drum 

water level is kept more or less at its target value (so it can 

be assumed that (d110W/dt) = 0.0) and also that the steam flow out 

of the drum equals the feedwater flow into the drum(WE 0 = wSD)' 

From equation (2.64), applying these two simplifications, it 

can be said that the steam density cSD 
does not change as a result 

of imbalance between steam and feedwater flow rate. Equation (2.65) 

indicates that the steam density changes as a result of a change in 

the rate of firing. Substitution of the appropriate state equations 

in (2.65) results in the expression: 

Q +WSD. [E6. PSD+EE6J = ( l/E4) • āt (PSD) • ~EB. PSD+EE83 (2.66) 

where: F8 = 2.(VD.EI+VDW.(E2.E3-E1))/E4 	(2.67) 

EE8 = -E8.EE4+(VD.EEI+VDW.(-EE1+E2.EE3+E3.EE2)) (2.68) 

From this equation the drum pressure PSD 
can be computed as 

one of the roots of a quadratic equation. Instead, a simpler 

equation was used (2.81), where the pressure is computed from a 

first order equation. Both equations result in the same steady-

state relations for all of the model variables and from subsequent 

runs it was found that they gave almost identical transient 

response to the model. 

The equations which were used in the simplified model are 

presented in Table 2.1. The values of the variables corresponding 

to the steady-state at M.C.R. and the values of the constants used 

are shown in Table 2.2. 

42. 



~► 	 43. 

TABLE 2.1: 

Air-Fuel Section 

WFD - Kr IP 

dt(MCR) - WFD WOUT 

WOUT - KCF•MCR 

h(wFI) = (1/TP)•(WOUT WFI) 

h(A) = (1/TAA) . (KA.LF-A) 

WA = WR .31Tr 

Air input 

Combustion-Furnace  

WGF = WA+WFI ā sh 

TG = TA+(WFI.F.n/CGF.WGF) 

Drum-Downcomers-Risers  

QW = WD. (hm hD) 
WD . hp = (WD ' E 0) . hDW+WE O. hE 0 

SD = El. pSD+EE1 

pSD = (PSD KE4) /Ez 

TSD = E5. pSD+EE5 

WSD = /FSDI'PSD. (PSD PT) 

dt(PSD) = (1/C
D) D• m-(WD WE0)'hDW WSD'hSD) 

Superheater  

Wr(PT) = (1/CS SH) ' (WSD WT ) 

WT = ST.AT.PT 

EQUATIONS USED FOR THE BOILER MODEL  

Fuel input 

(2.67) 

(2.68) 

(2.69) 

(2.70) 

(2.71) 

(2.72) 

(2.73) 

(2.74) 

(2.75) 

(2.76) 

(2.77) 

(2.78) 

(2.79) 

(2.80) 

(2.81) 

(2.82) 

(2.83) 

Heat Transfer to the Risers 

  

= KRS' (TRM-TSD) 
3 

4 	4 	0 
QGW = KRW' (TG TRM ) --4 TG and T in (K) 

d 	= CM (QGW QW) 

(2.84) 

(2.85) 

(2.86) 



TABLE 2.2: STEADY-STATE VALUES OF THE MODEL VARIABLES,  
CORRESPONDING TO M.C.R. OPERATION  

Air-Fuel Section 

44. 

WFD  = 49.861 	(lb/sec) 

WOUT = 49.861 
	(ib/sec) 

WFI  = 49.861 	(lb/sec) 

MCR = WOUT' KUF 	
(lb) 

WA = 456.94 	(lb/sec) 

W , = 500.31907 	(lb/sec) 

A = KA. Lp 	(1/power) 

*LF  = 10.0 

Ash content = 0.13 (lb/lb)  

The values of KF  and WR are functions of 
the variablesdefined already: 

KI, = WFD/Ip = 4.9861 
WR = WA/3‘407. 

Wash = 0.13.WFI  
The values of KCF, KA, TP, TAA  are chosen 
using the rather arbitrary criterion of a 
reasonable model response: 

KCF  =11/35 (s
-1) 

+ TP = 3.5 (s) 
+ TP = 30. (s) AA 

TA  = 456.8 

F = 9762.562 
CGF  = 0.299257 

Combustion-Furnace Section 

The following  can be computed as functions 
of the variables already defined: 

TG = 3,618.7155 (°F) 

n = 0.9725 

(°F) 
(Btu/lb) 
(Btu/lb ,°F) 

Dram-Downcomers-Risers-Superheater  

	

WSD  = 348.0 	(lb/sec) 

	

WT = 348.0 	(lb/sec) 

	

PSD = 8.498 	(l0t3) 
PT = 2450.0 (psia) 
* AT  = 10.0 

E0  = 611.509 (Btu/lb) 

+CD  = 300.0 	(s) 

+ CSSH =  5.85 	(s) 

The remaining  variables and constants are 
computed from the equations. Their 
values are: 

hSD  = 1075.49 	(Btu/lb) 

TSD  = 675.94 	(°p) 
PSD  = 2653.11 	(psia) 

FEDI  = 70.163372 

KT  = 0.014204081 

Heat Transfer to the Risers 

TRM = 730.22 	(°F) 
CM  = 1.067058555E-05 

(°F/Btu) 

* Chosen arbitrarily. 

+ Typical values used. 

The remaining  variables have the following  
values: 

9W = 9GW = 161464.4832 (Btu/sec) 

KRS = 1.00961894 

KRW 
= 0.617123753E-08 



The time constants for the drum (CD) and the superheater 

were chosen as: CD = 300 s and CSSH  = 5.85 s, for the first 

investigations, but they can be altered to study the response of 

the model for different values of these time constants. 

A block diagram representation of the model described by 

these equations is shown in Fig. 2.3. 

2.4 	DISCRETIZATION OF THE MODEL EQUATIONS  

To perform a digital simulation of the process described 

so far, the continuous ordinary differential equations (Table 2.1) 

had to be converted to equivalent difference equations. For this 

purpose the Z-transform theory was used. This is the basis of the 

so-called "operational methods" of digital simulation29. Other 

improved methods such as the ISM method developed by Fowler and 

Hurt, the discrete compensation method, etc. are not suitable 

because they require the model to be described by transfer functions 

with the non-linearities isolated. This is not very easy with the 

set of equations available. 

The model equations involve only first order derivatives 

and according to the operational methods, the continuous-time 

integrator (l/s) should be substituted by a chosen discrete 

integrating operator. There are different discrete operators, each 

with its advantages and its shortcomings29'30.  Tustinos operator 

was chosen originally as it is based on the use of the trapezoidal 

rule of integration and gives: 

(1/s)n,j TT(l+z-1)1 
 n 

L  2(1-z 1)  
T = sampling interval 	(2.87) 

In order to illustrate its application, equations (2.67), 

(2.68) and (2.69) combined and converted to their discrete 

equivalents are: 

s .MCR  = WFD WOUT - KF 	KCF' MCR (2.88) 

Substituting the discrete operator in the place of (l/s), one gets: 

[2(1z}
T( 1 +z

-1  
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) 
*MCR = KF'-F - RCF.MCR 



AT 

LF 
KF MCR KCF I 

WOUT 1  
1+TP-S 

Air 
TA temperature 

I  
TA+

a WGF 
WA 0.87 WGF TG 

4 

-!- 	CM TRM 
QGW  

QW 

KRS•(16,)31— TSD 

I E5PSD+EE5 
1  PSD  

CDS 

WSD 

4 

P-+-D 	DPE 
CONTROLLER  

	 WSD - ~/FSDI•pSp ~P  
WT- 

Superheater 

T 

__ _J 

Fig. 2.3 Conventional Boiler Model 

WR rĀ} 	 
Air 

WA f low 

A=(TRM--TSD) 
AP= (PSD-PT) 

- WSD•(E6•PS°+EE6) KT• AT• PT 

PT 
(PSD-EE4)/E4 

KA 	A 

1 
CHS 

1+TAA•S 



47. 

K-l) = T. [i ,.(LF(K)+LF(K-1))_KCp.(MCR(K)+MCR(K-1))3 or 	2.MCR(K)-2.MCR(  

2-T.KCF 	T.KF  
or 	1 R(K

) 
= MCR(K-1).  C2+T.KCF]  [2 	+T.KCFJ .(LF(K)+LF(K-l)) (2.89) 

From this difference equation one can see that the value of 

MCR  at the "present" sampling instant is a function of: the 

value of MCR  at the "previous" instant and the values of the input 

or independent variable both at the "present" and "previous" 

sampling instances. The latter is very important, as will now be 

explained. 

Consider the discretization of the drum and superheater 

equations as they appear in Appendix B.1. These difference equations 

have to be put in a programmable or executable order. But as can 

be seen, this is not straightforward with the equations as they 

stand. The main (unknown) variables are: WT(K),  WSD(K),  PT(K) and 

PSD(K) and solving the system of equations (B.1.1) to (B.1.4) would 

give them expressed in an executable manner. But the difficulty 

here is the presence of the square root and non-linear terms such 

as: WSD(K).PSD(K), which make the solution of the system very 

cumbersome and very expensive in computing time. 

For this reason it was decided that the section of the 

model including the drum-downcomer-riser, superheater and the heat 

balance in the risers will be discretized using the Z.O.H. (Zero 

Order Hold) discrete integrator, while the air-fuel section will 

be discretized using Tustin1 s operator. 

The Z.O.H. is the first-difference technique of approxim-

ating a continuous integration process and it is the most 

elementary operator. Its Z-transform is: 

 

LTz-1  

1-z
-1  (2.90) 

 

With the Z.O.H. operator the value of the integral is 

estimated by using only "previous" values of the variables 

involved. This is very convenient in helping to place the equations 

in a programmable order, in other words, to have a physically 

realizable simulation. The expression (2.90) can also be called an 



"optimum discrete operator", because it minimizes the "sum of 

error squared" between the sampled output of the continuous system 

(continuous integrator) and the output of the discrete system, for 

a step input50,51
. 

The discretization was performed and the equations were 

arranged in an executable form as in Table 2.3, together with the 

continuous equations, which they will substitute. In the 

expression of the heat transfer rate from the gas onto the metal 

of the risers (9w), both TG  and TRM  should be expressed in (°K). 

Their values areexpressed in (°F) and for the conversion into (°K) 

the formula: 

(°K) = 0.55555556.(°F) + 255.372 

was used. For the throttle pressure control loop a PID controller 

was used. The conversion from the continuous to its discrete form 

is shown in Appendix B.2. 

2.5 	MODEL EVALUATION 

Having formed the set of programmable difference equations, 

a number of runs was made on the CDC 6400 computer. Their purpose 

was to get an initial assessment of the behaviour of the model, 

choosing a suitable set of time constants and a proper sampling 

interval T. 

The values of KA, TM, KCF  and T had to be chosen first. 

With no other source of information available, their values were 

chosen by trial and error, the criterion being a reasonable 

response of the model (e.g. when the throttle valve opens, the 

pressure should drop, etc.). In this way a set of values was 

found, for which the trend of the various variables, immediately 

after the introduction of a step input, was in the right direction. 

Having done that, the next step was to find the effect on 

the model of the sampling interval T. The first attempts were 

made with T = 5 s, but this made the system unsuitable in the sense 

that the response was becoming unstable even for the smallest step 

48. 



Continuous Representation  

11t(MCR)- 	-KC Mr 	(2.91) 

dt(WFI)=(1/Tp).(KCF•MCR WFI)(2.92) 

dt(A)
=(1/TAA).(KA.LF A) 

WA = WR
. 
3I-A- 

W GF = WA + 0.87.W
FI 

(2.93) 

(2.94) 

(2.95) 

WT = KT.AT.PT (2.101) 

TG=TA+(wFI.F.n/CGF.WGF) 	(2.102) 

dt(TRM) = M' (9Gw 9W) 

QW
- 
= KR (TRM _TSD)3  

QGw = Iw.(T G -TRM4) 	(2.105) 

where: TG, TRM are in (°K) 

PE - (PSET- PT) 	(2.106) 

LF,= (KPP+ KIP + KDP . s) . D 	(2.107) 

(2.103) 

(2.104) 

49. 

TABLE 2.3: CONVENTIONAL BOILER MODEL EQUATIONS IN THEIR DISCRETE FORM 

  

Discrete Representation  

ALL = LF(K) + LF(K-1) 

r T.KCF .MCR(K-1)+ 12+T .KCF] C T.KCF~ 
.WFI(K-1) + 2.TP+T 

.(MCR(K)+MCR(K-1)) 

2.TA T 	 K.T 
A(K)= 
[

Ā
2.TAA+T] 

.A(K-1)+ I- 
A 
J 2.TAA+T .ALL 

2-T.KC 
MCR(K)- LL

F 
2+T.KC. 
.TP-T 

WFI (K)= 2. T~ 

.ALL 

d PSD)=(1/CD). DW+WSD.(E6.PSD + 

+ EE6): - (2.96) 

pSD = (PSD EE4) /E4 

TSD = E5' pSD + EE5 

WSD JFSDI'PSD'(PSD PT) 	(2.99) 

dt'(PT) 
 1
=(1/CSSH).(wSD WT) 	(2.100) 

WA(K) = WR.3VA(K) 

WGF(K) = WA(K)+0.87 .WFI(K) 

Z = 1 + (T.E6/CD) .WSD(K-1) 

PSD(K) _ EPSD(1C-1)+(T/CD) • (9W(K-1)- 

- WSD(K-1).(EE6-hE0))] /Z 

PT(K)=PT(K-1)+(T/CSSf)•(WSD(
IC
-1) -WT(K-1)) 

(2.97) 

(2.98) 

RSD(K) =(PSD(K)-EE4)/E4 

TSD(K) = E5. RSD(K) + EE5 

WSD(K) = ✓FSDI .RSD(K) ' (PSD(K) -PT (K) ) 

WT(K) = KT.AT(K-1).PT(K) 

Z17. 	= ((F.n/CGF)  /WGF(K)) 

TG(K) = TA + WFI(K).Z17 

TRM(K) = TRM(K-1)+(T.CM)•(Q (K-1)-  Qw(K-1)) 

Z14 	= TRM(K) - TSD(K) 

Qw(K) = K S. (z14.z14.Z14) 

z15 	= 0.555556•TG(K) + 255.372 

RM(K) + 255.372 z16 	= 0.555556•T 

QGW(K) = KRW.(z154 - Z164) 

570171-77E7-771T(1° 
SE(K) = SE(K-1) + DPE(K-1) 
LF(K+1)= KPP.DYF(K)+KIP.SE(K)+KDP.(D (K)-  

- DPE(K-1)) 



input. Further investigation showed that T had to be much smaller 

than 1 s to produce a stable response. The other two cuantities 

which had a direct effect were the drum and the superheater time 

constants CD  and CSSD. For example: 

For:T = 0.4 s 	and CD  = 300 s, the open-loop response of the 
5.85 s 	model is stable, 

CSSIC 
 

CD  = 250 s, the open-loop response of the 
model is stable, 

CD  = 230 s, the open-loop response of the 
model is (just) stable, 

Cb  = 200 s, the open-loop response of the 
model is unstable. 

So as the time constant becomes smaller (i.e. the system 

faster) the response goes unstable and this instability begins at the 

computation of the pressure PSD. In fact, when the first value of 

PSD  (computed immediately after the introduction of the step input) 

changes in one direction and the next value of PSD  (i.e. the one 

computed at the next iteration) changes in the opposite direction, 

the response of the system is unstable for that particular 

combination of CD, CSS1  and T. The range of values of CS. is very 

limited, so its effect on the issue of the stability depends very 

much on the current value of CD. Finally, a sampling interval of 

T = 0.3 s was chosen. It gave a stable open-loop response for CD  

down to 170 s, with CSSH = 5.85 s and a 10% step input in the valve 

position. 

The speed of the response of a conventional steam plant 

depends, among other things, on the evaporation rate of the boiler 

and the response of the fuel-feed and firing systems. In the model 

the two factors are represented by the drum time constant CD  and 

the fuel-air input time constants. From the range of values 

appearing in the references 21, 22, 16, 18 and 32 the following 

three sets of values were used for testing the model: 

CD 	= 

KCF  = 

TP  = 

Tes = 

300.0 

1/35  

3.5 

30.0 

s 	1 
S 1  

s 

s 

For a slow coal-fired unit (I) 

50. 



CD  = 250.0 s 

KCF  = 1/20 s-1 
 

Tp  = 1.5 s  
= 20.0 s TAA s  
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For a fast coal-fired unit 

 

CD 	= 
KCF  = 
TP 	= 
TM  = 

220.0 s 

1/10 	s-1  

0.0 	s 

10.0 	s 

For an oil-fired unit (III) 

for testing 

constants 

The sets of values presented above were used only 

the general response of the model. They do not represent 

of a particular steam plant. 

The throttle pressure controller was added to the 

shown in Fig. 2.3. The relation of the controller gains, 

of the three cases, was made by trial and error. 

model, as 

for each 

2.5.1 Steady-State Characteristics of the Model  

The equations which were used to describe the model and the 

values (for M.C.R.) assigned to the variables, define the steady-

state characteristics of the model. Quantities like Tp, Tom, CD, 

etc. affect only the transient response of the model. 

Fig. 2.4 shows the closed-loop steady-state characteristics 

of the model, as functions of a change in the value of the throttle 

valve opening. This corresponds to a step change in the loading of 

the unit, with the controllers reacting and after some time 

bringing the unit to a new steady-state. It was assumed that 

throughout the range of valve opening the feedback loop keeps the 

throttle pressure at its set-point. 

From these characteristics it can be seen that the changes 

of steam flow out of the drum and at the valve are directly 

proportional to the valve opening, as was expected. Another 

quantity which changes almost linearly is the heat rate input into 

the risers. This is because its value depends very much on the 

steam flow into the corresponding piping. The drop in the drum 
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pressure is only about 6% for 50% valve opening, and this is mainly 

because the throttle pressure is maintained at its set-point. 

The air flow rate and the fuel flow rate (WA  and WFI) are 

both decreasing. The latter drops more rapidly. However, the 

airjfuel ratio remains constant because it is controlled throughout 

the operating range of the unit. The quantity of air in this ratio 

represents the primary air which goes through the mills. The correct 

quantity of this air is essential for the efficient operation of the 

mill. On the other hand, the secondary and the excess air influence 

the efficient combustion in the burners and the overall quantity of 

air is determined by the quality of the fuel used. In the model, 

WA  is the total quantity of air and the primary air is not 

represented separately. 

Another important point is the following: for a new steady-

state the value. of the furnace gas temperature TG  changes. 

Therefore, from the equation: 

CTG  TA)/(F.n/CGF) = (WFI/WGF)  

the ratio (WpI/WGP) should change. But if in equation: 

WGF = 0.87.WFI+WA  

where WFI  = KF.LF, the air flow WA  is a function of LF, such as 

WA  = const.LF, then the ratio (WFI/WGF)  = const. This means that 

WA  = f(LF) must be a function of LF  of higher than first order. 
Otherwise the new steady-state of the model cannot be computed. 

2.5.2 Transient Response of the Model  

Open-Loop Response: 

Starting from Fig. 2.5, where the model is disturbed by a 

step increase of 5% in the valve opening, one can observe the 

following: the steam flow at the valve is reduced initially in a 

step fashion. This produces an increase in the steam pressure at 

that point and consequently an increase in the drum 
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Fig. 2.5: 	Open-loop response of the conventional boiler model 

to a 5% step decrease in the valve opening. 
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steam pressure. The increase in the pressures arrests the drop in 

the steam flow and both WSD  and WT  start rising again. The rise 

in steam pressure means a rise in steam temperature as well. As a 

result, the heat transfer rate from the metal tubes to the mixture 

in the risers begins to fall initially, because it is a function 

of the difference between the temperatures of the metal tube and 

the mixture. A fall in the value of 	results in an increase in 

the metal tube temperature because the latter is a function of the 

difference between 
QGW 

 and qw. The rise in the metal tube 

temperature arrests a further fall in the 	which starts rising 

again. 

In Fig. 2.6 the response of the model to an increase of 5% 
in the valve opening is shown. As expected, it is the opposite of 

the response in Fig. 2.5. 

In Fig. 2.7 is shown the response of the model to a step 

reduction (5%) in the firing rate. The valve opening remains 
unaltered. As expected, the fuel flow, air flow and furnace gas 

flow drop to a new steady-state. This fall is transmitted to the 

rest of the model variables, through the drop in the furnace gas 

temperature. As can be seen, it increases slightly at the 

beginning, but then drops to a new steady-state. This initial 

increase depends on the time constants of the fuel and air paths, 

which determine the rate of change in the values of WFI  and WGF. 

The fall in the furnace gas temperature results in a 

fall in the heat transfer rate from the gas to the metal of the 

risers, a fall in their temperature and consequently a fall in the 

heat transfer rate to the mixture in the risers. Finally this fall 

is reflected throughout the model and results in a smooth drop in 

steam pressures and flow rates to reach a new steady-state. In 

Fig. 2.8 the response of the model to a disturbance to the opposite 

direction is shown. 

Closed-Loop Response:  

The closed-loop responses of the model (for the three cases 

mentioned on page 51) are shown in Figs. 2.9, 2.10 and 2.11. In all 
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Fig. 2.6: 	Open—loop response of the conventional boiler model 
to a 5% step increase in the valve opening. 
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of them the model starts from its original state, which corresponds 

to full-load operation. The input disturbance is a step change in 

the throttle valve opening which decreases by 2% (Figs. 2.9, 2.10, 

2.11(b)). As a result, the steam pressure at the valve begins to 

rise and it is followed by the steam pressure in the drum (Figs. 2.9, 

2.10 and 2.11(a)). The steam flow at the valve, after its original. 

drop because of the valve closure, rises again for a while 

following the rise of the pressure at this point. On the other hand, 

the steam flow out of the drum keeps falling steadily because it is 

a function of the difference(PSD  PT). This difference is becoming 

smaller after the step input, because the pressure at the valve 

increases faster than the pressure at the drum since it is nearer 

to the point of the disturbance. Increase in the drum steam pressure 

means an increase in the drum steam temperature which results in the 

heat transfer rate from the tube metal to the mixture to start 

falling (e). 

The initial imbalance between QW  and the heat going from the 

furnace gas to the tube metal results in a rise of the tube metal 

temperature (Figs. 2.9, 2.10 and 2.11(f)). In the meantime, the 

pressure controller senses the rise of the pressure at the valve 

and acts to correct the error. This means a reduction in the 

feeder stroke signal LF  (Figures (b) ), which results in a reduction 

of the fuel and the air entering the burners (Figures (c)). 

Consequently, the temperature of the furnace gas starts falling 

(Figures (f)). The heat transfer from the gas to the riser walls 

is due to radiation (i.e. proportional to T), which means that 

this rate starts falling (Figures (e)). In turn, the metal 

temperature follows this fall and as a result the heat transferred 

from the metal to the mixture in the risers drops. This reverses 

the balance between QGw  and Qw  and so the tube metal temperature 

begins to fall again (Figures (f0). As a result, the heat transfer 

rate to the mixture (Q ) keeps falling. 

A reduction in the heat input to the boiler results in a 

reduction to the pressure in the drum. After a while this reduction 

in PSD  is transmitted through the steam path to the valve (i.e. the 

superheater output) and so the pressure at this point starts falling 

again. The controller keeps manipulating the boiler inputs until 

this pressure assumes its desired value. 
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Fig. 2.9: Closed-loop response of the conventional boiler model 
to a ~fo step decrease in the valve opening (drum time 
constant: 300 s). 
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Fig. 2.10: 
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Fig. 2.11: Closed—loop response of the conventional boiler model 
to a 2% step decrease in the valve opening (drum time 
constant: 220 s). 



It can also be seen in Figs. 2.9, 2.10 and 2.11 that as the 

time constant of the drum becomes smaller and the time constants of 

the air and the fuel paths are also becoming smaller, the changes 

in the control inputs are becoming faster. As a result, the 

throttle pressure returns faster to its set-point value and the 

system settles faster to its new steady-state. A more direct 

comparison of the model response for these three cases can be seen 

in Figs. 2.12, 2.13 and 2.14. In these, an initial step decrease 

of 10% was introduced to the valve opening. The system was allowed 

to settle and then a 10% step increase of the valve opening to its 

original value was introduced. At this point it should also be 

mentioned that the closed-loop response of the model with the drum 

pressure PSD  computed from the quadratic equation (2.66) (and with 

the same controller gains), differs very little from the response 

of the model presented so far, for which a first order equation is 

used to compute PSD. 

As mentioned in previous sections, the values of the feed-

water enthalpy (hE0), air temperature (TA) and fuel quality (F) 

were considered to be constant. In order to assess the behaviour 

of the model to a change in those values, a step reduction of 2% 

was introduced in all of the three quantities and the open and 

closed-loop responses were taken for each case. 

In Figs. 2.15, 2.16 and 2.17 the open-loop responses are 

presented. For the disturbances in TA  and F, the response of the 

model is similar, because it is the change in the heat transfer 

rate to the riser metal which provokes the change in steam 

pressures and flow rates. On the other hand, the disturbance in 

the feedwater enthalpy affects directly the production of steam in 

the drum and the steam flow rate there. Consegiently, it is the 

heat transfer rate to the mixture in the risers which is affected, 

increasing suddenly as the steam temperature in the drum drops. 

From all these disturbances, the one affecting the fuel quality 

produces the biggest change in the throttle pressure, while the 

air temperature change affects it on a much lesser scale. 

In Figs. 2.18, 2.19 and 2.20 the closed-loop response of 

the model for the same type of disturbances is shown. These 

63. 
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Fig. 2.13 	Closed—loop response of the conventional boiler model to 
a. double 10% step (decrease/increase) in the valve opening. 
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Fig. 2.14 	Closed-loop response of the conventional boiler model, to 
3 double 10% step (decrease/increase) in the valve opening. 
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Fig. 2.16; 	Open—loop response of the conventional boiler model 
to a 2% step decrease in the air temperature (TA). 



Open loop response of the conventional boiler model 
to a 2% step decrease in the feedwater enthalpy (hEO). 

Fig. 2.17: 
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responses confirm the fact that the greatest effect on the response 

is caused by the disturbance in the fuel quality. This can be seen 

by the greater values assumed by the coal-feeder stroke and the 

fuel and air flow rates. 

From the responses shown, it was decided that the model 

gave a satisfactory representation of the steam generating process 

of plants with different time constants and that it could be used 

with confidence as an integral part of the Power Systems Simulator. 

2.5.3 The Case for the Once-Through Boiler  

The main difficulties in modelling a once-through boiler 

system arise in the parts where heat exchange takes place. At these 

sections change of phase of the working fluid takes place, but the 

boundaries between two phases are not exactly known. This is 

because the main characteristic of this type of boiler is that the 

evaporation, superheating, etc. occur along the length of the 

piping, as the fluid passes through it. So the variables describing 

the process are functions of at least one space variable (usually 

the length of the tube), apart from being functions of time. This 

involves the use of partial differential equations to describe the 

process. Various techniques are employed and simplifying 

assumptions made, in order to get rid of the partial differential 

equations33-37.  Again, as in the case of drum-type boilers, a 

rather large number of ordinary differential and algebraic equations, 

both linear and non-linear, result. 

As in the case of the drum-type boiler, a much simpler 

model would have to be adopted to comply with the limitations 

imposed by the amount of core and by the sampling interval T for 

which the model gives a stable response. For this purpose, it was 

decided that the same model used for drum-type boilers will be 

used for the once-through with appropriate changes in the fundam-

ental time constants. For example, a simple model representation 

for a once-through unit is given by Laūbli and Fenton18. There, 

a time constant of 115 s is assumed at the steam generation section, 

for a 575 MW supercritical coal-fired unit. Also, since the control 
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Fig. 2.18: 	Closed—loop response of the conventional boiler model 
to a 2% reduction in the fuel quality (F)1 
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Fig. 2.19: 	Closed loop response of the conventional boiler model 
to a 2% reduction in the air temperature (Ta). 



0 
O O a 

73. 

a a 

O 
O 
O 
a 
N 

O 

00.08st 
i 

arst o0•oos P oo 0S9a co•otds co•ca^ss co.OcsE° 
C )' d;J31-Sd0 33dN2li13 

( *1Wa31S
O 
 oI3'(•1-

9
H13 01 

31Va a 4SN41-1d3H 
	

080fiz 	oo£L 	 0sa c 
'dW31 1d13W-3dld 

• 

a 
O 

0'74C 	00.9t£ 	00'•r£ 	00'Ot à00.OZCI 
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Closed—loop response of the conventional boiler model 
to a 2% step decrease in the feedwater enthalpy (hEo). 

Fig. 2.20: 
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of the feedwater is very important aspect of the operation, the 

assumption made in the drum-type boiler that WEO - WSD can be 
dropped here, so the feedwater flow Wm  can be used for control 

purposes. 

2.6 	REAL-TIME OPERATION OF THE CONVENTIONAL PLANT MODEL 

2.6.1 The Operating System 

The Real-Time Operating System38  used on the PDP-15 is 

called the RSX-15 Phase 1. This is a real-time monitor system 

designed for handling real-time information in a multi-programming 

environment. It has a modular construction, which permits its 

configuration to make the best use of the available hardware and 

software facilities. 

The RSX Executive is the heart of the real-time system. 

It coordinates all the activities in the system, including the 

task building, I/O supervision, resource allocation and inter-

active operator communication. 

The RSX-15 utilises two monitors: (a) The Advanced 

Monitor, and (b) The Real-Time Monitor. 

The Advanced Monitor39  is used for editing, debugging, 

compiling of programs and for the development of the tasks and the 

task building. The programs can be written in FORTRAN IV or 

assembler language. The facilities, mentioned above, are not 

available in the real-time system. This has the disadvantage that 

the operator has to change the operating system every time these 

facilities are needed. On the other hand, the real-time system is 

faster and more efficient due to the smaller system time overheads. 

The Real-Time Monitor supervises and controls the execution 

of the Real-Time Tasks. 

Every program (written either in Fortran or in assembler) 

has to be converted to a Task to be run in real-time. For this 

purpose, the binary version of the program and its subroutines is 

required. Next, the task-builder program is requested and the 
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corresponding task is created, subject to the following information: 

- Name of Task, 

- Default priority of the Task, 

- Partition in the core in which the Task will be run, 

- Common blocks used by the Task, 

- The resident code, i.e. the programs of the Task thatduring execution 

will be core-resident (the rest will be disc-resident), 

- The structure of the overlaying system. 

The task, having been developed, can be stored on a DEC-tape 

from which it can be installed in the computer, when the real-time 

system is on. 

The TASK BUILDER is a program which utilizes the relocatable 

binary files, linking them together along with library functions 

and thus forming an executable task. 

The Partition and the COMMON blocks are predetermined in 

their size and base address. This is done when the real-time system 

is configured. The SYSTEM CONFIGURATOR is a system task. When it 

is requested, it allows the user to specify core size, disc size, 

number of teletypes, clock frequency, partition description, system 

COMMON block descriptions and a description of peripheral I/O units. 

The system configuration in its present form is shown on Fig. 2.21a. 

The Monitor Console Routine (MCR) is the part of the 

software which allows the user to interact with the system via the 

teletype and dynamically alter the operation of the system. The 

user can install or remove a task, suspend or assume its execution, 

acquire information about the status of the system, access the 

contents of any core location, modify them, etc. 

This interaction is done by simple commands which, in turn, 

activate appropriate tasks (called MCR-functions), which perform 

the requested function. These tasks are normally disc.-resident 

and they are brought in core whenever required. 

The scheduling of the real-time tasks is a result of any 

of the three types of "significant events": (a) the request of 

the activation of a task, (b) the request of an I/O transfer, or 

(c) the occurrence of a hardware interrupt. 
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There is a priority-ordered list of "Active Tasks" in the 

system at any time. This list is scanned from high to low priority 

by the Executive as a result of a significant event occurring. 

Then, the task with the highest priority is executed. 

The operation of the real-time system is based on the 

Automatic Priority Interrupt (API) structure and the real-time 

clock which provided the time reference for the scheduling of the 

various activities. The API includes both hardware and software 

priority levels. There are eight levels of API; four of them are 

hardware levels, which are sized to control the I/O devices of the 

system. Each of these levels can have up to eight device controllers 

connected to it, so up to 32 devices can be controlled by these four 

priority levels. 

The other four priority levels are software levels assigned 

to the executive. Levels No. 4 and 6 are used exclusively by the 

Executive itself. Level No. 5 is not currently used. Under API 
level No. 7, there are 512 Task priority levels. These are used 
exclusively for task scheduling and operation. The API structure 

is shown in Fig. 2.21b. 

2.6.2 Conversion of the Model Equations for Real-Time Operation 

In Section 2.5 it was shown that the model would give a 

reasonable response both in open and closed-loop operation. So the 

next step was to convert the program, which was run on the CDC 6400 

computer, into a suitable form which could run on the PDP-15 

computer connected to the simulator. 

Here, every effort was made to formulate the program in a 

way which would give the maximum possible savings in storage and 

computation time, for obvious reasons. Therefore simplifications 

and approximations were adopted when it was required. In Table 2.4 

the difference equations (run on the CDC 6400) and the same 

equations with the form they assume in the real-time version, are 

presented. The following are the main points of interest 

concerning their conversion: 



.(MCR(K)+MCR(K-1)) 

 [2.T~TJ•
K.T 

A(K)= _2.T+T] •A(K-1)+ 	 ALL 

WA(K) = WR.VA(K) 
WGF(K) = WA(K)+0.87.WFI(K) 
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TABLE 2.4 

 

CONVENTIONAL BOILER MODEL EOUATIONS IN ThEIR REAL-TIME FORM 

   

Discrete Representation  

ALL = LF(K) + LF(K-1) 
—2-T.KCF 	T.KF 

MCR(K)- ̀ 2+T.KCF].MCR(K-1)+ L2+T.KCFJ 
.ALL 

T.K 
WFI(K) 1.2.T +TI . WFI (K-1)+ L2. T1,+TJ. 

Z = 1 + (T.E6/CD) .WSD(K-1) 
PSD(K) = EPSD(K-1)+(T/CD) •(@w(K--1)- 

WSD(K-1) . (EE6-her )):]/Z  
PT (K)=PT (K-1)+ (T/CssH) . ( 

-WT (K-1)) 
RSD(K) =(PSD(~K)-EE4) /E4 
TSD(K) = E5.RSD(K)+EE5 

WSD(K) /FSDI.RSD(K) . (PSD(K)-PT(K) 
WT(K) = KT.AT(K-1).PT(K) 
Z17 = ((F.n/CGF 
TG(K) = TA + WFI(K).Z17 
TRM(K)=TRM(K. 1)+(T.CM).(QGw(K-1)-

-Qw(K-1)) 
Z14 = TRM(K) - TSD(K) 
QW(K) = K.(Z14.Z14.Z14) 
Z15 = 0.555556•TG(K) +.255.372 
Z16 = 0.555556•TDM(K)+4255.372 
QGw(K) = K.W.(z15 -z16 ) 

DPE(K) = PSET-PT (K) 
SE(K) = SE(K-1)+DFE(K-1) 
LF (1C+1):= KPP.DFE(K)+KIP.SE(K)+ 

+ KDP(Dl,E (K)-DPE(K-1)) 

Real-Time Representation 

ALL = ALF(I) + ALF1(I ) 
AMcR(I) = C(I,1)iAMcs(I)+C(I,2)#AuJ 

ALF1(I) = ALF(I) 
WFI(I) = C(I,3)*W

FA
I(

-
I) + 

+C(I,4)*(AMcm(I)+AMCRl(I)) 
AA

I4CR1(I) = -MCR(I) 
A(I)=C(I,5)i4A(I)+C(I,6)»ALL 
For:A(I) C 69.741515, then: 

WA(I)=218.0-(A(I )* 2.342549026) 
For:A(I) > 69.741515, then: 

WA(I)=286.0-(A(I)A1.36752004) 
WGF(I)=WA(I)+0.87:WFF(I) 
Z = 1+C(I,7)*WSD(I) 
PSD(I)= 

wsD(I)c(I,9))] /z 
PT(I)=PT(I)+C(I,1O)*(1WSD(I) -4wT(I)) 

RSDX = (PSD(I)-EE4)/FA 

WSD(I)9/FSDI RSDX*(PSD(I)-PT(I) 
WT(I) = (AT/GSCAL(I))4PT(I) 

TG(I) = TA+C(I,11)*(WFI(I)/WGF(I)) 
TRM(I) = TRM(I)+C(I,12)*(QGw(I)=QW(I)) 
Z14 = TRM(I)-(E51ERSDX+EE5) 
9w (I = KRS9014*Z14.*Z141 
Z15A = 0.555556•TG(I)+255.372 
z16A = 0.555556.T (1)+255.372 
Z15—Z15A.Z15A 
Z16, = zi6A. Z16A 
9GW(I) _ 	W•((Z15..z15)-(Z15..Z15)) 

SE(I) = SE(I) + DFE(I) 

DPE(I) = PSET - PT(I) 
ALF(I) = KPP(I).DPE(I)+KIP(I).SE(I)+ 

+ 1DP(I).(DPE(I)-DPE(I)) 
DPE1(I) = DPE(I) 

(K-1)- 

)/WGF(K)) 

asp(I)+C(I,8)*(Qw(I)- 
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(a) As mentioned in Section 2.4, the air-fuel section 

equations were discretized with the use of Tustin's operator. 

As a result both quantities X(K) and X(K-1) are needed in the 

same equation. This situation arises for three variables: 

LF, DpE and MCR. In all three cases it was decided to introduce 

three more variables designated: 
LF1' DPE1, MCR1' which would 

contain the value of the last iteration, i.e. X(K-l). This could 

be avoided, but in so doing, three more floating point multi-

plications would be added to the computation time. 

(b) The computation of the air flow WA involved the 

computation of a cubic root. This would take a very long time to 

be performed; for this reason, this cubic root equation was 

approximated by two straight line segments. This approximation 

is shown in Fig. 2.22, together with'the equations of the 

straight lines used. By so doing, the maximum number of 

operations would be one arithmetic if-statement, one multiplic- 

ation and one addition (floating point 	both of them). 

(c) The use of the X(I) representation of the variables 

enables the use of the same equations (in a do-loop) to 

represent as many different boiler units as required. For the 

Power Systems Simulator, this is six. 

(d) The constants designated C(I,12) are precalculable. 

Their computation is performed in a separate program (initial-

ization program). The use of the variable (I) here, as well 

as in the representation of the P I D controller gains, gives 

the opportunity for each of the six units to have different 

operating characteristics. 

(e) The valve position AT was not dimensioned as AT(I), 

because this quantity is "read" from the analog part of the 

simulator for every unit separately (i.e. every time the do-loop 

in the real-time program starts from the beginning). 

(f) The variables RSD and TSD although dimensioned in the common 

block, can be used without their X(I) representation in the program. 

This is possible because they are direct functions of PSD(I). By so 

doing, the space they occupy in the common block can be used for 

other purposes. 
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Fig. 2.22 	Straight-line approximation of the equation: WA.  = WR.3g 
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For the "real-time" version equations, as they are presented 

in Table 2.4, the number of operations needed is: 

Floating Point Multiplications: 	31 

Floating Point Divisions 	4 

Floating Point Additions 	27 

Square Root 	 1 

In the actual program there are some more operations needed 

for various purposes, but the basic functions of the program are: to 

read in the valve position of the simulated unit, perform the 

simulation of the plant dynamics and output the throttle pressure at 

the valve to the analog part of the simulator. 

2.6.3 	Response of the Conventional Boiler Model working in Real-Time  

The configuration shown in Fig. 2.23 was set up on the 

simulator and the boiler simulation program was initialized (for two 

conventional units) in order to assess its behaviour under real-time 

conditions. The loads are programmable sinks of in-phase current and 

sinks or generators of quadrature current, as mentioned in Section 

1.3. A load simulation program was developed by Mogridge43. In this 

the trend changes, the load characteristics and randon fluctuations 

are modelled. Therefore any of the five loads can be made to change 

in any way desired by the simulator user. 

The system was allowed to settle and then disturbances were 

introduced, namely manual increases or decreases to the speeder gear 

setting of unit no. 1. As a result, the valve opening changes and 

this upsets the pressure at this point. The P I D controller reacts 

and tries to reduce the pressure error by changing the firing rate of 

the boiler. 

During these tests, the circuit-breaker 14 was closed, i.e. 

the whole system was connected to the infinite bus, which has the 

frequency of the mains. It is this frequency that is shown in the 

Figures 2.24 to 2.29. 

The responses were taken for the three cases mentioned in 

Section 2.5, i.e. for the model with different drum time constants. 

In Figs. 2.24 and 2.25 the response of unit 1 is shown to 

step changes in the valve position, in both directions (drum time 
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FIG. 2.23 	Power system configuration used for testing the digital 
plant models. 

constant CD  = 300 s). In Fig. 2.24 the throttle pressure is brought 

back to its set point value in about 11 minutes. This time should be 

shorter, but as can be seen the valve position drops further below 

the value of the original step change and this results in a further 

increase of pressure. The rest of the variables change in an 

appropriate fashion. 

In Figs. 2.26 and 2.27 the response of the same unit is 

shown, when the drum time constant is 250 s. In Figs. 2.28 and 2.29 

the time constant is 220 s. As was expected, the response of the 

boiler is faster and the overshoot of the pressure is smaller. 

For another test, the system was disconnected from the 

infinite bus and it was left to settle. Then, a step increase of 

about 0.3 p.u. was introduced into load no. 1. In Fig. 2.30 the 

responses of the main variables of interest for the simulation are 

shown. With the introduction of the step, the frequency dropped very 

fast to 48.2 Hz in about 5 s. Then the governors reacted and arrested 
this fall. From the responses of the valve positions of the two units 
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Fig. 2.24 	Closed-loop response of the conventional boiler model 
running in real-time, to a 25% initial step decrease in 
the valve opening. Drum time constant: 300 s. 
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Fig. 2.25 	Closed-loop response of the conventional boiler model 
rumming in real-time, toe_ 25% initial step increase to 
the valve opening. Drum time constant: 300 s. 
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Fig. 2.26 	Closed-loop response of the conventional boiler model 
running in real-time,to a 29% original step decrease 
in the valve opening. Drum time constant: 250 s. 
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Fig. 2.27 	Closed-loop response of the conventional boiler model 
running in real-time, to a. 20% original step increase 
in the valve opening. Drum time constant: 250 s. 
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Fig. 2.28 Closed-loop response of the conventional boiler model running 
in real-time, to a 22% original step decrease in the valve 
opening. Drum time constant: 220 s. 
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Fig. 2.29 	Closed-loop response of the conventional boiler model 
running in real-time to a 29°% original step increase in 
the valve opening. Drum time constant: 220 s. 
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it can be said that the governors overreact to the changes in frequency 

and in fact bring it up again (point (a) on the frequency curve). By 

that time, the change in the valve position has affected the boilers 

and the pressure begins to drop, bringing down with it the frequency 

(point (b) on the frequency curve). After that, the frequency is 

mainly affected by the changes in the throttle pressure and it more or 

less follows the two pressure curves. 

Therefore it is concluded that the response of the boiler 

simulation running in parallel with the analog part of the simulator 

is very satisfactory. 

2.7 	LINEARISATION OF THE CONVENTIONAL BOILER MODEL 

For comparison purposes, the model equations (Table 2.3) 

were linearised around the steady-state point corresponding to full-

load operation. The linearisation is shown in Appendix D. 

The six linear model equations are shown in state space form 

on Table 2.5, together with the arithmetic values for T = 0.3 s. The 

eigenvalues of the system matrix are: 

-0.0285714 -

-0.285714 

—0.0333333 

—3.522304 
—0.141237829 
—0.0031465441 

and they are all stable. Also, the first 
three are the diagonal elements (1,1), (2,2), 
(3,3) of the system matrix. 

For the discretization of the system equations, both the 

Tustin and the Z.O.H. approximate integrating operators were used, as 

follows: 

Using the Tustin operator the system equations become: 

j'2 1-z sX = A.X + B.0 or 1  L 	 1)- X = AOC+ B.0 
T(l+z ) 

X(K) _ QI-(T/2) .ATI+(T/2).A] .X(K-1)4[I-(T/2) .A)J IEB. (T/2)3 . 
.(u(K)+u(K-1)) 



r- 
MCR  RCF  0 0 	0 0 0 

NFI (KCF/Tp) (-1/TP ) 0 	0 0 0 

P 
A 0 0 (-1/Tv) 	0 0 0 

P 
PSD  0 o 0 	(K11+K12.K16) (K12.K17) K13 

P 
PT  0 0 0 	(K16/CSSH ) K14 0 

RM 0 K34 K33 	K31 0 K32 

CR 

FI 

A 

PSD  

PT  

TRM 

AT 

K 	0 
F 

0 	0 

(KA/T 	0 

0 	0 

0 	K15 

0 	0 

-.2857E-01 0 0 0 0 0 

.8163E-02 -.2857E+00 0 0 0 0 

o 0- .3333E-01 0 0 0 

o 0 0 -.3401E+01 .1325E+01 .2975E+02 
o 0 0 .1656E+0o -.1707E+00 0 
0 .9858E-01 -.1311E-01 .6466E-02 0 -.9527E-01 

	

.4986+01 	0 

	

0 	0 

	

.4167E+00 	0 
0 	0 

0 -.5949E+01 
o 0 

B= 

TABLE 2.  : 	LINEARISED CONVENTIONAL BOILER MODEL IN STATE SPACE FORM 
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or 	X(K) = AD.X(K-1)+BD.(u(K)+u(K-l)) 	(2.108) 

where AD and BD are the discrete system matrices. 

Using the Z.O.H. operator, one gets: 

_ 1 
sX = A.X + B.0 or 	B. = 11 X - A.X + B.0 

T.z 

X(K) = 	+ T.A3 .X(K-1) + D .B3 .u(K-1) 

or 	X(K) = AD.X(K-l) + BD.u(K-1) (2.109)  

The system matrices of the discrete systems (i.e. AD and BD) 

for the two cases are shown in Table 2.6 for a sampling interval 

T = 0.3 s. Also the eigenvalues of the system matrix AD, for the two 

cases, are shown for the same value of T. 

Both sets contain stable eigenvalues (i.e. inside the unit 

circle). Computation of the eigenvalues for different values of the 

sampling interval T, showed that: 

(a) Using Tustin's operator, the discrete system eigen-

values are stable for values of T even up to T = 2 s. 

(b) Using the Z.O.H., the eigenvalues become unstable 

for T >0.55 s. 

So the superiority of Tustin's operator for larger sampling intervals 

T is confirmed. 

In Fig. 2.31, the closed-loop steady-state characteristics 

of this linear model are shown, in comparison with the characteristics 

of the non-linear model. As can be seen, the characteristics are 

straight lines, departing very little from the operating point 

around which the linearisation was performed. The linear model is 

therefore unsuitable for accurate responses to large input 

disturbances, away from the point of linearisation. In fact it was 

confirmed that the response of the linear model to a 2% step change 

in the valve position was almost the same as the response of the 

non-linear model, but this was not the case for bigger step inputs. 
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TABLE 2.5: 
	

DISCRETE-TIME REPRESENTATION OF THE LINEARIZED  
BO LER MODEL  

A) 	Using the Tustin approximate discrete integration: 

X(K) = AD.X(K-1)+BD. [u(K)+u(K-1)] , where 

AD = 

.9915E+00 

.2338E-02 
0 

.1013E-03 

.2455E-05 

.3419E-04 

0 
.9178E+00 

0 
.8312E-01 
.2014E-01 
.2804E-01 

0 

0 
.9900E+00 

-.1147E-01 
-.2778E-03 
-.3869E-02 

0 
0 
0 

.3324E+00 

.3228E-01 

.1274E-02 

0 
0 
0 

.2582E+00 

.9563E+00 

.2469E-03 

0+  
0 
0 

.5862E+01 

.1420E+00 

.9774E+00 

BD= 

ARM 

.4965E+01 

.5830E-02 

.4146E+00 
-.2136E-02 
-.5176E-04 
-.7207E-03 

o" 
0 
0 

-.7680E+00 
-.5819E+01 
-.7343E-03 

The eigenvalues of AD are: 

.3086045030E+00 

.9990564821E+00 

.9914651494E+00 

.9178082192E+00 

.9585076936E+00 

.9900497512E+00 

B) 	Using the Z.O.H. approximate discrete integrator: 

X(K) = AD.X(K-1)+BD.u(K-1), where: 

AD = 

BD= 

0 
0 

0 

0 
-.1785E+01 

0 

- .9914E+00 
.2449E-02 

0 
0 
0 
0 

.- 1496E+01 
0 

.1250E+00 
0 
0 
0 

0 
.9143E+00 

0 
0 
0 

.2957E-01 

0 
0 

.9900E+00 
0 
0 

-.3932E-02 

0 
0 
0 

-.2021E-01 
.4969E-01 
..1940E-02 

0 
0 
0 

.3975E+00 

.9488E+00 
0 

or  
0 
0 

.8924E+01 
0 

.9714E+00 

The eigenvalues of AD are: 

-.5669130051E-01 
.9142857143E+00 
.9990560367+00 
.9914285714E+00 

.9576286511E+00 

.9900000000E+00 
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Comparing the linearised to the non-linear representation 

of the model, from the point of view of the number of operations needed 

when the model runs in real-time, the situation is as follows: 

Linearised version Non-linear version 

Multiplications 34 34 

Divisions 0 4 

Additions 31 27 

S&Fare Roots 0 1 

So the only advantage of the linearised version, from this 

point of view, is the saving of the computation of the square root. 

Indeed this computation takes up something around 1-1.5% of the 

system's time. But the linear system is unsuitable for large 

disturbances away from its initial steady-state. 
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CHAPTER THREE  

NUCLEAR PLANT 

3.1 	THE PROCESS 

Nuclear power plants are being introduced in increasing 

numbers around the world towards the goal of cheaper and more 

dependable production of electricity. The process can be divided 

generally into the following sections: the reactor section, where 

the reaction products heat up the fuel elements and the moderator; 

the coolant circulation section, where the coolant absorbs the heat 

of the core and the steam-generation section, where the coolant 

heat is released to evaporate the liquid in this section (Fig. 3.1). 

The circuit of the coolant flow is called primary circuit, 

while the circuit of the steam flow is called the secondary circuit. 

Various types of reactors have been developed over the past two or 

three decades. They were used as pilot plants initially and the 

most successful of them were employed in commercial power plants. 

The Boiling Water Reactor (B.W.R.) is the simplest of 

them. It uses light water both as coolant and as moderator. A 

conventional single-pressure heat cycle can be used in the secondary 

circuit, since the steam pressure can be raised to a considerable 

level (e.g. 900-950 psig). A disadvantage of this design is that the 
steam and the water could become radio-active and contaminate the 

turbine, because the same water goes to the turbine as well. So 

particular care must be taken during the design of the unit to minimise 

this risk. Another type of "water-reactor" uses heavy water as a 

moderator (H.W.R.). 

The Pressurised Water Reactor (P.W.R.) uses ordinary water 

under pressure as coolant. The pressure is sufficient to suppress 

any boiling. The coolant water goes through heat exchangers where 

it releases its heat, thus producing steam in the secondary circuit. 

So here the fluids in the two circuits are different and there is no 

direct contact between them. 

The Gas-cooled Reactor (G.R.) uses gas as coolant (e.g. 

helium, carbon dioxide, air, etc.), while the moderator is usually 
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graphite, berylium, berylium oxide or an organic liquid. 

Much of the effort in nuclear power engineering is directed 

towards finding ways and means of subtracting the maximum power from x • 

the reactor, with the minimum temperature drop at the heat transfer 

surfaces. Low steam temperature means lower steam cycle, i.e. lower 7c 

efficiency. The temperatures of steam associated with these reactor 

designs are of the order 350-400°C. One way of getting round this 

problem is the use of dual-pressure steam cycles, where the steam is 

generated in two separate feedwater circuits but in the same heat 

exchanger5. A technique like this can raise the efficiency of the 
cycle up to 40%. In a further advance, liquid metal-steam binary 

cycles are claiming efficiencies up to 50-51% 44. 

A parallel improvement towards increased cycle efficiency 

has come with the High-Temperature gas-cooled Reactor (H.T.R.). The 

movement began in the U.K. with helium-graphite reactor development45, 

the fuel being uranium or thorium46'47.  The advantage of this design 

is the high gas outlet temperature 700-780°C. This means that the 

generation of steam can be made at present-day standard conditions 

of pressures and temperatures and so have a high cycle efficiency. 

Other more advanced designs are in development, such as 

the gas turbine H.T.R., where the coolant helium directly drives gas 

turbines in parallel loops, and the gas-cooled fast reactor, where 

the fuel rods are cooled by pressurised helium45. 

Fast reactors are so-called because the reaction in them is 

sustained by high energy (fast) neutrons, in contrast with the 

thermal reactors (low energy neutrons). Every high energy neutron 

can produce more than two neutrons in the reaction, in which case 

more fissionable material is produced than consumed. This phenomenon 

is called "breeding" and the reactor "Breeder Reactor". The obvious 

advantage of this type is that with the existing world resources of 

uranium, power can be produced (and plutonium) for hundreds of years. 

The United Kingdom, France, Germany, U.S.S.R. are at late stages of 

the construction of commercial breeder reactors in the range of 1200-

1500 MW despite the controversy about the safety of their operation. 
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3.2 	CHOICE OF A MODEL 

As in the case of the conventional boiler model, the 

requirement of a program which will occupy very little space in the 

computer and which can be executed very fast, calls again for a 

very simple model to represent a nuclear plant. An additional 

reason is that this model should be incorporated in the same program 

with the conventional boiler model. More details will be given in 

Chapter 6. 

For this purpose, a high temperature gas-cooled reactor 

plant was assumed. The dynamics of the reactor part were ignored, 

and it was assumed that the control of this part is perfect. For 

the steam generation side, the equations of the drum-downeomers, 

risers and superheater used in the conventional boiler model were 

retained in this model as well. The equations are presented on the 

left-hand side of Table 3.1. In equation (3.1) the term expressing 

the quantity of heat input by the feedwater (WEO.hEO) was separated 

from the steam flow WSD  and can be used as a controlling input. 

The control strategies used in a nuclear plant vary 

according to the type of the reactor and perhaps the special require-

ments of the particular power plant. For example, for an H.T.R. 

with a high and always negative temperature coefficient of the 

reactivity, it is possible to control the reactor output by varying 

only the speed of the gas circulators48,49. Another scheme uses 

the primary gas flow to control the throttle pressure, while the 

steam temperature is controlled by the control rods and the gas 

outlet temperature by the feedwater flow47. 

The scheme that was adopted in the model is the following46,50:  

the pressure of the steam at the throttle valve is controlled by 

adjusting the feedwater flow rate. For this purpose the throttle 

pressure error is formed (Equation (3.12)) and this goes through a 

P I D controller. The controller output together with the flow 

rate out of the steam generator, form the FW flow rate, as shown in 

Equation (3.11). This scheme is very simple and it only indicates 

the principal effect that the feedwater flow can have in keeping the 

throttle pressure at its desired level. The feedwater enthalpy is 

assumed to be constant. 



Continuous-time representation 

dt(PSD)=(1/CD). EQW+WEO. 0 WSD• 

.E66. PSD+EE66)] (3.1) 

47., (13T)=(VCSSH) • (WSD WT ) 

RSD - (PSD - EE4)/E4 

TSD = E5.RSD + EE5 

WSD - FDSI•RSD• (PSD - PTY1  

WT = KT .AT • PT 

114TRm) = q1. (Q 	Qw) 

9W -_ 
KRS(TRM TSD)3 

XX = 11.97777781•AT + 112.22222 

(kw = XX• (TCG -am) 

WEO = WSD + CC 

-PE -PSET PT 
(CC ) = (P - I - D) DPE 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

0 

TABLE 3.1: NUCLEAR PLANT MODEL PUATIONS  
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Discrete-time representation  

Z=1+(T.E66/CD).WSD(K-1) 

PSD(K)= EPSD(K-1)+(T~CD).(QW(K-1)+ 

+W(K-1).hEc WSD(K-1).EE66):/Z 

PT(K)=PT(K-1)+(T/Cs ).(WSD(K-1) WT(K-1)) 

RSD(K) _ (PSD(K) - EE4)~E4 

= E5. RSD(K) + EE5 TSD(K)  

WSD(K) = ✓FDSI•RSD(K)•(PSD(K) -PT (KY 

WT(K) = KT.AT .(K-1).PT(K) 

%M(K) = T1(K-1)+(T.Q. (Qmr(K-1)-Qw(K-1) . 

Z14 = (TRM(K) - TSD(K)) 

QW(K) = KC.((Z14.Z14).Z14) 

XX = 11.977?7781•AT(K--1) + 112.222222 

Q
GW
(K) = 

XX. (TCG TRM(K) ) 

DPE 	= (K) 
PSET - PT(K) 

SE(K) = SE(K-1) + DPE(K-1) 

CC = EPP..D (K) + RIP'S (K) + PE 

+ EDP.(DpE(K) - DPE(K-1)) 

WEO(K) = W(E) + CC 
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The temperature of the metal tubes in which the water 

steam mixture flows, is determined by the balance of the heat rate 

released by the coolant and the heat rate absorbed by the water in 

the secondary circuit (Equation (3.7)). Again for the heat transfer 

into boiling water the cubic equation (3.8) was used. For the heat 

released from the coolant to the tubes carrying the steam water 

mixture, heat transfer by pure convection was assumed. The heat 

transfer is assisted by the temperature difference between the 

coolant outlet temperature (TcG) and the temperature of the tube 

metal. 

At this point it is assumed that the control system in 

the reactor side keeps TCG  constant. This means that the power 

extracted from the reactor is proportional to the coolant flow. In 

the model, the power from the reactor is represented by the heat 

transfer rate 9Gw  from the coolant to the secondary circuit. There-

fore, this was set proportional to the coolant flow by inserting the 

term XX in Equation (3.10). This term varies linearly with the 

throttle valve opening (Equation (3.9)) which, in turn, expresses 

the load demand from the nuclear plant. The coolant flow is, of 

course, proportional to the load (with TCG  = constant). 

Other control loops, usually included in a plant of this 

kind, are assumed to be working perfectly. For example, the reheater 

outlet temperature is controlled by the control rods, while the 

reheater inlet temperature by cold steam spraying. But because 

of the simplicity of the model these loops cannot be included. The 

gains for the P I D controller, which give a reasonable response, 

were determined by trial and error. 

The model, in block diagram form, is shown in Fig. 3.2. 

3.3 	MODEL EVALUATION 

3.3.1 	Steady-State Characteristics of the Nuclear Plant Model  

It is assumed that the initial steady-state of the model 

is the one corresponding to full-load operation. For this reason 



XX 

XX• 

 
QGW 

(TCG-TRM) 

KT-AT- 

AT  

PRREF 

S 

(a•AT+b) j Q 	AT 
Valve 

opening 

TCG Gas outlet 
temperature 

L1= (TRM -TSD) 
QGW + ,~~ 

Q W -- 

CM TRM 
S 

QW 

KRS • (A)3 	
 

E5•PSD+EE5I 
1 'PSD 	~,. (PSD-EE4E4) 

C p•S 

WSD•(E66•PSD+EE66),,` WSD 

	IHE0I 	 

Fg.3.2 Nuclear Plant Model 

P-1- D 	DPE 
CONTROLLER  

WSD+ 

WT -= 

Superheater 

1 
CH'S 

—J 

 PT 



103. 

the main variables have the same values as for the conventional plant, 

i.e. the ones presented in Table 2.2. The new quantities appearing 

in this model can be computed as a function of the main variables, 

and their values are: 

XX = 232.0 
for the full-load conditions 

CC = 0.0 

Again it is assumed that the plant starts from the full-load 

conditions and goes to a new steady-state as a result of the change in 

the throttle valve opening, while the pressure controller keeps the 

throttle pressure at its desired value. So with the new values of the 

valve opening and the pressure reference known, the new steady-state 

can be computed from the model equations as shown in Appendix E.1. 

The closed-loop steady-state characteristics of the most 

important variables are shown in Fig. 3.3. As expected, the steam 

flows at the valve and at the evaporator output change in direct 

proportion with the valve opening (Fig. 3.3(a)). The steam pressure 

at the evaporator (PSD) does not change too much, as a result of the 

throttle pressure being kept constant at its predetermined level. 

The steam temperature (TSD , as a linear function of PSD, changes in 

a similar fashion to PSD. Interesting is the characteristic of the 

feedwater flow. It settles at a level always lower than that of WSD* 

By so doing it reduces the amount of energy going in the evaporator 

(i.e. WEO.hEO), so that it cancels the tendency of the pressure to 

rise (as a result of a reduction in the load demand), thus keeping PT  

at the desired level. Below 50% loading, this characteristic is 

obviously unrealistic, the reason being that a nuclear plant is very 

unlikely to be operated below 50% and also a minimum amount of 

feedwater flow has to be maintained for safety reasons. But, as has 

been mentioned, this control scheme is very simple and cannot be 

expected to respond well over every load range. Finally, the 

input power from the reactor, which can be represented by Q, and QGw  
and the coolant flow (represented by XX) are changing in the same 

fashion, i.e. linearly with the valve opening (see Equation (3.9)). 
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Fig. 3.3 Closed-loop steady-state characteristics of the 
nuclear plant model. 
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3.3.2 	Discretization and Transient Response of the  
Nuclear Plant Model 

As in the case of the conventional plant model (Section 2.4), 

the Z.O.H. approximate discrete integrator was used to discretize 

the continuous-time equations of the model. The corresponding 

difference equations are shown alongside the continuous ones in 

Table 3.1. 

In this form, the equations were run on the CDC 6400 in 

order to assess the open and closed-loop response of the model. In 

Fig. 3.4 is shown the response of the model to a 5%  step reduction 

in the valve opening, with the feedback loop (which determines the 

feedwater flow) open. So the feedwater is always the same as the 

steam flow out of the evaporator (WSD). As can be seen, the throttle 

pressure and the steam pressure at the evaporator begin to rise and 

eventually they settle to higher values. The heat transfer rate to 

the evaporator metal (from the gas coolant), experiences a step 

decrease, because it is directly proportional to the coolant flow and 

this, in turn, to the valve opening. The metal temperature of the 

heat exchanger starts rising until the balance of the heat transfer 

rates is established again. For the same type of disturbance, when 

the feedwater controller is connected, i.e. the loop is closed and 

WE0 = WS
D+CC,  the response of the model is shown in Fig. 3.5. In this 

figure the feedwater flow drops below the level of the steam flow out 

of the evaporator. As a result, the heat input to the evaporator is 

smaller and this forces its pressure (and consequently the pressure at 

the valve) to start falling again, until PT  goes back to its desired 

value. Also, the heat transfer rate from the coolant into the 

evaporator drops to a lower level because it is proportional to the 

load demand. 

An attempt was made to get the response of the model, with 

the feedwater control loop determining directly the feedwater flow, 

i.e. with W
E0 

= CC (and not WEO  = WSD
+ CC). With this kind of loop 

open, obviously the feedwater flow remains unchanged at its "full 

load" value. As a result, the response of the model to a step change 

in the valve opening was found to be unstable. With the loop closed, 

it was very difficult to choose the controller gains such as to 



0 	 0 0 	 0 
O 	 a 
w 	 U 

0 
O 	 O 

2 

O 
O 

0 0 
0 0 

0' 

0 0 
O 
U 

io6. 

0 
0 

-a 

0 
0 

0 	 . o #_ 
0 	 ' 0 

o ° m 
0 	 ,1 	0 U uJ 
U} 	0 

i 	
. 

~
W 
E 
a. 

0 	

k 	

CF- 

O 	 o 0 	 ~ 	0 

0 	 0 0 	 o 
o ō 0  

I 

 ,,a 

00.9£L 00•>£L OO.Z2L 00'CE6°OO.O.9t 00.009t 00.09St 00'OdSt° ' dal3i 1ii13;A-lftiM 	 =O i x 
(+)I4y31s 01' (x)lytow D L 3s4a ~33SNU i-la H 

O 

O.OLZ 	o0.02Z 	00'0£2 	o0.0it' 00•ZSE 	CO.47£ 	00'9£2 	00'8Z6° 00.ZSE 	CO'7yF 	CC'922 	00'8Ze 
.O i x 3NOSS3~id *88A3 	(wa M01d 213J. t0333 	M01 ,41431S 3111021N1 
32if1SS3dd 31110V1 	00.ōt 	ov re 	

09;6 	ob s CA
PM0 13 M3'( )molAino 4} 3is.ddA3 

MISOd 3A18A 
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50% step decrease in the valve opening. 
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obtain a reasonable response. So this scheme was not examined further. 

However, this emphasises the fact that the feedwater flow and its 

control must be balanced against the steam production at the evaporator, 

this balance being the indication of safe operation of the plant. 

3.4 	REAL-TIME OPERATION OF THE NUCLEAR PLANT MODEL 

The conversion of the discrete-time program to a version 

suitable for running in real-time on the PDP-15, followed the same 

pattern as in the case of the conventional steam plant model (see 

Section 2.4). Both versions are presented in Table 3.2. 

The number of operations involved is: 

Floating point Multiplications: 	19 

Floating point Divisions 	2 

Floating point Additions 	: 	20 

Square Roots 	 1 

Because of the high capital cost of the nuclear plants, they 

are normally used to cover base load operating at the highest possible 

output for maximum efficiency. This means no participation in system 

secondary (or supplementary) control, and often no primary (governor)  

control. However, most of the nuclear plants have a significant load-

following capability, which is not only a result of a negative 

temperature coefficient, but also of the control techniques employed 
46,47,51 • Therefore the decision on the mode of operation of the 

plant is based mainly on economics and the constraints imposed by 

features like the wear of the fuel elements when they are subjected to 

continuous changes of power, etc. 

Non-Regulating Plant: 

For the case where the plant is operating in a non-regulating 

mode, its output changes only when the frequency drops to a level 

where it results in a drop in the output of the plant's auxiliaries. 

For this reason an auxiliary output/frequency characteristic was 

specified52  as shown in Fig. 3.6. 
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TABLE 3.2: 	NUCLEAR PLANT MODEL EQUATIONS IN THEIR REAL-TIME FORM 

Discrete-Time Representation  

Z = 1+(T.E6/CD) .WSD(K-1) 

PSD(K)= EPSD(K-1)+ (T/CD) . (Qw(K-1)+ 

+WEO(K-1).hEO WSD( K-1)EE6611 

PT(K)=PT(K-1)+(T/ CSSH).(wsD(K-1)- 

- WT(K-1)) 

RSD(K) = (PSD(K)-EE4)/E4 

TSD(K) = E5.RSD(K) + EE5  

WSD(K) 

WT(K) = I.AT(K-1).PT(K) 

TRM(K) = TRM(K-1)+(T.CM)•(QGw(K-1)- 

- Qw(K-1)) 

Z.14 	= (TRM(K) - TSD(K) ) 

Qw(K) = KRS. ((Z14.Z14).Z14) 

XX = 11.97777781•AT(K-1)+112.22222 

QGw(K) = XY.(TCG -RM(K)) 

DPE(K)  = PSET - PT(K)  

SE(K) = SE(K-1) + DPE(K-1) 

CC = KpP.DPE(K)+KIP. SE(K) + 

+ KDP.(DPE(K) - DPE(K-1)) 

WE0(K)  = WSD(K) + CC  

Real-Time Representation  

Z = 1 + C(I,7)•WSD(I) 

PSD(I)= IPSD(I)+C(I,8).(QW(I)+ 

+WEO(I).hED WBO(I).EE66): /z 

PT(I) = PT(I)+C(I,10 

(I) = (PSD(I) - EE4) /E4 

TSD(I) = E5.RSD(I) + E.E5 

WSD(I)  = ✓FSDI.RSD(I).(PSD(I)-PT(I)) 

WT(I) = KT••FT(I) 

TRM(I) = TRM(I) + C(I.12).(QGw(I) - 

- Qw(I)) 

Z14 	= (TRM(I) - TSD(I)) 

(AV') = KRS((Z14.Z14) .Z.14) 

XX = 11.97777781.A1+ 112.22222 

QGw(I) - XX.(TCG TRM(I)), 

SE(I) = SE(I) + DPE(I) 

DPE(I)  = PSET - PT(I)  

CC = KPP(I).DPE(I) + K1P(I).SE(I) + 

+ KDP(I).(DPE(I) - DPE1(I)) 

DPE1(I)  = DPE(I)  

WEO(I) = Wo(I) + CC 

= ✓FSDI.RSD(K) . (PSD(K)-PT(K) 

).(WSD(I) WT(I)) 
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FIG. 3.6 	Auxiliaries output/frequency characteristic. 

From a frequency Fxs downwards, the output of the auxiliaries 

drops linearly from 1.0 p.u. down to 0.9 p.u. The slope of the 

characteristic is obviously: (1-0.9)/(FXS—FXR). Normally one would 

not expect the frequency of the system to stay for long periods of 

time below 49 Hz. But even during a short period it is essential 

that the loading of the nuclear plant should not be above the 

capacity of the auxiliaries at that particular time. 

So for operation at reduced frequency the simulation program 

"reads in" the current value of the system frequency, compares it with 

the value of FXS  and if necessary adjusts the position of the speeder 

gear according to the auxiliary output/frequency characteristic shown 

above. 

It must be noted here that the valve opening is determined 

only by the speeder gear since the governor is used only as an 

overspeed safety mechanism. 

Regulating Plant: 

In the case where the nuclear plant is taking part in 

frequency regulation, then the scheme employing the auxiliary output 

frequency characteristic is no longer relevant. Therefore the valve 

opening is determined by the position of the governor and the power 

demands set by the speeder motor. 



3.4.1 	Response of the Model Operating in Real-Time  

The responses of the nuclear plant model running in real-

time on the PDP-15 were taken for the cases of the plant operating 

in the non-regulating mode and in the regulating mode. They are 

presented below: 

Regulating Plant Response: 

For this purpose, the power system configuration shown in 

Fig. 2.23 was set up on the simulator. The circuit breaker no. 14 

was open, i.e. the system was not connected to the infinite bus. 

The system was allowed to settle and then a change of 0.43 p.u. was 

introduced on load 1. The response of the two units is shown in 

Fig. 3.7. The two governors respond very quickly to arrest the fall 

of the frequency resulting in both valve positions overshooting by 

about 100% above the new steady state, which they eventually assume. 

The steam pressures at the valves follow the changes very quickly 

and drop by about 5% and 6% respectively, before this fall is arrested 
by the pressure controller. The pressure is back within 1% of its set 

value in about 7 minutes from the start of the disturbance. 

The response of the two valve positions was a bit oscillatory 

in this particular test and this resulted in a slightly bumpy 

response for the pressures. But the overall characteristics of the 

model response can be seen very clearly. 

The controller gains were: KPP = 0.3, KIP = 0.00032, 

KDP = 0.1. With the possibility of choosing them during the initial-

isation of the simulation, they can be varied until the desired 

response is achieved. For example, when KPP is changed to 0.4, the 

response of the throttle pressure is quicker for the same step 

input to the model, as can be seen in Fig. 3.7. 

Non-Regulating Plant Response: 

For this purpose, the signal from the governor to the valve 

was disconnected (see Fig. 2.2a - generating unit) in unit no. 2. As 
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a result, the valve opening was determined only from the speeder 

motor position. This was adjusted so as to give a valve opening 

of 100%. 

As mentioned in Section 3.4, for the auxiliaries cutput/  

frequency characteristic the values of FXS = 49.5 Hz and EKE = 47.5 Hz 

were chosen. These might not represent the values which will be used 

in a real plant. But they were chosen for test purposes, i.e. to 

introduce a significant change in the operating point of the model. 

Otherwise the frequency of the system would have to be lowered (e.g. 

to 46 Hz) and this would cause many of the variables to saturate. 

The response of the non-regulating unit to a frequency 

fall is shown in Fig. 3.8. The system frequency is originally 

around 50 Hz, when an increase in load 1 is taking place. As a 

result, the frequency falls to a new level, around 48.0-48.5 Hz. 

This frequency is "read in" every time the plant simulation program 

is executed (i.e. every 300 ms) through a first order digital filter 

of the form: 

Y(K) = a .Y(K-l) + b.X(K) 	 (3.14)  

where: 	a = e Z/T  and a + b = 1.0 

and: 	Z = the sampling interval (in this case 300 ms), 

T = the filter time constant. 

For the test shown in Fig. 3.8, a = 0.7 and b = 0.3. The 

filter was used to smooth slightly the frequency readings since, 

from these readings, the desired plant output is computed (from the 

auxiliary output/frequency characteristic). This desired output is 

compared to the actual one, and, if different, a signal (voltage) is 

directed to the raise/lower pulse integrator, which opens or closes 

the valve accordingly. 

Because the raise/lower pulse generator is active most of 

the time, in one or the other direction, the valve position 

oscillates around a certain level, as Can be seen in Fig. 3.8. The 

same sort of behaviour is displayed by the steam flow at the valve 

(WT),  because it is a direct function of the valve position. The 
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Fig. 3.8 	Real—time response of the nuclear plant model operating in 
the non—regulating mode, to a change in frequency (i.e. 
change in the output of the axiliaries). 
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steam pressure at the valve behaves as expected, rising when the valve 

closes and dropping when it opens. The product of: (steam flow) x 

(pressure) represents the power going into the turbine. 

In conclusion, it can be said that the "non—regulating" 

model displays the desired behaviour, considering its simplicity. 

The overall response would be made smoother with some more 

filtering of the fregxency reading and a better voltage input to 

the raise/lower pulse generator. This voltage determines the rate 

of change of the output of the pulse generator and a better choice 

for that can only be made by trial and error. 
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CHAPTER FOUR  

HYDRO PLANT 

4.1 	111i PROCESS 

In a hydro plant, the potential energy of the mass of water 

contained in a reservoir is transformed to kinetic energy, as the 

water is carried through a conduit to a water turbine (at a lower 

level). The kinetic energy is transformed to mechanical power through 

the turbine, which in turn drives a generator for the production of 

electrical energy. 

A typical cross—section of a hydro plant is shown in Fig. 

4.1. The water is gathered in the upper reservoir as a result of 

rainfall on the catchment area or a river discharge into it. The 

reservoir is usually natural and it requires the construction of a dam 

to block the passage of water at one end of it, so as to form a 

basin. It can also be artificial, but on a much smaller scale. From 

there, the water is brought to the water turbine, which is located 

at a lower ground elevation. The distance between the reservoir 

and the power house can vary from a few meters to several kilometers. 

In the latter case, a tunnel is needed which will bring the water 

just above the power house. From there it is carried through one or 

several penstocks to the different turbine units. The presence of a 

long power tunnel makes necessary the construction of a surge tank. 

Its function it to relieve the pressure on the penstock, tunnel and 

the turbine. This build—up of pressure is a result of the 

deceleration of the water column, due to a decrease in the valve 

opening. The surge tank is located preferably on high ground in 

order to reduce the height of the tower to be constructed. At the 

lower end of the penstock is the valve, which determines the amount 

of water entering the turbine section and thus the power produced. 

From the turbine the water goes through the draft tube and it is 

discharged to the lower reservoir.- A relief valve is often incorporated 

into the penstock, just before the turbine inlet. It allows the 

water in the penstock between the surge tank and the turbine to be 

diverted from the turbine, in response to rapid closing of the 

gates. This reduces the pressure created by the deceleration of 
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the water column in the penstock. So by its action the relief valve 

assists the surge tank and helps to reduce the oscillations of the 

water level due to a sudden, closing of the gates. 

The difference in elevation between the water level in the 

reservoir and the turbine or the tailwater level, called the 

"operating head", together with the flow of the water in the conduit, 

determines the power which can be produced by the particular unit. 

The power may be developed from the water by its weight, its pressure, 

its velocity, or a combination of any or all three. Therefore, the 

hydraulic turbines may be classified accordingly53,54: 

The impulse turbine: 

Here all the available head (i.e. the potential energy) is 

converted into kinetic energy through one (or several) nozzles, forming 

a jet(s). This jet discharges freely under atmospheric pressure into 

the wheel housing and thus'it sets the runner in motion by acting 

against bowl-shaped buckets which only partly fills. After that, the 

water runs freely in the tailrace. 

The representative type of impulse turbine is the Pelton-

type turbine. This is usually employed with heads above 800 ft ("high-

head" hydro plants) since as mentioned, it converts the available 

head into kinetic energy. It can, however, be used at lower head 

depending on the particular circumstances. 

The reaction turbine: 

Here all the water passage is filled with water (i.e. there is 

a closed-conduit system, as opposed to the free-surface flow of the 

impulse-type machines). The water enters the turbine casing at a 

relatively low speed where only a small part of the available head 

is converted into kinetic energy. The rest remains as a pressure 

head, which varies along the water passage. Therefore most of the 

power is produced from the difference in pressure acting on the 

front and the back of the runner blades. The rest is due to the 

velocity of the water mass. The water having gone through the runner 
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buckets, discharges into the draught tube (see Fig. 4.1). The draught 

tube passage lies below the free surface of the tailrace. The shape 

of the tube is one of gradually increasing cross-section. Therefore 

the velocity of the water is reduced, the average pressure head at 

the discharge is increased and so the back pressure, against which 

runner discharges, is reduced. As a result, the pressure difference 

between the front and the back surfaces of the runner increases, thus 

producing more power. 

The two characteristic types of reaction turbines are the 

Francis turbine and the propeller-type turbine, the latter being 

primarily represented by the Kaplan machine which is an adjustable-

angle blade machine. The Francis turbines are used mainly for 

medium head projects, although they have been used up to 2200 ft. 

head53. The Kaplan-type machines are more suitable for low head 

plants, below 300 ft. 

Pumped-Storage Plant:  

There are several types of pumped-storage schemes, the most 

common being the recirculating or pure pumped storage53. It performs 

the basic function of a hydro plant, with the additional capability 

of pumping the water from the lower reservoir back to the upper 

reservoir and so the same water can be used again for generation. 

Depending on the particular characteristics of the site, the scheme 

might require a power tunnel and surge tank or only a penstock. 

Both tunnel and penstock have to be designed for two-directional 

flow. Usually tunnels seem to be preferred to exposed penstocks for 

pumped-storage applications. Obviously in any hydro scheme and 

especially in pumped-storage, it is desirable that the length of the 

power tunnel is as small as possible. This greatly reduces the capital 

cost because it also eliminates the need for a surge tank. The 

ratio (head/distance between the reservoirs) is an index which 

generally indicates the "pumped-storage" characteristic of the site; 

the smaller the ratio, the poorer the characteristic (from the point 

of view of increased construction costs and longer time to 

accelerate the water column over a long length of conduit). 
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The water flow in both directions demands a special arrange-

ment of machines in the power house. The most frequently used 

arrangement in most pumped-storage projects until the late sixties, 

was the separate pump and turbine assemblies, both in the U.S.A55and 

in Europe. However, the trend today seems to be towards reversible 

pump/turbine hydraulic machines. The main advantage of using these 

is the elimination of the separate machine and the space for its 

accommodation. The disadvantages are that to change the operating 

mode, the machine rotation has to be reversed and that their design 

gives at present a limit of operation under 550 m head. 

The construction of a hydro plant usually requires a high 

capital cost, mainly because of the civil engineering work involved. 

But the operating costs are small and the efficiency very high. In 

addition, the contribution of the hydro-sets to the frequency 

regulation of the network and their ability to pick up the peak loads 

very quickly,make them an invaluable tool in the everyday running of 

the power system. Recently the pumped-storage schemes gained 

increased popularity with their ability to rapidly change their 

operating mode and take over in the event of the loss of a large 

unit of conventional or nuclear plant56,57. They can also be kept as 
a "spinning reserve" by either using a very small amount of water or 

using compressed air (spinning in the air). In this case they can be 

run up to full load in only a few seconds. In the following sections, 

the development of a model for a typical hydro plant will be presented. 

4.2 	CHOICE OF A MODEL 

Because of lack of comprehensive data for a specific (typical) 

hydro plant, the data concerning the Appalachia hydroelectric plant 

were used. The main sources of information were references nos. 53, 

58 and 59. The variables used are depicted in Fig. 4.1, to which 

reference will be made very frequently in what follows. 

A first assumption was that the upper reservoir would be 

considered large. So the change of the water level in it can be 

neglected in comparison to the total head. 
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The most fundamental characteristic of the operation of the 

hydro plant is what is commonly known as the "water hammer phenomenon". 

This is the phenomenon of the change in pressure above or below the 

value that it had during the last steady-state of the system, at the 

entrance to the turbine and along the conduit, up to the surge tank 

and the reservoir. It is obviously a transient phenomenon and it takes 

place during the transition of the system from one steady-state to 

another. Its source is a change in load demand required from the 

plant, which means a change in the water flow through the conduit 

system to the turbine input. This is accomplished by a change of the 

control valve (gate) position at the entrance of the turbine. To 

follow the occurrence of this phenomenon, let it be assumed that the 

hydro plant operates at a specific steady-state when a decrease in 

generation is required. The valve opening at the entrance to the 

turbine is thus decreased in a step or other fashion. This action 

results, obviously, in a deceleration of the water along the conduit 

system and an increase in pressure at the valve. This positive pressure 

change travels backwards along the conduit, compresses the water and 

stretches the conduit shell. This wave is reflected at the upper end 

of the conduit (surge tank and/or reservoir) and the resulting negative 

pressure change travels downwards to the valve, where it is reflected 

back and the procedure is repeated. Therefore a standing wave develops 

along the conduit , if the friction opposing the flow is neglected. A 

change in the valve opening towards the other direction produces the 

same phenomenon, with the difference that the immediate effect is a 

decrease in pressure at the valve, instead of an increase. 

The pressure of the water-hammer phenomenon is one of the 

basic considerations in the design of the plant and it also affects 

its performance, from the point of view of supplying the demanded 

load without many fluctuations. However, the oscillations in the 

pressure at the turbine input act unfavourably towards this goal. 

For this reason special devices, like the relief valve, the surge 

tank and the hydrogovernor are used to reduce the oscillations and the 

time interval over which they continue (after the change in the valve 

position). 

The mathematical analysis of the water-hammer in a simple 

conduit, taking into account the compressibility of the water column 



and the elasticity of the pipe-line appears in many publications with 

various degrees of complexity53,54,58,60,61,62.  The derivation of the 

equations describing the phenomenon involves partial differential 

equations and with friction neglected, the water-hammer effect in 

uniform conduit is described by the equations: 

aQ 

 

OK 
at Hydraulic Continuity Equation 	(4.1) 

  

av aH 
'NE = - g  aX 

Force Equation (Newton's 2nd  Law) (4.2) 

where: 	V = the velocity of the fluid in the tube, 

H = the head at the point (x,t) along the tube, 

g = acceleration of gravity (32.2 ft/sec2), 

and:Q = [K + d E] 'w 
	

(4.3) 

where: 	K = voluminal modulus V elasticity of water in 
compression (lb'/in ), 

D = the internal diameter of the pipe (in), 

d = thickness of the pipe walls (in), 

E = modulus of elasticity of the pipe material (l17/in2), 

w = weight of 1 ft3  of water in 1111 (62.42763 lb/ft3), 

X = a point of observation of the wave along the length 
of the tube, at time t. 

Equations (4.1) and (4.2) have the standard form of the wave 

propagation along a transmission line, and in this case represent the 

"pressure wave" which is propagated up the penstock to the forebay with 

a velocity of: 

C{, = Vri7717 (ft/sec), 	 (4.4) 

or 	q 

 

4675  (ft/sec) (4.5) 

'/
_ 1  
1 	E.d 

For steel pipes, common in practice, it becomes: 
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Ot = 	 4675 	(ft/sec) 
1 + D (loo.d) 

(4.6) 
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For a pipe concreted in solid rock, the fraction: (k.D/E.d) becomes 

infinitesimal and Otgets a limiting value of: Ot = 4675 (ft/sec), this 

being the velocity of sound in the water. 

There are different ways of solving the two equations (4.1) 

and (4.2). The approach which uses the Laplace Transforms of the 

partial differential equations of the flow (described in Ref. 57) was 

adopted. It ends up with two equations relating the head (H) and the 

volumetric flow (R1) at any point x along the conduit, to the same 

quantities at a specific point, where the conditions (H,Q) are known. 

If these two locations are considered to be the beginning and the end 

of the conduit, then the two equations take the following form: 

HL = sech(Tes).HO — (- ).(tan h(Tes)).QL k1IQLIQL 	(4.7) 

40 = cos h(Te s).QL + (ā).(sin h(Te s)).HL 	(4.8) 

where: 	Te = elastic time of the tunnel = WOO, 

s = the Laplace operator, 

L = indicates the end of the tunnel, 

0 = indicates the beginning of the tunnel. 

The term kl(QLIQL in the force equation (4.7) represents the 

losses due to friction. 

From these two equations, it is obvious that for very 

accurate studies of the water behaviour in the tunnel,hyperbolic 

expressions are necessary. But for studies where less accuracy is 

required, an approximation which reduces computation time is often 

enough to reveal the basic characteristics of the process. 

Therefore the first order approximation of equations (4.7) 

and (4.8) was taken, from the Taylor series of the hyperbolic 

functions, as follows: 

cos h(T s) = 1 + T 22 + T 4 s + ... 	1 	sec h(Tes)=1/cos   h(T s 
e 	e 	e 	e 

sin h(Tes) = Tes + Te3s3 + Te5s5 + ... 	~Te 	7471 

tan h(Tes ) — (sin h(Tes )/cos h(Tes ) ) 	Tes 



Substitution of these expressions in (4.7) and (4.8) gives: 

AL = Ho -(g)•(Tes)QL - klIQLIQL 

Q0 = QL -~ (V)*(Tes)HL 

(4.9) 

(4.1o) 

For the penstock (Fig. 4.1), application of (4.9) and (4.10) gives 

respectively: 
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Vl) = (Lf-). [HS1 - HT - C1V12] Force Equation 

a 2 
d HT) - (gL )' ~Vsi - V

13 Continuity Equation 
g. L1 

fL 1 
and: 	C1 - 2.D 1.g 1' 

where: 	f = coefficient of frictional resistance. It is 

dimensionless and can be easily derived from the 

Darcy-Weisbach or the Scobey formulae53. 

For the power tunnel, these equations take the form: 

7t07.2) - 
(f). EHR - H - C2V2 _1 Force Equation 

IX 2 
Ht, _s1) = (g .L2)' ~VS2 - v2] Continuity Equation 

fL2 
and again: 	C2 = 2.D 

2
.g 
2' g 

(4.11) 

(4.12) 

(4.13) 

(4.14) 

(4.15) 

(4.16) 

Surge Tank 

The main designs for the surge tank are the: simple surge 

tank, the restricted-orifice tank and the differential surge tank. 

Their general forms are shown in Fig. 4.2. 

In the simple tank, the riser has to have sufficient cross 

section to permit the free flow of water into the main compartment 

of the tank. The build-up of the head due to acceleration or 
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deceleration of the water in the conduits is very slow and it follows 

the build-up of the water level in the tank. It can be shown that 

the volume required in a tank of this type is large and so its 

construction more expensive. 

Simple Surge 
Tank 

Restricted 
Orifice 
- Tank 

Differential 
Surge 
Tank 

d
t(Hr) = (1/Ar).[( ū.Au-vd.Ad)-c~/Hr H -  

flow into 
the main 
tank 

Fig. 4.2 	Surge tank designs. 

In the differential surge tank, the main feature is the 

additional internal riser. Its diameter is smaller than the normal 

riser and so it leaves an annular area (port area) from which the 

main tank can fill with water. The advantage over the simple tank 

is the faster build-up of the head inside the internal riser, which 

makes the reaction of the whole tank faster. This results in a 

considerable saving of construction costs, because a smaller tank 

diameter is needed. 

The equations describing the flows in the differential 

tank are 

c0.(Hr Her)3/23 	(4.17) 

l

water spilled over 
the riser crest 
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47E(Hs) - (1/As). DCr.1/(Hr Hs) + co.(H -Hcr)3/ J 	(4.18) 

where:Hcr = internal riser crest height, 

H
r 

= water level in internal riser, 

C 	= discharge coefficient, 

H 	= water level in main tank. s 

and the indices: 	u = upstream from tank, 

d = downstream from tank. 

Finally, in the orifice surge tank, the main feature is an 

additional restriction which is installed between the conduit and the 

tank (Fig. 4.2(b)). The performance of the tank depends on the opening 

of the orifice. The opening completely blocked, eliminates the surge 

tank. The opening unrestricted represents the case of a simple surge 

tank. When the gates are suddenly closed, the surplus of the 

decelerating water will be throttled as it passes through the orifice 

and so a head loss will take place, in addition to the build-up of 

the retarding head. The orifice plates can be in different 

positions as is shown in Fig. 4.2(b). Yu-Tek Li64 gives a detailed 

study of the performance of the tank with different combinations and 

shapes of the orifice plate. 

The restricted—orifice design enjoys increased popularity 

because it has several advantages over the differential tank design64
. 

Most important of them are the fact that it is more economical 

to build and that the size and location of the orifice can be 

easily changed to accommodate better performance under various 

operating conditions. In reference 65 is justifiably suggested that, 

especially in this type of surge tank, the power tunnel is not 

completely isolated from the pressure waves and that a considerable 

portion of the overpressure is transmitted to the power tunnel. This 

is taken into account by equation (4.14), where the "input disturbance" 

i.e. the head at the base of the surge tank. 

	

is HS1, 	

For the junction at the surge tank base, the continuity of 

flow is: 

A2.1?2 - 2.Ai.vs1 - As
' dt (Hs) = Q~ 

(4.19) 



The presence of two penstocks is the reason for the term: 20A1.VS1. 

In this equation the term (As/A2) can be seen as the time constant 

of the oscillation of the water level in the surge tank (Hs). So as 

this ratio increases, the period of the oscillations becomes longer. 

The flow through the orifice can be expressed as64,65: 

HS1  = HS  + KK.(Q0)2, + for Q0  >0 (i.e. inflow) 	(4.20) 

- for Q0  <0 (i.e. outflow) 

2 
where: 	KK = (1/2g). [ 1 	Al 	and 	(4.21) 

o 	S 

c = coefficient of contraction of the orifice, 

A = cross section of the orifice. 0 

The head loss due to the flow through the orifice,is Oh = (HS1 HS).  
At a steady-state operation obviously HSi  = HS  and Q0  = 0.0. 

The turbine 

From Bernoulli's theorem, the relation between the head and 

the velocity of the water at a certain position along the conduit is 

of the form: 

H = const.(V)2 	 (4.22) 

At the entrance of the turbine the flow depends also on the gate 

opening so this has to be incorporated into the expression shown above. 

This is done by taking into account that a decrease in the gate opening 

results in an increase of the head at the turbine entrance. So the 

relation (4.22) becomes: 

HT - Hi.(Vi/G)2  (4.23) 

In this expression the "speed-effect" can be included66, to formulate 

the final head at the turbine entrance. This is the effect on the 

head of the difference between the actual turbine speed from the 
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synchronous one. But during regulating action it can be assumed that 

the deviation of the turbine speed from normal is small (it must be 

if the regulation is effective) and so the speed can be included in 

the constant K1. 

The equation (4.23) has the disadvantage of giving infinite 

head HT, when the gate valve is closed, i.e. G becomes zero. In order 

to overcome this, another expression was adopted in which G is not in 

the denominator: 

AT = HS - KKA.G + KKB.V1 	 (4.24) 

In this expression the quantities G and V1 have the same effect on HT 

when, for example, they are decreased suddenly in value. Both constants 

KKA and KKB are positive. 

Finally the power input to the machine is proportional to 

the flow of water into it and the available head at the turbine 

entrance, i.e. 

PTI = Kp.V1.HT (4.25) 

Governor 

It is well known that when the gates close, the desired 

effect of a reduction in input power cannot be realized immediately 

because of the inertia of the water column in the conduit. In fact 

the immediate effect of this action is the opposite of the desired 

direction. The faster is the change in the gate position, the more 

the system tends initially towards the wrong direction. Therefore 

the governor, which is responsible for the changes in the gate position, 

must incorporate some means of reducing this effect. 

This means is a dashpot in the feedback loop of the servo- ~ 

motor, which in effect produces a signal which is proportional to 

the rate of change of the servomotor position. This signal is called 

temporary droop (T.D.), in contrast to the permanent droop (P.D.), 

i.e. the standard feedback signal which is proportional to the position 
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of the servomotor. The T.D. provides sufficient damping to the system 

by not allowing the servomotor position to change very fast. On the 

other hand the P.D. ensures that a permanent change in the turbine 

speed causes a permanent alteration in the servomotor position, as well 

as responding to the speeder gear (demand) signal for a change of load 

under steady-state conditions. 

The hydrogovernor representation which was adopted in this 

study was the standard IEEE representation of mechanical hydraulic 

governor widely used in the literature66,67,68,69. The corresponding 
equations are: 

Cp = 0.G 

5.S TR 
CT = [1 + sTpJ .G  

and: Cc = OP + CT 

DpE = 

R 	= 

G 	= 

DN - CC 

1/T 

~T 

(1/s).R 

+Pref 

.DPE 

permanent droop 	(4.26) 

transient droop 	(4.27) 

error signal 	(4.28) 

rate of change of 
servomotor position 
	(4.29) 

servomotor position 	(4.30) 

and the symbols can be found in the nomenclature. 

The continuous equations which were used in the hydro model 

are shown on Table 4.1. The restricted orifice surge tank represent-

ation was used in preference to the differential tank. Another point 

is that equation (4.15) was not used because the velocity of the 

water at the intake is not needed by the rest of the equations. 

Finally, a block diagram representation of the model is 

shown in Fig. 4.5. 



Continuous time representation 

HT  = HS KKA, G+KKB. V1  

or: HT  = K1(V1/G) 2  

+it(V1)=(L).[HSī HT-ciV12J 

dt(V2)=(i2).CHR-HSI-C2V2 J 

Vsī vl+(gL2)•dt( r) 
CX.l  

Hsi = Hs  + KK.(Q0) 

PTI  = KP.17. 1•RT 

(4.31) 
(4.32) 

(4.33) 

(4.34 ) 
(4.35) 

(4.36) 

(4.37) 
(4.38) 

As.āt(HS)=A2.V2 2.A1.VS1= Q0 

2 

DPE  = DN  - CC. + Pref 	 (4.39) 

Ft (R) = (1/TP).L 	- R 	(4.40) 

dt(G) = R 	 (4.41) 

-dd-t-(CC)=(1/TR).[(1.G+TR. (C. + 6).R- 
- CC] 	 (4.42) 

TABLE 4.1: HYDRO PLANT MODEL EQUATIONS  
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Discrete-time representation  

VV = V1(K-1).V1(K-1) 

HT(K)=HS(K-1)-KKA.G(K-1)+KKB.V1(K-1) 

or: HT(K)=(K1.VV1)/(G(K-1).G(K-1)) 

Vī(K)=V1(K-1)+((T.g)/L1)•[H51(K-1)-  
-HT(K)-Cl.VV1J 

VV2  = V2(K-1).V2(K-1) 

V2(K)=V2(K-1)+((T.g)/L2) CHR-Hsi  (K-1)-
-C2. VV2] 

QQ9=(T.A2/ A,S).V2(K-1)-(2.A1 .T/As).V1(K-1)_ 
-(2.A1.g•Ll/al• .A).  (HT  (K)-HT(K-1)) 

Hs(K) = Hs(K-1)+QQQ 

usi(K)=HS(K)+( TS)2.KK.(QQQ•QQQ) 

where: + is used when QQQ> 0 
- is used when QQQ < 0 

PTI(K) = KP.Vl(K).HT(K) 

D (K) = D - CC(K-1) + P PE 	
T/1G) 	 ref 

[

R(K)= T+ 2.T . CDPE(K-1)+DPE(K)J 
T-2.TP  

T+2.TP]'R(K-1)  

G(K)=G(K-1)+(T/2).(R(K)+R(K-1)) 

CC(K)=C8.G(K)+C9.G(K-1)-C10.CC(K-1) 

where: C8=(5. T+2((Q+b) . TR) )/ (T+2TR) 

C9=(0.T-2.((5+6).TR))/(T+2.TR) 

ciq=(T-2.TR)/(T+2.Tit) 
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4.3 	STEADY-STATE CHARACTERISTICS OF THE HYDRO MODEL 

4.3.1 	The Plant 

The original steady-state from which the investigation started 

was considered to be that corresponding to full-load operation. The 

numerical values for the main variables and the other parameters of 

the model for this study are presented in Appendix F.1. 

A change in the full-load steady-state can be initiated by 

a change in the speeder gear (a change in demand) or by fluctuation 

in the system frequency which in turn affects the rotational speed of 

the machine. Assuming that the frequency is 50 Hz and knowing the new 

load demand, the new steady-state of the plant can be computed from 

the equations presented in Table 4.1. This computation is shown in 

Appēndix F.2. 

Using these equations, the steady-state characteristics of 

the various quantities of the model were plotted as functions of the 

control valve position, G. In Fig. 4.4(a), the turbine output/  

valve opening characteristic is shown for the model using equation 

(4.32). It is compared with the corresponding characteristics for 

the Appalachia hydro plant, for the prototype and for the model used 

in the studies presented in Reference 58. The actual numbers for 

these characteristics were taken from Fig. 4, p. 406 of the reference 

mentioned above. Considering that a first order approximation was 

used for the model in Fig. 4.3, the characteristic shown in Fig. 4.4(a) 

is not out of proportion. 

In Fig. 4.4(b) comparison is made between the same kind of 

characteristics for the model and the Appalachia plant for the cases 

where one only and both units were in operation. The data for the 

Appalachia characteristic were taken from Fig. 5 in reference 58. 

Again it can be said that the model is not very far from the real 

plant characteristic. 

The possibility of producing this characteristic closer to 

the real-life one was investigated. In Fig. 4.4(c) the two cases 

where the friction losses are given by: CV  and CV1.5 are compared 

with the normal case considered so far. From this can be seen that 
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as the exponent drops, the characteristic is moving downwards. Both 

characteristics are nearer the Appalachia characteristic in the 

range from 100 to 85% of the valve opening, but then move away from 

it and approach the model characteristic. 

In Fig. 4.4(c) the two characteristics (Appalachia and model) 

are compared with similar curves derived from the model equations with 

the friction losses given by Cv2, while the turbine entrance head is 

given by the following expressions: 

(a)  AT  = K1•(V1)2/G 

(b)  HT  = K1.()/G2 
 

(c)  HT = K1•(V1)/G 

As can be seen, all of them are on the left-hand side of the model 

characteristic, so they do not introduce any improvements. 

When equation (4.31) is used to compute the turbine entrance 

head (HT), then the form of the characteristic depends on the values of 

the constants KKA and KKB. With KKA = 500, the output/valve opening 
characteristic for three different values of KKB is shown in Fig. 4.5a. 
As the value of the KKB increases, the power output for 100% valve 

opening increases, taking values from zero to above 100%. Obviously 

the output is 100% for only one value of KKB. In this case it is 

KKB = 28.125. 

In Fig. 4.5(b) a comparison is made between the characteristic 

of the Appalachia plant and the model,with equations (4.31) and (4.32) 

for the pairs (KMMA = 500, KKB = 28.125) and (KKA = 2500, KIB = 146.546). 
As KBA increases in value, the characteristic goes nearer to the one 

of the Appalachia generator and away from the model characteristic. 

This happens in the region between 100% and 40% of the valve opening. 

Below 40% the two characteristics merge, although they remain below 

the one corresponding to the model. So from the steady-state point of 

view the use of equation (4.31) gives an improvement over the use of 

(4.32) as far as the power output valve opening characteristic is 

concerned. 

The steady-state characteristics of the water velocity in 

the conduit, the head in the turbine entrance and the head at the 

surge tank as functions of the valve opening are shown in Fig. 4.5(c) 

and (d) for the cases where: 
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= K1.(1/G)2 V  

A,r  = 	- KKA.G + KKB.V1, 

KKA = 250Q. and KKB = 146.546. 

4.3.2 	The Governor 

There are no non-linearities (like dead band, etc.) included 

in the governor equations (Table 4.1), therefore there is a direct 

steady-state relationship between the speeder gear setting Pref  and 

the valve position G. If the 1 p.u. value of the valve position is 

1.0 and the frequency error is DN  = 0.0, then the corresponding 

value of the speeder gear setting is Pref = 0.04. These are the 

values adopted in the model. 

TG  is called the gate opening time, i.e. the time in seconds, 

for a 1 p.u. change in frequency to produce 1 p.u. gate opening 

(typical value chosen, TG  = 0.2). 

The gate closing time, i.e. the time required for the gate 

to go from fully open to fully closed moving with maximum velocity 

has a typical range of values:5-10.s. If the closing time is 

represented by Tc, then it is related to the opening time by: 

TG  = 8 .TC  

where: 	4 = the p.u. speed deviation required to saturate the 
pilot valve68. Typical value 4= 0.04 p.u. 

Finally, the frequency or speed error is defined as: 

- Nref - Nac t 

-N = ref - fact = (50 fact)  

and 

for: 

or: 
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4.4 	TRANSIENT RESPONSE OF THE HYDRO MODEL 

The continuous-time equations of the model (shown on 

Table 4.1) were converted to their discrete-time form. For the hydro 

governor discretization Tustin9 s approximate discrete integrator was 

used, while for the rest of the equations the Z.O.H. operator was 

employed. For this purpose, the same considerations as for the 

conventional steam model were taken and they will not be repeated 

here. The resulting difference equations are presented on Table 4.1. 

4.4.1 	The Plant Response without the Governor 

Many runs (on the CDC 6400) were made without the orifice 

and the hydro governor equations, in order to assess the behaviour 

of the model. It soon became apparent that AS  should have a value of 

at least 3000 in order to get a response of the surge tank water level 

comparable to that of the actual plant. 

With the orifice equations included, the response of the 

model was investigated for the case where a complete gate closure is 

taking place within 5 s, as was suggested in reference 59. This 

corresponds to a 6% change every 0.3 s. In Figs. 4.6 and 4.7 the 
responses are shown for the cases where equations (4.32) and (4.31) 

were used respectively,for an 18% change in gate position within 0.9 s. 

For both cases the gate closure produces a sharp increase in the head 

at the turbine entrance and as a result the mechanical power changes 

in a similar way. The water level in the tank obviously begins to 

rise and reaches the quarter cycle in about 6.7 mins. (which is 

about the same as in reference 59). In Figures 4.6 and 4.7(b), the 

time scale is 5 mins. and as can be seen the level approaches its 
first peak. The velocity of the water in the penstock begins to drop 

steadily up to a point and then starts rising slowly. The velocity 

of the water in the tunnel begins to drop, as it should do. Its 

change is very smooth, which indicates that the surge tank provides 

an effective screen protection to the tunnel from the water hammer 

effect. It is possible, however, that with more detailed represent-

ation of the plant, the pressure waves transmitted to the tunnel 

would have been more evident. 
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During attempts to get the model response for greater changes 

in the valve position, it was found that below the value of G 2'0.24 

(24% valve opening), the smallest change in the value of G resulted in 

instability when the equation (4.32) was employed for the computation 

of the turbine entrance head. The reason is that as G became very 

small, even a small change in its value resulted in a very big change 

in HT,  which eventually became greater than HS1  and made V1  negative. 

Therefore the problem with equation (4.32) arises not only when G 

becomes zero (as was mentioned in Section 4.2) but it starts long 

before that. This, of course, does not happen when the expression 

(4.31) is used. 

In Figs. 4.8 and 4.9 the response of the model is shown when 

equation (4.32) is used and when a 54% gate closure and 54% gate 

opening is introduced within 2.7 s in both cases. In fact the 

response is stable for similar gate opening changes down to 30%, but 

below that the response becomes unstable. An interesting aspect 

which can be seen in these figures is the initial large difference 

between the values of HS  and HSi
. This confirms the fact that the 

effect of the orifice equations becomes significant when large changes 

in the valve position and consequently large disturbances are introduced 

into the model. In such cases the head lost due to the throttling 

becomes more evident (compare it with Fig. 4.6). Also in reference 64 

it is shown that the head loss at the orifice is greater in combining 

flow (flow out of the surge tank) than in dividing flow (flow into the 

tank). This is confirmed from Figs. 4.8 and 4.9(a), where at t = 20 s 

the head loss due to throttling was 29.53 (ft) for the dividing flow 

(Fig. 4.8) and 32.28 (ft) for the combining flow (Fig. 4.9). Yu—Tek Li
64  

showed that the orifice coefficient KK (equation (4.37))is not 

constant throughout the flow envelope (it decreases as the ratio 

(401) decreases). This fact has not been taken into account in 

the model. 

In Figs. 4.10 and 4.11, the response of the model is shown 

when equation (4.31) is used and when a 100% (within 5 s) change in 

the gate opening in both directions is introduced. 

Both responses are stable. The effect of the orifice 

throttling is evident, In Fig. 4.10(a) after 15 s HT  becomes equal 

to 	because by that time both G and V1  are almost zero, as 
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expected from equation (4.31). The time to quarter cycle is about 

6 mins. In Fig. 4.11 the quarter cycle is reached in about 5.75 mins 

(quarter cycle is the term used for the time required by the water level 

in the tank to reach its first peak). 

The response of the hydro model when using both 
equations (4.31) and (4.32)  

Here the case was investigated for expression-  (4.31) being 

used to compensate for the bad properties of the equation (4.32), for 

values of valve position below 30%. For this purpose a criterion 

had to be established for the changeover from one expression to the 

other. After some study of the model response with different 

combinations of criteria, it was decided that: 

(a) The criterion for the changeover from (4.32) to the 

expression (4.31), when the gate is closing, should be the 

velocity of the water in the penstock (V1). The actual valve 

position was not chosen as the criterion, because as was 

mentioned earlier in this section, one cannot specify exactly 

one value of G where the instability occurs. Much depends on 

the way the valve position changes, i.e. if it changes fast or 

slowly. In other words, for a fast change in G, instability 

might occur long before G takes a value around 20%. On the 

other hand, when G changes slowly it might reach 20-22% without 

any signs of instability, although not below that figure. 

(b) The criterion for the changeover from (4.31) to the 

expression (4.32) when the gate is opening should be the actual 

valve position signal G. This was chosen for two reasons: (i) 

after G = 0.2, the expression (4.32) can be used (when the gate 

is opening), and (ii) the way the velocity V1  changes when the 

model starts from G = 0.0 and equation (4.31) is used, is not 

the same as the way V1  changes when the model starts from G = 0.2 

and the equation (4.32) is used. So it would be very difficult 

to establish a single value for V1  to cover both cases. 



A large number of test runs was made on the CDC 6400 to 

choose suitable values for V1  and G which would give the smoothest 

changeover. It was found that the oscillations of the main variables 

were smaller for bigger values of G and smaller values of V1. A 

reasonable compromise seemed to be the choice of the following values: 

VV = 4.0 (ft/sec), 

GG = 0.31 p.u. 

In Figs. 4.12 and 4.13, the response of the model is shown 

when the scheme discussed above was employed. In Fig. 4.12 the gate 

opening is reduced from full-open to zero within 5 s. As can be seen, 
the power output drops almost at the same rate as the gate opening. 

Again, after the first 10-15 s the value of the head at the 
turbine entrance becomes almost equal to the head at the base of the 

surge tank (HSi), because of the form of equation (4.31). Comparing 

their response to that where only equation (4.31) was used ( shown in 

Fig. 4.10), there is a much smoother operation during the first 10 s. 

After that the two responses are almost identical, as one could 

expect, since by then the value of V1  is below 4.0 (ft/sec) and so 

the model has switched to equation (4.31). 

In Fig. 4.13 the response of the model is shown after a 

full-load acceptance has been carried out by opening the gate within 

5 s. Again the response of variables like the power output, the head 
at the turbine entrance, the water level in the tank, etc. is 

reasonably smooth. 

In Fig. 4.14 the water level oscillations in the surge 

tank are shown for a load rejection test and a load acceptance test, 

both carried out within 5 s. The responses shown are for the case 
where only equation (4.31) was used and for the case where both 

equations (4.31) and (4.32) were used, for comparison purposes. For 

the load rejection test, Fig. 4.14(a), the responses for the two 

cases are almost identical and it is very difficult to distinguish 

between them. This is obviously because V1  drops very quickly below 

the value of 4.0 (ft/sec) and so the model switches to the use of 

the equation (4.31). Comparing this response to those presented in 

references 53 and 59 for the Appalachia plant (for the main tank), it 
gives almost identical results., 
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For the load acceptance test, the responses for the two 

cases differ slightly during the first 10 minutes, but not in a 

fundamental way. Again this response is almost identical to the 

corresponding response in references 53 and 59 ( for the main tank). 

In conclusion it can be said that the scheme which utilizes 

both expressions (4.31) and (4.32) for the computation of the head at 

the turbine entrance, gives a reasonable representation of the hydro 

plant along its full operating envelope, considering that the model 

is only a first order approximation. 

4.4.2 	The Governor Response  

The parameter values which were used in the governor equations 

are shown in Table F.1. The response of the governor to a step input 

is shown on Fig. 4.15. 

On Fig. 4.15(a) a step in the speeder gear setting brings the 

gate from fully open to completely closed. As can be seen, the 

absence of transient droop makes the response much faster. In fact, 

10 s after the introduction of the step, the gate position is only 

6% away from that requested, while for the response with the transient 

droop the same figure is 66%. This demonstrates the necessity and the 

function of the transient droop because without it, the very fast 

change of the gate position would produce a very large change in the 

flow in the conduit. This would mean an oscillatory output for the 

hydro plant. The governor response to a step in the opposite direction 

is shown in Fig. 4.15(b). 

The same type of response as (a) and (b) can be produced 

by a step change of the frequency or speed error, DN, by an amount 

equal to Q (in p.u.). 

From the other parameters, an increase in the value of TR  

makes the response of the system slower and the same effects have 

similar changes in TG  and Tp. 

Here it must also be noted that the governor mechanism cannot 

distinguish between an error signal created because of speeder gear 

action or because of change in the turbine speed. 
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Fig. 4.15 Governor response to a 100% step change in its input (P ref)
in both directions: (a) to close the gate, (b) to open 
the gate. 
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4.4.3 	The Hydro Model Response-  with the Governor included  

The hydraulic-mechanical governor equations presented in 

Table 4.1 were added into the model and its response was taken for 

step changes in the governor input (ref). 

In Fig. 4.16 the response is shown to a step decrease of the 

Pref' 
from 100% to 50% loading. Obviously the response is much more 

smooth just after the introduction of the disturbance, because the 

change in the gate position is slower. Otherwise the response of the 

variables is as expected So is the response in Fig. 4.17 where the 

opposite kind of disturbance is introduced. In both of them the power 

output follows the form of change of the gate opening. This is 

characterised by a quick change within the first 1-2 s and a slower 

change after that point. In this second part of the response, the 

effect of the transient droop becomes more pronounced. 

The sauce kind of disturbances are -shown on Figs. 4.18(a) 

and (b), this time with the model using only expression (4.31) for 

the computation of HT. In this case, the disturbance causes a more 

violent change in the head at the turbine entrance and hence in the 

power output. In fact, PTI  reaches the full output mark for the 

first time after about 45 s. 

In Figs. 4.19 and 4.20 the response of the model is shown 

when both expressions (4.31) and (4.32) are used for computing HT. 

A 100% step change in the governor input is introduced in both 

directions. In Fig. 4.19, the moment at which the model switches 

from equation (4.32) to (4.31) can be seen. The effect is a few 

oscillations in HT  and V1  and in turn, to the power output, but this 

effect is very small. From this point onwards the response carries 

on normally. 

In Fig. 4.20, the interchange of the expressions takes place 

much earlier and its effect is much worse on the response of the power 

output. For the simular disturbances in Figs. 4.12 and 4.13 (where 

the governor equations are not present), the effect of the inter-

change on the power output response cannot be seen separately because 

the interchange takes place very shortly after the disturbance and 

any oscillations are contained within the oscillations due to the 

input disturbance. 



(m l Oti3H 3N I8?!(11 

O 

	

oa•t 	00'1 	08'0 	os• d oc'oy£ 	oo•ca^ 	co•ocs 	ac'oat' 
(*INCIlISOd-311:10 

	

trait 	oo'odfi 	ao'Oy8 	00.Od£ 
,0 ( x d3MOd' H33W 

o • os 	oo'o8€ 	00.OĒ£ 	00.08b 
,O1 	83MOd'H33W 

0 

00'1 	0a'0 	09'0 	Of'' 00'00f 	00.09£ 	OO'OZ£ 	00'Oat' 00'91 	00'dt 	00'9 	00'e 
(' INOI l ISOd-31dO 	 ( k 10d3H 3N IS21fi1 	 13A 23318M-N001SN341 

(X )13A31 2l311:iM NNW. 	 (+113A 2131WM-13Nt+fli 

0 
0 
0 • 

153. 

0 
0 	 0 

m 	1 1 	 m 	 m 

a 
0 
O 
U) 
N 

O 
0 0 
N 

O(4  
ov 
cy 

0 
0 
a a 

0 
0 

0 

a a 
a a 

0 
0 

O 
O 

a 
N 

a 

a 
a 
0 

0 
0 
O 

(X)13/131 2131dM MNd1 

Ia 

0 
a 

Uo 

0 0 

p 	 O 	 0 
0 	 0 	 0 
O 	 O 	 O 

a 

oā'at 	0o zt 	o0•s 	oa'cF 
13A 2131liM-N301SN3d 

(+ 313A 2131dM-13NNf11 

O O 

0 

0 0 
0 

0 a 
a 
N 

Fig. 4.16: 	Hydro model response (with the governor equations include) 

to a step decrease in ref 
from 100% to 50% EHT=Kl.(VI/G) 



(12 

a 
0 

W 

0 
0 

0 

r00 

0 • 
0 

O a 
_o 

O 
O 

154. 

00 0 	 0 

mm 	 'm 

a 
0 
a 0.

00
 	

30
0.

00
 

a a 
O 
N 

0 	F   
 

a 

CO• t 	C8.O 	090 	orf 00•COt 	o0•05£ 	mots 	00.09f 00•dt 	Oo•it 	00'9 	owe 
(>rt INOI1 I SCd-3180 	(JGtf3H 3N IS2If1L 	13A 8318M-M3O12N3d 

(;013A31 8318M NNdi 	(+I13A 83LW1-13NNl1 

a 
O 

0 
O a 

0 

0•C8" co•cc, 	00•0z£ 	oe•etz 
,Otx 83MOd'1433W 

00•t 	08.0 	09.0 	orI? 00.09E 	oo•od£ 	00.09E 	o0•oz 	cot 	00•Zt 	co' 	00' P 
(741NOIlISOd-3180 	(x)082H  3NI92{I11 	13A 8318M-543012N3d 

o od 	cc•od^_ 	cc•ofis 	0o•odz 
=OIt 83MOd'H33W 

(X )13A31 8218M NN81 	(+113A 831bM-13NNf11 

Fig. 4.17: Hydro model response (with the governor equations include 
to a step increase in Pre f from 50°% to 100%EH~-Kl. (Vl/G) 



N
E
C
N
.
P
O
W
E
R
 
.
.
1
0
'
 

i
6
0
.
0
0
 
3
p
1
.
0
0
 
 
3
9
0
.
0
0
 
3
9
0
.
0
 

~p
.o

t PiE
N
S
T
6
 

P
E
N
S
T
O
C
K
-
W
A
T
E
R
 

 .
00
 
	

16
.0

0 
al

o.
0 0

U
R
8
80

.. 0
0 

	0
 

H
E
R
O
I
N
)
 	

1
 .

00
 ~

p.
40
0
R
T
E
o 
6
0
S
I
T
'ō

 0
0
N

l 
8 	

8 8 

S 

T
U
N
N
E
L
-
W
A
T
E
R
 
V
E
L
(
+
)
 

T
A
N
K
 
W
A
T
E
R
 
L
E
V
E
L
I
%
1
 

8
 

a
 

8
 8 

C>
 O

G 	
ō 

ō
 o

 
1+

 m
 

O
 1

1
 

0
 

-'
 0

 
O
 
K
 

	

-
4
 	

ō
 

~
 'i 
m
 	

rrnn
•
,
ō
 	

ō
 

44
 	

n
 a
 	

ō
 

	

H
'

N
o 	

0
 

0
 1 

0 

W
 C

O 

c~+
- 

(
 
O

 

a
 O

 
FZ

 
o
 
m
 

m
 

(
n
 
m
 

m
 
m
 

0
 

w
 

1-d
 m

 

m
 

ci-
 

El
 
m
 

F-
4 O
 0

 
ō
~
 m
 

C+
 

O
 

,'1
 
O
 

U
I O
 

01
 m

 

O
D
 •
 
0
 

I 
C)

 

•
 

m
 1a
 

ā
•
 4.3 

M
E
C
H
.
P
O
W
E
R
 
.
I
O
'
 

23
0.

00
 

9/
0.

00
 

4)
0.
00
 

46
0.

1 

1.
00

 

T
U
N
N
E
L
-
W
A
T
E
R
 
V
E
L
I
.
 	

T
A
N
K
 
W
A
T
E
R
 
L
E
V
E
L
I
X
)
 

P
E
N
S
T
O
C
K
-
W
A
T
E
R
 
V
E
L
 	

T
U
R
B
I
N
E
 
H
E
R
O
(
.
)
 	

G
A
T
E
 
P
O
S
I
T
I
O
W
(
.
1
 

AJ
.0

0 	
6.

00
 	

1 
.0

0 	
1
 
.
0
0
 
x
8
0
.
0
0
 	

20
.0

0 	
96

3.
00

 	
4
4
0
.
0
0
 
p
.
/
0
 	

0.
60

 	
0.

60
 

0 	
J
 	i i
 	

8 
0 

S
 

T
U
N
N
E
L
-
N
A
T
E
R
 
V
E
L
I
+
)
 	

T
A
N
K
 
W
A
T
E
R
 
L
E
V
E
L
(
%
)
 

P
E
N
S
T
O
C
K
-
W
A
T
E
R
 
V
E
L
 	

T
U
R
B
I
N
E
 
H
E
R
O
I
N
)
 	

G
A
T
E
-
P
O
S
I
T
I
O
N
(
.
)
 

9.
00
 	

8.
00

 	
12
 0
0 	

1
6
.
0
0
 
x
8
0
.
0
0
 	

32
0.

00
 	

36
0.

00
 	

3
0
0
.
0
0
 
p
.
4
0
 	

0.
60

 	
0.

80
 	

6.
00
 

0
 

O
 

N
E
C
H
.
P
O
W
E
R
 

*
I
O
'
 

2
4
0
.
0
0
 
9
2
0
.
0
0
 
4
0
3
.
0
0
 
4
8
0
.
1
 

N
E
C
N
.
P
O
W
E
R
 

■
I
O
'
 

2
9
0
.
0
0
 
3
4
0
.
0
0
 
9
9
3
.
0
0
 
3
,
0
.
0
 

r
E
N
S
T
O
C
K
-
W
A
T
E
R
 
V
E
L
 	

T
U
R
B
I
N
E
 
H
E
R
O
I
N
)
 	

O
R
T
E
-P
O
S
I
T
I
O
N
(
.
)
 

c
p
.
 	

6.
00
 	

1 
.0
0 	

1
9
.
0
0
 
x
0
0
.
0
0
 	

90
0.

00
 	

3 
0.
00
 	

9
3
0
.
0
0
 
d
.
6
0
 	

0.
80
 	

1.
00
 	

1.
20
 

, 	
T
U
N
N
E
L
-
W
A
T
E
R
 
V
E
L
(
+
)
 	

T
A
N
K
 
W
A
T
E
R
 
L
E
V
E
L
(
X
)
 



156. 

oi 
0 
0 a 

0 
0 
ō a 

0\~ 	 0 
0 	—sa, 	o 	 O 

C9 20 	0>•0 	cord' DO•oai 	oo•ooY 	o0'OZ£ 	00'0Ye OO.8t 	ao'%t 	oo•8 	oo•cF 
(x 3N0I1IS0d-311:10 	 t* jQli31-1 3N 'eel 

(X) 13A31 2131dM l4NH1 0o•Ō9 	oo'd> 	00•dZ 	oo•o 
,01x 2l3M0d' H33W 

13A 2131bM-MJO1SN3d 
t + J13A 831tiM-13NN(11 

0 
O 
O 0 m 

O 
O 

H
T

 a
n d

  H
S1

 

O 
O 

0 
0 
0 

0 
O 
O 
N 

0 0 
0 
0 

0 
ō 
U) 

O . 
O • 

O 
O 
O m 

0 0 
a 
N 

O 
O 

0 

1 

 

a 
0 
0 

0 
0 
0 
N 

 

O 
O 

 

0 0 
N 

O 
O 

 

 

  

0 0 
rU) 

a 0 
.0 

L8 

0 
O 
R 

a 
O 

O 

a 	 O 	 a 
O 	 O 

Ob't 	092o 	op'0 	o0'cJ oo•OOY 	o0•08P 	oo•OZ£ 	a .oa 	o0-9t 	0o it 	oo2s 	o0'Ō° 
(# )NOI lISOd-31U0 	 ( # )O83H 3N I82if1 	 13A d31tiM-11 O1SN3d 

ao•LY 	oo•Ls 	oo z 	00•L1 
,Otx d3M0d•H33W 

(X )13A31 831UM )Ni.id 	 (+)13A 831dM-13NN(11 

Fig. 4.19 Hydro model response (with the governor equations included)  
to a step decrease in P 	from 100% to Zero (both 
expressions for HT were included). 
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Fig. 4.20: 	Hydro model response (with the governor equations included) 

to a step increase in Pref from zero to 100% (both 
expressions for H.~, were used . 



This abrupt change in V1  (and consequently in the power 

output), takes place (with less oscillations) throughout the range 

of G. This is because the velocity of the water at the turbine 

entrance changes in the same pattern, but in the case where only 

the expression (4.31) is used, it remains always at a lower level 

than that for the case when only the expression (4.32) is used. 

Obviously in the end,V1  assumes the same value in both cases. 

The only way to avoid completely this sudden change, is 

obviously to use only the expression (4.31). Finally, it is again 

stressed that the form of the response depends also on the way the 

valve opening changes. 

In Figs. 4.21 and 4.22, a 100% step input into the governor 

is introduced, into both directions again. Only the expression 

(4.31) is used for 	As As can be seen, the responses in Figs. 4.19, 

4.20 and 4.22 are more or less the same, the only difference being 

this "bump" in the case where both expressions are used for the 

computation of AT. 

In Fig. 4.23 the oscillations in the surge tank are shown 

for a load rejection and a load acceptance test. The difference 

between this and the similar response in Fig. 4.14 is that the 

presence of the governor results in a slower rate of change in the 

valve position. This in turn makes the water level in the tank 

reach its first peak slightly later than in Fig. 4.14 (about 30 s 

and 1 min. later). 

4.5 	LINEAR APPROXIMATION-  OF THE HYDRAULIC MODEL 

For comparison purposes, a linear approximation of the 

hydraulic model as it appears in reference 62 was examined. In this 

work, the derivation of the model is based on the assumptions that 

the surge tank may be considered as an infinite reservoir and that 

the friction losses in the penstock are proportional to the fluid 

flow. Also the changes in the turbine torque and flow are expressed 

as a linear function of changes in fluid head, turbine valve opening 

and shaft speed. These assumptions are valid in the area around 

the system equilibrium. 
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161. 

Starting again from the two basic expressions (4.1) and (4.2) 

they end up with the dynamic relationship between the small p.u. 

changes in the valve opening and the turbine torque. This relation-

ship is of the form: 

PM(s) 	a23 + (a11.a23 - ao1.a13).Z.tan h(W) 
(4.43) G s 	- 	1 + Z.a11.tan h(W) 

where: 	Z = (a1/g•A1)•(Q1O/HTO) 

W = Te.(7 	+ s) = (F + Te.$) 
1 1 

D = Z.(a11.a23 - a21.a~3) 

E = Z.a11 

a11= (aQ/aHT) 

a21= (aM/aHT) 

a23= (aM/oG) 

a13= (aQ/JG) 	M = torque 

 

The equation (4.43) is called the "exact" expression of the 

dynamic relation between PM and G. The partial derivatives are not 

constant in reality and so this expression is a non-linear one. But 

for simplicity aid is assumed constant for the area around the 

system equilibrium; therefore (4.43) becomes linear. 

From this "exact" expression, by expanding the tan h(Te.$) 

term, one can take the first, second and third order approximate 

expressions; they are: 

First order approximation: 

PM( s) 	a23 + (a11.a
93 - a13.a21).Z.W 

(4.44) 
G s 	- 	1 + Z.a11.W 

 

Second order approximation:  

P(s) 	a23.(1_ + W2) + Z•(a11.a23 - a13.a91) 
777- 

 

(1 + W2) + Z.a11.1W 
(4.45) 



Third order approximation:  

PM(s) 	a23.(1 + W2) + Z.(a11.a23 - a13.a21).(W + (613/6)) 
G s 	= 	 W3 	

(4.46) 

(1 + W2) + Z oa11. (W + 

[
setan h(F) .D 

1 + tan h(F).E PM 	G. = 	• ss 

162. 

Setting the derivatives equal to zero, the steady-state 

characteristic of these relations can be taken: 

"Exact" expression: 

(4.47) 

= kE •Gss 

First order approximation: 

a25 ± F.D 

PM 	= Gss' 	1 + F.E ss 

= k1A.Gss 

Second order approximation: 

	

[a25.(1+F2)+71

Pss 	Gss' 	+ F2 + F. 
= 

k2A•Gss 

(4.48) 

(4.49) 

Third order approximation: 

PM _ Gss. 
ss 

ra23. (1~r2)+D.(F+(' /6)) 

Ll+F2+E.(F+(F3/6)) 
(4.50) 

= k31.Gss 

These relations show that the power output or torque/valve 

opening characteristic is a straight line with about 50° slope. This 

is clearly not the case for the real plant, where the characteristic 

is of the form shown in Fig. 4.4(b). 



A2 = 4a2+2aiT+a.T2, 	B2 = 4b2+2b1T+boT2. 

and: 	a, = Te2, 	b2 = a .Te2 
23 

a1 = Te.(2.F+E), 	b1 = Te.(2.a .F+D) 

ao = 1+E+E.F, 	b = a23.(l++D.F 
0 

where: 	A0 = 4a2 2afT+ a0T2, 	B0 = 4b2 2b1T+bo 2 

Al 	8a2+2. ō. T2, 	B1 = -8b2+2b0.T2 

163. 

The transfer functions (4.43), (4.44), (4.45) and (4.46) 

were converted to their discrete-time form, with the use of the Tustin 

discrete approximate integrator. The corresponding relations are: 

"Exact expression: 

PM(K) = (1/A1). E AO.PM(K-'ll)+B1.G(K)+BO.G(K-T1)J 	(4.51) 

where: 	A0 = (1-E).(1 - tan h(F)) 

Al = (1+E).(1 + tan h(F)) 

B0 = (a23 - D).(l - tan h(F)) 

B1 = (a23 + D).(1 + tan h(F)) 

Ti = (2.Te)/T 

For Te = 0.3,. the sampling interval T was chosen as T = 0.3 

in order to make T1 = 2. 

First order approximate- expression: 

PM(K) = (1/A1). [ As.PM(K-1) + B1.G(K) + B0.G(K-1): 	(4.52) 

where: 	A0 = (1 + E.F).T - 2(E.Te) 
Al = (1 + E.F).T + 2(E.Te) 
B~ _ (a23 + D.F).T - 2(D.Te) 
B1 = (a23 + D.F).T + 2(D.Te) 

Second order approximate expression: 

PM(K) = (1/A2). E Al.PM(K-1)-A,.PM(K-2)+B2.G(K)+Bl G(K-1)+BO.G(K-2)J 

(4.53) 



2 E.F.Te 
a2  = (Te  + 	2 	)' b2  = (a23

.Te2+(D.F.Te2/2)) 

2 

Third order approximate expression: 

PM(K) _ (1/A3). [•-A2.PM(K-1)-Al.PM(K-2) Ao.PM(K-3)+ 

+B3.G(K)+B2.G.(K-1)+B1(K-2)+BO.G(K-3)3 (4.54) 

164. 

where: A0  = -8a3+4a2T-2a1T2+aoT3, 

Al  = 24a3-4a2T-2a1T2+ 3aoT3, 

A2  = -24a -4a2T+2a1T2+ 3aoT3  

A3  = 8a3+4a2T+2alT2+aoT3, 

B0  _ -8b3+4b2T-2b1T2+boT3  

B1  = 24b3  4b2T-2b1T2+3boT3  

,B2  -24b3  4b2T+2b1T2+3b0T3  

B3  = 8b3+4b1-2b1T2+bo 3  

and: a3  = (E.Te3/6), b3  = (D.Te3/6) 

a1  = (2.F.Te+E.Te+(E.F2.Te/2)), bl  = (2.a93,F.Te D.Te+(D.F2.Te/2)) 

ao  = (1+F2+E.F+(E.F3/6)), bo  = (a23+F.a23+ D.F+(D.F3/6)) 

The responses of these transfer functions were taken with 

and without the governor equations. They are compared with the 

corresponding of the non-linear model (Table 4.1). 

In Fig. 4.24 the response of the turbine output is shown when 

a full gate closing takes place within 5 s. The response of the linear 

transfer functions differs from the non-linear representations, mainly 

in the way they behave just after the introduction of the disturbance. 

In fact, the temporary increase in power is much bigger in the case 

of the non-linear model. After that, the response of the non-linear 

model drops faster towards the new steady-state, but after 10-15 

iterations (i.e. 3-4.5 s) the responses of the linear models catch up. 

The same pattern can be observed in Fig. 4.25, where the 

gate is fully opened within 5 s. The response of the linear versions 

are more or less similar but with opposite sense to the responses 

in Fig. 4.24. 

In Figs. 4.26 and 4.27, the governor equations are included 

and the disturbance is a step change in the governor input (Pref)• 
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Obviously the response here is slower, but the difference between 

linear and non-linear model responses is again the overshoot in the 

power response. 

In conclusion it can be said that the presence in the model 

of some non-linearities makes the response more realistic. The choice 

between the two depends as always on what is the purpose of the 

simulation. It was felt that a non-linear representation is needed 

if the hydro plant model was to be used in the simulator with other 

plant. 

4.6 	REAL-TIMIE OPERATION OF THE HYDRO PLANT MODEL 

The discrete-time equations of the hydro model shown in 

Table 4.1 were converted to a form suitable for running in real-time 

on the PDP-15. These two versions of the model equations are shown 

in Table 4.2. The precalculable constants stored in the common 

block BLSIM as well as others stored as data in the simulation program 

are shown in Appendix F.3. 

Because of the modular construction of the generating units, 

the prime mover dynamics can be disconnected from the unit and the 

mechanical power to the main integrator (Fig. 2.2a) can be supplied 

by another source, in this case the output of the (digitally 

simulated) hydro model. 

The power system configuration shown in Fig. 2.23 was used 

again, with the tie-line not connected (circuit breaker no. 14 open). 

The generating unit no. 1 was driven by a conventional plant and 

unit no. 2 by a hydro plant. The steady-state condition of the 

system was disturbed by a step change in Load 1, as can be seen in 

Fig. 4.28. The system frequency drops abruptly. The two governors 

(simulated in analog form for unit no. 1 and digitally for unit no. 2) 

react to the frequency change and open the valve and the gate of 

the two plants respectively. The response of the hydro unit is the 

purpose of this test and, as can be seen, the gate response is rapid 

in the first few seconds. Then the transient droop of the governor 

comes into effect and slows down this change. The water level in 

the surge tank drops smoothly and the pressure head at the turbine 



HT(I)=HS(I)-KK4G(I)+KKBV1(I) 

or 

HT(I) = (c(I,12)AW1)/(G(I)(I)) 

QQ = CE2 V2(I)-CE3*V1(I)-CE1*(HT(I)- 
- HT1(I)) 

HTl(I) = HT(I) 

Vl(I)=Vl(I)+CTI (HSl(I)-HT(I)-C(I,1)., w1)  

VV2 =  V2(I)wV2(I) 

HS(I) = HS(I) + QQQ 

HS1(Ī) = HS(I)+c(I,11)*(QQQ•QQQ) 

where: + is used when QQQ >0 

- is used when QQQ <0 

PTI(I) = C(I,7) Vi(I),HT(I) 

DPE(I) - DN  - CC(I) + Pref 

R(I) = C(I,3)āK(DPE(I)+DPEl(I)- 
-C(I,4)(I)) 

DPE1(I) = DPE(I) 
G(I) = G(I)+CT33(R(I)+R1(I)) 

R1(I) = R(I) 

CC(I)=C(I,3)wG(I)+C(I,9).GI(I)- 
-C(I,10)ICC(I) 

G1(I) = G(I) 
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TABLE 4.2: HYDRO PLANT MODEL EOUATIONS IN THEIR REAL-TIME FORM  

Discrete-time representation 
	

Real-time representation  

W1  = V1(K-1).V1(K-1) 	 w1  = Vi(I) V1(i) 

HT(K)=HS(K-1)-KKA.G(K-1)+EKB.V1(K-1) 

or 

HT(K) _ (K1• 71)/(G(K-1).G(K-1)) 

V1(K)=V1(K-1)+((T•g)/L2). CHSi(K-1)-  
- HT(K)-Cl.W3.3 

IV2  = V2(K-1).V2(K-1) 

V2(K)=V2(K-1)+((T•g)/L2)•(HR us1(K-1) 

- C2.w2) 

QQQ = (T. A2/AS) .V2(K-1)-(2. A1.T/AS) . 

.V1(K-1)-(2.A1.g.L1/11.0l1.A8). 

.(HT(K) HT(K-1)) 

HS(K) = HS(K-1) + QQQ 

Hsi(K) = HS(K)+( T)2.KK. (QQQ•QQQ) 

where: + is used when QQQ >0 
- is used when QQQ <0 

PTI(K) = 5.Vl(K)•HT(K) 

DPE(K) = DN  - CC + Pref 
T/T ) 

R(K)- T+2.TP] .(DPE(K)+DPE(K-1))- 

-  CT-2. P 

T+2.TP] .R(K-1) 

G(K)=G(K-i )+(T/2).(R(K)+R(K-1)) 

CC (K)=C8.G(K)+C9.G(K-1)-C10.CC (K-1) 



Fig.4.28Real-time response of the Hydro plant model (Unit No.2),to a step change 

in load 
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entrance does the same with a few oscillations. The initial change of 

HT  results in the inevitable "bump" towards the wrong direction of 

the mechanical power of the turbine, which afterwards increases to a 

new level. The electrical power output increases originally, as the 

system inertia supplies the required energy (at the expense of the 

frequency). It drops as the frequency begins to rise again; following 

this short period the electrical power begins to rise steadily, but 

this time the required energy is supplied by increased production by 

both units. 

Load 1 changes in the opposite direction, after about 7.5 
mins of the first change and the response of the two plants follows 

suit. The two spikes in this part of the response are a result of 

a bad frequency reading by the program. 

In Fig. .'.29 the response of the hydro model is shown when 

the gate opening is increased from 20% to 100% in about 7 s. The 
governor is by—passed. The system starts from an equilibrium, where 

the bulk of the power is supplied by the conventional plant with the 

hydro plant operating at about 27% of its full output. The load 

demand increases (load 1) and as the frequency begins to fall, the 

hydro plant is brought to full output in about 10 secs. In this way 

this plant now supplies most of the power needed and the governor of 

the conventional plant closes the valve and the output of this plant 

is reduced. 

The frequency increases above 51 Hz because of the excess 

power supplied to the system. The gate of the hydro plant is 

constantly at 100% opening during the 7 mins after the command was 

issued for it to open. During this time interval the hydro governor 

was by—passed and the plant was not taking part in frequency 

regulation. After this time interval the governor'.is switched in. 

As can be seen, it immediately begins to reduce the gate opening, 

because the system frequency is far above 50 Hz. At this stage both 

plants participate in the frequency regulation. 

In Fig. 4.30 the response of the hydro model is shown when 

the gate is completely closed by an action which by—passes the 

governor. In this case, the system starts from a state where the 

hydro plant operated at about 50% of its output. The load demand 
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Hydro-model response (in real-time) to a fast closure 
of the gate, with the governor by-passed. 



drops suddenly. The frequency begins to increase. At this moment 

the command to the gate to close is given and the opening goes from 

about 30% to zero, within 1.5 s. The mechanical power follows this 

fall. The frequency drops below 50 Hz originally and remains there 

for some time, while the throttle pressure of the conventional plant 

is below its set point. After that, the frequency moves nearer the 

50 Hz mark. The pressure head at the turbine entrance and the water 

level in the surge tank assume almost identical values (after the 

gate closure. That is because the former is computed by equation 

(4.31) in which both the gate position and the water velocity in the 

penstock are almost zero. The electrical power output is not 

completely zero, because deliberately the mechanical power input 

was not allowed to assume a zero value. 

In conclusion, it can be said that, with the three tests 

shown in Figs. 4.28, 4.29 and 4.30 the hydro model can operate in 

real—time in conjunction with the generator (analog) model and 

give a reasonably acceptable response. 

173. 



• 174. 
CHAPTER, FIVE  

VARIABLE PRESSURE STEAM PLANT  

5.1 	INTRODUCTION 

During the last decade, more and more large conventional and 

nuclear units came into operation in the electric utilities and the 

trend for units of even higher capacity continues. Although most of 

the nuclear units have reasonably good load-following capabilities, 

it is often desirable to operate them base loaded. Hydro plants and 

pumped-storage plants may not be available or have enough capacity to 

supply the peak loads of the daily load curves, which do not seem to 

become smoother. For these reasons there is a growing need for the 

big conventional units to take part in supplying the peak loads. 

This means operation at low load for increasing periods of time and 

even overnight or weekend shutdown. 

This kind of operation sets a number of requirements such 

as: fast start-up of the unit, low start-up losses, good heat rate 

at low loads, fast load changes, minimum wear of the unit's 

components, high availability. 

The mode of operation which can meet most of these 

requirements satisfactorily is called: variable-pressure operation 

or sliding-pressure operation or pressure-governing. In this, the 

steam pressure is varied to change unit output, while the valves 

remain (ideally) wide open. This means that the governor does not 

act on them in response to small frequency changes but only as- an 

averspeed trip mechanism. 

This principle of operation is used extensively in the 

Federal Republic of Germany70, but it also has begun to spread in 

the U.S.A.71-73  and other countries. 

The basic operating modes of a boiler-turbine-generator 

unit can be derived from the simplified expression giving the unit's 

power output (Pout). 
 This is mainly proportional to the steam flow 

and therefore to the pressure (PT) and the valve opening (AT), i.e.: 

Pout - steam flow rate = (AT.PT) in p.u. 	(5.1) 



So the way the steam flow changes determines the operating mode of 

the unit. On Table 5.1 various operating modes are presented70'71. 

On this table a controlled-variable is a variable which is kept to a 

desired value by a controller. A variable which changes freely does 

so under the influence of one or more of the system inputs (frequency, 

firing rate, etc.). 

5.2 	VARIABLE-PRESSURE OPERATIONAL CHARACTERISTICS 

Theoretical analysis and on site experiments were carried out 

by many researchers in the industry, for the assessment of the 

characteristics and the feasibility of this method of operation7O-78. 
Reviewing this work, some of the main features of the sliding-pressure 

operation are presented below. 

In the case of constant-pressure (CP) operation with nozzle 

group control, as the load drops, the pressure at the HP section 

outlet drops and so does the temperature at the reheater inlet 

This results in a reduced efficiency of the HP section70,77. The 

changes in temperature are extended along the steam circuit. So a 

limit is placed on the rate of output change to ensure that the 

turbine is not exposed to extensive thermal stresses and differential 

expansions. Final SH and RH temperatures can change by 100-160°F and 

20-50°F respectively over the load range7O'?5,74,depending on the 

design of the turbine. Also as the steam flow (i.e. the load) drops, 

fewer nozzles in the HP section are active and thus fewer blades on the 

turbine wheel have to cope with the increasing load (this is not the 

case for the IP-LP sections). Consequently the design and the 

construction of this part must be different to cope with stresses 

three or four times the normal70,71,74. 

In the case of variable-pressure (VP) operation with nozzle 

group control, the pressure at the input of the HP section changes in 

direct proportion to the load. Therefore the enthalpy difference 

converted to mechanical power by the HP section remains essentially 

constant over the entire load range. Consequently the efficiency of 

the turbine is improved at low loads and also the restrictions on 

the rate of output changes imposed by the temperature change on the 
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turbine are eliminated. Restrictions on the rate of change of the 

saturation temperature are imposed now on the boiler, but they are much 

less severe than those of the turbine. The SH and the RH outlet 

temperatures can be held constant down to 25% and 50% respectively73. 

In the case of CP operation with throttling control, the 

temperature drop across the HP section is not so big. Therefore the 

performance of this unit is reasonable, although at low loads there 

is an increased drop in temperature at the HP inlet due to the 

increased throttling70. 

Another feature of the VP operation concerns the feedpump. 

As the pressure drops following the load, the pressure of the feedwater 

also drops, the pump loading decreases and thus the power required to 

drive it. However, the efficiency does not drop significantly70,71. 

For motor or turbine-driven pump there is a gain over the power 

consumed as the load drops. But the overall gain is bigger in the 

case of a low-loss speed control when a turbine drive is employed. 

Equally, if not more, important are the operational 

characteristics of the VP mode during the unit start up
70,71,75,76,77. 

Since the unit can operate at low loads, the steam pressure and 

temperature can be brought very quickly to match those of the turbine 

casing. In contrast, under CP operation full-load conditions must be 

achieved for the steam. This is a time-consuming procedure and involves 

considerable losses. 

A requirement for this independent start for the boiler is 

the by-pass system. A system of piping by-passes the HP and the IP-LP 

sections of the turbine. It is designed so that it can accommodate 

full-load operation of the boiler. Thus in the case of full-load 

rejection, the boiler can continue its normal operation and so it 

can be put again on-line in very short interval. 

The fact that high temperatures can be kept at low loads 

(as mentioned earlier) contributes to a slow cooling down of the 

various sections. So after an overnight shutdown the unit can be 

run up to load quickly next morning. 

From the maintenance point of view, operation at lower 

than the designed pressure reduces the stresses and improves the life 

of the RH and SH tubes. Together with the reduced thermal stresses on 



the turbine,there is a considerable improvement in the availability 

of the whole unit. Overall heat rate improvements of the order of 

3-5% at low loads have been reported 7--78. 

5.2.1 	The Control Aspect of the Variable-Pressure Operation 

For a plant designed to operate with VP, the methoch of 

controlling temperatures, flows, water levels, etc. in the boiler unit 

are essentially the same as in the case for CP operation. Three-term 

feedwater controllers, desuperheating, burner tilting, gas 

recirculation, forced and induced draft fans for air flow and furnace 

pressure control, all do the same work72,73. The basic difference is 

in the control of the unit's output. 

From equation (5.1) the straightforward way of controlling 

the output is to keep the valve fully opened and vary the boiler 

pressure according to the output requirements. This is called "pure 

sliding-pressure" mode of control, or "passive pressure governing". 

It has, however, the obvious disadvantage of slow response, because 

the output changes only in response to a change in the firing rate. 

No use is made of the unit's stored energy. 

A modification to this concept aimed at improving the response 

is achieved by keeping the valve less than fully open during 

normal operation (pre-throttling). If an increase in the output 

is required, the valve opens to assist the rate of response (using 

the boiler's stored energy) and drops back to its set-point when the 

pressure rises enough to support the increase in load. 

Pre-throttling obviously has an adverse effect on the 

cycle efficiency at low loads. A trade-off must be made between 

speed of response and loss in efficiency. Units with low storage 

and fast firing controls e.g. oil-fired once-through units) can 

achieve high rates of response up to 10-12%  min70,71.  Overfiring 

is also used to compensate for the initial sluggish response of the 

boiler. 

Other modifications to the pure sliding-pressure operation 

can be done by: introducing a by-pass valve around the HP stage to 

the LP stages or throttling the steam going into the HP feed-heaters. 
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In both cases more steam is injected into the IP-LP stages, speeding 

up the response of the unit70. Different methods of control are 

favoured by various designs of boiler and turbine. 

The cases (c), (d) and (e) on Table 5.1 represent three ways 

of controlling the output of a VP unit. For the first two, the boiler 

inputs are activated in response to the deviation of the valve opening 

from its set-point. In (e) the pressure error activates the boiler 

input. Here the pressure set-point is a function of the desired 

output. In the cases (c) and (e) the turbine is load-controlled, while 

in (d) the boiler is load-controlled. For this reason, case (d) gives 

clearly an inferior response to frequency regulation, as does the 

turbine-following mode of control for CP operation (case (b)). 

5.3 	CHOICE OF MODEL AND ITS STEADY-STATE CHARACTERISTICS  

The boiler model for CP operation was described by the set of 

equations shown in Table 2.1. The VP operation affects very little 

the temperature of the water entering the economizer78. So the 

feedwater enthalpy (hEO) can be assumed constant as on Table 2.1. 

The entering air temperature (TA) is independent of the type of 

operation, so again it is assumed constant. The state equations for 

the drum (2.77), (2.78) and (2.79) are valid for a change in drum 

pressure down to 40% of its full-load value. The pressure drop due 

to friction along the steam path is almost proportional to the load70  

and not to the square of it as in the case of CP operation. Therefore 

the square root in equation (2.30) was cancelled. The rest of the 

equations in Table 2.1 were left unchanged. 

To compute the state of the model at any point along its 

operating range, the values of the valve opening and the pressure at 

this point are needed. At the new steady-state, the steam flow WT  

should be equal to the unit's desired output. If the valve opening 

is also known, then the pressure can be computed from equation (5.1). 

Based on this principle the closed-loop steady-state characteristics 

can be computed and they are shown in Fig. 5.1. 

As can be seen in Fig. 5.1(a), when pre-throttling is used 

the pressure/load characteristic is higher. Also, if the output exceeds 
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the desired valve opening (both expressed in p.u.), the pressure must 

be greater than its value corresponding to full-load. The gas 

temperature in the furnace (TG) and the drum steam temperature (TSD) 

drop only between 15 and 20% for 30% load. This is in agreement with 

the practice (i.e. low temperatures can be kept at low loads), as 

mentioned in Section 5.2. 

5.4 	THE CONTROL SYSTEM USED IN THE. MODEL 

It was assumed that the variable-pressure unit has a load-

controlled turbine and a pressure-controlled boiler. This is the 

case (e) on Table 5.1. For this mode of controls  the unit's desired 

output must be known in order to compute the pressure set-point (from 

equation (5.1)) as mentioned in Section 5.3. The valve is not fully 

open. When an increase in output is required, the valve opening will 

increase initially to assist the response of the unit. When the 

pressure has increased sufficiently, the valve will return back to 

its set-point. Therefore, the form of response of the generating 

unit is greatly influenced by the way the valve changes and a rather 

sophisticated algorithm is needed for that. A much simpler scheme 
was employed in the model; it is shown in Fig. 5.2. 

When the unit does not take part in frequency regulation, 

it responds only to changes in demand, introduced manually or by an 

automatic load despatching algorithm. The value of the total demand 

is divided by the valve opening set-point to give the pressure set-

point. The pressure error goes through a P I D algorithm to produce 

the firing rate demand. At the same time, the valve can be adjusted 

to assist the unit's response. This adjustment is implemented as 

follows: the demand signal goes through a first order lag, thus 

producing a desired or ideal response of the steam flow into the 

turbine (WTI. This is compared with the actual steam flow (WT). 

The difference between these two is shaped by another simple lag. 

Its output is added to the nominal valve set-point (ATREF) and so a 

new"transient" set-point is created. The difference between this and 

the actual valve opening produces raise or lower pulses, which vary 

the valve opening through the speeder gear. In this way, the steam 

flow during the transient is forced to follow the desired response WTI. 
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After the transient, the valve opening returns to ATREF. 

Another mode of.operation is to keep the demand signal constant 

and allow the unit to respond only to frequency changes. Two cases 

can be distinguished here: 

(1) the governor is acting on the valve normally, as it 

does for a CP unit, and 

(2) the governor is made insensitive to frequency changes 

of +-0.5  Hz, for example, and acts with Lk droop outside this 
limit. 

In the first case, for a frequency drop, the governor will 

open the valve to supply the additional demand, At the same time a 

signal to return the valve to its set-point (with speeder motor 

action) will start acting. This is because PED and therefore WTI in 

Fig. 5.2 are unchanged, while the actual steam flow WT  has increased. 

This is the turbine-following mode of control (case (b) on Table 5.1). 

It gives a good balance between the boiler and the turbine, but 

very poor balance between generation and demand. In addition there 

is no change in the boiler input. 

To rectify this situation, the frequency error is multiplied 

by a 1% droop, thus forming a nominal regulation signal DF. This is 
fed into three parts in the control system (Fig. 5.2). In point Al  

it modifies appropriately the WTI so as to prevent initially the 

speeder motor from returning the valve to its set-point and allow 

it to do so, when the pressure has changed by the proper amount 

corresponding to the frequency change. The introduction of DF in 

point A2  is responsible for changing the boiler input and thus the 

pressure P. At the point A3, the signal DF goes through a transient 
term which can be used to assist the overall response, by selecting 

the time constant, TYE. 

In the case where the governor does not respond to frequency 

changes, the valve opening is changed only by the speeder gear. 

The control scheme is the same as in the first case. 
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5.5 	REAL-TIME RESPONSE OF THE VARIABLE-PRESSURE BOILER MODEL 

The power system configuration shown in Fig.2.23 was used 

again to study the operation of the VP model in real-time. Both 

generating units were driven by this boiler model. First the 

response to frequency changes was investigated. The governor was 

assumed to act on the valve in the usual way, in other words it was 

not restricted to react only to large frequency deviations. Then the 

response of the model to large changes in output was studied. 

5.5.1 	Response to Frequency Changes 

In Fig. 5.3 the response of the two units is shown to 
changes in frequency. The system is disconnected from the infinite 

bus. The set-point for the valve opening is 80%. The demand remains 

unchanged for each unit at 70%. The frequency of the system 

increases as a result of a change in Load 1. This drops just above 

0.1 p.u. in about 3 s. The governors of both units respond 
immediately by closing the valves. The electrical output follows 

this change very closely. If the control mechanism was allowed to 

bring the valve back to its set-point straightaway, the electrical 

output would follow and it would begin to increase again. But as 

was described in Section 5.4, a transient set-point is created for 

the valve opening, with the injection of the signal DF at the points 

Al  and A3  of the control scheme shown in Fig. 5.2. As a result, the 

valve opening is kept at its new value for a period of time. This 

time interval was around 1 min. for the response shown in Fig. 5.3. 

During this time, the boiler pressure drops to a new level 

determined by the new load demand. After that, the valve opening 

is allowed to return to its set-point. The same features can be 

observed on the response, for a disturbance in the opposite direction. 

The speeder motor responds to raise/lower pulses. For a 

valve opening error greater than 10% the pulse initiates a change of 

approximately 16%/min with no action taken when the error is smaller 

than 0.8%. Obviously such a scheme cannot give a particularly smooth 

response of the valve, but it was found to be an acceptable 

compromise. 
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With this control scheme the response of the electrical power 

output is superior to that of a plant with CP operation. Such a 

response was shown in Fig. 2.28 where the mechanical power output of 

unit no. 1 after the initial step increase drops following the shape 

of the steam pressure. 

The response of the model was tested also in the case where 

the governor does not act on the valve directly for small frequency 

changes. It was found that the response was much inferior to that 

described above. This is because the valve responds at a slower rate 

through the speeder gear and thus it cannot follow fast changes in 

frequency. So this approach would give inferior performance, unless 

the control equipment is designed specifically for such a control 

scheme. 

5.5.2 	- Response to Large Changes in Demand 

In Fig. 5.4 the response of the sliding pressure unit is 

shown to a step increase in the demand signal PED of 50% (from 30•% 

to 80%). For this test the unit was set to respond only to changes 

in PED and not to those of frequency (the DF signal shown on Fig. 5.2 

was set to zero). The pre—throttling was set to 20%, in other words 

the valve opening set—point was set to 80%. 

As can be seen, the valve departs from its desired 

position and assists the response of the output while the pressure 

is still low. After about 2 mins from the introduction of the step 

input, the pressure has increased sufficiently and the valve begins 

to return to its set—point. The steam flow at the valve and the 

electrical output change almost in the same fashion. The rate of 

change of the output during the first 3 mins is about 11%/min. Then 

it drops considerably and it reaches the target output after about 

7 mins. 

From the shape of the response of the firing rate, it can 

be said that the boiler is over—fired for a considerable amount of 

time. Over—firing is normal practice at variable—pressure plants73,75  

and it is used to make up for the slow initial response of the boiler. 
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Fig. 5.4 	Real—time response of the variable—pressure boiler model. 
to a 50% step increase in demand. 
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During the investigation of the response of the model to 

steps in demand, it was found that the rate of change of the output 

depended on the magnitude of the step input. The bigger the step 

input, the faster the rate of response. It is felt that this is 

mainly a result of the boiler controller (a PID algorithm). A 

second factor affecting the response is the pressure characteristic 

on which the unit is operating. In other words, depending on the pre—

throttling used, the pressure/output characteristic is different 

as was shown on Fig. 5.1(a). As this becomes steeper, the pressure 

range is higher and the response becomes faster. 

The first factor affects the response more than the second. 

To counteract its effect, the time constant TWT of the first order 

lag forming the desired response of the steam flow WTI (Fig. 5.2) 

was made a function of the step change in demand (ADPE), as shown 

in Fig. 5.5(a). The smaller the step change, the smaller becomes 

the TarT , to make the WTI faster. Fig. 5.5(b) shows the way the 9WT 

is formed for successive step changes in demand. 
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But even with this scheme there is very little improvement 

in the response to small changes in demand. For bigger changes this 

scheme becomes more effective. For the test shown in Fig. 5.4, 

9.WT 	103 s. Some further improvement of the response to small 

changes in demand can be achieved by increasing the gain GA  (Fig. 5.2) 

during them. With a value of GA  = 2.0, the response is almost 5%/min. 

This is obviously accomplished with increased valve opening. The 

only drawback is that the output overshoots the demand after a while. 

This is because the boiler pressure has risen to its new level by that 

time. 

Another characteristic which came out of the tests,was that 

when large changes in output are requested from the unit, the valve 

opening set—point must be relatively low in the region around 70% or 

80%. This is because when it is higher, for example 90%, with an 

increase in demand the valve opening goes very quickly to its limit 

and stays there. During this time interval it does not assist the 

response of the output. So the change in the unit's output depends 

again mainly on the response of the boiler. A small amount of pre—

throttling is, therefore, more useful when the unit operates in 

frequency regulation mode with small changes in demand. 

The simple transfer functions which were used to shape a 

desired steam flow response (as shown in Fig. 5.2), can be substituted 

by more elaborate expressions which could produce a better plant 

response. Such a scheme, however, would be more complicated and 

perhaps bigger than the boiler simulation itself. This is the main 

reason why such a scheme was not investigated in this work. 
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CHAPTER, SIX 

THE SIMULATION SOFTWARE 

6.1 	SIMULATION PROGRAMS 

A separate program was written for each type of plant. Each 

contains the set of equations presented on Tables 2.4, 3.2 and 4.2 for 

the conventional, nuclear and hydro models.Three other programs were 

also developed, each simulating more than one type of plant. They 

are all presented on Table 6.1. Every program has to be fixed in 

core when it runs in real-time, because it is scheduled to run very 

frequently (every 0.3 s). 

Each of the first four programs fits in the core partition 

P4.1 (Fig. 2.21a). But when more than one type of plant is required 

in the simulation, it is not possible to run any two of these 

programs simultaneously. The partition is not big enough for it. 

For this reason the first three programs were incorporated 

into a single one (BOIL1). Every effort was made to reduce the 

amount of core needed by this combination. The fact that some of 

sections of the steam generation are the same in both, the conventional 

and the nuclear models, was used to the best advantage. The hydro 

model was placed after the combined conventional boiler/nuclear set 

of equations, as the final part of the program. Therefore, as the 

execution of the program starts and all three types of plant are 

needed, the conventional model will run first, followed by the 

nuclear and the hydro, in that order. 

The selection of the proper set of programs in BOIL1 is 

based on the number of units of each type selected by the Simulator 

user. So this program can also be used to simulate only one type of 

plant, if it is desired. 

Table 6.1 	Simulation Programs 

Name Types of plant simulated 

1 BOILC Conventional constant-pressure 
2 BOILN Nuclear 
3 BOILH Hydro 
4 BOILP Conventional variable-pressure 
5 BOIL1 Conventional (CP) 4- Nuclear + Hydro 
6 BOILD Conventional (CP).. Conventional (VP) 
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With BOILD, conventional boiler units can be simulated in 

either constant-pressure or variable-pressure operation. Unlike 

BOIL1, in this program the order of execution for the two types of 

plant is not fixed. Either type can be selected to run first. 

The common area used by all six programs is the BLSIM (Fig. 

2.21a). Provision is made for six units. BOILP and BOILD also make 

use of the common area SYSCOM, where some additional variables are 

stored. These are used by the sliding-pressure model and they 

provide space for two units only, because of lack of space in the 

two common areas mentioned. 

For the conventional boiler model operating in the CP mode and the 

nuclear model, operating in the regulating mode, the simulation program 

has: 

Inputs: 	a) Throttle pressure set-point (APS) 

b) The "current" value of the valve opening (AT) 

Output: Throttle pressure. 

For the nuclear model operating in the non-regulating mode: 

Inputs: a) Throttle pressure set-point (APS) 

b) Frequency 

Outputs: a) Throttle pressure 

b) Raise/lower pulses to the speeder motor 

For the hydro plant model: 

Inputs: a) Frequency 

b) Desired output 

c) Command for fast closing or opening of the gate 

Output: Mechanical power 

For the boiler model operating in the variable-pressure mode: 

Inputs: a) The valve opening set-point (ATREF) 

b) The additional power output required (ADPE) 

c) The frequency 

d) The "current" value of the valve opening (AT) 



Outputs: a) The throttle pressure 

b) Raise/Lower pulses to the speeder motor 

6.2 	PLANT SIMULATION SET-UP 

The procedure of starting the simulator has two basic steps. 

First, a power system is selected and patched and the analog part 

of the simulator with the interface to the computer is switched 

on. Second, the real-time system is loaded on the computer and the 

basic I/O programs are started. 

To start the digital simulation, the program called PLANT 

is requested from the teletype. The logic of this program is shown 

in Fig. 6.1. 

When a normal initialization is desired, the number of 

each type of plant is selected by the user. If a number of 

conventional plants were requested, the user is asked to specify if 

some of them are variable-pressure units. If none of them is, the 

appropriate initialization program is requested and the algorithm 

proceeds to check if nuclear and hydro units are included in the 

simulation. When this is so, the corresponding initialization 

programs are requested. The proper simulation program is then fixed 

in core and the PLINT is removed from the core to allow the first 

in-line initialization program to start. This is because all these 

programs run in the same core partition (P5). 

In the case where it is desired to simulate variable-

pressure conventional units, the user is asked to specify their 

number. If all of the conventional units are VP units, the initial-

ization program PINIT is requested and the BOILP simulation program 

is fixed in core. When there is a mixture of CP and VP units, a 

selection can be made of which type will run first and the units are 

initialized in that order. 

As can be seen, PLANT permits also the re-initialization 

of one particular unit, with its number and type specified by the 

user. This is very useful, because if something goes wrong with 

one unit, only this need be dealt with while the rest continue their 

run unaffected. 
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Fig. 6.1 	Flow diagram of the Plant Initialization program (PUNT). 



PUNT can be easily modified to accommodate any other 

combination of simulation programs and their initialization routines. 

6.3 	INITIALIZATION PROGRAMS 

There are four such programs, one for each type of plant. 

Their purpose is to provide the necessary information to the 

corresponding simulation programs to enable them to start and run 

successfully. All are scheduled to run in the partition P5 

(Fig. 2.21a) at a very low priority. Each of them, as a single 

program, is much bigger than 4 k of core. For this reason they are 

all divided in subroutines overlaying each other, thus making possible 

the execution of the program in P5. They are all disc resident. 

Their basic structure is presented briefly in the following subsections. 

6.3.1 	Constant=-Pressure--Boiler Model 

The initialization program is the SINIT and its flow diagram 

is shown in Fig. 6.2. As it starts, it identifies itself and 

informs the user about the unit that is to be initialized. Then the 

pressure set-point and the current valve opening are acquired from 

the analog part of the model. These are the two variables which 

determine the operating conditions of the unit. They are scaled so 

as to have a value of 1.0 for full-load operation. 

Next the values of the time constants of the drum and the 

air-fuel section can be selected, as well as the gains for the pressure 

controller. This provides the flexibility of having units with 

different transient characteristics and to change these characteristics 

any time it is desired. Default values are given by the program for 

three sets of time constants and gains representing faster and 

slower units. 

As default values are also given the values of all the 

model variables corresponding to the M.C.R. If the operating point 

of the generating unit is different from the M.C.R,, the new steady-

state is computed and it replaces the default values in the common 

area. This computation is presented in Appendix C.1. 
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Fig. 6.2 	Initialization program for the constant—pressure boiler 
model (SINIT). 
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Any constants used by the simulation program, which 

depend on the initial steady-state, are computed during the initialization 

and stored in the common area. Thus the simulation program is relieved 

from additional computation. 

The whole procedure is repeated until all the units of this 

type, selected by the user, have been initialized. At this point, if 

no other initialization program is waiting to run, the appropriate 

simulation program is requested to start its scheduled runs. If 

this is not the case, the SINIT returns to the disc, making the 

partition P5 available to other programs. 

This method of initialization ensures that when the 

simulation starts, the digital model will not experience a big step 

change in its inputs and consequently its output will not unduly 
upset the rest of the power system. So analog and digitally 

simulated sections integrate smoothly and efficiently. 

6.3.2 	Nuclear Plant Model 

The initialization for both operating modes is done by the 

same program, NINIT. Its structure is basically the same as that of 

SINIT and it provides the initialization for the regulating mode of 

operation. The non-regulating version is treated as a sub-case, as 

can be seen in the flow diagram of Fig. 6.3.  For this case it is 
assumed that the auxiliaries are operating at full output. Therefore 

it is enough for the program to provide the values of the model 

variables corresponding to full-load operation. 

For the regulating version, a new steady-state is computed 

if necessary, based on the information provided. This computation 

is shown in Appendix E.1 

6.3.3 	Hydro Plant Model 

The initialization program is the HINIT and its flow diagram 

is shown in Fig. 6.4. In this case, the operating point of the unit 

is determined by the desired power output (APR. This can be entered 

either by the user or it can be read-in from the analog part of the model. 
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Fig. 6.3 	,Initialization program for the nuclear plant model (NINIT). 



All desired hydro units initialized 
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YES 	Enter the new governor 
parameters via the VDU 
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(START 	
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XIT) 

Fig. 6.4 	Initialization program for the hydro-plant model (HINIT). 
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During the initialization, it is assumed that the frequency 

is 50 Hz. So the only input to the governor equations is the desired 

output. The governor parameters can be selected different from their 

default values. It would be possible to select on-line other model 

parameters, like the length of the penstock, the water flow rate, etc., 

but this is not included in the program in its present form. Also, 

at the end of HINIT, the simulation program BOIL1 is started because 

there are no other initialization programs waiting to run. 

6.3.4 	Variable-Pressure Boiler Model 

The logic of this program (PINIT) is the same as that of 

SINIT, as can be seen in Fig. 6.5. As mentioned in Section 5.3, the 

quantities which determine the unit's operating point are: the 

desired output (PED) and the desired valve opening (ATREF). Both 

are selected on-line and from them the throttle pressure set-point 

is computed. From then on, the program proceeds as in the case of 

the constant-pressure unit. 

6.4 	PROCESSOR AND CORE USAGE  

On Table 6.2, a summary is given of the processor and core 

usage by the simulator and the initialization programs. As can be 

seen, the conventional boiler model is the most expensive in 

computation time. When used in CP operation mode and all six units 

are simulated, around 44% of the system's time is consumed by them. 

The main difference in computation time between this 

model and the nuclear and hydro models, is the absence of a square 

root computation for the last two. It was found that it takes around 

1% of the system's time. The variable-pressure boiler model requires 

much more computation time than the constant-pressure one, although 

it does not include a square root. But the more complex control 

scheme (Fig. 5.2),introduces a fair number of additional operations. 

If only one Lype of plant is required, then one of the 

programs that simulate only this type can be used instead of BOIL1. 

This can save some computation time because in BOIL1 additional 

computations and checks are required to separate the three models. 
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Fig.  6.5: 	Initialization program for the variable-pressure 
boiler model (PINIT). 



Table 6.2: 	Core and Processor Usage by the Sumulation and Initialization Programs 

Program 

(Task) 

Name 

Core.needed by the 

program 

(octal words) 

Core needed by the 

Task 

(octal words) 

Average execution ti 

-me for a single unit 

(% of system's time) 

Execution time for 

six units 

(% of system's time) 

~~.''c,∎'
ofi 

4'2' 
'),01'). ei 

.'e 

BOILC 1720 3644 6.4 38 P4.1 Core 

BOILN 8612 3554 4.4 26 
4 

P4.1 •► 
, 

BOILH 

_ 

2101 
. 

3636 4.7 
- 

28 
► 

P4.1 " 

BOILP 2721∎  4442 11.6 P4.1 it 

BOIL1 4474 6470 
Cone. 	Nu.c. 	Hyd. Cons/. 	Nuc. 	Hyd. 

P4.1 " 7.4 	5.4 	4.7 44 	32 	28 

BOILD 3116 5106 22(1 CP+1 VP units) P4.1 '► 

SINIT 

For ,Ebe resident code 

7632 P5 Disc 5711 

NINIT 5632 7304 P5 
it 

HINI'1' 6531 7732 P5 
tt 

PINIT 5733 762o P5 ►t 

PL INT 
e 

6613 7140 	• P5 11 
O 
N 



BOIL1 is the biggest of the simulation programs, requiring just under 

the 7000 octal words of core allocated to the partition P4.1. 

All the simulation Tasks are installed in the real-time 

system and the start program FLINT fixes the appropriate Task in 

core, according to the model selection. 

On Table 6.3 the core and processor usage is shown for 
the basic real-time programs used. 

Table 6.3 	Core and Processor Usage by the basic real-time 
programs 

Program name Partition Size Residency 
Frequency 

of 
Execution 

Processor 
Usage 

RSX - - Core - 3 
ANIN2 IRAN 250 Core 100 ms. 12 

ANOUT OUTAN 63 Core 400 ms. 1 

DIGIN STATIO 230 Core 200 ms. v.small 

SIMLD - manual loads P2.4 3450 Core 1 s. 1 

- auto loads 3.5 
- random 

fluctuations 
9.5 
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CHAPTER SEVEN 

CONCLUSIONS 

7.1 	CRITICAL REVIEW OF TAE WORK 

The aim of the work which is presented in this thesis was 

to provide the Power Systems Simulator with a representation of the 

prime mover storage times involved in the power generation. The 

simulator was not designed for the study of the fast transients 

following a disturbance. It is geared towards the investigation of 

the phenomena occurring as a result of rather prolonged imbalances 

between generation and consumption. In other words, the long-term 

response of the system. For this reason, in developing the models, 

the emphasis was put on obtaining a credible gross response of each 

power plant. It is this which affects the operation of the rest of 

the system. But at the same time it was thought appropriate to 

include in the models some of the basic process variables. This will 

give the opportunity to the simulator user to study their behaviour 

in conjunction with the other main variables of the system. 

It was decided to use digital simulation to avoid problems 

involved in the implementation of long time constants with electronic 

circuits, such as off-sets and drifts in the operational amplifiers. 

The analog part of the simulator was designed for real-time operation. 

Therefore the same requirement was set for the digital part. This 

meant that the development of the models should be done within the 

constraints imposed by the existing software and hardware of the 

operating system. In other words, the models had to be simple and 

fast. 

Constant-pressure boiler model 

In Section 2.2 an outline is given of the most common ways 

found in the literature with which to simulate the various boiler 

sections. It is well established that the "lumped" parameter 

representations and the use of ordinary differential equations can 

describe the process adequately. So a mixture of non-linear 

algebraic and differential equations was used for the model. Their 
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number and their complexity was limited by the real-time operation 

requirements. Limited amount of core was allocated to the digital 

simulation. This meant that several attempts had to be made before 

a reasonably accurate representation was found, which will fit in 

the assigned core partition. 

At the same time, equally serious consideration had to be 

given to the constraints on the computation time. The maximum number 

of units for which the program was designed is six. Therefore the 

computation time for each unit had to be less than 50 ms (the 

simulation program runs every 300 ms). It was found that the 

computation of square roots and exponentials needed long computation 

time. So the model had to be modified accordingly. Also some space 

had to be allowed for the instructions which enable the model to 

communicate with the analog part of the simulator. This was the 

main reason why the superheater has only one section. A second 

section involved another square root. Having decided on the number 

of equations and their kind, then every effort was made to minimise 

the number of operations needed by them. This is very useful and 

sometimes can save considerable computation time. Therefore, 

reasonable knowledge is-needed beforehand about the core available 

and the computational capabilities of the computer. All these give 

an indication of the kind of problems with which one is faced in a 

real-time application. 

The data used for this model were taken from reference 14. 

They correspond to a 200 MW coal-fired, drum-type boiler operating at 

fullload. It is believed that the use of real data is very important. 

It gives a more immediate insight into the process. It also helps 

to spot with greater ease that the model response is not right, by 

just looking, for example, to an unreasonably high value of pressure. 

Unfortunately the complete data of this kind are not readily 

available in the literature. Scattered data for different 

sections can be found in different papers. So it is important to have 

data of a single system, and not use incompatible data. 

The responses of the model in real-time (shown in section 

2.6.3) are considered very satisfactory. The model has been used 

successfully together with the analog part of the simulator for 

various types of tests. 
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Discretization of the continuous equations 

The numerical methods of integration are unsuitable for real-

time applications. They require a very small integration step to give 

stable responses. Also with the set of equations used for the boiler 

model,it was not straightforward to have the non-linearities isolated 

between transfer functions. So the digital simulation methodswhich 

require this kind of model representation could not be used. The 

method of substituting the continuous integrator with an approximate 

discrete one, is a very attractive method and it was found well suited 

to the problem in hand. It is easy to apply and there is a variety 

of approximate integrators to choose from. No problems were 

encountered when two different approximate integrators were used, for 

different sections of the same model. This helped a lot in putting 

the equations in a programmable order. So it can be said that the 

discretization method to be used, must be selected according to the 

problem. 

The initial development of the model was done off-line. 

During this stage the sampling interval (or integration step) was 

chosen. This is desired to be as big as possible, to reduce the 

loading on the operating system. The 300 ms finally chosen is not 

very big, but that does not present particular problems. The 

maximum of 44% loading shown on Table 6.2 for six units is relatively 

high. But there is no other software so expensive in computation 

time to be added. So a loading of 60-65% on the system is not so bad 

for the purposes that the simulator is presently used. 

Nuclear model 

Here the assumption that the secondary circuit can be 

represented as in the conventional model is valid. The response of 

the nuclear model in the regulating mode is reasonable. With a more 

elaborate feedwater controller, the response of the throttle pressure 

could be much better. The non-regulating response is also good. 

As long as the raise/lower mechanism in its present form is used to 

change the valve position (in response to frequency level), this 

response cannot be particularly smooth. The filtering of the 

frequency input signal helps, but not very much. 
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Hydro model  

The overall response of this model proved very successful. 

The solution of the water-hammer equations with the Laplace Transform 

method is very suitable for modelling. Despite the fact that only 

the first order approximation of the hyperbolic terms involved was 

taken, the response is very good. It would be interesting to see 

what this model can give with a higher order approximation. The 

coupling between the digital part and the analog generating unit was 

successful, despite original misgivings. 

Data from the Appalachia plant were used in the model (see 

Appendix F.1). A differential surge tank is used at the Appalachia 

plant. In the model, the inclusion of the equations describing this 

type of tank, made it impossible to get a stable response. A 

restricted-orifice surge tank representation was used instead. But 

the water oscillations in the tank after a full-load rejection and 

a full-load acceptance test, were the same as those reported for the 

Appalachia plant. This indicates that the design of the parameters 

of the tank determines the good or bad response. 

The use of a linear and a non-linear expression for the 

computation of the head at the turbine entrance, serves its purpose 

well. The only undesirable effect of it, is that "jump" which it 

causes to the model output at around 20% gate opening, during an 

increase in demand (Fig.4.20). 

The governor dead-band and the speed effect of the turbine 

were not included in the model. But their inclusion is straight-

forward in the simulation program, for anyone who wishes to study 

their effect on the response. 

It would be very desirable to compare the model's response 

to that of the real plant. This is true for all the models, but 

unfortunately this kind of real life response cannot be found easily. 

Variable-pressure boiler model  

The concept of variable-pressure is not a new one. But the 

interest in this kind of operation of big conventional plant has grown 

over the last few years. So it was considered appropriate to include 
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a model of this kind in the simulator. Obviously the fundamental 

benefit of such a plant lies in the improved efficiency at low loads 

and the flexibility during start-up and shut-down. These properties 

cannot be studied from the used model. What can be studied is the 

control of the plant's output and the impact of its operation on the 

rest of the power system. 

The model can be operated in the passive and active pressure 

governing mode. The latter provides some interesting control problems. 

As was shown in Sections 5.3 and 5.4, the critical factor is the 
control of the valve opening. It must assist the initial response 

of the output and return to its desired value when the pressure has 

risen enough to support the increasing output. The control scheme 

described in Section 5.4 does this job with reasonable success. 
However, it is clear that a much more sophisticated algorithm is 

needed to improve the response. This is, of course, the response 

during a change in the demand signal. 

The response of the model to frequency changes is particularly 

good. The governor acts normally on the valve in response to frequency 

deviations. The valve opening is kept•by the controller around this 

initial value, giving time to the pressure controller to react and 

change the pressure accordingly. The creation of an appropriate 

transient set-point for the valve opening, forms the heart of this 

response. 

Software 

The two main blocks of software developed during this work 

are the simulation programs and the initialization programs. Other 

programs are developed as well for testing, logging, displaying, etc., 

but they are not described in Chapter 6. In the simulation programs 

the main point of attention is the reduction of their computation 

time, particularly when more than one type of plant model is involved. 

The initialization programs are large and for this reason 

they were split into a number of subroutines. They were chained to 

the main program. The form of the initialization program is very 

important, because it determines how easy it is to start the digital 



simulation. In other words, how flexible is the use of the digital 

simulation in setting up a complex power system on the simulator. 

The method of computing the "current" steady-state of the 

initialized unit just before the unit is put on-line to the system, 

proved very successful. In this way the digital simulation 

integrates into the system smoothly, without upsetting its operation. 

In addition to that, the initialization programs interact with the 

user in a conversational mode. So they provide the opportunity to 

change some of the basic parameters of each model and so to give 

different characteristics to each unit. 

General comments 

The models were kept non-linear. As was shown in Sections 

2.5.1, 2.7 and 4.5, the non-linearities provide a more realistic model. 

What is more important is that it can be used over most of its 

operating range. This was essential in order to keep in line with the 

analog part of the simulator which has this capability. 

Fortran IV was the inevitable choice for the digital 

simulation, although these programs are executed three times a second. 

The assembler language is much more efficient, but it would make the 

writing of mathematical programs very time-consuming. In addition 

it reduces the flexibility of modifying them easily. 

The operator action was not included directly in the models. 

The reasons for this are the following: 

(a) The most likely way of simulating this action is by an 

integrator which will start acting at a specified time interval 

after a disturbance. This can be done easily by the simulation 

,program. But only the response after one disturbance could be 

studied. The simulation runs carried out on the simulator are 

usually continuous over a long period of time. Under these 

circumstances it is very difficult to simulate repeated 

operator actions. 

(b) The simulator hardware provides the facilities to the 

user to intervene manually himself, thus playing the part of the 
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operator. This is a far better way of introducing operator 

action than to include a rather unrealistic representation in 

the program. 

In conclusion, it can be said that the addition of the 

digital simulation of the power plants provided the simulator with 

the capability of realistically representing the operation of a 

complete power system. The variety of power plant models provides 

the choice of systems with different generation configurations. 

• The work reviewed in this section represents the bulk of 

the authorts contribution to the simulator project. 

7.2 	FREQUENCY CONTROL TESTS  

To demonstrate the use of the Simulator to further studies 

of power system behaviour, some results of Load Frequency Control 

(LPC) (or Automatic Generation Control - AGC) studies are briefly 

presented below. 

Mogridge in his thesis'3  tested three schemes of AGC. 
They are: 

(1) 	Simple Tie-Line Bias 

(ii) Error Adaptive Control Computation (EACC) 

(iii) Non-Linear Tie-Line Bias 

The first is the method which is used for many years by most of the 

power utilities. The Area Control Error (ACE) is formed by the well 

known expression: 

ACE = 
APtie - B. Lf 

and then it goes through a PI controller to compute the generation 

change required by the area. 

The second method represents an improvement to the basic 

tie-line bias algorithm. According to this method, the probability 

is assessed that control action is required and the gains of the PI 

controller are modified accordingly79,80,81. This is aimed at 



reducing the control action for small rapid load changes, while 

providing decisive action during large load changes. The third 

method recognises the fact that the Area Frequency Response 

Characteristic, $ , is not linear. For small frequency deviations 

the characteristic has a smaller value. This is largely due to the 

governor deadbands. Therefore the tie-line frequency bias B should 

itself be non-linear. 

As a small step further, some more tests were carried out 

during the present work to verify the performance of the scheme using: 

(iv) 	Non-Linear Tie-Line Bias and EACC. 

For all these tests the power system configuration shown on 
Fig. 2.23 was used. The two generators were driven by the digital 

constant-pressure boiler model. The system was isolated from the 

tie-line. Each test lasted 20 mins and the analysis of the results 

was based on 1200 samples taken over this interval. The generation 

allocation program looks at each generator in turn and allocates an 

appropriate change in generation taking into account the operating 

limits of the unit. 

The EACC scheme does the following tests: the ACE and its 

integral are summed up to a maximum value. If the sign of the sum 

remains constant and its magnitude greater than a specified value 

for more than a specified time interval, the gain of the controller 

is changed from zero. In other words, the P1 controller is allowed 

to take action. This check is done for two levels of error 

magnitude and duration. For a third check, only the ACE is 

considered. If it is very large, a big gain is given to the-

controller. The parameters and gains used for the EACC algorithm 

areshown in Appendix G. More details about the implementation of 

the algorithm can be found in reference 43. 

Two sets of tests were done. In the first, only random 

load fluctuations were imposed on the system. The second involved 

large trend load changes with the random fluctuations superimposed. 

The results of these tests are shown on Tables 7.1 and 7.2. The 

comparison criteria are the standard deviation of the frequency and the 

total control action by all generators in the area. 
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For small load variations (Table 7.1): the EACC indeed 

results in less control action with comparable (to the simple tie-line 

bias) quality of frequency control. The use of non-linear frequency 

bias clearly is favoured by the small load variation situation. This 

method provides with even better frequency control. So the 

combination of both EACC and non-linear bias methods in algorithms 

4 and 4a leads to even better frequency control and generator control 

action. 

The EACC is favoured by the large load fluctuation 

conditions. As can be seen on Table 7.2, it gives better overall 

control than the simple and non-linear tie-line bias methods. But 

again the algorithm no. 4 combines the qualities of methods 2 and 3 

and gives better performance in every aspect. 

The comparison between algorithms 4 and 4a shows that the 

latter gives marginally better generator control action. This is 

what was expected when the specified time 'interval for the second 

EACC test was increased (see Appendix G). 

The performance of the variable-pressure boiler model was 

tested with some of the AGC schemes just described. The algorithms 

were kept the same, but the generation allocation program was 

changed. This was because these units respond to changes in their 

demand signal and not to raise/lower pulses to the speeder gear. 

The additional generation was divided equally between the units, 

taking into account their operational limits. 

With the simple tie-line bias algorithm running every 3 s, 

it was found that the frequency control was much worse than with the 

system left alone (for random load fluctuations only). This was 

because the VP units were introducing oscillations into the system 

because of the way of changing their outputs. With the same algorithms 

running every 6 or 9 s, the situation improved slightly. Some 

improvement was also observed when using the non-linear bias algorithm. 

Therefore it can be said that the VP units are not suitable for 

normal LFC algorithms. They need to change their output over a 

much larger period of time. Thus they would favour a control 

algorithm which sets an output target for them at some moment in the 

future. A scheme of this nature was proposed. by Eeyhani et al82. 
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AGC Algorithms Cf 1 - simple tie-line bias 
2 - EACC 
3 - non-linear frequency bias 

1  - EACC + N.L. frequency bias is 

Standard deviation of frequency 

CrAcE 	Standard deviation of ACE 

Table 7.1: 	AGC of Random Load Fluctuations 

A G C 

Algorithms ACE 

Total 	Generator 	Control 	Action 	( No. 	of 	Pulses ) 

Fast 	Raise Slow 	Raise No 	Action Slow 	Lower Fast 	Lower 

* 
None 0.0970 800 

1*  0.0374 o.o187 282 46 165 58 249 

1 0.0374 0.0187 28o 46 158 51 265 

2  o.o387 0.0195 239 6 349 o 206 

2*  o.o412 o.o2o5 234 4 353 1 208 

3 o.o332 o.o167 228 51 251 56 214 

3 o.o332 o.o167 199 72 279 58 192 

4 o.o224 0.0110 81 33 boo 9 77 

4 o.o224 0.0114 loo 14 588 8 90 

4a 0.0245 o.o118 90 13 618 9 61 

4a o.o2oo o.oloo 69 17 644 16 64 

Taken from reference 43 



Table 7.2; 
	AGC of large load changes 

A G C 

Algorithms 

Total 	Generator 	Control 	Action 	( No. 	of 	Pulses ) 

Fast 	Raise 

~f 	
~ cE  

Slow 	Raise No 	Action Slow 	Lower Fast 	Lower 

* 
None 0.1723 Boo ---- 

1* o.o557 0.0277 28o 56 175 44 245 

1'" o.o5oo 0.0249 285 26 258 21 210 

2 0.0500 0.0251 266 16 294 4 22o 

2A o.o458 o.o228 267 26 271 11 225 

3 * 0.0574 o.o286 288 41 187 47 237 

3 0.0529 0.0228 277 26 272 26 199 

4 o.o469 o.o232 2o7 31 385 12 165 

4 ' • o. o48o o.0243 2o7 • 22 382 14 175 

4a 0.0458 o.o228 198 23 403 15 162 

4a 0.0490 0.0245 213 17 376 7 187 

Standard deviation of frequency 

crStandard deviation of ACE 
ACE 

AGC Algorithm 1 - simple tie-line bias 
2 - EACC 
3 - non-linear frequency bias 
4 
4a - F.M C + N.L. frequency bias 

Taken from reference 43 
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Such a scheme was not investigated in the present work, but it seems 

to be the most appropriate method of involving a variable-pressure 

unit in the frequency control. 

The nature of the tests described in this section demonstrates 

the potential of the simulator for the study of the overall system 

response under various operating conditions. 

7.3 	RECOMMENDATIONS FOR FURTHER WORK 

The aim in developing the conventional, nuclear and hydro 

plant models was that each of them could be used with the full 

capability of the simulator, i.e. six units. From this point of 

view there is little improvement or modification that can be done to 

these models, especially to the conventional. They are all very near 

the limits from the core usage and execution time points of view. 

However, if each model is used individually and no more than 2 or 3 

units are simulated at the same time, there is room for some 

expansion and improvement. 

In this light, the constant pressure boiler model could be 

extended to include a steam temperature loop or a more detailed 

representation of the air and fuel inputs. A. second superheater 

section could also be added. For the nuclear plant model the two 

obvious additions would be a simple representation of the reactor 

dynamics and .a more sophisticated control of the final pressure. 

The former addition would mean having a control loop for the gas 

outlet temperature, instead of assuming it constant. 

For the hydro plant model there is perhaps more work that 

can be done, if more detailed studies of its effect on the whole 

system are desired. The inclusion of .a dead-band in the governor 

is straightforward, as it is the speed effect at the turbine 

entrance. A better way of making possible the use of the model at 

its lower operating range could also be investigated. A second or 

third order approximation of the hyperbolic terms involved in the 

solution of the water hammer equations can be taken and the 

difference in the response of the model compared. Of course, this 

might be a little expensive in computation time. Finally, other 
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configurations or performance improvements for the governor can be 

investigated. For example, a separation of the overall generation 

and the speed channels, so that the speed control is not superseded 

by the generation control, as was reported in reference 83. 

In the variable-pressure model the control configuration of 

the output can be improved. Here again the limitation would be the 

computation time, since the unit in its present form needs around 

11% of the system's time. 

It must, however, be stressed that beyond a certain 

complexity the study of the behaviour of a plant model does not benefit 

from the real-time environment. Off-line investigation is more 

suitable. 

From the AGC point of view, certainly more work can be done 

in testing improvements to the tie-line bias concept. The LFC tests 

done so far do not include optimal dispatching. When the 

corresponding programs being developed are ready, the same tests can 

be repeated and the results compared to those already obtained. 

Optimal control approach is, of course, the next in line. Fosha and 

Elgerd84  published one of the first investigations in this context 

and others followed. It is the author's opinion that in such an 

attempt, attention must be focused on the following points: the 

states of the system that will be used, must represent variables which 

are already available. Estimators can be used for other states 

needed. The output of the feedback controller (which is the input 

to the system) must be a meaningful quantity which can be used 

directly with the existing hardware in each station. For example, 

the corresponding output in the algorithms presented in Section 7.2 

is the required change in generation. This is implemented by sanding 

raise/lower pulses to each generating unit. With an optimal scheme, 

some modification to the existing hardware might become necessary. 

Some kind of load prediction algorithm can be developed for 

the interval of 5-10 mins ahead. This can be used to provide the 

demand for the variable pressure unit. The effects of such a scheme 

within a system with normal AGC can be investigated. Another 

interesting problem is what is the percentage of units operating in 

the variable-pressure mode, that can keep the system stable. This 

could be investigated on the simulator, although it would require 

more than two generating units. 
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On the hardware side, the most immediate requirements are 

to build some more generating units and external system equivalents. 

They will be used to represent other areas in the AGO studies. 

So there is a wide variety of studies that can be made on 

the simulator. This highlights its usefulness as a research and as 

an educational tool, the two main areas for which it is presently 

used. 

7.4 	'it i SIMULATOR IN 11-1E FUTURE 

The drawbacks of the simulator at its present form can be 

summarised as follows. The analog hardware (with the exception of 

the interface) is in a state which makes its maintenance difficult 

for anyone who was not involved inbuilding it. The calibration of 

the various variables is not easy. Therefore it would be of great 

benefit if most parts of it are rebuilt on the existing design. A 

compact modular form of the various sections is needed, with the 

calibration and other critical points easily accessible. Better 

quality components could also be used in some sections to improve 

the accuracy of the simulation. 

In the computer side, the 24 k of memory is just enough 

for the moment. But as new real-time programs are developed, the 

situation will deteriorate. The floating point arithmetic is done 

by software. This increases the loading of the operating system. 

It must also be kept in mind that the computer is not used only for 

control algorithms, but also for simulation. The addition of hard-

ware for the floating point operations will radically change the 

situation. The time factor on most of the big programs would not 

be critical. The performance of the operating system could also 

be greatly enhanced if the most frequently executed Tasks are 

core resident. The answer to this is the addition of more memory. 

This is becoming more and more a cheap solution,with today1 s prices 

for non-volatile memory. 

The interest in simulators for research, design, training 

and education purposes keeps rising. More and more sophistication 

is required from the employed hardware and software. The question 
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that is often asked is: what should be the future of the simulators? 

Will they all be analog or is it preferable to use the capabilities 

of todayls digital computers and go for all-digital simulation? 

Clearly the requirements of the specific job in hand must be studied 

carefully before a decision is made. But it seems that the 

combination of analog and digital techniques offers many advantages. 

Also, the real-time simulator has the edge in a great deal of 

applications. It provides the operator with real life experience, 

which cannot be acquired cheaply in any other way. 

Finally, in keeping up with the state of the art, the 

feasibility of using microprocessors as plug-in modules each 

representing a section of the process, is worth investigating. 
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APPENDIX A 

DERIVATION OF THE STATE-EQUATIONS OF THE 

CONVENTIONAL BOILER MODEL  

The relations between the variables describing the condition 

of the steam at the different points of the Rankine cycle are very 

complicated26,28 and unsuitable for use in the simulation. Therefore, 

the only way to derive useful relations between the variables of 

interest is to approximate the complicated expressions with simpler 

ones over their operating range. Obviously the smaller this range, 

the simpler and more accurate is the approximate expression. 

For this purpose, values from the steam tables in references 

26 and 28 were used. The basic tool in performing this approximation 

was the subroutine: E02ABF of the N.A.G. Library. This routine 

requires a certain number of points (x,y) and the maximum degree of 

the polynomial, which would be the "best fit" to these points. It 

outputs the coefficients of the polynomial. 

This technique was used to derive the state equations for 

the drum. For the equations of the form: T = f(h,P), the procedure 

was as follows: first an approximation of the form of T = f1(h) 

was sought, with P = constant. This was repeated two or three times 

for different values of P each time. Finally the f1  function was 

augmented by a first order term containing the pressure P. 

For the equations of the form: P = f(T,Q,h), the technique 

described above was not successful. Instead, a more empirical 

technique was used. According to this: 

(a) The form of the expression needed is firstly defined; 

the expression P = a(h) + b(p•T) + c(p) + d was chosen. 

(b) For four pairs of (pressure, temperature) values 

spreading through the chosen operating range, the values of: 

P,h,(p.T)p are computed from the steam tables. So a system 

of four equations with four unknowns (a,b,c,d) is formed and 

solved. 

(c) The values of P are computed for the four points, from 

the expression found in (b). If they are different from the 
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value of the pressure corresponding to these four points, a 

correction in the slope of the expression found is performed and 

finally the constant term is adjusted to give a better approxim-

ation. So the state equations of the'different sections are 

presented below: 

For the economizer section: 

2 
TEO 

_ 
f (bE0' h0' PE0 ) 

A quadratic approximation was sought here between 2250 psia 

and 3000 psia: 

TEO = 0.00142205.b 0 - 0.714374.hEO + 492.688 + (PEO-225°.)  .0.02622 

(A.1) 

The value of PEO was considered to be constant at 2690 psia. TEO is 

expressed in (°F) and hE0 in (Btu/lb). 

For the drum: 

According to Kwatny et a117, it is possible to express most 

of the important variables of this section as a first order 

approximation of the steam density. 	This was done and the equations 

considered are shown below: 

PSD = 182.25. pSD + 1104.3495 = E4. pSD + EE4 (A.2)  

hSD = -18.508189.(J SD + 1232.77 = El. pSD 
+ EE1 (A.3)  

TSD = 12.374294. pSD + 570.782 
(A.4)  

Now = 28.9252. pSD + 502.55365 	= E2. pSD + EE2 (A.5)  

priw = -1.8452. pSD + 49.16861 
	= E3. pSD + EE3 (A.6)  

Radiant superheater: 

= 
	]~, 	h,2., 

	= 
	hh~ 	(~., 

TRSHO = f ( RSHO' t68H0'PRSHO )' PRSHO = f ( ASHO' TRSHO'' iiSHO ) 

The range of values in which the approximation was sought 

is 2700-2500 (psia) and 870-680 (°F) for the first equation. For 
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the second equation, the pressure range was: 2300-2600 (psia) and 

the same range of temperatures. So: 

T
RSHO - 0.00202374.hio  4.21809.hRSH0+2860.993713+0.111956. 

'(PRSHO-2500) 	
(A.7) 

PRSHO - 12.914237•  SHO+3.29762.(.uSHO'hRSHO)-
2524.341.p

RSH0+  

+4.9682. TRSHO+ 
 15291.15032 	(A.8) 

Primary Superheater: 

_ 2 
TSO = f(hS0'hS0'PSO)' 	PSO - f(hS0'TSO'PS0) 

The range of values for approximating the first equation is: 

2300-2550 (psia) and 700-1000 (°F). For the second equation: 

2300-2600 (psia) and 700-1000 (°F), respectively. The two equations 

are: 

TSO = 0.00169706.b50 - 3.38587•hS0  + 2332.715732 + 

+ 0.057608.(PSO-2500) (A.9) 

PS0  = 0.478726.hS0  - 1.211622.(p5o.TSO)  - 1.68442.T -  SO 

- 552.51852.6+1390.564147 	(A.10) 

Secondary Superheater: 

2 	2 PT+PS0 
TSSO = f(  s0,bSso'PY)'  TSS 

_ 
- f(hss,hss, 

	2 ), and 

PT = f(hSSO'pSSO'TSSO)  

The range of values for approximating the first two equations 

was: 2200-2450 (psia) and 1140-740 (°F), while for the third 2200-2500 

(psia) and the same as before for the temperature. 

TSSO = 0.00136038.h2SO-
2.47266.hSS0+1710.1725+0.03028.(13T-2400) 

(A.11)  

TSS  = 0.00136038.h2S-2.47266.hss+1710.x.725 + 

+ 0.03028 (PT+2S0  2400.) (A.12)  

    

i 
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PT  7.506323.hSSO  + O.791613.(PSSO'TSSO) + 56'57427943SSO 

- 4.432895.TSSO  - 6783.397 	 (A.13) 

• 
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APPENDIX B 

B.1 	DISCRETIZATION OF THE DRUM AND SR EQUATIONS  
USING TUSTIN'S OPERATOR 

The continuous-time equations are: 

(QW+WE0.  0 - WSD'hSD)  - (1/CD)'dt(PSD. 

WSD - JFSDI ' aSD' (PSD PT ) 

pSD - (PSD - EE4)/E4 

TSD = E5'OSD +  EE5  

hSD  = El. pSD  + EE1 

P) - (1/CSSH)'(WSD WTi  

WT  = KT. AT.PT  

Substituting the Tustin integrator, they become: 

C .T 
+ PSD(K)  = PSD(K-1)( 2 ) [( (K)+QW(K-1))+(WSD(K)+WSD(K-1)). 

. (E6.PSD(K)+FF,6)3 	(B.1.1) 

WSD(K) = 1/FSDI'QSD(K) . (PSD(K)-PT(K)) 	 (B.1.2) 

PSD(K) = (PSD(K)-EE4)/E4  

TSD(K) = E5.PSD(K)+EE5 

PT(K) = PT(K-1)+(C 
T 
.2). EWSD(K)+WSD(K-1) WT(K)-WT  (K-1)3 

SSH 	 (B.1.3) 

WT(K) = KT.AT.PT(K) 	 (B.1.4) 

where: 	E6 = -(E1/E4) and EE6 = 11EO-(EE1-'(EE4.E1/E4)) 



u(t) /  u*(t3  (s) u(nt) 
D1( s) 

. -Ts 
D(s) = Gh(s) •D1(s) = (1-e 	) . [=i + 

T s2 K.TDD] 
RR 

K (B.2.2) 
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B.2 	P I D- Controller - Conversion to its discrete form 

 

The basic form of an analog P I D controller is: 

D1 (s) = K [1 + T1 s + TDDsI RR 
(B.2.1) 

• 

where: 	K = proportional gain, 

TBR= reset time constant, 

TDD rate time constant. 

 

The input of the controller is sampled. Sampling may drastically 

change the response of the system. Now, if a data reconstructor is 

placed after the sampler, then the sampled response should be 

similar to the one of the system with a continuous circuit (at the 

sampling instants): 

The data reconstructor Gh(s) here, would be the Z.O.H., 

i.e. Gh(s) = (1-e-Ts)/s. So, the overall transfer function would 

be: 

Taking the Z-transform, this relation becomes: 

-1 
D(z) = E z~ = [KPP + KIP. Z 

(1-z-1 
+ KDP.(1-z-1)] (B.2.3) 

where: 

is: 

KPP = K, KIP = (K.T/T) and EDP = (K.TDD). 
-1 nab 

Now, if C(z) = ( 
z

1)E(z)the equivalent difference equation 
1-z 

C(K) = E(K-1)+C(K-1) = E(K-1)+E(K-2)+E(K-3)+... = EE(K-j) 
j=1 (B.2.4) 

Therefore, the difference equation for the P I D 

controller as a whole, would be: 
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P(K) = KPP.E(K) + KIP. 	E(K-j) + KDP.(E(K)-E(K-1)) 	(B.2.5) 

j-1 

This algorithm is called absolute  or Positional Algorithm  

because P(K) gives the actual value of the controlled variable at 

this particular instant. 

S 
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APPENDIX C 

C.1 	COMPUTATION OF A NEW STEADY-STATE FOR 
THE CONVENTIONAL BOILER MODEL 

The values of the variables corresponding to the full-load 

(100%) operating conditions are designated as X, while the corresponding 

values of the new steady-state as X, (e.g. WSD and WSD,). 

Let us assume that both the valve position and the boiler 

pressure set-point values (in p.u.) are different from those 

corresponding to M.C.R. Both APAT and APS and therefore different 

from 1.0, but. known. Then, from the model equations (Table 2.3), 

the values of the new steady-state are: 

WSD, = APS .APAT •WSD 

PT, = APS.PT 

CCC = (PTt.EE4) - (CW SD, 

PSI), 
= ((gr il + EE4) + 	)f((PTt+EE4)2 - 4.CCC))/2 

TSD, = (E5/E4)•(PSD,—EE4) + EE5 

+WSDt = 	J(FsDI/E4). SD' -EE4) 	T' ~ 

WTt = WSD, 

QWt = WSD,' (E6.PSD, + EE6 - hE0) 

TRM, = (Qwt/RRS) (1/3) + TSD, 

+Qw, = KRO (TRMt-TSDt )3) 

(1Gwt = Qwt 

RSD, = SDt
-EE4)/E4 

+TSD, = E5.RSD, + EE5 

Z154 = (Qw,/KRw) + (0.55556.TRM, + 255.372)4 

TGt = ((z154)0.25 - 255.372)/0.555556 

X5 = (TGt-TA)/C(II11) 

< 2633.037 = 218. 0/(Er((_1/X5)-0.87)-K1.2.342549026) For: TG, 	''JP? 

For: TU', >2633.037 =L = 286. 0/(KF(.(1/X5)-0.87)-K1.1.367520004) 

+ 	The equations marked with (+) show the cases where some variables 
had to be computed again from equations, exactly as they are in 
the model, in order to assume values which will give a "stable" 
steady-state. 
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A' 	= KA.LFT 

For: TGA 	2633.037 	WA, = 218 + A7.2.342549026 

For: TGt >2635.057 4 WA, = 286 + A'.1.36752004 

MCR' = (IYKCF) .LF' 

WFIT KF.LF, 

Wa, ~ = 0. 87 .WF I ? + WA, 

SE? = L /KIP 

C.2 	PRECALCULABLE CONSTANTS FOR THE CONVENTIONAL MODEL  

From Table 2.3, where both the discrete and the "real-time" 

representation of the model equations are shown, the constants which 

can be precalculated can easily be deduced. They are: 

c(I,1) _ (2-(T.KCF))/(2 + (T.KCF)) 

C(I,2) = (T•KF,)/(2 + (T.KCF) ) 

C(I,3) = (2.TP T)/(2.TF+T) 

C(I,4) = (T.EcF)/(2.TF + T) 

C(I,5) = (2.T 	T)/(2.T+T) 

c(I,6) = (KA.T)/(2.T4A + T) 

c(I,7) _ (T.E6)/cD 

C(I,8) = T/CD 

c(I,9) = EE6 - hEO 

C(I,10) = T/CSS 

C(I,11) = F.n/CGF 

C(I,12) = T.CM 

(0.2.1) 

(C.2.2) 

(c.2.3) 

(C.2.4) 

(C.2.5) 

(c.2.6) 

(0.2.7) 

(0.2.8) 

(0.2.9) 

(0.2.10) 

(0.2.11) 

(0.2.12) 

From them, 0.2.2, 0.2.4, C.2.6, C.2.7 are computed in the 

program SINIT as functions of the "current" steady-state variables 

and the rest of the constants,and not as they are presented above. 
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APPENDIX D 

LINEARISATION OF THE CONVENTIONAL BOILER 
MODEL EQUATIONS 

The equations are considered in the order in which they 

appear in Table 2.3. The procedure is to denote the values of the 

variables corresponding to original steady-state as X0  and assume 

small excursions from this steady-state, which are denoted as X. So: 

The equations (2.91), (2.92), (2.93), (2.95) are already linear. 

Equation (2.94) becomes: 

WAo  + WA  = WR3. Ao+A or (WA o+WA)3  = (W
R  )3.(Aō A) 

or 	(WA0)3+3(WA0)2.WA+3(WA0). (WA)2+ (WA)3  = (WR) 3.A0+ (WR) 3.A 

orWA  = (WAo/ 3.Ao).A 	 (D.1.1) 

- 	Equation (2.96)  becomes: 

d PSD )+ dt(PSD) = (1/ _D) . DQ o+l + (WSD  +WSD) . (E6.PSD  +E6. PSD+EE6 )1 
0 	 0 	 0 

or 	dd t (PSD ) = [E6.WSD 	S  ] P D + EE6.P +EE6] .WSD  + QW  S D  

or 	dt(PSD) = (K11+K12.K16).PSD  + (K12.K17).PT  + (K13).TEN  (D.1.2) 

where: 	K11 = (E6.WSD  - K26)/CD  

K12 = (E6.PSD  + FR6)/CD  
0 

K13 = K25/CD  

Equations (2.97) and (2.98) become: 

pSD - PSD/E4 

TSD  = (E5/E4) •PSD  



_ 	SDI  
or 	WSD = L2.E4.WSD • 0  

[PSD. (2 SD  -PT  -EE4)+PT.(EE4-PSD. 0 0 	0 

F 

K17 = (FSDI/ 2.E4.WSD  )  .(EE4-PSD  ) 
0 	 0 

or 

or 

where: 	K18 = ((TA_TG )/WGF) 
0  

K19 = (F.n/cGF.WGF,) 

TG  = ((TA-TG)/WGP ).WGF  + (F.n/CGF.WGEo).W I  

= K18.WGF+K19.WFI 

Equation (2.99) becomes: 

2 _ 
(WSD +WSD)  = FSDI'(pSDo+t-SD)'(PS ō

+PSD 
P o

-PT) 
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or 	WSD  = K16.PSD  + K17.PT  (D.1.5) 

where: 	K16 = (FSDI/2.E4.WSD ) .(2.PSD  -PT  -EE4) 
0 0 

Equation (2.101) becomes: 

(WT +WT) = KT•(AT  +AT)•(PT +PT) 
0 	0 	0 

or 	WT  = (KT•AT ).PT  + (KT.PT  ).AT  
0 	0  

(D.1.6) 

Equation (2.100), after substituting equations (D.1.5) and 

(D.1.6) into it, becomes: 

dt(PT) = PSD•(K16/CSSH)+PT((K17-KT.AT,)/CSSH)+ ( 	.PT /CSSH)  

or 	PT) = PSD.(K16/CSSH) + PT.K14 + AT.K15 

where: 	K14 = (K17-KT.AT )/CSSH 
0 

K155 = -KT.PT /CSSH 

Equation (2:102) becomes: 

(D.1.7) 

(TG ō TG) = TA+(F.n/CGF).((W o+WFI)/(WGFō+WGF)) 

(D.1.8) 



Equation (2.104)  becomes: 

(QW  +QW) = Kus.(TRm +TRM TSD -TSD)3, which ends up as 
0 	0 	0 

QW  = K25.T K26.PSD  (D.1.9) 

where: K25 = 3.KRS.(K24)2 
 

K26 = 3.KRS.K23.(K24)2  

K23 = E5/E4 

K24 = TRm +K22-(K23.PSa) 
0 	 0 

K22 = ((E5.EE4)/E4)-EE5 

Equation (2.105)  becomes: 

(QGW +QGW) = KRW.((TG  +TG)4-(TRM  +TRM)4), 
0 	 0 	0 

where TG, Tam  are in (°K). Again, after some manipulation one ends up 

with: 

QGW = K29.TG  - K30.TRm  

where: 	K29 = 2.22223.KRW.(K27)3  

K30 = 2.22223.KRW(K28)3  

K27 = 0.555556.TG  + 255.372 

K28 = 0.555556.Tm  + 255.372 
0 

Equation (2.103): 

This is a linear equation, but it requires substitution of 

the linearised expressions of 	and QGW, i.e. equations (D.1.9) and 
(D.1.10). So: 

āt(TRri) _ (K31) •PSD+ (K32_.T +(K33).A+(K34).WFI  (D.1.11) 

229. 

where: 	K31 = Cm .K26 



K32 = -CM.(K30 + K25) 

K33 = (C M.K29•K18 - NA  )/ (3.A0) 

K34 = (CM.K29).(0.87•K18 + K19) 

The state-space form of the model is shown in Table 2.5. 

230. 

4 



APPENDIX E 

E.1 	COMPUTATION OF THE NEW STEADY-STATE FOR THE 
NUCLEAR PLANT MODEL 

The values of the new steady-state are denoted by a dash 

(i.e. X for the initial steady-state, X/ for the new steady-state 

value). The values of APS and APAT are different from 1.0 for a 

steady-state other than the initial one. Therefore: 

PT1  = APS.PT  

WSO1 = APS.APAT.WSD  

AT/  = APAT. AT  

B = PT,  EE4 

CCC = (PT,.EE4)-((WSD+)2.(E4/FDSI)) 

PSI)/ = (B+ 
,/B2-4.CCC )/2 

TSD, = (E5/E4)•(PS/-EF4)+EE5 

* WSD+ = V(FSDI/E4).(PSD1-EE4).(PSDPT I) 

W 	W T+ _ SD/  

XX+ = 11.97777781.AT/+112.222222 

The computation of the new value for the metal temperature, 

Tom, ,comes from the real root of a third order equation. This 

equation is derived from the relation: 

QW +  KRS.  (TRMI-TSD/ )3 	1.0 
QGW1 	XXY  . (TCG 	TRM+)  

So the new value for T 	is computed as follows: RM 

Al 	= 	-3.TSD1  

A2 = 3• (TSD/ )2  + (KK//  RS)  

A3  = -(TSD)3  - ((xx+  /KR 5) .TCG) 
Computation of _ 

Q = (3.A2-Al2)/9 the real root 

R = (9.A1.A2-27.A3-2.A13)/54 

DD = Q3  + R3  
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R1 = R DD 

R2 = R - VITS 

S = 3 R1 

TT = 31/1 R2 J 	'~FF
or R2 < 0, 
or R2 > 0, 

= S + TT - (A1/3) TRM, 

  

 

_ Computation of 
the real root 

TT = -TT 
TT = TT 

 

  

    

QGW'_ XXI*(TCG-TRMI) 

QWI = QGW, 

H = WSDI.(E66.PSDl+EE66-ha)) 
CCS = (H - QW,)/hE0 

5Et = CC•/KIP 

WEOI= W 	CC' 
SD, +  

where: 	E66 = (E1/E4) and EE66 = EE1 - ((EE4.E1)/E4) 

The values of El, EE1, E4 and EE4 can be found in Appendix A. 

E.2 	PRECALCUI ABLE CONSTANTS FOR THE NUCLEAR PLANT MODEL  

From the discrete and the "real-time" representation of 

the model equations, the constants which can be precalculated are: 

C(I,7) = (T.E66)/CD 
C(I,8) = T/CD 
C(I,io) = T/CSSH 
C(I,12) = T.CM - T.1.0670585552E - 05 

(E.2.1) 

(E.2.2) 

(E.2.3) 

(E.2.4) 

Prom them, C(I,7) is computed (in the program) as a function 

of the "current" values of the state variables and not as is given 

above. 



APPENDIX F 

P.1 	NUMERICAL VALUES FOR THE HYDRO MODEL 

The numerical values for the main variables and the other 

parameters of the hydro model, which correspond to full-load 

operating conditions, are presented below in Table F.1. They belong 

to the Appalachia hydro plant and they were taken from references 53, 

58 and 60. All of the numbers are not exactly the same as the ones 

in these references, because they were adjusted to fit in the present 

model and to give a stable steady-state. Clarifications for any 

simplifications made are given below: 

(a) 
	

For complex conduits, there is a reflection of pressure 

waves in points where changes in pipe thickness and diameter 

occur. In such cases, it is common practice to substitute the 

complex conduit with a simple one of uniform thickness and 

diameter. The cross-section area for such a conduit is given 

by the relation: 

L. 

A  = 
eq z  

(Li,Ai) 
where: 	i = the ith  section  of the complex conduit, 

eq = stands for "equivalent". 

(F.1.1) 

(b) The height of the water level in the reservoir (HR) 

was assumed to be constant. 

(c) The friction losses in the tunnel up to the surge 

tank were taken to be: 100 (ft).For this value, the coefficient 

of frictional resistance is computed as: f2  = 0.016356. For 

each penstock the frictional loss was taken to be: 25 (ft). 

(a) 	The Appalachia plant has a differential surge tank. 

Instead, a restricted orifice tank was adopted in the model. 

(e) 	For the governor, the typical values represented in 

references 68 and 69 were used for the time constants and the 

two droops. 
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TABLE F.1: 	STEADY-STATE VALUES FOR THE HYDRO MODEL VARIABLES 

41200, of 18-ft diam. concrete-lined tunnel 
L2  = 43200. (ft) C"r 2000, of 16-ft diam. steel-lined tunnel 
A2  = 251.38 (ft2) 	equivalent cross-section 

Ll  = 730.00 (ft) 

Al  = 95.0331 (ft2) 
V2 = 12.769512 (ft/sec ) for basic discharge of 3210.00 (ft/sect) 

for both units 

V1  = 16.88884 (ft/sec) 

HR  = 419.34 (ft) 

Hs  = 319.34  (ft) 

HS1 = HS 	(it) 
C2  = 0.613270 (sect  /ft) 

constant 

at steady-state 

f 2  = 0.016356 	the coefficient of frictional resistance 
HT  = 294.34 (ft) 

C1  = 0.087648 (sec2/ft) 

PTI = 40000.0 (kW) 	each unit 

KP  = 8.046571681 (kW.sec/ft2) 

al  = 3500.0 (ft/sec) wave speed in to a penstock 

a2  = 4280.0 (ft/sec) wave speed in the tunnel 

As  = 3000.0 (ft2) 

KKA = 2500. 

KKB = 146.546 

KK1 = (AS)2/T2.80000. (sect/ft5) =ESA )2/T23 .KK 

Governor: 

TG  = 0.2 	(s) 

TR  = 5.0 	(s) 
T = 0.04 	(s) 

5 = 0.3 

Q = 0.04 

CC = (0.G) 

R = 0.0 

E = TG.R 
DN  = 0.0 

G = 1.0 

K1  = 1.0319285 
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F.2 	COMPUTATION OF THE NEW STEADY-STATE OF 'iHE 
HYDRO PLANT MODEL 

As in Appendices C.1 and E.1, the variables corresponding 

to the full-load steady-state are designated as X, while those of 

the new steady-state are designated X4  (e.g. V1  and V19 ). 

Let us assume that the "current" position of the speeder 

motor in p.u. representation is APR ( for full-load conditions, 

APR = 1.0), and that the frequency is at 50 Hz, so there is no 

frequency error. Then, the new steady-state of the model can be 

computed from the following equations: 

AAG = APR 

AACC = AAG 

If equation (4.32) is used for the computation of the head at the 

turbine entrance (HT), then: 

AAHT = (RRR)/(1 + (MG)2  . (RRR-1)) 

AW = AAG. 

AAP = AVV.AAHT 

AAS1 = (AAHT - (AVV)2).XXX + (AVV)2  

If equation (4.31) is used for the computation of the head at the 

turbine entrance, then: 

AAA = (l-XXX)/XXX 

BBB = (KKA.GR) AAA 

CCC = -(KKA.GR.AAG) 

AVV = (-BBB +J(BBB)2-4.AAA.ccc)/(2.AAA) 

where: 

AAfT = (AASI/XXX) - KKA.AAG.GR + KKB.AVV.RVH 

AAP = AyV.AAHT 

XXX = (HT/Hsi) 

RVH = (V1/HT) 

IiRR = (HO ) 

GR = (G/HT) 

AAS1 = (AVV)2 	 2 + (HR/HS1)•(1 - (AVV) 



Finally, the new steady-state values are: 

DPEQ  = 0.0 

R9  = 0.0 

G4  = AAG.G 

CC' = AACC.CC 

ET?  = AAHT.HT  

V12  = AVV. V1  

V22 = AVV . V2  

HS1t  = AAS1.HS1 

HS? = HS 12  

PTI' = AAP.PTI 

F.3 	PRECALCULATED CONSTANTS FOR THE REAL-TIME VERSION  
OF THE HYDRO PLANT MODEL 

On Table 4.2, the discrete-time equations for the hydro 

model are shown together with their real-time version set of equations. 

From those two sets, the constants which can be precalculated (in the 

initialization program) are: 

C(I,1)  = Cl = (Rs1(I)-u(I))/(Vl(I).V1(l)) 	
(F.3.1) 

C(I,2) = C2  = (H Hsi(I))/(V2(I).V2(I)) 	(F.3.2) 

C(I,3) = (T/TG)/(T+2.Tp) 	 (F.3.3) 

C(I,4) = (T-2.Tp)/(T+2.TP) 	 (F.3.4) 

C(I,5) = It can be used as a lower limit for the 	(F.3.5) 
rate of change in the valve opening 

C(I,6) = It can be used as a higher limit for the 
rate of change in the valve opening 

C(I,7) = PTI(I)/(HT(I)•V1(I)) 

C(I,8) = ((a .T)+2(1+5) •TR)/(T+2.TR) 

C(I,9) = ((Q .T)-2(C1+b).PR)/(T+2.TR) 

C(I,10) = ((C(I,8).G(I)+C(I,9).G1(I))/CC(I))-1 

(F.3.6) 

(F.3.7) 
(F.3.8) 

(F.3.9) 

(F.3.10) 
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C(I,11) = (T-2.TR)/(T+2.Te) _ (AS/T)2.(1/80000) 

C(I,12) = (BT(I)•(G(I)•G(I)))/(V1(I).17.1(1)) 

As can be seen, some of the constants are computed as 

functions of other constants and model variables; this was done for 

the purpose of achieving a "stable" steady-state for the model every 

time the initialization program is run. 

A number of other constants are computed and entered as 

data in the beginning of the simulation program. Obsiously these 

constants do not change for every new steady-state that the model 

assumes. 	They are: 

CE1 	= 	(2.A1. g.L1)/(012•As) 

CE2 	= 	(T.A2)/AS 

CE3 	= 	(2 .A1.T)/A5  

CT1 	= 	(T.g)/L1  

CT2 	= 	(T.g)/L2  

CT3 	= 	(T/2) 

NNW 

stored in the 
r 	COMMON-BLSIM 

— Entered as DATA 

(F.3.13) 

(F.3.14) 

(F.3.16) 

(F.3.17) 

(F.3.18) 
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(F.3.11) 
(F.3.12) 
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APPENDIX G 

PARAMETERS FOR THE EACC ALGORITHM 

The parameters and the gains for each of the three tests 

done by the EACC are shown on Table G. The gain is applied to the 

PI controller as: 

Generation change = GAIN. [Kp.ACE-FKI.IACEJ 

The choice of parameters for the AGC algorithms 4 and 4a 
was based on the following arguments. If the parameters were kept 

the same as for the algorithm no. 2, then: 

For small load variations  the EACC will dominate all 
the time and because the errors will generally be small, the controller 

gain will be zero for most -of the time. To bring into effect the 

presence of the non-linear bias, the EACC should be made to react 

to smaller errors. Hence the values for the maximum LACE and the 

time interval should be decreased. 

For large load changes, it is desirable that the EACC 

should dominate the algorithm for large errors. But even here the 

response to medium size errors must be limited. 

TABLE G: 	EACC-Parameters for 3 s scheduling. 
AGC 

Algorithm 
Test 
No. 

Max. 
DACE (p.u.) 

Error magnitude 
for comparison 

(p.u.) 

Time 
Interval 
(s) 	- 

Gain 

a* 0.003 0.0036 24 0.75 
2 b* 0.006 0.009 12 1.00 

c* 0.0 0.015 1 1.5 

a 0.0018 0.0021 18 0.85 
4 b 0.0045 0.0075 9 1.0 

c 0.0 0.015 1 1.5 

- a 0.0018 0.0021 18 0.85 
4a b 0.0045 0.0075 --).12 1.0 

c 0.0 0.0015 1 1.5 

Taken from reference 43. 
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